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Abstract

Nonalcoholic fatty liver disease (NAFLD) is a global public health concern owing
to its substantial contribution to chronic liver diseases. The disease is closely
linked to metabolic syndrome (MS), suggesting a common biological pathway and
shared disease mechanism for both ailments. Previous studies revealed a close
relationship of NAFLD with the components of MS including abdominal obesity,
dyslipidemia, hypertension, and hyperglycemia. Hence, a group of experts
recently renamed NAFLD as metabolic dysfunction-associated fatty liver disease
(MAFLD) in order to encompass a more appropriate pathogenesis of the disease.
NAFLD was first named to describe a condition similar to alcoholic hepatitis in
absence of significant alcohol consumption. However, knowledge pertaining to
the etiopathogenesis of the disease has evolved over the past four decades. Recent
evidence endorses NAFLD as a terminology of exclusion and suggests that it may
often leads to misdiagnosis or inappropriate management of patients, particularly
in clinical practice. On the other hand, the new definition is useful in addressing
hepatic steatosis with metabolic dysfunction, which ultimately covers most of the
patients with such illness. Therefore, it seems to be helpful in improving clinical
diagnosis and managing high-risk patients with fatty liver disease. However, it is
imperative to validate the new terminology at the population level to ensure a
holistic approach to reduce the global burden of this heterogeneous disease
condition.

Key Words: Nonalcoholic fatty liver disease; Metabolic dysfunction-associated fatty liver
disease; Redefining; Redefinition of fatty liver disease
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Core Tip: A consensus of experts recently renamed nonalcoholic fatty liver disease to
metabolic dysfunction-associated fatty liver disease. The new definition is advant-
ageous for improving clinical diagnosis and managing high-risk patients with fatty
changes in liver.

Citation: Alam S, Fahim SM. Transition of an acronym from nonalcoholic fatty liver disease to
metabolic dysfunction-associated fatty liver disease. World J Hepatol 2021; 13(10): 1203-1207
URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1203.htm
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INTRODUCTION

The rising burden of nonalcoholic fatty liver disease (NAFLD) is a global public health
concern. This progressive liver disease is a leading cause of chronic hepatic ailments
worldwide[1,2]. Recent reports confirm that NAFLD accounts for approximately 8% of
the annual 2.14 million global deaths from liver disease[3]. Over the past two decades
a substantial elevation in the prevalence of NAFLD has been reported, with strong
evidence of a close link between NAFLD and metabolic syndrome (MS)[4]. NAFLD is
often found to be associated with the components of MS, such as abdominal obesity,
dyslipidemia, hypertension, and hyperglycemia[5]. In addition, the risk factors of
NAFLD and MS have also been found to be identical in many studies[1]. Therefore, it
has been suggested that both NAFLD and MS follow a common biological pathway as
well as a shared disease mechanism. In line with that, a consensus of experts recently
renamed NAFLD to metabolic dysfunction-associated fatty liver disease (MAFLD) so
that the term could accurately reflect the pathogenesis of the disease[6]. According to
the new definition, MAFLD would be diagnosed if there was evidence of hepatic
steatosis in addition to any of the following three conditions, overweight/obesity, type
2 diabetes mellitus, or metabolic dysregulation[7]. The expert opinion was that the
new definition is superior for diagnosing NAFLD patients with severe liver injury.
Moreover, it is more practical to diagnose high-risk patients and evaluate disease
progression in clinical settings[8,9].

DISCUSSION

Nonalcoholic steatohepatitis (NASH) was first used nearly four decades ago to
describe a condition that mimics alcoholic hepatitis in absence of significant alcohol
consumption[10]. Initially, the pathology was found to be linked to obesity or obesity-
associated disorders. Subsequently, the disease was renamed NAFLD, referring to the
absence of any known etiology of liver disease. In the meantime, a detailed
understanding of the etiopathogenesis of the disease has evolved as the link between
NAFLD, insulin resistance, and other components of MS was explored. Molecular-
level investigations explored the role of multiple genetic and cellular mechanisms in
the pathogenesis of NAFLD[11]. Epidemiological studies also revealed a number of
social, demographic, and clinical determinants responsible for development of NAFLD
[12]. Results of the studies described NAFLD as a heterogeneous condition. However,
the archaic NAFLD nomenclature, which is a terminology of exclusion, remained
unchanged over the years. The inclusion of alcohol in the name and definition is also
problematic. In real-life clinical practice, the features of NAFLD often overlap with the
characteristics of patients who consume alcohol. Moreover, there is no accepted
method to appropriately measure alcohol intake in clinical facilities. Hence, there
remains a possibility of misdiagnosis or inappropriate management of patients.
Considering the above context, there has been a proposal to change the name since the
beginning of this century. As the disease was found to be closely associated with
metabolic dysfunction and insulin resistance, the scientific community proposed
several names related to metabolic dysfunction, for example, metabolic steatohepatitis,
metabolic fatty liver disease, and metabolic-associated fatty liver[10]. Eventually, a
consensus of global experts opted for MAFLD.
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Table 1 Potential positive implications and challenges related to transition of nonalcoholic fatty liver disease to metabolic dysfunction-

associated fatty liver disease

Positive implications

Challenges

Useful in overcoming the dichotomization of NASH and  Obtain a global acceptance as some researchers consider the name change premature and

non-NASH in clinical practices

inappropriate

Facilitate diagnosis and evaluation of disease progression Underestimation of actual prevalence of the disease using the criteria of MAFLD

in high-risk patients

Improve awareness of physicians, healthcare providers Further clarification and stratification of the definition to guide decision-making and assess

and patients
Improve physician-patient communication

Improve clinical diagnosis and patient care

prognosis of the disease
Address the patients with fatty changes in liver in absence of metabolic derangements

Deal with lean or undernourished individuals with hepatic fatty changes

Reduce confusion and stigma regarding the disease Lack of information regarding genetic risk factors, phenotyping measurements, body fat

content, and alterations in gut microbiota in the new definition

Increase public attention and improve health policy Determine the outcome variable of ongoing clinical trials where “improvement in NASH” is

actions

one of the endpoints

MAFLD: Metabolic dysfunction-associated fatty liver disease; NASH: Nonalcoholic steatohepatitis.

Jaishideng®

It is assumed that the new definition would improve clinical diagnosis (Table 1).
The term MAFLD annulled two different NAFLD entities, simple steatosis and NASH,
and conceptualized the fatty changes in the liver as a disease process. Therefore, the
redefinition of MAFLD would help to overcome the dichotomization of NASH and
non-NASH, and facilitate the assessment of disease severity in clinical practice[13]. A
recent study reported that the switch from NAFLD to MAFLD increased the
awareness of physicians regarding the management of the disease[14]. However,
changes in nomenclature may have potential implications for ongoing clinical trials in
which “improvement in NASH” is an outcome variable. It is possible to redefine the
outcomes of clinical trials based on the existing MAFLD framework, but there remains
certain disagreement regarding the new terminology and its definition that need to be
addressed[15]. The new criteria may underestimate the actual prevalence of the
disease, as reported in a recent study[8]. It may also exclude patients without
metabolic disturbances. A recent review found that metabolic derangements may be
absent in 30% of the patients diagnosed with NAFLD[5]. The new definition is also not
clear regarding concomitant liver diseases such as drug-induced, viral or auto-immune
liver disease. Apart from individuals with high body mass index, NAFLD has also
been reported in lean and nonobese adults. It is assumed that visceral adiposity and
differences of metabolic adaptations may play a potential role in the pathogenesis of
hepatic steatosis in lean adults[16]. Alterations in gut microbiota can also be a
contributing factor in developing NAFLD in lean and undernourished adults[16].
Moreover, there is evidence in support of a significant relationship between a positive
family history of metabolic traits and NAFLD, particularly in lean patients with a fatty
liver[17]. Individuals with a family history of metabolic traits are likely to develop
complications of NAFLD at a younger age[18]. Therefore, body fat content, rate of
weight gain, and family history of metabolic traits need to be considered when
constructing a new conceptual framework to define MAFLD. It seems that diagnosis of
cryptogenic cirrhosis attributable to metabolic derangements would be easier using the
new definition of MAFLD, as cryptogenic cirrhosis was found to be associated with
obesity and diabetes[19]. Nevertheless, a more insightful opinion is required to
establish an accurate definition so that the term incorporates individuals with hepatic
fatty changes in the absence of metabolic derangements. Moreover, there should be
definitive guidelines regarding inclusion of genetic risk factors, phenotypic
measurements, dietary intake, visceral adiposity, and alterations in gut microbiota in
the definition.

CONCLUSION

As more than one-fourth of the global population have NAFLD. Emphasis should be
given to appropriate understanding of etiopathogenesis of the ailment[20]. To that
end, an appropriate term is required so that it can reflect the entire pathophysiology of
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the disease and cover the whole population with perturbed accumulation of hepatic
fat. The new definition seems to address hepatic steatosis with metabolic dysfunction,
which ultimately covers most of the cases with such illness. It is also useful for
improving clinical diagnosis and managing high-risk patients with fatty changes in the
liver. Therefore, the shift in terminology from NAFLD to MAFLD has already attained
global endorsement. However, validation of the new term at the population level is
warranted to ensure a holistic approach to reduce the global burden.
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Abstract

Macrovesicular Steatosis (MS) is an independent risk factor for adverse post-liver
transplant (LT) outcomes. The degree of MS is intimately related to the viability of
the liver graft, which in turn is crucial to the success of the operation. An ideal
liver graft should have no MS and most centres would find it unacceptable to use
a donor liver with severe MS for LT. While a formal liver biopsy is the gold-
standard diagnostic test for MS, given the logistical and time constraints it is not
universally feasible. Other tests like a frozen section biopsy are plagued by issues
of fallibility with reporting and sampling bias making them inferior to a liver
biopsy. Hence, the development of an accurate, non-invasive, easy-to-use,
handheld, real-time device for quantification of MS would fill this lacuna in the
deceased donor selection process. We present the hypothesis, design and proof-of-
concept of a study, which aims to standardise and determine the feasibility and
accuracy of a novel handheld device applying the principle of diffuse reflectance
spectroscopy for real-time quantification of MS.
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Core Tip: The degree of macrovesicular steatosis (MS) is intimately related to the
viability of the liver graft, which in turn is crucial to the success of the liver transplant
operation. The development of an accurate, non-invasive, easy-to-use, handheld, real-
time device for quantification of MS would fill a lacuna in the deceased donor
selection process. We present the hypothesis, design and proof-of-concept study for a
novel handheld device for real-time quantification of MS.

Citation: Rajamani AS, Rammohan A, Sai VR, Rela M. Non-invasive real-time assessment of
hepatic macrovesicular steatosis in liver donors: Hypothesis, design and proof-of-concept
study. World J Hepatol 2021; 13(10): 1208-1214

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1208.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1208

INTRODUCTION

Macrovesicular Steatosis (MS) is an independent risk factor for adverse post-liver
transplant (LT) outcomes. The degree of MS is intimately related to the viability of the
liver graft, which in turn is crucial to the success of the operation. An ideal liver graft
should have no MS and most centres would find it unacceptable to use a donor liver
with severe MS for LT. While a formal liver biopsy is the gold-standard diagnostic test
for MS, given the logistical and time constraints it is not universally feasible. Other
tests like a frozen section biopsy are plagued by issues of fallibility with reporting and
sampling bias making them inferior to a liver biopsy. Hence, the development of an
accurate, non-invasive, easy-to-use, handheld, real-time device for quantification of
MS would fill this much vaunted lacuna in the deceased donor selection process. We
present the hypothesis, design and proof-of-concept of a study, which aims to
standardise and determine the feasibility and accuracy of a novel handheld device
applying the principle of diffuse reflectance spectroscopy for real-time quantification
of MS.

AIM

The objective of the present investigation is to apply the principle of diffuse reflectance
spectroscopy (DRS) to standardize and determine the feasibility and accuracy of a
handheld device for real-time quantification of MS.

PRINCIPLE AND HYPOTHESIS

DRS is an optical measurement method which is based on the principle of tissue
illumination and the measurement of reflectance[8]. Briefly, the tissue is illuminated
with light from a broadband light source, and after interacting with the tissue the
diffusely reflected light is collected and analyzed. By fitting the analyzed data to a
mathematical model, tissue characteristics such as its structure and composition can be
estimated. Quantification of MS with infrared (IR) spectroscopy directly depends on
the absorption of IR light due to vibrational excitation in molecular groups[9]. In liver
tissues, the absorption in the visible wavelength range is dominated by bile and
hemoglobin, whereas lipid, water and collagen are the main source of absorption in
the near-infrared wavelength range. Hence IR spectra is the wavelength of interest for
this study. Recent studies on the human liver show that the absorption of light around
1200 nm is dominated by the lipid and this can be used for the assessment of steatosis
[9-11].

We hypothesize that the broadband light source can be replaced with a narrow
band light emitting diode (LED) of 1200 nm and the spectrometer with a highly
sensitive photodetector. Using the absorption characteristics, a calibration curve can be
determined based on the fat content on the liver; allowing for the development of a
mathematical model and a real-time quantitative analysis of MS. We also hypothesize
that once the difference in absorbance spectrum between normal and MS liver is
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established, the optical device can be miniaturized further. This novel optic-based
handheld device for MS detection will retain its accuracy whilst being portable and
affordable as well.

DEVICE SETUP AND METHOD

A handheld device was designed and developed with a single infrared LED (IR-LED)-
photodetector (PD) arrangement coupled through a fibre optic reflection probe bundle.
One end of the reflection probe was coupled to a LED, and the other end to a highly
sensitive photodetector. These optoelectronic components were placed in a custom-
made plastic block to avoid ambient noise or cross-coupling between the LED and PD.
The optoelectronic circuitry comprised of a 5 V linear voltage regulator followed by a
constant current circuit using two bipolar junction transistors to drive IR-LED and a
trans-impedance amplifier circuit for the PD to convert photocurrent into photo-
voltage. This circuit was powered by a 9 V battery placed within the handheld device
(Figure 1A). The obtained photovoltage was then transmitted to a low-power system
on a chip microcontroller via a buffer integrated circuit[12]. The device has an LED
display that shows voltage response corresponding to the diffused reflectance data
from the liver (Figure 1B).

The measurement was carried out with the handheld device employing a mathem-
atical model. With the device powered on, the fiberoptic reflection probe was placed
on the diffuse reflectance standard (WS-1 ocean optics, United States) and the initial
voltage value made note of. This was taken as the reference value; the probe was then
placed on the test sample to record its voltage value. An algorithm was formulated to
calculate the resultant fat absorbance value (A;) with this reference (V,) and test (V)
voltage values from the below equation.

Vi
A f=" lo Jd1o V_

7

Proof-of-concept

For a practical assessment of the above hypothesis, an initial proof of concept analysis
was done using 50 abattoir retrieved large animal livers, with varying percentage of fat
(Figure 2). Calibration of the device was initially done with 100% fat and normal liver.
The results from fat and normal liver were compared to determine the fat composition.
Absorbance data was normalized by taking the closest valley to 1300 nm to improve its
sensitivity towards estimation of fat percentage [13,14].

ap X}\Z
as X}\l

The above equation was used to calculate the normalized absorbance value. This
was done by taking the ratio of absorbance responses (al, a2) at two wavelengths (A1
and A2) and subtracting it from 1. The specific absorption spectrum of fat peaked at
approximate 1200 nm and the normal liver had a Gaussian response at 1200 nm
(Figure 3A). Figure 3B shows the calculated absorbance response of fat and liver was
noted to be 0.3203 + 0.09 and 0.058 + 0.01 respectively. The absorbance values obtained
were evaluated against the gold standard biopsy results of these animal livers.

Normalized-absorbance = 1 —

STUDY DESIGN

It is an observational study where the point-of-care device is used to assess MS in a
non-invasive manner. The study is to be conducted at organ retrieval centres across
the city of Chennai, India. The study design is presented in Figure 4.

Calibration cohort

Initial calibration of the device is to be conducted on 50 livers. Fifteen live liver donors
will be assessed for levels of MS. Ten recordings with the device per liver will be noted
across the right lobe. As a standard unit protocol, all live liver donors undergo an
intraoperative liver biopsy which will be used for comparison. 100% fat as a baseline
calibration will be used by analyzing the excised falciform ligament from each of these
patients. 35 livers in the real-world deceased donor situation will be analyzed using
the device to correlate the estimated MS content with a standard biopsy estimation.
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Figure 1 Principle and set-up of the hand-held real time device to measure macrovesicular steatosis. A: Optoelectronics circuit, B: Handheld

point of care device.

Reflectance probe

Animal liver and fat

|

Figure 2 Proof-of-concept study using

Jaishideng®

the prototype model of the device.

These observations will enable the development of a calibrated algorithm based on the
reflectance for MS. Optimum conditions for use, including lighting, temperature,
distance from the liver, will also be standardized.

Validation cohort

Analysis will be performed on 50 deceased donor livers to test and evaluate the
accuracy of the developed algorithm and the point-of-care device.

Inclusion criteria
For the calibration cohort, all living liver donors will be included. The standard
selection criteria for these living donors are include: (1) Age 18-50 years; (2) ABO
compatible blood group with the recipient; (3) No comorbidities, or 1 comorbidity; (4)
Liver attenuation index > +6; (5) Body mass index < 30 kg/m? (6) Graft to recipient
weight ratio > 0.8; (7) Functional liver remnant volume > 30%; (8) Anatomically
suitable for donation; and (9) Any other donor who beyond the above criteria but
approved for donation based on the decision of the multi-disciplinary team meeting.

The deceased donors include all brain-dead donors consented for organ donation:
(1) Adults between 18 years and 75 years of age; and (2) Donation after brain death.
For the validation cohort, all brain-dead donors consented for organ donation will be
included: (1) Adults between 18 years and 75 years of age; and (2) Donation after brain
death.

As the device analyses the fat content of the donor liver, no specific recipient-based
inclusion criteria were defined. Donors of all recipients who underwent the LT
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operation and recipients of all etiologies were included.

Exclusion criteria
(1) Paediatric deceased donors; (2) Donation after cardiac death; (3) Donations where a
frozen section/standard biopsy could not be performed; and (4) Discarded organs.

Concerns and untested variables
Liver with underlying fibrosis, cholestasis, sinusoidal obstruction syndrome (blue
color) and those which could possibly bias the spectral analyses.

Ethics, informed consent, safety, and registration of trial

The study will be conducted in accordance with the principles of the Declaration of
Helsinki and “good clinical practice” guidelines. Approval from the institutional ethics
committee has been obtained. As a testimonial to its bona fide nature, the study has
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also been registered with the Clinical Trials Registry of India, National Institute of
Medical Statistics, Indian Council of Medical Research, India. CTRI No: CTRI/
2021/01/030223.

STATISTICAL ANALYSIS

Statistical analysis will be performed with the SPSS V.20.0. To compare specific
variables, the extended y? test will be used. For non-parametric analysis of continuous
distributed variables, the Mann-Whitney U test and the Kruskal-Wallis test will be
used. P < 0.05 is considered statistically significant.

DISCUSSION

The need for a quick, portable, efficacious and economical device to diagnose MS is
evident by the number of proof-of-concept studies available in this regard[7,9,11,15].
DRS as a diagnostic modality has been used in endoluminal studies of upper and
lower gastrointestinal endoscopies[16,17]. Using the absorption and scattering patterns
of biological tissues, DRS allows for accurate differentiation of polyps and
subendothelial pathology. Reports on the use of DRS in the identification of MS in
murine and porcine liver models show promising results[10,11]. Clinical studies are
however sparse and those attempted involve using a micro-spectrometer placed
directly over the liver graft[8,10,15]. Nonetheless, there are several drawbacks to these
devices. The micro-spectrometers require a sophisticated optical setup, which included
an optical spectrometer and other expensive optical components. In addition, due to
concerns of sterility, a spectrometer cannot be used on multiple patients. Moreover,
these devices require network access, without which the diagnostic algorithm may not
be useful. Put together these devices have proved cumbersome to the organ-retrieving
surgeon.

To overcome the pitfalls of these prototype models, our device uses IR light guided
via an optical fibre, and the diffuse reflections are obtained from the tissue sample by
measuring the steady-state spectrum. The broadband light source is replaced with a
narrow band LED and the spectrometer with a photodetector. Once the algorithm is
standardized this optical setup can be miniaturized further, and linked to the internet
allowing for remote viewing by the concerned teams.

To push the envelope further, should our device be validated in the current study,
we propose that there is potential to link our device with a smartphone application
incorporating the algorithm and make use of the current generation of high-resolution
smartphone cameras. This would allow for a real-time high-resolution image along
with MS percentage to be remotely transmitted using the mobile network to the
concerned senior members of the transplant team.

CONCLUSION

We hypothesize that once validated, our device can potentially prove to be an
invaluable apparatus at the hands of the organ retrieving surgeon. It will be non-
invasive, portable (hand-held), economical, provide real-time readings of the
percentage of MS with image reference and be efficaciously handled by junior
surgeons, while not requiring any special network capabilities apart from the presence
of the now ubiquitous smartphone. This will dramatically ease the currently available
circuitous and subjective process of determining MS and decision making in selecting
deceased donor organs for LT. Nonetheless, ours is a hypothesis and initial proof-of-
concept study which requires real-world validation across multiple centres and in a
large cohort of patients before it can become an integral part of the liver retrieval
algorithm.
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Abstract

Emerging worldwide data have been suggesting that coronavirus disease 2019
(COVID-19) pandemic consequences are not limited to the respiratory and
cardiovascular systems but encompass adverse gastrointestinal manifestations
including acute liver injury as well. Severe cases of liver injury associated with
higher fatality rates were observed in critically ill patients with COVID-19.
Intensive care units (ICU) have been the center of disposition of severe cases of
COVID-19. This review discusses the pathogenesis of acute liver injury in ICU
patients with COVID-19, and analyzes its prevalence, consequences, possible
drug-induced liver injury, and the impact of the pandemic on liver diseases and
transplantation programs.
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Severe liver injury
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INTRODUCTION

More than a year ago, the global pandemic started from its epicentre in Wuhan. In
coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), the lung is the main organ targeted by the virus[1]. The
organism exhibits a wide range of severity and a diverse disruption of extra-
pulmonary systems, including gastrointestinal, renal, cardiac[2,3], hepatic[4], and even
multi-organ damage[2,5]. Moderate or severe symptoms have been reported in almost
20% of all COVID-19 patients, while 5% progress into critical stages of the disease[6].

The rate of intensive care unit (ICU) admission due to COVID-19 is quite variable,
ranging from 3% to 100% in literature[7]. The liver could be affected in COVID-19
through several mechanisms, including virus-related liver cell injury, disorganized
immune response, drug-induced liver injury (DILI) and ischemic liver dysfunction in
the settings of multisystem organ failure[8]. The reported rate of COVID-19-induced
liver injury ranged from 14.8% in one study[9] and up to 74% in another[10]. In a case
series of critically ill patients with COVID-19, liver injury was frequent but transient
and non-severe[11]. Patients may not be equally affected by the pandemic, certain
patient populations are potentially more vulnerable. Immunocompromised patients
and patients with cirrhosis are probably more susceptible to worse outcomes after
SARS-CoV-2 infection[5]. The data in literature on how chronic immunosuppression
can influence COVID-19 outcomes is scarce[6]. This minireview will discuss the
pathogenesis of acute liver injury in ICU patients with COVID-19, focusing on its
prevalence, consequences, DILI, and its impact on existing liver diseases and liver
transplantation programs.

PATHOGENESIS OF LIVER INJURY IN COVID-19

Liver injury in COVID-19 can be related to the direct cytopathic effect of the virus,
DILI, uncontrolled immune reaction, or sepsis[12]. SARS-CoV-2 ribonucleic acid has
been detected in blood and stool samples of COVID-19 patients who presented with
diarrhoea, indicating the liver's probable involvement in the disease pathogenesis[13,
14]. It has been suggested that there is a considerable expression of angiotensin-
converting enzyme 2 (ACE2) receptors in cholangiocytes, where SARS-CoV-2 binding
may adversely affect liver function. Moreover, COVID-19 may worsen the underlying
chronic liver disease(s) (CLD), leading to hepatic decompensation or acute-on-chronic
liver failure and increasing the risk of mortality, particularly in critically ill patients[12,
15-17]. However, in severe COVID-19, liver damage is more likely due to the inflam-
matory cytokine storm[12,18] rather than the direct cytopathic effects of the virus[12].

The progression of SARS-CoV-2 infection has been divided into four phases: Upper
and lower respiratory tract infection, usually treated as outpatients, COVID-19
associated lung injury, usually treated as inpatients, systemic inflammatory response
syndrome (SIRS), and systemic failure. Liver involvement is often observed in the
latter phases but can also occur in the earlier ones. In SIRS, pro-thrombotic factors
accumulate due to bone marrow and liver acute phase response causing thrombosis,
whereas in the last phase, multi-organ vascular dysfunction and cytokine storm occur
in view of the ongoing interaction between the lung and systemic inflammation[19].
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Hypoxic hepatitis (HH), known as shock liver or ischemic hepatitis, is an acute liver
injury resulting from liver hypoxia[20]. The extensive complex vascular supply
together with high metabolic efficacy results in a liver vulnerable to circulatory
disturbances. Critically ill patients with circulatory or respiratory manifestations
which may influence liver perfusion are at higher risk of HH[3,21,22]. The mechanism
by which SARS-CoV-2 infection leads to HH is not fully understood. Multiple theories
have been postulated, including hypoxemia developed due to COVID-19 pneumonia
[2] and systemic stress caused by SIRS[19]. Both may provide a route to a compen-
satory decrease in peripheral and splanchnic blood flow, resulting in decreased
hepatic blood flow leading to hepatocellular hypoxia[23]. Reperfusion injury is
mediated by the generation of reactive oxygen species when ischemic hepatocytes are
re-exposed to oxygen, leading to cell injury via lipid peroxidation[24]. Waseem and
Chen[21] defined the diagnostic criteria for HH as circulatory or respiratory failure
with a dramatic but transient rise in serum aminotransferases activity when excluding
other causes of liver cell necrosis, especially viral or drug-induced hepatitis[21]. A
visual summary of liver injury in COVID-19 is presented in Figure 1.

PREVALENCE AND CONSEQUENCES OF COVID-19-ASSOCIATED LIVER
INJURY

The liver injury induced by COVID-19, including its pattern and severity, has not been
uniformly defined or well characterized[25,26]. Some definitions reported in the
literature, including DILI, are presented in Table 1. Secondary liver injury was the
most common, being the first occurrence[3]. Liver injury has been reported as the
elevation of alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
levels[25,26]. Thus, the liver injury appears to be of a hepatocellular (56%) rather than
cholestatic (24%) or mixed (19%) pattern[3,25-28], while jaundice is uncommon[3].
Alkaline phosphatase (ALP) and gamma-glutamyl transferase (GGT) as markers of
bile duct injury have not increased significantly in the respective studies[3,25].
However, not all liver function tests (LFTs) have been strictly reported[29].

Liver injury in COVID-19, manifested as changes in LFTs, is usually mild and
transient[26,30-33] and does not require treatment[30,32]. However, severe cases have
been reported[26,30,32]. Mild, moderate, and severe injuries were reported in 45%-
65%, 21%, and 6.4% of the cases, respectively[25-27]. In one study, mild elevation in
LFTs levels was reported in 90% of patients admitted to hospital with marked
elevation during hospital stay[34]. Elevation in AST levels is more common than ALT
and other LFTs[29,30]. In one report, the acute liver injury occurred on day 17 after the
onset of symptoms[28]. In patients with severe COVID-19, the elevation in the transa-
minases and bilirubin levels was at least double that in patients with mild and
moderate disease[33]. Elevation in GGT levels was more noticeable in severe cases,
while ALP levels usually remained normal in both mild and severe cases[35]. Variable
and inconsistent degrees of LFTs abnormalities, ranging from 3.75% to more than 50%
of all patients, have been described[5,25,33,36]. A meta-analysis found a pooled
incidence of elevated liver enzymes by 23.1%[37]. Although some studies did not show
a statistical difference in abnormal LFTs between patients with severe and non-severe
disease[37,38] or between survivors and non-survivors[39], many other studies have
consistently shown elevated LFTs to be more prevalent in fatal or severe disease[1,2,
14,28,34,40-43] in up to 58%-78% of cases[40,44,45].

Patients with LFTs abnormalities had a more severe inflammation[25-27] and degree
of organ dysfunction[27]. At least two meta-analyses have confirmed the association
between liver injury and the severity of COVID-19[46,47]. Liver injury had prognostic
implications in patients with COVID-19. Liver injury or abnormal LFTs were
associated with increased risk of ICU admission[25,27,48,49], intubation[25,49],
mechanical ventilation need[27], acute renal injury, vasopressor use[25,27], long
hospital stays[27], mortality[25,27,28,37,48,49], and composite of ICU admission and
mortality[27,50]. Tables 2 and 3 present selected liver injury-related markers and
clinical outcomes of non-survivors[39,43,44,51-55], or patients with severe disease[1,2,
9,28,34,40,42,56-63], including those admitted to ICU due to COVID-19[1,2,57].

PRE-EXISTING LIVER DISEASE IN COVID-19-ASSOCIATED LIVER INJURY
Underlying CLD in patients with COVID-19 have been reported in several studies and
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Table 1 Reported definitions for liver injury in coronavirus disease 2019

Term

Definition(s)

Liver disorder

Liver injury or acute liver injury

Mild liver injury

Moderate liver injury

Severe liver injury

Liver test abnormalities

De novo LFTs abnormality
LFTs elevation
Mild LFTs elevations

Hepatocellular or hepatocyte type

Cholestatic or cholangiocyte type

Mixed type

Drug-induced liver injury

Serum ALT or AST >2 x ULN, TB > 2 x ULN, ALP = 2 ULN][75]

ALT and/or AST above 3 x ULN, ALP, GGT, and/or TB above 2 x ULN[9,34]
ALT and/or AST =2 x ULN, with TB 22 x ULN and/or INR > 1.7[70]

ALT levels above 3 x the ULN[28]

ALT above the ULN and below 2 x the ULN[25]

ALT between 2-5 x the ULN[25]

ALT above 5 x the ULN[25]

Any elevation of enzymes above 3 x the ULN and bilirubin above 2 x the ULN[5]

Elevation of the following serum liver enzymes: ALT >40 U/L, AST >40 U/L, GGT >49 U/L, ALP > 135
U/L, and TB > 17.1 pmol/L[34]

The occurrence of abnormal LFTs in patients with normal LFTs at admission[27]
Increase in serum liver enzyme levels above the ULN[27,28]

Elevation 1-2 times above the ULN[25,34]

The pattern of abnormal LFTs with predominantly elevated ALT and AST[27]
Patients with raised ALT and/or AST more than 3 x the ULN[34]

AST/ALT activity is higher than the ALP/GGT activity, with liver enzyme activities calculated by
multiples of their ULN[34]

Pattern of abnormal LFTs with predominantly elevated ALP and GGT[27]
Patients with raised ALP or GGT 2 x the ULN[34]

ALP/GGT activity was higher than the AST/ALT activity, with the liver enzyme activities calculated by
multiples of their ULN[34]

Mixed pattern when the extents of AST/ALT and ALP/GGT are similar[27]
A combination of both ALT/AST elevated more than 3 x the ULN and ALP/GGT twice the ULN[34]

Any elevation in liver enzymes or TB after the initiation of the drug in the absence of identified common
causes of liver disease[5]

ALT: Alanine aminotransferase; ALP: Alkaline phosphatase; AST: Aspartate aminotransferase; GGT: Gamma-glutamyl transpeptidase; INR: International

normalized ratio; LFTs: Liver function tests; TB: Total bilirubin; ULN: Upper limit of normal.
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ranged from 2% to 11%[30,36,64], up to 19% in one study[65]. Pooled prevalence of
pre-existing CLD in one meta-analysis was 3%[66], which was comparable to that of
another meta-analysis (3.6%)[5]. The latter reported pooled prevalence of CLD of 3.9%
and 4.7% among severely infected patients and the non-survivors, respectively[5].
Compared with patients without underlying liver diseases, the odds ratio (OR) of
developing severe disease was 0.81 [95% confidence interval (CI): 0.31-2.09, P = 0.67]
[67]. The presence of underlying liver disease was associated with increased the risk of
mortality and hospitalization, before {[risk ratio (RR): 2.8, 95%CI: 1.9-4.0, P < 0.001];
(RR:1.7,95%CI: 1.2-2.0, P < 0.001)} and after propensity matching [(RR: 3.0, 95%CI: 1.5-
6.0, P = 0.001); (RR: 1.3, 95%ClI: 1.1-1.6, P = 0.006)], when compared to those without
liver diseases, respectively[68].

The presence of CLD was also found to be an independent predictor for ICU
admission (adjusted OR 1.77, 95%CI: 1.03-3.04, P = 0.04) and mechanical ventilation
need (adjusted OR 2.08, 95%CI: 1.20-3.60, P = 0.0092)[65]. The reported etiologies of the
pre-existing liver diseases before COVID-19 included chronic viral hepatitis B and C,
alcoholic and metabolic liver disease, cirrhosis of any cause, and others[5,26,31]. Liver
cirrhosis is the end-stage of these liver-related diseases[31]. In one study (n = 363), 19%
of patients had a pre-existing liver disease with the predominance of non-alcoholic
fatty liver disease (NAFLD) (79.7%). Compensated cirrhosis, decompensated cirrhosis,
and viral hepatitis B and C accounted for 8.7%, 4.3%, 2.9%, and 8.7% of all patients,
respectively[65]. In contrast, the reported rates in one meta-analysis of 107 studies (n =
20874) were, CLD/cirrhosis in 61.1%, NAFLD in 19.5%, hepatitis B in 17.8%, and
hepatitis C in 0.73% of patients[5].
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Table 2 Reported data on survivors versus non-survivors in coronavirus disease 2019

LFTs levels on

N(all)n Pre- Type of Elevated LFTs . Selected

Ref (non Age Male existin liver on admission admission. complications or
' . (year) g n 5 ALT/AST/ALPIGGT L
survivors) CLD disease (%) clinical outcomes
(U/L)ITB (umol)
Caoetal N=102(n= 53vs72 47.1% 2.4% vs - ALT: NR vs ALT: NR vs 40 ALL 24.7% vs 76.5%;
[51]. 17) vs 5.9% 41.1% ARDS: 5.9% vs 88.2%;
China 76.5% Shock: 3.5% vs 41.1%;
MV: 2.4% vs 70.6%

Chenetal N=274(n= 51vs68 55%uvs - HBV surface ALT:19% vs ALT: 20 vs 28; AST: 25 vs 45;  ALIL 2% vs 9%; ARDS:
[52]. 113) 73% antigen 27%; AST: 16% ALP: 64 vs 76; GGT: 28 vs 42;  52% wvs 100%; Shock: 0%
China positivity vs 52% TB:8.4vs12.6 vs 41%; MV: 82% vs 16%
Chenetal N=55(n= 72vs77 50%vs  2.8% vs - ALT:19.4% vs ALT: 40 vs 44;AST: 55vs 78 ~ MV: 30.6% vs 68.4%
[53]. 19)" 84.2% 5.3% 31.6%; AST: 50%
China vs 73.7%
Duetal N=85 65.8 72.9% 5.9% - ALT: 16.5%; ALT: 72.9; AST: 94.4; TB: 18.4 ALI: 35.3%; ARDS: 74.1%;
[54]. AST:32.9%; TB: Shock: 81.2%; MV: 93%°
China 35.3%
Wuetal N=84(n= 50 vs 77.5% 3.5%’ - - ALT: 35 s 39; AST: 38.5 vs MV: 57.5% vs 97.8%";
[42]. 44)* 68.5 vs 37; TB: 11.6 vs 14.5 Others reported as
China 65.9% association
Yangetal N=92° 69.8 53.3% 3.3% - - ALT: 27; AST: 31; TB: 13.6 ALI: 16.5%; ARDS: 80.2%;
[55]. MODS: 15.4%
China
Yangetal N=52(mn=32) 519vs 70%vs - - - TB:13.1 vs 19.5 ALIL 30% vs 28%; ARDS:
[39]. 64.6 66% 45% vs 81%; MV: 35% vs
China 94%
Zhanget N= 82> 725 65.9% 2.4% - ALT: 30.6%; ALT: 26; AST: 72; TB: 13.6 Hepatic damage: 78%;
al[44]. AST: 61.1%; TB: Liver-associated death:
China 30.6% 1.2%; MV: 40.2%
Zhouetal N=191 (n= 520569 59% vs - - ALT: 24% vs ALT: 27 vs 40 ARDS: 7% vs 93%; Shock:
[43]. 54) 70% 48% 0% vs 70%; MV: 2% vs
China 100%’

IPatients 2 65 years subgroup (55 of 203 patients).

Reported fatal cases only.

3Invasive and non-invasive mechanical ventilation.

#Subgroup of patients who developed acute respiratory distress syndrome (ARDS) after admission and those who progressed from ARDS to death (total

patients = 201).
°Reported for all patients.

ALT: Alanine aminotransferase; ALI: Acute liver injury; ALP: Alkaline phosphatase; ARDS: Acute respiratory distress syndrome; AST: Aspartate
aminotransferase; CLD: Chronic liver disease; GGT: Gamma-glutamyl transpeptidase; HBV: Hepatitis B virus; LFTs: Liver function tests; MODS: Multiple

organ dysfunction syndrome; MV: Mechanical ventilation; N and n: Number of patients; NR: Not reported; TB: Total bilirubin.
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Hepatitis B virus co-infection may subject COVID-19 patients to an exacerbated liver
injury[30] and a more severe disease[69]. Acute liver injury in COVID-19 patients with
hepatitis was significantly higher than that in patients without chronic hepatitis (15.0%
vs 7.0%, P < 0.001)[70]. Patients with NAFLD, renamed as metabolic-associated fatty
liver disease[26,31], had a significantly higher likelihood of abnormal LFTs, longer
viral shedding time, and higher rate of COVID-19 progression (OR: 6.4, 95%CI: 1.5-
31.2), compared to those without NAFLD[71]. NAFLD was significantly associated
with ICU admissions (adjusted OR: 2.30, 95%CI: 1.27-4.17, P = 0.03) and mechanical
ventilation need, (adjusted OR: 2.15, 95%ClI: 1.18-3.91, P = 0.02) but not with mortality
[65]. Furthermore, NAFLD in younger patients (< 60 years) was associated with the
prevalence of severe COVID-19 (adjusted OR: 2.67, 95%ClI: 1.13-6.34, P = 0.03)[72].
COVID-19 patients with liver cirrhosis were found to be at increased risk of mortality
compared with those without the disease (RR: 4.6, 95%CI: 2.6-8.3, P < 0.0001)[68,71].
Multivariate analysis showed that liver cirrhosis was an independent predictor for
mortality (adjusted OR: 12.5, 95%ClI: 2.16-72.5, P = 0.009) but not for ICU admission or
mechanical ventilation need[65].

1219 October 27,2021 | Volume13 | Issue10 |



Omar AS et al. Impact of COVID-19 pandemic

Table 3 Reported data on critically ill, intensive care units, or severe coronavirus disease 2019 patients

Nall), n
(severe Pre- Elevated LFTs LFTS. Ie.vels on Selected
. Age e Type of pre- o admission. s
Ref. disease). Male existing . on admission complications or
_ (year) existing CLD ALT/AST/ALP/GGT -
Patient CLD (%) clinical outcomes
. (UIL)ITB (umoL)
population
Arentzet N=21. 70 52% 4.8% Cirrhosis - ALT: 108; AST: 273; ALP:  ALIL 14.3%; Severe
al[56]. Critically ill 80; TB: 0.6 mg/dL ARDS: 57.1%; MV:71%;
United Death: 52.4%
States
Caietal N=318(n= 47. Al 47.5%. 5%. All ALD, NAFLD, ALT:6.4% vs - MOF: 0% vs 11.7%
[34]. 85)". Non- patients  All patients ~ HVB 21.1%; AST: 0.68%
China severe vs severe patients 05 18.8%; GGT:
5.1% vs 29.4%; TB:
1.2% vs 7%
Caietal N=298(n= 41 vs 441% vs 8.3% vs NAFLD:3.3% - ALT: 20 vs 26.8; AST: 26 vs  ALI: 9.6% vs 36.2%;
[9]. 58). Non-severe 62.5 67.2% 13.7% vs 10.3%; 36; ALP: 61 vs 58; GGT: 21  Discharge: 93.3% vs
China vSs severe ALD: 3.3% vs vs 35.2; TB: 10.9 vs 11.2 75.9%; Hospital-stay: 19
1.7%; HBV: d vs 27 d; Death: 0% vs
1.7% vs 1.7% 52%
Duetal N =109. Non- 72.7 vs 65.5% vs  3.4% vs - ALT: 13.8% vs ALT: 21.6 vs 27; AST: 32 vs Invasive MV: 0% vs
[57]. ICU vs ICU 68.4 70.6% 0% 19.6%; AST: 49% 40 64.7%; Hospital-stay: 12.5
China vs 43.1% dovs159d
Guanet N=1099 (n= 45vs52 582% vs 2.4% vs HBV ALT: 19.8% vs - ARDS: 1.1% vs 15.6%;
al[40]. 173). Non- 57.8% 0.6% 28.1%; AST: 18.2% MV: 0% vs 38.7%;
China severe vs severe 05 39.4%; TB: 9.9% Discharge: 5.4% vs 2.9%;
vs13.3% Hospital-stay: 11 d vs 13
d; Death: 0.1% vs 8.1%
Huanget N=41(n=13). 49vs49 68%vs 4% wvs0% - AST:25% vs 62%  ALT:27vs49; AST:34vs  ARDS: 4% vs 85%; Shock:
al[2]. Non-ICU vs 85% 44; TB: 10.8 vs 14 0% vs 23%; Invasive MV:
China ICU 0% vs 15%; Discharge:
75% vs 54%; Death: 4% vs
38%
Leietal N=5771(n= 55vs59 451% vs 1.2% vs Viral hepatitis - ALT: 23 vs 26; AST: 22 vs ~ Reported as association
[28]. 1186). Non- 55.3% 2.1% Cirrhosis 31; ALP: 65 vs 63; TB: 10.3  not absolute values
China severe vs severe vs 10.6
Liet al N=548 (n= 56 vs65 452% vs 1.1% vs HBV ALT: 22.3% vs - ALIL 15.8% vs 23%;
[58]. 269). Non- 56.9% 0.7% 24.1%; AST: 23.3% ARDS: 9.7% vs 68%; MV:
China severe vs severe vs 43.4%; TB: 2.3% 4% vs 34.2%; Discharge:
vs 6.4% 72.9% vs 31.7%; Death:
1.1% ©vs 32.5%
Moetal N=155(n= 47vs61 443% vs 2.9% vs - - ALT: 20 vs 28; AST: 32 vs  Critical case: 4.3% vs
[59]. 85)°. General vs 64.7% 5.9% 37 40%; MV: 0% vs 41.2%;
China refractory Others reported as
association
Wanetal N=135(n=40). 44vs56 54.7% vs 1% vs - AST: 16% vs ALT: 21.7 vs 26.6; AST: ARDS: 1.1% vs 50%;
[60]. Mild vs severe 52.5% 2.5% 37.5% 22.4vs33.6; TB: 8.6 vs 9.8  Shock: 0% vs 2.5%;
China Discharge: 10.5% vs
12.5%; Death: 0% vs 2.5%
Wanget N=138 (n= 51wvs66 52% vs 3.9% vs - - ALT: 23 vs 35; AST: 29 vs ARDS: 4.9% vs 61.1%;
all1]. 36). Non-ICU vs 61.1% 0% 52; TB: 9.3 vs 11.5 Shock: 1% vs 30.6%;
China ICU Invasive MV: 0% vs
47.2%
Wuetal N=201(n= 48 vs 58.1% vs 3.5%’ - - ALT: 27 vs 35; AST: 30 vs MV: 0% vs 78.6%; Others
[42]. 84)*. Non- 58.5 71.4% 38; TB: 10.5 vs 12.9 reported as association
China ARDS vs ARDS
Zhanget N=221(n= 51vs62 44% vs 1.8% vs - - ALT: 22 vs 32; AST: 27 vs ARDS: 0% vs 87.3%;
al[61]. 55). Non-severe 63.6% 7.3% 51, TB: 9.6 vs 11.4 Shock: 0% vs 27.3%; MV:
China vs severe 1.2% vs 74.6%;
Discharge: 21.1% vs
12.7%; Death: 0% vs
21.8%
Zhanget N=140 (n= 511vs  463%vs 5% vs Fatty liver and - = =
al[62]. 58). Non-severe 64 56.9% 6.9% abnormal liver
China vs severe function
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Zhenget N =161 (n= 40vs 57 50.4% vs 3.1% vs = ALT:6.1% vs ALT: 19.3 vs 23.9; AST: =
al[63]. 30). Non-severe 46.7% 0% 16.7%; AST:7.6%  23.4 vs 31.6; TB: 10.7 vs
China vs severe vs40%; TB: 4.6%  12.7

vs 10%

Total number of patients is 417 and 318 is the number for patients with liver injury (for which the comparison between severe and non-severe disease was

done).

?Invasive and non-invasive mechanical ventilation.

3Reported patients with refractory and critical illness and 2 10 d of treatment in hospital.

#Subgroup of patients who developed acute respiratory distress syndrome (ARDS) after admission and those who progressed from ARDS to death.

®Reported for all patients.

ICU: Intensive care units; ALD: Alcoholic liver disease; ALT: Alanine aminotransferase; ALP: Alkaline phosphatase; ALI: Acute liver injury; ARDS: Acute

respiratory distress syndrome; AST: Aspartate aminotransferase; CLD: Chronic liver disease; GGT: Gamma-glutamyl transpeptidase; HBV: Hepatitis B

virus; LFTs: Liver function tests; MOF: Multiorgan failure; MV: Mechanical ventilation; N and n: Number of patients; NAFLD: Non-alcoholic fatty liver

disease; TB: Total bilirubin.

SARS-CoV-2 infection URTI and LRTI Lung injury SIRS Systemic ailure and
phases (Out-patient) (Out- & in-patient) cytokine storm
SARS-CoV-2 infection Pulmonary disruption Extra-pulmonary disruption
implications (GI, renal, hepatic, cardiac)
Hepatocellular
/ hypoxia
Systemic
/ inflammation
Acute liver ~ Cytokines Multi-organ
Lung injury ———> phase/bone storm —p- failure
marrow
\ Pro-
thrombotic 1
factors
\ Coagulopathy
Etiology Pathophysiology Manifestations
Liver injury in Viral immunologic injury, systemic SARS-CoV-2 binds to Hepatic decompensation
COVID-19 inflammatory response, DILI, ACE?2 receptor LFTs derangement

hypoxic injury, exacerbation of CLD

Figure 1 Pathogenesis of liver injury in coronavirus disease 2019. ACE2: Angiotensin-converting enzyme 2; COVID-19: Coronavirus disease 2019;
CLD: Chronic liver disease(s); DILI: Drug-induced liver injury; Gl: Gastrointestinal; LRTI: Lower respiratory tract infection; LFTs: Liver function tests; SARS-CoV-2:
Severe acute respiratory syndrome coronavirus-2; SIRS: Systemic inflammatory response syndrome; URTI: Upper respiratory tract infection.
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DILI IN PATIENTS WITH COVID-19

Numerous medications that are currently used to treat SARS-CoV-2 infection carry the
risk of hepatoxicity. Given that many medications are being used in combination, the
interpretation of the commonly seen raised liver transaminases in patients with
COVID-19 can be biased. While the efficacy of these medications towards improving
COVID-19’s morbidity and mortality is still to be proven, their safety should be
monitored closely[73]. A retrospective study aimed to investigate adverse drug
reactions (ADRs) in 217 COVID-19 patients using a hospital pharmacovigilance system
in China found that 82 patients experienced 94 ADRs, with 13.8% of them were
categorized as liver disorders. A multivariate analysis showed that the occurrence of
ADRs has been associated with the length of stay (OR: 2.02, 95%CI: 1.03-3.96, P = 0.04),
number of drugs used in hospital (OR: 3.12, 95%CI: 1.60-6.27, P = 0.001) and
underlying diseases (OR: 2.07, 95%Cl: 1.02-4.23, P = 0.045)[73]. In a prospective study
using pharmacovigilance system in Spain, patients with COVID-19 had a higher
incidence of hepatitis as a serious ADR than that in non-COVID-19 patients (45.1% vs
23.7%)[74]. In a meta-analysis of 10 studies, DILI in COVID-19 was reported in 25.4%
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of the total patients[5]. Therapies that have been implicated in hepatotoxicity included
remdesivir, lopinavir/ritonavir, oseltamivir, hydroxychloroquine, paracetamol[5],
tocilizumab[74], in addition to antibiotics, non-steroidal anti-inflammatory drugs,
herbal medications, and interferon[34]. In a retrospective, observational cohort study (
n = 1827), the use of lopinavir/ritonavir, hydroxychloroquine, remdesivir, and
tocilizumab was associated with statistically significant abnormal ALT and AST levels
(i.e., > 5 x upper limit of normal)[75].

Data on DILI’s clinical significance have not been consistent. Sun et al[73] reported
18.1% of ADRs to be of serious severity, with 82.3% of them related to liver injury[73].
Ramirez et al[74] reported a mortality rate of 30.5% in COVID-19 patients with serious
ADRs compared with 3.9% in non-COVID-19 patients with serious ADRs[74].
However, Kulkarni et al[5] concluded that remdesivir and lopinavir/ritonavir DILI
was not life-threatening[5]. A systematic review and network meta-analysis of 110
studies reported no association between a regimen or an agent with non-cardiac severe
adverse events[76]. In a multicenter and retrospective study (n = 565) on hospitalized
COVID-19 patients, de novo LFTs abnormality was noted with tocilizumab (82% vs
52%; P = 0.009) and lopinavir/ritonavir (64% vs 48%; P = 0.045). Moreover, there was a
trend towards an increased composite endpoint of death or transfer to ICU associated
with de novo LFTs abnormality with an incidence of 14% vs 5% (P = 0.069)[27].
Although published data regarding the incidence, severity and clinical significance of
DILI have not been consistent, it warrants close monitoring of LFTs. Table 4

summarizes the reported DILI of selected therapies against COVID-19[5,27,34,74,75,77-
95].

DRUG-DRUG INTERACTIONS BETWEEN IMMUNOSUPPRESSIVE
THERAPY AND COVID-19 AGENTS

Calcineurin inhibitors (CNIs), such as cyclosporine and FK506 (tacrolimus), antimeta-
bolite drugs, such as mycophenolate mofetil (MMF), mycophenolic acid, and corticost-
eroids are commonly used for immunosuppression after liver transplantation (LTX)
[96]. Some centres adopted dose modifications based on expert opinion with many
uncertainties regarding the best approach for combination therapies and immunosup-
pressive agents against COVID-19. In two large academic centers in New York City
including 90 patients with solid organ transplant, antimetabolite drugs doses were
reduced or held in 88% of patients, steroids in 7%, and CNIs in 18%, with no reported
acute rejection cases at 20-day follow-up[6]. In a prospective European study of 57
liver transplant patients with COVID-19, immunosuppression therapy doses were
reduced in 39% of patients and discontinued in 7%. Reduction or continuation of
therapy did not affect mortality, while the discontinuation effect was not assessed[97].
Drug interactions between COVID-19 medications and immunosuppression therapy
were also considered. For instance, lopinavir-ritonavir combination interacts with
CNIs and MMF, it is not recommended to be used with steroids[98] and has been
reported to interact with mechanistic target of rapamycin (mTOR) as well[18].
Moreover, tocilizumab may decrease CNIs plasma concentration, unlike remdesivir
which does not interact with the immunosuppressive drugs[98]. Hydroxychloroquine
has been reported to interact with CNIs and mTOR[18]. Relevant recommendations
included checking for drug interactions[18,98], dose reduction of steroids, CNIs and
MMEF[98,99], switching mTOR to CNIs[18], switching MMF and CNIs to steroids, and
withdrawal of agents such as CNIs and MMF in severe COVID-19[99]. Monitoring of
immunosuppressive drug levels should be warranted when possible[98,99]. The
European Society of Clinical Microbiology and Infectious Diseases advised not to
reduce the doses of immunosuppressive drugs in liver transplanted patients and
raised the importance of considering vaccination with Streptococcus pneumonia and
influenza vaccines[100].

IMPACT OF COVID-19 ON LIVER TRANSPLANTATION PROGRAMS

General measures

The unprecedented disturbance created by the COVID-19 pandemic has impacted
different sectors of health care systems worldwide. For instance, elective services were
cancelled or postponed while lifesaving transplant programs, including those for a
liver transplant, have been continued. However, the non-lifesaving transplant services
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Medication (class)

Pattern of liver injury

Evidence

Corticosteroids (Anti-inflammatory
agent)

Favipiravir (RdRp inhibitor)

Hydroxychloroquine (Antimalarial
agent)

Interferon

Lopinavir/ritonavir (Protease
inhibitor)

Remdesivir (RdRp inhibitor)

Tocilizumab (Humanized
recombinant monoclonal antibody)

Acute liver injury[77]

Abnormal LFTs[80]

Elevation of transaminases levels[81]

Liver toxicity is not common[82]. Elevation of
transaminases levels[74,75,82-84]

Rise in liver function parameters[5,27,34,74,86]

Hyperbilirubinemia[5,34]

Not well established. Elevation of transaminases
levels[5,75,87-89]. Elevation of TB levels[88].
Hypoalbuminemia[88]

Elevation of transaminases levels[27,75,91-94]. Liver
injury as early as 24 h with a 40-fold increase in
transaminases that normalized in 10 d[91]

Multicenter cohort study (n = 774); COVID-19 with ARDS:
Incidence of ALI versus control (18.3% vs 9.9%; P = 0.001)
[77]

Meta-analysis; critically ill COVID-19 patients: No
association with serious adverse effects[78]

RECOVERY trial: No reported serious ADRs or DILI[79]

RCT (n = 150); mild-to-moderate COVID-19: Abnormal
LFTs versus control 6.8% vs 2.7%)[80]

RCT; moderate COVID-19: Elevated ALT and AST were
reported[81]

Retrospective study (n = 153): Elevation in AST (11%) and
ALT (9%)[82]

RCT (n = 504); mild-to-moderate COVID-19: Elevation in
ALT or AST elevation 10.6% in HCQ plus azithromycin,
9% in HCQ, and 3.5% in control arm (P = 0.008)[83]

Systematic review: Elevations of LFTs was transient[84]
Recovery trial: No reported DILI[85]
Data on safety in COVID-19 patients is scarce

RCT (1 =199): Elevated AST versus control (2.1% vs 5.1%),
elevated ALT (1.1% vs 1 %), elevated TB (3.2% vs 3 %)[86]

Meta-analysis: DILI in 37.2% of patients (as
hyperbilirubinemia followed by elevation of
transaminases)[5]

Case series: Elevated aminotransferases in 23 %
discontinuation in 4% of patients[87]

RCT (n = 237) in severe COVID-19: Elevated TB versus
placebo (10% vs 9%) and AST (5% vs 12%),
hypoalbuminemia (13% vs 15%). Discontinuation in 1% of
patients[88]

Open-label, phase 3 trial: Elevated ALT (5%-6%) and AST
(7%-8%)[89]

Meta-analysis: Pooled incidence of DILI of 15.2%[5]

Meta-analysis: No difference as compared to placebo in
liver enzymes elevation[90]

Case series; 7 severe COVID-19 patients: Up to 4.5 folds
elevated baseline ALT and AST. Transaminases
normalized in 3 wk[92]

Retrospective study (n =1827): AST >5 x ULN in 69.1%,
and ALT > 5 x ULN in 72.1% of patients[75]

Observational study (7 = 104): Minor increase of AST,
ALT (P <0.001) and GGT (P = 0.003; no safety concerns on
follow up[93]

RCT (n = 243): ALT elevation versus placebo (5% vs 4.9%),
AST elevation in 3.7%[94]

RCT (n =130); moderate or severe COVID-19: No increase
in hepatitis risk[95]

COVID-19: Coronavirus disease 2019; ADRs: Adverse drug reactions; ALI: Acute liver injury; ALT: Alanine aminotransferase; ALP: Alkaline phosphatase,

ALIL Acute liver injury; ARDS: Acute respiratory distress syndrome; AST: Aspartate aminotransferase; DILL: Drug-induced liver injury; GGT: Gamma-
glutamyl transpeptidase; HCQ: Hydroxychloroquine; LFTs: Liver functions tests; RCT: Randomized controlled trial; RARp: RNA-dependent RNA
polymerase; TB: Total bilirubin; ULN: Upper limit of normal.
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were frequently delayed, exposing patients to emergency situations[101]. LTX is the
most common solid organ transplantation procedure after the kidney, with a global
rate of 3.7 per million population[102]. The indication of LTX in the acute phases of
liver diseases includes acute liver cell failure, metabolic liver diseases, advanced
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complicated cirrhosis, and CLD associated with systemic complications[103]. Elective
LTX indications include advanced cirrhosis associated with deteriorating synthetic
function, renal function, and the related complications[104]. The general precautions
before LTX currently comprise a COVID-19 testing for both donors and recipients
awaiting transplant and consenting for the possible hazard of acquiring nosocomial
COVID-19[100]. The standard method of COVID-19 testing is through a naso-
pharyngeal swab or intraoperative bronchoalveolar lavage. Viral load should be
measured in positive cases. The transplant team should be adequately screened, and
the risk of exposure identified[101]. Hollander and Carr[105] advised on the use of
telemedicine, such as virtual clinics or via phone calls, to minimize both healthcare
providers and patient’s exposure to COVID-19[105]. The success of telemedicine in the
Chinese territory during the peak of the pandemic could be transposed to future
networking to use information and communication technology extensively during the
care of patients with COVID-19[106].

ICU care of liver transplant patients in the era of COVID-19

Strict infection control measures are required in the post-operative care of LTX
patients to prevent nosocomial infections that include COVID-19[107]. During the
admission of LTX patients, they should be directed to separate rooms away from the
general wards, and strict disinfection and isolation practices should be in place.
Medical and surgical rounds should be minimized, and laboratory testing and
radiological studies should be reduced to the least required[108]. Acquiring symptoms
suggestive of COVID-19 in a LTX patient should prompt urgent evaluation with the
relevant investigations[105]. Other challenges prompted by the COVID-19 pandemic
include the increased demand for ICU beds, requiring health care practitioners to
work in a dynamic way to maximize ICU bed utilization[109]. During the pandemic,
the settings required for ICU should include separate units equipped with high-
efficiency particulate air filters[110]. The goals of ICU disposition for LTX patients
comprise neurological monitoring, hemodynamic monitoring and support, early
weaning from the mechanical ventilator, preventing nosocomial infections and graft-
related complications and enhancing early graft recovery[111]. Some institutes screen
for COVID-19 in LTX recipients[112]. Simple and effective measures could be
implemented to shorten the ICU stay for LTX patients through fast-track procedures,
including operating room early extubation, reduction of ventilation time, and direct
transfer from the recovery room to surgical wards[113,114]. Transplant services
constantly demand resources, which have become extremely limited with the
emergence of the COVID-19 pandemic due to staff shortage, saturation of the ICU, and
drainage of supplies. Exceptional scarcity of donors and demand for organs also
aggravate this problem[115,116].

Transplantation outcome during COVID-19 pandemic

Reports regarding the outcomes of LTX patients have been inconsistent. Although
early reports have not found more severe or worse outcomes among immunosup-
pressed patients[117], subsequent data showed that solid organ transplant recipients
diagnosed with COVID-19, including LTX, seemed to be at increased risk of severe
disease, morbidity, and poor outcomes[6,118], such as high mortality with an in-
hospital mortality rate of 29%[119]. Bossini et al[120] reported a higher rate of acute
respiratory distress syndrome (ARDS) and death among patients who received solid
organs[120], while others reported similar outcomes in COVID-19 patients with and
without solid organ transplant[121]. In a multi-centre study of ICU patients after solid
organ transplant, the rate of ARDS, duration of mechanical ventilation, vasopressors
requirements, and death were similar between groups[122].

Vaccination considerations

It was reported that in liver transplant recipients, COVID-19 infection was not
associated with increased mortality. However, these patients are subjected to severe
disease, as evidenced by a higher rate of both ICU admission and mechanical
ventilation use[123]. The European Association for the Study of the Liver (EASL)
suggested a particular form of judging the vaccination decision based on patient’s
morbidities[124]. The immune response to COVID-19 vaccination could be lower in
LTX patients when compared with healthy subjects. Poor response to vaccination is
affected by age, renal function, and enhanced immune suppression[125].
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IMPLICATIONS AND FUTURE DIRECTIONS

The COVID-19 pandemic has been presented as an unprecedented global health care
crisis, causing significant setbacks among various health care services including the
management of CLD. Besur et al[35] reported that screening for CLD, its complications
and regular follow up visits were deferred which affected slowing or reversing the
progression of CLD and worsened the prognosis of patients with CLD. Late identi-
fication of CLD complications such as hepatocellular carcinoma (HCC) could also
affect the clinical outcomes in these patients. Social distancing measures have put CLD
patients at risk of malnutrition, reduced mental health capacity, and decompensation
[35]. The evidence associating acute liver injury with poor patients” outcomes and
increased severity of COVID-19 is growing, and more research is necessary to further
explain the relation between liver biomarkers changes and patients” outcomes in
COVID-19[126]. Various factors influence the course of COVID-19, and there is a need
for international collaborative registries to clarify the full spectrum of the disease. The
registries, Surveillance Epidemiology of Coronavirus (COVID-19) Under Research
Exclusion (SECURE-Cirrhosis) and Coronavirus (COVID-19) in liver disease reporting
registry (COVID-HEP) were established to report data on patients with liver disease.
The last report published in August 2020 by SECURE-Cirrhosis and the EASL
supported COVID-Hep, reported 158 deaths (31%) among patients who had cirrhosis
and developed SARS-CoV-2 infections[127]. When this article was written, the latest
update from both COVID-Hep and SECURE-Cirrhosis registries reported 1341 cases
that included 645 cases with cirrhosis, 205 liver transplant recipients and 270 deaths as
of February 12, 2021[128].

COVID-19 pandemic has disrupted various healthcare services worldwide, limiting
the services offered to urgent and emergent cases. These changes in services, clinician
behaviour and re-organization of hospital activities can indirectly affect morbidity and
mortality[129]. delaying or halting diagnostic and therapeutic services for diseases
with a high global burden such as cardiovascular diseases can contribute to long-term
and indirect adverse health outcomes. For example, cardiac diagnostics procedures,
stress tests[129], emergency department (ED) and hospital admissions, procedures and
treatments were markedly declined during the pandemic year as compared with that
of the previous years[130]. In 909 inpatient and outpatient centres from 108 countries,
the rate of cardiac diagnostic procedures decreased by 42% and 64% as of March and
April 2020, respectively, with the highest reduction of 78% observed for the stress
tests, as compared with March 2019.[130]. A further 22% reduction was noted in low
and low-middle income countries, which might be attributed to inaccessible personal
protective equipment and telehealth services[130].

In United Kingdom, a cross-sectional study conducted in nine hospitals compared
the hospitals’ cardiovascular activity data between October 2019 and May 2020 with
the respective weeks in 2018 and 2019. There was a marked decline in ED attendances,
admissions and hospital procedures and treatments[129]. Patients with other chronic
diseases which require close follow up have been negatively affected as well. A cross-
sectional study of six referral centres in France showed that in 2020 significantly fewer
patients with HCC were referred to the multidisciplinary tumour board (P = 0.034)
and fewer received the first diagnosis of HCC (P = 0.083) compared with 2019[131].
Therapy optimization and frequency of follow-up visits were also affected by the
global pandemic in response to social distancing and re-allocation of services towards
fighting COVID-19. A delay in therapy modification for more than one month was
noted in 21.5% vs 9.5% of patients during 2020 compared with 2019 (P < 0.001),
respectively[131]. In patients with hepatitis C virus who were following up for HCC,
there was significant reduction in their scheduled visits, i.e., by before 75%, 63.0%, and
49.1% in March to May 2020, respectively, compared with 97% before February 2020
[132]. Surgical interventions for HCC have significantly declined or stopped across
many centers in the world due to increased risk of blood transfusion, ICU stay,
prolonged hospitalization and developing COVID-19 after surgery[133]. In a national
survey by the Italian Association for the Study of the Liver, HCC treatment was
affected; where surgical treatment was reduced in 44% and suspended in 44% of the
participating centres, while the loco-regional treatment was reduced in 34% and
suspended in 8% of the centres[134].

CONCLUSION

The pathogenesis and characteristics of COVID-19-related multifactorial liver injury
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can be explained by multiple mechanisms. The knowledge about the full spectrum of
SARS-CoV-2 infection is being accumulated, given the novelty of the disease and the
constantly reported new data. Liver dysfunction is commonly seen in patients
presenting with the severe form of COVID-19. Various therapeutic options used for
COVID-19 can lead to DILI and contribute to the exacerbation of the existing liver
injury. It is challenging to identify the causal factor in the settings of infection, sepsis,
and/or hypoxia, especially when the liver enzymes abnormalities are non-specific. The
underlying liver disease has not been linked with poor outcomes. Hospitalized
patients or those with liver comorbidities should be monitored closely. Patients with
COVID-19 and LTX must maintain strict infection control and monitor drug
interactions while maintaining immunosuppressive therapy at regular doses. Future
research would help explain liver injury associated with SARS-CoV-2 infection and
design specific guidelines for the management of COVID-19 in these patients.
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Abstract

Hepatitis C virus (HCV) is responsible for no less than 71 million people chroni-
cally infected and is one of the most frequent indications for liver transplanta-tion
worldwide. Despite direct-acting antiviral therapies fuel optimism in controlling
HCYV infections, there are several obstacles regarding treatment accessibility and
reinfection continues to remain a possibility. Indeed, the majority of new HCV
infections in developed countries occur in people who inject drugs and are more
plausible to get reinfected. To achieve global epidemic control of this virus the
development of an effective prophylactic or therapeutic vaccine becomes a must.
The coronavirus disease 19 (COVID-19) pandemic led to auspicious vaccine
development against severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) virus, which has renewed interest on fighting HCV epidemic with
vaccination. The aim of this review is to highlight the current situation of HCV
vaccine candidates designed to prevent and/or to reduce HCV infectious cases
and their complications. We will emphasize on some of the crossroads
encountered during vaccine development against this insidious virus, together
with some key aspects of HCV immunology which have, so far, ham-pered the
progress in this area. The main focus will be on nucleic acid-based as well as
recombinant viral vector-based vaccine candidates as the most novel vaccine
approaches, some of which have been recently and successfully employed for
SARS-CoV-2 vaccines. Finally, some ideas will be presented on which methods to
explore for the design of live-attenuated vaccines against HCV.
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Core Tip: Hepatitis C virus (HCV) remains a global health burden despite the
successful introduction of direct-acting antiviral therapies. In order to achieve global
control of HCV epidemic a vaccine is necessary. Its development has faced many
hurdles, reason why it is still elusive. Herein, we describe all the challenges during
HCV vaccine research, focusing on HCV immunology and emphasizing on current
vaccine candidates, particularly nucleic acid-based as well as recombinant vector-based
vaccines. We also highlight the impact of severe acute respiratory syndrome
coronavirus-2 vaccine race on the renewed interest on HCV vaccine production.
Finally, we present ideas on live-attenuated vaccine approaches against HCV.
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INTRODUCTION

Hepatitis C virus infection and the need for a vaccine

Hepatitis C virus (HCV), discovered in 1989[1], represents an important health
burden. In 2015, the World Health Organization (WHO) estimated that there were at
least 71 million people chronically infected with HCV, which represents a global
prevalence of approximately 1%[2]. Additionally, around 400000 deaths occurred from
infection complications.

Infections with HCV cause both acute as well as chronic liver disease in 60%-80% of
the cases. Chronicity is associated with the development of cirrhosis (15%-30%) and
hepatocellular carcinoma (HCC)[3]. Liver damage resulting from this infection makes
it one of the most frequent indications for liver transplantation worldwide[4-8].

The problem of HCV infections worldwide has led the WHO to propose the
elimination of viral hepatitis as a public health burden by 2030[2]. However, in order
to achieve this goal, big scale interventions are needed, such as screening testing,
effective treatment and hopefully vaccination, the latter still non-existing for HCV.

Access to widely available screening tests is uncommon and is hindered by
economic reasons, particularly given the fact that new HCV infections are mainly
asymptomatic[9]. This leads to an underestimation of the disease prevalence and does
not contribute to the eradication goal. Concerning treatment, the development of
interferon-free (IFN-free) regimens based in direct-acting antivirals (DAAs) has
revolutionized HCV therapy. These antivirals have significantly increased response
rates (up to 98%) and greatly reduced treatment duration to only 8-12 wk of oral
treatment. DAAs have generated optimism on the global control front, and some
consider that this pathogen can now be effectively controlled solely by means of
antiviral therapy[10,11]. However, there are some limitations and obstacles to keep the
virus in check, in particular, the cost and practical aspects of treatment access, which is
uneven among different countries and leaves underdeveloped regions without
treatment[11]. Additionally, resistance to DAAs emerged concomitantly with their
development and implementation. Resistance-associated substitutions have been
detected both before as well as during and after treatment with DAAs[12]. Another
interesting aspect to consider is that eliminating HCV infection with DAAs does not
eradicate the risk of developing liver cancer. Also, protective immunity is usually
insufficient after natural or treatment-induced viral clearance, thus, the possibility of
reinfection remains[13]. Together, these facts make HCV elimination in high-risk
groups a very challenging task and the need for an effective prophylactic vaccine
remains the greatest uncovered medical problem in the hepatitis C field[14]. Vacci-
nation against HCV infection would reduce public healthcare resources by avoiding
expensive DAA-based regimens or medical treatments for any liver or metabolic
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complications derived from long-term infections[15-17], especially in low- or middle-
income countries, where HCV prevalence is still moderate-high and access to
diagnosis and treatment uneven and costly[18].

Proper immune responses are able to clear HCV acute infections, preventing the
progression to chronicity (in 20%-40% of infected individuals). This fact suggests that
vaccination could be a reasonable goal[19] provided we grasp a better understanding
of immune responses against HCV in order to develop different vaccine candidates
that allow for appropriate protection.

Global epidemic control will only be possible if the number of new HCV infections
is reduced alongside with an increased number of cured patients[11,14]. However, a
recent report showed that almost 60% of 91 surveyed countries had, in 2016, higher
rates of infection than cures, making the goal of HCV elimination as a health burden
by 2030, difficult to achieve[20].

For all the reasons previously mentioned, safe and effective prophylactic and/or
therapeutic vaccines are necessary for the global control of HCV epidemic[11,21-24].
Indeed, no infectious disease has been controlled and eradicated with antimicrobial
treatment, while it has in fact been possible by vaccination[10]. Furthermore, effective
vaccination strategies widely available have been the only unfailing method to keep
viral transmission at bay by providing herd immunity[25]. Modelling studies have
indicated that, even with the introduction of new DAA treatments, only a quasi-
eradication of HCV would be possible[26,27], highlighting the need for a vaccine
against HCV.

Two extraordinary and unique situations that took place during this last year have
fueled optimism on vaccine development against HCV. First, the Nobel Prize in Phy-
siology or Medicine 2020 for the discovery of HCV which was awarded last October
[28]. Three distinguished researchers, Harvey J. Alter, Michael Houghton and Charles
M. Rice, received the prize for their contribution in identifying the etiological agent of
the hepatitis formerly known as non-A non-B, and enabling the development of
screening tests and antiviral drugs for its treatment. All of them expressed their hopes
for a future vaccine against hepatitis C in their Nobel lectures, and Charles M. Rice
specifically stated that he hoped we can learn from all the efforts that are being put
into developing coronavirus disease 19 (COVID-19) vaccines[29]. This last state-ment
refers to the second event from last year that has renewed interest on HCV vaccines:
The COVID-19 pandemic and the remarkable development of several vac-cines to fight
it. In the same line, in June 2020, the National Institutes of Health (NIH) opened a
grant opportunity for the design of vaccines against HCV assigning USD 8 million to
this aim[30].

This review focuses on different vaccine candidates designed to prevent or diminish
HCV infection cases, and summarizes all the pitfalls encountered during vaccine
development against this virus, including some key aspects of HCV immunology. We
make special emphasis on nucleic acid-based vaccines as well as recombinant viral
vectors and provide information on severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) vaccines as examples of approaches that might be important in HCV
vaccine development.

Prophylactic vs therapeutic vaccines

Vaccine candidates with two different goals have been considered to control HCV
epidemic: Prophylactic and therapeutic (primary and secondary prevention,
respectively). The most widespread use of vaccination has always been to prevent a
particular disease (prophylactic vaccination)[31] by building immunity in an indi-
vidual prior to the first encounter with the pathogen, and thus becoming immune to a
particular illness. On the other hand, therapeutic vaccination is meant to induce
immune responses against a disease that is already in course in a given individual[32].

As we will later discuss in detail, the challenges for designing an effective prophy-
lactic vaccine are vast (HCV variability and diversity, limited animal models and a
complex immunological response). Many preventive vaccines against other viral patho
-gens are able to induce neutralizing antibodies (nAbs) that correlate with protection,
which seems to be difficult to achieve for HCV[14]. Nevertheless, even a low efficacy
prophylactic vaccine might be useful to decrease the epidemic impact in high-risk
populations by reducing the number of new infections[33-35].

Therapeutic vaccines against HCV have great potential to aid in controlling chronic
infections by increasing curing rates or reducing therapy duration[36]. In this new
DAA era, sustained virological response (SVR) rates are extremely high (above 98%)
and treatment duration has already been shortened compared to classic dual therapy
(pegylated IFN-a plus ribavirin). However, there are difficult to treat patients (with
active HCC or severe liver decompensation, those experiencing multiple DAA
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treatment failures, or those infected with HCV genotype 3)[37] for which this
therapeutic approach would be beneficial. These vaccines would boost HCV-specific T
cell responses and would help in three different ways: (1) Preventing viral relapse if
therapeutic vaccines were to be administered in conjunction with DAA therapy; (2)
Maximizing early viral clearance and thus increasing SVR rates by first employing a
therapeutic vaccine followed by the antiviral treatment; and (3) Producing partial
control of HCV infection just by means of therapeutic immunization and thus redu-
cing viral load[38]. Despite promising results in decreasing viral titers, rebounds have
been observed, most likely due, either to immune escape or the inability of properly
inhibiting viral replication or eliminating most of HCV-infected hepatocytes[21].

Expected outcome of effective vaccine candidates

In general, effective vaccine candidates should stimulate generation of nAbs and a
proper cellular immune response. In order to design vaccines that elicit protective
immunity against HCV, it is of utmost importance to consider the virus tropism
(mainly hepatocytes), transmission route (parenteral transmission through contam-
inated blood) and pathogenesis[39].

A vaccine that induces immune responses similar to those produced by individuals
which have successfully cleared the virus after an acute HCV infection, might prove
valuable[19]. As we will discuss in the next section, vigorous responses of broadly
cross-reactive CD4+, CD8+ T cells to conserved epitopes[40-42], as well as nAbs contri-
bute to HCV spontaneous clearance[43,44].

ADAPTIVE IMMUNE RESPONSE IN HCV INFECTION

Approximately 20%-40% of HCV-infected patients clear the virus spontaneously,
while the rest develop a persistent infection that will result in severe fibrosis, cirrhosis
and HCC[3,45]. Thus, it is essential to understand the immune protection induced
during acute infections in patients that achieved spontaneous viral clearance in order
to determine the immune parameters that a successful vaccine has to reach.

Multiple evidences in human and animal models have demonstrated the undoubted
association of spontaneous viral clearance with a broad, sustained HCV-specific T cell-
mediated immunity (CMI) to conserved HCV non-structural proteins[46,47] and nAb
targeting conserved regions of viral envelope glycoproteins E1E2[48].

As will be detailed below, both arms of the immune response are primed during
HCYV infection, but the characteristics vary depending on whether an acute infection is
spontaneously resolved or if it evolves to chronicity.

Cellular immune protection

While HCV-specific CD8+ T cells are the main effector cells, the outcome of infection
depends on eliciting efficient virus-specific CD4+ T cell responses[49]. These cells are
the central regulators of adaptative immunity providing help for priming CD8+ T cell
response as well as antibody response during viral infections. The breadth of the T cell
response is a key determinant to spontaneously clear HCV. High numbers of CD4+
and CD8+ T cells targeting different epitopes were observed in individuals who
resolved acute infections in comparison to those who evolve to chronicity[42,50,51].
These cells are multi-specifically targeting both structural and non-structural HCV
proteins[46,52,53]. However, CD8+ T cells targeting non-structural proteins are
immunodominant and associate with spontaneous clearance[54].

The strength of the CMI is also important for HCV infection outcome. Indeed, a
robust HCV-specific CD8+ T cell response is associated with the resolution of acute
HCV infection[55]. In an acute infection, cytotoxic T lymphocytes (CTLs) have cyto-
lytic and noncytolytic functions which mediate viral eradication[56]. They traffic from
the lymph nodes to the liver, where they recognize HCV-antigenic peptides loaded on
human leukocyte antigen class I in infected hepatocytes. These infected cells can be
lysed through the action of perforins and granzymes, or, killed via Fas/FasL
interactions that activate the caspase cascade and end up in the apoptosis of the target
cell. The noncytolytic function occurs without destroying infected cells, where viral
replication is inhibited by cytokines released by CTLs which generate an antiviral
environment.

Broad specific CD4+ T cells are detected during the acute phase regardless of the
final outcome. However, these cells undergo an early decrease in frequency and
breadth in persistent HCV infection compared to patients who clear the infection
spontaneously[57]. Thus, spontaneous resolution is associated with a CD4+ T cell
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response significatively stronger in comparison to persistently, or chronically infected
individuals[58,59].

In chronic infections, the limited functionality of specific CD4+ T cells due to the
lack of proliferative capacity and cytokines production[59-61] leads to a dysregulated
CD8+ T cell response which facilitates the emergence of escape viral variants[62].
Dysfunctional CD8+ T cells are unable to control the viral load and become exhausted
because of the persistent exposure to HCV epitopes which have not mutated[63]. Thus,
these exhausted T cells undergo a progressive loss of their cytotoxic activity, prolif-
erative capacity and proinflammatory cytokines production[64,65]. However, it is of
note, that the cytolytic activity, and in particular the Fas/FasL dependent function, are
associated with HCV immunopathology. Fas expression is up-regulated in hepa-
tocytes of an infected liver whereas FasL is expressed in CTLs. This leads to liver
damage by apoptosis of both infected and bystander hepatocytes, and subsequent liver
fibrosis development[66].

Humoral immune protection

During acute HCV infection antibodies are produced and target epitopes in both
structural and non-structural proteins, however, the envelope glycoproteins E1 and E2
are the main targets of the humoral immune response. Located at the N-terminal end
of E2, the hypervariable region 1 (HVR1) is an immunodominant motif[67], which is
the most variable region of the HCV genome[68]. Mutation in neutralizing epitopes
allow the virus to escape from isolate-specific nAbs[69-71].

Early studies reported that nAbs developed against HCV target the HVR1 region of
E2, however these nAbs were isolate-specific[67,69]. Thus, diverse studies have
identified monoclonal antibodies (mAbs) that target conserved sites across multiple
HCV genotypes located on either linear[72,73] or conformational[74,75] epitopes on E2
ectodomain.

Analyzing sera from different patients who were infected with the same HCV
isolate showed that 43% of those who resolved their infections had nAbs against the
main HVR1 variant, whereas these antibodies were present only in 13% of patients
who evolved to chronicity[76]. Interestingly, plasma isolated from HCV-infected
patients immediately prior to clearance has a better capacity to neutralize HCV strains
from different genotypes compared to acute infection plasma from patients who
subsequently evolve to persistence[77,78]. Furthermore, analysis from patients who
cleared HCV infection showed detectable level of nAbs at earlier time points in
comparison with acute infections that proceed to chronicity[79]. Chronic infections
have been associated with a delayed cross-reactive nAbs response[43,77,78,80].
Although cross-reactive nAbs elicited during chronicity are not able to clear the
infection, these have been associated with reduced liver fibrosis[81].

Despite the high genetic diversity of HCV, it was possible to isolate broadly neutra-
lizing human Abs (bNAbs) from HCV-infected individuals, capable of neutralizing
diverse HCV genotypes targeting relatively conserved regions on envelope
glycoproteins[48,75,82]. These bNAbs have shown to be protective against infection in
animal models of HCV[75] and are capable of abrogating established HCV infection in
a humanized transgenic mouse model[48]. These findings underscore the protective
role of the antibody response.

Evidence of protective immunity against HCV reinfection

The resolution of the initial HCV infection does not lead to sterilizing immunity so
patients who previously controlled the primary HCV infection can be infected again
[83]. However, differential rates of reinfection and/or chronicity have been reported
among people who inject drugs (PWIDs) with the same risk of exposure, being
reduced in people previously infected in comparison with people without previous
infection[84]. Resolution is achieved in about 80% of HCV-reinfected patients[85].

Reinfection was characterized by a significant reduction in duration and magnitude
of viremia compared with the primary infection and it was also shown to protect
against persistence[85]. Moreover, clearance of reinfection was associated with an
earlier and higher frequency of broadened T cells secreting IFN-y as compared to
primary infection[86-89] and an early induction of nAbs[85,90].

Long-lived memory HCV-specific CD4+ and CD8+ T cells are detected in the
peripheral blood in humans following spontaneous resolution of the primary infection
for up to 20 years[89,91]. CD4+ T cell depletion before reinfection leads to viral
persistence even in the presence of functional CD8+ T cells which evidences the
protective role of memory T cells upon re-exposure to HCV. While CD8+ T cells are
the main effector cells in viral control, CD4+ T cells are essential for CD8+ T cell
function and prevent viral escape within epitopes targeted by CD8+ T cells.
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CHALLENGES FOR DEVELOPING ANTI-HCV VACCINES

A number of difficulties have hindered the development of vaccines against HCV
throughout the years (Figure 1). Despite all the knowledge acquired on the biology of
this virus in recent years, a full understanding of key aspects of its pathogenesis and
the host’s immune response remains elusive. Taking into account the correlate of
protection, an effective vaccine needs to be able to prime both arms of the adaptative
immune response. Thus, vaccination has to induce an early and sustained expansion of
specific CD4+ and CD8+ T cell response. Alongside cellular immunity, cross-reactive
nAbs need to be elicited to provide protection against different variants and geno-
types.

In this section we will go over the most important challenges on the design and
validation of an effective vaccine against HCV.

Lack of economic incentive
Despite the fact that vaccines are great tools to prevent diseases, usually they are not
as profitable as are drugs and other health services, and therefore investing in vaccine
development is less appealing for the pharmaceutical industry[92]. Additionally, the
development of vaccines with two different aims (prophylactic and therapeutic) would
probably be expensive, and including prime/boost vaccination strategies may result
impractical[19]. On another front, most newly infected individuals are PWID which
mainly belong to populations with limited financial resources. This represents another
discouraging aspect for companies interested in vaccine development[19].

From an economic perspective, though, there is well-reported evidence that
vaccines are, in the long run, the most cost-effective public health measure after access
to clean water[93,94]. A vaccine to fight HCV will, most likely, not be an exception.

Viral genetic diversity and variability

HCYV is an enveloped virus with a single-stranded positive RNA genome which has a
single open reading frame (ORF) flanked by non-coding regions at both ends (5" and
3’). For these features, it is classified as the prototype member of the Hepacivirus
genus within the Flaviviridae family[95]. The ORF codes for a polyprotein of around
3000 amino acids which is co- and post-translationally processed into three structural
(core, E1, E2) and seven non-structural proteins (p7, NS2, NS3, NS4A, NS4B, NS54,
NS5B)[96].

Mutation is a key mechanism contributing to HCV genetic diversity and it is mainly
driven by the error prone NS5B RNA-dependent RNA-polymerase[97]. HCV has an
approximate mutation rate of 10°mutations/nucleotide/replicative cycle[98,99], a
characteristic which together with big population sizes, short generation times, and
high replication rates generates the intra-host circulation of a complex population of
closely related genome variants, usually termed as viral quasispecies[100,101]. Of
utmost importance is the N-terminus of the envelope protein E2[67]. It contains the
HVRI1 region of about 30 amino acids which exhibits a huge variation among different
isolates, and it is the most variable region of the entire HCV genome[68]. Even though
most HCV-infected individuals develop nAbs against the virus, this high variability
represents a problem as it allows the virus to escape immunologic surveillance and
prevents the development of vaccines that induce cross-reactive nAbs[21]. Thus, a
major challenge for the development of a broadly reactive vaccine for the control of
HCYV infection is identifying conserved neutralizing epitopes outside of HVRI.

Notably, mutations within HVR1 have also been associated with resistance to cross-
neutralizing antibody response even if their epitopes are conserved, which highlights
again the difficulties in achieving HCV neutralization as HCV could persist even in the
presence of an antibody response to conserved epitopes[102,103]. This finding sugge-
sts that the neutralizing capacity of an antibody should not only consider the degree of
conservation of its epitope.

Mutation rates coupled with the selective pressure exerted by the host’s immune
system has steered HCV diversification into 8 genotypes and 90 subtypes[104,105].
HCV strains from different genotypes differ by 30% in their nucleotide positions
within the coding region, whereas subtypes exhibit 15% nucleotide variation[106].
Genotypes 1 and 3 are the most prevalent worldwide (accounting for 49.1% and 17.9%
of diagnosed cases, respectively), and are most frequently found in developed
countries[107].

The quasispecies dynamic as well as the resulting viral diversity confers HCV an
amazing ability to adapt which in turn implies the possibility to escape from different
therapeutic or preventive approaches such as antiviral drugs or vaccines[108-112].
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Thus, T cell-based vaccines intended to induce broadly reactive immune responses by
targeting more conserved regions/proteins of the virus are desirable if the aim is to
protect against new infections and/ or persistence[11,21].

Viral strategies to evade neutralization by antibodies

Viral entry to host cells and viral interactions with different host factors could theoret-
ically be blocked by nAbs targeting HCV envelope glycoproteins E1 and E2. However,
the virus has evolved several mechanisms which affect the host’s ability to neutralize
the virus. One of the mechanisms has been described extensively above (genetic
diversity, particularly in HVR1 region), yet there are a number of other strategies
employed by this virus to evade neutralization: (1) Glycosylation of structural
proteins; (2) Cell-to-cell transmission; (3) Interfering antibodies; (4) Association with
lipoproteins; (5) Antibody decoy; (6) Flexible conformational epitopes; and (7)
Enhancing of viral entry.

Glycosylation of structural proteins: This feature reduces their immunogenicity as
they are recognized as selfstructures. This is an important mechanism used by HCV to
escape host humoral immune response. Glycans act by masking antigenic sites
targeted by nAbs, interfering sterically with antibody neutralization[113]. Indeed, the
deletion of N-glycans leads to an increase in E1E2 immunogenicity and can induce a
more potent antibody response against HCV[114-116]. Glycan shift is another
mechanism to induce neutralization resistance through glycosylation. Single point
mutations which result in deleting a glyco-sylation site or generating a new
glycosylation site in another part of the protein could facilitate viral resistance to
neutralization. It has been reported that a new glycosylation site arose after incubating
for 5 d a cell-culture derived HCV with nAbs obtained from mice. As a result, those
broadly nAbs showed a decrease in their efficacy[117].

Cell-to-cell transmission: It is another mechanism for viral dissemination, which
avoids the extracellular compartment and favors escaping host humoral immune
responses[118,119].

Interfering antibodies: When non-nAb bind to sequences in the C-terminal region of
HVRI, they disrupt the recognition of conserved epitopes by antibodies with neutra-
lizing capability. Indeed, the remotion of interfering antibodies in chronic patients and
vaccinated chimpanzees increases virus susceptibility to neutralization highlighting
the role of interfering antibody in viral escape[120]. Similarly, when HVR1 was
removed, enhanced and broad cross-neutralizing activity was observed[121,122].

Association with lipoproteins: HCV circulates in the blood in association with trigly-
ceride-rich lipoproteins and low-density lipoproteins forming hybrid lipoviral
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particles, which are a hallmark of infectious HCV particles. Several host-derived
factors play a role in evading antibody neutralization. Lipoproteins such as apolipo-
protein E contribute to humoral immune escape by hiding relevant neutralization
epitopes in E2 protein, preventing them to be exposed during HCV assembly and
maturation, hence, abrogating antibody neutralization[123,124].

Antibody decoy: Interestingly, in vitro studies have reported that HCV-infected cells
release E2-containing exosomes that act as antibody bait making HCV virions less
susceptible to neutralization[125].

Flexible conformational epitopes: The capacity of some conserved neutralizing epito-
pes in E2 to adopt different conformations when complexed with diverse antibodi-es
contributes to evade neutralization by antibodies. This conformational flexibility must
be taken into account during vaccine design[126].

Enhancing of viral entry: It has been shown that host mutations that alter the
interaction of serum components like high-density lipoprotein with scavenger receptor
BI enhance viral entry to the cell[127]. This, in turn, protects the virus against humoral
response as the time window in which nAbs can bind and act is reduced[128,129].
Fofana et al[130] (2012) also showed that mutations in the E2 glycoprotein, conferred
viral escape to humoral responses by altering the use of the T cell receptor CD81[130].

Despite these challenges, it has been possible to isolate broadly cross-neutralizing
mAbs with the ability to block HCV infection of various genotypes and thus, protect
against heterologous viral infection[75,131-134]. These findings suggest that a prophy-
lactic vaccine against HCV may indeed be achievable.

The elucidation of the crystal structure of E2 has provided a better insight into
different antigenic domains and regions that allow a rational vaccine design. A study
showed that epitopes within E2, exhibiting moderate or conserved variability, were
efficiently targeted by bNAbs[135,136]. Unfortunately, despite the relative conser-
vation of some bNADbs epitopes, escape mutations have been identified[137,138].

Escape mechanisms from T cell responses: Viral escape and T cell exhaustion
Several studies have evidenced the key role of cellular immunity in the clearance of
infection. An effective vaccine has to induce a rapid recall of the memory T cell respon-
ses that is associated with reduced viraemia and a higher likelihood of spontaneous
resolution. However, the virus has developed different mechanisms to lead to an
inefficient cellular response even when re-exposed with homologous virus: (1) Viral
escape T cell recognition; and (2) T cell exhaustion.

(1) Escape mutations within major histocompatibility (MHC) class I-restricted HCV
epitopes represent the main mechanism used by HCV to evade CTL responses and
thus it is associated with persistence. Unlike CD8+ epitopes, escape mutations within
targeted CD4+ T cell epitopes are not common, suggesting that CD4+ T cells failure
mechanisms cannot be completely explained by viral escape[139]. Escape mutations
occur early in infection and they are rare during long-term chronic infection, possibly
due to the lack of T cell-mediated selective pressure[140]. Interestingly, escape variants
show an impaired replicative fitness[141,142] and this contributes to limiting the
variability within some epitopes[143,144]. As a consequence, the ideal target for T cell-
based vaccines are conserved epitopes less likely to mutate because of viral fitness cost
[141,142]. Another effect of escape variants results in impaired recognition by T cells
receptors and thus prevents CD8+ T cell recognition. Moreover, CD8+ T cells from
infected patients with genotype 4 were not able to recognize epitopes from other
genotypes[52]. This finding highlights the challenging task of choosing vaccine targets
that protect against multiple HCV genotypes. Hence, identifying conserved epitopes
recognizable by specific CD8+ T cells is a key point to develop efficient T cell-based
vaccines.

(2) T cell exhaustion: While T cell-based vaccines likely provide protection against
chronic virus infections, they also have the potential to generate immunopathology
following subsequent virus infection. This is illustrated by the fact that during chronic
infection an impaired HCV-specific CD8+ T cell response develops, known as T cell
exhaustion. This phenotype is associated with the inability of the immune system to
control viraemia during chronic infection. These exhausted T cells undergo a progre-
ssive loss of their ability to proliferate, to secrete cytokines (such as IFN-y), and to be
cytotoxic[64,65].

Long-lived memory T cell response is only induced following spontaneous
clearance and it can provide some protection. However, individuals who cannot
maintain such long-lived memory T cell response due to T cell exhaustion are not
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protected upon re-exposure.

One of the major challenges for immunogenic T cell vaccines refers to the recovery
of T cell immunity through vaccination in people with persistent HCV infection. Kelly
et al[145] (2016) demonstrated that when an HCV T cell vaccine based on chimpanzee
adenoviruses (ChAd3) are given to patients with chronic disease, the immune
response is not able to restore T cell function[145]. Failure to respond to this vaccine
approach may be the result of T cell exhaustion, as vaccination is stimulating memory
responses that were induced early in infection but that ended up partially dysfunc-
tional following viral exposure[145].

Lack of efficient in vitro systems

An essential step in vaccine research is the evaluation of antibodies generated as a
result of natural infections or experimental immunizations, as well as the evaluation of
vaccine candidates. For those purposes using different in vitro and animal models
becomes a must[23].

As we will exemplify in a later section on vaccines against SARS-CoV-2, the
generation of live-attenuated and/or inactivated whole virus vaccines has been
possible against a number of different viruses (measles, mumps, rubella, rotavirus,
hepatitis A virus, poliovirus, among others), however this strategy is not achievable to
generate HCV vaccines. Since HCV was discovered[1], and only until recently, resear-
ch has been thwarted by the inability to culture the virus both in vitro and in vivo[23,
146].

As for in vitro models, propagating HCV in cultured cells remained limited for
several years since inoculation of patient sera or plasma in different cell lines resulted
in limited or no viral replication[147]. The first report of efficient replication came from
working with HCV subgenomic replicons (where the structural region was replaced
by a neomycin-encoding gene)[148]. However, the challenge was to generate an in
vitro system that was able to produce infectious HCV particles at high titers that would
allow further research[23]. The production of cell-culture derived viral particles (HCV-
cc) was only achieved in 2003 with the discovery of a genotype 2a isolate (strain JFH-1)
derived from a Japanese patient with a fulminant hepatitis[149,150]. Transfecting
replicon HCV RNA from isolate JFH-1 into human hepatoma-derived Huh?7 cells
resulted in efficient RNA replication without the need of any adaptive mutations[150,
151]. Nevertheless, despite this breakthrough, efforts to replicate this with other
isolates corresponding to different genotypes were only partially succe-ssful. On the
one hand, some of these cloned full-length RNAs were able to produce infection in vivo
(in chimpanzees), but on the other hand, even in the presence of multiple adaptive
mutations, they failed to produce infectious viral particles in cell culture, despite some
being able to efficiently replicate (details on the history of HCV cell culture systems are
thoroughly reviewed elsewhere[147,152-154]).

Further studies on HCVcc led to the discovery of more permissive cell clones
derived from Huh?7 cells (e.g., Huh7.5 and Huh7.5.1)[155,156] as well as to the
generation of inter- and intragenotypic recombinant genomes that are able to
recapitulate the complete HCV life cycle and produce high titers of infectious particles
in vitro. These recombinants have been shown to be optimal in vitro models to study
the neutralization ability both of mAbs as well as of sera from infected patients[82,157-
160]. They have also been used to characterize antibody escape mutations[71,137,161].
Additionally, reporter and flag-tagged JFH-1-based genomes (J6/JFH1) have been
generated[162-164] and used in vaccine development[165], the latter in particular to
facilitate large-scale purification of viral particles[163]. However, the most important
aim in this field would be to efficiently grow any virus derived from HCV infected
patients, which unfortunately has not yet been achieved[153]. For now, we depend on
the constructs described above as well as a few full-length consensus clones, which
have been developed after a lot of research effort and had to be designed including
numerous adaptive mutations[166-170], therefore, not quite resembling natural
circulating isolates. In spite of the setbacks, all these constructs have the potential to be
employed for producing inactivated whole-virus vaccines.

Another in vitro approach to assess the neutralizing ability of sera and mAbs, in
addition to HCVcc, relies on the generation of HCV pseudoparticles (HCVpp). These
are generated by cotransfecting HCV E1 and E2 genes together with a retroviral
packing and reporter system[171]. Due to the struggles imposed by the generation of
different HCVcc derived viral particles, HCVpps were actually developed earlier[172,
173] but continue to be used in vaccine research nowadays[157,174-176].

WJH | https://www.wjgnet.com 1242 October 27,2021 | Volume13 | Issuel0 |



Jaishideng®

Echeverria N ef al. Vaccine candidates against HCV

Lack of small immunocompetent animal models

Humans are the natural hosts of HCV, and in order to test the efficacy and safety of
vaccine candidates in pre-clinical studies, in vivo animal models are needed. Foremost,
in vivo studies on pathogenesis of HCV chronic infections have been problematic since
HCV only infects humans and, under experimental conditions, also chimpanzees. The
first and most successful immunocompetent animal model has indeed been the
chimpanzee. However, ethical concerns and its inclusion on the United States Fish and
Wildlife Service’s Endangered Species have led to a ban in its use for biomedical
research[177]. Even before this prohibition, the continued use of these animals faced
many issues such as high costs, small cohort sizes which made statistically significant
results difficult to achieve, and the inability to genetically manipulate chimpanzees.
Furthermore, it would require the need to have special and expensive facilities to
breed and keep them under study[178].

Small animal models are frequently very useful tools to test potential vaccine
candidates, but, since HCV does not infect rodents, a lot of effort has been devoted
into developing strategies to adapt mice to evaluate HCV vaccines. This led to the use
of chimeric humanized or transgenic mice with humanized livers[179] or expressing
human CD81 and occludin[180], two cellular proteins that HCV uses as receptors for
cell entry. However, mouse models are difficult to produce, and most are immuno-
compromised, which makes them inappropriate to study virus-host interactions and
immune responses. Additionally, they do not exhibit cirrhosis or HCC[181]. In spite of
this, genetically humanized fully immunocompetent inbred mice expressing human
orthologs of HCV entry factors were developed[182], which have allowed the study of
viral entry, yet not the full viral cycle. To address the latter, Chen et al[183] (2014),
developed an immune-competent humanized mice model that is capable of
developing persistent HCV infections and hepatopathological manifestations[183], yet
the mice stock are outbred and genetically not well defined. More recently, Keng et al
[184] (2016) were able to establish a new humanized mouse model including human
hepatocytes as well as human immune system[184], which was able to recapitulate
HCV infection and immunopathogenesis[181], although low levels of B cells were
detected when compared to clinical settings.

For the difficulties in getting broad access to small immunocompetent mouse
models, alternative experimental non-human primate models have been explored.
However, no signs of infection were detected (for a detailed review see Ploss and
Kapoor[178], 2020), with the exception of tree shrews (now classified in a separate
order Scandentia, but previously designated as small squirrel-like primates) which can
become symptomatic and even progress to chronicity[185]. Despite this encouraging
finding, keeping these animals in captivity is a difficult task, and additionally they are
genetically diverse for being an outbred species, which again poses issues to be widely
used in HCV biomedical research[178].

Altogether, this shows us the difficulty we face when we need animals that can be
employed for vaccine development but also to study HCV-associated pathogenesis.
An alternative could be the use of substitutes and analogue viral models that can be
propagated in mice lab strains and that appear to share basic immunological features
with HCV. Recently, the discovery of non-primate hepaciviruses has raised interest
since they can be used as analogues of HCV infection[23]. A rodent Hepacivirus
discovered in Norway rats[186] has been shown to establish high-titer liver infections
when inoculated in immunocompetent mice, and thus, provides insight into hepatic
immune responses[187]. However, the main drawback of this model is the limited
sequence homology to HCV[186]. On the other hand, equine hepacivirus (eqHV),
formerly known as non-primate Hepacivirus, is the closest relative of HCV and both
species share some important features such as the level of E1E2 glycosylation or the
presence of miR-122 seed sites in their 5" non-coding regions (2 sites in HCV and 1 site
in eqHV)[188,189]. These approaches of using alternative and analogue viral models
for vaccine development is extremely valuable, yet it is worth acknowledging that
different mammalian immune systems might respond in different ways and this
should be taken into consideration at the moment of interpreting data[23].

Difficulty in designing clinical studies

The design of clinical studies for HCV vaccine candidates poses its own hurdles. It
must be considered that, in order for an effective vaccine to be validated, it should be
tested in populations at risk for HCV infection[11,36]. This is an issue in developed
countries where HCV infection incidence is low other than in PWID populations.
Targeting this group of patients has ethical concerns and practical difficulties to be
overcome[190]. Despite this, there are a few studies which have been successful in
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identifying, enrolling and monitoring PWID before developing an acute HCV infection
[191,192], the latest completed phase I/1I clinical trial with outcome results was able to
enroll 548 active intravenous drug users (ClinicalTrials.gov Identifier: NCT01436357
[193])[194]. On the other hand, large studies could be conducted where incidence is
higher, such as some developing countries. However, logistical problems may arise
due to the large number of patients needed and their appropriate follow up,
specifically to detect acute cases of hepatitis, which usually course without any
symptoms[36].

APPROACHES TO DESIGN VACCINE CANDIDATES FOR HCV

There are several traditional and newer approaches in vaccine development, and most
of them have been explored for the design of HCV vaccine candidates (Figure 2), albeit
the majority only directed at genotype 1.

Traditional vaccine approaches include whole-organisms vaccines containing either
inactivated whole or live attenuated viruses. Live attenuated vaccines are potent in
inducing CMI and humoral immunity and have been successful for many viral
infections because they resemble what occurs naturally. Nevertheless, they have the
potential risk of reverting to virulent wild-type strains. In contrast, inactivated viruses
are noninfectious but have the downside of being less immunogenic than attenuated
viruses. Therefore, when inactivated whole viruses are developed as vaccine
candidates, they often include adjuvants and/or booster injections in order to enhance
the immunogenicity[195].

Newer methods involve the use of one or more genes of the virus of interest to be
incorporated into the genome of a nonpathogenic organism for amplification. In this
way, mainly three different approaches have been developed: Subunits vaccines (by
purifying the protein/s of interest generated in the heterologous organisms), DNA
vaccines (usually by isolating a plasmid containing the gene/s of interest), and
recombinant viruses (by using the entire host virus as a live vector)[195].

The latest method successfully explored has been the use of RNA-based vaccines,
whose development is faster than other technologies, easily scalable, and of lower cost
to manufacture. These characteristics have been essential to the development and
recent authorization for emergency use of some of the vaccines currently available to
control the COVID-19 pandemic[196].

In this section we will go over some of the vaccine candidates explored against
HCV, and we will delve into nucleic acid-based and recombinant viral vector app-
roaches.

Inactivated whole virus (HCVcc)

This traditional approach of inactivated virus was only feasible after the development
of cell culture systems, with all the challenges that they impose even nowadays. This is
partly the reason why there are only a few pre-clinical studies assessing the immuno-
genicity of inactivated HCVcc as vaccine candidates[197,198]. Both studies have shown
the induction of humoral immune responses in chimeric mice[198] as well as in a non-
human primate model[197]. The latter also elicited T cell responses. These findings are
promising, but there are still some developmental challenges to overcome if this
approach is to be considered for clinical trials, such as production in serum-free
culture conditions and scalable and cost-efficient downstream processes. Fortunately,
there are a few studies which have addressed these difficulties, and have shown that
high titer serum-free HCVcc is possible for different intra and intergenotypic
recombinants based on JFH-1 isolate[199] and that more efficient downstream
processes based on ultracentrifugation and chromatography can be applied[200].
Nevertheless, the challenge of generating high titers of HCVcc of the most widespread
genotypes and subtypes still remains.

Recombinant subunits and synthetic peptides

Recombinant E1/E2 proteins were the first prophylactic vaccine candidates being
tested since they are the major targets for nAb, in particular HVR1 region within E2.
They were shown to be able to induce the generation of nAb in chimpanzees[201], yet
only one candidate reached clinical trials in 2007 (ClinicalTrials.gov Identifier:
NCTO00500747[202]). Results of the phase I trial in healthy volunteers showed the
vaccine was well-tolerated at different doses used, and that it was able to induce
antibody production[203,204].
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Whereas recombinant E1E2 vaccines were designed to elicit humoral immune
response, synthetic peptide vaccines are more attractive since they can be designed to
prime both arms of the immune response. Some peptide combinations targeting both
cytotoxic lymphocytes and CD4+ T cell epitopes (core, NS3, NS4) have entered clinical
trials. Results for the phase 2 trial NCT00602784[205] have shown that the peptide
vaccine IC41 can trigger T cell responses in relapse patients after dual therapy, yet
viral clearance was not achieved[206]. Unfortunately, humoral response was not
analyzed. The results of the other studies remain to be published (ClinicalTrials.gov
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Identifier: NCT01718834[207] and NCT00601770[208]).

Of interest, computational identification of B and T cell epitopes has been explored
as an alternative for the rational design of effective vaccine candidates. By means of
different immune-bioinformatic and population dynamics simulation approaches,
many predicted epitopes in E2, NS3/4A, NS5A and NS5B have been identified[209-
212]. These approaches provided valuable information and in silico screening methods
for highly conserved immunogen candidates with the putative ability to block escape
mutations (for a detailed review please see[213]). These computational designs can
help speed up vaccine development at the experimental stages by rationally selecting
the most promising epitopes for subunit vaccine in vitro and ex vivo evaluation.

Virus-like particles

Virus-like particles (VLPs) are particles that resemble a virion but do not contain the
viral genome, rather they are generated by the auto assembly of structural proteins in
a manner that is genome-independent. In this way, the particle is similar to the native
virus but it lacks the ability to replicate and for vaccine candidates is a very attractive
technology since they are more immunogenic than soluble proteins and can prime
both arms of the immune response[214].

The rationale behind this type of vaccines is supported by the successful deve-
lopment of vaccines against hepatitis B virus and human papilloma virus, currently
commercially available[23]. Unfortunately, despite having shown promising pre-
clinical results[215,216], to the best of our knowledge, HCV VLPs have not yet reached
clinical trials.

Recombinant vector-based vaccines

The use of live recombinant viral-based HCV vaccines as a genetic immunization
approach has shown to be powerful for eliciting CMI[217]. For this purpose, different
modified viruses are used as vectors to carry HCV genetic information[19].

Adenoviral vectors are the most widespread used in the vaccine developing
industry. They are attractive models for different reasons: Adenoviral genomes are
well characterized and are relatively easy to modify into replication-defective viruses,
most human adenoviruses cause mild infections, they infect a broad number of cell
types (dividing and non-dividing), they can be grown to high titers in tissue culture,
and by deleting essential genes, genetic information of interest can be inserted[218].
The most frequently used in immunization studies is the human adenovirus serotype 5
(hAd>5), which is included in at least 12 of the vaccines against SARS-CoV-2 that are
currently on clinical trials and in one that already had authorization for emergency use
(Sputnik V vaccine)[219,220]. Despite their benefits, individuals might exhibit
preexisting anti hAd5 Abs, which could diminish the immune response to vaccines
based on this viral vector. For this reason, less frequent serotypes such as hAd24, hAdé6
or hAd26 have been employed in pre-clinical and clinical studies of vaccine candidates
against different viruses[221-223]. Additionally, adenoviruses that infect chimpanzees
(AdCh3) have been tested in conjunction with hAd6, both carrying HCV non-
structural proteins NS3 to NS5B of genotype 1b, yet despite reaching clinical trials,
they have only been evaluated in phase I studies (ClinicalTrials.gov Identifiers:
NCT01094873[224] and NCT01070407[225]). The reason for not continuing these
studies seemed to be the inability to restore CMI, and as a result, a non-significant
effect on HCV viral load was observed[145].

In light of these drawbacks, another viral vector has been employed in prime/boost
vaccination strategies against HCV: The Modified Virus of Ankara (MVA), an
attenuated poxvirus strain which is immunogenic and safe since it lacks several
immunomodulatory genes[226]. MV A vector together with hAd6, both expressing
HCV non-structural proteins NS3 to NS5B have entered phase I clinical trials to
evaluate the combination as a therapeutic vaccine to be used in conjunction with dual
therapy (ClinicalTrials.gov Identifier: NCT01701336[227]). Even though the study is
complete, no results have been disclosed, presumably due to the newer DAA
treatments which have completely substituted classical therapy. The most promising
trials currently in phase I and II use the combination of ChAd and MVA vectors
harboring HCV NS3-NS5B genomic regions. A phase I study in healthy volunteers
showed promising results in terms of eliciting T cell responses (ClinicalTrials.gov
Identifier: NCT01296451[228])[229]. Unfortunately, a phase I/II study in PWID
population showed that this vaccination strategy was not effective for preventing
chronic infections since T cell exhaustion was not reversed (ClinicalTrials.gov
Identifier: NCT01436357[193])[194,230]. These results highlight the need for a vaccine
strategy that stimulates both humoral and T cell immunity[23,231]. However, attempts
to enhance CMI without the need of boosting the generation of Abs, have been
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addressed in pre-clinical studies on non-human primates by fusing the HCV non-
structural antigen to MHC class II-associated invariant chain[232]. The results showed
enhanced and accelerated CD8+ T cell responses and paved the way to reach clinical
trials. At the time of writing this manuscript, there is an actively recruiting phase I
clinical trial (ClinicalTrials.gov Identifier: NCT03688061[233]) that seeks to enroll 25
healthy participants to assess the safety and immunogenicity of HCV prime/boost
vaccination with both ChAd and MVA vectors expressing HCV non-structural
antigens fused to a class II-invariant gene. Results from only 15 individuals seem
promising, largely mimicking pre-clinical studies, but more participants are still
needed and assessment of durability of the enhanced CMI needs to be further
addressed[234].

The most recent vector-based therapeutic vaccine candidate entering phase I clinical
trials is a lentiviral based HCV immunotherapy (HCVax) which aims to evaluate both
the safety and the immune response in chronic HCV patients (ClinicalTrials.gov
Identifier: NCT04318379[235]). Last generation lentiviral vectors are safer than first
generation ones (previously used for gene therapy) and like adenoviral vectors, are
capable of infecting both dividing and nondividing cells, and since they integrate into
the host’s genome, expression of the transgene can be long-term, a characteristic which
makes them attractive as vaccine strategy[236].

Nucleic acid-based vaccines

Nucleic acid based-vaccines present numerous advantages over traditional vaccine
approaches: (1) No issues associated with misfolding of proteins in recombinant
protein vaccines or with high manufacture costs; (2) No infectious risks that might be
associated with live-attenuated or inactivated whole virus vaccines; (3) They are able
to activate both arms of the immune response (humoral and cellular); (4) The
expression of antigens resembles natural epitopes; (5) In a single injection, multiple
genes can be delivered; and (6) If multiple doses are needed, unlike the use of
recombinant virus-based vaccines, there is no risk of anti-vector immunity[39,237,238].

DNA-based vaccines have been in the picture for nearly 40 years now[239]. They
usually consist of purified plasmids which harbor sequences of interest that are
expressed under the control of a eukaryotic promoter for a robust expression in
mammalian cells. They are inexpensive, easy to manufacture, and also important,
stable at room temperature. All of which are features that make them an ideal
technology in vaccine research, as distribution and access could be granted effortlessly
even to developing countries[39].

RNA vaccines have been explored for around 25 years, beginning with studies of
self-amplifying RNA vectors (modified RNA from viruses) as well as mRNA pulsed
into dendritic cells (DCs)[240,241], and have been largely assessed for tumor
vaccination[242]. They share some features with DNA vaccines, but they do not need
to enter the nucleus to translate the genetic information into antigen proteins, which
represents an advantage over DNA immunization since the barrier of the nuclear
envelope is removed, and thus, their efficacy is higher[238]. However, RNA is more
labile than DNA, which might yield less robust vaccines than DNA-based formu-
lations due to RNA shorter shelf life, reason why modified nucleosides have been used
to enhance stability and therefore induce a higher antigen production[238], as it is the
case of the COVID-19 mRNA Vaccine (nucleoside modified)[243].

The first approach for delivery of nucleic acid-based vaccines, was direct injection of
naked DNA plasmid or mRNA (transdermally or intramuscularly), however, effici-
ency seemed to be very low, in part due to the negative charge of these molecules.
There-fore, several delivery methods were developed to improve uptake and immuno-
genicity in different organisms: (1) Gene gun: DNA is loaded on the surface of
tungsten or gold particles and then fired at target cells; (2) Electroporation: Transient
pores in cell membranes are created by electrical impulses allowing DNA delivery
inside the cell; and (3) Nanoparticles: Non-viral vectors made up from lipids, inorganic
molecules and polymers can safely carry DNA and RNA into a cell by encapsulating
the negatively charged nucleic acid, preventing its digestion by endonucleases and
facilitating intracellular release[36,238].

DNA-based vaccines

Multiple pre-clinical studies in different animal models have been performed throug-
hout the years to assess the efficiency of several DNA-based formulations against HCV
to elicit immune responses. Nevertheless, only a few have entered phase I or II clinical
trials.
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The use of core as antigen, directly injected as naked DNA plasmid intramuscularly
(IM) or intraperitoneally (IP) into different mice models, has evidenced a weak
immunogenic capacity in terms of humoral response but strong CMI, even though at
least 2 doses 2-4 wk apart were administered[244-248]. Using the same delivery
method and injection scheme, HCV core and E2 sequences were fused to immu-
nogenic proteins (hepatitis B surface antigen or gD protein from herpes simplex virus
type-1) to address the weak Ab response, and both arms of the immune response were
detected in mice as well as in rats[249-251]. Others have attempted to evaluate if
different localizations of HCV antigens within the cell and the CpG content of the
plasmid backbone might influence the Ab response. Results indicated that membrane-
bound and secreted E2 forms as well as the addition of immunostimulatory CpG
motifs elicited a better humoral response in mice[252]. Low doses of IFN-o have also
shown to augment CTL response after DNA immunization with a plasmid encoding
HCYV core protein in mice models[253].

Targeting structural proteins in DNA-based formulations employing injection of
naked plasmid as the delivery method was thoroughly tested in animal models but the
vast majority failed to enter clinical trials. With the increasing knowledge on immune
correlates during acute infections, it became clear that non-structural proteins are the
target of CMI during acute resolutions, and that other delivery methods such as
electroporation or gene gun rendered broadly reactive CTL responses[254].

As a consequence, DNA-based vaccines encoding HCV non-structural proteins have
become widely used approaches. Transdermal gene gun injection of DNA plasmid
encoding NS3/4A proteins into mice has shown high titers of Abs and the ability to
prime CD4+ T helper cells[255] and also a CD8+ T cells that were able to clear HCV
protein-expressing hepatocytes and persist up to 12-18 mo after immunization[256,
257]. When NS3 DNA vaccine was co-administered with interleukin-12 as adjuvant,
strong immunogenicity was also displayed in murine models[258]. Several other adju-
vants have also been employed in NS3-based DNA vaccination in order to enhance
their potency (for a detailed review see Sepulveda-Crespo et al[231] 2020). In addition,
constructs encoding a codon-optimized NS5A injected IM into mice, in combination
with in vivo electroporation, were also able to prime specific T cell responses[259]. Two
clinical trials in chronic HCV patients (naive to treatment, infected with genotype 1)
have entered phase I/Ila and phase II to evaluate a potential therapeutic vaccine based
on a plasmid encoding NS3/4A (ChronVac-C) (ClinicalTrials.gov Identifier:
NCT00563173[260] and NCT01335711[261]). Results have shown that high doses of
ChronVac-C were able to activate HCV-specific T cell responses which led to a
transient reduction in viral loads[262]. When 8 of the 12 patients enro-lled also
received dual therapy after the vaccine doses, 6 were able to achieve SVR, which might
indicate that immunization had a beneficial effect on the response to therapy.
However, these results seem irrelevant at present with the advent of DAA treatments.

Even though pre-clinical results were promising, full-length NS3 protein exhibits
immunosuppressive effects and it is possibly involved in the development of HCC due
to its enzymatic activity which deregulates the normal functions of the host cells[263].
Even though DNA immunization renders antigen expression only transiently, and the
adverse effects possibly caused by NS3 enzymatic activity would be marginal, alter-
native plasmids for DNA vaccination encoding modified NS3 sequences have been
tested in animal models. Ratnoglik et al[264] (2014) showed that vaccinating mice with
a non-enzymatic version of NS3 (with its catalytic site and NTPase/RNA helicase
domains mutated to abrogate their functions) induced strong CMI, indicating that
mutations in this protein do not seem to interfere with its immunogenicity[264].
Additionally, a plasmid with a truncated form of NS3, only encoding immunogenic
epitopes (1095-1379 amino acids positions), succeeded in eliciting a strong Ab respo-
nse after repeated intra-dermal inoculation in mice[265]. However, none of these
candidates has reached clinical trials.

These findings seem to indicate that immunizing only with DNA-based
formulations coding for NS3/4A or NS5A might not be sufficient to control viremia in
HCV-infected patients, despite encouraging pre-clinical results in animal models.

In addition to NS3/4A or NS5A plasmid vaccination, IM injections followed by
electroporation of constructs encoding NS3 to NS5B into Rhesus macaques and chim-
panzees, in multiple-dose boosting schemes, evidenced HCV-specific effector CD4+
and CD8+ T cells and effector memory-like CTLs after immunization[266,267]. More
recently, studies in mice have shown that adding a plasmid expressing cytokine IFN-
A3 (formerly known as IL28B) to the immunization with plasmids expressing NS3/4A,
NS4b and NS5A provided significant immunoadjuvant activity[268]. These
encouraging results led to a phase I clinical trial to evaluate the safety, tolerability and
immunogenicity of this strategy in chronic hepatitis C patients infected with HCV
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genotypes la or 1b, which had previously exhibited treatment failure to dual therapy
alone or in combination with DAAs (ClinicalTrials.gov Identifier: NCT02027116[269]).
The vaccination strategy comprised a combination of 3 plasmids each encoding
NS3/4A, NS4B or NS5A (formerly known as VGX-6150) and a fourth plasmid
encoding IFN-A3 as an efficacy enhancer (the mixture of 4 plasmids has been renamed
to GLS-6150). Three different doses were tested in a prime-vaccination scheme of 4
doses every 4 wk, and then a booster immunization at week 36, all injected IM follo-
wed by electroporation. Results of this trial have been recently published and they
showed that GLS-6150 is safe and was overall well tolerated with no serious adverse
events identified[270]. More importantly, vaccination increased the HCV-specific T cell
responses, although, surprisingly, RNA viral titers did not decrease. Therefore,
considering the reinfection possibility of patients who achieved SVR after DAA
treatment, a new phase I clinical trial is ongoing in order to assess immunogenicity of
GLS-6150 in this population and in healthy volunteers (ClinicalTrials.gov Identifier:
NCT03674125[271]). Another clinical trial employing DNA vaccination of plasmids
encoding NS3 to NS5A (INO-8000) but with the co-administration of a different
adjuvant (interleukin-12) is currently active as a phase I study in chronically HCV
infected patients (genotype 1) (ClinicalTrials.gov Identifier: NCT02772003[272]) which
highlights the potential of these approaches including immunostimulatory molecules
as adjuvants. The main takeaway of these approaches is that, the addition of more
nonstructural genes as well as the co-administration of immunostimulatory adjuvants,
might still be insufficient to clear an established infection. The question remains if they
might be useful to prevent reinfections.

Therefore, as an alternative, heterologous prime/boost vaccination strategies have
also been explored in mice, in which immunization with DNA-based vaccines is
followed by immunization with viral vectors such as MVA to enhance response levels
[273]. Even though results provided proof-of-concept that 2 different HCV vaccine
technologies can improve immunogenicity when used in combination, to the best of
our knowledge, so far, no clinical trial has tested this approach.

RNA-based vaccines

As will be detailed in the section about vaccines against SARS-CoV-2, several mRNAs-
based vaccine candidates have been intensely explored in clinical trials, in particular to
fight the COVID-19 pandemic. However, so far none have been approved for human
use, with the exception of some of the vaccines currently in phase 3 clinical trials
which are undergoing assessment for WHO emergency use listing and prequali-
fication[274-277] (ClinicalTrials.gov Identifier: NCT04368728[278] and NCT04713553
[279]-Pfizer/BioNTech SE, ClinicalTrials.gov Identifier: NCT04470427[280] and
NCT04649151[281]-Moderna TX, Inc).

On the contrary, with the exception of using mRNA to transfect DCs (which will be
discussed in the next section), there have been no pre-clinical or clinical trials using
mRNA-based vaccines against HCV. Interestingly, Sharifnia et al[282] (2019) have
proposed for the first time that an RNA-based vaccine against HCV could be feasible
since after in vitro generation of an mRNA coding for the core protein, they were able
to detect core protein in monocyte-derived DCs which were previously transfected
with this construct[282]. Unfortunately, no further animal studies were performed to
assess the immunogenicity of this approach.

DCs as vaccine delivery system

DCs are one of the most potent antigen-presenting cells needed to induce and
maintain immune responses. Given their fundamental roles, DC-based vaccination
strategies have been given special attention, in particular for cancer immunotherapy
[283]. However, different approaches have also been explored in HCV vaccination
both in pre-clinical studies as well as in clinical trials[284]. Strategies involve loading
DCs with HCV core, NS3 or NS5 proteins[285,286], pulsing them with HCVpp[287],
transfecting them with DNA[288] or mRNA[289], or transducing them with adenoviral
vectors expressing HCV non-structural proteins[290-293].

Two recently concluded phase I/1I clinical trials have enrolled chronically HCV-
infected patients (HCV genotype 1b) to evaluate the safety and clinical efficacy of
therapeutic vaccination using autologous DCs. Despite employing different strategies
(autologous DCs loaded with recombinant HCV core and NS3 proteins vs transduced
with a recombinant adenovirus encoding NS3), both studies revealed similar results in
terms of immunogenicity and ability to reduce viral titers: T cell responses were
generated albeit weakly, and these were insufficient to clear the virus or reduce viral
loads[286,293] (ClinicalTrials.gov Identifier: NCT03119025[294] and NCT02309086[295]
). These findings are somewhat discouraging since in order to design better
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vaccination strategies, attention will have to be placed on enhancing CMI so as to, at
least partially, reduce viral titers.

IS THERE A POTENTIAL USE OF ATTENUATED VIRUSES AS VACCINE
CANDIDATES AGAINST HCV?

As with whole inactivated virus vaccines against HCV, the limited in vitro culture
systems have hampered studies on attenuated vaccines. In particular, attenuation has
been achieved by serial passaging of a given virus in non-primate cells, which leads to
the emergence of mutations that have low fitness in human cells. Yet HCV does not
replicate efficiently in non-human cells, which poses problems for the identification
and production of attenuated strains. Additionally, there is also the risk of causing an
infection after the use of these types of vaccines, which in principle, limits their
potential use[11,14]. However, it is worth noting that live-attenuated viral vaccines are
licensed for human use for prevention of several viral diseases such as dengue,
hepatitis A, measles, mumps, varicella, yellow fever and gastrointestinal disorders
caused by rotaviruses[296]. Therefore, if properly designed, this technology offers safe
and effective vaccines.

Considering the issue of identifying attenuating mutations in non-human cultures,
an alternative is to detect mutations occurring naturally within the human host,
present only as minority variants within the quasispecies, and exhibiting an attenuated
phenotype.

HCV, as many members of the Flaviviridae family (all except for those within the
Flavivirus genus), translate its polyprotein in a CAP-independent manner by
recruiting the ribosome directly to the internal ribosome entry site (IRES), which is
found in the 5" non-coding region[297]. IRES structure and sequence are essential to its
function, and any change can affect the translation process[298,299]. Therefore, invest-
igating on mutations that might affect this process may enable an alternative approach
for the design of live-attenuated vaccines against HCV. In this regard, our group has
identified several mutations within the IRES of HCV isolates from chronically infected
patients of genotype 1a and 3a, that are present in very low frequencies within the
viral population, and that have evidenced a significant decrease in viral translation
efficiency in vitro[300]. Studies in cell culture, using full-genome chimera replicons
based on JFH-1 strain are underway in order to assess both translation efficiency as
well as viral fitness.

It is important to mention, that one of the initial vaccines designed to fight polio was
a formulation with poliovirus (PV) strains where, through successive passages in non-
human cells, mutations were selected along the whole genome[301]. Of those, a
mutation within PV IRES which drastically diminishes the translation efficiency, is the
main responsible for the attenuated phenotype[302]. Unfortunately, live-attenuated PV
vaccines have shown to be genetically unstable, and some of the mutations that confer
the attenuated phenotype can reverse during replication in humans, causing rare cases
of vaccine-associated paralytic poliomyelitis[303]. Thus, if the aim were to design a
safe live-attenuated HCV vaccine with mutations in the IRES region, perhaps
additional approaches would need to be considered so as to minimize the chances for
reversion or enhancing the resulting immune response. One such approach could be
constructing a bicistronic vector co-expressing an antiviral protein (for example IFN-f
), which has already been proven effective to limit viral spread and to induce antiviral
immunity in animal models when assessing a Flavivirus vaccine candidate[304].

On the other hand, a rational synthetic design of attenuated strains might be a new
and achievable approach to employ based on the newest infectious replicons that
harbor almost the entire genome sequence from non-JFH-1 strains, covering in this
way most of the circulating HCV genotypes. This strategy has been successfully
developed and tested in mice for other RNA viruses such as Influenza A virus and
Coxsackievirus[305]. It consisted of engineering codons that were more prone to
generate a Stop mutation after a single nucleotide change in as many positions as
possible, without changing the amino acid identity. This strategy proved that the
synthetic and rational generation of self-limiting vaccines is possible in different RNA
viruses and thus, could represent an alternative way of generating HCV attenuated
vaccines as well, provided that the issues with in vitro scaling-up production can be
overcome in the near future.
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LESSONS LEARNT FROM ANTI-SARS-CoV-2 VACCINES

COVID-19, caused by the SARS-CoV-2[306], has become a major health concern all
over the world and has spawned challenges to develop safe and effective antiviral
drugs and vaccines for preventive use. Vaccine development is a complex and time-
consuming process, that typically requires years of research and testing before
reaching the clinic. But in 2020, in an unprecedented effort due to the synergy between
academia, researchers, and pharmacists, added to financial support and guided by
cumulative knowledge from many years of scientific work, scientists were able to
produce safe and effective coronavirus vaccines in record time[307]. Coronavirus
vaccine types include inactivated vaccines, nucleic acid vaccines, adenovirus vector -
based vaccines, and recombinant subunits vaccines. Up until February 18" researchers
were testing 70 vaccine candidates in clinical trials, and 20 have reached the final
stages of testing. Over 10 have been approved for emergency use in several countries
around the word. Among these, it seems important to highlight the Emergency Use
Authorization for 2 highly effective mRNA COVID-19 vaccines from Pfizer-BioNTech
and Moderna. This is the first time that mRNA-based vaccines have ever been
approved for human use, and marks a critical milestone for achievement in both
science and public health[275,308,309]. As previously mentioned, mRNA vaccines
trigger immune responses by transfecting synthetic mRNA encoding viral antigens (in
this case spike protein or protein motifs) into human cells. Once the nucleic acid enters
the cytosol of the cell, the mRNA vaccine temporarily induces the cell to produce
specific viral antigens coded by the mRNA[308,310]. The major breakthroughs of these
two vaccines were: (1) The mRNA modifications and purification process to reduce the
innate immune response and to improve mRNA stability; and (2) The effective
intracellular delivery to facilitate cellular uptake of mRNA and to protect it from
RNase degradation.

These RNA vaccines generate powerful antibody responses to the SARS-CoV-2
coronavirus, but they have not proven to be as good as the AstraZeneca/Oxford
vaccine (adenoviral vector vaccine) at stimulating CD8* T cells. Recently animal studies
suggest that a combination of an RNA coronavirus vaccine and a adenoviral vector
vaccine (AstraZeneca/Oxford vaccine) could strengthen immune response by rousing
CD8'T cells in mice better than either vaccine alone[311,312]. This preliminary data
should be confirmed in upcoming clinical trials.

Thus, what can we learn about SARS-CoV-2 impressive vaccine development?
Firstly, that when there is interest and resources, the development and production
times of a vaccine can be significantly reduced. Secondly, that mRNA vaccines have a
high potency, ability for rapid development, and cost-efficient production. Thirdly,
that preliminary data suggests that mixing COVID vaccines technologies boosts the
immune response at a cellular level.

Is it possible, therefore, to apply all the knowledge gained from COVID-19 vaccines
to accelerate HCV vaccine development? Unfortunately, only partially. As mentioned
in the section about challenges, many hurdles remain since HCV biology and
immunology differ greatly from that of SARS-CoV-2. However, the so far unexplored
possibility of an HCV mRNA-based vaccine could certainly benefit from the
experiences and developments in the field of RNA-based vaccines against SARS-CoV-
2.

CONCLUSION

HCYV is an insidious virus, which, since its discovery, has caused enormous difficulty
to be kept under control. The successful introduction of DAAs has become a milestone
in keeping the epidemic in line, however it has proven to be insufficient to achieve
global eradication of this virus and all the health complications derived from the
infection. Therefore, numerous approaches have been explored in order to design an
effective vaccine, either prophylactic or therapeutic. Unfortunately, to date, none of
these attempts have rendered a viable vaccine for human use. Several drawbacks have
hampered its development, among which, to our understanding, one of the most
difficult to override is T cell exhaustion, the main cause of therapeutic vaccines failure.
However, many other challenges related to a still incomplete understanding of HCV
immunology remain to be overcome. Noteworthy among these, is the insufficiency of
CMI to control infections and the need for a joint humoral response, as well as the
necessity for characterization of better epitopes for nAbs. An approach that might
prove effective in the future, is the use of heterologous prime/boost vaccination,

WJH | https://www.wjgnet.com 1251 October 27,2021 | Volume13 | Issuel0 |



Echeverria N ef al. Vaccine candidates against HCV

Jaishideng®

where two different technologies can be employed to enhance the immune responses.
Additionally, we believe that ongoing efforts to develop improved and more suitable
in vivo systems should be a priority, since many of the successful pre-clinical studies
have possibly failed in clinical trials due to the differences in immunopathology
between the used animal models and humans. All of the hard work that has enabled
the rapid and effective development of vaccines against SARS-CoV-2 should be taken
as an example of what can be achieved if the interest and the efforts are focused on
tackling a health burden. In particular, the advances on mRNA-based vaccine
technology, which so far has not been explored in HCV vaccine candidates, would be a
good starting point if the aim is to explore alternatives not investigated so far.
Additionally, different methodologies which have been shown to be efficacious
against other RNA viruses, are available for the design of live-attenuated strains as
vaccines against HCV. Following this line of thought, and likely fueled both by the
success of COVID-19 vaccines[313] and by the Nobel Prize in Physiology or Medicine
2020 (awarded to three scientists for the discovery of HCV)[28], last year, the NIH
opened a grant opportunity for projects concerning HCV vaccine design[30]. As a
result, it is expected that more research will be focused on this subject in the upcoming
years, and hopefully, auspicious findings will follow. This renewed interest in funding
HCV vaccines might be what is needed to achieve HCV global eradication, as has been
proposed by the WHO a few years ago. Allocating funds for this purpose boosts the
research area that has been left behind in terms of breakthroughs that can be
effectively translated to public health benefits.
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Abstract

Non-cirrhotic portal hypertension (NCPH) forms an important subset of portal
hypertension in children. Variceal bleed and splenomegaly are their predominant
presentation. Laboratory features show cytopenias (hypersplenism) and
preserved hepatic synthetic functions. Repeated sessions of endoscopic variceal
ligation or endoscopic sclerotherapy eradicate esophageal varices in almost all
cases. After variceal eradication, there is an increased risk of other complications
like secondary gastric varices, cholangiopathy, colopathy, growth failure,
especially in extra-hepatic portal vein obstruction (EHPVO). Massive spleno-
megaly-related pain and early satiety cause poor quality of life (QoL). Meso-Rex
bypass is the definitive therapy when the procedure is anatomically feasible in
EHPVO. Other portosystemic shunt surgeries with splenectomy are indicated
when patients present late and spleen-related issues predominate. Shunt surgeries
prevent rebleed, improve growth and QoL. Non-cirrhotic portal fibrosis (NCPF) is
a less common cause of portal hypertension in children in developing nations.
Presentation in the second decade, massive splenomegaly and patent portal vein
are discriminating features of NCPF. Shunt surgery is required in severe cases
when endotherapy is insufficient for the varices. Congenital hepatic fibrosis (CHF)
presents with firm palpable liver and splenomegaly. Ductal plate malformation
forms the histological hallmark of CHF. CHF is commonly associated with
Caroli’s disease, renal cysts, and syndromes associated with neurological defects.
Isolated CHF has a favourable prognosis requiring endotherapy. Liver transplanta
-tion is required when there is decompensation or recurrent cholangitis, especially
in Caroli’s syndrome. Combined liver-kidney transplantation is indicated when
both liver and renal issues are present.

Key Words: Extrahepatic portal vein obstruction; Non-cirrhotic portal fibrosis;
Portosystemic shunt surgery; Congenital hepatic fibrosis
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Core Tip: The review discusses the natural history, endoscopic outcome, and
management of non-cirrhotic causes of portal hypertension in children, especially in
resource constraint developing nations. Extrahepatic portal vein obstruction is the most
common cause of portal hypertension in developing countries. Endoscopic variceal
ligation and sclerotherapy effectively eradicate the esophageal varices. Other complic-
ations require shunt surgery that ultimately reverses portal hypertension. Non-cirrhotic
portal fibrosis has favourable outcomes in terms of variceal bleeding and mortality.
Isolated congenital hepatic fibrosis (CHF) has a relatively good outcome. Liver
transplantation is required when CHF is associated with Caroli’s disease, recurrent
cholangitis, and decompensation. The presence of significant renal disease requires
combined liver and kidney transplantation.

Citation: Sarma MS, Seetharaman J. Pediatric non-cirrhotic portal hypertension: Endoscopic
outcome and perspectives from developing nations. World J Hepatol 2021; 13(10): 1269-1288
URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1269.htm
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INTRODUCTION

Portal hypertension refers to a pathological increase in portal pressure. Direct
measurement of portal pressure is clinically impractical and cumbersome. The indirect
way of estimating of portal pressure is by the measurement of the hepatic venous
pressure gradient (HVPG), which is the difference between hepatic venous wedge
pressure and free hepatic venous pressure[1]. When the blood flow in the hepatic
venous channels is obstructed by a catheter, the proximal static column of blood in the
hepatic veins communicates with the hepatic sinusoids reflecting sinusoidal pressure.
Normal HVPG is between 1 to 5 mmHg[2]. HVPG > 10 mmHg is defined as clinically
significant portal hypertension[3]. HVPG > 12 mmHg predisposes to variceal rupture.
Non-cirrhotic portal hypertension (NCPH) refers to the conditions where causes other
than liver cirrhosis are responsible for portal hypertension. Causes of NCPH are extra-
hepatic portal vein obstruction (EHPVO), non-cirrhotic portal fibrosis (NCPF) and
congenital hepatic fibrosis (CHF). NCPH is different from cirrhosis in various aspects.
Unlike cirrhosis, NCPH has normal synthetic functions (hypoalbuminemia, coagulopa
-thy), but mostly presents as variceal bleed and splenomegaly[1,4]. The incidence of
decompensation and mortality following a variceal bleed is much lower in NCPH as
compared to cirrhosis[5]. NCPH is overall uncommon in the West. Issues in
developing countries are unique. This review discusses the endoscopic and outcome
perspectives of NCPH in children.

EHPVO

Pathophysiological implications

Acute portal vein thrombosis in children is an event that is usually unrecognized and
on most occasions, the etiology is unknown. It is perceived that an innocuous insult to
the portal vein takes place in infancy or early in childhood. A preceding febrile illness,
intra-abdominal infection, or dehydrating illness is usually followed by subtle
abdominal pain or transient ascites which may have been forgotten or undetected. In
retrospect, a search into the child’s past history is often unyielding and perplexing for
the physician. Following this event of portal vein thrombosis, the thrombus begins to
organize. To bypass the obstruction, multiple hepatopetal collaterals form in 6-20 d to
compensate for the high-volume flow from the splanchnic system draining into the
liver. A well-established portal cavernoma forms in 3 wk[1,4]. This “temporary
adjustment” by the body is however insufficient to decompress the high portal
pressures. As a result, varices, hemorrhoids, collaterals, and spontaneous shunts form
between the portal and systemic circulation. As evident from the series by Orloff et al
[6], EHPVO involves portal vein alone in 70%, portal vein and splenic vein in 20%,
portal vein and superior mesenteric vein (SMV) in 5%, and all three veins in 10%[6]. A
liver biopsy will show mild periportal fibrosis with no signs of hepatocyte injury[7].
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Clinical features

In developed nations, the mean age of presentation is around three years even before
the variceal bleed[8]. However, in developing nations, EHPVO predominantly
presents as variceal hemorrhage mostly from esophageal varices (77%-84%). The rest
present as non-bleeders with isolated splenomegaly (16%-23%)[9-11]. The reason for
presentation as variceal bleed in third world countries is due to delay in diagnosis and
poor referral systems. The age of presentation is 6.3-9.3 years with a mean number of
1.8-3.1 bleeding episodes per child at the time of presentation[11,12]. Antecedent febrile
illness and respiratory tract infection (Valsalva maneuver) tends to rupture the varices.
Bleeding is worsened by ingestion of non-steroidal anti-inflammatory drugs (e.g.,
ibuprofen, diclofenac). Long-standing gastroesophageal reflux also predisposes to
erosions over the varices. Episodes of variceal bleeding are recurrent and tend to
increase in frequency and severity with age. The presence of postural signs (dizziness,
syncope, prostration) and hypotension indicates significant blood loss[11]. Clinical
examination reveals isolated splenomegaly without any stigmata of chronic liver
disease. The liver may be palpable if the patient is in cardiac failure due to anemia
(post-bleeding). Splenic size may acutely decrease just after a massive hemorrhage (to
compensate for the volume loss) and resume pre-bleeding size soon after blood
transfusion.

Massive splenomegaly causes a dragging sensation, left upper quadrant pain, and
early satiety[1]. Though hypersplenism is common, symptoms related to the same
(symptomatic anemia, spontaneous skin bleeds) are less common in adults and rare in
children (5%)[13]. Chronic dragging sensation and apprehensions of rupture of a
massive spleen may preclude them from contact sports. Massive bleeding may be
accompanied by diuretic-responsive transient transudative ascites in 4%-18% cases[12,
14]. Jaundice is seen in advanced EHPVO due to symptomatic portal cholangiopathy
(5%-19%) resulting from obstruction of extrahepatic bile ducts (compression by
collaterals or ischemic biliary strictures) but it is extremely rare in children[15-17].
Unscreened blood transfusion in the past may cause chronic hepatitis B or C infection
manifesting later with frank liver disease. Growth retardation (stunting and wasting)
occurs in up to 33%-54% children[18,19]. Portal colopathy is a complication that
presents with bleeding per rectum from anorectal varices and mucosal changes in the
colon but is less commonly seen in children[20]. Small bowel ectopic varices are rare
yet cause a considerable diagnostic dilemma.

Growth failure and quality of life

Duration and severity of portal hypertension determine the growth of the child. A
pediatric series on EHPVO showed that growth retardation (stunting and wasting)
occurs in 54% of children[19]. The theories proposed for the same are (1)
Malabsorption due to portal enteropathy; (2) Deprivation of hepatotropic factors due
to poor portal supply to the liver; (3) Chronic anemia; and (4) Growth hormone
resistance as shown by increased levels of growth hormone and decreased levels of
insulin-like growth factor-1 and insulin-like growth factor binding protein-3. Menon et
al[21] had observed that after shunt surgery there was an improvement in height
velocity in 76% of EHPVO children[21]. The study supported the portal enteropathy
hypothesis as a reason for growth retardation. In a prospective study in which
adequate nutritional intake was ensured, anthropometry, fasting growth hormone,
and insulin-like growth factor 1 were compared between 22 well-nourished patients
with EHPVO with growth retardation and 35 age-matched well-nourished controls.
Insulin-like growth factor scores were significantly lower in patients (-1.48 + 0.88) than
in controls (-0.49 + 1.09, P < 0.001), whereas basal growth hormone was significantly
higher in patients (4.60 + 3.70 mIU/L) compared to controls (2.66 + 0.82, P < 0.01)[18].
Improvement in growth parameters seen at 12 and 24 mo after meso-Rex bypass, is
possibly due to restoration of blood supply to the liver[22].

Poor health-related quality of life (QoL) and school performance is contributed by
anemia and various social stigmata. EHPVO children have growth retardation and
protuberant abdomen as compared to their peers in school. They also have minimal
hepatic encephalopathy causing behavioural issues. QoL scores do not show much
improvement on variceal eradication but may improve after shunt surgery[21,23].

Endoscopic outcome of esophageal varices

The majority of EHPVO patients present as variceal bleed. Unlike cirrhosis, adequately
tackling the variceal bleed by endoscopic therapy ensures < 5% mortality. The rate of
variceal growth in EHPVO varies among different individuals[9,10]. The 1-year, 3-
year, and 5-year probability of development of esophageal varices is 2%, 22%, and 22%
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respectively and growth from small to large size is 13%, 40%, and 54% respectively
[24]. Endoscopic therapy of the esophageal varices consists of endoscopic variceal
ligation (EVL) and endoscopic sclerotherapy (EST). Both are preferred endoscopic
therapies for acute variceal bleeding (Figure 1). The eradication rate of esophageal
varices with EST is 88%-100%. However, complications like esophageal ulcers (8%-
30%) and strictures (6%-20%) are commonly seen with EST[25-27]. Though EVL has
the advantages of rapid eradication of varices requiring fewer sessions and lesser
incidence of complications, the studies of EVL are limited in children. EST is preferred
for smaller children as there is difficulty in inserting the banding cylinder during EVL.
Children lesser than 2 years have a physiologically narrow cricopharynx. Smaller band
cylinders are compatible with thinner endoscopes but may not generate adequate
pressure suction on the esophageal varices for banding. In developing countries, EST
is possibly more cost-effective compared to EVL. In a randomized controlled trial of
EST vs EVL in children by Zargar et al[28], the efficacy of controlling bleeding and rate
of variceal eradication was similar in both groups (100% in both and 96% vs 91.7%
respectively), but overall EVL was better as it required lesser number of sessions (3.9
vs 6.1), had lower re-bleeding (4% vs 26%) and complication rates (4% vs 25%)[28]. A
study from the authors’ center has shown that sequential EVL followed by EST (Group
I, n =101) is superior to EST alone (Group II, n = 60) in a 3 wkly endoscopy regimen
till eradication. Group I required significantly fewer sessions (5.2 +1.8 vs 6.8 £2.8, P <
0.005), less sclerosant (13 + 8.2 mL vs 30 £ 20 mL, P < 0.001) and had fewer complic-
ations (7% vs 28%, P < 0.001) as compared with group II[29]. Many pediatric
hepatology centers in Asia consider a 3-weekly protocol of sequential downgrading of
large esophageal varices by EVL followed by EST injection into the smaller varices till
eradication. While EVL rapidly reduces the size of varices, EST effectively blocks the
paraoesophageal perforators which ultimately lowers the risk of recurrence. This is
advantageous as the cumulative dose of sclerosants and risk of complications are
much lower in sequential therapy as compared to the EST alone[30]. Long-term
sequelae of esophageal dysmotility is a concern with cumulative sclerotherapy.

Management and outcome of gastric varices

Gastric varices bleed less frequently but more profusely as compared to esophageal
varices[31]. In a study with 274 children with EHPVO, 70% had primary gastric varices
at presentation, of which 97% had gastroesophageal varices (GOV) and 3% had
isolated gastric varices (IGV)[32]. After esophageal variceal eradication with EST,
gastric varices may disappear or persist or develop afresh (secondary gastric varices).
Disappearance is seen more often along the lesser curvature of the stomach (GOV1)
than the greater curvature (GOV2). In a study from the author’s center, GOV1
decreased from 45% to 30% and GOV2 increased from 8% to 13% during esophageal
variceal eradication. Secondary gastric varices develop in 28%. Of these, 87% are
constituted by isolated gastric varices in the fundus (IGV1) and the rest in the body
and antrum (IGV2)[33]. The reduction of GOV1 is attributable to the fact that GOV1
arises from deep submucosal veins from the left gastric vein into which there has been
a flow of sclerosant from the esophageal varices. GOV2 varices are formed by the
collaterals from the left gastric and short gastric veins. IGV1 is formed exclusively by
the short gastric veins. Short gastric veins do not receive any sclerosant as they do not
communicate with the esophageal varices. As the esophageal varices and GOV1 shrink
during endoscopic therapy, the blood is diverted through IGV1 and GOV2 to
accommodate the persistent portal pressure and blood volume in the portal system.
Following eradication of esophageal varices, IGV1 incidence increases significantly
from 1% to 14% (P < 0.001), and the incidence of bleeding from gastric varices
increases from 0% to 20%[32]. Acute gastric variceal bleeding is managed by 1-2 mL of
glue (N-acetyl-2-butyl-cyanoacrylate) injection[3] (Figure 1). Repeated sessions of glue
injection have the risk of glue cast fundal ulcers, obliteration of splenic vein for future
portosystemic shunt surgery (PSS), and difficulties in the mobilization of the spleen
during surgery. Hence, whenever large fundal varices are noticed, it is better to
perform PSS if the anatomy is feasible. Antral varices (IGV2) rarely bleed even after
eradication of esophageal varices and hence prophylactic endotherapy is not usually
required[31].

Management and outcome of portal hypertensive gastropathy

Frequency, extent, and severity of portal hypertensive gastropathy (PHG) increase
after esophageal variceal obliteration by endoscopic therapy. This results from
increasing gastric mucosal venous congestion that occurs along with the decreasing
collateral blood flow through the varices. In a study from our center, pre-EST PHG
was documented in 40% of cases, all were mild. After eradication of esophageal
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varices, PHG increased to 80%, half were mild and the rest were severe[33]. In another
study, the prevalence of mild and severe PHG increased from 25% to 52% and 3.2% to
16% respectively with statistical significance following esophageal variceal
eradication. Bleeding from PHG is uncommon in EHPVO children[32]. Repeated
sessions of argon plasma coagulation is a promising modality of management for
symptomatic gastric antral vascular ectasia.

Natural history and outcome of portal cavernoma cholangiopathy

Portal cavernoma cholangiopathy (PCC) denotes the cholangiographic abnormalities
involving both intra-hepatic and extra-hepatic bile ducts including gall bladder wall
abnormalities in patients with portal hypertension. It is seen as biliary radical
dilatation, filling defects, indentations, angulations, filling defects or a tumor mass
(pseudocholangiocarcinoma sign)[34]. They occur due to compression of peri and para
choledochal varices. Intracholedochal varices appear as filling defects within the
lumen seen on endosonography and choledochoscopy. PCC is most commonly seen in
EHPVO (80%-100%) as compared to cirrhosis (0%-33%)[1]. The prevalence of PCC is
almost 100% in adults, however, the data is limited in children[15,35,36]. A prospective
study conducted in the authors’ center in 72 EHPVO children showed the prevalence
of PCC as 92% of which 7% were symptomatic. In this study, the age at presentation
and the duration of disease in asymptomatic PCC were 13.9 £ 2.3 and 6.9 * 4.0 years
respectively. This was significantly lower than the symptomatic group where age and
duration were 16.1 + 0.9 and 11.0 + 1.4 years respectively. Age at presentation and
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duration of disease had a significant linear correlation[37]. It has been observed
symptoms of PCC are more commonly seen in adults as compared to children,
implying that the duration of portal hypertension in EHPVO is responsible for
progressive bile duct disease to cause symptoms[35]. In a study of adults with
symptomatic PCC, the median age of presentation with symptoms of PCC was 41
years[38]. The mean interval between the first presentation with variceal bleed and
jaundice was 7.4 years in another adult study[39]. In a study by Llop ef al[40] in adults,
it was shown that the 5-year and 10-year actuarial probability of developing
symptomatic PCC after diagnosis of chronic portal vein thrombosis was 9% and 13%,
respectively[40]. Zargar et al[41] followed 69 EHPVO children for 15 years and 4%
developed biliary obstruction[41]. Symptoms arise due to obstruction of bile flow and
result in cholestatic jaundice, pruritus, cholangitis, and gall stones. The implication of
finding symptomatic PCC in children is grave. This would possibly mean tenacious
strictures or stones that would entail multiple therapeutic endoscopies. A series of
complications are anticipated. The endoscopic biliary interventions have technical
limitations in younger children. Biliary drainage is associated with a risk of hemobilia
from rupture of intracholedochal varices. Endoscopic intervention is easier for lower
biliary strictures than higher strictures, more so in children. Refractory strictures may
necessitate bilio-enteric anastomosis. Long-standing disease results in secondary
biliary cirrhosis. In EHPVO, secondary biliary cirrhosis is an unfortunate consequence
of a problem where a primary liver disease never existed in the first place. Considering
the longevity of a child, QoL in the growing years, and gainful living, it is imperative
to actively search for asymptomatic biliary changes with serial imaging. There are two
hypotheses for biliary changes in EHPVO, extrinsic compression by portal collaterals
and ischemic stricture due to bile duct injury or a combination of both[15,35,42]. In a
study by Dhiman et al[42], endoscopic retrograde pancreato-cholangiography (ERCP)
done in five cases post shunt surgery showed total disappearance of changes in two,
partial response in one, and no improvement in two, indicating the relief of
compression alone was not the reason for biliary changes[42]. The definitive diagnosis
of PCC is by ERCP but due to its invasive nature, magnetic resonance cholangiopan-
creatography with gadolinium injection to delineate the cavernoma is preferred in
children[43]. Symptomatic PCC should be managed but the requirement of
management in asymptomatic PCC is doubtful. Also, steps for management of PCC
are not clear. Should shunt surgery be offered in all symptomatic PCC followed by
bilioenteric anastomosis (hepaticojejunostomy) or should endoscopic drainage be
primarily performed before PSS[39,44]? Prior shunt surgery effectively decompresses
the cavernoma in 6-12 mo and makes it easier for subsequent biliary drainage
surgeries (Figure 2). Second stage hepaticojejunostomy is required in 28%-50% in adult
studies following shunt surgery[39,44,45]. Issues with endoscopic biliary drainage are
its invasive nature, need for technical expertise, and lack of smaller-sized endoscopes
and biliary metallic stents in children. Meso-Rex shunt restores the blood flow to the
liver to decompress the cavernoma adequately. In the study by Gauthier-Villars et al
[46],2/8 children with symptomatic PCC underwent Rex shunt, and liver
biochemistry completely normalized post shunt surgery[46]. Meso-Rex shunt is not
possible in most children due to unfavourable vascular anatomy where the left branch
of the portal vein or SMV is blocked. Meso-Rex bypass is also ineffective if there is a
large spleen at the time of presentation. In the study from the authors’ center, 25
children with EHPVO underwent central end to side splenorenal shunt. Despite the
patency of shunt 18 mo post-surgery, asymptomatic PCC did not improve in the
majority. All the children who had progressive PCC after shunt surgery had
concomitant SMV block. SMV block not only makes meso-Rex shunt non-feasible but
also causes severe PCC[47]. The venous plexuses on the common bile duct drain into
the portal vein and SMV territories. When the portal vein is occluded, the choked
peribiliary collaterals compress upon the bile duct. In such a scenario, SMV is the only
pathway for decompression. When the SMV is occluded too, the choking effect of the
biliary venous plexuses is near total. Peribiliary collaterals enlarge further and
compress the already narrowed common bile duct. A central end to side PSS does not
effectively relieve the peribiliary portal hypertension since the connection is between
the splenic and left renal vein. Future studies are required to address whether PSS is
required in an asymptomatic PCC in children to prevent the burden of complicated
PCC and the development of SMV block as they enter adulthood. The management of
PCC poses great dilemmas in children. Issues such as choice of shunt surgery,
adequate decompression of biliary varices, the appropriate time for bilioenteric
anastomosis, and prophylactic biliary dilatation for strictures are well debated. Despite
active screening for PCC in all children, we must understand that symptoms arise as a
result of procrastination in treating asymptomatic PCC. Symptomatic PCC definitely
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requires biliary drainage but the requirement of biliary decompression in
asymptomatic PCC is a dilemma not only in children but also in adults. After detecting
PCC, the logical step forward has to be decompression of portal hypertension with
PSS. In those with symptomatic PCC, endoscopic therapy may be required before the
shunt surgery. Endoscopic therapy is reserved for selected cases of cholangitis and
choledocholithiasis. Limitations such as lack of appropriate sized endoscopes and
biliary metallic stents (not approved yet) are unique issues in children. The experience
of meso-Rex bypass for relieving PCC is limited. Non-selective shunt surgeries may
not have a wholesome outcome in PCC.

Natural history and management of portal colopathy

Portal colopathy is most commonly seen with EHPVO as compared to cirrhosis
probably due to selective redistribution of portal pressure with time along the inferior
mesenteric vein consequent to thrombosis at the junction of the splenic vein and SMV
[48,49]. Similar to PCC, the prevalence of portal colopathy is lower in children
compared to adults emphasizing the importance of the duration of portal
hypertension. Unlike PCC, PSS effectively reverses colopathy. Portal colopathy is
defined as the presence of colitis-like abnormalities (edema, erythema, ulcers),
vascular lesions (cherry-red spots, ectasia, and spider angiomas) with or without the
presence of colorectal varices (3-5 mm) by endoscopy and/or endosonography. Rectal
endosonography is superior to sigmoidoscopy for identifying rectal varices[20,50].
Prevalence of rectal varices in adults is 63%-94%[20,49,51]. In a study from the authors’
center, rectal varices were seen in 36% of 25 EHPVO children by sigmoidoscopy and
76% by rectal endosonography[50]. Rectal varices occur in 80%-90% of adults with
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EHPVO but the overt bleeding frequency is low (3%-8%). In another study from our
center, only 16.6% of EHPVO were symptomatic for colopathy/rectal varices. 94%
showed rectal varices and 75% showed colitis-like changes on routine colonoscopy.
Colopathy and colitis-like lesions were more common than vascular lesions (36/40 vs
23/40; P = 0.001). Colopathy changes were pancolonic in 52.5%, left-sided in 42.5%,
and right-sided in 5% cases. 16% also had ileal changes. Children with colopathy had
more often (90% vs 57%; P = 0.01) PHG, more endotherapy sessions (6[4-8] vs 2[1-4]; P
= 0.03), and less often large esophageal varices (12.5% vs 43%; P = 0.02) than those
without colopathy[52]. Mucosal changes like erythema, friability, and superficial
ulcerations should not make the endoscopist suspect inflammatory bowel diseases,
especially in the setting of portal hypertension as the shunt surgery effectively reverses
the colitis like changes in these cases[53]. Bleeding rectal varices can be managed with
sclerotherapy or band ligation[20]. PSS is preferred for large rectal varices and
symptomatic colopathy. When PSS is anatomically not feasible, beta-blockers should
be considered. Laser photocoagulation and Argon plasma coagulation are tried in
adults in severe cases, but the studies in children are limited[54].

Rare complications in EHPVO

Minimal hepatic encephalopathy (MHE) in EHPVO without shunt surgery has been
observed in 32% of cases using neuropsychological testing and 57% by critical flicker
frequency techniques[55,56]. EHPVO is an example of type B hepatic encephalopathy
where there is a portosystemic bypass in the absence of intrinsic liver disease. The
other reasons attributed are chronic deprivation in hepatic blood flow leading to
parenchymal extinction, increased brain glutamine, and increased proinflammatory
cytokines[57]. Following shunt surgery, as the toxic substances bypass the liver into
the systemic circulation, MHE is more prevalent in non-selective shunts as compared
to selective shunts. The reversal of MHE following shunt surgery in EHPVO is not
well established.

Ascites is an uncommon complication of EHPVO. In a study from the authors’
center, 307 EHPVO children were analyzed, of which 26% developed ascites. 84% of
ascites were following variceal bleeding. Younger age of onset, baseline malnutrition,
hypoproteinemia are predictors of post-bleed ascites. The time interval between the
first bout of bleed to the onset of ascites and hospital admission was 7 (3-20) and 12 (5-
45) d respectively. 17% of patients had features of ascitic fluid infection requiring
antibiotics. For the resolution of ascites, 32% required only salt restriction, 39%
required the addition of diuretics, and 29% required single-time large-volume
paracentesis. The overall resolution of ascites was seen in 46%, 76%, 88%, and 100% by
days 7, 14, 30, and 60 respectively. In this study, 17 patients re-bled, of which 11 had a
recurrence of post-bleeding ascites. None of the patients had any evidence of chronic
liver disease on follow-up of 56 (9-112) mo[58]. The mechanism of de novo ascites is
not well understood. Secondary causes and hepatic dysfunction are possible
responsible factors. Rangari ef al[14] analyzed 9 chronic EHPVO adults with ascites
who had not bled in the last 3 mo. These patients had raised alanine transaminase,
hypoalbuminemia, and deranged coagulation. Ascites in this study were attributable
to increased age, longer duration of disease, and PCC. They postulated that the
underlying liver dysfunction was caused due to a reduced parenchymal liver mass
[14].

Hepato-pulmonary syndrome (HPS), though common in advanced cirrhosis, is
rarely seen in EHPVO also. The prevalence of HPS in EHPVO is 2%-10%[59,60]. The
incidence of HPS in EHPVO shows that apart from hepatic dysfunction, portal
hypertension per se is responsible for HPS. Hepatic dysfunction is not unseen in
EHPVO. It occurs more in the older age due to parenchymal extinction and is more
seen with prolonged portal hypertension. PCC is commonly associated with hepatic
dysfunction[14]. Portal hypertensive enteropathy is not unusual in children, seen in
both cirrhotics and non- cirrhotics. In the study from the authors’ center, children with
EHPVO showed features of enteropathy as evident by duodenal morphometric
features (60%). The features were lower villous to crypt ratio, dilated capillaries,
increased thickness of muscularis mucosae) and increased small intestinal permeabi-
lity (lactulose excretion test) as compared to healthy controls[61]. Portal hypertensive
enteropathy is one of the most important causes of growth failure in children.

Outcome of shunt surgery

Endotherapy significantly improved mortality due to variceal bleeding as compared to
the pre-endoscopic era. Endotherapy (EVL/EST) causes eradication of esophageal
varices in 90%-95% EHPVO cases[62]. As endotherapy obliterates portosystemic
collaterals in the esophageal region, the persistently elevated portal pressure causes
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rebleed in 7%-41% of cases following endotherapy[33,41,62,63]. There is also a
significant risk of developing other complications related to high portal pressures such
as ectopic varices, gastropathy, colopathy, cholangiopathy, growth failure, and hypers-
plenism. A randomized trial comparing endotherapy and shunt surgery showed the
risk of rebleeding is significantly higher in the endotherapy group[64]. The study by
Krishna et al[23] showed the QoL remained poor even after variceal eradication on
endotherapy due to various reasons like growth retardation, cholangiopathy, ectopic
varices, massive spleen related pain, early satiety, and infarction[23].

Shunt surgery is indicated in EHPVO whenever feasible. However, there are
various approaches in the surgical management of EHPVO (Figure 3). Baveno VI
guidelines recommend that meso-Rex Bypass should be offered for primary, pre-
primary, and secondary prophylaxis for all cases of EHPVO[3]. However various
factors preclude meso-Rex bypass in all children with EHPVO such as anatomic non-
feasibility, the need for technical expertise. Another feasible intervention is PSS, a
procedure ideally performed after tackling the first episode of variceal bleed
endoscopically. However, in developing nations, the bulk of the disease outweighs the
number of centers that have expertise in conventional and physiological shunt
surgeries. PSS is a popular shunt surgery for EHPVO as it not alone prevents
rebleeding but also improves other complications like colopathy, cholangiopathy,
growth, QoL, etc. PSS consists of selective (distal splenorenal shunt) and non-selective
shunt (proximal or central-end to side splenorenal shunt with splenomegaly, side to
side splenorenal shunt, and mesocaval shunt)[65,66]. Each of the above-mentioned PSS
has its own merits and demerits and hence, the choice of surgical procedure is tailored
as per the indication for surgery and the anatomy of the splenoportal axis (the patency
and diameter of the veins)[67,68]. Broadly, if massive splenomegaly affects QoL
adversely, then splenectomy with a central end-to-side splenorenal shunt is indicated.
Splenectomy is required when issues related to massive splenomegaly and significant
hypersplenism predominate. However, a spleen-preserving shunt is preferred if
splenomegaly is not of concern. Side-to-side splenorenal shunts permit a large
diameter vascular anastomosis if the splenic vein is of a small diameter (< 5 mm)
calibre[68]. The mortality following PSS is 0%-1.9%. Shunt thrombosis occurs in 2.5%-
13% following PSS[6,67,69-71]. On a few occasions, other surgical interventions may be
required for selected indications when PSS is not feasible due to non-shuntable
anatomy. Hepaticojejunostomy is required in symptomatic portal biliopathy,
especially related to ischemic strictures. Emergency devascularization procedure is
required when endotherapy fails to control acute variceal bleed, interval bleed, or
recurrence of bleed following eradication. In the author’s center, 110 children
underwent surgical intervention for delayed sequelae post-variceal eradication. PSS
was performed in 83% whereas esophagogastric devascularization was performed in
17%. 91% showed shunt patency after a median follow-up duration of 28 mo following
shunt surgery. Growth parameters, colopathy, issues related to splenomegaly
improved in all[72].

Meso-Rex bypass requires placement of autologous vein graft between SMV and left
branch of the portal vein and it is an ideal curative procedure conceptually. However,
there are various limitations of the meso-Rex bypass. Complete patency of intrahepatic
portal veins, including the recess of Rex, is required for performing this procedure. In
a pediatric EHPVO study, 62% had favourable anatomy before surgery, and
eventually, only 37% culminated into a successful meso-Rex bypass[73]. Wedge
hepatic venous portography is the gold standard for imaging of intrahepatic portal
veins. 15% of all successful meso-Rex bypass need interventional radiological
procedures like thrombectomy, shunt dilatation, or stenting to maintain shunt patency
[74]. The shunt blockage following meso-Rex bypass is 4%-19%[74-77]. Meso-Rex
bypass is not the procedure of choice when there is gross splenomegaly and hypers-
plenism.

Issues in developing countries

In the author’s understanding, the issues in developing nations are uniquely different
from those in developing countries. Due to poor referral systems, the patients are
referred to tertiary care centers in an advanced state where one or more of the above
complications would have ensued. Meso-Rex bypass is favourable in the early stages
where the left branch of portal vein and confluence are patent. In advanced disease,
the anatomy is no longer favourable as the entire portal vein and its branches are
affected by stasis and progressive local thrombosis. 64% of EHPVO children also have
additional thrombosis of SMV or splenic vein which limits the choice of PSS[37]. This
possibly occurs at onset or due to local progression of thrombosis at the trijunction
confluence. Proximal splenorenal shunt lowers portal pressure but does not ameliorate
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the PCC. Distal splenorenal shunt and meso-Rex bypass do not ameliorate issues of a
large spleen. Those with entire splenoportal axis thrombosis are subjected to
esophagogastric devascularization which diverts the blood away from the life-
threatening variceal territory but fails to lower the portal pressure. Hence the long-
term choice of definitive therapy is that of a compromised one. Keeping in mind the
logistic issues in developing countries, it is the authors’ opinion that repeated
endoscopic sessions should be performed till variceal eradication and an opportune
time must be sought for a PSS if the disease is in an advanced state or if a meso-Rex
bypass is not feasible. PSS has low post-operative mortality and good long-term shunt
patency. Despite the compromise, PSS may be the only available option for
amelioration of the disease.

NCPF

NCPF is also called idiopathic portal hypertension, hepatoportal sclerosis or
obliterative venopathy. This is a disorder of no specified etiology characterized by
massive splenomegaly, preserved liver function, and patent portal vein[1].

Pathophysiological implications

Etiopathogenesis of NCPF is not well understood and there are various theories for the
same. Infections (Escherichia coli), prothrombotic states, immunological disorders,
toxins (arsenic), and genetic factors are possible causative factors[75-78]. Human
immunodeficiency virus and hepatic schistosomiasis also are responsible for liver
fibrosis similar to NCPF[79-83]. Various theories explain the pathogenesis of NCPF
though, none of the theories have been effectively proven. The unifying hypothesis
suggested by Sarin and Kumar[84], suggests a major thrombotic event in a younger
age is responsible for EHPVO but, a micro thrombotic event later in life is responsible
for the obliteration of small and medium branches of portal veins resulting in NCPF
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[84]. Schouten et al[85] proposed a dual theory of splenic vein dilatation (due to high
levels of nitric oxide synthase in splenic endothelial cells) and intrahepatic portal vein
obliteration as the main pathogenesis in the development of NCPF[85]. Sato and
Nakanumal[86], suggested endothelial-mesenchymal transformation theory, according
to which endothelial cells in portal vein branches acquire features of myofibroblast
due to stress and ischemia thereby causing deposition of collagen in vessel walls
causing obliteration[86]. The histological hallmark of NCPF is obliterative portal
venopathy. Other prominent features include aberrant vessels in the portal tract
(portal angiomatosis), portal tract fibrosis and inflammation, and absence of significant
hepatocellular injury. Incomplete nodules and scattered regenerative nodules are seen
on a few occasions[87].

Clinical features

The incidence of idiopathic portal hypertension has reduced in Japan in the past two
decades. Though no national registries are available, the incidence in India also seems
to have decreased along with EHPVOI[87]. The change in the scenario could be due to
the reduction in the incidence of umbilical sepsis, reduced diarrheal episodes in
infancy due to better sanitation and vaccination programs[88,89]. Studies from India
show that NCPF accounts for 3.3%-4.6% of all pediatric portal hypertension[90,91].
NCPF is commonly seen in the third to fourth decade in adults. Various pediatric
series suggest that NCPF is not an uncommon entity in children[86]. Variceal bleeding
is the most common presentation in adults (72%) with a relatively small proportion
presenting as a lump in the left upper quadrant (12%)[92,93]. The scenario is different
in children. In the author’s experience, the median age at presentation of NCPF was
14.5 (6-18) years where 49% and 47% presented as variceal bleed and unbled isolated
splenomegaly respectively[90]. Another pediatric series from India showed that only
16% presented as variceal bleed and the remaining 84% presented with isolated
splenomegaly. Predominant presentation of variceal bleeding in adults is possibly due
to a progressive increase in disease severity as age progresses[91]. However, the
overall natural history in adults is not different from pediatric series. 87% of NCPF in
the authors’ study had hypersplenism with median spleen size 10.5 (1-17.5) cm on
examination. Transient ascites and hypoalbuminemia were seen in 20% and 11%
patients respectively, mostly after variceal bleeding. A small proportion of patients
develop end-stage liver disease requiring liver transplantation[90].

Endoscopic outcome

The analysis of the NCPF cohort in the authors” experience showed the predominant
presence of esophageal varices (96%) and portal hypertensive gastropathy (89%)
followed by primary gastric varices (56%) at presentation. The majority of the children
showed eradication of esophageal varices and GOV1 after 5 (2-12) sessions. 36%
showed recurrence of esophageal varices in about 1 year of follow-up and 12%
developed secondary gastric varices (GOV2 and IGV1). Most of the PHG was mild in
severity and PHG was significantly higher in bleeders as compared to non-bleeders
probably due to higher portal pressures[90] (Figure 4). Prevalence of esophageal
varices in adult NCPF is similar in children (85%-95%) but the gastric varices at
presentation were more common in adults compared to children[91]. In a study by
Chawla et al[94], endoscopic sessions in 72 adult NCPF patients showed eradication
after a mean of 5.7 sessions of EST, and recurrence of varices occur in 9.2% over a
follow-up period of 21 mo[94]. Sarin et al[95] compared adults with cirrhosis with
NCPF, and EHPVO. Cirrhotics had a similar recurrence of variceal bleeding as
compared to NCPF. Unlike cirrhosis, none of the EHPVO or NCPF died at follow-up
suggesting that despite the progression of portal hypertension in NCPF, the liver
parenchyma is preserved like in EHPVO[95].

Natural history and surgical outcome

Pediatric data on long-term follow-up studies are lacking (Table 1). Overall survival of
NCPF is favourable. Poor outcomes like death, decompensation, and requirement of
surgery were seen in 24% of patients[90]. Adult series by Siramolpiwat et al[96]
reported native liver survival of 72% at 5 years[96]. Similarly, the Spanish cohort of
adults reported 86% native liver survival at 5 years[97]. In a French follow-up study,
46% of patients develop portal vein thrombosis during a follow-up period of 7.6 years
[98]. Thus, the development of portal vein thrombosis is a major factor that also
contributes to the progression of portal hypertension in NCPF. There is a paucity of
published data on surgical management of NCPF both in children and adults. As most
of the patients have predominant spleen-related issues, a non-selective PSS like central
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Table 1 Clinical characteristics and outcome of non-cirrhotic portal fibrosis in pediatric studies

Prasad etal[90] (n= Sood etal[91](n=  Poddar etal[109] (n= Franchi-Abella et al[110] (n =

Parameters 45) 19) 1) 48)

Mean or median (range) age at 14.5 (6-18) yr 13.8 (5.9-17.6) yr 11 (5-14) yr 8.75 (1 mo-16 yr)

presentation

At presentation
Variceal bleed 49% 15.70% 54.60% 18.80%
Lump upper abdomen 47% 84.20% 45.40% 43.80%
Ascites 20% - 18% -
Spleen size (mean) cm 10.5 12 (4.75-17.25) 8 -
Variceal recurrence 39% = 18% =

Poor outcome
Decompensation 4% 0 0 12.50%
Hepatopulmonary syndrome 2% 5% = 4.20%
Follow-up duration (mean) 48 (3-120) mo 18 (2-51) mo 57.5 (12-78) mo 15 (1-26) yr
Survival without transplant 93% 100% 100% 88%
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end to side splenorenal shunt with splenectomy would be a favourable compromise.
Long-term complications of shunt surgery include hepatic encephalopathy, glomer-
ulonephritis, hepatopulmonary syndrome, and ascites[99]. In the authors” experience,
10% require a central end to side splenorenal shunt with splenectomy[90].

CHF

CHF is a liver ciliopathy disorder of irregularly shaped proliferating bile ducts and
periportal fibrosis. CHF is one of the fibropolycystic diseases, that include Caroli
disease/syndrome, autosomal dominant polycystic kidney disease (ADPKD), an
autosomal recessive polycystic kidney disease (ARPKD)[100].

Pathophysiological implications

CHF and related disorders occur as a result of ductal plate malformation (DPM). The
ductal plate is the embryonic precursor of intrahepatic bile ducts and it surrounds the
portal vein. Remodelling of ductal plate starts at 12 wk of gestation and completes at
20 wk. Defect in the remodelling causes persistence of immature embryonic duct
structures called DPM. The persistence of immature ductal elements activates hepatic
stellate cells by transforming growth factor-beta secreted by Kupffer cells. The
activated stellate cells stimulate the formation of fibrous tissue in the portal tract which
is ultimately responsible for recurrent cholangitis and portal hypertension. As
embryologically, bile duct development and hepatic vasculature have been closely
related, DPM is commonly associated with “pollard willow” malformation of the portal
vein, which predisposes the portal vein to undergo thrombosis and cavernomas
transformation[101]. Osteopontin gene mutation and microRNA (miR150) have also
been postulated in the pathogenesis of CHF[102,103].

Clinical features

The age of presentation widely varies with CHF diagnosed as early as infancy to late
adulthood. A large systematic review of CHF patients showed the mean age of
presentation as 11 years[104]. Four forms of CHF have been identified based on the
clinical features, most common being portal hypertension followed by cholangitic,
mixed, and latent forms. The associations of CHF also widely vary with renal diseases
(ARPKD, ADPKD, Jeune syndrome, juvenile nephronophthisis, dysplastic kidney) and
Caroli’s disease/syndrome commonly seen. However, a few cases of CHF present
without any association. Most patients present with features of portal hypertension.
Physical examination usually shows firm to hard hepatomegaly with predominant left
lobe enlargement, splenomegaly and occasionally nephromegaly. Laboratory workup
reveals elevated alkaline phosphatase, gamma-glutamyl transpeptidase, and
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Table 2 Clinical characteristics and outcome of congenital hepatic fibrosis in pediatric studies

1 = 1 = 111] (n = 112] (n=
Parameters Rawat et al[106] (n Poddar et al[105] (n Parkash et al[111] (n Luoto et al[112] (n

40) 15) 25) 27)

Mean or median age 13 yr 8 yr (10 mo-14 yr) 85+2.7yr 2.7 (0-13) yr
Associations

Caroli’s syndrome 52.50% 9% 8% 11%

Renal 92.50% 81.80% 24% 100%

CHF 47.50% 54.50% 92% 37%
Presentations

Variceal bleeding 27% 54.50% 60% 15%

Cholangitis 25% 9% 0% 7.40%

Recurrent cholangitis 7.50% 9% 0% 3.70%

Decompensation 5% 18.20% 0% 19%

Endotherapy 27% 100% 60% 30%

Shunt surgery 0% 9% 20% 3.70%
Transplant

Renal transplant 0% - - 41%

Liver transplant 5% = = 3.70%

Combined liver kidney transplant 45% - - 37%
Survival

Overall survival 90% 100% [41 (1-80) mo] 100% 70% [10.6 (0.6-40) yr]

Survival post-transplant (follow-up 80% [5 (1.2-9)] yr - - 73.30%

duration)

Survival non-transplant (follow-up 100% [15 (4.5-19)] yr - - 100%

duration)

CHEF: Congenital hepatic fibrosis.

cytopenias. Abnormal renal functions are present in those with significant renal
disease[100,105]. There are various syndromes associated with CHF like Caroli’s
syndrome (intrahepatic bile duct cysts with CHF), Joubert syndrome (cerebellar
vermis, retinitis pigmentosa, nystagmus, ataxia), Senior-Loken syndrome (cerebellar
ataxia, skeletal abnormalities, nephronophthisis, retinal dystrophy, sensorineural
hearing loss), COACH syndrome (cerebellar vermis hypo/aplasia, oligophrenia,
ataxia, coloboma, polydactyly), Meckel syndrome (microcephaly, renal cystic disease,
hypoplastic or ambiguous genitalia, polydactyly, congenital heart defect, cleft palate,
ocular defects) and Bardet- Biedl syndrome (rod-cone dystrophy, postaxial
polydactyly, congenital heart defect, cleft palate, mental retardation, hypogonadism).
Table 2 describes a few series of pediatric CHF. In a systematic review of 1230 patients,
64% had associated ARPKD, 26% had Caroli’s syndrome and 9.5% had isolated CHF.
71% had presented with features of portal hypertension (hepatosplenomegaly, variceal
bleeding) however, only a small proportion presented with ascites, hepatopulmonary
syndrome, and encephalopathy (< 5%). Features of portal hypertension are commonly
seen with ARPKD. Cholangitis is seen in 12% which is commonly seen in Caroli’s
syndrome[104]. A study from the west (median age at presentation-1.3 years) showed
35% had a neonatal presentation and 78% had associated Caroli’s syndrome. Features
of portal hypertension are seen in 86% and cholangitis in 25%[106]. Another study
from India also showed features of portal hypertension as predominant presentation
[105]. In the author's experience (unpublished data) of 33 children, almost 69 %
presented with features of portal hypertension, and 11% presented with cholangitis.
Only 10% developed ascites during follow-up.
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Figure 4 Natural history and follow-up outcome of esophageal varices, gastric varices and portal hypertensive gastropathy in pediatric
non-cirrhotic portal fibrosis in author's experience.A: 22 children presented with variceal bleeding (bleeders), required Endoscopic Variceal Ligation and/or
sclerotherapy. 11 children presented with large varices without bleeding (non-bleeders). The incidence of recurrence of varices following eradication is not statistically
different between bleeders and non-bleeders. 50% small varices progressed to bleed in the follow-up (median time 13 mo); B: 77% bleeders and 72% non-bleeders
had gastric varices (primary) at initial endoscopy. 9% bleeders and 18% non-bleeders develop gastric varices (secondary) in follow-up; C: 100% bleeders and 72%
non-bleeders had portal hypertensive gastropathy at initial endoscopy, reduced to 59% and 45% respectively, in follow-up.

Natural history and outcome

An algorithm for the diagnostic approach and management of CHF is given in
Figure 5. Cholangiocarcinoma is seen in 2.5%-16% of Caroli's syndrome but it is less
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Figure 5 Algorithmic approach to diagnosis and management of congenital hepatic fibrosis. CHF: Congenital hepatic fibrosis; CC: Choledochal
cyst; ESRD: End-stage renal disease; EVL: Endoscopic variceal ligation; EST: Endoscopic sclerotherapy; CLKT: Combined liver-kidney transplantation; OLT:
Orthotopic liver transplantation, ARPKD: autosomal recessive polycystic kidney disease.

common with isolated CHF[100,107,108]. In the systematic review, 1.5% developed
cholangiocarcinoma during median duration of follow-up 7.5 (0-38) years in adults,
predominantly in patients with Caroli’s syndrome. The incidence of cholangiocar-
cinoma is extremely uncommon in children. 23% required transplantation (liver,
kidney, and combined liver and kidney). Most of the isolated renal transplantation had
ARPKD and the majority of the isolated liver transplantation had Caroli’s syndrome.
6% died during follow-up most commonly due to sepsis (post-transplant cholangitis)
and complications related to cholangiocarcinoma. 2.7% of patients required shunt
surgery of which approximately three-quarters showed improvement. A small
proportion had shunt block and post-shunt encephalopathy[104]. In another pediatric
study, all children with neonatal presentation required renal transplant before the
second decade due to underlying ARPKD. In comparison only 23% of those presenting
later require required liver/kidney transplantation[106].

CONCLUSION

In developing countries, NCPH is fraught with challenges of advanced presentation
and associated complications related to portal hypertension. Though the management
of variceal bleeding is taken care of by endoscopic measures, definitive therapy is
often compromised. In a small subset of patients, the disease progresses to end-stage
liver disease.
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Abstract

Although various complex definitions of acute-on-chronic liver failure (ACLF)
have been suggested in relation to adult patients, there is currently no universal
definition of the syndrome in pediatric patients. In simplified terms, ACLF is
characterized by the acute deterioration of the liver functions due to the effects of
a precipitating factor on the basis of a chronic liver disease. Acute events and
underlying liver diseases are very different in children from those seen in adults.
Moreover, acute events and underlying chronic liver diseases vary among
geographical regions, although it seems that the most common such diseases and
acute events are autoimmune hepatitis, Wilson’s disease, and their flares. ACLF is
associated with a poor prognosis. While no scoring systems have been developed
to predict the prognosis for children with ACLF, modified versions of the Asian
Pacific Association for the Study of the liver’s acute-on-chronic liver failure
scoring system and the Chronic Liver Failure-Sequential Organ Failure
Assessment criteria can be used in children until specific and validated scoring
systems are available. Aside from liver transplantation, there is no proven
treatment for ACLF. Thus, the early recognition of ACLF prior to the develo-
pment of extrahepatic organ failure is important.

Key Words: Liver failure; Prognosis; Prevalence; Clinics; Histopathology; Scoring
systems; Treatment

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Acute-on-chronic liver failure (ACLF) remains poorly defined in pediatric
patients. ACLF is associated with acute deterioration in patients with chronic liver
disease or cirrhosis due to an underlying precipitating event. In the limited number of
pediatric studies conducted to date, the underlying chronic diseases and acute precip-
itating events have been found to vary among geographical regions, while high rates of
short-term mortality have also been reported. This review focuses on ACLF in

1289 October 27,2021 | Volume13 | Issue10 |


https://www.f6publishing.com
https://dx.doi.org/10.4254/wjh.v13.i10.1289
http://orcid.org/0000-0001-6172-7797
http://orcid.org/0000-0001-6172-7797
http://orcid.org/0000-0001-6172-7797
http://orcid.org/0000-0002-3919-002X
http://orcid.org/0000-0002-3919-002X
http://orcid.org/0000-0002-3919-002X
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
mailto:gtumgor74@yahoo.com

Islek A et al. Acute-on-chronic liver failure

quality classification
Grade A (Excellent): 0
Grade B (Very good): B, B
Grade C (Good): 0

Grade D (Fair): 0

Grade E (Poor): 0

Received: February 4, 2021
Peer-review started: February 4,
2021

First decision: March 8, 2021
Revised: March 16, 2021

Accepted: September 19, 2021
Article in press: September 19, 2021
Published online: October 27, 2021

P-Reviewer: Chai J
S-Editor: Liu M
L-Editor: A
P-Editor: Yu HG

Jaishideng®

children.

Citation: Islek A, Tumgor G. Acute-on-chronic liver failure in children. World J Hepatol 2021;
13(10): 1289-1298

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1289.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1289

INTRODUCTION

Acute-on-chronic liver failure (ACLF) remains poorly defined in pediatric patients.
Although a few prior pediatric studies have relied on definitions of the syndrome
formulated in relation to adult patients[1-9], no study has yet sought to develop a
definition of the syndrome in pediatric patients. The simplest definition of ACLF
equates it with the development of acute deterioration in patients with chronic liver
disease or cirrhosis as a result of an underlying precipitating event[10]. ACLF differs
from both acute liver failure (ALF) and acute decompensated cirrhosis. More
specifically, ALF is defined as a form of coagulopathy that cannot be corrected with
vitamin K when biochemical data indicate the presence of acute liver injury without
prior evidence of chronic liver disease[11]. Furthermore, decompensated cirrhosis is
defined as the loss of the liver’s normal synthetic capacity over time accompanied by
the development of jaundice and complications of portal hypertension, including
ascites, variceal bleeding, and hepatic encephalopathy (HE)[12].

Many studies have been conducted among adults with ACLF, although such studies
have utilized different criteria and etiologies, and they have been conducted in
different geographical regions. European, American, and Asian hepatology authorities
have devised different definitions of ACLF in light of their specific populations.
Despite the use of different definitions and etiologies, the morbidity and mortality
rates associated with ACLF have consistently been found to be high in adults[13-15].
In the limited number of pediatric studies conducted to date, the underlying chronic
diseases and acute precipitating events in cases of ACLF have been found to vary
among geographical regions, while high rates of short-term mortality have also been
reported[1-7]. The present review will focus on ACLF in children.

DEFINING ACLF

Different definitions of ACLF have been suggested in relation to adult patients. For
instance, as part of prospective observational studies, the European Association for
Liver Studies (EASL)[13], the North American Consortium for End-Stage Liver Disease
Studies (NASCELD)[14], and the Asian Pacific Association for the Study of the Liver
(APASL)[15] have each suggested different definitions of ACLF in adults, which can
sometimes lead to confusion (Table1). According to both the EASL and the
NASCELD, ACLF involves the development of acute hepatic decompensation accom-
panied by extrahepatic organ failure, which stems from an acute precipitating factor in
patients admitted to hospital with cirrhosis. Moreover, the two authorities stress that
ACLF is associated with high mortality. With reference to the definition of ACLF
suggested by the EASL, in the conducted in the United Kingdom using European
(CANONIC) study of cirrhotic patients, acute hepatic decompensation was defined as
the development of ascites, HE, gastrointestinal hemorrhage, bacterial infection, or any
combination of these disorders. In addition, as a requirement for a diagnosis of ACLF,
the NASCELD defines organ failure as shock, HE grade III or IV, renal failure that
requires dialysis, and/or respiratory failure that requires mechanical ventilation.
Patients with a prior history of decompensated cirrhosis are included within both the
EASL and the NASCELD definitions of ACLF. In its definition of ACLF, the APASL
includes not only those with cirrhosis, but also those with chronic liver disease. The
EASL specifies the time frame for developing ACLF as 4-12 wk, whereas the
NASCELD does not specify a time frame[13,14]. The APASL does not include
extrahepatic organ failure in its definition of ACLF, although it is recognized as a
complication of ACLF. Moreover, patients with decompensated and acutely
decompensated cirrhosis are excluded from the APASL definition of ACLF. In fact,
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Table 1 Commonly accepted acute-on-chronic liver failure definitions

APASL EASL NASCELD

Definition  An acute hepatic insult manifesting as jaundice (serum An acute deterioration of pre-existing A syndrome characterized
bilirubin > 5 mg/dL) and coagulopathy (INR > 1.5) chronic liver disease usually related to a by acute deterioration of
complicated within 4 wk by clinical ascites and/or precipitating event and associated with cirrhosis with two or more
encephalopathy in a patient with previously diagnosed or increased mortality at 3 mo due to extrahepatic organ failure

undiagnosed chronic liver disease/cirrhosis, and is associated =~ multisystem organ failure

with a high 28-d mortality

Included Acute liver deterioration in patients with previously diagnosed = Cirrhosis (compensated or decompensated) Cirrhosis (compensated or
patients or undiagnosed chronic liver disease including cirrhosis. Acute decompensated)

hepatic triggering factors

Renal failure is mandatory Two extrahepatic organ
failure

Patients with an acute decompensation of ~ Presentation not necessarily

cirrhosis to be liver failure
Patients with prior decompensation of Can be repeated episodes of
cirrhosis ACLF
Excluded Patients with bacterial infections HCC HIV infection
patients
Patients with cirrhosis who develop acute deterioration of their HIV infection Disseminated malignancies
clinical status are considered to have acute decompensation but
not ACLF
Prior decompensation.Non-hepatic acute insults (such as Receiving immunosuppressive treatments
sepsis)
Pediatric For children less than 3 years, modified HE assessment scale None None

definition  can be used

Clinical and/ or radiological ascites can be used for defining

ACLF in children

ACLF: Acute-on-chronic liver failure; APASL: The Asian Pacific Association for the Study of the Liver; EASL: The European Association for Liver Studies;
HCC: Hepatocellular cancer, HIV: Human immunodeficiency virus; INR: International normalized ratio; NASCELD: The North American Consortium for

End-Stage Liver Disease Studies.
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decompensation preceding jaundice and repeated episodes are said to indicate acute
decompensation, not ACLF. Another important difference that sets the APASL
definition of ACLF apart from the other definitions is the requirement for the
diagnosis of jaundice to be followed by the diagnosis of clinical ascites or HE. More
specifically, the APASL definition of ACLF states the following:

ACLF is an acute hepatic insult manifesting as jaundice (serum bilirubin > 5 mg/dL
(85 micromol/L) and coagulopathy [international normalized ratio (INR) = 1.5 or
prothrombin activity < 40%] complicated within 4 wk by clinical ascites and/or
encephalopathy in a patient with previously diagnosed or undiagnosed chronic liver
disease/ cirrhosis, and is associated with a high 28-d mortality[15].

As mentioned above, there is currently no universal definition of ACLF in pediatric
patients. Only the APASL has stated, in its latest guidelines, that, with some minor
modifications, its definition of ACLF in adults can be used for children. Due to the
difficultly associated with identifying clinical ascites and HE in children, those
necessary modifications include recognizing ascites as “clinical and/or radiological
ascites” and “diagnosing HE in children younger than 3 years using modified HE
assessment scale”[15]. However, there are still several major problems with the APASL
definition. First, some instances of ALF in children may not be accompanied by a
significant increase in the bilirubin level, such as ALF stemming from metabolic liver
disease. Second, the cut-off INR for the diagnosis of ACLF is problematic. Indeed,
when defining ALF in children, the INR must be > 1.5 with HE or > 2 regardless of the
HE status[11]. The APASL has referred to these two issues, although it has not made
any recommendations. In light of this, in a retrospective study conducted in children,
we defined ACLF as follows:

The presence of an acute hepatic insult in previously diagnosed or undiagnosed
chronic liver disease causing jaundice (total serum bilirubin > 5 mg/dL) and
coagulopathy (INR > 2.0) and clinical and/or radiological ascites and/or HE within 4
wk[16].
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Finally, in its consensus report, the World Gastroenterology Organization defined
ACLF as follows:

ACLF is a syndrome characterised by acute hepatic decompensation resulting in
liver failure (jaundice and prolongation of the INR] and one or more extrahepatic
organ failures that is associated with increased mortality within a period of 28 d and
up to 3 mo from onset[10].

PREVALENCE

Despite the use of different diagnostic criteria, the prevalence of ACLF has been found
to range from 22.6% to 40% in adult patients with cirrhosis[17-19]. Moreover,
according to the APASL and EASL criteria, the incidence rate has been determined to
be 5.7 and 20.1 cases per 1000 person-years, respectively[20].

We searched the literature published in English and found nine studies concerning
ACLF in children[1-9]. Of those nine, six studies were conducted in India. Given that
prior studies have relied on different adult definitions and etiologies, and as they have
mainly been conducted in a single Asian country, it is difficult to determine the true
prevalence of pediatric ACLF. Indeed, the previously reported prevalences are not
generalizable. In two centers in India in which the APASL definition of ACLF was
used, its prevalence was reported to range from 11.2% to 22.1%[3-5].

CLINICAL FEATURES OF ACLF

Underlying chronic liver disease

The primary causes of chronic liver disease and cirrhosis in adults are alcohol abuse,
hepatitis B (HBV) and C, and non-alcoholic fatty liver disease. While viral hepatitis is
the most common cause in Eastern countries, alcohol abuse is the most common cause
in Western countries[10,13,14]. In the few studies previously conducted in children,
the most common underlying chronic liver diseases were found to be Wilson's disease
(WD), autoimmune hepatitis (AIH), and indeterminate chronic liver diseases[4,6]. AIH
can present as ACLF, as the exacerbation of a pre-existing chronic liver disease or liver
injury caused by an overlapping infectious or toxic agent may lead to ACLF in cases of
AIH. There are no definitive data regarding whether or not patients diagnosed with
ACLF have a previous history of liver disease. In our prior study, 58.6% of ACLF
patients were diagnosed with liver disease for the first time[16].

Precipitating acute events

A precipitating event can trigger the decompensation of liver disease and lead to
multiple organ failure. Acute events are known to vary by region in adults. Bacterial
infection, sepsis, and alcoholism are the most common acute events in the West, while
the reactivation of HBV infection or superinfection, hepatotoxic drugs, and comple-
mentary and alternative medicines are the most common acute events in the East[13-
15]. The most common acute events in pediatric ACLF were reported in one center in
India to be WD (46.5%) and AIH (34.9%) flares[8]. In the other two centers in India, the
most common acute events were reported to be hepatitis A virus (HAV) and hepatitis
E virus infections[1,2]. In our prior study, the most common acute events were AIH
(48.28%) and WD (27.58%) flares. Moreover, the other identified acute events were

drug-induced liver injury, Epstein-Barr virus, cytomegalovirus, and HAV infection
[16].

PATHOPHYSIOLOGY

Current knowledge regarding the pathophysiology of ACLF is insufficient. It has been
stated that the main trigger of ACLF in adults is increased severe systemic inflam-
mation. Systemic inflammation can cause ACLF through several mechanisms,
including: (1) Immune-mediated tissue damage; (2) Mitochondrial dysfunction caused
by oxidative stress; and (3) The development of renal hypoperfusion and multiple
organ failure due to the effective arteriolar volume decrement caused by vasoactive
substances[21,22]. The main causes of systemic inflammation have been reported to be
bacterial infection and sepsis originating from the gastrointestinal tract,
gastrointestinal bleeding, and severe alcoholic hepatitis[21,23]. It has been suggested
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that gastrointestinal hemorrhage causes systemic inflammation through causing
ischemia-reperfusion injury secondary to liver ischemia and intestinal bacterial
translocation[24]. Excessive alcohol consumption is known to stimulate systemic
inflammation by causing both intestinal dysbiosis and bacterial translocation in severe
alcoholic hepatitis[23]. The differences in the triggering factors, underlying diseases,
and comorbidities seen between children and adults suggest that factors other than
those mechanisms also play a role in the pathophysiology of pediatric ACLF.

LIVER HISTOPATHOLOGY

A diagnosis of chronic liver disease or cirrhosis is typically made on the basis of a
physical examination as well as specific laboratory, endoscopic, and/or radiological
investigations[12]. A liver biopsy or histopathological examination of the explant liver
provides information about necrosis, chronicity, and/or cirrhosis. However, it may not
be possible to perform a liver biopsy due to coagulopathy. In such a case, a
transjugular liver biopsy or non-invasive modality can be used[11,12,15]. While the
histology of ACLF has not yet been thoroughly investigated, it can be predicted that
the syndrome has the histopathological features of both ALF and chronic liver disease.
Massive necrosis without chronicity is seen in the case of fulminant hepatitis or ALF
[11]. Any degree of fibrosis, ductular reaction, or parenchymal collapse in the liver is a
sign of ACLF[25]. This issue has not previously been studied in detail in children. In
our prior study, massive confluent necrosis and fibrosis with mild to moderate inflam-
mation (neutrophil and eosinophil), as well as evidence of regeneration, were observed
in the hepatectomy materials of children who underwent LT. In those who did not
undergo LT, the presence of underlying disease (i.e., lymphoplasmacytic cell infilt-
ration in AIH and micro- and macrovesicular steatosis in WD), rare or patchy hepato-
cellular necrosis, and advanced-stage fibrosis with bridging were all observed[16].

DIAGNOSIS AND SCORING SYSTEMS

ACLF is associated with a high short-term mortality rate. Data concerning the severity
of the syndrome contributes to the selection of an appropriate treatment for it. The
validity of a number of scoring models in ACLF has been extensively tested in adults.
For instance, the model for end-stage liver disease (MELD), MELD-sodium (MELD-
Na), and Child-Pugh-Turcotte scores, which are used in relation to organ allocation,
have been found to exhibit low sensitivity because they do not evaluate extrahepatic
organ failure, which is important in terms of the prognosis of ACLF[13,14]. Both the
Chronic Liver Failure-Sequential Organ Failure Assessment (CLIF-SOFA) (Table 2)
and the APASL-ACLF Research Consortium (AARC) (Table 3) scoring systems, which
include parameters for evaluating kidney, brain, respiratory, and circulatory functions,
have been found to be more reliable with regard to identifying the prognosis of ACLF
[13,15]. The APASL has suggested that the AARC system is more sensitive than the
CLIF-SOFA when it comes to determining prognoses. ACLF is a dynamic process,
which means that the associated scoring systems should be evaluated dynamically.
Scoring systems used at the 48" hour, after 3-7 d, or after 8-15 d predict the prognosis
of ACLF better than a score calculated at the time of admission. An AARC score of <
10, or a score falling below 10 during the first week of admission, indicates a higher
likelihood of survival in adults[13-15].

Although there is currently no validated scoring system for pediatric patients with
ACLF, a few studies have made use of scoring systems (or their modified versions)
designed for use with adults[2,4,8]. The modifications in this regard include the
adjustment of the HE assessment, blood pressure, and serum creatinine levels
according to the childhood age group[3] (Tables 4 and 5). In one pediatric study[3], the
CLIF-SOFA and AARC scores were found to be superior in terms of predicting a poor
outcome when compared with the Pediatric End-Stage Liver Disease, Child-Pugh and
Pediatric Risk of Mortality-III scores. In the study, AARC and CLIF-SOFA scores of 11
were found to predict a poor prognosis with maximum sensitivity and specificity [area
under the receiver operating characteristic curve (AUROC) > 0.9]. In another pediatric
study[2] that tested the validity of the CLIF-SOFA system, the maximum sensitivity
(100%) and specificity (76%) (AUROC = 0.95) were achieved at a 6.5 cut-off level with
regard to predicting mortality. Moreover, in another pediatric study, children with a
CLIF-SOFA score > 10 at the time of admission were found to require an urgent
referral to an LT center[4]. In our prior study, the AARC and CLIF-SOFA scores were
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Table 2 Chronic liver failure-sequential organ failure assessment score

Organ/systems 0 1 2 3 4
Liver (bilirubin, mg/dL) <12 212to< 220to<6.0 26.0to <12.0 >12.0
2.0
Kidney (creatinine, mg/dL) <12 212to< 220to<35 > 3.5 to < 5.0(or RRT) 2 5.0(or RRT)
2.0
Cerebral (HE grade) NoHE I I 111 v
Coagulation (INR) <11 211to< 2125to<15 215t0<25 22.5 or platelet < 20 x 10° /L
1.25
Circulation (mean arterial =70 <70 Dopamine < 5 or dobutamine or Dopamine > 5 or E<0.1 or Dopamine >15 or E > 0.1 or
pressure, mm Hg) terlipressin(ug/kg/min) NE < 0.1(ug/kg/min) NE > 0.1(ng/kg/min)
Lungs
PaO/FiO, > 400 >300to  >200 to <300 >100 to <200 <100
<400
or SpO,/FiO, >512 >357to  >214to<357 <89 to<214 <89
<512

BP: Blood pressure; E: Epinephrine; FiO2: Fraction of inspired oxygen; HE: Hepatic encephalopathy; INR: International normalized ratio; NE:
Norepinephrine; PaO2: Partial pressure of arterial oxygen; RRT: Renal replacement therapy; SpO2: Pulse oximetric saturation.

Table 3 Asian Pacific Association for the Study of the Liver Acute-on-Chronic Liver Failure score

Points Total bilirubin (mg/dL) HE grade INR Lactate (mmol/L) Creatinine (mg/dL)
1 <15 0 <18 <15 <07

2 15-25 LI 1825 1525 0.7-1.5

3 >25 M-IV >25 >25 >15

HE: Hepatic encephalopathy; INR: International normalized ratio.

Table 4 Modified chronic liver failure-sequential organ failure assessment score

Organ/systems 0 1 2 3 4

Liver (bilirubin, mg/dL) <12 21.2t0<20 22.0to0<6.0 26.0t0<12.0 2120

Kidney (creatinine, rise from <15x 15t0<2.0 % >20to<3 x >3 x Need for RRT

baseline)

Cerebral (HE grade) 0 I I 1II v

Coagulation (INR) <11 >211to<1.25 >125t0<15 >215t0<25 >25

Circulation (systolic BP) Normal forage < 5% centile for NE < 0.5 ug/kg/min  NE> 0.5 pg/kg/min  NE> 0.5 pg/kg/min and 2™
age inotrope

Lungs

PaO/FiO, > 400 > 300 to < 400 > 200 to <300 >100 to <200 <100

BP: Blood pressure; HE: Hepatic encephalopathy; INR: International normalized ratio; NE: Norepinephrine; PaO2: Partial pressure of arterial oxygen; FiO2:
Fraction of inspired oxygen; RRT: Renal replacement therapy.

found to have high LT-predictive specificity and sensitivity. The CLIF-SOFA system
focuses on extrahepatic organ failure, but there were no patients with multiorgan
failure in our study. Furthermore, we found that the total bilirubin level ranges were
high in the AARC system. Based on these findings, we concluded that the CLIF-SOFA
and AARC scoring systems need to be modified for use in children[16].

A previous study found acute kidney injury to occur in 22.6% of children with
ACLF and to be associated with a poor prognosis[8]. In a study CANONIC criteria,
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Table 5 Modified Asian Pacific Association for the Study of the Liver Acute-on-Chronic Liver Failure score

Points Total bilirubin (mg/dL) HE grade INR Lactate (mmol/L) Creatinine (rise from baseline)
1 <15 0 <18 <15 <15x

2 15-25 LI 1.8-2.5 1.5-2.5 15t0<3 x

8 >25 II-1v >25 >25 >3 x or need RRT

HE: Hepatic encephalopathy; INR: International normalized ratio; RRT: Renal replacement therapy.

Jaishideng®

20% of 99 patients with biliary atresia were determined to have developed ACLF.
Sepsis and gastrointestinal bleeding were identified as the most common precipitants
of ACLF. Moreover, the ACLF mortality rate was found to be 20%[9]. In a study
conducted among pediatric ACLF patients in the United States, most of the included
patients were found to have biliary atresia, while the mortality rate was calculated to
be 22% in patients who required hospitalization. In addition, the creatinine and
aspartate transaminase levels, the INR, and a positive blood culture on admission were
all shown to be associated with the development of ACLF. In this study, the triggers of
the underlying decompensation were identified as bleeding, ascites, and an altered
mental status in a significant portion of patients[6]. Cholangitis is known to be the
most common cause of hepatic decompensation in patients with biliary atresia. Due to
it not being a primary parenchymal disease, experts from the APASL study group
excluded biliary atresia from among the diseases said to cause ACLF. Additionally, the

APASL does not consider extrahepatic causes to be trigger factors in relation to ACLF
[15].

BIOMARKERS

The treatment strategies for ACLF are mainly supportive. Biomarkers have previously
been the subject of research concerned with predicting the prognosis of ACLF. These
biomarkers aim to predict organ dysfunction at an early stage. Oxidative stress factors
(e.g., S100A12 and sRAGE), markers of cell death such as the caspase pathway proteins
(which reflect the death of hepatocytes), and immune functions have been investigated
in adults patients with ACLF. Unfortunately, the validity of such markers remains
unknown[26]. Due to the role of infections in the etiopathogenesis of adult ACLF, the
use of certain biomarkers, such as galactomannan or beta-d-glucan for invasive fungal
infections and C-reactive protein and procalcitonin for bacterial infections, has been
recommended by the APASL in relation to early diagnosis[15]. Renal complications
are common in cases of ACLF. While hepatorenal syndrome improves following LT,
acute tubular necrosis and structural acute kidney injury, which may cause permanent
renal damage, require both LT and kidney transplantation. Thus, the use of new
biomarkers of acute tubular necrosis (e.g., N-GAL, Kim-1, IL-18, and 1-FABP) in ACLF
may prove beneficial in terms of identifying an appropriate treatment approach[15,
27]. Finally, non-invasive tools and biomarkers developed to measure liver fibrosis
may provide useful information when it comes to predicting the prognosis of ACLF.

PROGNOSIS

Overall, patients with ACLF have a poor prognosis. The APASL emphasizes that
ACLF should be recognized during the “golden therapeutic window” prior to the
development of extrahepatic organ failure, which is associated with mortality[15].
Studies conducted in adults have reported ACLF mortality rates ranging from 33% to
50%[15,21]. Pediatric cases of ACLF can be predicted to have better prognoses than
adult cases for three main reasons: (1) There are specific treatments for the two most
common causes of pediatric ACLF (WD and AIH); (2) Children are likely to have
greater liver reserves; and (3) Children exhibit fewer comorbidities[15]. In two studies
involving pediatric ACLF cases in two non-transplant centers, the 28-d and three-
month mortality rates were reported to be 19.4% and 59%, respectively[1,2]. In another
study, the 28-d mortality and LT rates was reported to be 25% and 8.3%, respectively
[3]. In a study conducted in the same center, the three-month mortality and LT rates
were reported to be 30.4% and 8.9%, respectively[4]. In a study that used the Pediatric
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Acute Liver Failure (PALF) study group’s ALF criteria (rather than ACLF criteria),
which only included children with the etiologies of AIH, WD, Budd-Chiari syndrome,
inborn errors of metabolism affecting the liver, and HBV reactivation, some 59% of
patients survived without LT[28]. In a prior study we conducted among 29 pediatric
ACLF patients, 24.14% of patients required LT and no patients died[16]. Interestingly,
the presence of acute kidney injury increases the likelihood of death or LT by 7.7 times
when compared with those who do not develop acute kidney injury[8]. When
comparing the mortality rate of ACLF with that of ALF, more than 50% of children
with non-acetaminophen-induced ALF died or underwent LT in the PALF study[29].

TREATMENT OF ACLF

There is no proven treatment for ACLF other than LT. The early recognition of ACLF
and its precipitating events during the “golden therapeutic window period” prior to
the development of extrahepatic organ failure is important in relation to the success of
treatment[15]. ACLF treatments mainly include supportive treatments for hepatic and
extrahepatic organ failure (if present). Extracorporeal liver support systems (e.g., the
molecular adsorbent recirculating system and plasmapheresis) have long been used as
a bridge to LT in both adults and children with liver failure. The purpose behind using
such modalities is to improve the clinical situation (especially neurologically) and
biochemical parameters. However, the efficacy of extracorporeal liver support systems
in adult and childhood liver failure remains unclear[11,15,30]. Optimizing the
extracorporeal liver support modalities in children may improve outcomes. A few
adult studies have assessed the treatment of ACLF using granulocyte colo-
ny-stimulating factor (GCSF)[31,32]. It has been suggested that GCSF may reduce
mortality through promoting hepatic regeneration by mobilizing the bone-marrow-
derived CD34+ cells and reducing sepsis. In a pediatric study conducted in India, 5
mcg/kg/d GCSF therapy for five days was found to be ineffective in terms of
improving survival outcomes|5].

LT

Although ACLF is associated with high short-term mortality, a significant number of
patients recover due to the use of medical and extracorporeal liver support systems[1-
4]. The final treatment option is LT in patients who do not otherwise recover. There is
no conclusive evidence concerning the efficacy of LT in children, although LT in adults
with advanced ACLF has been found to result in good outcomes[13-15]. However,
deciding on the timing of LT can be difficult. There are no data available concerning
who would benefit from early LT, although the procedure should be performed prior
to the development of multiple organ failure and advanced-stage encephalopathy. It
may prove useful to use the scoring systems mentioned above when assessing the
need for LT.

CONCLUSION

A definition of ACLF in children has not yet been developed. The etiology of ACLF
varies among geographical regions. Moreover, organ dysfunctions are seen less
frequently in pediatric ACLF patients than in adult patients. However, the mortality
rate associated with ACLF remains high. Although there is no proven scoring system
for predicting the prognosis of ACLF, if the AARC system score is > 8-10, a poor
prognosis is indicated.
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Abstract

The coronavirus disease 2019 (COVID-19) pandemic has profoundly impacted
liver transplant (LT) activity across the world, with notable decreases in the
number of donations and procedures in most Western countries, in particular
throughout the first wave. The cumulative incidence of COVID-19 in LT recipients
(with estimates ranging from 0.34% to 1.56%) appears to be at least comparable to
that observed for the general population. Clinical and radiological features at
presentation are also similar to non-transplant patients. The risk of death among
LT recipients requiring hospital admission is high (from 12% to 19%), although
some authors have suggested that overall mortality may be actually lower
compared to the general non-transplant population. It is likely that these poor
outcomes may be mainly influenced by the older age and higher comorbidity
burden of LT recipients, rather than by the transplant status itself. In fact, it has
been hypothesized that post-transplant immunosuppression would exert a
protective role, with special focus on tacrolimus-containing regimens. There is
scarce evidence to guide the optimal management of post-transplant COVID-19
and the use of antiviral or immunomodulatory therapies, although both clinical
practice and guidelines support the dose reduction or withdrawal of anti-prolif-
erative agents such as mofetil mycophenolate. Preliminary reports suggest that
the antibody response to messenger RNA vaccines is significantly impaired as
compared to non-immunocompromised individuals, in line with other transplant
populations. Finally, it is foreseeable that the future will be conditioned by the
emerging variants of severe acute respiratory syndrome coronavirus 2 with
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Core Tip: Coronavirus disease 2019 incidence and clinical and radiological features are
similar in liver transplant recipients and the general population. Reported mortality in
hospitalized patients is 12%-19%. Risk factors are older age and comorbidity.
Tacrolimus could be protective, but anti-proliferative agents such as mycophenolate
mofetil should be avoided.

Citation: Loinaz-Segurola C, Marcacuzco-Quinto A, Fernandez-Ruiz M. Coronavirus disease
2019 in liver transplant patients: Clinical and therapeutic aspects. World J Hepatol 2021;
13(10): 1299-1315

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1299.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1299

INTRODUCTION

The coronavirus disease 2019 (COVID-19) produced by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was first reported in Wuhan, China in
December 2019[1,2]. The initial outbreak rapidly spread all over the world, being
declared a pandemic by the World Health Organization by March 11, 2020, with
118000 cases declared in 114 countries and 4291 deaths at that time[3]. The pandemic
has now affected more than 172 million people and has reached a death toll exceeding
3.7 million[4,5].

Liver transplant (LT) recipients are considered susceptible to infectious complic-
ations due to their long-term immunosuppression (IS)[6]. At the time COVID-19 was
first described, the potential impact of this emerging condition on this patient
population was unpredictable. Previous experiences with related coronaviruses, such
as SARS-CoV or Middle East respiratory syndrome coronavirus (MERS-CoV), did not
clearly show an increased incidence or case-fatality rate among immunocompromised
patients[7,8]. A systematic review and meta-analysis that summarized the literature
available between January and April 2020 identified hypertension, diabetes,
cardiovascular disease, chronic obstructive pulmonary disease, malignancy,
cerebrovascular disease, and human immunodeficiency virus infection as risk factors
for severe COVID-19 in the Chinese population. Of note, chronic liver disease was not
identified in this preliminary study[9]. Nevertheless, a systematic review focused on
solid organ transplantation (SOT), which pooled 60 studies from January to October
2020 and 2772 unique patients, including 505 LT recipients, revealed high rates of both
hospitalization (81.0%) and all-cause mortality (18.6%)[10].

In the present review, we summarize the current experience regarding COVID-19 in
LT recipients, with particular focus on clinical and therapeutic aspects. Early
experiences from different locations all over the world led to the scientific societies to
develop guidelines for the management of these patients. This pandemic has exerted a
deep impact on the transplant activity. There remain concerns about the medium- and
long-term outcomes of infected recipients as well as on the optimal management of IS.

EARLY EXPERIENCES

On April 19, 2020 it was reported from Wuhan a 50-year-old male patient that had
undergone LT in 2017 and developed SARS-CoV-2 pneumonia with mild respiratory
failure by the end of January. Tacrolimus was restarted 4 wk later, with normal liver
function. The authors suggested that reduction or temporary withdrawal of IS may be
beneficial for the reconstitution of the immune response[l1]. Huang et al[12]
subsequently reported a second 59-year-old LT recipient that died on 45 d of
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admission due to multiorgan failure in the setting of suspected chronic rejection and
septic shock.

During March 2020, three long-term (> 10 years) LT recipients that were receiving
low-dose IS and rapidly developed acute respiratory distress syndrome (ARDS)
requiring mechanical ventilation died at the Istituto Nazionale dei Tumori di Milano
between 3 and 12 d after the onset of symptoms. Three other recipients that developed
COVID-19 less than 2 years from transplantation had an uneventful disease. This led
the authors to suggest that post-transplant IS might be protective, whereas metabolic-
related comorbidities would be associated with an increased risk of severe infection
[13].

Six LT recipients from our institution had been admitted by March 23, 2020. Two of
them died due to ARDS associated to renal failure and refractory shock, respectively.
Both patients were receiving mycophenolate mofetil (MMF) at admission, associated
to everolimus in the first case. Two further LT recipients were treated as outpatients.
Two patients were temporarily converted to tacrolimus, MMF was halted in one
patient, and no modifications were made in the remaining three[14].

Some of the earliest cases of post-transplant COVID-19 from the United States were
reported on March 22, 2020. These 4 cases included a 67-year-old man that had
undergone LT 19 years before. The patient was initially admitted to the intensive care
unit (ICU), cyclosporine therapy was continued without adjustment, and he was
discharged home after 6 d[15]. A report from New York City described the initial
experience at two centers during the first weeks of the outbreak, including 13 LT
recipients, four of them with severe disease. Sixteen out of 90 SOT recipients died,
resulting in an overall case-fatality rate of 18%, 24% for hospitalized patients and 52%
for those admitted to the ICU[16].

Shortly after the outbreak of the pandemic, first experiences with recent transplant
recipients started to be reported. For instance, a 69-year-old patient admitted for LT on
January 28, 2020 in Iran became febrile on post-transplant day 4, being diagnosed with
hospital-acquired pneumonia. He developed respiratory failure and loss of
consciousness on day 9. A brain computerized tomography (CT) scan revealed a
hypodensity in the right parietal lobe suggestive of middle cerebral artery ischemic
stroke. The patient died on day 23 after transplantation, with SARS-CoV-2 reverse
transcriptase polymerase chain reaction (RT-PCR) being reported positive on the next
day[17]. Qin et al[18] reported a 37-year-old male patient that underwent LT on
January 21, 2020. He started with persistent fever on post-transplant day 9, and a
thoracic CT scan revealed minor changes. A second scan performed 9 d later showed
multiple ground glass opacification in the left lobes. Tacrolimus and steroids were
maintained though titrated to lower doses, and supplemental oxygen therapy through
high-flow nasal cannula maintained oxygen saturation ranging from 95% to 99%. The
patient was successfully discharged 51 d after transplantation[18].

COVID-19 AND THE LIVER

Although COVID-19 is primarily a respiratory disease, SARS-CoV-2 may also infect
the digestive system through its viral receptor angiotensin-converting enzyme 2
(ACE2). The ACE2 cell surface receptor is more strongly expressed in cholangiocytes,
at a similar level in fact than type 2 alveolar cells in the lungs, than hepatocytes (59.7%
vs 2.6%, respectively)[19]. Increased transaminases is a common laboratory finding in
COVID-19, and liver injury has been associated to drug-induced liver toxicity,
systemic hyperinflammatory response, or hypoxia-ischemia reperfusion injury[20],
rather than direct viral cytopathic effect[21]. Coagulopathy and liver endotheliopathy
have been suggested to be at least partially driven by interleukin (IL)-6 trans-signaling,
which would lead to the expression of procoagulant (such as factor VIII or von
Willebrand factor) and proinflammatory factors as well as increased platelet
attachment in liver sinusoidal endothelial cells. Interestingly, these effects were
blocked by soluble gp130, which acts as an IL-6 trans-signaling inhibitor, and the janus
kinase inhibitor ruxolitinib, providing support for these therapeutic approaches[22].
Histopathologic features suggestive of some level of cytopathic injury, however, have
been also observed in liver biopsies[23].

Cai et al[24] reported in a large cohort that individuals with abnormal liver tests
were at a higher risk of progression to severe COVID-19. Abnormal liver function was
observed in 76.3% of patients, with 21.5% of them developing liver injury. The
detrimental effect on liver function was mainly related to therapies used during
hospitalization, which should be closely monitored and evaluated.
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In a retrospective study from Wuhan, 1282 out of 2073 patients (61.8%) had
abnormal liver function test during hospitalization, and 14.3% experienced some
degree of liver injury. Increased aspartate aminotransferase (AST) and direct bilirubin
levels at admission were independent predictors of all-cause mortality, whereas the
presence of hepatitis B virus infection did not increase the risk of poor outcome[25].

In a retrospective cohort comprising 234 patients hospitalized in two referral
hospitals in France, the rate of abnormal liver function tests at admission was as high
as 66.6% and was associated with in-hospital aggravation [odds ratio (OR): 4.1: 95%
confidence interval (CI): 1.5-10.8; P = 0.004] and mortality (OR: 3.3; 95%ClI: 1.04-10.5; P
= 0.04). A minority of patients (3.8%) had underlying liver disease, and there were no
significant differences in the prevalence of alcohol consumption or metabolic
syndrome between patients with or without abnormal liver tests on admission,
suggesting that this finding may be COVID-19-related and not due to pre-existing liver
disease[26].

In a retrospective cohort from New York that included 2273 patients, acute liver
injury was common and categorized as mild [alanine transaminase (ALT) levels < 2
times the upper limit of normal (ULN)] in 45% of the cases, moderate (ALT levels two
to five times the ULN) in 21%, and severe (ALT levels > 5 times the ULN) in 6.4%. In
the multivariate analysis adjusted for age, body mass index, comorbidities, and
requirement of invasive mechanical ventilation (IMV) and renal replacement therapy,
peak ALT levels were significantly associated with death or discharge to hospice (OR:
1.14; P = 0.044)[27].

Underlying cirrhosis has been identified as a risk factor for increased severity of
COVID-19, with mortality rates ranging from 12% to 43%[28]. Indeed, SARS-CoV-2
may produce acute-on-chronic liver failure (ACLF) among cirrhotic patients[29]. The
mortality in 20 patients with ACLF reported from India reached 30%, as compared to
5% among cirrhotic patients without ACLF[30]. Metabolic dysfunction-associated fatty
liver disease has been also associated with the severity of SARS-CoV-2 infection in
patients below 60 years (OR: 4.07; 95%ClI: 1.20-13.79; P = 0.02)[31].

In the earlier post-mortem examinations, Xu et al[32] found moderate micro-
vesicular steatosis and mild inflammatory infiltrates in the hepatic lobule and portal
tract. Mild sinusoidal dilatation, focal macrovesicular steatosis, and mild lobular
lymphocytic infiltration has been also reported[33]. Fiel et al[23] described the biopsies
of two patients that successfully recovered from COVID-19, showing a mixed inflam-
matory infiltrate with prominent bile duct damage, endothelitis, and numerous
apoptotic bodies. In situ hybridization and electron microscopy suggested the
intrahepatic presence of SARS-CoV-2, thus supporting the possibility of a direct cell
injury.

Macrovesicular steatosis was the most common finding (75%) in 40 liver biopsies
from patients that died due to a complicated COVID-19 course. Mild lobular necroin-
flammation and portal inflammation were present in 20 cases each (50%), whereas
viral RNA was detected by RT-PCR on liver tissue in 55% of patients tested[34].

Both the diagnosis and treatment of cancer have been negatively affected by the
COVID-19 pandemic and the resulting pressure on the health care services worldwide.
Patients with hepatocellular carcinoma (HCC) represent a vulnerable population with
a significant treatment delay. In a multicenter, retrospective study performed in Paris,
Amaddeo et al[35] found a significant decrease in the number of patients with HCC
presented to the multidisciplinary tumor committee. The proportion of patients that
experienced a treatment delay longer than 1 mo increased between 2019 and 2020 from
9.5% to 21.5%.

IMPACT OF COVID-19 ON LT ACTIVITY

The effect of the pandemic has been heterogeneous in terms of donation and
transplant activity. Nevertheless, a notable reduction has been reported from most
institutions across Europe and North America during the peak of COVID-19 incidence,
mainly related to the burden of patients admitted to the ICU and the associated effects
on candidate referral and perioperative care[36]. Such a decrease in LT activity was
particularly profound in March and April 2020, during the first wave that affected
many Western countries. De Simone described the reorganization of LT units carried
out in so many centers worldwide during the first wave: Cancellation of routine
patient follow-up, outpatient care limited to recent LT recipients, pre-transplant
referral limited to priority patients after telephone triage, follow-up by means of phone
calls on the waiting list, and implementation of health care worker (HCW) safety
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policies[36]. This rapid reorganization allowed for maintaining the activity of a high-
volume center in Pisa during the Italian national lockdown (February 18 to May 4,
2020), despite the marked drop observed between March 16 and April 5. This was
achieved due to the increase in ICU bed capacity, systematic screening for SARS-CoV-
2, creation of COVID-19-dedicated ICUs, recruitment of additional medical and nurse
staff, rescheduling of elective surgery to priority cases, and continuation of LT
activities in COVID-19-free areas[37].

A preliminary analysis of the impact on Italian LT programs was done by means of
a survey issued on March 16, 2020 and completed by 22 centers[38]. There were two
major geographical areas with different incidence of SARS-CoV-2 infection, north-
central Italy and south-central Italy. Between February 15 and March 15, all transplant
programs reduced their outpatient activity by 68% in terms of pre-transplant
evaluation and 100% in the post-transplant face-to-face follow-up. A reduction in
transplant activity was also seen in northern-central Italy during the first 2 wk of
March, but not in the southern-central area. Recovered donors dropped by 46% during
the first peak (the 4-wk period after February 23) as compared to the preceding 8-wk
period[39].

In Spain, according to data provided by the Spanish National Transplant
Organization [Organizacion Nacional de Trasplantes (ONT)], the mean number of
donors declined since the national state of alarm was declared on March 13 from 7.2 to
1.2 per day, and the mean number of transplants from 16.1 to 2.1 per day[40]. There
was a saturation of the health care system and ICU capacities (although most hospitals
had increased the number of ICU beds), and many HCWs became infected (15.5% of
the infected population at that time) or forced to quarantine. The number of potential
donors declined due to the decrease in neurocritical patients or due to a positive result
in SARS-CoV-2 screening. In addition, logistical problems arose as a consequence of
the restricted mobility and declining organ offers following a risk assessment that
included the clinical situation of the recipients, and even human resources were
reduced due to cases of COVID-19 among HCWs. Finally, in the pandemic scenario,
some candidates refused transplantation after informed consent[40].

The impact of the first wave on the LT activity in France resulted in an overall 28%
decrease in the number of donations when comparing the first 4 mo of 2019 with the
corresponding period of 2020, whereas the number of LT effectively performed
dropped by 22%. The north-eastern region of the country (with the highest incidence
rate of COVID-19) experienced reductions in multiorgan procurement and LT activity
of 33% and 26 %, respectively[41].

A national state of emergency was declared in the United States by March 13, 2020.
A retrospective analysis of data collected from January 5 to September 5, 2020 by the
Organ Procurement and Transplantation Network revealed a decrease of 37% in the
number of LT procedures performed between March 8 and April 5[42]. Since mid-
March, many waitlist patients were placed in temporarily inactive status due to
COVID-19 concerns. This practice affected over 2000 waitlist registrations during the
week of March 22. LiveOnNY, the organ procurement organization for the greater
New York metropolitan area, suffered a drop to 10 donors in April 2020 from 26 in
March, although this figure recovered to 18 donors in May[43].

A multinational study performed in India, the United Kingdom, and the United
States compared the weekly organ donation and LT numbers over a 3-mo period
(February 17 to May 17, 2020) and the LT activity in six centers with varying local
COVID-19 caseload[44]. Peak reduction ranged from 25% in the United States to more
than 80% in the United Kingdom and India.

On the contrary, the impact of COVID-19 on LT activity has been reported to be
almost negligible in other countries. Lee concluded that establishing safe processes
and procedures can be beneficial in reducing the negative effects of the national
lockdown and saving patients’ lives, as he analyzed LT procedures performed in
South Korea[45]. He compared the MERS outbreak, the COVID-19 pandemic, and the
average number of LT performed throughout the prior 5 years. There was a significant
decrease of 11% in the LT activity during the MERS outbreak, although the number of
procedures was maintained from January to March 2020. In addition, none of the 401
patients undergoing LT during the COVID-19 outbreak were confirmed to be infected
with SARS-CoV-2. Some Italian centers located in medium- or high-incidence areas
were also able to maintain a stable LT activity by means of appropriate screening and
isolation practices, dedicated COVID-19-free routes, and reorganization of ICU
resources|[36,46,47].

A great variability in the adaptation of LT practices in response to the COVID-19
pandemic has been observed within the same country and even the same region[48].
On the other hand, the detrimental impact on LT activity seems to have been not
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restricted to those areas facing the highest COVID-19 burden. According to Agopian et
al[48] such differences across centers likely reflect variations in the allocation and
prioritization of hospital resources, local capacities to timely screen for SARS-CoV-2
infection among SOT candidates and recipients, and concerns with respect to donors (
e.g., accuracy of testing), recipients (e.g., role of baseline IS), and transplant team
members (e.g., risk of hospital-acquired COVID-19).

The effect on the LT waiting list in the United States has been studied by Strauss et
al[49] using data from the Scientific Registry of Transplant Recipients. From March 15
to April 30, new listings were 11% lower than expected, and deceased donor LTs
(DDLTs) decreased by 9%. In May, new listings were 21% lower and living donor LTs
were 42% lower, whereas DDLTs increased by 13%. In states with the highest
incidence of COVID-19, the number of deaths in the waiting list increased by 59%. By
August, waitlist outcomes were occurring at expected rates except for DDLT.
According to the authors, these results reflect the adaptability of the transplant
community in addressing the COVID-19 pandemic and applying new knowledge to
patient care.

Putzer et al[50] found a 29% decrease in the number of LT procedures performed in
the Eurotransplant area between mid-March and mid-June 2020, with regards to the
corresponding periods from 2015 to 2019. Of note, the activity in Germany continued
at the same pace during the initial phase of the crisis, likely thanks to the higher
number of ICU beds in that country. However, the number of LTs increased slowly
compared to the first month of observation.

INCIDENCE OF COVID-19 IN LT RECIPIENTS

According to the survey performed by the European Liver and Intestine
Transplantation Association (ELITA) and the European Liver Transplant Registry
(ELTR), the crude incidence of SARS-CoV-2 infection among LT candidates and
recipients during the first wave in Europe has been overall estimated in 1.05% (range:
0.5%-20%) and 0.34% (range: 0.1%-4.8%), respectively[51]. One hundred nine out of
149 (73.2%) ELTR centers located in 28 European countries responded to the survey.
Eighty-eight centers reported the diagnosis of COVID-19 in 57 LT candidates and 272
recipients. The highest numbers of infected recipients were reported from Spain (77),
Italy (66), and France (59). Crude case fatality rates in candidates and recipients were
18% and 15%, respectively. The authors concluded that both LT candidates and
recipients are at high risk of COVID-19 and highlighted the need for an early and
proactive screening for SARS-CoV-2 infection in these populations.

Cumulative incidence of COVID-19 has been highly variable across European
countries. The King’s College group only reported 5 cases out of about 4500 LT
recipients (0.1%) followed-up in their institutional cohort during the first wave[52]. In
fact, LT recipients appeared to have a lower incidence of COVID-19, with less severe
symptoms, as compared to the general population or other SOT populations, likely
due to the better individual adherence to self-isolation recommendations or the
optimal level of IS, which would favorably modulate the response against SARS-CoV-
2.

A nationwide study promoted by the Spanish Liver Transplantation Society (SETH)
recruited 111 LT patients from February 28 to April, 7 2020 and revealed a higher
incidence of COVID-19 compared to the general population, almost doubling the
expected number of cases[53]. A preliminary experience from our institution showed a
cumulative incidence from March 15 to May 5 of 1.6% (19 out of 1200) among LT
recipients compared to 0.95% in the general population of Madrid, although potential
underreporting due to limited diagnostic capacities at that time could not be ruled out
[54].

A detailed study carried out in the United Kingdom comprised SOT recipients
diagnosed with SARS-CoV-2 infection in England up to May 20, 2020 and showed a
cumulative incidence of 1.3% and 0.7% (64 out of 8734) for the specific group of LT
recipients[55].

As the pandemic evolved during 2020, different institutions and groups have
provided updated epidemiological data. On the basis of data collected by the Italian
Information Transplant System until June 22, Trapani et al[56] found a cumulative
incidence of 1.02% among SOT recipients as compared to 0.4% in the non-transplant
population (P < 0.05). This figure was lower (0.63%) for LT recipients. Authors from
the Shiraz University of Medical Sciences in Iran, one of the largest transplant centers
in the world, published their results by mid-July[57]. They found 85 cases of COVID-
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19 among abdominal transplant recipients (66 in LT recipients). As of July 2020, 0.32%
of the population of the country was infected, with a mortality rate of 5.1%. Among
6969 SOT recipients followed-up at their center, 85 (1.21%) had been diagnosed with
COVID-19, and 17 (20%) had died. Their conclusion was that LT and kidney transplant
recipients face a poorer outcome due to COVID-19.

Not surprisingly, cumulative incidence has steadily increased over the last months,
reflecting variations in the epidemiology of COVID-19 in the general population. In
our institution, we have registered 67 cases of SARS-CoV-2 infection by the end of
January 2021, accounting for more than 5% of followed-up LT recipients (data not
published).

RISK FACTORS FOR SEVERE COVID-19 IN LT RECIPIENTS

In an early retrospective, multicenter cohort study, Zhou et al[58] reported detailed
clinical course and risk factors for mortality in 191 non-transplant patients with
COVID-19 from Wuhan that had been discharged or died by January 31, 2020.
Hypertension (30%), diabetes (19%) and coronary heart disease (8%) were the most
common comorbidities in the general population. The authors found that older age,
higher Sequential Organ Failure Assessment score and D-dimer levels above 1 pg/mL
on admission were associated with in-hospital death at multivariable regression.

Mainly reflecting the risk factors identified in the general population, older age, the
presence of chronic comorbidities (congestive heart failure, chronic obstructive
pulmonary disease, or obesity), lymphopenia (absolute lymphocyte count < 0.5 x 10°
cells/L), and abnormal chest imaging at admission were independently associated
with mortality (20.5%) in a cohort study comprising 482 SOT recipients (73 LT
recipients) from more than 50 United States centers[59].

Preliminary data from the ELITA/ELTR registry on 103 LT recipients diagnosed
with COVID-19 between March 1 and April 24, 2020 revealed the following co-
morbidities: Overweight (56%), hypertension (51%), diabetes (41%), chronic renal
impairment (serum creatinine level > 2 mg/dL) (15%), smoking history (13%), and
coronary artery disease (7%). After a median follow-up of 18 d, overall all-cause
mortality rate was 16%, but it reached 22% among patients > 60 years and 44% in those
requiring IMV[60]. Although the difference did not achieve statistical significance,
mortality was found to be lower among patients that had undergone LT within the
previous 2 years as compared to those with longer intervals since transplantation (5%
vs 18%). Of note, all deaths occurred among patients aged 60 years or older.

In the SETH study the most common comorbidity was hypertension (57.7%),
whereas risk factors for severe COVID-19 among hospitalized patients included
Charlson comorbidity index, male gender, dyspnea at diagnosis, and baseline
immunosuppression containing MMF, particularly at doses higher than 1000 mg/d
[53].

The assessment of SARS-CoV-2-attributable mortality after LT must take into
account the impact of baseline conditions. A multicenter study from the COVID-Hep
and SECURE-Cirrhosis international registries performed between March 25 and June
26, 2020 compared the outcomes of 151 adult LT recipients and 627 patients with
SARS-CoV-2 infection who had not undergone transplantation. Older age, serum
creatinine levels, and non-liver cancer were associated with mortality. In a propensity
score-matched analysis (adjusted for age, sex, major comorbidities, and ethnicity), LT
did not significantly increase the risk of death in patients (absolute risk difference:
14%; 95%CI: -7.7-10.4)[61]. Similar findings have been also reported for kidney
transplant recipients[62].

COVID-19 PRESENTATION IN THE SETTING OF LT

There is a male predominance across different series of LT recipients with COVID-19,
from 68%[61] to 78.8%[57]. Median age in adult patients ranges from 60[59] to 65 years
[53,60]. Low-grade fever was the most frequent symptom in the earlier reports from
Wubhan, followed by cough, fatigue, myalgia, and digestive symptoms (diarrhea,
nausea, or vomiting)[58]. Among LT recipients with COVID-19, the presence of fever
is also reported in 62.7%[57] to 79%[62] of cases. Cough (with rates ranging from 40.9%
[57] to 70.3%[52]), myalgia (37%[60] to 45.5%[57]), fatigue (40.9%[57] to 56%[62]),
dyspnea (30.3%[57] to 46%[63]), gastrointestinal symptoms (22.6%[60] to 39.4%[57]),
and smell and taste disorders (7%[63]) are also common at presentation.
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Becchetti et al[63] observed a higher prevalence of fever and dyspnea in long-term
LT recipients (more than 10 years from the procedure), whereas the presence of fever
and cough was significantly less likely among very short-term recipients (< 1 year)
[63]. Asymptomatic patients are scarce. In the SETH series they accounted for 6.3% of
cases only, whereas most of the patients admitted to the hospital (66%) required some
type of respiratory support[52].

Chest X-ray or computed tomography scan showed typical features of COVID-19 in
62% of patients in the series by Belli et al[60] and 78.4% in the SETH cohort (unilateral
in 19.8% and bilateral in 58.6%)[52]. Becchetti ef al[63] reported typical radiological
features (bilateral, peripheral, consolidation, or ground glass opacities) in 43% of
computed tomography scans and 40% of X-ray examinations performed[63].

Only 8% of the patients reported by Becchetti et al[63] had a significant increase in
transaminases (AST and/or ALT > 2 times the ULN), whereas this figure reached
14.7% in the series by Colmenero et al[53]. Mean lymphocyte and platelet counts were
decreased in patients with severe disease. Lymphopenia was present in 68.8% of the
patients reported by Malekhosseini et al[57] and 76% of those reported by Becchetti et
al[63]. The nadir of absolute lymphocyte count during hospital stay was 0.31 x 10°
cells/L among severe cases (versus 0.5 x 10° cells/L in the non-severe forms of
infection; P = 0.013). Other markers as D-dimers of ferritin levels were significantly
higher in severe cases[53], although data were not available for most patients[63].

OUTCOME IN LT RECIPIENTS WITH COVID-19

The percentage of mild cases managed as outpatients varied in different series from
13.5%[53] to 42.4%[57]. Most of the published cohorts reported rates of hospitalization
in the range of 66% to 82%[60,61,63], with a mean hospital stay of 9-10 d[57,63].
Notable variation was observed in the proportion of ICU admission (from 10%[63] to
31.6%[57] of hospitalized patients), which likely reflect regional differences in the
availability of critical care resources. Regarding respiratory support, invasive or non-
invasive mechanical ventilation was used in 10%[63] to 20%[61] of recipients,
including extracorporeal membrane oxygenation in 10.6% of the patients in one series
[57].

Reported mortality rates ranged between 12%[61] and 19%[61], close to those
observed in large series in the general population (15-21%)[1,64]. Colmenero et al[53]
showed that, after adjusting for age and gender, the number of observed deaths
among LT patients was slightly lower than expected in the general population,
resulting in a standardized mortality ratio of 95.55 (95%Cl: 94.25-96.85).

Four out of 5 patients that contracted COVID-19 within the first month after
transplantation in Shiraz died[57]. The authors attributed this dismal outcome to the
higher amount of IS given during the very early post-transplant period. On the other
hand, there are several reports on successful recovery in patients diagnosed with
SARS-CoV-2 infection very shortly after LT[65-69].

Bhoori et al[13] were the first to suggest that long-term LT survivors on minimal IS
therapy would face a greater risk of death following COVID-19 infection, thus
proposing that a higher IS level could play a protective role. A systematic review
pooling outcomes of 223 LT recipients from case-series and cohorts published up to
June 15, 2020, however, revealed no significant differences in mortality rates between
recent (< 2 years) and remote (= 2 years) LT recipients (16.7% vs 21.9%, respectively; P
=0.5)[70].

THERAPEUTIC APPROACHES IN LT RECIPIENTS WITH COVID-19

Antiviral therapies

Most LT recipients included in the series reported during the first pandemic wave
were treated with repurposed drugs with in vitro activity against SARS-CoV-2, despite
the lack of supporting clinical evidence at that time. For instance, the use of hydroxy-
chloroquine (HCQ) (66%), azythromycin (33%), and lopinavir/ritonavir (LPV/r) (17%)
was common among LT recipients recruited in the ELITA/ELTR registry between
March 1 and April 24, 2020[60]. These rates were even higher in the SETH registry,
with as many as 88% and 40% of patients receiving HCQ and LPV /T, respectively[53].
Of note, no differences in the use of these agents were observed according to the
severity of COVID-19. In addition, the multicenter registry collected by the ONT in
Spain showed that the proportion of recipients treated with protease inhibitors
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(mainly LPV/r), HCQ, and azithromycin was similar across different SOT
populations, suggesting that the therapeutic approach in LT recipients did not
substantially differ from that used in patients usually exposed to a higher level of IS,
such as heart or lung transplant recipients[71]. As expected, the management of drug-
to-drug interactions between LPV/r, a potent cytochrome P450 3A4 inhibitor, and
calcineurin or mammalian target of rapamycin (mTOR) inhibitors was particularly
challenging[16,72]. In our experience, two LT recipients under everolimus were
converted to low-dose prolonged-release tacrolimus (0.5 mg/wk) in order to facilitate
the adjustment of IS during hospitalization[54].

No outcome benefit has been demonstrated from the use of LPV/r, HCQ, or
subcutaneous interferon-p in the setting of randomized controlled trials (RCTs)
conducted over the past months[73-75]. The RNA-dependent RNA polymerase
inhibitor remdesivir is the only antiviral agent currently approved for the treatment of
COVID-19, in view of the shorter time to clinical recovery obtained with this agent as
compared to placebo[76]. The clinical experience with remdesivir in LT recipients,
nevertheless, is scarce, with only a few treated patients in large multicenter cohorts[53,
71]. Since remdesivir and its main active metabolite G5-441524 are mainly excreted by
the kidney, no major drug-to-drug interactions with tacrolimus, MMF, or mTOR
inhibitors are to be expected, whereas limited experience with cirrhotic patients has
revealed no new safety signals[28]. Abnormal liver function test was not reported as a
common adverse event in the ACTT-1 trial, although exclusion criteria included the
presence of ALT or AST levels > 5 times the ULN[76].

Immunomodulatory therapies

The clinical course of severe forms of COVID-19 is characterized by the presence of an
excessive inflammatory response triggered by SARS-CoV-2 and orchestrated by the
host immune system, which contributes to the development of tissue damage,
multiorgan failure, and ARDS[77]. Such a pathogenic mechanism has led to the
widespread use of various immunomodulatory strategies aimed at blocking this
“cytokine storm”, including corticosteroids[78], anti-IL-6 (such as tocilizumab or
sarilumab)[79] and anti-IL-1B (canakinumab or anakinra)[80] agents, or janus kinase
inhibitors (baricitinib)[81]. With the exception of low-to-intermediate-dose systemic
corticosteroids (i.e. dexamethasone 6 mg daily for 10 d), which have been shown to
decrease 28-d mortality in patients requiring respiratory support[82], there remains
controversy regarding the clinical benefit to be expected from these agents in the
general population with COVID-19, with conflicting results from observational studies
and RCTs.

The available evidence supporting the use of immunomodulatory therapies in SOT
recipients is even more limited[83]. Nevertheless, multicenter registries revealed that
anti-IL-6 agents were commonly administered during the first pandemic wave (with
overall rates ranging from 13%[59] to 21%[71]). In the specific group of LT recipients,
5% and 1% of patients included in the ONT registry as of July 2020 had received
tocilizumab and anakinra, respectively[71]. The off label use of tocilizumab in other
cohorts ranged from 6.2% in the ELITA/ELTR registry[84] to 15.6% in the SETH
registry[53]. As previously stated, no RCTs have assessed to date the role of
therapeutic IL-6 blockade in the setting of post-transplant COVID-19 with cytokine
release syndrome. A small retrospective study compared 29 SOT recipients treated
with tocilizumab for severe COVID-19 (including one single LT recipient) with a
matched control group of recipients who did not receive this agent. No significant
differences were observed in terms of in-hospital mortality (41% vs 28%, respectively;
P =0.27), hospital discharge (52% vs 72%; P = 0.26), or secondary infections (34% vs
24%; P = 0.55), although the higher rates of IMV and renal replacement therapy
observed in the tocilizumab group suggest some degree of confounding by indication
not completely controlled by the matching process[85].

Management of immunosuppression

As commented above, some preliminary reports showing a worse outcome among
long-term LT recipients on minimal immunosuppressive regimen (as compared to
recently transplanted, fully immunosuppressed patients)[15] led to propose during the
first weeks of the pandemic that post-transplant IS might be actually protective in
severe COVID-19[86]. Clinical experience accumulated over the past months, however,
does not seem to confirm this hypothesis. Indeed, the SETH registry demonstrated the
deleterious impact of baseline MMF-containing regimens (particularly when given at
doses higher than 1000 mg/ d). This negative effect was not observed for calcineurin or
mTOR inhibitors. Complete MMF withdrawal during hospitalization showed a trend
towards a reduced risk of progression to severe COVID-19 (41.7% vs 69.2%; P = 0.16)
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[53].

The most common adjustment of baseline IS among more than 600 SOT recipients
enrolled within the ONT registry was the withdrawal of the anti-metabolite drug
(MMF or azathioprine), whereas calcineurin inhibitors were generally managed with
dose reduction[71]. It is likely that the impact of baseline IS on the outcome of SARS-
CoV-2 infection differ according to individual drugs. Belli et al[84] have recently
shown that the use of tacrolimus was independently associated with a reduced
mortality risk in the ELITA/ELTR registry (hazard ratio: 0.55; 95%CI: 0.31-0.99). The
authors propose that tacrolimus could exert a direct antiviral effect through the
immunophilin FK506-binding proteins[87].

In accordance with the survival benefit demonstrated for dexamethasone in the
RECOVERY trial[82], baseline corticosteroid dose was usually maintained or increased
in most LT recipients hospitalized due to COVID-19. In addition, corticosteroids
boluses were given in 12.5% of patients in the SETH registry (4.9% and 25.7% of those
with non-severe or severe COVID-19, respectively)[53].

SARS-COV-2 VACCINATION IN LT RECIPIENTS

Whereas messenger RNA SARS-CoV-2 vaccines provide excellent rates of serocon-
version and clinical effectiveness in the general population[88,89], immunogenicity in
the setting of SOT appears to be severely compromised. Most available reports,
however, are focused on kidney[90-92] or lung transplant recipients[93]. In addition,
only a few studies have assessed the development of SARS-CoV-2-specific T-cell-
mediated immunity in addition to antibody responses[94,95]. Rabinowich et al[96]
tested for SARS-CoV-2 immunoglobulin G antibodies against the SARS-CoV-2 spike
glycoprotein 10-20 d after the administration of the second BNT162b2 vaccine dose in
80 LT recipients. Detectable humoral response was demonstrated in 47.5% of patients
only (as compared to 100% of HCWs used as control group). In addition, the mean
antibody titer was significantly lower in LT recipients (95.41 AU/mL vs 200.5 AU/mL,
respectively). Older age, lower estimated glomerular filtration rate, and treatment with
MMF or high dose steroids were associated with the lack of vaccine response, with no
apparent impact of the time since transplantation. The vaccine was well tolerated, and
there were no episodes of suspected or confirmed graft rejection during the follow-up
[96]. This disappointing immunogenicity is, however, in line with the rates reported
for other SOT populations. The deleterious effect of the anti-metabolite drug has been
also shown for kidney and lung transplant recipients[90,93].

GUIDELINES FOR THE MANAGEMENT OF LT DURING THE COVID-19
PANDEMIC

On November 9, 2020, the American Association for the Study of Liver Diseases
(AASLD) issued updated guidelines for LT providers in the current pandemic scenario
[97]. Regarding the management of the waiting list, the document recommends to
continue to prioritize the initial evaluation of patients with HCC or those with severe
disease and high Model for End-stage Liver Disease (MELD) scores who are more
likely to benefit from immediate LT listing. Some listed patients should be still seen in
person according on the local incidence of SARS-CoV-2 infection and individual
patient factors (such as their Model for End-stage Liver Disease score). Telemedicine
alternatives may be considered for the remaining candidates. In addition, the AASLD
guidelines recommend to develop hospital-specific policies for organ acceptance,
taking into account the availability of ICU beds and other hospital resources. Potential
donors and recipients must be screened for SARS-CoV-2 exposure and clinical
symptoms compatible with COVID-19 (regardless of test results or availability). In
addition, all donors and recipients should be screened for SARS-CoV-2, by means of
nasopharyngeal swab, bronchoalveolar lavage, or both, taking into account the risk of
false negative results, disease prevalence, and testing turnaround time in your area.
Alternatives to RT-PCR-based testing such as chest X-ray may also be also considered.
Ideally, LT in SARS-CoV-2-positive candidates should be delayed for at least 14-21 d
after symptom resolution and one or two negative SARS-CoV-2 diagnostic tests. Of
note, the decision to ultimately proceed with LT in a candidate recovering from
COVID-19 must be individualized based on several factors (such as the urgency of
transplantation, the presence of respiratory symptoms, and the risk of exposing HCWs
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to SARS-CoV-2).

Regarding the approach to LT recipients diagnosed with COVID-19 in the AASLD
guidelines, it should be considered lowering the overall level of IS (particularly anti-
metabolite doses) based on general principles for managing post-transplant infections
and in order to decrease the risk of secondary infection. The risk of COVID-19-
associated kidney injury should be also taken into account and calcineurin inhibitor
levels must be closely monitored. Likely due to the lack of supporting evidence, no
clear recommendations are provided regarding the optimal regimen and timing for
antiviral and immunomodulatory therapies.

In addition, the AASLD expert panel advises against making anticipatory
adjustments in current immunosuppressive regimens in LT recipients with no
diagnosis of SARS-CoV-2 infection. Prevention measures (e.g., hand washing, cleaning
frequently touched surfaces, staying away from large crowds, etc.) should be
emphasized in this at-risk population[97].

Finally, although specific guidelines on the optimal vaccination strategy are scarce
and based on low-level evidence, the Italian Association for the Study of the Liver
recommends that LT candidates should be prioritized due to the high risk of mortality
in the waiting list. Vaccination of the partners and caregivers of cirrhotic patients and
LT recipients should be also encouraged[98].

CONCLUSION

Although with geographical differences across countries, COVID-19 has exerted a
negative impact on LT transplant activity (both in the number of donors and
procedures) during the first months of the pandemic, with decreases ranging from
28% to 46%[38,40,42,43]. The cumulative incidence of SARS-CoV-2 infection in LT
recipients has been estimated between 0.34%[50] to 1.56%[52]. These figures appear to
be comparable to that observed for the general population, although some studies
suggest that the incidence of COVID-19 after LT would be lower as compared to other
types of SOT[54]. The clinical and radiological characteristics of COVID-19 at
presentation are overall similar to non-transplant patients, including predictive factors
of poor outcomes. All-cause mortality among hospitalized recipients is high (from 12%
[61] to 19%[59]), and great heterogeneity in the rates of ICU admission is observed
across different series (10%[61] to 31.6%[55]). It has been also proposed that the risk of
death may be actually lower compared to the non-transplant population[51]. The
outcome of post-transplant COVID-19 seems to depend mainly on the age of the
recipient and the number of chronic comorbidities, rather than by the transplant status
itself[59]. Some studies have suggested that post-transplant IS —in particular
tacrolimus-containing regimens — may play a protective role by abrogating the
deleterious effect of the cytokine release syndrome occurring during the course of
SARS-CoV-2 infection or through a direct antiviral activity[83]. To date, there is scarce
evidence to guide the use of antiviral or immunomodulatory therapies for COVID-19
after LT, including the potential effectiveness and safety of remdesivir or anti-IL-6
agents[82]. Both clinical experience and guidelines recommend the dose reduction of
IS or withdrawal of MMF and other anti-proliferative agents[51,87]. Although specific
studies are still scarce, messenger RNA vaccines seem to be safe in LT recipients in
terms of serious adverse events or risk of alloimmunity, although the magnitude of
SARS-CoV-2-specific immunoglobulin G antibody response is severely decreased as
compared to non-immunocompromised individuals[97].
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Abstract

Differential diagnosis of pediatric vascular liver tumors can be challenging due to
inconsistent nomenclature, histologic overlap and the rarity of some entities. Here
we give an up-to-date overview of the most important entities. We discuss the
clinic, histology and pathophysiology of hepatic congenital and infantile heman -
gioma, hepatic epithelioid hemangioendothelioma and hepatic angio-sarcoma.
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Core Tip: Overview of the most important pediatric hepatic vascular tumors from the
point of view of the pathologist, including hepatic hemangiomas, hepatic epithelioid
hemangioendothelioma and hepatic angiosarcoma.
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INTRODUCTION

Through the years the classification of vascular anomalies in the liver has evolved due
to better biological understanding with substantial contribution of molecular genetics
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and immunohistochemical correlates. However, terminology can be difficult due to the
existence of multiple (general and organ specific) classifications and inconsistent
nomenclature through the years. In 1997, vascular tumors were differentiated from
vascular malformations for the first time[1]. In brief, the main difference between the
above entities is that vascular tumors are considered as cellular vascular neoplastic
proliferations and vascular malformations as errors in the morphogenesis lined by
mature endothelium[2,3]. In 2014, The International Society for the Study of Vascular
Anomalies (ISSVA) divided vascular tumors further in benign, locally aggressive or
borderline and malignant entities[4]. Here, we give an overview of the most important
pediatric hepatic vascular tumors, including hepatic hemangiomas, hepatic epithelioid
hemangioendothelioma and hepatic angiosarcoma.

HEPATIC HEMANGIOMA

Hepatic hemangiomas belong to the group of benign vascular tumors[4]. The term “
hemangioma” has been used through the years for a variety of vascular malformations
of the liver. In 2018, the ISSVA reserved this term for vascular lesions that match the
definition of congenital or infantile hemangiomas|[5]. These benign endothelial
neoplasms can occur in the liver and belong to the histologic group of “hepatic
hemangioendothelioma, type 1”7 (Figure 1). However, the term ‘hemangioendothelioma’ has
to be used with caution, due to the terminology overlap with epithelioid hemangioen-
dothelioma (which is considered as a malignant vascular entity) and should be
avoided in absence of histologic evaluation[5,6]. Further, histologic confirmation of
hemangiomas is often not required, since the diagnosis can easily be made with
physical examination, imaging and review of patient’s history. Still, a biopsy can be
performed when the history or clinical /radiological features are atypical[5]. Heman-
giomas are characterized by a proliferation, plateau and involution phase. They occur
due to an imbalance in angiogenesis, resulting in an uncontrolled proliferation of
vascular elements. Involution of the lesions is characterized by a decrease in angio-
genic factors, endothelial cell apoptosis and high levels of angiogenic inhibitors, repla-
cing the endothelial cells by loose stromal tissue [2,6].

Hepatic congenital hemangioma

Hepatic congenital hemangiomas (HCH) are benign high-flow vascular tumors that
proliferate in utero and are fully grown at birth with no postnatal increase in size.
They are less common than hepatic infantile hemangioma (HIH) and present mostly as
a solitary lesion[5,7,8]. Diagnosis can be made on prenatal imaging showing a large
mass with extensive central infarction, hemorrhage, calcifications and sometimes large
abnormal vessels, suggestive for arteriovenous malformation[5,9]. They can be asymp-
tomatic or can cause intratumoral bleeding, thrombocytopenia, hypofibrinogenemia
(Kasabach-Merritt syndrome, occasionally associated with large hepatic heman-
giomas) and high-output cardiac failure[5,10].

The most important clinical differential diagnoses of a liver mass in infants include
hepatic infantile hemangioma (HIH), epithelioid hemangioendothelioma, hepato-
blastoma, germ cell tumors, (metastatic) neuroblastoma, mesenchymal hamartoma,
cysts and abscesses[10,11].

There are 3 clinical subtypes depending on the pattern of evolution: rapidly
involuting congenital hemangioma (RICH), partially involuting congenital hemangioma
(PICH) and noninvoluting congenital hemangioma (NICH)[4,5,10]. These subtypes share
common histopathologic features and have to be seen as part of a single entity with
differences in their clinical behavior[12,13].

Histologically (Figure 2), HCHs are usually well-demarcated vascular lesions which
can show entrapment of hepatocytes and bile ducts in interface areas[9]. RICH is
composed of lobules of variable sized, mostly small thin-walled vessels lined by
plump endothelium without cytonuclear atypia[7,10]. There may be evidence of
thrombosis and the central part (i.e., the first area of involution) may contain necrotic
and hemorrhagic areas, fibrosis and focal dystrophic calcifications. Extramedullary
hematopoiesis can also be observed. At the periphery of the lesion abundant larger
vessels occur, sometimes associated with aneurysmal changes[7]. In contrast to RICH,
NICH shows lobules of small vessels with interlobular fibrosis but without signs of
involution. Arteriovenous microfistulae with large irregular vessels in the center can
occur[10]. PICH shows histologic overlap between RICH and NICH and cannot be
distinguished histologically[12,13]. Endothelial cells show immunoreactivity for
Wilms” Tumor 1 (WT-1), CD34, CD31, factor VIII and Erythroblast transformation-
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Histologic classification: Controversial
classification, not recommended to
use anymore

Hepatic hemangioendothelioma Hepatic-hemangioendothelioma Hepatic hemangioendothelioma
type 1 type 2 type 3
- Hepatic congenita - Hepatic infantile hemangioma - Hepatic angiosarcoma (HA)
hemangioma (HCH) (HIH), with intermediate
- Hepatic infantile hemangioma (HIH) histologic characteristicse
N %

Considered as the same entity
by some authors

Hepatic hemangioendothelioma
type-2

Figure 1 Histologic classification of hepatic hemangioendothelioma.

specific [ETS]-related gene (ERG)[13-15]. Triana et al[16] showed there was no
expression of podoplanin (D2-40) in HCH. However, El Zein et al showed focal
positivity for podoplanin in congenital hemangiomas of the skin, mainly in abnormal
extralobular lymphatic vessels or in patients with concomitant thrombocytopenia
(with decrease of intensity when platelet count normalized)[13]. The endothelial cells
of HCH do not stain for glucose transporter-1 (GLUT-1), which is an important
hallmark in the differentiation of HCH with HIH (Figure 3)[5,10].

Genetic studies revealed that almost all HCHs have mutually exclusive, missense
mutations that alter glutamine at amino acid 209 (GIn209) in the alleles which code for
guanine nucleotide-binding protein G(q)alpha (GNAQ) and guanine nucleotide-
binding protein subunit alpha-11 (GNA11), regardless of subtype. This implies that
also other genetic, epigenetic and/or environmental factors may influence the
behaviour of these lesions[10,17]. A subset shows missense mutations in phosphatidylin-
ositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) (c.3140A > T;
p-His1047Leu)[16].

Hepatic infantile hemangioma

HIH is the most common benign hepatic tumor in infancy, with female predominance
[7]. It proliferates rapid after birth, reaching a maximal size at 6 to 12 mo, and then it
gradually involutes until 3 to 9 years[5,6]. Most hemangiomas are asymptomatic and
remain undetected or are incidental findings on postnatal imaging. Still, a subset can
be symptomatic due to their size, location or hemodynamic effects[8]. The high flow
within the tumor or presence of shunts can cause cardiac failure. Also, thrombocyt-
openia and anemia can be observed when intralesional thrombosis occurs[5,8,18,19].
Due to high expression of type 3 iodothyronine deiodinase in these vascular lesions,
which inactivates thyroid hormone, acquired consumptive hypothyroidism occurs. All
of these complications are detected after birth during the proliferation phase and can
be missed initially on newborn screening[5]. Further, HIH can occur in association
with Beckwith-Wiedemann syndrome[6].

The clinical differential diagnosis of HIH is broad and includes arteriovenous
malformations, arterioportal fistula, mesenchymal hamartoma, hepatoblastoma,
angiosarcoma and (metastatic) neuroblastomal8].

HIH presents clinically/macroscopically as white-tan nodules with occasionally
degenerative changes in the centre[9]. They can be divided into 3 categories based on
degree of unaffected liver parenchyma: focal, multifocal or diffuse disease. Focal HIH
shows overlap with RICH, as it does not express GLUT-1 and can be found on prenatal
imaging][8,18,19]. Therefore, focal HIH is not considered as a true HIH[8]. Multifocal
HIH presents as areas of hemangioma with intervening segments of normal hepatic
parenchyma, whereas a diffuse pattern is defined as innumerable tumors with nearly
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Figure 2 Hepatic congenital hemangioma. A: A relatively well-demarcated vascular lesion; B: Lobules of variable sized, mostly small thin-walled vascular
spaces and more abundant larger vessels at the periphery; C: Necrotic and hemorrhagic areas in the central part (area of involution); D: Entrapment of hepatocytes
and bile ducts in interface areas.

eat >
o @
@ & o

v

Figure 3 Hepatic congenital hemangioma. A: Erythroblast transformation-specific-related gene expression of endothelial cells; B: No GLUT1 expression of
endothelial cells.

complete hepatic parenchymal replacement[5]. Diffuse HIH shows a higher risk of
complications, e.g., abdominal compartment syndrome, heart failure, profound
hypothyroidism, and even mortality[5,8]. Associated cutaneous infantile hemangioma
is often present in patients with multifocal or diffuse HIH and increases with prema-
turity. Screening for HIH is therefore advised when multiple cutaneous infantile
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heman-giomas occur (mostly 5 or more), as the liver is the most common visceral site
[8,18].

Histologically (Figure 4), HIH are well-demarcated, non-encapsulated vascular
lesions composed of lobular, mostly small-sized vessels (capillary-like) with a pericytic
cuff, highlighted by the immunohistochemical staining smooth muscle actin (SMA)
(Figure 4)[6,9,11,20]. The periphery of these vascular lesions is cellular and mitotic
active, with plump endothelial cells (suggesting active growth). Involution is partic-
ularly prominent in the center of the lesion and is characterized by reduced cellularity
and enlarged vascular spaces lined by flat, mitotically inactive endothelium. The
interstitium is fibrotic or fibromyxoid[9]. Bile ducts and hepatocytes are often
entrapped within the advancing edge of the tumor. Areas of extra-medullary hemato-
poiesis may be present[11]. Central infarction, hemorrhage, calcification and abnor-
mally enlarged vessels or arteriovenous malformation (AVM) can be observed[9].
Rarely, these vascular lesions show irregular anastomosing vascular spaces with
prominent papillary formation lined by plump, pleomorphic endothelial cells with
hyperchromatic nuclei [also known as hepatic hemangioendothelioma type 2 with
intermediate histologic characteristics, by some reports considered as a low-grade
angiosarcoma (Figure 1)][5,9,11,21]. The interstitium of these lesions can contain nests
of epithelioid endothelial cells, entrapped nests of liver cells, and bile duct epithelium
[9]. When these atypical features are seen or when a lesion is persistent or present in
an older child, follow-up is indicated, because of the potential of malignant trans-
formation[6,9].

Multifocal and diffuse HIH show positive staining for GLUT-1, which correlates
with a high cell-proliferation and distinguish them from other types of vascular liver
tumors (Figure 5)[5,10,22]. The endothelial cells are also positive for ERG, CD31, CD34
and factor VIII but do not express the lymphatic marker podoplanin [D2-40 (Figure 5)]
[5,15,21].

There are several hypotheses for the pathophysiology of HIH and its cutaneous
counterpart. Clinical observations suggested hypoxia as a trigger for infantile
hemangioma (IH). Hypoxia may be due to maternal events as well as the infant’s own
hypoxia-induced factors and is associated with GLUT-1, as GLUT-1 is a downstream
target of hypoxia-inducible factor-1-alpha (HIF-1a), along with vascular endothelial
growth factor A (VEGF-A) and insulin-like growth factor 2 (IGF-2). Also, the renin-
angiotensin system (RAS) may play a role because high concentrations of angiotensin
II (ATII), due to local expression of angiotensin-converting enzyme (ACE) in IH,
stimulate cell proliferation. Further, IH expresses GLUT-1 and vascular antigens like
Fc-gamma-receptor II, merosin, and Lewis Y antigen, which are also expressed in
placental tissue. Another study found that IH endothelial cells share a similar
immunophenotype (CD34 and CD133 positive) with embryonic veins, suggesting IH
endothelial cells are arrested in an early stage of vascular differentiation[23]. Further,
Takahashi et al observed an imbalance of vasculogenic factors in IH. During the prolif-
erating phase, IH shows a high expression off type IV collagenase and vascular
endothelial growth factor (VEGF) and when involuting there is an increase in tissue
metalloproteinases, inhibiting new vessel formation[24]. Moreover, Walter et al show-
ed allelic loss after methylation-based and transcription-based polymerase chain
reaction clonality assays, suggesting a nonrandom X-inactivation pattern and, thus, a
monoclonal origin of IH. In addition, they found 2 cases of IH with a missense
mutation, one in the kinase domain of the vascular endothelial growth factor receptor (
VEGFR2) gene and one in the kinase insert of the VEGFR3 gene. These observations all
suggest an alteration in the VEGF signaling pathway in IH[25].

EPITHELIOID HEMANGIOENDOTHELIOMA

Epithelioid hemangioendothelioma (EHE) is a rare malignant vascular tumor, which
can occur anywhere in the body but typically arises in liver and lung[4,26]. It is mostly
seen in adults, but can be diagnosed in children (estimated prevalence of 1/1000000,
mean age 13,8 years)[27]. Hepatic EHEs show a more aggressive course than when
arising in bone/soft tissue and are mostly multifocal. Hepatic EHE presents in most
cases as a tumoral mass and has an unpredictable clinical course. It may be indolent,
stable or aggressive[26,27]. Size > 3 cm and high mitotic index (> 3 mitoses/50 HPF)
are poor prognostic factors in elderly[26].

EHEs appear macroscopically as solid, white lesions with some hemorrhagic
changes[20]. Histologically (Figure 6), EHEs are relatively distinctive from the normal
liver parenchyma and are composed of nests, cords, strands or single infiltrative
epithelioid cells set in a myxohyaline stroma. The cells in HEH are epithelioid with
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Figure 5 Hepatic infantile hemangioma. A: Erythroblast transformation-specific-related gene expression of endothelial cells; B: Smooth muscle actin
expression of the pericytic cells; C: GLUT1 expression of endothelial cells.

eosinophilic cytoplasm and frequently show intracytoplasmic vacuoles (so-called
“blister cells”)[20,28]. Occasionally, there are tufts or papillary projections into the
vessels. A subset of EHE shows histologic overlap with hepatic angiosarcoma (HA)
containing necrosis or moderate to severe cytonuclear atypia (with large hyper-
chromatic cells), without the typical myxoid stromal component. In this setting, the
distinction between EHE and HA can be difficult for a pathologist, especially in small
liver biopsies. Usually EHE shows nuclear calmodulin-binding transcription activatorl
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Figure 6 Hepatic epithelioid hemangioendothelioma. A: Nests, cords, strands and single infiltrative epithelioid cells with intracytoplasmic vacuoles; B:
Nests, cords, strands and single infiltrative epithelioid cells with intracytoplasmic vacuoles; C: Nuclear calmodulin-binding transcription activator1 (CAMTA1)

expression; D: Nuclear CAMTA 1 expression.
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(CAMTAL) expression, which can be very helpful in the differential diagnosis with
HA since this is a highly specific and sensitive marker for EHE with a CAMTA1
rearrangement (Figure 6)[28]. EHE also stains for ERG, CD31, CD34, factor VIII and
podoplanin (D2-40)[15,20,28]. Nuclear positivity for transcription factor E3 (TFE3) is
seen in most cases of EHE, irrespective of an underlying TFE3 rearrangement[20,28]. A
small subset of EHE expresses pan-cytokeratin or cytokeratin 8/18 (CK8/18)[20].

Most of the EHESs are characterized by chromosomal translocations involving 1p36.3
and 3q25 resulting in WW domain-containing transcription regulatorl (WWTRI, also
known as TAZ) - CAMTA1 fusion genes. A small subset shows Yes-associated protein
1(YAP1)-TFE3 gene fusions[26,28]. TAZ and YAP are transcriptional coactivators and
effectors, which are downregulated by the Hippo tumor suppressor pathway. WWWTR1
-CAMTAL1 fusion genes therefore induce oncogenic transformation due to constitutive
nuclear localization and activation of TAZ independent of the Hippo pathway[26].

HEPATIC ANGIOSARCOMA

Hepatic angiosarcoma (HA) is a rare high-grade malignant vascular tumor that occurs
mostly in elderly[5,29,30]. Seldom they occur in children and the majority of pediatric
angiosarcoma cases arises in the heart/pericardium and mediastinum[29]. When
occurring in the liver angiosarcoma presents as a rapid enlargement of the liver
associated with jaundice, abdominal pain, vomiting, fever, tachypnea, dyspnea and
anemia[30]. Consumptive coagulopathy, disseminated intravascular coagulation and
congestive heart failure are known complications[31]. In children HA has a female
predominance and occurs mostly around 40 mo. It represents 1%-2% of all pediatric
liver tumors and has the potential to metastasize, even at the onset of the disease.
Metastasis is commonly found in the lungs[30,32]. HA can occur in the background of
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Figure 8 Hepatic angiosarcoma. A: Unencapsulated vascular lesion; B: Infiltrative growth pattern; C: Anastomosing vascular spaces lined by endothelial cells
with marked cytological atypia and multilayering. D: Anastomosing vascular spaces lined by endothelial cells with marked cytological atypia and multilayering.

a HIH or can develop 4 to 5 years after primary diagnosis of HIH. Therefore, HIH in
patients older than 1 year, should be followed carefully[30]. Also, in the past, several
chemical carcinogens, including vinyl chloride monomer (VCM), thorotrast, radium
and arsenic, have been associated with HA formation[33,34]. Pediatric HA has a poor

Geishidenge WIH | itps://www.wignet.com 1323 October 27,2021 | Volume13 | Issue10 |



Cordier F et al. Pediatric vascular tumors of the liver

b L. We &
» . e
!:‘J} *-‘:“ {'*c“ v ¥y o
‘ e “: ‘} ‘,\‘.& gred
oo q Wi o S5
. ‘5 1 Lﬁi‘."’& .:‘.’,}'”"‘~-_
> h',’:“'{fr- BB e
R Y
oF & ;ﬁ; ';“\ = "» |
“"' I.,?’ ’ e "ae-“r
R~ ’k o g
v 3% & £
e, Y O Ao
N o u":. J‘ q‘ ’:
‘.- s )‘ "\'r‘ : ."-'5' "z "’. ¢
|'."“‘ "!,,( 3 e }a"' \
» e & % £ SPC L !
- [ %
"’-“ﬂ ...'f' .‘ l’ﬁ‘\

£
3
"
W
°
o/
-y
)
‘
SEan e

- 7 -
;‘ fo’o. 4 }., s %
Nk L g "1‘ - .\.‘
23 2 art %.’I" P

Figure 9 Hepatic angiosarcoma. A: CD31 expression of the endothelial cells; B: Erythroblast transformation-specific-related gene expression of the endothelial
cells.

Pediatric vascular tumors

of the liver
Hepatic hemangioma Epithelioid hemangioendothelioma Hepatic angiosarcoma
— (EHE) (HA)

Hepatic congenital Hepatic infantile
hemangioma (HCH) hemangioma

(HIH)
'WT-1, CD34, 'GLUT-1, WT-1, 'CAMTA-1, TFE3, WT-1, CD34, 'WT-1, CD34, CD31,
CD31, FVIII; ERG | CD34, CD31, CD31,FVIII, ERG, D2-40 FVIII, ERG |

FVIII, ERG
2GLUT-1,1 ’GLUT-1 *GLUT-1, D2-40,
D2-404 ’D2-40 alpha-1- antitrypsin,

*CK8-18, pan-cytokeratin | pan-cytokeratin

Figure 10 Overview pediatric vascular tumors of the liver and their inmunohistochemistry. 'Positive immunohistochemical stainingl 2Negative
immunohistochemical stainingl *Occasionally positive immunohistochemical staining. WT-1: Wilms’ tumor 1; FVIII: factor VIII; ERG: Erythroblast transformation-
specific-related gene; GLUT-1: glucose transporter-1; D2-40: podoplanin; CAMTA1: calmodulin-binding transcription activator1; TFE3: transcription factor E3; CK8-
18: cytokeratin 8-18.

prognosis with an average survival of 16 mo and a 5-year overall survival of 20%-35%
[30,22].

Diagnosis of a HA can be really challenging, as it is an extremely rare tumor and
there are no specific radiographic characteristics that differentiate malignant vascular
hepatic tumors from benign ones[33,35]. Histologic diagnosis can only be obtained by
adequate and representative tissue biopsies, received by laparotomy[35].

Macroscopically, HA presents as a large solitary mass, or as multiple or diffuse
nodules in the centre and periphery of the liver. Often sponge-like hemorrhagic areas
alternate with solid gray-white nodules, surrounded by normal liver parenchyma
(Figure 7)[31,36]. Commonly, both liver lobes are affected[35,36]. Histologically
(Figures 8 and 9), HA shows an unencapsulated vascular tumoral lesion composed of
anastomosing vascular spaces and sinusoids lined by endothelial cells with marked
cytological atypia and multilayering[29,31,33,35]. The cells are plump, pleomorphic
with hyperchromatic nuclei and show brisk mitotic activity[33]. Focally infiltrative
whorls or glomeruloid foci of sarcomatoid cells or kaposiform spindle cells with
intracytoplasmic PAS positive eosinophilic globules can be seen[30,32,33,35]. Tumor
necrosis can be observed[29]. Histologically, HA is classified as hepatic hemangioen-

Guiewidege WJH | https://www.wijgnet.com 1324 October 27,2021 | Volume13 | Issuel0 |



Jaishideng®

Cordier F et al. Pediatric vascular tumors of the liver

dothelioma, type 3 (Figure 10)[5]. HA shows immunoreactivity for ERG, CD31, CD34
and factor VIII[15,28,33]. A small percentage expresses pan-cytokeratin[33]. Ki-67
shows a proliferation of more than 10%[36]. HAs are occasionally positive for GLUT-1
and podoplanin (D2-40)[15,22,32]. The spindle cell component may show cytoplasmic
immunopositivity for alpha-1-antitrypsin[30].

Uptil now, little is known about the genetics of HA, due to examination of small
cohorts with a selected gene panel[34]. KRAS mutations have been described in
sporadic and thorotrast-induced HA, and TP53 mutations in VCM-related HA[37,38].
Also alterations in the RAS-RAF-MAPK pathway, CDKN2A/p16 and PTEN gene have
been found[34,39]. Recently a ROS1-GOPC/FIG (Fused In Glioblastome) fusion has
been found in 1 case[34,37]. This fusion gene can act as a potential target for therapy.
Further, upregulation of VEGF-receptor and consistent increased expression of VEGF
are commonly seen[34].

CONCLUSION

Diagnosis of a pediatric hepatic vascular tumor can be challenging, not only for the
clinici/radiologist, but for the pathologist as well. Throughout the years immunohisto-
chemical markers[10] and molecular genetics have been proven very helpful in the
differential diagnosis of vascular tumors. Here we gave an overview of the most
important pediatric hepatic vascular tumors and their histology and pathophysiology.
Still there is a lot to discover about these vascular lesions.
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Abstract

Genetic syndromes represent relevant and rare diseases. These conditions include
a large amount of epidemiological, pathogenetic and clinical features. However, a
systematic approach to genetic syndromes is often prevented by the rareness of
these diseases. So, although clinical features are usually precisely defined,
nowadays more uncommon associations between genetic syndromes and internal
medicine related diseases have been insufficiently studied. Autoimmune hepatitis
(AIH) is a chronic liver disease caused by loss of tolerance to hepatocyte-specific
auto-antigens. Conversely, a better knowledge about specific genetic syndromes
in which AIH is more frequent could be important in the clinical management of
patients, both for an early diagnosis and for a prompt therapy. Furthermore, a
systematic approach could explain if onset, clinical course, and response to
treatment of AIH are typical for specific genetic syndromes. We took in consid-
eration all the scientific articles reported in PubMed in the last 10 years, from 2010
to 2020. The purpose of this review is to explore the prevalence of AIH in genetic
syndrome, but also to suggest new classification, that could be useful for
pathogenetic hypothesis and clinical approach to genetic syndrome. From the 139
publications selected using keywords “autoimmune hepatitis” and “genetic
syndrome”, 30 papers (21.6%) respected the chosen inclusion criteria, reporting
the association between AIH in patients with a genetic syndrome. We have
collected in all 47 patients with AIH and genetic syndrome, and with median age
of 12.6-year-old. We suggest that when a patient presents a clinical picture of
cryptogenic chronic hepatitis, that is unexplained, it is useful to explore differ-
ential diagnosis of AIH associated with genetic syndrome. Given the clinical
relevance of this topic, further reports are needed to demonstrate our hypothesis
and collect new evidence in this field.

Key Words: Autoimmunity; Hepatitis; Gene; Syndrome; Liver; Disease; Immunity

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

1328 October 27,2021 | Volume13 | Issue10 |


https://www.f6publishing.com
https://dx.doi.org/10.4254/wjh.v13.i10.1328
http://orcid.org/0000-0002-1428-3609
http://orcid.org/0000-0002-1428-3609
http://orcid.org/0000-0002-1380-6180
http://orcid.org/0000-0002-1380-6180
http://orcid.org/0000-0002-5213-441X
http://orcid.org/0000-0002-5213-441X
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
mailto:silvana.briuglia@unime.it

quality classification
Grade A (Excellent): A
Grade B (Very good): B
Grade C (Good): 0
Grade D (Fair): 0
Grade E (Poor): 0

Received: February 24, 2021
Peer-review started: February 24,
2021

First decision: June 15, 2021
Revised: June 25, 2021

Accepted: September 6, 2021
Article in press: September 6, 2021
Published online: October 27, 2021

P-Reviewer: Pongcharoen S, Sipos
F

S-Editor: Gao CC

L-Editor: A

P-Editor: Li X

Jaishideng®

WJH | https://www.wjgnet.com

Capra AP et al. Autoimmune hepatitis in genetic syndromes

Core Tip: Autoimmunity is a relevant health problem, burdened by delay in diagnosis
and difficult therapeutic approach. Genetic syndromes often include autoimmune
diseases in their typically complex clinical picture. This review explores the
association between genetic syndromes and a specific autoimmune disease,
autoimmune hepatitis in order to understand if there are pathogenetic mechanisms
based on specific mutations, but also how much autoimmune hepatitis is frequent in
genetic syndromes. This systematic approach showed an interesting correlation
between these two important groups of diseases.
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INTRODUCTION

Rare genetic diseases are a topic of relevant importance for multi-organ complications
and complex clinical pictures. These conditions include a large amount of epidemi-
ological, pathogenetic and clinical features. The most of them have defined DNA
mutations, typical phenotypes and characteristic clinical courses. Auto-inflammatory
and autoimmune complications are described in several genetic syndromes. This
occurs more often when immunoregulatory genes are involved in the pathogenesis of
the disease.

The autoimmune hepatitis (AIH) is a complex immune-mediated and chronic liver
disease, caused by loss of tolerance to hepatocyte-specific autoantigens.

It is an autoimmune disease of unknown etiology. There is no clear evidence for a
hereditary etiology of this disease. Association studies of major histocompatibility
complex and other genes demonstrate an influence of immunogenetics[1].

The AIH have annual incidence ranges from 0.67 cases to 2.0 cases per 100000 and
annual prevalence ranges from 4.0 to 24.5 per 100000 people depending on the
geographical location[2]. Familial cases of AIH are reported to occur in only 1% of AIH
cases[3]. This observation suggests role of genetic predisposition. The pathophy-
siologic mechanisms of AIH are not fully understood. Both genetic predisposition and
an imbalance between effector and regulatory immunity are key pathologic factors for
disease development[1,2]. Due to an aggressive course of the disease, the diagnosis
must be made early and therapy with steroids and immunosuppressant drugs started
[1,4].

In 2015, we described a 6-year-old girl with Noonan syndrome (NS) and AIH type 1
[5]. Molecular analysis of PTPN11 gene showed heterozygous mutation ¢.923A>G
(Asn308Ser) in exon 8. This was the second case described in literature of association
between NS and AIH type 1. We supposed that it was not a causality and we thought
that autoimmunity represents a characteristic of NS, even if the etiopathogenesis is still
unknown.

Then in 2018, we published with Le Coz et al[6] two cases with ctla-4 haploinsuffi-
ciency, due to heterozygous microdeletions of chromosome 2q, complicated by
autoimmune manifestations. One of these patients had AIH. It is known that about
15% to 20% of patients with the autoimmune polyglandular syndrome type 1 (APS1),
also referred to as autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy (APECED), a rare disease with prevalence of 1-9:1000000, suffer from an
autoantibody-positive AIH, linked to mutations in the autoimmune regulator gene
(AIRE)[1,7].

In this review we report literature data of association between AIH and genetic
syndromes. Through a detailed and systematic analysis of the literature, we aim to
evaluate AIH as a possible complication in patients affected by a genetic syndrome.

We do a systematic review through the choice of the best current works and which
refer to the association between AIH and patients with genetic syndrome diagnosis.

The purpose of this work is to evaluate how many reports of genetic syndromes
have AIH as a complication and to suppose pathogenetic mechanisms related to the
causative mutation of the syndrome and the autoimmune or autoinflammatory
processes that may have the liver as a target organ. The correlation between AIH and
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genetic syndromes is still controversial and the cause and effect relationship is under
investigation in order to understand if it is a simple coincidence/co-occurrence.

When a genetic syndrome has the possibility of developing AIH, the monitoring of
this risk is a non-negligible aspect during the follow-up of these patients. AIH is a
severe complication, which can have an unfavorable outcome, even with the death of
the patient. Indeed, the untreated AIH has a very poor prognosis, with reported
survival rates of 50% and 10% at 5 and 10-years respectively[4]. We also investigate the
etiopathogenetic hypotheses related to the underlying genetic conditions. Besides, as
more is becoming understood, it is also clear that in some cases, there is important
overlap between genetic disease causation and the development of AIH.

Any classification is arbitrary and should be considered as a new proposal, as an
evolving classification. Here, we try to distinguish the influence of genetic factors in
causing AIH complication in a specific population, like patients with a genetic
syndrome. We present the state of the art, by reporting all the well described cases,
reported in literature.

The collection of clinical evidence could increase the knowledge in this field,
improving the management of rare syndromes and AIH, as possible complication with
high morbidity and mortality.

METHODOLOGY

We conducted a standard systematic literature review on PubMed, using the
combination of keywords: “autoimmune hepatitis”, “liver disease”, “genetic
syndrome”.

The application of these search terms aimed to cover most of the publication
regarding the description of the association of AIH and genetic syndromes.

We consider only those studies in which the above-mentioned terms are present,
alone or variously combined together, in the main text, in the title, in the abstract and
in MeSH terms. Since genetic syndromes are rare diseases, we have chosen both
previous reviews and case reports. We took in consideration all the scientific articles
reported in PubMed in the last 10 years, from 2010 to 2020. The search performed on
February 17%, 2021 retrieved 8094, if we use combination of “liver disease” and
“genetic syndrome” as keywords, while there are 139, if the combination used is
“autoimmune hepatitis” and “genetic syndrome”. The inclusion criteria include a clear
clinical diagnosis of AIH and genetic syndrome. We checked in each article the
congruence of the diagnosis of AIH with the recognized criteria and the confirmation
of the diagnosis of specific genetic syndrome with a proper genetic test. Of 139 articles,
30 are accessible, compatible with our inclusion criteria and are included in the
analysis. The exclusion criteria for the remaining 109 articles are in a language
different from English, regarding familiar but not syndromic cases and a not specific
diagnosis of ATH.

It has been paid attention to diagnostic criteria in diagnosis of AIH[1]. According to
the Ab profile, AIH can be divided into three subtypes: AIH type 1 by the presence of
antinuclear antibodies (ANA) and/or anti-smooth muscle antibodies (SMA); AIH type
2 by anti-liver-kidney microsomal autoantibodies (LKM-1) directed against
cytochrome P450 (CYP) 2D6; AIH type 3 by autoantibodies against a soluble liver
antigen (SLA/LP)[1,2].

The established specific diagnostic criteria and scoring systems of AIH include
analysis of autoantibodies (ANA, SMA, anti-LKM1, and anti SLA), immunoglobulin
(Ig) G, viral markers (IgM anti-HAV, HBsAg, HBV DNA, and HCV RNA) and
histological findings[1,2,8]. The diagnosis of syndromes condition is confirmed
through genetic tests, using a cytogenetic, cytogenomic or molecular approach.

RESULTS

From the 139 publications selected using keywords “autoimmune hepatitis” and
“genetic syndrome”, 30 papers (21.6%) respected the chosen inclusion criteria,
reporting the association between AIH in patients with a genetic syndrome.

From 2010 to 2020, the articles which have reported AIH as complication of a
genetic syndrome have a median of 1.7% of all scientific production on liver disease in
genetic syndromes, with a peak between 2014 and 2015 years of publication.
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There are many case reports (24/30) and some reviews (2/30) and few original or
research articles, cohort studies or clinical trials. Here, we considered the review which
described case reports, because of the rarity of diseases.

Most of the syndromes found are forms of immunodeficiency or immunodysregu-
lation, such as APS1, Immunodysregulation, Polyendocrinopathy, Enteropathy, X-
linked syndrome (IPEX), Immunodeficiency-centromeric instability-facial anomalies
syndrome, spondilocondrodisplasia (SPENCDI), X-linked agammaglobulinemia
(XLA), Shwachman-Diamond syndrome (SDS) and severe combined immunodefi-
ciency (SCID).

A new findings are the unbalanced genomic diseases, like Down syndrome, Smith-
Magenis syndrome (SMS), 22q13.3 deletion syndrome and 2q deletion syndrome.

Interesting is the presence of 2 articles about Wilson disease (WD), that is a disease
with primary hepatic involvement, describing 2 patients in which a form of
autoimmune liver disease is hypothesized.

Moreover, we found some very different syndromes in association with AIH: NS,
cutaneous amyloidosis, H syndrome, familial hemophagocytic lymphohistiocytosis
(FHL) with STXBP2 mutations, progressive familiar intrahepatic cholestasis type 3
(PFIC3) and sclerosis tuberous syndrome (TSC).

We have collected in all 47 patients, with variable age of AIH onset. We observed
median age of patients of 12.6-year-old and a high incidence (70.2%) of patients with
age < 12-year-old. The ratio of males to females is 40.4% to 55.3% respectively, with
female prevalence. The 30% of patients were died. We found also some publication
that includes pathogenetic hypothesis, which are reported and commented in the
discussion.

The articles and case reports are described in Tables 1-3.

DISCUSSION

AlIH is a relatively rare progressive chronic liver disease that mainly affects women
and is usually characterized by increased IgG levels, circulating autoantibodies and a
favorable response to immunosuppressive treatment[1,2,4]. The etiology of AIH is still
unknown and all the causes of chronic liver disease must be excluded in advance
before diagnosing AIH. The literature data exhibit that AIH can show up in any age of
both sexes and all ethnic groups, with peaks around puberty and between 4" and 6*
decades. The onset of AIH may be insidious, acute or chronic, and one third of patients
have already developed cirrhosis at the moment of diagnosis, suggesting a delay in
diagnosis[8]. The presence of other autoimmune or immune-mediated diseases is
frequent and an unusual form of AIH has been reported in 10%-18% of patients with
APECED, also known as APS1[7-9]. AIH develops in genetically predisposed
individuals, after exposure to triggering factors like microbes, viruses or drugs. When
the autoimmune attack against the liver starts, it continues through “molecular
mimicry” mechanisms, and is promoted by the diminished control of regulatory T-
cells[8].

The evidence of an hepatic CD4 and CD8 T cell and B cell infiltration confirms the
immune-mediated pathogenesis, related to defective regulatory mechanisms, antigen-
specific immunization, pro-inflammatory CD4 T cell and their cytokines profile. The
dysregulation of adaptive immune response has a pathogenetic role, due to the
production of autoantibodies and the persistence in the liver of autoreactive CD4 T
cells that maintain inflammation with a predominant secretion of tumor necrosis factor
(TNF), interferon-y (IFN-y), interleukin (IL)-21. Furthermore, T-reg cell are not able to
stop inflammation[10].

AIH is principally divided in type 1 (AIH-1) and type 2 (AIH-2), based on
autoantibodies. The authors confirm that there are many differences between two
types. AIH-2 is more frequent in children and young adults, has an acute or severe
course and treatment failure, with relapse after stopping treatment and need for long-
term treatment, compared to AIH-1[8,11,12]. A panel of experts, namely International
AIH Group (IAIHG), reported the descriptive criteria of AIH, updated periodically
[13]. Some AIH patients has clinical cholestatic presentation, that is known as primary
biliary cholangitis or primary sclerosing cholangitis (PSC). In 2001, Gregorio et al[14]
introduced the term “autoimmune sclerosing cholangitis” for the patients charac-
terized by lesions of both AIH and sclerosing cholangitis. This presentation was
named “overlap syndromes or variants of AIH” and its appearance was more frequent
in children. The authors suggested an investigation of the biliary tree in all children
with a diagnosis of AIH[8,15]. The IAIHG do not support the concept of “overlap
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Table 1 Group-1: Disease gene is one of immunoregulatory genes

. Number
Genetic . Age at . . . .
Inheritance Gene  Ref. of AIH Sex . . Nucleotide variant Protein variant Outcome
syndrome diagnosis
cases
APECED/APS1 AD, AR AIRE Meloni et al 6 F,F 3yr,6yr; c[415C>T];[415C>T] pI(R139X)[;[(R139X)]  Alive;
[17], 2017 F,F, 11yr,5yr; Alive;
F; 8yr; 12 yr Death;
M Death;
Alive;
Alive
Huibregtse et 1 F 10 yr ¢.[20_115de196];[967_979del13] p.[(?)];[(?)] Alive
al[7], 2014
Zaidi et al 2 M; 3yr;5yr NR NR Alive;
[18], 2017 M Death
IPEX XLR FOXP3 Lopez et al 1 M  4yr ¢.[748-750del AAG];[0] p-[(250Kdel)[;[(0)] Alive
[21], 2011
Baris et al 1 M  3yr c.[816+5G>A];[0] pLO)LI0)] Death
[22], 2014
Magg et al 1 M  3yr c.[816+2T>A];[0] pLOLI0)] Death
[23], 2018
Duclaux- 3 M, 4wk 4 ¢.[751_753delGAG]];[0]; p-[(E251del)[;[(0)]; Death;
Loras et al M, wk; 3wk  c[1157G>AJ;[0]; c.[227delT];[0] p.[(R386H)];[0]; Death;
[20], 2018 M p-[(L76Qfs*53)];[(0)] Alive
ICF2 AR ZBTB24 vonBernuth 1 F 3yr c.[1222T>G];[1222T>G] p-[(C408G)];[(C408G)]  Alive (not
et al[25], 2014 responding
to therapy)
ICF1 AR DNMT3B  Sterlin et al 1 M 5yr €.[2324C>T];[2324C>T] NR Alive
[24], 2016
SPENCDI AR APC5  Briggsetal 3 F,F;, 9y53yr;6 c[725A>G][725A>G]; p.[(H242R)[;[(H242R)]; Alive;
[26], 2016 F mo c.[389+1G>A];[389+1G>A]; pLOLI®) Alive;
c.[131C>T];[712T>C] p.[(T44M)[;[(C238R)]  Alive
SDS AR SBDS Veropalumbo 2 NR; 9 mo;12 ¢.[258+2T];[183-1847A>CT]; pIOLIOL pIOLI?)]  Alive;
et al[28], 2015 NR mo ¢.[258+2T>C];[183-184TA>CT] Alive
SCID AR CD3y Tokgozetal 1 F 12yr c.[TVS2-1G>C[;[IVS2-1G>C] pLOLI?)] Alive
[30], 2013

AIH: Autoimmune hepatitis; AD: Autosomal dominant; AR: Autosomal recessive; XLR: X-linked recessive; F: Female; M: Male; NR: Not reported; SDS:
Shwachman-Diamond syndrome; SCID: Severe combined immunodeficiency; SPENCDI: Spondilocondrodisplasia; ICF: Immunodeficiency, centromeric
instability and facial dysmorphism; IPEX: Immunodysregulation, Polyendocrinopathy, Enteropathy, X-linked syndrome; APECED: Autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy; APS1: Autoimmune polyglandular syndrome type 1.

syndromes” as new and distinct disorders[13].

We suspect that genetic syndromes with particular imbalance of immune response,
could represent a genetic predisposition to develop autoimmune disease, especially
AIH. Some genetic syndromes are known to have autoimmune complications, for
examples APS, IPEX syndrome and Down syndrome. Also in rare genomic imbalance
diseases could appear autoimmune complications.

We have found some case reports of patients with genetic syndrome complicated by
AIH. The main found syndromes are APS/APECED, IPEX syndrome, unbalanced
genomic syndromes, RASopathies.

We propose a classification system for genetic syndromes associated with AIH due
to genetics and etiopathogenesis aspects. There are three possible groups: group-1, that
includes genetic syndromes whose disease gene is one of immunoregulatory genes,
directly involved in AIH pathogenesis; group-2, that includes those syndromes in
which there is a polygenic involvement of immune-mediated risk and of AIH
pathogenesis; group-3, that includes those in which there is a possible association
related to the disease causative mutation, seems to be not directly involved in AIH
pathogenesis. For the last group, we try to propose some possible pathogenesis
mechanism in ATH development.
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Table 2 Group-2: Polygenic involvement of inmune-mediated risk (unbalanced genomic disease)

Genetic . Chromosomal Number of Age at Deletion breakpoints [build
Inheritance . Ref. Sex . Outcome

syndrome region AlH cases diagnosis  GRCh37/hg19]

Down 1C - Ravel et al 1 M 29yr - Death

syndrome [32], 2020

SMS AD, IC dell7p11.2 Yang et al 1 F 24 yr chr17: 16,660,721-20,417,975 dn Alive
[36], 2014

PHMDS AD del22q13.31-qter Bartschetal 1 F 3yr - Alive
[37], 2010

del2q IC del2q33.1-q34 Le Cozetal 1 F 12yr chr2:197,942,576-209,522,220 dn Alive
[6], 2018

ATH: Autoimmune hepatitis; IC: Isolated cases; AD: Autosomal dominant; F: Female; M: Male; SMS: Smith-Magenis syndrome.
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Group-1 genetic syndromes includes

Autoimmune polyendocrinopathy syndromes: The term APS refers to a group of rare
endocrine diseases characterized by autoimmune activity against more than one
endocrine organ, with possible additional involvement of non-endocrine organs.
Autoimmunity is typically directed against different target antigens in different
tissues. The two more common autoimmune polyendocrine syndromes, APS type 1
and type 2, have a strong genetic background and have Addison’s disease as a major
feature. The group furthermore includes APS type 3 and type 4.

The APS type 1 is a rare recessive autosomal disease, also named APECED
syndrome (OMIM 240300), and related to AIRE gene mutations. Because of a founder
effect, APECED is particularly prevalent in Finland (1:25000) but is observed
worldwide with variable prevalence[15]. Diagnosis is classically based on presence of
at least two out of three “majors” criterions of Whitaker’s triad (chronic mucocu-
taneous candidiasis, autoimmune hypoparathyroidism and adrenal insufficiency or
Addison disease). AIRE gene (21q22.3), coding for the AIRE transcription factor, is
involved in immune tolerance mechanisms and contributes to the negative selection of
autoreactive T lymphocytes in the thymus, lymph nodes and spleen. AIH and hepatitis
as an APECED component may be distinguished on the basis of a different
autoantibody profile. The anti-LM antibodies are specific of AIH, which develops in
individuals with APECED.

The major target autoantigen of anti-LM antibodies has been documented as the
CYP1A2[8,12,14]. In the considered period, we have found four papers reporting in all
six patients with APECED syndrome and AIH, that is non-endocrine complication[7,
16-18].

The girl described by Huibregtse et al[7] had homozygous 967-979del13bp mutation.
Meloni et al[17] described a longitudinal cohort study in which AIH was seen in 27%
of their APS1 Sardinian patients. There are five female patients with a median age of
6.5-year-old and one male of 12-year-old. The course of AIH varied from chronic
moderate/severe hepatitis to fatal forms (in two Sardinian and one Indian children)
[17,18].

They noted predominance in females, presence in all AIH patients of R139X
homozygotes and HLA-DRB1*0301-DQB1+*0201 combination plus LKM autoantibodies
(anti-CYP1A2), onset in infancy/childhood, a hitherto unreported predilection for
hepatitis and that AIH can be the initial manifestation of APS1. Then they concluded
that the role of HLA, in addition to the R139X AIRE variant, could influence the APS1
phenotype. Therapy for severe AIH consisted of oral prednisone, tapered off in about
6 mo, and azathioprine, that was continued for years.

In the review of Gatselis et al[8], published in 2015, the AIH associated with
APECED is considered a component of this syndrome, that the authors described as a
third type of AIH, because of the presence of characteristic autoantibodies, such as
ANA, anti-LC, anti-LKM, anti-LM.

This review is not included in our listed papers, because of the lack of the
established inclusion criteria, but it was interesting for improvement of information
about this syndrome. In 2016, Sorkina et al[19] described an interesting 4-year-old
patient with AIRE mutation and AIH, but their diagnosed criteria are not reported; for
this reason we exclude the paper in this review. The authors concluded that regular
screening for autoantibodies can help identify higher risk for development of AIH.
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Table 3 Group-3: Association not directly related to the disease causative mutation

. Number
Genetic . Age at . . . .
Inheritance Gene  Ref. of AIH  Sex . Nucleotide variant Protein variant Outcome
syndrome diagnosis
cases
NS AD PTPN11  Quaio et al 1 M 19 yr c.[836 A>G];[=] p-[(Y279C)];[(=)] Alive
[38], 2012
Loddoetal[5], 1 F 6yr c.[923A>G];[=] p-[IN308S);[(=)] Alive
2015
WD AR ATP7B Ganesh et al 1 M 6yr c.[2906G>A];[2906G>A]  p.[(R969Q);[(R969Q)]  Alive
[40], 2017
Santos et al 1 F 25 yr N.R. N.R. Alive
[41], 2019
H AR SLC29A3 Bloom et al 1 M 17 mo ¢.[1087C>T];[1087C>T] p-[(R363W)[;[(R363W)]  Alive
syndrome [42], 2017
FHL5 AR STXBP2  Esmaeilzadeh 1 M 7yr c.[1247-1G>C];[1247- pLOLI?)] Death
et al[43], 2015 1G>C]
TSC AD TSC1 DiMarcoetal 1 F 47 yr c.[682C>T];[=] p-[(R228%)[;[(=)] Alive
[44], 2017
SCD AR HBB Jitraruchetal 7 E 5yr; 16 yr;  c.[20A>T][;[20A>T] p.[(E7V)I(E7V)] Alive;
[45], 2017 M; 13 yr; 13 yr; Alive;
M; 8yr; 8yr; 3 Death;
EF yr Alive;
F; F Alive;
Alive;
Death
Zellos et al 1 F 25yr c.[20A>T];[20A>T] p-LE7V)[(E7V)] Death
[46], 2010
Hurtovaetal 1 F 54 yr c.[20A>T];[20A>T] p-LE7V)LI(E7V)] Death
[47], 2011
GD AR GBA Aytoetal[48], 1 F 51yr c.[1226A>GJ;[115+1G>A]  p.[(N409S)];[(?)] Death
2010
PLCA AD = Gonzalez- 1 M 36 yr NR NR Alive
Moreno et al
[50], 2015
Yan and Jin 1 F 50 yr NR N.R. Alive
[49]
PFIC3 AR ABCB4  Oliveiractal 1 M 22yr C[874ASTL[3680T>C]  p.[(K292#);[(11227T)]  Alive
[51], 2017

AIH: Autoimmune hepatitis; AD: Autosomal dominant; AR: Autosomal recessive; F: Female; M: Male; NR: Not reported; NS: Noonan syndrome; WD:
Wilson disease; FHL: Familial hemophagocytic lymphohistiocytosis; TSC: Tuberous syndrome; SCD: Sickle cell disease; GD: Gaucher disease; PLCA:
Primary cutaneous amyloidosis; PFIC3: Progressive familiar intrahepatic cholestasis type 3.

IPEX syndrome: The IPEX syndrome (OMIM 304790) is a rare X-linked recessive life-
threatening disorder characterized by autoimmunity and early death. The causative
gene is FOXP3. We report four papers and six patients with IPEX syndrome and AIH
[20-23]. These patients were hemizygote males of median age of 1.7-year-old. In 2018,
Duclaux-Loras R et al[20] reported 14% of AIH in a cohort of French IPEX patients.
Among these, three patients had AIH with early onset in the first months of life and
two died at 8 and 7 mo. In IPEX syndrome the course of AIH is very severe.

Immunodeficiency, centromeric instability and facial dysmorphism syndromes: The
immunodeficiency, centromeric instability and facial dysmorphism (ICF) syndrome
(OMIM 242860) is a rare autosomal recessive immunodeficiency, that involves
agammaglobulinemia or hypoglobulinemia with B cells, centromere-adjacent
instability of chromosomes 1 and/or 16 (and sometimes 9) in mitogen-stimulated
lymphocytes, with facial anomalies and psychomotor delay. Approximately 50
patients have been reported.

It is distinguished in ICF1 correlate to DNMT3B gene mutations and ICF2 due to
ZBTB24 gene, ICF3 caused by mutation in the CDCA7 gene and ICF4 caused by
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mutation in the HELLS gene. There are two papers which described two patients, one
male and one female, with 5 and 3-year-old respectively, affected by ICF1 and ICF2
with AIH[24,25].

Spondyloenchondrodysplasia with immune dysregulation: SPENCDI (OMIM
607944) is a very rare autosomal recessive genetic skeletal dysplasia, that may have a
heterogeneous clinical spectrum with neurological involvement or autoimmune
manifestations. The prevalence is < 1.1000000 and onset is in childhood. In all, we
found four patients who have AIH and SPENCDI. In the original article of Briggs et al
[26], three female patients of 9-year-old, 3-year-old and 6-mo-old have been AIH and
SPENCD], confirmed by homozygous variants in APC5 gene.

In an abstract in Chinese language, for this not included in Table 1, the authors
reported a case of a 12-year-old girl with type IIAIH, associated with systemic lupus
erythematosus (SLE), treated with methylprednisolone and immunosuppressants,
with improvement. Gene sequencing was performed, revealing a compound hetero-
zygous mutations in ACP5 gene. The same paper showed a review of 25 articles (1
Chinese, 24 English) with 74 SPENCDI patients (92%) with autoimmune diseases.
They concluded for a strong predisposition to these complications in SPENCDI[27].

SDS: SDS (OMIM 260400) is a rare autosomal recessive multisystemic syndrome
characterized by chronic and usually mild neutropenia, pancreatic exocrine insuffi-
ciency, caused by mutations in the SBDS gene. It might be hepatomegaly and liver

abnormalities. We found an article which described two patients with SDS and AIH
[28].

Immunodeficiency: The primary immunodeficiency disorders are a rare hetero-
geneous group of inherited defects characterized by poor or absent function in one or
more components of the immune system. The estimated prevalence of these disorders
in the United States is approximately 1:1200 live births[29]. The clinical presentation
involves increased susceptibility to infection, chronic diarrhea, failure to thrive, severe
and recurrent infections with opportunistic pathogens.

In SCID there is a lack of functional T cells and immune function. We found an
article reporting one of two siblings, 12 year-old girl, with SCID, due to homozygous
splicing mutation (IVS2-1G>C) in the CD3y gene and AIH[30]. About immunodefi-
ciency syndromes, we want to cite one article, excluded for language, which describe a

very rare case of a girl of 18-month-old with chronic granulomatous disease and AIH
[31].

Group-2 includes

Down syndrome: Trisomy of chromosome 21 (OMIM 190685) is characterized by
cognitive impairment, cardiac and gastrointestinal abnormalities and immunodefi-
ciency.

Relevant is also the incidence of autoimmune diseases. Our research found a review
in which only two cases with Down syndrome were associated to autoimmune chronic
active hepatitis and autoimmune PSC[32]. Because the case reported have been
excluded for publication over the years, we evaluated the aforementioned review,
which is the only publication in the period considered, that referred to cases of AIH
and Down syndrome. The first case was a 29-year-old male, reported by McCulloch et
al[33] in 1982 while the second was a 21-year-old male with autoimmune PSC by
Mehta et al[34], in 1995. In 1990, another case of a 12-year-old child is described with
Down syndrome and AIH[35]. Considering the known risk of autoimmune complic-
ations in Down syndrome, we thought we would find more cases of AIH. On the
contrary, literature data showed many cases of viral hepatitis occurring in Down
syndrome, due to immunodeficiency condition.

Other unbalanced genomic diseases: They are rare genetic syndromes caused by
deletion and/or duplication of chromosomes. The correlation of symptoms is variable
of cognitive deficit and multiorgan involvement. Monosomy and trisomy for different
regions in chromosomes account for about 1% of cases of developmental delay and
intellectual disability. Some of them are noted to have immunodeficiency and
immune-mediated complications. In our review, we found description of a 24-year-old
woman with AIH and SMS (OMIM 182290), due to a 17p11.2 deletions (16,660,721-
20,417,975, GRCh37/hg19)[36], another 3-year-old girl patient with 22q13.3 deletion
syndrome (Phelan-McDermid syndrome) (OMIM 606232)[37], finally a 12-year-old girl
with de novo heterozygous 11.6 Mb chromosome 2q33.1-q34 deletion (197,942,576~
209,522,220, GRCh37/hg19)[37].

WJH | https://www.wjgnet.com 1335 October 27,2021 | Volume13 | Issue10 |



Capra AP ef al. Autoimmune hepatitis in genetic syndromes

Jaishideng®

We think that AIH is due to haploinsufficiency of key genes located in the deleted
region. Lymphocyte-specific member of the TNF receptor superfamily (TACI gene)
located within the SMS region, plays a crucial role in humoral immunity. So we might
speculate that TACI haploinsufficiency, in this condition, could cause hyperactive B
cells and increased capacity for antigen-specific antibody production. In similar
manner, the loss of one copy in one or more of the 55 genes, from NUP50 to RABL2B,
in 22q13.3 region in Phelan-McDermid syndrome; and of the CD28/CTLA4/ICOS gene
cluster in 2q33.1-q34 deletion, similar to ALPS5 due to CTLA4 haploinsuffiency, would
be predisposing AIH. In this case, probably the deletion of the CD28/CTLA4/ICOS gene
cluster induced a multi-organ inflammation and exhibited a Treg suppressive defect.

Group-3 includes

NS/RASopathies: NS (OMIM 163950) is characterized by short stature, typical facial
dysmorphology and congenital heart defects. The incidence of NS is estimated to be
between 1:1000 and 1:2500 live births. The syndrome is transmitted as an autosomal
dominant trait. In more than 50% of patients with NS, mutations in the Protein
Tyrosine Phosphatase Non-Receptor Type 11 (PTPN11) gene are identified.

We found two patients with the association of NS and AIH. In 2012, Quaio et al[38]
published the first case of patient with AIH and NS. Another case is a 6 year-old girl,
that we reported in 2015, with heterozygous mutation c.923A>G (Asn308Ser) in exon 8
of PTPN11 gene[5]. Autoimmune diseases and autoantibodies were frequently present
in patients with RASopathies, even if the etiopathogenesis is still unknown.

The PTPN11 are clustered in the interacting portions of the amino N-SH2 (Src
homology 2) domain and the phosphotyrosine phosphatase (PTP) domains, which are
involved in switching the protein between its inactive and active conformations.
Missense mutation causes a gain-of-function changes resulting in excessive SHP2
activity, that underlie the pathogenesis of NS. We hypothesize that SHP2 modulates
ERK/MAPK pathway and its involvement in cytokine/inflammatory signaling. In an
interesting article published in 2016, it was highlighted that inhibition of SHP2 activity
blocks T cell proliferation, leading to decreased IFN-y and IL-17 Levels, ultimately
normalizing SLE associated pathogenicity in target tissues. These data suggest SHP2
activity is integrally involved in SLE and that its normalization may be a potent and
targeted therapy for treatment of patients with SLE[39].

WD: In our research on PubMed, we found two articles about ATH and WD[40,41],
that is a disorder of copper metabolism (OMIM 277900). The diagnosis is established
by a combination of low serum copper and ceruloplasmin concentrations, increased
urinary copper excretion and detection of biallelic ATP7B pathogenic variants by
molecular genetic testing. The manifestations include neurologic, psychiatric or liver
diseases. These include recurrent jaundice, simple acute self-limited hepatitis-like
illness, autoimmune-type hepatitis, fulminant hepatic failure, or chronic liver disease.
The AIH in WD patients responds well to chelation therapy with D-penicillamine.
There were reported a 6-year-old boy and a 25-year-old female patients, presented
with clinical symptoms suggestive of AIH, with a mutation in ATP7B gene, confirming
the diagnosis of WD. In patients who showed chronic hepatopathy resembling AIH,
the differential diagnosis with WD is mandatory, because resolving the dilemma
allows the clinician to prescribe the appropriate therapy.

H syndrome: H Syndrome (OMIM 612391) is an autosomal recessive disorder charac-
terized by cutaneous hyperpigmentation, hypertrichosis and induration with
numerous systemic manifestations. The syndrome is caused by homozygous or
compound heterozygous mutations in SLC29A3 a gene on chromosome 10q22 that
encodes a nucleoside transporter (hENT3). There is one case report that described a 17
mo-old male with mild to moderate autoimmune chronic active hepatitis, confirmed
with biopsy and treated with prednisone and immunosuppressor[42].

FHL: In 2015, Esmaeilzadeh et al[43] described a patient with FHL5 (OMIM 613101)
caused by STXBP2 gene mutation presenting with AIH. This syndrome is a rare
disorder characterized by immune dysregulation, defective function of natural killer
cell, proliferation and infiltration of hyperactivated macrophages and T-lymphocytes,
cytopenia and hepatosplenomegaly. It was the first description of AIH.

Tuberous sclerosis complex: TSC (OMIM 191100) is a rare autosomal-dominant
neurocutaneous disorder, with prevalence of 1:6000, characterized by multisystem
hamartomas and benign tumors developing. This condition is caused by heterozygous
loss-of-function mutations in the TSC1 or TSC2 tumor suppressor genes coding for
hamartin and tuberin, respectively.
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We found an article about a 47 year-old woman, affected by TSC, with a mutation
identified in the TSCI gene [c.682C>T (p.Arg228%)] and lymphangioleiomyomatosis,
sarcoidosis, primary biliary cirrhosis and AIH[44]. This was the first report of this
coexistence, and we might speculate that this is related with the dysregulation of the
pathway involving mTOR and MAPK and their interaction.

In literature, PI3K/AKT/mTOR signaling has been implicated in SLE pathogenesis.
Its activity is increased in SLE mice models as well as in human lupus patients. The
expression of this signaling pathway exists broadly in immune cells, including T cells,
B cells, monocytes, macrophages, neutrophils and dendritic cells[39].

Sickle cell disease: It is a chronic hemolytic disease (OMIM 603903) that may induce
acute accidents, like severe anemia, bacterial infections, and ischemic vaso-occlusive
accidents caused by sickle-shaped red blood cells obstructing small blood vessels and
capillaries. The patients have beta globin variant (Hb S). Our PubMed research found
three articles.

In 2017, a retrospective review reported 7 patients of median age of 9 years with
sickle cell disease (SCD) and AIH. The patients were treated with standard
immunosuppressive therapy[45]. Previous case reports described two patients with
SCD and AIH[46,47].

The occurrence of AIH may be due to a complex interaction with the underlying
liver disease in altered immunoregulatory mechanisms. AIH is common in patients
with SCD and they respond satisfactorily to immunosuppressive treatment. The
authors reported how liver biopsy may be helpful in confirming the diagnosis and to
exclude acute vaso-occlusive sickling episodes[45].

Gaucher disease type 1: It is the chronic non-neurological form of Gaucher disease
autosomal recessive (OMIM 230800), characterized by prevalence of 1:100000 organo-
megaly, bone involvement and cytopenia, caused by a mutation in the GBA gene. The
hepatomegaly (80% of cases) in rare cases can progress towards fibrosis followed by
cirrhosis. We found an article, who described one gaucher disease type 1 patient with
autoimmune chronic active hepatitis[48].

Primary cutaneous amyloidosis: It refers to a variety of skin diseases characterized by
the extracellular accumulation of amyloid. They have genetic heterogeneity and may
be caused: Primary cutaneous amyloidosis (PLCA)-1 by heterozygous mutation in the
gene encoding oncostatin-M-receptor-beta (OSMR) (OMIM 105250), PLCA-2 by
heterozygous mutation in the IL31RA gene (OMIM 613955), PLCA-3 by mutation in
the GPNMB gene (OMIM 617920). There were two case reports which described one
patient each other, a 36 year-old male and a 50 year-old female, with PLCA and AIH
[49,50]. These reports in the literature have been associated to autoimmune disorders,
which suggests the possibility of a common underlying immune-mediated me-
chanism.

PFIC3: The PFIC3 is a heterogeneous group of autosomal recessive liver disorders
(OMIM 602347), with childhood predominance, which causes cholestasis of hepato-
cellular, caused by a genetic defect in the ABCB4 gene. In literature there is the first
interesting association of PFIC3 and AIH type 1[51]. It regards a 22 year-old patient
with diagnosis of PFIC3 caused by an allele with a previously described mutation and
a new genetic variant (c.3680T>C; p.lle1227Thr), transmitted by his mother, which is
associated with AIH. The authors reported the importance of genetic testing of the
ABCB4 gene in patients with autoimmune liver disease with incomplete response to
immunosuppressive treatment.

CONCLUSION

In this review, we performed a research of literature, during the last 10 years, from
2010 to 2020, to collect all clinical cases reporting the association between AIH and
genetic syndromes. We observed that AIH is a frequent complication of group-1
syndrome, that includes disease whose causative gene have a role in immunoregu-
lation. AIH is more rarely present in other group of genetic syndromes. If we consider
a single disease, the number of articles is very limited, but we suppose that this could
be related to rarity of genetic syndrome.

We hypothesize that AIH and genetic syndromes are combination of rare
manifestation. Over the last decade, the attention of AIH diagnosis is increased and
there is evidence that many triggers are involved for AIH pathogenesis, such as
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familiarity, genetic predisposition, drug and infections. This paper suggests that
genetic syndromes, as observed in the reported clinical cases, are a trigger for AIH,
whose pathogenetic mechanism could be specific for each other, also related to genetic
factors.

Genetic syndromes could contribute to the risk of developing AIH with a primitive
gene mutation that compromises an immune response. For examples, it is
demonstrated role of some gene products such as, FOXP3, ICOS, TIGIT, CTLA4, in
pro-inflammatory/ pro-B helper profile[10].

We suggest that the association between AIH and genetic syndrome might be not
casual and claim that there might be an etiopathogenetic correlation between the
causative genetic mutation and the immune imbalance, that is expressed as AIH.
Considering that we have dealt with rare diseases and sometimes very rare, having
found 34 articles in 10 years, we think there are not a few. On the other hand, it is fair
to observe that when the clinical cases described are few, it is difficult to exclude that it
is a coincidence. Much attention should be paid by clinicians to AIH diagnosis, with
periodical autoantibody detection and identification of ATH manifestations and
interpretation of liver autoimmune serology, to minimize the problem of underes-
timation of AIH diagnosis. Moreover, we underly the severity of AIH complication
and in these cases the time of diagnosis should be crucial in order to start, as soon as
possible, an appropriate therapy.

We suggest that when a patient presents a clinical picture of cryptogenic chronic
hepatitis, that is unexplained, it is useful to explore differential diagnosis of AIH
associated with genetic syndrome. Given the clinical relevance of this topic, further
reports are needed to demonstrate our hypothesis and collect new evidence in this
field.
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Abstract

Critically ill cirrhotic patients have high in-hospital mortality and utilize
significant health care resources as a consequence of the need for multiorgan
support. Despite this fact, their mortality has decreased in recent decades due to
improved care of critically ill patients. Acute-on-chronic liver failure (ACLEF),
sepsis and elevated hepatic scores are associated with increased mortality in this
population, especially among those not eligible for liver transplantation. No score
is superior to another in the prognostic assessment of these patients, and both
liver-specific and intensive care unit-specific scores have satisfactory predictive
accuracy. The sequential assessment of the scores, especially the Sequential Organ
Failure Assessment (SOFA) and Chronic Liver Failure Consortium (CLIF)-SOFA
scores, may be useful as an auxiliary tool in the decision-making process
regarding the benefits of maintaining supportive therapies in this population. A
CLIF-ACLF > 70 at admission or at day 3 was associated with a poor prognosis, as
well as SOFA score > 19 at baseline or increasing SOFA score > 72. Additional
studies addressing the prognostic assessment of these patients are necessary.

Key Words: Cirrhosis; Extrahepatic organ failure; Organ replacement therapy; Mortality;
Prognostic scores; Chronic Liver Failure Consortium-Sequential Organ Failure Assess-
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Core Tip: Assessing the potential benefits of maintaining or suspending supportive
therapies for cirrhotic patients who are not eligible for liver transplantation is a major
challenge at the bedside, especially in those admitted to general intensive care units
(ICUs). In this article, we identify the main causes of ICU admission, analyze the main
factors associated with prognosis, and provide a tool to assist the decision-making
process.
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INTRODUCTION

Liver cirrhosis (LC) accounts for more than 7000 deaths per year in France and more
than 25000 deaths per year in the United States[1]. The World Health Organization
recently estimated that cirrhosis is the 12" leading cause of mortality in the world,
with alcohol, hepatitis B virus and hepatitis C virus being the main causes of cirrhosis
[2,3]. Cirrhotic patients account for 2.3% and 4.5% of all intensive care units (ICUs)
admissions[1], and their mortality is traditionally high-approximately 34% to 69%
depending on the reason for admission[2]. The increased effectiveness of supportive
treatments and the spread of liver transplantation programs have improved the
prognosis of these patients[1,4-6]. Nonetheless, the prognosis of cirrhotic patients
admitted to the ICU remains poor[7], especially among those admitted to the general
ICU who are ineligible for transplantation. The prognosis is determined by the extent
of hepatic and extrahepatic organ dysfunction[8]. The occurrence of three or more
organ failures in cirrhotic patients has an almost certain fatal outcome[6,9]. For ethical
reasons and due to limited resources, physicians need to be able to quickly identify
cases that benefit from aggressive treatment and ICU admission, discriminating good
candidates for ICUs from those for whom the prognosis is poor despite strong
therapeutic interventions.

CIRRHOTIC PATIENTS ADMITTED TO THE ICU - AN OVERVIEW

Hemodynamic changes in patients with cirrhosis, linked to sodium retention, the
development of ascites, and alterations in systemic and splanchnic hemodynamics and
coagulation, are linked to systemic impairments in organ function, especially
cardiomyopathy and renal dysfunction in this population[10]. A systemic inflam-
matory response has been observed in these patients, with complex immune
dysfunction that increases the complexity of treatment and mortality in comparison
with the general population[6,11]. High-grade hepatic encephalopathy (HE), septic
shock, acute-on-chronic liver failure (ACLF), variceal bleeding, the need for
mechanical ventilation and acute kidney injury (AKI) are clinical decompensations
that most commonly motivate admission to the ICU[6].

Sepsis and septic shock

Infections are among the main reasons for admission of these patients to the ICU, as
30%-50% of patients with cirrhosis either present with infection during admission or
develop infection during hospitalization[2,12]. Sepsis is a consequence of the host
response to infection[13] and it is characterized by the release of pro- and anti-inflam-
matory cytokines and pro- and anti-coagulant substances in response to pathogens
[14]. Several studies have highlighted the major influence of cirrhosis on the suscept-
ibility to severe bacterial infections, with higher in-hospital mortality rates as a result
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of septic shock in cirrhotic relative to noncirrhotic patients (71% vs 49%, respectively)
[15,16]. Cirrhotic patients have an altered defense against bacteria associated with
reduced bacterial clearance. This immune defect facilitates bacterial translocation
induced by the increased intestinal permeability and gut bacterial overgrowth
observed in cirrhosis[17]. Sepsis leads to the production of various inflammatory
mediators that are increased in cirrhotic patients compared to noncirrhotic septic
patients[6]. This state leads to complex organ alterations that often lead to the
development of extrahepatic organ dysfunction, including HE and renal, respiratory,
and circulatory failure during sepsis, a syndrome referred to as ACLF, which is also
associated with a deterioration in hepatic function[18]. Commonly encountered
infections in cirrhosis include spontaneous bacterial peritonitis, pneumonia, urinary
tract infection, and cellulitis[19]. Sepsis is more common in cirrhotic than in noncir-
rhotic ICU patients, and it is also associated with a higher mortality rate[15]. Variables
associated with mortality in septic cirrhotic patients are the presence of more than one
site of infection, Child C status and elevated Model for End-stage Liver Disease
(MELD) score[12].

Variceal bleeding

Cirrhotic patients with variceal bleeding are usually transferred to the ICU for
hemodynamic stabilization. The fate of variceal bleeding in cirrhotic patients has
changed over the last two decades[14]. Overall hospital mortality decreased from 42%
in 1980 to 14% in 2000[20]. ICU admissions for variceal bleeding fell significantly in the
last decade and were associated with a decrease in mortality over time[21]. Although
overall mortality rates have decreased in cirrhotic patients with variceal bleeding, it is
still high in the first 6 wk after the initial episode, and could exceed 30% in those with
more severe disease and in those with multiorgan failure[5,6,22]. Rebleeding occurs in
up to 20% of patients during the first 6 wk, and in this case, the mortality rate can
exceed 50%. Patients with Child C or MELD 2 18, portal vein thrombosis, bacterial
infections, and renal failure have a high likelihood of recurrence or death[6].

AKI

Cirrhosis-associated AKI is usually multifactorial and commonly involves bacterial
infections, hypovolemia (secondary to overdiuresis, hemorrhagic shock, large-volume
paracentesis or diarrhea), drug-induced nephrotoxicity, parenchymal renal disease
and, in the absence of these causes, hepatorenal syndrome (HRS)[5,23]. With a yearly
rate of 8%-12%, HRS-AKI is quite common in decompensated cirrhosis with ascites[10,
23]. In hospitalized patients, it is approximately 25% and it increases up to 40%-60% in
those admitted to the ICUJ[14,24]. AKI is associated with a poor prognosis and

represents an important predictor for short-term mortality in patients with cirrhosis
[25].

Encephalopathy

HE is a brain dysfunction caused by liver failure and/or portosystemic shunts and it
manifests as a wide spectrum of neurological and/or psychiatric abnormalities[26].
Approximately 30%-40% of patients with cirrhosis present with an episode of HE at
some time of their illness, with a poor prognosis and a mortality increase of 50%
within 1 year after the episode of HE[6]. Patients with more severe grades (grade III-
IV) could require admission to the ICU and orotracheal intubation and eventually

prolonged MV, variables that are associated with increased mortality in this scenario
[27,28].

Short and long-term mortality in ICU-cirrhotic patients

Short-term mortality in ICU-cirrhotic patients ranges from 42% in the ICU to 54%
during hospitalization[29]. There is variability between different studies due to
different selection criteria for patient admission between centers, differences between
therapeutic strategies (including liver transplantation) and the low number of patients
studied in each cohort in this short period of time[30]. During the ICU stay, prolonged
MYV is an important prognostic marker for ICU mortality[28]. Among the long-term
mortality data for cirrhotic patients, there is high in-hospital mortality with reduced
survival rates at 6 mo and 1 year. Thus, the one-year survival rate was 32% among
patients alive at discharge from the ICU[9]. In another large study of short- and long-
term survival, we found a comparable reduction in survival, with 8%-21% patients
dying shortly after ICU discharge. In the ICU, 28-d, 3-, 6-mo, and 1-year mortality rates
were 47%, 53% (116/218), 66%, 74%, and 77%, respectively[7]. The Glasgow coma
scale, mean arterial pressure, bilirubin, and albumin determined on admission to the
ICU have independent prognostic significance for assessing 6-month mortality. Severe
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sepsis had the strongest association with increased 6-month mortality among the
primary ICU admission reasons[29].

PROGNOSTIC SCORES IN CIRRHOTIC PATIENTS ADMITTED TO THE ICU

Liver cirrhosis is characterized by a long phase of compensated disease until the first
episode of decompensation occurs. The time elapsed until such an event is variable
and unpredictable; however, it marks a change in the progression of the liver disease
[30]. Upon acute decompensation, some of these patients develop organ failure and
need to be admitted to the ICU for optimal treatment. Historically, the in-hospital
mortality rates of these patients are very high, promoting the idea that admitting them
to the ICU would be a futile measure[22]. More current series show that the hospital
mortality of these patients is quite heterogeneous, reflecting the varying degrees of
hepatic involvement that these patients may present on admission to the ICU, as well
as their different reasons for admission to the ICU[31].

Even so, the nonnegligible mortality rates of critically ill patients with liver
cirrhosis, associated with scarce and expensive intensive care resources, make the
indication of ICU admission of this population a matter of debate. Prognostic scores
are helpful in this decision-making, aiming at therapeutic proportionality at the
individual level and an adequate allocation of resources at the institutional level. The
prognostic scores can be specific to each pathology. In the case of liver cirrhosis, we
can mention Child-Pugh (CP), the MELD, and the Chronic Liver Failure-Consortium
ACLF (CLIF-ACLF) score, for example, or assessments common to all patients
admitted to the ICU, such as the Sequential Organ Failure Assessment (SOFA) score
and the Acute Physiology and Chronic Health Evaluation II (APACHE II) score. These
scores can be performed immediately upon admission to the ICU (first 24 h) or during
the first days of hospitalization, leading to an evolutionary assessment over this short
period of time. We can also evaluate the prognosis of decompensated liver cirrhosis
taking into account the number of organic disorders at its presentation. The most
relevant studies regarding prognostic scores are summarized in Table 1.

General ICU scores have been frequently used in the evaluation of cirrhotic patients.
However, these scores do not include the complexity of chronic liver disease,
including the heterogeneity of its clinical stages and possible etiologies, thus imposing
caution in the use of these tools. On the other hand, CP and MELD incorporate limited
information about extrahepatic organic dysfunction. Next, the main scores will be
discussed, as well as comparisons of their performances.

HEPATIC-SPECIFIC SCORES

CP and MELD

The chronic liver disease severity score described by Child in 1964 and modified by
Pugh in 1973 was used to describe the prognosis of patients undergoing surgical
ligation of esophageal varices, demonstrating that patients with less perioperative liver
dysfunction had lower mortality in six months[32]. It is currently used to assess the
severity of chronic liver disease. The MELD score was described to predict mortality at
3 mo in patients electively submitted to the placement of portosystemic shunts[33] and
later used to prioritize patients listed for liver transplantation because it proved to be a
reliable mortality risk index[34].

Specific scores for cirrhosis, such as CP and MELD, seem ideal for prognosis in
cirrhotic patients with slow decompensation but do not perform well in those with
acute decompensation accompanied by multiple organ and system dysfunction
(DMOS). DMOS is a clinical condition where there are multiple acute systemic failures
(renal, circulatory, neurologic, hematological, pulmonary, hepatic) associated with an
initial injury, most commonly sepsis, trauma or shock[35,36]. They show moderate
results[37], with the MELD score showing slightly better results than the CP[3]. The
MELD score has reasonable discriminatory power (AUROC = 0.81) in predicting
mortality in cirrhotic patients admitted to the ICU, approaching the SOFA score
(AUROC = 0.83)[31].

Variations of MELD: MELD-sodium

Dilutional hyponatremia is common in patients with advanced cirrhosis, and the
inclusion of natremia in the MELD score has been suggested to increase its prognostic
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Table 1 Accuracy of prognostic scores in intensive care units cirrhotic patients

Ref.

Year n

ICU/hospital mortality APACHEIl SAPSII SOFA CP MELD MELD-Na RFH CLIF-SOFA

Cholongitas et al[31], 2006 2006

Das et al[41], 2010 2010

Levesque et al[42], 2012 2012

Cholongitas et al[44], 2008 2012

Emerson et al[45], 2014 2014

Campbell et al[46], 2015 2015

McPhail et al[51], 2015 2015

312

138

377

412

59

115

971

65% 0.78 0.83 0.72 081 0.83

54% 0.78 0.84 0.76 0.77 0.75

43% 0.89 0.92 0.79 0.82 0.79

61% 0.74 0.85 0.67 0.80 0.75

48% 0.72 0.76 0.70 0.74 0.75

46% 0.71 0.71 0.68 0.70 0.77 0.74

52% 0.76 0.78 0.79 0.78 0.81

ICU: Intensive care units.
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capacity for mortality, with greater importance when the MELD scores are lower[38,
39]. The MELD-Na score was better than the MELD score for predicting mortality in
some studies[40] but less accurate than the SOFA score[41-43].

CP variation: CP + L

More recent data suggest that lactate, a component of the prognostic model of
fulminant hepatitis, is an independent marker of mortality in patients with cirrhosis
admitted to the ICU[44] and it seems to significantly improve the CP score’s ability to
predict ICU mortality[45]. Serum lactate and ascites are independent predictors of ICU
mortality, as proposed by the CTP + L score. This score incorporates serum lactate
levels into CP, increasing its discriminatory ability as a prognostic stratification tool.
Subsequently, a retrospective cohort study with a total of 199 cirrhotic patients
admitted to a general ICU at two different centers validated the CP + L score as a
predictor of mortality, showing results superior to the original CP: AUC CP + L 0.75
and AUC CP 0.68. In this work, the MELD and SOFA scores had AUCs of 0.7 and 0.71,
respectively[2].

Royal free hospital score

Studies have suggested that an alternative approach to predict mortality in patients
with decompensated cirrhosis could be the number of organ dysfunctions at its
presentation, ranging from 4% in patients without DMOS to 90% in those with three or
more organ dysfunctions and thus in a DMOS scenario[31]. In this context, a specific
score for cirrhosis was developed and subsequently modified[43], taking into account
possible organic failures involved during acute decompensation, the Royal Free
Hospital Score (RFH). This score was shown to have a performance similar to the
SOFA score and superior to APACHE II, MELD, and CP.

A retrospective cohort study by Campbell et al[46], with a total of 199 cirrhotic
patients admitted to the ICU, validated the RFH score as a predictor of mortality in the
ICU with an accuracy of 0.77, which was higher than the other scores evaluated: CP,
CP-L, MELD, SOFA and CLIF-SOFA. The RFH score is the first liver-specific score to
be matched, in terms of mortality predictive ability, to the general ICU scores used in
these patients. In addition to the fact that it includes hepatic and extrahepatic
parameters of organ dysfunction associated with higher mortality in this subset of
patients, the inclusion of lactate levels in this score should be highlighted. Despite the
well-known relationship between serum lactate levels and worse outcomes[2], no
other hepatic-specific score proposed thus far has included this parameter.

ICU mortality and morbidity scores (dysfunction)

ICU-specific mortality scores were created to assist the intensive care physician in
predicting the outcome of patients admitted to the ICU. Among these scores, the most
important are the APACHE II and SOFA scores. APACHE II uses the worst
physiological variables of the patient in the first 24 h of ICU stay for its elaboration, in
addition to previous comorbidities and age[47]. The SOFA score assesses the severity
of patients admitted to the ICU according to the number of organ dysfunctions. The
score is graded in five levels (from 0 to 4 points) for six organ systems: neurological,
hemodynamic, respiratory, renal, hematological and hepatic, with a score greater than
or equal to 3 in any organ system constituting organ failure[48]. Unlike the APACHE II
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score, which is performed at a specific time in the ICU (24 h of admission), the
morbidity scores allow for an evolutionary assessment throughout the days of ICU
admission[48].

These scores have already been evaluated in specific populations of cirrhosis[15].
When compared to each other and with specific scores for cirrhosis, the SOFA score
shows moderate to high accuracy, higher than the other scores, even for long-term
mortality[3,45,49]. Lindvig et al[3], in their systematic review, found that the SOFA
score has better accuracy for death prediction, with an AUROC between 0.81% and
0.95%, a value higher than the APACHE II score (AUROC 0.66-083), MELD (AUROC
0.77-0.93) and CP (AUROC 0.71-0.87).

ACLF

ACLF is a clinical syndrome characterized by acute liver cirrhosis decompensation
associated with one or more organic disorders and a high short-term mortality rate.
The European Association for Study of Liver/CLIF (EASL-CLIF Consortium) has
established diagnostic criteria for ACLF with a view, above all, to identify patients at
greater risk of death in the short term. For the establishment of the ACLF diagnostic
criteria, the presence of organic dysfunction and a high mortality rate at 28 d (> 15%)
in cirrhotic patients with acute decompensation were considered. The assessment of
organ dysfunction, in turn, was based on the SOFA score, but with modifications
taking into account the pathophysiological and clinical characteristics of cirrhosis,
giving rise to the CLIF-SOFA score[50].

CLIF-SOFA improves the hematological, neurological, cardiovascular, and renal
domains by considering commemoratives usually present in chronic liver disease
patients, as well as the peculiarities of the clinical manifestations and therapy used
during acute decompensation. Objectively, the hematological parameter is no longer
the platelet count giving rise to the measurement of INR. The neurological parameter
now includes the presence of HE stratified under West Haven criteria, and in the
cardiovascular and renal domains, it takes into account the use of terlipressin and
renal replacement therapy, respectively. There is also a change in the hepatic domain
with elevation of the total bilirubin threshold to characterize this organ dysfunction.

McPhail et al[51] demonstrated the validity of the CLIF-SOFA score in terms of its
ability to predict mortality with a slight improvement over the SOFA score and other
prognostic scores. Aiming at a better performance than CLIF-SOFA, the CLIF-C ACLF
score was developed based on CLIF organ failure score scores, the latter also a
derivation of SOFA and CLIF-SOFA[52]. However, the CLIF-C ACLF showed a
slightly higher prognostic accuracy for 28-d mortality than the CLIF-SOFA scores and
it was moderately higher than MELD, MELD-Na and Child-Pugh: agreement index of
0.76; 0.72; 0.68; 0.68; 0.66, respectively[52].

Evolutionary assessment of scores-what we need to know better?

Most prognostic scores in critically ill populations are constructed with data collected
over the first 24 h of ICU admission. However, multiorgan failure seems to be related
to a worse prognosis among patients with acute cirrhosis decompensation|[1,4,22].
Seeking to increase the accuracy of prognostic scores in cirrhotic patients admitted to
the ICU, a baseline assessment of the score followed by its reanalysis in a short period
of time seems to be more accurate in predicting hospital mortality. The SOFA score
seems to be the score with the best discrimination power when compared to the CTP,
MELD, APACHE II scores, both at the initial time and when reassessed at 48 h: AUC
for mortality, after 48 h of 0.88; 0.78; 0.86 and 0.78, respectively[44]. The modified
SOFA score (removing the hepatic component from the score) was also shown to be
highly accurate and with better discriminative power when compared to CP, MELD,
and APACHE II scores both on the first day of ICU admission (AUC 0.84) and on the
third day (AUC 0.83)[41]. It is interesting to note that the presence of 3 to 4 organ
dysfunctions after 72 h of admission to the ICU is related to an important increase in
mortality during hospitalization[41].

A limitation of the prognostic scores evaluated on admission to the ICU is to neglect
the continuum of physiological changes in critical patients with decompensated
cirrhosis[53]. The serial assessment of the SOFA score throughout the ICU stay
contemplates the dynamics of the occurrence of organic dysfunctions, including the
effects of the offered therapy[44,54]. Both the analysis of the variation in the SOFA
score (A-SOFA) and access to the mean and maximum SOFA values during ICU
admission are good prognostic indicators, regardless of the value of the score accessed
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Exclusion criteria:
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Patient with ACLF

CLIF-C-ACLF score > 70 at admission or
at day 3: Condition associated with high
mortality

No ACLF

SOFA > 19 at baseline or increasing SOFA
score > 72 h or 3-4 organic failure:
Condition associated with high mortality

Figure 1 Proposed algorithm for prognostic scores in critically-ill cirrhotic patients. ACLF: Acute-on-chronic liver failure; CLIF: Chronic Liver Failure
Consortium; SOFA: Sequential Organ Failure Assessment.
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at the time of admission[54]. In a retrospective cohort study comprised of 971 patients,
the CLIF-SOFA score seemed to have a slightly higher accuracy than the SOFA score
for mortality (AUC 0.81 vs 0.79) when evaluated during the first day of hospitalization
and an improvement in death prediction at 48 h after ICU admission. However, the
results seem overlapping when evaluated on the seventh day of ICU stay, with both
showing good discriminatory power[51]. Dynamic prognostication seems to be the
most promising strategy when establishing the prognosis of this population, especially
in those with ACLF, septic shock and multiorgan failure[55]. A proposed algorithm is
summarized in Figure 1. A trial of unrestricted intensive care for a few days could be
proposed as a reasonable strategy in this population[41]. There are also opportunities
for novel biomarkers of ACLF to improve existing models and potentially reflect
information not currently captured in the conventional clinical and biochemical data
[56].

An important limitation of prognostic studies in this field is that the interpretation
of ROC curves is necessary because the criteria for therapeutic limitations or even the
removal of supports are not reported in these studies, which leads to falsely high areas
under the curves. Another limitation of prognostic scores is that they were not
designed to predict outcomes beyond mortality, such as cost-effective treatment,
recovery of physical activity or the quality of life after the ICU stay. In addition, some
organ dysfunction scores may give similar weights for organ dysfunction with very
different prognoses[57]. Alteration of the level of consciousness due to HE after
bleeding from esophageal varices and even chronic thrombocytopenia, common in
advanced cirrhosis, has a better prognosis than that of vasopressor or acute loss of
renal function. Figure 1 outlines a structured assessment model based on prognostic
scores in this population. A condition associated with high mortality, based on these
scores, does not necessarily mean that therapeutic efforts should be stopped but that
patients, family members and staff can have a better understanding of the prognosis,
in light of current knowledge. Knowledge of the patients” wishes, beliefs and desires is
fundamental to establish future therapeutic strategies.

CONCLUSION

In critically ill cirrhotic patients who are not awaiting liver transplantation, there is no
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“gold standard” for predicting their short- and long-term prognosis. Several variables
are associated with a worse prognosis, such as the presence of sepsis, the number and
intensity of associated organ failures, and the duration of MV. Baseline severity scores,
as well as the sequential assessment of organ failure scores, provide more certainty
regarding the impact of critical illness on the prognosis of this population.
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Abstract

Liver transplantation (LT) remains the gold standard treatment for end stage liver
disease in the pediatric population. For liver based metabolic disorders (LBMDs),
the decision for LT is predicated on a different set of paradigms. With improved
outcomes post-transplantation, LT is no longer merely life saving, but has the
potential to also significantly improve quality of life. This review summarizes the
clinical presentation, medical treatment and indications for LT for some of the
common LBMDs. We also provide a practical update on the dilemmas and contro-
versies surrounding the indications for transplantation, surgical considerations
and prognosis and long terms outcomes for pediatric LT in LBMDs. Important
progress has been made in understanding these diseases in recent years and with
that we outline some of the new therapies that have emerged.

Key Words: Pediatric metabolic liver disease; Liver transplantation; Liver based metabolic
disorders; Inherited; Cell therapy; Gene therapy
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Core Tip: The decision for liver transplantation (LT) in liver based metabolic disorders
(LBMDs) is not straightforward. As outcomes from pediatric LT continue to improve,
transplantation is no longer merely life saving, but also potentially significantly
improves the child’s quality of life. We herein discuss the clinical presentation,
medical and surgical treatment for some of the common LBMDs. We provide a
practical update on the indications, dilemmas and controversies for LT and the long-
term outcomes for children with LBMDs.

Citation: Vimalesvaran S, Dhawan A. Liver transplantation for pediatric inherited metabolic
liver diseases. World J Hepatol 2021; 13(10): 1351-1366

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1351.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1351

1351 October 27,2021 | Volume13 | Issue10 |


https://www.f6publishing.com
https://dx.doi.org/10.4254/wjh.v13.i10.1351
http://orcid.org/0000-0002-5289-6537
http://orcid.org/0000-0002-5289-6537
http://orcid.org/0000-0002-4942-0845
http://orcid.org/0000-0002-4942-0845
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
mailto:anil.dhawan@kcl.ac.uk
https://www.wjgnet.com/1948-5182/full/v13/i10/1351.htm
https://dx.doi.org/10.4254/wjh.v13.i10.1351

Vimalesvaran S et al. LT for metabolic liver diseases

Grade C (Good): C
Grade D (Fair): 0
Grade E (Poor): 0

Received: May 4, 2021
Peer-review started: May 4, 2021
First decision: June 15, 2021
Revised: June 23, 2021

Accepted: August 20, 2021

Article in press: August 20, 2021
Published online: October 27, 2021

P-Reviewer: Ferrarese A, Yagi H
S-Editor: Fan JR

L-Editor: A

P-Editor: Guo X

Jaishideng®

WJH | https://www.wjgnet.com

INTRODUCTION

Liver transplantation (LT) remains the standard of care for children with end-stage
liver disease. With advances in the perioperative transplant management, the
outcomes after pediatric LT continue to improve-with better survival rates[1] and
quality of life measures[2].

Indications for pediatric LT can be broadly divided in to three main groups
(Figure 1). (1) Cholestatic diseases, such as biliary atresia and other conditions leading
to biliary cirrhosis are the most common indications for LT in the pediatric population
[3]; (2) Inherited metabolic liver diseases constitutes a wider group of diseases, in
which inborn errors of liver metabolism lead to severe intra- or extra-hepatic manifest-
ations. Within this group of conditions, LT results in a cure in some, whilst others have
an improved quality of life after transplantation, without necessarily being cured from
their primary illness; and (3) The third group is more varied, with indications of acute
liver failure, tumors and re-transplantations.

Some of the more common liver based metabolic disorders (LBMDs) are
exemplified below.

LBMDS CURED BY LT

Crigler-Najjar syndrome type 1

Crigler-Najjar syndrome (CNS) type 1 is secondary to a total deficiency of the uridine
diphosphoglucuronate glucuronosyltransferase activity[4]. This results in a severe
indirect hyperbilirubinaemia from birth, with an otherwise normal liver biochemistry.
It is an extremely rare familial disease affecting one per 600000-1000000 live births
worldwide. It has an autosomal recessive inheritance pattern and is caused by biallelic
mutations of the UGT1A1 gene[5].

Natural history and medical treatment: The build up of unconjugated bilirubin, which
deposits in the brain, eventually leads to kernicterus, which is irreversible in most
cases. Exchange transfusion in the neonatal period and plasmapheresis in older
children, may be indicated for acute episodes of severe hyperbilirubinaemia.

Intensive phototherapy is the mainstay of treatment for CNS type 1, particularly in
the newborn period. It is less effective in older children and adults due to skin
thickness, pigmentation and lower body surface are to body mass[6].

Other treatments include bilirubin-binding agents such as orlistat-a lipase inhibitor
which works better in tandem with calcium phosphate. Both of these agents help in
the excretion of bilirubin through the gut[7,8]. Other pharmacological agents with
limited evidence for efficacy include enzyme-inducing agents (phenobarbital),
choleretics (ursodiol) and heme-oxygenase inhibitors (tin-protoporphyrin and zinc-
protoporphyrin).

LT: At present, the only definitive treatment for CNS type 1 is LT. The two main types
of LT include orthotopic LT (OLT) and auxiliary partial OLT (APOLT). The host liver
is replaced with a whole or partial liver graft in OLT, whilst in APOLT only part of the
native liver is removed and replaced with the graft. APOLT has the theoretical
advantage for future novel therapies directed at native hepatocytes, such as gene
replacement and genome editing[4].

The transplant provides the child with a normal liver with normal UGT1A1
enzymatic activity, thereby completely normalizing bilirubin levels and providing the
child with a normal quality of life. LT is advisable before neurological damage occurs
[9]. As the outcomes of transplantation in infants are now similar to children,
transplantation is indicated in the first few years of life to prevent prolonged
impairment to the child and family.

Future research implications: In recent years, allogenic hepatocyte transplantation has
become an attractive alternative to LT[10]. Normal hepatocytes are transplanted via the
portal vein or peritoneal space. Encouraging results have been observed with a
reduction in bilirubin levels and reduced need for phototherapy[11]. Issues still exist
around the longevity of the transplanted cells-which decreases after a few months,
limited supply and cell quality. Mesenchymal stem cell therapy has shown some

promise in animal models and may provide a new alternative treatment in the future
[12].
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Ex vivo and in vivo gene therapy is another new avenue for treatment of CNS type 1.
Different approaches including infusing autologous liver or induced pluripotent stem
cells into the liver and in vivo gene replacement using a vector delivery system have
been proposed, but there remain little safety and efficacy data[4].

Urea cycle disorders

Urea cycle disorders (UCDs) are a group of disorders secondary to defects of urea
synthesis and related metabolic pathways. UCDs result from a deficiency in either one
of the six enzymes [n-acetylglutamine synthetase (NAGS), carbamoylphosphate
synthetase I (CPS1), ornithine transcarbamylase (OTC), argininosuccinate synthase,
argininosuccinate lyase (ASL), and arginase 1] or two mitochondrial transporters of
the urea cycle pathway or metabolites of the amino acids related to the urea cycle[13].
The liver is central to these metabolic pathways, and plays a key role in removing
waste from protein catabolism. The defect in the pathway leads to life threatening
hyperammonaemia[l4]. It is the most common IEM based in the liver with an
incidence of 1 in 30000-46000 Live births. All UCDs are inherited in an autosomal
recessive manner apart from OTC deficiency, which is inherited in an X-linked
manner.

Natural history and medical treatment: Clinical findings are secondary to hyperam-
monaemia including seizures, coma, cerebral edema and death, with long-term
neurodevelopmental implications in survivors. The severity of symptoms can be
variable, with some presenting with fatal hyperammonaemia in infancy to
asymptomatic adults. In the neonatal period, symptoms occur within hours to days
after birth. Initially, neonates with UCD may present with non-specific features such
as poor feeding, vomiting, lethargy and tachypnea, but quickly progress to coma and
death secondary to hyperammonaemia. NAGS, CPS1 and OTC deficiencies, have the
poorest outcomes with neonatal onset of hyperammonaemia and death within the first
year of life[15]. Some children may have a delayed presentation with less severe
features such as mild gastrointestinal or neurological symptoms. The long-term
outcome is dependent on the number of episodes of hyperammonaemia (due to non-
adherence, infections and lack of compliance to diet).

The medical management of UCDs requires multidisciplinary input and is complex.
The treatment strategy for acute hyperammonaemia is three-fold[16]: (1) Reduce blood
ammonia levels through hemodialysis or hemofiltration; (2) Reversal of the catabolic
state through caloric and arginine supplementation; and (3) Elimination of excess
nitrogen pharmacologically (e.g. benzoate and phenylbutyrate)
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In the long term, a diet restrictive of protein, alongside supplementation with
essential amino acids is key. Medications to increase waste nitrogen excretion are also
important[17]. Despite aggressive and prompt medical treatment, not all episodes of
acute hyperammonaemia can be avoided, and the risk of neurological damage
remains.

LT: LT offers a practical cure for UCDs as the metabolic defect is predominantly or
exclusively within the liver. A long waiting list duration is associated with long-term
risk of cognitive delay[18]. As such LT should be considered in children with UCD to
prevent progressive neurologic injury and improve cognitive outcomes. Post-
transplantation, patients are allowed a normal diet without taking nitrogen scavengers
[19]. LT should be offered early to patients with severe UCDs, poorly controlled with
medical interventions to prevent long term neurological damage. Living related
transplantation offers the advantage of optimal timing after confirmation of the donor

phenotype[20].

Future research implications: Allogenic hepatocyte transplantation has been shown to
have a sustained partial correction of the metabolic defect in OTC and ASL deficiency
patients[21,22]. Another promising treatment for UCD is gene therapy and has seen
many years of preclinical evaluation, but concerns still remain around the safety of the
application[23].

Maple syrup urine disease

Maple syrup urine disease (MSUD) is an autosomal recessive disease, secondary to
mutations in six gene loci where branched-chain alpha-ketoacid dehydrogenase
complex is encoded. This results in the inability of the body to fully breakdown the
essential amino acids valine, leucine and isoleucine. It has an estimated incidence of 1
in 185000 live births[24].

Natural history and medical treatment: There are five distinct clinical phenotypes of
MSUD, without clear correlation of genotype-phenotype. Classic MSUD manifests in
the neonatal period with delayed development, feeding difficulties, failure to thrive,
opisthotonus, “bicycling” movements and maple syrup odor[25]. Metabolites
accumulate and are excreted in the urine, sweat and ear cerumen, leading to the sweet
odor of maple syrup. If left untreated, irreversible neurological damage and metabolic
crisis occurs.

The most common medical treatment for patients with MSUD is dietary restriction
of the affected amino acids, with supplementation[26]. Despite aggressive treatment,
many patients will still experience episodes of metabolic decompensation during acute
illness or stress, with risk of developing cerebral edema. Acute metabolic
decompensation management includes effectively treating the underlying stressor,
restricting protein intake, ample caloric support, supplementation with cofactors,
elimination of toxic metabolites and correcting metabolic abnormalities[27].

LT: In patients with recurrent metabolic crises and high risk of cerebral edema, despite
optimal medical treatment, LT should be considered[28]. LT is curative and
significantly improves quality of life in children with MSUD. Patients can immediately
cease protein-restricted diet and are safe from catabolic crisis[28]. Preexisting neuro-
disability does not get reversed but LT offers neurological function stability and risk of
cerebral edema is greatly reduced[29].

Domino transplantation where the explanted liver is used for another recipient
without the underlying disease, has been used successfully in MSUD[30-32]. The new
liver provides the metabolic protection in the MSUD patient, whilst the domino
recipient has a normal systemic metabolism of branched amino acids and can counter
the effects of an MSUD liver. This helps with organ allocation and diminishes the
impact of the original transplant in the overall pool of organs[33].

Future research implications: Sodium phenylbutyrate (NaPBA) is commonly used for
treatment in patients with UCD. In a cohort of 533 patients with UCD, Burrage et al[34]
showed a reduction in branched chain amino acids and suggested follow up studies to
investigate it’s utility in MSUD[34]. Studies are currently ongoing to assess its efficacy
in MSUD patients.

Animal studies have shown encouraging therapeutic results using hepatocyte
transplantation with partial metabolic correction of MSUD in a murine model[35].
Whilst promising, this intervention still warrants further clinical investigation.
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Wilson disease

Wilson disease (WD) is secondary to mutations of the gene ATP7B on chromosome 13,
which codes for the transmembrane ATP7B transporter, involved in the transport of
copper, incorporation of copper to the protein caeruloplasmin and excretion of
excessive copper into bile. Excess copper in the liver leads to liver destruction,
diffusion in to blood and eventually deposition in the other organs[36].It is an
autosomal recessive condition with a prevalence of 1 in 30000 people. An age-
phenotypic presentation has been observed with hepatic presentations seen in the
younger age groups (< 10 years: 83%, 10-18 years: 52%, > 18 years: 24%), whilst a
neuropsychiatric presentation was more common in the older age groups (> 18 years:
74%, 10-18 years: 48%, < 10 years: 17%). The median age of presentation is 13.2 years
(range 3-74 years), but children are rarely symptomatic before the age of 5 years[37].

Natural history and medical treatment: The clinical features in the pediatric
population depend mainly on the predominant organ involved (liver and brain). The
deposition of copper in various site of the body leads to the plethora of clinical
presentations.

The majority of children present with liver disease, ranging from an asymptomatic
rise in transaminases, acute hepatitis, acute liver failure, acute on chronic liver failure,
chronic hepatitis, cirrhosis, fatty liver disease or malignancy[38]. It is important to
remember that the finding of another cause of liver dysfunction such as acute viral
hepatitis or non-alcoholic steatohepatitis, does not necessarily rule out Wilson’s
disease[39].

Up to 25% of children and adolescents present with acute or decompensated liver
failure[40]. The presentation is similar to that of acute hepatitis, but the condition leads
to rapid deterioration, with a high mortality. Symptoms include severe jaundice,
Coombs- negative hemolytic anemia, deranged coagulation, ascites, encephalopathy
and renal failure. Children present with very high serum bilirubin, rise in liver
enzymes, low serum alkaline phosphatase and defective synthetic functions.

By the time children present with neurological symptoms, most already have liver
disease, although may not be overtly symptomatic. Subtle signs may start from a
young age such as deterioration of school performance or handwriting and dysarthria.
Neurological signs tend to be wide-ranging and variable. Behavioral and psycho-
logical changes are very common in WD and make up for roughly one-third of
presenting symptoms.

Medical therapy is mainly focused around the copper chelation. Main drugs
currently in use include D penicillamine, trientine, zinc and ammonium tetrathiomo-
lybdate. Treatment should be commenced as soon as the child is diagnosed, as
untreated WD can be fatal. In patients with acute liver failure or advanced liver
disease, LT is the only effective therapy.

LT: The liver disease is cured by LT and extra-hepatic symptoms generally improve
after LT, particularly neurological signs. LT is the only option for patients with acute
liver failure with encephalopathy secondary to WD. In children with liver dysfunction
without encephalopathy, but are unresponsive to medical treatment, the indications
are less clear. The Wilson Index is helpful in identifying children with decompensated
liver failure, with a 93% sensitivity and 98% specificity[41].

Future research implications: Animal models have shown that restoration of 30%-50%
of metabolic function may protect the rest of liver cells. This raises the possibility of
gene therapy and hepatocyte transplantation as a potential therapeutic option in
children with WD[42]. For patients with acute liver failure secondary to WD,
hepatocyte transplantation may be used as transient support until chelation treatment
shows its effect or as a definitive cure through repopulation of the liver by healthy
donor cells as seen in animal models of WD[43].

LBMDS IMPROVED BY LT

Methylmalonic acidemia and propionic acidemia

Methylmalonic acidemia (MMA) and propionic acidemia (PA) are the commonest
forms of organic acidemias resulting from defective catabolism of the amino acids[44].
MMA is an autosomal recessive disorder secondary to the complete or partial
deficiency of methylmalonyl-CoA mutase. MMA is also caused by several inborn
errors of cobalamin or B12 metabolism. It is rare with an incidence of 1 in 80000 live
births[45]. PA is also an autosomal recessive disorder due to a defect in the enzyme
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propionil-CoA carboxylase[46].

Natural history and medical treatment: The presentation can be divided in to three
categories: (1) Neonatal presentation with signs of sleepiness, encephalopathy, coma,
hypotonia and hepatomegaly; (2) Infantile form with recurrent metabolic crisis and
neurological changes; and (3) Chronic presentation with developmental delay, failure
to thrive and recurrent infections[44]. Neurological signs include epilepsy, develop-
mental delay and dystonia resulting from lesions in the basal ganglia. Methylmalonate
is also nephrotoxic and can lead to progressive renal disease and end-stage renal
failure by adolescence. Investigations in these patients show ketoacidosis, hyperam-
monaemia and hyperglycinemia. Urine organic acids will reveal propionyl-CoA
derivative or methylmalonate.

Each metabolic crisis requires correction and maintenance therapy is dependent on
dietary restriction of protein (low protein and high caloric diet with continuous
overnight feeding), supplementation with amino acids, carnitine, metronidazole
(reduce production of prioprionate in the gut) and cobalamine[47]. Intensive clinical
management with aggressive treatment with dialysis and haemofiltration is often
needed to minimize neurological sequelae. Despite early detection and maximal
medical therapy, many children develop significant neurological, renal and cardiac
complications.

LT: LT provides the deficient enzyme in MMA, but the overall biochemical defect is
not entirely corrected as the enzyme is expressed in most cells in the body.
Neurological and renal function may deteriorate further after LT in some MMA
patients[48]. Kidney transplantation has had long-term success in reducing MMA
levels and avoiding metabolic crisis in moderate forms of the disease[49]. In more
severe forms, combined liver and kidney transplantation may reduce frequency of
metabolic crises, severity of illness and probably decreases risk of further neurological
deterioration, but does not abolish it entirely[45]. With that in mind, the indications for
liver and/or kidney transplantation are still unclear in MMA.

The idea behind transplantation is to provide the deficient enzyme through the graft
and correct renal failure if present. It is important to remember that transplantation
does not cure MMA but may reduce the frequency of crisis and improve the child’s
quality of life. Pre-transplant assessment should include a thorough neurological
assessment as transplantation does potentially have the risk of further neurological
deterioration. Dietary restriction of protein should be continued as a precaution
against future metabolic decompensation and late complications after transplantation
[45].

In PA, LT also only partially corrects the metabolic defect[50]. However, the
improvement seen appears to be more significant in PA compared to MMA-diet can
usually be normalized, no further metabolic crises and neurocognitive function
remains as it is pre-transplantation[51]. LT should be indicated in patients with
recurrent metabolic crises despite optimal medical therapy, with a view of preventing
further neurological deterioration and cardiac complications[50].

Future therapies: The role of new and novel treatments such as genetic modification,
hepatocyte transplantation and chronic medical therapies remains uncertain[52].

Glycogen storage diseases

Glycogen storage diseases (GSD) constitutes a group of mainly autosomal recessive
metabolic disorders, caused by the accumulation of either an abnormal amount or type
of glycogen. It has an incidence of 1 in 20000 to 40000 live births. Various enzymes of
glycogen metabolism are potentially involved, with 12 types of GSD recognized -
seven of which have an enzymatic defect in the liver. Types I, III, IV, VI and IX are
associated with severe liver disease[53-55].

Natural history and medical treatment: Typically, it presents with fasting hypoglyce-
mia, hepatomegaly and growth retardation. In the GSD type I, hepatocellular
adenomas with risk of transformation to hepatocellular carcinoma has been found[55,
56], particularly in those with pre-existing adenomatous nodules. In GSD type III,
some patients may progress to liver cirrhosis, whilst some develop hepatocellular
carcinomal[54]. GSD IV patients have a variable phenotype and some develop liver
cirrhosis and hepatocellular carcinoma early on. Extrahepatic manifestations such as
renal dysfunction in GSD type 1, myopathy in GSD type III and IV may also be
present. It is important to distinguish between subtypes for optimal management.
Diagnosis is through enzyme assays in the liver other tissues and mutation analysis.
Presence of PAS-positive glycogen staining in liver biopsy samples is useful in
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confirming the diagnosis.

Treatment for liver GSD includes dietary changes and medical treatment when
symptoms are not corrected by diet. In GSD type I, continuous overnight enteral drip-
feeding is used to avoid fasting hypoglycemia and regular oral cornstarch intake is
used for prolonged glucose release and have significantly improved metabolic control
[57]. Other pharmacotherapy may be needed such as allopurinol for hyperuricaemia,
angiotensin converting enzyme inhibitors for proteinuria and granulocyte-colony
stimulating factor for neutropenia in GSD type Ib[58]. In patients with GSD types III,
VI and IX, a high protein diet alongside uncooked cornstarch is standard therapy.
Whilst metabolic control is generally successful with medical therapy, long-term
complications still occur[15]. Adherence is also a common issue in children and
adolescents and may not be tolerated in many, results in a higher rate of complic-
ations.

LT: In patients with very poor metabolic control despite optimal medical therapy,
those with multiple recurrent adenomas with increasing size, progressive liver
cirrhosis and/ or hepatic failure, LT should be considered. In children with GSD type
IV, LT is generally the best option for treatment, particularly in those that develop
liver cirrhosis[59]. Children with GSD are also living longer and despite medical
treatment, many develop long-term complications. With the outcomes of LT
improving, including better biochemical and clinical parameters, LT offers the
potential to be both preventative and curative for patients with GSD.

Indications for LT in GSD can be summarized as: (1) Correction of LBMD when
medical therapy is unsuccessful or impairs quality of life; (2) Cirrhosis and complic-
ations; and (3) Liver tumors such as adenoma and hepatocellular carcinoma.

LT corrects the enzymatic defect, but the extrahepatic manifestations often
complicate post-transplantation management[59].

Future therapies: There has been limited experience with hepatocyte transplantation,
but initial reports are positive[60,61]. Gene therapy has been developed in animal
models, but there remains insufficient data for clinical trials[62].

Phenylketonuria

Phenylketonuria (PKU) is a rare autosomal recessive condition secondary to mutations
in the phenylalanine hydroxylase gene (PAH). This results in a deficiency of PAH, an
enzyme in the liver that converts phenylalanine (Phe) to tyrosine. The incidence is
roughly 1 in 10000 and does vary by ethnic group, being higher in Caucasians.

Natural history and medical treatment: The lack of this enzyme results in abnormally
high levels of phenylalanine in the brain, causing intellectual problems, developmental
delay and psychiatric issues. Universal newborn screening in most developed nations
has led to early detection and significantly reduced the number of children with
intellectual disability secondary to PKU. Despite ongoing and early treatment of
patients with PKU, majority of patients will still have a lower intellectual ability
compared to family members and suffer from mental health issues[63,64].

Medical therapy consists of restriction of phenylalanine intake and supplementation
with phenylalanine-free amino acid mixtures to ensure adequate protein intake[65].
The diet needed is extremely restrictive and include mainly fruits, vegetables and low
protein modified foods such as bread, rice and pasta[66]. Dietary treatment, when
maintained in childhood and well into adulthood has been shown to result in
markedly improved outcomes at a cognitive and psychiatric level for patients.
However, adherence to this strict regime is not ideal, particularly in adolescents and in
adulthood.

Dietary modification has evolved with the introduction of glycomacropeptides
(GMP), which are proteins contained in “whey”. These contain very little
phenylalanine, which makes them suitable for replacing amino acid substitutes.
Compliance has been shown to be improved with GMP compared to traditional amino
acid foods[67]. The medication sapropterin, a form of tetrahydrobiopterin cofactor of
phenylalanine hydroxylase has a success rate of up to 55% in PKU patients[68].
Patients with milder form of disease are more likely to respond to this drug. Another
recent pharmaceutical drug known as peglyated phenylalanine ammonia lyase or
pegvaliase, an enzyme substitute therapy has been assessed in Phase 2 and Phase 3
clinical trials[69]. Over 24 mo, patients showed a 69% decrease in Phe levels from
baseline but almost all patients had mild to severe adverse events[70].
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LT: Whole liver LT is not thought to be acceptable in majority of patients and
physicians due to the availability of non-surgical treatment options.

Future therapies: Gene therapy has been shown to be successful in mouse models but
no studies have reported trials in patients yet[71]. A variation of gene therapy is gene-
editing techniques (Crispr/Cas9 or TALENS) to repair common mutations or insert
active gene into “safe” areas of the gene. The development of an expressive synthetic
RNA for the PAH gene is in development, but not with human subjects[72].

Cell-based therapies including hepatocyte and stem cell transplantation have been
considered viable alternatives[73]. One patient has received hepatocyte transplantation
with temporary improvement in Phe levels[74].

DILEMMAS AND CONTROVERSIES

The decision for transplantation in LBMDs remains a complex one. Whilst the
distinctions between each group of LBMDs is relatively arbitrary and may overlap, the
indication for LT is one that must be carefully considered.

In a disease process such as biliary atresia, the risk-benefit decision for LT may be
relatively simple. In a child with failed portoenterostomy, with progressive liver
disease and poor survival beyond 36 mo of life, LT offers long-term survival of over
80% in biliary atresia patients[75]. Therefore the risk/benefit decision is based on
quantitative improved survival outcomes.

Indications for LT for LBMDs however, are based on a different set of paradigms.
Some LBMDs result in progressive liver disease, leading to cirrhosis and liver failure,
therefore making LT a life-saving procedure, whilst some LBMDs do not cause liver
injury, but the toxic intermediary metabolites have significant extra-hepatic effects.

LT remains the mainstay of treatment for LBMDs causing life-threatening illness
such as the neonatal form of the UCD OTC deficiency, primary hyperoxaluria and
CNS type 1[6,76,77]. The enzymatic defects in these conditions are well documented
and present with severe clinical phenotypes manifesting in life-threatening complic-
ations. LT offers a replacement for the hepatic enzymes, therefore providing a life-
saving metabolic cure.

With improvement in the outcomes and reduced risks associated with LT, LT has
become an attractive treatment strategy for a significant number of other LBMDs with
a considerably more complicated phenotype and risk/benefit profile. The utility of LT
as a life improving vs life saving treatment modality raises a number of important
questions. This paradigm shift of improving quality of life as opposed to saving lives
has dramatically changed the plethora of diseases for which LT may be considered
appropriate therapy. The blurring of lines between standard medical therapy and
more aggressive surgical intervention, increasingly poses complex decisions for the
transplant community[78].

Furthermore, LBMDs are relatively rare, and a detailed understanding in to the
natural progression/history is still lacking. There is also a diverse genotype and
phenotype correlation for many of these rare disorders. The risk/benefit consideration
is made even more complicated for a given individual as the inherent risks of a
condition are not always well-defined.

SURGICAL CONSIDERATIONS

As more children receive transplants for LBMDs, organ allocation is an important
consideration. In the United States, the Pediatric end-stage liver disease score and
Model for End Stage Liver Disease score are used to prioritize candidates for LT. These
scoring systems are centered mainly on worsening biochemical parameters which
progress with advancing liver failure. In many LBMDs, there is typically no evidence
of progressive liver disease and as such predicting risk of which candidate is most
likely to benefit for LT can be challenging. As we expand the indication for LT for
metabolic conditions, the issue of organ allocation must also be addressed.

The issue of scarcity of donor organs has led to optimization of the available grafts
through various surgical techniques such as reduction of an adult donor graft in
children, particularly through split liver grafts[79], auxiliary transplantation and the
use of heterozygous donors.
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Auxiliary transplantation[80]-where the whole or partial left lobe of a living or
deceased donor is transplanted in an orthotopic site whilst preserving the right lobe of
the recipient[81] is increasingly being used (Figure 2). Whilst technically challenging,
advantages are two fold; (1) It allows the native liver to continue functioning normally,
aside from the enzymatic defect, serving as a safety net should the graft fail; and (2) It
may serve as a bridge to gene therapy, a new and novel developing area of metabolic
medicine. Despite the initial discouraging results with higher mortality and morbidity,
more recent studies[82,83] from experienced centers have shown comparable
outcomes to whole LT and successful weaning of immunosuppression with native
liver regeneration[84]. Study by Sze et al[85], showed that of the 96 paediatric LT
patients with LBMDs, 14 (13%) children had auxiliary transplantation. Of these, 11
children had noncirrhotic LBMDs (CNS type 1, OTC, familial hypercholesterolism,
proprionic acidemia). Long term patient and graft survival was not statistically
different to standard orthotopic LT at 1 and 10-years post-transplantation[85].
Cautious selection of patients for auxiliary transplantation is vital as LBMDs that lead
to cirrhosis or produce abnormal enzymes or proteins such as primary hyperoxaluria
should not be treated with auxiliary transplantation as the underlying abnormality
results in disease progression[86].

Living related living transplant using relatives as donors has emerged as a solution
to the scarcity of donor organs. In Japan, where there are no deceased donors, living
related donor LT for metabolic disorders is a key option[87]. As described above, most
metabolic disorders have an autosomal recessive inheritance pattern. Parents, who are
obligate carriers of the recipient’s disorders, become potentially heterozygous donors.
Kasahara et al[20], conducted an extensive review from a Japanese multicenter registry
of living related LT[20]. Among the patients transplanted for metabolic conditions,
95% of donors were parents who were carriers of the recipients” disorders. Indications
for transplantation were WD in 30%, UCD in 29%, MMA in 10% and GSD 7.7%[88].
The outcome reported after using heterozygous donors was excellent with better long-
term survival rate, especially in WD and UCD. Other studies have also demonstrated
the safety of heterozygous donors for LT in LBMDs with excellent metabolic correction
[89,90].

As previously discussed, LT for organic acidurias is not curative, but may improve
quality of life. Combined liver and kidney transplantation can be considered in
patients with MMA and PA with frequent metabolic decompensation episodes in spite
of rigorous medical therapy, based on highly individualized criteria[47]. The
experience with combined liver and kidney transplantation in this cohort of patients
remains limited. In MMA patients specifically, it has become an effective treatment
modality with favorable graft survival and short-term outcomes, and good survival
rates[45,91,92]. Combined liver and kidney transplantation does not cure the disease,
but leads to partial correction of the metabolic derangement and improvement in
clinical features. Medical therapy is generally continued, although less stringent than
pre-transplantation, in order to lower the risk of renal and neurological worsening
[47]. Choice of immunosuppressive therapy that is renal-sparing is encouraged and
neurological side effects from medication need to be carefully monitored[93].

OUTCOMES AND PROGNOSIS

With LBMDs constituting roughly 15%-25% of LT in the pediatric population, it is
important to consider the outcomes of these children. Single and multicenter studies
have suggested that their outcomes are comparable if not better than those
transplanted for decompensated cirrhosis or other forms of chronic liver disease with
excellent survival rate of > 82% at 10 years[85,94] (Figure 3) (Graph data from King's
College Hospital, 2009).

Some studies, however, have shown that chronic rejection is a common problem in
LT for LBMDs, often leading to re-transplantation[85,95]. Re-transplantation is
associated with higher morbidity and mortality. Inmunosuppression regimes are
important in maintaining long-term allograft health, but may also contribute to
potentially serious complications over time.

Optimization of immunosuppression can be challenging and is not standardized[85,
96]. In children receiving LT for LBMDs, the optimal use of immunosuppressive
agents is to achieve a balance between minimizing risks of allograft rejection and
secondary toxicity[97]. Renal impairment specifically is frequently seen in these
children. Thus, choosing an immunosuppressive agent with minimal nephrotoxic
potential is important. The use of basiliximab, a chimeric anti-IL2 receptor antibody,
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Figure 2 Auxiliary liver transplantation for select liver based metabolic disorders.
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Figure 3 Patient survival for pediatric liver transplantation for metabolic disorders (data from King’s College Hospital, London).

has been shown to be an effective renal-sparing agent with delayed entry and lower
early target trough levels of calcineurin inhibitors (CNI) in children with renal
impairment[98]. Mycophenolate mofetil (MMF) is also a CNI sparing agent, useful in
children with CNI toxicity. Induction with monoclonal antibodies such as Basilixumab
as an induction, followed by the use of MMF may be a helpful renal-sparing strategy

in children with renal dysfunction.
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The overall prognosis for children receiving transplantation for LBMDs must
account for both allograft and extrahepatic complications. Meaningful survival in all
pediatric LT recipients should be a state of complete physical, mental and social
wellbeing[99]. Long-term management of children transplanted for LBMDs must
include aspects such as growth and nutrition, neurological outcomes and psychosocial
well-being.

CONCLUSION

Pediatric LT has come leaps and bounds in the treatment of children with LBMDs.
Where it has been previously viewed only as life-saving for some LBMDs, there is
good reason to consider a shift in the utility of LT beyond metabolic rescue. It remains
the gold standard for children with end stage liver disease. The success rate in most
LBMDs is promising but the clinician plays a vital role in determining which patients
are most suited for LT. The care pre- and post-transplantation is especially important.
Pre-transplantation, identifying the most appropriate candidate for transplant will
involve assessment of the severity of the primary disease, neurological status, and
comorbidities which may affect transplant survival and ensuring that all alternative
treatment modalities have be explored. It is important to remember that good
metabolic control including ongoing dietary management and medical therapy
supplements often results in better post-transplantation outcomes. A multidisciplinary
network of professionals is key in the management of these children post LT, to ensure
all aspects including growth and development, psychosocial well-being and nutrition
are considered.
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Abstract

The global pandemic of coronavirus disease 2019 (COVID-19) changed dramat-
ically all priorities on medical society and created several challenges for clinicians
caring for patients with liver diseases. We performed a comprehensive review
about how COVID-19 can affect the liver, the influence of liver diseases on the risk
of developing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and COVID-19 severity and also some strategies to overcome all the challenges
clinicians have to face in the management of patients with liver diseases in a
period of time when all the focus turned on COVID-19. We analyze the
relationship between COVID-19 and non-alcoholic fatty liver disease, alcoholic
liver disease, viral hepatitis, autoimmune liver disease, cirrhosis, hepatocellular
carcinoma and liver transplantation, as well as the approach to SARS-CoV-2
vaccination.

Key Words: COVID-19; Liver diseases; Vaccination; SARS-CoV-2

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Coronavirus disease 2019 (COVID-19) has become a major health problem
worldwide in the last few months, affecting the health system dramatically. Apart from
the respiratory system, associated liver injury is one of the main concerns in severe
acute respiratory syndrome coronavirus 2 infection and several mechanisms could
explain liver abnormalities. In this mini-review, and different from other papers, we not
only analyze liver injury by COVID-19, the effect of COVID-19 in liver diseases, its
pathophysiology and strategies to keep an adequate care of liver patients, but also
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highlight the potential higher risk of severe disease or risk of infection in patients with
different etiologies of liver disease. We also analyze the recent recommendations and
prioritization regarding vaccination in patients with liver disease.
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INTRODUCTION

Coronaviruses are single-stranded RNA viruses that mainly cause upper respiratory
tract infections in humans. Two coronaviruses were previously described, severe acute
respiratory syndrome coronavirus (SARS-CoV), causing an epidemic in 2003, and
middle eastern respiratory syndrome coronavirus (MERS-CoV), causing an epidemic
in 2012[1].

The new SARS-CoV-2 is responsible for one of the most important and devastating
pandemic in the human history - the first case of severe pneumonia caused by SARS-
CoV-2 was described on 3rd January 2020 in Wuhan, China, the first epicenter of the
disease[2]. Since then, SARS-CoV-2 have widespread across the world, causing a
global pandemic - in the beginning of May 2021, World Health Organization reported
more than 150000000 infected patients and more than 3000000 deaths|[3].

Coronavirus disease 2019 (COVID-19) has a variety of clinical presentations, with
the majority of patients remaining asymptomatic or with mild symptoms, such as
cough, anosmia, fatigue, diarrhea, headache or fever. However, 10%-15% will present
acute hypoxemia or respiratory distress syndrome that might progress to multi-organ
failure and death[4-7].

The respiratory tract is the main target of SARS-CoV-2 but several reports revealed
a systemic involvement of the disease, including liver and the gastrointestinal tract[8].

In this review, we will highlight the relationship between COVID-19 and the liver.

LIVER INJURY IN COVID-19

It is well established that the respiratory tract is involved in the majority cases of
SARS-CoV-2 infections but several studies reported COVID-19 associated liver injury,
defined as liver damage during disease progression or treatment[9].

Elevated serum liver biochemistries in patients with COVID-19 was first described
by Chen et al[10] in Wuhan where 43.9% of patients had elevated aspartate
aminotransferase (AST) and alanine aminotransferase (ALT). Overall, the incidence of
liver injury ranged from 14.8% to 78% and the most common changes are mild
elevations of AST and/or ALT (mainly within 3 times the upper limit of normal)[11-
13]. The wide range of incidence could be explained by the different cut-off values of
upper limit of normal and geographical variability in prevalence and type of
underlying chronic liver disease[7,14].

It was also described a possible relationship between liver injury and severity of the
disease: Abnormalities in liver function were significantly higher in critically ill
patients and associated with poorer outcome. One large Chinese study showed that
18% of non-severe COVID-19 patients had elevated ALT vs 56% in the group of severe
COVID-19[1,15,16].

Liver biopsies in COVID-19 patients did not show any typical pattern of hepatic
lesions and liver injury is probably associated with multiple mechanisms (Table 1)[1,7,
9,17-26]: (1) Direct cytotoxicity by active replication of SARS-CoV-2 in hepatic cells due
to abundance of its receptor in cholangiocytes - however, the major COVID-19 induced
liver function abnormalities are in aminotransferases that might be explained by others
factors such as mitochondrial dysfunction, SARS-CoV-2 induced hepatic steatosis,
transaminase release due to breakdown of skeletal and cardiac muscle and venous and
arterial thromboses; (2) Hyper-inflammatory reaction to COVID-19: Substantial
elevations in serum ALT are usually associated with high levels of C reactive protein,
D-dimer, ferritin and interleucin-6 and result from the development of the cytokine
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Table 1 Mechanisms of coronavirus disease 2019 liver injury

Mechanisms

Pathophysiology

Direct cytotoxicity
Hyper-inflammatory reaction
Systemic hypoxia

Drug-induced liver injury

Active replication of SARS-CoV-2 in hepatic cells
Cytokine storm and activation of immune system
COVID-19 cardiomyopathy

Liver toxicity to medication used to treat COVID-19

SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; COVID-19: Coronavirus disease 2019.
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storm and activation of the innate and adaptive immune system; (3) Systemic hypoxia
and hepatic congestion related to cardiomyopathy (hypoxia hepatitis is frequent in the
severe cases); and (4) Drug-induced liver injury: Mainly with lopinavir-ritonavir,
tocilizumab and remdesivir.

COVID-19 AND LIVER DISEASES

The presence of previous liver disease could influence the prognosis of COVID-19 and

SARS-CoV-2 could also pose some difficult challenges in care of liver diseases' patients
(Table 2).

Non-alcoholic fatty liver disease and metabolic associated fatty liver disease
Non-alcoholic fatty liver disease (NAFLD) is one of the most common etiologies of
liver disease in the world and the most emerging cause in developed countries, being
expected to become the leading cause of liver transplantation worldwide[27,28].
Recently, a new concept has merged, metabolic associated fatty liver disease
(MAFLD), diagnosed in the presence of hepatic steatosis and any of the following
metabolic conditions: Diabetes mellitus, obesity /overweight or evidence of metabolic
dysregulation in lean patients[29].

Several studies investigated the possible relationship between NAFLD/MAFLD
and the outcome of COVID-19. Ji et al[30] reported liver abnormalities in 50% at
admission of COVID-19 and NAFLD patients and in 75% during hospitalization and
NAFLD was an independent risk factor for COVID-19 progression[27]. Another study,
a meta-analysis by Pan et al[31], showed that NAFLD increased the risk of disease
progression among patients with COVID-19.

NAFLD patients may also suffer from comorbidities known to be important risk
factors for severity of COVID-19 and that could negatively influence prognosis, such
as hypertension, obesity or diabetes[27]. However, Zhou et al[32] established a
synergic effect of NAFLD for severe COVID-19 in patients less than 60 years-old and
independent of other comorbidities, showing that NAFLD alone could be an important
prognostic factor. This might be explained by metabolically active fat, which is
associated with[17,33]: (1) Chronic inflammatory changes and higher cytokine levels,
making NAFLD patients more vulnerable to cytokine storm in COVID-19; and (2)
Imbalance in host inflammatory and tolerance response to SARS-CoV-2. On the other
hand, it was also demonstrated that COVID-19 patients exhibited higher levels of
monocyte chemoattractant protein-1 that is associated with steatohepatitis exacer-
bation, increasing the risk of NAFLD progression[34].

Therefore, it is of paramount importance to carefully follow NAFLD and COVID-19
patients due to the higher risk of poorer outcomes in both diseases.

Alcoholic liver disease: Alcoholic liver disease is one of the main causes of liver
disease and its patients were considered one of the most affected groups during the
pandemic as they present[35-37]: (1) Higher risk of developing SARS-CoV-2 infection
due to reduced immunity to bacterial and viral infection (due to heavy alcohol
consumption) and also willingness to adopt prevention measures; (2) Worse COVID-
19 outcomes with a study reporting to be the only liver disease with a significant odds
ratio for death; and (3) Higher alcohol consumption during the time of social isolation,
increasing the risk of decompensation.

Strategies to overcome all these difficulties should be implemented and include
social and psychological support (locally or via telemedicine), educational sessions to
deal with the risk of COVID-19 as well as regular appointments with hepatologists.
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Table 2 Influence of liver diseases in risk of infection or outcome of coronavirus disease 2019

Higher risk of infection or severe outcome of COVID-19 Apparently non-higher risk of infection or severe outcome of COVID-19

Non-alcoholic fatty liver disease
Alcoholic liver disease

Alpha-1 antitrypsin deficiency
Cirrhosis

Hepatocellular carcinoma

Hemochromatosis
Wilson's disease
Autoimmune liver disease

Hepatitis B infection

COVID-19: Coronavirus disease 2019.
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A debatable question is the use of corticosteroids in alcoholic hepatitis: There are
some recommendations suggesting to avoid steroids in this situation as it may delay
viral clearance but benefits must be weighed against risks and there are some reports
showing that prednisolone might be an effective and safe treatment in patients with
SARS-CoV-2 infection and alcoholic hepatitis[38,39].

Other metabolic liver diseases: There is no data on the risk of infection and severity of
COVID-19 in patients with hemochromatosis and Wilson's disease. It is always
important to search for iron overload in patients with SARS-CoV-2 and abnormal liver
tests as elevated ferritin levels could be associated to viral infection and mask an
underlying hemochromatosis[40].

Alpha-1 antitrypsin might inhibit infection by SARS-CoV-2, has anticoagulation
effects and protect against inflammation[41]. Therefore, patients with alpha-1
antitrypsin deficiency seems to have increased risk of infection and COVID-19
severity, mainly Pi*ZZ and/or low alpha-1 antitrypsin levels.

Autoimmune liver diseases: Autoimmune liver diseases are a group of diseases that
include autoimmune hepatitis (AIH), primary biliary cholangitis (PBC) and primary
sclerosing cholangitis (PSC).

The management of autoimmune liver diseases was one of the main concerns of
hepatologists during COVID-19 pandemic due to the use of immunosuppressive
therapy. Previous reports with other coronaviruses (SARS-CoV or MERS-CoV) did not
show worse outcomes in patients who were undergoing transplantation,
chemotherapy or other immunosuppressive treatments and there was also some
evidence that imunossupressive therapy might have a protective effect against severe
COVID-19[42,43]. Therefore, the European Association for the Study of the Liver
(EASL) and the American Association for the Study of Liver Diseases (AASLD) were
against stopping immunosupressive therapy as it may lead to disease flares that will
need high doses of steroids, which will increase the susceptibility for SARS-CoV-2
infection. More recently, a multicenter study evaluated the outcomes of COVID-19 in
patients with ATH and showed that the overall outcome of SARS-CoV-2 disease was
favorable in patients without cirrhosis and that ongoing immunosuppression was not
associated with increased risk of severe COVID-19[44]. Efe et al[44] also described that
the risk of AIH relapse may be related with hyperstimulation of the immune system
by COVID-19[45]. There is scarce information about COVID-19 and PBC or PSC - an
Italian study found an incidence of SARS-CoV-2 infection of 5.6% in AIH patients but
only 1.5% in PBC patients - the higher incidence in AIH might be related with the use
of immunosuppressive therapy (not used in PBC)[46]. Another important finding, also
described in other autoimmune and inflammatory conditions, is the development of
new-onset PBC after COVID-19, where SARS-CoV-2 triggered the development of
PBC in a genetically predisposed individual[45,47,48].

Viral hepatitis: COVID-19 did not seem to influence the course of hepatitis C virus
(HCV) or hepatitis B virus (HBV) infection. A meta-analysis by Mantovani et al[49]
reported an incidence in COVID-19 patients of only less than 0.1% HCV infection and
0.1% of HBV infection. In fact, the major effect of COVID-19 is the impact in HCV
elimination efforts. A Spanish study showed that the interruption of HCV screening,
linkage to care and harm reduction programs, would substantially decrease HCV
diagnosis and treatment, consequently, increase the number of HCV liver-related
deaths, hepatocellular carcinoma (HCC) and decompensated cirrhosis[50]. Thus, it is
of paramount importance to keep HCV elimination a major health priority through
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innovative programs as telehealth or home-delivery HCV drugs[50].

Akin to HBV infection, one of the largest cohorts of patients with COVID-19 and
past or current HBV infection did not show an association with acute liver injury.
Patients that fulfill the criteria for HBV treatment or under corticosteroid therapy
should receive antiviral treatment but it may not be necessary in all patients with
COVID-19 and current or past HBV infection[51]. A study by Liu et al[52] also reported
that HBV infection did not predispose COVID-19 patients to more severe outcomes.
There is also a report of COVID-19 accompanied by HBV infection causing a fulminant
hepatitis[53].

Cirrhosis: Cirrhosis is one of the major causes of morbidity and mortality in the entire
world and the second leading cause of digestive disease mortality[54].

Patients with cirrhosis have multiple mechanisms of immune dysfunction and are
more susceptible to infection, not only to severe bacterial infection but also to viral and
fungal-related disease[7,22,55]. However, data about risk of COVID-19 in this
population is controversial, with Richardson et al[56] not suggesting a higher
prevalence of cirrhotic patients in COVID-19 population while Kushner et al[57]
reporting higher risk of infection, severity of the disease and hepatic decompensation.
In cirrhotic patients, there is also a relationship between severity of liver disease and
SARS-CoV-2 morbidity and mortality, with Child-Pugh C patients presenting higher
frequency of Intensive Care Unit admission, renal replacement therapy and mortality
[58].

Bajaj et al[59] showed that cirrhotic patients hospitalized with COVID-19 had similar
mortality rates of patients admitted with cirrhosis alone but higher than patients with
COVID-19 alone. An Italian study also demonstrated that cirrhotic patients that
develop COVID-19 present a worse prognosis due to respiratory complications but
also worsening of liver function leading to end-stage liver disease. They also found
that the 30-d mortality in non-cirrhotic patients was significantly lower[60].

A very interesting finding in a multicenter cohort is that COVID-19 is associated
with hepatic decompensation and, in this study, 24.3% had no respiratory symptoms
at the time of diagnosis[4]. As so, testing to SARS-CoV-2 infection is advisable in
patients with hepatic decompensation and early admission should be considered due
to high rates of mortality.

SARS-CoV-2 infection can also cause acute-on-chronic liver failure characterized by
hepatic decompensation events, extrahepatic organ failure and high rates of mortality.

EASL and World Gastroenterology Organization recommend that care should be
maintained as this fragile population have a very high risk of decompensation.
Prophylaxis of spontaneous bacterial peritonitis and encephalopathy, therapeutic
paracentesis and variceal banding in high risk patients should be always performed in
a COVID-19 free environment and following all the protective measures, as this will
reduce the risk of further decompensation and hospitalization[37,61].

Cancer and hepatocellular carcinoma: Patients with COVID-19 and cancer are at
increased risk of infection and worse outcomes[62]. A nationwide Chinese study that
included 1590 patients (18% with history of cancer) reported higher risk of adverse
events in patients with active or past history of cancer. This might be explained as
cancer patients are more susceptible to infection (due to their systemic immunosup-
pressive state associated with malignancy but also with its treatment) and have
increased risk of COVID-19 related serious events[63,64].

HCC is the sixth most commonly diagnosed and the fourth leading cause of cancer-
related death in the world, being one of the major health challenges in liver clinic[65,
66]. There is scarce information on the impact of COVID-19 in patients with HCC - in a
small study, Zhang et al[67] reported poorer outcomes in patients with HCC but also
with other malignancies when compared to the general population.

The major impact of COVID-19 on HCC is related to the delay on the proper
management of HCC. A French multicenter study reported a significant decrease in
the rate of HCC patients referred for first diagnosis or treatment[68]. Several interpret-
ations could be made but may be related to the increase delay of referral by other
professionals, patients' fear to search for healthcare services, delay in the Hepatology
appointments and limited assessment to diagnostic and therapeutic tools. They also
found a higher rate of treatment delay longer than one month when compared 2019 to
2020[68].

Currently, AASLD and EASL recommend to continue HCC surveillance and
treatment with an acceptable delay of a maximum of two months to reduce the
number of patients presenting with HCC not amenable to curative treatment[43,69].
Whenever possible, telemedicine could replace clinic visits and multidisciplinary team
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meetings, and all diagnostic and therapeutic procedures should be performed
according to the COVID-19 prophylactic measures to avoid nosocomial spread on
infection[60].

The real effect of COVID-19 on HCC management is still undetermined and only
the middle-term follow-up will clarify the pandemic impact on HCC morbidity and
mortality.

Liver transplantation: The risk and severity of COVID-19 in liver transplant patients is
still unclear[70]. A multinational cohort reported a similar risk to the general
population of contracting infection with SARS-CoV-2[71]. The proportion of liver
transplant recipients hospitalized with COVID-19 was 82% and 19% died and
advanced age, presence of non-liver cancer and elevated baseline creatinine were
associated with higher mortality rates, while the type of immunosuppression and time
since transplantation were not associated[71]. However, the European Liver and
Intestine Transplantation Association established a registry and suggested that longer
time of transplantation might have higher rates of mortality[72].

Liver transplantation programmes were heavily affected by COVID-19 pandemic by
several reasons: Limited access to intensive care unit (ICU) due to the number of
COVID-19 patients needing ventilation support, reduced number of organs because all
major guidelines recommended against using organs from donors with SARS-CoV-2
infection and also limited access of patients to liver transplant centers[58].

It is crucial to maintain liver transplant programs to reduce liver diseases mortality,
facing all the new challenges through innovative tools, in which telemedicine might
play a key role.

The postoperative period is also a challenge and should follow a SARS-CoV-2 free
pathway, with proper free-SARS-CoV-2 ICU to ensure high transplant success rates
and preventing nosocomial infection[5]. In the perioperative period, patients' follow-
up should be preferably through telemedicine and, in case of symptoms, the threshold
for testing for SARS-CoV-2 infection should be low[5]. In case of COVID-19, patients
should always present to the hospital for medical evaluation[5].

Regarding immunosuppression after liver transplants, all liver associations
recommend to maintain medication as there is no data suggesting a higher risk of
COVID-19 severity, while stopping will increase the risk of graft rejection[43,61,73].
However, in case of COVID-19, immunosuppression should be reduced, particularly
antimetabolite dosages[43].

Vaccination: The development of SARS-CoV-2 vaccine is one of the major advances to
mitigate all the health and economic issues. This development started in January 2020
and progressed very rapidly, being now available more than 5 vaccines. The process of
vaccination is moving forward worldwide in order to achieve herd immunity as soon
as possible.

Despite some concerns about vaccines' adverse events, the safety profile is excellent
and, based on current knowledge, there is no contra-indication for vaccination of liver
disease patients, as the potential benefits are higher than the risks[74]. However, there
is a report of auto-immune hepatitis developing post-COVID-19 vaccination[75].

Vaccination should also be prioritized in[74]: (1) Cirrhotic patients or with liver
decompensation; (2) Hepatobiliary malignancies patients; (3) Chronic liver disease
patients and risk factors for severe COVID-19; (4) Liver transplant recipients (prior to
liver transplant whenever possible or 3-6 mo after transplantation); and (5) Healthcare
professionals caring for these patients.

CONCLUSION

Liver abnormalities in COVID-19 patients are common and may result from direct
cytotoxicity, hyper-inflammatory status or DILI. In addition, a direct relationship
between grade of liver injury and severity of the disease was also established.

The existence of previous liver disease could influence the prognosis, with patients
with NAFLD, cirrhosis and HCC presenting higher risk of severe COVID-19 and death
(Table 2). In this population, vaccination should be considered a priority. On the other
hand, the focus on SARS-CoV-2 infection lead to reduced access to care for patients
with liver disease that must be reestablished to improve the outcome of these diseases.

In conclusion, the consequences of COVID-19 on liver ranges from its direct liver
injury to the profound negative effect on liver disease patients' care which might
increase liver disease burden and negatively influence prognosis.
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Abstract

BACKGROUND

Liver-secreted hepcidin is the systemic master switch of iron homeostasis and
decreased levels of hepcidin are considered to cause iron overload not only in
hereditary hemochromatosis but also in hemolytic anemia and chronic liver
diseases. The regulation of hepcidin is complex and its response to iron is still not
completely understood.

AIM
To study the direct effect of iron on various established hepcidin signaling
pathways in hepatoma cells or primary hepatocytes.

METHODS

Hepcidin mRNA expression was studied by quantitative real-time (qQRT)-PCR in
the presence of various forms of iron including ferric ammonium citrate (FAC) in
hepatoma cells (Huh7), murine primary hepatocytes and an established co-culture
model of phorbol myristate acetate-differentiated THP-1 monocytes and Huh?7
cells. To analyze hepcidin signaling, the response to bone morphogenetic protein
6 (BMP6), interleukin (IL)-6, IL-1B, hypoxia and lipopolysaccharide (LPS) were
studied. Hepcidin and small mothers against decapentaplegic 6 (SMAD6) mRNA
levels were assessed by qRT-PCR and the expression of phosphorylated signal
transducer and activator of transcription 3 (phospho-STAT3), STAT3, phospho-
SMAD1/5/8 and SMADI proteins were analyzed by western blot.

RESULTS
All iron III forms including FAC efficiently blocked hepcidin mRNA expression at
non-toxic dosages in Huh7 cells or primary hepatocytes in a time and dose-
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dependent manner (P < 0.001; P < 0.05). Hepcidin blockage could be efficiently
blunted by iron chelators salicylaldehyde isonicotinoyl hydrazone (SIH) and
Desferal (P < 0.001). FAC also inhibited BMP6, hypoxia, IL-1B and IL-6-mediated
hepcidin induction (P < 0.001; P < 0.001; P < 0.05; P < 0.001), and FAC also
inhibited LPS-mediated hepatic hepcidin induction in co-culture model (P <
0.001). Moreover, FAC reduced SMAD6 mRNA and p-SMAD1/5/8 protein
expression at basal or upon stimulation by BMP6 (P < 0.05; P < 0.01), and FAC
also reduced SMAD6 and p-SMAD1/5/8 expression under hypoxia (P < 0.01; P <
0.05). However, FAC has no significant effect on p-STAT3 protein expression at
basal or upon stimulation by various stimuli. Notably, in the presence of the
BMP/SMAD signaling pathway inhibitor LDN193189 Hydrochloride (LDN), FAC
was unable to further decrease hepcidin, SMAD6 and p-SMAD1/5/8 expression
compared with LDN alone.

CONCLUSION

Iron directly blocks hepatocellular hepcidin signaling through the BMP/SMAD
pathway but independent of STAT3. This mechanism may contribute to
continued iron overload in many pathophysiological conditions ultimately
causing a vicious cycle of continued hepcidin suppression.

Key Words: Hepcidin/iron metabolism; Iron overload; Inflammation; Hypoxia;
BMP/SMAD; STAT3

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Hepcidin is paradoxically and strongly suppressed during hemolytic iron
overload. Although various upstream regulators of hepcidin have been discovered, the
direct iron sensing mechanisms by hepcidin remain obscure. This study investigated
the direct effect of iron on hepcidin signaling and for the first time to show that iron
directly blocks hepcidin transcription via bone morphogenetic protein/small mothers
against decapentaplegic but not the STAT3 signaling in various established in vitro
models of hepcidin signaling.

Citation: Yu LN, Wang SJ, Chen C, Rausch V, Elshaarawy O, Mueller S. Direct modulation of
hepatocyte hepcidin signaling by iron. World J Hepatol 2021; 13(10): 1378-1393

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1378.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1378

INTRODUCTION

Excess iron causes cancer and severe tissue damage and chronic iron overload is not
only driving the rather rare hereditary iron overload diseases but also secondary iron
overload diseases due to hemolysis or common chronic liver diseases such as alcoholic
liver disease or hepatitis C[1]. In most of these diseases, suppression of hepcidin, the
systemic master switch of iron homeostasis in mammals, has been identified to play a
key role. Hepcidin is primarily expressed in hepatocytes as a precursor pro-peptide
and to a lesser extent in macrophages or cardiomyocytes[2-4]. It is regulated at the
transcription side, and its mRNA levels correspond well with concentrations of the
peptide[5]. By binding to and degrading the iron exporter ferroportin 1 (Fpnl) which
is localized at the basolateral membranes of duodenal enterocytes, macrophages and
hepatocytes[6], circulating hepcidin efficiently blocks iron absorption, iron recycling
and iron storage[7,8]. Consequently, its overexpression leads to hypoferremia and
anemia[9], while the reduction of hepcidin levels causes iron overload[10,11].

The regulation of hepcidin is complex and the direct mechanisms of iron sensing are
still not completely understood. Bone morphogenetic protein 6 (BMP6) released from
endothelial cells (ECs) can efficiently induce hepcidin transcription via the SMAD
pathway[12]. BMP6 binds to the BMP receptor on the liver cell membrane and its co-
receptor hemojuvelin to promote the phosphorylation of the receptor-associated
proteins small mothers against decapentaplegic (SMAD) 1/5/8. The latter interacts
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with SMAD4 to form the SMAD complex, translocates into the nucleus and binds to
the hepcidin promoter[13]. In addition, inflammation mediators (e.g., IL-6, IL-1p,
hypoxia or ROS/H,0,) can also induce hepcidin transcription by promoting the
phosphorylation of STAT3 to initiate STAT3-mediated hepcidin signaling[14].
Cytokines namely IL-6 and microbial molecules such as lipopolysaccharide (LPS)
represent an important evolutionary conserved mechanism during infection/inflam-
mation to strongly induce hepatic hepcidin secretion leading to a rapid decrease of
serum iron, which is thought to function as anti-bacterial defense mechanism[15].
More recently, the central redox signaling molecule H,0, has been also identified as a
potent inducer of hepcidin[16] with hypoxia further enhancing hepcidin-expression via
the STAT3 signaling pathway[17]. Further data suggest that intracellular oxidases such
as NOX4 may play an important upstream role in controlling hepcidin via the STAT3
pathway[17].

C/EBPa, BMP6, SMAD 1, 5, 8 and 4, TMPRSS6, 1L-6, CREBH, CHOP and TLR4), an
overall and conclusive regulatory network regarding the control of iron is not yet fully
understood. This includes the experimental and clinical finding that hepcidin responds
differentially to iron overload in vitro and in vivo[18-20]. Although recent data suggest
important intercellular crosstalks e.g., between hepatocytes and endothelial cells or
macrophages[14,21-23], the direct iron sensing mechanisms by hepcidin remain
obscure. It has been reported that TfR1, ERFE or GDF15 overexpression contributes to
iron overload by suppressing hepcidin in vivo[24-28]. However, there are examples
that the seemingly paradox direct negative impact of iron on hepcidin, identified in
vitro[19], may have direct clinical implications. For instance, in the most common
human liver disease, alcoholic liver disease[29], hepatic iron overload is one of the key
factors that drive the diseases and determine survival[30] with alcohol directly
suppressing hepcidin[31]. In thalassemia, hepcidin is also strongly suppressed during
hemolysis. While repetitive blood transfusions have been long thought to cause iron
overload[32], a recently established thalassemia mouse model could demonstrate that
hepatic iron overload occurs without additional blood supply through suppressed
hepcidin levels[33].

These considerations prompted us to study the direct effect of iron in an in vitro
setting on various established hepcidin signaling pathways including the BMP/SMAD
signaling pathway and STAT3-mediated hepcidin signaling via cytokines, hypoxia,
and LPS using a recently established macrophage-hepatocyte co-culture model[14].
Our data show that iron inhibits primarily the BMP/SMAD pathway but does not
affect the STAT3 pathway. In conclusion, direct exposure of hepatocytes to pathophy-
siological iron deposits is a strong suppressor of BMP-mediated hepcidin signaling
that could initiate a vicious cycle of continued hepcidin suppression.

MATERIALS AND METHODS

Cell culture

Huh? cells from the Japanese Cancer Research Resources Bank (JCRB, Tokyo, Japan)
were grown under standard conditions using Dulbecco's modified Eagle medium
(Sigma-Aldrich, Taufkirchen, Germany), 25 mmol/L glucose and 10% fetal calf serum
under 210 mL/L O, (21% O,) and 50 mL/L CO, (5% CO,)[16]. Murine primary
hepatocytes kindly provided by Dr. Sai Wang (University of Heidelberg, Germany)
were grown under standard conditions using Williams” medium (Sigma-Aldrich,
Taufkirchen, Germany), 10% fetal bovine serum, 1% P/S (Penicillin and Strep-
tomycin), 1% L-Glutamine, 0.5% ITS (Insulin-Transferrin-Selenium), 0.1% Dexame-
thasone, and were seeded at a cell density of 2 x 10° cell/well in 12-well plates for
experiment. The immortalized human monocyte THP-1 cells from the American Type
Culture Collection (ATCC, Manassas, VA, United States) were grown in RPMI-1640
medium with 25 mmol/L glucose (Gibco, Thermo Fisher Scientific, Waltham, MA,
United States) Supplementary Figureed with 10% fetal bovine serum. THP-1 cells were
seeded in 12-well plates and treated with phorbol myristate acetate (PMA) at 100
ng/mL for 24 h to induce differentiation. After differentiation, cells were washed and
incubated in fresh media for 24 h before experiment[14].

Chemicals and reagents

PMA, LPS, LDN, FAC, FeCl,, EC, FeSO,, Hemin, Desferal, human recombinant IL-6
were all purchased from Sigma-Aldrich. Ferrlecit (sodium ferric gluconate) was
obtained from a commercial pharmacy in its retail packaging. Human recombinant IL-
1p was purchased from Enzo Lifesciences (Lorrach, Germany) and human
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recombinant BMP6 was purchased from R&D, Germany. SIH was a gift of Dr. P.
Ponka (McGill University, Montreal, Canada).

Macrophage differentiation and co-culture

THP-1 monocytes were differentiated to macrophages and co-cultured as described
recently[14]. Briefly, THP-1 cells were seeded for differentiation with PMA (100
ng/mL) at a density of 0.25 x 10° cells/well in 12-well plates. After 48 h of differen-
tiation, Huh?7 cells were seeded on the top of macrophages at a density of 0.7 x 10°
cells/well and incubated overnight for attachment. The co-culture was conditioned to
LPS (0.5 pg/mL) and/or FAC (50 pmol/L) under 21% O, and 5% CO, for 24 h. Aiming
at studying the effects of macrophage-conditioned medium, differentiated THP-1
macrophages were conditioned to LPS and/or to FAC for 24 h. Huh7 cells were
exposed to the macrophage-conditioned medium for 24 h. In the co-culture
experiments, a pathophysiological hepatocytes-to-macrophages ratio of 4 to 1 was
used as described previously[14].

Hypoxia experiments

Huh? cells were seeded at a cell density of 0.7 x 10° cell/well in 12-well plates. Huh7
cells were treated with or without FAC. Hypoxia was induced as described recently
using a hypoxia chamber[14]. Briefly, cell culture plates were placed in the hypoxia
chamber and flushed with a gas mixture of 1% O,, 5% CO, and 940 mL/L N, (94% N,)
for 3 min and incubated at 37 °C for 24 h[16].

RNA isolation, cDNA synthesis and quantitative real-time PCR analysis

Total RNA was isolated with Trifast (Peqlab biotechnology GmbH, Erlangen,
Germany) according to the manufacturer specifications. Reverse transcription and
quantitative real-time PCR (qRT-PCR) reactions were performed as previously
described[16]. Primers and probes were designed using the Probefinder software
(Roche, Mannheim, Germany) and the sequences are shown in Table 1. Primarily,
levels of hepcidin mRNA were assessed since they correspond well to the levels of the
propeptide. The levels of secreted peptide are only used in clinical studies where liver
biopsies are not available[5].

Immunoblotting

Cells were washed in ice-cold 1xPBS and harvested in RIPA buffer plus 1 x Complete®
protease inhibitor with EDTA (Roche Applied Sciences, Penzberg, Germany) on ice.
Western Blotting was performed as described previously[16]. Following the transfer,
the proteins immobilized on nitrocellulose membranes were incubated overnight with
the antibodies anti-pSTAT3, anti-STAT3 (1:1000 dilution; Cell Signaling Technology,
Frankfurt am Main, Germany); anti-pSMAD1/5/8, anti-SMAD1 (1:1000 dilution; Cell
Signaling Technology, Frankfurt am Main, Germany) or anti-GAPDH (1:2000 dilution;
Cell Signaling Technology, Frankfurt am Main, Germany). After incubation with the
IRDye-conjugated 680 anti-mouse or 800 anti-rabbit antibodies (1:10000 dilutions; LI-
COR, Inc., Lincoln, NE, United States), the membranes were scanned using an infrared
imaging system (Odyssey CLx; LI-COR, Inc., Lincoln, NE, United States).

Statistical analysis
All the data were expressed as mean * SD. Significant differences (P < 0.05) between

means of data sets were assessed by one-way ANOVA with Tukey's test or two-way
ANOVA with Sidak's test using GraphPad Prism 6 software.

RESULTS

Efficient suppression of hepatocellular hepcidin by higher iron levels

Although iron injection in vivo causes strong induction of hepcidin[34,35], direct
exposure of isolated hepatoma cells or murine primary hepatocytes to various forms of
iron causes an efficient suppression of hepcidin mRNA expression (Figure 1A and B; P
<0.001 and P < 0.05 vs control). The inhibiting effect of iron was observed over a wide
concentration range (Supplementary Figure 1) and could be efficiently blocked by two
iron chelators (SIH and Desferal) (Figure 1C; P < 0.001 vs FAC group). While this
“paradox” response towards iron may be explained by the absence of co-factors or
other neighboring cells in vitro, the direct inhibition of hepcidin by iron may have
important pathophysiological implications for hepatic iron overload in the context of
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Table 1 Primer list of the genes analyzed by quantitative real-time polymerase chain reaction

Gene Primer sequence
human f2-mg forward: 5'-tga ctt tgt cac agc cca aga ta-3”
reverse: 5'-aat cca aat geg gca tct tc-3
probe: FAM-tga tgc tgc tta cat gtc tcg atc cca-TAM
human GAPDH forward: 5'-gaa ggt gaa ggt cgg agt-3’

human hepcidin

human SMAD6

mouse HPRT

reverse: 5'-gaa gat ggt gat ggg att tc-3’

probe: FAM-caa gt tcc cgt tct cag cc-TAM
forward 5'-cag gac aga gct gga gee a-3'
reverse: 5'-gca gca cat ccc aca ctt tg-3'

probe: FAM-ctg ctg cgg ctg ctg tca tcg a-TAM
forward: 5'-tgc aac ccc tac cac ttc a-3'

reverse: 5'-cga gga gac agc cga gag t-3'

probe UPL # 10 (Roche)

forward: 5'-ggt cca ttc cta tga ctg tag att tt-3'
reverse: 5'-caa tca aga cgt tct ttc cag tt-3'

probe UPL # 22 (Roche)
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chronic liver diseases or due to hemolysis. We further demonstrate that the
suppression of hepcidin mRNA expression is not due to toxic or subtoxic effects as
even five times higher FAC concentration did not affect growth or cell division (see
Supplementary Figure 2A). Moreover, a significant suppression of hepcidin mRNA
expression by FAC was observed at 6 h and continued over the observed time interval
of 24 h (Supplementary Figure 2B; P < 0.001 vs control). In summary, in vitro exposure
of hepatocytes to high levels of iron suppresses hepcidin, which may have important
pathophysiological implications by initiating a vicious iron overloading cycle. Further
experiments were carried out with FAC as a standard model for iron exposure.

Iron efficiently blocks BMP6 to induce hepatocellular hepcidin

We next studied the influence of iron (FAC) on BMP6-mediated hepcidin signaling,
one of the major pathways in basal and iron-responsive expression of hepcidin. As
shown in Figure 2A, recombinant BMP6 efficiently increased hepcidin mRNA levels
by almost four times (P < 0.001 vs control). However, the presence of iron FAC not
only blocked basal hepcidin expression under control conditions but completely
inhibited BMP6-mediated hepcidin induction (Figure 2A; P < 0.001 vs BMP6 group). In
fact, even in the presence of BMP6, FAC inhibited hepcidin mRNA levels by ca. 50%
(Figure 2A; P < 0.05 vs control). Notably, BMP6 was unable to induce SMAD6 mRNA
and p-SMAD1/5/8 protein expression under FAC conditions (Figure 2B, C and D; P <
0.01 vs BMP6 group), while no effect on p-STAT3 protein expression was seen
(Figure 2E and F). In conclusion, in vitro, external iron has a profound inhibitory effect
of basal hepcidin expression and completely abolished BMP6-mediated hepcidin
signaling through SMAD but not the STAT3 pathway.

FAC inhibits hypoxia-mediated hepcidin induction in a STAT3-independent manner

Recently, hypoxia and hydrogen peroxide have been identified as important
modulators of hepcidin expression predominantly through the STAT3 pathway and
involving oxidase enzymes of the NOX family[16,17]. To avoid direct interactions
between iron and e.g., peroxide, we therefore next focused on hypoxia to study the role
of FAC in a STAT3-mediated hepcidin signaling. In confirmation of previous
experiments[14], Figure 3A demonstrates that hypoxia is able to significantly increase
hepcidin mRNA levels (P < 0.05 vs normoxia control). However, hypoxia was unable
to induce hepcidin mRNA expression under FAC conditions (Figure 3A; P < 0.01 vs
normoxia control and P < 0.001 vs hypoxia control). Expectedly, hypoxia did not have
any significant effect on SMAD6 mRNA and p-SMAD1/5/8 protein expression
(Figure 3B, C and D), but efficiently upregulated p-STAT3 protein expression as
shown previously (Figure 3E and F; P < 0.05 vs normoxia control). In contrast, FAC
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Figure 1 Efficient suppression of hepcidin by higher iron levels. A: Huh7 cells were treated with 50 umol/L of FAC, FeCl,, FC, ferrlecit, hemin or FeSO,
for 24 h; B: Murine primary hepatocytes were treated with FAC (50 pmol/L) for 24 h; C: Huh7 cells were treated with FAC (50 pmol/L) in the presence or absence of
SIH (100 umol/L) or Desferal (50 umol/L) for 24 h. Total RNA was extracted from Huh7 cells or murine primary hepatocytes. Hepcidin mRNA levels were determined
by quantitative real-time PCR, normalized to glyceraldehyde 3-phosphate dehydrogenase or hypoxanthine phosphoribosyltransferase or $2mg. Data are presented
as mean % SD. 2P < 0.05, °P < 0.001 vs control; °P < 0.001 vs FAC group. FAC: Ferric ammonium citrate; FeCl,: Ferric chloride; FC; Ferric citrate; FeSO,: Ferrous
sulfate; SIH: Salicylaldehyde isonicotinoyl hydrazine; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; p2mg, p2-microglobulin; HPRT: Hypoxanthine
phosphoribosyltransferase.

Jaishideng®

WJH | https://www.wjgnet.com 1383

still decreased SMAD6 mRNA and p-SMAD1/5/8 protein expression under hypoxia
(Figure 3B, C and D; P < 0.01 and P < 0.05 vs hypoxia control), but had no effect on p-
STAT3 protein expression even under hypoxia (Figure 3E and F). These results
demonstrate that FAC also and primarily affects hepcidin even in a typical STAT3-
signaling setting through basal modulation of the SMAD pathway.

FAC efficiently blocks cytokine-mediated hepcidin expression

Cytokines such as IL-6 and IL-1B are important upstream regulators of hepcidin
playing an important role in the so-called anemia of chronic disease response[36]. For
instance, they are primarily responsible for the general hypoferremia observed during
infections[37,38]. To study the effect of iron on cytokine signaling, hepatoma cells were
exposed to FAC and/or IL-1B or IL-6 in vitro for 24 h and hepcidin mRNA was
assessed by qRT-PCR. As shown in Figure 4A and B, both cytokines efficiently
increased hepcidin mRNA levels while FAC blocked IL-1B-mediated induction by
about 50% and IL-6-mediated induction completely (P < 0.05 vs IL-1B group and P <
0.001 vs IL-6 group). FAC not only decreased the basal but also the SMAD6 mRNA
and p-SMAD1/5/8 protein expression induced by IL-1p (see Supplemen-
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Figure 2 Ferric ammonium citrate profoundly blocks bone morphogenetic protein 6-mediated hepcidin signaling. Huh7 cells were treated with
or without bone morphogenetic protein 6 (BMP6) (40 ng/mL) in the presence or absence of ferric ammonium citrate (FAC) (50 umol/L) for 24 h. Total RNA and protein
were extracted from Huh7 cells. A: FAC decreased the hepcidin mRNA expression in the presence or absence of BMP6; B: FAC decreased small mothers against
decapentaplegic 6 (SMAD6) mRNA expression in the presence or absence of BMP6; C, D: FAC decreased p-SMAD1/5/8 protein expression in the presence or
absence of BMP6; E, F: Both BMP6 and FAC have no significant effect on phosphorylated signal transducer and activator of transcription 3 (p-STAT3) protein
expression. SMAD1, p-SMAD1/5/8, STAT3, p-STAT3 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein levels were determined by Western blotting.
Hepcidin and SMAD6 mRNA levels were determined by gqRT-PCR, normalized to GAPDH. Western Blots are representatives of three independent experiments. Data
are presented as mean + SD. 2P < 0.05, °P < 0.01, °P < 0.001 vs control; °P < 0.01, ®P < 0.001 vs BMP6 group. FAC: Ferric ammonium citrate; BMP6. Bone
morphogenetic protein 6; p-: Phospho-; SMAD: Small mothers against decapentaplegic; STAT3: Signal transducer and activator of transcription 3; GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase.

tary Figure 3A). FAC still decreased the SMAD6 mRNA and p-SMAD1/5/8 protein
expression in the presence of IL-6 (see Supplementary Figure 4A). In addition, while
both cytokines induced p-STAT3 protein expression (see Supplementary Figure 3B or
Supplementary Figure 4B; P < 0.01 vs IL-1B group or IL-6 group), FAC had significant
effect on p-STAT3 protein expression neither in the presence nor absence of IL-1f or
IL-6. Notably, IL-6 was still able to induce hepcidin under FAC conditions (See
Figure 4B). Taken together, these findings suggest that the presence of FAC
significantly attenuates hepcidin response to cytokines, which is SMAD dependent but
does not involve STAT3.
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Figure 3 Ferric ammonium citrate efficiently inhibits hypoxia-mediated hepcidin response independent of signal transducer and activator
of transcription 3. Huh7 cells were exposed to normoxia (210 mL/L O,, 21% O,) or hypoxia (10 mL/L O,, 1% O,) in the presence or absence of ferric ammonium
citrate (FAC) (50 umol/L) for 24 h. Total RNA and protein were extracted from Huh7 cells. A: FAC decreased the basal and hypoxia-induced hepcidin mMRNA
expression; B: Hypoxia has no obvious effect on small mothers against decapentaplegic 6 (SMAD6) mRNA expression, but FAC decreased SMAD6 mRNA
expression in the presence or absence of hypoxia; C, D: Hypoxia has no significant effect on p-SMAD1/5/8 protein expression, while FAC decreased p-SMAD1/5/8
protein expression in the presence or absence of hypoxia; E, F: Hypoxia increased phosphorylated signal transducer and activator of transcription 3 (p-STAT3)
protein expression, while FAC has no significant effect on p-STAT3 protein expression in the presence or absence of hypoxia. SMAD1, p-SMAD1/5/8, STAT3, p-
STAT3 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein levels were determined by Western blotting. Hepcidin and SMAD6 mRNA levels were
determined by gRT-PCR, normalized to GAPDH. Western Blots are representatives of three independent experiments. Data are presented as mean + SD. 2P < 0.05,
®P < 0.01, °P < 0.001 vs control (21% O,); %P < 0.05, °P < 0.01, P < 0.001 vs control (1% O,). FAC: Ferric ammonium citrate; O,: oxygen; p-: Phospho-; SMAD: Small
mothers against decapentaplegic; STAT3: Signal transducer and activator of transcription 3; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.

Inhibition of hepatocellular hepcidin by FAC requires BMP/SMAD signaling

We next studied the role of BMP/SMAD signaling in the modulation of hepatocellular
hepcidin by FAC using a BMP/SMAD signaling inhibitor LDN193189 (LDN)[39]. LDN
suppressed the basal hepcidin mRNA expression (Figure 5A; P < 0.001 vs control),
while FAC in combination with LDN could not further suppress hepcidin mRNA
expression compared with LDN alone (Figure 5A). FAC in combination with LDN
could not further suppress SMAD6 mRNA and p-SMAD1/5/8 protein expression
compared with LDN alone (Figure 5B, C and D). Neither FAC nor LDN had a
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Figure 4 Ferric ammonium citrate efficiently blocks cytokine-mediated hepcidin expression. Huh7 cells were treated with or without IL-1B (10
ng/mL) or IL-6 (10 ng/mL) in the presence or absence of ferric ammonium citrate (FAC) (50 umol/L) for 24 h. Total RNA was extracted from Huh7 cells. A: FAC
significantly decreased IL-1pB-induced hepcidin mRNA expression; B: FAC efficiently blocks IL-6-induced hepcidin mRNA expression. Hepcidin mRNA levels were
determined by qRT-PCR, normalized to glyceraldehyde 3-phosphate dehydrogenase. Data are presented as mean + SD. °P < 0.01, °P < 0.001 vs control; %P < 0.05, ®
P <0.001 vs IL-6 group. IL-1B: Interleukin 1p; IL-6: Interleukin 6; FAC: Ferric ammonium citrate; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.
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significant effect on p-STAT3 protein expression (Figure 5E and F). In conclusion, these
data suggest that the BMP/SMAD signaling is necessary for FAC to inhibit hepcidin
expression.

FAC decreases hepatic hepcidin expression induced by LPS in a macrophage-

hepatocyte co-culture model

We finally studied the effect of FAC on a more complex and recently established co-
culture model of macrophages and hepatocytes to mimic an inflammatory bacterial
response by LPS under crosstalk conditions of both cell lines. Human THP-1
monocytes were differentiated into macrophages using PMA as described recently
[40]. We examined the effect of LPS on hepatocellular hepcidin mRNA expression in
the presence or absence of macrophages. A co-culture model of macrophages and
hepatocytes was established according to the cell ratio of 4 to 1 of hepatocytes to
macrophages in order to mimic pathophysiological cell ratios in the liver microenvir-
onment[14]. In a normal experimental setting, THP-1 monocytes were differentiated
with PMA for 24 h, washed with PBS, and then cultured in fresh medium for another
24h followed by co-cultivation for another 24h with huh?7 cells. Huh?7 cells were treated
by LPS for 24h, and Huh? cells were co-cultured with THP-1 macrophages in the
presence of LPS or exposed to LPS-conditioned macrophage medium for 24 h. LPS
slightly induced hepcidin mRNA expression in Huh7 cell monoculture. Co-culture
with macrophages induced hepcidin mRNA expression (Figure 6A; P < 0.001 vs Huh7
control), which was further enhanced by LPS (Figure 6A; P < 0.001 vs co-culture
control) in line with recent studies[14,41]. Notably, the effects of macrophages on
hepcidin mRNA expression are even stronger than direct LPS-stimulation (Figure 6A;
P < 0.001 vs Huh7 LPS group). FAC also significantly decreased hepatic hepcidin
mRNA expression in our co-culture model (see Figure 6B; P < 0.05 vs control), and the
presence of FAC also significantly attenuated the LPS-mediated expression of hepatic
hepcidin mRNA in our co-culture model (see Figure 6B; P < 0.001 vs LPS group). As
demonstrated in Supplementary Figure 5A, FAC decreased the LPS-induced SMAD6
mRNA and p-SMAD1/5/8 protein expression (P < 0.05 vs LPS group). Moreover, LPS
induced p-STAT3 protein expression (see Supplementary Figure 5B; P < 0.05 vs
control), while FAC had no significant effect on p-STAT3 (see Supple-
mentary Figure 5B). Similar results to the directly co-culture model were also observed
by using the macrophage-conditioned medium (data not shown). In conclusion, iron
also significantly blocks hepcidin expression in a more complex macrophage-
hepatocyte co-culture model upon LPS stimulation in SMAD but not STAT3
dependent fashion.

DISCUSSION

We here show that iron suppresses hepatocellular hepcidin signaling directly under in
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Figure 5 Inhibition of hepatocellular hepcidin by ferric ammonium citrate requires bone morphogenetic protein/small mothers against
decapentaplegic signaling. Huh7 cells were treated with or without ferric ammonium citrate (FAC) (50 umol/L) in the presence or absence of LDN193189
Hydrochloride (LDN) (20 nmol/L) for 24 h. Total RNA and protein were extracted from Huh7 cells. A: FAC or LDN decreased the basal hepcidin mRNA expression,
but FAC in combination with LDN did not further suppress hepcidin mMRNA expression compared with LDN alone; B-D: FAC or LDN decreased the basal small
mothers against decapentaplegic (SMAD)6 mRNA and p-SMAD1/5/8 protein expression, but FAC in combination with LDN did not further suppress SMAD6 and p-
SMAD1/5/8 expression compared with LDN alone; E, F: Both FAC and LDN had no significant effect on phosphorylated signal transducer and activator of
transcription 3 (p-STAT3) protein expression. SMAD1, p-SMAD1/5/8, STAT3, p-STAT3 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein levels
were determined by Western blotting. Hepcidin and SMAD6 mRNA levels were determined by gRT-PCR, normalized to GAPDH. Western Blots are representatives of
three independent experiments. Data are presented as mean + SD. 2P < 0.05, °P < 0.01, °P < 0.001 vs control. FAC: Ferric ammonium citrate; LDN: LDN193189
Hydrochloride; p-: Phospho-; SMAD: Small mothers against decapentaplegic; STAT3: Signal transducer and activator of transcription 3; GAPDH: Glyceraldehyde 3-
phosphate dehydrogenase.

vitro conditions. By exploring several established in vitro models of hepcidin signaling,
we further demonstrate that this direct inhibitory effect of iron on hepcidin
transcription unanimously affects the BMP-SMAD pathway but not the STAT3
pathway. Since iron-mediated blockage of hepcidin mRNA expression is also observed
in primary hepatocytes at higher iron dosages and can be prevented by iron chelators,
we suggest that this mechanism could contribute to hepcidin suppression in various
iron overload diseases including hemolytic iron overload.

WJH | https://www.wjgnet.com 1387 October 27,2021 | Volume13 | Issue10 |

Jaishideng®



Yu LN et al. Direct effect of iron on hepcidin

A

3

Hepcidin mRNA (hepcidin/GAPDH)

0 —
LPS

1.57

1.0

0.5 7

Hepcidin mRNA (hepcidin/GAPDH)

0.0 -
- + FAC - - + +

Co-culture LPS - + - +

Co-culture

Figure 6 Ferric ammonium citrate decreases hepatic hepcidin expression induced by lipopolysaccharide in a macrophage-hepatocyte
co-culture model. Huh7 cells were treated with or without lipopolysaccharide (LPS) (500 ng/mL) for 24 h. Huh7 cells were directly co-cultured with THP-1
macrophages according to pathophysiological macrophage/hepatocyte cell ratio (1:4) and then treated with or without LPS (500 ng/mL) for 24 h in the presence or
absence of ferric ammonium citrate (FAC) (50 umol/L). Total RNA was extracted from Huh7 cells or Huh7 cells and THP-1 macrophages. A: Hepcidin mRNA levels
were slightly increased by LPS in monoculture of Huh7 cells, and macrophages increased hepcidin mRNA levels compared with monoculture control and the
presence of LPS further markedly increased hepcidin mRNA levels; B: FAC decreased the basal and LPS-induced hepcidin mRNA levels in the co-culture model.
Hepcidin mRNA levels were determined by qRT-PCR, normalized to glyceraldehyde 3-phosphate dehydrogenase. Data are presented as mean + SD. 2P < 0.05, °P <
0.001 vs Huh7 control; °P < 0.001 vs Huh7 LPS group; P < 0.05, P < 0.01, °P < 0.001 vs co-culture control; "P < 0.001 vs co-culture LPS group. LPS:
Lipopolysaccharide; FAC: Ferric ammonium citrate.

Jaishideng®

Although not widely gained attention, it has already been known for many years
that hepatocellular hepcidin rapidly loses its responsiveness to iron under cultured
conditions[19,41]. While this could be due to the loss of serum factors, the “in vivo liver
microenvironment”, altered oxygen conditions or loss of metabolic demand ex vivo,
the absence of an essential intercellular crosstalk could be another explanation.
Namely with the identification of the BMP6-SMAD pathway, the role of endothelial
released BMP6 has been identified as a major upstream event of the hepcidin response
[23,26]. Indeed, and also shown here, exposure of cultured hepatocytes to recombinant
BMP% is able to efficiently recover the hepcidin response.

On the other hand, such paradox responses of hepcidin towards iron levels have
been also well documented in patients with severe thalassemia. These patients show
pronounced hemolytic anemia and require repeated blood transfusion[32]. Patients
with severe disease typically show progressive liver damage and cirrhosis due to
serious iron toxicity[42]. The recent establishment of a murine thalassemia model
clearly demonstrates that hepatic iron overload occurs also in the absence of additional
blood supply under continued hemolysis-mediated suppression of hepcidin[33].

The mechanisms behind this hepcidin suppression in hemolytic diseases are still
controversially discussed. Erythropoietin (EPO) has been proposed as an important
factor although the underlying mechanisms are not completely understood and cannot
be recapitulated by direct exposure of hepatocytes to EPO[43]. The recent identi-
fication of bone marrow-derived erythroferrone (ERFE) and Growth Differentiation
Factor-15 (GDF15) in response to EPO stimulation suggests that these factors at least
partly contribute to hepcidin suppression during hemolysis[28,44-46]. However, our
data on the direct inhibiting effect of iron on hepcidin signaling in vitro suggest that
iron per se could also contribute to hepcidin suppression.

Chronic liver diseases represent another important model of chronic iron overload
and ca. 50% of chronic liver diseases show hepatic iron overload with an inadequate
hepcidin response[30]. While primary liver damage either through alcohol damage or
viral replication could account for the total loss of hepcidin response[47-49], iron itself
could also play a regulatory role. In our various in vitro models of hepcidin signaling,
we here demonstrate that iron efficiently blocks hepcidin response primarily through
the SMAD pathway. Although this seems rather counteractive towards the iron-
mediated BMP-hepcidin response, this experiment deserves serious consideration
especially during pathophysiological conditions such as severe hemolysis or damage
to the liver sinus-endothelial layer. It may explain why continued hepatic iron
overload would initiate a vicious cycle of hepcidin suppression and further iron
uptake through the duodenal brush border[50]. It would also implicate that besides
pharmacological approaches to re-introduce hepcidin or increase hepcidin peptide
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Figure 7 Scheme of iron-mediated blockage of hepcidin transcription via bone morphogenetic protein/small mothers against decapenta-
plegic but independent of signal transducer and activator of transcription 3 signaling. Iron (ferric ammonium citrate) primarily blocks hepcidin
transcription via the bone morphogenetic protein (BMP)/small mothers against decapentaplegic pathway while no effect on signal transducer and activator of
transcription 3 signaling was observed. The scheme also shows all studied hepcidin signaling pathways including BMPS, interleukin (IL)-6, IL-1(, hypoxia or a
complex co-culture model with macrophages. IL-1p: Interleukin 1; IL-6: Interleukin 6; BMP6: Bone morphogenetic protein 6; FAC: Ferric ammonium citrate; IL-1R:
IL-1 receptor; IL-6R: IL-6 receptor: NOX4: NADPH Oxidase 4; BMPR: BMP receptor; p-STAT3: Phosphorylated signal transducer and activator of transcription 3; p-
SMAD1/5/8: Phosphorylated small mothers against decapentaplegic 1/5/8.
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levels (e.g., mini hepcidins), removal of iron remains the cornerstone of the treatment.
Not only would it remove the primary toxic agent iron but it would interrupt the
suppressing effect of hepcidin on iron. It may also stimulate a mechanistic discussion
on the therapeutic usage of iron chelators vs phlebotomy.

Although our data clearly show an exclusive effect of in vitro iron on the SMAD
signaling cascade, the direct molecular mechanisms still remain elusive. Notably,
hepcidin signaling was inhibited by iron in all explored models including the co-
culture model with macrophages. Even in primary STAT3-mediated processes such as
cytokines, hypoxia or LPS, iron efficiently blocked hepcidin transcription underlining
the important role of the SMAD pathway for basal hepcidin expression. In line with
this is the observation that efficient SMAD blockage by the SMAD inhibitor LDN
could not be further enhanced by iron. Second, experiments with membrane
permeable or non-permeable iron chelators (SIH or Desferal) show that iron chelators
efficiently counteract the inhibitory effect of iron on hepcidin. Although do not
provide definite answers to the underlying mechanisms of the iron-mediated hepcidin
inhibition, the almost immediate effect restricted to the SMAD pathway and the fact
that only oxidized forms of iron are effective suggests to us that iron may directly act
through the BMP receptor or associated molecules such as TfR1 or TfR2[30].

On a final note, we were surprised not to see any interaction of iron with the STAT3
pathway. Since STAT3 is responsive to peroxide and iron and H,O, are known for
decades to chemically interfere via the Fenton chemistry[30], it would have been no
surprise to see direct effects on hepcidin transcription. However, it remains open
whether compensating mechanisms exist to counteract decreased peroxide levels e.g.
by upregulating oxidases etc.

In summary, to our knowledge, this work is the first to show that iron directly
blocks hepcidin transcription, at baseline or upon stimulation by different stimuli,
through the BMP/SMAD but not STAT3 signaling in vitro. A summarizing scheme is
shown in Figure 7. We think that in addition to potential hepcidin suppressing factors
such as GDF15 or ERFE, iron could directly block hepcidin transcription under
conditions of either excess iron or a liver endothelial fenestration with larger access to
the hepatocellular membrane. Specifically under pathological conditions such as
severe hemolysis or chronic iron overload as observed in alcoholic liver disease, this
novel mechanism may contribute to further iron overload and initiate a vicious cycle.
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To interrupt this cycle, the removal of iron should be the most efficient therapeutic
goal. It will not be an easy task to validate this concept in in vivo models since iron
levels in the direct environment of hepatocytes are not easy to quantitate.

CONCLUSION

In conclusion, iron including FAC per se, directly blocks hepcidin transcription and
the inhibitory effect could be observed over a large concentration range involving all
forms of iron-III, which was not caused by toxicity or inhibition of cell growth. FAC
has a profound inhibitory effect on hepcidin expression at baseline or upon
stimulation by stimuli in various cell models, which was controlled through the
BMP/SMAD pathway but independent of STAT3. We suggest that this mechanism
may contribute to continued iron overload in many pathophysiological conditions
ultimately causing a vicious cycle of continued hepcidin suppression. Anyway, this
study provides a new idea for in-depth exploration of iron overload diseases and
provides an experimental basis for the underlying therapeutic goal.

ARTICLE HIGHLIGHTS

Research background

Excess iron causes cancer and severe tissue damage and chronic iron overload is not
only driving the rather rare hereditary iron overload diseases but also secondary iron
overload diseases due to hemolysis or common chronic liver diseases such as alcoholic
liver disease or hepatitis C. In most of these diseases, suppression of hepcidin, the
systemic master switch of iron homeostasis in mammals, has been identified to play a
key role. Hepcidin is primarily expressed in hepatocytes as a precursor pro-peptide
and to a lesser extent in macrophages or cardiomyocytes. Elevated hepcidin causes
hypoferremia and anemia by efficiently blocking iron absorption, iron recycling and
iron storage by binding to and degrading the major iron export pump ferroportin 1.

Research motivation

The direct iron sensing mechanisms by hepcidin remain obscure and seemingly
paradox response of hepcidin have been observed in various clinical scenarios. Thus,
direct intravenous injection of iron causes rapid induction of hepcidin, iron release in
the context of hemolytic diseases such as thalassemia efficiently block hepcidin
expression and cause further detrimental iron accumulation. Moreover, it still remains
largely unexplained why hepatocellular hepcidin is downregulated under in vitro
conditions. These observations prompted us to study in detail the direct effect of iron
in cultured hepatocytes.

Research objectives

The authors here aimed to study the direct effect of iron on various established
hepcidin signaling pathways including the bone morphogenetic protein (BMP)/small
mothers against decapentaplegic (SMAD) signaling pathway and signal transducer
and activator of transcription 3 (STAT3)-mediated hepcidin signaling via cytokines,
hypoxia, and lipopolysaccharide (LPS) using a recently established macrophage-
hepatocyte co-culture model.

Research methods

Hepcidin mRNA expression in presence of various forms of iron was studied, using
hepatoma cells (Huh?7), murine primary hepatocyte and a co-culture model of phorbol
myristate acetate-differentiated THP-1 monocytes and hepatoma cells. The response to
BMP6, interleukin (IL)-6, IL-1B, hypoxia and LPS were studied in order to analyze
hepcidin signaling. Hepcidin and SMAD6 mRNA levels were assessed and the
expression of phospho-STAT3, STAT3, phospho-SMAD1/5/8 and SMADI proteins
were analyzed.

Research results

All iron III forms including ferric ammonium citrate efficiently blocked hepcidin
mRNA expression at non-toxic dosages in hepatoma cells or primary hepatocytes.
Using iron chelators, the blockage of hepcidin by iron could be efficiently blunted. Iron
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also had a profound inhibitory effect of basal hepcidin expression and completely
abolished BMP6-mediated hepcidin signaling through SMAD but not the STAT3
pathway. Iron also and primarily affected hepcidin even in a typical STAT3-signaling
setting through basal modulation of the SMAD pathway and iron significantly
attenuated hepcidin response to cytokines, which is SMAD dependent but does not
involve STAT3. In the co-culture model, iron inhibited LPS-mediated hepcidin
induction.

Research conclusions

In conclusion, iron directly blocks hepatocellular hepcidin transcription involving all
forms of iron III and the effect was not caused by toxicity or reduced cell growth. Iron
also inhibits hepcidin upregulation in various models of hepcidin stimulation
primarily through the BMP/SMAD pathway but independent of STAT3 signaling. We
propose that his mechanism may contribute to continued iron overload at least under
pathophysiological conditions of iron release ultimately causing a vicious cycle of
continued hepcidin suppression and further iron overload.

Research perspectives

This study provides a new concept for better understanding the seemingly paradox
response of hepcidin in in vivo and in vitro settings. Moreover, understanding the
direct inhibitory effects of iron on hepcidin signaling at the hepatocellular side could
help to identify novel molecular targets for future therapies.
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Abstract

BACKGROUND

Increased gut permeability and bacterial translocation play an important role in
liver cirrhosis. Zonulin is a recently recognized protein involved in the disinteg-
ration of the intestinal barrier.

AIM
To investigate possible differences in serum zonulin levels among patients with
different cirrhosis stages and their potential prognostic implications.

METHODS

Consecutive cirrhotic patients who attended our liver clinic were included in the
study. Serum zonulin levels, clinical, radiological and biochemical data were
collected at baseline. Patients who accepted participation in a regular surveillance
program were followed-up for at least 12 mo.

RESULTS

We enrolled 116 cirrhotics [mean Child-Turcotte-Pugh (CTP) score: 6.2 * 1.6;
model for end-stage liver disease score: 11 * 3.9]. The causes of cirrhosis were
viral hepatitis (39%), alcohol (30%), non-alcoholic fatty liver disease (17%), and
other (14%). At baseline, 53% had decompensated cirrhosis, 48% had ascites, and
32% had history of hepatic encephalopathy. Mean zonulin levels were
significantly higher in patients with CTP-B class than CTP-A class (4.2 £ 2.4
ng/dL vs 3.5 £ 0.9 ng/dL, P = 0.038), with than without ascites (P = 0.006), and
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with than without history of encephalopathy (P = 0.011). Baseline serum zonulin
levels were independently associated with the probability of decompensation at 1
year (P = 0.039), with an area under the receiving operating characteristic of 0.723
for predicting hepatic decompensation. Higher CTP score (P = 0.021) and portal
vein diameter (P = 0.022) were independent predictors of mortality.

CONCLUSION

Serum zonulin levels are higher in patients with more advanced chronic liver
disease and have significant prognostic value in identifying patients who will
develop decompensation.

Key Words: Zonulin; Cirrhosis; Intestinal barrier; Bacterial translocation; Decompensation;
Permeability

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Zonulin is a protein that appears to play a significant role in gut barrier
integrity. Increased zonulin levels and deregulation of intestinal permeability have been
demonstrated in patients suffering from celiac disease or type 2 diabetes. However, the
role of zonulin as a promoting factor of intestinal barrier disruption in patients with
liver cirrhosis has not been studiedadequately. We evaluated serum zonulin levels in
patients with different stages of advanced liver disease. According to our findings,
serum zonulin levels are increased in patients with more advanced liver disease and are
independently associated with progression to decompensation.

Citation: Voulgaris TA, Karagiannakis D, Hadziyannis E, Manolakopoulos S, Karamanolis GP,
Papatheodoridis G, Vlachogiannakos J. Serum zonulin levels in patients with liver cirrhosis:
Prognostic implications. World J Hepatol 2021; 13(10): 1394-1404

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1394.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1394

INTRODUCTION

Bacterial translocation (BT) is defined as the passage of viable endogenous bacteria
and endotoxins from the intestinal lumen through the mucosa into the mesenteric
lymph nodes and other organs[1]. In patients with liver disease, BT has been
demonstrated to play a pivotal role on the occurrence or aggravation of serious
complications[2]. Bacterial overgrowth, decreased intestinal peristalsis with
concomitant increased permeability, as well as immunological alterations that have
been found in patients with chronic liver diseases appear to be the main causative
factors of BT[3-6]. Among them, the exact pathophysiological mechanism leading to
increased intestinal permeability is the most difficult to investigate and remains to be
thoroughly explained.

Recently, Fasano[7] identified zonulin, a novel 47-kDa protein precursor of
haptoglobin-2 (pre-HP2), which is synthesized by the intestinal and liver cells and
mayplay a significant role in disruption of the gut barrier. Evidence exist to support
that small intestine epithelial cells exposed to enteric bacteria, secret zonulin, which in
turn attaches to special receptors located on the membrane of intestinal epithelial cells,
leading to a disconnection of occludin from ZO-1. This disrupts the tight junctions and
consequently increases the gut permeability[8].

Currently, the connection between increased zonulin levels and the deregulation of
intestinal permeability has been observed in patients suffering from celiac disease,
type 2 diabetes, obesity and inflammatory bowel disease (IBD)[9-13]. However, the
role of zonulin and its possible involvement in the dysfunction of intestinal barrier
function in patients with cirrhosis has not been studiedthoroughly.

The aim of our study was to assess the serum zonulin levels in patients with
cirrhosis and investigate their possible impact on patients” prognosis.
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MATERIALS AND METHODS

Over a period of 12 mo (February 2017-January 2018), all cirrhotic patients, aged from
18 years to 80 years, who attended our outpatient liver clinics were considered eligible
for inclusion in the study, regardless of the etiology and severity of their liver disease.
We excluded patients with alcoholic hepatitis, porto-splenic vein thrombosis, non-
cirrhotic portal hypertension, hepatocellular carcinoma (HCC), transjugular
intrahepatic portosystemic shunt (TIPS), chronic kidney disease, celiac disease, acute
infection, IBD, or any other chronic intestinal disease.

The diagnosis of cirrhosis was based on clinical and laboratory findings, imaging
studies or liver histology, when available. All patients had liver stiffness measurement
(LSM) of > 14 kPa (by elastography). At baseline, all patients underwent abdominal
ultrasound with spleen and portal diameter measurements and baseline LSM and
spleen stiffness measurement (SSM) by shear wave elastography (SWE). In addition,
all patients underwent clinical examination and laboratory testing every 3 mo, and
abdominal ultrasound every 6 mo.

The study protocol was approved by the Ethics Committee of “Laiko” General
Hospital of Athens, Greece. A written consent was obtained from each patient with
respect to all ethical guidelines issued by the 2000 revision (Edinburgh) of the 1975
Declaration of Helsinki.

Clinical and laboratory data

Clinical and laboratory data, routine blood parameters, including platelet count,
prothrombin time, serum albumin, serum creatinine, international normalized ratio
(INR), serum aspartate aminotransferase, alanine aminotransferase, and bilirubin,
were measured at the time of patient enrollment. Likewise, the existence of ascites or
hepatic encephalopathy (HE) was noted. The severity of liver disease was determined
by Child-Turcotte-Pugh (CTP) scoring, and the model for end-stage liver disease
(MELD) score calculated according to the UNOS formula. Study end-points included
death, liver transplantation and liver decompensation in patients with compensated
cirrhosis at baseline.

Two-dimensional SWE

All patients underwent LSM and SSM by two-dimensional (2D)-SWE performed by a
single experienced operator (> 500-exam experience) in fasting patients. The
Aixplorer® ultrasound system (Supersonic Imagine S.A., Aix-en-Provence, France)
with an abdominal 3.5 MHz curved array probe was used, as recommended. 2D-SWE
measurements were performed at each patient’s initial assessment. Ten reliable LSM
and ten reliable SSM values were obtained from each patient and the mean values
were then calculatedrespectively. The SD was < 20% of the mean values of LSM and
SSM, respectively.

Sample collection-zonulin measurement
A venous blood sample was collected from each patient, with or without precooled
anticoagulant (heparinized/EDTA)-coated tube. The serum or plasma was then
separated from the blood by centrifugation at 3000 rpm for 10 min at room
temperature. The samples were stored at -80 °C.

Serum levels of zonulin were measured using an enzyme-linked immune-sorbent
assay (Immundiagnostik AG, Bensheim, Germany); the sensitivity of the assay was
0.01 ng/mL.

Statistical analysis

Statistical analysis was performed by SPSS V23 (IBM Corp., Armonk, NY, United
States). Data were expressed as frequencies, mean with SD, or median with
interquartile range, as appropriate. Quantitative variables were compared with
Student’s t-test or Mann-Whitney test for normally distributed and non-normally
distributed variables, respectively. Qualitative variables were compared with chi-
squared test or Fisher’s exact test, as appropriate. The relationship between parameters
was assessed by using Spearman’s correlation coefficient. Multivariate logistic
regression analysis models were used to identify independent, significant, predictive
factors of a poor outcome. Only parameters with a significant or a trend for significant
associations (P < 0.10) with the dependent variable in the univariate analysis being
included in the multivariate analysis models. The area under the receiving operating
characteristic (AUROC) curves for zonulin predictability, as well as sensitivity,
specificity, positive predictive value (PPV), and negative predictive value (NPV), were
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calculated. The c-statistics of AUROC curves were provided with their 95% confidence
intervals (ClIs). Diagnostic accuracy was considered to be poor when a c-statistic was
0.65-0.75, good when a c-statistic was 0.76-0.85, and excellent when a c-statistic was >
0.85. The optimal cut-off was selected from the AUROC curves as the point which
provided the maximum sum of sensitivity and specificity. All tests were two-sided
and P values < 0.05 were considered to be significant.

RESULTS

In total, 127 consecutive cirrhotic patients were initially assessed. Eleven patients were
excluded, due to HCC (n = 5), acute infection (1 = 4) or portal vein thrombosis (1 = 2).
Therefore, 116 patients were finally included in the study. Mean age was 59 + 13 years,
and 71 (61.2%) were male. Viral hepatitis was the main cause of liver disease (38.8%).
Compensated and decompensated liver disease were marginally equally distributed in
our cohort, while a significant proportion of patients had ascites at the time of
enrollment. Esophageal or gastric varices were documented in 65 (55.2%) of the
patients and 60 (51.7%) were under treatment with b-blockers. Patient characteristics
are presented in Table 1.

Compared to patients with compensated liver disease, those with decompensated
liver disease had significantly lower platelet counts (106 + 37 x 10°/L vs 137 + 55 x 10°
/L, P =0.006), higher INR values (1.3 £ 0.28 vs 1.2 £ 0.2, P = 0.003) and lower albumin
levels (3.5+ 0.5 g/Dlvs 4.8 £0.6 g/dL, P < 0.001) as well as higher MELD (12.6 + 4.1 vs
9.2+1.6, P <0.001) and CTP scores (7 +1.7 vs 5.3 £ 0.5, P < 0.001).

Zonulin levels

Mean serum zonulin levels were 3.6 £ 1.5 ng/dL. Patients with CTP-B had
significantly higher serum zonulin levels compared to those with CTP-A cirrhosis (4.2
*+24ng/dL vs 3.5 £ 0.9 ng/dL, P = 0.038). On the other hand, patients with CTP-C
cirrhosis had lower levels of serum zonulin compared to the two other groups.
Specifically, CTP-C patients had lower levels of zonulin than CTP-A (2.6 £ 0.7 ng/dL
vs5 3.5+ 0.9 ng/dL, P = 0.035) or CTP-B patients, although the latter difference did not
reach statistical significance (2.6 + 0.7 ng/dL vs 4.2 + 2.4 ng/dL, P = 0.157) (Figure 1).

Serum zonulin levels were higher in patients with than without ascites (4.16 ng/dL
vs 3.26 ng/dL, P = 0.006). Similarly, patients with a history of HE had higher zonulin
levels compared to those without history of HE (4.17 ng/dL vs 3.39 ng/dL, P = 0.011).
The presence of varices was also associated with numerically higher levels of zonulin
but this difference did not reach statistical significance (Figure 2).

No significant correlation was observed between serum zonulin levels and platelets,
serum albumin, bilirubin, INR, MELD score, age or body mass index. Moreover,
treatment with b-blockers was not found to affect the levels of zonulin (patients on
treatment: 3.6 + 1.5 ng/dL vs no treatment with b-blockers: 3.4 + 0.9 ng/dL, P = 0.513).

Follow-up

Sixty-three out of the one-hundred and sixteen patients were followed for at least 12
mo or until death/Liver transplantation, whichever occurred first. Their mean age was
60 + 15 years and 30 (48%) were male. The majority of patients (n = 36, 57%) had
compensated cirrhosis at baseline. Forty-four (69.8%) patients had CTP-A and nineteen
had CTP-B (30.2%) cirrhosis. Mean MELD score was 11.3 * 3.2. Thirty-nine (61.9%)
patients had no varices or small varices without red spots and twenty-four (38.1%)
patients had high-risk varices (large varices or small varices with red spots). Twenty of
the twenty-seven (74%) patients with decompensated cirrhosis had ascites at baseline.
No patient with compensated liver disease who was in the follow-up group was under
rifaximin treatment, while 8/27 patients with decompensated disease were receiving
rifaximin. Patients with decompensated cirrhosis receiving rifaximin on baseline and
followed up for at least 12 mo showed numerically higher serum zonulin levels at
baseline, though not statistically significant (patients onrifaximin treatment: 4.49 + 2.37
ng/dL vs no rifaximintreatment: 3.41 + 1.08 ng/dL, P = 0.144)

Specific treatment was received by 32 (50.8%) of the 63 patients. Among them, mean
baseline LSM was 22.9 + 9.3 kPa and mean baseline SSM was 35.3 £ 8.6 kPa.

Twelve (33.3%) of the thirty-six patients with compensated cirrhosis at baseline
progressed to decompensated disease [11/36 (30.5%) developed ascites and 1/36
(2.8%) developed variceal bleeding]. Patients who progressed to liver decompensation
(n = 12) had higher baseline serum zonulin levels at (3.98 + 0.79 ng/dL vs 3.18 £ 1.02
ng/dL, P = 0.011) and lower albumin levels (3.64 + 0.53 g/dL vs 4.10 + 0.51 g/dL, P =
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Table 1 Baseline clinical and laboratory characteristics of the patients

Examined parameter Baseline value
Sex as M/F, n (%) 71/45 (61.2)
Ageinyr' 59 +13

BMI, kg/m? 27.5+5.0

Liver disease etiology, n (%)

Chronic hepatitis B 25 (21.6)
Chronic hepatitis C 20 (17.2)
Alcohol abuse 35 (30.2)
NAFLD 20 (17.2)
Autoimmune hepatitis 5(4.3)
Other 11 (9.5)
CTP class, n (%)
A 78 (67.2)
B 33 (28.4)
C 5(4.4)
CTP score 62+1.6
MELD score 11.0+3.9
Decompensated cirrhosis, 7 (%) 61 (52.6)
History of HE, n (%) 37 (31.9)
Ascites, n (%) 56 (48.3)
Bilirubin in mg/dL 1.3£0.9
Creatinine in mg/dL 1.0+1.2
Albumin in g/L 41.0+4.0
Platelet count as x 109/L 121 +49
INR 1.3+£0.3

IQuantitative variables are expresses as mean + SD.
BMI: Body mass index; CTP: Child-Turcotte-Pugh; F: Female; HE: Hepatic encephalopathy; INR: International normalized ratio; M: Male; MELD: Model
for end-stage liver disease; NAFLD: Nonalcoholic fatty liver disease.

0.013) as well as a trend for lower platelet counts (104 x 10°/L vs 138 x 10°/L, P =
0.094) and higher SSM (36.1 + 9.3 kPa vs 31.1 + 7.4 kPa, P = 0.087) compared to patients
who remained compensated during follow-up (Table 2). In multivariate logistic
regression analysis, progression to liver decompensation within 12 mo was
independently associated with higher serum zonulin [odds ratio (OR): 6.53, 95%CI:
1.08-39.57, P = 0.041] and lower albumin at baseline (OR: 0.03, 95%ClI: 0.002-0.92, P =
0.044). Baseline serum zonulin levels offered an AUROC of 0.723 (P = 0.039) for
predicting development of decompensation within 1 year (Figure 3). The cut-off point
that could better predict progression to decompensation was 3.65 ng/dL, with
specificity 73%, sensitivity 73%, NPV 84% and PPV 57%.

In total, 7 (11.3%) patients died (6 due to liver related causes and 1 due to non-liver
related malignancy), while 2 patients (2.9%) underwent liver transplantation. Patients
who died or underwent liver transplantation (1 = 9) had lower baseline albumin levels
compared to patients (n = 54) who survived (3.20 £ 0.62 g/dL vs 3.87 +0.62 g/dL, P =
0.010), higher CTP score (7.4 vs 5.9, P < 0.001) and greater portal vein diameter (1.55
cm vs 1.27 cm, P = 0.002) (Table 3). In multivariate logistic regression analysis, higher
CTP score (OR: 2.06, 95%ClI: 1.02-4.16, P = 0.021) and portal vein diameter (OR: 71.54,
95%Cl: 1.56-329.52, P = 0.022) were independently associated with mortality.
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Table 2 Univariate analysis of factors associated to liver disease decompensation

Examined parameter, Patients who remained compensated Patients who proceed to decompensated disease P
baseline values during follow-up, n = 24 during follow-up, n =12 value
Sex as M/F 13/11 3/9 0.157
Age in yr' 59 +12 61+14 0.710
Liver-specific treatment, Y/N  13/11 9/3 0.292
High-grade varices, Y/N 6/24 6/12 0.157
Platelet count as x 10°/L 138 +54 105 + 46 0.094
Albumin in g/dL 3.64 +0.53 4134051 0.013
Spleen diameter in cm 13125 14.0+£23 0.325
Portal diameter in cm 129+0.22 127+0.21 0.768
Liver stiffness in kPa 19.7+6.9 23.9+9.2 0.139
Spleen stiffness in kPa 31174 36.1+9.3 0.087
Serum zonulin levels in ng/mL 3.19 +£1.02 4.15+0.95 0.011

!Quantitative variables are expressed as meantstandard deviation.
F: Female; M: Male; N: No; Y: Yes.

Table 3 Univariate analysis of factors associated to transplant free survival

Examined parameter, baseline Patients alive/not transplanted at the end of the follow- Patients transplanted or dead, n P

values up, n=54 =9 value
Age in yr' 59+15 66 +14 0.238
Liver-specific treatment, Y/N 28/26 4/5 0.474
CTP score 59+£1.0 74+14 <0.001
MELD score 11.3+3.0 11.7+3.6 0.772
High-risk varices, Y/N 19/54 5/9 0.241
Platelet count as x 10°/L 120+ 52 109 + 40 0.602
Albumin in g/dL 3.87 £0.62 3.20 £0.62 0.010
Spleen diameter in cm 13.7+28 152+25 0.154
Portal diameter in cm 1.27£0.21 1.55 £ 0.25 0.002
Liver stiffness in kPa 225+9.2 27.9+10.3 0.127
Spleen stiffness in kPa 35.0+ 8.8 379+6.9 0.383
Serum zonulin levels in ng/mL 3.70 £1.36 317+1.21 0.300

IQuantitative variables are expressed as mean + SD.
CTP: Child-Turcotte-Pugh; MELD: Model for end-stage liver disease; N: No; Y: Yes.

DISCUSSION

BT is increased in cirrhosis and seems to play a pivotal pathophysiological role in the
development of complications related to end-stage liver disease, such as hepatorenal
syndrome, HE, spontaneous bacterial peritonitis and acute-on-chronic liver failure[2,
14]. Although many factors have been implicated in the pathophysiology of BT, the
exact pathogenic mechanisms leading to gut epithelial disfunction in liver cirrhosis
remain unclear[1,15,16]. To date, the role of zonulin as a promoting factor of the
intestinal barrier’s disruption has been thoroughly investigated in several diseases, but
in patients with cirrhosis there is only limited information.
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In our cohort, we investigated whether serum zonulin levels have any impact on the
prognosis of patients with cirrhosis. Initially, we found that mean serum zonulin levels
were higher in patients with CTP-B than CTP-A class cirrhosis, supporting its possible
contribution in the development of decompensated liver disease (CTP-B stage).
Interestingly, serum zonulin levels were lowest in our few cases with CTP-C cirrhosis;
although, the small number of CTP-C patients in our study weakens the validity of
such a finding, as any type of statistical errors cannot be excluded. The latter finding is
in contrast to the results of a recently published study, which reported increasing
serum zonulin levels from CTP-A to -B and to -C class. However, only chronic HBV
patients were included in the abovementioned study and, more importantly, the study
also included patients with HCC, a fact that could have affected the result[17]. The role
of zonulin has also been previously investigated by others in small cohorts of patients
with chronic liver disease. Serum zonulin levels were reported to decrease
progressively, as liver function deteriorated in 9 patients with chronic viral hepatitis
[18]. Obviously, such an under-powered study cannot lead to any valuable conclusion.
In another study, serum zonulin levels were found to be lower in 40 patients with
chronic HBV infection compared to 17 controls, but besides the small sample size of
the study, no data for stage of liver disease were provided[19]. A pivotal study in
children and adolescents reported increased serum zonulin levels in cases with rather
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than without NASH[20]. In the latter study, zonulin levels were found to correlate
with the severity of liver steatosis and not of liver fibrosis, but cases with cirrhosis
were not included. Contrary to the previous studies, we recruited a larger number of
cirrhotic patients, irrespective of liver disease etiology, while at the same time we
excluded older patients or patients with HCC which could jeopardize our results.

Additionally, in our study, we found that patients with more advanced cirrhosis, as
documented by the presence of ascites or history of HE, had higher serum zonulin
levels compared to those without these complications. Unexpectedly, in our cohort, we
found a numerical but not statistically significant difference in zonulin levels between
patients with or without varices. Moreover, there was no correlation between serum
zonulin and SSM, which by recent data is suggested to correlate wellwith hepatic
venous pressure gradient levels and the presence of high-risk varices[21,22]. It could
be argued that the secretion of zonulin is regulated by mechanisms acting locally in
the gut and is not directly affected by changes in portal pressure. However, such a
speculation, taking under consideration the complexity of mechanisms implicated in
the regulation of gut permeability in liver cirrhosis carries a great level of uncertainty.

Finally, the potential association between serum zonulin levels and the
development of liver decompensation is further supported by the predictive role of
zonulin for such an outcome within lyear of follow-up. In particular, baseline serum
zonulin levels in our patients with compensated cirrhosis were found to be
independently associated with progression to decompensated liver disease within the
next year. The predictability of serum zonulin levels to predict progression to
decompensated liver disease was significant but suboptimal (AUROC: 0.723). In
addition, serum zonulin levels < 3.65 ng/mL at baseline offered a NPV of 84% for
progression to liver decompensation within the next year.

Our study has some limitations. A substantial proportion of patients did not
participate in the follow-up study and we included a small number of patients with
CTP-C stage disease. Furthermore, serum zonulin levels were measured in a single
time frame. According to guidelines, in our department, no patient with compensated
disease was under rifaximin treatment. Therefore, the effect of rifaximin or other
antibiotic treatment (patients with acute infection were excluded from our study) in
the transition from compensated towards decompensated disease and their correlation
to zonulin levels were not assessed. Undoubtedly, serial measurements of zonulin
levels and their fluctuations during the course of the liver disease would enforce its
prognostic value.

October 27,2021 | Volume13 | Issue10 |



Voulgaris TA et al. Serum zonulin in liver cirrhosis

Jaishideng®

CONCLUSION

In conclusion, we have clearly shown that serum zonulin levels are increased in
patients with more advanced liver disease and are independently associated with the
progression to decompensation. The results of our study may be of particular value as
they reveal, for the first time, the adverse effect of a new agent, zonulin, on the deteri-
oration of chronic liver disease. More studies are needed to confirm our findings and
to further investigate the pathophysiological mechanisms by which zonulin is
involved in alteration of intestinal barrier and gut permeability.Taking into consid-
eration that zonulin antagonists are already being tested in phase IIb studies in
diseases characterized by disrupted intestinal permeability, such as celiac disease,
confirmation of our results may have significant clinical implications[23].

ARTICLE HIGHLIGHTS

Research background

Gut permeability is distorted in patients with liver cirrhosis and the observed deregu-
lation of the intestinal integrity plays a crucial role in the development of bacterial
translocation. Bacterial translocation contributes to the occurrence or aggravation of
serious complications in patients with liver cirrhosis. Zonulin is a recently recognized
protein, synthesized by the intestinal and liver cells, and thought to play an important
role in the regulation of tight junctions between intestinal cells.

Research motivation

Increased zonulin levels have been observed in such diseases as celiac disease and
inflammatory bowel disease and have shown correlation to the impairment of
intestinal permeability. The exact mechanism that leads to the deregulation of the
intestinal integrity in liver cirrhosis is not thoroughly investigated. Zonulin may have
a role in the observed alterations of the gut barrier in advanced chronic liver disease.

Research objectives
We aimed to investigate if serum zonulin levels are altered in patients with different
stages of liver cirrhosis and investigate their possible impact on patients” prognosis.

Research methods

We included 116 cirrhotic patients who attended our outpatient clinic during a 12-mo
period. Serum zonulin levels were measured, as were epidemiological, laboratory and
clinical data, and data from elastography and ultrasonography at baseline. Sixty-three
patients were followed up for at least 1year and data from clinical events (death, liver
transplantation and liver disease decompensation) were collected.

Research results

Our study included mainly Child-Turcotte-Pugh (CTP)-A (67%) and CTP-B patients
(28%). We observed that serum zonulin levels are increased in patients with more
advanced liver disease, such as patients with CTP-B stage, patients with ascites, or
those with history of hepatic encephalopathy. What is more, serum zonulin levels
were independently associated with the probability of decompensation within the next
year.

Research conclusions

According to our study results, serum zonulin levels are increased in patients with
advanced chronic liver disease. What is more, a new agent, zonulin, is found to be
implicated in the progress towards advanced liver disease.

Research perspectives

Our findings highlight once more the significance of gut barrier deregulation in the
setting of liver cirrhosis and emphasize the need of further studies in the field, aiming
to reveal the complex pathophysiological interplay which leads to bacterial translo-
cation. Especially, the role of zonulin should be further investigated, due to its possible
therapeutic implications, as a zonulin antagonist alreadyexists and is being tested in
studies of celiac disease.
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Abstract

BACKGROUND

Despite significant advancements in liver transplantation (LT) surgical procedures
and perioperative care, post-LT biliary complications (BCs) remain a significant
source of morbidity, mortality, and graft failure. In addition, data are conflicting
regarding the health-related quality of life (HRQoL) of LT recipients. Thus, the
success of LT should be considered in terms of both the survival and recovery of
HRQoL.

AIM
To assess the impact of BCs on the HRQoL of live-donor LT recipients (LDLT-Rs).

METHODS

We retrospectively analysed data for 25 LDLT-Rs who developed BCs post-LT
between January 2011 and December 2016 at our institution. The Short Form 12
version 2 (SF 12v2) health survey was used to assess their HRQoL. We also
included 25 LDLT-Rs without any post-LT complications as a control group.

RESULTS

The scores for HRQoL of LDLT-Rs who developed BCs were significantly higher
than the norm-based scores in the domains of physical functioning (P = 0.003),
role-physical (P < 0.001), bodily pain (P = 0.003), general health (P = 0.004), social

1405 October 27,2021 | Volume13 | Issue10 |


https://www.f6publishing.com
https://dx.doi.org/10.4254/wjh.v13.i10.1405
http://orcid.org/0000-0003-3442-3629
http://orcid.org/0000-0003-3442-3629
http://orcid.org/0000-0002-7686-6463
http://orcid.org/0000-0002-7686-6463
http://orcid.org/0000-0002-5764-6078
http://orcid.org/0000-0002-5764-6078
http://orcid.org/0000-0002-5764-6078
http://orcid.org/0000-0003-1813-5248
http://orcid.org/0000-0003-1813-5248
http://orcid.org/0000-0002-0984-1725
http://orcid.org/0000-0002-0984-1725
http://orcid.org/0000-0002-8605-4397
http://orcid.org/0000-0002-8605-4397
http://orcid.org/0000-0002-1839-3549
http://orcid.org/0000-0002-1839-3549
http://orcid.org/0000-0002-1839-3549
http://orcid.org/0000-0001-8000-5722
http://orcid.org/0000-0001-8000-5722
http://orcid.org/0000-0001-5648-7733
http://orcid.org/0000-0001-5648-7733
http://orcid.org/0000-0002-1351-978X
http://orcid.org/0000-0002-1351-978X
http://orcid.org/0000-0001-9909-4016
http://orcid.org/0000-0001-9909-4016
http://orcid.org/0000-0003-0320-1011
http://orcid.org/0000-0003-0320-1011
mailto:ghadaabdelrahman@med.asu.edu.eg

Guirguis RN et al. Impact of biliary complications on HRQoL post-LDLT

Institutional review board
statement: The study was
reviewed and approved by the
institutional review board of
Faculty of Medicine, Ain Shams
University, Cairo, Egypt.

Informed consent statement: Was
waived due to the retrospective
nature of the study

Conflict-of-interest statement: All

authors have nothing to disclose.

Data sharing statement: The
statistical code and dataset are
available from the corresponding
author at ghadaabdelrahman@med
.asu.edu.eg. The participants gave
informed consent for the data

sharing.

Open-Access: This article is an
open-access article that was
selected by an in-house editor and
fully peer-reviewed by external
reviewers. It is distributed in
accordance with the Creative
Commons Attribution
NonCommercial (CC BY-NC 4.0)
license, which permits others to
distribute, remix, adapt, build
upon this work non-commercially,
and license their derivative works
on different terms, provided the
original work is properly cited and
the use is non-commercial. See: htt
p:/ / creativecommons.org/ License

s/by-nc/4.0/

Specialty type: Gastroenterology
and hepatology

Country/Territory of origin: Egypt

Peer-review report’s scientific
quality classification

Grade A (Excellent): 0

Grade B (Very good): 0
Grade C (Good): C

Grade D (Fair): 0

Grade E (Poor): 0

Received: April 11, 2021
Peer-review started: April 11, 2021
First decision: June 15, 2021
Revised: June 23, 2021

Accepted: September 23, 2021
Article in press: September 23, 2021
Published online: October 27, 2021

P-Reviewer: Dambrauskas Z

Jaishideng®

WJH | https://www.wjgnet.com

functioning (P = 0.005), role-emotional (P < 0.001), and mental health (P < 0.001).
No significant difference between the two groups regarding vitality was detected
(P =1.000). The LDLT-Rs with BCs had significantly lower scores than LDLT-Rs
without BCs in all HRQoL domains (P < 0.001) and the mental (P < 0.001) and
physical (P = 0.0002) component summary scores.

CONCLUSION
The development of BCs in LDLT-Rs causes a lower range of improvement in
HRQoL.

Key Words: Live-donor liver transplantation; Quality of life; The Short Form 12 version 2;
Cirrhosis; Biliary complications; Mental health

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We retrospectively analysed data for 25 Live-donor liver transplantation
recipients (LDLT-Rs) with biliary complications (BCs) and described their health-
related quality of life (HRQoL) using the Short Form 12 version 2 health survey. All
scores for HRQoL domains of LDLT-Rs with BCs were significantly higher than the
norm-based scores except for vitality. The LDLT-Rs with BCs had significantly lower
scores than LDLT-Rs without BCs in all HRQoL domains (P < 0.001) and in the
mental (P < 0.001) and physical (P = 0.0002) component summary scores. We
conclude that the development of BCs in LDLT-Rs causes a lower range of
improvement in HRQoL.

Citation: Guirguis RN, Nashaat EH, Yassin AE, Ibrahim WA, Saleh SA, Bahaa M, El-Meteini
M, Fathy M, Dabbous HM, Montasser IF, Salah M, Mohamed GA. Impact of biliary
complications on quality of life in live-donor liver transplant recipients. World J Hepatol 2021,
13(10): 1405-1416

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1405.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1405

INTRODUCTION

Health-related quality of life (HRQoL) is a multidimensional model reflecting the
domains of social, mental, emotional, and physical health[1,2]. More than 50 different
HRQoL tools have been used in liver transplant (LT) research[3], and no golden
standard instrument has existed until now[4]. These tools can be classified into generic
and disease-specific tools[3,5]. Generic HRQoL tools, of which the validated Short
Form 36 (SF-36) health survey is the most frequently used for evaluating LT recipients,
allow assessments across various medical conditions and health states[6,7].

Short Form 12 version 2 (SF-12v2) is a validated concise version of the SF-36 version
2 (SF-36v2) with only 12 questions[8,9]. Similar to the SF-36v2, it evaluates the same
eight dimensions of HRQoL covering the previous 4 wk: General health, bodily pain,
physical functioning, role physical, vitality, role emotional, mental health, and social
functioning. Physical Component Summary (PCS) and Mental Component Summary
(MCS) scores were created from patient responses[10]. The sum of scores ranges from
0 to 100, where 0 indicates the worst state of health and 100 indicates the best state of
health[10,11].

The data are conflicting regarding the HRQoL of LT recipients. The heterogeneity
between studies regarding the type of graft, diversity of included patients, and health
survey precludes definitive conclusions[4,12]. In addition, an overlap exists between
the primary liver disease and LT process with diverse events during peri- and
postoperative management.

The global assessment of HRQoL after LT usually confirms improvement compared
with pretransplant status[13]; however, it may remain suboptimal compared to the
general population due to post-LT complications, recurrence of primary liver disease,
or adverse effects of immunosuppressants[14-17]. In addition, cirrhosis leads to loss of
muscle mass, sarcopenia, malnutrition, and physical impairment that manifest as
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physical frailty, increasing the risk of pretransplant mortality[18-20] and delayed
improvement of physical functioning post-LT[21-23].

Fatigue affects up to 50% of patients with chronic liver disease; moreover, it
demonstrates a significant association with poor HRQoL[24,25]. It also affects up to
60% of LT recipients[26]. It is a complex symptom that may be influenced by physical
and mental states, including poor sleep quality, anxiety, and depression[27].

The LT candidates often have impaired HRQoL with a high prevalence of anxiety
and depressive symptoms[28,29]. Moreover, LT was considered as post-traumatic
stress disorder and was also found to be associated with anxiety and depression,
which may further impair the HRQoL of LT recipients[30-33].

In the light of the above, HRQoL should be considered in terms of the outcome after
LT[34,35]. Hence, we aimed to assess the impact of biliary complications (BCs) on the
HRQoL of live-donor LT recipients (LDLT-Rs).

MATERIALS AND METHODS

Study design

We retrospectively analysed all LDLT-Rs at Ain Shams Centre for Organ
Transplantation, Ain Shams Specialised Hospital, Cairo, Egypt, between January 2011
and December 2016. During this period, 215 adult patients underwent right-lobe LDLT
at our centre. We included LDLT-Rs who developed BCs post-LT. We excluded LDLT-
Rs with any of the following situations: cholestatic liver diseases (primary biliary
cirrhosis or primary sclerosing cholangitis), vascular complications, acute or chronic
rejection, recurrent hepatitis C virus (HCV) infection, graft failure, failure to follow up
for at least one year post-LT, or patients who refused to participate in the research. As
a result, 25 LDLT-Rs with BCs were included in the final analysis. We enrolled 25
LDLT-Rs who did not develop any post-LT complications as a control group. LT
recipients were assessed at least 12 months post-LT, with median follow up duration
of 5.5 years (range: 12 mo - 8 years).

This study was performed per the ethical principles of the declaration of Helsinki
and was approved by the ethical committee of the Faculty of Medicine, Ain Shams
University (No: FMASU MD 187/2016), which waived the requirement of informed
consent due to the retrospective nature of the research.

Quality-of-life assessment

Eligible LDLT-Rs were invited to fulfil the SF-12v2 questionnaire during follow-up
visits after obtaining verbal consent. We used anonymous questionnaires to ensure
strict confidentiality. The SF-12v2 includes 12 questions: one question on general
health perceptions, two questions concerning physical functioning, two questions on
role limitations because of physical health problems, one question on bodily pain, one
question on vitality, two questions on role limitations, one question on social
functioning, and two questions on general mental health.

Statistical analysis

The data were analysed using IBM SPSS Statistics (v. 23; IBM Corp., Armonk, New
York). Nonparametric numerical variables are presented as the median and
interquartile range. Nominal variables are presented as the number and percentage.
Ordinal data were analysed using the chi-squared test for trends. Two-sided P values
< 0.05 were considered statistically significant.

RESULTS

This study included 25 adult right-lobe LDLT-Rs who experienced BCs. At the time of
LT, the mean age of the recipients was 52 + 7 years, and 19 (76%) recipients were male.
Cirrhosis due to HCV was the most common indication for LT in 21 patients (84%;
Tables 1 and 2).

Development and management of biliary complications

Among the 25 LDLT-Rs included in this study, minor biliary leakage occurred in 15
recipients (83.3%) and stopped spontaneously without further management. In only
three (16.6%) recipients, pigtail insertion and further interventional management were
needed. Moreover, 25 recipients developed a biliary infection, mainly occurring early
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Table 1 Descriptive categorical data for live-donor liver transplant recipients with biliary complications

Variable n (%)
Indication of liver transplantation HCV 21 (84)
HBV 1(4)
Combined HCV and HBV 14
Hepatocellular carcinoma 2(8)
Donors’ gender Male 17 (68)
Female 8 (32)
Recipients’ gender Male 19 (76)
Female 6(24)
Immunosuppressant Tacrolimus 22 (88)
Cyclosporine 3(12)
Biliary leakage - 7 (28)
+ 18 (72)
Need of pigtail catheter for biloma (total = 18) - 15 (83.3)
+ 3 (16.6)
Biliary infection - 0(0)
+ 25 (100)
Frequency of biliary infection (total = 25) 1-2 Episodes 16 (64)
> 3 Episodes 9 (36)
Biliary stricture - 5 (20)
+ 20 (80)
Frequency of biliary stricture (total = 20) 1-2 Episodes 13 (65)
> 3 Episodes 7 (28)
Need for ERCP - 5(20)
+ 20 (80)
Frequency of ERCP 1-2 ERCP 13 (65)
>3 ERCP 7 (28)
Need for PTC - 22 (88)
+ 3(12)
Frequency of PTC 1PTC 2 (66.6)
2 PTC 1(33.3)
Surgical intervention for stricture - 19 (95)
+ 1(5)
Admission related to biliary complications - 0(0)
+ 25 (100)
Early biliary infection (total = 25) - 2(8)
+ 23 (92)
Early biliary stricture (total = 20) - 17 (68)
+ 8(32)

Data presented in number (1) and percentage (%). ERCP: Endoscopic retrograde cholangiopancreatography; HBV: Hepatitis B virus; HCV: Hepatitis C

virus; PTC: Percutaneous transhepatic cholangiography.

(23; 92%) and in one to two episodes in 16 (64%) recipients (Table 1). Furth-
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Table 2 Descriptive numerical data for live-donor liver transplant recipients with biliary complications

Variable Data
MELD score 15+3
Child score 9£2
Donors’ age (yr) 30+4
Donors’ BMI (kg/m?) 25+ 4
Recipient's age (yr) 527
Recipient's BMI (kg/m?) 27+ 6

Total bilirubin (mg/dL) 2.9 (2-3.9)
Direct bilirubin (mg/dL) 1.6 (0.9-2.3)
Alkaline phosphatase (IU/L) 190 + 49
Gamma-glutamyl transferase (IU/L) 100 (50-130)
Platelets (10°/L) 75 + 31
Cold ischemia time (min) 48 +25
Warm ischemia time (min) 47 +23
Graft arterialization time (min) 145+53
Time to biliary infection (d) 13 (11-36)
Time to biliary stricture (d) 130 (120-190)

Data are presented as mean + SD or median and range. BMI: Body mass index; MELD: Model for end stage liver disease.

er, 20 (80%) recipients developed biliary stricture, most of which presented in one to
two episodes (13; 65%). The development of BCs caused a prolonged hospital stay
(median = 46 days; range: 15 - 67 days), with nine (36%) patients needing > three
episodes of admission. Concerning the management of BCs, endoscopic retrograde
cholangiopancreatography (ERCP) with stenting #+ dilatation was done for 20 (80%)
recipients, with seven (28%) recipients needing > three ERCP sessions. Percutaneous
transhepatic cholangiography was needed for only three (12%) recipients, with one
recipient requiring another session. These methods only failed in one recipient who
needed surgical reconstruction of the biliary stricture (Table 1).

Health-related quality of life

The scores of HRQoL of LDLT-Rs with BCs were significantly higher than the norm-
based scores in the domains of physical functioning (P = 0.003), role-physical (P <
0.001), bodily pain (P = 0.003), general health (P = 0.004), social functioning (P = 0.005),
role-emotional (P < 0.001), and mental health (P < 0.001). In contrast, no significant
difference was found between the two groups regarding vitality (P = 1.000; Table 3
and Figure 1). The LDLT-Rs with BCs had significantly lower scores than LDLT-Rs
without BCs in all HRQoL domains (P < 0.001) and in the mental (P < 0.001) and
physical (P = 0.0002) component summary scores (Tables 4 and 5; Figures 1 and 2).

DISCUSSION

Despite the considerable advances in LT surgical techniques and perioperative care,
post-LT BCs remain a significant source of morbidity, mortality, and graft failure[36].
To our knowledge, no previous study has specifically assessed the impact of BCs on
the HRQoL of LDLT-Rs. In our study, LDLT-Rs with BCs had significantly higher
HRQoL domain scores except for the vitality domain than norm-based scores;
however, those patients gained a significantly lower range of improvement in HRQoL
domains with lower MCS and PCS scores than those without BCs. This result can be
attributed to more prolonged and frequent hospital admission and expectation
reduction with anxiety, stress, and depression[37]. In agreement with the current
results, the published literature has observed the positive effects of LT on the

WJH | https://www.wjgnet.com 1409 October 27,2021 | Volume13 | Issuel0 |

Jaishideng®



Guirguis RN ef al. Impact of biliary complications on HRQoL post-LDLT

Table 3 Comparison of the quality-of-life scores for live-donor liver transplant recipients with biliary complications and their

corresponding norm-based scores

HRQoL score LDLT-R with BC NBS score P value'
Physical functioning 50 (50-75) 41.3 (41.3-49.2) 0.003
Role physical 50 (31.3-75) 40.5 (34.2-49) 0.001
Bodily pain 50 (50-75) 39.7 (39.7-48.7) 0.003
General health 60 (60-85) 47.8 (47.8-57.7) 0.004
Vitality 50 (25-50) 491 (39.2-49.1) 1.000
Social functioning 50 (50-50) 39.1 (39.1-39.1) 0.005
Role emotion 50 (37.5-75) 35.5 (30.3-45.9) <0.001
Mental health 50 (50-62.5) 413 (41.3-47) 0.001

1Wilcoxon signed ranks test.
Data are shown as median and interquartile range. BC: Biliary complications; HRQoL: Health related quality of life; LDLT-R: Live donor liver transplant

recipients; NBS: Norm based score.

Table 4 Comparison of health-related quality-of-life scores between patients and controls

HRQoL domain Patients (n = 25) Controls (n = 25) P value'
Physical functioning 50 (50-75) 100 (100-100) <0.001
Role physical 50 (31.3-75) 100 (87.5-100) <0.001
Bodily pain 50 (50-75) 100 (100-100) <0.001
General health 60 (60-85) 85 (85-85) <0.001
Vitality 50 (25-50) 75 (75-87.5) <0.001
Social functioning 50 (50-50) 75 (75-100) <0.001
Role emotion 50.0 (37.5-75) 87.5 (75-100) <0.001
Mental health 50 (50-62.5) 87.5 (75-87.5) <0.001
PCS 44.8 (41.7-52.9) 57.8 (55.2-59) <0.001
MCS 42 (35.6-45.2) 52.9 (50.2-57.9) <0.001

1Wilcoxon signed ranks test.
Data are shown as median and interquartile range; Patients: Live donor liver transplant recipients with biliary complications; Controls: Live donor liver
transplant recipients without biliary complications; HRQoL: Health-related quality-of-life; MCS: Mental component summary score; PCS: Physical

component summary score.

recipients’ HRQoL[12,37-40].

Similar to the present study[41], other authors have assessed the LT recipients’
HRQoL using the WHOQOLBREF questionnaire[42] and Transplant Effects
Questionnaire[43] and concluded that LT recipients, especially those who received
LDLT, reported the highest level of HRQoL in all four dimensions of HRQoL in
comparison to those with other organ transplantation.

In partial agreement with the current study, a review of 32 studies and 5402 patients
found that the overall HRQoL scores of LT recipients remain improved and equivalent
to the general population in the long term. However, physical functioning continues to
be inferior to the general population despite a noticeable improvement from
preoperative physical functioning[4]. Similarly, a review article of 31 publications
reported improved overall HRQoL and physical functioning in deceased donor LT
(DDLT) adult recipients during the first 2 years, which remains stable in the long term
but does not reach the level of the general population[35]. Additionally, Sullivan et al
[44] assessed the HRQoL two decades after DDLT using the SF-12 survey. In adult
survivors, the MCS score (54.6) was equivalent to that of the general population;
however, the PCS score (39.3) remained below average. This outcome can be explained
by the presence of comorbidities, primary liver disease severity, postoperative
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Table 5 Physical and mental component summary scores in patients and controls compared with norm-based scores

Variable NBS Patients (n = 25), % Control (n=25), % P value'
Physical component summary score At or above 11 (44) 25 (100) 0.0002
Below 8(32) 0 (0)
Far below 6 (24) 0 (0)
Mental component summary score At or above 7 (28) 24 (96) <0.0001
Below 7 (28) 1(4)
Far below 11 (44) 0 (0)

1Chi-squared test for trend.
Data are shown as number and percentage. Patients: Live donor liver transplant recipients with biliary complications; Controls: Live donor liver transplant
recipients without biliary complications; NBS: Norm based score.
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Figure 1 Short Form 12 (v. 2) domains in patients and controls compared to the norm-based score. BP: Bodily pain; GH: General health; MH:
Mental health; NBS: Norm based score; PF: Physical functioning; RE: Role emotion; RP: Role physical; SF: Social functioning; V: Vitality.

morbidity, and graft type[20,33]. Additionally, Dunn et al[45] reported that group
exercise activities were correlated with improved physical function, mental health, and
HRQoL, independent of comorbidities, for up to 5 years after LT. Therefore, physical
activity should be encouraged after LT[46].

In a study by Casanovas et al[47], the SF-36 scores of 156 LT candidates were
assessed pre- and post-LT. They observed significantly lower patient baseline scores in
all HRQoL domains than general population scores, especially in physical health. As
early as 3 months till 1-year post-LT, they detected improvement in all SF-36 domains
except vitality and social functioning, revealing no significant improvement.
Moreover, sleeping problems were observed at the baseline and persisted post-LT. The
poor sleep quality frequently noted in cirrhotic patients is known to cause fatigue and
impair cognitive and physical functions[48].

In contrast to our results, Domingos et al[37] retrospectively assessed the HRQoL of
93 DDLT recipients who survived 10 years post-LT using the SF-36 survey and
observed that LT recipients had lower mental health scores than the general
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Figure 2 Physical and mental component summary scores of patients and controls. Patients: Live donor liver transplant recipients with biliary
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summary score.
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population. In all other domains, LT recipients had similar (emotional limitations,
pain, and general health status) or superior (physical limitations, social aspects,
functional capacity, and vitality) scores than the general population. In addition,
Dabrowska-Bender et al[15] assessed the SF-36 health survey in 121 DDLT recipients
and observed no change in mental health score, whereas significant physical
impairment was reported by 18.18% of the recipients.

In a study by Annema et al[30], LT had a beneficial effect on the mental health of LT
recipients by ameliorating anxiety and depression symptom severity. However,
recipients with persistent symptoms of anxiety and depression experienced a negative
effect on HRQoL and therapeutic adherence. They also observed that persistent
anxiety and depression were correlated with the development of BCs and the duration
of the hospital stay. Similarly, in another report[49], the HRQoL of 82 LT recipients
was retrospectively assessed, finding 94% reported high mean scores on HRQoL, the
McGill Quality of Life Questionnaire, and adherence to medications. Conversely,
patients with a low HRQoL reported anxiety, depression, fatigue, slowing pace, and
physical limitations, suggesting that LT recipients who fail to adapt to their post-LT
state experienced a decreased ability to tolerate physical symptoms and post-LT
complications[50]. Other causes for lower mental health scores post-LT are the worry
regarding medication side effects, hepatic disease recurrence, and other potential
complications[51].

Candidates for LT may have overly optimistic anticipations for post-LT improve-
ment in their HRQoL. Unfulfillment of these expectations may negatively affect their
HRQoL, highlighting the need to help patients expect and understand the outcomes of
LT. Moreover, LT candidate education positively affects post-LT HRQoL[40].
Education is associated with better outcomes and higher patient adherence[52].

This study is limited by its retrospective nature and small sample size. More
research is required to define the predictors of HRQoL and plan multidisciplinary
strategies for HRQoL improvement in LT recipients. According to the current
literature, HRQoL should be integrated into the clinical care of LT[53].
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CONCLUSION

We conclude that the development of BCs in LDLT-Rs causes a lower range of
improvement in HRQoL.

ARTICLE HIGHLIGHTS

Research background

Despite the considerable advances in liver transplantation (LT) surgical techniques
and perioperative care, post-LT biliary complications (BCs) remain a significant source
of morbidity, mortality, and graft failure. Due to the current high survival rates of LT,
the focus has shifted to improving the quality of life of LT recipients.

Research motivation
The data are conflicting regarding the health-related quality of life (HRQoL) of LT
recipients.

Research objectives
To assess the impact of BCs on the HRQoL of live-donor LT recipients (LDLT-Rs).

Research methods

We retrospectively analysed data for 25 LDLT-Rs with BCs and described their
HRQoL through the Short Form 12 version 2 (SF-12v2) health survey compared to 25
LDLT-Rs without post-LT complications.

Research results

The scores of HRQoL of LDLT-Rs with BCs were significantly higher than the norm-
based scores in all HRQoL domains except vitality. The LDLT-Rs with BCs had
significantly lower scores than LDLT-Rs without BCs in all HRQoL domains (P <
0.001) and in the mental (P < 0.001) and physical (P = 0.0002) component summary
scores.

Research conclusions
The development of BCs in LDLT-Rs causes a lower range of improvement in HRQoL.

Research perspectives

The assessment of HRQoL should be integrated into the clinical care of LT recipients.
Identifying the determinants of HRQoL could improve the management plan of these
patients through a multidisciplinary approach.
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Abstract

BACKGROUND

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver
disease, affecting over 30% of the United States population. Early patient identi-
fication using a simple method is highly desirable.

AIM
To create machine learning models for predicting NAFLD in the general United
States population.

METHODS

Using the NHANES 1988-1994. Thirty NAFLD-related factors were included. The
dataset was divided into the training (70%) and testing (30%) datasets. Twenty-
four machine learning algorithms were applied to the training dataset. The best-
performing models and another interpretable model (i.e., coarse trees) were tested
using the testing dataset.

RESULTS

There were 3235 participants (n = 3235) that met the inclusion criteria. In the
training phase, the ensemble of random undersampling (RUS) boosted trees had
the highest F1 (0.53). In the testing phase, we compared selective machine
learning models and NAFLD indices. Based on F1, the ensemble of RUS boosted
trees remained the top performer (accuracy 71.1% and F1 0.56) followed by the
fatty liver index (accuracy 68.8% and F1 0.52). A simple model (coarse trees) had
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an accuracy of 74.9% and an F1 of 0.33.

CONCLUSION
Not every machine learning model is complex. Using a simpler model such as
coarse trees, we can create an interpretable model for predicting NAFLD with
only two predictors: fasting C-peptide and waist circumference. Although the
simpler model does not have the best performance, its simplicity is useful in
clinical practice.

Key Words: Artificial intelligence; Machine learning; Non-alcoholic fatty liver disease;
Fatty liver; United States population; NHANES
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Core Tip: A simple method with a good accuracy for identifying patients with non-
alcoholic fatty liver disease is highly desirable. Among 24 machine learning models,
the ensemble of random undersampling boosted trees was the top performer (accuracy
71.1% and F1 0.56). A simple model (coarse trees) with only two predictors (fasting C-
peptide and waist circumference) had an accuracy of 74.9% and an F1 of 0.33. Not
every machine learning model is complex. Using a simple model such as coarse trees,
physicians can easily integrate machine learning model into their practice without any
software implementation.

Citation: Atsawarungruangkit A, Laoveeravat P, Promrat K. Machine learning models for
predicting non-alcoholic fatty liver disease in the general United States population: NHANES
database. World J Hepatol 2021; 13(10): 1417-1427

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1417.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1417

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a common chronic metabolic disease
found in 25.5% of the United States population, and it is more common in patients
with diabetes (55.5%), leading to a health and economic burden[1-3]. Non-alcoholic
steatohepatitis (NASH) can lead to liver-related consequences, such as cirrhosis,
hepatocellular carcinoma, and mortality. NASH is the second most common indication
for liver transplantation in the United States and is likely to replace hepatitis C
infection as the leading cause of liver transplantation in the future[4]. NAFLD is
diagnosed primarily with imaging studies, transient elastography, magnetic resonance
elastography, or liver biopsy[5]. Some of these diagnostic modalities are not available
in every health care facility, require expert interpretation, and are invasive in case of
biopsy[5,6]. To prevent adverse outcomes in these patients, early screening and
detection based on risk factors are warranted. Healthcare providers and patients are
aware of the risk factors of NAFLD, which include diabetes, obesity, dyslipidemia, and
metabolic syndrome[5,7,8]. However, there is no well-performing tool for the early
prediction of NAFLD; for example, liver enzyme levels can be normal in patients with
NAFLD[9,10]. There are existing studies on the risk factors and prediction risk scores;
however, their results are controversial[l11-15]. Machine learning is a potential
approach for the identification of the best predictive model[16].

Machine learning can be used to construct a predictive model by teaching computer
algorithms to learn from data without being explicitly programmed. Applications of
machine learning in gastroenterology field are steadily increasing[17]. However, there
is no machine learning model for predicting NAFLD in the United States. The
published models in China, Germany, and Canada focus on NAFLD prediction scores
using laboratory parameters and demographic data[11,13-15]. Therefore, we aimed to
evaluate the applications of machine learning in NAFLD diagnosis for easy use at
clinical setting.
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MATERIALS AND METHODS

Study population and study design

The Third National Health and Nutrition Examination Survey (NHANES III) was a
nationwide probability sample of 39695 persons aged 2 mo and older, conducted from
1988-1994 by the National Center for Health Statistics (NCHS). It aimed to evaluate the
health and nutritional status of the general United States population[18]. Multiple
datasets were collected in this survey, including demographics, interviews, physical
examinations, and laboratory testing of biologic samples. The NHANES protocol was
approved by the NCHS Research Ethics Review Board.

Definitions

Participants aged 20 years or older in NHANES III with gradable ultrasound results
were included in this study. The exclusion criteria included: (1) Excessive alcohol
consumption; (2) Hepatitis B or C infection; (3) Fasting period outside of 8-24 h; and (4)
Incomplete or missing data on physical examination and laboratory testing. The
participants were divided into two groups: The NAFLD participants and non-NAFLD
participants. Since participants aged above 74 years were not eligible for ultrasono-
graphy in NHANES III, participants aged above 74 years were excluded from this
study.

‘NAFLD participants’ was defined based on: (1) Moderate to severe hepatic steatosis
on ultrasound; (2) No history of alcohol drinking more than 2 drinks per day for men
or 1 drink per day for women in the last 12 mo; and (3) No history of hepatitis B or C
infection.

Thirty factors associated with NAFLD were included in this study: demographic (i.e.
, age, gender, and race/ ethnicity), body measurement [i.e., body mass index (BMI) and
waist circumference], general biochemistry tests [i.e., iron, total iron-binding capacity,
transferrin saturation, ferritin, cholesterol, triglyceride, high-density lipoprotein (HDL)
cholesterol, C-reactive protein, and uric acid], liver chemistry (aspartate aminotrans-
ferase, alanine aminotransferase, gamma glutamyl transferase, alkaline phosphatase,
total bilirubin, total protein, albumin, and serum globulin), diabetes testing profile [i.e.,
glycated hemoglobin, fasting plasma glucose, fasting C-peptide, and fasting insulin],
and the use of diabetes medication.

Statistical analysis

Categorical and ordinal factors are presented as frequencies (%). Continuous factors
are presented as medians (interquartile ranges). The dataset was divided into the
training (70%) and testing (30%) datasets using stratified sampling. Differences
between the two datasets were tested using the Mann-Whitney U test. Twenty-four
machine learning algorithms were applied to the training dataset. Then, we selected
the best performing models determined by accuracy and the F1 score and compared
the out-of-sample performance with another interpretable model (coarse trees, a
decision tree model with a maximum of four splits) and three NAFLD indices on the
testing dataset. The selected NAFLD indices included fatty liver index (FLI), hepatic
steatosis index (HSI), and triglyceride and glucose index (TyG)[19-21]. The cut-off
levels for NAFLD were > 60 for FLI, > 36 for HSI, and 2 8.5 for TyG. The performance
metrics include accuracy, sensitivity or recall, specificity, precision, area under the
receiver operating characteristic curve (AUC), and the F1 score. It is worth noting that
the F1 score is the harmonic mean of precision and recall. All statistical analyses were
performed using MATLAB R2020a (MathWorks, MA, United States).

RESULTS

The study had 3235 participants (1 = 3235). The participant selection process is shown
in Figure 1. Based on ultrasound findings, 817 (25.26%) participants had NAFLD. The
data of 2265 (70%) and 970 (30%) participants made up the training and testing groups,
respectively. The baseline characteristics of participants in the training and testing
groups are summarized in Table 1. There were no significant differences between the
datasets for all factors.

The performances of 24 machine learning algorithms that were applied to the
training dataset are illustrated in Table 2. The ensemble of subspace discriminant and
ensemble of random undersampling (RUS) boosted trees had the highest accuracy
(78.3%) and highest F1 score (0.53), respectively; both models had an AUC of 0.76. The
coarse trees, decision trees with a few leaves, had an accuracy of 76%, AUC of 0.68,
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Table 1 Baseline characteristics of participants in training and testing data

Training data (n = 2265) Testing data (n = 970) Pvalue

Demographic
Age (yr) 43 (29) 43.5 (28) 0.328
Gender (male) (%) 944 (41.68) 428 (44.12) 0.197
Race/ ethnicity
White (non-Hispanic) (%) 959 (42.34) 392 (40.41) 0.308
Black (non-Hispanic) (%) 627 (27.68) 271 (27.94) 0.882
Mexican American (%) 576 (25.43) 254 (26.19) 0.652
Others (%) 103 (4.55) 53 (5.46) 0.265
Body measurement
Body mass index (kg/m?) 26.4 (7.2) 26.7 (7.4) 0.120
Waist circumference (cm) 93 (20.5) 93.5 (20.8) 0.182
Biochemistry tests
Iron (ug/dL) 73 (39) 74 (39) 0.098
Total iron-binding capacity (ug/dL) 355 (72) 356 (72) 0.450
Transferrin saturation (%) 20.5 (11.1) 20.8 (11.8) 0.329
Ferritin (ng/mL) 87 (125) 84.5 (124) 0.508
Cholesterol (mg/dL) 201 (57) 204 (59) 0.155
Triglyceride (mg/dL) 120 (100.25) 122.5 (102) 0.562
HDL cholesterol (mg/dL) 48 (18) 48.5 (18) 0.585
C-reactive protein (mg/dL) 0.21 (0.29) 0.21 (0.23) 0.686
Uric acid (mg/dL) 5(1.9) 51 (2) 0.427
Liver chemistry
Aspartate aminotransferase (U/L) 19 (8) 19 (7) 0.908
Alanine aminotransferase (U/L) 14 (10) 14 (10) 0.581
Gamma glutamy] transferase (U/L) 21 (18) 21 (18) 0.787
Alkaline phosphatase (U/L) 83 (33) 81 (32) 0.524
Total bilirubin (mg/dL) 0.5(0.2) 0.5(0.2) 0.855
Total protein (g/dL) 7.4 (0.6) 7.4 (0.6) 0.559
Albumin (g/dL) 4.1 (0.5) 4.1(0.4) 0.543
Serum globulin (g/dL) 3.3 (0.6) 3.3 (0.7) 0.941
Diabetes testing profile
Glycated hemoglobin (%) 5.4 (0.8) 5.4 (0.7) 0.075
Fasting plasma glucose (mg/dL) 91.6 (12.52) 92.05 (12.2) 0.726
Fasting C-peptide (pmol/mL) 0.65 (0.68) 0.66 (0.69) 0.746
Fasting insulin (uU/mL) 9.36 (9.51) 9.73 (10.04) 0.378
Diabetes medication 165 (7.28%) 68 (7.01%) 0.782

and F1 score of 0.36.

As shown in the first half of Table 3, the ensemble of subspace discriminant, coarse
trees, and ensemble of RUS-boosted trees models were selected for testing the process
on the testing data. When tested on the testing data, ensemble of subspace
discriminant and ensemble of RUS-boosted trees still had a high accuracy (77.7%) and
high F1 (0.56), respectively. The coarse tree had an accuracy of 74.9% and an F1 of 0.33.
All the machine learning models and datasets are available for public access in the File
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Table 2 The performance comparison of machine learning models on training data

No.  Description Accuracy (%) AUC PPViprecision (%) NPV (%) Sensitivity/recall (%) Specificity (%) F1
1 Fine tree 71.6 0.64 429 79.8 37.8 83.0 0.40
2 Medium tree 744 070 489 79.1 30.1 89.4 0.37
3 Coarse tree 76.0 068 551 78.9 26.4 92.7 0.36
4 Linear discriminant 78.0 075 611 80.9 35.5 92.4 0.45
5 Logistic regression 78.1 075 622 80.6 33.9 93.0 0.44
6 Gaussian naive Bayes 75.1 0.74  50.8 81.1 40.2 86.8 0.45
7 Kernel naive Bayes 72.7 073 468 85.1 60.1 76.9 0.53
8 Linear SVM 77.0 074 644 78.1 199 96.3 0.30
9 Quadratic SVM 774 070 599 80.1 31.8 92.8 0.42
10 Cubic SVM 72.8 064 451 79.6 851 85.5 0.40
11 Fine Gaussian SVM 74.7 0.67 74.7 100.0

12 Medium Gaussian SVM 77.5 074 639 79.0 253 95.2 0.36
13 Coarse Gaussian SVM 75.7 074 662 76.0 7.9 98.6 0.14
14 Fine KNN 68.9 058  38.0 78.9 36.9 79.7 0.37
15 Medium KNN 76.5 071 597 78.1 21.0 95.2 0.31
16 Coarse KNN 76.6 075 781 76.5 10.0 99.1 0.18
17 Cosine KNN 76.6 072 579 79.2 27.6 93.2 0.37
18 Cubic KNN 77.0 072 620 78.5 22,6 95.3 0.33
19 Weighted KNN 76.5 071  56.7 79.4 28.8 92.6 0.38
20 Ensemble of boosted trees 76.9 074 573 80.3 33.6 91.6 0.42
21 Ensemble of bagged trees 772 074 589 80.2 325 923 0.42
22 Ensemble of subspace 78.3 076  66.7 79.7 283 95.2 0.40

discriminant
23 Ensemble of subspace KNN  75.5 0.69 547 772 16.4 95.4 0.25
24 Ensemble of RUS boosted 70.4 076 442 86.3 66.4 717 0.53
trees

AUC: Area under the curve; KNN: K-nearest neighbors; NPV: Negative predictive value; PPV: Positive predictive value; RUS: Random undersampling;
SVM: Support vector machine.

Exchange portal of the MATLAB Central File Exchange[22]. The performance of three
NAFLD on the testing data are also displayed in the second half of Table 3. FLI was
the best performer among the NAFLD indices with the accuracy of 68.6% and F1 score
of 0.52. However, the ensemble of RUS boosted trees was superior to FLI in all metrics.

DISCUSSION

Our study compared 24 different machine learning techniques to determine the
optimal clinical predictive model for NAFLD. The accuracy of these models on the
training data did not show much variation (range 9.4%), with an average of 75.5%
(Table 2). The top two models were ensemble of subspace discriminant and ensemble
of RUS boosted trees. The ensemble of subspace discriminant model had a higher
accuracy while the ensemble of RUS boosted trees model had a better performance in
classifying positive NAFLD, as indicated by the F1 score. Both models were ensemble
type, which use multiple diverse models in combination to produce an optimal
prediction. They are more complex machine learning models that apparently yield
better predictions. Compared to accuracy, the F1 score is regarded as a superior
performance metric for a class imbalance problem (often a large number of actual
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Table 3 The performance of machine learning models and other non-alcoholic fatty liver disease indices on testing data

No. Description Accuracy (%) AUC PPViprecision (%) NPV (%) Sensitivity/recall (%) Specificity (%) F1

Machine learning models

1 Ensemble of subspace 77.7 0.78 66.7 78.8 23.7 96 0.35
discriminant

2 Coarse trees 74.9 0.72 50.8 78.3 24.5 92 0.33

3 Ensemble of RUS boosted trees ~ 71.1 0.79 455 88.4 72.7 70.6 0.56

NAFLD indices

4 Fatty liver index 68.6 0.74 424 86.6 68.6 68.6 0.52

5 Hepatic steatosis index 65.1 0.70 37.9 83.3 60.4 66.6 0.47

6 Triglyceride and glucose index ~ 56.9 0.69 34.8 88.3 80.8 48.8 0.49

AUC: Area under the curve; NAFLD: Non-alcoholic fatty liver disease; NPV: Negative predictive value; PPV: Positive predictive value; RUS: Random
undersampling.

13856 participants with gradable
ultrasound results

| 1266 participants excessively drank alcohol or
| had missing data in alcohol drinking

Y

12590 participants with gradable
ultrasound results

—[328 participants had hepatitis B or hepatitis CJ

12262 participants with gradable
ultrasound results

| 8989 participants had incomplete examination
| or lab results

Y

3235 participants with gradable
ultrasound results

Training data

Testing data

(/7 = 2265) (/7 — 970)

NAFLD NAFLD
(n =572) (n = 245)

Non-NAFLD
(n = 1693)

Non-NAFLD
(n = 725)

Figure 1 Study design and data partitioning flow chart. NAFLD: Non-alcoholic fatty liver disease.

negatives). In our opinion, the ensemble of RUS boosted trees model was the best
performing machine learning model in this study.

Technically, the final prediction of the ensemble method was derived from a
combination of multiple predictions from different algorithms. In our case, the
predicted outcome of the ensemble of RUS boosted trees model was derived from a
weighted average outcome of 30 RUS boosted trees; the sample visualization of these
RUS boosted trees can be found in the file uploaded to the MATLAB Central File
Exchange[22].
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On the other hand, we compared the performance of the previous model with the
coarse trees model, simple decision trees with several leaves and splits (Figure 2). The
decision logic of the coarse trees model consisted of only two factors: Waist circum-
ference and serum C-peptide. In terms of testing performance, it had a reasonable
accuracy (AUC, 0.72; accuracy, 74.9%; and F1 score, 0.33). Since it is simple-to-use and
easily interpretable, the coarse trees model can be more practically used in clinical
practice.

Waist circumference is directly associated with obesity and metabolic syndrome[23,
24]. They are also the established risk factors of NAFLD. The cut-off of 109.35 cm
seems to be slightly higher than the general cut off value for metabolic syndrome
(men, 102 cm and women, 80 cm)[25]. It is used to calculate the visceral adiposity
index, which provides a good predictive capability[26]. The advantage of inco-
rporating waist circumference into the model is its retrieval ability.

Our results are similar to those of a previous study identifying the risk factors of
NAFLD[27]. C-peptide is an indicator of insulin resistance[28,29]. Serum C-peptide is
associated with NAFLD, NASH, and fibrosis progression[28-30]. Additionally, serum
C-peptide levels increase with NAFLD severity[29,31,32]. In our study, serum C-
peptide is more significantly associated with NAFLD prediction than liver function
test. This can be explained by the fact that liver enzymes are possibly not specific to
NAFLD. They can also be elevated in other liver diseases. On the contrary, serum C-
peptide is related to metabolic alterations, which play a direct role in NAFLD
development.

We compared the performance of three NAFLD indices (FLI, HSI, and TyG) on the
testing data. Among these three NAFLD indices, FLI had the highest performance in
terms of accuracy (68.6%) and F1 (0.52). However, performance-wise, the ensemble of
RUS boosted trees was superior to FLI in all aspects. In terms of simplicity, FLI is not
complex, but it might be impossible for physicians to use it without spreadsheets or
computers because it involves many mathematical operations, such as multiplication,
logarithm function, and exponential function. Therefore, coarse trees remained the
simplest model.

Previously developed machine learning models for NAFLD prediction have used
more complex parameters, including laboratory and noninvasive scores. A population-
based study in Italy developed a score for NAFLD diagnosis with a moderate accuracy
of 68% in the model development phase, but extremely high performance in the
testing (prediction) phase using the small sample size of 50. The predictors used in the
model were of abdominal volume index, glucose, gamma glutamyl transferase, age,
and sex[33]. A Chinese study incorporated three demographic factors and 15
Laboratory tests as predictors for Bayesian network model[8]. The inclusion of simple
constituents, liver enzymes, lipid panels, and complete blood count resulting in an
accuracy of up to 80% in a 10-fold cross validation; there was no separate data set for
external validation or testing. A Taiwanese study revealed that waist circumference
was the most influential factor in the model resulting in a high performance with an
AUC of 0.925[13]. Similarly, such performance was based on a 10-fold cross validation,
not on a separate data set for external validation or testing. In addition, the ethnic
Chinese population generally has a lower alcohol consumption; it might not be
generalized to other ethnic groups[12,15]. A Canadian study revealed that HDL, BMI,
sex, plasma glucose, blood pressure, and age were factors used in the decision criteria
of decision trees with an AUC of 0.73[14]. These reports showed different significant
factors in their models. This might be explained by the different populations in terms
of ethnicity, alcohol consumption, and obesity prevalence. Compared to prior reports,
our study involved a general population of the United States, which has less selection
bias and contains diverse races. Therefore, the derived models in this study can be
applied to diverse ethnic and racial backgrounds. A detailed comparison of the
proposed machine learning models in prior reports is summarized in Table 4.

The application of machine learning in regarding NAFLD has evolved from the
diagnosis with the noninvasive screening methods to liver biopsy. The new score
achieves the reasonable performance with AUC of 0.70, in terms of differentiating
between NAFL and NASH[11]. Deep learning model was evaluated for diagnosis
NAFLD based on ultrasound images and had a good predictive ability (AUC > 0.7)
[34]. Given the advancement in this field, it can also be used to quantify steatosis,
inflammation, ballooning, and fibrosis in biopsy histology of patients with NAFLD
having excellent results[35].

This study had strengths. First, this is the first United States population-based study
with more than 3000 individuals from NHANES III. Secondly, we aimed to propose
the simple model with a reasonable predictive power for NAFLD. This model will be
potentially applied in clinical practice, especially by primary care providers, prior to
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Table 4 The performance comparison of published machine learning models on non-alcoholic fatty liver disease prediction

Type of data/country or  Number of train/ Accuracy AUC  Sensitivity Specificity F1
Ref. . . Model 0 o o

territory of data external testing data (%) (%) (%)
Sorino et al Population/Italy 2920/50 Support vector 68" N/A 98.5 100 N/A
[33], 2020 machine
Wuetal[13], Hospital/Taiwan 577 /NA Random forest 86.5' 0.925' 872! 85.9! N/A
2019
Islam et al Hospital/ Taiwan 994/NA Logistic regression 70’ 0.763" 741 64.9' N/A
[36], 2018
Maetal[12], Hospital/China 10508/ NA Bayesian network ~ 82.92! N/A 675 87.8! 0.655'
2018
Perveenetal Primary care 64% /34% of Decision trees N/A 0.73 73 N/A 0.67
[14], 2018 network/Canada 40637
Yip et al[15], Hospital/Hong Kong 500/442 Ridge regression 87 0.87 92 90 N/A
2017
Birjandietal ~ Hospital/Iran 359/1241 Decision trees 75 0.75 73 77 N/A
[37], 2016
Our study Population based/United 2265/970 Ensemble of RUS  71.1 0.79 72.7 70.6 0.56

States

boosted trees

Coarse trees 74.9% 0.72 24.5% 92% 0.33

1Cross-validation performance (no separate dataset designated for testing the performance).

RUS: Random undersampling; AUC: area under the receiver operating characteristic curve; N/A: Not applicable; NA: Not available.

Fasting C-peptide
< 0.7015 nmol/L

Fasting C-peptide
> 0.7015 nmol/L

Waist circumference

< 109.35cm

NAFLD absent

Waist circumference
> 109.35cm

‘NAFLD absent ‘ ‘NAFLD present

Figure 2 The decision logic of coarse trees. NAFLD: Non-alcoholic fatty liver disease.

Jaishideng®

referring patients to hepatologists. This study had some limitations. (1) Missing data
were inherited from the nature of population dataset from NHANES III; (2) NAFLD
was diagnosed with ultrasonography, which is not the gold standard; however, it is
the primary imaging modality for NAFLD diagnosis in population-based studies and
available in primary care medical facilities; (3) At the time of writing this article, there
was no external dataset available that like that of NHANES III for validating the
models; and (4) It may be impossible to completely reproduce the machine learning
algorithms in this study since randomization was used in the modeling process, such
as data partitioning, cross validation, and creation of some machine learning models.
This explains why we made the trained models available to the public so that anyone
can use the models directly and/or validate our results.

CONCLUSION

Machine learning algorithms can summarize a large dataset into predictive models.
The best performing model measured by the F1 score from our study is the ensemble
of RUS boosted trees, which is a complex model that uses all 30 factors and behaves
more like a black box to physicians. In contrast, the coarse trees model, which is
composed of serum C-peptide and waist circumference, can generate a reasonable
predictive performance, and most importantly is the simplest to use. To facilitate
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clinical decision-making, complex models should be incorporated into the electronic
medical record system. This will lead to proper investigation and treatment selection
for specific individuals at risk, helping to maximize healthcare resource utilization. If
software deployment is not achievable, a simple model be used directly by physicians.
Therefore, the model choice depends on the user objectives and resources. Therefore,
the more complex model required more resources and was likely to outperform. The
less complex model may not be the most accurate model but can be easily
implemented and interpreted in clinical practice.

ARTICLE HIGHLIGHTS

Research background
Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease
that can progress to more severe liver disease.

Research motivation
Early patient identification using a simple method is highly desirable for preventing
the progression of NAFLD.

Research objectives
To create machine learning models for predicting NAFLD in the general United States
population.

Research methods

This study was designed as a retrospective cohort by using the NHANES 1988-1994.
Adults (20 years and above in age) with gradable ultrasound results were included in
this study.

Research results
Based on F1, the ensemble of ensemble of random undersampling boosted trees was

the top performer (accuracy 71.1% and F1 0.56) while a simple model (coarse trees)
had an accuracy of 74.9% and an F1 of 0.33.

Research conclusions

Although a simpler model such as coarse trees was not the top performer, it consisted
of only two predictors: fasting C-peptide and waist circumference. Its simplicity is
useful in clinical practice.

Research perspectives

The findings from this study can facilitate clinical decision-making for clinicians and
also allow researchers to investigate the developed machine learning models. This will
lead to proper investigation and treatment selection for specific individuals at risk,
helping to maximize healthcare resource utilization.
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Abstract

BACKGROUND

Wilson's disease (WD) is a rare autosomal recessive inherited disorder of copper
metabolism. Acute liver failure (ALF) and hemolytic anemia represent the most
severe presentation of WD in children. No clear genotype-phenotype correlations
exist in WD. Protein-truncating nonsense, frame-shift, or splice-site variants may
be associated with more severe disease. In contrast, missense variants may be
associated with late-onset, less severe disease, and more neurological manifest-
ations. Recently, a gene variant (HSD17B13:TA, rs72613567) with a possible
hepatic protective role against toxins was associated with a less severe hepatic
phenotype in WD.

AIM

To analyze the possible genotype-phenotype correlations in children with WD
presented with ALF and non-immune hemolytic anemia.

METHODS

The medical records of children with WD diagnosed and treated in our hospital
from January 2006 to December 2020 were retrospectively analyzed. The clinical
manifestations (ALF with non-immune hemolytic anemia or other less severe
forms), laboratory parameters, copper metabolism, ATP7B variants, and the
HSD17B13:TA (rs72613567) variant were reviewed to analyze the possible
genotype-phenotype correlations.
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RESULTS

We analyzed the data of 51 patients with WD, 26 females (50.98%), with the mean
age at the diagnosis of 12.36 + 3.74 years. ALF and Coombs-negative hemolytic
anemia was present in 8 children (15.67%), all adolescent girls. The Kayser-
Fleisher ring was present in 9 children (17.65%). The most frequent variants of the
ATP7B gene were p.His1069GIn (c.3207A>G) in 38.24% of all alleles,
p-Gly1341Asp (c.4021G>A) in 26.47%, p.Trp939Cys (c.2817G>T) in 9.80%, and
p-Lys844Ter (c.2530A>T) in 4.90%. In ALF with hemolytic anemia, p.Trp939Cys
(c.2817G>T) and p.Lys844Ter (c.2530A>T) variants were more frequent than in
other less severe forms, in which p.His1069GIn (c.3207A>G) was more frequent.
p-Gly1341Asp (c.4021G>A) has a similar frequency in all hepatic forms. For 33 of
the patients, the HSD17B13 genotype was evaluated. The overall HSD17B13:TA
allele frequency was 24.24%. Its frequency was higher in patients with less severe
liver disease (26.92%) than those with ALF and hemolytic anemia (14.28%).

CONCLUSION

It remains challenging to prove a genotype-phenotype correlation in WD patients.
In children with ALF and hemolytic anemia, the missense variants other than
p-His1069GIn (c.3207A>G) and frame-shift variants were the most frequently
present in homozygous status or compound heterozygous status with site splice
variants. As genetic analysis is usually time-consuming and the results are late,
the importance at the onset of the ALF is questionable. If variants proved to be
associated with severe forms are found in the pre-symptomatic phase of the
disease, this could be essential to predict a possible severe evolution.

Key Words: Wilson’s disease; Children; Acute liver failure; Hemolytic anemia; 4TP7B
variant; Genotype-phenotype correlation

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Acute liver failure (ALF) and hemolytic anemia represent the most severe
presentation of Wilson’s disease (WD) in children, with a possible fatal evolution.
There is no definite genotype-phenotype correlation in WD, but many studies try to
solve this puzzle. Our research reports a higher presence of a missense [p.Trp939Cys
(c.2817G>T)] and frame-shift variant [p.Lys844Ter (c.2530A>T)] in children with
ALF and hemolytic anemia, while in less severe form, p.His1069GlIn (¢.3207A>G) was
more frequent. HSD17B13:TA variant may be associated with less severe liver disease,
as it was proved to have a protective role against liver toxins.

Citation: Pop TL, Grama A, Stefanescu AC, Willheim C, Ferenci P. Acute liver failure with
hemolytic anemia in children with Wilson’s disease: Genotype-phenotype correlations? World
J Hepatol 2021; 13(10): 1428-1438

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1428.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i10.1428

INTRODUCTION

Wilson’s disease (WD) is a rare autosomal recessive inherited disorder of copper
metabolism caused by homozygous or compound heterozygous variants of the ATP7B
gene. The prevalence of WD is estimated as 1/30000[1]. The ATP7B gene encodes
transmembrane copper-transporting ATPase (ATP7B) and is located on chromosome
13q14.3, containing 20 introns and 21 exons[2]. According to the Human Gene
Mutation Database, more than 800 variants of the ATP7B gene have been described.
More than half of these variants are single nucleotide missense and nonsense, and the
others are insertions/deletions and splice-site variants[3,4].

The clinical forms of WD are very variable due to the copper accumulation in
different organs. The age of onset has been reported to be between 2 and 70 years[5,6].
Liver disease is the first clinical manifestation in 40%-60% of WD patients, more often

1429 October 27,2021 | Volume13 | Issue10 |


http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
https://www.wjgnet.com/1948-5182/full/v13/i10/1428.htm
https://dx.doi.org/10.4254/wjh.v13.i10.1428

Pop TL et al. Genotype-phenotype correlation in WD

Jaishideng®

in the first decade[1,5,7,8]. In children, WD patients present with an incidental finding
of high levels of transaminases in an asymptomatic child, acute or chronic hepatitis, or
decompensation of cirrhosis (in older children and adolescents)[5,9]. As an initial form
of presentation, neurological disease is described in 18%-68% of patients, mainly in
young adults (20-30 years). WD’s most common neurological features are tremor,
dystonia, parkinsonism, associated with dysarthria, gait and posture disturbances,
drooling, and dysphagia[l]. Also, psychiatric disease (mainly mood disturbances,
depression, or bipolar disease) may be present, mainly in adulthood. A decline in
school performances, impulsiveness, and inappropriate behavior was reported in
adolescents[1]. Hematologic disease, renal disease, skeletal and cardiac disease may be
described in WD patients[1,10,11].

Acute liver failure (ALF) may be the initial presentation or a complication during
WD evolution in children and young adults[12]. Approximately 2%-6% of ALF cases
may be caused by WDJ[13,14]. A rare presentation of WD (5%[15]), ALF accompanied
by a hemolytic crisis may have a severe evolution, with coagulopathy, enceph-
alopathy, and progressive renal failure, resulting in death without an emergency liver
transplantation[1,10,11,16]. This clinical form of WD occurred in 30% of children with
ALF requesting liver transplantation and 60% of those with fatal evolution before
transplantation[5]. Therefore, early diagnosis and referral to specialized centers are
determinants for the prognosis in these patients[12].

There is a continuous interest in genotype-phenotype correlations in WD. Based on
the phenotypic classification, studies tried to find a link between the genetic variants
and clinical forms or severity of WD disease, important for the prognosis of the disease
[2,17]. The ATP7B gene variants may have different effects on the presence and
function of the ATPase encoded with various consequences on the clinical presenta-
tion. Many studies have tried to analyze these correlations regarding the age of the
onset, neurological or hepatic form, ceruloplasmin activity, hepatic copper level, or the
presence of Kayser-Fleischer (KF) ring[18-20]. Still, there is no definite genotype-
phenotype correlation so far, which may be due to the disease’s high genetic hetero-
geneity and rareness[2,21]. Some authors suggest that the severe hepatic phenotype
and earlier onset are more likely associated with the nonsense or frame-shift variants.
A less severe hepatic or a neurologic phenotype is linked to missense variants [2,22-
26]. The clinical presentation in WD may also be influenced by environmental and
epigenetic factors or modifier genes[4]. Recently, a gene variant (HSD17B13:TA,
rs72613567) with a possible hepatic protective role against toxins was associated with a
less severe hepatic phenotype in WD[27].

Our study aimed to analyze the possible genotype-phenotype correlations in
children with WD presented with ALF and non-immune hemolytic anemia and to
investigate the most common ATP7B variants in our patients with this severe form of
the disease.

MATERIALS AND METHODS

The medical records of children with WD diagnosed and treated in our hospital from
January 2006 to December 2020 were retrospectively analyzed. The clinical manifest-
ations (acute or chronic liver disease, neurologic disease, ALF with non-immune
hemolytic anemia), laboratory parameters, copper metabolism, and ATP7B variants
were reviewed.

Diagnostic of WD was based on positive family history, clinical symptoms
(including the presence of KF ring), and laboratory tests (low serum ceruloplasmin, <
20 mg/dL, elevated 24-h urinary copper excretion, baseline or stimulated by penicil-
lamine) following the current diagnostic and management guidelines[28,29]. ALF with
hemolytic anemia was diagnosed on the coagulopathy (prolonged prothrombin time,
increased international normalized ratio (INR) > 2 without hepatic encephalopathy or
> 1.5 in the presence of encephalopathy), low hemoglobin level, and negative Coombs
test. Laboratory tests were performed using standard methods. None of our patients
had a liver biopsy to assess the histology, as we could not measure the copper content
in our service. The severity of the fibrosis was evaluated at diagnosis and during the
follow-up using a non-invasive assessment of liver stiffness by transient elastography
(FibroScan, Echosense, France)[9].

The molecular analysis of the ATP7B gene was performed using a semi-nested
polymerase chain reaction-based restriction fragment length polymorphism assay for
p-His1069GIn (c.3207A>G) variant detection as previously described. If negative or
heterozygous for p.His1069GIn (c.3207A>G) variant, samples were Sanger sequenced
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by the ABI Prism 310 Genetic Analyzer (Perkin Elmer; Norwalk, CT, United States)
until 2012, followed by the 3500 Genetic Analyzer (Applied Biosystems; Foster City,
CA, United States) using published primers.

The HSD17B13:TA (rs72613567) variant was determined using allelic discrimination
real-time polymerase chain reaction and validated by Sanger sequencing in normal
controls having different HSD17B13 genotypes. Unfortunately, this evaluation was
technically possible only for the second half of the study, and only 33 patients were
assessed. We included only the children with WD confirmed by molecular analysis,
and we excluded all suspected WD patients without genetic confirmation or with
incomplete data.

We analyzed the clinical and laboratory features, including the most frequent
variants in children with ALF and hemolytic anemia compared to those with other
clinical forms.

Statistical analysis of the data collected was performed using Statistica 13.5 (Tibco
Software; Palo Alto, CA, United States). The variables with normal distribution were
presented as mean and standard. Comparison of continuous variables was performed
using the Student t-test. Categorical variables were presented as numbers and
percentages; they were compared using the Chi-square test. Two-sided P values were
analyzed, and the P value < 0.05 was considered statistically significant.

RESULTS

During the last 15 years, 67 patients with WD were diagnosed and treated in our clinic.
After reviewing genetic data, we included 51 patients, 26 females (50.98%), with the
mean age at WD diagnosis of 12.36 + 3.74 years (between 5 and 23 years).

Almost all patients included in our study presented liver diseases; only one was
with a neurological form, and one was diagnosed following the screening due to WD
in the family. Our clinic is the main pediatric hepatology service and center for
expertise in pediatric liver rare disorders in Transylvania, Romania. Therefore, the
selection of the patients referred to our center would be biased regarding the clinical
presentation in our WD patients. ALF and Coombs-negative hemolytic anemia was
present in 8 children (15.67%), all adolescent girls. The KF ring was present in 9
children (17.65%). The clinical and laboratory characteristics of the WD patients
included in this study, based on the clinical onset, are presented in Table 1.

In two girls, ALF with hemolytic anemia was not the initial presentation that led to
the WD diagnostic. Initially, they had only increased transaminases but progressed
shortly to this severe clinical evolution.

In our patients, the most frequent variant of the ATP7B gene was p.His1069GIn
(c.3207A>G), present in 12 children in homozygous status and 17 children in
compound heterozygous status (38.24% of all alleles). p.Gly1341Asp (c.4021G>A)
variant was present in 10 children in homozygous status and 7 patients in compound
heterozygous status (26.47%). The other two frequent variants (mainly in patients with
ALF and hemolytic anemia) were p.Trp939Cys (c.2817G>T), in 5 children in
homozygous status (9.80%) and p.Lys844Ter (c.2530A>T), in one child as homozygous
status and three children as a part of compound heterozygous status (4.90%). In
Table 2, we present the most frequent variants grouped by the clinical form of
presentation. In ALF with hemolytic anemia, p.Trp939Cys (c.2817G>T) and
p-Lys844Ter (c.2530A>T) were more frequent than in other less severe forms, in which
p-His1069GIn (c.3207A>G) was more frequent. p.Gly1341Asp (c.4021G>A) variant has
a similar frequency in all hepatic forms.

For 33 of the patients included in our study, the HSD17B13 genotype was evaluated.
The overall HSD17B13:TA allele frequency in our study was 24.24%. HSD17B13:TA
allele frequency was higher in patients with less severe liver disease (26.92%) than ALF
and hemolytic anemia (14.28%). Table 3 presents the demographic, clinical, and
genotype association in patients investigated for the HSD17B13:TA variant.

Two patients with ALF were transplanted, five survived with the native liver
following supportive intensive care, and one girl had a fatal evolution on the second
day after admission. Also, another child with cirrhosis died due to severe complic-
ations before liver transplantation was possible.
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Table 1 Clinical and laboratory characteristics in Wilson’s disease children with acute liver failure and hemolytic anemia

ALF and hemolytic anemia

Other clinical forms

Parameter All (n=51) (8 pts) (43 pts) P value
Females, n (%) 26 (50.98) 8 (100) 18 (41.86) 0.00252
Mean age (yr) 12.36 +3.74 14.59 +2.21 11.59 +£3.79 0.03598
ALT (IU/L) 131.54 £ 119.69 87.38 £154.07 142.24 £110. 04 0.24969
AST (IU/L) 125.05 + 88.73 78.62 +47.44 136.30 + 93.16 0.09950
TB (mg/dL) 541+1293 22.55 +21.95 0.99 +0.95 0.000002
DB (mg/dL) 4.20 +£11.56 18.84 +20.40 0.42+0.51 0.000007
GGT (IU/L) 83.54 +43.44 97.71 £57.14 80.44 +40.33 0.34731
WBC (mm®) 8568 + 7360 14838 + 14185 6666 + 1799 0.00415
Hb (g/dL) 12.15 +2.96 74+239 13.51 £1.22 0.000000
PLT (mm?) 253306 +125421 164875 + 74043 278571 + 126455 0.02142
INR 2.94 +6.37 7.53 +11.34 1.18+0.27 0.01359
KF ring, n (%) 9 (17.65) 3 (37.50) 6 (13.95) 0.10868
Ceruloplasmin (mg/dL) 9.81 +6.118 7.98 £5.77 10.11 £ 6.19 0.39976
Urinary copper (pg/24 h) 648.94 +1093.90 2236.33 £2174.46 384.38 + 455.04 0.000006
Outcome, 1 (%) 0.00121

Survivors 47 (92.16) 5 (62.50) 42 (97.67)

Transplanted 2(3.92) 2 (25.00) 0

Deceased 2(3.92) 1 (12.50) 1(2.33)

ALF: Acute liver failure; ALT: Alanine-aminotransferase; AST: Aspartate-aminotransferase; TB: Total bilirubin; DB: Direct bilirubin; GGT: Gamma-

glutamyl transferase; WBC: White blood cells; Hb: Hemoglobin; PLT: Platelets; INR: International normalized ratio; KF ring: Kayser-Fleisher ring.

Table 2 Variants of ATP7B gene in children with hemolytic anemia and acute liver failure

Variants Hemolytic Anemia + ALF (8 patients) Other clinical forms (44 patients) P value

p-Trp939Cys (c.2817G>T) 5 homozygotes 6 (42.86%) 4 (4.55%) 0.0000

p-Lys844Ter (c.2530A>T) 1 homozygotes 4 (28.57%) 1(1.14%) 0.0000
3 heterozygotes

p-Gly1341Asp (c.4021G>A) 10 homozygotes 4 (28.57%) 23 (26.14%) 0.8482
7 heterozygotes

p-His1069GIn (c.3207A>G) 12 homozygotes 0 39 (44.32%) 0.0015
15 heterozygotes

Other variants 1 homozygotes 2 (14.29%) 19 (21.59%) 0.5304
19 heterozygotes

Total alleles 14 (100%) 88 (100%)

ALF: Acute liver failure.

DISCUSSION

JBaishideng®

Our study aimed to assess the possible genotype-phenotype correlations regarding
WD’s most severe clinical form in children and adolescents. This endeavor in patients
with WD is challenging, as was proved by many studies already published. So far, the
research failed to conclude this issue due to the high heterogeneity of ATP7B variants
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Table 3 Data regarding the patients evaluated for the HSD17B13:TA variant

Al HSD17B13 genotype

T TAT TAITA
1 (%) 33 19 (57.58) 12 (36.36) 2 (6.06)
Females, n (%) 16 11 5 0
Mean age (yr) 11.67 £3.12 11.09 £3.45 1214 +2.25 14.70 £3.24
Clinical presentation, n (%)
ALF and/or hemolytic anemia 7(21.21) 5(71.43) 2 (28.57) 0
Less severe hepatic forms 26 (78.79) 14 (53.85) 10 (38.46) 2 (7.69)
ATP7B variant
p-His1069GIn (c.3206A>G)/p.His1069GIn (c.3206A>G) 5 2 3 0
p-His1069GIn (c.3206A>G)/p.Gly1341Asp (c.4021G>A) 6 3 3 0
p-His1069GIn (c.3206A>G)/ other 7 4 3 0
p-Gly1341Asp (c.4021G>A)/p.Gly1341Asp (c.4021G>A) 7 3 2 2
p-Trp939Cys (c.2817G>T)/p.Trp939Cys (c.2817G>T) 4 4 0 0
p-Trp939Cys (c.2817G>T)/other 1 1 0 0
p-Lys844Ter (c.2530A>T)/p.Lys844Ter (c.2530A>T) 1 1 0 0
p-Lys844Ter (c.2530A>T)/ other 2 1 1 0

ALF: Acute liver failure.

(more than 1300 described) and the rareness of the disease (small series of patients).
Furthermore, the increased number of compound heterozygotes involving different
kinds of variants makes this analysis more difficult[18,19,24,30,31]. As phenotypic
differences were reported in siblings with the same genotype or monozygotic twins,
the involvement of other factors is possible[2,30,32-35]. Environmental factors
(nutritional copper intake, infections, drugs, or other toxins), modifier genes, and
epigenetic factors’ interaction with the genetic variants may explain the different
clinical presentations in WDI[4,8,18,22].

The introduction of a phenotype classification tried to ease analyzing the clinical
forms in WD[17]. Our patients mainly have the hepatic form (the most frequent one in
children and adolescents). Some of our older patients also had neurological and
psychiatric manifestations. Not all our patients suspected of WD had a genetic
confirmation of the ATP7B variants. Therefore, only patients with two WD variants in
cis were included in our study to analyze the possible genotype-phenotype correl-
ations.

ALF with hemolytic anemia was present in 8 children, all girls. The age of onset was
higher than other hepatic presentations (acute or chronic hepatitis, autoimmune
features, or cirrhosis, data not shown). The increased frequency of ALF described in
females is not fully understood, but it may be explained by hormonal differences or
the intervention of epigenetic factors (methylome and transcriptome differences)[4,13,
18,19].

The KF ring was described in 9 children with liver disease (17.65%), three of them
with ALF, and 6 in the other forms. Four of those six children with KF ring in other
forms of liver disease presented neurological manifestations in their evolution. Other
studies proved that ocular involvement is less frequent in hepatic than in neurological
involvement[31]. The presence of the KF ring was reported lower in children. In Greek
children with WD, the KF ring was present in 48.7% of those with liver disease and
16% of those diagnosed through family screening[7], while in the Italian children, only
in 8.6% of those with liver disease[8]. The KF ring was present in more than half of the
ALF patients, compared to 37.5% in our small series[10].

Regarding the laboratory results, the differences in children with ALF and
hemolytic anemia and the other forms are expected for the bilirubin, hemoglobin, and
INR. The number of white blood cells (WBC) is higher in children with ALF, and
platelets are lower. There are no significant differences in the serum level of transam-
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inases (even lower in ALF patients) and gamma-glutamyl transferase. The number of
WBCs is an important risk factor as it was included in the prognostic score to predict
mortality and evaluate the need for liver transplantation[5]. Also, the low level of
transaminases in children with the ALF form of WD is a well-known feature and
would help the diagnostic. High aspartate-aminotransferase (AST) to ALT ratio and
low alkaline phosphatase to serum bilirubin ratio may be used to differentiate the WD
patients in ALF[13,15]. In our cohort, two children with ALF had an AST/ALT ratio
higher than 4 and only one alkaline phosphatase to bilirubin level ratio lower than 2.
In children, the ratio between serum alkaline phosphatase and total bilirubin level may
not always be helpful due to bone-derived alkaline phosphatase[5]. The transaminase
level was lower than in children with acute hepatitis. As the age is higher in patients
presenting with ALF, the evolution of the disease without any clinical sign for years
explains the severe fibrosis or cirrhosis in these patients. In a large study that aims to
analyze the genotype-phenotype correlation, fulminant liver failure or hemolysis were
associated with liver cirrhosis in 93.4% and 66.7% of patients, higher than in the other
milder presentations of WD[19].

In our children with ALF and hemolytic anemia, the serum ceruloplasmin level was
lower than in the other patients but not significantly. In the meantime, the urinary
copper excretion was higher, as can be expected, due to the severe necrosis associated
with ALF.

No clear genotype-phenotype correlations exist in WD. Protein-truncating
nonsense, frame-shift, or splice-site variants have a significant functional and
structural impact on the ATP7B protein and may be associated with more severe
disease (early-onset, low ceruloplasmin level, high copper content in liver). In contrast,
missense variants are associated with late-onset, less severe disease and more
neurological manifestations[18,25,26,36]. There are also reports of some missense
variants associated with the early onset of disease with various severity in the same
family[30]. Previous reports proposed the association of exon 18-20 variants with
hepatic and hematological onset but not with neurological disease[37].

The most frequent variants in Central Europe, p.His1069GIn (c.3207A>G), was also
the most frequent one in our cohort. It was found in homozygous or heterozygous
status in 38.24% of all alleles in our study, compared with 72% in Poland, 35% in
Greece, and 38% in a previous study from Romania[17,21,23,26,38]. This variant is
more frequent in older patients with the neurological form of WD[3,7,23]. In our
cohort, there was no child with ALF and hemolytic anemia with p.His1069GIn
(c.3207A>G) variant. This is a missense variant and is probably associated with protein
misfolding, abnormal phosphorylation of the P-domain, and altered ATP binding
orientation and affinity[13]. R969Q, another missense variant present in our children,
is almost exclusively associated with late-onset liver disease[3,23].

Another missense variant, p.Gly1341Asp (c.4021G>A), was the second most
frequent one in our children. p.Gly1341Asp (c.4021G>A) is a variant of the
transmembrane domain of the ATP7B gene and, in homozygous status, was proved to
be associated with more severe and early onset of WD[39]. This variant was associated
in homozygous status with ALF and/or hemolytic anemia in two children. In one girl,
hemolytic anemia developed after treatment with zinc for a chronic increase of transa-
minases with questionable compliance. The second girl with this genotype-phenotype
association has a younger sister with the same genetic status presenting only an
increase of transaminases. The most frequent variant in our patients with ALF and/or
hemolytic anemia was p.Trp939Cys (c.2817G>T), described previously in early-onset
hepatic disease and with a high risk for liver failure in homozygotes[24]. Three
adolescents (girls) with ALF presented this variant in homozygous status; the other
two children (males) had the same status but did not have a severe form. The
p.Lys844Ter (c.2530A>T) variant is the fourth most frequent in our cohort; it was
present more in children with a severe form of WD. One girl was homozygote, and in
another two girls, the variant was associated with splice-site variants in a compound
heterozygous status. The p.Lys844Ter (c.2530A>T) variant is a frame-shift variant
presumed to be associated with severe clinical evolution, as are also splice-site
variants. It was previously described in WD patients of Hungarian origin[40] and few
patients with late-onset of WD[41].

The early diagnosis of WD in children would probably prevent the evolution and
sometimes the onset of the disease with a severe form. As mentioned in other studies,
gender would modify the disease presentation due to different hormone balance[18,
19]. If we analyze the possible influence of the sex of the patients, the severe form of
the disease was present in two of the four girls and none of the boys with
p.Gly1341Asp (c.4021G>A) homozygous status. All children with p.Gly1341Asp
(c.4021G>A) variant in compound heterozygous status associated with p.His1069GIn
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(c.3207A>G) variant experienced a less severe form of WD.

HSD17B13 encodes a protein involved in regulating the biosynthesis of lipids, and
by its enzymatic roles, is implicated in lipid-mediated inflammation. Recently, a
protein-truncation variant (HSD17B13:TA, rs72613567) was shown to have a protective
role against liver toxins, including copper toxicity in WD[27]. In our cohort, the allele
frequency of HSD17B13:TA was similar to other results for the Caucasian population,
higher in patients with less severe liver disease than those presented with ALF and
hemolytic anemia. The age of diagnosis was higher in patients homozygous for this
variant than in heterozygous status or without this variant. Even without statistical
significance, these results suggest the possible role of the HSD17B13:TA variant in the
modulation of the WD severity together with factors, including sex, age, ATP7B
variant, and other gene variants.

ALF was fatal only in one of our cases included in this study. Two girls underwent
emergency liver transplantation on the fourth day after their presentation in our
service. The liver transplantation was performed at the Fundeni Institute in Bucharest,
Romania. This clinical presentation should be regarded as an emergency[5,42]. The
patients should be referred as soon as possible to a center that could provide intensive
care, including extrahepatic liver support, until liver transplantation would be possible
for severe cases. Unfortunately, one girl died the second day after her admission to our
center.

Strengths and limitations. This study presents the largest cohort of children with
genetically confirmed WD from our country and the neighboring region. It represents
the first description of the possible correlation of ALF and hemolytic anemia with
p-Trp939Cys (c.2817G>T) and p.Lys844Ter (c.2530A>T) variants in Eastern European
children with WD. However, there are some limitations of our study. Firstly, the small
number of children with this severe form made the statistical analysis of our findings
difficult. Another issue is represented by the selection of patients, as our pediatric
hepatology service admits mainly children and adolescents with hepatic disease. A
significant limitation was the difficulty of considering and analyzing other possible
factors that would lead to an acute, severe clinical form compared to children with the
same genotype [p.Gly1341Asp (c.4021G>A)].

In the future, with the onset of a National Registry for patients with WD, including
the genetic analyzes, more data on WD patients from Romania would be available. In
the severe clinical form of WD, the genetic background would be less critical from the
point of view of immediate medical care. The result of the genetic analysis would
arrive with the clinician late, after the evolution of the patient would be clear. With the
recent progress in screening for WD[43], the genetic analysis in children with an early
suspected disease would help predict future evolution. When nonsense, frame-shift, or
splicing-site variants are identified in a pre-symptomatic period, the importance of this
genotype-phenotype correlation for the prognostic is evident.

CONCLUSION

It remains challenging to prove a genotype-phenotype correlation in WD patients due
to the small number of patients in the reported series and the increased genetic hetero-
geneity. In children with ALF and non-immune hemolytic anemia, the nonsense
variants other than p.His1069GIn [as p.Trp939Cys (c.2817G>T)] and frame-shift
variants [p.Lys844Ter (c.2530A>T)] were the most frequently present in homozygous
status or compound heterozygous status with site splice variants. As genetic analysis
is usually time-consuming and the results are late (except in the screening of the
relative of an index patient), the importance for the prognosis at the onset of the ALF is
questionable. However, if variants proved to be associated with severe forms are
found early in the evolution of the disease, this could be essential to predict a possible
severe evolution if the patients would not follow treatment.

ARTICLE HIGHLIGHTS

Research background
There is a continuous interest in genotype-phenotype correlations in Wilson’s disease
(WD).
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Research motivation
The aim is to study the possible genotype-phenotype correlations in children with
acute liver failure (ALF) and hemolytic anemia in WD.

Research objectives

The objectives include the analysis of ATP7B variants in children with ALF and
hemolytic anemia in WD compared to the other clinical presentations and the possible
role of the HSD17B13:TA variant in the modulation of the WD severity.

Research methods

The retrospective study included 63 children with WD diagnosed and follow-up
during 2006-2020. The clinical manifestations (acute or chronic liver disease,
neurologic disease, ALF with non-immune hemolytic anemia), laboratory parameters,
copper metabolism, ATP7B variants, and the HSD17B13:TA (rs72613567) variant were
reviewed.

Research results

In our cohort, in children with ALF and non-immune hemolytic anemia, the nonsense
variants other than p.His1069GIn (c.3206A>G), as p.Trp939Cys (c.2817G>T), and
frame-shift variants, as p.Lys844Ter (c.2530A>T), were the most frequently present.
The allele frequency of HSD17B13:TA was similar to other results for the Caucasian
population, higher in patients with the less severe liver disease than those presented
with ALF and hemolytic anemia.

Research conclusions

It remains challenging to prove a genotype-phenotype correlation in WD patients due
to the small number of patients in the reported series and the increased genetic hetero-
geneity. When nonsense, frame-shift, or splicing-site variants are identified in a pre-
symptomatic period, the importance of this genotype-phenotype correlation for the
prognostic is evident.

Research perspectives

A more extensive study involving children and adolescents with ALF and hemolytic
anemia form of WD should be provided to confirm the findings. New studies are
needed to evaluate the role of protective variant, HSD17B13:TA (rs72613567), in
association with other factors, in less severe forms of WD in children.
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Abstract

BACKGROUND
Management of single small hepatocellular carcinoma (HCC) is straightforward
with curative outcomes achieved by locoregional therapy or resection. Liver
transplantation is often considered for multiple small or single large HCC.
Management of two small HCC whether presenting synchronously or sequen-
tially is less clear.

AIM
To define the outcomes of patients presenting with two small HCC.

METHODS

Retrospective review of HCC databases from multiple institutions of patients with
either two synchronous or sequential HCC < 3 cm between January 2000 and
March 2018. Primary outcomes were overall survival (OS) and transplant-free
survival (TFS).

RESULTS

104 patients were identified (male n = 89). Median age was 63 years (interquartile
range 58-67.75) and the most common aetiology of liver disease was hepatitis C
(40.4%). 59 (56.7%) had synchronous HCC and 45 (43.3%) had sequential. 36
patients died (34.6%) and 25 were transplanted (24.0%). 1, 3 and 5-year OS was
93.0%, 66.1% and 62.3% and 5-year post-transplant survival was 95.8%. 1, 3 and 5-
year TFS was 82.1%, 45.85% and 37.8%. When synchronous and sequential groups
were compared, OS (1,3 and 5 year synchronous 91.3%, 63.8%, 61.1%, sequential
95.3%, 69.5%, 64.6%, P = 0.41) was similar but TFS was higher in the sequential
group (1,3 and 5 year synchronous 68.5%, 37.3% and 29.7%, sequential 93.2%,
56.6%, 48.5%, P = 0.02) though this difference did not remain during multivariate
analysis.

CONCLUSION

TFS in patients presenting with two HCC <3 c¢m is poor regardless of the timing
of the second tumor. All patients presenting with two small HCC should be
considered for transplantation.

Key Words: Hepatocellular carcinoma; Liver cancer; Prognosis; Transplantation;
Transplant-free survival
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Core Tip: Transplant-free survival in patients with 2 small hepatocellular carcinomas is
poor, whether presenting synchronously or sequentially, and so should be considered
for transplantation.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide and is
the fourth leading cause of cancer-related mortality globally[1]. With uptake of
standardized HCC surveillance programs, a greater number of patients are being
diagnosed at earlier stages of disease when curative treatment is still possible[2-5]. In
patients presenting with small tumors the probability of survival has progressively
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improved over recent decades with 5-year survival rates greater than 50% now
frequently reported[6,7].

Curative therapies for HCC include surgical resection, percutaneous thermal
ablation and liver transplantation. Within widely adopted eligibility criteria,
transplantation may be considered when up to three individual HCC are present[8,9].
For solitary HCC, selection of therapy is based upon tumor size and location, in
addition to severity of underlying hepatic dysfunction and portal hypertension.
Surgical resection and ablative therapies have comparable survival rates in patients
with solitary HCC less than 3 cm in diameter[10-13].

Whilst the guidelines are relatively clear for management of patients presenting
with a single HCC < 3 cm or three small HCC, there is little data to guide decision-
making in patients who present with two small HCC, particularly when a second
lesion appears sequentially after the index lesion. In this present study we sought to
define the outcome of patients presenting with two HCC each up to 3 cm, in addition
to exploring whether outcomes vary depending on whether tumors present either
synchronously or sequentially (metachronously).

MATERIALS AND METHODS

Study design

Retrospective data of all HCC diagnosed between 1*of January 2000 to 31 of March
2018 from four tertiary referral centres in Melbourne, Victoria were reviewed. Data
were retrieved from site-specific prospectively collected electronic health records.
Institutional ethics committee approval was obtained from participating sites prior to
commencement at each centre.

Inclusion criteria

Patients > 18 years old with either two synchronous or two sequential HCC each up to
3 cm in size were identified. Patients with and without cirrhosis were included.
Cirrhosis was established on standardized clinical, biochemical and radiologic
grounds with or without histologic confirmation. In non-cirrhotic patients, HCC
diagnosis was established histologically in all cases. HCC diagnoses between 2001 and
2012 were made according to 2001 European Association for the Study of the Liver
(EASL) guidelines; all other lesions outside of these criteria required biopsy for
diagnosis[14]. Diagnoses made beyond 2012 were in accordance with revised EASL
criteria[2].

Exclusion criteria

Patients who only ever had a single HCC or more than two tumors at diagnosis were
excluded. Patients were also excluded if either of their first two HCC exceeded 3 cm or
if they had radiologic evidence of vascular invasion or distant metastasis. Patients
managed at more than one centre were only included once. After inclusion and
exclusion criteria were applied, 104 patients were included in the study for analysis.

Data collection

Data was collated from patient records into a central database and included
demographics (age, gender), aetiology of chronic liver disease, the presence of or
absence of cirrhosis, Child-Turcotte-Pugh (CTP) and model for end-stage liver disease
(MELD)[15] scores, o-feto protein (AFP) level and radiologic tumor characteristics
(total diameter of both lesions and diameter of largest individual lesion). Date of
disease progression, the nature of progression (local recurrence, new disease, portal
vein invasion or metastases) and date of death were recorded.

Treatment

Treatment modalities and number of treatments were recorded. Treatment was
administered according to multidisciplinary consensus at each institution. Locore-
gional therapies included percutaneous ablation (inclusive of microwave and radiofre-
quency ablation), percutaneous ethanol injection (PEI), transarterial chemoembol-
ization (TACE) and irreversible electroporation. All cases being considered for
transplantation were referred to the Victorian Liver Transplantation Unit at Austin
Health. Patients with HCC waitlisted for transplantation in Victoria are not granted
MELD exception points, with decisions on timing of transplant made at twice-weekly
multidisciplinary meetings and priority given to patients with active tumor rather
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than cumulative time on the waitlist.

Outcome measures

For the synchronous group, follow-up time began at the date two HCC were
confirmed radiologically (Figure 1). For the sequential group, records of patients
presenting with a single lesion were reviewed for occurrence of a second lesion.
Follow-up time in the sequential group began at the time the second HCC was
diagnosed (the first lesion may have received treatment; response to treatment
whether it be partial or complete was not a requirement for inclusion). The primary
outcome was overall survival (OS) which was calculated from the date of meeting
inclusion criteria until death. Transplant-free survival (TFS) was calculated from the
date of meeting inclusion criteria until liver transplantation or death without
transplantation. Progression-free survival was from date of meeting inclusion criteria
until either disease progression according to mRECIST[16] criteria or death without
confirmed radiologic progression.

Statistical analysis
Demographic and continuous variables were assessed for normality and were
accordingly presented as mean * SD or median and interquartile range (IQR).
Categorical variables were presented as frequencies with percentages. Baseline charac-
teristics were compared between groups using one-way ANOVA and Mann-Whitney
U test for normally-distributed and non-normally-distributed continuous variables,
respectively. Pearson chi square test was used to compare categorical variables.
Survival was calculated by Kaplan-Meier analysis with all patients alive at the end
of the follow-up period or transplanted before confirmed radiological progression
being censored from survival analysis. Univariate analysis of prognostic factors was
performed by log-rank testing; group comparisons included age < 70 vs > 70 years,
male vs female, aetiology of underlying liver disease, CTP class, MELD < 14 vs > 14,
AFP at diagnosis <10 or > 10 pg/L, presentation with synchronous or sequential
lesions both <3 cm and transplanted vs non-transplanted. Multivariate Cox propor-
tional hazard analysis of univariate variables with a P value < 0.10 was performed and
reported as hazard ratios (HR) with 95%CI. Significance tests were two-tailed with a P
value < 0.05 considered statistically significant. All analyses were performed using
SPSS version 22 (Armonk, NY: IBM Corp).

RESULTS

Patient characteristics
One hundred and four patients were identified as having two HCC and were followed
up for a median of 2.54 years (IQR 2.73 years, range 0.08-13.67); only six patients (5.8%)
had less than six months follow-up. Eighty-nine (85.6%) were male and the median
age was 63 years (IQR 58-68). The most common cause of liver disease was chronic
hepatitis C (1 = 42, 40.4%) followed by chronic hepatitis B (1 = 15, 14.4%). The majority
were CTP score A (n =66, 63.7%) and median MELD at diagnosis was 9.5 (IQR 7-13).
Baseline characteristics comparing synchronous vs sequential tumors are shown in
Table 1. Fifty-nine patients (56.7%) had two synchronous HCC at inclusion, whilst
forty-five (43.3%) had sequential lesions with the median time between index and
sequential lesions 14 mo (IQR 7.5-29.5). There was no difference in follow-up time
between the two groups (P = 0.54). Mean MELD score at diagnosis was the only statist-
ically significant difference between the two groups, higher in the synchronous cohort
(11 £ 7 vs 8 £ 5, P = 0.01). The median combined diameter of the two tumors in the
synchronous group was not significantly different from the sequential group (3.8 cm
vs 3.4 cm, P = 0.28).

Treatment

The most common single treatment for patients with synchronous HCC was TACE
(32.2%) followed by percutaneous ablation (20.3%), whilst two patients (3.4%) had
unsuccessful locoregional therapy due to technical limitations and received
transplantation as their primary treatment modality (Supplementary Table 1).
Percutaneous ablation was the commonest single treatment for index lesions in the
sequential group (57.8%) followed by surgical resection (17.8%). As first line treatment,
TACE was more commonly utilized in the synchronous group (32.2% vs 8.9%, P <
0.01), whilst percutaneous ablation was more common in the sequential group (57.8%
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Table 1 Baseline characteristics of 104 patients with two hepatocellular carcinomas according to synchronous or sequential tumor

All (n=104) Synchronous group (n=59)  Sequential group (n=45) P value
Age, yr, median (IQR) 63 (10) 63 (10) 63 (9) 0.41
Gender, 1 (%) 0.08
Male 89 (85.6) 51 (36.4) 38 (84.4)
Female 15 (14.4) 8 (13.6) 7 (15.6)
Aetiology, n (%) 0.73
Alcohol 12 (11.5) 8 (13.6) 4(89)
HCV 42 (40.4) 22 (37.3) 20 (44.4)
HBV 15 (14.4) 8 (13.6) 7 (15.6)
NASH 5 (4.8) 4(6.8) 1(2.2)
Alcohol and HCV 18 (17.3) 9 (15.3) 9 (20.0)
Other' 12 (11.5) 8 (13.6) 4(8.9)
Cirrhosis status, 1 (%) 0.07
Non-cirrhotic 10 (9.6) 3(5.1) 7 (15.6)
Cirrhotic 94 (90.4) 56 (94.9) 38 (84.4)
CTP class, n (%) 0.1
A 66 (63.5) 35 (59.3) 31 (68.9)
B 25 (24.0) 13 (22.0) 12 (26.7)
C 13 (12.5) 11 (18.6) 2 (4.4)
MELD, median (IQR) 9.6 (6) 11(7) 8 (5) 0.01
AFP (ig/L), median (IQR) 9.6 (24.0) 8.6 (26.0) 10.4 (22.8) 0.61
Combined tumour diameter (cm), 3.5(1.7) 3.8 (1.7) 34(1.2) 0.28
median (IQR)
Transplanted, n (%) 25 (24) 18 (30.5) 7 (15.6) 0.08
Death, 11 (%) 36 (34.6) 23 (39.0) 13 (28.9) 0.28

Other refers to aetiologies not listed here and is inclusive of: Mixed aetiologies, autoimmune hepatitis, hereditary haemochromatosis, a-1-antitrypsin
deficiency and cryptogenic liver disease. IQR: Interquartile range; AFP: a-feto protein; CTP: Child-Turcotte-Pugh; HBV: Hepatitis B virus; HCV: Hepatitis
C virus; MELD: Model for End-Stage Liver Disease score; NASH: Non-alcoholic steatohepatitis.

Synchronous group
Two HCC < 3 cm
confirmed

End of the follow-

Follow-up ti
ollow-up time up period

Sequential group
> Second HCC < 3cm
confirmed

Single HCC
confirmed

Figure 1 Study flow diagram. HCC: Hepatocellular carcinoma.

v5 20.3%, P < 0.01). There was no significant difference in the rate of PEI or resection
between the two groups (P = 0.25 and P = 0.16, respectively). Synchronous lesions
were more frequently treated with two modalities upfront (30.5% vs 13.3%, P = 0.04).
The second lesion in the sequential group was most frequently treated by
percutaneous ablation (31.1%) followed by TACE (28.9%), with only three patients
(6.67%) undergoing transplantation (Supplementary Table 2).
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During the follow-up period, 25 patients (24%) were transplanted with median time
to transplantation 12 mo (IQR 2.83). The only significant differences between
transplanted and non-transplanted patients were CTP and MELD score (P < 0.01 for
both) (Supplementary Table 3). Although a higher proportion of patients with
synchronous HCC were transplanted compared to the sequential group (30.5% vs
15.6%), this did not reach statistical significance (P = 0.08).

Survival analysis

Overall survival: Thirty-six (34.6%) patients died during the study period with
median time to death 1.45 years (IQR 1.17-2.63) (Supplementary Figure 1). OS at 1-, 3-
and 5-years was 93%, 66.1% and 62.3%, respectively (Table 2). There was no difference
in OS between the synchronous and sequential groups (P = 0.41, Figure 2A). On
univariate analysis (Supplementary Table 4), only age > 70 years was associated with
increased risk of mortality (HR 2.19, 95%CI: 1.08-4.45, P = 0.03), whilst only
transplantation was associated with reduced mortality (HR 0.19, 95%ClI: 0.07-0.55, P <
0.01). On multivariate analysis, only transplantation remained significant with HR
0.20, 95%ClI: 0.07-0.61, P < 0.01 (Supplementary Table 5).

TFS: TFS was 77.1%, 45.4% and 37.8% at 1-, 3 and 5-years, respectively (Table 2,
Supplementary Figure 2). TFS was significantly different between the synchronous
and sequential groups, with five-year transplant-free survival of 29.7% in the
synchronous group and 48.5% in the sequential group (P = 0.02, Figure 2B). Univariate
analysis identified CTP C status (HR 5.17, 95%CI: 2.59-10.29, P < 0.01) and MELD > 14
(HR 4.07 95%CI: 2.27-7.32, P < 0.01) as predictors of mortality (Supplementary Table 6),
whilst the sequential tumor was associated with survival (HR 0.53, 95%CI: 0.31-0.92, P
= 0.03). After multivariate analysis (Table 3), the difference between the sequential and
synchronous groups did not remain significant (HR 0.70, 95%CI: 0.38-1.27, P = 0.24)
and only MELD > 14 remained a significant predictor of death (HR 2.51, 95%ClI: 1.15-
5.46 P =0.02).

Transplanted patients: 1-, 3- and 5-year survival in transplanted patients was 100%,
95.8% and 95.8% (Table 2) with median time to death after transplant 6.42 years (IQR
1.33-6.67 years). Four transplanted patients (16%) died; three from recurrent HCC and
the fourth from complications of motor neurone disease. All three transplanted
patients with recurrent HCC had initially presented with synchronous lesions.

Disease progression

Progressive disease in the entire cohort was seen in 71 patients (68%) by five years.
Median time to progression was 1.58 years (IQR 1-3). Amongst those with disease
progression, recurrence with new lesions was the commonest form of progression,
occurring in 30 patients (42.2%). Progression-free survival was not significantly
different between the synchronous and sequential groups (P = 0.19). Subgroup
analysis showed that the sequential group had longer progression-free survival
without local recurrence (P < 0.01, Supplementary Figure 3) and without new lesions (
P < 0.01, Supplementary Figure 4). No differences were seen in survival without
progression, survival without failure of primary treatment or survival without
metastatic spread (data not shown).

DISCUSSION

This study provides novel data on the clinical outcome of patients who develop two
HCC up to 3 cm in diameter and explores the question of whether small HCC behave
differently when presenting synchronously compared to sequentially. We found that
regardless of whether HCC are diagnosed synchronously or sequentially, transplant-
free survival is poor, with 5-year transplant free survival being only 37.8%. This
suggests that liver transplantation should be considered earlier amongst the treatment
options for patients with two HCC regardless of the timing of the second HCC. This is
supported by the excellent five-year survival of transplanted patients in our cohort of
95.8%.

Our five-year OS of 62.3% was similar to that reported elsewhere. A retrospective
survival analysis of an international, multi-institution HCC cohort of 814 patients that
underwent hepatectomy with curative intent identified a five-year OS of 69% in
patients with BCLC stage A disease[17]. Whilst this encompasses patients with two
small HCC < 3cm, the target group in our study, their cohort also included patients
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Table 2 One-, three-, and five-year survival analysis of patients with two hepatocellular carcinomas

Overall
. . Overall Transplanted Transplant-free  Transplant-free  Transplant-free
survival (n=Overall survival . . . . .
104) survival survival (n=25)  survival (n=104) survival survival
Synchronous Sequential Synchronous Sequential
group (n = 59) group (n = 45) group (n = 59) group (n = 45)
1-yr 93 913 953 100 77.1 68.5 93.2
survival
(%)
3-yr 66.1 63.8 69.5 95.8 454 373 56.6
survival
(%)
5-yr 623 61.1 64.6 95.8 37.8 29.7 485
survival

(%)

Table 3 Multivariate analysis of factors impacting transplant-free survival

n (%) HR 95%Cl P value
CTP class
A 66 (63.5) - - -
B 25 (24.0) 151 0.81-2.82 0.19
C 13 (12.5) 2.26 0.90-5.65 0.8
MELD at diagnosis
<14 85 (81.7) - = -
>14 19 (18.3) 2.51 1.15-5.46 0.02
Lesion group
Synchronous 59 (56.7) - - -
Sequential 45 (43.3) 0.7 0.38-1.27 0.24

HR: Hazard ratios; CI: Confidence interval; CTP: Child-Turcotte-Pugh; MELD: Model for End-Stage Liver Disease score.

with single lesions ranging 2-5 cm in size or 3 lesions < 3 cm each and therefore
represented a broader range of patients. Additionally, we included patients that
received a heterogeneous array of therapies in contrast to this study that looked only
at surgical outcomes. The authors identified AFP > 400 ng/mL as being associated
with poorer survival, in line with data elsewhere on surgical outcomes in low volume
disease[18], yet our study did not find this association at AFP thresholds of 10 pg/L
nor 400 pg/L (latter data not shown). Rather, we identified transplantation as the
single independent variable that influenced survival.

We had excellent outcomes in patients who underwent transplantation for two
small HCC, with 5-year survival 95.8%. The reported five year survival for
transplantation with HCC is in the order of 70%[7]. For early HCC, a recent meta-
analysis of low volume disease showed post-transplant survival to be 61.26% at 5
years[19]. Our higher post-transplant survival is likely due to the selection criteria for
inclusion in this study, with patients only included if they had two small HCC.
Despite excellent survival data, we note that in four deaths amongst transplanted
patients, three were from recurrent HCC and all three of these patients had
synchronous HCC.

The only independent factor impacting TFS in this study was MELD score. This
suggests that in patients with two HCC, the severity of liver disease is an important
factor in defining outcome, rather than lesion synchronous or sequential presentation,
a similar finding to other series that examined the prognostic value of MELD scores in
non-transplant HCC survival[20]. It is noteworthy that the non-transplant outcomes in
patients with MELD < 14 remained poor in our cohort, with five-year survival of only
45.9%. This indicates that many patients with two small HCC would benefit from
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consideration of transplantation.

Strengths of this study include robust and comprehensive follow-up data, with only
5.8% of patients having less than 6 mo follow-up, and real-world data from four large
tertiary centres. The data in this series was prospectively collected onto HCC
databases at treating institutions. Given that all transplants occur in a single centre, we
are confident that all transplant records are complete with accurate data and outcome
of transplantation. The primary methodological limitation of this study is that it was
not randomized, which can lead to inherent biases in the groups transplanted and not
transplanted that may have influenced outcomes. Some patients who were deemed not
appropriate for transplantation may have had other co-factors that influenced
survival, such as severe non-liver comorbidities or ongoing substance abuse. There are
also differing treatment algorithms and techniques between institutions involved in
our study. The index presentation of a single small HCC tends to be treated by thermal
ablative techniques, rather than transarterial chemoembolization, which was the
treatment of choice for unresectable synchronous tumors[21].

Our study was also limited by being focused on tumor number and size as
surrogate markers for tumor biology. We were not able to evaluate the impact of
histology on outcomes as the majority of diagnoses were made according to
radiological criteria, in line with international guidelines[2,14]. As reported previously,
transplantation according histological tumor grade leads to improved outcomes
beyond selection by Milan criteria alone[22]. However, a single-centre series found
that pre-transplant liver biopsy did not affect outcomes when selecting patients that
are within Milan criteria, as our patients were[23]. Additionally, we recognize that
amongst both groups it is not possible to determine which patients experienced
intrahepatic metastasis compared to multi-centric hepatocarcinogenesis as both
scenarios may lead to presentation with ‘two’ lesions. However, our study was
focused purely on the number of lesions and whether this clinical determinant could
guide our multidisciplinary meeting treatment decisions.

Choice of curative vs non-curative locoregional therapies may also have affected
survival time between the two groups. The synchronous group had a higher rate of
TACE as initial therapy compared to the sequential group, which more frequently
received ablative therapies as first line treatment. This in part may explain the
difference seen in TFS between the two groups.

Our data collection period spanned almost two decades and it is recognized that
survival of patients diagnosed at the beginning of the observation period may not be
directly comparable to patients diagnosed towards the latter portion. In an analysis of
HCC cases from the Australian Cancer Registry, a national database that began in
1982, the median OS of patients doubled from 6.15 mo in those diagnosed between
2000-2004 to 12.07 mo for those diagnosed 2010-2014[6]. These data represent all
patients and due to this heterogeneity, identification of the causes of improved
survival are difficult but potentially attributable to better patient selection, earlier
detection through HCC screening, widespread adoption of multidisciplinary decision-
making, evolving locoregional treatments along with emergence of palliative therapies
for advanced disease, such as oral multi tyrosine kinase inhibitors.
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CONCLUSION

In conclusion we report for the first-time data specifically pertaining to patients
presenting with two small HCC 3 cm in size or smaller. Our results demonstrate that
the non-transplant survival of patients presenting with two small HCC is poor.
Survival was similarly poor in patients presenting with two synchronous HCC as
compared to sequential HCC. We therefore recommend that patients that develop a
second small HCC after their first should be considered for early liver transplantation.
Further larger-scale studies are required to validate these results in other populations
and determine broader implications for liver transplantation waitlist management.

ARTICLE HIGHLIGHTS

Research background

Hepatocellular carcinoma (HCC) is one of the most common malignancies world-
wide, and is a growing cause for cancer-related mortality globally. Curative therapies
include ablation for small tumors, surgical resection, and liver transplantation.

Research motivation

At present, there is clear evidence underpinning the guidelines for management of
small tumors (< 3 cm in maximal diameter) and three small tumors (i.e., all <3 cm),
however a scarcity of literature surrounding the optimal management of two small
tumors. In addition, it is unclear if synchronous (i.e., occurring at the same time) and
sequential (i.e., occurring at different points in time) tumors have differing prognoses.

Research objectives

This study aimed to assess the outcome of two small tumors (i.e., <3 cm in maximal
diameter), and whether there was a difference in prognosis between those occurring
synchronously and sequentially. This is to help guide future guidelines for manage-
ment of two small HCCs.

Research methods

This was a retrospective multicenter study conducted in Victoria, Australia, including
all patients diagnosed with two small HCCs between 1%January 2000 and 31#*March
2018. Review of the medical record for patient demographics, liver disease, tumor-
specific details, treatment and outcome was collected. Diagnosis of HCC was based on
accepted radiographic and/or histologic criteria. Primary outcomes were overall
survival (OS) and transplant-free survival (TES).

Research results

One-hundred and four patients, majority male (n = 89, 86%), with a median age of 63
years-old (interquartile range 58-67.75), and predominantly suffering from viral
chronic liver disease (1 = 57, 55%) were included in the final analysis and followed up
for a median of 2.54 years. There was a slight majority in those presenting
synchronously (n = 59, 57%) compared with those diagnosed sequentially (n = 45,
43%), with the only difference between these two groups being more severe liver
disease on the basis of model for end stage liver disease (MELD) (11 vs 8, P = 0.01). 1-,
3-, and 5-year OS was similar between the two groups (P = 0.41), however TFS was
higher in the sequential group (1-, 3- and 5-year TFS 93.2%, 56.6% and 48.5%,
compared with 68.5%, 37.3% and 29.7% in the synchronous group, P = 0.02). This
difference did not persist in multivariate analysis (P = 0.24), with only MELD > 14
being predictive of mortality in the model (hazard ratio 2.51, 95%CI: 1.15-5.46, P =
0.02).

Research conclusions

Transplant-free survival in patients with two HCCs < 3 c¢m is poor irrespective if
diagnosed synchronously or sequentially, and so all patients with two small tumors
should be assessed and considered for liver transplantation.

Research perspectives
Given limited availability of liver transplantation, future research should aim to define
the molecular carcinogenetic signature in multifocal tumors, which can occur from
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multi-centric hepatocarcinogenesis or intrahepatic metastases, and whether this
impacts recurrence, prognosis, and response to curative therapy.
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Abstract

BACKGROUND

Focal nodular hyperplasia (FNH) and hepatocellular adenoma (HCA) are well-
known benign liver lesions. Surgical treatment is usually chosen for symptomatic
patients, lesions more than 5 cm, and uncertainty of diagnosis.

CASE SUMMARY

We described the case of a large liver composite tumor in an asymptomatic 34-
year-old female under oral contraceptive for 17-years. The imaging work-out
described two components in this liver tumor; measuring 6 cm X 6 cm and 14 cm
x 12 cm % 6 cm. The multidisciplinary team suggested surgery for this young
woman with an unclear HCA diagnosis. She underwent a laparoscopic left liver
lobectomy, with an uneventful postoperative course. Final pathological
examination confirmed FNH associated with a large HCA. This manuscript aimed
to make a literature review of the current management in this particular situation
of large simultaneous benign liver tumors.

CONCLUSION
The simultaneous presence of benign composite liver tumors is rare. This case
highlights the management in a multidisciplinary team setting.

Key Words: Liver; Focal nodular hyperplasia; Hepatocellular adenoma; Composite tumor;
Video vignette; Case report
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Core Tip: Focal nodular hyperplasia and hepatocellular adenoma (HCA) are frequent
but non-malignant tumors. There is rarely indication for surgery. Combination of these
two masses is a very unusual situation. Their diagnosis is mainly based on radiology.
Oral contraception is a risk factor for HCA. Malignant transformation of HCA is the
predominant argument for surgery. All these cases, especially composite tumors, must
be discussed in a multidisciplinary team.

Citation: Gaspar-Figueiredo S, Kefleyesus A, Sempoux C, Uldry E, Halkic N. Focal nodular
hyperplasia associated with a giant hepatocellular adenoma: A case report and review of
literature. World J Hepatol 2021; 13(10): 1450-1458

URL: https://www.wjgnet.com/1948-5182/full/v13/i10/1450.htm

DOI: https://dx.doi.org/10.4254/wjh.v13.i110.1450

INTRODUCTION

Focal nodular hyperplasia (FNH) has become a pretty well-known disease in the past
two decades. It is defined by a benign hyperplasic nodule with a central scar,
appearing in the normal liver parenchyma, and is composed of normal hepatocytes in
a multinodular structure[1]. Its incidence is between 0.6%-3 %, predominantly affecting
females patients (80%-90%) in their third or fourth decade. The pathophysiology is
thought to be due to an increased arterial flow that leads to secondary hepatocellular
hyperplasia[2,3]. The correlation with oral contraceptives (OCs) is unproven but very
likely, given that OCs are taken almost exclusively by women (sex ratio 9:1) and the
proven correlation between OCs and change in lesion size[4,5].

Hepatocellular adenoma (HCA) is a benign lesion with a malignant potential
between 4% and 8%, according to recent works of Farges et al[6] and Sempoux et al[7].
It classically arises in a noncirrhotic liver, in young females with an OC background.
However, the understanding of HCA has evolved dramatically and we now know that
it can also develop in patients with non-alcoholic steatohepatitis, certain vascular
malformations, or alcoholic cirrhosis. Moreover, there are a wide variety of subtypes of
this complex disease, making it very difficult to establish treatment guidelines[3-10].

In this present article, we aimed to describe the detailed management of a rare
simultaneous case of FNH and HCA and a brief review of the literature.

CASE PRESENTATION

Chief complaints
A 34-year-old woman in general good health, with a medical history of oral contra-

ceptives (desogestrel, ethinylestradiol) for 17 years consulted her general practitioner
(GP) for a check-up.

History of present illness
She was completely asymptomatic.

History of past illness
She had no past illness.

Personal and family history

The patient had no past medical history except a knee orthopedic surgery 1 year
before, had a stable weight with normal body mass index (21.1 kg/m?) and no familial
medical history.

Physical examination
During the examination, her GP found a mobile and palpable abdominal mass of more
than 10 cm in diameter, with no skin bulging at the Valsalva's maneuver (Figure 1).
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Figure 1 Pre-operative patient’s supine and stand-up picture — no external signs of tumor.
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Laboratory examinations
The blood exams were normal, except for an elevation in alkaline phosphate level of
519 U/L (normal range = 36-108). Tumoral markers were normal.

Imaging examinations

Abdominal ultrasound revealed an aspecific giant mass next to the left hepatic lobe. A
computed tomography (CT scan) revealed a double mass attached to the left lobe of
the liver. The first one had the typical characteristics of FNH and the second one of
uncertain dignity. Further magnetic resonance imaging (MRI) confirmed a 6 cm x 6 cm
mass suggestive of FNH in the inferior part of segment III. This 6 cm lesion was right
next to a second one measuring 14 cm x 12 cm x 6 cm which dignity was unclear. The
differential diagnosis was between an HCA, a hepatocellular carcinoma (fibrolamellar
variant), or an atypical FNH (Figures 2-5).

FINAL DIAGNOSIS

The pathologist’s report confirmed the diagnosis of 6 cm FNH resected with good
margin and showed a non-beta-catenin-mutated HCA (inflammatory subtype with
more risk of malignant transformation) (Figure 6).

TREATMENT

Indication for surgery was retained during a multidisciplinary team (MDT) meeting as
the first option for definitive diagnosis and treatment.

The surgery was completed without complication. We summarize hereafter the key
points of the minimally invasive procedure. After inserting 4 trocars for the
laparoscopy (para-umbilical, right and left flank, subxiphoid) and staying away from
the large dual mass which limited the range movements, we performed an ultrasound
confirming a pedunculated mass (FNH) highly vascularized attached to segment III
and a second component pedunculated between segment II and III. The mass showed
no adhesion with the segment IV and the gallbladder allowing a left lobectomy.
Dissection was performed with ultrasonic shears (Ultracision Harmonic, Ethicon Inc.,
NJ, United States) and transsection was completed with a 60mm stapler (tri-staple
vascular cartridge, Endo-GIA, Medtronic, Minneapolis, MN, United States). We
extracted the specimen with both lesions through a suprapubic (Pfannenstiel) incision.
The operative time was 122 min. Blood loss was minimal (50 mL) (Video 1).

The postoperative course was uneventful and the patient was discharged on
postoperative day 3.
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HCA

Figure 2 Preoperative drawing - tumor and liver major vessels’ relationship (credits: Dr. Giulia Piazza). FNH: Focal nodular hyperplasia; HCA:
Hepatocellular adenoma.

D1 145.9 mm

Figure 3 Ultrasonography with a sagittal view of focal nodular hyperplasia and hepatocellular adenoma. D1: Greater axis length. FNH: Focal
nodular hyperplasia; HCA: Hepatocellular adenoma.

OUTCOME AND FOLLOW-UP

The MDT meeting proposed a 1-year MRI follow-up with oral contraceptive discon-
tinuation.

One month after surgery, the patient was good without any complaint, her scar
evolution was satisfactory and there was no sign of an early incisional hernia.

DISCUSSION

The interest of this case lies in the simultaneous discovery of 2 adjacent but patholo-
gically different benign liver lesions: the first one (FNH) without a strong indication
for surgery and the second one requiring surgery because of its uncertain diagnosis.
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Figure 4 Computed tomography late portal phase, with a multiplanar reconstruction of focal nodular hyperplasia and hepatocellular

adenoma.

Figure 5 Magnetic resonance imaging - T2 sequence. Orange arrow: Focal nodular hyperplasia; White arrow: Hepatocellular adenoma.
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FNH has no recognized risk of malignant transformation or bleeding and usually
has an uneventful course. Therapeutic abstention is usually recommended for
asymptomatic patients with a definitive diagnosis[11]. Surgical management is
reserved for symptomatic patients or with diagnosis uncertainty despite a complete
workup[12,13]. Twelve cases of spontaneous rupture of FNH are described and
considering these extremely rare events, conservative treatment is the actual well-
established standard of care [English-language literature until 2019; NCBIL.gov with
terms “spontaneous; rupture; FNH]. Close follow-up is however recommended for
FNH more than 5 cm. Some authors advocate for upfront surgery with FNH larger
than 5 cm[14-16]. However, we do not recommend a surgical resection in our daily
practice but advocate for a close follow-up strategy. In the present case report, the
diagnosis of FNH of the segment III lesion was radiologically typical and in the
absence of the HCA component, a 1-year MRI follow-up would have been
recommended.

On the contrary, the risk of malignant transformation of HCA is 4%-5%. As reported
by Sempoux et al[7], risk factors for complications of HCA (bleeding or malignant
transformation) are the size (> 5 cm), male gender, activating mutation in B-catenin,
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Figure 6 Anatomopathological pictures (top: fresh sample; bottom: formalin-fixed sample), sagittal section plane. Yellow arrow: Focal nodular
hyperplasia; Green arrow: Hepatocellular adenoma; Orange arrow: Left liver (segment II).
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and specific clinical background (glycogen storage disease, androgens, vascular
diseases). The resulting recommendations for surgery are based on initial size (> 5 cm),
imaging or histological signs of malignancy, size progression after OC discontinuation,
and male patients. Selected patients and those who are not fit for surgery can benefit
from embolization[17-19]. When the diagnosis cannot be achieved with imaging, a
percutaneous biopsy or resection may be required[20].

Moreover, Broker et al[21] 2012 advocated the surgery for adenoma greater than 5
cm with patients who had planned a pregnancy. Our patient didn’t have a pregnancy
plan but size and uncertainty of diagnosis were our principal arguments for surgery.

We made a literature review of the simultaneous cases of FNH and HA. Although
there is some case reports in the eighties, the article was not available for consulting
[22-25]. Table 1 summarizes the other cases with enough data.

Case 1 was operated on because of the lack of obvious radiological evidence[26].
The authors of case 2 don’t clearly explain the indication for the operative procedure
but they interestingly explain the possible same pathophysiological etiology for 4
different simultaneous hepatic masses[27].

Shih et al[28] made a left hepatectomy for a case with common features between
FNH and HA and operate for the uncertainty of diagnosis.

The French group of Laurent et al[29] found in their records 5 over 30 patients
operated for “benign hepatocytic nodules" with simultaneous HNF and adenoma. All
of them went under surgery when the radiology reports an HA or unidentified mass.
The diagnosis of FNH was already known at the time of the surgical procedure except
for one case where the FNH was too small[29].

Concerning the surgical technique, the laparoscopic approach is relatively recent.
Unfortunately, Shih et al[28] didn’t report this in their paper although they did the
same procedure for a similar patient. Despite the lack of high-level evidence data
(randomized control trials, meta-analysis), current literature about laparoscopic vs
open liver surgery for benign tumors suggests an advantage for the minimal-invasive
technique[30,31]. On the other hand, evidence for laparoscopic malign liver resection is
much more consistent. Furthermore, safety, feasibility, and long-term results
confirmed the advantages of laparoscopy for malign liver tumors[32-34].
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Table 1 Summary of current literature review

Pathology - Size

No. Ref. Sex,age OC (cm) Location (segment) Symptoms Treatment
#1 Dimitroulis et al F, 18 yr No FNH - 25 S RUQ pain Wedge resection
[26], 2012
HA-6 S5-6 Lt S5-6
#2 Di Carlo et al[27], F, 25 yr No FNH - <5 S4 RUQ pain En bloc (+ gallbladder)
2003
HA -NA S4 Enucleation
HH->4 S2 Enucleation
HCy - NA S5 En bloc (+ gallbladder)
#3 Shih et al[28],2015  F, 40 yr Yes FNH - 6 111 Abdominal pain LH
HA - 9.5 & small ones  III for the largest, small
(max 1.5 cm) ones on both lobes
#4 Laurent et al[29], F,45yr Yes FNH -1 S3 Fatigue Lt S3 segmentectomy +
2003 wedge
HA -NA S7 Lt RH
F, 40 yr Yes FNH -5 S6 None Biopsy
FNH - 4 S7 Biopsy
NA -3 Left lobe LtLH
HA-3 Left lobe Lt LH
F,38 yr Yes HA surrounded by Right lobe None Lt RH
FNH -13
F, 29 yr Yes HA-5x1 S1 (bleeding), S2,3,7,8  Abdominal pain+  LtLH +S1
shock
FNH -1 S6
F, 41 yr Yes HA -1 RL Abdominal pain Lt RH
FNH -1 RL
#5 Our case-report F,38 yr Yes 6%x614x12x6 S3 None Ls LL

FNH: Focal nodular hyperplasia; HA: Hepatic adenoma; HCy: Hepatic hydatid cyst; HH: Hepatic hemangioma; RL: Right lobectomy; LH: Left

hepatectomy; LH: Left hepatectomy; LL Left lobectomy; RUQ: Right upper quadrant; Lt: Laparotomy; Ls: Laparoscopic; F: Female; OC: Oral contraception.
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CONCLUSION

We hereby report a laparoscopic resection of a macro-adenoma associated with focal
nodular hyperplasia. The review of the literature shows that the simultaneous
presence of these two masses is rare and that every case must be discussed in a
multidisciplinary board. Factors like age, pregnancy wish, size, and uncertainty of
diagnosis must be considered for shared decision in the setting of a multidisciplinary
team. The laparoscopic approach should be preferred as much as possible.
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