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Abstract

Hepatitis C virus (HCV) infection commonly causes
progressive liver diseases that deteriorate from
chronic inflammation to fibrosis, cirrhosis and even to
hepatocellular carcinoma. A long-term, persistent and
uncontrolled inflammatory response is a hallmark of these
diseases and further leads to hepatic injury and more
severe disease progression. The levels of inflammatory
cytokines and chemokines change with the states of
infection and treatment, and therefore, they may serve
as candidate biomarkers for disease progression and
therapeutic effects. The mechanisms of HCV-induced
inflammation involve classic pathogen pattern recognition,
inflammasome activation, intrahepatic inflammatory
cascade response, and oxidative and endoplasmic
reticulum stress. Direct-acting antivirals (DAAs) are the
first-choice therapy for effectively eliminating HCV, but
DAAs alone are not sufficient to block the uncontrolled
inflammation and severe liver injury in HCV-infected
individuals. Some patients who achieve a sustained
virologic response after DAA therapy are still at a
long-term risk for progression to liver cirrhosis and
hepatocellular carcinoma. Therefore, coupling with anti-
inflammatory/hepatoprotective agents with anti-HCV
effects is a promising therapeutic regimen for these
patients during or after treatment with DAAs. In this
review, we discuss the relationship between inflammatory
mediators and HCV infection, summarize the mechanisms
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of HCV-induced inflammation, and describe the potential
roles of anti-inflammatory/hepatoprotective drugs with
anti-HCV activity in the treatment of advanced HCV
infection.

Key words: Hepatitis C virus infection; Liver disease;
Inflammatory pathogenesis; Anti-inflammatory and
hepatoprotective therapy

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Inflammatory responses triggered by hepatitis
C virus (HCV) infection lead to severe progressive liver
diseases. Some inflammatory cytokines and chemokines
may serve as biomarkers for the disease progression and
therapeutic effect in chronic hepatitis C (CHC) patients.
The inflammatory pathogenesis in HCV-infected patients
is complicated, including classic pathogen pattern
recognition, inflammasome activation, intrahepatic
inflammatory cascade response, and oxidative and
endoplasmic reticulum stress. Direct-acting antivirals
(DAAs) are not sufficient to block the uncontrolled
inflammation and disease progression in severe CHC
patients. Therefore, coupling with anti-inflammatory/
hepatoprotective agents with anti-HCV effects is a
promising therapeutic regimen for advanced HCV-infected
patients during or after treatment with DAAs.

Li H, Huang MH, Jiang JD, Peng ZG. Hepatitis C: From
inflammatory pathogenesis to anti-inflammatory/hepatoprotective
therapy. World J Gastroenterol 2018; 24(47): 5297-5311
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INTRODUCTION

Hepatitis C virus (HCV) belongs to the genus Hepacivirus
in the family Flaviviridae and is a positive single-
stranded RNA virus that is approximately 9.6 kb. The
HCV genome encodes three structural (Core, E1 and
E2) and seven non-structural (NS) proteins (NS1 or
P7, NS2, NS3, NS4A, NS4B, NS5A and NS5B)™. As a
kind of hepatic tropism virus, HCV mainly replicates in
the hepatocyte cytoplasm and frequently causes acute
or chronic hepatitis C (CHC), which has an estimated
prevalence of 71 million people and is responsible
for approximately 399000 deaths annually™?. CHC
patients generally experience liver diseases ranging from
liver fibrosis and cirrhosis to hepatocellular carcinoma
(HCC) and suffer from metabolic disorders such as lipid
abnormalities, steatosis, insulin resistance, and iron load
dysregulation™. These abnormalities are aggravated by
long-term hepatic inflammatory responses. Upon HCV
infection, the immune responses in the liver are initiated
by parenchymal cells (hepatocytes), non-parenchymal
liver cells [Kupffer cells (KCs) and hepatic stellate cells
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(HSCs)] and immune cells (macrophages, mast cells,
dendritic cells and natural killer cells) recruited to the
liver, resulting in the spontaneous elimination of acute
HCV infection™. However, in 70%-80% of cases, the
immune responses fail to eliminate the virus during the
acute phase, leading to chronic infection™. Persistent
HCV replication in hepatocytes leads to uncontrolled
inflammation and chemokine production. The excessive
cytokines, as inflammatory agents, further cause
inflammation in the liver, which eventually exacerbates
tissue damage and liver disease progression™.

Direct antiviral treatment is undoubtedly the first
choice for the treatment of HCV infection. Currently,
several direct-acting antivirals (DAAs) have been
approved for clinical use, including NS3/4A, NS5A and
NS5B inhibitors and fixed-dose combined agents'.
The combinational use of these DAAs has become
the standard treatment regimen for the treatment
of HCV infection, which greatly improves sustained
virologic response (SVR) rates to over 90%, shortens
the treatment duration and reduces adverse effects,
when compared with the traditional interferon (IFN)
plus ribavirin treatment!. However, HCV is just
the initiator for pathophysiological processes, while
persistent inflammatory cytokine storms (known as
hypercytokinaemia) and HCV-induced hepatocyte
damage exacerbate the progression of severe liver
diseases” ™, DAAs primarily control viral replication
but are not sufficient to restore HCV-induced liver
dyshomeostasis and advanced liver diseases. Clinically,
there are different conclusions about the contribution
of current DAA therapy to reducing cirrhosis and
HCC, and a subset of patients are still subjected to
the risk of cirrhosis, HCC and liver failure even after
achieving an SVR!®’'Y Given these limitations of
DAA therapy, anti-inflammatory and hepatoprotective
drugs with anti-HCV effects become a good choice for
those individuals. These drugs have advantages in
suppressing inflammation/oxidative stress, reducing
hepatocyte injury and alanine aminotransferase (ALT)/
aspartate aminotransferase (AST) levels and preventing
the development of liver fibrosis!*?.. Therefore, although
anti-inflammatory/hepatoprotective drugs would not
replace DAAs, they can be used as a supplement to
DAA therapy for preventing HCV relapse and liver
disease progression during or after DAA therapy.

HCV INFECTION AND INFLAMMATORY
MARKERS

Most inflammatory cytokine and chemokine levels are
positively correlated with the HCV load and decline after
antiviral therapy. Although the role of inflammatory
mediators in HCV infection after treatment with DAAs
has not received much attention, previous research
still reported that one or more of these inflammatory
mediators might serve as inflammatory biomarkers
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Table 1 Potential inflammatory biomarkers of hepatitis C

Biomarker Clinical relevance Ref.
TNF-a Promoting development of insulin resistance and diabetes during HCV infection; Hepatic TNF-a [15-19]
was associated with increased inflammatory activity, hepatic fibrosis, liver injury and HCC
IL-6 Evaluating the progression of CHC to cirrhosis; Plasma IL-6 positively correlated with illness [13,20]
duration and viral load in HBV/HCV co-infected patients
IL-8 Associated with interferon therapy non-response and high histologic activities in CHC patients [29,30]
IL-18 Plasma IL-18 concentration was positively correlated with ALT and AST levels in HBV/HCV co- [20,21]
infected patients; A marker for evaluating the effect of IFN on the immune state

CXCL-9 Potential marker for evaluating the progression of CHC to cirrhosis [13,14]
CXCL-10 CXCL-10 level in hepatocytes correlated with histological severity and hepatic lobule inflammation; [5,13,14,23,24]

A marker of viral response and therapeutic outcome

TNF-o: Tumor necrosis factor-a; IL-6/-8/-18: Interleukin-6/-8/-18; HCV: Hepatitis C virus; HCC: Hepatocellular carcinoma; CHC: Chronic hepatitis C;
ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; IFN: Interferon; HBV: Hepatitis B virus.

in CHC patients (Table 1). For instance, Costantini et
al™>* revealed that several serum mediators, including
interleukin (IL)-6 and IL-8, C-X-C motif ligand (CXCL)-9,
CXCL-10, CXCL-12 and macrophage migration inhibitory
factor (MIF), might be used as potential markers
for evaluating the progression of chronic hepatitis to
cirrhosis. Hepatic tumor necrosis factor (TNF)-a was
associated with increased inflammatory activity, hepatic
fibrosis and liver injury in CHC!***”), Meanwhile, TNF-a.
has been identified as the key molecule promoting the
development of insulin resistance and diabetes during
HCV infection, and patients with severe liver disease and
HCC have a higher TNF-o/IL-10 ratio™®*?!, In patients
co-infected with HCV and hepatitis B virus (HBV),
plasma IL-6 concentrations were positively correlated
with illness duration and viral load, whereas the IL-18
concentration was positively correlated with ALT and
AST levels and might evaluate the effect of IFN on the
immune state™ ", The above results suggest that the
level of inflammatory factors in hepatitis C patients
might be used as a reference for disease progression
during HCV infection and antiviral therapy.
Chemokines play a more extensive role in the
pathogenesis of CHC-related liver diseases and are even
considered markers and therapeutic targets in CHC'*?,
Among the various chemokines, human IFN-induced
protein (CXCL-10) is the most widely studied. In CHC
patients, the levels of peripheral blood and liver CXCL-10,
along with C-C motif ligand (CCL)-5, IFN-inducible T cell o
chemo attractant (I-TAC) and macrophage inflammatory
protein (MIP)-1a/1B, were increased markedly®?*,
whereas the level of CXCL-10 in hepatocytes was
correlated with histological severity and hepatic lobule
inflammation™*****), CXCL-10 also serves as a marker
of viral response and therapeutic outcome since a high
pretreatment level of CXCL-10 indicated the inhibition
of CXC chemokine receptor (CXCR) 3-expressing T cell
response, which leads to therapeutic non-responses®??,
This phenomenon is also confirmed in the following cases
where the virus was controlled during treatment with an
increased number of CD8" cells expressing high CXCR3
levels™!, In addition, monocyte chemotactic protein-1
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(MCP-1), soluble adhesion molecule (sAM), CCL-20 and
CXCL-9 were reported to predict the outcome of antiviral
therapy in CHC patients™®*®!, Chemokine IL-8 was also
induced by HCV, and patients who were biochemical
non-responders to IFN therapy had higher pretreatment
levels of IL-8 or high histologic activities”**”. Therefore,
chemokine levels are important reference values for
monitoring the natural course and progression of HCV-
related liver diseases and even identifying different
treatment response rates before treatment™.

However, these studies investigating the utility
of inflammatory cytokines and chemokines for the
prediction of treatment responses were based only on
a small number of patients infected with limited HCV
subtypes, most were based on IFN or IFN plus ribavirin
therapy regimens, and the results did not preclude an
epiphenomenon associated with the effects of IFN%,
Therefore, the use of inflammatory cytokines and
chemokines as indicators of the pathological progression
of HCV infection and treatment efficacy has yet to be
supported by more data from larger multivariate studies
of patients, especially those treated with DAAs.

MECHANISMS OF HCV-INDUCED
INFLAMMATION

Because of T-cell-mediated autologous hepatocytotoxicity,
the spontaneous clearance of HCV infection is not
only difficult to achieve but also increases the risk of
progression to chronic hepatitis and liver injury®®'. In
addition to this T-cell-mediated cytotoxic response, HCV
infection alone also triggers inflammatory responses
through a variety of strategies to aggravate the
progression of liver diseases (Figure 1).

Inflammation responses triggered by interactions
between host and HCV

Unlike receptor-mediated HCV entry processes, the
occurrence of inflammation in HCV infection relies on
the recognition, binding and interaction of HCV RNA and
protein components with pathogen pattern recognition
receptors (PRRs) or other host cellular structures, which
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Figure 1 Mechanisms of hepatitis C virus-induced inflammation. Hepatitis C virus (HCV) RNA triggers Toll-like receptor mediated nuclear factor (NF)-xB
activation and inflammatory cytokine release, while HCV proteins mainly lead to oxidative and endoplasmic reticulum stress and potassium efflux, causing the Nod-
like receptor pyrin domain containing inflammasome activation. The released inflammatory factors bind to their corresponding receptors and then directly induce
NF-«B activation or indirectly lead to signalling pathway mediated downstream inflammatory response. HCV: Hepatitis C virus; ERS: Endoplasmic reticulum stress;
AP-1: Activating protein-1; ASC: Apoptosis-associated speck-like protein containing CARD; DAMP: Damage associated molecular patterns; mtDNA: Mitochondrial
DNA; MyD88: Myeloid differentiation factor 88; NLRP3: Nod-like receptor pyrin domain containing 3; ROS: Reactive oxygen species; VRNA: Viral RNA; TLR: Toll-like

receptor; TNF-a.: Tumor necrosis factor-ai; IL: Interleukin.

in turn activate downstream immune- and inflammation-
associated signal transduction pathways.

Cell surface or internal PRRs, such as Toll-like
receptors (TLRs) 1-10, can discern pathogens and
activate canonical signalling pathways during immune
and inflammatory responses. Virus-derived pathogen-
associated molecular patterns (PAMPs), HCV RNA and
viral proteins could induce pro-inflammatory cytokine
and chemokine production via several PRRs. For
example, TLR3 recognized the HCV double-stranded
RNA produced during HCV replication and activated
TLR3 signalling, resulting in high releases of IL-8, CCL-5,
MIP-1 and CXCL-10***, Macrophages uptake HCV
RNA through clathrin-mediated endocytosis, which is
independent of receptor and productive infection, and
therefore trigger myeloid differentiation primary response
(MyD) 88-mediated TLR7 signalling to induce pro-IL-
1 mRNA expression™ !, In addition, a conformation-
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dependent interaction between the TLR2 and HCV core
or NS3 proteins triggers the TLR2-specific inflammatory
pathway®. NS5A specifically activated the promoter of
the TLR4 gene in both hepatocytes and B cells, thereby
activating the signal transduction cascades from MyD88
to IFN regulatory factor (IRF)-3 and stimulating nuclear
factor (NF)-xB-mediated IFN-B and IL-6 secretion®®”.

In addition to the host PRRs, HCV proteins can
also interact with other cellular structures and activate
inflammatory pathways. The binding of HCV E2 to CD81
induced CCL-5 secretion possibly through activating
mitogen-activated protein kinase (MAPK)P®, The
transient expression of HCV NS5B in mouse liver and
human hepatocytes catalysed the production of small
RNA species, which activated innate immune signalling
via TANK-binding kinase (TBK) 1, IRF-3 and NF-kB,
and eventually induced the production of IFNs and
inflammatory cytokines®™”. HCV core protein, which
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is mostly implicated in liver disorders, activated signal
transducer and activator of transcription (STAT) 3 in
human hepatocytes, leading to subsequent immune
activation, inflammation and tumorigenesis’®”. In short,
the over-replication of HCV in host cells is accompanied
by a broad and complex interaction of host and HCV
components, eventually unbalancing signal transduction
pathways, causing uncontrolled excessive inflammatory
responses and further exacerbating disease progression.

Inflammasome activation upon HCV infection

An inflammasome is a large, multi-protein cytosolic
complex that perceives intracellular danger signals, such
as microbial pathogens, inflammatory diseases, cancers
and metabolic and autoimmune disorders via Nod-like
receptors (NLRs) and ultimately stimulates the production
of the inflammatory cytokines IL-18 and IL-18""*, Four
NLR families, NLRP1, NLRP3, NLRC4 and AIM2, have
been characterized to date. Among them, NLRP3, as the
most extensively studied, responded to the host- and
environment-derived molecules and pathogen-associated
activators™". Increased levels of plasma IL-1p and IL-18
in hepatitis C patients indicated an activation of the
inflammasome during HCV infection™?,

Activation of the inflammasome and secretion of
mature IL-1p and IL-18 during HCV infection require
the integration of two signals. The first is known as
signal 1, which occurs when the virus is detected by a
PRR or cytokine receptor, resulting in the activation of
NF-xB and consequent upregulation of pro-IL-1f8 and
pro-IL-18 mRNAs. Signal 2 is that NLRP3 senses HCV,
recruits the adaptor protein ASC (apoptosis-associated
speck-like protein containing CARD) and induces the
recruitment and autocatalytic activation of caspase-1.
The activated caspase-1 processes cytosolic cytokines
IL-1B8 and IL-18 precursors into mature secretory
proteins®*. Although HCV infection was reported to
activate the inflammasome®?!, the conclusions and
proposed mechanisms differ across studies. Michael
et al®* demonstrated that HCV infection induced
inflammasome activation and IL-18 and IL-1p secretion
in monocytes and macrophages through the recognition
of viral single-stranded RNA by TLR7 but failed to
stimulate the inflammasome and cytokine production
by lymphocytes, dendritic cells or hepatocytes. Other
studies reported that no inflammasome activation was
detected in HCV-infected Huh-7 cells®***! whereas
Burdette et a/*® reported HCV-induced secretion of
IL-18 in Huh7.5 cells via induction of inflammasome
complex assembly involving NALP3, ASC and caspase-1.
In addition, although a previous report suggested that
reactive oxygen species (ROS) are not inflammasome
effectors in HCV-infected hepatocytes'*”, Chen et a/*!
demonstrated that HCV-RNA transfected monocytes
and THP-1 derived macrophages could activate the
NLRP3 inflammasome in a ROS-dependent manner, and
the process was independent on retinoic acid-inducible
gene 1 (RIG-1). Alternative mechanisms for inducing
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inflammasomes were also reported in HCV infection.
For instance, after macrophage phagocytosis of HCV,
HCV induced potassium efflux and activated the NLRP3
inflammasome for the processing and secretion of IL-
18™*\. The HCV P7 protein is a kind of pH-sensitive proton
channel, and the decrease of extracellular pH could
enhance P7 activity and then stimulate signal 2 to induce
the maturation and secretion of IL-18 from RAW264.7
macrophages'*’], whereas a report showed that high
expression of P7 protein in Huh7.5 cells failed to induce
IL-1p production™®’.

Altogether, inflammasome activation triggered
by HCV infection might depend on HCV RNA and the
secondary effects during HCV replication, such as ROS
generation, potassium efflux and P7 activity. However,
the phenomenon of inflammasome activation and
detailed mechanisms in response to HCV infection
might vary across different cell types, and these data
suggest that monocytes and macrophages are the main
effector cells activated by the inflammasome after HCV
infection.

Inflammatory cascade response in the hepatic
microenvironment

Although hepatocytes are the major cell population in the
liver and the targets of cells for HCV entry and replication,
non-parenchymal cells in the liver, such as KCs and
HSCs, also play key roles in HCV-induced liver diseases.
KCs, which are hepatic macrophages and account for
approximately 15% of the total cells in the liver™®,
exhibit limited internalization of HCV via phagocytosis,
leading to the production of pro-inflammatory cytokines
and chemokines®. HSCs are activated after HCV
infection and are associated with liver fibrogenesis,
including collagen deposition and abnormal extracellular
matrix remodelling!*”’. Crosstalk among these three
kinds of liver cells plus the recruited immune cells during
HCV infection in the hepatic microenvironment mediates
inflammatory cascade signalling and exacerbates disease
progression (Figure 2). The icons in the figure are shared
by Reactome™,

The interaction between HCV-infected hepatocytes
and HSCs enhances the inflammatory response to
HCV infection™'l. For example, in the HCV-infected
hepatocyte and HSC co-culture system, IL-1a secreted
by HSCs enhanced CCAAT-enhancer-binding protein
p-targeted downstream gene expression, leading to
enhanced expression of IL-6, IL.-8 and MIP-10/1p"".
Additionally, in the co-culture system of HCV replicon
cells and HSCs, HCV replicon cells released transforming
growth factor (TGF)-B1 into conditioned medium and
thereby induced fibrogenesis in HSCs, which was
characterized by increased production of procollagen a1
(I) and procollagen ol (III) and decreased expression
of fibrinolytic matrix metalloproteinase (MMP)®l,
Exosomes, which are endosomal-derived vesicles, also
mediate communication between hepatocytes and
HSCs. Although exosomes secreted from HCV-infected
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Natural killer; HCV: Hepatitis C virus.

hepatocytes (HCV-exo) could transport small amounts
of HCV RNA into HSCs, the quantity of HCV RNA carried
into HSCs is gradually decreased because HSCs do not
support HCV infection and replication®>**!, However,
one study found that the miR-19a carried by HCV-exo
could target suppressor of cytokine signalling 3 (SOCS3)
in HSCs, leading to STAT3-mediated TGF-B signalling
activation, profibrotic marker high expression and
enhanced inflammatory responses®2.

After HCV infection, the inflammatory cascades
between HCV-stimulated macrophages and HSCs
are also activated in the hepatic microenvironment.
To mimic the effect of HCV in the blood circulation on
hepatic non-parenchymal cells, Negash et al**' exposed
human THP-1 cell-derived macrophages and KCs to
HCV in vitro and showed that they activated caspase-1
expression and enhanced IL-1p/-18 secretion. Similarly,
conditioned medium derived from HCV-exposed human
THP-1 macrophages and KCs increased the expression
of inflammatory (NLRP3, TNF-a, IL-1B, IL-6 and CCL-5)
and profibrogenic (TGF-B1, collagen 4A1, MMP2 and
a-smooth muscle actin) markers in primary human and
immortalized HSCs (LX2 cells)™*. Further study identified
that the chemokine CCL-5 in this conditioned medium
induced inflammasome activation and fibrotic marker
expression in HSCs, whereas TNF-a, but not IL-18 could
only induce inflammasome markers®¥, These studies
emphasize that inflammatory cascade reactions could
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occur between macrophages and HSCs through highly
expressed inflammatory mediators during HCV infection.

Moreover, chemokines secreted by HCV-infected
hepatocytes and HCV-internalized KCs recruit immune
cells to the site of infection, leading to aggravation of
the inflammatory response and even liver damage
in CHC**1, Other molecules, such as ROS and lipid
peroxidation products produced by activated KCs or
injured hepatocytes, could also induce the activation of
quiescent HSCs™*. The interactions between the HSCs
and the immune cells recruited into the liver and the
HCV-infected or exposed hepatocytes/macrophages
mediate inflammation-related cellular signalling,
together establishing a microenvironment of the liver
in an excessively inflammatory state and continuing to
exacerbate disease progression.

Exacerbation of the inflammatory response by oxidative
and endoplasmic reticulum stress

Oxidative stress is characterized by excessive ROS
accumulation in vivo. ROS includes radicals, such
as superoxide anion (02:), hydroxyl radical (OH")
and hydrogen peroxide (H20:2). Superoxide anions
are mainly derived from the mitochondrial electron
transport chain and catalysed into H202 and OH" by
superoxide dismutase®™, Hepatocytes have abundant
mitochondria, which are the main source of ROS.
Oxidative stress is more severe in HCV infection than in
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HBV infection®”). Upon HCV infection, oxidative stress
is thought to occur because of the expression of viral
proteins, changes in the activity of oxidative enzymes,
depletions of antioxidants and the ensuing chronic
inflammation™®. HCV core protein interacts with the
mitochondrial protein chaperone prohibitin, leading to
impairment of mitochondrial respiratory chain function
accompanied by ROS overproduction™. The intracellular
expression of E1, E2, NS3 and NS5A also potently
enhances ROS levels by increasing intracellular calcium
influx and decreasing mitochondrial transmembrane
potential®®, In addition to mitochondria-derived ROS,
cellular nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase also acts as an important source
of ROS, generating superoxide anions by catalysing
the oxidation of NADPH™"!. Among the seven Nox
enzymes (Nox1-5, Dual oxidase Duox1l and Duox2),
Nox1 and Nox4 induced in hepatocytes by infecting
with HCV phenotype 2a and 1b or expressing HCV
proteins contribute to ROS production®®", In brief,
ROS accumulation caused by HCV infection in the
liver further leads to activation of the signalling factors
phosphoinositide 3-kinase (PI3K), Janus kinase, MAPK
pathways or transcription factor NF-xB, activator
protein-1 (AP-1), STAT3, HIF-1a, PPAR-y and Nrf2, and
those pathways induce downstream inflammatory and
immune responses'®*®,

HCV protein expression is also accompanied by strong
endoplasmic reticulum stress (ERS). HCV structural
and NS proteins are continuously processed in ER-
derived membrane structures®®*®”, perturbing normal
ER functions and inducing ER stress'®*®], The unfolded
protein response (UPR) is that cells respond to ERS by
activating an adaptive cellular programme and alleviate
ER stress by inducing protein folding and degradation
in the ER and decreasing overall protein synthesis®®.
The UPR is mediated by three ER transmembrane
proteins: cleavage of activating transcription factor 6
(ATF-6), inositol-requiring enzyme 1 (IRE1) and PKR-
like endoplasmic reticulum kinase (PERK) and their
downstream factors X-box binding protein 1 (XBP-1)
and eukaryotic initiation factor 2o (EIF20.)*. The UPR is
initially activated in HCV-infected Huh7.5.1 cells and HCV-
transgenic mice, resulting in the phosphorylation of IRE1,
EIF2¢ and ATF-6, and splicing of XBP-1"°!, However, HCV
RNA or protein per se also exerts the resistance for UPR,
such as XBP-1 activity downregulation in HCV-expressing
cells and PERK activity inhibition by HCV E2, leading to
a reduction in ER-associated protein degradation and
UPR-associated translational attenuation, respectively™®.
Virtually, there is an interaction between ERS and
inflammation, and ERS might be both a trigger and
a consequence of chronic inflammation”%. NS5A
expression in the ER triggers ERS and ultimately leads
to the activation of STAT3 and NF-«xB, and this pathway
is sensitive to mitochondrial calcium uptake inhibitors,
calcium chelators and antioxidants, therefore providing
evidence for the role of ERS and oxidative stress in the
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activation of the inflammatory response during HCV
infection” . Under severe ERS, the UPR activates the
IJNK/AKT pathway and phosphorylates NF-xB protein
IxB kinase (IKK), leading to cleavage of IxBa and
activation of NF-xB"®. UPR-independent Ca®* release
and excessive ROS and ER chaperone GRP78 that leak
into the cytosol were also proposed to activate NF-«xB to
induce inflammation"®. In turn, inflammatory factors
also exacerbate ERS and oxidative stress. For example,
TNF-o induced intracellular excessive generation of ROS,
which in turn induced ERS, whereas IL-1p and TNF-a also
increased ERS in a nitric oxide dependent manner”>”,
The ERS and oxidative stress networks interact
with each other and therefore play a key role in local
and systemic inflammatory responses. HCV infection
triggers ERS and disrupts mitochondrial signalling
and cytosolic redox homeostasis, thereby inducing
oxidative stress and inflammation. ERS and oxidative
stress might individually or concurrently stimulate or
exacerbate inflammatory responses, and vice versa.

ANTI-INFLAMMATORY/
HEPATOPROTECTIVE THERAPY IN HCV
INFECTION

DAAs have been used clinically for several years,
and some limitations were reported, including drug-
resistance, low efficacy in cirrhotic patients, drug
interactions, liver toxicities, HBV reactivation and skin
reactions'®’*””), Anti-inflammatory/hepatoprotective
agents have fewer side effects for the treatment of HCV-
induced liver injury, fibrosis, cirrhosis or even HCC, as
demonstrated by their long-term use in liver health
cares in many Asian countries”’®’, Most of these agents
are natural or naturally derived compounds, and many
have anti-HCV effects. After DAA treatment, some
patients are still subject to persistent disease progression
and HCV relapse®™'. Therefore, anti-inflammatory/
hepatoprotective agents with anti-HCV activity might be
a better treatment choice for preventing CHC progression
to severe liver diseases when used in combination with
or subsequent to DAA therapy. According to the chemical
category and practical application in the clinic, we mainly
focus on certain representative plant or plant derivate
active constituents considered to be the most promising
for anti-inflammatory/hepatoprotective therapy in HCV
infection, including the flavonoid compound silibinin,
terpenoid compound andrographolide, polyphenols
compound curcumin, alkaloids oxymatrine and herb-
derived antioxidant bicyclol (Figure 3)777%%%,

Silibinin

Flavonoids or bioflavonoids are found in numerous
plants, and over 4500 flavonoids or their subgroups
have been identified to date, of which silymarin and
silibinin are representative compounds”’%, Silymarin
is extracted from the seeds of the milk thistle Silybum
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Promising anti-inflammatory/hepatoprotective agents for chronic hepatitis C

Compound Chemical Formula Chemical structure Mechanism of anti-HCV Major ani-inflammatory/ Ref.
category hepatoprotective activity
Silibinin Flavonoids  CxsH2010 Block viral entry, fusion, Anti-oxidation, anti- [81-83,85]
RNA and protein synthesis, inflammation, anti-proliferation
¢ N5SB polymerase activity and and immunomodulation; Limit
g transmission. de novo fibrogenesis-related
inflammation and prevent
carcinogenesis in hepatocellular
carcinoma.
Andrographolide  Terpenoid C20H3005 Inhibit HCV protein synthesis, Scavenge free radicals, decrease [78,93,96-98,101]
RNA replication and infection;  lipid peroxidation, regulate
Activate the antiviral IFN  immune responses and prevent
., Tresponse and suppress HCV  infection and cancer; Depletion
NS3/4A protease activity. of glutathione, induction of
cytochrome P450, normalization
of the levels of hepatitis markers.
Curcumin Polyphenol ~ C21H200s Inhibit HCV replication by ~ Suppress severe cytokine storm, [79,105-112]
inducing HO-1- and AKT-  alleviate liver injury or fibrosis,
related signaling pathways;  inhibit HSC activation, suppress
Block viral entry into human  activation of leptin signaling,
hepatocytes. enhance AMP-activated protein
kinase activity.
Oxymatrine Alkaloids ~ CisH21N202 Inhibit HCV replication by Reduce serum transaminase ~ [118-120,122-126]
destabilizing heat stress or alkaline phosphatase level,
cognate 70 mRNA and modulate TLR4-dependent
downregulating the expression inflammatory pathways,
of Hsc70. attenuate liver injury and
improve experimental hepatic
fibrosis, exert anti-cancer effects;
Treatment of chemotherapy-
induced hepatotoxicity.
Bicyclol Herb- CyH1s09 Decrease HCV load in the Exert hepatoprotective and ~ [127,134,136-139]
derived o clinic without reported anti-inflammatory effects in
synthetic mechanism. chemical-, immunological-,
compounds fatty-, drug-induced and

surgery-caused liver injury
animal models; Prevent hepatic
fibrosis induced by CCls,
dimethylnitrosamine, bovine
serum albumin and bile duct
ligation.

Figure 3 Promising anti-inflammatory/hepatoprotective agents for chronic hepatitis C. HCV: Hepatitis C virus; IFN: Interferon; NS: Non-structural; HO-1: Heme

oxygenase-1; TLR: Toll-like receptor.

marianum and comprises at least seven flavonolignans
(silybin A, silybin B, isosilybin A, isosilybin B, silychristin,
isosilychristin and silydianin) and one flavonoid
(taxifolin)®"®, Silibinin (formerly named silybin) is the
major bioactive compound of silymarin and is widely
used for the treatment of insulin resistance, alcoholic/
non-alcoholic liver disease and viral hepatitis because of
its antioxidative, anti-inflammatory, anti-proliferative and
immunomodulatory properties®™®%., In vitro and in vivo
studies showed that silymarin/silibinin could stimulate the
expression of lysophosphatidylcholine acyltransferase,
reduce the level of liver cirrhotic platelet-activating factor
or block the activation of major signalling pathways,
such as NF-xB and TGF-8 signalling, thus limiting de
novo fibrogenesis-related inflammation and preventing
carcinogenesis in HCC®>®1, Moreover, silymarin and
silibinin were found to inhibit HCV infection in cell cultures
by blocking viral entry, fusion, RNA and protein synthesis,
N5SB polymerase activity and transmission™*. Although
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oral administration of silymarin had little effect on liver
enzyme activity and viral load in HCV-infected patients
due to its rapid metabolism and low bioavailability™***,
intravenous injection of water-soluble, succinate-
conjugated silibinin formulations showed significant
antiviral effects in CHC patients who failed to treatment
with the standard pegylated IFN/ribavirin therapy™®®”.
Other flavonoids, such as epigallocatechin-3-gallate,
naringenin, quercetin, luteolin and apigenin, also have
potential anti-HCV activities, hepatoprotective and anti-
inflammatory activities””?“*%, Therefore, these agents
are expected to be developed for the treatment of
hepatitis C patients with advanced liver diseases.

Andrographolide

Among the various secondary metabolites produced
by plants, terpenoids are phytochemicals with potential
therapeutic applications for the treatment of liver cancer,
of which labdane diterpenoid compound andrographolide

December 21, 2018 | Volume 24 | Issue 47 |



Li H et a/. Anti-inflammatory/hepatoprotective therapy of HCV

(C20H300s) is isolated from the stem and leaf of
Andrographis paniculata and was initially used to treat
upper respiratory tract infections with good safety but was
later reported to have anti-inflammatory/hepatoprotective
effects'’®”, Its mechanisms of action are mainly via
scavenging free radicals, decreasing lipid peroxidation,
regulating immune responses and preventing infection
and cancer”®*, In vitro and in vivo, the anti-inflammatory
activities of andrographolide were attributed to the
attenuation of the protein kinase C, extracellular signal-
regulated kinase (ERK)1/2 or PI3K/AKT pathways, leading
to the inhibition of NF-kB signalling pathway activation>**,
The anti-hepatotoxic activities of andrographolide were
correlated with depletion of glutathione, induction of
cytochrome P450 or normalization of the levels of hepatitis
markers such as alkaline phosphatase and glutamic
pyruvate transaminase®®®®, The synthetic analogues
of andrographolide exhibit analgesic, antipyretic and
anti-inflammatory effects without notable toxicity in
animal models®**®!, Moreover, andrographolide was
reported to inhibit HCV protein synthesis, RNA replication
and infection™". Detailed mechanisms showed that
andrographolide activates p38 MAPK phosphorylation
and stimulates Nrf2-mediated heme oxygenase (HO)-1
expression, thereby increasing the amounts of its
metabolite biliverdin, which was found to activate the
antiviral IFN response and suppress HCV NS3/4A protease
activity™"'%?, These findings support a clinical trial of
andrographolide and its derivatives for the treatment of
severe CHC.

Curcuminoids

Curcumin, a hydrophobic polyphenol derived from the
rhizome of the herb turmeric (Curcuma longa), has been
widely used as a spice and colorant in foods"'®”. To date,
extensive clinical studies have proven its pharmacological
properties of anti-inflammatory, antioxidant, antiviral,
anticancer, hypoglycaemic, wound-healing and
antimicrobial activities and showed that curcumin is safe
and well tolerated®”. In view of these observations,
curcumin is predominantly used to treat inflammatory
diseases via multiple mechanisms involving inflammatory
transcription factors, cytokines, redox status or protein
kinases™®!, Curcumin suppresses the severe cytokine
storm caused by infection with severe viruses, such as
HIV, HSV, HBV and HCV, and might be potentially useful
to treat inflammation induced by Ebola virus infection™®.
For its hepatoprotective property, curcumin alleviates
liver injury or fibrosis by targeting platelet-derived growth
factor-p receptor, TGF-g, TLRs, MMPs and peroxisome
proliferator-activated receptors and decreasing
inflammatory cytokines”®. In vitro studies showed
that curcumin inhibits HSC activation via preventing
leptin from increasing intracellular glucose levels™®”,
suppressing advanced glycation end-product-dependent
activation of leptin signalling™®® or enhancing AMP-
activated protein kinase (AMPK) activity"®® and therefore
reduces liver fibrosis. In addition, evidence suggests that
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curcumin has anticarcinogenic and chemopreventive
effects through arresting the cell cycle and/or inducing
apoptosis in a p53 dependent manner®, as well as by
activating caspase cascades"®. Curcumin also inhibits
HCV replication by inducing HO-1- and AKT-related
signalling pathways''>'** or by blocking viral entry
into human hepatocytes™*?!. Therefore, based on the
available pharmacological data obtained from in vitro
and in vivo studies, as well as clinical trials, there is an
opportunity to translate curcumin into clinics for therapy
of CHC with hepatic cirrhosis and HCC in the near future.

Oxymatrine

Oxymatrine and its active metabolite matrine are
the major alkaloid aqueous extracts from the root of
Sophora flavescens, Sophora tonkinensis and Sophora
alopecuroidest*®, Clinically, oxymatrine has been used
to treat chronic hepatitis B and leukopenia caused by
tumour radiotherapy and chemotherapy in China******,
In recent years, many laboratory and clinical trials have
also shown the antiviral activity of oxymatrine against
HCV in cell cultures and human studies!*****”, Oxymatrine
or its derivatives destabilize heat stress cognate 70
(Hsc70) mRNA and thereby downregulate the expression
of Hsc70M"*®'%%, As Hsc70 is packaged into HCV particles
and becomes a structural component of the virus in the
assembly process, oxymatrine or its derivatives could
inhibit HCV replication™®"*!, Oxymatrine could also
inhibit inflammatory activity as defined by reducing
serum transaminase or alkaline phosphatase levels,
modulating TLR4-dependent inflammatory pathways,
attenuating liver injury and improving experimental
hepatic fibrosis by downregulating fibrosis-related gene
expression, decreasing collagen deposits, inducing
apoptosis of HSCs or inhibiting lipid peroxidationt?* %!,
Furthermore, accumulating research suggests that
oxymatrine has anticancer effects, which might have
therapeutic effects on HCC caused by HCV infection, but
could also be used in the treatment of chemotherapy-
induced hepatotoxicity!'*’*?®!, Therefore, oxymatrine
is expected to be used in CHC patients with liver
inflammation or injury and could improve chemotherapy-
induced hepatotoxicity or increase the survival rate of
HCC patients.

Bicyclol

To date, although the effects of ROS and the host
redox system on HCV replication remain unclear®®%!
and different antioxidants show controversial anti-
HCV effects®*'***1] clinical evidence suggests that
antioxidant therapy might alleviate necroinflammation
and fibrosis progression!*****3, Classical antioxidants,
such as glutathione (GSH)™*, N-acetyl cysteine (NAC)™*
and vitamin E™%, have been reported to treat hepatitis
C with efficacy. In addition, bicyclol (4,4'-dimethoxy-
5,6,5,6’-bis(methylenedioxy)-2-hydroxymethyl-2'-
methoxycarbonyl biphenyl), a synthetic compound
derived from schizandrin C extracted from the Chinese
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medicinal herb Fructus schisandrae, has potent
antioxidative and certain anti-HCV effects in the clinic
with safety™****!, Clinically, bicyclol tablets are used
in many countries to treat various non-viral hepatitis
and chronic hepatitis B and C accompanied by mild
and moderate serum aminotransferase abnormality.
Preclinical pharmacological experiments also showed that
bicyclol exerts hepatoprotective and anti-inflammatory
effects in chemical-, immunological-, fatty-, drug-induced
and surgery-caused liver injury animal models!®!,
Bicyclol also prevents hepatic fibrosis induced by CCls,
dimethylnitrosamine, bovine serum albumin and bile
duct ligation!*™*?, Although the detailed mechanism
varies in different models, the overall effect of bicyclol is
derived from stabilizing mitochondrial and hepatocyte
membranes, scavenging free radicals, reducing lipid
peroxides, enhancing antioxidant gene expression or
activity or inhibiting liver cell apoptosis, and thus achieves
anti-inflammatory, antioxidant and liver cell-protective
activities "**'*, These effects of bicyclol and its antiviral
activities make bicyclol a promising drug for treating CHC
patients with liver injury or co-infection with HBV.

CONCLUSION

Inflammation is a common feature of most liver diseases,
and inflammatory cytokines and chemokines produced
after HCV infection accelerate hepatocyte damage
and liver disease progression. HCV infection triggers
inflammation through various mechanisms including
pathogen pattern recognition, inflammasome activation
and intrahepatic inflammatory cascades, while oxidative
and ER stress coexist with and exacerbate inflammation
and liver injury (Figures 1 and 2). HCV infection is a
predisposing factor in the pathological process, but
the long-term inflammatory responses and oxidative
stress induced by the virus might further destroy the
liver microenvironment and cause irreversible liver
tissue damage'”'"!. Direct antiviral therapy might not be
sufficient to stop the progression of liver disease in the
context of inflammation, oxidative stress, liver tissue
damage and metabolic dysregulation. Although anti-
inflammatory/hepatoprotective drugs might not provide
a fast-acting remedy for the treatment of HCV infection
as DAAs do, they can serve as an adjunct to DAAs by
exerting comprehensive effects. These effects include
the following: (1) decreasing uncontrolled inflammatory
cytokine and chemokine levels; (2) directly protecting
against oxidative stress or enhancing antioxidant
gene expression; (3) restoring mitochondrial function,
regulating liver enzyme levels and protecting against
liver cell damage; (4) inhibiting HCV replication; and
(5) improving the efficacy of IFN antiviral therapy in
vivo®?**1  Given the status of excessive inflammation
and liver microenvironment dyshomeostasis in chronic
HCV-infected patients, care for hepatitis C should extend
beyond merely achieving an SVR to encompass an anti-
inflammatory/hepatoprotective strategy concurrently with
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or after DAA therapy. Meanwhile, their anti-HCV effects
could prevent HCV relapse after the DAA treatment.

REFERENCES

1 Rebbani K, Tsukiyama-Kohara K. HCV-Induced Oxidative Stress:
Battlefield-Winning Strategy. Oxid Med Cell Longev 2016; 2016:
7425628 [PMID: 27293514 DOI: 10.1155/2016/7425628]

2 Perlin CM, Ferreira VL, Borba HHL, Wiens A, Ivantes CAP, Lenzi
L, Pontarolo R. Quality of life in Brazilian patients with treated or
untreated chronic hepatitis C. Rev Inst Med Trop Sao Paulo 2017,
59: ¢81 [PMID: 29267589 DOI: 10.1590/S1678-9946201759081]

3 Wong RJ, Gish RG. Metabolic Manifestations and Complications
Associated With Chronic Hepatitis C Virus Infection. Gastroenterol
Hepatol (NY) 2016; 12: 293-299 [PMID: 27499712]

4  Heim MH, Thimme R. Innate and adaptive immune responses in
HCV infections. J Hepatol 2014; 61: S14-S25 [PMID: 25443342
DOI: 10.1016/j.jhep.2014.06.035]

5 Zeremski M, Petrovic LM, Talal AH. The role of chemokines as
inflammatory mediators in chronic hepatitis C virus infection. J
Viral Hepat 2007; 14: 675-687 [PMID: 17875002 DOI: 10.1111/
j-1365-2893.2006.00838.x]

6 Geddawy A, Ibrahim YF, Elbahie NM, Ibrahim MA. Direct Acting
Anti-hepatitis C Virus Drugs: Clinical Pharmacology and Future
Direction. J Transl Int Med 2017; 5: 8-17 [PMID: 28680834 DOI:
10.1515/jtim-2017-0007]

7 Conti F, Buonfiglioli F, Scuteri A, Crespi C, Bolondi L, Caraceni
P, Foschi FG, Lenzi M, Mazzella G, Verucchi G, Andreone P,
Brillanti S. Early occurrence and recurrence of hepatocellular
carcinoma in HCV-related cirrhosis treated with direct-acting
antivirals. J Hepatol 2016; 65: 727-733 [PMID: 27349488 DOI:
10.1016/j.jhep.2016.06.015]

8  Huang JF, Yu ML, Dai CY, Chuang WL. Glucose abnormalities in
hepatitis C virus infection. Kaohsiung J Med Sci 2013; 29: 61-68
[PMID: 23347806 DOI: 10.1016/j.kjms.2012.11.001]

9 D’Elia RV, Harrison K, Oyston PC, Lukaszewski RA, Clark GC.
Targeting the “cytokine storm” for therapeutic benefit. Clin Vaccine
Immunol 2013; 20: 319-327 [PMID: 23283640 DOI: 10.1128/
CVI1.00636-12]

10 Huang CF, Hsieh MY, Yang JF, Chen WC, Yeh ML, Huang CI,
Dai CY, Yu ML, Lin ZY, Chen SC, Chuang WL, Huang JF. Serum
hs-CRP was correlated with treatment response to pegylated
interferon and ribavirin combination therapy in chronic hepatitis
C patients. Hepatol Int 2010; 4: 621-627 [PMID: 21063486 DOI:
10.1007/s12072-010-9200-8]

11 Morgan TR, Ghany MG, Kim HY, Snow KK, Shiffman ML, De
Santo JL, Lee WM, Di Bisceglie AM, Bonkovsky HL, Dienstag
JL, Morishima C, Lindsay KL, Lok AS; HALT-C Trial Group.
Outcome of sustained virological responders with histologically
advanced chronic hepatitis C. Hepatology 2010; 52: 833-844
[PMID: 20564351 DOI: 10.1002/hep.23744]

12 Hsu CC, Lien JC, Chang CW, Chang CH, Kuo SC, Huang TF.
Yuwen02f1 suppresses LPS-induced endotoxemia and adjuvant-
induced arthritis primarily through blockade of ROS formation,
NFkB and MAPK activation. Biochem Pharmacol 2013; 85:
385-395 [PMID: 23142712 DOI: 10.1016/j.bcp.2012.11.002]

13 Costantini S, Capone F, Guerriero E, Maio P, Colonna G, Castello
G. Serum cytokine levels as putative prognostic markers in the
progression of chronic HCV hepatitis to cirrhosis. Eur Cytokine
Netw 2010; 21: 251-256 [PMID: 21081303 DOI: 10.1684/
ecn.2010.0214]

14 Zeremski M, Dimova R, Brown Q, Jacobson IM, Markatou M,
Talal AH. Peripheral CXCR3-associated chemokines as biomarkers
of fibrosis in chronic hepatitis C virus infection. J Infect Dis 2009,
200: 1774-1780 [PMID: 19848607 DOI: 10.1086/646614]

15 Zampino R, Marrone A, Restivo L, Guerrera B, Sellitto A,
Rinaldi L, Romano C, Adinolfi LE. Chronic HCV infection
and inflammation: Clinical impact on hepatic and extra-hepatic

December 21, 2018 | Volume 24 | Issue 47 |



16

18

19

20

21

22

23

24

25

26

27

28

29

JRaishideng®

Li H et a/. Anti-inflammatory/hepatoprotective therapy of HCV

manifestations. World J Hepatol 2013; 5: 528-540 [PMID:
24179612 DOI: 10.4254/wjh.v5.110.528]

Neuman MG, Schmilovitz-Weiss H, Hilzenrat N, Bourliere
M, Marcellin P, Trepo C, Mazulli T, Moussa G, Patel A, Baig
AA, Cohen L. Markers of inflammation and fibrosis in alcoholic
hepatitis and viral hepatitis C. Int J Hepatol 2012; 2012: 231210
[PMID: 22530132 DOI: 10.1155/2012/231210]

Jonsson JR, Barrie HD, O’Rourke P, Clouston AD, Powell EE.
Obesity and steatosis influence serum and hepatic inflammatory
markers in chronic hepatitis C. Hepatology 2008; 48: 80-87 [PMID:
18571785 DOI: 10.1002/hep.22311]

Aroucha DC, do Carmo RF, Moura P, Silva JL, Vasconcelos LR,
Cavalcanti MS, Muniz MT, Aroucha ML, Siqueira ER, Cahu
GG, Pereira LM, Coélho MR. High tumor necrosis factor-a/
interleukin-10 ratio is associated with hepatocellular carcinoma
in patients with chronic hepatitis C. Cytokine 2013; 62: 421-425
[PMID: 23602201 DOI: 10.1016/j.cyt0.2013.03.024]

Knobler H, Schattner A. TNF-{alpha}, chronic hepatitis C and
diabetes: a novel triad. QJM 2005; 98: 1-6 [PMID: 15625348 DOI:
10.1093/qjmed/hci001]

Falasca K, Ucciferri C, Dalessandro M, Zingariello P, Mancino
P, Petrarca C, Pizzigallo E, Conti P, Vecchiet J. Cytokine patterns
correlate with liver damage in patients with chronic hepatitis B and
C. Ann Clin Lab Sci 2006; 36: 144-150 [PMID: 16682509]

Jia H, Du J, Zhu S, Ma Y, Cai H. Clinical observation of serum
IL-18, IL-10 and sIL-2R levels in patients with chronic hepatitis
C pre- and post antiviral treatment. Chin Med J (Engl) 2003; 116:
605-608 [PMID: 12875732]

Fallahi P, Ferrari SM, Giuggioli D, Sebastiani M, Colaci M, Ferri C,
Antonelli A. Chemokines in the Pathogenesis and as Therapeutical
Markers and Targets of HCV Chronic Infection and HCV
Extrahepatic Manifestations. Curr Drug Targets 2017; 18: 786-793
[PMID: 26240054 DOLI: 10.2174/1389450116666150804105937]
Larrubia JR, Benito-Martinez S, Calvino M, Sanz-de-Villalobos
E, Parra-Cid T. Role of chemokines and their receptors in viral
persistence and liver damage during chronic hepatitis C virus
infection. World J Gastroenterol 2008; 14: 7149-7159 [PMID:
19084927 DOI: 10.3748/wjg.14.7149]

You CR, Park SH, Jeong SW, Woo HY, Bae SH, Choi JY, Sung
YC, Yoon SK. Serum IP-10 Levels Correlate with the Severity of
Liver Histopathology in Patients Infected with Genotype-1 HCV.
Gut Liver 2011; 5: 506-512 [PMID: 22195251 DOI: 10.5009/
2nl.2011.5.4.506]

Harvey CE, Post JJ, Palladinetti P, Freeman AJ, Ffrench RA,
Kumar RK, Marinos G, Lloyd AR. Expression of the chemokine
IP-10 (CXCL10) by hepatocytes in chronic hepatitis C virus
infection correlates with histological severity and lobular
inflammation. J Leukoc Biol 2003; 74: 360-369 [PMID: 12949239
DOI: 10.1189/j16.0303093]

Larrubia JR, Calvino M, Benito S, Sanz-de-Villalobos E,
Perna C, Pérez-Hornedo J, Gonzalez-Mateos F, Garcia-Garzon
S, Bienvenido A, Parra T. The role of CCR5/CXCR3 expressing
CD8+ cells in liver damage and viral control during persistent
hepatitis C virus infection. J Hepatol 2007; 47: 632-641 [PMID:
17560677 DOI: 10.1016/j.jhep.2007.04.009]

Butera D, Marukian S, Iwamaye AE, Hembrador E, Chambers TJ,
Di Bisceglie AM, Charles ED, Talal AH, Jacobson IM, Rice CM,
Dustin LB. Plasma chemokine levels correlate with the outcome
of antiviral therapy in patients with hepatitis C. Blood 2005; 106:
1175-1182 [PMID: 15860662 DOI: 10.1182/blood-2005-01-0126]
Yamauchi K, Akbar SM, Horiike N, Michitaka K, Onji M.
Increased serum levels of macrophage inflammatory protein-3alpha
in chronic viral hepatitis: prognostic importance of macrophage
inflammatory protein-3alpha during interferon therapy in chronic
hepatitis C. J Viral Hepat 2002; 9: 213-220 [PMID: 12010510
DOI: 10.1046/j.1365-2893.2002.00354 x]

Kaplanski G, Farnarier C, Payan MJ, Bongrand P, Durand JM.
Increased levels of soluble adhesion molecules in the serum of
patients with hepatitis C. Correlation with cytokine concentrations
and liver inflammation and fibrosis. Dig Dis Sci 1997; 42:

WIJG | https:/ /www.wjgnet.com

30

31

32

33

34

35

36

37

38

39

40

41

42

43

2277-2284 [PMID: 9398806 DOI: 10.1023/A:1018818801824]
Fukuda R, Ishimura N, Ishihara S, Chowdhury A, Morlyama N,
Nogami C, Miyake T, Niigaki M, Tokuda A, Satoh S, Sakai S,
Akagi S, Watanabe M, Fukumoto S. Intrahepatic expression of pro-
inflammatory cytokine mRNAs and interferon efficacy in chronic
hepatitis C. Liver 1996; 16: 390-399 [PMID: 9021719 DOI:
10.1111/j.1600-0676.1996.tb00768.x]

Nishitsuji H, Funami K, Shimizu Y, Ujino S, Sugiyama K, Seya
T, Takaku H, Shimotohno K. Hepatitis C virus infection induces
inflammatory cytokines and chemokines mediated by the cross talk
between hepatocytes and stellate cells. J Virol 2013; 87: 8169-8178
[PMID: 23678168 DOI: 10.1128/JV1.00974-13]

Li K, Li NL, Wei D, Pfeffer SR, Fan M, Pfeffer LM. Activation of
chemokine and inflammatory cytokine response in hepatitis C virus-
infected hepatocytes depends on Toll-like receptor 3 sensing of
hepatitis C virus double-stranded RNA intermediates. Hepatology
2012; 55: 666-675 [PMID: 22030901 DOI: 10.1002/hep.24763]
Wagoner J, Austin M, Green J, Imaizumi T, Casola A, Brasier
A, Khabar KS, Wakita T, Gale M Jr, Polyak SJ. Regulation of
CXCL-8 (interleukin-8) induction by double-stranded RNA
signaling pathways during hepatitis C virus infection. J Virol 2007
81: 309-318 [PMID: 17035306 DOI: 10.1128/JV1.01411-06]
Chattergoon MA, Latanich R, Quinn J, Winter ME, Buckheit RW
3rd, Blankson JN, Pardoll D, Cox AL. HIV and HCV activate the
inflammasome in monocytes and macrophages via endosomal Toll-
like receptors without induction of type 1 interferon. PLoS Pathog
2014; 10: €1004082 [PMID: 24788318 DOI: 10.1371/journal.
ppat.1004082]

Negash AA, Ramos HJ, Crochet N, Lau DT, Doehle B, Papic
N, Delker DA, Jo J, Bertoletti A, Hagedorn CH, Gale M Jr. IL-
1B production through the NLRP3 inflammasome by hepatic
macrophages links hepatitis C virus infection with liver
inflammation and disease. PLoS Pathog 2013; 9: €1003330 [PMID:
23633957 DOI: 10.1371/journal.ppat.1003330]

Dolganiuc A, Oak S, Kodys K, Golenbock DT, Finberg RW, Kurt-
Jones E, Szabo G. Hepatitis C core and nonstructural 3 proteins
trigger toll-like receptor 2-mediated pathways and inflammatory
activation. Gastroenterology 2004; 127: 1513-1524 [PMID:
15521019 DOI: 10.1053/j.gastro.2004.08.067]

Machida K, Cheng KT, Sung VM, Levine AM, Foung S, Lai MM.
Hepatitis C virus induces toll-like receptor 4 expression, leading
to enhanced production of beta interferon and interleukin-6.
J Virol 2006; 80: 866-874 [PMID: 16378988 DOI: 10.1128/
JVI1.80.2.866-874.2006]

Nattermann J, Nischalke HD, Feldmann G, Ahlenstiel G,
Sauerbruch T, Spengler U. Binding of HCV E2 to CD81 induces
RANTES secretion and internalization of CC chemokine receptor 5.
J Viral Hepat 2004; 11: 519-526 [PMID: 15500552 DOI: 10.1111/
j-1365-2893.2004.00545 x]

Yu GY, He G, Li CY, Tang M, Grivennikov S, Tsai WT, Wu
MS, Hsu CW, Tsai Y, Wang LH, Karin M. Hepatic expression of
HCV RNA-dependent RNA polymerase triggers innate immune
signaling and cytokine production. Mol Cell 2012; 48: 313-321
[PMID: 22959272 DOI: 10.1016/j.molcel.2012.07.032]

Basu A, Meyer K, Lai KK, Saito K, Di Bisceglie AM, Grosso LE,
Ray RB, Ray R. Microarray analyses and molecular profiling of
Stat3 signaling pathway induced by hepatitis C virus core protein
in human hepatocytes. Virology 2006; 349: 347-358 [PMID:
16545852 DOI: 10.1016/j.virol.2006.02.023]

Davis BK, Wen H, Ting JP. The inflammasome NLRs in immunity,
inflammation, and associated diseases. Annu Rev Immunol
2011; 29: 707-735 [PMID: 21219188 DOI: 10.1146/annurev-
immunol-031210-101405]

Martinon F, Burns K, Tschopp J. The inflammasome: a molecular
platform triggering activation of inflammatory caspases and
processing of prolL-beta. Mol Cell 2002; 10: 417-426 [PMID:
12191486 DOI: 10.1016/S1097-2765(02)00599-3]

Capone F, Guerriero E, Colonna G, Maio P, Mangia A, Castello
G, Costantini S. Cytokinome profile evaluation in patients with
hepatitis C virus infection. World J Gastroenterol 2014; 20:

December 21, 2018 | Volume 24 | Issue 47 |



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

JRaishideng®

Li H et a/. Anti-inflammatory/hepatoprotective therapy of HCV

9261-9269 [PMID: 25071319 DOI: 10.3748/wjg.v20.i128.9261]
Chen W, Xu Y, Li H, Tao W, Xiang Y, Huang B, Niu J, Zhong J,
Meng G. HCV genomic RNA activates the NLRP3 inflammasome
in human myeloid cells. PLoS One 2014; 9: €84953 [PMID:
24400125 DOLI: 10.1371/journal.pone.0084953]

Shrivastava S, Mukherjee A, Ray R, Ray RB. Hepatitis C virus
induces interleukin-1p (IL-1pB)/IL-18 in circulatory and resident
liver macrophages. J Virol 2013; 87: 12284-12290 [PMID:
24006444 DOLI: 10.1128/JV1.01962-13]

Burdette D, Haskett A, Presser L, McRae S, Igbal J, Waris
G. Hepatitis C virus activates interleukin-1f via caspase-1-
inflammasome complex. J Gen Virol 2012; 93: 235-246 [PMID:
21994322 DOI: 10.1099/vir.0.034033-0]

Farag NS, Breitinger U, El-Azizi M, Breitinger HG. The p7
viroporin of the hepatitis C virus contributes to liver inflammation
by stimulating production of Interleukin-1B. Biochim Biophys
Acta Mol Basis Dis 2017; 1863: 712-720 [PMID: 27979709 DOI:
10.1016/j.bbadis.2016.12.006]

Vollmar B, Menger MD. The hepatic microcirculation:
mechanistic contributions and therapeutic targets in liver injury and
repair. Physiol Rev 2009; 89: 1269-1339 [PMID: 19789382 DOI:
10.1152/physrev.00027.2008]

Atzori L, Poli G, Perra A. Hepatic stellate cell: a star cell in
the liver. Int J Biochem Cell Biol 2009; 41: 1639-1642 [PMID:
19433304 DOI: 10.1016/j.biocel.2009.03.001]

Sidiropoulos K, Viteri G, Sevilla C, Jupe S, Webber M, Orlic-
Milacic M, Jassal B, May B, Shamovsky V, Duenas C, Rothfels
K, Matthews L, Song H, Stein L, Haw R, D’Eustachio P, Ping
P, Hermjakob H, Fabregat A. Reactome enhanced pathway
visualization. Bioinformatics 2017; 33: 3461-3467 [PMID:
29077811 DOI: 10.1093/bioinformatics/btx441]

Schulze-Krebs A, Preimel D, Popov Y, Bartenschlager R,
Lohmann V, Pinzani M, Schuppan D. Hepatitis C virus-replicating
hepatocytes induce fibrogenic activation of hepatic stellate cells.
Gastroenterology 2005; 129: 246-258 [PMID: 16012951 DOI:
10.1053/j.gastro.2005.03.089]

Devhare PB, Sasaki R, Shrivastava S, Di Bisceglie AM, Ray R,
Ray RB. Exosome-Mediated Intercellular Communication between
Hepatitis C Virus-Infected Hepatocytes and Hepatic Stellate Cells.
J Virol 2017; 91 [PMID: 28077652 DOI: 10.1128/JV1.02225-16]
Florimond A, Chouteau P, Bruscella P, Le Seyec J, Mérour E,
Ahnou N, Mallat A, Lotersztajn S, Pawlotsky JM. Human hepatic
stellate cells are not permissive for hepatitis C virus entry and
replication. Gut 2015; 64: 957-965 [PMID: 25063678 DOI:
10.1136/gutjnl-2013-305634]

Sasaki R, Devhare PB, Steele R, Ray R, Ray RB. Hepatitis C
virus-induced CCLS secretion from macrophages activates hepatic
stellate cells. Hepatology 2017; 66: 746-757 [PMID: 28318046
DOI: 10.1002/hep.29170]

Takahashi K, Asabe S, Wieland S, Garaigorta U, Gastaminza P,
Isogawa M, Chisari FV. Plasmacytoid dendritic cells sense hepatitis
C virus-infected cells, produce interferon, and inhibit infection.
Proc Natl Acad Sci USA 2010; 107: 7431-7436 [PMID: 20231459
DOI: 10.1073/pnas.1002301107]

Brault C, Levy PL, Bartosch B. Hepatitis C virus-induced
mitochondrial dysfunctions. Viruses 2013; 5: 954-980 [PMID:
23518579 DOLI: 10.3390/v5030954]

Fujita N, Sugimoto R, Ma N, Tanaka H, Iwasa M, Kobayashi
Y, Kawanishi S, Watanabe S, Kaito M, Takei Y. Comparison of
hepatic oxidative DNA damage in patients with chronic hepatitis
B and C. J Viral Hepat 2008; 15: 498-507 [PMID: 18331251 DOI:
10.1111/j.1365-2893.2008.00972.x]

Ivanov AV, Bartosch B, Smirnova OA, Isaguliants MG, Kochetkov
SN. HCV and oxidative stress in the liver. Viruses 2013; 5: 439-469
[PMID: 23358390 DOI: 10.3390/v5020439]

Tsutsumi T, Matsuda M, Aizaki H, Moriya K, Miyoshi H,
Fujie H, Shintani Y, Yotsuyanagi H, Miyamura T, Suzuki T,
Koike K. Proteomics analysis of mitochondrial proteins reveals
overexpression of a mitochondrial protein chaperon, prohibitin, in
cells expressing hepatitis C virus core protein. Hepatology 2009;

WIJG | https:/ /www.wjgnet.com

5308

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

50: 378-386 [PMID: 19591124 DOI: 10.1002/hep.22998]

de Mochel NS, Seronello S, Wang SH, Ito C, Zheng JX, Liang
TJ, Lambeth JD, Choi J. Hepatocyte NAD(P)H oxidases as an
endogenous source of reactive oxygen species during hepatitis C
virus infection. Hepatology 2010; 52: 47-59 [PMID: 20578128
DOLI: 10.1002/hep.23671]

Boudreau HE, Emerson SU, Korzeniowska A, Jendrysik MA,
Leto TL. Hepatitis C virus (HCV) proteins induce NADPH oxidase
4 expression in a transforming growth factor beta-dependent
manner: a new contributor to HCV-induced oxidative stress. J
Virol 2009; 83: 12934-12946 [PMID: 19812163 DOI: 10.1128/
JVI1.01059-09]

Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB. Oxidative
stress, inflammation, and cancer: how are they linked? Free Radic
Biol Med 2010; 49: 1603-1616 [PMID: 20840865 DOI: 10.1016/
j-freeradbiomed.2010.09.006]

Kuroki M, Ariumi Y, Ikeda M, Dansako H, Wakita T, Kato N.
Arsenic trioxide inhibits hepatitis C virus RNA replication through
modulation of the glutathione redox system and oxidative stress.
J Virol 2009; 83: 2338-2348 [PMID: 19109388 DOI: 10.1128/
JVI1.01840-08]

Presser LD, McRae S, Waris G. Activation of TGF-1 promoter
by hepatitis C virus-induced AP-1 and Spl: role of TGF-B1 in
hepatic stellate cell activation and invasion. PLoS One 2013; 8:
€56367 [PMID: 23437118 DOI: 10.1371/journal.pone.0056367]
Machida K, Cheng KT, Lai CK, Jeng KS, Sung VM, Lai MM.
Hepatitis C virus triggers mitochondrial permeability transition
with production of reactive oxygen species, leading to DNA
damage and STAT3 activation. J Viro/ 2006; 80: 7199-7207 [PMID:
16809325 DOI: 10.1128/JV1.00321-06]

Tardif KD, Waris G, Siddiqui A. Hepatitis C virus, ER stress,
and oxidative stress. Trends Microbiol 2005; 13: 159-163 [PMID:
15817385 DOI: 10.1016/j.tim.2005.02.004]

von dem Bussche A, Machida R, Li K, Loevinsohn G, Khander A,
Wang J, Wakita T, Wands JR, Li J. Hepatitis C virus NS2 protein
triggers endoplasmic reticulum stress and suppresses its own viral
replication. J Hepatol 2010; 53: 797-804 [PMID: 20801537 DOI:
10.1016/j.jhep.2010.05.022]

Liberman E, Fong YL, Selby MJ, Choo QL, Cousens L, Houghton
M, Yen TS. Activation of the grp78 and grp94 promoters by
hepatitis C virus E2 envelope protein. J Virol 1999; 73: 3718-3722
[PMID: 10196264]

Merquiol E, Uzi D, Mueller T, Goldenberg D, Nahmias Y, Xavier
RJ, Tirosh B, Shibolet O. HCV causes chronic endoplasmic
reticulum stress leading to adaptation and interference with the
unfolded protein response. PLoS One 2011; 6: ¢24660 [PMID:
21949742 DOLI: 10.1371/journal.pone.0024660]

Hasnain SZ, Lourie R, Das I, Chen AC, McGuckin MA. The
interplay between endoplasmic reticulum stress and inflammation.
Immunol Cell Biol 2012; 90: 260-270 [PMID: 22249202 DOI:
10.1038/icb.2011.112]

Waris G, Tardif KD, Siddiqui A. Endoplasmic reticulum (ER)
stress: hepatitis C virus induces an ER-nucleus signal transduction
pathway and activates NF-kappaB and STAT-3. Biochem
Pharmacol 2002; 64: 1425-1430 [PMID: 12417255 DOI: 10.1016/
S0006-2952(02)01300-X]

Kacheva S, Lenzen S, Gurgul-Convey E. Differential effects
of proinflammatory cytokines on cell death and ER stress in
insulin-secreting INS1E cells and the involvement of nitric oxide.
Cytokine 2011; 55: 195-201 [PMID: 21531147 DOI: 10.1016/
j-cyt0.2011.04.002]

Xue X, Piao JH, Nakajima A, Sakon-Komazawa S, Kojima Y,
Mori K, Yagita H, Okumura K, Harding H, Nakano H. Tumor
necrosis factor alpha (TNFalpha) induces the unfolded protein
response (UPR) in a reactive oxygen species (ROS)-dependent
fashion, and the UPR counteracts ROS accumulation by TNFalpha.
J Biol Chem2005; 280: 33917-33925 [PMID: 16107336 DOI:
10.1074/jbc.M505818200]

Federico A, Aitella E, Sgambato D, Savoia A, De Bartolomeis
F, Dallio M, Ruocco E, Pezone L, Abbondanza C, Loguercio C,

December 21, 2018 | Volume 24 | Issue 47 |



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

JBaishideng®

Li H et a/. Anti-inflammatory/hepatoprotective therapy of HCV

Astarita C. Telaprevir may induce adverse cutaneous reactions
by a T cell immune-mediated mechanism. Ann Hepatol 2015; 14:
420-424 [PMID: 25864225]

Kim S, Han KH, Ahn SH. Hepatitis C Virus and Antiviral Drug
Resistance. Gut Liver 2016; 10: 890-895 [PMID: 27784846 DOI:
10.5009/gnl15573]

Dyson JK, Hutchinson J, Harrison L, Rotimi O, Tiniakos D, Foster
GR, Aldersley MA, McPherson S. Liver toxicity associated with
sofosbuvir, an NS5A inhibitor and ribavirin use. J Hepatol 2016;
64: 234-238 [PMID: 26325535 DOI: 10.1016/j.jhep.2015.07.041]
Wang C, Ji D, Chen J, Shao Q, Li B, Liu J, Wu V, Wong A, Wang
Y, Zhang X, Lu L, Wong C, Tsang S, Zhang Z, Sun J, Hou J, Chen
G, Lau G. Hepatitis due to Reactivation of Hepatitis B Virus in
Endemic Areas Among Patients With Hepatitis C Treated With
Direct-acting Antiviral Agents. Clin Gastroenterol Hepatol 2017,
15: 132-136 [PMID: 27392759 DOI: 10.1016/j.cgh.2016.06.023]
Lam P, Cheung F, Tan HY, Wang N, Yuen MF, Feng Y.
Hepatoprotective Effects of Chinese Medicinal Herbs: A Focus on
Anti-Inflammatory and Anti-Oxidative Activities. /nt J Mol Sci
2016; 17: 465 [PMID: 27043533 DOI: 10.3390/ijms17040465]
Chua LS. Review on liver inflammation and antiinflammatory
activity of Andrographis paniculata for hepatoprotection. Phytother
Res 2014; 28: 1589-1598 [PMID: 25043965 DOI: 10.1002/ptr.5193]
Domitrovié R, Poto¢njak I. A comprehensive overview of
hepatoprotective natural compounds: mechanism of action and
clinical perspectives. Arch Toxicol 2016; 90: 39-79 [PMID:
26377694 DOLI: 10.1007/s00204-015-1580-z]

Kriss M, Burchill M. HCV and nonhepatic malignancy: Is pre-
emptive direct-acting antiviral therapy indicated prior to treatment?
Hepatology 2018; 67: 4-6 [PMID: 28768054 DOI: 10.1002/
hep.29414]

Federico A, Dallio M, Loguercio C. Silymarin/Silybin and Chronic
Liver Disease: A Marriage of Many Years. Molecules 2017; 22
[PMID: 28125040 DOI: 10.3390/molecules22020191]

Neha, Jaggi AS, Singh N. Silymarin and Its Role in Chronic
Diseases. Adv Exp Med Biol 2016; 929: 25-44 [PMID: 27771919
DOI: 10.1007/978-3-319-41342-6 2]

Polyak SJ, Ferenci P, Pawlotsky JM. Hepatoprotective and
antiviral functions of silymarin components in hepatitis C virus
infection. Hepatology 2013; 57: 1262-1271 [PMID: 23213025
DOI: 10.1002/hep.26179]

Stanca E, Serviddio G, Bellanti F, Vendemiale G, Siculella
L, Giudetti AM. Down-regulation of LPCAT expression
increases platelet-activating factor level in cirrhotic rat liver:
potential antiinflammatory effect of silybin. Biochim Biophys
Acta 2013; 1832: 2019-2026 [PMID: 23851051 DOI: 10.1016/
j.bbadis.2013.07.005]

Gordon A, Hobbs DA, Bowden DS, Bailey MJ, Mitchell J, Francis
AlJ, Roberts SK. Effects of Silybum marianum on serum hepatitis C
virus RNA, alanine aminotransferase levels and well-being in patients
with chronic hepatitis C. J Gastroenterol Hepatol 2006; 21: 275-280
[PMID: 16460486 DOI: 10.1111/1.1440-1746.2006.04138.x]

Hawke RL, Schrieber SJ, Soule TA, Wen Z, Smith PC, Reddy
KR, Wahed AS, Belle SH, Afdhal NH, Navarro VJ, Berman J, Liu
QY, Doo E, Fried MW; SyNCH Trial Group. Silymarin ascending
multiple oral dosing phase I study in noncirrhotic patients with
chronic hepatitis C. J Clin Pharmacol 2010; 50: 434-449 [PMID:
19841158 DOI: 10.1177/0091270009347475]

Wen Z, Dumas TE, Schrieber SJ, Hawke RL, Fried MW, Smith
PC. Pharmacokinetics and metabolic profile of free, conjugated,
and total silymarin flavonolignans in human plasma after oral
administration of milk thistle extract. Drug Metab Dispos 2008;
36: 65-72 [PMID: 17913795 DOI: 10.1124/dmd.107.017566]
Ferenci P, Scherzer TM, Kerschner H, Rutter K, Beinhardt S,
Hofer H, Schoniger-Hekele M, Holzmann H, Steindl-Munda
P. Silibinin is a potent antiviral agent in patients with chronic
hepatitis C not responding to pegylated interferon/ribavirin therapy.
Gastroenterology 2008; 135: 1561-1567 [PMID: 18771667 DOI:
10.1053/j.gastro.2008.07.072]

Rutter K, Scherzer TM, Beinhardt S, Kerschner H, Stittermayer

WIJG | https:/ /www.wjgnet.com

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

AF, Hofer H, Popow-Kraupp T, Steindl-Munda P, Ferenci P.
Intravenous silibinin as ‘rescue treatment’ for on-treatment non-
responders to pegylated interferon/ribavirin combination therapy.
Antivir Ther 2011; 16: 1327-1333 [PMID: 22155914 DOI:
10.3851/IMP1942]

Tipoe GL, Leung TM, Liong EC, Lau TY, Fung ML, Nanji AA.
Epigallocatechin-3-gallate (EGCG) reduces liver inflammation,
oxidative stress and fibrosis in carbon tetrachloride (CCl4)-
induced liver injury in mice. Toxicology 2010; 273: 45-52 [PMID:
20438794 DOI: 10.1016/j.t0x.2010.04.014]

Lee MH, Yoon S, Moon JO. The flavonoid naringenin inhibits
dimethylnitrosamine-induced liver damage in rats. Biol Pharm Bull
2004; 27: 72-76 [PMID: 14709902 DOI: 10.1248/bpb.27.72]
Chao WW, Lin BF. Isolation and identification of bioactive
compounds in Andrographis paniculata (Chuanxinlian). Chin Med
2010; 5: 17 [PMID: 20465823 DOI: 10.1186/1749-8546-5-17]
Tsai HR, Yang LM, Tsai WJ, Chiou WF. Andrographolide acts
through inhibition of ERK1/2 and Akt phosphorylation to suppress
chemotactic migration. Eur J Pharmacol 2004; 498: 45-52 [PMID:
15363974 DOI: 10.1016/j.ejphar.2004.07.077]

Lim JC, Chan TK, Ng DS, Sagineedu SR, Stanslas J, Wong WS.
Andrographolide and its analogues: versatile bioactive molecules
for combating inflammation and cancer. Clin Exp Pharmacol
Physiol 2012; 39: 300-310 [PMID: 22017767 DOI: 10.1111/
j-1440-1681.2011.05633.x]

Chatuphonprasert W, Jarukamjorn K, Kondo S, Nemoto N.
Synergistic increases of metabolism and oxidation-reduction
genes on their expression after combined treatment with a CYP1A
inducer and andrographolide. Chem Biol Interact 2009; 182:
233-238 [PMID: 19737545 DOI: 10.1016/j.cbi.2009.09.001]
Jaruchotikamol A, Jarukamjorn K, Sirisangtrakul W, Sakuma T,
Kawasaki Y, Nemoto N. Strong synergistic induction of CYP1A1
expression by andrographolide plus typical CYP1A inducers in
mouse hepatocytes. Toxicol Appl Pharmacol 2007; 224: 156-162
[PMID: 17825862 DOI: 10.1016/j.taap.2007.07.008]

Kapil A, Koul IB, Banerjee SK, Gupta BD. Antihepatotoxic effects
of major diterpenoid constituents of Andrographis paniculata.
Biochem Pharmacol 1993; 46: 182-185 [PMID: 8347130 DOI:
10.1016/0006-2952(93)90364-3]

Suebsasana S, Pongnaratorn P, Sattayasai J, Arkaravichien T,
Tiamkao S, Aromdee C. Analgesic, antipyretic, anti-inflammatory
and toxic effects of andrographolide derivatives in experimental
animals. Arch Pharm Res 2009; 32: 1191-1200 [PMID: 19784573
DOI: 10.1007/s12272-009-1902-x]

Li J, Huang W, Zhang H, Wang X, Zhou H. Synthesis of
andrographolide derivatives and their TNF-alpha and IL-6
expression inhibitory activities. Bioorg Med Chem Lett 2007; 17:
6891-6894 [PMID: 17962017 DOI: 10.1016/j.bmcl.2007.10.009]
Lee JC, Tseng CK, Young KC, Sun HY, Wang SW, Chen WC, Lin
CK, Wu YH. Andrographolide exerts anti-hepatitis C virus activity
by up-regulating haeme oxygenase-1 via the p38 MAPK/Nrf2
pathway in human hepatoma cells. Br J Pharmacol 2014; 171:
237-252 [PMID: 24117426 DOI: 10.1111/bph.12440]
Chandramohan V, Kaphle A, Chekuri M, Gangarudraiah S,
Bychapur Siddaiah G. Evaluating Andrographolide as a Potent
Inhibitor of NS3-4A Protease and Its Drug-Resistant Mutants
Using In Silico Approaches. Adv Virol 2015; 2015: 972067 [PMID:
26587022 DOI: 10.1155/2015/972067]

Esatbeyoglu T, Huebbe P, Ernst IM, Chin D, Wagner AE,
Rimbach G. Curcumin--from molecule to biological function.
Angew Chem Int Ed Engl 2012; 51: 5308-5332 [PMID: 22566109
DOI: 10.1002/anie.201107724]

Mantzorou M, Pavlidou E, Vasios G, Tsagalioti E, Giaginis C.
Effects of curcumin consumption on human chronic diseases: A
narrative review of the most recent clinical data. Phytother Res
2018; 32: 957-975 [PMID: 29468820 DOI: 10.1002/ptr.6037]
Shehzad A, Rehman G, Lee YS. Curcumin in inflammatory
diseases. Biofactors 2013; 39: 69-77 [PMID: 23281076 DOI:
10.1002/biof.1066]

Sordillo PP, Helson L. Curcumin suppression of cytokine release

December 21, 2018 | Volume 24 | Issue 47 |



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

JBaishideng®

Li H et a/. Anti-inflammatory/hepatoprotective therapy of HCV

and cytokine storm. A potential therapy for patients with Ebola
and other severe viral infections. In Vivo 2015; 29: 1-4 [PMID:
25600522]

Tang Y, Zheng S, Chen A. Curcumin eliminates leptin’s effects
on hepatic stellate cell activation via interrupting leptin signaling.
Endocrinology 2009; 150: 3011-3020 [PMID: 19299451 DOI:
10.1210/en.2008-1601]

Samuhasaneeto S, Thong-Ngam D, Kulaputana O, Suyasunanont
D, Klaikeaw N. Curcumin decreased oxidative stress, inhibited
NF-kappaB activation, and improved liver pathology in ethanol-
induced liver injury in rats. J Biomed Biotechnol 2009; 2009:
981963 [PMID: 19606259 DOI: 10.1155/2009/981963]

Fu Y, Zheng S, Lin J, Ryerse J, Chen A. Curcumin protects
the rat liver from CCl4-caused injury and fibrogenesis by
attenuating oxidative stress and suppressing inflammation. Mol
Pharmacol 2008; 73: 399-409 [PMID: 18006644 DOI: 10.1124/
mol.107.039818]

Chen MH, Lee MY, Chuang JJ, Li YZ, Ning ST, Chen JC, Liu
YW. Curcumin inhibits HCV replication by induction of heme
oxygenase-1 and suppression of AKT. Int J Mol Med 2012; 30:
1021-1028 [PMID: 22922731 DOI: 10.3892/ijmm.2012.1096]
Kim K, Kim KH, Kim HY, Cho HK, Sakamoto N, Cheong J.
Curcumin inhibits hepatitis C virus replication via suppressing the
Akt-SREBP-1 pathway. FEBS Lett 2010; 584: 707-712 [PMID:
20026048 DOI: 10.1016/j.febslet.2009.12.019]

Anggakusuma, Colpitts CC, Schang LM, Rachmawati H,
Frentzen A, Pfaender S, Behrendt P, Brown RJ, Bankwitz D,
Steinmann J, Ott M, Meuleman P, Rice CM, Ploss A, Pietschmann
T, Steinmann E. Turmeric curcumin inhibits entry of all hepatitis
C virus genotypes into human liver cells. Gut 2014; 63: 1137-1149
[PMID: 23903236 DOI: 10.1136/gutjnl-2012-304299]

Azzam HS, Goertz C, Fritts M, Jonas WB. Natural products
and chronic hepatitis C virus. Liver Int 2007; 27: 17-25 [PMID:
17241377 DOI: 10.1111/j.1478-3231.2006.01408.x]

Yu YY, Wang QH, Zhu LM, Zhang QB, Xu DZ, Guo YB,
Wang CQ, Guo SH, Zhou XQ, Zhang LX. A clinical research on
oxymatrine for the treatment of chronic hepatitis B. Zhonghua Gan
Zang Bing Za Zhi 2002; 10: 280-281 [PMID: 12223140]

Chen N, Liu YH, Liu XJ, Chen YR, Guo YH, Liu M. [Oxymatrine
inhibits target cell infection in the HCVcc system]. Zhonghua
Gan Zang Bing Za Zhi 2016; 24: 40-45 [PMID: 26983388 DOI:
10.3760/cma.j.issn.1007-3418.2016.01.008]

Chen Y, Li J, Zeng M, Lu L, Qu D, Mao Y, Fan Z, Hua J. [The
inhibitory effect of oxymatrine on hepatitis C virus in vitro].
Zhonghua Gan Zang Bing Za Zhi 2001; 9 Suppl: 12-14 [PMID:
11509127]

Li J, Li C, Zeng M. [Preliminary study on therapeutic effect of
oxymatrine in treating patients with chronic hepatitis C]. Zhongguo
Zhong Xi Yi Jie He Za Zhi 1998; 18: 227-229 [PMID: 11475748]
Li YH, Wu ZY, Tang S, Zhang X, Wang YX, Jiang JD, Peng ZG,
Song DQ. Evolution of matrinic ethanol derivatives as anti-HCV
agents from matrine skeleton. Bioorg Med Chem Lett 2017, 27:
1962-1966 [PMID: 28320615 DOI: 10.1016/j.bmcl.2017.03.025]
Basile A, Pascale M, Franceschelli S, Nieddu E, Mazzei MT, Fossa
P, Turco MC, Mazzei M. Matrine modulates HSC70 levels and
rescues AF508-CFTR. J Cell Physiol 2012; 227: 3317-3323 [PMID:
22170045 DOLI: 10.1002/jcp.24028]

Du NN, Li X, Wang YP, Liu F, Liu YX, Li CX, Peng ZG, Gao
LM, Jiang JD, Song DQ. Synthesis, structure-activity relationship
and biological evaluation of novel N-substituted matrinic acid
derivatives as host heat-stress cognate 70 (Hsc70) down-regulators.
Bioorg Med Chem Lett 2011; 21: 4732-4735 [PMID: 21757347
DOI: 10.1016/j.bmcl.2011.06.071]

Peng ZG, Fan B, Du NN, Wang YP, Gao LM, Li YH, Li YH,
Liu F, You XF, Han YX, Zhao ZY, Cen S, Li JR, Song DQ, Jiang
JD. Small molecular compounds that inhibit hepatitis C virus
replication through destabilizing heat shock cognate 70 messenger
RNA. Hepatology 2010; 52: 845-853 [PMID: 20593456 DOL:
10.1002/hep.23766]

Zhao HW, Zhang ZF, Chai X, Li GQ, Cui HR, Wang HB, Meng

WIJG | https:/ /www.wjgnet.com

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

YK, Liu HM, Wang JB, Li RS, Bai ZF, Xiao XH. Oxymatrine
attenuates CCl4-induced hepatic fibrosis via modulation of TLR4-
dependent inflammatory and TGF-B1 signaling pathways. Int
Immunopharmacol 2016; 36: 249-255 [PMID: 27179304 DOI:
10.1016/j.intimp.2016.04.040]

Chai NL, Fu Q, Shi H, Cai CH, Wan J, Xu SP, Wu BY.
Oxymatrine liposome attenuates hepatic fibrosis via targeting
hepatic stellate cells. World J Gastroenterol 2012; 18: 4199-4206
[PMID: 22919254 DOI: 10.3748/wjg.v18.i31.4199]

Wu XL, Zeng WZ, Jiang MD, Qin JP, Xu H. Effect of Oxymatrine
on the TGFbeta-Smad signaling pathway in rats with CCl4-induced
hepatic fibrosis. World J Gastroenterol 2008; 14: 2100-2105
[PMID: 18395914 DOI: 10.3748/wjg.14.2100]

Shi GF, Li Q. Effects of oxymatrine on experimental hepatic
fibrosis and its mechanism in vivo. World J Gastroenterol 2005,
11: 268-271 [PMID: 15633229 DOI: 10.3748/wjg.v11.i2.268]
Yang W, Zeng M, Fan Z, Mao Y, Song Y, Jia Y, Lu L, Chen
CW, Peng YS, Zhu HY. [Prophylactic and therapeutic effect
of oxymatrine on D-galactosamine-induced rat liver fibrosis].
Zhonghua Gan Zang Bing Za Zhi 2002; 10: 193-196 [PMID:
12113677]

Liu Y, XuY, Ji W, Li X, Sun B, Gao Q, Su C. Anti-tumor activities
of matrine and oxymatrine: literature review. Tumour Biol 2014; 35:
5111-5119 [PMID: 24526416 DOI: 10.1007/s13277-014-1680-z]
Lao Y. Clinical study on effect of matrine injection to protect the
liver function for patients with primary hepatic carcinoma after
trans-artery chemo-embolization (TAE). Zhong Yao Cai 2005; 28:
637-638 [PMID: 16252735]

Weiskirchen R. Hepatoprotective and Anti-fibrotic Agents: It’s
Time to Take the Next Step. Front Pharmacol 2016; 6: 303 [PMID:
26779021 DOI: 10.3389/fphar.2015.00303]

Huang H, Chen Y, Ye J. Inhibition of hepatitis C virus replication
by peroxidation of arachidonate and restoration by vitamin E. Proc
Natl Acad Sci USA 2007; 104: 18666-18670 [PMID: 18003907
DOI: 10.1073/pnas.0708423104]

Melhem A, Stern M, Shibolet O, Israeli E, Ackerman Z, Pappo
O, Hemed N, Rowe M, Ohana H, Zabrecky G, Cohen R, Ilan Y.
Treatment of chronic hepatitis C virus infection via antioxidants:
results of a phase I clinical trial. J Clin Gastroenterol 2005; 39:
737-742 [PMID: 16082287]

Tee HP, Kaffes AJ. Non-small-bowel lesions encountered during
double-balloon enteroscopy performed for obscure gastrointestinal
bleeding. World J Gastroenterol 2010; 16: 1885-1889 [PMID:
20397267 DOI: 10.3748/wjg.v16.115.1885]

Beloqui O, Prieto J, Suarez M, Gil B, Qian CH, Garcia N, Civeira
MP. N-acetyl cysteine enhances the response to interferon-alpha
in chronic hepatitis C: a pilot study. J Interferon Res 1993; 13:
279-282 [PMID: 8228388]

Yang XY, Zhuo Q, Wu TX, Liu GJ. Bicyclol for chronic hepatitis C.
Cochrane Database Syst Rev 2007; : CD004994 [PMID: 17253534
DOLI: 10.1002/14651858.CD004994.pub2]

Liu GT. Bicyclol: a novel drug for treating chronic viral hepatitis
B and C. Med Chem 2009; 5: 29-43 [PMID: 19149648 DOI: 10.21
74/157340609787049316]

Zhen YZ, Li NR, He HW, Zhao SS, Zhang GL, Hao XF, Shao
RG. Protective effect of bicyclol against bile duct ligation-induced
hepatic fibrosis in rats. World J Gastroenterol 2015; 21: 7155-7164
[PMID: 26109801 DOI: 10.3748/wjg.v21.i123.7155]

Gu Y, Zhao J, Yao XM, Li Y. Effects of bicyclol on immunological
liver fibrosis in rats. J Asian Nat Prod Res 2010; 12: 388-398
[PMID: 20496196 DOI: 10.1080/10286021003789047]

Hu QW, Liu GT. Effects of bicyclol on dimethylnitrosamine-
induced liver fibrosis in mice and its mechanism of action.
Life Sci 2006; 79: 606-612 [PMID: 16603200 DOI: 10.1016/
j.1£5.2006.02.025]

LiY, LiY, Liu GT. [Protective effects of bicyclol on liver fibrosis
induced by carbon tetrachloride]. Zhonghua Yi Xue Za Zhi 2004;
84: 2096-2101 [PMID: 15730626 DOI: 10.3760/j:issn:0376-2491.
2004.24.012]

Lou XE, Xu N, Yao HP, Chen Z. Bicyclol attenuates pro-

December 21, 2018 | Volume 24 | Issue 47 |



Li H et a/. Anti-inflammatory/hepatoprotective therapy of HCV

inflammatory cytokine and chemokine productions in CpG-DNA-
stimulated L02 hepatocytes by inhibiting p65-NF-kappaB and
p38-MAPK activation. Pharmazie 2010; 65: 206-212 [PMID:
20383942 DOI: 10.1691/ph.2010.9679]

Raishidenge ~ WJG | https:/ /www.wjgnet.com 5311

141

Paracha UZ, Fatima K, Algahtani M, Chaudhary A, Abuzenadah
A, Damanhouri G, Qadri I. Oxidative stress and hepatitis C virus.

Virol J 2013; 10: 251 [PMID: 23923986 DOI: 10.1186/1743-422X
-10-251]

P- Reviewer: Ciccone M, Tenca A S- Editor: Ma RY
L- Editor: Wang TQ E- Editor: Huang Y

December 21, 2018 | Volume 24 | Issue 47 |



W J

World Journal of
Gastroenterology

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.3748 / wjg.v24.i47 5312

World | Gastroenterol 2018 December 21; 24(47): 5312-5321

ISSN 1007-9327 (print) ISSN 2219-2840 (online)

MINIREVIEWS

Split liver transplantation: Current developments

Christina Hackl, Katharina M Schmidt, Caner Siisal, Bernd Dohler, Martin Zidek, Hans J Schlitt

Christina Hackl, Katharina M Schmidt, Martin Zidek, Hans ]
Schlitt, Department of Surgery, University Hospital Regensburg,
Regensburg 93053, Germany

Caner Sisal, Bernd Ddhler, Collaborative Transplant Study
(CTS), Institute of Immunology, Heidelberg University,
Heidelberg 69120, Germany

ORCID number: Christina Hackl (0000-0002-1346-7238);
Katharina M Schmidt (0000-0001-7750-8150); Caner Siisal
(0000-0003-2521-8201); Bernd Dohler (0000-0003-0051-096X);
Martin Zidek (0000-0002-1931-438X); Hans J Schlitt
(0000-0002-3874-0296).

Author contributions: Hackl C contributed to conception and
design, acquisition of data, drafting the article, critical revision
for important intellectual content, and final approval of the
version to be published; Schmidt KM and Zidek M contributed to
conception and design, critical revision for important intellectual
content, and final approval of the version to be published; Siisal C
and Dohler B contributed to acquisition of data, critical revision
for important intellectual content, and final approval of the
version to be published; Schlitt HJ contributed to conception and
design, acquisition of data, drafting the article, critical revision
for important intellectual content, and final approval of the
version to be published.

Conflict-of-interest statement: The authors declare no conflicts
of interest.

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (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: http://creativecommons.org/
licenses/by-nc/4.0/

Manuscript source: Invited manuscript

Corresponding author to: Christina Hackl, MD, Department
of Surgery, University Medical Center Regensburg, Franz Josef
Strauss Allee 11, Regensburg 93053,

Germany. christina.hackl@ukr.de

Telephone: +49-941-94416806

WIJG | https:/ /www.wjgnet.com

JRaishideng®

Fax: +49-941-9446802

Received: July 9, 2018

Peer-review started: July 10, 2018
First decision: July 18, 2018

Revised: October 9, 2018

Accepted: October 21, 2018

Article in press: October 21, 2018
Published online: December 21, 2018

Abstract

In 1988, Rudolf Pichlmayr pioneered split liver trans-
plantation (SLT), enabling the transplantation of one
donor liver into two recipients - one pediatric and one
adult patient. In the same year, Henri Bismuth and
colleagues performed the first full right/full left split
procedure with two adult recipients. Both splitting
techniques were rapidly adopted within the transplant
community. However, a SLT is technically demanding,
may cause increased perioperative complications,
and may potentially transform an excellent deceased
donor organ into two marginal quality grafts. Thus,
crucial evaluation of donor organs suitable for splitting
and careful screening of potential SLT recipients is
warranted. Furthermore, the logistic background of
the splitting procedure as well as the organ allocation
policy must be adapted to further increase the number
and the safety of SLT. Under defined circumstances, in
selected patients and at experienced transplant centers,
SLT outcomes can be similar to those obtained in full
organ LT. Thus, SLT is an important tool to reduce the
donor organ shortage and waitlist mortality, especially
for pediatric patients and small adults. The present
review gives an overview of technical aspects, current
developments, and clinical outcomes of SLT.

Key words: Liver transplantation; Organ shortage; In
situ split; Extended right lobe; Left lateral lobe; Living
donor
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Core tip: As of today, split liver transplantation (SLT)
is a widely adopted but yet technically demanding
approach to enable liver transplantation especially in
very young recipients, and to reduce organ shortage
and waitlist mortality. In contrast to full organ liver
transplantation, many technical evaluations concerning
the donor organ, the recipient, as well as the splitting
procedure and the organ allocation policy, must be
considered before a SLT can safely be performed. The
present review gives insight into current controversies,
technical challenges, and clinical outcomes of SLT.

Hackl C, Schmidt KM, Siisal C, Dohler B, Zidek M, Schlitt
HIJ. Split liver transplantation: Current developments. World J
Gastroenterol 2018; 24(47): 5312-5321

URL: https://www.wjgnet.com/1007-9327/full/v24/i47/5312.htm
DOI: https://dx.doi.org/10.3748/wjg.v24.147.5312

INTRODUCTION

The first orthotopic liver transplant (LT), published by
Thomas E Starzl, was performed in a 3-year-old patient
diagnosed with biliary atresia™. During the following
years shortage of size-matched grafts for children
became an evident dilemma. In the 1980s, Henri
Bismuth introduced the method of graft size reduction
to enable the use of adult donor grafts for pediatric
LT, However, by thus reducing waitlist mortality for
pediatric or small adult patients, this technique in parallel
increased the organ shortage for adult recipients by
sacrificing the remnant liver. In 1988, Rudolf Pichimayr
was the pioneer of split liver transplantation (SLT),
enabling the transplantation of one donor liver into
two recipients - one pediatric and one adult patient™.
In the same year Bismuth and colleagues performed
the first full right/full left split procedure with two adult
recipients™, Both split techniques were rapidly adopted
within the transplant community and already in 1990,
Christoph Broelsch published a report on the outcome of
30 split liver transplants™.

While in the 1980s the waitlist mortality of pediatric
recipients was 40%, SLT and living donor liver
transplantation (LDLT) helped reduce it down to 10%
in infants and to 5% in older children today™. A novel
analysis of the development of graft survival rates in
LT performed in pediatric patients and reported to the
Collaborative Transplant Study (CTS, https://www.
ctstransplant.org) is shown in Figure 1. Graft survival in
pediatric LT is steadily increasing and current 5-year post-
transplant graft survival is nearly 80%. Furthermore, SLT
and LDLT enabled LT of very small infants and newborns.
Since 1995, the proportion of 0-5-year-old children
among recipients of pediatric LT has remained nearly
constant at 65%, with a high proportion (almost 30%)
in less than 1-year-old infants (Figure 2). As shown in
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Figure 1 Graft survival of liver transplants in 0-17-year-old pediatric
patients by transplant year from 1995-2016. Collaborative Transplant Study
data are derived from 95 transplant centers in 22 countries (87% European
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Figure 2 Different pediatric age groups and distribution of liver
transplants by transplant year from 1995-2016.

Figure 3A, the ratio of LDLT has been steadily increasing
in pediatric LT since 1995. Today, approximately one third
of livers transplanted into pediatric recipients are derived
from living donors (Figure 3A). On the other hand, the
absolute number of livers transplanted into pediatric
recipients from deceased donors has not decreased, and
thus SLT resulted in an extension of the organ pool and
reduction of donor organ scarcity for pediatric as well as
adult LT recipients.

Performing a SLT is technically highly demanding in
adult patients and may cause increased perioperative
complications. The rate of living donors is steadily
increasing in patients receiving an SLT and is currently
reported to be 46% (Figure 3B). When comparing SLT
recipients and full organ recipients, rates of LT using
reduced size or split grafts have been steadily increasing
until the period of 2000-2004 and since then has leveled
off at 13%-15% (Figure 3C). In the first decades of
SLT, increased complication rates caused hesitation to
further spread the use of SLT. Ethical discussions were
raised whether by splitting a liver; an excellent organ is
converted into two marginal quality grafts®”!; whether
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Figure 3 Pediatric (A) and split or reduced liver transplants from living or deceased donors (B) and all liver transplants categorized according to graft size

(C) by transplant year from 1995-2016.

an adult recipient should be allowed to refuse a split
organ remains an unresolved ethical issue. Complication
rates of up to 66.7% after SLT versus 45.1% after full
organ LT have been described™*'"), especially due to
early biliary complications (18.8% in SLT vs 7.5% in full
organ LT) and portal vein thrombosis (14.6% in SLT vs
3.6% in full organ LT)™",

In recent years experienced transplant centers
have published favorable SLT outcomes similar to those
obtained in full organ LT™*™!, supporting the argument
that under defined conditions SLT should continue to
be promoted. Therefore, allocation policies focusing
on increasing SLT must be developed and transplant
centers should be encouraged to perform SLT whenever
safe and possible.

SURGICAL TECHNIQUES

Using the “classical” form of SLT, the liver is divided
into a left lateral lobe (LLL) graft (segments II + III)
for a pediatric or small adult recipient and an extended
right lobe (eRL) graft (segments I + IV-VIII) for an
adult recipient (Figure 4, yellow line)™®. During the
splitting procedure the hepatoduodenal ligament is first
dissected from the left side for adequate identification
of the left hepatic artery. Then, the left portal vein is
dissected, resulting in a deportalization of segment
IV. The following dissection of the liver parenchyma is
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performed at the right side of the falciform and round
ligament, ending between the left and middle hepatic
vein. Bile ducts of segments I and IV should be carefully
saved while the hilar plate is sharply divided, including
segment II and III bile ducts at the longitudinal section
of the left portal vein. Finally, the dissected left portal
vein, left artery, and left hepatic vein are divided. In the
case of very small pediatric recipients, monosegment
grafts consisting of segment II or segment III only can
be applied.

In contrast, full size splits consisting of segments
I-IV and segments V-VIII (Figure 4, black line) enable
transplantation of two adult recipients, although the
left lobe (without segment I) is generally only suitable
for a small adult. Here, the safe biliary drainage of all
segments is especially crucial. In contrast to a “classical
split”, the transsection plane of the liver parenchyma
is significantly larger. Furthermore, due to the lack of a
clear anatomic structure like the falciform ligament to
indicate the resection line, in situ splitting (i.e., splitting
before cold perfusion) should, whenever possible, be
preferred. Potential anatomic variants of blood vessels
and bile ducts must be carefully evaluated. Especially
in full splits, the principle of avoiding multiple small
anastomoses, defined by Henri Bismuth™, is crucial. A
normal left lobe consists of a single portal vein and a
single hepatic duct, a venous outflow, which often has a
common ostium (left + middle vein), and often multiple
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Table 1 Recently published formulae to calculate the liver volume

Ref. Formula Patient group Technique
Urata et al®”, 1995 LV (mL) = 706.2 x BSA (m®) + 2.4 96 patients (65 pediatric) CT
Vauthey et al", 2002 Based on BSA: 292 adults CT
LV = -794.41 +1267.28 x BSA (m?)
#* = 0.46; P < 0.0001
Based on patient weight:
LV =191.80 + 18,51 x body weight (kg)

#*=0.49; P < 0.0001
Heinemann et al”, 1999 LV (mL) = 1072.8 x BSA (m’) - 345.7 1332 patients Autopsy
Kokudo et al", 2015 LV =203.3 - (3.61 x age) + [58.7 x thoracic width (cm)] - [463.7 x 180 Japanese and 160 Swiss CT

race (1 = Asian, 0 = Caucasian)] patients

Herden et al™, 2013 Children 0 to <1 yr: 388 pediatrics Autopsy

LV (mL) = 143.062973 + 4274603051 x body length (cm) +

14.78817631 x body weight (kg)
Children > 1 yr to <16 yr:

LV (mL) = 202472281 + 3339056437 x body length (cm) +

13.11312561 x body weight (kg)

LV: Liver volume; BSA: Body surface area; CT: Computed tomography.

branches of small hepatic arteries. A “normal” right lobe
consists of a single right artery, but often shows multiple
venous branches, hepatic ducts, and sometimes even
multiple branches of the portal vein. During the full split
procedure it is recommended that the left lobe retains
the celiac trunk, whereas the right lobe retains the main
hepatic duct, the main portal vein, and the caval vein.
For adequate venous drainage the left common ostium
of the left and middle vein is anastomosed with the
recipient venous cuff created from all three hepatic veins
during a piggyback LT technique. For excellent venous
outflow of the right lobe, reconstruction of the middle
vein must be considered, and for reduction of the risk of
a small-for-size syndrome, portal inflow modification of
the recipient needs deliberation. Potential modifications
are: (1) splenic artery ligation, (2) splenectomy, (3)
creating a hemi-portocaval shunt, and (4) (temporary)
preservation of preexisting portocaval collaterals. If
a relevant small-for-size syndrome still occurs, early
retransplantation must be considered.

A crucial aspect to avoid small-for-size (or, in small
infants, large-for-size) syndromes is the meticulous
evaluation of the donor liver volume. For the Caucasian
population, liver volume can be calculated as 1072.8 *
body surface area (m?) - 345.71""). However, multiple
formulae exist to calculate the liver volume of a potential
donor;, considering weight, body surface area, ethnicity,
and thoracoabdominal circumference (see overview in
Table 17721),

In LDLT, a minimal graft-to-recipient weight ratio
of 0.6%-0.8% has been suggested® ", However,
since LDLT grafts are derived from very healthy donors
under ideal organ procurement conditions that include
a minimal cold ischemia time, the minimal graft-to-
recipient weight ratio considered safe in deceased donor
SLT appears to be 0.8%-1.0%"®?>*% As a simplified
estimation, the liver weight represents 2% of the
body weight of a normal weight adult. A LLL split thus
consists of approximately 250 mL of liver parenchyma
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and an eRL of 1100 mL of liver parenchyma. However,
due to the often mal- or non-perfused segments IV
and I in eRL grafts, their functional liver parenchyma is
often smaller. A full left split consists of approximately
400 mL liver parenchyma, thus being sufficient for adult
recipients up to a body weight of 40-50 kg. A full right
split with 800-1000 mL of liver parenchyma serves
recipients up to 80-100 kg body weight, assuming a
perfect venous drainage of the whole parenchyma of
the right lobe!”’?®l, An overview of mostly used grafts
in living donor and deceased donor SLT is given in
Figure 5. Within the CTS population the majority of SLT
performed using living donors are either LLL (38.4%) or
extended right splits (41%). In contrast, in 4241 SLTs
performed with deceased donor organs from 1995-2016
a significant variation in types of SLTs exists (Figure 5).

The “classical form” of SLT from deceased donors,
namely left lateral or eRL SLT, is currently performed
in approximately 74% of SLT, whereas full left/right
lobe SLT is performed in 17% of SLT (Figure 6A). As
illustrated in Figure 6B, left lateral splits are used in
33.9% of the cases for less than 1-year-old recipients
and in 50.1% of the cases for 1-5-year-old recipients.
A minority of left lateral SLT grafts is used for recipients
older than 6 years. Left lobe SLT grafts are used in
12.3% of the cases for less than 1-year-old recipients,
in 31.6% of the cases for 1-5-year-old recipients, and
in 37.7% of the cases for 6-14-year-old recipients. In
contrast, almost 90% of right lobe or eRL grafts are
used for adult recipients (Figure 6B), and 16.8% of left
lobe splits are used for (small) adult recipients.

When SLT from living donor organs were analyzed
within the CTS population, 637 right lobe, 217 left
lobe, and 594 LLL donations were performed from
1995-2016 (Figure 6C). In adult recipients, 95.1% of
right lobes, 18.4% of left lobes, and 5.1% of LLL were
used, whereas 27.6% of left lobes and more than 80%
of LLL were used for 0-5-year-old infants (Figure 6C).

The decision making for deceased donor SLT
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Figure 4 Scheme of a “classical” extended right lobelleft lateral lobe split (yellow line) and a full left/full right split (black line).

must factor in careful donor selection, logistic aspects
concerning the split procedure, and the condition of
the recipient. Concerning donor selection, Liu et a/*®
recommended the following criteria for “classical” SLT:
hemodynamically stable patients younger than 55
years, duration of ICU treatment less than 5 d, fatty
degeneration of the liver of less than 30%, GGT < 50
U/L, GPT < 60 U/L, and serum sodium < 160 mmol/L.
For full right/left SLT, donors should weigh more than 70
kg, be younger than 40 years, duration of ICU treatment
less than 3 d, and fatty degeneration of the liver should
be less than 10%"®. These criteria slightly differ between
transplant programs world-wide (see Table 2). Analyzing
the CTS data, the median age of deceased donor livers
used for SLT is 28-30 years and has remained constant
since 1995 (Figure 7A). However, the median age of the
deceased donor livers slightly increases in relation to the
age of the recipient (Figure 7B). This reflects ongoing
discussions of the influence of donor age on long-term
outcomes after LT and SLT??. At the same time these
data show that the maximum donor age tolerated for
SLT in most transplant programs (see Table 2) is not
exhausted and decision making for SLT may be stricter
than needed””’.

ETHICAL ISSUES

Because splitting a liver is a technically demanding
procedure, outstanding surgical expertise is warranted.
If the split procedure is performed in situ, up to 3 h more
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operating time during organ procurement is needed
and might result in quality impairment regarding other
organs procured from the same donor. If the split is
performed after donor hepatectomy, i.e., ex situ in the
recipient center; a respective longer cold ischemia time of
the donor liver will result.

A current analysis of 37333 deceased donor LT in
the United States revealed that 2352 (6.3%) of these
livers met strict criteria for potential split, however only
1418 livers (3.8%) were indeed split. During the study
period, less children died on the waitlist than livers were
procured that could potentially have been split and used
for SLT. Thus, an infant waitlist mortality of 10% and
pediatric waitlist mortality of 5% in the United States
could theoretically be eliminated by promoting SLT®. An
overview of rates of SLT and criteria to perform a SLT in
different transplant programs is given in Table 2. While
most programs show SLT of up to 6%, programs in the
United Kingdom, Brazil, and Argentina reach 10%. The
highest rate of SLT is in the Northern Italian region at a
rate of 20%. According to ideal evaluation regimes of
donor organs, in situ splitting and a modified allocation
policy promoting SLT in Northern Italy, this region is
a pioneer in promoting SLT with a very high outcome
quality in selected patients (see Outcome section). When
comparing the rates of SLT reported to the International
Registry in Organ Donation and Transplantation (IRODaT)
for 2016, variations of SLT rates between 0% and
20% have been published (Table 3). A weakness of
this database is the voluntary reporting of SLT rates
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Table 2 Criteria and rates of split liver transplantation in different transplant programs according to the transplant programs

homepages

Program Rate of SLT Donor age Weight/BMI Transaminases Other criteria
UNOS 1%-4% (but according <40 <28kg/m’ <3 x ULN Single vasopressor
to UNOS criteria > 10%
eligible)
ET 6% <50 >50 kg
United Kingdom 10.6% <40 >50 kg <5dICU
Argentina/Brazil 10% <47 umbilical perimeter < 92 AST<42U/L
cm ALT<29U/L
Oceania 6%
Scandia-transplant ? <51 <26 kg/m’ ALT/AST < 3 x normal <4dICU
Saudi-Arabia 5.6%
South Africa 3%
Japan 1.8%
Italy 8% (Northern Italy: 20%) <60 Near-normal liver =~ <5 d ICU Low inotropic
function tests support

ALT: Alanine transaminase; AST: Aspartate aminotransferase; ET: Eurotransplant; ICU: Intensive care unit; SLT: Split liver transplantation.
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Figure 5 Split or reduced liver transplants from 1995-2016 categorized
according to graft size.

to the IRODaT, resulting in underrated SLT rates and
a lack of deceased donor organs due to religious and
cultural reasons in Asian countries (where in contrast a
huge expertise in LDLT exists). Nevertheless, based on
published criteria to perform an SLT in different transplant
programs and reported SLT numbers, a significant
discrepancy can be stated in most transplant programs,
and SLT should be further promoted.

OUTCOMES

In a recent Korean analysis, 86 eRL deceased donor split
LT in adult recipients were compared to 303 deceased
donor full organ LT. Of note, less than 25% of LT in South
Korea are performed using deceased donors, i.e., a great
surgical expertise in in situ splitting for LDLT exists. Groups
were matched for recipient age, MELD score, duration
of ischemia, and graft-to-recipient weight ratio. Donors
of eRL splits were significantly younger. There was no
significant difference in complication rates and 5-year graft
survival rates between deceased donor SLT and full organ
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LT (89% vs 93%, P > 0.05). However, the 5-year overall
survival rate and graft failure-free survival rate (both 63%)
of eRL splits were significantly worse than in the full organ
LT group (79%, P = 0.05. Factors resulting in a reduced
overall survival in eRL recipients were a MELD-score
greater than 30 and donor-recipient weight ratio less than
1.0. In subgroup analyses the outcome of both groups
was equivalent if a donor-recipient weight ratio greater
than 1.0 was observed in the eRL recipients®”.

A recent European Liver Transplant Registry analysis
of 1500 pediatric recipients of left lateral split LT
between 2006 and 2014 described SLT as safe when
identified risk factors were avoided. Risk factors for graft
failure in multivariate analyses were urgency of SLT,
recipient body weight less than 6 kg, donor age greater
than 50 years, and a prolonged cold ischemia time (HR
= 1.07/h). The authors concluded that recipients less
than 6 kg and recipients needing urgent SLT needed
cold ischemia times less than 6 h and careful graft/
recipient size matching". Another recent analysis of
the European Liver Transplant Registry showed the
impact of the Eurotransplant (ET) allocation policy on
the outcome of eRL SLT. Current SLT allocation by ET
allocates a splittable organ primarily to the pediatric LT
center. After splitting, eRL splits are mostly reallocated
to a second transplant center. Of the 5351 LTs analyzed,
269 were eRL SLTs. Patient survival rates showed no
significant differences in eRL SLT vs whole organ LT
(5-year overall survival of 73.6% after whole organ
as well as after eRL LT). However, cold ischemia times
were significantly longer in eRL recipients (12.1 £ 3.3
hvs 83 £ 2.8 h, P < 0.001) and eRL recipients had a
significantly higher risk for retransplantation (14.4%
after eRL SLT; 10.2% after whole organ LT, P = 0.02).
Furthermore, overall survival correlated with a MELD-
score greater than 14 in eRL recipients, whereas this
correlation was only seen for MELD-scores greater than
20 in whole organ LT recipients®?.

A critical point of this analysis was that splitting
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Table 3 Numbers of liver transplantations, living-donor liver transplantations, deceased donor liver transplantations, and split

liver transplantations and the rate of split liver transplantation in deceased donor liver transplantation performed in different
transplant programs in 2016 according to the International Registry in Organ Donation and Transplantation

Total number Living donors Deceased donors Split-liver Split-liver (%)
UNOS 8082 367 7715 0 0
Eurotransplant
Germany 821 61 760 74 9.01
Austria 154 2 152 6 3.90
Croatia 121 0 121 0 0
Netherlands 147 0 147 0 0
Belgium 302 46 256 1 0.33
Luxemburg 0 0 0 0 0
Hungary 74 0 74 0 0
Slovenia 27 0 27 0 0
Scandiatransplant 0
Sweden 199 2 197 0 0
Norway 100 0 100 0 0
Finland 61 0 61 0 0
Iceland 0 0 0 0 0
Denmark 574 0 57 0 0
China - - - -
India - - -
Japan 438 381 57 8 1.83
South Korea 1473 965 508 36 244
Australia 314 2 312 65 20.70
Brazil 2037 157 1880 0 0
Argentina 349 37 312 0 0
Mexico 178 8] 175 0 0
Canada 582 73 509 0 0
South Africa 69 15 54 2 2.90
United Kingdom 953 32 921 101 10.60
France 1317 B 1312 0 0
Spain 1159 28 1131 0 0
Italy 1220 7 1213 98 8.03
Poland 345 28 317 0 0
Czech Republic 179 1 178 0 0
Balttransplant 33 0 33 0 0

was mainly performed ex situ in the transplant center
accepting the LLL, resulting in reallocation and prolonged
cold ischemia time of the eRL. In contrast, in Northern
Italy where the splitting procedures are mostly per-
formed as in situ splits, reported excellent outcomes
of 382 eRL SLTs in a multicenter analysis®*.. Since this
publication, all deceased donor livers from donors less
than 50 years of age and not allocated to high urgency
patients in Italy are now evaluated for SLT. If SLT is
done, allocation of the eRL is performed center-specific
outside the MELD allocation system™". Recently, the
first long-term analysis of 119 matched-pair recipients
of whole LT recipients vs eRL SLT recipients in Italy
showed contradictive results; full organ recipients had
significantly longer 1-year, 5-year and 10-year overall
survival rates compared to SLT recipients (1 year: 93%
vs 73%, 5 years: 87% vs 65%; 10 years: 83% vs 60%,
P < 0.001)", Also graft survival rates were substantially
better in full organ recipients (1 year: 90% vs 76%; 5
years: 84% vs 57%; 10 years; 81% vs 52%, P < 0.001).
When analyzing the subgroup of patients who survived
the first year after LT, 5- and 10-year patient and graft
survival did not show more significant differences in
this publication. The authors identified the following risk
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factors for SLT recipients: (1) donor age less than 50
years, (2) graft-to-recipient weight ratio less than 1.0,
(3) retransplantation and (4) recipients with UNOS status
I-ITa. The authors concluded that SLT using eRL grafts, if
used after careful evaluation and in selected patients, can
achieve long-term outcomes similar to full organ LT, but
should not be performed in patients with risk factors®,

THE FUTURE OF SLT

Recent clinical research has investigated the influence
of normothermic machine perfusion on procured livers.
A first report on feasibility and safety of normothermic
recovery of an initially rejected liver graft was published
by the Birmingham group in 2016", and they subse-
quently reported on five additional similar cases®”.
In 2018, the same group published the first splitting
procedure (eRL/LLL) during normothermic machine
perfusion®®®, Although this marginal organ was not used
for LT after the split procedure, further research and
development of this technique may positively impact
future numbers of SLT in a monitored and safe manner.
Another ongoing discussion is the need to modify
organ allocation to promote SLT. The sickest first policy,
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Figure 7 Distribution of donor age according to transplant year (A) and recipient age (B) in deceased donor split or reduced liver transplantations

performed from 1995-2016.

represented by the Model of End Stage Liver Disease
(MELD) was implemented in UNOS in 2002 and in ET
at the end of 2006, SLT allocation according to the
MELD system allocates a splittable organ primarily to
the center of the recipient with highest priority (mostly
the pediatric patient). After splitting is confirmed, the
unused split is reallocated to a second transplant center.
This allocation practice results in reduced rates of in situ
splitting, prolonged cold ischemia times, and potentially
higher complication rates with SLT. Center-based
allocation is performed in countries with few transplant

Raishidenge ~ WJG | https:/ /www.wjgnet.com

centers, e.g., Australia and the United Kingdom. In these
programs reported SLT rates significantly exceed SLT
rates in MELD-based allocation regions. As the Northern
Italian experience has shown, all deceased donor livers
meeting criteria to perform SLT, and not allocated to
high urgency patients, should be offered for SLT. If SLT
is performed, then the allocation of both splits should be
performed center-specific outside the MELD allocation
system to create another incentive for the transplant
centers willing and able to perform an SLT. In situ splitting
should be performed whenever possible, but realize that
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such a new policy may result in further centralization
of transplant surgery or even discrimination of centers
not able to perform SLT. Also, a center-based allocation
system is more prone to subjective decision making and
should be critically monitored. Strasberg and colleagues
have suggested a nation- or transplant program-wide
focus of organ allocation based on the number of lives
saved, rather than the MELD-based sickest first policy™"..
Due to the increasing shortage of donor organs and
still relevant waitlist mortality, such a policy would be
an essential step towards improved quantities without
reduction of quality in LT.

CONCLUSION

SLT, although technically demanding, is a routine and
safe procedure resulting in increased numbers of LT,
increased feasibility of LT in very young recipients,
and in reduced waitlist mortality. Short and long-term
outcomes and survival can be similar to whole organ
LT if meticulous evaluations of donor organs and SLT
recipients are performed, and logistics of organ allocation
and splitting procedures are adapted. Because donor
organ scarcity remains a primary problem in LT today,
SLT is a valid solution and should be further promoted
by both transplant program regulations and participating
transplant centers/surgeons. Organ allocation policies
should be adapted to create further incentives for LT
centers willing and able to perform SLT. Safety must
continue to have highest priority in LT and SLT.
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Abstract

Ulcerative colitis (UC), a chronic, relapsing, remitting
disease of the colon and rectum, is characterized
by inflammatory ulceration of the mucosa. Current
UC therapy relies on controlling acute episodes and
preventing relapse. To predict modifications in the
natural course of UC, mucosal healing (MH) has
emerged as a major treatment goal. Endoscopic
evaluation is considered the gold standard for assessing
MH, which can be achieved by conventional drugs and
biologics in many, but not all, patients. Consequently,
interest is focusing on the development of new
substances for UC therapy, and new oral agents are
in the pipeline. This review will focus on the ability of
newly developed oral drugs to induce and maintain MH
in UC patients.

Key words: Mucosal healing; New oral treatments;
Ozanimod; Peficitinib; Tofacitinib; Ulcerative colitis

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The disease activity of ulcerative colitis (UC)
is not sufficiently controlled in a subgroup of patients
under the current therapeutic regimens. New oral
substances are in the pipeline for treating UC. Mucosal
healing (MH) has emerged as an important predictor
of modifications in the natural disease course of UC.
This review describes the efficacy of new oral drugs in
inducing and maintaining MH in UC.
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INTRODUCTION

Ulcerative colitis (UC) is a chronic, relapsing, remitting
inflammatory disease of the colon and rectum, causing
ulceration of the mucosa. Although UC usually has a
mild to moderate course, approximately 20%-25%
of patients suffer at least one severe acute attack,
requiring hospitalisation™.

Current UC treatment relies on controlling acute
attacks and preventing relapse’® by means of first-
line agents like aminosalicylates, steroids, and
immunosuppressants. When conventional therapy fails
because of lack of efficacy or drug intolerance, biological
agents may be administered to gain disease control.
However, the available agents (infliximab, adalimumab,
and golimumab) are often associated with primary and,
more importantly, secondary loss of response!®. In
addition to tumor necrosis factor (TNF)-c inhibitors, the
a4p7 integrin inhibitor vedolizumab has recently been
playing a major role in the therapeutic arsenal™.

Advances in understanding the pathophysiology
of UC led to strategies that were designed to alter
cytokine levels®. When attempting cytokine targeting,
it is important to remember the role of the cells that
produce and respond to those cytokines, and that
efficacy may be linked to the role of cytokines in non-
immune cells, all of which may limit therapeutic success
or cause unpredictable adverse events'®,

Fortunately, additional new therapeutic options have
been, and are still being, actively explored and some
have already entered daily clinical practice. Mucosal
healing (MH) has emerged as a major treatment goal
for patients with UC®), Although endoscopy is the
gold standard for assessing MH™, there are several
endoscopic definitions of MH, most of which are not
validated. In a recent consensus agreement called the
Ulcerative Colitis Endoscopic Index of Severity (UCEIS),
0 was defined as endoscopic response as were a = 1
grade decrease in the Mayo endoscopic score or = 2
point drop in the UCEIS™",

Ideally, clinical recovery should be followed by
mucosal repairt’?, which is assessed by evaluating the
macroscopic appearance of the mucosa at endoscopy.
MH is defined as resolution of visible mucosal
inflammation and ulceration at endoscopy™®, and
diverse endoscopic scoring systems were developed
to assess its presence or absence!™. Even though the
Mayo Endoscopic Score™ is one of the most frequently
used, only the UCEIS™® has been validated to date!*”.

MH is crucial because it predicts long-term remission,
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reduces the risk of dysplasia or cancer, lowers hospitali-
sation and surgery rates, and improves quality of life,
thus modifying the natural course of UC by slowing
down, or even preventing, disease progression!'®], Since
inflammation is limited to the mucosa in UC patients, MH
has become a central therapeutic goal, which may be
achieved by means of several classes of drugs, including
mesalamine™, corticosteroids™™, immunomodulatorst?,
and biologics®®?.

In this review, we discuss the efficacy of new
oral drugs, which have been recently developed and
successfully tested for UC therapy, in inducing and
maintaining MH.

JANUS KINASE INHIBITORS

Janus kinases (JAKs), a family of intracellular proteins,
consist of JAK 1, 2, and 3 and the related kinase
tyrosine kinase 2 (TYK2)"’.. Several JAK inhibitors were
developed as therapy for immune-mediated diseases
like rheumatoid arthritis, IBD, and psoriasis™*. Some
compounds with JAK inhibitor activity have been tested
for efficacy as potential UC treatments. They are
small molecules characterized by oral administration,
short serum half-life, intracellular target, and non-
antigenicity'®. The results of JAK treatment for UC are
summarized in Table 1.

Tofacitinib

Tofacitinib®, a non-selective JAK inhibitor, has recently
been approved in Europe for adult patients with
moderate to severe active UC who responded poorly,
lost response, or were intolerant to either conventional
therapy or a biologic agent™. A few years ago, a
phase II clinical trial demonstrated for the first time
that tofacitinib was effective in UC®®.. This trial was
conducted on 194 patients with moderate to severe UC
who had not responded to conventional therapy, anti-
TNF agents or a combined approach. Tofacitinib at doses
of 0.5, 3, 10 or 15 mg was administered twice daily
vs placebo for 8 wk. Patients displayed an excellent
clinical response, with the highest dose group having an
almost 78% response rate. The endoscopic response
was defined as a decrease of at least 1 from baseline
in the endoscopy subscore, and endoscopic remission
was defined as an endoscopic subscore of 0. At 8 wk,
endoscopic remission occurred in 1/48 patients (2%)
receiving placebo, compared with 3/31 (10%) receiving
0.5 mg of tofacitinib (P = 0.14), 6/33 (18%) receiving
3 mg of tofacitinib (P = 0.01), 10/33 (30%) receiving
10 mg of tofacitinib (P < 0.001), and 13/49 (27%)
receiving 15 mg of tofacitinib (P < 0.001). The post
hoc analysis®® showed that median fecal calprotectin
(FCP) concentrations at week 8 were significantly lower
(P < 0.001) in responders than in non-responders (P <
0.001) with respect to endoscopic remission (44 mg/kg
vs 489 mg/kg) and MH (127 mg/kg vs 753 mg/kg).
Moreover, an FCP cut-off value of 150 mg/kg displayed
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Table 1 Summary of treatment results with Janus kinase inhibitors in ulcerative colitis patients

Study Drug Study population Treatment arm Endoscopy endpoint Time of observation, Rate of mucosal
wk healing
Sandborn et al™ Tofacitinib Moderate to severe  Doses of 0.5, 3,10, or Secondary end points; At 8wk Placebo 2%
UC patients (1 =194) 15 mg/twice daily vs Endoscopic remission: Tofacitinib 0.5 mg =
placebo for 8 wk an endoscopic 10%, (P = 0.14)
subscore of 0 Tofacitinib 3 mg =
18%, (P =0.01)
Tofacitinib 10 mg =
30%, (P <0.001),
Tofacitinib 15 mg =
27%, (P < 0.001)
Sandborn et al™” Tofacitinib Moderate to severe  Dose of 10 mg/ twice Key secondary At 8wk Placebo 15.6%
UC patients (n = 614)  daily vs placebo for ~ endpoint was MH Tofacitinib 10 mg =
8 wk 16 patients (Mayo endoscopic 31.3%, (P < 0.001)
received tofacitinib 15  subscore of 0 or 1)
mg twice daily
Sandborn et al™ Tofacitinib Moderate to severe  Dose of 10 mg twice Key secondary At 8wk Placebo 11.6%
UC patients (1 = 547)  daily vs placebo for  endpoint was MH; Tofacitinib 10 mg =
8 wk; 6 received Mayo endoscopic 28.4%, (P < 0.001)
tofacitinib; 15 mg subscore of 0 or 1
twice daily
Sandborn et al™” Tofacitinib Moderate to severe ~ Dose of 5 mg twice ~ Key secondary end At 52 wk Placebo 13.1%
UC patients (n =593)  daily, 10 mg twice ~ points were mucosal Tofacitinib 5 mg =
daily, or placebo for healing; Mayo 37.4%, (P < 0.001)
52 wk endoscopic subscore Tofacitinib 10 mg =
of Oor1 45.7%, (P < 0.001)
Motoya et al™! Tofacitinib Moderate to severe  Dose of 5 mg twice Key secondary At 8 wk (OCTAVE Placebo 7.7%
UC patients (n =121 daily (OCTAVE endpoint was MH Induction 1 and 2); Tofacitinib 10 mg
OCTAVE Induction ~ sustain only), 10mg  (Mayo endoscopic At 52 wk (OCTAVE ~ =24.2% (OCTAVE
land 2) (n=63, twice daily, or placebo  subscore of 0 or 1 sustain) Induction 1 and 2)
OCTAVE Sustain) Placebo 20%
Tofacitinib 5 mg =
45.5%
Tofacitinib 10 mg
=57.1% (OCTAVE
Sustain)
Sands et al®™ Peficitinib Moderate-to-severe ~ Dose of 25 mg once  Secondary endpoint At 8wk Placebo 18.6%
UC (n=219) daily (qd), 75 mg qd, was MH; Mayo Peficitinib 25 mg qd
150 mg qd, 75 mg  endoscopic subscore mg =20.5%
twice daily (bid) or of Oor1 Peficitinib 75 mg qd =
placebo 29.5%
Peficitinib 150 mg qd
=45.5% (P <0.05)
Peficitinib 75 mg

bidmg = 36.4%

UC: Ulcerative colitis; OCTAVE: Oral Clinical Trials for tof Acitinib in ulceratiVE colitis.

the highest sensitivity and specificity for clinical (0.68
and 0.79, kappa = 0.44) and endoscopic (0.79 and 0.75,
kappa = 0.38) remission. The authors concluded that
daily fluctuations in FCP concentrations might account
for the low agreement between FCP and endoscopic
remission. In addition, residual inflammation might
still persist histologically despite MH and endoscopic
remission. Since safety concerns (hyperlipidemia and
viral infections) emerged for patients receiving the
highest dose, the US Food and Drug Administration
subsequently authorized only the 10 mg dose for clinical
development. Consequently, the most recent OCTAVE
(Oral Clinical Trials for tofAcitinib in ulceratiVE colitis )
trials on tofacitinib induction were conducted using a 10
mg dose twice daily™”.
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OCTAVE trials: Three multi-centre, randomized,
double-blind, placebo-controlled trials (OCTAVE
Induction 1; OCTAVE Induction 2; and OCTAVE Sustain)
were conducted on moderate to severe UCP?. In the
OCTAVE Induction 1 and 2 trials, 1139 eligible patients
were randomly assigned to induction therapy with oral
tofacitinib at a dose of 10 mg twice daily or placebo for
8 wk. The primary endpoint was remission at the end
of the study, and the key secondary endpoint was MH
(Mayo endoscopic subscore of 0 or 1) at 8 wk. Of note,
endoscopic results were centrally assessed by a blinded
observer, a methodological advance that has been
adopted in recent UC studies. In the OCTAVE Induction 1
trial, 18.5% of patients receiving tofacitinib achieved the
primary end point, i.e., remission at 8 wk compared with
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8.2% of the placebo group (P = 0.007). In the OCTAVE
Induction 2 trial, remission rates were 16.6% vs 3.6%
(P < 0.001). Both trials displayed similar results for the
key secondary endpoint. MH was achieved in 31.3%
(OCTAVE 1) and 28.4% (OCTAVE 2) patients receiving
tofacitinib vs 15.6% and 11.6% in the placebo groups,
respectively (P < 0.001 for both comparisons). Although
these success rates may appear unimpressive, it should
be emphasized that both study populations were highly
treatment-refractory. All patients had, in fact, failed
to respond to conventional therapies for UC, including
TNF-blockers, and approximately half were receiving
corticosteroids at baseline. Nevertheless, in subgroup
analyses, a consistent treatment effect of tofacitinib
was observed in anti-TNF naive and anti-TNF exposed
patients.

In the OCTAVE Sustain trial, 593 patients who had
completed the OCTAVE Induction 1 or 2 trial and had
responded clinically to induction therapy were assigned
to tofacitinib maintenance therapy (5 or 10 mg twice
daily) or placebo for 52 wk. MH, a key secondary end
point, occurred in significantly more patients than
placebo in both groups. Specifically, MH was observed in
74/198 patients (37.4%) in the 5 mg group and in 90/
197 (45.7%) in the 10 mg group, vs 26/198 (13.1%) in
the placebo cohort (P < 0.001 for both comparisons). At
week 24, MH was observed in 43.9% of the 5 mg group
and in 46.2% of the 10 mg group vs 17.2% of the
placebo group. Also at week 24, MH was maintained in
52.4% of participants with MH at baseline who received
the 5 mg tofacitinb dose and in 66.3% who received
10 mg tofacitinb, compared with 21.8% in the placebo
group (P < 0.001). Endoscopic remission, defined as an
endoscopic subscore of 0, was another end-point. After
24 and 52 wk, it was observed in 16.2% and 14.6%
of the 5 mg tofacitinib group and in 12.2% and 16.8%
of the 10 mg tofacitinib group, respectively, vs 4%
of placebo patients. Sustained endoscopic remission,
defined as responses at both week 24 and 52, was 6.1%
and 5.1% in the 5 mg and the 10 mg tofacitinib groups,
respectively.

In post-hoc analyses of East Asian patients with
active UC who were enrolled in global phase 3 induction
and maintenance studies™, twice daily doses of 10 mg
oral tofacitinib induced MH with greater efficacy than
placebo. At week 8, 10 mg tofacitinib was associated
with a 24.2% response rate vs 7.7% with placebo.
Similarly, MH was achieved at week 52 in 45.5% of
patients receiving 5 mg tofacitinib, and in 57.1% of
those given 10 mg twice daily of tofacitinib vs 20.0%
receiving placebo.

An ongoing, open-label, long-term extension study
(OCTAVE Open)®? included non-responders from
OCTAVE Induction 1 and 2, and patients who had
completed or experienced treatment failure in OCTAVE
Sustain. This trial was conducted in a subpopulation of
58 patients who achieved clinical response following 8
wk induction therapy with 10 mg twice daily tofacitinib.
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The patients entered OCTAVE Sustain receiving 5 mg
twice daily tofacitinib, but experienced treatment failure
between week 8 and 52. In the OCTAVE Open, these
patients were escalated to 10 mg tofacitinib twice daily,
which induced MH in 41.4% and 60.4% patients at
months 2 and 12, respectively, compared with baseline
(5.2%)",

Peficitinib

Peficitinib, a JAK1, JAK2, and JAK3 oral inhibitor, has
an in vitro potency that is approximately 6- to 7-fold
greater for JAK3 than for JAK1 and JAK2P%, In a phase
2b randomized, double-blind, placebo-controlled, dose-
ranging trial, its efficacy and safety were evaluated in
219 patients with moderate-to-severe UC™®!. Patients
were equally randomized to receive oral placebo or 25,
75 or 150 mg peficitinib once daily, or 75 mg peficitinib
twice daily. At week 8, patients were assessed for clinical
response, and MH was one of the secondary endpoints.
The Mayo endoscopic subscores were assigned by the
local reader (blinded to treatment assignment) and the
central reader (blinded to treatment assignment and
clinical examination). Few patients achieved normal or
inactive mucosal disease (endoscopy subscore of 0).
At week 8, MH was observed in 20.5% (25 mg daily),
29.5% (75 mg daily), 45.5% (150 mg daily,) 36.4%
(75 mg twice daily) vs 18.6% of patients (placebo).
While no dose-response of peficitinib was demonstrated
in patients with moderate-to-severe UC, evidence of
efficacy in achieving MH was suggested at doses > 75
mg daily vs placebo.

Upadacitinib

Upadacitinib, a JAK 1 inhibitor, is being developed to
treat rheumatoid arthritis and other inflammatory
diseases. At present, it is being investigated as an oral
treatment of UC***”], but no results are yet available.

MODULATION OF SPHINGOSINE-1-

PHOSPHATE RECEPTOR

The sphingosine-1-phosphate (S1P) receptor family
consists of widely expressed receptors (S1P1 through
S1P5) that are implicated in regulating multiple
immunological and cardiovascular functions such as
cell proliferation and migration, immune cell tracking,
angiogenesis and the epithelial barrier®. Targeting S1P
receptors for inflammatory conditions was successful
in clinical trials and is presently being investigated as a
potential therapy for UC patients”®.. The results of S1P
receptor modulation to treat UC patients are summarized
in Table 2.

Ozanimod

Ozanimod (RPC1063, Celgene) is a new oral
selective S1P1 and S1P5 receptor modulator that is
under investigation for the treatment of UCH*", The
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Table 2 Summary of treatment results with sphingosine-1-phosphate receptor modulators, AJM300, and phospholipids in ulcerative

colitis patients

Study Drug Study population Treatment arm Endoscopy endpoint Time of observation, Rate of mucosal
wk healing
Sandborn et al'*! Ozanimod Moderate to severe Dose of 0.5 mg or 1 Mcosal healing At 8 wk; at 32 wk Placebo 12%
UC patients (1 =  mg or placebo, once (endoscopy subscore Ozanimod 0.5 mg =
197) daily <1) 28%, (P = 0.03)
Ozanimod 1 mg =
34%, (P =0.002)
At week 8
Placebo 12%
Ozanimod 0.5 mg =
32%, (P = 0.006)
Ozanimod 1 mg =
33%, (P = 0.005)
At week 32
Yoshimura et al*" AJM300 Moderate to severe  Dose of 960 mgor ~ Mucosal healing, At 8 wk Placebo 29.4%
UC patients (n = placebo, 3 times (endoscopic AJM300 960 mg =
102) daily subscore of 0 or 1) 58.8% (P = 0.0014)
Stremmel et al™ Phosphatidylcholine-  Chronic active, Dose of PC rich Mucosal healing, At three mo None of 29 placebo
rich phospholipids ulcerative colitis, ~ phospholipids (1.5  was not formally patients DEAI (>
with a clinical g /dose) or placebo, assessed 48 patients 50%) in 11 of 29
activity index (CAI)  four times daily were examined evaluated of PC
of >4 (n = 60) using the standard patients P = 0.00016
endoscopic activity
index (EAI);
Secondary end point
analysis DEAI (>
50%)
Karner et al®™ LT-02 Ulcerative colitis  Dose of LT-2 (0.8,1.6  Mucosal healing At12 wk Placebo 40.0%
patients withan ~ or 3.2 g) or placebo  (endoscopic Mayo LT-20.8 g=57.5%, (P
inadequate response Score < 1) =0.097)
to mesalazine, a LT-21.6 g=56.1%, (P
disease activity score =0.097)
(Simple Clinical LT-232g=>514%, (P
Colitis Activity =0.097)
Index (SCCAI)) of Pooled LT-02 groups

25, and bloody
diarrhea (n = 156)

55.2 (P = 0.098)

UC: Ulcerative colitis; OCTAVE: Oral Clinical Trials for tof Acitinib in ulceratiVE colitis.

TOUCHSTONE study™", a randomised, double-blind,
placebo-controlled phase II trial that recruited 197
patients with moderate to severe active UC, tested the
efficacy and safety of ozanimod through induction and
maintenance. Patients were randomised in a 1:1:1 ratio
to receive once daily oral ozanimod at 1 mg (n = 67)
and 0.5 mg (n = 65) concentrations or placebo (n = 65)
for 8 wk (induction phase). Flexible sigmoidoscopy, with
blinded central reading, was performed at screening and
at week 8 and 32. The primary endpoint was clinical
remission (defined as Mayo score < 2 and no sub-
score > 1) at week 8. One of the exploratory secondary
endpoints was MH (defined as an endoscopy subscore
< 1). Although ozanimod provided some benefits,
most endpoints did not reach statistical significance.
At 8 wk, 16% and 57% of patients receiving 1 mg
daily ozanimod achieved clinical remission and clinical
response, respectively, vs 6% and 37% of the placebo
group, respectively. At 8 wk, significant endoscopic
improvements were observed in patients receiving all
doses of ozanimod compared with placebo. MH occurred
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in 18/65 patients (28%) in the 0.5 mg group (P =
0.03), and in 23/67 patients (34%) in the 1 mg group
(P = 0.002) vs 8/65 patients (12%) in the placebo
group. However, no significant differences emerged
in histological remission. The 32 wk double-blind
maintenance phase included 103/197 (52.3%) patients
who had been recruited in the induction phase and
wanted to continue with their original treatment, with 91
(88.3%) patients completing maintenance. Explorative
outcome measures at week 32 included clinical response,
histological remission, clinical remission and MH. At
weeks 8 and 32, MH was observed in 32% (0.5 mg) and
33% (1 mgq) of patients, respectively, compared with
12% in each placebo group, however these differences
did not reach statistical significance. One limitation of the
study was the time point for primary outcome analysis,
since 8 wk might not have been long enough for
ozanimod to target lymphocyte tracking. Moreover, the
long-term safety profile could not be assessed because
the cohort of patients was relatively small and the follow-
up was short. Larger studies with longer follow-ups
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are therefore needed. Since ozanimod displayed some
potential benefits and the results appeared promising,
two phase III studies for induction and maintenance
therapy are currently underway to further evaluate the
potential role of ozanimod in moderate to severe UCH***,

Other S1P modulators

Etrasimod (APD334), a S1P-R: modulator, is currently
being investigated in a phase 2 study as a potential
therapeutic agent for UC patients™*",

SMALL-MOLECULE o4 INTEGRIN
ANTAGONISTS

AJM300

AIM300, a new, orally active small molecule, is classified
as a phenylalanine derivative and is currently being
developed for UC*®. Both the efficacy and safety of
AIM300 were tested in a Japanese randomized, double-
blind, placebo-controlled phase IIa study™ conducted
on 102 patients with moderately active UC who were
intolerant or showed an inappropriate response to
mesalazine or steroids. For 8 wk, patients were orally
administered 960 mg of AJM300 or placebo 3 times
daily. The primary endpoint was clinical response.
Secondary endpoints were clinical remission (defined
as a Mayo Clinic score of 2 or lower and no sub-score
higher than 1) and MH (defined as an endoscopic
sub-score of 0 or 1, and a partial Mayo Clinic score).
Endoscopic assessment with biopsy was performed at
baseline and at week 8, and the endoscopic sub-scores
were analysed by a central evaluation committee. In
this study, 62.7% of patients receiving AJM300 and
25.5% of the placebo group had a clinical response at
week 8. MH was achieved by 58.8% of patients (30/51)
in the active treatment arm and by 29.4% (15/51) in
the placebo group. Although the difference was not
significant, more patients in the active treatment arm
achieved endoscopic subscores of 0 at week 8 than in
the placebo group.

The most concerning adverse event of an a4 integrin
blockade is the development of progressive multifocal
leukoencephalopathy, a demyelinating central nervous
system disorder caused by JC viral infection and
reactivation. However, neither infection nor neurological
symptoms were observed in this study. These data
demonstrated the feasibility of AJM300 treatment,
particularly when it is delivered in a gut-specific manner.
A phase III Study of AIM300 in UC patients is currently
ongoing™”), The results of AJM300 treatment for UC
patients are summarized in Table 2.

SUBSTITUTION OF
PHOSPHATDYLCHOLINE

LT02
Phosphatidylcholine, which prevents bacterial invasion,
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is reduced by up to 70% in the colonic mucus of UC
patients'®. Therefore, phosphatidylcholine substitution
in the colonic mucus might be an interesting future
therapeutic approach™. In a double-blind, randomized,
placebo-controlled phase Ila study, 60 patients with
UC were treated with 6 g of phosphatidylcholine-
rich phospholipids for 3 mo®™®. The phospholipids
were released in the distal ileum in a pH-dependent
manner. Significant improvements in clinical remission
and clinical response, the primary endpoints, were
observed compared with placebo, together with
significant positive effects in endoscopic and histological
assessments. However, MH was not formally assessed.

LT-02, a novel modified-release phosphatidylcholine
agent, was investigated for mucosal barrier
enhancement in UC. In a double-blinded, randomized,
placebo-controlled, multi-centre phase II study®",
LT-02 was administered to a total of 156 patients with
an inadequate response to mesalazine, characterized
by a disease activity score = 5 [Simple Clinical Colitis
Activity Index (SCCAI)] and bloody diarrhea. The
patients were randomized into three treatment groups
orally receiving 0.8, 1.6 or 3.2 g of LT-02 or placebo.
The primary endpoint was clinical response after 3
mo therapy, as indicated by changes in SCCAI from
baseline to the end of treatment. Data analysis showed
a 33.3% SCCAI drop in the placebo group compared
with 44.3% in the 0.8 g LT-02 group (P > 0.05) and
40.7% in the 1.6 g group (P > 0.05). The 3.2 g group
improved by 51.7%, falling from 8.5 to 4.1 (P = 0.030
vs placebo). The remission rate was 15% (6/40) in the
placebo group vs 31.4% (11/35) in the highest LT-02
dose group (P = 0.089). MH was achieved in 32.5% of
the placebo group vs 47.4% in the pooled LT-02 groups
(P = 0.098). The histological healing rate (histological
index = 1) was 20.0% in the placebo cohort vs 35.3%
in the LT-02 groups (P = 0.016). In a second analysis,
considering dropouts as failures, endoscopic remission
but not clinical remission reached statistical significance.
Histological remission was reached significantly more
often in the treatment groups. No serious adverse
events were observed and there were no deviations in
adverse events in the treatment groups. The authors
concluded that, compared with placebo, LT-02 is useful
for reducing disease activity in UC and is associated with
a good safety profile. The results of such treatments for
UC patients are summarized in Table 2.

CONCLUSION

The new oral-targeted therapies seem to be
effective for UC patients. They share some common
characteristics, such as shorter half-lives, potential off-
target effects, relatively narrow dosing windows and
lack of immunogenicity. The mechanisms of action of
the four classes of these oral synthetic drugs include:
(1) Jak-inhibitors, which reduce the production of
several cytokines, (2) AJM300, which blocks lymphocyte
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trafficking from blood vessels into the lamina propria,
(3) ozanimod, which prevents egression of lymphocytes
from lymph nodes by following the S1P gradient via
receptor internalization, and (4) LT-02, a substitute of
phosphatidylcholine. Further studies are ongoing and
will establish the value of these agents for the treatment
of UC patients in clinical practice. They could potentially
offer three major advantages: (1) As an alternative
for patients who mount immunogenic responses to
biologics, (2) in association to other drugs, as innovative
combination strategies, and (3) to investigate stop and
start therapeutic strategies. Moreover, with convenient
storage, they might be potentially transported into
the site of action and act as topical therapy. On the
other hand, multiple daily dosing, uncertainties about
bioavailability at the right target site and adverse events
may constitute the potential disadvantages of this
therapeutic approach.
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Abstract

Various therapeutic modalities including radiofrequency
ablation, cryoablation, microwave ablation, and
irreversible electroporation have attracted attention as
energy sources for effective locoregional treatment of
hepatocellular carcinoma (HCC); these are accepted
non-surgical treatments that provide excellent local
tumor control and favorable survival. However, in
contrast to surgery, tumor location is a crucial factor in
the outcomes of locoregional treatment because such
treatment is mainly performed using a percutaneous
approach for minimal invasiveness; accordingly, it has
a limited range of ablation volume. When the index
tumor is near large blood vessels, the blood flow
drags thermal energy away from the targeted tissue,
resulting in reduced ablation volume through a so-
called “heat-sink effect”. This modifies the size and
shape of the ablation zone considerably. In addition,
serious complications including infarction or aggressive
tumor recurrence can be observed during follow-up
after ablation for perivascular tumors by mechanical
or thermal damage. Therefore, perivascular locations
of HCC adjacent to large intrahepatic vessels can
affect post-treatment outcomes. In this review, we
primarily focus on physical properties of perivascular
tumor location, characteristics of perivascular HCC,
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potential complications, and clinical outcomes after
various locoregional treatments; moreover, we discuss
the current status and future perspectives regarding
percutaneous ablation for perivascular HCC.

Key words: Hepatocellular carcinoma; Perivascular;
Radiofrequency ablation; Liver; Cryoablation; Microwave
ablation; Irreversible electroporation

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Recently safety concerns have been raised
regarding the risks of radiofrequency (RF) ablation for
perivascular hepatocellular carcinomas (HCCs), due to
the risks of ischemic complications and intravascular
tumor spread during treatment. To overcome these
potential risks, a modified RF ablation technique,
cryoablation, combined treatment with transarterial
chemoembolization, or microwave ablation could be
problem-solving tools for the treatment of perivascular
HCCs. However, the effectiveness of these techniques
should be validated with further prospective studies
due to the lack of current evidence.

Kang TW, Lim HK, Cha DI. Percutaneous ablation for
perivascular hepatocellular carcinoma: Refining the current status
based on emerging evidence and future perspectives. World J
Gastroenterol 2018; 24(47): 5331-5337

URL: https://www.wjgnet.com/1007-9327/full/v24/i47/5331.htm
DOI: https://dx.doi.org/10.3748/wjg.v24.147.5331

INTRODUCTION

Image-guided tumor ablation is an evolving and growing
treatment option for patients with hepatocellular
carcinoma (HCC). This local treatment offers significant
advantages, as it is less invasive than surgery and
demonstrates a low risk of major complications™. In
contrast to surgical resection with a laparoscopic or
open approach, tumor location is a crucial factor in
the outcomes of local ablation therapy, because it is
primarily performed by using a percutaneous approach
for minimal invasiveness™.

Although ablation technology has evolved and
grown rapidly during the past decades, such that it can
help improve clinical outcomes and safety profiles™,
high-risk locations of HCC adjacent to extrahepatic vital
organs or large intrahepatic vessels exhibit increased
risks of complications after local ablation therapy™. In
particular, there remain controversies regarding the
outcomes of local treatment because of the heat-sink
effect, which can considerably modify the size of the
ablation zone, in patients with perivascular tumors®™®. In
addition, perivascular HCC exhibits different underlying
tumor characteristics, which can have profound effects
on the resulting poor prognosis after local ablation
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therapy!”\. A previous study also suggested that the
iatrogenic transportal tumor spread may occur during
radiofrequency (RF) ablation for periportal tumors™
because these local therapies cannot remove a hepatic
segment confined to tumor-bearing portal tributaries,
unlike anatomical surgical resection.

For improvement of patient outcomes with respect
to perivascular HCCs, a modified RF ablation technique
and other new energy sources for ablation therapies
have recently been introduced. An understanding of
these new aspects is important for optimizing clinical
results. In particular, combining an understanding of the
specific characteristics of each ablation modality with
an understanding of the characteristics of perivascular
HCC, and then selecting the most appropriate ablation
modality available for each patient, can have a
remarkable effect on patient outcomes. This review can
help physicians to plan state-of-the-art local ablation
treatment for patients with perivascular HCC.

Definition of perivascular HCC

To date, there is no universal consensus definition
regarding perivascular HCC. The optimal threshold of
the contacting vessel size has been based on the results
of an experimental study that used pigs®’. Notably,
most veins greater than 3 mm remained patent after
RF ablation; there was an invagination of residual viable
tissue between vessels and the RF ablation zone, known
as the “heat-sink effect”. Many subsequent clinical
studies® "' adopted corresponding definitions of
perivascular tumor; an index tumor was characterized
by any contact with first or second degree branches
of a portal or hepatic vein that are 3 mm or greater in
diameter.

Specific ablation environment in perivascular HCC
Unlike en bloc tissue removal by surgical resection,
RF or microwave ablation uses thermal energy from
the RF electric current or microwave field to destroy
cancer cells™?. However, when the index tumor is near
large blood vessels, the blood flow carries thermal
energy away from the targeted tissue, resulting in
reduced ablation volume; this considerably modifies
the size and shape of the ablation zone, especially
during RF ablation™. Similarly, the same phenomenon
can happen during cryoablation. The convective influx
of circulating warm blood into a frozen tumor would
theoretically make the ablation of perivascular tumor
tissue insufficient!*?.

Specific tumor environment for perivascular HCC

According to recent Barcelona Clinic Liver Cancer
guidelines™, macroscopic vascular invasion into the
portal or hepatic vein is a key factor for staging in
patients with HCC due to poor prognosis, despite
curative treatment. In addition, microvascular
invasion of HCC, which cannot be easily diagnosed by
preoperative imaging studies, is another important
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indicator of poor prognosis after surgical resection™"!

and liver transplantation™™. Thus, perivascular tumors
are more likely to be exposed to these substantial
risks of vascular invasion, compared with non-
perivascular tumors; this difference may lead to poor
patient outcomes. Although some researchers!®
have shown that post-operative adjuvant transarterial
chemoembolization (TACE) after surgical resection
improved outcomes among patients who exhibit HCC
with microvascular invasion, there remains uncertainty
with respect to adjuvant therapy after curative
treatment for HCC, with either micro- or macro-vascular
invasion because a potent anticancer drug for HCC is
not well established in clinical practice.

RF ablation

The mechanism of RF ablation uses electric current
to rapidly oscillate tissue ions, creating frictional
heating in areas of high current density adjacent to the
electrode™”. Thus, growth of the ablation zone primarily
depends on thermal diffusion; this process could be
limited by the “heat-sink effect” from peritumoral
vessels. Previous studies™'!! showed a significant
correlation between the presence of peritumoral vessel
and poor local tumor control during RF ablation for
HCCs. Among these investigations, Lu et af'*! reported
that the presence of a peritumoral vessel is a significant
factor for incomplete treatment in RF ablation (53% in
perivascular HCC vs 12% in non-perivascular HCC), as
verified during histologic examination of explanted liver
after transplantation. In contrast to the aforementioned
studies, several other studies'®''"*® investigating
the same topic reported similar therapeutic outcomes
between perivascular and non-perivascular HCCs;
the presence of a peritumoral vessel was not an
independent factor associated with incomplete tumor
ablation. Improvements in the outcomes of more recent
studies of RF ablation for perivascular HCC may be
attributed to advances in technical factors, including
RF ablation strategies such as the no-touch technique,
the use of multiple or large electrodes, a more
powerful generator, or advancements in power deploy
algorithms™*?,

Regarding clinical outcomes associated with specific
types of peritumoral vessels in RF ablation, Lee et al”’
demonstrated a significant interaction effect between
RF ablation and type of peritumoral vessel, with respect
to extrahepatic recurrence or overall survival. Although
this study did not reveal the cause of different outcomes
according to the type of peritumoral vessel, these
results could support an increased risk of extrahepatic
recurrence when performing RF ablation for periportal
HCCs, compared with RF ablation for perivenous
HCCs; this increased risk may affect survival outcome.
The hemodynamics of blood flow differ considerably
between the two types of hepatic vessels®®: this
could lead to a different ablation environment when
performing RF ablation for HCC. Therefore, future
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studies should consider the type of peritumoral vessel
during assessment of the outcomes of RF ablation in
patients with perivascular HCCs.

With respect to tumor location, Kang et a® reported
that periportal tumor location was a risk factor for
aggressive intrasegmental recurrence after RF ablation
(Figure 1). Although the exact mechanism of this type
of tumor recurrence remains unclear, intravascular
tumor spread along the peritumoral portal vein may be
a primary cause of such complications. During insertion
of the RF electrode, abnormal communication of an
iatrogenic arterioportal fistula may develop; this may
enable cancer cells to spread into the peripheral liver
due to ablation-related mechanical injury™". In addition,
rapid heating of a HCC can lead to a sudden increase
in the internal pressure of ablated tissue, which may
cause unintentional scattering of tumor cells around the
ablation zone***, To prevent this potential vascular
complication, potential approaches include the no-touch
multi-polar ablation technique without direct puncture
of the index tumor®?*, longer ablation times with
stepwise power increment at lower power®®!, combined
RF ablation treatments with TACE®®®, or cryoablation*;
these problem solving tools may be especially effective
in patients with periportal HCCs. The effectiveness
of these techniques should be validated with further
prospective studies.

Cryoablation

Despite the absence of thermal injury and superb
visualization of the procedure process, cryoablation
for HCC has been used much less frequently than RF
ablation. This is because large cryoprobes with bulky
liquid nitrogen systems under laparotomy setting were
used in the early era of cryoablation’. Thus, although
serious complications were rare, excessive bleeding and
cryoshock related to the procedure were reported®.
However, a new generation of cryoablation systems
with thin cryoprobes that use argon-helium has been
introduced®’ and recent randomized controlled trials
showed that they were equally safe and effective
compared with RF ablation™®!. Cryoablation systems
use the Joule-Thomson theory of expanding gases
within a needlelike cryoprobe™. The mechanism of cell
death with ice-ball formation involves cell membrane
disruption and an associated release of intracellular
contents®!. Unlike RF ablation, cryoablation for
perivascular HCC could show a better safety profile
with respect to vascular complications, such as hepatic
infarction or peritumoral vessel thrombosis, because
the ablation zone is rapidly reperfused after the ice
ball has melted. A previous study™ regarding hepatic
infarction after RF ablation reported an incidence of 5%
in patients with HCC, due to the frequent development
of thrombosis in peritumoral vessels by thermal
injury (Figure 2). However, Kim et a'* reported that
persistent thrombosis of peritumoral vessels was
3.4%; no case of hepatic infarction was observed in
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Figure 1 Images demonstrating aggressive intrasegmental recurrence after radiofrequency ablation for perivascular hepatocellular carcinoma. A: Axial
computed tomography image obtained during hepatic arterial phase shows viable hepatocellular carcinoma (HCC) within the partially lipiodolized nodule (asterisk)
in segment V before radiofrequency (RF) ablation. The index tumor is in contact with the right portal vein (black arrow); B: On planning ultrasonography (US), using
fusion imaging with color Doppler US and magnetic resonance imaging (MRI), the low echogenic incident tumor (asterisk) is in contact with a right portal vein (black
arrow); C: During RF ablation with the US fusion system, the ablation zone (A) is covered with viable enhancing tumor foci, indicating T marker on real time US/fused
MR image; D: MRI scan obtained during the hepatic arterial phase 9 mo after RF ablation shows multiple small arterial enhancing nodules (white arrows) of consistent
size, representing recurrent tumors. These recurrent tumors developed simultaneously in a peripheral area of the treated segment, fed by the previous peritumoral
portal vein; E: The patient underwent transarterial chemoembolization for tumor control considering tumor multiplicity. Multiple small nodular tumors were detected

along the portal tract on hepatic angiogram.

patients who underwent cryoablation for perivascular
HCCs. In clinical practice, local ablation therapy is
preferred when the patient exhibits recurrent tumors
after surgical resection, because more limited hepatic
functional reserve is expected. In these particular
scenarios, cryoablation may be the most effective
local ablation modality in patients with limited hepatic
reserve due to the very low risk of procedure-related
vascular complications, including hepatic infarction.
In addition, to the best of our knowledge, there have
been no reports regarding aggressive tumor recurrence
after cryoablation for perivascular HCC. Based on the
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absence of thermal expansion of ablation zones, as
is observed in RF or microwave ablation, cryoablation
theoretically might constitute a safer ablation method
with respect to the possibility of tumor spread through
an increase in the internal pressure of ablated tissue.
However, insufficient data are available and further
studies are required to validate the long-term safety of
cryoablation for perivascular HCCs.

Microwave ablation
Although previous first- or second-generation microwave
ablation system was limited due to lack of active antenna
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Figure 2 Images showing subsegmental hepatic infarction after radiofrequency ablation for perivascular hepatocellular carcinoma. A: Axial computed
tomography image obtained during equilibrium phase shows 1.3-cm hepatocellular carcinoma (asterisk) in segment V before radiofrequency (RF) ablation. The index
tumor is in contact with the right portal vein (black arrow); B: Planning ultrasound image obtained before RF ablation shows the low-echoic-index tumor (asterisk) in
contact with a right portal vein (black arrow); C: During RF ablation, the RF electrode (white arrow) is inserted into the index tumor (asterisk), evading the adjacent
portal vein; D: At the end of the procedure, a hyperechoic ablation zone (A) completely covered the index tumor; E: Thrombosis within the peritumoral portal vein
(black arrow) developed around the index tumor (dotted line), shown on coronal computed tomography images obtained immediately after RF ablation. This led to

subsegmental infarction (1) in the peripheral area of hepatic segment VI.

cooling and low power generator, recent third-generation
systems incorporates antenna cooling and high power
generators™™?. In microwave heating, polar molecules
continuously realign with the oscillating microwave
field, effectively increasing kinetic energy and tissue
temperature™. As a result, microwave energy may
possess several advantages, compared with RF ablation;
these include faster heating with a larger ablation
volume, higher intratumoral temperatures, and less
dependence on the electrical conductivities of tissue®?.
These characteristics of microwave ablation may render
it less affected by the “heat-sink effect” present in
perivascular tissue®". In addition, combined TACE and
microwave ablation could increase local tumor control for
perivascular tumor resulting from the complementary
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nature of the two different treatments®. To be specific,
TACE can decrease blood flow and thereby decrease
perfusion-mediated cooling, allowing the creation
of larger ablation zones even in perivascular tumor
location™®, Furthermore, there could be substantial
synergistic effect of applying thermal ablation to a
chemotherapeutic agent-laden tumor®”, Recent report
showed that local tumor control, overall survival, and
major complications in the perivascular and non-
perivascular groups are not significantly different when
performing microwave ablation for HCCs. However, there
has been no study directly comparing RF ablation and
microwave ablation for perivascular HCCs. In addition,
whether the ability of microwave ablation to induce a
broader ablation zone can lead to a real survival benefit
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remains unclear. Although randomized controlled trials
are difficult to perform in such a rapidly evolving field,
additional trials are required to confirm these debates.

Irreversible electroporation

Irreversible electroporation (IRE) is a novel, non-
thermal form of tumor ablation that uses high-current
electrical pulses to induce pore formation in the cell lipid
bilayer, resulting in cell death”. Thus, it is not affected
by the “heat-sink effect” and may cause less collateral
damage based on its mechanism of action. Through
several studies investigating IRE for hepatic tumors®*?,
IRE has been shown to be safe and acceptable for local
tumor control, especially with regard to use within
close proximity to the venous systems of the liver; this
is a notable advantage for IRE. However, given the
paucity of long-term data demonstrating safety and
efficacy for the treatment of HCC, IRE largely serves
as a niche technology for the ablation of small (< 3
cm), unresectable tumors, which are not amenable to
thermal ablation due to the abutment of major vessels
or hilar structurest*.

CONCLUSION

Image-guided tumor ablation is becoming increasingly
accepted for the treatment of very early and early
stage HCC. Ablative treatments, particularly RF
ablation, currently represent the first-line option for
patients with unresectable early-stage HCC. However,
safety concerns have been raised regarding the risks
of RF ablation for perivascular HCCs, due to the risks
of ischemic complications and intravascular tumor
spread during treatment. To overcome these potential
risks, a modified RF ablation technique, cryoablation,
microwave ablation, or combined treatment with TACE
have been used recently. Especially, microwave ablation
has potential physical advantages over RF ablation and
it may be beneficial in treating perivascular tumors.
However, additional prospective studies are needed to
assess whether the recent technical advances of RF
ablation and ablation therapies with new energy sources
can translate into better clinical outcomes for patients
with perivascular HCC, compared with conventional RF
ablation. We hope that understanding the characteristics
of perivascular tumor locations and the current status of
each ablation modality could help overcome difficulties
related to the treatment of perivascular HCCs, and
ultimately provide meaningful improvements in patient
outcomes.
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Abstract

AIM
To establish a permanent piw/ like RNA-mediated gene
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silencing 1 (PIWILI) gene knockout in AGP01 gastric
cancer cell line using CRISPR-Cas9 system and analyze
phenotypic modifications as well as gene expression
alterations.

METHODS

CRISPR-Cas9 system used was purchased from
Dharmacon GE Life Sciences (Lafayette, CO, United
States) and permanent knockout was performed
according to manufacturer’s recommendations. Wound-
healing assay was performed to investigate the effect
of PIWIL1 knockout on migration capability of cells
and Boyden chamber invasion assay was performed to
investigate the effect on invasion capability. For the gene
expression analysis, a one-color microarray-based gene
expression analysis kit (Agilent Technologies, Santa Clara,
CA, United States) was used according to the protocol
provided by the manufacturer.

RESULTS

PIWIL1 gene knockout caused a significant decrease
in AGPO1 migration capacity as well as a significant
decrease in cell invasiveness. Moreover, functional
analysis based on grouping of all differentially expressed
mRNAs identified a total of 35 genes (5 up-regulated and
30 down-regulated) encoding proteins involved in cellular
invasion and migration. According to current literature,
9 of these 35 genes (DOCK2, ZNF503, PDE4D, ABL1,
ABL2, LPAR1, SMADZ2, WASF3 and DACH!) are possibly
related to the mechanisms used by PIWIL1 to promote
carcinogenic effects related to migration and invasion,
since their functions are consistent with the changes
observed (being up- or down-regulated after knockout).

CONCLUSION

Taken together, these data reinforce the idea that
PIWIL1 plays a crucial role in the signaling pathway
of gastric cancer, regulating several genes involved in
migration and invasion processes; therefore, its use as
a therapeutic target may generate promising results in
the treatment of gastric cancer.

Key words: Gastric cancer; Piwi like RNA-mediated
gene silencing 1; CRISPR-Cas9; Migration; Invasion

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Piwi like RNA-mediated gene silencing 1 (PIWILI)
gene emerged as an interesting target for gastric cancer,
as it is expressed in cancer, stem and germ cells, but it
is absent in normal somatic tissue. Our results propose
that PIWIL1 plays a crucial role in the signaling pathway
of gastric cancer, regulating several genes involved in
migration and invasion processes; therefore, its use as a
therapeutic target may generate promising results in the
treatment of gastric cancer.

Araujo T, Khayat A, Quintana L, Calcagno D, Mourdo R, Modesto
A, Paiva J, Lima A, Moreira F, Oliveira E, Souza M, Othman M,
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INTRODUCTION

Gastric cancer is a major contributor to global cancer
burden, being the third leading cause of cancer death
worldwide and in both sexes'™. This type of cancer is
thought to be consequence of a multi-step process,
resulting from different genetic and epigenetic changes.
Specifically, dysfunction of oncogenes and tumor
suppressor genes contributes to this malignant disease,
and many candidate genes have been implicated to
serve as gastric cancer biomarkers!®,

In this context, the piwi like RNA-mediated gene
silencing 1 (PIWIL1) gene, located in 12924.33 and
having 22 exons, became an attractive target for gastric
cancer treatment. PIWIL1 protein is expressed at
increased levels in cancer tissues, stem cells and germ
cells, but it has been shown to be absent in normal
somatic tissues. This means that it could be a potential
target for therapy, since most non-cancer cells would
not be affected by cytotoxic effects?®”.,

PIWIL1 plays a key role in tumor cell viability, migration
and invasion, and its expression is associated with the
maintenance of stem-like characteristics of tumors, which
in turn contribute to more severe histological grade,
advanced stage and worse clinical outcome!®*%,

Wang et al''!! showed that expression of PIWIL1
in gastric cancer tissue was significantly higher than
in adjacent-to-tumor tissue (tumor front). They also
demonstrated that patients with a lower expression of
PIWIL1 presented a significant better overall survival rate
compared to patients with a higher expression levels.
Additionally, the 5-year survival rate of patients with a
higher expression level of PIWIL1 was significantly lower
(36.5% vs 67.6%).

Liu et a/™® reported that expression of PIWIL1
progressively increases during cancer development.
The expression ratio in normal gastric tissues, atrophic
gastritis, intestinal metaplasia and gastric cancers varied
from 10% to 76%.

To further investigate the potential functions of
the PIWIL1 gene, Liu et a/'** also silenced PIWIL1
by antisense or short hairpin RNA and noted that
suppression of this gene inhibited the growth of gastric
cancer cells and induced G2/M arrest. Although relevant
information regarding the possible role of PIWIL1 in
gastric cancer carcinogenesis is provided by the current
literature, the exact molecular mechanisms involved in
this carcinogenic process remain unclear.

A recently introduced technology, based on the
adaptive immune system of prokaryotes and known as
type II clustered, regularly interspaced, short palindromic
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repeats (CRISPR)/associated protein (Cas), has been
demonstrated to cleave double-stranded DNA and has
emerged as a relevant genome editing tool™™.

This technology can be used both to perform
permanent gene knockouts and the site-specific
integration of a gene (knock-in)™*¢**, Importantly, it
allows for the permanent silencing of the target gene,
and it also creates a stable and permanent cell line with
the desired modificationt***®.

Here we applied CRISPR/Cas9 technology for the
first time to knockout PIWIL1 gene in a gastric cancer
cell line and analyzed its phenotypic modifications.

MATERIALS AND METHODS

Cell lines

The human gastric cancer cell line AGP01 was maintained
in DMEM-F12 medium supplemented with 10% fetal
bovine serum. The cell culture grew attached to a plastic
flask in a monolayer in a humidified incubator maintained
at 37 'C and 5% COs.

The AGPO1 cell line was established by our
research group in 2009™" from cancer cells present
in the ascitic fluid of a female individual with intestinal
gastric cancer, located at the antrum and the body
region of the stomach, and staged as T3N2M1. The
cell line was tested and authenticated by conventional
cytogenetics®®. Recently, the AGPO1 cell line was tested
by multicolor-fluorescence in situ hybridization (FISH),
and results are presented here.

24-color-FISH using all human whole chromosome
painting probes

24-color-FISH using simultaneous all human whole chro-
mosome painting (WCP) probes was done as previously
reported®??, A total of 20 metaphases was analyzed,
using a fluorescence microscope (Axio Imager Z1 mot;
Carl Zeiss AG, Oberkochen, Germany) equipped with
appropriate filter sets to discriminate between a maximum
of five fluorochromes and the counterstain DAPI; the latter
was used to induce a GTG-like banding pattern. Image
capturing and processing were carried out using ISIS
imaging system (MetaSystems, Altlussheim, Germany).

Targeted knockout of PIWIL1 using the CRISPR-Cas9
system

The CRISPR-Cas9 system used was purchased from
Dharmacon GE Life Sciences (Lafayette, CO, United
States). First, 1 x 10" AGPO1 cells/well were seeded
in DMEM-F12 medium to a 96-well plate for 24 h.
Subsequently, transfection was performed using
CR-0046-03-005 (Dharmacon GE Life Sciences) for 48
h. For the transfection procedure, a solution containing
1 uL of the CRISPR RNAs (crRNAs) mixed with the
trans-activating small RNA, 2 uL of Cas9 and 7 uL of
DMEM-F12 medium (for each well) was prepared first.
In another tube, 0.4 pL of DharmafecDUO and 9.6 ulL of
DMEM-F12 medium (to each well) were added.
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The solutions were then incubated for 5 min at room
temperature before being combined. After combining, the
solution was incubated for 20 min at room temperature,
and finally 80 uL of DMEM-F12 medium/10% fetal
calf serum (FCS) (per well) was added. At the end of
the transfection, all contents (from each well) were
transferred to a 24-well plate containing DMEM-F12
medium/10% FCS/1% pen-strep.

After 24 h, samples were treated with 6 ug/mL of
puromycin for 72 h to select the resistant clones. Next,
40 cells were plated per well in a 6-well plate to isolate
the clones by the filter paper method.

This method consists of using a cut and autoclaved
piece of filter paper so that it, after being soaked in
trypsin, can be positioned above a single colony of cells
that has grown from an isolated cell, allowing for the
collection of this clone. Subsequently, each clone grew
in a separate well in a 6-well plate, so it could reach
the confluence needed to perform DNA extraction and
sequencing.

Sequencing

DNA was extracted using the Wizard Genomic DNA
Purification Kit (Promega Corporation, Madison, WI, United
States) according to the manufacturer’s instructions.
For PCR, specific primers targeting the binding region of
the purchased crRNA were constructed using the online
program Primer3 (Supplementary Table 1).

The quantities of the reagents used in the PCR for
a final volume of 12 uL were as follows: 6.25 uL of
nuclease-free H20, 0.5 pL of forward primer (10 ng/uL),
0.5 ulL of reverse primer (ng/uL), 4.25 uL of GoTag
Colorless Master Mix 2x (Promega Corporation) and 1
uL of DNA (10 ng/uL).

The conditions using the MasterCycler Gradient
thermal cycler (Eppendorf, Hamburg, Germany) were 1
cycle at 95 C for 3 min for initial denaturation followed
by 35 cycles consisting of denaturation at 94 'C for 2
min, primer annealing at 59 ‘C for 1 min and extension
at 70 °C for 2 min, ending with 1 cycle at 70 °C for a
final extension for 30 min.

For direct sequencing of the PCR product, the
quantities of the reagents used for a final volume of 20
uL were as follows: 15 pL of nuclease-free water, 0.5 uL
of forward or reverse primer (10 ng/uL), 0.5 puL of Big
Dye, 3 pL of Save Money and 1 pL of the PCR reaction.
For this reaction, the ABI PRISM Big Dye Terminator 3.1
Cycle Sequencing Kit (Applied Biosystems, Hercules,
CA, United States) was used.

The sequencing was performed using the
MasterCycler Gradient (Eppendorf) thermal cycler
according to the following 25-cycle thermocycling
conditions: denaturation at 96 C for 50 s, primer
annealing at 59 ‘C for 1 min and extension at 60 C for
4 min, ending with 1 cycle at 4 °C for 5 min.

After this procedure, a precipitation step was carried
out in order to purify the product of the reaction before
continuing. For this step, samples were washed with
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70% isopropanol and 70% ethanol. Subsequently,
sequencing was performed using the ABI Prism 3500
DNA Sequencer (Applied Biosystems). The methodology
used was based on the biochemical synthesis of the
DNA strand by the Sanger method.

Sequencing analysis

Reference sequence for exon 15 in the PIWIL1 gene was
obtained from the National Center for Biotechnology
Information (NCBI) and compared with the DNA
sequence of the modified cell line as well as the negative
control (cell line without the gene knockout). To infer the
effect of changes in protein synthesis, we applied Gene
Runner v.3.05 (Hastings Software Inc., Hastings, NY,
United States; http://www.generunner.com).

Wound-healing assay

Cells were grown in 12-well plates at a density of 2 x
10° cells/well and maintained for 24 h in 5% CO: at
37 °C. After this period, cells were injured with a 10 pL
tip in the center of each well. The medium was then
removed to eliminate suspended cells, and wells were
washed with 1 x phosphate buffered saline before fresh
DMEM-F12 medium/10% FCS/1% pen-strep was added
again.

The behavior of cells was observed and photo-
graphed immediately after injury and at 6 h, 12 h and
24 h after injury. All experiments were performed in
triplicate.

Boyden chamber invasion assay

Boyden inserts (8 um pores) (BD Biosciences'™, Franklin
Lakes, NJ, United States) were coated with 200 uL
of Matrigel (10-13 mg/mL) in 12-well plates. Cells (2
x 10°) were seeded in the upper chamber in 1 mL
of DMEM without fetal bovine serum. In the lower
chamber, DMEM-F12 medium/10% FCS/1% pen-strep
was added, functioning as a chemoattractant for the
cells present in the upper chamber.

After 48 h, the remaining cells above the filter
were removed by scraping with a sterile swab. The
cells at the bottom of the filter were fixed with 4%
paraformaldehyde and stained with Giemsa. Cells were
photographed and analyzed using a light microscope
and counted in optical fields (100 x). All experiments
were performed in triplicate.

Total RNA extraction
The mRNA extraction was performed using Promega’
s Total RNA Isolation System kit, according to the
manufacturer’s specifications. AGP01 and AGP01 PIWIL1
knockout cells were prepared for mRNA extraction.
Samples were lysed with lysis buffer containing beta-
mercaptoethanol and then diluted in RNA dilution buffer.
The samples were centrifuged for 10 min at maximum
speed. Then, 95% ethanol was added to ensure
adequate membrane binding conditions.

The samples were then transferred to centrifuge
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columns where the RNA could bind the membrane of
the column, facilitating washing to eliminate possible
contaminants as well as favoring the extraction of high
quality of total RNA.

At the end of the procedure, the RNA was diluted
in 60 pL of nuclease-free water. The total RNA was
quantified using a Nanodrop spectrophotometer
ND-1000 UV-VIS version 3.2.1 (Nanodrop Technologies,
Wilmington, DE, United States). The RNA quality was
also evaluated by analyzing the Azso/A2g0 ratio according
to the manufacturer’s specifications. Purified RNA was
stored at -80 °C for the microarray expression assay.

Microarray expression

For the microarray assay, a one-color microarray-based
gene expression analysis kit (Agilent Technologies,
Santa Clara, CA, United States) was used according to
the protocol provided by the manufacturer. The gene
expression profile was evaluated in both cell lines (AGP01
with and without PIWIL1 knockout).

The total RNA obtained during the extraction phase
was used as the template for the synthesis of the first
cDNA strand by reverse transcription using T7 RNA
polymerase. Synthesis of the second cDNA strand
was used as the template for the in vitro transcription
reaction for cRNA production. The cRNA was then
incorporated into the fluorochrome 3-cyanine (Cy-3)
using the Low Input Quick Amp Labeling kit (Agilent
Technologies) according to the protocol provided by the
manufacturer. Thereafter, the cRNA purification process
was carried out.

The cRNA was quantified by a spectrophotometer
(pmol/L), by which it was possible to analyze the absor-
bance ratio (260 nm/280 nm) and the cRNA (ng/uL)
concentration in each sample. After, hybridization was
performed for 17 h in a hybridization chamber at 65 ‘C
at 10 rpm. After this period, the slide was washed and
immediately scanned in the Agilent G4900DA SureScan
Microarray System.

The following setup was used to scan the microarray
slides for one color: scan region of 61 mm x 21.6 mm,
5 um scan resolution, dye channel of green. Next, the
images were obtained by using Feature Extraction
v10.10 software, and the data were analyzed with
GeneSpring GX 9.0 and IPathwayguide (Advaita
Bioinformatics Company, Plymouth, MI, United States)
programs. Gene identification followed a restriction
criterion with a fold-change of > 2.

Differential expression and gene ontology enrichment
analysis

To identify differentially expressed (DE) mRNAs, we
compared the probes’ expression profiles before and
after PIWIL1 knockout. Probes with a mean fold-change
< 0.5 and a mean fold-change of > 2 [|Logz(fold-
change)| > 1] were selected for differential analysis.
Student’s t test was performed in 1222 selected probes,
false discovery rate adjustment® was performed,
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Figure 1 AGP01 cell line multicolor-FISH showing several chromosomal changes, including the monosomy of chromosome 12, where the PIWIL1 gene is

located.

and genes with an adjusted P-value of < 0.05 were
tagged as DE. For the volcano plot, the fold-change
and the P-value of all probes were used, and probes
were tagged as DE following the previous criteria.
Gene ontology enrichment was performed using org.
Hs.eg.db™ and Gostats'* R libraries. All graphical and
statistical analyses were performed in the R platform
(R Core Team, 2017, Vienna, Austria; https://www.
R-project.org/).

RESULTS

24-color-FISH using all human WCP probes
24-color-FISH using all human WCP probes
revealed in AGPO1 cell line a complex karyotype
as follows: 63,XX,inv(1)(p12g43),der(1)(1pter-
>1pl2::1q9q43->1p12::9p12-
>9pter),+der(1)t(1;12)(g21;912),+del(1)(p12),+del(2)
(p12),+der(2)t(2;8)(p12;q11.2),inv(3)(p21g13)x2,+inv(
3)(p21q13),+der(3)t(3;5)(p14;913),t(4;14)(p12;q11.2)
,dic(4;12)(p15;q12),+der(4)t(2;4)(p or g?;q12),del(5)(p
13)x2,+der(5)x2,del(6)(q12)x2,+del(6)(p21),inv(7)(p12
;q11.2),der(7),der(9)t(9;acro)(p21;p12),der(9)t(6;9)(p1
2;p12),t(13;13)(p10),der(15)(:q13->p11::pl1->qter),-
15,der(16)t(X;16)(q or p?;g23),+der(16)t(12;16)(q12;q
23),21p+,t(22;22)(p10) (Figure 1).

From the analysis, we verified that the unique
chromosome 12 (where PIWIL1 gene is located) remains
intact, without translocations or derivative chromo-
somes. It is important to note that the monosomy of
chromosome 12 agrees with the sequencing result, since
the 7 bp insert sequence was observed in hemizygous
status.
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Targeted knockout of the PIWIL1 gene using the
CRISPR-Cas9 system

PIWIL1 gene knockout was successful, as determined
by Sanger sequencing. The latter revealed an insertion
of 7 adenines in the PIWIL1 gene sequence (Figure
2), which caused a frameshift mutation that impaired
protein synthesis.

Prediction of the encoded protein indicated a
premature stop codon (Figure 3), suggesting that this
insertion generates a truncated protein consisting of
573 amino acids (the wild-type contains 861) with a
loss-of-function phenotype, which means that knockout
was efficient.

Notably, the PIWIL1 knockout cell line remained
viable and could be used for further experiments.

Wound-healing assay

The PIWIL1 gene knockout caused a significant
decrease in AGPO1 migration capacity after 24 h (P <
0.01; Figure 4), which is consistent with the fact that
this protein is related to various pathways that regulate
cell motility.

Boyden chamber invasion assay

Also, PIWIL1 gene knockout caused a significant
decrease in AGPO1 invasiveness (P < 0.001; Figure 5),
which is also consistent with the fact that this protein is
related to various pathways that regulate cell motility.

mRNA array and gene ontology enrichment

Differential analysis: By comparing expression
profiles after PIWIL1 permanent knockout in the AGPO1
cell line, a total of 251 mRNA were found to be DE
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861 aa
3591

nucleotides,
1196 amino
acids

1 YWAYGVQTRG
61 LRGSRWGCWP
121 GYIQPRPQPP
181 VNTRQNLDHV
241 FQHEDLIGKC
301 FYNIIFRRLL
361 HKVLRSETVL
421 TFKKADGSEV
481 GLTDKMRNDF
541 SFSGRILQTE
601 LIQNLFKVTP
661 IKKYLCTDCP
721 IDCYHDMTAG
781 EYMPSRIIVY
841 QSGGRLQNPL
901 LTYKLCHIYY
961 FLFEMTLGFF
1021 CFSEIFCEHF
1081 DTCFEFKGDK
1141 KKNIENFEIV

RRPGGGVHPP
RAEVQGPGLG
PAEGELFGRG
KESKTGSSGI
HAFDGTILFL
KIMNLQQIGR
DFMFNFYHQT
SFLEYYRKQY
NVHKDLAVHT
KIHQGGKTFD
AHGHMQHRKAI
TPSQCVVART
RRSIAGFVAS
RDGVGDGQLK
PGTVIDVEVT
NWPGVIRVPA
®AFIYFFFNC
FVYFEEBWIR
RRKVGCSLQP
QRNILRLFNK

GKRAPVARCP
RGQRSKKXKT
RQRGTAGGTA
IVRLSTNHFR
PKRLQQKVTE
NYYNPNDPID
EEHKFQEQVS
NQEITDLKQP
RLTPEQRQRE
YNPQFADWSK
MIEVDDRTEA
LGKQQTVMAI
INEGHTRWFS
TLVNYEVPQF
RPEWYDFFIV
PCQYAHKLAF
YLSGENLGRG
YLVVENRLSE
¥VGFQLISHR
KGHEXISILT

RVPGSLGNPA
HMTGRARARAR
KSQGLQISAG
LTSRPQWALY
VFSKTRNGED
IPSHRLVIWP
KELIGLVVLT
VLVSQPKRRR
VGRLIDYIHK
ETRGAPLISV
YLRVLQQKVT
ATKIALQNNC
RCIFQDRGQE
LDCLKSIGRG
SQAVRSGSVS
LVGQSIHREP
LGDLAFYF¥H
SIENVFGDLL
¥KVLLYNLYT

PKARWARAEG
GRARGQETAQ
FQELSLAERG
QYHIDYNPLH
VRITITLTNE
GFTTSILQYE
KYNNKTYRVD
GPGGTLPGPA
NDNVQRELRD
KPLDNWLLIY
ADTQIVVCLL
KMGGELWRVD
LVDGLKVCLQ
YNPRLTVIVV
PTHYNVIYDN

CYSPASLFYT
KRTFRSEQVL
RYRRKYA¥FL

LLFILFWNWD MILFVIKXNE

Wild-type PIWIL1 protein sequence

GPGRSAARRD
LVGSTASQQP
GRRRDFHDLG
EARRLRSALL
LPPTSPTCLQ
NSIHLCTDVS
DIDWDQNPKS
MLIPELCYLT
WGLSFDSNLL
TRRNYEAANS
SSNRKDKYDA
IPLKLVNIVG
AALRAWNSCN
KKRVNTRFFA
SGLKPDHIQR
¥KLRFYILSS
LINLYELYF¥
FGRGARLYGS
CDCHLI

Amino acids sequence in

the wild-type PIWIL1

Stop codon of wild-type

PIWIL1

573 aa
3598
nucleotides,
1199 amino
acids

RRPGGGVHPP
RAEVQGPGLG
PAEGELFGRG
KESKTGSSGI
HAFDGTILFL
KIMNLQQIGR
DFMFNFYHQT
SFLEYYRKQY
NVHKDLAVHT
KIHQGGKTFD
AHGHQHRKAI
LPYPKSVCGG
SWAEVNRRIC
RVPRWRRRRP
STSWNSYECR
LLQLARCHSC
IFLSFYLLFF
AFFCLFERNV
REEAXSRHLT
NCPKKHFKTL

GKRAPVARCP
RGQRSKKXKT
RQRGTAGGTA
IVRLSTNHFR
PKRLQQKVTE
NYYNPNDPID
EEHKFQEQVS
NQEITDLKQP
RLTPEQRQRE
YNPQFADWSK
MIEVDDRTEA
PNLRQTANCH
CQHQ¥RDDPL
AENTGELRSA
GYQTRMVELF
SCSLPVRPQA
*LLSFWHKLG
DKILGSIKQT
TTIGGVSAHI
¥QKRPEVNLY

1 YWAYGVQTRG

61 LRGSRWGCWP
121 GYIQPRPQPP
181 VNTRQNLDHV
241 FQHEDLIGKC
301 FYNIIFRRLL
361 HKVLRSETVL
421 TFKKADGSEV
481 GLTDKMRNDF
541 SFSGRILQTE
601 LIQNLFKVTP
__661 RCYAKIPVYR
781 LQ¥VHAQPDH
841 FCSVWRKTSE
901 TALDLQAVPH
961 SRFSFENDFG
1021 IFLFLIDIL®
1081 FLRYLF¥IXR
1141 WE¥KKH*KFL

Premature
stop codon

RVPGSLGNPA
MTGRARARAR
KSQGLQISAG
LTSRPQWALY
VFSKTRNGED
IPSHRLVIWP
KELIGLVVLT
VLVSQPKRRR
VGRLIDYIHK
ETRGAPLISV
YLRVLQQKVT
GHCYKDCPTD
VLTLHISGXR
TVFGLSKIHW
YREPGCEKW¥
GFSCWPEYSQ
KGIRRSSILF
L¥EYLKCVWR
LKIKGTII¥P
INITIYFVLE

PKARWARAEG
GRARGQETAQ
FQELSLAERG
QYHIDYNPLH
VRITITLTNE
GFTTSILQYE
KYNNKTYRVD
GPGGTLPGPA
NDNVQRELRD
KPLDNWLLIY

GPGRSAARRD
LVGSTASQQP
GRRRDFHDLG
EARRLRSALL
LPPTSPTCLQ
NSIHLCTDVS
DIDWDQNPKS
MLIPELCYLT
WGLSFDSNLL
TRRNYEAANS
Alteration in amino

acid sequence

GGHPPEARDD
PASGSEGLEX
CGEEKSEHQI
*QQRPEARPH
LLPLTCRRRC
LYVKIKILYF
SPTYKPILTL
IFIWQGGHVV
KLMELSPYL

ELQDGRRALE
TGAGRWAQSL
FRLQPETNGN
CFSHTLQCHL
RAKSVTVKPP
LALLFTGFLI
FTETYFQEXA
THKIQEKICL
LGHDSICYKI

Predict sequence of PIWIL1 after knockout

Figure 3 Amino acid sequences of the wild-type PIWIL1 protein and the PIWIL1 protein after the insertion of seven adenines by the CRISPR-Cas9 system.

cell to cell concerning number of chromosomes or
single cell chromosomal rearrangements®. The here-
given karyotype was the most frequently observed
one. Interestingly, inversions, dicentrics and reciprocal
translocations of homologous acrocentric (#13, #15,
#22) was observed. Overall, gain of the following
regions was present: #1, #3, large parts of #2 and #5,
8g11.2 to 8qter, 12pter to 12q12. Besides, the following
regions were under-represented: 2pter to 2p12, 9pter
to 9p12, 15q12 to 15qter. These imbalances are in
concordance with the literature™”’,

In AGP0O1, we performed for the first time an in
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5344

vitro knockout experiment of PIWIL1 gene using the
CRISPR-Cas9 system. It could be shown that absence
of this gene significantly impairs migration and invasion
capacity of AGPO1 cells. Thus, the AGPO1 cell line
behaves like that previously reported for gastric cancer
cells™ or lung adenocarcinoma'®®. Together, these
studies suggest that PIWIL1 expression is strongly
associated with an increased aggressiveness of cancer
cells.

According to Wang et al”, one of the mechanisms
by which PIWIL1 regulates the migration and invasion
of cancer cells is by promoting the expression of MMP2
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Figure 4 Analysis of the migration capacity of the AGP01 cell line with and without PIWIL1 gene knockout. TO: Immediately after injury; T6: 6 h after injury;
T12: 12 h after injury; T24: 24 h after injury. NC: Negative control. °P < 0.01. Two-way ANOVA, Bonferroni post-test. Photomicrography of AGP01 cell migration. A:
Immediately after injury; B: 6 h after injury; C: 12 h after injury; D: 24 h after injury. The black lines represent approximation of the edges over time, demonstrating the

migration capacity of the cells.

and MMP9, two important metalloproteinases involved
in the degradation of the extracellular matrix, thereby
creating paths for the locomotion of cancer cells®®".

Additionally, Amaar et al** demonstrated that the
over-expression of PIWIL1 down-regulates the tumor
suppressor gene IGFBP5, a member of the insulin-
like growth factor binding protein family and whose
expression is implicated in suppressing epithelial-
mesenchymal transition and reducing the expression of
E-cadherin and HIF1gq, indicating that is it critically related
to cancer progression™>*¥,

Data obtained from our gene expression experiments
also provided corroborating evidence that the PIWIL1
gene plays a key role in cancer cell migration and
invasion because several genes involved in these cellular
processes were observed as DE when the cell lines were
compared before and after PIWIL1 knockout.

Many studies have demonstrated the oncogenic
activities of the DOCK2, ZNF503, PDE4D, ABL1, ABL2,
LPAR1, SMAD2 and WASF3 genes and their relation
to tumor aggressiveness in several types of cancer,
including gastric cancer™®, Interestingly, PIWIL1
knockout led to a decreased expression of these
genes as well as an increased expression of the tumor
suppressor gene DACH1, demonstrating that PIWIL1
plays a crucial role in the pathway of development and
progression of gastric cancer, and is likely a promising
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candidate for therapeutic intervention.

Zhu et al® reported that the over-expression of
DACH1 impaired the proliferation and invasion ability of
lung adenocarcinoma cells in vitro via the down-regulation
of PRX3, an oncoprotein required for the maintenance
of mitochondrial function and tumorigenesis™’. DACH1
expression also inhibited epithelial-mesenchymal
transition and metastasis by affecting TGF-B signaling
and decreased proliferation of cancer cells by inducing cell
cycle arrest at the G2/M phase™®®!,

Regarding the reported oncogenes, Rahrmann et a/*”!
observed that PDE4D is over-expressed in human
prostate cancer and demonstrated that the knockdown
of this gene reduced the growth and migration of
prostate cancer cells in vitro as well as the growth and
proliferation rate of prostate cancer xenografts in vivo.
Delyon et al®® demonstrated that PDE4D is also over-
expressed in melanoma cell lines and pinpointed this
gene as a regulator of cell invasion by interacting with
FAK through RACK1, constituting a signaling pathway
that when activated promotes tumor progression and
metastasis'*’.

Recent studies have determined the role of ABL
members from the tyrosine kinase family, ABL1 and
ABL2, in the development of many types of solid
tumors. These proteins induce the activation of actin
polymerization machinery by modulating the expression
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Figure 5 Analysis of the invasion capacity of the AGP01 cell line with and without the PIWIL1 gene knockout. Statistically significant difference between
groups was shown by the Student's ¢ test ("P < 0.001). Photomicrography of the cell invasion assay demonstrating the decrease in the number of cells that invaded

when PIWIL1 was knocked out. NC: Negative control.

of several MMPs to promote morphological changes,
including the formation of membrane protrusions
and altered cell adhesion. Consequently, activation
of ABL1 and ABL2 in cancer cells promote enhanced
proliferation, migration and invasion, as well as drug
resistance®*?,

DOCK2 (dedicator of cytokinesis) belongs to
the DOCK family of proteins and is expressed in
hematopoietic cells™. According to Kulkarni et a/*”,
DOCK2 has been reported to activate Rac, which is
known to regulate several crucial processes, including
lymphocyte migration, activation and differentiation of
T cells™®, Wang et al*”’ knocked out DOCK2 in a B-cell
lymphoma cell line and observed a decrease in Racl
expression. Additionally, analysis of the growth curves of
both cell lines demonstrated that the DOCK2 knockout
grew less than DOCK2, as evidenced by the lower cell
proliferation.

ZNF503 is expressed in the mammary gland
and other tissues, and there is a high incidence of
association between this gene deregulation and tumor
aggressiveness in several kinds of tissues, such as lung,
kidney and intestine!®. Shahi et ai*® performed scratch
and 3D Matrigel culture assays in two mammary
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epithelial cell lines to analyze the cell motility and
migration. Both assays demonstrated that cell lines
with ZNF503 knockout migrated less, did not close the
gaps, and inhibited invasiveness when compared to the
control cells. These data indicate that ZNF503 promotes
cellular invasion and migration, and high levels of this
gene are closely related with poor patient survival,
breast cancer progression and increased metastasis.

Yu et al”® demonstrated that the lysophosphatidic
acid receptor 1 (LPAR1) gene is related to migration and
invasion in ascites from ovarian cancer and is expressed
at higher levels in metastatic cell lines, when compared
to non-metastatic cell lines. They also observed that
the presence of high levels of lysophosphatidic acid
are directly connected to cell migration stimulation,
and LPAR1 silencing reduced lysophosphatidic acid-
induced invasion. Additionally, in breast tumors, a
higher expression of LPAR1 is related to a worse lung
metastasis-free survival rate®!l,

Wiskott-Aldrich syndrome protein family 3 (WASF3)
is an important gene, which has C-terminal domains
that are responsible for actin polymerization activation,
playing a role in cell proliferation and migration. The
WASF3 gene is normally over-expressed in several types
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Figure 6 Volcano plot comparing gene expression after PIWIL1 permanent knockout in the gastric cancer AGP01 cell line. Differentially expressed probes
[adjusted P-value of < 0.05 and |Log2(Fold-Change)| > 1] are on superior left and right areas (red). mRNAs involved in invasion and migration processes are in green.

of tumors, such as breast cancer, osteosarcoma and
prostate cancer®*¥, In gastric cancer, little is known
about this gene; however, since micro (mi)RNAs and
their targets are considered potential biomarkers for
gastric cancer, Wang et a/® performed a luciferase
assay and western blotting to investigate the relationship
between miR-218 and WASF3. Their results demonstrated
that over-expression of WASF3 harms miR-218 and
results in the inhibition of cell proliferation and migration,
suggesting that WASF3 is over-expressed in gastric
cancer and induces cell proliferation and migration.
Additionally, in gRT-PCR, WASF3 mRNA expression levels
were higher when compared to normal gastric cell lines.

Smad?2 is the first intracellular protein in the signaling
cascade of the TGF-B1 signaling pathway, which is involved
in the progression of gastric cancer. In advanced stages of
cancer, TGF-p1 acts as an oncogene, regulating multiple
cellular functions, including stimulation of proliferation,
differentiation and the inhibition of apoptosis™>*"".

Interestingly, Lv et al®® observed that TGF-g1
levels in peritoneal lavage fluid are directly connected
to peritoneal metastasis. Corroborating evidence
was provided by Shinto et al®®, whose experiments
demonstrated that p-Smad2 expression was higher in
diffuse-type tumors and in peritoneal metastasis cases.
Notably, the AGPO1 cell line used to perform the PIWIL1
knockout in our study was obtained from a patient with
peritoneal metastasis, and we found SMAD2 was over-
expressed.

Taken together, these data reinforce the idea that
PIWIL1 plays a crucial role in the signaling pathway
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of gastric cancer, regulating several genes involved in
migration and invasion processes; therefore, its use as
a therapeutic target may generate promising results
in the treatment of gastric cancer, mainly in patients
with peritoneal carcinomatosis, which is a condition
associated with poor prognosis and a decreased overall
survival.

ARTICLE HIGHLIGHTS

Research background

Gastric cancer (GC) remains a major public health problem, having the third
highest incidence of death worldwide. Piwi like RNA-mediated gene silencing
1 (PIWIL1) is involved in regulation of widespread biological processes,
including stem cell proliferation, embryogenesis, growth, and development,
and has been found to be frequently over-expressed in various tumor types,
including GC. Previous studies have demonstrated that PIWIL1 is implicated
in improving tumor malignant behavior. PIWIL1 expression has been shown
to be absent in normal somatic tissues, making it a very intriguing target for
therapy. We attempted to investigate the role of PIWIL1 on the migration and
invasion capacity of metastatic GC cells, using the AGP01 cell line, as well as
checking the expression status of genes and proteins involved in these cellular
processes, in order to elucidate the mechanisms by which PIWIL1 provokes
tumorigenic effects and to shed light on potential new strategies to target
PIWIL1

Research motivation

Many aspects of gastric carcinogenesis remain elusive, and much effort has
been made to improve patient prognosis. The PIWIL1 has been identified
as a novel extremely highly expressed gene in many types of cancer and its
expression in GC tissue is related to poorer overall survival, suggesting that
high expression of PIWIL1 is associated with poor prognosis and that it could
be used as a predictive marker or even a target for therapy. Although PIWIL1
has been correlated with worse outcome, the involved mechanisms remain
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unclear, and many hypotheses are being tested. Once the upstream and
downstream signaling pathways of PIWIL1 are elucidated, it will be possible to
create new therapeutic strategies for gastric carcinogenesis, in order to improve
the overall health of patients affected by this disease.

Research objectives

We performed permanent knockout of the PIWL1 gene to verify phenotypic
modifications in the AGP01 metastatic GC cell line, as well as alterations in
expression level of mRNA and protein, in an attempt to better understand
the mechanisms by which PIWIL1 promotes tumor malignant behavior. This
research demonstrates the importance of studying PIWIL1 in GC, since
data obtained through the achievement of our objectives showed that this
protein has a crucial role in gastric carcinogenesis, promoting molecular and
phenotypic alterations compatible with enhanced tumor aggressiveness. The
elucidation of the role of PIWIL1 protein in cancer cell invasion and migration
will pave the way for developing potential clinical interventions, aiming to control
GC dissemination.

Research methods

We applied CRISPR/Cas9 technology to knockout the PIWIL1 gene in a
metastatic GC cell line, and analyzed its phenotypic modifications, as well as
alterations in gene and protein expression. CRISPR-Cas9 technology was
considered in 2015 as one of the most important technological advances of
science. Mainly, it allows permanent silencing of the target gene and also
creates a stable and permanent cell line with the desired modification. By this
way, multiple experiments can be carried on, including long term evaluation
of the downstream events caused by the molecular alteration, as well as
discovering potential pathways influenced by the studied gene. Therefore, after
permanent knockout of PIWIL1 in the AGP01 cell line, we analyzed phenotypic
modifications by performing wound-healing and Boyden chamber invasion
assays, to assess migration and invasion, respectively. Moreover, aiming to
shed light on the molecular mechanisms used by PIWIL1 to make changes
in the migration and invasion capability of cells, we carried out proteomic and
microarray assays, using multidimensional protein identification technology
(commonly known as MudPIT) and a one-color microarray-based gene
expression analysis kit, respectively.

Research results

PIWIL1 gene knockout was successfully performed and confirmed by Sanger
sequencing, which revealed an insertion of seven adenines in the PIWIL1 gene
sequence. In silico prediction of the encoded protein pointed to the appearance
of a premature termination codon, suggesting that this insertion generates a
truncated protein with a loss-of-function phenotype. PIWIL1 knockout promoted
a significant decrease in cell migration and invasion capacity (P < 0.01 and P
< 0.001, respectively), which is consistent with data present in the literature
demonstrating that this protein is implicated in several signaling pathways that
regulate cell motility. By comparing expression profiles after PIWIL1 knockout,
a total of 251 mRNA were found to be differentially expressed, with 43 up-
regulated and 208 down-regulated mRNA. A functional analysis grouping all
differentially expressed mRNAs demonstrated that 35 genes encoded proteins
were involved in invasion and migration cellular processes. After extensive
review of data presented in the literature, we selected 9 of these 35 genes
(DOCK2, ZNF503, PDE4D, ABL1, ABL2, LPAR1, SMAD2, WASF3 and
DACH1) as possibly related to the mechanisms used by PIWIL1 to promote
carcinogenic effects related to migration and invasion, since their functions
are consistent with the changes observed (being up- or down-regulated after
knockout). Additionally, the analysis of proteomic data revealed that PIWIL1
knockout caused modification in the expression of 27 proteins involved in
epithelial-mesenchymal transition (EMT). Twenty-two oncoproteins related to
EMT promotion, including FGFR1, PCNA, ACTN4, GSN and TUBB3, were
expressed in the AGPO1 cell line before knockout and reduced to a level that
were not detectable by the technique after knockout. On the other hand, PIWIL1
knockout caused an increase in the expression of six proteins implicated in
EMT suppression, such as ACSM3, ADGRG1 and ANPEP, that were absent in
AGPO01 before knockout. To the best of our knowledge, this is the first report
describing molecular alteration compatible with phenotypic alterations after
permanent knockout of PIWL1 in GC. Detailed mechanisms leading to PIWIL1
over-expression in cancer as well as the pathways by which this protein
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improves the malignant phenotype should be further investigated.

Research conclusions

In the current study, we pioneered the performance of an in vitro knockout
of the PIWIL1 gene by using the CRISPR-Cas9 system, and found that
absence of this gene significantly impaired the migration and invasion capacity
of the AGPO1 cell line, besides modifying mRNA and protein expression
of potential molecular targets involved in the EMT process. The results of
such experiments contributed to understanding of the mechanisms used by
PIWIL1 to promote alteration in migration and invasion capacity of gastric
cells during tumorigenesis, and also revealed the participation of new players
related to PIWIL1 expression, such as FGFR1, PCNA, ACTN4, PDE4D and
SMAD?2. Our results demonstrated that knockout of PIWIL1 promotes several
changes in cell phenotype, suggesting the critical role of the PIWIL1 oncogene
in GC, and confirmed the hypothesis that PIWIL1 expression provokes
migration, invasiveness and EMT as potential mechanisms of improved tumor
aggressiveness. The presented findings open new perspectives for molecular
interventions in GC

Research perspectives

Definite silencing of PIWIL1 by the CRISPR-Cas9 system resulted in robust
findings favoring the discovery of new mechanisms involved in gastric
carcinogenesis. The presented results must be validated by other researchers,
and if confirmed, might lead to innovative interventions aiming to treat GC.
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Abstract

AIM

To examine the effect of Fusobacterium nucleatum
(F nucleatum) on the microenvironment of colonic
neoplasms and the expression of inflammatory mediators
and microRNAs (miRNAs).

METHODS

Levels of £ nucleatum DNA, cytokine gene mRNA
(TLR2, TLR4, NFKB1, TNF, IL1B, IL6 and IL8), and
potentially interacting miRNAs (miR-21-3p, miR-22-3p,
miR-28-5p, miR-34a-5p, miR-135b-5p) were measured
by quantitative polymerase chain reaction (qPCR)
TagMan® assays in DNA and/or RNA extracted from
the disease and adjacent normal fresh tissues of 27
colorectal adenoma (CRA) and 43 colorectal cancer
(CRC) patients. KRAS mutations were detected by direct
sequencing and microsatellite instability (MSI) status by
multiplex PCR. Cytoscape v3.1.1 was used to construct
the postulated miRNA:mRNA interaction network.

RESULTS

Overabundance of £ nucleatum in neoplastic tissue
compared to matched normal tissue was detected in
CRA (51.8%) and more markedly in CRC (72.1%). We
observed significantly greater expression of 7.R4, IL1B,
IL8, and miR-135b in CRA lesions and 7LR2, IL1B, IL6,
L8, miR-34a and miR-135b in CRC tumours compared
to their respective normal tissues. Only two transcripts
for miR-22 and miR-28 were exclusively downregulated
in CRC tumour samples. The mRNA expression of /L15,
116, IL8 and miR-22 was positively correlated with £
nucleatum quantification in CRC tumours. The mRNA
expression of miR-135b and 7/VF was inversely correlated.
The miRNA:mRNA interaction network suggested that
the upregulation of miR-34a in CRC proceeds via a
TLR2/TLR4-dependent response to £ nucleatum. Finally,
KRAS mutations were more frequently observed in CRC
samples infected with £ nucleatum and were associated
with greater expression of miR-21 in CRA, while /L8 was
upregulated in MSI-high CRC.

CONCLUSION
Our findings indicate that £ nucleatumn is a risk factor
for CRC by increasing the expression of inflammatory
mediators through a possible miRNA-mediated activation
of 7TLR2/TLR4.

Key words: Colorectal cancer; Colorectal adenoma;
Fusobacterium nucleatum; Inflammation; Cytokines;
MicroRNAs

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: We examined the influence of Fusobacterium
nucleatum (£ nucleatum) in colorectal adenoma (CRA)
and colorectal cancer (CRC) on the mRNA expression
of inflammatory mediators and the association with
microRNA (miRNA) levels, KRAS mutation, and micro-
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satellite instability (MSI). We suggest that £ nucleatum
contributes to CRC development by increasing the
expression of inflammatory mediators through a possible
miRNA-mediated activation of 7ZR2/7LR4. The miRNA:
mRNA interaction network suggests an upregulation of
miR-34a in CRC via a 7LR2/TLR4-dependent response
to £ nucleatum. KRAS mutations were more frequent
in £ nucleatum-infected CRC and were associated with
a greater expression of miR-21 in CRA, while /L8 was
upregulated in MSI-high CRC.

Proenca MA, Biselli JM, Succi M, Severino FE, Berardinelli
GN, Caetano A, Reis RM, Hughes DJ, Silva AE. Relationship
between Fusobacterium nucleatum, inflammatory mediators and
microRNAs in colorectal carcinogenesis. World J Gastroenterol
2018; 24(47): 5351-5365

URL: https://www.wjgnet.com/1007-9327/full/v24/i47/5351 .htm
DOI: https://dx.doi.org/10.3748/wjg.v24.147.5351

INTRODUCTION

Colorectal cancer (CRC) is one of the three leading
causes of cancer-related deaths and the third most
frequently diagnosed cancer worldwide, with 1849518
new cases and 880792 deaths estimated in 2018, In
Brazil, CRC is the third most frequent cancer in men
and the second most frequent cancer in women'?!, CRC
is associated with chronic inflammation and oxidative
processes that can induce malignant cell transformation
and activate carcinogenic processes such as proliferation
and angiogenesis™’.

The human intestinal microbiota is composed of many
species that may play an important role in inflammatory
gastrointestinal diseases, such as inflammatory bowel
disease and CRC. Among the microbiota, Fusobacterium
nucleatum (F. nucleatum) has emerged as a potential
factor in CRC aetiology™”). This bacterium is a gram-
negative anaerobic commensal pathogen that is
associated with several human diseases, especially those
related to the oral and intestinal tracts”™®. Some studies
suggest that F. nucleatum can cause a pro-inflammatory
microenvironment in the intestine through deregulating
inflammatory and immune responses, thereby promoting
a microenvironment propitious for tumour initiation and
CRC progression>®?, However, the mechanisms involved
in this proposed tumourigenic process are still under
discussion.

Studies have shown an abundance of F. nucleatum
in tumour tissues and stool samples from CRC patients
compared to adjacent normal tissues, colorectal
adenomas (CRA) or even healthy subjects, and this
observation was also correlated with shorter post-
diagnosis overall survival®'®*?, These results reinforce
the importance of F. nucleatum detection to assist in
the identification of risk groups and early detection of
CRC with implications for disease prognosis as well.
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The interaction of microorganisms with the intestinal
epithelium initially involves recognition by Toll-like
receptors (TLRs)"* and activation of the nuclear factor-
kappa B (NF-xB) pathway, which is the main signalling
pathway regulating inflammatory responses implicated in
colorectal tumourigenesis™™. NF-xB may facilitate tumour
progression through the expression of pro-inflammatory
cytokines!™, which have different roles in colorectal
carcinogenesis. These pro-inflammatory cytokines
include interleukin (IL) IL1B, which can induce tumour
cell proliferation!*®; IL6 and IL8, which are related to
tumour growth, angiogenesis and metastasis'’’; and
tumour necrosis factor (TNF) A, which can decrease cell
death!**®,

F. nucleatum infection has also been associated
with common CRC tumour genetic and epigenetic
alterations, such as microsatellite instability (MSI), CpG
island methylator phenotype (CIMP), and mutations
in the BRAF and KRAS genes!'®?!, These alterations
are thought to be due to F. nucleatum-mediated
inflammatory responses influencing the molecular
pathways of colorectal carcinogenesis via generation
of reactive oxygen species (ROS) and greater pro-
inflammatory gene expression, resulting in aberrant
DNA methylation and DNA damage.

MicroRNAs (miRNAs) have a well-established role
in inflammatory processes and can serve as molecular
markers for diagnosis, prognosis, and treatment
response’®”. Several miRNAs have been associated
with CRC development and progression'”*?, including
investigations of F. nucleatum-induced inflammation and
CRC[26-28].

However, the interaction and (dys)regulation
between inflammatory genes and miRNAs in potential
F. nucleatum-induced colorectal carcinogenesis has not
previously been elucidated. Thus, we investigated the
association of F. nucleatum abundance in CRA and CRC
tissues with the expression of inflammatory genes (TLR2,
TLR4, NFKB1, TNF, IL1B, IL6 and IL8) and miRNAs (miR-
21-3p, miR-22 -3p, miR-28-5p, miR-34a-5p and miR-
135b-5p). These genes and miRNAs were selected due to
their proposed involvement in the inflammatory process
or colorectal carcinogenesis from the literature and public
databases (TarBase v7.0 and miRBase 2.1)°*%, Qur
findings suggest that the host inflammatory response to
F. nucleatum contributes to the neoplastic progression of
CRA to CRC though TLRZ2 and TLR4 activation of the pro-
inflammatory cytokines IL1B, IL6 and IL8 in a potentially
miRNA-dependent process.

MATERIALS AND METHODS

Clinical samples

This study was approved by the Research Ethics
Committee of IBILCE/UNESP, Sao José do Rio Preto (SP),
Brazil (reference 1.452.373). Written informed consent
was obtained from all individuals, and all samples were
coded to protect patient anonymity.
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A total of 43 fresh-frozen CRC tissue samples and
the matched adjacent normal tissue (N-CRC) as well
as 27 CRA tissue samples and the matched adjacent
normal tissue (N-CRA) were collected from the
Proctology Service of Hospital de Base and Endoscopy
Center Rio Preto, both in SP (Brazil) during the period of
2010 to 2012.

All required information on demographic and
clinical histopathological parameters was obtained from
the patients’ medical records. The inclusion criteria
were patients with a confirmed diagnosis of pre-
cancerous adenomas or sporadic CRC by standard
clinical histopathological measures without previous
chemotherapy and radiotherapy, and the exclusion
criterion was patients with hereditary CRC.

Acid nucleic extraction and cDNA reverse transcription

Simultaneous extraction of total RNA and DNA from
colorectal tissue samples was performed using the
TRIzol reagent (Ambion, Carlsbad, CA, United States)
and corresponding protocol from the manufacturer. A
reverse transcriptase reaction was performed using a
High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, United States) as described
previously®". The synthesis of cDNA to the miRNAs
was carried out with a TagMan® MicroRNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA,
United States) according to the manufacturer’s protocol.

Quantification of F. nucleatum

Quantification of F. nucleatum was performed in
CRA, CRC and the respective adjacent normal
DNA samples by quantitative real-time PCR
(qPCR). TagMan® Gene Expression Assays (Applied
Biosystems, Foster City, CA, United States) with
specific probes for the bacterial gene target NusG
(5'-TCAGCAACTTGTCCTTCTTGATCTTTAAATGAACC-3’
TAMRA probe FAM) and the human gene PGT
(5'-CCATCCATGTCCTCATCTC-3" TAMRA probe FAM)
as a reference were assayed by StepOnePlus Real-
Time PCR (Applied Biosystems, Foster City, CA, United
States). The reactions were performed separately
for each gene at a 12 uL final volume using 20 ng of
genomic DNA, 400 nmol/L primer (NusG sequences:
5'-CAACCATTACTTTAACTCTACCATGTTCA-3' and
3'-GTTGACTTTACAGAAGGAGATTATGTAAAAATC-5',
PGT: 5'-ATCCCCAAAGCACCTGGTTT-3’ and
3'-AGAGGCCAAGATAGTCCTGGTAA-5") (Invitrogen,
Carlsbad, Califérnia, United States), 400 nmol/L probe
and GoTaq probe 1 x gPCR Master Mix (Promega,
Madison, Wisconsin, United States). The reaction was
subjected to temperatures of 50 C for 2 min, 95 C for
10 min, then 60 cycles of 95 °C for 15 s and 57 °C for 1
min™®. All reactions were performed in duplicate, and
all experiments had a no-template control that was
used to confirm no contamination in samples. Cq (cycle
quantification) values were calculated after adjusting
the threshold by StepOne software (v. 2.2.2) (Applied
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Biosystems, Foster City, CA, United States), and all
samples with a resulting Cq value were considered
positive. Relative quantification (RQ) for the F. nucleatum
gene (NusG) was calculated based on the 2™
method™” and was expressed for each group relative to
the respective normal tissue samples both in an unpaired
way, using the mean of adjacent normal samples as a
calibrator for each group, and in a paired way, using the
respective adjacent normal of each sample as its specific
calibrator.

Relative quantification of inflammatory mediator genes
and miRNAs

Relative quantifications for the expression of 7
inflammatory genes [TLR2 (Hs00610101_m1), TLR4
(Hs01060206_m1), NFKB1 (Hs00765730_m1), IL1B
(Hs01555410_m1), IL6 (Hs00985639_m1), IL8
(Hs00174103_m1) and TNF (Hs00174128_m1)] and
5 miRNAs [hsa-miR-21-3p (TM002438), hsa-miR-22-
3p (TM000398), hsa-miR-28-5p (TM000411), hsa-
miR-34a-5p (TM000426), and hsa-miR-135b-5p
(TM002261)] were performed in 27 CRA and 43 CRC
cDNA samples. Adjacent normal tissue samples of
each lesion (CRA and CRC) were studied as a sample
pool with the same amount of cDNA. The gPCRs were
performed using the TagMan® Gene Expression Assays
(Applied Biosystems, Foster City, CA, United States)
with specific probes for each gene according to the
instructions from the manufacturer, in a final volume of
10 uL using 25 ng of cDNA for the cytokine genes and
0.66 ng for the miRNAs. All reactions were performed
in duplicate, and all experiments had a no-template
control. The reactions were subjected to the StepOne
Plus Real-Time PCR System (Applied Biosystems, Foster
City, CA, United States). Cq values were calculated
after adjusting the threshold by the StepOne software
(v.2.2.2) (Applied Biosystems, Foster City, CA, United
States). For the mRNA analyses, the ACTB and GAPDH
genes were used as reference genes, as validated in a
previous study™., For the miRNA analysis, the method
of global normalization was employed®, RQ values
were calculated using the 2*“ method™, considering
the pool of the respective adjacent normal samples
as the calibrator and considering the Cq mean of CRA
expression for the CRC samples.

miRNA-mRNA interaction networks

Prediction of targets regulated by miRNAs was performed
using the miRNA Data Integration Portal bioinformatics
tool (http://ophid.utoronto.ca/mirDIP/)"%. A protein-
protein interaction network was generated via the
String database (version 9.1) using the target genes
as an input®!, The identified miRNAs and target genes
were integrated into interaction networks by Cytoscape
software (version 3.1.1)". The biological function of the
identified genes in the network was defined using the
BiNGO tool in Cytoscape (version 3.0.2)”). Cytoscape
software also provides a graphical visualization of the
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network with the nodes representing the genes, miRNAs,
and/or proteins and the edges representing their
interactions.

KRAS mutation

KRAS (codons 12 and 13) hotspot mutation regions
were analysed by PCR, followed by direct sequencing,
as previously described™®. PCR was performed at a
final volume of 15 ulL under the following conditions:
1.5 uL of buffer (Qiagen, Venlo, The Netherlands),
2 mmol/L MgCl: (Qiagen, Venlo, The Netherlands),
100 mmol/L dNTPs (Invitrogen, Carlsbad, Califérnia,
United States), forward and reverse primers at 0.2
mmol/L (Sigma Aldrich), 1 unit of HotStarTag DNA
polymerase (Qiagen, Venlo, The Netherlands) and 1
pL of DNA at 50 ng/uL. The KRAS primers used were
5'-GTGTGACATGTTCTAATATAGTCA-3’ (forward) and
3'-GAATGGTCCTGCACCAGTAA-5’ (reverse)™™,

PCR products were purified with ExoSAP (GE
Technology, IL, United States) and then added to a
sequencing reaction mix containing 1 uL of BigDye
(Applied Biosystems, Foster City, CA, United States),
1.5 pL of sequencing buffer (Applied Biosystems, Foster
City, CA, United States) and 1 uL of primer, followed by
post-sequencing purification with a BigDye XTerminator
Purification Kit (Applied Biosystems, Foster City, CA,
United States) according to the instructions from the
manufacturer. Direct sequencing was performed on a
3500 xL Genetic Analyzer (Applied Biosystems, Foster
City, CA, United States). All mutations were confirmed
in a second, independent PCR experiment.

MSI status

MSI evaluation was performed using a multiplex PCR
comprising six quasimonomorphic mononucleotide
repeat markers (NR-27, NR-21, NR-24, BAT-25, BAT-26
and HSP110), as previously described™®*!. Primer
sequences, as described™*?!, were each reverse
primer end-labelled with a fluorescent dye as follows:
6-carboxyfluorescein (6-FAM) for BAT-26 and NR-21;
20-chloro-70-phenyl-1,4-dichloro-6-carboxyfluorescein
(VIC) for BAT-25, NR-27 and HSP110; and 2,7,8-benzo-
5-fluoro-2,4,7-trichloro-5-carboxyfluorescein (NED) for
NR-24. PCR was performed using a Qiagen Multiplex
PCR Kit (Qiagen, Venlo, The Netherlands) with 0.5 uL
of DNA at 50 ng/uL and the following thermocycling
conditions: 15 min at 95 C; 40 cycles of 95°C for 30 s,
55°C for 90 s and 72 °C for 30 s; and a final extension at
72 °C for 60 min. Fragment analyses were performed on
a 3500 xL Genetic Analyser (Applied Biosystems, Foster
City, CA, United States) according to the instructions
from the manufacturer, and the results were analysed
using GeneMapper v4.1 (Applied Biosystems, Foster
City, CA, United States). Cases exhibiting instability at
two or more markers were considered to have high
MSI (MSI-H), cases with instability at one marker were
defined as having low MSI (MSI-L) and cases that
showed no instability were defined as microsatellite
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Figure 1 Relative quantification of the Fusobacterium nucleatum NusG gene in adenoma and colorectal cancer samples compared to adjacent normal
tissues and colorectal cancer compared to adenoma tissue. Statistically significant differences, according to the Wilcoxon signed-rank test, were as follows:
colorectal adenoma: °P = 0.0002, colorectal cancer: °P = 0.0002, colorectal cancer/adenoma: °P < 0.0001. Median with interquartile range graph. CRA: Colorectal

adenoma; CRC: Colorectal cancer; CRC/AD: Colorectal cancer/adenoma; RQ: Relative quantification; F. nucleatum: Fusobacterium nucleatum.

stable (MSS)“°,

Statistical analysis

KRAS mutation and MSI status were compared between
groups using Fisher’s exact test. The distribution of
continuous data was evaluated using the D’Agostino-
Pearson normality test. The Wilcoxon signed-rank test was
used to test the significance of the RQ of the measured
genes from the gPCR experiments. Spearman’s rank
correlation coefficient test was performed to compare the
F. nucleatum quantification with the expression of the
inflammatory genes and miRNAs. For all analyses, P < 0.05
was considered statistically significant. The analysis was
performed by GraphPad Prism software (version 6.01).

RESULTS

Quantification of F. nucleatum in CRA and CRC tissues
Among 43 CRC and 27 CRA samples and their
respective normal adjacent mucosa (N-CRC and
N-CRA, respectively) quantified for F. nucleatum, 33
(76.7%) CRC samples, 31 (72.1%) N-CRC samples, 14
(51.8%) CRA samples, and 13 (48.1%) N-CRA samples
were positive for bacterial DNA. Of these samples,
the presence of the bacterium was observed in both
the lesion and its matched normal mucosa for 6 CRA
samples and 27 CRC samples. A significant increase in
bacterial DNA was found for both CRA (RQ = 5.64) and
CRC (RQ = 8.67) tissues compared to the respective
normal adjacent tissues (Figure 1).

In addition, the analysis of F. nucleatum quantification
for the CRC group was also performed in a paired way,
using the respective adjacent normal tissue of each
sample as its specific calibrator. This result was consistent
with the unpaired analysis showing more F. nucleatum in
tumour tissues (RQ = 17.71, P = 0.0002). For the CRA
samples, this paired analysis was not performed due
to the low potential of analysing the available 6 paired
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samples.

A comparison of CRC samples with CRA samples,
using the Cqg mean of CRA rather than the normal
mucosa as a calibrator for the analysis, estimated the
quantification of F. nucleatum as 24.84 times greater in
CRC samples than in CRA samples (P < 0.0001) (Figure 1).

Gene expression of inflammatory mediators
Gene expression of inflammatory mediators in CRA
samples and CRC samples relative to adjacent normal
tissue samples showed significantly increased mRNA
levels for TLR4 (RQ = 2.27, P =0.0003), IL1B (RQ =
2.27, P = 0.0047) and IL8 (RQ = 3.33, P = 0.0006)
in CRA tissues (Table 1, Figure 2A) and for TLR2 (RQ
= 2.36, P < 0.0001), IL1B (RQ = 4.13, P < 0.0001),
IL6 (RQ = 6.67, P < 0.0001) and IL8 (RQ = 6.36, P <
0.0001) in CRC tumours (Table 1, Figure 2B).
Additionally, elevated expression of TLR2 (RQ = 1.68,
P < 0.0001), IL1B (RQ = 4.79, P < 0.0001), IL6 (RQ =
9.40, P < 0.0001) and IL8 (RQ = 12.12, P < 0.0001)
was observed in CRC tumours compared to CRA tissues
(Table 1, Figure 2C).

miRNA gene expression

A similar estimation of miRNA relative gene expression
was performed for CRA and CRC samples, in which
miRNAs (miR-21, miR-22, miR-28, miR-34a, miR-135b)
were quantified in each neoplastic tissue sample relative
to a pool of the adjacent normal tissue. For the CRA
group, only miR-135b was upregulated (RQ = 2.19,
P = 0.0074) (Table 2, Figure 3A). However, for CRC
samples, while miR-34a (RQ = 1.38, P = 0.0029) and
miR-135b (RQ = 9.31, P < 0.0001) were upregulated,
miR-22 (RQ = 0.27, P < 0.0001) and miR-28 (RQ =
0.65, P = 0.0045) were downregulated (Table 2, Figure
3B). Relative to the CRA group, CRC samples also
presented a significant increase in the gene expression
of miR-34a (RQ = 1.26, P = 0.01) and miR-135b (RQ =
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Table 1 Relative quantification of mRNA expression of the inflammatory genes in adenoma and colorectal cancer samples compared

with adjacent normal tissue samples and colorectal cancer samples relative to the adenoma group

TIR2 TLR4 NFKB1 IL1B ILé 8 TNF
CRA
RQ median 0.87 227 1.02 227 112 333 0.75
RQ Range 0.36-10.80 032-11.25 0.45-3.38 0.14-76.76 0.09-80.41 0.10-874.50 0.14-2.60
P value 0.2940 0.0003° 0.5360 0.0047° 0.2473 0.0006" 0.0527
CRC
RQ median 236 0.74 0.90 413 6.67 6.36 0.72
RQ Range 0.31-35.80 0.20-23.42 0.31-8.49 0.13-245.70 0.09-192.80 0.16-194.20 0.06-31.76
P value <0.0001° 0.4476 0.9855 <0.0001° <0.0001° <0.0001° 0.2391
CRC/CRA
RQ median 1.68 0.54 0.78 479 9.40 12.14 0.70
RQ Range 0.22-25.49 0.15-17.22 0.27-7.35 0.15-284.80 0.13-271.80 0.31-370.60 0.06-30.77
P value <0.0001° 0.0608 0.1237 <0.0001° <0.0001° <0.0001° 0.1560

Wilcoxon signed rank test. °P value < 0.05 were considered statistically significant. CRA: Colorectal adenoma; CRC: Colorectal cancer; RQ: Relative

quantification; TNF: Tumour necrosis factor; IL: Interleukin; NFKB: Nuclear factor kappa B; TLR: Toll-like receptor.

Table 2 Relative quantification of microRNAs in adenoma and colorectal cancer samples compared with adjacent normal tissue

samples and colorectal cancer samples relative to the adenoma group

miR-21 miR-22 miR-28 miR-34a miR-135b
CRA
RQ median 0.75 0.85 0.73 0.97 219
RQ Range 0.15-13.91 0.10-3.05 0.08-2.17 0.12-4.74 0.10-25.13
P value 0.6349 0.1747 0.1904 0.3306 0.0074"
CRC
RQ median 0.53 0.27 0.65 1.38 9.31
RQ Range 0.08-12.53 0.026-2.78 0.11-7.27 0.20-30.0 0.45-74.00
P value 0.1725 <0.0001" 0.0045 0.0029* <0.0001"
CRC/CRA
RQ median 1.01 0.59 0.77 1.26 2.64
RQ Range 0.15-23.91 0.06-6.07 0.14-8.79 0.18-27.51 0.13-20.96
P value 0.0969 0.5770 0.1271 0.0101° <0.0001"

Wilcoxon signed rank test. °P value < 0.05 were considered statistically significant. CRA: Colorectal adenoma; CRC: Colorectal cancer; RQ: Relative

quantification.

2.64, P < 0.0001) (Table 2, Figure 3C).

Interactions between F. nucleatum abundance with the
expression of inflammatory mediator genes and miRNAs
A correlation analysis was performed between the RQ
values of inflammatory genes (TLR2, TLR4, NFKB1,
TNF, IL1B, IL6 and IL8) and F. nucleatum DNA levels in
all neoplasms. For the CRA group, the only significant
finding was a negative correlation between TLR4 and
F. nucleatum quantification (r = - 0.62, P = 0.0235).
However, for CRC, significant positive correlations were
observed for bacterial DNA levels with cytokines IL1B (r
= 0.46, P = 0.0066), IL6 (r = 0.47, P = 0.0059), and
IL8 (r = 0.54, P = 0.0013) (Table 3).

In the miRNA analysis, while no significant corre-
lations was observed for the CRA group, there was
a significant positive correlation between miR-22
expression and F. nucleatum (r = 0.38, P = 0.0331) in
the CRC group (Table 3).

miRNA-mRNA correlation and interaction networks
Finally, independent of considerations of F. nucleatum
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levels, we also performed a correlation analysis
between the RQ values of miRNAs and inflammatory
genes in both CRA and CRC samples. For CRA samples,
there was a positive correlation of IL8 with miR-21 (r =
0.40, P = 0.0466), miR-34a (r = 0.44, P = 0.0296) and
miR-135b (r = 0.46, P = 0.0200) (Table 4). Regarding
CRC, several positive correlations were observed
between miR-21, miR-22, and miR-28 and most of the
inflammatory genes evaluated, and there was also a
significant inverse correlation between miR-135b and
TNF (r=-0.32, P = 0.0411) (Table 4).

Additionally, we identified in silico a miRNA:mRNA
interaction network that may be deregulated in CRC
(Figure 4). This analysis demonstrated the interrelations
of the inflammatory mediator genes alone and with their
miRNA moderators (e.g., miR-28 and miR-34a targeting
TLR4, miR-22 targeting TLR2 and miR-135b targeting
IL6). The negative correlation of the expression of miR-
135b and TNVF found in this study (Table 4) was also
demonstrated in this in silico a mMiRNA:mRNA interaction
network, although not functionally validated in our study
and not yet predicted by public databases™" (Figure 4).
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Figure 2 Relative quantification of inflammatory genes in (A) adenoma and (B) colorectal tumour tissue samples compared to a pool of respective
adjacent normal tissue samples and (C) colorectal tumour tissue samples compared to adenoma samples. All samples were normalized to the reference
genes ACTB and GAPDH. Statistically significant differences, according to the Wilcoxon signed-rank test, were °P < 0.001 and °P < 0.01. Median with interquartile

range graph. RQ: Relative quantification.

KRAS mutation and MSI status in CRA and CRC tissues
Mutations in codons 12 and 13 of the KRAS gene
were detected in 8/27 (30%) of CRA tissues and
11/43 (26%) of CRC tissues (P = 0.7854), of which
p.Gly12Asp (G12D) and p.Gly13Asp (G13D) were the
most frequent changes in both CRA and CRC tissues
(Table 5). Regarding the MSI status, all the CRAs were
microsatellite stable or MSI-low, while 7/43 (16%) of
CRC samples were MSI-high (P = 0.0382; Table 5).
The KRAS mutation was associated with F. nucleatum
presence in CRC tumours (P = 0.0432) and had greater
expression of miR-21 in CRA samples (P = 0.0409). The
MSI-high tumour status was associated with increased
expression of IL8 (P = 0.0171). Other comparisons
of the association between KRAS mutations and MSI
status with F. nucleatum levels or cytokine gene and
miRNA expressions showed no significant differences.

DISCUSSION

To better understand the possible mechanistic
relationship between F. nucleatum presence and the
immune response in CRC development, we evaluated
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the association between F. nucleatum quantification
and the expression of cytokines and miRNAs involved
in the inflammatory stress response in CRA and CRC
tissues from a South American patient study. Our results
corroborated previous studies showing that F. nucleatum
is present in greater amounts in tumours compared to
both CRA and matched normal tissues. Importantly,
our work further suggests that the abundance of F.
nucleatum can affect cytokine expression possibly via
recognition by TLR4 and TLR2 with regulation by miRNAs
such as miR-34a, miR-135b and miR-22.

Several studies in North American, European and
Asian populations showed the overabundance of F.
nucleatum when comparing CRC tissues with normal
adjacent tissues, healthy subjects™%!!3740434] o CRA
tissues!®*1, A recent meta-analysis concluded that
intestinal F. nucleatum is a valuable diagnostic marker
for CRC®, A different Brazilian study with a small
sample size, also in the southeast region, previously
showed greater levels of F. nucleatum in CRC (DNA
levels in faecal samples of CRC patients were compared
to those of healthy subjects)*”). Our study of fresh
tissue samples from Brazilian CRA and CRC patients
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Table 3 Correlation analysis between the relative
quantification of the inflammatory genes and microRNAs with

the quantification of Fusobacterium nucleatum in adenoma
and colorectal cancer samples

Spearman correlation coefficient (r) CRA CRC
TLR2 0.42 0.09
P value 0.1557 0.6335
TLR4 -0.62 -0.01
P value 0.0235° 0.9587
NFKB1 -0.40 -0.04
P value 0.1809 0.8045
IL1B 0.31 0.46
P value 0.3064 0.0066"
IL6 0.01 047
P value 0.9716 0.0059*
IL8 -0.07 0.54
P value 0.8166 0.0013*
TNF 0.30 0.23
P value 0.3156 0.2027
miR-21 -0.21 0.26
P value 0.4643 0.1467
miR-22 0.17 0.38
P value 0.5528 0.0331*
miR-28 0.04 0.01
P value 0.8872 0.9413
miR-34a 0.17 0.00
P value 0.5630 0.9905
miR-135b -0.05 0.22
P value 0.8637 0.2163

Spearman correlation test. “P value < 0.05 were considered statistically
significant. CRA: Colorectal adenoma; CRC: Colorectal cancer; TNF:
Tumour necrosis factor; IL: Interleukin; NFKB: Nuclear factor kappa B;
TLR: Toll-like receptor.

provided more evidence of the increasing abundance
of F. nucleatum in the progression from adenoma to
cancer.

The mechanism by which F. nucleatum function-
ally contributes to colorectal tumourigenesis has
been investigated in several studies. It has been
shown that this bacterium causes an inflammatory
microenvironment more favourable to CRC development
among other bacteria that colonize at the tumour site™®.
A carcinogenic mechanism proposed is that F. nucleatum
promotes an oncogenic and inflammatory response via
FadA, the main virulence factor of F. nucleatum, binding
to E-cadherin and activating the B-catenin pathway'*®. In
addition, the F. nucleatum lectin Fap2 binds to the Gal-
GalNAc polysaccharide expressed by CRC cells, likely
increasing immune-mediated inflammation®™. Moreover,
the presence of F. nucleatum in the gut affects tumour-
related cytokines and activates the JAK/STAT and MAPK/
ERK pathways involved in CRC tumour progression™*’
(Figure 5).

In our study, in CRA disease tissues, we found
that the mRNA expression of TLR4, IL1B, and IL8 was
increased, as was the expression of miR-135b. In CRC
tumour tissues, the TLR2 receptor and the IL genes
IL1B, IL6 and IL8 were significantly upregulated when
compared to adjacent normal tissues and to CRA
tissues. miRNA levels of miR-34a and miR-135b were
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more highly expressed in CRC tumours, while miR-22
and miR-28 were downregulated (Figure 5). These
findings indicate that several of these genes are already
dysregulated in early CRA stages of colorectal neoplasia
as well as in CRC; thus, these genes may contribute
to inflammatory stresses that drive the progression
from CRA to CRC. Greater TLR2 expression appears
to be a later event in colorectal carcinogenesis, as also
indicated by our recent study showing increased mRNA
and protein expression of TLR2 in CRC tissues®".,

Recent studies have demonstrated that the TLR4/
MYD88/NF-xB pathway is activated by F. nucleatum
infection, which stimulates the overexpression of
miR-21P%. Moreover, the TLR4/MYDS88 innate immune
signalling and the miR-18a and miR-4802 expression
in CRC patients with a high amount of F. nucleatum
activate the autophagy pathway to control CRC
chemoresistance™®. In summary, these findings
suggest the involvement of both TLR2 and TLR4 in F.
nucleatum immune recognition.

Correlations of both inflammatory genes and miRNA
expression with F. nucleatum levels showed positive
associations with IL1B, IL6, and IL8 as well as with
miR-22 in CRC tissues. Increased expression of IL1B,
IL6 and TNF has also been reported by in vitro and
animal model studies after F. nucleatum infection®™"*?,

Together with existing data, our results are
consistent with a scenario in which F. nucleatum triggers
an increased expression of IL1B, IL6 and IL8, which
further adds to inflammatory pressures fuelling the
progression of colorectal neoplasia. Our work suggests
that this phenomenon may proceed by an alternative
pathway involving the recognition by the TLR2 receptor
(Figure 5) to that pathway previously shown for the
invasion of epithelial cells via FadA"®,

To date, several studies evaluated the abundance of
F. nucleatum with miRNA expression in CRC?*?®, In our
study, we found a positive correlation between miR-22
and the abundance of F. nucleatum in CRC. miR-22
suppresses the expression of the p38 gene, which can
impair the production of dendritic cells in tumours™,
As dendritic cells are important in the TLR-mediated
recognition of microorganisms™, patients with
upregulated miR-22 may have a compromised immune
system due to fewer dendritic cells, favouring the
proliferation of microorganisms such as F. nucleatum.
Therefore, this positive correlation observed between
miR-22 and F. nucleatum levels may be related to its
role in the immune response and should be further
investigated.

In addition, we also observed associations between
both the KRAS mutation and MSI status and the
expression of inflammatory genes or miRNAs in CRA
and CRC tissues. Interestingly, we observed a greater
expression of miR-21 associated with the KRAS
mutation in the CRA tissues, but not in CRC tissues. In
non-small cell lung cancer (NSCLC), the overexpression
of wild type KRAS or mutated KRAS (G12D) was
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Table 4 Correlation analysis between the relative quantification of microRNAs with the inflammatory genes in adenoma and

colorectal cancer samples

Spearman correlation coefficient (r) miR-21 miR-22 miR-28 miR-34a miR-135b
CRA

TLR2 0.09 0.29 0.31 0.23 0.09
P value 0.6608 0.1655 0.1266 0.2606 0.6714
TLR4 0.18 0.06 0.18 0.41 0.38
P value 0.3892 0.7926 0.3955 0.0431 0.0598
NFKB1 -0.01 -0.17 -0.21 -0.19 -0.20
P value 0.9796 0.4252 0.3191 0.3650 0.3454
IL1B 0.29 0.15 0.09 0.45 0.38
P value 0.1667 0.4834 0.6555 0.0232 0.0610
IL6 0.30 0.08 0.05 0.26 0.24
P value 0.1430 0.7148 0.8237 0.2136 0.2417
IL8 0.40 0.18 0.17 0.44 0.46
P value 0.0466" 0.4017 0.4273 0.0296" 0.0200"
TNF -0.21 -0.04 -0.03 -0.05 -0.11
P value 0.3083 0.8638 0.9012 0.8152 0.6084
CRC

TLR2 0.29 0.53 0.18 0.19 -0.14
P value 0.0777 0.0005* 0.2790 0.2408 0.3923
TLR4 0.07 0.34 0.33 0.26 0.05
P value 0.668 0.03772 0.04012 0.1216 0.7586
NFKB1 0.18 0.31 0.02 -0.10 -0.30
P value 0.2779 0.0499* 0.8958 0.5462 0.0574
IL1B 0.53 043 0.13 0.22 -0.10
P value 0.0004" 0.0055° 0.4139 0.1668 0.5248
IL6 0.54 0.57 0.18 0.21 0.05
P value 0.0004° 0.00022 0.2813 0.2095 0.7680
IL8 0.53 0.37 0.09 0.23 0.13
P value 0.0005° 0.0180° 0.5734 0.1506 0.4314
TNF 0.26 0.42 0.03 0.08 -0.32
P value 0.1094 0.0071° 0.8406 0.6264 0.0411°

Spearman correlation test. °P value < 0.05 were considered statistically significant. CRA: Colorectal adenoma; CRC: Colorectal cancer; TNF: Tumour
necrosis factor; IL: Interleukin; NFKB: Nuclear factor kappa B; TLR: Toll-like receptor.

miR-34a and miR-135b with IL8 in CRA tissues and
between miR-21, miR-22 and miR-28 with most of the

reported to modulate the expression of miRNAs,
including miR-21 and miR-30c"*!, The authors showed

that miR-30c and miR-21 were specifically activated
by KRAS and played an important role in lung cancer
development and chemoresistance by targeting crucial
tumour suppressor genes. Moreover, we also observed
a positive association between the expression of IL8
mMRNA and MSI-H colorectal carcinoma, independent of
the presence and abundance of F. nucleatum. Recently,
Hamada et ai® reported an association of F. nucleatum
levels with the immune response to colorectal carcinoma
according to the tumour MSI status, suggesting an
interplay between F. nucleatum, MSI status, and
immune cells in the CRC tumour microenvironment.
MSI-H colorectal carcinomas generate immunogenic
peptides due to a mismatch repair deficiency, resulting
in a strong anti-tumour immune response thought to
underlie the reported favourable prognosis and better
response to immunotherapies of this molecular subtype
of CRC?,

We also evaluated the correlation between the
expression of miRNAs and inflammatory mediator
genes, and we formulated a miRNA:mRNA interaction
network based on predicted database targets®*. The
correlations were mainly positive, including miR-21,
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inflammatory mediator genes studied in CRC tissues.
However, a negative correlation was observed between
miR-135b and TIVF.

miR-135b has been previously associated with an
increased expression in CRC and CRA tissues™** and
has been proposed to be an oncomiR targeting several
tumour suppressor genes™**®, Studies have proposed
that the detection of miR-135b in stool samples can
be used as a non-invasive biomarker for CRC and
CRA™ and silencing miR-135b may be considered
a possible therapy for CRC***®l, Data showing that
miR-135b indirectly inhibits the production of LPS
(lipopolysaccharide)-induced TNF by suppressing the
production of ROS and the activation of NF-«B in human
macrophages™® support the negative correlation found
between miR-135b and TIVF in this study. Although this
proposed miRNA-mRNA relationship is not yet predicted
by the major miRNA public databases™", TNF may have
an indirect immune regulation by miR-135b.

Regarding the role of miR-34a in CRC, studies
demonstrated that it acts as both an oncomiR that
is upregulated®-®? and as a tumour suppressor that
displays reduced expression'®*®, According to our
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Table 5 KRAS mutation and microsatellite instability status in adenoma and colorectal cancer groups

KRAS status/mutation type CRA, n = 27 (%) CRC, n = 43 (%) P value
WT 19 (70.4) 32 (74.5) 0.7854
Mutation 8 11

p.Gly12Ala (G12A) 1(3.7) 0

p.Gly12Ser (G12S) 1(3.7) 1(2.3)

p.Gly12Val (G12V) 1(3.7) 2 (4.6)

p.Gly12Asp (G12D) 3 (11.1) 4(9.3)

p.Gly13Asp (G13D) 2(7.4) 4(9.3)

MSI status

MSS + MSI-L 25 + 2 (100) 34+2(837) 0.0382"
MSI-H 0 7 (16.3)

Fisher's exact test. “P value < 0.05 were considered statistically significant. WT: Wild; MSI: Microsatellite instability; MSS: Microsatellite stable; MSI-L:
Microsatellite instability low; MSI-H: Microsatellite instability high; CRA: Colorectal adenoma; CRC: Colorectal cancer.
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miRNA:mRNA interaction network analysis, miR-34a
can target TLR4 (Figure 4). This may explain the low
expression of TLR4 in CRC samples and overexpression
in CRA samples, in which miR-34a had basal expression.
Our data, together with that of previous studies, showed
an increased expression of TLR2 in CRC samples.
Therefore, in CRC, a significant mechanism for the
recognition of F. nucleatum may operate via TLR2, with
consequent activation of ILs IL1B, IL6 and IL8 via NF-«B.
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Moreover, TLRZ2 is a predicted target of miR-22, which
was downregulated in the CRC samples evaluated in our
study (Figure 5).

Evidence suggests that miR-22 and miR-28
function as tumour suppressors. miR-22 can target
key oncogenes for tumour invasion, metastasis and
angiogenesis in CRC'®”%®), A recent study showed
reduced expression of miR-28 in the tissues of CRC liver
metastases®, However, the activity of this miRNA differs
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Figure 4 Protein interaction network showing microRNAs and their
predicted gene targets. The protein interaction network (grey lines) shows
the interaction between proteins encoded by target genes that are predicted
to be regulated by microRNAs (miRNAs). Predicted interactions between
miRNAs and target genes are shown by black lines. The dashed black line
represents the possible interaction suggested in this study for miR-135b-5p and
TNF. Ellipses represent target genes and/or proteins; red triangles represent
upregulated miRNAs; green triangles represent downregulated miRNAs. TNF:
Tumour necrosis factor; IL: Interleukin; NFKB: Nuclear factor kappa B; TLR:
Toll-like receptor.

by 3p or 5p strand translation. miR-28-3p has been
implicated in increased tumour migration and invasion,
while miR-28-5p, analysed in our study, was reported
to play a role in reducing tumour proliferation, migration
and invasion in CRC,

Our results showed a greater level of F. nucleatum
in CRA and CRC tissues, which was more striking
for CRC samples, suggesting an expansion of F.
nucleatum colonization during the progression from
adenoma to adenocarcinoma. Our gene expression data
suggested that this phenomenon may lead to increased
inflammatory pressures during CRC development based
on the high expression of pro-inflammatory ILs IL1B,
IL6 and IL8 and the correlation with F. nucleatum levels.
Immune recognition of F. nucleatum may be mainly
mediated by TLR2 and/or TLR4 and dependent on
interactions with differently regulated miRNAs. Together,
these findings provide further potential mechanistic
rationale for the immune-comprised pro-inflammatory
role of F. nucleatum in colorectal carcinogenesis. Efforts
to develop early detection strategies for CRC could
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include these biological interactors as potential functional
biomarkers of F. nucleatum-mediated disease in addition
to overall measures of F. nucleatum levels.

ARTICLE HIGHLIGHTS

Research background

Recently, Fusobacterium nucleatum (F. nucleatum), an anaerobic bacterial
component of the oral and gut commensal flora, has emerged as a risk factor
for colorectal cancer (CRC) development. Several studies have observed an
association between overabundance of F. nucleatum in colonic tumor tissue
compared to the normal matched mucosa. However, despite progress in this
field the molecular mechanisms of how the bacterium etiologically contributes
to carcinogenesis are still unclear.

Research motivation

We previously observed an association of the TLR2-196 to -174del genetic
variant with increased CRC risk, together with an increased expression of
TLR2 mRNA and protein in tumor tissues®”. The major postulated mechanism
of F. nucleatum-mediated colorectal tumorigenesis involves immune related
inflammatory responses. Therefore, we decided to extend our previous work
by measuring the transcript levels of important mediators in the pathogen-
activated immune and inflammatory response, including TLR2 / TLR4 receptor
and cytokine genes, and then evaluating the association of their expression
with F. nucleatum levels in colorectal tumors. As microRNAs have been shown
to be epigenetic regulators of inflammatory responses, we further examined the
involvement of miRNAs in modulating the bacterial - cytokine interaction.

Research objectives

The main objective of this study was to investigate the association between
inflammatory genes and F. nucleatum in colorectal carcinogenesis, by
examining tissues from the major colorectal neoplasms of adenoma and
adenocarcinomas. A secondary objective was to examine the interaction of
the bacterial mediated immune response with microRNA (miRNA) regulation.
The elucidation of likely mechanisms whereby F. nucleatum may contribute to
inflammatory mediated colorectal carcinogenesis will help to better understand
the molecular pathways activated by this bacterium and where prevention and
treatment strategies can be best targeted.

Research methods

Robust techniques were used for DNA quantification of F. nucleatum and RNA
transcript measures of the inflammatory genes and miRNAs in normal and
tumor tissues. For this purpose, we used TagMan gene expression assays
(Applied Biosystems, Foster City, CA, United States) with specific probes for
each gene and miRNA for relative quantification. The reactions were analyzed
using the StepOnePlus real-time PCR System (Applied Biosystems, Foster
City, CA, United States). Mutation testing of the KRAS gene was performed by
direct sequencing and microsatellite instability (MSI) evaluation was performed
using a multiplex PCR. In addition, we also used a bioinformatic tool ‘miRNA
Data Integration Portal’ (http://ophid.utoronto.ca/mirDIP/)® to build an miRNA:
mRNA interaction network by using Cytoscape software (version 3.1.1)*°.

Research results

Ours results confirm the overabundance of F. nucleatum in adenoma and
tumor neoplasms compared to their respective matched normal tissues, as
previously found in several populations. We further suggest that this bacterial
load increases the expression of TLR2 and TLR4 receptors and consequently
of pro-inflammatory interleukins IL1B, IL6 and IL8. This immune-modulation
of the inflammatory response to F. nucleatum colonic invasion also affects the
expression of miRNA regulators of the inflammatory response. In particular,
these miRNA:mRNA interactions network indicate a mechanism of colorectal
carcinogenesis where altered expression of miR-34a, miR-135b, and miR-22,
previously associated with CRC, occurs via a TLR2/TLR4 dependent response
to F. nucleatum. In analyses stratified by tumor molecular characteristics,
we observed that KRAS was more frequently mutated in tumors with F.
nucleatum, and that an increased IL-8 expression was associated with MSI-
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Figure 5 Representation illustrating the interactions of Fusobacterium nucleatum in colorectal cancer. Fusobacterium nucleatum (F. nucleatum) presents the
virulence factors FadA and Fap2 and lipopolysaccharide (LPS), which are recognized by Toll-like receptors (TLR2 and TLR4) mediating F. nucleatum invasion and
the promotion of colorectal cancer (CRC). FadA, a surface adhesion protein, can bind to E-cadherin on CRC cells, activating B-catenin signalling. Fap2, a galactose-
sensitive haemagglutinin and adhesion protein binding to Gal-GalNAc, contributes to the invasive ability of F. nucleatum. The TLR2/TLR4/MYD88 pathway is activated
in response to F. nucleatum, leading to the activation of NF-icB, a transcription factor that is involved in regulating the expression of many genes, leading to elevated
expression levels of oncogenes and pro-inflammatory cytokines, mainly interleukin (IL)1B, IL6, IL8 and tumour necrosis factor, inducing the production of reactive
oxygen species, which subsequently lead to inflammation and DNA damage that promotes tumour growth and progression. Furthermore, these pathways may be
under the regulation of differentially expressed microRNAs. ROS: Reactive oxygen species; TNF: Tumour necrosis factor; IL: Interleukin; NF-xB: Nuclear factor kappa

B; TLR: Toll-like receptor; miRNA: MicroRNA.

high status. Therefore, more studies of gene function and regulation within the
inflammatory pathways impacted by F. nucleatum invasion are needed, along
with consideration of tumor molecular subtypes.

Research conclusions

Our findings reinforce the increasing invasion of F. nucleatum during the
colorectal adenoma to cancer development. This appears to increase
expression of pro-inflammatory mediators and dysregulation of miRNA
expression, leading to a more carcinogenic microenvironment alongside genetic
alterations such as KRAS mutation and MSI-high. Therefore, together with other
studies, our results suggest that F. nucleatum is involved in CRC development
through immune responses to inflammatory stresses. Further work is needed
to functionally demonstrate these postulated tumorigenic mechanisms, and
also for early CRC detection and diagnosis strategies using biomarkers of F.
nucleatum presence or the consequent immune response.

Research perspectives

The intestinal microbiota is very diverse and important for the maintenance
of epitelial homeostasis. Disturbances of this microbiome balance appears
to be a major factor in CRC etiology. F. nucleatum has been implicated in
recent years, by in vitro and in mouse models, as a carcinogenic bacterium
through generation of a microenvironment conducive to cancer development.
Considering that F. nucleatum has been found to be highly abundant in both
adenoma and CRC neoplasms, it may have uses as a tissue or non-invasive

WIJG | https:/ /www.wjgnet.com

JRaishideng®

biomarker in faeces (or possibly mouth-rinse samples) for CRC and the
early detection of adenomas (which may help define a higher risk group for
CRC development due to the presences of the bacterium). However, further
investigations are needed to understand the molecular mechanisms in the
immuno-inflammatory response to the increased invasion of this bacterium
into developing neoplasms, and if this can promote genetic and epigenetic
alterations that may culminate in CRC development.
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Abstract

AIM

To investigate whether duodenal lesions induced by
major venous occlusions can be attenuated by BPC 157
regardless nitric oxide (NO) system involvement.

METHODS

Male Wistar rats underwent superior anterior pancrea-
ticoduodenal vein (SAPDV)-ligation and were treated
with a bath at the ligated SAPDV site (BPC 157 10 png,
10 ng/kg per 1 mL bath/rat; L-NAME 5 mg/kg per 1
mL bath/rat; L-arginine 100 mg/kg per 1 mL bath/rat,
alone and/or together; or BPC 157 10 pg/kg instilled into
the rat stomach, at 1 min ligation-time). We recorded
the vessel presentation (filled/appearance or emptied/
disappearance) between the 5 arcade vessels arising
from the SAPDV on the ventral duodenum side, the
inferior anterior pancreaticoduodenal vein (IAPDV) and
superior mesenteric vein (SMV) as bypassing vascular
pathway to document the duodenal lesions presentation;
increased NO- and oxidative stress [malondialdehyde
(MDA)]-levels in duodenum.

RESULTS

Unlike the severe course in the SAPDV-ligated
controls, after BPC 157 application, the rats exhibited
strong attenuation of the mucosal lesions and serosal
congestion, improved vessel presentation, increased
interconnections, increased branching by more than
60% from the initial value, the IAPDV and SMV were
not congested. Interestingly, after 5 min and 30 min
of L-NAME and L-arginine treatment alone, decreased
mucosal and serosal duodenal lesions were observed;
their effect was worsened at 24 h, and no effect on the
collateral vessels and branching was seen. Together,
L-NAME+L-arginine antagonized each other’s response,
and thus, there was an NO-related effect. With BPC
157, all SAPDV-ligated rats receiving L-NAME and/or
L-arginine appeared similar to the rats treated with
BPC 157 alone. Also, BPC 157 in SAPDV-ligated rats
normalized levels of NO and MDA, two oxidative stress
markers, in duodenal tissues.

CONCLUSION
BPC 157, rapidly bypassing occlusion, rescued the
original duodenal flow through IAPDV to SMV flow, an
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effect related to the NO system and reduction of free
radical formation.

Key words: Major venous occlusion; Duodenal lesions;
BPC 157; L-NAME; Bypassing; L-arginine; Reduction of
free radical formation; Rats

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Up to now, application of prototype cyto-
protective agent BPC 157 induced bypassing of
occlusion, in rats underwent vessels occlusions, through
rapid collaterals presentation, and lesions and whole
consequent syndrome (ischemic colitis; deep vein
thrombosis, Virchow triad) were attenuated. In rats
underwent superior anterior pancreaticoduodenal vein-
ligation, medication was with BPC 157, L-NAME; L-arginine,
saline given alone and/or together at 1 min ligation time.
Unlike severe course in controls, BPC 157 rats commonly
exhibited strong attenuation of mucosal lesion and serosal
congestion, since BPC 157 rescued original duodenal flow
through inferior anterior pancreaticoduodenal vein to
superior mesenteric vein flow.

Amic F, Drmic D, Bilic Z, Krezic 1, Zizek H, Peklic M, Klicek
R, Pajtak A, Amic E, Vidovic T, Rakic M, Milkovic Perisa M,
Horvat Pavlov K, Kokot A, Tvrdeic A, Boban Blagaic A, Zovak
M, Seiwerth S, Sikiric P. Bypassing major venous occlusion
and duodenal lesions in rats, and therapy with the stable gastric
pentadecapeptide BPC 157, L-NAME and L-arginine. World J
Gastroenterol 2018; 24(47): 5366-5378

URL: https://www.wjgnet.com/1007-9327/full/v24/i47/5366.htm
DOI: https://dx.doi.org/10.3748/wjg.v24.147.5366

INTRODUCTION

We focused on major venous occlusions and duodenal
lesions in the rat and treatment with the stable gastric
pentadecapeptide BPC 157, which is a prototype
cytoprotective agent used in ulcerative colitis and
multiple sclerosis trials (LD1 not achieved) and is known
to counteract duodenal lesions'?. Rat duodenal lesion
research is mostly based on cysteamine and acetic acid
models!**"**: investigations are sparse on the impact of
major venous obstruction and whether recruitment of
blood vessels to bypass obstruction may occur quickly,
and if so, whether it may be facilitated by a suitable
therapy. On the other hand, in rats that underwent
other vessel occlusions (i.e., left colic artery and vein,
infrarenal inferior caval vein!*>'®)), after application of
stable gastric pentadecapeptide BPC 157, the bypassing
occurs through a rapid collateral presentation, and
the lesions and consequent syndrome were largely
attenuated. Rapidly reestablished arcade vessel
interconnections upon BPC 157 application mitigated
the harm in two ligations of the left colic artery and vein
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and consequently alleviated ischemic colitis as well™**’,
In rats with infrarenal inferior caval vein occlusion,
the therapeutic effect occurs through the immediate
presentation of the left ovaric vein (LOV) and other
veins, bypassing the obstruction, and counteracting
all the symptoms of Virchow’s triad™®. The normalized
levels of two oxidative stress markers, nitric oxide (NO)
and malondialdehyde (MDA), in tissues as well as the
reduced L-NAME and L-arginine effects showed BPC 157
effectiveness over the NO-system background™*®,

These findings were related™ ' to the cyto-
protective agents, to the effects originally noted in the
stomach, which is the rapid endothelial protection.
Using BPC 157 as a prototype cytoprotective agent'™>'?,
these mechanisms can prevent and resolve adjacent
ischemic mucosal lesions™’?"! providing activation
of the collateral circulation™>*®, This activation is
specific and can circumvent obstructions*>*®, That
factor had not been considered in vascular studies
of ischemic colitis or deep vein thrombosis®***, As a
result exerted within the immediate post-injury time
in vascular studies of ischemic colitis or deep vein
thrombosis!*>*®), it reestablishes the continuity of blood
flow, in particulart*>®l, Also, this effect was shown to be
a long-lasting effect!*>*®, It was also applicable in the
later period, even after additional colon or major vein
obstruction had occurred™*®,

This will also resolve mucosal lesions that would
appear with disturbed duodenal circulation, if the
cytoprotection/endothelium protection is essential™**®!
to quickly restore blood supply to the ischemic area, and
if the application of BPC 157 may offer a fundamental
treatment with the rapid and successful recruitment of
blood vessels during harmful events. In support, various
harmful conditions, all overwhelmed, such as vascular
obstruction, short-lasting blood deprivation, reperfusion,
long-lasting blood deprivation and additional bowel
obstruction, verify that BCP 157 can rapidly activate
collaterals as we suggested!*>*®,

We treated occluded superior anterior pancrea-
ticoduodenal veins (SPDAVs) and duodenal lesions
(that would otherwise rapidly appear and sustainably
progress) with the stable gastric pentadecapeptide
BPC 157, L-NAME and L-arginine. Namely, interaction
between BPC 157 and NO-system goes in different
systems and species. This was also demonstrated using
both L-NAME and L-arginine as individual agents or in
combination™® in cytoprotection studies. Furthermore,
venous obstruction may be more damaging to the
intestine than corresponding artery occlusions and
rapidly induces mucosal lesions (i.e., within 5 min in the
case of the superior mesenteric vein)**®. Thus, bypassing
one or more of the vascular obstructions and thereby
achieving a therapeutic effect!*>**! appears, if BPC 157
rapidly activates collaterals due to its particular direct and
rapid effect on vessel presentation. The main focus of the
intervention was parallel with the findings in the colon
and venous tissues™>'?, Levels of oxidative stress MDA
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and NO were also assessed in duodenal tissue, and the
results showed NO- and MDA- duodenal tissue levels and
relative to the ligation course or therapeutic effects.

MATERIALS AND METHODS

Animals

We used male Albino Wistar rats, 200 g b.w., randomly
assigned to groups with at least 7 rats per group. Local
ethics committee approved all of the experiments.
Rats had access to food and water ad libitum before
the procedure and until the end of the experiment.
The surgical procedure was performed as well as the
assessments were performed by a blinded observer.

Drugs

We used the pentadecapeptide Gly-Glu-Pro-Pro-Pro-
Gly-Lys-Pro-Ala-Asp-Asp-Ala-Gly-Leu-Val, M.W. 1419,
named BPC 157 (Diagen, Ljubljana, Slovenia), freely
soluble in water at pH 7.0 and in saline, prepared
as previously described™ ', L-NAME (Sigma, United
States) and L-arginine (Sigma, United States) were
used as previously described™ ™.

Experimental procedure and assessment

Surgery: The surgery was conducted in deeply
anesthetized rats. The SAPDV was occluded by ligation
(Premilene 7/0, Braun) of 5 arcade vessels at the
duodenal serosa within the SAPDV branches. The
30-mm blood-flow affecting a duodenum segment was
marked (Figure 1).

Medication: We used two regimens of BPC 157
application: 10 pg, 10 ng/kg per 1 mL bath/rat or 10
ug/kg instilled into the rat stomach, at 1 min ligation-
time. To investigate the effect of NO-agents [L-NAME
(NO-system-blockade), L-arginine (NO-system
over-stimulation); L-NAME+L-arginine (NO-system
immobilization)] we used L-NAME 5 mg/kg per 1 mL
bath/rat; L-arginine 100 mg/kg per 1 mL bath/rat, alone
and/or together. Controls received a saline bath of equal
volume at 1 min of ligation time or an equal volume of
saline instilled into the stomach of the SAPDV-ligated
rats.

Assessment: Considering the point immediately
before therapy (as 100%) [see the assessment
shown in Figure 1 (SAPDV rats)], we scored the vessel
presentation {recorded filled/appearance or emptied/
disappearance [camera attached to a USB microscope
(Veho discovery VMS-004 deluxe)]} between the 5
arcade vessels arising from the SAPDV on the ventral
duodenum side (as described before!*)), the IAPDV,
SMV as bypassing vascular pathway. Scoring 0-3 was
as follows: 0, presentation similar to healthy rats;
1, mild congestion; 2, moderate congestion; and 3,
severe congestion, after 5 min; then, at 30 min, at 24
h. Likewise, upon the duodenum opening and after
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Figure 1 Model illustration of major venous obstruction and duodenal
lesions in rat. The major venous obstruction and duodenal lesions in rat, and
therapy solution with the stable gastric pentadecapeptide BPC 157, model
illustration. Superior anterior pancreaticoduodenal vein (SAPDV) was occluded
by ligation (Premilene 7/0, Braun), 5 arcade vessels at duodenal serosa within
the SAPDV tributaries, the 30-mm blood-flow disturbed duodenum segment
was the marked area; inferior anterior pancreaticoduodenal vein and superior
mesenteric vein as bypassing loop.

sacrifice, we assessed the congested hemorrhagic
areas as the sum of the largest lesion diameters™ "%,
As described previously**%**3 we processed the
representative tissue sections for further histological
analysis.

Oxidative stress

As described before!'*>'®3132] gt the end of the
experiment and at 5 min, 30 min and 24 h of ligation
time in SAPDV-ligated rats, we assessed the oxidative
stress in the collected tissue samples by quantifying
thiobarbituric acid-reactive species (TBARS) as MDA
equivalents (results expressed in nmol per mg of
protein). Briefly, we homogenized the tissue samples
[in PBS (pH 7.4) containing 0.1 mmol/L butylated
hydroxytoluene (BHT) (TissueRuptor, Qiagen, United
States)] and sonicated [for 30 s in an ice bath (Ultrasonic
bath, Branson, United States)], added trichloroacetic
acid (TCA, 10%) to the homogenate, centrifuged the
mixture (at 3000 rpm for 5 min), and collected the
supernatant. Then, we added 1% TBA, boiled the
samples (95 ‘C, 60 min), and kept the tubes on ice for
10 min. Following centrifugation (14000 rpm, 10 min),
we determined the absorbance of the mixture at the
wavelength of 532 nm. We assessed the concentration
of MDA from a standard calibration curve plotted
using 1,1,3,3'-tetraethoxypropane (TEP). We express
the extent of lipid peroxidation as MDA using a molar
extinction coefficient for MDA of 1.56 x 10° mol/L
per cm and determined protein concentration using a
commercial kit.

NO determination in duodenum tissue
In SAPDV-ligated rats, as described before!*>'¢"3 at
the end of the experiment and at 5 min, 30 min and 24
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h ligation time, we determined the NO levels (umol/mg
protein) in the duodenum tissue samples using the
Griess reaction (Griess Reagent System, Promega,
United States). Briefly, we added sulfanilamide to the
homogenized tissue; we incubated the mixture, and
added N-1-naphthylethylenediamine dihydrochloride.
We measured absorbance at 540 nm using a sodium
nitrite solution as a standard. We determined protein
concentrations using a commercial kit (BioRad Protein
DR Assay Reagent Kit, United States).

Statistical analysis

We used parametric one-way ANOVA with a post hoc
Newman-Keuls test, nonparametric Kruskal-Wallis
and subsequent Mann-Whitney U-test to compare
the groups. We considered P < 0.05 to be statistically
relevant.

RESULTS

The regular perilous course in rats with SAPDV
occlusion

Failure progressed in control SAPDV-ligated rats
(5-30 min - 24 h). Lesions were more than 30 mm in
diameter and included hemorrhagic mucosal lesions,
serosal congestion (Figures 2-4) with deteriorating
vessels, losing collaterals, and branching was present
in 30% or less of the initial value at the end of the
experiment (Figure 5). IAPDV and SMV were both
congested (Figures 2 and 6).

Microscopically (Figure 7), the lesions progressed
from mild villous edema with mild lymphocytic infiltrate
(5 min ligation time) toward denuded villous tops
with marked villous edema and submucosal capillary
congestion (30 min ligation time) to the substantial
subepithelial space with abundant lifting of epithelial
layer from lamina propira extending down sides of villi,
villous edema with capillary congestion, submucosal
congestion and lymphocytic infiltrate (24 h ligation
time) (Figure 7).

Oxidative stress and NO determination in duodenum
tissue

The negative chain of events was first characterized by
decreased NO levels and increased MDA levels in the
duodenum tissue, followed by excessive NO release and
increased MDA levels in the duodenum tissue (Figure 8).

The regular course in rats with SAPDV occlusion
counteracted with BPC 157 therapy

In contrast, after BPC 157 therapy (applied directly to
the duodenum as a bath, or instilled into the stomach),
only a few treated rats exhibited more than 10 mm-
diameter mucosal lesions and serosal congestion
(Figures 2-4). Frequently, vessel presentation was
markedly improved with increased interconnections,
and branching increased more than 60% from the
initial value (Figure 5). IAPDV and SMV were both non-
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Figure 2 Duodenal lesions as a sum of the longest lesions diameters (left); Inferior anterior pancreaticoduodenal vein and superior mesenteric vein
congestion, scored 0-3 (right). The gross appearance of the tissue was recorded using a USB microscope camera. At 1 min post-injury, medication [BPC 157, 10
ng’kg (Bug), 10 ng/kg (Bng), L-NAME, 5 mg/kg (N), L-arginine, 100 mg/kg (A) alone and /or together (NA, BN, BA, BNA) 1 mL bath/rat] or an equal volume of a saline
was applied to the duodenum of the superior anterior pancreaticoduodenal vein (SAPDV)-ligated rats (upper); alternatively, at 1 min post-injury, medication was Bug
i.g., Bng i.g., 1 mL inistillation into the stomach or an equal volume of a saline instilled into the stomach of the SAPDV-ligated rats (CON i.g.) (lower). The rats were
sacrificed 5 min, 30 min or 24 h later. °P < 0.05 vs saline. Bng: BPC 157, 10 ng/kg; Bug: BPC 157, 10 ug/kg; N: L-NAME, 5 mg/kg; A: L-arginine, 100 mg/kg; NA:
L-NAME+L-arginine; BN: BPC 157+L-NAME; BA: BPC 157+L-arginine; BNA: BPC 157+L-NAME+L-arginine; SAPDV: Superior anterior pancreaticoduodenal vein.

congested (Figures 2 and 6). Thereby, the treatment
rescued the original duodenal flow through IAPDV to
SMV flow, and the duodenal lesions largely diminished.
Microscopically, BPC 157 rats exhibited intestinal
preservation with only mild villous edema and mild
lymphocytic infiltrates. The elevation of the epithelium
from the lamina propria was found only on the apical
portion of the villi (after 24 h of ligation) (Figure 7).
Oxidative stress and NO determination in the
duodenum tissue with BPC 157 revealed an increase
in the duodenal NO values up to the normal values,
but normal MDA-values compared to the excessively
increased values seen in the controls (Figure 8).

L-NAME and L-arginine, given alone or together; BPC
157 treatment
L-NAME and L-arginine treatment alone decreased
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mucosal and serosal duodenal lesions at 5 min and 30
min. Their effects were less at 24 h, but they did not
further influence the loss of the collateral vessels and
branching. Together, L-NAME+L-arginine antagonized
each other’s response at any treatment point, and thus,
NO-related effects were seen. When treated with BPC
157, all SAPDV-ligated rats receiving L-NAME and/or
L-arginine responded similarly to the rats treated with
BPC 157 alone (Figures 2, 5 and 6).

Thus, it seems that BPC 157 rescues SAPDV failure
and duodenum lesions, and its effect is related to the
NO system.

DISCUSSION

We attempted to alleviate major venous obstruction
and duodenal lesions in rats with stable gastric
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Figure 3 Characteristic appearance of the duodenum in superior anterior
pancreaticoduodenal vein-ligated rats. A: The characteristic appearance
of the duodenum in superior anterior pancreaticoduodenal vein (SAPDV)-
ligated rats after ligation (before therapy), and then with therapy: during and
immediately after medication bath [saline (upper); BPC 157 (lower) application;
duodenum opening before sacrifice at 5 min ligation-time; USB microscope
camera]. Therapy with saline bath. Congested duodenal serosa and duodenal
arcades with few vessels branching before, during and after medication saline
bath. The congested haemorrhagic area was observed upon duodenal opening
after saline bath treatment in rats that underwent obstruction of the SAPDV
for 5 min. Therapy with BPC 157 bath. Immediately with BPC 157 medication
applied as a bath apparently not congested serosa and vessels with increased
branching replaced congested duodenal serosa and duodenal arcades with
few vessel branching. Area without apparent congestion and haemorrhage
was observed upon duodenal opening after BPC 157 bath treatment in rats
that underwent obstruction of the SAPDV for 5 min; B: High magnification of
presentation with ligation, and presentation of the moment immediately with
therapy application, as saline bath as medication, or BPC 157 bath medication.
L: Ligation; T: Therapy; TS: Therapy with saline bath; TB: Therapy with BPC 157
bath; C: Congested haemorrhagic area; B: Area without apparent congestion
and haemorrhage.

pentadecapeptide BPC 157 treatment and to investigate

its relation to the NO system! . In duodenal lesion
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development, the occlusion of the SAPDV appears as
the key failure (before other vessel occlusions: i.e.,
left colic artery and vein ligation, and inferior caval
vein ligation)™>*! that could never be spontaneously
alleviated, even though well-placed vessels or
additional therapy with NO agents [NOS-over-activation
(L-arginine) and/or NOS-blockade (L-NAME)]. On the
other hand, BPC 157 therapy resulted in promptly
alleviated vascular presentation and then alleviated a
perilous course of duodenal lesions in rats with SAPDV
occlusions. We documented again “running” toward
the bypassing vessel occlusion(s)***®! and that BPC
157 after SAPDV occlusion quickly restores the blood
supply to the ischemically injured area. BPC 157 rapidly
activates collaterals much like a fundamental treatment
that counteracted the injurious course (ischemic
colitis™'; the syndrome resulting from inferior caval vein
infrarenal-ligation™) and this effect involves the NO
system and reduction of free radical formationt*>'®!,

The SAPDV-ligated rats treated with BPC 157
exhibited a complete reduction of the SAPDV-occlusion
syndrome: improved vessel presentation, increased
interconnections, duodenal arcade branching increased
up to 60% from the initial value, and uncongested
IAPDV and SMV. Thereby, BCP 157 treatment rescued
the original duodenal flow through IAPDV to SMV flow
and largely mitigated the duodenal lesions (Figures
2-6). The results provide consistent evidence for the
beneficial effects of a rapid and sustained BPC 157 ng
and ng regimen.

In addition, we clarified the distinction between
BPC 157 and NO-agent activity. We assumed that a
prolonged occlusion would result in @ more severe
lesion and that a persisting and powerful defensive
process would oppose these injuries and assure long-
lasting protection. Thus, BPC 157 therapy, along with
the findings mentioned before™*'®, exhibited a special
“bypassing” effect (through arcade vessels and/or minor
and major vessels™>'®) making vascular occlusion
harmless and reorganizing the blood flow to counteract
the duodenal lesions in rats with SAPDV-ligation.
Similar to occlusion of the other vessels™®, this study
indicates the early positive outcome (“bypassing”
effect) of BPC 157 that may be crucial for its persisting
beneficial effect, even with continuous occlusions. The
effect of BPC 157 in rats with SAPDV-ligation and rats
with left colic artery and vein ligations may indicate
that the action of BPC 157 overlaps in the duodenum
and colon!**l, BPC 157 plays an important role in
with respect to the “bypassing” effect that maintains
duodenum and colon mucosal integrity!>*®! and
interacts with the NO system (L-NAME and L-arginine
exhibited parallel effects (lesion worsening), which
mitigated each other) in SAPDV, left colic artery and
vein circulation, and duodenal and colon lesions!™>*¢,
Together, the “bypassing” effect combined with
duodenum (and colon) mucosal integrity as the revealed
phenomenon could be quite complex!™**®! as it was
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Figure 4 Characteristic appearance of the duodenum in superior anterior pancreaticoduodenal vein-ligated rats at 30 min (left) or 24 h (right) ligation-
time. After medication bath [saline (upper) (C); BPC 157 (lower) (B) application]; duodenum opening before sacrifice at 30 min (left) or 24 h (right) ligation-time;
USB microscope camera. Control: 30 min. Congested duodenal serosa and duodenal arcades with few vessel branching. Congested haemorrhagic upon duodenal
opening. 24 h. Severely congested duodenal serosa and duodenal arcades with few vessel branching. Severely congested haemorrhagic upon duodenal opening.
BPC 157 therapy: 30 min. Not congested serosa and vessels with increased branching. Area without apparent congestion and haemorrhage was observed upon
duodenal opening: 24 h. Not congested serosa and vessels with increased branching. Area without apparent congestion and haemorrhage was observed upon

duodenal opening. C: Control; B: BPC 157.

seen with respect to the L-NAME (NOS blockade) and
L-arginine (NOS over-activity) treatments, which given
alone and/or together (NO-system immobilized) never
exhibited the “bypassing” effect and did not provide any
mucosal protection'>*®’. However, when given together
with BPC 157 (L-NAME+BC 157; L-arginine+BPC 157;
L-NAME+L-arginine+BPC 157), with either SAPDV-
ligation or left colic artery and vein ligation, the BPC 157
beneficial effect was observed, compensating either the
L-NAME and L-arginine effects, while mucosal protection
was seen at a higher level.

It is possible that the environment created by
vessel(s) occlusion is responsible for the “bypassing”
effect (SAPDV-duodenal arcade vessel interconnections-
IAPDV-SMV required for adequate compensation and
duodenal mucosal protection consistently obtained
by BPC 157 administration) and remains outside the
regular L-NAME or L-arginine influence on blood vessels
but inside BPC 157 influence on NO-agent effects.
L-NAME and L-arginine were given in doses necessary
to instantly induce hypertension or hypotension™?,
while both effects were counteracted by BPC 157
administration™!. Providing a complex beneficial effect,
BPC 157 did not affect normal blood pressure®; in
addition to counteracting L-NAME induced hypertension
and L-arginine induced hypotension®®!, when BPC 157
counteracted arterial® or venous hypertension™® or
systemic hypotension'*®, it also counteracted other
disturbances, which may be related to blood pressure
disturbances (i.e., potassium-overload induced
arrhythmias®"; Virchow’s triad™’; chronic heart failure

induced by doxorubicin in hypotensive rats and mice®®”;
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venous hypertension in systemically hypotensive rats
with inferior caval vein occlusion™). Therefore, in
SAPDV-ligated rats, venous occlusion alone causes
severe congestion and increased intravascular
pressure®; the vessels hampered with occlusions
would fail to respond to either NO agent. On the
other hand, this complete failure is not present in left
colic artery and vein ligated rats™ (arterial occlusion
results only in reduced inflow perfusion with normal
outflow”®, arteriovenous occlusion balances inflow and
outflow alteration). Thus, the arteriovenous occlusion,
intravascular pressure and tone equilibrium™® (left colic
artery and vein ligated rats™) still permits NO-agents
activity, unlike the venous occlusion, severe congestion
and increased intravascular pressure®! (SAPDV-ligated
rats). Syndrome in left colic artery and vein ligated
rats™™ [the decrease (L-NAME) or increase (L-arginine)
in vessels], but without the vessel interconnection and
bypassing effect, worsening the mucosal lesions (even
after the initial short-lasting protective effect) accords
with the more severe syndrome in SAPDV-ligated rats
(vessels unresponsive to NO-agents) (Figure 5).

The common failure to heal SAPDV or left colic artery
and vein occlusions™, parallelism much like in other
models™™>**?% substantiates particular aspect of a NO
system dual (L-NAME vs L-arginine) role (vs combination)
(for review, see™™). Parallel L-NAME/L-arginine activity,
which was noted as parallel outcomes, as a specific
point (much like before™*****, |-NAME and L-arginine
regularly attenuated or antagonized each other’s
responses, presenting values comparable to the control),
also appeared with two pharmacologically distinct
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Figure 5 Percent of vessels present between 5 arcade vessels on the ventral side of the duodenum in different time points. Percent of vessels present
between 5 arcade vessels on the ventral side of the duodenum 1 min following ligation before therapy (as 100%) (A); mean + SD. The gross appearance of the tissue
was recorded using a USB microscope camera. The following time points were assessed: A: After ligation and before therapy (1 min); B: 5 min after the application of
medication; C: 30 min after the application of medication; D: 24 h after the application of medication. At 1 min post-injury, medication [BPC 157, 10 ug/kg (BPC 157
ng), 10 ng/kg (BPC 157 ng), L-NAME, 5 mg/kg (L-NAME), L-arginine, 100 mg/kg (L-arginine) alone and/or together (L-NAME+L-arginine, BPC 157+L-NAME,BPC
157+L-arginine, BPC 157+L-NAME+L-arginine) 1 mL bath/rat] or an equal volume of a saline was applied to the duodenum of the SAPDV-ligated rats (upper);
alternatively, at 1 min post-injury, medication was BPC 157 g, BPC 157 ng, 1 mL inistillation into the stomach or an equal volume of a saline (saline) instilled into the
stomach of the superior anterior pancreaticoduodenal vein-ligated rats (lower). The rats were sacrificed 5 min, 30 min or 24 h later. For clarity, the SD is not shown on
the graph; the SD was never higher than 10% of the mean. °P < 0.05 vs saline. BPC 157 ug: BPC 157, 10 ug/kg; BPC 157 ng: BPC 157, 10 ng/kg; L-NAME: L-NAME,
5 mglkg; L-arginine: L-arginine, 100 mg/kg.

mechanisms with opposing effects on the same signaling attenuation (early intervals) vs lesion worsening (late
pathway (for review, see™™). In SAPDV-ligated rats, this interval), unless BPC 157 had been administered and
parallelism is constant with also distinctive effects, lesion the beneficial effect always attenuated the lesion™*>*,
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Figure 6 Characteristic appearance of inferior anterior pancreaticoduodenal and superior mesenteric vein presentation in superior anterior
pancreaticoduodenal vein-ligated rats at 24 h ligation time. Control, left (C). Congested inferior anterior pancreaticoduodenal and superior mesenteric vein
presentation along with duodenal serosa and arcade vessels. during and immediately after medication bath [saline (C); BPC 157, right (B)]. Presentation close to
normal, unlike congested inferior anterior pancreaticoduodenal and superior mesenteric vein presentation along with duodenal serosa and arcade vessels in controls. C:

Control; B: BPC 157.

Likewise, if the NO system immobilized (mutual actions
of the combined L-NAME and L-arginine), it still produces
the severe pathology in the L-NAME+L-arginine animals.
If this remained severe pathology is further attenuated,
it means that the other system(s) (likely cholinergic
and BPC 157) functioned along with. In this view, the
particular role of BPC 157 reestablished effectiveness
(L-NAME+L-arginine — L-NAME+L-arginine+BPC 157). It
means that BPC 157 is effective (L-NAME+L-arginine+BPC
157; L-arginine+BPC 157; L-NAME+ BPC 157) with all
of the NO-system presentations [inactivated (L-NAME
+ L-arginine); overstimulated (L-arginine); or blocked
(L-NAME)]"**>*!, Thus, the three distinct NO-endpoints
(NO-immobilization; -over-activity; -blockade) should be
overwhelmed to achieve vessel presentation seen in rats
that underwent BPC 157 treatment™>***®!, BPC 157 may
consolidate the NO system to produce more effective
healing (i.e., the stimulatory and inhibitory effects of
the NO system promoted the interconnection of arcade
vessels to bypass major obstructions) (a result not
observed with L-NAME or L-arginine treatment)™’.

This special BPC 157 role seems to be supported
by the NO and MDA values seen in the duodenal
tissues. The beneficial effects promptly counteract
the full negative syndrome. Otherwise, after SAPDV-
ligation, sudden decrease of blood supply appears. NO-
levels decrease in the duodenum tissue. Heavy loss of
endothelial cells occurs immediately from the vascular
wall®, A lower eNOS production ability™”!, oxidative
stress appears as a result of the lysis of endothelial
cellsP®*1: and excessive NO release generated by
the inducible isozyme damaging the vascular wall
and other tissues cells, especially in combination with
reactive oxygen intermediates, and failing endothelial
production®****!, The positive chain of events includes
a BPC 157 treatment restored endothelial integrity
and reversed most of the oxidative damage!*>*¢3!%
while interacting with the NO system!*\. The positive
endothelium syndrome (i.e., increased duodenal NO-
values, but normal MDA-values, indicative of adequate
eNOS system function!’') appears with general
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significance, and thereby, restored endothelial integrity
and reversed most of the oxidative damage. With BPC
157, this recovery appears even during reperfusion
(occurring while vessel occlusion is still present) much
like during exaggerated reperfusion (occurring when
vessel occlusion is removed)™.

There is evidence that BPC 157 also affects several
other molecular pathways™®**”, and thereby, the rapid
recruitment of existing blood vessels following ongoing
harmful events instead otherwise poor response to
increased demands. Combined, these findings may
substantiate the effects of which were seen at the
later time point. In addition, this may accentuate the
original cytoprotection understanding (endothelium
maintenance — epithelium maintenance)’?" to the
complexity of reestablishing original flow by bypassing
occlusion™*®!, And thereby, we documented recovery of
SAPDV-occlusion by AIPDV — SMV, or ICV-occlusion by
LOV and other veins™®, or even two obstructions, the
proximal and distal ligations in the left colic artery and
vein through arcades within the ligations in rats with
colitis™, Furthermore, its subsequent strong angiogenic
effect and its healing effects’®***'may be consequence of
the specific activation of the collateral circulation that can
circumvent obstructions and reestablish the continuity
of blood flow!*>*®!, And thereby, its angiogenic effect and
its healing effects”***! may overcome those of standard
anti-ulcer agents'*®, Also, these effects are likely to
be further extended. BPC 157 accelerates the blood
flow recovery and vessel number in rats with hindlimb
ischemia™. BPC 157 upregulates VEGFR2 expression in
rats with hindlimb ischemia and endothelial cell cultures
and promotes VEGFR2 internalization in association with
VEGFR2-Akt-eNOS activation™. As mentioned, shared
limitation of activity!”*", only prophylactic effectiveness
of standard cytoprotective agents, is avoided. With
both prophylactic and therapeutic abilities! ), native
and stable in human gastric juice BPC 157 as a novel
mediator of Robert’s cytoprotection™*®! maintains
gastrointestinal mucosal integrity!*”’. In addition, the
comparative effectiveness of BPC 157 when instilled into
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Figure 7 Microscopical presentation of duodenal lesions. Microscopically (Hex10), in controls the lesions progressed from mild villous edema with mild
lymphocytic infiltrate (5 min ligation time) (A) toward denuded villous tops with marked villous edema and submucosal capillary congestion (30 min ligation time) (B)
to the substantial subepithelial space with abundant lifting of epithelial layer from lamina propria extending down sides of villi, villous edema with capillary congestion,
submucosal congestion and lymphocytic infiltrate (24 h ligation time) (C). BPC 157 rats (D, E, F) exhibited always intestinal preservation with only mild villous edema
and mild lymphocytic infiltrate. Elevation of epithelium from lamina propria was found only on the apical portion of villi (24 h ligation time, F).

the stomach supports this contention of a prototype of a
more effective class of cytoprotective agents.

In conclusion, this study provides evidence for a
“bypassing” effect combined with mucosal integrity (i.e.,
duodenum and colon) or major vessel obstruction made
harmless!***®! as observed after BPC 157 treatment,
which can be regarded as an implementation of the
original cytoprotection concept in vascular occlusion
therapy.

ARTICLE HIGHLIGHTS

Research background
The research background was our recent claim that treatment with the prototype
cytoprotective agent, stable gastric pentadecapeptide BPC 157, induced
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bypassing of occlusions in rats that underwent vessel occlusions through the
rapid presentation of collaterals. In this study, we focused on the resolving of
the duodenal lesions induced by major venous occlusions. These lesions can
be counteracted by BPC 157 regardless of the involvement of the nitric oxide
(NO) system while recruitment of blood vessels to bypass obstruction may
occur quickly.

Research motivation

Research motivation was to resolve the major venous occlusions and duodenal
lesions in the rat with the use of the stable gastric pentadecapeptide BPC 157
and/or NO-agents, L-NAME (NOS-blocker) and L-arginine (NOS-substrate).
BPC 157 is a prototype cytoprotective agent used in ulcerative colitis and
multiple sclerosis trials (LD1 not achieved) and is known to counteract duodenal
lesions. Rat duodenal lesion research is mostly based on cysteamine and
acetic acid models. Investigations are sparse on the impact of major venous
obstruction and whether recruitment of blood vessels to bypass obstruction may
occur quickly, and if so, whether it may be facilitated by a suitable therapy.
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Figure 8 Nitric oxide levels and malondialdehyde levels in the duodenal tissue of superior anterior pancreaticoduodenal vein-ligated rats at 5 min, 30
min and 24 h ligation. BPC 157 [10 ng/kg, 1 mL bath/rat (Bb), 1 mL instilled into the stomach (Big)] or an equal volume of a saline bath (CONb) or instillation in the
stomach (CONig) (controls) was applied to superior anterior pancreaticoduodenal vein-ligated rats. °P < 0.05 vs saline; °P < 0.05 vs healthy duodenum. H: Healthy
duodenum; Bb: BPC 157 10 pglkg, 1 mL bath/rat; Big: BPC 157 10 ug/kg, 1 mL instilled into the stomach; CONb: 1 mL saline bath; CONig: 1 mL saline instillation in

the stomach; NO: Nitric oxide; MDA: Malondialdehyde.

Research objectives

Research objectives were the occluded superior anterior pancreaticoduodenal
vein (SAPDV) and duodenal lesions (congestion) and the recovering effect
(rapidly activated collaterals bypassing vascular occlusion, absent lesions), the
therapy effect of stable gastric pentadecapeptide BPC 157 vs harmful effect
of NO-agents [L-NAME (NO-system-blockade), L-arginine (NO-system over-
stimulation); L-NAME+L-arginine (NO-system immobilization)]. We recorded
the vessel presentation (filled/appearance or emptied/disappearance) between
the 5 arcade vessels arising from the SAPDV on the ventral duodenum side,
the inferior anterior pancreaticoduodenal vein (IAPDV), superior mesenteric
vein (SMV) as bypassing vascular pathway to document the duodenal lesions
presentation. In duodenum, BPC 157 normalizes NO-levels and counteracts
increased oxidative stress [malondialdehyde (MDA)]-levels.

Research methods

For research methods, we used rats with the occluded SAPDV and duodenal
lesions (congestion) to reveal the recovering effect (rapidly activated collaterals
bypassing vascular occlusion, absent lesions), at 5 min, 30 min and 24 h
ligation time. Therapy effect of the stable gastric pentadecapeptide BPC 157
was achieved with two regimens (10 ng, 10 ng/kg per 1 mL bath/rat or 10
ng/kg instilled into the rat stomach), at 1 min ligation-time. Harmful effect of
NO-agents [L-NAME (NO-system-blockade), L-arginine (NO-system over-
stimulation); L-NAME+L-arginine (NO-system immobilization)] goes with
L-NAME 5 mg/kg per 1 mL bath/rat; L-arginine 100 mg/kg per 1 mL bath/rat,
alone and/or together. Considering the point immediately before therapy (as
100%), we scored the vessel presentation [recorded filled/appearance or
emptied/disappearance (camera attached to a USB microscope)] between the
5 arcade vessels arising from the SAPDV on the ventral duodenum side, the
IAPDV, SMV as bypassing vascular pathway. Upon the duodenum opening
and after sacrifice, we assessed the congested hemorrhagic areas as the
sum of the largest lesion diameters. In the collected duodenal tissue samples,
we assessed NO-levels (Griess reaction) and oxidative stress [by quantifying
thiobarbituric acid-reactive species (TBARS) as MDA equivalents].

Research results

For research results, we attempted to alleviate major venous obstruction
and duodenal lesions in rats with stable gastric pentadecapeptide BPC 157
treatment and to investigate its relation to the NO system. In duodenal lesion
development, the occlusion of the SAPDV appears as the key failure (before
other vessel occlusions: i.e., left colic artery and vein ligation, and inferior caval
vein ligation) that could never be spontaneously alleviated, even though well-
placed vessels or additional therapy with NO agents [NOS-over-activation
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(L-arginine) and/or NOS-blockade (L-NAME)]. On the other hand, BPC 157
therapy resulted in promptly alleviated vascular presentation and then alleviated
a perilous course of duodenal lesions in rats with SAPDV occlusions. We
documented again “running” toward the bypassing vessel occlusion(s) and
that BPC 157 after SAPDV occlusion quickly restores the blood supply to the
ischemically injured area. BPC 157 rapidly activates collaterals much like a
fundamental treatment that and counteracted the injurious course (ischemic
colitis; the syndrome resulting from inferior caval vein infrarenal-ligation) and
this effect involves the NO system and reduction of free radical formation.

Research conclusions

The new phenomena that were found through experiments in this study of the
duodenal lesions with an obstructed major vein (SAPDV) offered is the early
positive outcome (“bypassing” effect) of BPC 157. The hypotheses that were
confirmed through experiments in this study are related to the cytoprotective
agents, to the effects originally noted in the stomach, which is the rapid
endothelial protection. Using BPC 157 as a prototype cytoprotective agent,
these mechanisms can prevent and resolve adjacent ischemic mucosal lesions
providing activation of the collateral circulation. This activation is specific
and can circumvent obstructions. That effect may be crucial for its persisting
beneficial effect, even with continuous occlusions. The effect of BPC 157 in
rats with SAPDV-ligation and previously, in rats with left colic artery and vein
ligations may indicate that the action of BPC 157 overlaps in the duodenum and
colon. BPC 157 plays an important role in with respect to the “bypassing” effect
that maintains duodenum and colon mucosal integrity and interacts with the NO
system [L-NAME and L-arginine exhibited parallel effects (lesion worsening),
which mitigated each other] in SAPDV, left colic artery and vein circulation,
and duodenal and colon lesions. Thus, these findings can be regarded as an
implementation of the original cytoprotection concept in vascular occlusion
therapy.

Research perspectives

For research perspectives, we attempted to alleviate major venous obstruction
and duodenal lesions in rats with stable gastric pentadecapeptide BPC 157
treatment and to investigate its relation to the NO system. In duodenal lesion
development, the SAPDV occlusion appears as the key failure that could never
be spontaneously alleviated, even though well-placed vessels or additional
therapy with NO agents [NOS-overactivation (L-arginine) and/or NOS-blockade
(L-NAME)]. Finally, BPC 157 therapy results in “bypassing” effect combined
with mucosal integrity, or major vessel obstruction made harmless. These BPC
157 effects can be an implementation of the original cytoprotection concept in
vascular occlusion therapy.
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Abstract

AIM
To develop a screening test for celiac disease based on
the coating of gold nanoparticles with a peptide sequence
derived from gliadin, the protein that triggers celiac dis-
ease.

METHODS

20 nm gold nanoparticles were first coated with Neutr-
Avidin. A long chain Polyethylene glycol (PEG) linker con-
taining Maleimide at the Q-end and Biotin group at the
a-end was used to ensure peptide coating to the gold
nanoparticles. The maleimide group with the thiol (-SH)
side chain reacted with the cysteine amino acid in the
peptide sequence and the biotinylated and PEGylated
peptide was added to the NeutrAvidin coated gold nano-
particles. The peptide coated gold nanoparticles were
then converted into a serological assay. We used the
peptide functionalised gold nanoparticle-based assay on
thirty patient serum samples in a blinded assessment and
compared our results with the previously run serological
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and pathological tests on these patients.

RESULTS

A stable colloidal suspension of peptide coated gold
nanoparticles was obtained without any aggregation.
An absorbance peak shift as well as color change was
caused by the aggregation of gold nanoparticles following
the addition of anti-gliadin antibody to peptide coated
nanoparticles at levels associated with celiac disease. The
developed assay has been shown to detect anti-gliadin
antibody not only in quantitatively spiked samples but also
in a small-scale study on real non-hemolytic celiac disease
patient’s samples.

CONCLUSION

The study demonstrates the potential of gold nanoparticle-
peptide based approach to be adapted for developing a
screening assay for celiac disease diagnosis. The assay
could be a part of an exclusion based diagnostic strategy
and prove particularly useful for testing high celiac disease
risk populations.

Key words: Celiac disease; Serological point-of-care; Gold
nanoparticles; Diagnostic test; Autoantibodies

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: In the present study, we demonstrated that a
peptide sequence derived from gliadin, a hydrophobic
whole protein that induces celiac disease, in conjunction
with gold nanoparticles can be used to detect a biomarker
for celiac disease from serum. We confirmed our gold
nanoparticle based serological assay can detect anti-
gliadin antibody not only in quantitatively spiked samples
but also in a small-scale study on real non-hemolytic
celiac disease patient’s samples.

Kaur A, Shimoni O, Wallach M. Novel screening test for celiac
disease using peptide functionalised gold nanoparticles. World J
Gastroenterol 2018; 24(47): 5379-5390

URL: https://www.wjgnet.com/1007-9327/full/v24/i47/5379.htm
DOIL: https://dx.doi.org/10.3748/wjg.v24.i147.5379

INTRODUCTION

Sensing platforms based on the optical properties of
gold nanoparticles (AuNPs) for the molecular detection
and recognition of disease biomarkers is an important re-
search challenge. Colorimetric sensors based on AuNPs
have been applied for detecting targets, such as metal
ions™*, DNAP*®!, protein conformations™” and enzyme
activity'™, where they have demonstrated high sensitivity
and effectiveness.

In recent years, newer designs of nanoparticles with
enhanced and controlled surface chemistry are being
explored for sensing applications. Peptide-functionalized
nanoparticles (PFNs) are one such emerging sensing
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element. PFNs have previously been used for effective
drug delivery for treating brain tumors and for pancreatic
cancer treatment as well as for kinase inhibitor screen-
ing™®****"*?1, Here we demonstrate the potential of PFNs
as a colorimetric sensor for screening celiac disease.

Celiac disease (CD) is a small intestine enteropathy
affecting genetically susceptible individuals, following
the consumption of wheat prolamins (gliadin) and other
prolamins of cereals!®. Population based studies have
predicted a high prevalence rate for the disease, with a
large number of CD sufferers remaining undiagnosed**.,
The current diagnosis of CD is based on mucosal biopsy
that remains the gold standard!”. Serological testing
for gliadin-induced antibodies using an enzyme-linked
immunosorbent assay is being widely applied™®*'” and is
usually the first line in clinical diagnosis for CD.

Gliadin antigenicity arises due to the higher content
and repetitive arrangement of amino acids glutamine
(~36 %) and proline (~17%-23%)"®. This acts as
the substrate for the enzyme tissue transglutaminase
(tTG: EC 2.3.2.13), resulting in deamidation and
formation of an irreversible isopeptidyl bond™, Human
Leukocyte Antigen-DQ molecules (HLA-DQ2/8) present
the deamidated gliadin peptides (DGP) to mucosal
CD4" T cells leading to an immunostimulatory effect™.
Gluten reactive helper T cells support the activated
CD4" T cells in the intestinal mucosa leading to the
release of autoantibodies that act as the serological
biomarkers*?,

Non-treated CD patients have been shown to have
increased concentration of anti-gliadin (AGA), tTG anti-
bodies as well as Anti-DGP antibodies’”**!. A deamidated
peptide sequence derived from a-gliadin amino acids
57-73 has also been identified as an immunogenic pep-
tide sequence that can act as a trigger for CD™,

In this paper, we present a screening test for CD
using gold nanoparticles (AuNPs) coated with a peptide
sequence derived from the gliadin protein. We first estab-
lished a stable suspension (without any significant level
of aggregation) of peptide coated AuNPs, which enables
us to translate it to a serological assay. We next assessed
the sensitivity and specificity levels of the test using
serum samples spiked with AGA. Furthermore, we tested
our assay on thirty patient serum samples and found
that the PFN-based assay could distinguish CD from non-
CD patients.

This study highlights the potential of using immuno-
dominant and biomarker specific peptide sequences
that can be used for developing an efficient, easy to use
screening test for pre-selecting CD cases, which can be
then confirmed by mucosal biopsy for CD.

MATERIALS AND METHODS

Reagents: 20 nm citrate stabilized gold nanoparticles
(AuNPs), bovine serum albumin (BSA), AGA from
rabbit, IgG antibody from whole normal rabbit serum,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), phosphate-buffered saline (PBS) were ob-
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tained from Sigma-Aldrich (Australia). Poly (ethylene
glycol) [N-(2-maleimidoethyl) carbamoyl] methyl ether
2-(biotinylamino) ethane (i.e., Biotin-PEG1:-Maleimide)
and NeutrAvidin were obtained from Thermo Fisher Scien-
tific (Australia).

Peptide: The Peptide (QLQPFPQPQLPYPQPQC) was
synthesised from ChinaPeptides Co., Ltd. (China). The
synthetic crude peptides were purified by reversed-
phase liquid chromatography to give satisfactory peptide
sequence (~90% homogeneity by analytical HPLC) with
the correct amino acid sequences and mass spectra. The
peptide contained residues 57-72 of a-gliadin and was
designated as follows: Peptide: QLQPFPQPQLPYPQPQC.

The peptide (QLQPFPQPQLPYPQPQC) was coated on
the surface of the AuNPs in two stages: First, coating
with NeutrAvidin followed by a second step of binding of
the peptide through a biotin-PEG:1-Maleimide linker mole-
cule.

Preparation of the AuNPs coated with NeutrAvidin:
300 pL of 20 nm AuNP were added dropwise to 200 uL
of NeutrAvidin dissolved in 10mM HEPES (1 mg/mL)
while vortexing. The tube was incubated for 60 min at
room temperature with repeated vortexing. The solution
was centrifuged for 30 min at 4500 x g, supernatant
discarded, and the pellet was re-suspended in 200 uL
MilliQ water. The process was repeated twice after which
the pellet was re-suspended in 200 uL HEPES buffer
followed by centrifugation at 4500 x g for 30 min using
an Eppendorf® Microcentrifuge. The NeutrAvidin coated
AuNPs were stored at 4 C.

Binding of peptide to linker molecule: 300 pL of 0.5
mg/mL peptide (QLQPFPQPQLPYPQPQC) dissolved in
MilliQ water was added dropwise to 700 ulL of 0.5 mg/mL
Poly (ethylene glycol) [N-(2-maleimidoethyl) carbamoyl]
methyl ether 2-(biotinylamino) ethane (i.e., Biotin-PEG-
Maleimide) dissolved in MilliQ water, (Mn 5400, MW 921
Da) having maleimide at the (-end and biotin at the o-end.
This solution was left overnight at room temperature.

Preparation of the AuNPs coated with peptide
using linker: The NeutrAvidin coated AuNPs were cen-
trifuged at 4500 x g for 30 min using an Eppendorf®
microcentrifuge, supernatant discarded, the pellet was
re-suspended in 100 pL of the peptide-linker solution.
The tube was incubated for 60 min at room temperature
with repeated vortexing. The solution was centrifuged for
5 min at 4500 X g, supernatant was discarded, and the
pellet was re-suspended in 100 uL of MilliQ water. The
peptide coated AuNPs were stored at 4 *C for up to 4 wk.

Dynamic light scattering (DLS): The nanoparticle
hydrodynamic radius was measured using Zetasizer
Nano (Malvern Technologies, Inc.). Measurements were
carried out at 25 °C in disposable cuvettes using a sample
volume of 500 uL. Each sample was measured in dupli-
cates and the mean value was calculated.
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Transmission electron microscopy: High-resolution
transmission electron microscopy (TEM) micrographs
were obtained using a FEI Tecnai TEM 200V fitted with
a Gatan (Pleasantville, CA, United States) CCD camera.
Samples were prepared by placing 2 uL of AuNP coated
with peptide onto a carbon-coated TEM grid (Agar
Scientific, United Kingdom) and the film allowed to air
dry for 15 min.

UV-vis measurements: UV-vis measurements were
carried out using a Cary series UV-vis spectrophotometer
(Agilent Technologies) using a standard 1 cm path-length
quartz cuvette. Spectra were obtained from 200 nm to
800 nm. MilliQ water was used as the blank.

Anti-gliadin assay: The immunoassay used to assess
the activity of AuNPs coated with peptide with the
antibodies is outlined below. Assay steps were performed
at room temperature. Briefly, 150 uL of AuNPs coated
with peptide were added to 1.5 mL low protein binding
Eppendorf® tubes. AGA (1 mg/mL) from rabbit was added
to each of the tubes corresponding to concentrations
ranging from 2 pg/mL to 20 pg/mL (i.e., 1 uL to 10 ul) to
determine the specificity of the reaction between peptide
coated AuNPs and AGA. IgG from normal rabbit serum
(1 mg/mL) was used as a control antibody and added to
150 pL of AuNPs coated with peptide in concentrations
ranging from 2 pg/mL to 20 ug/mL (i.e., 1 pL to 10 pL).
MilliQ water was added to the tubes to bring the final
volume in each Eppendorf tube up to 225 pL. The UV-vis
absorption spectra of solutions containing peptide coated
gold nanoparticles and AGA at increasing dilutions (2 ug/
mL, 4 ug/mL, 6 ng/mL, 8 ug/mL, 10 ng/mL, 12 pg/mL,
14 ug/mL, 16 pg/mL, 18 pg/mL and 20 ug/mL) were
studied using a Cary Series UV-vis spectrophotometer.
Readings were taken in triplicate and the student’s t-test
was used to determine the P value.

Anti-gliadin assay in spiked human serum: Nor-
mal human serum was diluted to 1:20 using 10 mmol/L
HEPES buffer. 75 uL of serum from the dilution was
spiked with AGA at various dilutions comparable to that
seen in celiac patients.

To prevent non-specific binding, 1 uL of 20% BSA
dissolved in MilliQ water and was added to 150 pL of
20 nm AuNPs coated with peptide. The tubes were
incubated for 30 min room temperature. 75 uL of normal
serum spiked with AGA at increasing dilutions of 2
ug/mL, 4 ug/mL, 6 ug/mL, 8 pg/mL and 10 pg/mL, 12
pg/mL, 14 pg/mL, 16 pg/mL, 18 pg/mL and 20 ug/mL
was then added to AuNPs coated with peptide. The tubes
were then incubated for 30 min room temperature.

Anti-gliadin assay in clinical human serum: Anony-
mised patient samples were provided by Dr Jason Tye-
Din from the Walter and Eliza Hall Institute of Medical
Research (WEHI Institute, Melbourne Parkville, Australia).
They were collected with informed consent and approval
of Melbourne Health and WEHI Human Research Ethic
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Table 1 Comparison of the patient samples analysis using the AuNP-peptide-anti-gliadin test with previously existing histology and

serological' results

Volunteer Histology tTG-IgA DGP-IgG AuNP-peptide-AGA test
nl CD 1(<4) 3 (<20) CD positive
n.2' Non-CD 0.1 (0-6) 0.2 (0-6) CD positive
n.3 CD >100 (< 4) 33 (< 20) CD positive
n.4 CD 121 (< 20) CD positive
n.5 CD >100 (< 4) >100 (< 20) CD positive
n.6 CD 217 (<5) >150 (< 20) CD positive
n.7> CD 13 (0-6) 23 (0-6) CD negative
n.8 CD >100 (< 5) >100 (< 20) CD positive
n.9 CD 11 (0-6) 1.4 (0-6) CD positive
n.10 CD 9(<4) 97 (< 20) CD positive
n.11 CD 18.2 (0 < 20) 3(0.20) CD positive
n.12 CD 16 (0-20) 7 (< 20) CD positive
n.13 Non-CD 4 (0-20) Non-CD
n.14 CD 47 (< 5) 86 (< 5) CD positive
n.15 CD 74 (0-20) CD negative
n.16 CD 145 (0-20) CD positive
n.17 CD 57 (< 4) 93 (< 20) CD positive
n.18 CD 149 (<20) 63 (< 20) CD positive
n.19 CD >100 (< 4) >100 (< 20) CD positive
n.20" Non-CD 3.8 (<6) 37 (< 6) CD positive
n.21 Non-CD <5(<5) <20 (<20) Non-CD
n.22 CD 180 (0-6) 21 (0-6) CD positive
n.23 CD 20 (0-6) 8.1 (0-6) CD positive

'False positive based on histology and tTG antibody titre, *False negative based on histology and tTG antibody titre. Serology tTG (Tissue transglutaminase),
deamidated gliadin peptides (deaminated gliadin peptides) results are indicated as IgA or IgG levels followed by normal reference ranges in brackets.

Table 2 Analysis of 7 samples with potential or latent celiac disease using the Peptide-AuNP-anti-gliadin test as compared with

previously existing serology’

Volunteer Histology (TG-IgA DGP-IgG Peptide-AuNP-AGA
n.24 Mucosal lesions 5 (<20) 17 (< 20) CD positive
n.25 Mucosal lesions 28 (0-6) 22 (0-6) CD positive
n.26 Mucosal lesions 4.8 (0-6) 22 (0-6) CD positive
n.27 Increased y5" IELs <5(<5) 22 (<20) CD positive
n.28 Increased y5' IELs 12 (0-6) 18 (0-6) CD positive
n.29 Increased y5' IELs 11 (0-6) 13 (0-6) CD positive
n.30 Increased y5" IELs <5(<5) <20 (< 20) CD positive

'Serology tTG (tissue transglutaminase), deamidated gliadin peptides (deaminated gliadin peptides) results are indicated as IgA or IgG levels followed by

normal reference ranges in brackets. Cases are separated into those showing histological observations of irregular/patchy mucosal lesions or those with

mucosal inflammation resulting from an increase in y3" IELs.

Committees (2003.009 and 03/04) respectively. Ethical
approval was also obtained from the University of
Technology Sydney Research Ethics committee (UTS
HREC ETH16 - 0841) before testing the clinical samples.
The clinical samples consisted of 30 human serum sam-
ples that were analyzed in a blinded assessment. No
prior knowledge of the CD status or any other clinical
condition for any of the patient samples was known while
testing. Samples were collected from patients with active
CD (pre-treatment), treated CD (on a gluten free diet)
and controls without CD (Tables 1 and 2). All cases of
CD were medically diagnosed and based on typical small
intestinal histology usually in conjunction with positive CD
serology. The histological interpretation and the serology
levels for each of the clinical sample tested using biopsy
and the existing commercially available serology tests is
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presented in Tables 1 and 2.

Prior to testing, each human serum sample was
diluted to 1:10, 1:20 and 1:50 using 10 mmol/L HEPES
buffer. 1 uL of 20% BSA dissolved in MilliQ water was
added to AuNPs coated with peptide to prevent non-
specific binding. 75 uL of serum from each of the dilu-
tions and the tubes were incubated for 15 min at room
temperature before the absorbance was measured using
a UV-vis spectrophotometer.

Concentration of immunoglobulins in clinical hu-
man serum: 200 pl of each human serum sample was
centrifuged at 3200 x g or 15 min. The supernatant was
removed, and the serum samples were diluted with 200
pL of 10 mmol/L PBS. An equal volume of saturated
ammonium sulphate solution was added slowly to achi-
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Figure 1 Schematic representation of preparation of peptide coated AuNPs. A: Maleimide groups of the linker reacted specifically with free (reduced) sulthydryl’s in
the peptide sequence to form stable thio-ether bonds; B: NeutrAvidin was coated on the surface of the AuNPs to obtain NeutrAvidin-AuNP particles; C: The biotin end
of the linker interacted with the NeutrAvidin-AuNPs resulting in the formation of peptide coated AuNPs.

eve a 33% saturated (v/v) final concentration with con-
tinuous stirring of the tubes. Samples were kept at 4 'C
for 30 min and then centrifuged again at 2500 x g for 15
min. The supernatant was removed, and the pellet was
re-suspended by adding 200 pL of 10 mmol/L PBS. The
concentrated serum solution was stored at 20 C till fur-
ther use.

Zeba™ Spin desalting columns (Thermo Scientific™)
were used for the de salting of the immunoglobulins from
the concentrated serum solution according to the manu-
facturer’s instructions. The final concentration of the total
immunoglobulins was measured using the NanoDrop and
stored at -20 C until further use.

Colorimetric response curve: A colorimetric response
curve was plotted to represent the sensitivity values
obtained for the different dilution values for both the
AGA and the control antibody (IgG from rabbit serum).
The assay sensitivity was determined based on the
colorimetric response values calculated as colorimetric
response = Imaxat 527 nm/ latss0nm, i.€., Spectral absorbance
value obtained at 527 nm - the wavelength where AuNP
coated with peptide show maximum absorbance by itself
(no antibodies are added) - divided by the absorbance
at 550 nm, where a shift in absorbance is observed
following the interaction of the antibody to the AuNP
coated with peptide.

WIJG | https:/ /www.wjgnet.com

JBaishideng®

The assay sensitivity in spiked serum was calculated
as colorimetric response = Imaxat ssonm/Iat 527 nm, .€., absor-
bance value obtained at 580 nm. This is the wavelength
where a shift in absorbance is observed following the
interaction of the antibody to the AuNP coated with
peptide in serum divided by the maximum absorbance
value of AuNP coated with peptide in serum.

RESULTS

To ensure the peptide coating on AuNPs, we used a
long chain PEG linker containing Maleimide at the Q-end
and Biotin group at the a-end. Following the reaction
of maleimide group with the thiol (-SH) side chain of
the cysteine amino acid in the peptide sequence, the
biotinylated and PEGylated peptide was added to the
NeutrAvidin coated AuNPs.

The coating of the peptide sequence to the colloidal
AuNP using the Biotin-(PEG)11-Maleimide linker is repre-
sented in the schematic (Figure 1).

The coating of peptide onto the AuNPs was cha-
racterized using the UV-vis spectrophotometer. It was
observed that upon coating of peptide onto the AuNPs,
there was a shift in absorbance maximum from 525
nm to 527 nm (red-shift) (Figure 2A). The DLS showed
an increase in hydrodynamic diameter from 20 nm to
28 nm following coating with peptide (Figure 2B). The
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Figure 2 Characterization of peptide coated AuNPs. A: Characterization of AUNP coated with peptide using a UV-Vis spectrophotometer indicating a spectral
red shift in wavelength from 525 nm (for 20 nm AuNP only) to 527 nm (for 20 nm AuNP coated with peptide); B: Characterization of AUNP coated with peptide using
DLS that showed an increase in the hydrodynamic size of the uncoated vs coated particles from 20 nm to 28 nm respectively; C: High resolution TEM images of (1)
uncoated AuNPs, (2) AuNPs coated with peptide showing a “halo” layer surrounding the surface of the nanoparticles indicating coating of the gold with the peptide had
occurred. In contrast, the “halo” effect was not observed on the surface of the un-coated AuNPs; D: High resolution TEM images following the incubation with AGA
(12 pg/mL) (1, 2, 3) AuNPs coated with peptide showing aggregation confirming coating of peptide on AuNP (4, 5, 6) Uncoated AuNPs remained dispersed. DLS:
Dynamic light scattering; TEM: Transmission electron microscopy.

hydrodynamic diameter of NeutrAvidin coated AuNPs is coated and uncoated AuNPs were incubated with AGA (12

presented in Supplementary Figure 1. ug/mL), wherein the peptide coated AuNPs aggregated
To directly observe the coating of peptide onto the [Figure 2D (I, 1, III)] while uncoated AuNPs remained

surface of the AuNPs, high-resolution TEM imaging was dispersed [Figure 2D (IV, V, VI)].

used. Our results showed the presence of a thin layer of

material (< 1 nm) surrounding the nanoparticles [Figure  Incubation of peptide-coated AuNPs with AGA

2C (11)], which was not observed on the surface of the Peptide coated AuNPs were incubated with serial dilutions

uncoated nanoparticles [Figure 2C (I )] that indicated of rabbit anti-gliadin IgG polyclonal antibody, after 45 min

peptide coating. As the layer was very thin, peptide incubation we observed a significant reduction in color
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Figure 3 Testing peptide-coated AuNPs with anti-gliadin. A: Reduction in color from red to translucent and absorbance was observed in AuNP coated with peptide
(S) and incubated with AGA at various dilutions (S1) 2 pg/mL, (S2) 4 ug/mL, (S3) 6 ug/mL, (S4) 8 ug/mL, (S5) 10 pg/mL), (S6) 12 pg/mL, (S7) 14 ug/mL, (S8) 16
pg/mL, (S9) 18 pg/mL and (S10) 20 ug/mL. No significant reduction in color or shift in peak wavelength was observed in peptide coated AuNP incubated with control
rabbit IgG at dilutions (C1) 2 ug/mL, (C2) 4 pg/mL, (C3) 6 pg/mL, (C4) 8 pg/mL, (C5) 10 pg/mL), (C6) 12 pg/mL, (C7) 14 pg/mL, (C8) 16 ug/mL, (C9) 18 pg/mL
and (C10) 20 ug/mL; B: Representation of specificity based on UV-Vis absorbance spectra for the antibody interactions at equal concentrations of AGA and control
antibody; C: Colorimetric response curve plotted on AuNP coated with peptide following the addition of AGA at different dilutions. AGA: Anti-gliadin.

as well as a shift in absorbance from 527 nm to 580 nm
(Figure 3A and B, Supplementary Figure 2).

To confirm the specificity of the interactions, we tested
normal IgG antibody with the peptide coated AuNPs as
a control, where we observed no significant reduction in
color or shift in the wavelength or aggregation of AuNPs.
(Figure 3A and B, Supplementary Figure 3). At all the
tested concentrations, the absorbance was significantly
lower using AGA as compared to normal IgG (P < 0.005,
Figure 3B, Supplementary Table 1).

To confirm the sensitivity of the AGA toward peptide
coated AuNPs, we calculated a colorimetric response
between our assay (Figure 3C). The colorimetric re-
sponse reaches a maximum value at a concentration
of 8 ug/mL of AGA meaning the highest sensitivity oc-
curred at this concentration. This interaction of the pep-
tide coated AuNPs with AGA resembles the precipitin
reaction of antibody-antigen immune complexes. The
near constant colorimetric response curve obtained for
the control antibody as compared to the response curve
obtained for AGA demonstrates the distinct sensitivity of
the assay.
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Testing anti-gliadin in spiked serum

A variety of proteins, peptides as well as nucleic acids are
constituents of human serum, making it a complex fluid.
To reduce background binding, we used 1 uL of 20% BSA
as a blocking agent, to lower the non-specific interaction
with the peptide coated AuNPs. Spiked human serum
containing 2-20 ug/mL AGA was incubated with the pep-
tide coated AuNPs. The results showed an increase in ag-
gregation and precipitation, which was easily detectable
by eye, with a specificity up to a value of 2 ug/mL of AGA
(Figure 4A). We also observed a reduction in the color
of the solution from red to translucent. This change was
supported by the increase in the colorimetric response
reaching a maximum sensitivity at 8 ug/mL of AGA.
The curve then begins to drop off at 10 ug/mL of AGA,
however, it remains well above the control IgG level
(Figure 4B). In comparison, when normal rabbit IgG was
added to the human serum, no precipitate formation
or change in color was observed. Normal serum itself
did not show any precipitate formation or change in
absorbance with a constant response curve at all IgG con-
centrations.
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Figure 4 Detection of anti-gliadin in spiked human serum using peptide-coated AuNPs. A: Reduction in color from red to translucent as well as precipitate
formation was observed in AUNP coated with peptide in the presence of AGA and serum at different concentrations (S1-S10). No reduction in color from red to
translucent or precipitate formation was observed in AuNP coated with peptide in the presence of control IgG and serum (C1-C10); B: Colorimetric response curve
plotted in AuNP coated with peptide in 1:20 diluted serum following the addition of AGA at different dilutions. AGA: Anti-gliadin.

Testing clinical samples

The results for the 30 non-haemolytic, clinical samples
were recorded after the visual examination of precipitate
formation and determination of shift or change in absor-
bance values using a UV-vis spectrophotometer. Based
on the results observed by eye, the samples have been
divided into three categories: clear precipitation, aggre-
gation and colloidal suspension.

The assay sensitivity was determined based on the
colorimetric response obtained for each serum sample and
is calculated as colorimetric response = Imax at 580 nm/Iat 527 nm.
Using this method, the calculated colorimetric response for
normal serum (serum without AGA) is 1 and this acts
as the cut-off value. Therefore, for the clinical samples,
based on the spectral absorbance data, a value of <
1 is indicated as negative for CD and a value above 1
is indicated as CD positive. Based on the observation
and calculation of the colorimetric response curve, we
summarized the outcomes in Tables 1 and 2 and Figure
5 along with the results reported using other serological
methods, biopsy and histology.

DISCUSSION
The hexapeptide sequence QXQPFP (X being P, Q and
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L) within gliadin was previously identified as the domi-
nant epitope for IgA and IgG antibodies against dea-
midated gliadin peptides (a-DGP)™®!. This sequence
overlaps with residues 57-62 of native a-gliadin and
has been shown to occur with high specificity in sera
from CD individuals®®*®, The 17-mer peptide sequence
(QLQPFPQPQLPYPQPQC) used as the antigen in our
study is a small, 2 kDa molecular weight hexapeptide con-
taining sequence.

In order to use peptide to coat AuNPs and to develop
an assay for AGA, we needed to overcome the potential
problem of aggregation of the coated nanoparticles
prior to adding the AGA in the test. This was achieved
by using a long chain PEG linker containing Maleimide
at the Q-end and Biotin group at the a-end. Following
the reaction of maleimide group with the thiol (-SH) side
chain of the cysteine amino acid in the peptide sequence,
the biotinylated and PEGylated peptide was added to the
NeutrAvidin coated AuNPs leading to the formation of
peptide coated AuNPs. The coating of peptide onto the
AuNPs surface was examined by UV-vis measurements
that was based on the observation of a change in the
absorbance peak for the nanoparticle or a red-shift'*!.
The UV-vis absorbance spectra showed that upon
coating of peptide onto the AuNPs, there was a shift in
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Figure 5 Representation of the distribution of clinical samples using AuNP-peptide-anti-gliadin test.

absorbance maximum from 525 nm to 527 nm (red-shift)
(Figure 2A). Also, we did not observe any measurable
decrease of absorbance at peak wavelength or increase
of absorbance at long wavelengths (600-700 nm). These
results indicate that no strong AUNP-to-AuNP interactions
took place after being coated with peptide and were
stable in a dispersed colloidal state with minimal aggre-
gation. In addition, a small peak at 210 nm was also
observed following the binding of peptide to AuNPs, as
observed in previous studies on peptide coating™”.

We further confirmed the absence of aggregation
using DLS, that showed an increase in hydrodynamic dia-
meter from 20 nm to 28 nm following coating with pep-
tide (Figure 2B). The increase in hydrodynamic diameter
is larger than that expected for a 2 kDa peptide sequence
and can be attributed to the larger molecular weight (68
kDa) NeutrAvidin that coated the AuNPs (Supplementary
information S1) through the biotin-maleimide PEG linker.
Since the hydrodynamic radius in solution compares
directly to the molar mass of the protein®Y, in this case,
being the peptide sequence as well as NeutrAvidin, an
increase in hydrodynamic radius to 28 nm can be cor-
related. High resolution TEM images of AuNPs coated
with peptide showed a “halo” layer surrounding the
surface of the nanoparticles indicating that coating of
the gold with the peptide had occurred and this helped
to confirm the peptide coating to AuNPs. The peptide
coats the AuNPs as a monolayer with a sharp border with
constant thickness on the gold nanoparticle surface™.

To assess the capability of peptide-coated AuNPs
to detect AGA, serial dilutions of rabbit anti-gliadin IgG
polyclonal antibody in a range that normally exists in
human serum, were tested”. A significant reduction
in color as well as a shift in absorbance from 527 nm to
580 nm with a decrease in the absorbance peak (Figure
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3), indicated that in the presence of the AGA there was
an increase in the intermolecular association of the
peptide coated AuNPs. These inter-particle interactions
caused aggregation, leading to precipitation and a drop-
in absorbance. These results obtained for the peptide
coated AuNPs-AGA interaction are consistent with pre-
vious work, on the addition of specific analytes, such as
metal ions, to citrate stabilised gold nanoparticles®***,
Spiked human serum containing 2-20 ug/mL AGA was
then incubated with the peptide coated AuNPs. An in-
creased aggregation and precipitation, which was easily
detectable by eye in the presence of the AGA was ob-
served (Figure 4). No color change or precipitation was
observed in the serum spiked with normal IgG rabbit.

Peptide-coated AuNPs were next tested in a selected
set of human serum samples obtained from patients with
CD or controls without CD. The main aim was to clearly
distinguish the CD affected from the non-CD affected. To
achieve that, serum was diluted with PBS, concentrated,
purified and then allowed to react with AuNPs coated
with peptide. This ensured that the range of the AGA in
the sera fell in the peak sensitivity range (2-20 pg/mL).

Out of the thirty samples analysed, fourteen samples
that were diagnosed with active CD with high antibody
titres as shown by serology and intestinal damage as per
biopsy were identified as CD positive using AuUNP-Peptide-
AGA assay as well. These samples showed the formation
of a precipitate and had a clear shift as well as drop in
UV-vis absorbance values as well as a high colorimetric
response value (refer Table 1). The remaining samples
were then classified into various sub-classes based on
the analysis using the AuNP-Peptide-AGA assay as de-
scribed below (refer Tables 1 and 2, Figure 5).

The AuNP-Peptide-AGA assay could correctly identify
the patient suffering from another autoimmune disease,
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Type 1 diabetes (T1DM), as positive for CD and this
result matched with the previously conducted biopsy and
serology profile of the patient. In comparison, an existing
commercially available point-of-care test, SimtomaXx®
blood drop (Augurix diagnostics) that uses a combination
of three different peptides as the DGP antigens was
found to be less specific in diagnosing CD in children suf-
fering from T1DMP,

The elevated risks of patients with T1IDM to develop
celiac disease arises because of multiple environmental
and immunological factors and common genetic back-
ground®™. The prevalence of celiac disease in T1DM is
reported high with a mean prevalence rate of 8%""
making regular monitoring of patients, particularly chil-
dren with T1IDM a necessity. AUNP-Peptide-AGA diag-
nostic assay shows improved specificity over the existing
point-of-care test based on DGP. This test result shows
immense potential of the assay in pre-selecting CD suf-
ferers particularly those belonging to high-risk pediatric
populations and, therefore, needs to be further explored
in large clinical studies.

The cohort of tested samples included two cases
where the patients had previously been diagnosed with
CD and therefore followed a gluten free diet (GFD).
While one person had been on a GFD for more than 8
wk (volunteer number n.11), the other person had been
on a GFD for less than 2 wk (volunteer number n.12).
While the conventional serology test identified these two
patients as negative, the peptide-based assay obtained
a positive for CD that is similar to the diagnosis based on
mucosal biopsy.

A clear precipitate using the AuNP-Peptide-AGA assay
was obtained for three samples (volunteer numbers
n.24, n.25, n.26, Table 2) with patchy/irregular mucosal
lesions, classified as a broad sub-type of potential or
latent celiac. The UV-vis absorbance data supported the
visual examination. These three samples were classified
as positive for CD as these may be latent celiac sufferers
that initially, display mild mucosal atrophy, that then
develops to typical atrophy of small intestine mucosa
along with a presentation of positive CD serology™®.

Aggregation of nanoparticles along with a drop in UV-
vis absorbance values was demonstrated by four clinical
samples (volunteer numbers n.27, n.28, n.29, n.30,
Table 2). These samples had positive or low positive
serology along with mucosal inflammation. The AuNP-
Peptide-AGA assay showed results similar to those
found using the existing serological assays. These four
cases have been identified as “potential” CD positives, a
subtype of CD that displays a normal villous architecture
but also shows clinical symptoms, such as increased y5+
intraepithelial lymphocytes along with the presence of
gliadin specific antibodies, that are mostly at low titres (<
1:40)"%, Potential CD cases are often difficult to diagnose
by histology which has a lowered predictive value in
recognizing such cases. Correct diagnosis for potential
CD cases therefore necessitates an evaluation of both
serological markers as well as pathological symptoms.

The cohort included four samples identified as nega-
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tive for CD based on biopsy and existing serology tests
(volunteer numbers n.2, n.13, n.20 and n.21, Table 1).
Out of the four samples, two samples were correctly
identified as CD negative by AuNP-Peptide-AGA assay
while the other two samples showed the formation of
aggregates and were identified as positive (volunteer
numbers n.2 and n.20). As intestinal biopsy has been
used as the gold standard for CD confirmation, these two
samples have been referred to as a false positive.

Overall, upon comparing the results for the 30 clinical
samples, while 26 samples were interpreted similar to
the analysis using the existing serology and histology, 2
false positive results and 2 false negative results were
obtained using the AuNP-Peptide-AGA assay giving the
AuNP-Peptide-AGA assay an overall accuracy of 86.6%.

Celiac disease is induced by the protein gliadin,
present in wheat and some other cereals causing dam-
age to the small intestine. In the present study, we
demonstrated that a peptide sequence derived from
gliadin in conjunction with AuNPs can be used as an ef-
ficient tool to detect a biomarker for CD from serum.
This was achieved by developing a methodology to coat
the small antigenic peptide sequence on the surface
of AuNPs without causing aggregation. A color change
and absorbance peak shift caused by the aggregation
of AuNPs was observed following the addition of AGA to
peptide coated AuNPs at levels associated with CD. We
confirmed that the developed assay can detect AGA not
only in quantitatively spiked samples but also in a small-
scale study on real non-hemolytic CD patient’s samples.

The present study shows that this novel peptide
functionalised AuNP based assay is useful for pre-
selecting CD diseases particularly in high-risk pediatric
populations that can be then confirmed by mucosal
biopsy. The developed assay has high accuracy levels
and is relatively cheaper to develop, the assay format
has potential to be adapted as point-of-care test that
would be useful in an exclusion diagnostic strategy as
positive result would strengthen the possibility of CD that
can be confirmed using intestinal biopsy.

ARTICLE HIGHLIGHTS

Research background

Celiac disease is a chronic immune mediated disorder of the small intestine
caused by consuming the protein gluten present in wheat and some other
cereals. Following the activation of the innate immune system, a number of
cytokines as well as antibodies are released in celiac patients that can be used
as specific biomarkers to develop diagnostic tests. Over the years, a number
of diagnostic tests have been developed, however, in spite of the good initial
results in terms of sensitivity and specificity, when these tests are used on a
large scale they have lowered predictive values. In the present study, a novel
assay using peptide functionalised gold nanoparticles was developed that can
be useful in an exclusion based diagnostic strategy.

Research motivation

The number of celiac disease sufferers are rapidly increasing throughout the
world, and there is an increased need for newer detection methods that are
easy to use, accurate as well as cheaper to enable early identification of the
disease. The present study addresses this issue through the development of
a novel assay combining the unique properties of gold nanoparticles with the
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specificity of the antibodies. The developed assay shows great potential to
be developed as a point-of-care test that would be beneficial for large scale
screening of celiac disease.

Research objectives

In order to develop a celiac diagnostic assay based on the properties of the
gold nanoparticles combined with the specificity of the antibodies from serum
the following aims have been addressed in this work: (1) To develop method for
the binding and adsorption of peptide derived from gliadin, the main antigenic
protein causing celiac disease on the surface of gold nanoparticles; (2) to
detect and measure the concentrations of antibodies to be used as biomarkers
in serum; (3) to test and validate the developed test on real patient serum
samples.

Research methods
The peptide coated gold nanoparticles were characterized using UV-vis
spectra, dynamic light scattering and transmission electron microscopy. The
UV-vis absorbance readings of peptide coated AuNPs following interactions
with AGA and IgG from rabbit serum (control antibody) were used to calculate
the percentage absorbance values. The students t-test was used to compare
the sets of quantitative data that were collected independently of one another
to calculate the p value and determine statistical significance. The assay
sensitivity was determined based on the colorimetric response values.

The clinical accuracy of the peptide coated AuNPs was determined using
a selected, varied set of thirty human serum samples obtained from patients
with celiac disease or controls without celiac disease. The results for the thirty
clinical samples were recorded after the visual examination of precipitate
formation and the determination of a shift or change in absorbance values using
a UV-vis spectrophotometer. The assay sensitivity was determined based on
the colorimetric response values obtained for each serum sample.

Research results

The peptide sequence was successfully coated to the AuNP and characterization
methods indicated that a stable colloidal suspension of the peptide coated AuNPs
was achieved that was sustained by the high affinity biotin-avidin interactions.

The addition of anti-gliadin antibody to peptide coated AuNPs as well as
in spiked serum at a threshold level resulted in lowering as well as a shift of
absorbance peaks that indicated the aggregation of AuNPs. On the other hand,
in the presence of a non-specific, normal IgG antibody there was no interaction
between the peptide coated AuNPs, with no reduction in color or shift in
wavelength or aggregation of AUNPs.

The clinical accuracy of the peptide coated AuNPs was tested using 30
clinical samples, where 26 samples were shown to have the same analysis
as that obtained with existing serology and histology, however, 2 false positive
results and 2 false negative results were also obtained using the AuNP-peptide-
AGA assay giving the AuNP-peptide-AGA assay an overall accuracy of 86.6%.

Research conclusions

In this study, we demonstrate the potential of peptide functionalised gold
nanoparticles as a colorimetric sensor for screening celiac disease. The AuNP-
peptide assay seems promising for development as a point-of-care test, this
is because it is based on the formation of a precipitate as well as a reduction
in color for a positive sample in the presence of a celiac disease specific
autoantibody, thereby, eliminating the need for secondary antibody. This greatly
reduces the cost of development for the assay and would be a step in the
direction of one-step detection for celiac disease based on single antibody
detection.

Research perspectives

The AuNP-Peptide based approach shows great potential and would be
particularly useful in aiding large-scale screening of the general population,
particularly in the pre-selection of young Celiac disease (CD) sufferers which
can be then confirmed by mucosal biopsy. A positive result would strengthen the
possibility of CD while a negative test would help avoid unnecessary intestinal
biopsy thereby reducing the economic burden on healthcare resources resulting
in cost savings.
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Abstract

AIM
To increase the number of available grafts.
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METHODS

This is a single-center comparative analysis performed
between April 1986 and May 2016. Two hundred and
twelve liver transplantation (LT) were performed with
donors > 70 years old (study group). Then, we selected
the first cases that were performed with donors <
70 years old immediately after the ones that were
performed with donors > 70 years old (control group).

RESULTS

Graft and patient survivals were similar between both
groups without increasing the risk of complications,
especially primary non-function, vascular complications
and biliary complications. We identified 5 risk factors
as independent predictors of graft survival: recipient
hepatitis C virus (HCV)-positivity [hazard ratio (HR)
= 2.35; 95% confidence interval (CI): 1.55-3.56; P =
0.00]; recipient age (HR = 1.04; 95%CI: 1.02-1.06; P
= 0.00); donor age X model for end-stage liver disease
(D-MELD) (HR = 1.00; 95%CI: 1.00-1.00; 2 = 0.00);
donor value of serum glutamic-pyruvic transaminase (HR
= 1.00; 95%CI: 1.00-1.00; £ = 0.00); and donor value
of serum sodium (HR = 0.96; 95%CI: 0.94-0.99; P =
0.00). After combining D-MELD and recipient age we
obtained a new scoring system that we called DR-MELD
(donor age X recipient age X MELD). Graft survival
significantly decreased in patients with a DR-MELD score
> 75000, especially in HCV patients (77% vs 63% at 5
years in HCV-negative patients, # = 0.00; and 61% vs
25% at 5 years in HCV-positive patients; 2 = 0.00).

CONCLUSION
A DR-MELD = 75000 must be avoided in order to obtain
the best results in LT with donors > 70 years old.

Key words: Liver transplantation; Aged donors; Old
donors; Marginal donors; Donor age

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The use of aged grafts is one of the main
strategies to increase the number of available grafts.
After analyzing the results of liver transplantation
performed with donors > 70 years old, we identified
as independent predictors of graft survival: donor
age X model for end-stage liver disease (D-MELD),
recipient age and hepatitis C virus (HCV) infection.
After combining D-MELD and recipient age we obtained
a new scoring system that we called DR-MELD (donor
age X recipient age X MELD), which seems to be a
good measure to predict graft survival when using
grafts > 70 years old, regardless of the HCV infection.
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INTRODUCTION

The increase of indications for liver transplantation (LT)
and the shortage of liver donors has been one of the
main problems for performing LTs in the past years!®.,

The use of aged donors is one of the main strategies
to increase the number of available grafts. Spain
is the country with the highest donation rate per
million population (pmp) worldwide, Several studies
comparing Spain and the United States showed that in
Spain between 1999 and 2009 there was an increase in
the donation rate by the population > 70 years old from
3.8 donors pmp to 8.8 donors pmp (132% increase),
while in the United States this rate only increased from
1 donor pmp to 1.3 donor pmp™®**., Spain represents
one of the countries with the most experience using
aged liver grafts.

There have been multiple studies analyzing the
impact of donor age on LT results since Emre et a/*?
published in 1996 the first long series of LTs with donors
> 70 years old. Initially the results were disappointing,
but as the number of LTs performed with such grafts
increased, the results progressively improved until
becoming comparable to those obtained with younger
grafts™*??,

The aim of the present study is to identify predictors
of graft survival with the use of donors > 70 years old,
and formulate a score able to predict graft survival in
an attempt to develop a tool for daily donor-recipient
matching.

MATERIALS AND METHODS

Data source and study population

This is a single-center comparative, longitudinal and
retrospective analysis of all LTs performed at the “12
de Octubre” University Hospital of Madrid between
April 1986 and May 2016. During this period 1848
LTs were performed in 1659 patients. Of these, 232
(12.6%) were performed with grafts from donors = 70
years old. Recipients < 18 years old, retransplantation,
acute liver failure, human immunodeficiency virus
(HIV) positivity, combined transplants, split grafts, in-
vivo donation, non-heart-beating donation, LTs due to
metastatic liver disease and LTs with incomplete medical
records were excluded from the analysis. Thus, 212
cases (study group) were included in the study (Figure
1). To minimize the impact of the era when the LT was
performed, we selected as controls the first cases that
were performed with a graft < 70 years old immediately
after the ones that were performed with a graft > 70
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‘ April 1986-May 2016 ‘

‘ 1848 liver transplantations ‘

‘ 232 liver transplantations with donors = 70 ‘

Excluded cases:
9 re-transplantation
6 acute liver failure
4 HIV positive patients
1 incomplete clinical history

212 liver transplantations with donors = 70

Figure 1 Flowchart of the selection of the cases included in the present
study. HIV: Human immunodeficiency virus.

years old; thus, the control group also consisted of 212
cases.

The first LT with a graft from a donor > 70 years old
was performed on January 17, 1994. The use of donors
> 70 years old increased progressively over the years,
and now stands at around 30% of all LTs performed
annually in our department (Figure 2).

Donor and recipient evaluation

All donors were evaluated according to our institution’s
policy and according to the Spanish National Transplant
Organization’s [Organizacion Nacional de Trasplantes
(ONT)] guidelines.

Uncontrolled active sepsis, parenteral drug addiction,
untreated primary or secondary hepatobiliary disease,
severe traumatic injury, untreated tumor disease (except
small cutaneous carcinomas, cervical carcinoma in situ,
central nervous system tumors except glioblastoma and
medulloblastoma, and renal cell carcinomas < 4 cm) and
severe intoxication were considered contraindications for
donation.

All donors were procured with dual perfusion (aortic
and portal) and all LTs were performed with cava vein
preservation. End-to-end choledochal anastomosis
was routinely performed. In cases of size disparity,
a T-tube was used and in cases of biliary disease a
cholangiojejunostomy was made.

Donor, recipient and perioperative characteristics,
and post-LT complications were analyzed. Patient and
graft survival were also recorded.

All grafts = 70 years old were biopsied during
procurement to assess the presence of steatosis. All
biopsies were reviewed at the pathology department of
our institution.

The presence of severe arteriosclerosis with no
possibility of arterial reconstruction was considered a
contraindication for the use of these grafts.
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All LT recipients were evaluated before transplant in
our department. The indication for LT was established
according to our own policy and according to the
ONT guidelines. The follow-up of each patient after
the transplant was carried out based on the different
protocols existing in our department.

The degree of hepatic insufficiency was evaluated with
the Child-Pugh classification until 2003, and after that with
the model for end-stage liver disease (MELD) score'®’.,
Refractory encephalopathy or ascites, hepatopulmonary
syndrome, portopulmonary hypertension, refractory
pruritus, recurrent cholangitis in patients with cholestatic
liver disease, hereditary hemorrhagic teleangiectasia,
polycystic disease, multiple hemangiomatosis and
hepatocellular carcinoma (HCC) were considered
exceptions to MELD.

Immunosuppresive regimen

In all cases, an initial immunosuppressive (IMS) regimen
based on the administration of a calcineurin inhibitor
(tacrolimus or cyclosporine) and steroids was used. Other
drugs (azathioprine, mycophenolate or mTOR inhibitors)
were added in an individualized way depending on the
clinical situation. Steroids were usually discontinued
between 3 and 12 mo after LT in the cyclosporine
regimen, and after 3 mo in the tacrolimus regimen.

Definitions

Primary non-function (PNF) was defined as early failure
of liver function manifested by signs of acute liver
failure: severe hypoglycemia, persistent coagulopathy,
encephalopathy III-IV, acute renal failure, severe
metabolic acidosis, hemodynamic instability and
abnormal hepatic enzyme levels.

Acute rejection episodes were classified based on
the Banff grades™. The initial treatment was based
on the degree of rejection. Grade 1 rejections were
treated by increasing the dose of IMS drugs, and
grade 2 and 3 rejections were treated with 1 g of
methylprednisolone intravenously for 3 d and steroid
recycling. Corticosteroid-refractory rejections were
treated with monoclonal antibodies: ATG and OKT3
in the initial period, and with thymoglobulin and
basiliximab thereafter.

Hepatitis C virus (HCV) recurrence in the graft
was confirmed by histology based on the presence of
periportal and lobular inflammation and the presence of
fibrosis®®®. In our department, we do not have a biopsy
follow-up protocol for HCV-patients undergoing LT, and
therefore biopsies were only performed in the presence
of elevated hepatic enzymes in the absence of abnormal
vascular, biliary and IMS levels.

Vascular complications were defined as all post-
transplant abnormalities in the hepatic artery, portal
vein or cava vein requiring therapeutic procedures such
as radiological or surgical procedures.

Biliary complications were defined as all post-
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Figure 2 Rate of transplants performed in our department from 1996 to 2015 with donors = 70 years old.

transplant abnormalities in the biliary tree requiring
radiological, endoscopic or surgical procedures.

In order to carry out the graft survival analysis, we
took into account the number of months from the LT
day to the day on which one of the following events
occurred: (1) end of study (August 31, 2016), (2)
death, (3) loss of follow-up, or (4) re-transplantation.
When the patient died, the graft was considered as non-
functioning graft.

Statistical analysis

Statistical analysis was done using the SPSS software
package, version 20.0.0 (SPSS Inc., Chicago, IL, United
States). Quantitative variables were expressed as mean
+ standard deviation with a normal distribution of the
variable, and as median and interquartile range when the
variable did not have a normal distribution. Qualitative
variables were expressed as absolute frequencies (n)
and relative frequencies (%). To compare qualitative
variables, the chi-square test and Fisher’s exact test
were used. To compare quantitative variables with
qualitative variables, Student’s t-test was used. Non-
parametric tests were employed when appropriate. Graft
survival was studied using the Kaplan-Meier method
and comparisons between the different curves obtained
were performed using the log-rank test. Regarding the
multivariate analysis, we considered those variables in
which statistically significant differences were found during
the comparative analysis and those that we considered
clinically relevant. The multivariate Cox proportional
hazard model was applied to analyze the prognostic
value for the risk of graft loss in all LTs performed with
donors > 70 years old. A stepwise backward conditional
procedure was used. Finally, based on the results
obtained, we studied graft survival according to the risk
factors identified during the multivariate analysis. A
P-value < 0.05 was considered statistically significant in
all studies performed.
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RESULTS

Donor characteristics

The donor characteristics are shown in Table 1. Aged
donors were predominantly female whereas younger
donors were predominantly male (P = 0.00). Obesity
(27% vs 16%; P = 0.00), hypertension (58% vs 26%;
P = 0.00) and diabetes (20% vs 7%; P = 0.00) were
more common among aged donors. Although we found
more cases of cerebrovascular deaths in the study
group (81% vs 51%; P = 0.06), this difference was not
statistically significant. Cardiac arrest was significantly
lower in donors = 70 years old (7% vs 25%; P = 0.00).
Median serum sodium level was high in both groups,
but significantly lower in the study group. Median serum
glutamic-pyruvic transaminase (GPT) and glutamic-
oxaloacetic transaminase (GOT) levels were normal
in both groups but, like sodium levels, they were
significantly lower in aged donors. Biopsy findings were
similar in both groups, with more than half of all cases
without steatosis in each group.

Recipient characteristics

Table 2 lists recipient characteristics of the 2 groups.
Mean recipient age was higher in recipients of older
grafts. HCV-positivity was more common among
patients undergoing LT with younger donors (34% vs
49%; P = 0.00). Median product of donor age and
preoperative MELD (D-MELD) value was higher in the
recipients of the study group (1051 vs 629; P = 0.00),
but all laboratory parameters analyzed were similar in
both groups.

Perioperative characteristics

Table 3 shows perioperative characteristics in the 2
groups. Mean cold ischemia time (CIT) was longer in
the study group (445 min vs 386 min; P = 0.00). This is
because most aged donors were from hospitals outside
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Table 1 Donor characteristics 77 (%)

Donors < 70 years old (m = 212) Donors > 70 years old (7 = 212) P value

Age (yr) 47 (26) 76 (7) 0.00
Gender (male/female) 139/73 (65.6/34.3) 87/125 (41.0/59.0) 0.00
BMI > 30 (kg/m’) 33 (15.6) 57 (27.3) 0.00
Cause of death

Trauma 72 (34.0) 32 (15.1)

Cerebrovascular 108 (50.9) 172 (81.1) 0.06

Other 32 (15.1) 8(3.8)
History of hypertension 55 (25.9) 122 (57.5) 0.00
History of diabetes 14 (6.6) 43 (20.3) 0.00
ICU stay (h) 48 (24-96) 211 (24-48) 0.00
Cardiac arrest 53 (25.0) 14 (6.6) 0.00
Hemodynamic instability 68 (32.1) 60 (28.3) 0.39
Vasopressor use 173 (81.6) 159 (75.0) 0.09
Glucose (mg/dL) 145 (63) 156 (69) 0.00
Creatinine (mg/dL) 0.9 (0.5) 0.8 (0.3) 0.24
Sodium (mEq/L) 148 (12) 145 (11) 0.00
GOT (IU/L) 39 (55) 28 (19) 0.00
GPT (IU/L) 27 (53) 20 (17) 0.00
Biopsy findings

Normal 125 (57.8) 107 (49.8)

Microsteatosis 26 (12.6) 41 (19.5)

Mild macrosteatosis (< 30%) 54 (26.1) 56 (26.7) 0.12

Moderate macrosteatosis (30%-60%) 7 (3.5) 7 (3.5)

Severe macrosteatosis (= 60%) 0(0.0) 1(0.5)

BMI: Body mass index; ICU: Intensive care unit; GOT: Glutamic-oxaloacetic transaminase; GPT: Glutamic-pyruvic transaminase.

Table 2 Recipient characteristics 7 (%)

Donors < 70 years old (m = 212) Donors > 70 years old (» = 212) P value

Age (yr) 54 (14) 59 (13) 0.00
Gender (male/female) 161/51 (75.9/24.1) 167/45 (78.8/21.2) 0.48
Cirrhosis

Alcoholic 61 (28.8) 95 (44.8)

HBV 13 (6.1) 24 (11.3) 0.00

HCV 105 (49.5) 72 (34.0)

Other 33 (15.6) 21 (9.9)
HCC 82 (38.7) 84 (39.3) 0.89
Child-Pugh

A 47 (22.1) 46 (21.7)

B 75 (35.4) 89 (42) 0.22

C 90 (42.5) 77 (36.3)
MELD 15 (8) 13 (5) 0.20
MELD-Na 16 (11) 14 (9) 0.12
D-MELD 629 (475) 1051 (842) 0.00
Glucose (mg/dL) 107 (44) 105 (48) 0.70
Creatinine (mg/dL) 0.9 (0.4) 0.9 (0.3) 0.07
Total bilirubin (mg/dL) 2.7 (34) 1.9 (2.4) 0.10
GOT (IU/L) 54 (67) 58 (58) 0.77
GPT (IU/L) 40 (49) 37 (43) 0.60
Albumin (mg/dL) 3.3(0.9) 3.4 (1.0) 0.77
Prothrombin activity (%) 62 + 20 (11.8-120) 65+ 18 (5-119) 0.07
Platelets (1) 77900 (54925) 82500 (60250) 0.16
UNOS

ICU 0 3(1.4) 0.77

Hospital 17 (8) 12 (5.7)

Home 195 (92) 197 (92.9)

HBV: Hepatitis B virus; HCV: Hepatitis C virus; HCC: Hepatocellular carcinoma; MELD: Model for end-stage liver disease; D-MELD: The product of donor
age and preoperative MELD; GOT: Glutamic-oxaloacetic transaminase; GPT: Glutamic-pyruvic transaminase; UNOS: United network for organ sharing;
ICU: Intensive care unit.

of Madrid, and in some cases, it took up to 3 h for the were similar in both groups and no differences were
grafts to reach our hospital. Transfusion requirements observed in the immunosuppresive treatment.
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Table 3 Perioperative characteristics and post-liver transplantation complications 7 (%)

Donors < 70 years old (m = 212) Donors > 70 years old (7 = 212) P value

CIT (min) 386 + 168 (100-1038) 445 + 158 (60-975) 0.00
WIT (min) 64 +17 (40-200) 61 +13 (30-130) 0.04
RBC (U) 6 (3-10) 5 (3-10) 0.98
FFP (U) 12 +9 (0-60) 13 +9 (0-58) 0.40
Platelets (U) 3+3(0-37) 3+3(0-16) 0.53
Basal immunosuppressant drugs

Cyclosporine plus steroids 33 (15.6) 30 (14.3) 0.71
Tacrolimus plus steroids 179 (84.4) 180 (85.7)

ICU stay (d) 4 (2-5) 4 (2-6) 0.58
Hospital stay (d) 18 +17 (0-105) 16 +12 (0-83) 0.34
Primary non-function 6(2.8) 7 (3.3) 0.24
Acute rejection 61 (28.8) 53 (25.1) 0.39
Infectious complications 56 (26.4) 41 (19.3) 0.08
Medical complications 90 (42.5) 93 (43.9) 0.76
Surgical complications 38 (17.9) 34 (16) 0.60
Vascular complications 11 (5.2) 14 (6.6) 0.80
Biliary complications 24 (11.3) 11 (5.2) 0.41
Reoperation 27 (12.7) 20 (9.4) 0.28
De novo tumors 24 (11.3) 22 (10.4) 0.57
HCV recurrence 73 (61.9) 42 (57.5) 0.55
Days 141 (58-535) 148 (51-316) 0.90
Hepatitis F3 or F4 18 (24.7) 21 (50) 0.00
Fibrosing cholestatic hepatitis 7 (9.6) 7 (16.7) 0.26
Re-transplantation 11 (5.2) 12 (5.7) 0.83

CIT: Cold ischemia time; WIT: Warm ischemia time; RBC: Red blood cells; FFP: Fresh frozen plasma; ICU: Intensive care unit.

Complications after LT

In Table 3 we can also observe the differences between
the 2 groups regarding the development of different
complications. Hospital stay in both intensive care unit
(ICU) and conventional hospitalization unit were similar
in both groups. No differences were found in relation to
PNF, and acute rejection rate was similar in both groups
(25% vs 29%; P = 0.39). Infectious complications
were lower in the study group, but differences were not
statistically significant. The rate of vascular complications
was similar in both groups (6.6% vs 5.2%; P = 0.80).
Although biliary complications were lower in the group
of LTs performed with aged donors, differences were
not statistically significant (5.2% vs 11.3%; P = 0.41).
Finally, HCV recurrence was similar in both groups, but
severe HCV recurrence (F3-F4 hepatitis) was higher in
the study group (50% vs 25%; P = 0.00).

Survival analysis

After a mean follow-up of 67 £ 59 (range: 0-271) mo
in the control group and a mean follow-up of 67 + 61
(range: 0-269) mo in the study group, there were 67
(31.6%) deaths in the control group and 80 (37.7%)
deaths in the study group. These differences were not
statistically significant.

We also did not observe significant differences
between the causes of death in each group, and the
main causes in both groups were infections and medical
complications.

Patient survival at 1, 3 and 5-years was 86.3%,
79.8% and 72.8%, respectively, in the control group
and 83.8%, 78.1% and 69%, respectively, in the
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study group. Differences between the groups were not
significant.

Graft survival at 1, 3 and 5-years was 85.3%,
78.4% and 70.2%, respectively, in the control group
and 80.5%, 73.6% and 64.5%, respectively, in the
study group. Again, differences between the groups
were not significant.

Multivariate analysis

A Cox-regression analysis to investigate risk factors
for graft loss in LTs performed with donors > 70 years
old was performed including all variables where we
found differences during the comparative analysis and
the ones that we considered clinically relevant. Table
4 shows the results. We identified 5 risk factors as
independent predictors of graft survival: recipient HCV-
positivity [hazard ratio (HR) = 2.35; 95% confidence
interval (CI): 1.55-3.56; P = 0.00]; recipient age (HR
= 1.04; 95%CI: 1.02-1.06; P = 0.00); D-MELD (HR =
1.00; 95%CI: 1.00-1.00); donor value of serum GPT
(HR = 1.00; 95%CI: 1.00-1.00; P = 0.00); and donor
value of serum sodium (HR = 0.96; 95%CI: 0.94-0.99;
P = 0.00).

Graft survival according to risk factors

After combining D-MELD and recipient age we obtained
a new scoring system that we called DR-MELD
(product of donor age, recipient age and preoperative
MELD). Median (interquartile range) DR-MELD in the
study group was 58309 (27861). We stratified the
recipients into 5 groups (DR-MELD < 25000; DR-
MELD 25000-49999; DR-MELD 50000-74999; DR-
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Table 4 Multivariate Cox-regression analysis for the risk of graft loss

Univariate analysis

Multivariate analysis

HR (95%CI) P value HR (95%CI) P value
Donor age 1.23 (0.90-1.68) 0.19 1.15 (0.73-1.81) 0.52
Female donor 1.08 (0.78-1.49) 0.63
Donor BMI
25-29 1.56 (1.05-2.31) 0.08
230 1.53 (0.95-2.47) 0.07
Cause of death
Cerebrovascular 1.091 (0.75-1.58) 0.65
Others 0.68 (0.34-1.36) 0.28
Donor history of hypertension 1.53 (1.10-2.12) 0.00 1.43 (0.97-2.12) 0.07
Donor history of diabetes 0.99 (0.62-1.58) 0.97
Donor ICU stay 1.00 (0.99-1.00) 0.37
Donor cardiac arrest 0.94 (0.59-1.52) 0.82
Donor last serum sodium level 0.97 (0.96-0.99) 0.01 0.96 (0.94-0.99) 0.00
Donor last serum GOT 1.00 (1.00-1.00) 0.13
Donor last serum GPT 1.00 (1.00-1.00) 0.02 1.00 (1.00-1.00) 0.00
Biopsy findings
Normal 1.00 (0.64-1.59) 0.96
Microsteatosis 1.22 (0.82-1.82) 0.31
Mild macrosteatosis (< 30%) 1.89 (0.93-3.82) 0.07
Moderate macrosteatosis (30%-60%) 0.93 (0.57-1.53) 0.78
Recipient age 1.03 (1.01-1.05) 0.00 1.04 (1.02-1.06) 0.00
HCV" recipient 1.82 (1.32-2.50) 0.00 2.35 (1.55-3.56) 0.00
HCC presence 1.24 (0.90-1.71) 0.18
MELD 1.03 (1.00-1.06) 0.05
D-MELD 1.00 (1.00-1.00) 0.00 1.00 (1.00-1.00) 0.00
Prothrombin activity 0.99 (0.98-1.00) 0.28
CIT 0.99 (0.99-1.00) 0.13
WIT 1.01 (0.99-1.02) 0.38

HR: Hazard ratio; CI: Confidence interval; BMI: Body mass index; ICU: Intensive care unit; GOT: Glutamic-oxaloacetic transaminase; GPT: Glutamic-

pyruvic transaminase; HCV: Hepatitis C virus; HCC: Hepatocellular carcinoma; MELD: Model for end-stage liver disease; D-MELD: The product of donor

age and preoperative MELD; CIT: Cold ischemia time; WIT: Warm ischemia time.
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Figure 3 Graft survival according to donor age X recipient age X
model for end-stage liver disease score in patients undergoing liver
transplantation with grafts 2 70 years old. Chi-square = 12.358, degrees of
freedom = 1, P = 0.00. DR-MELD: Donor age X recipient age X model for end-
stage liver disease.

MELD 75000-99999; and DR-MELD > 100000), and
we analyzed the graft survival according to this new
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score. Figure 3 shows the results. Overall, we obtained
a graft survival of more than 70% at 5 years in patients
with a DR-MELD score < 75000, and of less than 50%
in patients with a DR-MELD score > 75000. Finally, we
calculated graft survival according to DR-MELD and HCV
infection status, and we observed that graft survival
significantly decreased in patients with a DR-MELD
score = 75000, especially in HCV-positive patients (77%
vs 63% at 5 years in HCV-negative patients, P = 0.00;
and 61% vs 25% at 5 years in HCV-positive patients; P
= 0.00) (Figures 4 and 5).

DISCUSSION

Use of elderly donors is an effective mean to expand the
donor pool with results similar to those described with
the use of younger donors, as demonstrated in multiple
studies over the past years!'2>%,

In Europe, the use of these donors has become
common. One single-center study reports that almost
40% of all LTs were performed with donors > 70 years
old®®. However, in the United States, the use of these
grafts is lower than in Europe, as shown in a recent
study, where the rate of LTs performed with donors
> 70 years old in the United States was only 4.3%
between January 2002 and September 20147,
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Figure 4 Graft survival in hepatitis C-negative patients according to donor
age X recipient age X model for end-stage liver disease score after liver
transplantation with grafts = 70 years old. Chi-square = 4.222, degrees of
freedom = 1, P = 0.00. DR-MELD: Donor age X recipient age X model for end-
stage liver disease.
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Figure 5 Graft survival in hepatitis C-positive patients according to donor
age X recipient age X model for end-stage liver disease score after liver
transplantation with grafts 2 70 years old. Chi-square = 12.615, degrees of
freedom = 1, P = 0.00. DR-MELD: Donor age X recipient age X model for end-
stage liver disease.

According to the literature, and also as observed
in the present study, elderly donors have a number of
common characteristics'**??*, Females predominate
over males. The rates of hypertension and diabetes are
also higher among these donors. The main cause of
donor death is the cerebrovascular accident, followed by
trauma (81% vs 15%). Finally, there is a tendency to
minimize other donor risk factors for a worse evolution®®.
Thus, older donors have shorter ICU stays with fewer
episodes of hemodynamic instability or cardiac arrest,
and laboratory parameters such as serum sodium and
transaminases are usually significantly lower.
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In the literature, different factors have been
described as predictors of graft survival, and most of
them have been reported in several studies®'***>°33,
A summary of predictors of graft survival with the
use of donors = 70 years old that were identified by
multivariate analysis (Cox regression), is shown in Table
5. In our study, we identified 5 independent predictors
of graft survival: donor serum sodium and serum GPT,
recipient age, HCV and D-MELD.

Sodium and GPT are laboratory parameters that in
many studies have been identified as risk factors for a
poor outcome, regardless of the age of the donor®®.,
However, in studies performed with donors > 70 years
old they never were found to be predictors of graft
survival®!¥?3%31 1n addition, although differences
between these parameters were statistically significant
in our study, we think that they are not clinically relevant
since they were within the normal range in both groups.

HCV is a long-known survival predictor in LTs
performed with aged donors. HCV recurrence is earlier
and more aggressive when aged donors are used®**!,
In most of the studies performed with donors older
than 70 years, we also observed that HCV was an
independent predictor of graft survival****?, In recent
years, younger grafts usually have been implanted
in HCV-positive patients, while older livers were used
to transplant patients with HCC and without HCV
infection™®. Currently, with the arrival of direct-acting
antivirals (DAA), the results of LT with aged donors
in HCV patients have changed and donor age will not
influence anymore LT results in HCV recipients.

It has been demonstrated that D-MELD is able
to predict the results of LTs with donors older than
70 years, especially in HCV patients™'*%), Initially,
Halldorson et al*” proposed a D-MELD score of 1600
as a cut-off point to identify cases with significantly
worse outcomes. In our study, these results were not
confirmed when they were applied to recipients of
grafts = 70 years old, since we obtained a 5-year graft
survival of 68.4% and 62.1% for D-MELD scores <
1600 and = 1600, respectively (P > 0.05). We also did
not obtain significant differences when we used different
cut-off points proposed by other authors®*%, or by
applying still different ones. Although D-MELD was an
independent predictor of graft survival in our study, we
think that it should be used in combination with other
parameters to improve its prediction power.

The age of the recipient is another parameter
that in many studies has been linked with the result.
In multiple series of LT with donors = 70 years old,
recipient age was an independent predictor of graft
survival®®®!, Some authors proposed that these grafts
should be limited to young recipients without other
associated risk factors to obtain better results®***?,
However, in recent studies™**?"! the mean age of the
recipients was even higher in the group of transplants
performed with elderly donors than in the group of
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In conclusion, the use of donors = 70 years old is
a safe strategy to expand the donor pool, and in the
coming years they will probably become the main
source of donation in western countries. Graft and
patient survivals are similar to those obtained with the
use of younger grafts without increasing the risk of
complications, especially PNF, vascular complications
and biliary complications. A DR-MELD = 75000 must be
avoided in order to obtain the best results. More studies
are required to validate these findings.

ARTICLE HIGHLIGHTS

Research background

The increased life expectancy of the general population makes that donor
age should also increase to ensure the number of available donors. Concerns
regarding the use of aged organs are the perception of greater susceptibility
to ischemic damage resulting in higher risk of initial poor function or primary
non-function. There are limited published data evaluating results of liver
transplantation (LT) with these donors and only a few of them try to identify
predictors of graft survival.

Research motivation

Some authors have suggested that if we identify which variables are able
to predict survival, careful donor to recipient matching could avoid some
complications after LT with aged donors and improve patient and graft survival.

Research objectives

The main objective of our study is to evaluate LT outcomes with donors = 70
years old using a large single-center cohort, identify predictors of graft survival
and compare our results with previously published.

Research methods

We analyzed all LT performed at our department between April 1986 and May
2016 with donors = 70 years old, then we compared the outcomes with those
obtained using younger donors in the same period and finally a multivariate Cox
proportional hazard model was applied to analyze the prognostic value for the
risk of graft loss in all LT performed with aged donors.

Research results

The use of donors = 70 years old is a safe strategy to expand the donor
pool. Graft and patient survivals are similar to those obtained with the use of
younger grafts without increasing the risk of complications, especially primary
non-function, vascular complications and biliary complications. We identified
5 independent predictors of graft survival: donor serum sodium and serum
glutamic-pyruvic transaminase, recipient age, hepatitis C virus (HCV) and donor
age X model for end-stage liver disease (D-MELD). Finally, we formulated a
score using the D-MELD in combination with the age of the recipient (we called
it DR-MELD), and we analyzed its ability to predict graft survival in the study
group according to the presence or absence of the HCV. A DR-MELD < 75000
was a good measure to predict graft survival when using grafts = 70 years old
regardless the presence of HCV.

Research conclusions

The use of aged donors in LT is not associated with higher primary non-function
or other complications if we perform a careful donor selection. The current study
emphasizes on the importance of identifying predictors of graft survival before
donor to recipient matching. With the arrival of direct-acting antivirals, the
results of LT with aged donors in HCV patients have changed and donor age
will not influence anymore LT results in HCV recipients. Donor age, recipient
age, MELD, cold ischemia time and the presence of steatosis seems to be the
best predictors of graft survival after analyze the outcomes of several studies.

Research perspectives
The use of aged donors is a safe alternative to expand the donor pool in LT with

JRaishideng®
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brain death donors. Additional studies are needed to investigate if the donor
age could also be increased with marginal donors such as non-heart beating,
split or living donors.
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Abstract

AIM

To evaluate and describe the efficacy of fecal microbiota
transplantation (FMT) for Clostridium difficile infection
(CDI) in a national Israeli cohort.

METHODS

All patients who received FMT for recurrent (recurrence
within 8 wk of the previous treatment) or refractory CDI
from 2013 through 2017 in all the five medical centers
in Israel currently performing FMT were included. Stool
donors were screened according to the Israeli Ministry
of Health guidelines. Clinical and laboratory data of
patients were collected from patients’ medical files, and
they included indications for FMT, risk factors for CDI
and disease severity. Primary outcome was FMT success
(at least 2 mo free of CDI-related diarrhea post-FMT).
Secondary outcomes included initial response to FMT
(cessation of diarrhea within 7 d) and recurrence at 6
mo.

RESULTS

There were 111 FMTs for CDI, with a median age of 70
years [interquartile range (IQR): 53-82], and 42% (47)
males. Fifty patients (45%) were treated via the lower
gastrointestinal (LGI, represented only by colonoscopy)
route, 37 (33%) via capsules, and 24 (22%) via the
upper gastrointestinal (UGI) route. The overall success
rate was 87.4% (97 patients), with no significant
difference between routes of administration (P = 0.338).
In the univariant analysis, FMT success correlated with
milder disease (P = 0.01), ambulatory setting (P <
0.05) and lower Charlson comorbidity score (P < 0.05).
In the multivariant analysis, only severe CDI [odd ratio
(OR) = 0.14, P < 0.05] and inpatient FMT (OR = 0.19,
P < 0.05) were each independently inversely related to
FMT success. There were 35 (32%) patients younger
than 60 years of age, and 14 (40%) of them had a
background of inflammatory bowel disease.

CONCLUSION

FMT is a safe and effective treatment for CDI, with
capsules emerging as a successful and well-tolerated
route. Severe CDI is less likely to respond to FMT.

Key words: Clostridium difficile infection; Capsules;
Israel; Fecal microbiota transplantation

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Fecal microbiota transplantation (FMT)
emerged as a promising treatment for Clostridium
difficile infection (CDI). Our aim was to summarize
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the national Israeli experience in FMT. One-hundred
and eleven patients with CDI underwent FMT, 37
(35%) of which via oral capsules and 50 (45%) via
colonoscopy. The overall success rate was 87.4%, with
no difference between administration routes. Success
was independently related to mild disease and an
ambulatory setting. One-third of the patients were
younger than 60 years. 14 of which (40%) also suffered
from inflammatory bowel disease. FMT is an effective
treatment for recurrent CDI. FMT v/a capsules was
shown to be a successful alternative to endoscopy.

Greenberg SA, Youngster I, Cohen NA, Livovsky DM,
Strahilevitz J, Israeli E, Melzer E, Paz K, Fliss-Isakov N,
Maharshak N. Five years of fecal microbiota transplantation -
an update of the Israeli experience. World J Gastroenterol 2018;
24(47): 5403-5414

URL: https://www.wjgnet.com/1007-9327/full/v24/i47/5403 .htm
DOI: https://dx.doi.org/10.3748/wjg.v24.i147.5403

INTRODUCTION

Background

The incidence of Clostridium difficile infection (CDI) is
rising in parallel to the increased use of broad-spectrum
antibiotics, with more than 500000 cases and 29000
related deaths annually in the United States alone'.,
The resistance to current treatment with metronidazole
and vancomycin is also increasing, with recurrence rates
of up to 20% after the first episode and 40%-65% after
the second'*™. Fecal microbiota transplantation (FMT)
has cure rates ranging between 85%-95%, and it has
emerged as being a safe and promising treatment
option that is widely accepted for recurrences and
refractory or severe cases of CDI” %, FMT is considered
the most effective treatment for recurrent CDI""*?! in
both young and elderly patient populations!®. FMT it
is also a promising potential treatment for conditions
other than CDI, such as inflammatory bowel diseases
(IBD), irritable bowel syndrome, neuropsychiatric
conditions, obesity, insulin resistance, and autoimmune
diseases™**,

Current techniques for FMT administration vary
considerably between institutions and can be performed
via a nasogastric/nasojejunal tube, gastroscopy, oral
capsules, enema, sigmoidoscopy or colonoscopy™*>*#,
The procedure is considered safe and is mostly free
of severe adverse events, although peri-procedural
transient gastrointestinal (GI) symptoms may develop
in some patients. The mortality cited in previous studies
was attributed to the patients’ pre-morbid conditions,
and generally occurred in elderly and critically ill
patients>*>7*9,

Objective
We had earlier described the initial Israeli experience
of 22 patients that were treated with FMT for CDI and
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experienced an overall cure rate above 89%"”". However,
during the past 5 years, the procedure has been
performed in additional Israeli centers that processed
feces from a wide range of donors in a significantly larger
number of patients with different disease conditions, and
using all acceptable transplantation routes. Therefore,
our aim was to examine whether FMT continued to
demonstrate efficacy despite this wider range of donors
and patients, to investigate FMT-dependent variables,
and to examine the efficacy of individual FMT routes.

MATERIALS AND METHODS

Study design and settings

This multi-center retrospective study included all
the patients who were treated with FMT for CDI in
Israel between January 2013 and October 2017. The
participating medical centers were the Tel Aviv Medical
Center (TLVMC), Tel Aviv; Shaare Zedek Medical
Center (SZMC) and Hadassah Medical Center (HMC),
Jerusalem; Assaf Harofe Medical Center (AHMQC),
Zerifin; and Kaplan Medical Center (KMC), Rehovot. All
the patients or their legal surrogates provided written
informed consent. The study was approved by the
ethics committees of each medical center. Patients were
followed routinely at 48 h, 7 d, 2 mo, and 6 mo after
the procedure for the assessment of side effects and
treatment outcome.

Following the Society for Healthcare Epidemiology of
America (SHEA) and the Infectious Diseases Society of
America (IDSA) practice guidelines™!, CDI was defined
as diarrhea (= 3 unformed stools per day) and a stool
test that was positive for Clostridium difficile antigen and
its toxins by either an ELISA (immunocheck™) or by PCR
if the glutamate dehydrogenase antigen was positive
and the toxin assessment was negative!®”!. Recurrence
was defined as another episode occurring within the
8 wk following the previous treatment. Refractory CDI
was defined as disease that did not respond to medical
therapy. Severe disease was defined by leukocytosis >
15000 cells/uL and/or a serum creatinine level > 1.5
times the premorbid level®".. Initial response to FMT was
defined as fewer than 3 liquid stools per day within the
7 d following FMT, and cure was defined as at least 2 mo
free of CDI-related diarrhea post-FMT.

Donor stool preparation

The donor stool was delivered to the institution within
a few hours of evacuation in a clean closed plastic
container. It was immediately diluted with sterile saline
(NaCl 0.9%) and blended into a homogenous liquid.
The liquid was then filtered to remove particulate
matter. Stool donations were processed and kept frozen
at -80 'C until use at TLVMC or AHMC, while a fresh
donor stool was delivered to SZMC or HMC on the day
of FMT for processing and transplantation. KMC used
both frozen and fresh donor stools. The preparation of
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capsules was the same as that described in our previous
reports'®*?,

Participants

All patients aged 10 to 92 years who were treated with
FMT for refractory, recurrent, or severe CDI in all five
centers were included. Donor selection, FMT procedure
and patient follow-up were the same as those described
in our earlier report®®, and they were carried out
according to practice guidelines®®”. Capsule FMT was
administrated following practice guidelines as reported
elsewhere!®”,

Variables

The primary outcome was FMT success (at least 2 mo
free of CDI-related diarrhea post-FMT). Secondary
outcomes included initial response to FMT (see above)
and recurrence at 6 mo. The key variables were age,
Charlson comorbidity score, and the risk factors for CDI
in the 3 mo preceding the infection (hospitalization,
exposure to antibiotics, IBD and chemotherapy).

Data sources

Clinical data were obtained from medical records, and
they included epidemiologic information, risk factors
for CDI, the Charlson comorbidity score®, and follow-
up information up to 6 months post-FMT. Patients were
excluded if FMT was indicated for an etiology other than
CDI or if follow-up was incomplete.

Statistical analysis

All continuous variables were displayed as mean
[standard deviation (SD)] or median [interquartile
range (IQR)], while categorical variables were displayed
as number (percent) of patients within each group.
Continuous variables were analyzed by the Student ¢
test for normally distributed variables and by the Mann-
Whitney U test and the Kruskal-Wallis test for non-
normally distributed variables. We used the »° test
to assess associations among categorical variables.
Statistical significance is expressed as P < 0.05 or P
< 0.01. Multivariate logistic regression analysis was
used to test the association between patient and FMT
characteristics and successful FMT while controlling
for potential confounders. The SPSS 22.0 statistical
package was used to perform all statistical analyses
(SSPS Inc., Chicago, IL, United States).

RESULTS

Participants

A total of 113 CDI patients were treated with FMT in
five Israeli medical centers. Two patients were excluded
due to insufficient follow-up. The median age of the
111 participating patients was 70 years (IQR: 53-82),
47 (42%) of them were males, and the median 1-year
Charlson comorbidity score for the cohort was 6 (IQR:
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Table 1 Study population characteristics according to fecal microbiota implantation route

Overall Upper GI' Lower GI Capsules P value
n (valid) % (IQR) n % (IQR) n % (IQR) n % (IQR)
Patients 111 100 24 22 50 45 37 33
Male gender 47 (111) 42 16 67° 19 38 12 32
Age, median (IQR) 70 (111) (53-82) 68 (51-86) 78 (61-83) 68 (45-75) 0.114
Charlson comorbidity 6 (81) 3-7 515 (3-7.25) 6 (1.75-7.5) 5 (2-7) 0.734
score, median
CDlI risk factors
Prior hospitalization 80 (111) 72 18 75" 26 52 36 97 <0.01
Prior antibiotics use 66 (108) 59 15 63° 15 30 36 97 0.012
PPI usage 37 (110) 33 8 33’ 14 28 15 41 0.470
Chemotherapy 19 (111) 17 4 17° 3 6 12 32 0.005
IBD 20 (111) 18 5 21° 7 14 8 22 0.606
Previous CDI episode, 2 (107) (2-3) 2 (1-3) 2 (1-3) 3 (2-4) 0.275
median
Prior therapy
Metronidazole 89 (110) 80 17 71° 41 82 31 84 0.365
Vancomycin 109 (110) 98 24 100’ 48 96 37 100 0.534
Combination 31 (110) 28 10 42° 15 30 6 16 0.099
Severe CDI 20 (111) 18 8 33.3° 10 20 2 5.40 0.019
Indication
Refractory 29 (111) 26 6 25° 19 38 4 11 0.017
Recurrent 82 (111) 74 18 75° 31 62 33 89
Outpatient 78 (111) 70 12 50° 36 72 30 81 0.032

"Upper GI: Gastroscopy, nasogastric tube or through percutaneous endoscopic gastrostomy; “Percentages refer to the total number of subjects in the cohort;

*Percentages refer to the number of subjects in the specific group. CDI: Clostridium difficile infection; IBD: Inflammatory bowel diseases; PPI: Proton pump

inhibitor; GI: Gastrointestinal; FMT: Fecal microbiota implantation; IQR: Interquartile range; Prior hospitalization: Hospitalization in the 3 mo prior to the

FMT; Prior antibiotics: Antibiotics use in the 3 mo prior to the FMT.

3-7 points; expected one-year survival of 79% £ 9%).

Descriptive data
The risk factors for CDI in the 3 mo preceding the
infection included hospitalization (80 patients, 72%),
exposure to antibiotics (65 patients, 59%), IBD (20
patients, 18%) and chemotherapy (19 patients, 17%).
The patients’” demographics, epidemiological data, and
risk factors for CDI are summarized in Table 1.
Seventy-eight (70%) of the FMT procedures
were performed in an ambulatory setting. FMT was
performed through the lower GI route (LGI; only by
colonoscopy) in 50 patients (45%), followed by capsules
in 37 patients (33%), and through the upper GI route
(UGI; gastroscopy, nasogastric tube or through their
percutaneous endoscopic gastrostomy) in 24 patients
(22%). The median age of the patients in the LGI group
was 78 years (IQR: 61-83), which was significantly older
than the median age of 68 years for the capsules group
(IQR: 45-75) (P < 0.05). Twenty (18%) patients had
severe CDI infection: they included 8 of the 24 patients
(33.3%) who received FMT via the UGI route compared
with 10 of the 50 patients [20% who received FMT via
the LGI route (P = 0.21) and 5.4% (2/37) who received
FMT via capsules (P = 0.004)].

Outcome data and main results

Successful FMT is more likely in ambulatory
patients with milder CDI: A total of 97 (87.4%)
patients achieved clinical remission (79% UGI, 88%
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LGI, and 92% capsules, P = 0.338). Ninety-nine
patients were followed-up 6 mo after FMT initiation (11
patients died, and one had not reached this endpoint
by study closure). Sixteen of them (16.2%) had a
recurrence of CDI: 3 in the UGI group (15.8% of the
UGI group), 5 in the LGI group (11.4%), and 8 (22.2%)
in the capsule group (P = 0.141) (Figure 1 and Table
2). Four patients required multiple FMT infusions due
to recurrence: 3 underwent a second FMT infusion (of
which 2 were via colonoscopy and 1 was via capsules)
and one patient had 3 FMTs (all via colonoscopy).
Only 2 had a successful FMT (1 via capsules and 1 via
colonoscopy).

We further divided the cohort based on FMT
success and achievement/non-achievement of clinical
remission (Table 3). The 97 patients who experienced
clinical remission were more likely to have undergone
an ambulatory FMT (92.3% compared with 73.8%
hospitalized patients, P < 0.05), were less likely to
have a severe form of disease (14% compared with
44% of the treatment failure group, P = 0.01), and
had a lower Charlson comorbidity score (average 4.82
+ 3.2 compared with 6.6 £ 2.3, mean difference 1.78,
95%CI: 0.02-3.55, P < 0.05). In addition, patients who
had a successful FMT tended to be younger (mean age
63.2 £ 22.4 years compared with 73.7 £ 12.1 years;
95%CI: -1.61 to 22.6, P = 0.09). Finally, more patients
in the FMT failure group died during the study period
(37.5% vs 6.2% for the treatment success groups, P <
0.001) (Figure 2 and Table 3). Frozen stool was used in
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Table 2 Fecal microbiota implantation outcome and patients’ follow-up

Overall Upper GI Lower GI Capsules P value
n (valid) %/IQR n %/1QR n %/IQR n %/IQR

Patients 111 (111) 24 22 50 45 37 33
Response within 7 d 94 (111) 84.7° 17 71° 42 84 34 92 0.198
Days to response, median 2 (111) 1-2 2 1-3 1 0-2 2 2-3 0.069
No. of patients in follow-up 99 (99) 89.2° 19 79° 44 88 36 97
at 6 mo’
Recurrence at 6 mo 16 (99) 16.2° 3 15.8° 5 11.40 8 22.20 0.141
Total death 11 (111) 9.9° 5 21° 6 12 0 0 0.023

Death - unrelated 6 (11) 547 4 80’ 2 33 0 0

Death - CDI-related 3 (11) 2.7° 1 20° 4 66 0 0
No. of adverse events 19 (107) 17.1% 1 4 14 28 4 11 0.006
Success' 97 (111) 87.4° 19 79° 44 88 34 92 0.338

"Upper GI: Gastroscopy, nasogastric tube or through percutaneous endoscopic gastrostomy; “Percentages refer to the total number of subjects in the cohort;
*Percentages refer to the number of subjects in the specific group; ‘Success: diarrhea-free two months post-fecal microbiota implantation; *Eleven patients
died before this endpoint, and one had not yet reached it at study closure. Patients who died before this endpoint from a reason other than Clostridium
difficile infection (CDI) and were diarrhea-free were regarded as success, while patients who died before this endpoint from their CDI were considered as
failures. CDI: Clostridium difficile infection; IQR: Interquartile range; GI: Gastrointestinal.

A 100 - P=0.34 B 100 - P=0.14
80 80
60 60
X X
40 - 40 -
20 - 20 -
: . | I |
Upper GI Lower GI Capsules Upper GI Lower GI Capsules

Figure 1 Comparison of success and recurrence rates of Clostridium difficile infection fecal microbiota transplantation treatment according route of
administration. Fecal microbiota transplantation (FMT) was performed in recurrent Clostridium difficile infection (CDI) patients through upper gastrointestinal
(GI) (n = 24), lower GI (n = 50) or capsules (n = 37). Success rates at 2 mo (A) and recurrence rates (B) at 6 mo post-FMT were similar between the groups. GI:
Gastrointestinal.

91 of all the patients in the cohort, with slightly higher performed significantly earlier after diagnosis among
success rates than those obtained by fresh stool (89% the older patients compared to the younger ones (within
vs 80%, P = 0.272). 102 + 112 d compared to 198 + 279 d, respectively, P

The multivariance analysis revealed severe disease = 0.024). The elderly were less likely to be treated as
and inpatient status as being independently inversely outpatients (63% vs 86%, P < 0.05) and less likely to
related to FMT success, with odd ratios (ORs) of 0.14 (P receive corticosteroids (10.5% vs 26%, P < 0.05). No
< 0.05) and 0.19 (P < 0.05), respectively (Table 4). The patient in the younger group died during the follow-up

Charlson score did not affect FMT success or failure. period (Table 5).

Other analysis Adverse effects: Peri-procedural side effects were
IBD is prevalent among young FMT patients: We recorded in 19 patients. They were mild and self-limiting
next divided the cohort into one group of those below in 17 of them, and included abdominal discomfort,

60 years of age (mean 37.2 £ 14.7 years) and another constipation, nausea/vomiting, flatulence and decreased
group above 60 years of age (mean 77.1 + 8.9 years, appetite. Most of these effects occurred in patients
mean difference 39.8, 95%CI: 35.3-44.3, P < 0.001) who underwent colonoscopy [14 (28%) compared
(Table 5). The success rates were slightly higher in the with 4 (11%) for capsules, and 1 (4%) for UGI routes,
former group, but this difference did not reach a level P < 0.01]. There were 2 cases of post-endoscopy
of significance. Forty percent (14/35) of the patients aspirations, one involving a patient with severe CDI who
younger than 60 years of age had IBD compared to only had an aspiration after FMT via colonoscopy and died
7.9% (6/76) of the older group (P < 0.001). FMT was from sepsis 12 d post-FMT, and the other involving a
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Table 3 Fecal microbiota implantation success and failure

Valid No. Success Failure P value
Number % Number %
Patients 111 111 97 87.4° 14 12.6
Male gender 111 47 40 41.2° 7 50.0 0.535
Ambulatory 111 78 72 92.3% 6 7.7 0.016
Hospitalized 111 33 25 75.8° 8 242
CDI risk factors
Prior hospitalization 111 80 68 70.1° 12 85.7 0.224
Antibiotics use 108 89 77 81.1° 12 923 0.318
PPI usage 110 37 32 33.3° 5 35.7 0.86
Chemotherapy 111 19 17 17.5° 2 14.3 0.764
IBD 111 20 18 18.6° 2 14.3 0.698
Steroid usage 111 17 13 13.4° 4 28.6 0.141
Fever 76 21 19 27.9° 2 25.0 0.86
Severe disease 111 20 14 14.4° 6 429 0.01
Death 111 11 6 6.2° 5 375 0.001
Adverse events 107 19 15 16.0° 4 30.8 0.19
Route: Lower GI FMT 111 50 45 88.07 5 12.0 0.338
Upper GI FMT! 111 24 19 79.2° 5 20.8
Capsules FMT 111 37 34 91.9° 3 8.1
Frozen stool 111 91 81 89.07 10 11.0 0.272
Fresh stool 111 20 16 80.07 4 20.0
0-1 Previous CDI 107 24 23 24.2° 1 8.3 0.214
2+ previous CDI 107 83 72 74.2° 11 78.6
Indication 0.824
Refractory 111 29 2 86.2° 4 138
Recurrent 111 82 72 87.8 10 122
Prior therapy
Metronidazole 110 89 80 83.3° 9 64.3 0.09
Vancomycin 110 109 95 99.0° 14 100.0 0.701
Combination 109 31 27 28.1° 4 30.8 0.843
Valid Mean SD Mean SD Sigma
Age (yr) 111 63.2 224 73.7 121 0.089
Charlson comorbidity score 81 482 3.18 6.6 2.32 0.048
Previous CDI episodes (1) 107 2.47 1.7 2.38 0.9 0.864
Time from 1¥ CDI (d) 89 140.4 200.8 108.56 120.3 0.643
Creatinine (mgl/dL) 76 1.37 1.2 2.19 2.6 0.098
Albumin (mg/L) 54 3.32 0.8 2.76 0.5 0.053
WBC (10°/dL) 76 13.6 18.7 15.6 10.4 0.756

"Upper GI: Gastroscopy, nasogastric tube or through percutaneous endoscopic gastrostomy; “Percentages referral is the total number of subjects in the
cohort; *Percentages referral is the number of subjects in the specific group. CDI: Clostridium difficile infection; IBD: Inflammatory bowel diseases; PPI:
Proton pump inhibitor; GI: Gastrointestinal; FMT: Fecal microbiota implantation; IQR: Interquartile range; WBC: White blood cells; Prior hospitalization:
Hospitalization during the 3 mo prior to the FMT; Prior hospitalization: Antibiotics use in the 3 mo prior to the FMT.

cohort who did not survive are compared to the rest
of the cohort in Table 6. They were much older (84.0
+ 5.8 years compared with 62.4 £ 21.6 years, mean
difference 21.6 years, 95%CI: 8.6-34.7, P < 0.001),

Table 4 Multivariate analysis of the association between

patient characteristics and a successful fecal microbiota
implantation procedure

Patient characteristics OR (95%Cl) P value had higher Charlson comorbidity index scores (8.0 +
Hospitalized patient 0.19 (0.04-0.86) 0.032 2.4 compared with 4.57 £ 2.98, mean difference 3.42,
Severe disease 014 (0.02-0.76) 0.023 95%(CI: 1.54-5.31, P = 0.001), and had fewer episodes
Charlson score categories 0.82 (0.38-1.76) 0.622

of CDI (average of 1.45 + 1.4 compared with 2.57 £+ 1.6,

Adjusted to previous hospitalization, metronidazole treatment prior
to fecal microbiota implantation (FMT), previous Clostridium difficile
infection (CDI), recurrent CDI, inflammatory bowel diseases, route of
administration, stool preparation method (fresh/frozen) and FMT dosage.

severely ill patient who was hospitalized in the intensive
care unit (ICU) due to fulminant CDI, with distended
colon and increased intra-abdominal pressure.

Mortality: The characteristics of the 11 patients in our
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mean difference 1.1, 95%CI: 0.1-2.1, P < 0.05). None
of the deceased had undergone FMT via capsules, and
only one was performed on an ambulatory basis. All 11
deceased patients were hospitalized at least once within
the 3 months prior to undergoing the FMT procedure.
The CDI of 6 of the deceased patients had improved
significantly, and they died from causes unrelated to
either CDI or to the FMT procedure itself. The other
5 showed no clinical response to FMT and they died
shortly after undergoing it, with continuing deterioration
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Valid No. Below 60 yr Above 60 yr P value
Number % Number %
Patients 111 111 35 31.5° 76 68.5
Male gender 111 47 15 429 32 421 0.941
Ambulatory 111 78 30 85.7° 48 63.2 0.011
CDI risk factors
Prior hospitalization 111 80 22 62.9° 58 76.3 0.142
Antibiotics use 108 89 28 80.0° 61 83.6 0.649
PPI usage 110 37 9 25.7° 28 37.3 0.230
Chemotherapy 111 19 7 20.0° 12 15.8 0.584
IBD 111 20 14 40.0° 6 7.9 0.000
Steroid usage 111 17 9 25.7° 8 10.5 0.039
Fever 76 21 7 35.0° 14 25.0 0.391
Severe 111 20 3 8.6° 17 224 0.079
Route
Lower GI 111 50 12 343’ 38 50.0 0.254
Upper GI' 111 24 8 229° 16 21.1
Capsules 111 37 15 429 22 28.9
0-1 Previous CDI 107 24 8 229° 16 22.2 0.941
2+ previous CDI 107 83 27 77.1° 56 778
Indication
Refractory 111 29 8 229° 21 27.6
Recurrent 111 82 27 77.1° 55 724
Prior therapy
Metronidazole 110 98 29 82.9° 69 80.0 0.722
Vancomycin 109 109 35 100.0° 74 98.7 0.493
Combination 109 31 12 343 19 25.7 0.352
Outcomes
Success 111 97 33 94.3 64 84.2 0.137
Recurrence by 6 m 99 16 7 20° 9 14.1 0.443
Death 111 11 0 0’ 11 100.0 0.018
Adverse events 107 19 5 14.3° 14 19.4 0.512
Mean SD Mean SD Sigma
Age (yr) 111 37.26 14.72 77.07 8.9 0.000
Charlson comorbidity score 81 1.29 1.95 6.35 2.3 0.000
Previous CDI episodes (1) 107 2.63 1.9 2.38 1.51 0.455
Time from 1% CDI (d) 89 198.75 279.04 102.68 112.19 0.024
Creatinine (mg/dL) 76 0.91 0.51 1.67 1.63 0.051
Albumin (mg/L) 54 3.51 0.99 3.17 0.69 0.153
WBC (10°/dL) 76 11.33 90.36 14.78 19.86 0.468

'Upper GI: Gastroscopy, nasogastric tube or through percutaneous endoscopic gastrostomy; “Percentages refer to the total number of subjects in the cohort;

*Percentages refer to the number of subjects in the specific group. CDI: Clostridium difficile infection; IBD: Inflammatory bowel diseases; PPI: Proton pump
inhibitor; GI: Gastrointestinal; FMT: Fecal microbiota implantation; IQR: Inter quartile range; WBC: White blood cells; Prior hospitalization: Hospitalization
in the 3 mo prior to the FMT; Prior hospitalization: Antibiotics use in the 3 mo prior to the FMT.

of their general clinical condition.

DISCUSSION

Key results and interpretation

In this multi-center cohort study, we described the
real-world experience of FMT procedures for CDI in a
heterogeneous national Israeli population during the 5
years since the procedure was approved. We examined
the distribution of the various techniques, routes and
success rates in 111 FMT procedures.

There was an 85% response to treatment within
the first 7 d post-FMT, and the success rates rose to
88% at 2 mo. These rates are compatible with reports
and reviews of others!®”*2*>*%1  Comparison of the
3 usual methods of FMT administration, UGI, LGI
and capsules, revealed a higher success rates for the
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capsules and LGI routes over the UGI route although
not to a level of statistical significance. Nevertheless,
capsules-treated patients had the highest recurrence
rates (22% at 6 mo), again not reaching a level of
statistical significance. These results can be interpreted
in several ways. First, there were higher rates of severe
CDI within the UGI group compared with the 2 other
groups (Figure 1 and Table 1). Second, previous reports
showed lower success rates for the UGI route compared
with LGI: one systematic review of 325 cases of FMT
for CDI suggested a lower success rate for upper gut
administration (76%) compared with colonoscopy
(89%) and enema (95%) administration™*”!, while
Kassam et al'*®! reported a trend for higher resolution
rates through the LGI route compared with the UGI
route. Cure from CDI was associated with a milder
disease and undergoing treatment in an outpatient

December 21, 2018 | Volume 24 | Issue 47 |



Greenberg SA et a/. FMT in Israel

Table 6 Mortality

Valid No. Alive Dead P value
Number % Number %
Patients 100 90.1° 11 9.9
Male gender 111 47 38 38.0° 9 81.8 0.005
Ambulatory 104 75 74 77.9° 10.0 0.000
CDI risk factors
Prior hospitalization 111 80 69 69.0° 11 100.0 0.030
Antibiotics use 108 89 81 82.7° 8 80.0 0.834
PPI usage 110 37 31 31.3° 6 54.5 0.122
Chemotherapy 111 19 19 19.0° 0 0.0 0.112
IBD 111 20 20 20.0° 0 0.0 0.101
Steroid usage 111 17 16 16.0° 1 9.1 0.546
Fever 76 21 15 23.1° 6 54.5 0.031
Severe 110 20 13 13.0° 7 63.6 0.000
Adverse events 107 19 15 185 4 40.0 0.053
Route
Lower GI 111 50 44 44.0° 6 54.5 0.023
Upper GI' 24 19 19.0° 5 455
Capsules 37 37 37.0° 0 0.0
0-1 previous CDI 107 24 19 19.8° 5 455 0.053
2+ previous CDI 83 77 6
Indication 111 0.306
Refractory 23 19 19.0° 4 36.4
Recurrent 82 76 76.0° 6 545
Prior therapy
Metronidazole 110 89 80 80.8° 9 81.8 0.936
Vancomycin 110 109 98 99.0° 11 100.0 0.738
Combination 109 31 25 25.5° 6 54.5 0.043
Outcomes
Adverse events 107 19 15 15.5° 4 40.0 0.053
Response to FMT 111 94 88 88.0° 6 54.5 0.003
Mean SD Mean SD Sigma
Age (yr) 111 62.37 21.656 84 5.797 0.000
Charlson comorbidity score 81 457 2.98 8 24 0.001
Previous CDI episodes (1) 107 257 1.633 1.45 1.368 0.025
Time from 1* CDI (d) 89 138.47 197.991 110.75 63.036 0.493
Creatinine (mg/dL) 76 1.44 1.507 1.74 1.193 0.482
Albumin (mg/L) 54 3.34 0.782 24 0.408 0.010
WBC (10°/dL) 76 13.65 18.87 15.64 78.62 0.564

"Upper GI: Gastroscopy, nasogastric tube or through percutaneous endoscopic gastrostomy; “Percentages refer to the total number of subjects in the cohort;

*Percentages refer to the number of subjects in the specific group. CDI: Clostridium difficile infection; IBD: Inflammatory bowel diseases; PPI: Proton pump
inhibitor; GI: Gastrointestinal; FMT: Fecal microbiota implantation; IQR: Inter quartile range; WBC: White blood cells; Prior hospitalization: Hospitalization

within the 3 mo prior to the FMT; Prior hospitalization: Antibiotics use in the 3 mo prior to the FMT.

setup. Other factors, such as age, Charlson score,
albumin levels, and creatinine levels were not
significantly different between the groups, since the
study was probably underpowered to detect significant
differences in these variables. Multiple infusions were
seldom and relatively unsuccessful in our cohort (4
patients, 50% success rate), but the numbers are too
low to arrive at any conclusions and the results cannot
be compared with those of recent meta analyses which
showed increased success rates with multiple FMTs!?*?7,

Multivariant analysis revealed that severe CDI (OR
= 0.14, P < 0.05) and inpatient FMT (OR = 0.19, P
< 0.05) were each independently inversely related to
FMT success, while patients’ background illnesses as
reflected by the Charlson comorbidity score were not
associated with either success or failure of FMT. Similar
results were reported by Ianiro et ai®® in their single-
center cohort study that showing that severe CDI
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and inadequate bowel preparation were independent
predictors of FMT failure, and by Fischer et a/*” in
their multi-center study, in which predictors for FMT
failure included severe or severe-complicated CDI,
inpatient status during FMT and previous CDI-related
hospitalization. Taken together, this data implies that
the severe form of CDI is less likely to be successfully
treated with FMT, and that future studies are warranted
in order to find the optimal treatment. Other factors,
including the patients’ comorbidities as determined by
the Charlson comorbidity score, did not seem to affect
the FMT outcome.

To maintain continuity with a previous report™,
we compared the outcomes of the patients below and
above 60 years of age and found that almost one-
third (35/111) of the patients who underwent FMT
for treatment of CDI in Israel were below 60 years of
age (mean age 37.2 years). These patients had much
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Figure 2 Comparison of fecal microbiota transplantation success rates among hospitalized and ambulatory patients. Seventy-eight patients who underwent
ambulatory fecal microbiota transplantation had a success rate of 92.3% compared with 75.8% for hospitalized patients, P = 0.016 (A). Success rates were much
lower among patients with severe Clostridium difficile infection compared with mild-moderate disease (B). CDI: Clostridium difficile infection.

lower Charlson comorbidity scores, underwent FMT on
an ambulatory basis, and tended to have lower rates
of severe CDI. Interestingly, there were no differences
between the groups regarding hospitalizations in the 3
mo prior to the FMT. In a population-based study from
Olmested county, Minnesota, United States, community-
acquired CDI accounted for 41% of CDI cases and
was characterized by a younger population with less
severe disease, which is in line with our findings®®. We
observed a significantly higher percentage (40%) of
IBD patients among this group compared to the older
group (8%). Interestingly, the waiting period between
the first CDI episode to undergoing FMT was longer
among the younger patients compared to the older
ones, possibly due to a delay in diagnosis or to a lower
compliance rate to undergo the procedure, as well as
a lower index of suspicion among physicians caring
for younger patients with diarrhea compared to older
ones leading to a delay in diagnosis. The higher rates of
IBD among younger patients might also contribute to
the delay in diagnosis, since diarrhea can be attributed
to illnesses, such as IBD and other GI disorders other
than CDI. Indeed, time to FMT from first CDI in IBD
patients tended to be longer compared to non-IBD
patients (207.2 and 116.9 d, respectively, P = 0.066).
Interestingly, the IBD patients in our study experienced
higher success rates than reported in the literature
(90% compared to 74.4% reported by Khoruts et al*),
although the group of IBD patients group in our study is
much smaller (n = 20) compared with theirs (n = 272),
and that might explain the difference in results.

Finally, severe CDI may be a fatal disease, especially
in elderly and frail populations. The patients in our study
group who died were much older, had significantly
higher Charlson comorbidity scores, and much higher
rates of severe CDI than the survivors. The CDI-
associated diarrhea had improved significantly in 6 of
them, while the condition of the others continued to
deteriorate despite broad-spectrum antibiotic coverage
treatment and ICU support, including mechanical
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ventilation and vasopressors. None of the deaths were
attributed to the FMT procedure in any of them, which
correlates with previous reportst*'?), Although an
approximately 10% mortality rate is quite high for FMT,
it represents the natural history of weakened senior
patients with multiple comorbidities in a large cohort
rather than the FMT itself, as reported earlier!**?,
Similar numbers can be found in other long follow-
up studies, such as the one by Brandt et ai™? which
reported the demise of 7 of the 77 patients in their long-
term study (mean follow-up 17 mo).

Most of the adverse events were mild and self-
resolving, and they included abdominal discomfort,
nausea, flatulence and constipation, which can be
attributed to the procedure itself (i.e., most of these
complications occurred in the LGI group). In addition,
they are generally self-limiting and rather common
post-colonoscopy events, occurring after up to 33% of
colonoscopies®®. Severe complications were recorded
for 2 patients (< 2% of the cohort) who were severely
ill in an ICU setting and each suffered post-endoscopy
aspirations.

The strength of this study is its ability to capture
real-life data from the 5 medical centers throughout
Israel that perform FMT through various routes and use
different donors with negligible differences in preparing
donors’ fecal filtrate. These are important for creating
balanced data regarding the efficacy and safety of FMT.

Limitations

There were several limitations in the present study.
Firstly, it is retrospective in design, warranting a
prospective double blind randomized placebo-controlled
study. Secondly, some of the data were collected a
posteriori and information on laboratory findings, class
of antibiotic used prior to CDI and Charlson scores of
some of the patients (especially the ambulatory ones)
were not available. Other limitations were the power
of the study and the fact that the study population
consisted only of Israeli patients.
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Generalizability

The results of this study correlate with previous works
regarding overall success rates®’®!#*>%1 different
routes of FMT administration™”*®! and predictors of
failure®®*”! (see above), and reflect a multi-center data
of heterogenous population from several districts in
Israel and from different stool donors, making its results
generalizable worldwide.

The corresponding author can provide complete
data upon request.

In conclusion, FMT is a safe and effective treatment
for CDI, which has been occurring in growing numbers
in both older and younger populations. While both
LGI and capsule administration of FMT seem to be
more efficient than the UGI endoscopic route, FMT via
capsules has emerged as a successful and well-tolerated
alternative. Severe CDI and inpatient status were
related to FMT failure. Prospective and well-powered
studies are needed to conclusively determine the best
route of administration, regarding patient safety, ease
of administration, side effects and costs.

ARTICLE HIGHLIGHTS

Research background

The incidence of Clostridium difficile infection (CDI) is rising, and the increase
is associated with significant morbidity and mortality rates. Fecal microbiota
transplantation (FMT) is a promising and safe treatment. FMT has been
performed in 5 medical centers in Israel since 2013, but its efficacy and safety
had not yet been assessed.

Research motivation

To summarize all the FMT procedures performed in Israel for CDI between
2013-2017 and provide a detailed report on its current status, success rates,
safety, and modes of administration.

Research objectives
The main objectives were to assess FMT success and failure rates as well as
predictors of success with respect to mode of administration.

Research methods

This multi-center retrospective study included all the patients who were treated
with FMT for CDI in Israel between January 2013 and October 2017. Clinical
data were obtained from medical records, and they included epidemiologic
information, risk factors for CDI, Charlson co-morbidity scores, and follow-
up information up to 6 mo post-FMT. The Student ¢ test was used for normally
distributed variables and the Mann-Whitney U test was applied for non-
normally distributed variables. We also used the 7 *test to assess associations
among categorical variables. Multivariate logistic regression analysis tested
the association between patient and FMT characteristics and successful FMT,
controlling for potential confounders.

Research results

A total of 111 CDI patients were included. The median age of the 111
participating patients was 70 years [interquartile range (IQR): 53-82], 47 (42%)
of the patients were males, and the median 1-year Charlson comorbidity score
for the entire cohort was 6 (IQR: 3-7 points; expected one-year survival of
79% + 9%). Seventy-eight (70%) of the FMT procedures were performed in
an ambulatory setting. FMT was performed through the lower gastrointestinal
route (LGI) in 50 patients (45%), followed by capsules in 37 patients (33%),
and through the upper Gl route (UGI) in 24 patients (22%). A total of 97
(87.4%) patients achieved clinical remission (79% UGI, 88% LGI, and 92%
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capsules, P = 0.338). Multiple FMT infusions were rare and unsuccessful.
The multi-variance analysis revealed that severe disease and inpatient status
were independently inversely related to FMT success, with an OR of 0.14 and
0.19, respectively. Patients younger than 60 years (n = 35, 32%) had higher
percentages of background inflammatory bowel disease (IBD; 14/35, 40%)
compared patients older than 60 years (6/76, 8%, P < 0.01), and waited much
longer to undergo the FMT procedure (time between diagnosis of CDI to FMT
of 102 d for the older group and 198 d for the younger group, P < 0.05). Eleven
patients who died during the study period (no death was attributed to the FMT
procedure) were much older (84 years compared with 62 years, P < 0.01), and
had higher Charlson comorbidity index scores (8 compared with 4.5, P < 0.01).

Research conclusions

This is the first comprehensive description of the FMT experience in Israel since
the procedure was introduced in 2013. This study shows FMT success rates
which are similar to other reports worldwide, and provides the information about
the efficacy and safety of the procedure, with respect to different administration
routes. Predictors of FMT failure were CDI-related (severe disease and inpatient
status) but not patient-related (as reflected by the Charlson comorbidity score).
Concomitant IBD did not affect clinical outcomes. FMT through capsules was
an efficient mode of FMT administration, and emerged as being a safe and
well-tolerated alternative to endoscopy.

Research perspectives

FMT is a safe and effective treatment for CDI. The association between severe
CDI with higher FMT failure rates raises the need for the future investigation
of other approaches. FMT through capsules seems to be at least as good as
FMT by means of endoscopies and its potential as a primary route should be
investigated.
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