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Abstract

As recognition of mast cell (MC) involvement in a range
of chronic inflammatory disorders has increased, diag-
nosticians’ suspicions of MC activation disease (MCAD)
in their chronically mysteriously inflamed patients have
similarly increased. It is now understood that the vari-
ous forms of systemic mastocytosis - diseases of inap-
propriate activation and proliferation of MCs seemingly
driven by a small set of rare, usually constitutively acti-
vating mutations in assorted MC regulatory elements -
comprise merely the tip of the MCAD iceberg, whereas
the far larger and far more clinically heterogeneous (and
thus more difficult to recognize) bulk of the iceberg
consists of assorted forms of MC activation syndrome
(MCAS) which manifest little to no abnormal MC pro-
liferation and may originate from a far more heteroge-
neous set of MC mutations. It is reasonable to suspect
MCAD when symptoms and signs of MC activation
are present and no other diagnosis better accounting
for the full range of findings is present. Initial labora-
tory assessment should include not only routine blood
counts and serum chemistries but also a serum total
tryptase level, which helps direct further evaluation for
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mastocytosis s MCAS. Appropriate tissue examinations
are needed to diagnose mastocytosis, while elevated
levels of relatively specific mast cell mediators are
sought to support diagnosis of MCAS. Whether assess-
ing for mastocytosis or MCAS, testing is fraught with
potential pitfalls which can easily yield false negatives
leading to erroneous rejection of diagnostic consider-
ation of MCAD in spite of a clinical history highly consis-
tent with MCAD. Efforts at accurate diagnosis of MCAD
are worthwhile, as many patients then respond well to
appropriately directed therapeutic efforts.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Mast cell activation disease; Mastocytosis;
Mast cell activation syndrome; Mast cell mediators;
Tryptase; KIT mutations

Core tip: Mast cell activation disease (MCAD) is char-
acterized by accumulation of genetically altered mast
cells and/or abnormal release of these cells” mediators,
affecting functions in potentially every organ system,
often without causing abnormalities in routine labora-
tory or radiologic testing. Recent data suggest a high
prevalence of MCAD. Thus, MCAD should be consid-
ered routinely in the differential diagnosis of patients
with chronic multisystem polymorbidity of a generally
inflammatory theme or patients in whom established
diagnoses do not well account for the patient’s presen-
tation of symptoms consistent with mast cell mediator
release. Mediator testing can be challenging but typi-
cally is manageable. Diagnostic efforts are worthwhile,
as diagnosis often leads to effective therapy.

Afrin LB, Molderings GJ. A concise, practical guide to diag-
nostic assessment for mast cell activation disease. World J He-
matol 2014; 3(1): 1-17 Available from: URL: http://www.
wjgnet.com/2218-6204/full/v3/il/1.htm DOI: http://dx.doi.
org/10.5315/wjh.v3.il.1
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INTRODUCTION

Of hematopoietic origin, mast cells (MCs) are found in
all human tissues, especially at the environmental interfac-
es and perivascular/perineural sites'. They serve largely
as sentinels of environmental change and bodily insults
and respond by releasing large and variable assortments
of molecular mediators which directly and indirectly
influence behavior in other local and distant cells and tis-
sues to respond to changes and insults so as to maintain,

or restore, homeostasis.

MCs and the related rare cutaneous disease urticaria
pigmentosa (UP) were first discovered in the latter half
of the 19" century[2’3], and the existence of seemingly
even rarer systemic MC disease first became apparent in
the middle of the 20" century™”. For several decades it
was thought that virtually all MC diseases were neoplas-
tic, with symptoms resulting principally from accompa-
nying inappropriate mediator release. Nearly a quarter
century ago, the recurring somatic D816V mutation was
discovered” in the dominant MC regulatory element,
transmembrane tyrosine kinase receptor KIT", in a
high proportion of patients with systemic mastocytosis
(SM)™. This constitutively activating mutation has since
been found to drive many features of SM including ab-
errant aggregation and spindled morphology of MCs in
SM, tryptase and histamine overexpression, and aberrant
MC surface co-expression of CD25""'?. Several other
KIT mutations, also quite rare, have since been found in
other cases of SM, mostly in KIT’ kinase domain 1 at
or near codon 816 or in the juxtamembrane region of
K, Recently, evidence has emerged that the K"
mutation induces the above-mentioned immunohisto-
chemical and morphological changes in affected MCs but
seems not to be solely responsible for the clinical symptoms
of the MC disease!™'". This finding fits well with previous
reports in healthy people bearing the KIT>*'®"
their peripheral blood leukocytes''”.

Around the same time as the discovery of K™,
though, the notion was first advanced that some portion
of MC disease might be due to inappropriate mediator
release with little to no accompanying MC prolifera-
tion"". This theory appeared validated when the first
recognized cases of what is now called MC activation
syndrome (MCAS) were published recently! ™", Al-
though not yet independently confirmed, there soon
followed provocative, repeated findings from one group
of a very wide array of (presumably mostly constitu-
tively activating) mutations scattered across all domains
of KIT in small cohorts of MCAS patientsm’zol. Many
of these patients appeared to bear multiple mutations
in MC KIT, with no apparent recurring patterns. Simi-
lar mutational complexity has been found, too, across
the spectrum of chronic myeloproliferative neoplasms
(MPNs) within which the MC disorders reside”, and in
advanced mastocytosis itself™,

In recognition of the fact that all MC disease is, first
and foremost, disease of inappropriate MC activation,
Akin ¢z a/* have proposed a new umbrella term of MC
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Figure 1 Spectrum of mast cell disease. SM-AHNMD: Systemic mastocyto-
sis with associated clonal hematologic non-mast-cell-lineage disorder.

activation disease (MCAD) to describe the full spectrum
of MC disease (Figure 1). MCAS is estimated to be
more prevalent*, but also more difficult to recognize,
than other diseases traditionally ascribed to MC dysfunc-
tion. It also has been proposed that the various systemic
MCAD variants and clinical phenotypes represent not
distinct disease entities but rather varying presentations
of a common generic root process of mast cell dysfunc-
tion"”. The various forms of mastocytosis (principally
cutaneous and systemic) may be the tip of a proverbial
MCAD iceberg, fairly readily recognizable (in spite of
their rarity) because of their defined unique immunohis-
tochemical and relatively uniform clinical presentations,
while the bulk of the iceberg - hidden below the water-
line of easy clinical recognizability - may be a far larger,
and far more heterogeneous, collection of variants of
MCAS, some specifically named (e.g., idiopathic anaphy-
laxis"" cryopyrin-associated periodic syndrome”) but
most not™*, Tt seems logical that marked mutational
heterogeneity would drive the marked heterogeneity of
aberrant mediator expression and clinical presentation
which are observed in MCAD and which can easily con-
found the diagnostician. For example, although MCAD
can readily impact any or all systems in the body, cases
have been described of MCAS causing hematologic pre-
sentations as diverse as pure red cell aplasia[zﬂ, erythro-
cytosis™, and agranulocytosism].

Limited familial studies performed to date interest-
ingly show high familial loading of MCAD despite a
typical absence of germline mutations”™; instead, most
of the few families carefully studied show distinct sets
of somatic mutations in the affected members with
correspondingly varying clinical presentations. Clinical
correlation suggests acquisition of the initial disease-
causing mutations occurs relatively early in life, but ad-
ditional mutations may develop in subclones over time.
Efforts to reconcile the apparent dichotomy of high
familial loading of MCAD with absence of apparent
germline genetic mutations in affected families have led
to thoughts that certain epigenetic alterations (GJM,
unpublished data) may confer a state of genetic fragility
which, upon interaction with varying biochemical milieus
induced by assorted stressors (e.g., infection), in turn
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Form of disease

Features

Cutaneous mastocytosis

Usually found in childhood; prevalence in the general population of approximately
0.01%"*%"*") various forms such as urticaria pigmentosa or telangiectasia macularis
eruptiva perstans; diagnosed by skin biopsy

SM Usually emerges in middle age; prevalence in the general population of approximately
0.0003%""!

Indolent SM

Survival equal to that of the general population

[118]

Smoldering SM

Proposed category

SM with associated clonal hema-| e.g., SM with lymphoma or leukemia; outcomes are best if the SM and the AHNMD are
tologic non-MC-lineage disorder | treated concurrently’

[38]

Aggressive SM

SM with end-organ failure such as hepatic fibrosis, portal hypertension, malabsorption,
or cytopenias

Mast cell leukemia

Rare; the most lethal and most therapeutically challenging of all mast cell diseases

Mast cell sarcoma Rare

Extracutaneous mastocytoma Rare

Figure 2 Diagnostic classification of mastocytosis™!. SM: Systemic mastocytosis; AHNMD: Associated clonal hematologic non-mast-cell-lineage disorder.

induces MCAD-causing mutations in MC regulatory ele-
ments.

Diagnosticians willing to pursue the possibility of
MCAD in their patients whose chronic multisystem
polymorbidity (often, but not always, of a generally
inflammatory theme) has defied extensive prior diag-
nostic efforts (typically focused on subspecialty-oriented
symptom subsets rather than broad multisystem con-
siderations) currently face many challenges including
controversies in precise diagnostic criteria (particularly
for MCAS), uncertainty regarding the utility of various
diagnostic tests, and difficulties properly managing speci-
mens for such testing. Whether assessing for mastocy-
tosis or MCAS, testing is fraught with potential pitfalls
which can easily yield erroneous conclusions that MCAD
is not present and thereby potentially add yet much more
time and cost to the very long and expensive path most
patients with MCAD (particularly MCAS) require to es-
tablish diagnosis, let alone effective therapy. We describe
here in detail our thoughts regarding current proposals
for diagnostic criteria for MCAD and our approach to
diagnostic testing for MCAD, Z.e., both mastocytosis and
MCAS.

DIAGNOSTIC CRITERIA FOR MCAD

Classification systems and diagnostic criteria for masto-
cytosis were first proposed in the 19805, Since 2001
the World Health Organization (WHO) consensus cti-

teria have guided classification and diagnosis globally™.

The latest revision of these criteria, published in 2008,
divide mastocytosis broadly into cutaneous and systemic
forms as well as the even ratrer solid MC tumors of MC
sarcoma and extracutaneous mastocytoma (Figure 2).
The WHO 2008 consensus diagnostic criteria for SM
are shown in Figure 2. Given that it is now understood
that MC KIT codon 816 mutations (a minor criterion)
drive MC aggregation (a major criterion) and certain

other minor criteria including MC spindling, tryptase

(49

TR
JBaishideng®

WJH | www.wjgnet.com

overexpression, and CD25 co-expression, reorganiza-
tion of the WHO diagnostic criteria for SM may be in
order.

Recognition of the need for an alternative, MCAS-
like diagnosis came about in part because of the discov-
ery of patients whose clinical presentation was highly
consistent with SM but who did not satisfy the major SM
diagnostic criterion and only satisfied one or two of the
minor criteria. In particular, many patients significantly
affected by aberrant MC activation previously have been
denied diagnosis of, and treatment for, MCAD because
of a serum tryptase level < 20 ng/mlL. Presently there
are two principal proposals for diagnostic criteria for
MCAS (Figure 3). Potential problems with the Valent ez 2/™
criteria include (1) non-recognition of many of the symp-
toms”™ that can result from MC activation; (2) lack of
published validation that the described tryptase increase
reliably distinguishes ordinary baseline fluctuation of
tryptase from fluctuation induced by aberrant MC acti-
vation; (3) practical difficulties in providing/obtaining a
specimen for serum total tryptase within 4 h of onset of
an exacerbation of symptoms; and (4) practical difficul-
ties in many patients in finding - in such a heterogeneous
disease - MC-targeting agents that can effect at least par-
tial response. Thus, for example, patients whose aberrant
MC activation causes substantial muscle/joint/bone ach-
ing, constipation and abdominal pain, paresthesias, ad-
enitis, and cognitive dysfunction but not the symptoms
listed in these criteria would not qualify for the diagnosis.
Similarly, a rise in serum tryptase (whose normal range
typically is approximately 0.5 to 11 ng/mL) from 2.0 ng/
mL to 4.2 ng/mL would be considered “20% + 2 ng/
ml.” evidence of aberrant MC activation, but a rise to 4.1
ng/ml would not. Furthermore, patients often are suf-
ficiently disabled during a flare of symptoms that they
cannot easily get to a medical center, and those who do
travel to an urgent care facility or emergency department
often encounter providers resistant to pursuing tests not
needed for immediate care of the presenting symptoms.

February 6, 2014 | Volume 3 | Issuel |



Afrin LB et a/. Diagnosis of Mast Cell Activation Disease

WHO 2008 diagnostic criteria for systemic mastocytosis®™

Major criterion:

Multifocal, dense aggregates of MCs (15 or more) in sections of bone marrow or other extracutaneous tissues and con-

firmed by tryptase immunohistochemistry or other special stains
Minor criteria:

1 Atypical or spindled appearance of at least 25% of the MCs in the diagnostic biopsy
2 Expression of CD2 and/or CD25 by MCs in marrow, blood, or extracutaneous organs
3 KIT codon 816 mutation in marrow, blood or extracutaneous organs

4 Persistent elevation of serum total tryptase > 20 ng/mL

Diagnosis of SM made by either (1) major criterion + any one or more minor criteria; or (2) any three minor criteria

Proposed diagnostic criteria for MCAS: Valent et a/*" criteria

1 Chronic/recurrent symptoms (flushing, pruritus, urticaria, angioedema, nasal congestion or pruritus, wheezing,
throat swelling, headache, hypotension, and/or diarrhea) consistent with aberrant MC mediator release

2 Absence of any other known disorder that can better account for these symptoms

3 Increase in serum total tryptase of 20% above baseline plus 2 ng/mL during or within 4 h after a symptomatic period

4 Response of symptoms to histamine H: and/or Hz receptor antagonists or other “MC-targeting” agents such as cromolyn

Proposed diagnostic criteria for MCAS: Molderings et a/** criteria

Major criteria:
1 Multifocal MC aggregates as per WHO major criterion for SM

2 Clinical history consistent with chronic/recurrent aberrant MC mediator release (symptoms per Table 4 in®®)

Minor criteria:
1 Abnormal MC morphology as per WHO SM minor criterion 1
2 CD2 and/or CD25 expression as per WHO SM minor criterion 2

3 Detection of known constitutively activating mutations in MCs in blood, marrow, or extracutaneous organs
4 Elevation in serum tryptase or chromogranin A, plasma heparin or histamine, urinary N-methylhistamine, and/or
other MC-specific mediators such as (but not limited to) relevant leukotrienes (B4, C4, D4, E4) or PGD2 or its

metabolite 11-B-PGF2a.

Diagnosis of MCAS made by either (1) both major criteria, or (2) the second major criterion plus any one of the minor

criteria, or (3) any three minor criteria

Figure 3 Diagnostic criteria for systemic mastocytosis and mast cell activation syndrome. WHO: World Health Organization; MCs: Mast cells; MCAS: Mast cell

activation syndrome; SM: Systemic mastocytosis PG: Prostaglandin.

Such resistance often persists even when the patient
presents a prescription from a MC disease specialist spe-
cifically requesting MC mediator testing at times of such
flares. Finally, in concert with the observed marked het-
erogeneity of the clinical presentation of MCAS (perhaps
due to underlying marked mutational heterogeneity),
some MCAS patients benefit little from the first few or
several MC-targeting therapies tried, risking premature
rejection of the diagnosis.

A potential problem with the Molderings ez a/*"
criteria for diagnosis of MCAS is the lack of mention
of excluding other diagnoses (including mastocytosis)
better accounting for the full range of findings in the
patient, but such an exclusion would seem to be implicit.
In practice, this scheme most often leads to diagnosis of
MCAS by pairing of the second major criterion with the
last of the minor criteria, and it appears to permit apply-
ing the diagnosis of MCAS - and therefore also pursuing
therapy for MCAS - in a wider population of otherwise
mysteriously chronically multi systemically ill patients,
possibly increasing risk of misdiagnosis.

There have been no studies of the diagnostic accu-
racy or efficiency of these two diagnostic schemes. Also,
at present there are no “gold standards” distinguishing

(4 9

3ui§l::eng® WJH | www.wjgnet.com

levels of MC mediators seen in normal MC activation/
reaction from levels seen in aberrant MC activation.
We believe such distinctions will be difficult to develop,
therefore also making it difficult to perform compara-
tive studies of accuracy of different diagnostic schemes.
Routine use of MC whole exome/genome sequencing
and mutational analysis in patients with clinical histories
suspicious for MCAD may become the most efficient
route to definitively diagnosing MCAD, but currently
the specific polymerase chain reaction (PCR) assay for
KIT"" (found often in SM but seldom in MCAS) is
the only mutational analysis routinely available in most
clinics. At present, though, it is worth noting that in view
of the demonstrated great mutational complexity across
the MPN spectrum, it may be premature to declare any
given MCAS patient’s disease as “non-clonal” based on
negative clonality evaluations less complete than whole
KIT sequencing. The term “uncertain clonality” may be
mote accurate.

Given the very limited mutational and clonality test-
ing for MCAD presently available in most clinics, labora-
tory evaluation for MCAS will continue, at least for the
near future, to depend far more on demonstration of
elevated levels of MC-specific mediators.
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DIAGNOSIS OF MCAD

Establishing suspicion
Accurate diagnosis of any condition begins with inclu-
sion of the correct diagnosis in the considered differen-
tial diagnosis. Despite its rarity, development of clinical
suspicion for mastocytosis is somewhat easier than for
MCAS given the often flagrant nature of the clinical
presentation, either with classic appearance of UP or
telangiectasia macularis eruptiva perstans (ITMEP) in cu-
taneous mastocytosis or with classic appearance of recur-
rent unprovoked flushing and/or anaphylaxis in systemic
mastocytosis.

Initial suspicion of MCAS is more challenging due
to its heterogeneity and, often, lack of flagrant acute

presentation. Diagnosticians need to be cognizant that
MCAD can affect every system, usually affects multiple
systems, and usually manifests symptoms in a subacute
or chronic waxing/waning or episodic fashion, though
episodes also can arise acutely, Ze., the so-called “flares”
or “attacks” or “spells” that many patients have of one
symptom set or another. Many symptoms often are cat-
egorized as inflammatory in nature (e.g., pain, diarrhea),
though non-inflammatory symptoms (or at least symp-
toms not traditionally thought to be inflammatory in
nature) are prevalent, too (e.g., fatigue, paresthesias).

Another clue that MCAD may be present is simply
the oddity or unexpectedness of certain clinical events
or findings in the patient. Given the very large array
of mediators normally produced and released by the
MC® and therefore potentially abnormally expressed in
MCAD, with each mediator causing a unique, and usu-
ally wide, range of direct and indirect, local and distant
effects, the potential for the disease to manifest “odd”,
“weird”, “strange”, “inexplicable” and “bizarre” clinical
presentations is substantial. Such descriptors often are
found throughout MCAD patients’ charts for years prior
to diagnosis. Especially when seen in the context of pre-
existing chronic multisystem inflammatory illness, the
appearance in the patient of “unusual” new clinical phe-
nomena should provoke consideration of MCAD. (Of
course, the diagnostician is abetted in such recognition
by remaining abreast of the steadily enlarging scope of
the chronic inflammatory diseases. For example, diabe-
tes mellitus type 2, obesity, and atherosclerotic vascular
disease have been recognized as chronic inflammatory
diseases only relatively recently.)

By the time MCAD is diagnosed, most patients have
seen many providers, have undergone extensive testing
(often frustratingly yielding normal or non-specifically/
minimally abnormal results), and have been assigned
many diagnoses (often with less than a full measure of
confidence) which explain assorted subsets of findings
but do not well account for the full range of findings, in-
cluding chronicity often dating back decades. Treatments
for these preliminary diagnoses sometimes help some-
what but often do not help at all, further perplexing the
diagnostician. It is reasonable to suspect MCAD when
at least several symptoms and signs of MC activation are
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present (Table 1% and no other diagnosis better
accounting for the full range of findings is present. In
particular, presence of a definitively diagnosed condi-
tion (e.g., lymphoma) which does not well account for all
symptoms and findings (e.g., presyncope, erythrocytosis,
ete.), or poor response of a definitively diagnosed condi-
tion to standard treatment for that condition, should
raise suspicion for the presence of either a significant in-
dependent diagnosis or an alternative underlying ailment
better accounting for the full range of symptoms and
findings. In such cases, definitive diagnosis of a comor-
bid (and potentially even underlying) MCAD permits
dual-directed therapy” which may lead to improved out-
comes. Standardized detection of a MC mediator release
syndrome can be achieved by a validated questionnaire
(Figure 4). Although routine complete blood counts
(CBCs) and metabolic panels often are confoundingly
normal in MCAD patients, it is also the case that abnor-
malities in these and other common blood tests in these
patients are commonly seen and are typically modest
and stable. Frequent, though not necessarily constant,
relative or absolute monocytosis, eosinophilia, baso-
philia, and/or reactive lymphocytosis, typically to just
modest degrees, can be seen along with similar patterns
of abnormality in routine chemistries such as aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (AP) (LBA and GJM, unpublished
data), hyperbilirubinemia, and diet-independent hyper-
cholesterolemia and hypertriglyceridemiam. Viewed in
encounter-specific isolation, such abnormalities often
raise no concern and garner no further attention, but
trend analysis made easy by electronic medical record
systems can quickly highlight the persistence of these
abnormalities and permit expansion of the considered
differential diagnosis to include entities such as MCAD
which can account for these additional findings.

Mastocytosis or MCAS? Initial laboratory assessment

It is now understood that the serum total tryptase level
much more reflects the total body MC load than the total
body MC activation state™ . As such, serum tryptase
is expected to be elevated in mastocytosis but usually is
elevated little to none in MCAS. “Spillover” into blood
circulation of tryptase and other MC mediators initially
released in the tissues can be influenced by many factors.
Hence, a normal value for a mediator in blood or other
bodily fluid does not rule out its unregulated release in
tissue. In fact, about 20% of SM patients present with se-
rum tryptase < 20 ng/ mL”"?* but such patients rarely
harbor the more advanced forms of SM [aggressive SM
(ASM) and MC leukemia (MCL)] which require therapeu-
tic approaches different from those used for the more
common indolent SM and MCAS. Marrow aspiration/bi-
opsy, an uncomfortable procedure for some patients, is
warranted in cases of suspected mastocytosis but seldom
yields diagnostic findings in cases of MCAS not already
manifesting significant hematologic abnormalities (LBA
and GJM, unpublished data). Therefore, a serum tryptase
persistently elevated to > 20 ng/mL in two or more spec-
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Table 1 Symptoms and findings in mast cell activation disease

System

Potential manifestations of MCAD (most are chronic, low-grade; some are persistent, but many are either episodic or fluctuant)

Constitutional

Dermatologic/
integument

Ophthalmologic

Otologic/ osmic
Oral/oropharyngeal

Lymphatic

Pulmonary

Cardiovascular

Gastrointestinal

Genitourinary

Musculoskeletal

Neurologic

Psychiatric

Endocrinologic/ meta-

bolic

Hematologic/coagu-
lopathic

Immunologic

Fatigue, malaise, asthenia, “chronic fatigue syndrome”, subjective and/or objective hyperthermia and/or hypothermia, “sense
of feeling cold much of the time”, sweats/diaphoresis (not always nocturnal), flushing, plethora or pallor, increased or decreased
appetite, early satiety, weight gain or loss, pruritus, chemical and/or physical environmental sensitivities (often odd)

Rashes and lesions of many sorts (classic urticaria pigmentosa, “freckles”, telangiectatic/angiomatous lesions, xerosis, warts, tags,
folliculitis, ulcers, dyshidrotic eczema, diffusely migratory but sometimes focally persistent patchy macular erythema), pruritus
(often diffusely migratory, sometimes aquagenic), flushing, angioedema, striae, dermatographism, hair thinning and alopecia,
onychodystrophy (brittle nails, longitudinal ridges), poor healing

Irritated eyes, increased or decreased lacrimation, suffusion, conjunctivitis, episodic difficulty focusing, lid tremor/tic (blepharo-
spasm), solar sensitivity, infectious or sterile inflammation

Infectious or sterile otitis externa and/or media, hearing loss or hyperacusis, tinnitus, otosclerosis, dysosmia, coryza, congestion
Pain or irritation (sometimes “burning”), leukoplakia, fibrosis, lichen planus, ulcers, sores, angioedema, dental decay, dysgeusia,
throat tickle/ discomfort/irritation/pain, post-nasal drip

Adenopathy, usually sub-pathologic and often waxing/waning in size, sometimes asymptomatic but not uncommonly tender,
sometimes focal, sometimes migratory, pathology usually shows reactive lymphocytosis or sometimes an atypical non-specific
lymphoproliferative disorder; left upper quadrant discomfort (likely from release of mediators from splenic mast cells with or
without detectable splenomegaly)

Rhinitis, sinusitis, pharyngitis, laryngitis, bronchitis, pneumonitis (often confused with infectious pneumonia), cough, dyspnea
(often low-grade, inconstant, “I just can’t catch a deep breath” despite normal pulmonary function tests), wheezing, obstructive
sleep apnea, pulmonary hypertension

Presyncope (lightheadedness, weakness, dizziness, vertigo) and/or syncope (patients may have been diagnosed with postural
orthostatic tachycardia syndrome or neurocardiogenic syncope), hypertension and/or hypotension, palpitations, dysrhythmias,
chest discomfort or pain (usually non-anginal in character), coronary and peripheral arterial atherosclerosis/spasm/infarction, id-
iopathic acute or chronic heart failure (e.g., takotsubo), aneurysms, hemorrhoids, varicosities, aberrant angiogenesis (hemangiomas,
arteriovenous malformations, telangiectasias), migratory edema (often non-dependent and with normal cardiac and renal function)
Aerophagia, angioedema in any segment of the luminal tract, dysphagia (often proximal, possibly due to pharyngeal angioede-
ma), bloating/ gas, pain/inflammation (often migratory) in one or more segments of the luminal tract (from esophagitis to proc-
titis) and/or one or more solid organs (e.g., hepatitis, pancreatitis), queasiness, nausea, vomiting (sometimes “cyclical”), diarrhea
and/or constipation (often alternating), malabsorption (more often selective micronutrient malabsorption than general protein-
calorie malabsorption), ascites either from portal hypertension and/or peritoneal serositis; gastroesophageal reflux disease (often
“treatment-refractory”) and inflammatory/irritable bowel syndrome are common pre-existing diagnoses

Inflammation (often migratory) in one or more segments of the luminal tracts (ureteritis, cystitis, urethritis, vaginitis, vestibulitis)
and/or one or more solid organs (e.g., nephritis, prostatitis), chronic kidney disease, endometriosis, chronic low back pain or flank
pain or abdominal pain, hydronephrosis (likely from ureteral angioedema), infertility, erectile dysfunction, decreased libido; in
the appropriate setting of multisystem morbidity, miscarriages should prompt consideration of antiphospholipid antibody syn-
drome potentially due to MCAD

Clinical myositis, often diffusely migratory (fibromyalgia is a common pre-existing diagnosis), subclinical myositis (i.e., asymp-
tomatic elevated creatine kinase not otherwise explained), arthritis (typically migratory), joint laxity /hypermobility (patients may
have been diagnosed with Ehlers-Danlos Syndrome Type 1), osteoporosis/ osteopenia, osteosclerosis, sometimes mixed osteopo-
rosis/ osteopenia/ osteosclerosis; MCAD-driven musculoskeletal pain not uncommonly is poorly responsive to non-steroidal anti-
inflammatory drugs and narcotics

Headache (esp. migraine), presyncope and/or syncope, peripheral (usually distal) sensory and/or motor neuropathies includ-
ing paresthesias, tics, tremors (typically resting), chronic inflammatory demyelinating polyneuropathy, seizure disorders (can be
“treatment-refractory”), pseudoseizures, dysautonomia

Mood disturbances (e.g., anger, depression), bipolar affective disorder, attention deficit-hyperactivity disorder, post-traumatic
stress disorder, anxiety and panic, psychoses, memory difficulties, word-finding difficulties, other cognitive dysfunction, wide
variety of sleep disruptions

Abnormal electrolytes (including magnesium) and liver function tests, delayed puberty, dysmenorrhea, endometriosis, osteoscle-
rosis and/or osteoporosis, hypothyroidism, hyperthyroidism, dyslipidemia, hyperferritinemia, selective vitamin and/or other
micronutrient deficiencies, weight change, possibly diabetes mellitus

Polycythemia or anemia (may be macrocytic, normocytic, or microcytic), leukocytosis or leukopenia, chronic (usually mild) mono-
cytosis or eosinophilia or basophilia, thrombocytosis or thrombocytopenia, arterial and/or venous thromboembolic disease, “easy”
bruising/bleeding; in mast cell activation syndrome the marrow usually does not show increased (or even flow-cytometrically
aberrant) mast cells; marrow histology often read as normal or as unspecified myelodysplastic/ myeloproliferative syndrome;
standard cytogenetic studies are almost always normal or show culture failure

Type I, I, Il and IV hypersensitivity reactions, increased risk for malignancy, autoimmunity, impaired healing, increased suscep-
tibility to infection, elevated or decreased levels of one or more isotypes of immunoglobulin; modest monoclonal gammopathy of
undetermined significance not uncommon

MCAD: Mast cell activation disease.

imens facilitates an initial decision whether to evaluate initial serum tryptase < 20 ng/mL makes SM (especially
further for SM with biopsies as appropriate including at ASM and MCL) much less likely, and since the prognosis
least marrow, and possibly also skin, upper and lower gas- of, and therapeutic approach toward, indolent SM and
trointestinal (GI) tract mucosa, and potentially other tis- MCAS are presently indistinguishable, there appear to be
sues, especially those at the environmental interfaces. An no adverse consequences if the clinician initially misdiag-
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Clinical signs

The patient complains about recurring or continuing burning and/or crampy abdominal pain of unknown cause and/or recurring or continuing diarrhea
of unknown cause and/or frequently intense meteorism/gassiness (independent of the composition of diet) and/or about episodically occurring nausea. 1

The symptoms respond to treatment with H1-antihistamines. o1
The progression of the symptoms occurred in episodes m
with symptom-free periods becoming shorter. o1

The patient complains about episodically occurring burning and/or choking chest pain attacks, which are often experienced as life-threatening. Electro
cardiographic findings are without pathological signs. o1

The patient complains about occasional or continuing pain in the urinary bladder and/or pelvis accompanied by painful desire to void and/or blood in
the urine. There is no bacteriuria. o1

The patient complains about occasional or continuing paresthesia (burning, pins and needles, numbness) and/or pain which does
not respond to treatment with analgesics. o1

Gastroscopy and biopsies from the stomach and duodenum

are without pathological findings. 0o
or
show minor signs of inflammation. mp
or
show Helicobacter pylori- and NSAID-negative erosion and/or ulcer. O3
or

show clusters of mast cells and/or a considerable number of spindle-shaped mast cells and/or CD25-positive mast cells. 10
Colonoscopy and intestinal biopsies

are without pathological findings. 0o
or
show minor signs of inflammation. o1
or
show melanosis coli (abuse of anthra-cenediones ruled out). o1
or

show clusters of mast cells and/or a considerable number of spindle-shaped mast cells and/or CD25-positive mast cells. 10
The patient reports the following signs of episodically occurring symptoms of autonomic dysfunction:
tachycardia or

palpitation/dysrhythmia o1
flush (redness, feeling of heat) 02
hot flash, sweat o2
paroxysmal hypo/hypertension with

dizziness to the point of syncope 02

Although there are no pathological findings in routine laboratory parameters and imaging methods, the patient present with

a pronounced asthenia. o1
fatigue. o1
loss in weight. o1

During the symptomatic periods of the disorder the patient is

afflicted with anal pruritus and/or anal eczema. o1
Intestinal adhesions are present without prior history of abdominal surgery i
Triggering factors
Deprivation of sleep o1
Fasting for 24 h o1
Histamine containing food (e.g., red wine, cheese, tuna) o1
Laboratory parameters
The patient shows signs of a bleeding diathesis (e.g., abnormal secondary bleeding or bruises after minimal trauma and/or lesions). o1
During the symptomatic periods of the disorder the patient showed, at least once, hyperbilirubinemia (up to 2.5 mg/dL), and/or an increase of trans
amidases (up to twice their upper limits of normal) and/or diet-independent hypercholesterolemia (up to 300 mg/dL). o1
There are low titers of autoantibodies without clinical signs in the organs or tissues against which the autoantibodies are directed. o1
The serum total tryptase was normal. 0o
or
was elevated > 11 and < 20 ng/mL. O3
or
was elevated more than 20 ng/mL. 010
The level of heparin in blood was normal. 0o
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or
was elevated > 0.05 anti-Factor Xa units/mL. 03
The level of N-methylhistamine in a 12-hurine collection was normal. 0o
or
was marginally elevated. o1
or
was elevated up to tenfold of the reference value. )
or
was elevated by more than tenfold of the reference value. 010
Imaging methods
The patient has splenomegaly and/or hepatomegaly. o1
The patient has bone pain with signs of osteoporosis and/or osteopenia and/or osteosclerosis. o1
Mediical history
The patient shows involvement of the skin in terms of
brown-Reddish maculopapulous rash/eruption. 02
angioedema of the lips, lids of the eye, infraorbital. 02
pruritus (itching) without rash/eruption and/or disease-related folliculitis Oo1
a clear increase in the number of telangiectasias. o1
The patient reports sudden attacks of migraine-like headache. o1
The patient reports memory loss (ability to remember names or words) and/or concentration difficulty and/or sleep disturbances. m
The patient reports tinnitus attacks and/or ocular discomfort (dry eyes, red eyes, stinging eyes) and/or rhinorrhea/chronic nasal congestion and/or
stomatitis (score if two or more of these symptoms are present). o1
The patient reports non-allergic respiratory ailments such as asthma, compulsion to clear the throat, titillating/ticklish feeling in the respiratory tract
and/or shortness of breath during routine tasks. o1
In the past, common viral infections of the upper respiratory tract were frequently complicated by bacterial superinfection. o1

The patient can state precisely the date of the first clinical manifestation of the mast cell mediator release syndrome because it appears to him to be as

sociated with an infectious disease.

o1

Figure 4 Validated questionnaire to recognize symptoms as part of a mast cell activation disease in a standardized manner (modified from™*"*%), The indi-
cated values for those items acknowledged by or found in the patient are summed. A total score above 8 but less than 14 indicates a pathological activation of mast
cells. At a total score of 14 and more, a systemic mast cell mediator release syndrome is clinically verified. NSAID: Non-steroidal anti-inflammatory drugs.

noses the uncommon low-tryptase SM as MCAS.

Tryptase has been well established as a highly specific
MC mediator™. Tts biology is complex; many isoforms
with different behaviors and functions have been elu-
cidated™. Tt is heat-labile™* and has a relatively short
half-life 7z vivo (from 6-8 min in healthy subjects to 1.5-2.3
h in patients with hypersensitivity reactions), longer (ap-
proximately 4 d) in separated serum”**). The WHO
2008 diagnostic criteria for mastocytosis call only for the
measurement of total serum tryptase, setting a threshold
of 20 ng/mL as the minimum level consistent with a
diagnosis of SM™, Tt is unclear whether measurement
of specific isoforms of tryptase would be beneficial in
diagnosing MCAD in any form, and thus at present only
the measurement of total serum tryptase can be recom-
mended in the evaluation of a patient suspected of hav-
ing MCAD. Although the serum total tryptase usually
is not elevated in MCAS™ an elevated level (though
almost always < 20 ng/ml) can be found in a minority
of MCAS patients, and any elevation at all can help but-
tress a diagnostician’s suspicions of the involvement of
MC activation in the patient’s illness.

If the serum tryptase persistently exceeds 20 ng/
ml, or if other clinical features of the presentation are

(49

TR
JBaishideng®

WJH | www.wjgnet.com

characteristic for SM (e.g., initial onset of symptoms
in middle age, MCs observed in the peripheral blood
smear, efc.), then further evaluation for SM is warranted.
Marrow aspiration/biopsy is a standard part of such
evaluation, and given both the patchy distribution of
the disease in involved tissues and the observation that
unilateral marrow biopsies are non-diagnostic in one-
sixth of patients ultimately diagnosed with SM™, bilat-
eral aspirations/biopsies are preferred. Core biopsies
should undergo routine staining as well as MC-targeted
immuno/histochemical staining (e.g., CD117, CD25,
CD2, tryptase, Giemsa, toluidine blue, Alcian blue, e.).
There is no particular subset of these stains which has
been established as a standard initial assessment. It has
been proposed that CD30, too, be routinely examined
when assessing for MCADP. Also, CD68 - more clas-
sically associated with macrophages - can be displayed
by MCs and thus may be useful in diagnosing MCAD"",
All of the above having been said, MCs express surface
CD117 (the extracellular portion of ¢£7f) roughly an or-
der of magnitude more brightly than any other CD117-
expressing cell, so often only CD117 staining is needed
to estimate MC density and to characterize aggregation.
Each aspirate should be sent for standard cytogenetic
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analysis as well as multi-color flow cytometric assess-
ment for co-expression of cell-surface doublets CD117/
CD25 and CD117/CD2; occasionally even the triplet of
CD117/CD25/CD2 is seen. These flow cytometric
signatures are widely considered to be pathognomonic
for monoclonal MC disease. Each aspirate should be
subjected to the full extent of MC mutational analysis
available at the time, though at present this typically is
limited to PCR analysis for the KIT""'®" mutation. If
leukocytosis, etythrocytosis, or thrombocytosis is pres-
ent, assessment is also warranted for the Janus kinase
2 (JAK2) mutations often found in the MPNs (and
pethaps the MPLY"*""* mutation, too, in cases of leuko-
cytosis or thrombocytosis without erythrocytosis which
might signal the presence of essential thrombocythemia
or myelofibrosis). Similarly, if prominent eosinophilia is
observed, tyrosine kinases platelet-derived growth fac-
tor receptor alpha (PDGFRa), PDGFRB, and fibroblast
growth factor receptor 1 should be assessed for muta-
tions as recently reviewed elsewhere™.

The presence of skin lesions characteristic of UP or
TMEP warrants biopsy of one or more such lesions, to
be immediately processed with routine staining and the
above-noted immunohistochemical staining plus assess-
ment for clonality with flow cytometry. As solid tissue
flow cytometry requires fresh tissue but PCR mutation
analysis does not, it may be reasonable to defer PCR of
skin lesion biopsies until other testing finds at least some
evidence suggestive of MC disease.

Spontaneously appearing/disappearing, diffusely
migratory macular erythematous patchy rashes are com-
mon in MCAS, as are scatterings of small ulcerative le-
sions, too. In the authors’ experience, though, biopsies
of such sites rarely reveal increased or otherwise aber-
rant MC populations, suggesting such lesions may be
merely the end result of aberrant release of mediators
from distantly located MCs.

If clinical suspicion for SM persists (whether due to
serum tryptase persistently > 20 ng/mL or other fac-
tors) but two or more marrow biopsies (and possibly
also biopsies of suspect skin lesions) are negative, upper
and lower endoscopic examination of the gastrointesti-
nal tract is reasonable. Biopsies should be performed of
any macroscopically apparent lesions, but blind biopsies
of macroscopically normal mucosa should be pursued,
too, at multiple points along the tract. All such biopsies
should be processed as described above for skin biopsies.
Several studies have reported that mast cell counts in GI
or genitourinary (GU) tract mucosal biopsies normally
number fewer than 20 per high power field*. Howev-
et, cut-offs between “normal” and “abnormal” numbers
of non-aggregated mast cells are not addressed in either
of the two currently proposed diagnostic schemes for
MCAS. Furthermore, it is important to remember that
the diagnosis of any form of MCAD rests in meeting a
set of criteria, so an isolated finding of “increased” tis-
sue mast cells does not establish the diagnosis regardless
of the cut-off used to define “increased”, and especially
when such cells are not tightly clustered. In the context
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of other data meeting diagnostic criteria, though, a find-
ing of “increased” tissue mast cells lends additional cre-
dence to the diagnosis.

MCs are highly pleomorphic. On routine hematoxy-
lin and eosin (H and E) staining, MCs can be indistin-
guishable from lymphocytes, plasma cells, macrophages,
histiocytes, or spindle cells®. Thus, in MC disease, not
all “lymphocytes” seen with H and E staining are neces-
sarily lymphocytes, and immuno/histochemical staining
is required in cases of suspected MCAD. Not infre-
quently, because of their chronic idiopathic (and often
treatment-refractory) gastrointestinal symptoms, patients
being evaluated for MCAD have previously undergone
GI tract endoscopies with biopsies. Thus, simple reas-
sessment of archived tissue with MC-targeted immuno/
histochemical staining may be sufficient to demonstrate
that the “benign mucosa” or “mild chronic inflamma-
tion” previously seen with H and E staining actually har-
bors increased MCs. As PCR testing can be performed
on preserved tissue, positive immuno/histochemical
findings on archived tissue should lead, if sufficient tis-
sue remains, to mutation analysis as possible.

Clinical judgment is required as to whether respira-
tory or GU tract biopsies are warranted in particularly
diagnostically challenging cases, but if pursued, such tis-
sues should be processed as for skin and GI tract biopsies.

Newly or persistently pathologically enlarged (> 1
cm) lymph nodes require biopsy to rule out malignant
lymphoproliferative and granulomatous disorders (re-
gardless of whether such disorders can be proven to
be independent of, or consequent to, MCAD). How-
evet, diffusely migratory, spontaneously waxing/wan-
ing adenopathy and/or adenitis is common in MCAD
and far more often is a reactive rather than malignant
process, though the reactive patterns seen on biopsy
can be bizarre (e.g., sinus histiocytosis) and can have
the pathologist on the verge of declaring a malignancy.
In patients diagnosed with MCAD (or being evaluated
for suspected MCAD) who have a longstanding history
of spontaneous enlargement of nodes to pathologic
size soon followed by spontaneous regression of such
adenopathy, the new appearance of a modestly patho-
logically enlarged lymph node can be watched closely
without reflexively proceeding to biopsy, but persistence
or progression of adenopathy beyond the range, or out-
side of the pattern, the patient has usually experienced
may warrant biopsy. Node biopsies should be excisional
whenever possible and should be submitted not only for
the above-noted analyses for MC disease but also for
routine analyses for lymphoproliferative disorders and
perhaps even - in appropriate clinical settings - specific
plasma cell dyscrasias or granulomatous diseases such as
amyloidosis, Castleman’s disease, or sarcoidosis.

In addition to checking a serum tryptase, other initial
laboratory assessment for MCAD (whether suspected
to be mastocytosis or MCAS) should include a variety
of common tests as listed in Figure 5. As MCAD com-
monly causes osteolysis (and, less commonly, osteoscle-
rosis - and occasionally even both processes at different
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Establish suspicion

Signs of mastocytosis (e.g., urticaria pigmentosa, unprovoked flushing or anaphylaxis, wasting, end-organ dysfunction, efc.)?
Symptoms of MC activation (Table 1)? MC mediator release syndrome per validated questionnaire (Figure 4)?

More symptoms/findings than can be explained by definitively established diagnoses? Odd/strange symptoms/findings?

Poor response to treatment of definitively established diagnoses?

Initial testing

Biopsy of lesions of suspected cutaneous mastocytosis

Serum tryptase persistently > 20 ng/mL:

Bilateral marrow aspiration/biopsy including MC-specific immunohistochemical staining (e.g., CD117, tryptase, tolu-
idine blue, Giemsa, Alcian blue), multicolor flow cytometry for co-expression of CD117/CD25, CD117/CD2, and mo-
lecular testing for KIT mutations as available (PCR for KIT® at a minimum)

Biopsy of other extracutaneous tissues (e.g., GI tract) as appropriate, for MC-specific testing as above

Complete blood count with manual differential
Common serum chemistries

Quantitative immunoglobulin profile profile if frequent infections and/or delayed healing

PT/PTT if easy bruising or bleeding or thromboembolic events

Additional MC mediator testing

Serum chromogranin A (avoid PPIs for 5+ d before testing)

Chilled plasma for PGD2 (and/or 11-B-PGF2a.) (avoid NSAIDs for 5+ d before testing)

Chilled plasma histamine
Chilled plasma heparin (if not on exogenous heparin products)

Chilled random and 24-h urine collections for PGD2 (and/or 11-B-PGF2a) and AV-methylhistamine

Chilled urine for leukotrienes B4, C4, D4 and E4 (if necessary)

Figure 5 Diagnostic approach to mast cell activation disease. MCs: Mast cells; MCAS: Mast cell activation syndrome; GI: Gastrointestinal; PG: Prostaglandin;

PCR: Polymerase chain reaction; NSAID: Non-steroidal anti-inflammatory drugs.

sites in the same patient), it is appropriate to establish
a baseline for bone densitometry after the diagnosis of
MCAD has been established, as the finding of osteope-
nia or osteoporosis has therapeutic implications. MCAD
can drive erythropenia or erythrocytosis (either of which
may be macrocytic, normocytic, ot microcytic, engen-
dering appropriate differential diagnostic considerations
of secondary processes), leukopenia or leukocytosis,
and/or thrombocytopenia or thrombocytosis, but there
are no findings in the CBC that are specific for MCAD
(other than significant numbers of circulating mast cells
signaling mast cell leukemia). Also, as previously noted,
certain subtle abnormalities are not uncommonly seen
in the leukocyte differential, but often the differential is
as normal as the CBC. Indeed, it is a confounding point
for hematologists that this disease of fundamentally he-
matologic classification often presents with not a single
abnormality in the CBC or differential. However, many
MCAD patients - with either mastocytosis or MCAS
- do manifest subtle to gross abnormalities in one ot
more elements of the CBC, providing the diagnostician
important opportunities to consider alternative diagno-
ses. Of note, though, gross abnormalities in the CBC
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in advanced mastocytosis may be due more to marrow
replacement by MCs, while gross abnormalities in the
CBC in less advanced mastocytosis and MCAS are likely
due more to MC mediator-driven interference with not-
mal hematopoiesis.

Many MCAD patients also manifest abnormalities in
the common serum chemistries, again typically modest
in degree but providing the diagnostician opportunities
to consider alternative diagnoses regardless of whether
they may have risen independently of, or consequent to,
MCAD.

Both hypergammaglobulinemia (usually a polyclonal
inflammatory phenomenon but occasionally a mono-
clonal gammopathy of undetermined significance or
more advanced clonal plasma cell dyscrasia) and hypo-
gammaglobulinemia can be seen in MCAD[(’”; patients
sometimes have been previously diagnosed with com-
mon variable immunodeficiency. Markedly IgG-deficient
patients (< 400 mg/dL) who have suffered major infec-
tions or substantial healing complications may be candi-
dates for prophylactic immune globulin therapy.

Histories of “easy” bruising and/or bleeding are
frequent amongst MCAD patients. Multiple mechanisms

February 6, 2014 | Volume 3 | Issuel |



are possible (and not necessarily mutually exclusive) in-
cluding coagulation factor deficiencies, antiphospholipid
antibodies, and/or MC release into the local tissues of
(antithrombin-activating) heparin. However, fibrinolysis
(as stimulated by heparin release™ and other fibrinolytic
mediators such as tissue plasminogen activator'®) ap-
pears likely to be the dominant cause, explaining why
antifibrinolytics such as tranexamic acid can be helpful
in controlling MCAD-driven bleeding. The prothrom-
bin time (PT) and activated partial thromboplastin time
(aPTT) remain reasonable screening tests in patients with
suspected MCAD who report histoties of easy bruising/
bleeding, but the diagnostician should be aware that lo-
cal MC release of mediators with sufficient direct or in-
direct anticoagulant effect to cause local bleeding usually
do not provoke systemic anticoagulant effect sufficient
to cause tises in PT or aPTT to abnormal levels. Thus,
measurement of fibrinolytic mediators®”| as proximate
to the onset of bleeding as possible, may be required
to prove fibrinolysis if felt clinically important. Othet-
wise inexplicable prolongations in PT or aPTT should
prompt appropriate further evaluation for clotting factor
deficiencies. Also, assessment for antiphospholipid an-
tibodies may not be unreasonable in suspected MCAD
patients with otherwise inexplicable abnormalities (high
or low) in either PT or aPTT and histories of not only
easy bruising/bleeding but also thromboembolism or
miscarriage.

If not already performed, a careful evaluation for
known hypercoagulable disorders should be performed
in the patient with suspected MCAD and a history of
idiopathic thromboembolism. Such evaluation should
include, among other considerations, determination
of the plasma level of Factor VIl (produced by various
sources including the MC" and associated with hyper-
coagulability™) and, with a history of portal/splanchnic
vein thrombosis, assessment for the ]AKZW’17F mutation
which might suggest the occult presence of an MPN™,
Testing for inborn hypercoagulable disorders may not be
warranted in cases of initial thromboembolism at ages
above 40.

Most patients presenting for evaluation of MCAD
have been chronically unwell and have undergone ex-
tensive diagnostic evaluation, but the diagnostician con-
sidering MCAD nevertheless must carefully review past
evaluations and ensure other diagnostic considerations
potentially fitting the patient’s unique course have been
excluded (e.g., hypothyroidism, celiac sprue, Epstein-Barr
virus disease, carcinoid, amyloidosis, porphytia, sarcoid-
osis, e#.). Even if the root cause of the patient’s multi-
system unwellness is MCAD, identification of specific
secondary phenomena (e.g., autoimmunity, infection,
malignancy, ef.) may permit better outcomes via dual-
directed therapy.

Laboratory assessment of other MC-specific mediators

If the serum tryptase is < 20 ng/ml and there are no
other clinical hints that SM is more likely than MCAS,
then an initial laboratory survey of other MC mediators
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should be pursued in patients clinically suspected of hav-
ing MCAS. In the authors’ opinion, such an initial media-
tor survey for evidence of MCAS should include serum
chromogranin A; chilled plasma for prostaglandin D2
(PGD2) (and/or 11-B-PGFzy); chilled plasma histamine;
chilled plasma heparin (in patients not on exogenous
heparin products); and chilled random and 24-h urine
collections for PGD:2 (and/or 11-B-PGF2q) and N-meth-
ylhistamine™. In some situations (see below), urinary lev-
els of leukotrienes B4, C4, D4 and E4 may also be worth
pursuingp(”m.

Although specimen collection as soon as possible
following an acute flare of symptoms is ideal, there is no
need to wait for such an event when initially assessing
the patient with longstanding baseline symptoms consis-
tent with aberrant MC mediator release. Howevet, if the
initial laboratory assessment in a patient with a history
suspicious for MCAD is negative, repeat testing is usu-
ally warranted but preferably should be deferred until
the presentation of an acute flare. If possible, hourly de-
terminations of serum tryptase, plasma PGD2 and his-
tamine, and spot urinary PGD2 and N-methylhistamine
should be pursued at baseline and over the next 2-3 h as
a flare evolves.

Chromogranin A (CgA) is another known MC prod-
uct™* which appears quite heat-stable!®” and was found
elevated in the serum in 17% (21 out of 122) of a co-
hort of MCAD patients investigated (LBA, unpublished
data). Elevated serum levels of CgA can be helpful
toward diagnosing MCAS, but other potential causes of
such elevations (heart failure, renal insufficiency, proton
pump inhibitor (PPI) use, and neuroendocrine cancer)
should be excluded. Changes in serum CgA level in re-
sponse to initiation or cessation of PPI therapy are fairly
reliable and rapid (within 5 d"™) but highly variable in
magnitudem’m, likely due to multiple mechanisms includ-
ing pharmacogenomic polymorphisms (largely in cyto-
chrome p450 isoenzyme 2C19" and increase in density
of CgA-secreting enterochromaffin cells (especially in
gastric tissue) in response to gastric acid reduction!™.
Cessation of PPI therapy at least 5 days prior to submis-
sion of a serum sample for CgA assessment should per-
mit an accurate gauge of the baseline CgA level.

Although it was the first MC mediator to be discov-
ered”™ and is a highly sensitive and specific indicator
of MC activity!"**”, the plasma heparin level is difficult
to measure accurately in the clinical setting, The metabo-
lism of heparin is complex[77], but it is clear that it has a
short half-life (generally less than one hour) and decom-
poses rapidly even at chilled temperatures[“]. Seidel et al”
reported an upper limit of normal plasma heparin of
0.02 anti-Factor Xa units/mL, but the utility of assess-
ing the plasma heparin level for evidence of MCAS may
be constrained by the fact that most of the commercially
available assays have a lower limit of detectability of
0.05 or 0.10 anti-Factor Xa units/ml. since such assays
are used far more to assess anticoagulant adequacy of
therapeutic heparinization than to assess endogenous
heparin levels. However, about 50% of MCAD patients
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will manifest a plasma heparin level exceeding 0.05 anti-
Factor Xa units/mL on commercially available assays
(105 out of 202 MCAD patients in a current study; un-
published data), and in such patients whose detectable
plasma heparin levels cannot be attributed to therapeutic
heparin or to the only other known endogenous source
of heparin in humans (basophils), MC activation almost
certainly is the source.

Like heparin, histamine is slightly less specific for
MC disease than tryptase in that histamine is also re-
leased by basophils. Unlike heparin, histamine is not
particularly heat-labile” but nevertheless has a short

280 (estimates have ranged from 1 min to

half-life i vivo
1 h and may vary based on increased histaminase activ-
ity during anaphylaxis®"). Histamine appears to be stable
in separated plasma at room temperature for at least 48
h™. However, because histamine assays often must be
performed at distant reference laboratories (requiring
specimen storage and transport exceeding 48 h), plasma
specimens for histamine levels should be kept continu-
ously chilled at all stages of handling. Histamine’s major
metabolite, N-methylhistamine, has a longer half-life i»
vid™ and may be a preferable measure over histamine,
especially when a sample cannot be collected during a
flare of symptoms or when other constraints preclude
measurement of both molecules.

Although also produced in macrophageslgz"g(’], Langer-
hans cells®”, liver endothelium®™, plateletsw], Th2 helper
T cells™, stimulated osteoblasts™, and possibly adipo-
cyteslgl], PGD: appears to be far dominantly produced in
MCs™*7 yielding attractive specificity for clinical detec-
tion of MCAD. In patients with MC activation produc-
ing increases in urinary N-methylhistamine, the fold in-
crease in urinary PGDz is substantially greater than seen
for the histamine metabolite”!. However, PGD:2 appears
to have an even shorter half-life than histamine (on the
order of 1-30 min in various studies)””". In fact, PGD>
is metabolized so rapidly that its measured levels may
substantially underestimate its total productionm]. Some
PGD: metabolites, though, are more stable than the
parent compound (e.g., 9a,11B-PGF2"), leading some
to preferentially test such metabolites over PGD2. Of
note, though, far more PGF2« comes from reduction of
PGHz, and even some from PGEz, which ate produced
by a range of other types of cells™, making the value
of PGFzq as a marker for MC activity less clear). Assays
of levels of histamine and prostaglandin metabolites
are further complicated by the need of many clinical
laboratories to ship samples to a reference laboratory
for measurement. Care must be taken by the patient and
laboratory staff to maintain the samples (particularly for
heparin and PGDy) in chilled condition throughout col-
lection, storage, and transport until final processing. It is
unclear whether urinary PGD:2 is exclusively a product
of the kidneys""” or dominantly a filtering of plasma
PGD:2"?. If the former is true, a low urinary PGD2
could be due to chronic kidney disease (CKD), though
certainly patients with CKD due to activated MCs can
manifest elevated urinary PGD: levels. Therefore, CKD
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is not a reason to forego testing of the urinary PGD:
level.

Ideally, a 24-h urine collection is preferred over a
spot/random collection given that the evanescence of
mediator flares and the short half-lives of many media-
tors make spot urine collections and plasma assays less
likely to catch elevated levels of mediators. However,
from an efficiency perspective, testing both 24-h and
random specimens at the same time may not be unrea-
sonable in patients whose mysterious chronic illness has
already consumed extensive resources.

Non-steroidal anti-inflammatory drugs (NSAIDs),
which inhibit cyclooxygenase and thus limit prosta-
glandin production, can result in low PGD: levels in
the blood and urine. Similar to the precaution with PPI
therapy when assessing for serum CgA elevation, the
patient’s history of use of NSAIDs, in both prescription
and over-the-counter products, should be reviewed when
planning the laboratory assessment for prostaglandin
levels. Like most PPIs, some NSAIDs have long half-
lives permitting daily dosing, and thus patients should be
cautioned to abstain, if possible, from all NSAIDs for at
least 5 d prior to specimen collection for assessment of
prostaglandins.

Given the heterogeneity of MCAD and the above-
noted challenges in detecting elevated levels of MC
mediators, it should not be surprising that some pa-
tients present not only with histories which are classic
for MCAS but also with initial screenings for the most
sensitive and specific MC mediators which are normal.
When repeated efforts to identify aberrant MC activa-
tion using the above-described screening approach all
fail, consideration can be given to screening for aberrant
expression of less specific MC mediators such as Factor
e, plasma free norepinephrine[m], tumor necrosis
factor alpha[w}”” and interleukin-6""". Plasma free nor-
epinephrine is often ordered as part of a plasma free
catecholamine profile; in many MCAS patients a pattern
of elevated norepinephrine, low-normal or low epineph-
rine, and sometimes elevated dopamine is seen (LBA and
GJM, unpublished data).

Although commercial testing (whether through lo-
cal or reference laboratories) is not yet widely available,
levels of MC mediators leukotriene B4 and cysteinyl
leukotrienes C4, D4 and E4 have been reported to be
elevated in patients with SM as compared to healthy
controls®”, Plasma and urinary leukotrienes also increase
with acute attacks of asthma'”, a disease increasingly
suspected to involve aberrantly active MCs!""”. However,
leukotriene expression has not been specifically studied
in the MCAS population. Furthermore, leukotrienes are
synthesized in a variety of myeloid cells (and epithelial
cells as well)"*'" 5o the specificity of elevated leukot-
riene metabolite levels for MCAD is unclear and may
depend substantially on the presence of a clinical history
compatible with MCAD. Whether elevated leukotriene
levels are related more to MC load or to MC activity re-
mains to be determined. However, if the clinical history
is best explained by MC activation but abnormal levels
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of the previously discussed biochemical markers cannot
be identified, it would not be unreasonable to also exam-
ine levels of plasma and urinary leukotriene metabolites
if commercial assays of such are accessible.

SPECIMEN HANDLING ISSUES

The short half-lives and thermolability of many MC me-
diators require continuous specimen chilling throughout

collection, storage, and transport. Particularly with regard
to 24-h urine collections for MC mediator testing, pa-
tients should be carefully educated to pre-chill the collec-
tion container overnight before beginning the collection
and then to keep the container continuously chilled while
following an otherwise standard 24-h urine collection
protocol; the container should be removed from the re-
frigerator or ice chest only when imminently needed and
should be returned to chilling as soon as possible. Pa-
tients should also be cautioned to maintain the container
in a chilled environment throughout transport. We rec-
ommend the container be placed in a bag filled with ice
and sealed, with the bag then placed in an ice chest filled
with ice and sealed for transport to the accessioning lab,
whereupon the bag can be removed from the chest and
provided to the technician with a reminder of the critical-
ity of keeping the specimen chilled.

Laboratory staff often are unfamiliar with MC me-
diator testing, previously a rarely undertaken endeavor.
Consideration should be given by the diagnostician to
sharing with laboratory personnel the ultimate clinical
goal of such testing and the importance of maintaining
thermal integrity of these specimens at all times, includ-
ing at the time of initial accessioning as well as when
packing specimens for transport to reference laborato-
ries that may be thousands of miles distant, transits that
may involve long periods sitting in unventilated cargo
containers on hot tarmacs. Use of well-insulated con-
tainers, and liberal placement of cold packs in the insu-
lated container, should be de riguenr when packing such
specimens for long-distance transport.

If PGD:2 (or 11-B-PGFz) levels below the lower limit
of normal are determined and the patient denies any re-
cent use of NSAIDs, or if “normal” MC mediator levels
are repeatedly seen despite specimens being accessioned
at particulatly symptomatic times, it may be useful to ask
the patient about his observations, while at the lab, as to
whether the laboratory staff maintained the specimen
in a chilled environment. Aside from NSAID use, loss
of thermal integrity is the most common reason for low
PGD: levels in the authors’ experience.

CONCLUSION

With growing appreciation of the prevalence of MCAD
(particularly MCAS), there is a growing need to pursue
diagnostic evaluation for MCAD outside of the few
centers specializing in this area. An understanding of the
spectrtum of MCAD and the similarities and differences
amongst the various forms of the disease is helpful in
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guiding the approach to testing. Especially if MCAS is
confirmed to usually be a clonal disease, the tise of pet-
sonal genomics may come to obviate many of the pres-
ent challenges in diagnosing MCAD, but with appropriate
collaboration amongst the diagnostician, patient, other
relevant clinicians, and laboratory staff, today’s challenges
can be surmounted. Especially given that the majority
of the MCAD iceberg seems likely to be MCAS and
that significantly helpful therapy can be found for most
MCAD patients (including most MCAS patients), ef-
forts to smooth the path toward diagnosis of MCAD are
worthwhile.
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P < 0.001), and CONCLUSION (no mote than 26 words).
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Text
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DUCTION, MATERIALS AND METHODS, RESULTS and
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Notes in tables and illustrations
Data that are not statistically significant should not be noted. *P <
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Abstract

Hematopoietic stem cells (HSCs) have become the
most extensively studied stem cells and HSC-based
cellular therapy is promising for hematopoietic cancers
and hereditary blood disorders. Successful treatment of
patients with HSC cells depends on sufficient number
of highly purified HSCs and progenitor cells. However,
stem cells are a very rare population no matter where
they come from. Thus, ex vivo amplification of these
HSCs is essential. The heavy demands from more and
more patients for HSCs also require industrial-scale ex-
pansion of HSCs with lower production cost and higher
efficiency. Two main ways to reach that goal: (1) to
find clinically applicable, simple and efficient methods
(or reagents) to enrich HSCs; (2) to find new develop-
mental regulators and chemical compounds in order to
replace the currently used cytokine cocktails for HSCs
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amplification. In this Editorial review, we would like to
introduce the current status of ex v/vo expansion of
HSCs, particularly focusing on enrichment and culture
supplements.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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INTRODUCTION

The early evidence and definition of hematopoietic stem
cells (HSCs) came from studies of people exposed to le-
thal doses of radiation in 1945 and the pioneering stud-
ies by Till and McCullock. But it took until late 1980s
and early 1990s for reseatchers to show the isolation and
characterization of HSCs from human and rodents™ .
Since then, HSCs have become the most extensively
studied stem cells (SCs), and HSC-based cellular therapy
is promising to treat hematopoietic cancers, such as leu-
kemia and lymphoma, and hereditary blood disorders
such as inherited anemia.

HSCs are a small sub-set of SCs generated by the
bone marrow (BM) niche which are essential for self-
renewal and detivation of whole blood systems. There-
fore, any deficiency of HSCs will cause serious, mostly
fatal, outcomes as seen in patients of hematopoietic
malignancies treated with high doses of chemotherapy
and radiation. To treat patients with these complica-
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tions, BM transplantation has been widely used since
1980s. Although whole BM transplantation used to be
the only clinically viable option, increased numbers of
ex vivo-expanded HSCs isolated from ecither the BM, or
peripheral blood or cord blood cells are being used for
current transplantation procedures in clinics. Currently,
approximately 3000 clinical trials can be found in US
with 1/3 of trials focused on the applications of HSCs
for leukemia treatment (http://www.clinicaltrials.gov/).
Hereafter we use the term HSCs to represent both HSCs
and hematopoietic progenitor cells. We should empha-
size that cells used in clinical settings are HSC-enriched
but do contain progenitors. Thus, the term “HSCs” used
throughout this review includes the CD34" fraction.
HSCs only constitute a very minor fraction of the whole
blood or BM cells, 1/10000 for BM SCs and 1/100000
for peripheral blood SCs. Thus, it is absolutely essential
to develop large-scale culture methods for ex vivo expan-
sion. Although HSC culture is the most advanced system
among SC culture, further improvement of ex »ivo cul-
ture for HSC expansion is important. Particularly, animal
product (e.g., serum)-free cell culture media will be one
of the most important factors to be considered. In this
short review, we would like to introduce the current
status of ex vivo culture of HSCs and the most recently
emerging reagents. Although culture devices (such as
bioreactors) are another important component in ex ivo
expansion, the main purpose of this Editorial review is
to concisely summarize the new advances in enrichment
of HSCs and ex vivo expansion of HSCs. For additional
information on culture devices, we recommend reading
Nielsen’s excellent review!”. We also suggest a few recent
review articles that nicely and concisely summarized re-
cent advances in the area of ex vivo expansion of hema-
topoietic stem/progenitor cells®”,

SOURCES OF HSC

There are potentially three main sources of haematopoi-
etic stem cells for transplantation - BM, peripheral blood
stem cells and umbilical cord blood stem cells. Table 1
summarizes advantages and disadvantages of 3 sources.
Over the past 40 years, BM transplantation and stem
cells isolated from BM has been widely used to treat
numerous malignant and nonmalignant diseases. In spite
of increasing therapeutic applications utilizing G-CSF
to mobilize HSCs into circulation and CD34" cells are
collected™, BM cell isolation is still a widely accepted
HSC source worldwide™"). However, isolation of HSCs
from BM is not a comfortable experience for donors,

and it carries the risk of infection transmission. Increas-
ing numbers of studies have used umbilical cord blood
(UCB) as an alternative source to obtain HSCs. UCB has
fewer ethical issues for obtaining cells, rapid availability
and reduced stringency for HLA matchingm make them
another promising source of HSC for transplantation.
Probably because of lower effective infused cell dose,
slower engraftment of UCB-derived HSCs than BM-
derived HSCs has been reported“z’m. In addition, some
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progenitor cell populations (myeloid progenitors) in
UCB were reported to be more chemoresistant" which
could be beneficial when combined with high-dose che-
motherapies. The most recent study describing the isola-
tion of single HSC capable of long-term, multi-lineage
engraftment derived from UCB, which suggests UCB
cell may contain functionally most primitive HSCs!". Al-
though UCB is likely to be more popular as a source to
obtain HSCs, further research and careful examinations
will certainly be necessaty to determine the pros/cons,
similarities/differences, and quantity/quality of HSCs
isolated from both BM and UCB.

ENRICHMENT OF HSC

As previously mentioned, Weismann’s group was the first

group demonstrating isolation and purification of HSCs
(from mouse BM)[Z]. This first study used multiple HSC
markers including Thy-1", Lin" and Sca-1", a widely
used criteria nowadays, to purify HSCs”. Note that Sca-1
is not found in human HSCs. Since HSCs are a very rare
population in whole BM cells (1 in 10000-15000 BM
cells), enrichment of HSCs certainly is a very important
step for effective ex vivo expansion of HSCs. CD34 is a
widely recognized cell surface marker to enrich HSCs (as
reviewed inm). Immunoselection based on cell surface
CD34 expression is well accepted in clinical settings, al-
though it should be noted that the CD34" fraction does
contain many progenitor cells such as endothelial pro-
genitor cells"”. Since a2 CD34" fraction still consists of
crude cell populations, a CD34"CD38 fraction may con-
tain a higher percentage of primitive HSCs". Therefore,
a CD34°CD38Lin'Sca” selection criteria may be reason-
able for selecting a highly enriched, primitive fraction
of HSCs. c-Kit (stem cell factor receptor/CD117)m’2m
and CD133""* are also the markers for the selection, al-
though combination of too many antibodies may not be
realistic in clinical settings because of a significant loss
of HSCs during purification. We would like to note that
these selections would certainly help enrich for higher
quality HSCs; however, the above processes are still not
enough to identify a nearly pure, HSC population. Most
recently, John Dick’s group isolated single hematopoi-
etic stem cells"™ whose phenotype is Lin CD34'CD38§
Thyl CD45RA Rho ™" CD49f" can regenerate the entire
hematopoietic system.

It should also be noted that there is evidence show-
ing a considerable number of HSCs can be CD34 nega-
tive™ ), There are two possibilities accounting for why
some studies have shown apparently different trends
(cite examples of CID34 negative). First of all, CD34-
positive and -negative cells may be interchangeablem.
This means that HSCs may retain CD34 in intracellular
compartments upon induction of cell surface CD34
molecules. Since the majority of anti-CD34 antibodies
used for flow cytometric analyses recognize the extracel-
lular domain of CD34, CD34 expression will appear to
be negative when intracellular accumulation of CD34
occurs (unless the plasma membrane of the cells are
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Table 1 Comparison of the sources for hematopoietic stem cells

Advantages

Disadvantages

Bone marrow 1 The longest history as a source of HSC

2 Well established procedure

Umbilical cord blood 1 Off-the-shelf availability
2 Reduced stringency for HLA matching
3 Low risk of infection/transmission
4 Absence of donor risk

Peripheral blood Compared to BM,

1 More comfortable for donors
2 Better yield with mobilization

1 High stringency for HLA matching

2 Some complications associated with harvesting
3 Risk of GVHD

1 Delayed engraftment

2 Lower yield

3 Lack of additional immune cells

1 Extremely low level of HSC (1/100000) without “mobilization”
2 Risk of GVHD

HSC: Hematopoietic stem cell; HLA: Human leukocyte antigen; BM: Bone marrow; GVHD: Graft-versus-host disease.

Table 2 Cell-surface makers of undifferentiated hematopoi-

etic stem cells

Mouse Human
CD34"/" CD34"
Sca-1" Sca-1"
CD90/ Thy-1"7"*" CD90/ Thy-1"7""
c-Kit" c-Kit"
CD38" CD38
CD150" CD7
Side population (high hoechst-efflux activity) ~ CDA9f"
CD48 Rhodamine 123"
CD244 CD133/AC133°
Lin® CD45RA

Lin®

permeabilized). The exact mechanism why CD34" HSCs
and CD34 HSCs have interchangeable phenotypes re-
mains unresolved. In mouse, the most primitive HSCs
can be either CD34 or CD34"". Nevertheless, human
HSCs can be found in CD34" fraction® (Table 2). The
other potential pitfall is a technical issue related to anti-
mouse CD34 monoclonal antibodies (mAbs). There are
several anti-mouse CD34 mAbs available to stain cell
surface CD34. At least two clones widely used among
researchers, clones MEC14.7%" and HM34" have dif-
ferent characteristics in regard to staining. HM34 is
reported to be unable to stain CD34 expression on mat-
row cells by some unknown mechanism. In addition,
clone MEC14.7 is known to show relatively low affinity
against CD34; therefore, it is recommended to incubate
the mAb with samples for a prolonged period of 90-120
min (in contrast, the majority of commonly used proto-
cols in flow cytometry suggest a 30-60 min incubation).
Some of the murine HSC studies might not have care-
fully checked these technical tips requiring careful inter-
pretation of studies reporting CD34” mouse HSCs.

It should likewise be noted that positive selection
leaves antibodies attached on the cell surface which
may not be favorable in terms of quality control issues.
Furthermore, as most recently discussed by Lodish’s
group””, the large amount of antibodies used for a clini-
cal scale (10" per unit for cord blood transplantation)
will certainly raise the cost for purification of HSCs.
Therefore, development of chemical or enzymatic
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activity-based substrates may be a great advantage to en-
rich HSCs in clinical settings. Chemical substrates could
help lowering production costs, and simplifying quality
control compared to mAbs. In addition, substrate-based
selection may shorten the time and reduce the labots to
prepare a HSC-rich fraction. Interestingly, hematopoietic
progenitor cells have been shown to highly express cyto-
solic aldehyde dehydrogenase (ALDH)"!. A fluorescent
dye-conjugated ALDH substrate, developed by Storms
and colleagues™, enabled them to conduct a relatively
simple, ALDH activity-based selection of HSCs and
hematopoietic progenitor cells. Prior to this method,
side populations selected based on influx of the DNA
staining dye, Hoechst 33342 had been reported™ . The
combination of Hoechst dye efflux activity and ALDH
activity was first shown by Pearce and Bonnet””. Their
study showed that Hoechst side population (SP) only
contained CD34" cells, thus, SP-based selection may
not be suitable to enrich certain sub-populations such
as CD34'CD38" cells; which suggests that, at least in
mouse, SP may not contain the most primitive HSC.
Therefore, further studies need to confirm whether SP
contains the primitive HSC population in humans. The
authors concluded that Hoechst exclusion may not be
appropriate for HSC isolation””, Tt was also reported
that Hoechst 33342 is even more toxic than the other
most commonly used DNA staining dye, 4°,6-diamidino-
2-phenyl indole dihydrochloride™, by interrupting DNA
topoisomerase [ P, Topoisomerases play an essential
role in cutting damaged DNA during DNA replication.
Even temporary inhibition of a topoisomerase, might
cause accumulation of unfavorable mutations during ex
vivo expansion of HSCs; therefore, careful assessment on
the long-term effects of the use of Hoechst 33342 must
be assessed to pursue an application of Hoechst 33342
for HSC selection. Overall, currently ALDH-based se-
lection may be the best option to sort/entich HSCs.
Although it is very important to explore the best
set of markers to purify the most primitive fraction of
HSCs for ex vivo expansion and transplantation, signifi-
cant technical hurdles exist. The combination of many
surface antigens to purify HSCs causes a considerable re-
duction of the number of cells, which may limit the ap-
plication in clinical settings. The other potentially impor-
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tant issue is that maintaining the capacity of self-renewal
while preserving the primitive capabilities of these HSCs
during expansion of HSCs may require paracrine signals
from other less primitive progenitor cells or differenti-
ated leukocytes in culture. As we will desctibe in the fol-
lowing section, keeping the number of primitive HSCs
in HSC-enriched (but still crude) fractions is certainly
important. In fact, a simple CD34" fraction gives cells
with enough ex wvivo expansion capacityl40J to be used in
clinical settings. In addition, the most “primitive” HSCs
are quiescent, and rapid proliferation of these cells may
cause the loss of primitive HSCs™"!. Therefore, rapid ex-
pansion of the small number of HSCs may often force
HSCs to exit from the resting cycle and lead to HSC
exhaustion. It is worthy of note that a nearly pure HSC
fraction may not be suitable for large-scale expansion.
Another critical issue needs to consider is the long-term
repopulation capability of ex vivo-expanded fractions.
This capability may depend on the number of primitive
HSCs after ex vivo culture. Therefore, from the clinical
stand point, the most important goal in ex vivo expansion
of HSC may be to develop simple and efficient proto-
cols to obtain HSC-enriched fractions containing a suf-
ficient number of HSCs that would result in satisfactory
in vivo engraftment after transplantation. Faster recovery
of the number of neutrophils in the body seems to be
an indicator of successful engraftment of transplanted
cells™, which again justifies the possible advantage of
HSC-enriched fractions over nearly pure HSCs. In sum-
mary, even great efforts have been made to search the
markers for HSCs, it is important to stress that none of
the surface markers is entirely specific to the long-term

HSCs.

EX VIVO CULTURE MEDIA FOR HSC
EXPANSION

Since the limited number of HSCs is the major obstacle
in clinical applications of ex vivo-expanded HSCs, suc-
cessful ex vivo expansion of HSCs is one of the critical
determinants emphasized throughout this review. This
is particularly important for adult patients, who require
increased units of HSCs in comparison to pediatric
patients. The HSC field is relatively well established in
comparison to the other SCs, and serum-free culture sys-
tems have already been used to expand HSCs. Develop-
ment of serum-free culture is necessary to avoid the use
of animal products such as bovine serum. As mentioned
above, it is very important to avoid the use of animal
products: (1) to prevent transmission of any possible
diseases from animals, such as Creutzfeldt-Jabob disease
(caused by Prion protein); (2) to achieve good quality
control of expanded cells. In addition, accumulation of
animal serum proteins in HSCs might increase the risk
of host immune response upon transplantation of ex
vivo cultured HSCs. The current research has focused on
a cytokine cocktail-based culture to allow significant ex-
pansion of enriched HSCs.
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Another major hurdle in current ex vivo-expanded
HSCs (or HSC-enriched units) in their clinical applica-
tions is that some primitive HSCs are lost during ex zivo
expansion of HSCs. Since the most primitive HSCs are
thought to be in a resting state, the goals to achieve rapid
expansion of HSCs and retain primitive HSCs stand at
odds to one anothet. Therefore, to achieve better clinical
outcomes (to reduce morbidity and mortality after trans-
plantation of ex vivo-expanded cells), it is also essential to
improve the number of long-term repopulating cells; ze.,
to maintain the number of primitive cells that retain self-
renewal capacity. We will address this issue later in the
section “Expansion versus zz vivo reconstitution”. Co-
culture of feeder cells such as a monolayer of mesenchy-
mal stem cells with HSCs may be a better method, since
theoretically feeder cell layers should be able to provide
a physiologically more relevant environment (stromal
cell-HSC interaction and simultaneous feeding of sets
of growth factors/cytokines that facilitate expansion of
HSCs without unfavorable differentiation). However, co-
culture with a feeder cell layer is not suitable for large-
scale culture, and thus is difficult to translate into clinical
settings. Most recently, an attempt to introduce com-
puter simulations was made to help understand compli-
cated paracrine mechanisms involving progenitor cells
and differentiated cells in HSC culture™, This study may
bring a paradigm shift in ex vivo cutulre of HSCs. In the
following sub-sections, we would like to discuss emerg-
ing substrates as well as currently used soluble factors.

Soluble factors (i.e., growth factors and cytokines)
Soluble factors, such as Flt3/Flk2 ligand[44’45], stem cell
factor (SCE)"**interleukin-3 (IL-3)"*"*", 11.-6"", and
thrombopoietin (T' po)[sz’w are commonly used as culture
supplements for HSCs. Flt3/FIk2 ligand was discovered
as a factor promoting proliferation of primitive hemato-
poietic cells, and” is more effective than SCE™, although
SCF probably has the longest history as a supplement.
IL-3’s effect in vitro was first reported by Spivak ef al™”
However, there is a report showing the suppression of
the number of colony-forming cells by IL-3"" thus, the
effect of IL.-3 may need careful re-evaluation. This study
also showed that I1.-3 reduced the reconstituting activity
of HSCs in a mouse model system®™. Other interleukins,
such as I1.-7 and IL.-11, are also included as additional
supplements in serum-free culture systems because of
their potential to promote HSC proliferation. 11.-7 was
originally discovered as an interleukin that stimulated
proliferation of B cell progenitors in mouse'™. Although
IL-7 alone did not show significant expansion of Lin’
Sca-1" HSCs, potent synergistic effect on proliferation
of Lin'Sca-1" HSCs was observed when I1.-7 was com-
bined with IL-3"". TL-11 was cloned as a gene product
produced by BM-derived stromal cell lines in 1990,
and the following study by Ogawa’s group showed that
IL-11 could also synergistically help expansion of primi-
tive hematopoietic progenitor cells with either IL-3 or
141,

One interesting study showed that gp130 signaling
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(via 11.-6) synergistically enhanced the effect of Flt3 li-
gandm as well as SCF", Interestingly, I.-6 alone was
not enough to trigger this effect™. These findings
suggest that gp130 signaling appears to be somewhat
supportive in its role of potentiating the effects of SCF
and Flt3 ligand as culture supplements. Commonly-
used cytokine cocktails often contain I1L-6. Sustained
activation of the Janus kinase (JAK)-STAT signaling
pathway may be an important element in ex vivo expan-
sion of HSCs. It is noteworthy that thrombopoietin was
reported to activate JAK-STAT signaling and thereby
helping to protect CD34" cells from apoptosis in serum-
free media®. Moteover, activation of c-Kit and gp130
was shown to synergistically induce thrombopoietin
production by cord blood CD34" cells themselves™. Tt
should note that there is a report describing impaired
engraftment of murine BM cells cultured in the pres-
ence of IL-6". Similar to IL-6, it was reported in the
same year that IL-3 reduced the number of colony-
forming cells™ impaired engraftment might be mainly
associated with IL-3 in the culture. It was surprising that
SCF and some of the interleukins could have adverse
effects upon transplantationm; although SCF is a well-
accepted growth factor for serum-free culture of HSCs
or HSC-enriched fractions. In addition to the previously
mentioned cytokines, fibroblast growth factors (FGFs)
were also found to be effective to help 7 vitro culture of
whole blood cells or enriched hematopoietic cells*>,
The later study also showed that FGF receptors were
not expressed on human CD34" cells™. Thus, the effect
of FGF may be controversial.

Recent studies by Lodish have added three endotheli-
al growth factors (angiopoietin-like 5, insulin-like growth
factor-binding protein 2, and pleiotrophin) as potential
soluble factors that may further help ex vivo expansion
of HSCs'™.

Although great efforts has been made to improve the
rate of HSC engraftment, ex vivo cytokine-based expan-
sion protocols may have reached plateau. The use of
cytokine cocktails can raise the cost for ex vivo expansion
of HSCs, too. Therefore, there are a great need of ad-
ditional factors/molecules in order to support HSC self-
renewal and amplification 7z vitro.

Exposure to developmental regulators

It has been suggested recently that some developmen-
tally conserved pathways or transcriptional factors are
important in the regulation of the adult stem cell com-
partment, such as wingless-type (Wnt), Notch, Hox
transcription factors and Sonic hedge hog Shh/BMP
signalingm. Among them, Notch signaling is the most
extensively studied. Notch ligand may be the most
promising recombinant protein product to assist in ex
vivo expansion of HSCs. In 1994, CD34" cells were
shown to express high levels of the human homolog of
Drosophila Notch™, and this initial observation led to hy-
pothesize the role of Notch signaling in maintenance of
undifferentiated status of HSCs. Immobilized Notch li-
gand (Delta-1) was shown to dramatically increase (up to
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approximately 100-fold) the number of CD34" cells™.

Morte importantly, the expanded cells enhanced repopu-
lating ability of hematopoietic cells in NOD/SCID
" The effectiveness of Notch ligand was further
confirmed by a follow-up study by the same groupm.

mice!

The outcome of their clinical trial is very encourag-
ing, because preliminary data of a phase I clinical trial
showed engraftment of the CD34" cotd blood cells has
significant advantage over the controls including shorter
periods for neutrophil recovery after transplantationm].
One potential side-effect of Delta-1 is that it has poten-
tial to cause density-dependent apoptosis of cells", and
it is necessary to carefully control ligand density to mini-
mize the loss of cells or unfavorable phenotypic changes
during expansion. Interestingly, the most recent study
by Rafii’s group highlighted the critical role of Notch
signaling in the BM microenvironment, where Notch ac-
tivation by BM endothelium is essential for self-renewal
of long-term HSCs"". This study clearly indicates that
Notch signaling is a naturally-occurring, critical signal
for maintenance of HSCs.

Besides Notch 1 ligand, TAT (HIV virus-derived
cell permeable peptide)-tagged HOXB4 protein was
shown to be effective to expand HSCs 7z vitro™. The
advantage of TAT-HOXB4 protein over Notch ligands
is the lack of a requirement to immobilize it onto the
culture apparatus. Overexpression of HOXB4 had been
shown to be one of the most potent stimulators of HSC

P50 however, recently it was reported that

expansion
there was high incidence of leukemia in large animals
two years after receiving HOXB4-carrying retrovirus-
introduced HSC gene therapy[gﬂ. Therefore, the use of
the plasma membrane-permeable recombinant HOXB4
protein may be a reasonable alternative for ex vivo expan-
sion of HSCs. Although Krosl e /™ study showed the
effectiveness of recombinant HOXB4, the study did not
show long-term repopulating activity of expanded cells.
Therefore, further studies examining any potential safety
issues caused by HOXB4 would be necessary. Overall,
Notch ligands seem to be the most promising peptide-
type supplements for HSC expansion at current mo-
ment.

Stromal support

In the BM niche, HSCs interact with stromal cells, and
direct interaction of HSCs with stromal cells or extracel-
lular matrices in the BM may help maintain small popu-
lations of primitive HSCs. Thus, it was quite reasonable
to hypothesize that major extracellular matrices in the
BM niche facilitated sustained hematopoiesis. In fact, a
major extracellular matrix, fibronectin, was found to be
perhaps the most important extracellular matrix protein
to facilitate proliferation/self-renewal as well as adhesion
of HSCs and progenitor cells in the BM niche™*. The
initial studies showed that stromal support increased not
only gene transduction efficiency but also successfully
preserved the ability of human CD34" cells to sustain
long-term hematopoiesis in immune deficient mice™.
This study also showed that a C-terminal fragment of
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fibronectin could help successful long-term engraft-
ment of human HSCs and progenitor cells to bnx/hu
mice. This C-terminal fragment contains both CS-1 and
RGD(S) domains. The CS-1 domain is known to interact
with VL.A-4 (integrin a4p1)"™, and interestingly, Verfail-
lie e al™ reported that primitive progenitors bound to fi-
bronectin CS-1 via VILA-4, but expression of VLA-4 was
lost upon differentiation of the cells. Immobilized fibro-
nectin peptides were also shown to help ex »ivo expan-
sion of human cord blood HSCs (CD34" fraction)™. In
this study, the authors used several fibronectin peptides
including those carrying mutations on binding domains.
Although all peptides they used showed significant in-
crease in colony forming units as well as expansion of
cells, only the peptide containing the intact CS-1 domain
could give successful long-term engraftment of trans-
planted cells and survival of NOD/SCID mice®™, Thus,
short C-terminal fragments of fibronectin containing
the CS-1 domain may be a good coating material for ex
vivo expansion of HSCs or progenitor cells.

The major disadvantage of these proteins/peptides,
except TAT-HOXB4 protein, is their requirement of
immobilization onto the surface of cell culture appara-
tuses. This will increase culture volume as well as cost of
industry-scale production of cells; thus, development of
suspension culture systems that allow both self-renewal
of HSCs and a reasonable level of expansion would be
desirable.

Small molecules

It would be desirable to use chemical compounds as
supplements for serum-free culture systems, which may
significantly help reducproduction costs of HSCs at the
industrial scale and at the same time, facilitate efficient ex
vivo expansion of HSCs.

Most recently, one study has shown that a chemical
compound could also be used for ex vivo expansion of
HSCs"™". Chemical compounds would be superior to
biological compounds because of potentially lower pro-
duction costs and easier quality control.

These promising chemical compounds include the
retinoic acid receptor agonist all-trans retinoic acid, cop-
per chelator tetraethylenepentamine (TEPA), histone
deacetylase inhibitors, acryl hydrocarbon receptor antag-
onist [referred to as StemRegeninl (SR1)] and, PGE2"™,
Among them, TEPA are the most promising chemical to
be used for expansion of human HSCs at current mo-
ment. TEPA-supplemented, ex vivo cultures of CD34"
cord blood cells significantly increased the number of
HSCs and enhanced NOD/SCID repopulating capac-
ity[ggl. A phase I/1I clinical trial of TEPA-cultured cotd
blood cells showed the safety of this approach[gq]. The
efficiency of TEPA-cultured HSPC is currently under
investigation in an ongoing phase II /1l study.

Aryl hydrocarbon receptor antagonists (SR1) were
identified as potential drug candidates for promoting
ex vivo expansion of HSCs by microscopy-based high-
throughput screening[sn. The antagonist was subse-
quently tested with a feedback culture system'™. Aryl
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hydrocarbon receptor signaling emerged as an important
element in HSC functions®’. Currently, these com-
pounds require the supplementation of cytokines, and
thus further studies will be necessary to apply this strat-
egy for large scale expansion of HSCs without animal
serum. Nevertheless, this discovery may eventually pave
a way for establishing industrial-scale production of
HSCs with chemically defined culture media.

EXPANSION VS /N VIVO
RECONSTITUTION

Although finding the optimum conditions for clinical-
scale ex vivo expansion culture is an absolutely important
determinant to use HSCs in clinical settings, another
important factor in determining the clinical outcomes of
HSC transplantation is engraftment and reconstitution
of the hematopoietic system in a recipient. Successful
engraftment requires repopulation of transplanted cells
to irradiated BM, of which success may mainly rely on
the ability of transplanted cells to migrate toward BM.
(SDF-1/CXCR4 axis). Therefore, it is also essential to
test repopulation and engraftment of expanded cells
by immunologically incompetent small animal models
such as severe combined immunodeficient (SCID) mice.
On the other hand, reconstitution of the hematopoietic
system requires de novo production of hematopoietic
lineages from donor-derived HSCs. This function re-
quires self-renewable, primitive HSCs in the BM after
transplantation to prevent exhaustion of self-renewable
HSCs in BM niche. The CD34" fraction, which is com-
monly used in the current clinical settings as a source of
HSC-enriched cells, should be T cell-free to avoid graft-
versus-host-disease. Successful engraftment is likewise
likely to be associated positively with the number of
neutrophils present in the body'”.

Before closing this section, we also would like to
comment on the quiescence of stem cells under normal
conditions. HSCs retain labeled thymidine, indicating
replicative quiescence in their niche. We speculate that
this may be because HSCs need to maintain longevity
and to minimize mutations concomitant with replica-
tion errors. Therefore, a line of studies may be necessary
to confirm that rapid ex vivo expansion of HSCs does
not generate and accumulate genetic mutations that can
lead to the formation of cancerous cells. In addition, we
should always keep in our mind that rapid ex vivo expan-
sion of HSCs may often cause the loss of long-term
engraftment capacity of HSCs or exhaustion of the
most primitive HSC pool. It was demonstrated for more
than a decade ago that HSCs proliferate slow 7 vive”™".
Therefore, it is postulated that HSC quiescence is criti-
cal in maintaining the stem cell compartment. Weiss-
man’s group estimated that approximately 8% of long-
term self-renewing HSCs enter the cell cycle per day™".
However, contradictory results appeared later showing
traditionally used DNA labeling dye, BrdU (5-bromo-
2-deoxyuridine), may not be specific enough to label
slow-dividing cells?. More recently, different labeling
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strategies have been proposed as alternative methods to
trace slowly dividing HSC fractions””!. Proliferation of
cells requires the entry to Gi1 cycle, thus, it is quite natu-
ral to hypothesize that perturbation of cyclin dependent
kinase inhibitors may initiate dramatic cell proliferation
followed by the exhaustion of HSC pools. Scadden’
s group showed for the first time, p21°"**" deletion
eventually causes exhaustion of HSCs in a mouse model
system””,

Since phosphatase and tensin homolog (PTEN)/Akt
pathway plays a critical role in cell proliferation, survival
and growth, it was predicted that mis-regulation of this
pathway could cause problems on hematopoiesis. In fact,
PTEN knockout mice study showed decteased numbers
of HSCs"™. PTEN knockout mice also developed leuke-
mia, suggesting there is a critical factors suppressing cell
cycle progression. The phenotype of Foxo3a knockout
mice is quite interesting, Foxo3a-KO significantly de-
creased the number of colony forming cells in BM. Age-
dependent decrease of HSC pool was also observed.
However, Foxo3a-KO little effects on hematopoietic
progenitor cells except a decreased number of erythro-
cytes'”
cell further implies Foxo3a’s specific role in maintaining

. More interestingly, distribution of Foxo3a in a

primitive HSCs; Foxo3a accumulate in inside of a nucle-
us in a CD34’C—Kit+Sca—l+lineag€’ cell, however, Foxo3a
no longer accumulates in a nucleus and translocates to
a nuclear envelop in a CD34+C—Kit+Sca—l+1ineage" cell,
which is less primitive than CD34 c-Kit Sca-1"lineage
cells. Thus, it appears that Foxo3a may hold a key role in
the maintenance of HSCs in BM.

Although c¢-Kit may be dispensable for extensive
proliferation of HSCs, mice carrying c-Kit mutation
(W41/W41) were reported to show approximately 2-fold
reduction of long term-HSCs"™. This study was further
reinforced with the result that multipotent progenitor
cells were less affected by this mutation, suggesting that
c-Kit function may also be very important for mainte-
nance of primitive HSCs for sustained hematopoiesis.

Thus, we should keep in our mind that our attempt
to improve ex vivo expansion of HSCs by manipulat-
ing some signaling pathways could be a “double-edged
sword”.

CONCLUSION

HSC-based cellular therapy is promising for hematopoi-
etic cancers and hereditary blood disorders. Adaptive
transfer of sufficient number of enriched HSCs is the
key for successful transplantation. Besides BM, periph-
eral blood and umbilical cord blood also are the sources
of HSCs. Traditionally, BM is the main source of HSCs,
but peripheral blood and UCB are increasingly used
as sources due to non-invasive harvesting procedures.
Soluble growth factors, signaling molecules, small mol-
ecules and extracellular matrix support are commonly-
used methods to amplify isolated HSCs, but chemical
compounds such as TEPA is promising because of its
lower cost and easier quality control.
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A rapidly increasing number of studies and clinical
trials have demonstrated very promising applications of
HSCs in clinical settings. Currently, applications of HSCs
are often limited to children mostly due to restrictions
in the quantity of HSCs that can be obtained. Increased
demand of HSC therapies, including those for adult
patients, is expected. Therefore, it is necessary to estab-
lish large-scale production of HSCs to supply enough
units of HSCs in the near future. In addition to cytokine
cocktails, most recent studies have added several other
options such as recombinant proteins and chemical
compounds for ex vive expansion of HSCs. Chemical-
based culture would be advantageous, however, it will
take some time until it is ready for clinical application.

Using multiple cell surface markers, including CD34,
CD38, Thy-1, CD45, c-kit, CD133, CD49f and Lineage
cocktail, it is possible to isolate single HSCs with the full
capacity to regenerate the entire hematopoietic system.
However, it is worthy to note that purification of ulti-
mately primitive HSCs may not be necessary for clinical-
scale production of cells. Instead, “HSC-enriched” frac-
tions would be useful because of the possible positive
feedback by the other less primitive cells in the culture.
Thus, the effective ex vivo expansion of HSCs or hema-
topoietic progenitor cells may require inclusion of pre-
cise feedback regulation (i.e., autocrine and paracrine),
since the hematopoietic system is a highly complicated
system requiring maintenance of a highly ordered hierar-
chy. Further investigation should develop more promis-
ing methods which will substantially enhance generation
of HSCs with high efficiency for clinical application.

ACKNOWLEDGMENTS

The authors really appreciate Kimberlee Burckart (De-
partment of Biochemistry and Molecular Biology, The
University of Texas Medical Branch) for editing the
manuscript.

REFERENCES

1 TILL JE, McCULLOCH EA. A direct measurement of
the radiation sensitivity of normal mouse bone marrow
cells. Radiat Res 1961; 14: 213-222 [PMID: 13776896 DOI:
10.2307/3570892]

2 Spangrude GJ, Heimfeld S, Weissman IL. Purification
and characterization of mouse hematopoietic stem cells.
Science 1988; 241: 58-62 [PMID: 2898810 DOI: 10.1126/sci-
ence.2898810]

3 Siena S, Bregni M, Brando B, Ravagnani F, Bonadonna G,
Gianni AM. Circulation of CD34+ hematopoietic stem cells
in the peripheral blood of high-dose cyclophosphamide-
treated patients: enhancement by intravenous recombinant
human granulocyte-macrophage colony-stimulating factor.
Blood 1989; 74: 1905-1914 [PMID: 2478216]

4 Berardi AC, Wang A, Levine JD, Lopez P, Scadden DT.
Functional isolation and characterization of human hemato-
poietic stem cells. Science 1995; 267: 104-108 [PMID: 7528940
DOI: 10.1126/ science.7528940]

5 Nielsen LK. Bioreactors for hematopoietic cell culture.
Annu Rev Biomed Eng 1999; 1: 129-152 [PMID: 11701485 DOI:
10.1146/ annurev.bioeng.1.1.129]

May 6, 2014 | Volume 3 | Issue 2 |



10

11

12

13

14

15

16

17

18

19

20

Hai-Jiang W, Xin-Na D, Hui-Jun D. Expansion of hemato-
poietic stem/ progenitor cells. Am ] Hematol 2008; 83: 922-926
[PMID: 18839435 DOI: 10.1002/ ajh.21262]

Dahlberg A, Delaney C, Bernstein ID. Ex vivo expan-
sion of human hematopoietic stem and progenitor cells.
Blood 2011; 117: 6083-6090 [PMID: 21436068 DOI: 10.1182/
blood-2011-01-283606]

Matsunaga T, Sakamaki S, Kohgo Y, Ohi S, Hirayama Y, Ni-
itsu Y. Recombinant human granulocyte colony-stimulating
factor can mobilize sufficient amounts of peripheral blood
stem cells in healthy volunteers for allogeneic transplantation.
Bone Marrow Transplant 1993; 11: 103-108 [PMID: 7679596]
Neben S, Marcus K, Mauch P. Mobilization of hematopoietic
stem and progenitor cell subpopulations from the marrow to
the blood of mice following cyclophosphamide and/or gran-
ulocyte colony-stimulating factor. Blood 1993; 81: 1960-1967
[PMID: 7681707]

Bensinger WI, Clift RA, Anasetti C, Appelbaum FA, Demir-
er T, Rowley S, Sandmaier BM, Torok-Storb B, Storb R, Buck-
ner CD. Transplantation of allogeneic peripheral blood stem
cells mobilized by recombinant human granulocyte colony
stimulating factor. Stem Cells 1996; 14: 90-105 [PMID: 8820955
DOI: 10.1002/ stem.140090]

Harris DT, Schumacher M]J, Locascio J, Besencon FJ, Olson
GB, DeLuca D, Shenker L, Bard ], Boyse EA. Phenotypic
and functional immaturity of human umbilical cord blood T
lymphocytes. Proc Natl Acad Sci USA 1992; 89: 10006-10010
[PMID: 1438190 DOI: 10.1073/ pnas.89.21.10006]

Wagner JE, Kernan NA, Steinbuch M, Broxmeyer HE,
Gluckman E. Allogeneic sibling umbilical-cord-blood trans-
plantation in children with malignant and non-malignant
disease. Lancet 1995; 346: 214-219 [PMID: 7616801 DOI:
10.1016/50140-6736(95)91268-1]

Barker JN, Davies SM, DeFor T, Ramsay NK, Weisdorf D],
Wagner JE. Survival after transplantation of unrelated donor
umbilical cord blood is comparable to that of human leuko-
cyte antigen-matched unrelated donor bone marrow: results
of a matched-pair analysis. Blood 2001; 97: 2957-2961 [PMID:
11342417 DOI: 10.1182/blood.V97.10.2957]

Toren A, Einat M, Fabian I, Nagler A. Human umbilical cord
blood myeloid progenitor cells are relatively chemoresistant:
a potential model for autologous transplantations in HIV-
infected newborns. Am | Hematol 1997; 56: 161-167 [PMID:
9371528]

Notta F, Doulatov S, Laurenti E, Poeppl A, Jurisica I, Dick JE.
Isolation of single human hematopoietic stem cells capable
of long-term multilineage engraftment. Science 2011; 333:
218-221 [PMID: 21737740 DOI: 10.1126/ science.1201219]
Krause DS, Fackler MJ, Civin CI, May WS. CD34: structure,
biology, and clinical utility. Blood 1996; 87: 1-13 [PMID:
8547630]

Asahara T, Murohara T, Sullivan A, Silver M, van der Zee
R, Li T, Witzenbichler B, Schatteman G, Isner JM. Isolation
of putative progenitor endothelial cells for angiogenesis. Sci-
ence 1997; 275: 964-966 [DOI: 10.1126/ science.275.5302.964]
Sakabe H, Yahata N, Kimura T, Zeng ZZ, Minamiguchi H,
Kaneko H, Mori KJ, Ohyashiki K, Ohyashiki JH, Toyama
K, Abe T, Sonoda Y. Human cord blood-derived primitive
progenitors are enriched in CD34+c-kit- cells: correlation
between long-term culture-initiating cells and telomerase
expression. Leukemia 1998; 12: 728-734 [PMID: 9593271 DOI:
10.1038/sj.1eu.2401001]

Ogawa M, Matsuzaki Y, Nishikawa S, Hayashi S, Kunisada T,
Sudo T, Kina T, Nakauchi H, Nishikawa S. Expression and
function of c-kit in hemopoietic progenitor cells. ] Exp Med
1991; 174: 63-71 [PMID: 1711568 DOI: 10.1084 /jem.174.1.63]
Briddell RA, Broudy VC, Bruno E, Brandt JE, Srour EF,
Hoffman R. Further phenotypic characterization and iso-
lation of human hematopoietic progenitor cells using a
monoclonal antibody to the c-kit receptor. Blood 1992; 79:

(49

TR
JBaishideng®

WJH | www.wjgnet.com

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Kita K et al. Ex vivo expansion of HSCs

3159-3167 [PMID: 1375842]

Yin AH, Miraglia S, Zanjani ED, Almeida-Porada G, Ogawa
M, Leary AG, Olweus ], Kearney J, Buck DW. AC133, a novel
marker for human hematopoietic stem and progenitor cells.
Blood 1997; 90: 5002-5012 [PMID: 9389720]

Miraglia S, Godfrey W, Yin AH, Atkins K, Warnke R,
Holden JT, Bray RA, Waller EK, Buck DW. A novel five-
transmembrane hematopoietic stem cell antigen: isolation,
characterization, and molecular cloning. Blood 1997; 90:
5013-5021 [PMID: 9389721]

Jones RJ, Collector MI, Barber JP, Vala MS, Fackler M], May
WS, Griffin CA, Hawkins AL, Zehnbauer BA, Hilton J, Col-
vin OM, Sharkis SJ. Characterization of mouse lymphohema-
topoietic stem cells lacking spleen colony-forming activity.
Blood 1996; 88: 487-491 [PMID: 8695796]

Osawa M, Hanada K, Hamada H, Nakauchi H. Long-term
lymphohematopoietic reconstitution by a single CD34-low/
negative hematopoietic stem cell. Science 1996; 273: 242-245
[PMID: 8662508 DOI: 10.1126/ science.273.5272.242]

Goodell MA, Rosenzweig M, Kim H, Marks DF, DeMaria M,
Paradis G, Grupp SA, Sieff CA, Mulligan RC, Johnson RP.
Dye efflux studies suggest that hematopoietic stem cells ex-
pressing low or undetectable levels of CD34 antigen exist in
multiple species. Nat Med 1997; 3: 1337-1345 [PMID: 9396603
DOI: 10.1038/nm1297-1337]

Donnelly DS, Krause DS. Hematopoietic stem cells can be
CD34+ or CD34-. Leuk Lymphoma 2001; 40: 221-234 [PMID:
11426544 DOI: 10.3109/10428190109057921]

Shizuru JA, Negrin RS, Weissman IL. Hematopoietic
stem and progenitor cells: clinical and preclinical regen-
eration of the hematolymphoid system. Annu Rev Med
2005; 56: 509-538 [PMID: 15660525 DOI: 10.1146/annurev.
med.54.101601.152334]

Garlanda C, Berthier R, Garin ], Stoppacciaro A, Ruco L,
Vittet D, Gulino D, Matteucci C, Mantovani A, Vecchi A,
Dejana E. Characterization of MEC 14.7, a new monoclonal
antibody recognizing mouse CD34: a useful reage for iden-
tifying and characterizing blood vessels and hematopoietic
precursors. Eur | Cell Biol 1997; 73: 368-377 [PMID: 9270880]
Brown J, Greaves MF, Molgaard HV. The gene encoding
the stem cell antigen, CD34, is conserved in mouse and
expressed in haemopoietic progenitor cell lines, brain, and
embryonic fibroblasts. Int Immunol 1991; 3: 175-184 [PMID:
1709048 DOI: 10.1093/intimm/3.2.175]

Chou S, Chu P, Hwang W, Lodish H. Expansion of human
cord blood hematopoietic stem cells for transplantation. Cell
Stem Cell 2010; 7: 427-428 [PMID: 20887947 DOI: 10.1016/
j.stem.2010.09.001]

Kastan MB, Schlaffer E, Russo JE, Colvin OM, Civin CI, Hil-
ton J. Direct demonstration of elevated aldehyde dehydroge-
nase in human hematopoietic progenitor cells. Blood 1990; 75:
1947-1950 [PMID: 2337669]

Storms RW, Trujillo AP, Springer JB, Shah L, Colvin OM,
Ludeman SM, Smith C. Isolation of primitive human hema-
topoietic progenitors on the basis of aldehyde dehydroge-
nase activity. Proc Natl Acad Sci U S A 1999; 96: 9118-9123
[PMID: 10430905 DOI: 10.1073/ pnas.96.16.9118]

McAlister I, Wolf NS, Pietrzyk ME, Rabinovitch PS, Priest-
ley G, Jaeger B. Transplantation of hematopoietic stem cells
obtained by a combined dye method fractionation of murine
bone marrow. Blood 1990; 75: 1240-1246 [PMID: 1968771]
Leemhuis T, Yoder MC, Grigsby S, Agiiero B, Eder P, Srour
EF. Isolation of primitive human bone marrow hematopoi-
etic progenitor cells using Hoechst 33342 and Rhodamine
123. Exp Hematol 1996; 24: 1215-1224 [PMID: 8765497
Bertoncello I, Williams B. Hematopoietic stem cell charac-
terization by Hoechst 33342 and rhodamine 123 staining.
Methods Mol Biol 2004; 263: 181-200 [PMID: 14976367]

Rossi L, Challen GA, Sirin O, Lin KK, Goodell MA. Hemato-
poietic stem cell characterization and isolation. Methods Mol

May 6, 2014 | Volume 3 | Issue 2 |



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Kita K et al. Ex vivo expansion of HSCs

Biol 2011; 750: 47-59 [PMID: 21618082 DOI: 10.1007/978-1-61
779-145-1_3]

Pearce DJ, Bonnet D. The combined use of Hoechst efflux
ability and aldehyde dehydrogenase activity to identify
murine and human hematopoietic stem cells. Exp Hema-
tol 2007; 35: 1437-1446 [PMID: 17656008 DOI: 10.1016/
j-exphem.2007.06.002]

Park CH, Kimler BF, Smith TK. Comparison of the supravi-
tal DNA dyes Hoechst 33342 and DAPI for flow cytometry
and clonogenicity studies of human leukemic marrow cells.
Exp Hematol 1985; 13: 1039-1043 [PMID: 4054243]

Chen AY, Yu C, Bodley A, Peng LF, Liu LF. A new mamma-
lian DNA topoisomerase I poison Hoechst 33342: cytotoxic-
ity and drug resistance in human cell cultures. Cancer Res
1993; 53: 1332-1337 [PMID: 8383008]

Briddell RA, Kern BP, Zilm KL, Stoney GB, McNiece IK.
Purification of CD34+ cells is essential for optimal ex vivo
expansion of umbilical cord blood cells. ] Hematother 1997; 6:
145-150 [PMID: 9131444]

Zhang J, Niu C, Ye L, Huang H, He X, Tong WG, Ross ],
Haug ], Johnson T, Feng JQ, Harris S, Wiedemann LM,
Mishina Y, Li L. Identification of the haematopoietic stem
cell niche and control of the niche size. Nature 2003; 425:
836-841 [PMID: 14574412 DOI: 10.1038 / nature02041]
Fernandez MN, Regidor C, Cabrera R, Garcia-Marco JA,
Forés R, Sanjuan I, Gayoso ], Gil S, Ruiz E, Little AM, Mc-
Whinnie A, Madrigal A. Unrelated umbilical cord blood
transplants in adults: Early recovery of neutrophils by sup-
portive co-transplantation of a low number of highly puri-
fied peripheral blood CD34+ cells from an HLA-haploiden-
tical donor. Exp Hematol 2003; 31: 535-544 [PMID: 12829030
DOI: 10.1016/S0301-472X(03)00067-5]

Csaszar E, Kirouac DC, Yu M, Wang W, Qiao W, Cooke MP,
Boitano AE, Ito C, Zandstra PW. Rapid expansion of human
hematopoietic stem cells by automated control of inhibitory
feedback signaling. Cell Stem Cell 2012; 10: 218-229 [PMID:
22305571]

McKenna HJ, de Vries P, Brasel K, Lyman SD, Williams
DE. Effect of flt3 ligand on the ex vivo expansion of hu-
man CD34+ hematopoietic progenitor cells. Blood 1995; 86:
3413-3420 [PMID: 7579445]

Conneally E, Cashman ], Petzer A, Eaves C. Expansion in
vitro of transplantable human cord blood stem cells demon-
strated using a quantitative assay of their lympho-myeloid
repopulating activity in nonobese diabetic-scid/scid mice.
Proc Natl Acad Sci U S A 1997; 94: 9836-9841 [PMID: 9275212
DOI: 10.1073/ pnas.94.18.9836]

Gabutti V, Timeus F, Ramenghi U, Crescenzio N, Marranca
D, Miniero R, Cornaglia G, Bagnara GP. Expansion of cord
blood progenitors and use for hemopoietic reconstitution.
Stem Cells 1993; 11 Suppl 2: 105-112 [PMID: 7691315 DOI:
10.1002/stem.5530110818]

Abboud MR, Xu F, Payne A, Laver J. Effects of recombinant
human Steel factor (c-kit ligand) on early cord blood hema-
topoietic precursors. Exp Hematol 1994; 22: 388-392 [PMID:
7512047]

Kyoizumi S, Murray L], Namikawa R. Preclinical analysis
of cytokine therapy in the SCID-hu mouse. Blood 1993; 81:
1479-1488 [PMID: 7680919]

Rossmanith T, Schroder B, Bug G, Miiller P, Klenner T,
Knaus R, Hoelzer D, Ottmann OG. Interleukin 3 improves
the ex vivo expansion of primitive human cord blood pro-
genitor cells and maintains the engraftment potential of
scid repopulating cells. Stem Cells 2001; 19: 313-320 [PMID:
11463951 DOI: 10.1634/ stemcells.19-4-313]

Bryder D, Jacobsen SE. Interleukin-3 supports expansion of
long-term multilineage repopulating activity after multiple
stem cell divisions in vitro. Blood 2000; 96: 1748-1755 [PMID:
10961873]

Tajima S, Tsuji K, Ebihara Y, Sui X, Tanaka R, Muraoka K,

(49

TR
JBaishideng®

WJH | www.wjgnet.com

52

53

54

55

56

57

58

59

60

61

62

63

64

Yoshida M, Yamada K, Yasukawa K, Taga T, Kishimoto T,
Nakahata T. Analysis of interleukin 6 receptor and gp130
expressions and proliferative capability of human CD34+
cells. ] Exp Med 1996; 184: 1357-1364 [PMID: 8879208 DOI:
10.1084/jem.184.4.1357]

Schipper LF, Brand A, Reniers NC, Melief CJ, Willemze R,
Fibbe WE. Effects of thrombopoietin on the proliferation and
differentiation of primitive and mature haemopoietic pro-
genitor cells in cord blood. Br | Haematol 1998; 101: 425-435
[PMID: 9633882 DOI: 10.1046/1.1365-2141.1998.00737.x]
Ohmizono Y, Sakabe H, Kimura T, Tanimukai S, Matsumu-
ra T, Miyazaki H, Lyman SD, Sonoda Y. Thrombopoietin
augments ex vivo expansion of human cord blood-derived
hematopoietic progenitors in combination with stem cell fac-
tor and flIt3 ligand. Leukemia 1997; 11: 524-530 [DOI: 10.1038/
sj.leu.2400588]

Piacibello W, Sanavio F, Garetto L, Severino A, Dane A,
Gammaitoni L, Aglietta M. The role of c-Mpl ligands in
the expansion of cord blood hematopoietic progenitors.
Stem Cells 1998; 16 Suppl 2: 243-248 [PMID: 11012196 DOIL:
10.1002/ stem.5530160727]

Lyman SD, James L, Vanden Bos T, de Vries P, Brasel K,
Gliniak B, Hollingsworth LT, Picha KS, McKenna HJ, Splett
RR. Molecular cloning of a ligand for the flt3/flk-2 tyrosine
kinase receptor: a proliferative factor for primitive hemato-
poietic cells. Cell 1993; 75: 1157-1167 [PMID: 7505204 DOI:
10.1016/0092-8674(93)90325-K]

Shapiro F, Pytowski B, Rafii S, Witte L, Hicklin DJ, Yao TJ,
Moore MA. The effects of Flk-2/f1t3 ligand as compared
with c-kit ligand on short-term and long-term proliferation
of CD34+ hematopoietic progenitors elicited from human
fetal liver, umbilical cord blood, bone marrow, and mobi-
lized peripheral blood. | Hematother 1996; 5: 655-662 [PMID:
9117254 DOI: 10.1089/scd.1.1996.5.655]

Spivak JL, Smith RR, Ihle JN. Interleukin 3 promotes the in
vitro proliferation of murine pluripotent hematopoietic stem
cells. | Clin Invest 1985; 76: 1613-1621 [PMID: 3932469 DOI:
10.1172/]CI112145]

Yonemura Y, Ku H, Hirayama F, Souza LM, Ogawa M. In-
terleukin 3 or interleukin 1 abrogates the reconstituting abil-
ity of hematopoietic stem cells. Proc Natl Acad Sci USA 1996;
93: 4040-4044 [PMID: 8633013 DOI: 10.1073/pnas.93.9.4040]
Namen AE, Lupton S, Hjerrild K, Wignall J, Mochizuki
DY, Schmierer A, Mosley B, March CJ, Urdal D, Gillis S.
Stimulation of B-cell progenitors by cloned murine inter-
leukin-7. Nature 1988; 333: 571-573 [PMID: 3259677 DOI:
10.1038/333571a0]

Jacobsen FW, Veiby OP, Skjensberg C, Jacobsen SE. Novel
role of interleukin 7 in myelopoiesis: stimulation of primitive
murine hematopoietic progenitor cells. | Exp Med 1993; 178:
1777-1782 [PMID: 7693856 DOI: 10.1084/jem.178.5.1777]
Paul SR, Bennett F, Calvetti JA, Kelleher K, Wood CR, O’
Hara RM, Leary AC, Sibley B, Clark SC, Williams DA. Mo-
lecular cloning of a cDNA encoding interleukin 11, a stromal
cell-derived lymphopoietic and hematopoietic cytokine. Proc
Natl Acad Sci USA 1990; 87: 7512-7516 [PMID: 2145578 DOI:
10.1073/pnas.87.19.7512]

Musashi M, Clark SC, Sudo T, Urdal DL, Ogawa M. Syner-
gistic interactions between interleukin-11 and interleukin-4
in support of proliferation of primitive hematopoietic pro-
genitors of mice. Blood 1991; 78: 1448-1451 [PMID: 1832057]
Ebihara Y, Tsuji K, Lyman SD, Sui X, Yoshida M, Muraoka K,
Yamada K, Tanaka R, Nakahata T. Synergistic action of Flt3
and gp130 signalings in human hematopoiesis. Blood 1997;
90: 4363-4368 [PMID: 9373247]

Sui X, Tsuji K, Tanaka R, Tajima S, Muraoka K, Ebihara Y,
Ikebuchi K, Yasukawa K, Taga T, Kishimoto T. gp130 and
c-Kit signalings synergize for ex vivo expansion of human
primitive hemopoietic progenitor cells. Proc Natl Acad Sci
USA 1995; 92: 2859-2863 [PMID: 7535932 DOI: 10.1073/

May 6, 2014 | Volume 3 | Issue 2 |



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

pnas.92.7.2859]

Majka M, Ratajczak J, Villaire G, Kubiczek K, Marquez LA,
Janowska-Wieczorek A, Ratajczak MZ. Thrombopoietin, but
not cytokines binding to gp130 protein-coupled receptors,
activates MAPKp42/44, AKT, and STAT proteins in normal
human CD34+ cells, megakaryocytes, and platelets. Exp He-
matol 2002; 30: 751-760 [PMID: 12135673 DOI: 10.1016/S0301-
472X(02)00810-X]

Matsui A, Sato T, Maekawa T, Asano S, Nakahata T, Tsuji
K. Glycoprotein 130 and c-kit signals synergistically induce
thrombopoietin production by hematopoietic cells. Int ] He-
matol 2000; 72: 455-462 [PMID: 11197211]

Peters SO, Kittler EL, Ramshaw HS, Quesenberry PJ]. Ex
vivo expansion of murine marrow cells with interleukin-3
(IL-3), IL-6, IL-11, and stem cell factor leads to impaired en-
graftment in irradiated hosts. Blood 1996; 87: 30-37 [PMID:
8547656]

de Haan G, Weersing E, Dontje B, van Os R, Bystrykh LV,
Vellenga E, Miller G. In vitro generation of long-term re-
populating hematopoietic stem cells by fibroblast growth
factor-1. Dev Cell 2003; 4: 241-251 [PMID: 12586067 DOI:
10.1016/51534-5807(03)00018-2]

Yeoh JS, van Os R, Weersing E, Ausema A, Dontje B, Vellen-
ga E, de Haan G. Fibroblast growth factor-1 and -2 preserve
long-term repopulating ability of hematopoietic stem cells
in serum-free cultures. Stem Cells 2006; 24: 1564-1572 [PMID:
16527900 DOI: 10.1634/ stemcells.2005-0439]

Ratajczak MZ, Ratajczak J, Skorska M, Marlicz W, Calabretta
B, Pletcher CH, Moore J, Gewirtz AM. Effect of basic (FGF-2)
and acidic (FGF-1) fibroblast growth factors on early hae-
mopoietic cell development. Br | Haematol 1996; 93: 772-782
[PMID: 8703802 DOI: 10.1046/j.1365-2141.1996.d01-1736.X]
Zhang CC, Kaba M, lizuka S, Huynh H, Lodish HF. An-
giopoietin-like 5 and IGFBP2 stimulate ex vivo expansion
of human cord blood hematopoietic stem cells as assayed
by NOD/SCID transplantation. Blood 2008; 111: 3415-3423
[PMID: 18202223 DOI: 10.1182/blood-2007-11-122119]
Walasek MA, van Os R, de Haan G. Hematopoietic stem cell
expansion: challenges and opportunities. Ann N 'Y Acad Sci
2012; 1266: 138-150 [PMID: 22901265]

Milner LA, Kopan R, Martin DI, Bernstein ID. A human
homologue of the Drosophila developmental gene, Notch,
is expressed in CD34+ hematopoietic precursors. Blood 1994;
83: 2057-2062 [PMID: 7512837]

Ohishi K, Varnum-Finney B, Bernstein ID. Delta-1 en-
hances marrow and thymus repopulating ability of human
CD34(+)CD38(-) cord blood cells. | Clin Invest 2002; 110:
1165-1174 [PMID: 12393852 DOI: 10.1172/]JCI1200216167]
Delaney C, Heimfeld S, Brashem-Stein C, Voorhies H, Man-
ger RL, Bernstein ID. Notch-mediated expansion of human
cord blood progenitor cells capable of rapid myeloid recon-
stitution. Nat Med 2010; 16: 232-236 [PMID: 20081862 DOI:
10.1038/nm.2080]

Delaney C, Varnum-Finney B, Aoyama K, Brashem-Stein
C, Bernstein ID. Dose-dependent effects of the Notch ligand
Deltal on ex vivo differentiation and in vivo marrow repop-
ulating ability of cord blood cells. Blood 2005; 106: 2693-2699
[PMID: 15976178 DOI: 10.1182/blood-2005-03-1131]

Butler JM, Nolan DJ, Vertes EL, Varnum-Finney B, Kobayas-
hi H, Hooper AT, Seandel M, Shido K, White IA, Kobayashi
M, Witte L, May C, Shawber C, Kimura Y, Kitajewski J,
Rosenwaks Z, Bernstein ID, Rafii S. Endothelial cells are
essential for the self-renewal and repopulation of Notch-
dependent hematopoietic stem cells. Cell Stem Cell 2010; 6:
251-264 [PMID: 20207228 DOI: 10.1016/j.stem.2010.02.001]
Krosl J, Austin P, Beslu N, Kroon E, Humphries RK, Sau-
vageau G. In vitro expansion of hematopoietic stem cells
by recombinant TAT-HOXB4 protein. Nat Med 2003; 9:
1428-1432 [PMID: 14578881 DOI: 10.1038/nm951]
Antonchuk J, Sauvageau G, Humphries RK. HOXB4 over-

(49

TR
JBaishideng®

WJH | www.wjgnet.com

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Kita K et al. Ex vivo expansion of HSCs

expression mediates very rapid stem cell regeneration
and competitive hematopoietic repopulation. Exp Hematol
2001; 29: 1125-1134 [PMID: 11532354 DOI: 10.1016/50301-
472X(01)00681-6]

Antonchuk J, Sauvageau G, Humphries RK. HOXB4-
induced expansion of adult hematopoietic stem cells ex
vivo. Cell 2002; 109: 39-45 [PMID: 11955445 DOI: 10.1016/
50092-8674(02)00697-9]

Zhang XB, Beard BC, Trobridge GD, Wood BL, Sale GE, Sud
R, Humphries RK, Kiem HP. High incidence of leukemia in
large animals after stem cell gene therapy with a HOXB4-
expressing retroviral vector. | Clin Invest 2008; 118: 1502-1510
[PMID: 18357342]

Verfaillie CM, McCarthy JB, McGlave PB. Differentiation of
primitive human multipotent hematopoietic progenitors into
single lineage clonogenic progenitors is accompanied by al-
terations in their interaction with fibronectin. | Exp Med 1991;
174: 693-703 [PMID: 1875168 DOI: 10.1084 /jem.174.3.693]
Teixidé J, Hemler ME, Greenberger JS, Anklesaria P. Role of
beta 1 and beta 2 integrins in the adhesion of human CD34hi
stem cells to bone marrow stroma. | Clin Invest 1992; 90:
358-367 [PMID: 1379610 DOI: 10.1172/]JCI115870]

Nolta JA, Smogorzewska EM, Kohn DB. Analysis of optimal
conditions for retroviral-mediated transduction of primitive
human hematopoietic cells. Blood 1995; 86: 101-110 [PMID:
7795215]

Williams DA, Rios M, Stephens C, Patel VP. Fibronectin
and VLA-4 in haematopoietic stem cell-microenvironment
interactions. Nature 1991; 352: 438-441 [PMID: 1861722 DOI:
10.1038/352438a0]

Jiang XS, Chai C, Zhang Y, Zhuo RX, Mao HQ, Leong KW.
Surface-immobilization of adhesion peptides on substrate
for ex vivo expansion of cryopreserved umbilical cord
blood CD34+ cells. Biomaterials 2006; 27: 2723-2732 [PMID:
16376984 DOI: 10.1016/j.biomaterials.2005.12.001]

Boitano AE, Wang ], Romeo R, Bouchez LC, Parker AE, Sut-
ton SE, Walker JR, Flaveny CA, Perdew GH, Denison MS,
Schultz PG, Cooke MP. Aryl hydrocarbon receptor antago-
nists promote the expansion of human hematopoietic stem
cells. Science 2010; 329: 1345-1348 [PMID: 20688981 DOI:
10.1126/ science.1191536]

Peled T, Landau E, Mandel ], Glukhman E, Goudsmid NR,
Nagler A, Fibach E. Linear polyamine copper chelator tetra-
ethylenepentamine augments long-term ex vivo expansion
of cord blood-derived CD34+ cells and increases their en-
graftment potential in NOD/SCID mice. Exp Hematol 2004;
32: 547-555 [PMID: 15183895]

de Lima M, McMannis J, Gee A, Komanduri K, Couriel D,
Andersson BS, Hosing C, Khouri I, Jones R, Champlin R,
Karandish S, Sadeghi T, Peled T, Grynspan F, Daniely Y,
Nagler A, Shpall EJ. Transplantation of ex vivo expanded
cord blood cells using the copper chelator tetraethylene-
pentamine: a phase I/1I clinical trial. Bone Marrow Trans-
plant 2008; 41: 771-778 [PMID: 18209724 DOI: 10.1038/
sj.bmt.1705979]

Bradford GB, Williams B, Rossi R, Bertoncello I. Quiescence,
cycling, and turnover in the primitive hematopoietic stem
cell compartment. Exp Hematol 1997; 25: 445-453 [PMID:
9168066]

Cheshier SH, Morrison SJ, Liao X, Weissman IL. In vivo pro-
liferation and cell cycle kinetics of long-term self-renewing
hematopoietic stem cells. Proc Natl Acad Sci USA 1999; 96:
3120-3125 [PMID: 10077647 DOI: 10.1073/ pnas.96.6.3120]
Kiel MJ, He S, Ashkenazi R, Gentry SN, Teta M, Kushner
JA, Jackson TL, Morrison SJ. Haematopoietic stem cells do
not asymmetrically segregate chromosomes or retain BrdU.
Nature 2007; 449: 238-242 [PMID: 17728714 DOI: 10.1038/na-
ture06115]

Nygren JM, Bryder D. A novel assay to trace proliferation
history in vivo reveals that enhanced divisional kinetics ac-

May 6, 2014 | Volume 3 | Issue 2 |



94

95

96

Kita K et al. Ex vivo expansion of HSCs

company loss of hematopoietic stem cell self-renewal. PLoS
One 2008; 3: 3710 [PMID: 19002266 DOI: 10.1371/journal.
pone.0003710]

Foudi A, Hochedlinger K, Van Buren D, Schindler JW,
Jaenisch R, Carey V, Hock H. Analysis of histone 2B-GFP
retention reveals slowly cycling hematopoietic stem cells.
Nat Biotechnol 2009; 27: 84-90 [PMID: 19060879 DOI: 10.1038/
nbt.1517]

Cheng T, Rodrigues N, Shen H, Yang Y, Dombkowski D,
Sykes M, Scadden DT. Hematopoietic stem cell quiescence
maintained by p2lcipl/wafl. Science 2000; 287: 1804-1808
[PMID: 10710306 DOI: 10.1126/ science.287.5459.1804]
Zhang J, Grindley JC, Yin T, Jayasinghe S, He XC, Ross JT,
Haug JS, Rupp D, Porter-Westpfahl KS, Wiedemann LM,

(49

TR
JBaishideng®

WJH | www.wjgnet.com

28

97

98

Wu H, Li L. PTEN maintains haematopoietic stem cells and
acts in lineage choice and leukaemia prevention. Nature 2006;
441: 518-522 [PMID: 16633340 DOI: 10.1038/nature04747]
Miyamoto K, Araki KY, Naka K, Arai F, Takubo K, Yamaza-
ki S, Matsuoka S, Miyamoto T, Ito K, Ohmura M, Chen C,
Hosokawa K, Nakauchi H, Nakayama K, Nakayama KI,
Harada M, Motoyama N, Suda T, Hirao A. Foxo3a is essen-
tial for maintenance of the hematopoietic stem cell pool. Cell
Stem Cell 2007; 1: 101-112 [PMID: 18371339 DOI: 10.1016/
j.stem.2007.02.001]

Thorén LA, Liuba K, Bryder D, Nygren JM, Jensen CT, Qian
H, Antonchuk J, Jacobsen SE. Kit regulates maintenance
of quiescent hematopoietic stem cells. | Immunol 2008; 180:
2045-2053 [PMID: 18250409]

P- Reviewers: Buitenhuis M, Chang TM, Erceg S
S- Editor: Song XX L- Editor: A E- Editor: Wu HL

May 6, 2014 | Volume 3 | Issue 2 |



wJ

World Journal of
Hematology

Online Submissions: http:/ /www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.5315/wjh.v3.i2.29

World | Hematol 2014 May 6; 3(2): 29-43
ISSN 2218-6204 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

REVIEW

Anti-CD20 monoclonal antibodies and associated viral
hepatitis in hematological diseases

Shih-Hung Yang, Chiun Hsu, Ann-Lii Cheng, Sung-Hsin Kuo

Shih-Hung Yang, Graduate Institute of Clinical Medicine,
National Taiwan University College of Medicine, Taipei 100,
Taiwan

Shih-Hung Yang, Chiun Hsu, Ann-Lii Cheng, Sung-Hsin
Kuo, Department of Oncology, National Taiwan University
Hospital, Taipei 100, Taiwan

Shih-Hung Yang, Chiun Hsu, Ann-Lii Cheng, Sung-Hsin
Kuo, Cancer Research Center, National Taiwan University Col-
lege of Medicine, Taipei 100, Taiwan

Chiun Hsu, Ann-Lii Cheng, Sung-Hsin Kuo, Graduate Insti-
tute of Oncology, National Taiwan University College of Medi-
cine, Taipei 100, Taiwan

Ann-Lii Cheng, Department of Internal Medicine, National Tai-
wan University Hospital, Taipei 100, Taiwan

Author contributions: Yang SH conducted the literature re-
view and drafted the article; Hsu C and Cheng AL wrote the
manuscript; Kuo SH revised the content and approved the final
version for publication.

Supported by Research grants NSC 101-2321-B-002-032 and
NSC 101-2314-B-002-157-MY3 from the National Science
Council, Taiwan; NHRI-EX102-10239BI, and NHRI-EX102-
10239BI from the National Health Research Institutes, Taiwan;
and DOH100-TD-B-111-001 from the Department of Health,
Taiwan

Correspondence to: Sung-Hsin Kuo, MD, PhD, Depart-
ment of Oncology, National Taiwan University Hospital, No. 7,
Chung-Shan South Road, Taipei 100,

Taiwan. shkuo101@ntu.edu.tw

Telephone: +886-2-23123456 Fax: +886-2-23123456
Received: November 13,2013 Revised: January 27, 2014
Accepted: March 17, 2014

Published online: May 6, 2014

Abstract

Over the past decade, the administration of anti-CD20
monoclonal antibodies such as rituximab has dem-
onstrated various degrees of effectiveness and has
improved patients’ outcomes during the treatment of
autoimmune hematological disorders and hematological
malignancies. However, the depletion of B-cells, the dis-
tribution of T-cell populations, and the reconstruction of
host immunity resulting from the use of anti-CD20 mono-
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clonal antibodies potentially lead to severe viral infec-
tions, such as hepatitis B virus (HBV), hepatitis C virus
(HCV), parvovirus B19, and herpes viruses, in patients
who are undergoing immune therapy or immunoche-
motherapy. Of these infections, HBV- and HCV-related
hepatitis are a great concern in endemic areas because
of the high morbidity and mortality rates in untreated
patients. As a result, prophylaxis against HBV infection
is becoming a standard of care in these areas. Parvovi-
rus B19, a widespread pathogen that causes red blood
cell aplasia in immunocompromised hosts, also causes
hepatitis in healthy individuals. Recently, its association
with hepatitis was recognized in a patient treated with
rituximab. In addition, adenovirus, varicella-zoster virus,
hepatitis E virus, and rituximab itself have been linked
to the occurrence of hepatitis during or after rituximab
treatments. The epidemiologies and pathogeneses of
these etiologies remain unknown. Because of the in-
creasing use of anti-CD20 monoclonal antibodies for the
treatment of hematological malignancies or autoimmune
hematological disorders, it is imperative that physicians
understand and balance the risks of hepatotropic virus-
associated hepatitis against the benefits of using anti-
CD20 monoclonal antibodies.

© 2014 Baishideng Publishing Group Co., Limited. All
rights reserved.

Key words: CD20; Monoclonal antibody; Hepatitis;
Hepatitis B virus; Hepatitis C virus

Core tip: Anti-CD20 monoclonal antibodies are widely
used for the treatment of hematological malignancies and
autoimmune disorders. These agents produce prolonged
B-cell depletion and significant immune suppression. In
this review, we summarized the clinical use of anti-CD20
monoclonal antibodies and the reports of acute or chronic
hepatitis associated with the use of these agents. Most
of these hepatitis cases had viral etiologies. We discuss
the mechanisms of the hepatitis caused by these drugs.
These infections not only interrupted the immunotherapy
but are also associated with high mortality and morbidity.
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This review may prompt physicians to monitor patients’
liver function more closely and to provide adequate pro-
phylaxis while using these agents.

Yang SH, Hsu C, Cheng AL, Kuo SH. Anti-CD20 monoclonal
antibodies and associated viral hepatitis in hematological dis-
eases. World J Hematol 2014; 3(2): 29-43 Available from: URL:
http://www.wjgnet.com/2218-6204/full/v3/i2/29.htm DOI: http://
dx.doi.org/10.5315/wjh.v3.i2.29

INTRODUCTION

The nonglycosylated transmembrane phosphoprotein
CD20 is a differentiation marker of B cells that was
characterized over 30 years agom. CD20 is expressed
from early pre-B cells to mature B cells but not in plasma
cells”. The majority of B-cell lymphomas variably ex-
press the CD20 surface marker”. CD20 can form multi-
3 interact with B-cell receptors in lipid
rafts””, mediate calcium influx*", and regulate the cell
cycle and apoptosis” .

Because of the ubiquitous expression of CD20 in
normal and malignant B cells, CD20 is an excellent tar-
get molecule for the treatment of B cell-related diseases.
Rituximab, a genetically engineered chimeric mutrine/hu-
man monoclonal antibody (mAb)-targeting CD20, con-

tains murine light- and heavy-chain variable regions and
[12]

meric complexes

human constant regions™ ~. Rituximab is used to exert
cytotoxic effects on B cells by 3 mechanisms: antibody-
dependent cell-mediated cytotoxicity (ADCC), com-
plement-mediated lysis (CDC), and a direct apoptosis-
inducing effect on CD20" cells"*",

Based on a pivotal trial, rituximab was first approved
by the United States Food and Drug Administration in
1997 for relapsed or refractory follicular and low-grade
B-cell non-Hodgkin’s lymphoma (NHL)". New anti-
CD20 mAbs have been developed over the last few
years, and these mAbs have been classified into 2 groups
(type 1 and type II) according to their different activities
in inducing CDC, ADCC, apoptosis, and lipid raft redis-
tribution while binding to CD20"*'Y, Because anti-CD20
mAbs have optimized antibody structures and sometimes
conjugated radioisotopes, they are used and indicated for
the treatment of not only hematological malignancies
but also autoimmune diseases' . However, following the
widespread use of these agents, reports of infections
related to B-cell depletion began to appear increasingly.
Here, we discuss the clinical applications, the immuno-
compromising effects, and the association with hepatitis
of anti-CD20 mAbs.

APPLICATIONS OF ANTI-CD20 MABS IN
HEMATOLOGICAL DISEASES

Malignancies
Rituximab, the first mAb approved for the treatment
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of malignancies, was initially indicated for relapsed or
refractory indolent B-cell NHL!". In this pivotal trial,
the schedule consisted of 4 weekly doses of 375 mg/mz.
Neatly half of the 166 patients responded, with a project-
ed median time-to-progression of 13 mo. Infusion reac-
tions were the most frequently encountered acute adverse
event'?. The promising response and excellent tolerance
to rituximab in indolent B-cell NHL cases were further
demonstrated in clinical trials involving extended use and
retreatment’ . The excellent single-agent activity of
rituximab was demonstrated not only in relapsed or re-
fractory cases but also in newly diagnosed indolent B-cell
NHL cases. In a phase II trial of single-agent rituximab
for patients with low-grade NHL, the initial response rate
(RR) after 4 weekly doses of rituximab was 54%, and the
RR improved to 64% when rituximab retreatment was
administered””. Tn addition to rituximab monotherapy,
several studies have demonstrated that the combination
of rituximab and chemotherapeutic agents provided high
RRs and long time-to-progtession in relapsed, refractory,
or newly diagnosed indolent B-cell NHL cases™™. To
prolong disease control after the initial treatment, main-
tenance therapies after initial chemotherapy alone”" or
rituximab in addition to chemotherapy[21’27’28] have been
tested in relapsed, refractory, or newly diagnosed indo-
lent B-cell NHL cases. All of these studies demonstrated
considerable improvement in the response duration or
progression-free survival”"***, Moreover, the clinical
successes of rituximab were partially recapitulated in dif-
fuse large B-cell lymphoma (DLBCL)®. The benefits
of maintenance therapy were not observed after first-line
chemotherapy with or without rituximab or autologous
stem-cell transplantation used for treating cases of re-
lapsed DLBCLP*!. The difference may reflect the dis-
tinct nature of the indolent and aggressive B-cell NHLs.

Because of the clinical benefits demonstrated in
rituximab-based regimens, efforts have been made to
improve the efficacy of rituximab through the develop-
ment of new anti-CD20 mAbs or the conjugation of
radioisotopes (Table 1). Overall, the administration of
yttrium-90 ibritumomab tiuxetan or iodine-131 tositu-
momab radioimmunotherapy (RIT) has not consistently
yielded improved efficacy and survival in relapsed,
refractory, or newly diagnosed B-cell NHL cases™*,
However, the use of RIT, which offers the theoretical
benefits of radiotherapy, can be a viable option for pa-
tients who have not responded to prior rituximab treat-
ments or as an alternative or a supplemental method to
stem-cell transplantation. Second- and third-generation
humanized anti-CD20 mAbs were designed with im-
proved binding affinities for CD20 or the FcyRIla
receptor for enhanced CDC or ADCC. The efficacy of
these agents was also investigated with or without che-
motherapy in relapsed, refractory, or newly diagnosed
B-cell NHL cases™™™. Details regarding these anti-CD20
mAbs are summarized in Table 1.

Autoimmune hematological diseases
The essential mechanism of autoimmune diseases is the
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Antibody Structure Clinical applications Associated hepatitis Ref.
Rituximab IgG1, chimeric murine/hu-  B-cell NHL, RA, SLE, MS, AIHA, HBYV, HCV, parvovirus B19, [14,18-35,60-65,71,
man mAb TTP, ITP, acquired hemophilia, VZV, adenovirus, HEV, 73,74,78,85,89-93,102-111,
cryoglobulinemia drug-related? 140-147,172,174-179]
Y-90 ibritumomab tiuxetan ~ IgG1, mouse mAb, con- B-cell NHL HBV [36-38,112]
jugated with tiuxetan to
yttrium-90
1-131 tositumomab IgG2, mouse mAb, cova- B-cell NHL None [39-44]
lently bound to iodine-131
Ofatumumab IgG1, human mAb CLL, B-cell NHL, RA, MS, ATHA HBV or drug-related? [45-50,68,114-116]
Veltuzumab IgG1, humanized mAb B-cell NHL, ITP Drug-related? [51,69]
Ocrelizumab IgG1, humanized mAb B-cell NHL, RA, SLE, MS None [52]
Obinutuzumab IgG1, humanized mAb, CLL, B-cell NHL Drug-related? [53-57]
modified Fc
PRO131921 IgG1, humanized mAb, CLL, B-cell NHL None [58]
modified Fc
QOcaratuzumab IgG1, humanized mAb, B-cell NHL None [59]
modified Fc

mAb: Monoclonal antibody; NHL: Non-Hodgkin lymphoma; RA: Rheumatoid arthritis; SLE: Systemic lupus erythematosus; MS: Multiple sclerosis; AIHA:
Autoimmune hemolytic anemia; TTP: Thrombotic thrombocytopenic purpura; ITP: Immune thrombocytopenic purpura; DM: Diabetes mellitus; HBV:

Hepatitis B virus; HCV: Hepatitis C virus; VZV: Varicella-zoster virus; HEV: Hepatitis E virus; CLL: Chronic lymphocytic leukemia; None: No associated
hepatitis reported in hematological autoimmune disorders or malignancies at the time of review (excluding non-hematological diseases).

loss of self-tolerance, which enables the immune system
to evoke autoreactive humoral and cellular responses.
Elimination of B cells with rituximab is effective in the
treatment of autoimmune hematological diseases such
as autoimmune hemolytic anemia (ATHA), immune
thrombocytopenic purpura (ITP)"Y, acquired hemo-
philia™, thrombotic thrombocytopenic purpura (TTP)"”,
and cryoglobulinemiam’“]. B cells produce autoantibodies
and cytokines, act as antigen-presenting cells, promote
naive CD4 " T-cell differentiation, and affect dendritic cell
homeostasis™. However, the responses of these autoim-
mune diseases to the off-label use of rituximab varied
Widelyw. The varied results may be partially attributed to
the underlying heterogeneity in the etiologies and patho-
geneses of these diseases.

The data about the use of non-rituximab anti-CD20
mAbs for the treatment of autoimmune diseases are ex-
tremely limited. RIT may also be a valuable option, but
its use for the treatment of autoimmune hematological
diseases has not been reported. Ofatumumab, approved by
the US Food and Drug Administration for treating chronic
lymphocytic leukemia (CLL) refractory to fludarabine and
alemtuzumab, was demonstrated to be effective in CLL
complicated with ATHA®. In a phase I trial, veltuzumab
demonstrated a RR of 55% in relapsed I'TP cases, and long
durations of response were observed in some patientsm.
Second- and third-generation humanized anti-CD20 mAbs
are being developed for treating nonhematological autoim-
mune disorders, such as rheumatoid arthritis, systemic lupus
erythematosus (SLE), and multiple sclerosis.

HEPATITIS RELATED TO RITUXIMAB
AND OTHER ANTI-CD20 MABS

Immune system changes after anti-CD20 mAb treatments
In general, peripheral blood B cells are depleted rapidly
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and effectively after anti-CD20 mAb treatment. The
level of peripheral B cells remains extremely low and
recovers gradually until 6 to 12 mo after the last dose of
rituximab™ ™" The depletion or recovery of B cells
is not uniform among the various subsets and locations
of B cells and may also depend on the baseline B-cell
counts, the nature of the disease, and the dose, duration
and type of anti-CD20 mAbs used PO IAA065TLT
The recovery of B cells starts with the immature or
transitional B cells (CD38", CD24", CD10", CD27,
IgD+) followed by naive B cells (CD38", CD27, IgD+);
however, memory B cells (CD27", CD38’, IgD") may
remain considerably depleted for at least 2 years'” . The
pattern of B-cell repopulation is similar between autoim-
mune disease and B-cell NHL cases”™ . The effects of
B-cell depletion on plasma immunoglobulin levels and
blunted responses to immunization are individualized
and heterogeneous among the different diseases treated
with rituximab!'®!'*?H00 657010 Typically, the levels of
complements do not change substantially "™ but a ma-
jor increase of C4 levels in the serum was noted after
rituximab treatment in type II mixed cryoglobulinemia
cases’®. The levels, subsets, and functional status of T
cells and natural killer (NK) cells after rituximab treat-
ment are more complex because these factors depend on
the expression of CD20 on T and NK cells"™ and the
nature of the disease process[17’18’45’46’61’62’64’74’81’87]. Early
and persistent reduction of peripheral CD4"/CD40L"
T cells was observed after treatment of SLE with ritux-
imab™. The abnormalities of T-cell homeostasis can be
reversed after rituximab administration™ " accompa-
nied by increased CD4'CD25" regulatory T cells™****"
CD8'CD25" T cells™, or decreased autoreactive CD4"
T cells®. In 2 mouse model, B-cell depletion inhibited
CD4" but not CD8" T-cell activation and clonal expan-
sion in response to new exogenous antigens. Therefore,
adequate antigen-specific CD4 " T-cell responses still
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required the presence of B cells™. The limited data on
T cell, NK cell, complement, and immunoglobulin levels
following treatments with anti-CD20 mAbs other than
rituximab were highly similar compared with those with
tituximabP*'**). Because of the immunodeficiency in-
duced by anti-CD20 mAbs, hepatitis and other infections
have become a growing concern since the approval of
rituximab.

Hepatitis B virus
Acute hepatitis and even fulminant hepatic failure are a
well-documented threat in patients receiving chemother-
apy, particulatly in lymphoma cases™. In a prospective
study, 44% (34/78) of hepatitis B virus (HBV; hepatitis B
surface antigen, HBsAg") carriers developed some form
of hepatitis. Of these cases, 44% (15/34) were attributed
to HBV reactivation™; 6 of these 15 were patients with
lymphoma, and all of them had been treated with adria-
mycin, cyclophosphamide, vincristine, and prednisolone,
also known as the CHOP regimenlggj. In addition, 4 of
these 6 patients with lymphoma wete seropositive for
hepatitis B e antigen (HBeAg) at baseline and developed
HBV reactivation sooner than the HBeAg-negative cat-
tiers™. In addition to those observations in lymphoma
cases, HBV reactivation has been frequently reported
in other hematological malignancies[()”]. Corticosteroids,
which are immunosuppressive agents frequently used in
hematological malignancies and autoimmune diseases,
may increase the risk of liver injury in HBV carriers”™".
Steroid-sparing regimens can be used to reduce the risk
of HBV reactivation”. Additionally, adriamycin, a com-
ponent of the CHOP regimen, can stimulate the replica-
tion of HBV". Because the use of anti-CD20 mAb is
common, designing a treatment plan that prevents the
risk of HBV reactivation may be more complex than ad-
ministrating chemotherapy for hematological malignan-
cies or immunosuppressants for autoimmune diseases.
The natural history of HBV infection depends on
the interaction of the host immunity, hepatocytes, and
viral replication. Chronic HBV infections acquired eatly
in life have 3 phases: the immune tolerance phase, the
immune active phase, and the low-replication phasel%[)q.
Some inactive HBV carriers (HBeAg seroconversion)
can unexpectedly reenter the immune clearance phase
and experience HBV reactivation with elevated HBV
DNA and/or HBeAg reversion””. The incidence of
HBYV flares varies among studies and may depend on sex,
HBV genotype, age at HBeAg seroconversion, and HBV
DNA levels™™”". In adults, NK cells and type 1 interferon
responses induced by HBV infection were observed be-
fore HBV-specific CD4" and CD8" T-cell responsesl%].
In chronic HBV infections, HBV-specific CD8" T cells
presented HBV antigens regardless of the status of anti-
body to hepatitis B core antigen (anti-HBc)™. Both anti-
HBc" patients and inactive HBV cartiers exhibited strong
memory CD8" T-cell responsesw]. Howevet, the levels of
FoxP3", CD25%, and CD4" regulatory T cells that inhibit
HBcAg-specific responses were also higher in chronic
HBYV infection cases' .
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HBV replication within the liver and the subsequent
spread of virions into the circulation may occur in cancer
patients with immunosuppression induced by the diseases
or treatments. Hepatitis flares can develop eatly or late,
during immunosuppressive therapy or after its comple-
tion. The effects can range from asymptomatic elevation
of HBV DNA to fulminant hepatitis. HBV reactiva-
tion has been reported not only in patients undergoing
chemotherapy or steroid therapy but also in patients
undergoing rituximab treatment, regardless of their HBV
status’ ", In HBsAg+ carriers with B-cell NHIL, HBV
reactivation occutred in 80% (8/10) of patients without
prophylaxis[mﬂ. Significantly fewer cases of HBV reac-
tivation were consistently observed in HBsAg+ carriers
with prophylaxis“m]. In patients with resolved HBV (HB-
sAg /anti-HBc") and B-cell NHL, the rituximab-CHOP
regimen led to more cases of HBV reactivation (reverse
seroconversion or elevated HBV DNA) than the CHOP
regimen alone did (23.8% »s 0%)“02]. The incidence rates
of HBV reactivation and HBV hepatitis flare were re-
ported as 10.4 and 6.4 per person-year in this group of
patients, respectively[m(ﬂ. The timing of HBV reactivation
is closely associated with the lymphopenic state. The re-
construction of host immunity induced by rituximab and
the recovery of B- and T-lymphocytes after rituximab
may result in damage to HBV-infected hepatocytes by
cytotoxic T-lymphocytes”™ """ The impairment of
the immune system appears to be more severe in patients
treated with rituximab-CHOP than in those treated with
rituximab alone!”.

Rituximab treatments, with or without steroids, were
generally well-tolerated by patients with autoimmune
hematological disorders such as ATHA""™ TP ac-
quired hemophihalézj, TTP*, and cryoglobulinemiam’oij.
No HBV reactivation was reported, most likely because
of the exclusion of patients with positive HBV serology,
a limited number of cases, or lesser immunosuppression
in these autoimmune diseases compared with hemato-
logical malignancies. However, HBV reactivation is a
major threat in patients with autoimmune disorders who
are undergoing immunosuppressive therapy“wj; therefore,
concurrent antiviral treatments are often prescribed to
reduce the risk of reactivation!'".

Patients with chronic or resolved HBV receiving RIT
or anti-CD20 mAbs are subject to the same or an even
greater risk of HBV reactivation, and although these ef-
fects were not fully characterized in most prospective
trials”™ ) scattered cases have been reportedlm’mj, both
of which were successfully treated with lamivudine!'>""”,
The United States Food and Drug Administration an-
nounced that physicians should be alert to potential HBV
reactivation caused by ofatumumab!'¥, Liver toxicities
had been reported with ofatumumab with or without
chemotherapy in hematological malignancies. However,
the data on HBV reactivation in these cases were lack-
iﬂg[45,50,1]5,116j'

HBYV is endemic in the Asia-Pacific region with a
prevalence of more than 10% in Taiwan, southern China,
and certain areas of Southeast Asia'". In clinical prac-
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Figure 1 Anti-CD20 monoclonal antibodies and dynamic immunity in
hepatitis B virus infection. This illustration summarizes the dynamic changes
of hepatitis B virus (HBV) DNA and immune responses during HBV reactiva-
tion. Notably, the viral-specific T-cell immunity before and after the administra-
tion of anti-CD20 monoclonal antibody (mAb) depends on the carrier status,
that is, hepatitis B surface antigen (HBsAg)" carrier or resolved HBV (anti-
HBc'/HBsAg’, anti-HBs" or ) status. HBV prophylaxis should be considered to
maintain low level of HBV replication and prevent HBV-specific T-cell-mediated
liver damage. The prophylaxis should be maintained for at least 6 mo after anti-
CD20 mAb when HBV-specific T-cell immunity recovers.

tice, a greater than 10-fold increase above the baseline in
serum HBV DNA levels, an absolute increase of more
than 9 logi copies/ml, a reappearance of HBV DNA
in HBsAg, or a new onset of HBV DNA viremia in HB-
sAg-negative patients can be considered as an indication
of HBV reactivation. In addition, an hepatitis flare is
considered if the serum alanine transaminase (ALT) lev-
el is 3 times greater than the normal upper limit, or if an
ALT level of more than 100 IU/L with a concomitantly
increased HBV DNA level of more than 10 times the
typical level is detected®™""”. In high-risk endemic areas,
HBYV screening must be considered before implementing
anti-CD20 mAb treatment”"*. In a cost-effectiveness
study, screening for HBsAg in all patients about to re-
ceive rituximab-CHOP treatment considerably reduced
the rate of HBV reactivation and cost the least'”". The
recommended tests for screening include HBsAg, anti-
HBc, and anti-HBs (according to the CDC)"™, HBsAg
and anti-HBc (AASLD and EASL)"*"'*! and HBsAg
with or without anti-HBc (ASCO)"*. A more complex
algorithm for screening in different at-risk populations
was proposed" . Currently, oral agents approved for
HBYV treatment include lamivudine, adefovir, telbivudine,
tenofovir, and entecavir. Based on research findings, the
optimal start time and duration of HBV prophylaxis has
not yet been determined""”"*; however, initiating short-
term antiviral therapy before starting anti-CD20 mAb
treatment appears to be beneficial and safe. In a ran-
domized trial involving HBsAg" patients with NHL, the
prophylactic use of lamivudine reduced considerably the
occurrence of HBV reactivation and hepatitis flares'”.
In a meta-analysis, all-cause mortality, HBV reactivation,
HBV-related mortality, and interruption of anti-CD20
mAb therapy were considerably reduced with lamivudine
prophylaxis'*”, One major problem of lamivudine, telbi-
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vudine, and adefovir is that drug resistance and hepatitis
flates increase with continuous use!”'*”; therefore, the
use of entecavir and tenofovir was suggested for longer
duration of prophylaxisms]. In addition to HBsAg" pa-
tients, HBV prophylaxis must be considered in patients
with resolved HBV because the risk of reactivation re-
mains (Figure DI In a recent retrospective study of
HBYV reactivation by the Asia Lymphoma Study Group,
the authors showed that patients receiving entecavir pro-
phylaxis had a lesser incidence of HBV reactivation than
those with lamivudine. Prospective studies to validate
these findings are warranted.

Hepatitis C virus

The epidemiology of hepatitis C virus (HCV) differs
from that of HBV, particularly because of the existence
of a wide variation of HCV genotypes worldwide!",
The most common types in Taiwan, China, Japan, and
Korea are genotypes 1b and 2; by contrast, more diver-
sity exists in North America and Europem”. The natural
history of HCV infection consists of ramp-up and pla-
teau phases in acute infections and various spontaneous
clearances in chronic phases depending on several viral
and host factors, including HCV genotypes, host im-
munity, and the genetic polymorphism of IFNL3 (IL-
28B)"™". The treatment of chronic HCV consists primat-
ily of interferon-a, ribavirin, and protease inhibitors that
are accompanied by major toxicities'""

During acute infections, HCV-specific T cells activat-
ed by CD8" and CD4" are generated readily against mul-
tiple epitopes within 10 wk™. In patients with chronic
infections and persistent viremia, HCV-specific CD8" T
cells are rarer and responsive to fewer epitopes than in
those without viremia, where even HCV-specific CD8" T
cell responses are mounted™. In addition, CD8" T cells
are exhausted in chronic HCV with increased expression
of programmed death-1 and cytotoxic T-lymphocyte-
associated antigen—4[m]. HCV-specific CD8" T cells are
suppressed by increased CD25" and CD4" regulatory T
cells™™. In addition to evading CD8" T-cell responses,
HCV also evades CD4" T-cell responses and humoral
immunity with escape mutants because of its error-
prone RNA polymerase!™ """,

HCV itself is highly associated with the development
of lymphoproliferative disorders, particularly with B-cell
NHL with or without mixed cryoglobulinemia'**"".
HCV-related fulminant hepatitis occurring after che-
motherapy with or without corticosteroids was rare in
patients with lymphoma**"*!l. Liver dysfunction after
chemotherapy was less common in HCV than in HBV
patients (18.2% »s 75.0%) with hematological malignan-
cies"™. The incidence of HCV-associated liver dysfunc-
tion appeared to be higher in rituximab-containing regi-
mens" 7™, In addition, increased HCV RNA levels were
common during or after rituximab-based chemotherapy
and were followed by hepatitis flares and decreased HCV
RNA levels in various intervals"*'*. In contrast to
persistent B-cell depletion for several months after ritux-
imab treatments, the HCV viral load and the number of
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regulatory T' cells were elevated initially, then decreased,
indicating that B-cell depletion and HCV-specific T-cell
responses participate in the mechanism of HCV reac-
tivation in patients treated with rituximab-based regi-
mens ™" Although the elevation of HCV RNA load
was not the major problem for lymphoma patients treat-
ed with standard courses of immunochemotherapy, the
persistent elevation of HCV RNA load and subsequent
liver cirrhosis can occur in follicular lymphoma patients

[147] HOW-

treated with rituximab-maintenance therapy
ever, these studies evaluated HCV reactivation during
and after rituximab regimens according to different cri-
teria. The HCV RNA levels may increase up to 10 times
above the baseline in chronic HCV infections'*. In a
retrospective study involving cancer patients, the acute
exacerbation of chronic HCV was defined as a 3-fold or
greater increase in ALT levels without tumor infiltration
within the liver, without the use of hepatotoxic drugs or
blood transfusion, and no concomitant systemic infec-
tions™, Tn addition, an at least 1 logio IU/mL increase
in HCV RNA levels after treatment with immunosup-
pressive agents was considered for HCV reactivation .
The same criteria may apply for HCV reactivation in
anti-CD20 mAb treatments. A simple algorithm for
monitoring ALT and HCV RNA in patients undergoing
immunosuppressive therapy was proposed’ . Although
rituximab was also widely used in autoimmune hemato-
logical disorders such as HCV-related cryoglobulinemia,
HCV reactivation with hepatitis flares was rarel>>19,
No data were available for RIT and non-rituximab anti-
CD20 mAbs.

Traditionally, anti-HCV therapy is not considered in
patients receiving immunosuppressive agents because of
potential drug-drug interactions, the major side effects
of anti-HCV therapy, and the rarity of severe HCV-
related hepatitis flares. Currently, there is no consensus
regarding the optimal strategy for the treatment and pre-
vention of HCV reactivation in patients undergoing im-
munosuppressive therapy even though ribavirin with or
without interferon-a has been successfully administered

. . : . . 7 (154155
to patients with hematological mahgnancles[ 133,

Parvovirus B19

Parvovirus B19 infections are common infections that
spread through respiratory droplets or blood, and se-
ropositivity rates are increasing in people of all ages“sﬂ.
The disease spectrum can range from asymptomatic dis-
ease to hydrops fetalis, fifth disease, arthropathy, aplastic
anemia, autoimmune disorders, meningitis, encephalitis,
and even fulminant hepatitis“%’lsﬂ. This virus has a tro-
pism for erythroid progenitors in the blood, bone mar-
row, and fetal liver™. In healthy adults, acute infections
result in viremia within 2 wk, immediately followed by
virus-specific IgM and IgG responses and clearance of
the virus in the serum™”, Humoral immunity appears
to be critical for controlling this virus, and patients with
irnrnunodeﬁciency disorders can have chronic infec-
tions""™. Virus-specific CD8" T cell responses toward
multiple epitopes also develop soon after acute infec-
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tion, and these striking CD8" T-cell responses may have
long durations with continuous viremia®. In addition,
interferon-y-secreting, virus-specific CDG62L" and CD4"
T cells developed within 3 mo of acute infection".

Parvovirus B19 infection is a major problem in im-
1214 The seropositivity rate
was high in cancer patients receiving chemotherapymz’mﬂ,
and half of patients exhibited detectable viral DNA in
. Several studies have demonstrated that

acute parvovirus B19 infections are associated with fever,

munocompromised hosts

their serum!

arthralgia, hepatitis, myocarditis, pneumonia, pancytope-
[162-164] :

. Most importantly,

immunosuppressive therapies can impair humoral immu-

nia, and even graft dysfunction

nity, exposing patients to a high risk of parvovirus B19

. . 164,166
infection"**'*

. Several case studies have reported that
parvovirus B19 infection-related symptoms can develop
in B-cell NHL or immune thrombocytopenia patients
treated with rituximab-containing regimens or after be-
ing treated with rituximab-containing regimens“(ﬂ’ml.
The major parvovirus B19 infection-related symptom
was cytopenia in the erythroid lineage, but neutropenia
or thrombocytopenia without anemia occurred in some
patients. The onset was preceded by fever and skin erup-
tions in 2 patientsm91 1 Our group identified the first
case with acute hepatltls I Most patients developed the
clinical manifestations at least 2 mo after the initiation
of rituximab. The patients in 2 cases recovered without
treatment, and the others responded positively to intra-
venous immunoglobulin IVIG). However, the hepatitis
flare in our patient persisted for 7 mo and was paralleled
with cytopenia, which was correlated With the recovery
of B cells after rituximab treatment”. The effects of
other anti-CD20 mAbs on parvovirus B19 are unknown.
The diagnosis of parvovirus B19 reactivation or in-
fection is based on serology and viral DNA analyms[ 5
However, conducting virus-specific serology may be
(1641660 "y

pathogenesis of parvovirus B19-related hepatitis is

problematic in immunocompromised hosts

largely unknown, and either direct cytopathic or indirect
immunity-related mechanisms are possible. In addition,
the pathology images obtained during liver biopsies are
nonspecific. Although viral DNA or RNA can be de-
tected in hepatocytes, the clinical significance remains
to be defined"”
quence may be to exclude the other common hepato-
tropic viruses first, such as HBV or HCV, and then to
analyze serum serology and viral DNA if the tests for

| The most reasonable diagnostic se-

hepatotropic viruses are negative. Because liver biopsy is
invasive, it must be considered last. The most effective
treatment and prevention methods for parvovirus B19-
related hepatitis remain unknown; however, IVIG can be
used for treating severe cases because of the clinical suc-
cess achieved in using it in other parvovirus B19-related

diseases! 15616616171

Other causes

In addition to HBV, HCV, and parvovirus B19, critical
viral infections from cytomegalovirus, varicella-zoster vi-
rus (VZV), herpes simplex virus, echovirus, enterovirus,
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influenza A virus, or BKK/JC virus can occur in lympho-
ma patients treated with rituximab regimens“74]. Most
of them did not induce hepatitis. However, there ate re-
ports of 2 cases of hepatitis associated with adenovirus,
one case of hepatic necrosis associated with disseminat-
ed VZV, and one of chronic hepatitis E virus infection
that developed after rituximab treatment! """, These
pathogens are rarely connected to the use of rituximab,
and the underlying mechanisms of these pathogeneses
associated with hepatitis are less characterized. However,
the actual incidence rates of these uncommon viral in-
fections in lymphoma patients treated with rituximab
regimens may be underestimated. One patient with ITP
experienced drug-induced acute hepatitis, and the patho-
gen was not identified; however, the patient recovered
soon after rituximab treatment was stopped“m. There
were also scattered reports of anti-CD20 mAb-related
liver function abnormalities in patients with hematologi-
cal disorders. However, the etiology was most likely re-
lated to anti-CD20 mAb!***H>5 111

Future in vivo or in vitro studies

There are numerous reports of animal lymphoma
models to test the preclinical activity of anti-CDD20
mAbs"*"*. However, the safety data in liver toxicities
of these animal models are very limited"™ ™. In ad-
dition, no animal or in vitro models of viral hepatitis-
induced by anti-CD20 mAbs has been established. It
would be very difficult to establish the animal model
with viral hepatitis reactivated by anti-CD20 mAbs be-
cause most of previous studies used tumor xenografts
implanted into mice with severe combined immuno-
deficiency in their animal model. However, immune-
mediated liver damage is important for anti-CD20 mAb-
associated viral hepatitis. Most likely, this may work in
evaluating the precise mechanism of hepatitis caused by
the aforementioned viruses during and after anti-CD20
mAbs alone when using the immunocompetent animal
model.

CconCiusion

This review summarized the clinical use of anti-CD20
mADbs and reports of acute or chronic hepatitis associat-
ed with the use of these agents. Most data are from cases
where rituximab was used to treat hematological malig-
nancies. The majority of diseases studied were caused
by viral infections. These infections must be clinically
recognized soon after their occurrence because they not
only interrupt immunotherapy but are also associated
with high mortality and morbidity. Close monitoring of
HBV and HCV infections before and during anti-CD20
mAb treatment is highly recommended in endemic areas.
The prophylactic therapy for HBV has become standard
of care, but patient selection and the optimal regimen or
duration remain to be defined. Physicians must monitor
patients being treated with rituximab-based regimens for
the risks of hepatotropic viruses, including HBV, HCV,

(4 9

TR
JBaishideng®

WJH | www.wjgnet.com

35

Yang SH et a/. Anti-CD20 mAbs and viral hepatitis

parvovirus B19, and other viruses. Nevertheless, this re-
view has limitations. Some pathogens that rarely induce
hepatitis may not be reported in the literature; therefore,
the causal relation, epidemiology, and pathogenesis of
these pathogens are not the most accurate. Occasionally,
the causal association between hepatitis and rituximab
is difficult to confirm because of the concurrent use
of multiple immunosuppressants or hepatotoxic drugs.
The data on non-rituximab anti-CD20 mAbs are limited,
likely because most clinical trials employ strict case selec-
tion criteria and exclude patients with hepatitis. There-
fore, in vivo or in vitro studies are warranted to establish
the actual roles of these viruses in the pathogenesis of
hepatitis during and after anti-CD20 mAb treatments.
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Abstract INTRODUCTION

An 11-year-old boy with acute lymphocytic leukemia Disseminated fungal infection in acute leukemia patients
(ALL) contracted disseminated candidiasis during induc- is a serious complication, not only because it is difficult

tion therapy_/, which was compli_cated Witl_" rupture of a to manage and cure, but it also interferes with continua-
fungal cranial aneurysm. Ventricular drainage and coil

embolization of a residual aneurysm in combination
with intensive antifungal therapy rescued the patient.
Although clinical improvement was achieved, high fever
and elevated levels of C-reactive protein and p-D-glucan
continued for more than 10 mo. One year later, the ALL
relapsed during maintenance therapy with methotrex- ) e X ) e
ate and 6-mercaptopurine. After salvage chemotherapy, this patient is very useful and informative for physicians
the patient received unrelated bone marrow transplan- ~ in this field.

tation (BMT) in a non-complete remission condition and

survived. During subsequent chemotherapy and BMT, no

recurrence of the fungal infection was observed under CASE REPORT
the prophylactic anti-fungal therapy with micafungin. An 11-year-old boy with B-precursor acute lymphocytic

tion and completion of the standard treatment regimen
for leukemia, which consequently leads to an unfavorable
outcome. We experienced an acute lymphocytic leukemia
child who contracted a disseminated candidiasis with a
resultant rupture of intracranial fungal aneurysm during
the induction chemotherapy. Our clinical experience in

(4 9
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Figure 2 Three-dimensional reconstituted image of the intracranial aneu-
rysm (A) and computer tomography scan (B). A: Arrows indicate intracranial
aneurysm; B: Arrows indicate dilated ventricles and subdural hemorrhage.

leukemia (ALL) was admitted to our hospital. After
confirming a good response to preceding prednisolone,
TCCSG L09-16 (UMINO000003375) high risk (HR) in-
duction chemotherapy was started. Two weeks later, the
patient’s white blood cell count (WBC) fell below 100/uL
and fever was noted on day 19. Serum C-reactive protein
(CRP) level was 2.38 mg/dL. Intravenous antibiotic [ce-
fpirome sulfate (CPR)] was started on the same day. On
the 22™ d, the patient’s 3-D-glucan level was below 6.0
pg/mL. Panipenem/betamipron (PAPM/BP) was ad-
ministered instead of CPR, but changed to meropenem.
Micafungin (MCFG; 6 mg/kg per day) was added and
induction therapy was discontinued on the 29" d. The
values of B-D-glucan and CRP increased to 27.4 pg/mL
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and 10.52 mg/dL, respectively, on the same day. Granu-
locyte colony-stimulating factor was started on the 37"
day and liposomal amphotericin B (L-AMB; 6 mg/kg
per day) was administered instead of MCFG on the 40"
day. Whole-body computed tomography (CT) on the 40"
day revealed no diagnostic findings. WBC inctreased to
3500/uL (neutrophils > 90%) on the 44" d. MCFG was
re-started on the 48" d in addition to L-AMB. Although
a repeated blood culture was negative, serum Candida an-
tigen value was greater than 2 ng/mL on the 49" d. On
the 51" d, the patient began to complain of an intermit-
tent temporal headache. Whole-body CT on the 54" d
revealed multiple lesions in the liver (Figure 1) and flucy-
tosine (5-FC; 150 mg/kg per day) was added. On the 56"
day, the patient’s consciousness level suddenly dropped
and he experienced vomiting and incontinence. CT and
magnetic resonance imaging (MRI) (Figure 2) indicated
subarachnoid hemorrhage and drainage from both lateral
ventricles was petformed. The cerebrospinal fluid (CSF)
was bloody and negative for bacteria and fungi. On the
next day, brain angiography revealed an aneurysm with a
diameter of 7 mm on the right basilar artery and coil em-
bolization was successfully performed on the same day.

The patient’s condition was stabilized. His conscious-
ness level occasionally fluctuated according to increased
ventricular pressure, which rapidly improved on adjust-
ment of ventricular drainage.

Because induction therapy for ALL was discontin-
ued, maintenance therapy consisting of daily 6-mercap-
topurine and weekly methotrexate was started on the
76" d. High-grade fever and elevated CRP levels were
sustained, although the patient was clinically improving,
Unexpectedly, the plasma -D-glucan level gradually
increased to motre than 500 pg/mL. A CT scan on the
265" d revealed complete disappearance of multiple
lesions in the liver. Five months later, CRP and B-D-
glucan levels began to decrease slowly. 5-FC and L-AMB
were discontinued on the 265" d and 335" d, respec-
tively (Figure 3). On the 319" d, a ventricle-peritoneal
shunt was performed. Ten months later, WBC gradually
decreased with the progression of thrombocytopenia. A
bone marrow examination on the 356" d confirmed the
first relapse of ALL. Although the patient’s -D-glucan
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Figure 3 Clinical course of the patient. Initiation of prednisolone was designated as day 1. WBC: White blood cell; 5-FC:

C-reactive protein.

level was still above 50 pg/mlL., induction therapy based on
the BEM95 protocol was started. After being in remission,
he relapsed on the 680" d and on the 825" d. He received
unrelated bone marrow transplantation (BMT) during
non-remission status on the 839" d with a myeloablative
conditioning regimen consisting of total body irradiation
(TBL; 12 Gy), cyclophosphamide (60 mg/kg X 2) and
etoposide (60 mg/kg). Graft versus host disease prophy-
laxis consisted of tacrolimus and short term methotrex-
ate. Engraftment was on the 16" d and he became free
of red cell and platelet cell transfusion on the 15" and
37" d after BMT respectively. He has been in remission
for more than 3 mo after BMT. During the subsequent
chemotherapy/BMT and thereafter, no recurrence of
fungal infection was observed under the prophylactic
use of MCFG.

DISCUSSION

Fungal infections account for 4% to 9% of neutropenic
infections in patients with hematological malignancym.
Additionally, it has been reported that patients with ALL
are at the highest risk for invasive candidiasis during the
neutropenic period following induction chemotherapym.
Disseminated candidiasis is a rare, life-threatening extend-
ed form of Candida infection and its mortality exceeds
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5-flucytosine; MCFG: Micafungin; CRP:

10%-50%"", Fungal aneurysms of the intracranial circu-
lation are an extremely rare complication and clinically
differ from the more common bacterial “mycotic” aneu-
rysms, which are usually associated with infectious endo-
carditis™. Contrary to bacterial “mycotic” aneurysms,
fungal aneurysms usually affect the circle of Willis and
the proximal arterial tree, and surgical treatment is ex-
tremely difficult. Mortality related to fungal aneurysms
is extremely high and it exceeds 80%-90% when the an-
eurysms rupturew’gj. According to the literature, cases of
pediatric fungal aneurysm are very rare and most of them
are complicated in patients with chronic mucocutaneous
candidiasis, a rare primary immunodeﬁciencyp’m.

In our case, progression of disseminated candidiasis
occurred within 3 wk after chemotherapy, which seems
relatively fast. Once disseminated, a great deal of time is
needed to treat the fungal infection even when the neu-
trophil count recovers' . It is known that liver lesions
are not apparent under agranulocytic conditions because
of the lack of inflammation'. It may be possible that
an increase in neutrophils induces excessive inflamma-
tion, which sometimes results in tissue destruction. With
intensive anti-fungal chemotherapy and surgical and en-
dovascular treatment, our patient survived through the
early critical episode. However, the subsequent clinical
course of the patient was difficult and challenging. Once

May 6, 2014 | Volume 3 | Issue2 |



CRP and B-D-glucan levels decreased after surgery, the
CRP level increased again above 20 mg/dL and the B-D-
glucan level increased gradually. Additionally, high fever
continued for months.

In our case, clinical evidence of disseminated candi-
diasis was based on elevated B-D-glucan levels, the pres-
ence of serum Candida antigen and multiple liver lesions.
Repeated blood or CSF cultures could not detect Can-
dida spp. It has been reported that the positive predictive
value of blood cultutes for Candida is relatively low and
the typical findings of a CT scan are clinically valuable
for diagnosis with serological data”. Although histologi-
cal and microbiological evidence could not be obtained,
it is more likely that intracranial aneurysm was due to
disseminated candidiasis from the clinical point of view.
Guidelines for disseminated candidiasis recommend
fluconazole, amphotericin B, voriconazole or caspofun-
gin[14’15]. MCFG was recently reported to be as effective
as caspofunginm]. Because some strains of Candida, such
as C. glabrata and C. frusei, are resistant to fluconazole, we
selected a higher dose of MCFG for the first-line therapy.
Considering the severity of infection, we added 1.-AMB
to MCFG. Although elevated CRP and B-D-glucan lev-
els with high fever continued as shown in Figure 3, the
patient was clinically improving and we continued anti-
fungal therapy. It is well known that humans do not pro-
duce enzymes that metabolize f-D-glucan. There may be
2 possible explanations for why B-D-glucan was increas-
ing in the middle of the treatment course: one is that the
destruction of Cuandida was accelerated at that time and
another is that the Candida antigen was sequestered from
circulation and drained into systemic circulation at that
time. In light of the sustained high level of CRP and its
later decrease in parallel with 3-D-glucan, the former sce-
nario seems to be more likely.

Fortunately, our patient survived and received BMT
successfully with no recurrence of candidiasis or other
fungal infections under the prophylactic use of MCFG
thereafter. He has been in remission for more than 3 mo
after BMT, although we have to be careful how long the
patient remains in remission. With the recent advance of
anti-fungal drugs, disseminated candidiasis is still a chal-
lenging complication during the treatment of hemato-
logical malignancy and is difficult to manage. However,
intensive patient treatment has enabled us to accomplish
chemotherapy and BMT successfully even in a high-risk
patient with ALL"".

COMMENTS

Case characteristics

An 11-year-old boy with acute lymphocytic leukemia who suffered from chronic
disseminated candidiasis during remission induction chemotherapy.

Clinical diagnosis

Chronic disseminated candidiasis and fungal intracranial aneurysm and its rup-
ture.

Differential diagnosis

Bacterial infection and intracranial hemorrhage due to granulocytopenia and
thrombocytopenia

Laboratory diagnosis
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Increased B-D-glucan and candida antigen in the serum

Imaging diagnosis

Whole computed tomography scan revealed multiple masses in the liver. Angi-
ography disclosed intracranial aneurysm.

Treatment

Coiled embolization and long-term chemotherapy with combination of multiple
anti-fungal drugs

Experiences and lessons

This case report emphasizes the difficulties of management of fungal infection
during the chemotherapy of leukemia. Once it has occurred, not only control
of fungal infection but also the control of leukemia is disturbed. However, bone
marrow transplantation is not a contraindicated choice of therapy.

Peer review

This article is well described and some important messages emerge. This pa-
per will therefore be very useful for hematologists and infectiologists.
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Abstract

Recurrent acute lymphoblastic leukaemia (ALL) is a
common disease for pediatric oncologists and accounts
for more deaths from cancer in children than any other
malignancy. Although most patients achieve a second
remission, about 50% of relapsed ALL patients do not
respond to salvage therapy or suffer a second relapse
and most children with relapse die. Treatment must
be tailored after relapse of ALL, since outcome will
be influenced by well-established prognostic features,
including the timing and site of disease recurrence,
the disease immunophenotype, and early response
to retrieval therapy in terms of minimal residual dis-
ease (MRD). After reinduction chemotherapy, high risk
(HR) patients are clear candidates for allogeneic stem
cell transplantation (SCT) while standard risk patients
do better with conventional chemotherapy and local
therapy. Early MRD response assessment is currently
applied to identify those patients within the more het-
erogeneous intermediate risk group who should un-
dergo SCT as consolidation therapy. Recent evidence
suggests distinct biological mechanisms for early vs
late relapse and the recognition of the involvement
of certain treatment resistance related genes as well
cell cycle regulation and B-cell development genes at
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relapse, provides the opportunity to search for novel
target therapies.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Children; Relapse; Acute lymphoblastic leu-
kaemia

Core tip: Selected recent publications regarding the
current management of childhood relapsed acute
lymophoblastic leukemia have been reviewed. Con-
troversies, current lines of investigation and possible
future directions are discussed.

Fuster JL. Current approach to relapsed acute lymphoblastic
leukemia in children. World J Hematol 2014; 3(3): 49-70 Avail-
able from: URL: http://www.wjgnet.com/2218-6204/full/v3/
3/49.htm DOTI: http://dx.doi.org/10.5315/wjh.v3.i3.49

INTRODUCTION

Despite current cure rates above 75%M, relapse is the
most important obstacle in definite cure of children with
acute lymphoblastic leukaemia (ALL)". Depending on
certain risk factors, such as age at diagnosis, sex, ethnicity,
presenting white blood cell (WBC) count, hematopoietic
lineage of the disease, cytogenetic abnormalities, and early
response to primary therapy (Table 1), approximately
20% of children diagnosed with ALL will experience re-
lapse after current frontline therapyH’”J. In a retrospective
analysis of 9585 patients registered within 10 consecutive
Children’s Cancer Group (COG) studies, the relapsed co-
hort had a higher percentage of patients who fell in the age
range < 1 or = 10 years, as well as a higher proportion of
males, patients with initial WBC count > 100000/mlL, and
African American or Hispanic ethnicity. Slow eatly response
was also associated with a higher risk of relapse. By con-
trast, there was no significant difference in the distribution
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Table 1 Features at primary diagnosis of acute lymphoblastic leukaemia associated with an increased risk of relapse™

Clinical features

High-risk group stratification’

Age Infants <1 yr old
=10yr

WBC =50 x 10°/L

Sex Male

Ethnicity Blacks
Native American
Alaskan Native
Hispanic

CNS status CNS3

Response to therapy

Morphological response PPR
Induction failure’

MRD = 0.01% After induction (day 33)

After consolidation (day 78)

Biology
Immunophenotype T-cell

Early T-cell precursor
Genetic alterations BCR-ABL1

MLL translocation

Hypodiploidy (< 44 chromosomes)

TCF3-PBX1 (E2A-PBX1)
TCF3-HLF

iAMP21

BCR-ABL1-like ALL*
IKZF1 mutation or deletion

Accepted by some study groups
Yes
Yes if age <1yr
Yes
No
Accepted by some study groups
Accepted by some study groups
No
No

'Some features have prognostic importance but are not commonly used in risk stratification; *The National Cancer Institute (NCI)/Rome

risk criteria categorize as high risk patients all those patients with WBC = 50 x 10°/L and/or age = 10 yr; ’Induction failure: failure to

achieve morphological remission after 4 to 6 wk of induction therapy; “The BCR-ABL1-like or Ph-like ALL with a gene expression profile
similar to that of Ph + ALL. ALL: Acute lymphoblastic leukaemia; CNS: Central nervous system; CNS3: = 5 WBC/uL in cerebrospinal
fluid with blasts or cranial nerve palsy; MRD: Minimal residual disease; PPR: Poor prednisone response defined as = 1 x 10°/L leukemic

blasts in the peripheral blood after 1 wk prednisone prophase; WBC: White blood cell count.

of the immunophenotype (B-precursor or T-cell) between
the patients who relapsed 25 those who did not"®. Recur-
rent ALL is a relatively common disease for pediatric on-
cologists, and given the relatively high prevalence of newly
diagnosed ALL, relapsed ALL still has a higher incidence
than the new diagnoses of many of the most common
pediatric malighancies and represents one of the most com-
mon childhood cancer. The number of children with ALL
who experience treatment failure each year is similar to the
number of children with newly diagnosed acute myeloid
leukemia or rhabdomyosarcoma®'™. Moreover, relapsed
ALL accounts for more deaths from cancer in children
than any other malighancy and tepresents a major cause of
death among children'""”*, In the early 1980s, ALL relapse
was regarded as an almost incurable disease®™. Today, most
patients achieve a second remission. However, about 50%
of relapsed ALL patients do not respond to salvage therapy
or suffer a second relapse™****. For these patients, prog-
nosis is extremely poor with survival rates below 10%"".
Despite substantial second remission rates and a wide avail-
ability of haematopoietic stem cell transplantation (SCT),
most children with relapse die”.

After remission reinduction, recommendations for
continuation therapy include ongoing intensive chemo-
therapy with or without radiation therapy or SCT. As
in newly diagnosed patients, treatment must be tailored
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after relapse of ALL, since outcome will be influenced
by several risk factors. Decisions regarding optimal pos-
tremission therapy in relapsed ALL are frequently based
on well-established prognostic features, including the
timing and site of disease recurrence, the disease immu-
nophenotype, and, more recently, on evaluation of eatly
response in terms of minimal residual disease (MRD) at
the end of the reinduction phase™****, With conven-
tional approaches (intensive chemotherapy and/or SCT),
disease free survival (DFS) rates range approximately
from 20% to 50% depending on the study, time to end
point, and the patient population. Though slightly dif-
ferent variables were measured, results from different
study groups showed similar poor outcomes for patients
in second complete remission (CR2)"**"##**%3 "Thyg,
there is a relative lack of success in the induction of
durable second remissions using conventional chemo-
therapy combinations and the benefits of SCT »s aggres-
sive chemotherapy for different patient groups remain
unclear. Although the best treatment approach for re-
lapsed ALL remains uncertain, there is agreement that
when relapse occurs eatly, leukemia-free survival remains
dismal; most children still die despite aggressive chemo-
radiotherapy approaches, including transplantation, and
novel salvage regimens are needed"******, Relapsed
ALL represents the focus of considerable pediatric re-
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Table 2 Basic concepts of acute lymphoblastic leukemia relapse

Site of relapse Ref.
BM >25% blasts in the BM (M3 marrow) and/or Isolated BM No evidence of ALL in the CNS [21,24,26,28,
blasts cell in the PB or any other site 30,36,38]
Concurrent or combined = 5% blasts in the BM in combi- [22,24,26,28,
nation with EM ALL 30,38,39]
Isolated CNS = 5 cells/mm’ with leukemic blasts in a cytocentrifuge preparation of < 5% blasts in the BM, no blasts [24,25,28,

the cerebro-spinal fluid demonstrating leukemic blasts (cytomorpho- in the PB and absence of leuke- 30,36,38,39]
logical) without major blood contamination (< 20 erythrocytes/mm’)’ mic infiltrations elsewhere

OR clinical signs of CNS disease OR

a leukaemic mass found on cranial computed tomography or magnetic

resonance imaging

Isolated testicular® Leukemic infiltrations in the testis demonstrated by biopsy (both mi- < 5% blasts in the BM, no blasts [24]
croscopically and immunologically) in the PB and absence of leuke-
mic infiltrations elsewhere
Other extramedullary Leukemic infiltrations demonstrated by biopsy (both microscopically < 5% blasts in the BM, no blasts [24,38]
and immunologically) in the peripheral blood and ab-
sence of leukemic infiltrations
elsewhere
Length of first CR
COG classification [16,26,28,
29,36]
Early Within 36 mo from initial diagnoses Very early <18 mo from initial diagnoses
Intermediate  18-36 mo from initial diagnosis
Late = 36 mo from initial diagnosis
BEM classification
Early Occurring within 6 mo of the completion of frontline Very early Within 18 mo from diagnosis [42]
therapy
Late More than 6 mo after the completion of frontline thera-
Py
Response evaluation after relapse
CR? M1 marrow (< 5% blasts by bone marrow aspirate) in absence of clinical signs of disease with no evi- [19,22,25,
dence of circulating blasts or extramedullary disease and a recovered bone marrow* 28,30,38]
M2 marrow  presence of 5% to 25% blasts in the BM aspirate by conventional morphology [28]
M3 marrow  presence of > 25% blasts in the BM aspirate by conventional morphology [28]
CNS remission <5 WBC cells/mL regardless of cytologic evaluation [36]
Remission of testicular relapse Defined clinically by return to normal testicular size [36]
Reinduction failure Reinduction treatment not resulting in CR [19]
Refractory patients Surviving patients after reinduction failure [19]

Relapse after a new remission A pathologically confirmed M3 marrow (= 25% leukemic blasts) or the presence of leukemia in any other [19]
site (e.g., CNS, PB)

Treatment failure’ All cases of relapse and reinduction failure [19]
MRD response positive Identification of = 0.01% blasts (1/10000) in the BM using flow cytometry-based assays  [28]
negative < 0.01% blasts in the BM using flow cytometry-based assays [28]

'Some studies require the demonstration of the presence of leukemic cells in the CSF in two consecutive CSF samples taken with an interval of at least 24
h (van de Berg, PBC-2011; Barredo, JCO-2006); *In some studies, testicular relapse was diagnosed in case of uni- or bilateral painless enlargement of the
testicles (Reismiiller, BJH-2009; Saarinen-Pihkala, JCO-2006). In case of unilateral testicular relapse, excluding a subclinical involvement of the contralateral
testis is recommended (Einsiedel, JCO-2005); ’Second, third and subsequent remissions are designated as CR2, CR3 ... respectively; 4Recovery of the BM
is assumed in case that white blood cell (WBC) count is > 2.0 x 10°/L and platelet count > 50 x 10°/L (van de Berg, PBC-2011). Other studies considered
the recovery of peripheral counts if absolute neutrophil count is = 750-1000/ uL with platelet count = 75000-100000/uL) (Ko, JCO-2010, Raetz, JCO-2008,
Raetz, 2012). Some studies consider patients without platelet recovery but fulfilling the remaining criteria for CR as “CR without platelets” (Ko, JCO-2010,
Raetz, JCO-2008, Kolb, Leukemia-2003); *Treatment failures, development of a second malignant neoplasm, or death from any cause are generally consid-
ered events for disease-free survival (DFS) analysis (Ko, JCO-2010). ALL: Acute lymphoblastic leukaemia; BEFM: Berlin-Frankfurt-Miinster; BM: Bone mar-
row; CNS: Central nervous system; COG: Children Oncology Group; CR: Complete remission (complete response); EM: Extramedullary; MRD: Minimal
residual disease; PB: Peripheral blood.

search and alternative treatment options exploring dis- lapse. According to the site of relapse, patients are com-
tinct mechanisms of action are being pursued” . New monly classified as isolated marrow, concurrent marrow,
studies clearly need to address how to effectively treat isolated central nervous system (CNS), isolated testicular

relapsed patients and maintain durable remissions'

and other extramedullary relapses with or without CNS
involvement (Table 2)"".

Marrow relapse is generally defined as a bone mar-
BASIC CONCEPTS OF ALL RELAPSE row (BM) showing greater than 25% blasts (M3) by

Site of relapse and length of first remission are the ma- conventional morphology and/or blasts cells in the
jor criteria for the classification of patients after first re- peripheral blood”"*******%%¥ Tsolated BM (medullary)
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relapse is like marrow relapse but without evidence of
ALL in the CNS, testicles or any other site. Combined
BM relapse is defined as = 5% blasts in the BM in com-
bination with extramedullary ALLPP#2625303850 - A ceord-
ingly, isolated extramedullary relapses are those with a
clinically-overt extramedullary manifestation of leukemia
and less than 5% marrow infiltration”". Isolated CNS
relapse is defined as = 5 cells/ mm’ in a cytocentrifuge
preparation of the cerebro-spinal fluid demonstrat-
ing leukemic blasts (cytomorphological) without major
blood contamination (< 20 erythrocytes/mm’) or clini-
cal signs of CNS disease or a leukemic mass found on
cranial computed tomography or magnetic resonance
imaging, and < 5% blasts in the bone marrow, no blasts
in the peripheral blood and the absence of leukemic in-
filtrations elsewhere (Table 2)[22’25’28’30’36’38’39]. Some studies
require the demonstration of the presence of leukemic
cells in the cerebrospinal fluid (CSF) in two consecutive
CSF samples taken with an interval of at least 24 KP4,
Evidence suggests that submicroscopic involvement of
the BM with leukemia is a frequent finding in patients
with “apparently” isolated CNS relapse[m.

Isolated relapse elsewhere (testicle, skin, bone, orbita,
mediastinum, lymph nodes, and tonsils) can be defined
as leukemic infiltrations demonstrated by biopsy (both
microscopically and immunologically), with < 5% blasts
in the BM, no blasts in the peripheral blood and an ab-
sence of leukemic infiltrations elsewhere (Table 2)™. In
some studies, testicular relapse was diagnosed in case of
uni- or bilateral painless enlargement of the testicles™.
In the case of unilateral testicular relapse, it is recom-
mended to rule out a subclinical involvement of the
contralateral testis”".

Although a cut-off point between early and late re-
lapses is often made at 3-6 mo after treatment cessation,
the definitions for “early” »s “late” relapse differ slightly
among different study groups. The COG categorizes
relapses as “early” (recurrence occurring within 36 mo
after initial diagnoses) or “late” (occurring = 36 mo af-
ter initial diagnosis). Early relapses are further classified
as “very early”, if they occur < 18 mo, or “intermediate”,
if they occur 18-36 mo after initial diagnosis“6’26’28’29’36].
For the Berlin-Frankfurt-Minster (BFM) group, the
time-point of relapse is defined in relation to the date of
primary diagnosis and the date of completion of prima-
ry therapy (i.e., the end of the antileukemic therapy of
the frontline protocol). Although completion of primary
therapy often corresponds to the end of the mainte-
nance therapy, in a few patients, it may correspond to the
end of a short and intensive first line treatment, or to
the end of an inadequately short primary treatment. For
the BFM group, the end of frontline therapy is as much
or even more important than the duration of the first
remission. Therefore, those relapses occurring within 6
mo of the completion of frontline therapy are classified
as “early”, while “late” relapses are those occurring more
than 6 mo after the completion of frontline therapy. The
concept of “very early” relapse coincides with that of
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the COG classification (7.e., relapses occurring within 18
mo after diagnosis)m]. Thus, assuming that, for most pa-
tients, the duration of contemporary frontline treatment
is 24 mo, there is a six months gap between the COG
and the BFM criteria for the definition of late relapse so
that relapses occurring between 30 and 36 mo after ini-
tial diagnosis should be considered as “late” within BEM
trials, while COG trials should consider them as eatly
relapses.

Patients are considered to have achieved a complete
response (CR) if reinduction treatment results in an M1
marrow (< 5% blasts by BM aspirate) in the absence
of clinical signs of disease with no evidence of circu-
lating blasts or extramedullary disease and a recovered
BM (Table 2)!"***%* M2 and M3 marrow response
are defined as the presence of 5% to 25% and > 25%
blasts in the BM aspirate by conventional morphology,
respectivelylzsj. Recovery of the BM is assumed in cases
where the white blood cell (WBC) count is > 2.0 X
10°/L and platelet count > 50 X 10°/L.PY, Other studies
considered the recovery of peripheral counts if absolute
neutrophil count is = 750-1000/ pL with platelet count
= 75000-100000/ L), Some studies consider pa-
tients without platelet recovery but fulfilling the remain-
ing criteria for CR as “CR without platelets”llg’28’431. CNS
remission is commonly defined as < 5 WBC cells/mL
regardless of the cytologic evaluation and remission of
testicular relapse is defined clinically by a return to nor-
mal testicular size™. Reinduction treatment not resulting
in CR is generally termed reinduction failure and surviv-
ing patients are termed refractorymj. Regarding MRD
response, the identification of = 0.01% blasts (1/10000)
in the BM using flow cytometry-based assays is generally
assumed as MRD positive (negative < 0.01%)*. After a
new remission is achieved, relapse is defined as a patho-
logically confirmed M3 marrow (= 25% leukemic blasts)
or the presence of leukemia in any other site (e.g., CNS,
peripheral blood)"”. Relapses and reinduction failures
are collectively termed treatment failures within most
studies. Treatment failures, the development of a second
malignant neoplasm, or death from any cause are gener-

ally considered events for DFS analysis'"”.

CONTRIBUTING FACTORS FOR ALL RE-
LAPSE

Clinical

Age and WBC at primary diagnosis of ALL are the most
important clinical prognostic factors. Infants < 1 year
old and children = 10 years have the worse prognosis
(Table 1) Risk factors predicting CNS relapse after the
first CR include T-cell immunophenotype, hypetleuko-
cytosis, high-risk genetic abnormalities, and the presence
of leukemic cells in the CSF at the time of diagnosis[44].

Biological
Understanding the biological factors contributing to
relapse will probably contribute to identify new agents
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Table 3 Clinical and biological data of early vs late relapses

Clinical data Biological explanation Ref. Biological evidence Ref.
Early Patients failing to achieve CR2  Intrinsic drug resistance: the Yanget Genome-wide analysis of DNA CNAs Mullighan et al*®, 2008
relapse with the same agents used at malignant cells responsible  al*”, 2008 and LOH on matched diagnostic and

primary diagnosis usually do for relapse are present at relapse BM samples revealed that the

not respond to different drug diagnosis and are selected majority (94%) of relapse cases was

combinations for during treatment related to the presenting diagnostic

leukemic clone

Equivalent post-relapse survival The malignant cells respon- Freyer et Primary diagnosis and relapse clones

for patients undergoing different sible for relapse are present al”!, 2011 originates from a common ancestral

intensity regimens at primary  at diagnosis and mutate to a clone and acquire distinct CNAs before

diagnosis resistant phenotype through emerging as the predominant clone at

the acquisition of spontane- diagnosis or relapse
ous mutations

Decrease in CR rates after sub-  Acquisition of resistance- Ko et al, Adquisition of new genetic alterations Bhojwani et al**!, 2006

sequent relapses and treatment  conferring mutations 2010 at relapse, often involving cell prolifer- Yang et al'*”, 2008

attempts induced by initial treatment ation and B-cell development pathway Mullighan et al'**!, 2008

Hogan et al™ 2011

Late  The distribution of patients expe- Late relapse represents de ~ Nguyen Distinct patterns of gene expression in Bhojwani et al'**!, 2006
relapse riencing early and late relapses novo development of a etal™,  pairs of relapsed samples from patients

were highly skewed towards second leukaemia from a 2008 who relapse early from those relapsing

NCI HR in the former group and common premalignant clone
NCI standard risk in the latter

later

Pattern of NOTCH1 mutations and
genome-wide copy number showed a

Szczepanski et al™, 2011

common clonal origin between diag-
nosis and early relapse but not for late
relapses of T-cell ALL

Distinct pattern of deletions at the Zuna et al™, 2004
non-translocated TEL allele at primary

diagnosis and relapse of TEL-AMLI-

positive ALL

ALL: Acute lymphoblastic leukaemia; CAN: Copy number abnormalities; CR: Complete remission; CR2: Second complete remission; HR: High risk; LOH:

Loss-of-heterozygosity; NCI: National Cancer Institute.

able to increase the chances of a sustained second remis-
sion and cure. Studying the biology of these diseases at
diagnosis, in minimal residual disease states after selec-
tion by chemotherapy, and at relapse, provides a unique
opportunity to dissect pathways and identify potential
therapeutic strategies for relapsed childhood ALL and
may improve our understanding of how to use current
therapy as well as identifying new targets[16’37’45].

It has generally been assumed that relapse is the con-
sequence of the emergence of a drug-resistant leukemia
subclone which was already present at diagnosis and
that was selected during frontline therapy. During ini-
tial therapy, this minor population would exhibit only
moderate reduction relative to the bulk of the diagnostic
leukemic cells but would rapidly expand before clinical
relapsew. Although most relapsed patients achieve a
second CR2 with drug combinations involving the same
agents used at primary diagnosis, those patients who fail
to enter in remission are not likely to be salvaged using
different drug combinations, suggesting intrinsic drug
resistance!™. The equivalent post-relapse survival for
patients undergoing different intensity regimens as first
line therapy, suggests that the malignant cells responsible
for relapse are present at diagnosis and mutate to a re-
sistant phenotype through the acquisition of spontane-
ous mutations that are dependent on intrinsic genomic
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instability rather than treatment exposuresm]. Lesion
specific backtracking studies revealed that in most cases
the relapse clone existed as a minor sub-clone within
the diagnostic sample prior to the initiation of therapy
suggesting that the relapse clone was selected for during
treatment. In only a minority (6%) of ALL cases did the
relapse clone represent the emergence of a genetically
distinct and thus unrelated second leukemia™. These
findings indicate that the diagnosis and relapse clones
originated from a common ancestral clone and acquired
distinct copy number abnormalities (CNAs) before
emerging as the predominant clones at diagnosis or re-
lapse. In this model, relapse emerges from a drug-resist-
ant subclone present at initial diagnosis that is selected
during treatment regardless of the nature of the front-
line therapy delivered"”. This data support the hypoth-
esis that many relapses may be the result of the selection
of a relatively resistant clone already present at initial
diagnosis rather than the generation of a novel clone by
mutation'®"", Resistant leukemia subclones are probably
present at primary diagnosis in those patients destined
for early relapse. Early-relapse mechanisms appear to be
more homogeneous and are suggestive of the selection
of a resistant, more proliferative clone (Table 3" Al
ternatively, the acquisition of resistance-conferring mu-
tations induced by initial treatment might be responsible
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for the relative drug resistance noted at relapsem]. For
subsequent relapses and treatment attempts a significant
decrease in CR rates is expected“()l, which suggests the
emergence of new mechanisms of resistance. According
to this model, genomic studies carried out in samples
from children at diagnosis and relapse demonstrated the
acquisition of new genetic alterations at relapse, often
involving cell proliferation and B-cell development path-
—e

By contrast, late relapses may represent de novo de-
velopment of a second leukemia from a common pre-
malignant clone. Data regarding patients relapsing after
being primarily treated within 10 Children Cancer Group
(CCQG) trials showed how the distribution of patients ex-
periencing early, intermediate and late relapses were highly
skewed toward National Cancer Institute (NCI) HR pa-
tients in the former group and NCI SR in the latter group.
Although SR patients receive less intense therapy, these
data suggest that intrinsic differences in the biology of the
leukemic blasts ate correlated with different mechanisms
and the timing of relapsem. Distinct gene expression
profiles were revealed for pediatric relapsed ALL patients
at both early and late time points'™. The analysis of mic-
rosatellite markers showed that some very late relapses of
TEL/AMI 1+ positive leukemia most likely represent a
new event that occurs in a quiescent precursor leukemia
cell harboring an otherwise silent fusion gene that has
escaped eradication during initial therapy[sm. Moreovet,
analysis of deletions at the non-translocated TEL allele
study of relapsed TEL-AMI.7-positive ALL samples
showed that the relapsed clone was related but distinct
from the clone at initial diagnosis. This might explain
the clinical responsiveness of many cases of late or off-
treatment TEL/AMIL1+ ALL relapses[sﬂ. Paired samples
from patients experiencing early relapse are more similar
in expression patterns than paired samples from those re-
lapsing later™. Staal e ai™ using genome-wide expression
array on purified leukemic cells, found that genes involved
in a late or an early relapse identified clearly distinct path-
ways. Analyses of the TCR gene rearrangement status,
pattern of NOTCH7 mutations, and genome-wide copy
number showed a common clonal origin between diag-
nosis and eatly relapses of T-cell ALL but not for the few
cases of T-cell ALL late relapses, suggesting that these re-
currences should be considered as a second T-ALL rather
than a resurgence of the original clone®™. These findings
are suggestive of a model whereby late relapse is due to
the acquisition of diverse secondary events that might
occur in a distinct subpopulation such as a leukemic stem
cell™.

By comparing matched diagnosis and relapse sam-
ples, Bhojwani ez al* found that certain genes involved
in cell proliferation, protein biosynthesis, carbohydrate
metabolism, and DNA replication/repair were among
those highly expressed in relapsed »s newly diagnosed
blasts. By contrast, some of the genes down-regulated
at relapse compared with initial diagnosis included pro-
apoptotic genes, antiproliferative genes and a putative
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48]
tumor suppressor gCI’lC[ ]

Treatment resistance related genes, such as CDK-
N2A/B and MSH6, ETV6, and cell cycle regulation and
B-cell development (PAX5, EBF1, IKZFT) were shown
to emerge at relapse, providing the opportunity to search
for novel target therapies[37’45’48]. The discovery of these
new genetic alterations associated with high rates of re-
lapse (and shorter first remission), such as the rearrange-
ment of CRLF2, IKZF1 deletions/mutations and JAK
family mutations, offers the potential for the identifica-
tion of patients at diagnosis who should be treated more
aggressively and with agents targeting those molecular

lesions!*>*">

PROGNOSTIC FACTORS IN PATIENTS
WITH RELAPSED ALL

During the last 2 decades several study groups such the
Acute Lymphoblastic Leukemia-Relapse Study of the
BFM Group (ALL-REZ BFM) have performed prospec-
tive controlled phase III trials to establish standardized
treatment protocols with the primary goal of improv-
ing the prognosis of children with relapsed ALL and to
evaluate risk factors, thereby allowing for risk-adapted
treatment intensity”’,

Time to relapse (length of first remission), site of
relapse and ALL-immunophenotype are well-established
risk factors that can predict survival and constitute the
most important prognostic determinants that can be

used to stratify patients with a first relapse into different
[2,16,17,20.25-27,32,34,35,57]

treatment groups

Length of first complete remission
Before relapse, the median duration of the first com-
plete remission (CR1) has been reported to be around 2.5
years” >, Most ALL relapses occur during treatment
or within the first 2 years after treatment completion,
although relapses have been reported to occur even 10
years after diagnosis[zm

In a large series of 854 ALL relapses reported by the
Nordic Society for Pediatric Hematology and Oncol-
ogy (NOPHO), the median time from diagnosis to first
relapse was 28 mo (range, 2-227 mo)™. According to
Chessells e al™ 74% of relapses occurred in the first 3
years after diagnosis, 4% after 6 years, and only 1% oc-
curred more than 10 years after diagnosis. Reissmiiller ez
al™ reported a relative incidence of very early (within 18
mo from diagnosis), early (after 18 mo from diagnosis
up to 6 mo after cessation of primary treatment) and late
relapses (more than 6 mo after cessation of front-line
therapy) of 41%, 22% and 37%, respectively. In a ret-
rospective analysis of 1961 relapsed patients registered
within 10 consecutive CCG studies, the duration of the
CR1 for patients who relapsed varied according to NCI
risk group at primary diagnosis, with shorter duration of
remission coinciding largely with higher risk features at
diagnosis“(ﬂ. The duration of the CR1 has been reported
to vary with the site of relapse[34’35’4ﬂ. In the study re-
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Table 4 Relative incidence of site of relapse

Isolated BM Combined BM Isolated EM Isolated testis Other isolated EM Year Ref.

42.90% 19.60% 37.50% 1996-2000 Malempati et al™*, 2007
47% 23% 30% 1995-2002 Roy et al®”, 2005

63% 16% 13% 7% 1981-1999 Reissmiiller et al™, 2009
57% 12% 15% 10% 2% 1972-1998 Chessells et al®™, 2003

BM: Bone marrow; EM: Extramedullary.

Table 5 Risk stratification after relapse

BCP T-cell

Isolated EM Combined BM Isolated BM Isolated EM Combined BM Isolated BM
Risk stratification according to the BEM Group classification*”
Very early" Intermediate High High Intermediate High High
Early' Intermediate Intermediate High Intermediate High High
Late' Standard Intermediate Intermediate Standard High High
Risk stratification according to the United Kingdom ALLR3 Study classification™
Very early' High High High High High High
Early' Intermediate Intermediate High Intermediate High High
Late' Standard Intermediate Intermediate Standard High High
Current approach to risk stratification according to I-BFM SG
Very early' High High High High High High
Early' Standard Standard High Standard High High
Late' Standard Standard Standard Standard High High

'Very early, less than 18 mo from initial diagnosis; Early: More than 18 mo from initial diagnosis but < 6 mo from completion of primary treatment; Late:
More than 6 mo after completion of primary treatment. BCP: B-cell precursor; BM: Bone marrow; EM: Extramedullary; I-BFM SG: International BEM Study

Group.

ported by Malempati ez al™, the mean interval between
day 28 of primary induction and relapse for all patients
was 32.8 mo, CNS relapses tended to occur earlier (mean
23.1 mo), and testicular recurrences tended to occur later
(40.5 mo) than BM relapses (mean 36.2 mo).

Timing of relapse has emerged as the most sig-
nificant predictor of outcome and the most important
factor for a second relapse is the duration of the first
remission. Early relapse has worse prognoses than late
relapse[l6’17’20’22’25’32’35’38’57]. Some late relapses are thought to
arise from a common precursor that retains the chemo-
sensitivity of the original clone, which could explain the
high cure rates achieved with chemotherapy alone in late
relapses[30]. Ko et al™” found CR rates of 83% for carly
first relapse and 93% for late first relapse. Breaking down
early relapse into very eatly relapse (< 18 mo from diag-
nosis) and intermediate (18 to 36 mo from diagnosis),
they found CR rates of 78% and 86%, respectively. EFS
rates reported for early relapses ranged from 5% to 18%
and 19% to 57% for late relapses[16’19’20’22’24’26’28]. Even when
intensive salvage strategies including SCT are employed,
longer-term EFS rates for eatly relapses are only 10% to
20%, compared with 40% to 50% for late relapses. These
outcomes have been remarkably consistent over recent
decades, irrespective of differences in the components of

. [21,24,28]
salvage regimens .

Site of relapse
The majority of relapses (60% to 80%) involve the bone
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marrow (BM) alone or together with extramedullary in-
volvement, and more than 70% of relapses involving the
BM are isolated BM relapses. Isolated CNS or testicular
relapse or, much less frequently, relapse involving other
extramedullary sites may also occur (Table 4)*****,

Bone marrow relapses are associated with a worse
outcome than extramedullary relapses, with overall long-
term survival rates of approximately 25%!'*!"*?%4,
Survival at 3 to 6 years after relapse has been found to
range from approximately 20% for isolated marrow re-
lapse to 50%-80% for isolated extramedullary relapse,
with combined-site (ze., marrow plus extramedullar
relapses having an intermediate outcome! #3441y
extramedullary relapses, a clear distinction also has to be
made for early relapses »s late relapses. Regarding early
relapse, survival rates are higher for patients with isolat-
ed CNS relapse than for patients with either isolated or
combined BM relapse, and this is also true for interme-
diate and late relapsing patients. Survival rates were also
significantly higher for patients with concurrent marrow
relapses compared to those with isolated marrow relaps-
i=n)

Thus, involvement of an extramedullary site in pa-
tients with BM relapse has been identified as a favourable
prognostic feature compared to patients without extra-
medullary involvement. To explain this fact, it has been
hypothesized that combined BM relapses originate from
the involved extramedullary compartment, in which the
leukemic cells could survive the front-line chemotherapy
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because they were protected by the blood-brain/testis
barrier. Thus, relapses in extramedullary sites are often
considered as relapses from malignant cells treated with
suboptimal drug levels; due to their homing on these
sanctuaries. Therefore, they may be more sensitive to
chemotherapy than clones originating directly from the
BMPY, Five-year survival rates for isolated CNS range
between 43.5% for eatly, and 78.2% for late relapses[16’40].
In the case of a testicular relapse, isolated relapse
patients fare better, with an EFS of 58% »s 28% for
combined relapses[zol. In the COG analysis reported by
Nguyen ez al' overall 5-year post-relapse survival rate
after early isolated testicular relapse was lower (13%)
than after intermediate (52%) or late (59.9%) relapses
although this difference was not statistically significant.

Immunophenotype

The immunological lineage of the disease (B-cell precur-
sor vs T-cell ALL) is another well recognized risk factor
in childhood relapsed ALL. Late relapses of T-ALL
are rare and make up approximately 10% of all recur-
rences””. The BFM group demonstrated that children
with T-cell ALL. BM relapses have a much worse prog-
nosis than B-cell precursor ALL (BCP), irrespective
of the time between diagnosis and recurrence!™. In a
report by investigators at St. Jude Children’s Research
Hospital, CR2 rates for this population were 60%, with
a 5-year EFS of only 5% compared to 28.7% for B-cell
lineage[zs]. Other studies confirmed that the prognosis
of patients with a first relapse of T-ALL is dismal, with
only 15% to 25% of patients achieving durable remis-
sions after second-line treatment"**". Thus, apart from
the fact that T-cell recurrences tend to occur early, T-cell
immunophenotype itself is associated with a very poor

outcome after relapse regardless of site and time to re-
lapse[l6,20722,24726,28,32]

Minimal residual disease

Minimal residual disease (MRD), measured ecither by
flow cytometry or real-time polymerase chain reaction
(PCR), may supplement morphologic response’”™*,
Rates of MRD positivity after reinduction for relapsed
ALL are much higher than those observed in first-line
ALL clinical trials™. The prognostic significance of
MRD response at relapse has been assessed in several
studies”™ ", Persistence of MRD after re-induction/
consolidation therapy (ie., after 5 and 12-13 wk from the
beginning of treatment for relapse) influences progno-
sis in children with relapsed ALL. Children with MRD
levels <1 x 10” or 1 X 10™ have been shown to carry a
lower risk of recurrence than patients with higher levels
Of MRD[SU,?)L:')&()LGZ].

Within the COG AALLO1P2 study, five-year EFS
probabilities differed in patients according to MRD re-
sponse using flow cytometry-based assays at the end of
the first block of chemotherapy (negative < 0.01%; posi-
tive = 0.01%)”. The absence of MRD at the end of
the first month of reinduction therapy portended better
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outcomes in all patients, and separately in early and late
relapse patients. The combination of timing of relapse
and MRD appeared to identify three groups of patients.
Early relapse patients who were MRD positive had a dis-
mal outcome, while late relapse patients who were MRD
negative had an excellent outcome, approaching that
seen in newly diagnosed patients. MRD-negative early
relapse patients and MRD-positive late relapse patients
appeared to form an intermediate group. MRD positivity
was also correlated strongly with the duration of initial
remission; those patients experiencing relapse at less
than 18 mo from initial diagnosis had the highest pro-
portion of MRD positivity[zg’zg]. In a prospective blinded
study, Eckert ¢ a/™" have recently reported that EFS and
OS decreased and the cumulative incidence of relapse
increased with increasing MRD level (quantified by PCR
analysis of antigen receptors) after reinduction chemo-
therapy in intermediate-risk relapsed ALL patients treat-
ed by the ALL-REZ BFM P95/96 protocol. Patients of
the lower MRD groups (< 10*and < 10° to = 10" had
an acceptable prognosis (EFS at 10 years 80% and 64%,
respectively) compared to patients of the higher MRD
groups (< 10° to = 10°and = 107 who had EFS at 10
years of 36% and 4.8%, respectively. Multivariate analy-
sis revealed that MRD after the second induction course
was the only parameter independently predicting the
occurrence of subsequent adverse events’. Conflicting
results, however, were observed in the Medical Research
Council (MRC) UKR3 trial, in which reinduction therapy
with mitoxantrone was supetior to that with idarubicin,
yet no differences in the end of reinduction MRD were
observed™”.

In a prospective and blinded study, the ALL-REZ
BIFM Study Group evaluated the impact of pre-trans-
plantation MRD in children treated according to the
ALL-REZ BFM 96 or 2002 protocol who received their
transplantation in CR2 or third CR (CR3). MRD proved
to be the most important determinant for subsequent
relapse and survival after transplantation in univariate
and multivariate analysis. The cut-off of less than 10"
leukemic cells turned out to be a feasible discrimina-
tor between patients at high (= 10" leukemic cells) or
low risk (< 10" leukemic cells) for subsequent relapse.
According to these findings, patients classified as being
intermediate risk with conventional clinical parameters
could be further classified into a very HR subgroup if
MRD proves to persist at a high level until transplanta-
tion”". In another study, classical risk factors such as
immunophenotype, site of relapse, time to relapse, and
others were only significant in patients who receive
chemotherapy in CR2. These factors lost their relevance
in patients undergoing SCT, and MRD remained the
only independent prognostic variable in this setting[42].
Thus, MRD of leukemia both during second CR and
before transplantation, has been reported to be a very
strong prognostic factor for the ultimate outcome’®'!.
However, the Saint Jude group reported that, although
MRD before transplantation was an independent predic-
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tor of survival, patients with high levels of MRD (0.1%
to < 5.0% leukemia cells) still had a reasonably good
chance of survival (43%) after SCT, suggesting that the
negative effect of MRD had been partially offset by re-
cent improvements in the transplantation procedure[(ﬂ.

Given its power as a prognostic factor, quantification
of MRD at diagnosis of ALL relapse and regularly dur-
ing therapy has become an essential tool to characterize
the responsiveness of the disease and to allocate the pa-
tients to a risk adapted treatment. It is currently being in-
corporated for relapsed patients into a risk-classification
algorithm for the management of relapsed ALL within
the COG (Table 2)***".

A similar stratification system was used in the UKALL
R3 relapse trial™”, and is currently applied by the Interna-
tional BEM Study Group (I-BFM SG).

Although study designs are incorporating the use of
MRD in order to quickly assess responses in patients
with relapsed ALL who are treated with novel agents, at
present MRD remains an unvalidated surrogate marker
for this purpose®™. To this regard, even when a clear
superiority from one arm to the other was obtained
regarding the primary outcome (Ze., EFS), results from
the UK ALLRS3 trial failed to demonstrate a difference
in MRD level at eatly assessment between both study

[30]
arms .

Other prognostic factors

There is some debate in the literature on the prognos-
tic factor of the white blood cell (WBC) count and the
presence of blasts in the peripheral blood at the time
of relapse[25’32’33]. There is some evidence that, among
children with relapsed ALL, those who had WBC counts
< 50000/ pL at initial diagnosis are more likely to have
favourable outcomes after relapse'®. Age at primary di-
agnosis might influence outcome after relapse. Older age
at diagnosis (= 10 years), as well as age younger than 1
year, has been associated with significantly inferior post-
relapse outcome' ™ " | In a recent analysis of 1150
patients aged 0-18 years registered in four consecutive
Austrian ALL-BFM trials, prognosis of relapsed leukae-
mia was significantly better for younger patients (patients
aged 1-15 years at primary diagnosis) than for adolescent
(i.e., patients aged between 15 and 18 years at primary
diagnosis) even when neither the time point or the site
of relapse differed significantly between broth groupsm.
These results suggest that age at initial diagnosis is a
prognostic factor in relapsed ALL, just as it is for newly
diagnosed disease™. Certain unfavourable clonal cytoge-
netic abnormalities detected at primary diagnosis have
been found to portend worse post-relapse survival ™,
Philadelphia chromosome-positive (Ph+) and 11q23 ab-
normalities were associated with early relapse and poorer
prognosism]. The prognosis of children relapsing after
first line treatment for Ph+ ALL, particularly for those
relapsing after SCT, is poor™®!. The ET1/6/RUNXT fu-
sion gene has been associated with better outcome after
relapse'™
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It has been debated whether the intensity of front-
line treatment affects the outcome of patients after
relapse™. Type of first treatment was reported to in-
fluence the outcome after relapse, with more recent
regimens being associated with improved survival™.
The Austrian BFM Study Group reported higher post-
relapse EFS (but not survival) for 203 children with re-
lapsed ALL who received treatment on the more recent
of their frontline studies conducted during the 1980s
and 1990s™. 1t might be expected that patients who
relapse after receiving an inferior initial treatment regi-
men would have greater success in retrieval, and greater
post-relapse survival than patients who relapse after
receiving a superior initial treatment regimen, given that
their leukemia clone at relapse should be “less resistant”
after being exposed to less effective or intensive prior
treatment! . However, data from 272 relapsed patients
after primary therapy within the COG CCG-1961 Study,
demonstrated that there was no difference in 3-year
post-relapse survival between two groups of patients
having primarily received augmented ss standard inten-
sity post-induction intensification. For subjects initially
treated with augmented (#z = 109) »s standard-intensity
(n = 163) post-induction intensification, the 3-year post-
relapse survival was 36.4% vs 39.2%, respectively (P =
0.72). There was no difference in the median time-to-
death post-relapse according to initial regimen, (10.5 mo
for augmented »s 16.2 mo for standard-intensity, P =
0.27), and no difference in post-relapse survival was seen
after adjusting for timing of relapse, site of relapse, age
at diagnosis, and lineage of the leukemia"". Similarly, in
a report of post-relapse survival rates in 1961 children
previously enrolled on 10 consecutive CCG clinical trials,
according to treatment era at initial diagnosis (trials con-
ducted from 1988-1995 »s 1996-2002), with treatment
intensity increasing over time, the post-relapse outcomes
were nearly identical"”. Thus, differing intensity of ini-
tial treatment, as reflected in either the cross-regimen
setting of single studies (CCG-1952 and CCG-1961) or
the trans-era context of sequential CCG/COG studies
involving both standard- and high-risk patients, does not
alter the generally poor outcome associated with relapsed
childhood ALL of any initial risk categorym. Prognosis
seems to be particularly poor for those patients relapsing
after SCT™.

Finally, male sex, African American or Hispanic eth-
nicity, and central nervous system (CNS) disease at diag-
nosis were reported to be significant predictors of inferior
post-relapse survival in children with newly diagnosed
ALL who had been enrolled on COG clinical trials from
1988 to 2002,

Risk-stratification

The BFM cooperative Group developed a relapse score
incorporating duration of first complete remission, site
of relapse, and immunophenotype to classify patients as
standard-, intermediate-, and high-risk, with 6-year post-
relapse survival rate reaching 78%, 41% and 19%, re-
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Table 6 Children oncology group approach to relapsed acute lymphoblastic leukaemia

Relapse Site Time MRD
B-lineage Marrow Early Chemotherapy vs chemotherapy plus novel agents Negative SCT
Positive Bridging study before HSCT
Late Chemotherapy vs chemotherapy plus novel agents Negative Continuation therapy
Positive SCT
IEM Early Chemotherapy vs chemotherapy plus novel agents Any SCT
Late Chemotherapy vs chemotherapy plus novel agents Negative Continuation therapy
Positive SCT
T-lineage Marrow Early Chemotherapy vs chemotherapy plus novel agents Negative SCT
Late Positive Bridging study before HSCT
IEM Early Chemotherapy vs chemotherapy plus novel agents
Late Any SCT

IEM: Isolated extramedullary; SCT: Hematopoietic stem cell transplantation.

spectively for patients receiving more modern treatment.
According to this classification, all children with T-cell
relapse involving the bone marrow at any time, and chil-
dren with very early combined and very eatly or eatly
isolated marrow non-T cell are classified as HR; very
carly or early isolated extramedullary relapse, irrespective
of immunophenotype, as well as catly or late combined
BM and late isolated marrow BCP ALL relapse, are clas-
sified as intermediate risk (IR); while SR category corre-
spond to late isolated extramedullary (both T and non-T
cell immunophenotype) (Table 5)"**. Among 1556
patients up to 18 years of age with first relapse of ALL
enrolled in trials of ALL-REZ BFM between June 1983
and April 2001, the SR group comprised 5% of patients
while 55% and 40% of all patients were allocated to the
IR and HR, respectively[42].

In a retrospective review of 150 relapsed patients
form four large pediatric oncology units in the United
Kingdom, Roy ez al™ found that children with a very eatly
isolated extramedullary relapse had a significantly poor
outcome when compared with the rest of the IR group,
and suggested modifying this risk stratification system.
Accordingly, within the United Kingdom ALLR3 Study
these patients were classified as high risk paticntsm]. How-
ever, only two risk groups are currently considered by
the I-BFM SG. The standard risk group includes patients
with: (1) a late or eatly isolated extramedullary relapse of
BCP or T-cell ALL; (2) a late or eatly combined BM/ex-
tramedullary relapse; and (3) a late isolated BM relapse of
BCP ALL. The high risk group comprises those with a
very eatly isolated extramedullary relapse of BCP or T-cell
ALL,; early isolated ot very eatly isolated or combined
BCP ALL, and any BM relapse of T-ALL (Table 5).

TREATMENT FOR RELAPSED ALL

Risk-adjusted selection of treatment

Salvage treatment after ALL relapse involves inducing
a CR2 with conventional intensive chemotherapy and
apply consolidation, re-intensification and maintenance
therapy, or allogeneic stem-cell transplantation (SCT)
as further intensification of treatment. As occurs with
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primary diagnosed ALL, successful treatment of relapse
largely relies upon the risk-based treatment allocation of
patients in order to maximize response to therapy while
minimizing toxicity and adverse effects. Using the prog-
nostic criteria such as first remission duration; site and
immunophenotype of relapse; genetic alterations; and
initial response to relapse therapy, distinct subgroups of
relapsed ALL can be identified that may either be treated
with chemoradiotherapy only or by additional allogeneic

SCT (Table 6 and Figure 1),

Reinduction

Current treatment approaches for relapsed ALL begin
with reinduction therapy in an attempt to induce a CR2.
Reinduction of patients with relapsed ALL commonly
includes conventional agents largely identical to those
used at initial diagnosis except with increased dose inten-
sity or alternative schedules with reported rates of toxic
deaths around 4%-5%"***"",

Few randomized trials comparing different reinduc-
tion regimens in risk-stratified children with relapsed
ALL have been conducted™ and it remains unclear
whether any reinduction combination in use today is
significantly superior to any other"™™". The Pediatric
Oncology Group compared every 2 wk and weekly pe-
gylated asparaginase with vincristine, doxorubicin, and
prednisone in a population including both early and late
marrow relapse and obtained CR2 rates of 82% and
97%, respectively[éé].

The BFM group randomized dose and duration of
infusional methotrexate in reinduction, demonstrating
similar outcomes between intermediate-dose (1 g/rn2
over 36 h) and high-dose (5 g/ m’ over 24 h) infusions"”.
In a trial conducted by the United Kingdom Children’s
Cancer Group (UKCCG) patients were allocated to re-
ceive either idarubicin or mitoxantrone during induction;
after 3 blocks of therapy, HR and IR patients with MRD
= 10" received allogeneic SCT, whereas SR and IR pa-
tients with MRD < 10™ continued chemotherapy. EFS
and OS were significantly higher in the mitoxantrone
group. The 3-year OS was 69% in the mitoxantrone
group (45% in the idarubicin), which overall represented
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ALL relapse

Risk allocation

Standard risk High risk

‘ Reinduction chemotherapy ‘

MRD evaluation

‘ Post-induction chemotherapy ‘

i i

MRD negative MRD positive

i l

Maintenance
chemotherapy

plus local

irradiation as

indicated

Figure 1 Algorithm for the management of relapsed acute lymphoblastic
leukaemia in children. Risk allocation is based on immunophenotype, time
and site of relapse (see Table 5). SCT: Allogeneic stem cell transplantation;
MRD: Minimal residual disease.

a substantial improvement over preceding trials from the
same investigatorsm.

The conceptional backbone therapy of the ALL-
REZ BFM Group is a series of short (ze., 5 to 7 d),
intensive multiagent chemotherapy courses (block
therapy), including most of the same traditional chemo-
therapy agents with known antileukemic efficacy, with an
interval of 2 wk between the blocks to allow for regen-
eration of bone marrow aplasia, then followed by local
irradiation therapy when indicated, and conventional
maintenance therapy. This block therapy concept proved
to be feasible, effective, and relatively well-tolerated
and has been incorporated into many other treatment
regimens for relapsed ALL and HR primary ALL world-
wide™?. A risk-adapted intensification of treatment
by prolonging the intensive treatment phase in an ALL-
REZ BFM Study could not prevent a high relapse rate
in the high-risk group (eatly isolated or combined bone
marrow relapse)”!. Other treatment strategies with a
more continuous therapy with repetitive application of
comparably less intensive chemotherapy has been devel-
oped and used by the COG, and the UK ALL Relapse
Study Group (MRC UKALLR), achieving comparable

20,35 .
PO Tt remains unclear whether short course

results
intensive, or continuous less intensive chemotherapy
constitute the most adequate and effective approach in
treating childhood relapsed ALL or which subgroups
of pagients may benefit more from one approach or the
other™.

The COG conducted the AALLO1P2 phase II pi-
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lot study with the primary objective of developing a
safe and active reinduction regimen that could serve
as a platform for evaluating the addition of promising
new agents in future trials®. An objective of this study
was to improve the depth of CR2 using three intensive
non-overlapping blocks of chemotherapy derived from
combinations that were previously shown to be effec-
tive in the management of recurrent ALL. With this
regimen there was a 40% incidence of febrile neutrope-
nia and a 19% incidence of documented infections™.
Five toxic deaths occurred among 124 patients (4%)
yielding a similar toxic death rate seen with other regi-
eng 0242628333660

The authors concluded that extending the duration
of re-induction to three blocks appears to be beneficial
for the group of patients with initial favourable morpho-
logic responses and were MRD-negative at the end of
the first month of treatment”.

Reinduction remission rates for patients with a first
relapse range from 71% to 95%, depending on the tim-
ing and site of relapse. CR2 rates for late bone marrow
relapse typically approach 95%, whereas those for early
relapse range from 70% to 85% and are frequently <
50% for very early relapses“6’19’22’24’26’28’30’32’34’35’42’66]. T-cell
immunophenotype has been related with a lower remis-
sion rate”). Patients failing to achieve a CR2 after rein-
duction chemotherapy have a dismal prognosis[zs’zg‘m.
Data from the BFM study group showed that only one
third of children treated with curative intention after
conventional reinduction failure obtained a CR2 (81%
of them only after SCT) with a median survival of 255
d after the diagnosis of reinduction failure™”. Given that
further therapies with curative intent are associated with
high treatment-related morbidity, mortality, and minimal
survival, children with relapsed ALL and having no re-
sponse to protocol-therapy should be eligible for innova-
tive, ethically approved phase 1 or 2 trials"™"",

For patients with HR relapsed ALL, the COG is
currently exploring the role of adding novel agents to
remission reinduction therapy (Table 6)®. The Interna-
tional Cooperative Group on Relapsed ALL conducts
2 randomized trials comparing the classic BFM rein-
duction therapy with that reported by the UKCCG in
standard and intermediate risk patients, and with a novel
regimen combining clofarabine, etoposide, and cyclo-
phosphamide in high risk children, respectively ™"

Post-remission therapy: SCT vs continuation of chemotherapy
For patients with relapsed ALL who attain a second re-
mission, no consensus on optimal therapy exists. All pa-
tients who reach a CR2 receive additional chemotherapy,
even if SCT is planned. In general, a higher dose inten-
sity is used than in first-line treatment but published data
do not show one chemotherapy combination to be bet-
ter than others"’.

For patients not allocated to SCT, a consolidation
phase after induction chemotherapy followed by a pro-
longed continuation treatment is generally recommend-
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ed? ¥, According to the ALL-REZ BFM protocols,
patients not allocated to SCT receive treatment consist-
ing of alternating courses of polychemotherapy. At the
end of intensive systemic chemotherapy, local radio-
therapy is applied as indicated followed by conventional
maintenance therapy up to 2 years'*”,

Allogeneic SCT is a curative option for several hema-
tologic malignancies and the current availability of several
different stem cell sources has expanded this option for
many children. High-dose myeloablative chemotherapy
followed by SCT is an alternative to chemotherapy alone
for relapsed ALL. Several published retrospective stud-
ies suggest some benefit for SCT, particularly for patients
with early BM relapse!”****”", With improved supportive
care and better donor selection, the outcome after unre-
lated donor and matched sibling SCT for relapsed ALL
has become more equal®. Therefore, the comparability
of several different stem cell sources has expanded this
option for many children and SCT has been widely used
for patients with relapsed ALL. In the ALL-REZ BFM 87
study, SCT was associated with a superior EFS compared
to chemotherapy/radiotherapy as postremission therapy
alone, and the performance of SCT (included as time-
dependent covariate) was an independent predictor of
EFS. Results of autologous transplantation and chemo-
therapy were the same. In the Austrian BEM Study
Group report, patients who received SCT in second CR
did significantly better than patients given chemotherapy
only (10-year EFS 55% w5 33%) and this was even more
obvious following an isolated BM relapse (10-year EFS
58% for SCT in second CR »5 22% for chemotherapy
only)™. In a report by Eapen ez al”", children with an eatly
BM first relapse of BCP ALL had lower rates of second
relapse and higher rates of leukemia-free survival and
OS if they received an HLLA-matched sibling transplant
with a TBI-containing regimen compared with a non-
transplant approach. In contrast, for those with a late first
relapse and second relapse, leukemia-free and OS rates
were similar after chemotherapy alone and transplanta-
tion®". Tn a retrospective report from the NOPHO Study
group, SCT led to increased long-term survival compared
with chemotherapy irrespective of the length of first re-
mission™, Matched-pair comparisons across BFM group
ALL-REZ trials showed that unrelated donor transplanta-
tion achieved significantly better leukemia-free survival
than chemotherapy in HR relapse but not in IR relapse.
The EFS at 5 years was 17% for the chemotherapy group
(0% for HR) and 42% for the SCT group (44% for HR)
while rates of treatment related death were 4% and 30%,
respectively[42].

Other studies suggest that the type of therapy after
relapse does not affect outcome” and for a subgroup
of patients with relapsed ALL, mainly represented by
late BM and extramedullary relapses, combined chemo-
therapy and radiotherapy may yield durable second
remissions”, From the BFM group, Borgmann ez a/*
reported 39% EFS after transplantation for IR patients
compared to 49% for non-transplanted patients. In line
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with such a statement are the data in a United Kingdom
study including 256 patients, who were analyzed on the
basis of HLA matched donor availability; no statistical
benefit in outcome was seen®”. Malempati ez al™ found
no significant difference in EFS or OS between treat-
ment with SCT or chemotherapy for any site of relapse
or duration of the CR1, with a 2-year estimated EFS of
49.5% with SCT compared to 49.1% with chemotherapy
for the entire group. For early BM relapse they also
found no difference in treatment modality; the 2-year
estimated EFS was 43.1% with SCT and 38.0% with
chemotherapy; there was also no significant difference
in EFS for late BM relapse according to treatment type:
2-year estimated EFS was 56.1% with SCT and 61.5%
with chemotherapy. Similarly, 3-year estimated EEFS after
isolated CNS relapse was equivalent with either SCT or
chemotherapy at 45% and 56.1%"".

The analysis of the ALL REZ BFM 90 Study
showed that SCT did not improve EFS for IR patients
(represented by late isolated or combined BM and iso-
lated extramedullary regardless of time point of relapse)
or for those who received allogeneic HLA-compatible
grafts; however, EFS was significantly higher after SCT
in HR patients (early BM, very eatly isolated or com-
bined BM and any relapse of T-lineage) than after the
administration of chemo-radiotherapy alone. This group
of patients when treated with conventional chemo-
radiotherapy had a low chance of cure®. In the study by
van de Berg ez al™™ the benefits of the conditioning and
the possible graft-ss-leukemia effect on patients under-
going SCT did not outweigh the benefit of prolonged,
rotational chemotherapy for late relapses (including
BM relapses); patients treated with chemotherapy only
achieved a 65% survival rate""

The impact of type of donor (matched related »5 un-
related or mismatched related) on outcome has not been
demonstrated. Some studies claimed a clear advantage
for matched related donor SCT or for matched unrelated
donor SCT™. Long-term EFS rates from of above 40%
have been reported with HLLA-matched sibling donor
SCT in CR2 after early relapse[57]. By contrast, others
found no significant difference in outcome according to
type of donor®. Results with umbilical cord transplan-
tation are comparable to that obtained with unrelated
donor SCT™. Unrelated donor registries and cord blood
banks have incteased the donor availability for the ma-
jority of patients lacking an HLLA matched familial do-
nor but the process of searching for an unrelated donor
usually takes several months during which patients in
CR2 are at risk of new relapse or even death from treat-
ment related complications™. In this regard, reported
time to transplant after relapse is commonly around 3
mo!19262834

Haploidentical hematopoietic SCT (haplo-SCT) from
a mismatched family member donor offers an alternative
option for patients who lack a human leucocyte antigen
(HLA)-matched donor'"". The main obstacles are graft
rejection, delayed immune reconstitution, graft-zs-host
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disease (GvHD) and vulnerability to infections' . T-cell
depletion can prevent overwhelming GvHD allowing
the graft to contain large numbers of stem cells. This
approach can reduce the risk of graft failure retaining
CD34-negative stem cells and most other immune cells,
thus allowing expedite immune reconstitution during
the eatly post-transplant period. However, the absence
of the T cell-mediated graft-ss-leukemia effect would
render the recipients of a T cell-depleted allograft more
susceptible to leukemia relapse. In this scenatio, donos-
vs-recipient NK alloreactivity has emerged as a crucial
factor for the outcome of haplo-SCT. Ruggeri ez al™ re-
ported a low relapse risk for patients with acute myeloid
leukaemia transplanted from NK-alloreactive donors.
This NK-mediated graft-ss-leukemia effect has also been
documented in children with ALL". Data from the Pe-
diatric Diseases and the Acute Leukemia Working Parties
of the European Blood and Marrow Transplant showed
34% and 22% EFS for children undergoing haplo-SCT
in CR2 and CR3, respectivelym. Therefore, a T cell-
depleted haplo-SCT should be included in the treatment
algorithm as a valuable option for patients with ALL in
need of transplantation and lacking a matched donor,
especially if an NK alloreactive relative exists. An unma-
nipulated HLLA-haploidentical SCT has been proposed
for those few patients who are unable to locate an HLA-
compatible donort, a suitable umbilical cord blood unit,
or an NK-alloreactive relative!'”. As stated by Locatelli
et al™ for those patients considered candidates for
allo-SCT, the preferred source of stem cells should be
a matched sibling donor; for those lacking an HLA-
compatible family donor, an unrelated donor, umbilical
cord blood or haploidentical family donor are suitable
options.

Intensive chemo-radiotherapy has been administered
before transplantation to reduce the burden of disease
and induce immunosuppression in the host. Total body
irradiation (TBI)-containing regimens before SCT from
a matched sibling donor proved to be superior to che-
motherapy alone and a non-TBI regimen in children
with early relapse and BCP ALL who achieve a CR2.
Transplantation with a TBI-containing regimen resulted
in significantly lower risks of relapse, treatment failure,
and overall mortality compared to non-TBI regimens
and this was independent of the duration of the first
remission””. Such conditioning regimens reduce graft
rejection but they can cause considerable mortality due
to severe toxicity, delayed immune restoration and severe
infection, especially in heavily pre-treated patients. More-
over, DFS estimates are not appreciably improved by ag-
gressive chemo-radiotherapy, as recurrent or refractory
malignancies have usually become resistant to chemo-
therapy. These observations have encouraged the reas-
sessment of conditioning strategies for transplantation.
Newer strategies aim to minimise toxicity while allowing
rapid engraftment and expediting immune reconstitution
during the early post-transplant period, thereby protect-
ing the host from infection and perhaps generating a
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graft-ss-tumour effect against disease relapsem’m. In con-
trast to traditional myeloablative conditioning regimens
that use high doses of radiation or chemotherapy or
both to suppress host immune responses and eradicate
diseases, this approach relies almost exclusively on graft-
vs-host effects for eradication of the underlying diseases.
Reduced intensity or non-myeloablative conditioning
regimens for haplo-SCT reduced mortality and have an
acceptable rate of engraftment. However, delayed im-
mune reconstitution, severe GvHD and infection con-
tinue to be impedimentsm’75]. Elimination of TBI may
reduce damage to organs that generate immune cells,
while avoidance of anti-thymocyte globulin may prevent
complications that include delayed immune reconstitu-
tion and Epstein-Barr virus associated lymphoprolifera-
tive disease!”. Using a reduced intensity conditioning
regimen (fludarabine, thiotepa, melfalan and OKT3)
without TBI and without anti-thymocyte globulin in chil-
dren with refractory haematological malignancy, a more
rapid and robust immune reconstitution when compared
to patients transplanted with a myeloablative condition-
ing regimen was reported. Studies with melphalan-based
reduced-intensity conditioning regimens and T/B cell-
depleted grafts show high engraftment rates. The risk
of acute and chronic GvHD was significantly reduced
by graft manipulation procedures (T/B cell depletion)
and is comparable to that after matched unrelated donor

UL Furthermore, the overall incidence

transplantations
of cytomegalovirus, Epstein-Barr virus and adenovirus
viremia in the reduced intensity conditioning regimen
group was less than that in the myeloablative condition-
ing regimen groupm]. Transplant related mortality could
be effectively reduced by improved T cell recovery and
close monitoring of viral loads followed by preemptive
therapy” .

Many factors complicate the analysis of published
results comparing outcomes after SCT »s chemotherapy
only, including intrinsic selection biases, different lengths
of the interval between diagnosis of relapse and trans-
plantation as well as disparate conditioning regimens,
supportive strategies and stem cell sources”. Very
often, reported trials assigned HR with matched family
donors to allogeneic transplantation and those without
donors to chemotherapy or autologous transplanta-
tion™*".

Another impediment in comparing reports is the
more favourable outcomes of non-sibling donors SCT
over the years. A matched-pair analysis of unrelated
donor SCT »s chemotherapy revealed that only high-risk
patients benefited from unrelated donor transplanta-
tions'*”. Tn a prospective randomized trial, Gaynon ez a/”"
found poor protocol adherence with small numbers of
patients recruited to the chemotherapy arm. The authors
speculated how this might be related to the known poor
outcome of relapsed ALL and “a desite to do everything
possible for children for whom aggressive chemotherapy
had already failed once” *"*

Thus, much debate has centered on optimal pos-
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tremission therapy including stem cell transplanta-
tion 182342

variability of outcomes and conclusions among studies
comparing SCT with chemotherapy for the treatment of
ALL in second remission””. However, excluding patients

1. A recent meta-analysis demonstrated the

with late relapsemg], in no comparison is outcome after
transplantation worse than after chemotherapy alone!"’
To this regard, after the induction of the CR2, options
for ongoing continuation therapy are frequently risk
based in order to allocate patients to treatment regimens
with adequate intensity and justifiable toxicity™*,
There are some patients with an acceptable EFS rate
with chemotherapy alone, while other patients need to
undergo allogeneic SCT after the 2CR or are even eli-
gible for phase I /1l trials with the chance of benefiting
from new agents. Both the COG and the BFM as well
as the I-BFM groups developed formal criteria for risk
stratification for relapsed ALL with the main intention
of identifying children for whom SCT might be better
than continuation chemotherapy once a second remis-
sion is attained (Tables 5 and 6)**,

Children with a very early (< 18 mo after diagno-
sis) or early (between 18 mo after diagnosis and 6 mo
after cessation of frontline chemotherapy) isolated BM
relapse, a very early BM/extramedullary combined re-
lapse and all T-cell ALL with BM involvement at relapse
diagnosis should be categorized as HR patients and
should be allocated to SCT given that nearly all will suf-
fer a subsequent relapse when being treated solely with
conventional intensive post-induction chemotherapy.
Allogeneic SCT with a matched donor is currently the
preferred therapeutic option for these children after the
CRO262933384269

The outcomes for very early extramedullary recur-
rences without SCT have been inferior to those of early
or late extramedullary relapse, with an EFS of < 50%,
and SCT in CR2 has also been considered for these pa-
fents2 404177

It remains unclear as to what will be the most ef-
fective approach for HR patients who continue to have
high levels of disease before or after transplantation, as
this is associated with a high incidence of relapse post-
allogenic SCT™. In this scenatio, further cytoreductive
chemotherapy (clofarabine), immunomodulation, the
application of new agents, and/or innovative transplant
procedures might be considered.

Children with early or late (> 18 mo from initial di-
agnosis) isolated extramedullary relapse represent the SR
group and, for these patients, outcomes have been very
good with chemotherapy and site-directed radiation and
there is no indication for SCT. However, intensive sys-
temic therapy is essential for preventing later BM recur-
renCCS[ZO,Z(),Z(),}l].

The largest group of patients (more than 50%) be-
longs to the IR group, in which treatment choices are
the most difficult”**". This group includes patients with
BCP ALL with either late (> 6 mo after cessation of
frontline chemotherapy) isolated BM relapse, or with a
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late or eatly combined BM/extramedullary relapse as
well as eatly (including T-cell) isolated extramedullary
relapses (Table 5P The optimal post-remission therapy
for children with late B-cell precursor BM relapse (either
isolated or combined) is controversial®. Intensive sys-
temic therapy is essential for preventing later BM recur-
rences. However, the benefit of SCT for these patients
has not been firmly established. SCT is associated with
a 10% to 20% risk of peri-transplantation mortality, de-
pending on donor type, and still has a substantial relapse
rate”>”’. While some studies report comparable results
with both SCT and chernotherapyp()’571 others argue
that the outcome of patients undergoing a transplant is
poorer, and that SCT in late relapses is not beneficial™,
Within the NOPHO study, patients with late BM relapse
but with initial HR features and combined BM relapses
did not do well on conventional chemotherapy. The
authors recommended considering allo-SCT for these
subgroups of patientsm]. Data from the DCOG Relapse
ALL 98 protocol showed that patients with a late BM
relapse undergoing a transplant had poorer outcomes
than those undergoing CT only. Although the majority
of these patients died from a relapse of leukaemia, the
benefits of the conditioning and the possible graft-»s-
leukemia effect after SCT did not outweigh the benefit
of the prolonged chemotherapym]. The COG is current-
ly investigating if outcome for patients with late (= 36
mo) B-cell precursor marrow relapse, can be improved
by using the same AALLO1P2 triple re-induction regi-
men followed by 2 yeats of intensive chemotherapy*[28’78].

In the IR patients (with EFS rates greater than 40%0)
additional risk factors, such as the dynamics of treat-
ment response assessed by MRD, would help to identify
those patients at a high risk of subsequent relapse who
are thus eligible for SCT*. MRD response is being
integrated into risk classification schemes"*”. A cut-off
point MRD after reinduction of 107 (quantified by PCR)
was recently proposed by Eckert ¢z al’! to discriminate
between patients with a good or a poor prognosis. Pa-
tients belonging to the group with MRD between 10°
and 10" can be categorised as molecular good respond-
ers and allogeneic SCT would not be appropriate for
these patients. In the subsequent trial ALL-REZ BFM
2002, this level of MRD after induction was applied to
decide whether chemotherapy or SCT should be used as
consolidation post-induction therapym. A different cut-
off MRD of 0.01% (10 (measured by flow cytometry)
was applied by the COG for prognostic assessment
after the first, second and third treatment block of the
AALLOTP2 study in IR and HR relapses™. Within the
UK ALLR3 study, patients with MRD = 0.01% (10
(quantified by PCR) at the end of induction were eligible
for SCT™. A different preceding treatment and quantifi-
cation method within each protocol might explain these
differences in MRD cut-off levels as being predictive of
outcome.

A major task of ongoing and future trials is to predict
subsequent relapses more precisely, thus clarifying which
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patients benefit from post-remission intensification by
allogeneic SCT. In this context, not only the acute mos-
tality and toxicity, but also the long-term sequelae of al-

logeneic SCT have to be taken into account”",

Local therapy for extramedullary ALL

Therapeutic irradiation of manifest extramedullary
leukemia in addition to systemic chemotherapy for pa-
tients experiencing CNS recurrence can be regarded as
standard of care, since the disease is protected from
chemotherapy by biological blood barriers in extramed-
ullary sanctuary sites such as the CNS and the testes'"".
In accordance with other investigators, for patients with
CNS involvement at relapse, we would encourage the
use of an Ommaya reservoir during intensification. In-
traventricular therapy has several theoretical advantages:
a more uniform distribution of chemotherapy through-
out the cerebrospinal fluid (CSF), higher ventricular
levels than those achieved by lumbar administration, and
prolonged concentration over time exposure to cell cycle
active chemotherapym.

For patients with late isolated CNS relapse (not al-
located to SCT), cranio-spinal irradiation is generally
postponed until the end of intensive chemotherapy or
even after the end of maintenance treatment, in order
to avoid intolerability for chemotherapy[zg]. The admin-
istration of 24 Gy and 15 Gy to cranium and spine,
respectively are commonly recommended”, although
the adequate dose (18 »s 24 Gy) and mode of CNS irra-
diation (cranial »s craniospinal) remains controversial ™,
A 4-year EFS of 78% can be achieved after reduction of
the radiation dose to 18 Gy in patients with B-cell pre-
cursor ALL whose initial remission lasted > 18 mo while
in patients relapsing before 18 mo the EFS was 5201,
Further dose reduction (15 Gy) is recommended for
patients with prior irradiation"”. The addition of cra-
nial irradiation, even in patients without obvious CNS-
involvement (prophylactic cranial irradiation), was re-
ported to significantly improve the outcome of patients
with isolated BM-relapse by the ALL REZ BFM Study
Group and was introduced from 1989 onwards™. If the
CNS was involved at the time of relapse, patients re-
ceived more intense intrathecal triple chemotherapy with
methotrexate, cytarabine and prednisonem. In addition,
cranial or cranio-spinal radiation was delivered in an age-
dependent manner to all patientsm’m’%]. This strategy was
adopted by other study groups””. However, whether
protective CNS irradiation is necessary in patients with
isolated BM relapse, remains controversial and, given the
well documented radiation associated late effects, it is
omitted by several groups in favour of intensified intra-
thecal chemotherapyps’m.

Most study groups recommend local irradiation of
both testes at 24 Gy regardless whether only one or both
testes are involved at relapse. Within the BFM stud-
ies, orchidectomy has been the treatment of choice for
the involved testicle in the case of testicular relapse. In
unilateral testicular disease the clinically affected testis
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is removed and the remaining testis irradiated (15-18
Gy according to the results of biopsy)[zz]. In the case of
clinical unilateral or bilateral testicular involvement and
no resection 24 Gy local irradiation is generally recom-
mended 2%, Radiotherapy (24 Gy) for bilateral
testicular recurrence is expected to induce infertility and
significantly impair hormone productionm]. Within the
DCOG Relapse ALL 98 Protocol, patients with late
testicular relapses were treated without irradiation and
without surgerym].

A variety of other extramedullary sites may be in-
volved in ALL relapse. Little data are available regard-
ing the prognostic impact of these manifestations and
on the necessity of local therapy. Since a blood barrier
is not present in these sites, systemic chemotherapy is
supposed to be effective. Thus, for an extramedullary
relapse other than CNS and testis, no local therapy is
generally considered apart from cases where local per-
sistence of the disease occurs after induction/consolida-
tion chemotherapy. In this situation, it is recommended
to take a biopsy and to apply local irradiation therapy if
vital leukemic cells are still present.

Treatment for second and subsequent relapses
Most treatment failures after the CR2 are related to
subsequent relapsesm. For 74 patients experiencing a
second relapse and enrolled into ALL-REZ BFM trials
before 2006, the median duration of the second CR was
7.5 mo (range, 18 d to 4.4 years)?’. In this situation, a
significant decrease in CR rates is expectedm. A variety
of multidrug regimens provide a 40% CR rate in the sec-
ond and subsequent relapsesm]. Ko et al” reported CR
rates of 44%, 27%, and 12% for third, fourth, and fur-
ther therapeutic attempts, respectively. The subsequent
CR rate was lower when CR was not achieved or was
of short duration after the prior treatment attempt' .
In contrast, the NOPHO study group reported a third
complete remission (CR3) as high as 72% in 274 patients
after the second relapse. In this study, those who never
achieved 3CR had a shorter first remission, more BM
relapses and shorter time intervals between the relapses,
indicating a more aggressive disease. However, long-term
survival was only 12%"), Few other data appear for DFS
rates in the CR3 and beyond" """, According to Ko
et al™ DFS among patients who achieve CR decreased
with an increasing number of prior treatment attempts.
Two and 5-year DFS for patients achieving CR after
third therapeutic attempts was 31% and 15%, respective-
ly. DES increased with increasing duration of the prior
remission”. In a report from the Austrian BFM Study
Group, the median duration of CR after second relapse
was 13 mo, with 10-year EFS rates of only 9% and 6%
after the second and third relapses, respectively[zz].
Concerning prognostic factors, the length of the
CR2 and relapse site are relevant”™. Reismiiller ¢z a/””
found that the duration of the second CR seemed to
have an influence on EFS: 6% »s 21% for patients with
a CR2 duration of less or more than 1.5 years, respec-
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tively. In this report, the only other prognostic factors
that proved to be statistically significant were site of first
and second relapse with isolated extramedullary relapses
faring better than isolated and combined BM relapses,
and duration of the first CR”". Other reported factors
associated with survival are NCI risk criteria at initial di-
agnosis, immunophenotype, presenting leucocyte count
and length of first remission! 7. Additional extramed-
ullary sites of disease were not significantly associated
with DFS"™, The prognosis for children with BM relapse
after SCT, and children with a second relapse of T-cell
ALL is dismal. In the latter group, this is mainly due to
the lack of ability to achieve a CR3"". Patients who re-
lapse after allogeneic SCT often have refractory disease
and are particularly susceptible to chemotherapy-related
toxicitym].

Survival after second relapse was reported to vary ac-
cording to treatment. The role of SCT for patients with
a second or third relapse has been debated. Overall sur-
vival ranging from 20% to 36% was reported for those
undergoing SCT compared with 10% to 15% for those
with chemotherapy onlym’m. Ko and coworkers!” found
increased survival for patients undergoing SCT, regard-
less of time to relapse or the number of prior relapses.

Given that only a very small group of patients with
second ALL relapse has a realistic chance of cure, these
patients are ideal candidates for phase I /1 trials ex-
ploring new innovative drugs, with the consideration of

SCT in those achieving a durable remission**"*,

OUTCOME OF RELAPSED ALL

Outcomes for children with relapsed ALL have changed
little over time despite efforts by many investigators to
intensify therapy with approaches that often include
SCT. Although clinical remission can be achieved in
most (85%) relapses, the chance to experience a second

relapse is still high and long-term survival rates do not
exceed 40% to 50%P"?#*27 ] Regults from the
CCG 1941 marrow relapse study showed that 50% of
patients failed to enter remission, died from toxicity,
or relapsed again after achieving a brief second remis-
sion”. The overall outcomes ate dismal for patients who
do not achieve a CR2 after an initial attemptm’zs]. In a
recent large retrospective review within the Therapeutic
Advances in Childhood Leukemia Consortium (TACL),
Ko ¢t al'"” found 27% 5-year DFS for patients in CR2.
These results are similar to those generally reported by
other study groups with DFS rates ranging from 16% to
39% depending on the study, time to end point, and the
patient populationﬂ6’20722’24’25’32’34].

Second malignancies such as primary brain tumors
and acute myeloid leukemia are another matter of con-
cern in relapsed ALL patients with an estimated actuarial
incidence at 15 years from diagnosis of around 11957,

NEW PERSPECTIVES

Unfortunately, retrieval therapy is inadequate in most
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cases of relapsed ALL and most of these children suc-
cumb to their disease. Further intensification of chemo-
therapy is unlikely to cure additional patients. The failure
of intensive chemotherapy to cure most children, as
well as its related toxicity, makes it essential to search for
new treatment approaches. Approximately one third of
relapsed patients can be assigned to a “poor prognosis
group” (early BM-relapse or any BM relapse of T-cell
ALL), for whom no promising therapy regimen exist’.
Moreover, the extremely poor survival after relapse
underscores the need to focus on improving the out-
come of the primary therapy for those patients who are
unlikely to be salvaged if they relapse. Promising new
therapies should be integrated into trials for subsets of
higher risk patients at initial diagnosisﬂ(’]. Using analyses
of DNA copy number abnormalities, gene expression,
DNA methylation and sequencing in matched diagno-
sis/relapsed ALL BM samples, investigations are under
way regarding the evolution of genetic lesions from di-
agnosis to relapse that lead to drug resistance and disease
progression with the aim of identifying new potential
biomarkers and therapeutic targets™********™ Further
development and the use of targeted therapies or im-
mune modulators may dectrease residual disease and may
improve the outcome in children with relapsed ALL
treated with either intensive chemotherapy or SCT",
Offering uniform clinical trials for patients with relapsed
ALL while gathering biological data in order to identify
new agents not generally used in the treatment of ALL
at primary treatment, are the focus of several current
collaborative study groupsm].

Because responses to single-agent therapy have been
poor, integrating new agents in combination with estab-
lished chemotherapy platforms in a randomized man-
ner has been adopted as a therapeutic approach by de
COG with the aim of exploring improvements in CR2
and MRD rates as a measure to define new agent activ-
ity and, potentially, to more efficiently select candidate
agents for future study™"™. Novel approaches include
new formulations of existing chemotherapeutic agents,
new antimetabolites and nucleoside analogs, monoclonal
antibodies directed against leukemia-associated antigens,
adoptive therapy approaches such as chimeric antigen re-
ceptor (CAR)-modified T cells, and molecularly targeted
drugs such as the proteasome inhibitor bortezomib and
JAK kinase, aurora kinase, and mammalian target of ra-
pamycin (mTOR) inhibitors!"***"*,

Intrathecal lyposomal cytarabine may have a role in
relapsed ALL with CNS involvement and resistance to
conventional therapy“g].

Clofarabine is a second-generation purine analog ca-
pable of inhibiting DNA synthesis/repair and inducing
cell death®™. Clofarabine has been granted accelerated
approval both in Europe and in the United States for
the treatment of pediatric patients with relapsed or re-
fractory ALL who received at least 2 prior regimens of
chemotherapy“s]. O’Connor et al™ reported an overall
response rate of 67% in 23 pediatric patients diagnosed
with relapsed ALL. Clofarabine was safe and effective

August 6, 2014 | Volume 3 | Issue 3 |



Fuster JL. Childhood, relapse, acute lymphoblastic leukaemia

when used in combination with cyclophosphamide and
etoposide although a high risk of severe infection was
noted, including fungal and viral infection. The response
rate to treatment with a clofarabine-based regimen was
inversely proportional to the number of prior treatment
attempts. Durable remissions were achieved, allowing
patients the option of hematopoietic stem cell transplan-
tation with the potential of long term cure. Treatment
was effective in 3 out of 5 infants with relapsed ML
rearranged ALL™. Thus, the use of clofarabine-based
regimens should be considered in children with either
resistant or second or subsequent BM relapsem]. Nelara-
bine is an inhibitor of purine nucleoside phosphorylase.
The FDA approved nelarabine in October 2005 for
third-line treatment of patients with T-cell ALL/lym-
phoma”, In the COG AALLOOP2 trial, patients with
T-ALL with a poor early treatment response that pre-
dicted poor outcomes in previous trials attained a 5-year
EFS rate of 69% with intensive chemotherapy plus ne-
larabine without increased toxicities. Non HR patients (<
1000/uL petipheral blood blasts on prednisone prephase
day 8 and MRD < 1% at induction therapy day 36) who
received nelarabine had a 5-year EFS rate of 74%,
Monoclonal antibodies directed to cell surface anti-
gens expressed by leukemic blasts (epratuzumab, blina-
tumomab, inotuzumab ozogamicin, and moxetumomab
pasudotox, among others), are ideal candidates. Com-
binations of monoclonal antibody and cytotoxic thera-
pies may hold particular promise in relapsed ALL™",
Epratuzumab is a humanized monoclonal antibody
that binds to the third extracellular domain of CD22.
CD22, a B-cell surface antigen, is highly expressed in
more than 90% of cases of childhood B-precursor ALL.
After binding, the receptor/antigen complex is rapidly
internalized and appears to modulate B-cell activation
and signaling, Given the high CD22 expression levels in
B-precursor ALL, its mechanism of action distinct from
cytotoxic agents, and a toxicity profile that could allow
for combining it with dose-intensive chemotherapy,
epratuzumab became an attractive agent to explore in
relapsed ALL. Epratuzumab was the first agent tested by
the COG in combination with an established reinduction
platform in children and young adults with first, early
BM relapses of CD22" ALL in an effort to improve
CR2 rates™. Patients received four intravenous doses of
epratuzumab, 360 mg/m” per dose, twice weekly during
the 14-d reduction phase, followed by four weekly doses,
360 mg/m’ per dose, administered with block 1 of the
AALLO1P2 chemotherapy regimen*. Epratuzumab
administration was tolerated with acceptable toxicity,
both as a single agent and when combined with chemo-
therapy. MRD responses in those who achieved remis-
sion were significantly more favourable in those who
received epratuzumab (42% MRD-negative compared
with 25% among historical controls) suggesting that the
antibody may enhance response to cytotoxic chemo-
therapy’[29’78’84]. However, the rates of CR2 did not differ
compared with a historical control population treated
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with chemotherapy alone™. Based on these results, the
COG will not pursue epratuzumab further™*.

T-cell engaging antibodies are bispecific antibodies
designed to transiently engage primed cytotoxic effector
memory T lymphocytes for the lysis of target cells. The
T-cell engaging CD19/CD?3-bispecific antibody blinatu-
momab can redirect T lymphocytes against CD19+ ALL
blasts, which represents a new approach to the treatment
of BCP ALL. Handgretinger ez al™ reported the first
clinical experience in three pediatric patients with BCP
ALL showing that blinatumomab, administered as a con-
tinuous 24 h intravenous infusion at 15 mg/ m’ per day
for several weeks, was well tolerated and able to rapidly
induce MRD-negative complete responses in refractory
BCP ALL after multiple relapses and allogeneic HSCT.
Blinatumumab is an attractive drug to be explored in the
near future for children with second or greater relapsed
or refractory ALL™,

Bortezomib is a proteasome inhibitor, which renders
leukemic cells more sensitive to the apoptotic effects of
chemotherapy. A phase 1 study conducted by the TACL
(TACL study, T2005-003) demonstrated that a standard
dose of bortezomib (1.3 rng/m2 given on days 1, 4, 8,
and 11) can be safely combined with an intensive 4-drug
reinduction regimen in children with relapsed ALL and
showed promising activity in relapsed childhood ALLP,
Within the phase 2 expansion of this combination (TACL
study T2005-003) patients were eligible only after they
failed 2 or 3 previous treatment regimens. The CR rate
was 64% with an additional 9% of CR without platelet
recovery for an overall response rate of 73% which was
significantly better than in previous trials. BCP ALL pa-
tients had an 80% overall response rate while no T-cell
ALL patients showed a response. The study reached
its predefined early stopping rule for efficacy when 14
complete responses were observed among the first 22
patients enrolled. OS at 24 mo was estimated to be 41%.
Lethal bacterial sepsis was the principal toxicity[sﬂ. A
study combining bortezomib with a 4-drug reinduction
platform (the AALLO1P2 triple reinduction regimen) is
also in progress within the COG for patients with early
BM relapse occurring within 36 mo of diagnosism’m.
This approach will also be explored by the I-BFM SG.

In relapse Ph+ ALL, second complete remissions
can be obtained with the combination of imatinib and
intensive chemotherapy™®. For patients relapsing af-
ter treatment with imatinib, the use of scalating doses
of imatinib or alternative tyrosine kinase inhibitors
may overcome imatinib resistance and help to induce a
new remission and a second SCT should be considered
in this situation™ . High FLT3 expression identifies
MLI-AF4+ ALL patients at very high risk of treat-
ment failure and poor survival, emphasizing the value
of ongoing/future clinical trials for FL'T3 inhibitors"™
The COG is conducting a phase I trial (ADVL1011) of
the JAK inhibitor ruxolitinib, and plans to develop a trial
of ruxolitinib combined with chemotherapy in relapsed
ALL patients with 4K mutations. These mutations are
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present in a proportion of cases of so-called Ph-like
ALL overexpressing CRLF2. Similarly, patients with oth-
er fusion genes activating ABL7, [AK2, and PDGFRB
might be treated with ABL/PDGFRB class tyrosine ki-
nase inhibitors'".

The occurrence of defective immune tecovery af-
ter haploidentical SCT was associated with a high risk
of severe infections, which heavily affected morbid-
ity and mortality. Post-transplant CD8-depleted donor
lymphocyte infusions are feasible and promote immune
reconstitution”". Further attempts might be directed at
increasing the alloreactive potential of the transplanta-
tion. Donor lymphocyte infusions have been advocated
to convert stable mixed chimerism into full chimerism
and have been used successfully in patients with persis-
tent, relapsed, or progressive disease both after conven-
tional and nonmyeloablative SCT to exert graft-ss-tumor
effects, most notably in patients with chronic myeloid
leukemia”>",

Adoptive immuno therapy was investigated mostly
in children who have a functional thymus and lower
incidence of GvHD compared with adults. Donor-»s-re-
cipient NK alloreactivity has emerged as a crucial factor
for the outcome of haplo—SCT[7Z’73]. Genetic engineer-
ing to endow T cells with receptors that bind leukaemia
cell surface antigens such as CD19 or CD22, is another
promising adoptive therapy approach. Immune cells are
genetically modified to express chimeric antigen recep-
tors (CAR) that contain a target recognition domain
linked to an intracellular component that activate a sig-
nalling cascade™. Impressive antileukemic effects have
been reported using CD19-CAR constructs in pediatric
patients with relapsed/refractory BCP ALLEY,

CONCLUSION

Relapsed ALL remains a significant challenge for pedi-
atric oncologists. According to recent reports regarding

genetic and epigenetic signatures, two different biologi-
cal mechanisms seem to distinguish early »s late ALL
relapse. This might partially explain their distinct behav-
iour, therapy response and outcome. While SCT is gen-
erally accepted as the best option as post-induction con-
solidation therapy for HR patients after CR2, this seems
to apply to only a subgroup of patient categorized as IR.
Eatly response evaluation in terms of MRD after rein-
duction therapy seems to offer the best chance to stratify
IR to SCT or conventional chemotherapy and it is cur-
rently been applied by several study groups. However,
leukemia-free survival remains dismally low for many
patients after relapse and, despite efforts by many inves-
tigators to intensify therapy with approaches that often
include SCT, outcomes for these children have changed
little over time. Relapsed ALL represents the focus of
considerable pediatric research and alternative treatment
options exploring distinct mechanisms of action are be-
ing pursued. Given the rarity of the disease, prospective
clinical trials need to be coordinated within international
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cooperative groups.
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Abstract

Hemophagocytic lymphohistiocytosis (HLH) is a hyper-
inflammatory syndrome that develops as a primary (fa-
milial/hereditary) or secondary (non-familial/hereditary)
disease characterized in the majority of the cases by
hereditary or acquired impaired cytotoxic T-cell (CTL)
and natural killer responses. The molecular mecha-
nisms underlying impaired immune homeostasis have
been clarified, particularly for primary diseases. Familial
HLH (familial hemophagocytic lymphohistiocytosis type
2-5, Chediak-Higashi syndrome, Griscelli syndrome
type 2, Hermansky-Pudlak syndrome type 2) develops
due to a defect in lytic granule exocytosis, impairment
of (signaling lymphocytic activation molecule)-asso-
ciated protein, which plays a key role in CTL activity
[e.g., X-linked lymphoproliferative syndrome (XLP) 1],
or impairment of X-linked inhibitor of apoptosis, a po-
tent regulator of lymphocyte homeostasis (e.g., XLP2).
The development of primary HLH is often triggered by
infections, but not in all. Secondary HLH develops in
association with infection, autoimmune diseases/rheu-
matological conditions and malignancy. The molecular
mechanisms involved in secondary HLH cases remain
unknown and the pathophysiology is not the same
as primary HLH. For either primary or secondary HLH
cases, immunosuppressive therapy should be given to
control the hypercytokinemia with steroids, cyclospo-
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rine A, or intravenous immune globulin, and if primary
HLH is diagnosed, immunochemotherapy with a regi-
men containing etoposide or anti-thymocyte globulin
should be started. Thereafter, allogeneic hematopoietic
stem-cell transplantation is recommended for primary
HLH or secondary refractory disease (especially EBV-
HLH).

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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motherapy; Intravenous immunoglobulin; Molecular
diagnosis; Rituximab; Steroids

Core tip: This review discusses the diagnostic criteria
for hemophagocytic lymphohistiocytosis (HLH), the
algorithms used to identify the underlying immune de-
fects at the molecular level, and the optimal therapeutic
approaches. For any HLH cases, a screening for primary
HLH should be made following the diagnostic algorithm.
During the process, immunosuppressive therapy should
be started to control the hypercytokinemia with ste-
roids, cyclosporine A, or intravenous immune globulin,
and if primary HLH is confirmed, immunochemotherapy
with a regimen containing etoposide or anti-thymocyte
globulin should be given. Supportive measures to con-
trol hemorrhage/organ dysfunction are also required.
In cases of primary HLH or secondary/refractory HLH,
timely allogeneic hematopoietic stem cell transplanta-
tion is recommended.
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INTRODUCTION

Hemophagocytic lymphohistiocytosis (HLH) is a pri-
mary (familial/hereditary) or secondary (non-familial/
hereditary) hyperinflammatory and hypercytokinemic
syndrome"”. Immune homeostasis is maintained by
regulating the proliferation and apoptosis of activated
lymphocytes and their associated granule-dependent
cytotoxic activity, which plays a critical role in defense
against tumor cells and cells infected with viruses”. The
hypercytokinemia conditions associated with HLH are
caused by cytokine releases from activated T cells and
macrophages as a result of impaired activation-induced
cell death due to uncontrolled immune responses result-
ing from the impaired ability of cytotoxic T-cell (CTL)
and natural killer (NK) cells to kill their target cells'.
Thus, marked activation of macrophages occurs, which

results in hypercytokinemia. Previous reviews of pri-
mary HLH identified a hereditary impairment in the
molecules involved in the multistep processes of cytoly-
sis (from cell activation to the release of perforin and
granzymes). Indeed, primary HLH is caused by loss-
of-function mutations in the genes encoding perforin
and various molecules involved in the transport, fusion
and exocytosis of secretory vesicles™. In other forms
of HLH, particularly Epstein-Barr virus (EBV)-driven
primary HLH, deficiency in SAP (which is important for
CTL function) is responsible for the marked reduction
in CTL and NK cell activity; however, in XIAP (which is
important for apoptosis), CTL and NK cell activity are
not altered”"". Secondary HLH develops in apparently
immunocompetent subjects; however, some of these
subjects show acquired functional reductions in CTL
and NK cell activity, which are associated with viral,
bacterial or parasite infections, metabolic diseases, auto-
immune diseases/rheumatological conditions (termed
as macrophage activation syndrome; MAS), or malig-
nancy”"”. Initial diagnostic work-up in the diagnosis of
HLH includes the detection of the expansion of CD8"
T cell subset in the peripheral blood™ " and the identi-
fication of the factors that trigger the development of
HILH, particularly infectious agents™*. In addition, for
all HLH cases, molecular screening must be performed
to determine whether the disease is primary or second-
ary™*#| The assay of NK or CTL activity”**" and flow
cytometric analysis of molecules, such as perforin, Munc
13-4, SAP/XIAP, is essential for rapid diagnosis[()‘%zs’zsl
(Figure 1). Age-related factors were emphasized in the
past because primary HLH usually develops during
the first 3 years of life; however, more recently, late-
onset cases have been identified™ ™. The diversity of
clinical features associated with primary HLH has been
examined using detailed genotype-phenotype analysis
methods. Among infectious agents, EBV plays a major
role in cases of infection-associated primary or second-
ary HLH. Thus, quantification of cell-free or peripheral
mononuclear cell EBV-DNA levels is extremely useful
for the diagnosis of EBV-HLH and chronic active EBV
infection (CAEBV)-related HLH""". The HLH-94 or
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HILH-2004 regimens employed in many centers has led
to a significant improvement in the therapeutic results
due to the efficacy of a combination of immunoche-
motherapy and allogeneic HSCT for treating primary
and secondary HLH, especially for refractory EBV-
HLH"™: however, the diversity of the clinical features
associated with primary HLH raiﬁﬁ; questions regarding

the appropriate timing of HSCT™""*,

HEMOPHAGOCYTIC LYMPHOHISTIOCY-
TOSIS

Clinical features

The initial symptoms of HLH include persistent fever,
hepatic and/or renal dysfunction, splenomegaly, hemor-
rhagic diathesis, neurological symptoms, and other fea-
tures, caused by hyperinflammatory conditions>**,
The clinical features of primary and secondary cases
are not significantly different; however, some types of
primary HLH are associated with hypogammaglobu-
linemia-related symptoms (e.g., FHL5 and XLP1)*,
enteropathy and renal tubular dysfunction due to the
epithelial abnormalities in FHL5"" and oculocutane-
ous albinism in patients with Griscelli syndrome type
2 (GS-2), Chediak-Higashi syndrome (CHS), and Her-
mansky-Pudlak syndrome type 2 (HPS-IT)">, although
occurrence of HLH in HPS-II deficiency is limited to
a single case™. The most ominous findings in cases of
HLH are central nervous system (CNS) disease™ ™ or
an association with primary or therapy-related hemato-
logical malignanciesméﬂ. The HLH conditions do not
show the same severity, which is determined by the type
of NK deficiency”™ in association with the type of ge-
netic mutations in the primary HLH™* or the degree
of lymphoproliferation as represented by serum soluble
IL-2R levels in the secondary HLH". HLH occurs in all
age groups, from premature infants and neonates to the
elderly, but the majority of primary HLH cases occur in
early infancy. For cases occurring during the fetal and
neonatal periods™™, pre- or post-natal molecular diag-
nosis is essential®. Primary HLH can also develop in
adolescents and adults™ Y, Thus, especially in this older
age group, a molecular diagnosis is recommended to en-
able a definite diagnosis of primary or secondary HLH.

Triggers and underlying diseases

The most common “trigger” for HLH is infectious
disease. Viral and other types of infection cause sec-
ondary HLH!*22430, Among them, EBV-HLH and
CAEBV-related HLH, which are defined by the specific
diagnostic criteria®, are the most common form of
secondary HLLH; however, infection-induced HLH also
occurs in individuals with primary HLH, MAS, and ma-
lignancy. Post-organ transplant-HLH, or post-HSCT-
HLH, is a distinct subtype of secondary HLH that was
described recently™ . Among the various malignancies,
lymphoma-associated HLH (LAHS) is the most com-

7375 . ) . )
mon”7, Progress in molecular diagnostic techniques
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Figure 1 Diagnostic work up algorithm for a patient with primary hemo-
phagocytic lymphohistiocytosis (familial hemophagocytic lymphohistio-
cytosis and X-linked lymphoproliferative syndrome)®*?!, Degranulation
assay is useful for familial hemophagocytic lymphohistiocytosis (FHL) type 3-5.
It is advised to perform flow cytometry of peripheral blood mononuclear cells to
detect the expansion of CD8+ T cells as first step of diagnosing hemophago-
cytic lymphohistiocytosis (HLH) prior to the work up algorism.

has led to the identification of molecular abnormality
of primary HLH in cases of secondary HLH""" as well
as in hematological malignancie5[63’64’78’80]. In addition,
genotype-phenotype correlations have been identified in
patients with primary HLH, particularly those associated
with FHL2, FHL3, and FHL5"*" and with XLP™*"*),
It is these types of studies that identified the existence
of atypical late-developing primary HLH cases in ado-
lescents and adults™ ", and the identification of which
raises questions about how promptly HSCT should be
introduced.

Laboratory findings and immunopathological features

The cardinal laboratory features associated with HLH
include bicytopenia, high levels of serum ferritin, triglyc-
eride, transaminases, lactate dehydrogenase and soluble
IL-2R. Serum creatinine and BUN levels are often el-
evated, while plasma fibrinogen is decreased. Deficient
NK activity has generally been noted">'*""***. Hemo-
phagocytosis is observed on bone marrow smears or
in lymph node or liver biopsies; however, the detection
of hemophagocytes is not mandatory for the diagnosis.
Although detection of abnormal karyotypes in bone
marrow cells is rare in patients with HLH, they are oc-
casionally detectable in cases of EBV-HLH, correlated
with CAEBV™, Immunopathological features in HLH
are characterized by uncontrolled activation of T cells,
especially a significant increase in the subpopulation of
CD8+ T cells with clonal expansionlzo’mJ and macro-
phages in association with overproduction of various

cytokineslss’“].

Molecular genetics
The molecular defects associated with primary HLH
are listed in Table 1. Molecular abnormalities have been
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Table 1 List of primary hemophagocytic lymphohistiocytosis

Molecular abnormalities
(chromosome location)

Disease

CTL molecule dysfunction
Pore formation

FHL2 Perforin (10q21-2)

Vesicle priming fusion

FHL3 Munc13-4/Unc 13D (17q25)
FHL4 Syntaxin 11 (6q24)

FHL5 STXBP2/Munc18-2 (19p13)

Vesicle docking/ trafficking

Chediak-Higashi syndrome LYST (1q42.1-42.2)

Griscelli syndrome, type 2 Rab27a (15q21)
Hermansky-Pudlak syndrome II AP-3 (3q24)
EBV-driven

XLP1 SAP/SH2D1A (Xq25)
XLP2 (XIAP) BIRC4 (Xq24-25)

ITK deficiency’ ITK (5q34)

CD27 deficiency" CD27 (12p13)
XMEN' MAGT1 (Xq21.1)

"Major clinical features in these diseases are not hemophagocytic lympho-
histiocytosis (HLH) but Epstein-Barr virus (EBV)-associated lymphoprolif-
erative disease. FHL: Familial hemophagocytic lymphohistiocytosis; XLP:
X-linked lymphoproliferative disease; ITK: IL-2-inducible T cell kinase;
XMEN: X-linked immunodeficiency with Mg defect, EBV infection and
neoplasia; MAGT1: Magnesium transporter 1, LYST is also called CHS1
gene. Association of hemophagocytosis was described in some cases.

identified in the petforin-granzyme cytotoxic molecule
pathway (in FHL type 2-5, GS-2, CHS, HPS-1I), T-cell
activation pathway (in XLP1), the apoptotic pathway (in
XLP2), and the inducible T-cell kinase pathway (in ITK
deficiency)"™*"™"™. More recently, CD27 deficiency""'"”
and magnesium transporter 1 (MAGT1) deficiency, also
termed as XMEN (X-linked immunodeficiency with
Mg”" defect, EBV infection and neoplasm)"”, were
identified. These EBV-driven ITK, or CD27 deficiency
and XMEN give rise to EBV- associated lymphoprolif-
erative disease (LPD), but does not primarily predispose
to HLH; although hemophagocytosis was described in
some of the cases"'". These novel discoveries are ex-
pected to help elucidate the molecular mechanisms caus-
ing the inherited forms of EBV-LPD and HLH.

Diagnosis and differential diagnosis

Achieving the definitive diagnosis of HLH is often chal-
lenging""'". Currently, HLH is diagnosed according
to globally accepted diagnostic criteria shown in Table
2" Differential diagnoses include fulminant hepatitis or
acute hepatic failure""”] severe sepsis, systemic inflam-
matory response syndrome, and other hyperinflamma-
tory conditions""”. In the differentiation of primary
and secondary HLLH, screening measures are employed,
which include NK and CTL activity determination, de-
granulation assays as well as flow cytometric assay of
the expression of perforin and other molecules (Figure
1)1 More recently, Western blot analysis was found
to be useful to screen for primary HLH by detecting
FHL-related proteins in plateletslzgj. An accurate diagno-
sis is made by performing mutation analysis of the genes
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Table 2 Diagnostic guidelines for hemophagocytic lympho-
[38]

Table 3 Poor prognostic factors in Epstein-Barr virus-hemo-

histiocytosis'

phagocytic lymphohistiocytosis™*!

The diagnosis of HLH can be established if one of either (1) or (2) be-
low is fulfilled

(1) A molecular diagnosis consistent with HLH

(2) Clinical diagnostic criteria fulfilled for 5 out of the 8 criteria below
Clinical criteria 1 fever

2 splenomegaly

3 bicytopenia (Hb <90 g/L,

platelets <100 x 10’/L, neutrophils < 1.0 x 10°/L)
4 Hypertriglyceridemia (> 3.0 mmol/L)
and/or hypofibrinogenemia (< 1.5 g/L)

5 hemophagocytosis

Routine laboratory
criteria

Specific histopatho-
logical/marker criteria
6 low or absent NK cell activity
7 hyperferritinemia (> 500 nug/L)
8 hyper-sIL-2R-nemia (> 2400 U/mL)

HLH: Hemophagocytic lymphohistiocytosis; NK: Natural killer.

responsible for these hereditary diseases. EBV-HLH
is diagnosed using a combination of HLH diagnostic
criteria and EBV-specific data (i.c., the number of EBV-
DNA copies and antibody expression patterns in the
serum)” %, Although the majority of EBV-HLH cases
in Asia are thought to be secondary HLH, molecular
and genetic analyses need to be performed to determine
whether they are in fact primary HLH, particularly in pa-
tients with refractory EBV-HLH"**"**” 1 Furope,
some patients with FHL3 or FHL5 presented with clini-
cal features suggestive of CAEBV-related HLH™. Also,
since the risk of malignancy is high in the condition of
CTL dysfunction, patients presenting with hematological
malignancies could be searched for primary HLH-related

gene mutations'* ™",

Prognostic factors and clinical outcome

The ultimate treatment goal of HLH is to have disease-
free survival without CNS sequelae and treatment-related
acute myeloid leukemia (t-AML). The outcome of HLH
depends on the severity of clinical features at the onset
and types of HLH (primary or secondary). In particular,
primary HLH, refractory EBV-HLH and LAHS without
treatment have a poor outcome. In principle, primary
HLH cases are fatal if HSCT is not perforrned[mgl. In
refractory secondary HLH, immunotherapy may not be
curative, when the patients require both salvage chemo-
therapy and HSCT (Figure 2). Preferably, it is essential to
perform HSCT before the development of CNS disease
or of t-AML. In the prognostic analysis of HLH, it was
found that after initial treatment, death during the acute
phase occurs in 10%-15% of patients, usually due to
life-threatening infections, hemorrhage, and/or irrevers-
PRI Death at the later stages
of treatment is often due to reactivation of the disease
and adverse effects associated with HSCT!""""". These
data indicate the requirement of improved outcome of
HSCT in the treatment of HLH. Although late onset
cases of primary HLH are believed to carry a better

ible organ dysfunction
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Persistent increase of cell-free EBV genome copies

Chromosome abnormality

Correlation with chronic active EBV infection (CAEBV)"

In association with primary HLH

Severe organ dysfunction, such as renal failure, CNS hemorrhage
Choice of treatment, such as timing of etoposide use, HSCT

!CAEBYV is often associated with 1 and 2 of the above. CNS: Central
nervous system; HSCT: Hematopoietic stem cell transplantation; EBV:
Epstein-Barr virus; HLH: Hemophagocytic lymphohistiocytosis.

prognosis, there is a report that adolescents and young
adults with HLH who undergo allogeneic HSCT ate at
increased risk of mortality compared to younger pa-
tients' . The factors suggestive of a poor prognosis for
those with EBV-HLH are summarized in Table 3.

TREATMENT OF HLH

General considerations and supportive therapy

Any patients with HLH can be treated first with immu-
nosuppressive regimens designed to control the hyper-
cytokinemia and hyperinflammation. Such treatments
include steroids (prednisolone or dexamethasone),
cyclosporine A (CSA), or intravenous immune globulin
(IVIG). During the initial period of therapy, finding out
the triggering factors and underlying diseases as well
as molecular diagnostic analyses are recommended to
determine familial or non-familial diseases (Figure 1).
If confirmed, primary HLH is similarly treatable with
HIH-directed immunochemotherapy™ "> On the
other hand, if apparent infection-triggered HLLH is con-
firmed, rigorous treatment of any identified infectious
agents is important. For any secondary HLH, application
of treatment should aim to target the underlying dis-
eases. Patients with very severe cases of HLH requiring
hemodynamic and respiratory support are treated in the
intensive care unit. Inotropic agents atre life-saving for
those that are hemodynamically unstable! ™", Antibac-
terial or antifungal agents are also required to treat op-
portunistic infections due to HLLH-related neutropenia.
Because severe thrombocytopenia and coagulopathy are
both life-threatening conditions, the patient may require
infusions of concentrated platelets, fresh frozen plasma,
fibrinogen, and recombinant thrombomodulin'**""",
Although there is no definite consensus on its benefit,
plasma exchange or exchange transfusion may be used
to treat the hypercytokinemia and reduce the hemoz-
thagic tendency during the initial treatment phase!**'*!.
The addition of acyclovir to the therapeutic regimen for
those with EBV-HLH is not thought to be beneficial
because there is no objective evidence showing a clinical
improvement using this drug'*). However, acyclovir is
useful for treating neonatal herpes simplex virus (HSV)-
HLH in infancy™'"**'*". Indeed, a combination of high-
dose acyclovir, steroid pulse therapy, IVIG, and blood
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Secondary HLH

MAS LAHS

Primary HLH
FHL EBV-HLH
S/C or SCE +/-
SCE or SCA

rituximab

S/C antiviral +/- IVIG

S/C + anti lymohoma
therapy

S/C +/- infliximab
or etanercept

+/- Salvage

allogeneic HSCT

Figure 2 Flow chart illustrates the treatment pathways in hemophagocytic lymphohistiocytosis. Hematopoietic stem cell transplantation (HSCT) is required
for the majority of primary hemophagocytic lymphohistiocytosis (HLH) and some of LAHS and EBV-HLH. FHL: Familial hemophagocytic lymphohistiocytosis; MAS:
Macrophage activation syndrome; LAHS: Lymphoma-associated HLH; SCE: Steroids + cyclosporine A + etoposide; SCA: Steroids + cyclosporine A + ATG; IVIG: Intra-
venous immune globulin; S/C: Steroids alone or cyclosporine A alone or two drug combination.

transfusion has proved successful for treating neonatal
HSV-HLH". In patients with mycobacterium tubercu-
losis-associated HLH, eatly diagnostic confirmation and
the timely administration of antituberculous medication
is crucial for an improved outcome'™. For patients with
leishmania-related HLH, amphotericin B was shown to
be effective””; however, for those with human immu-
nodeficiency virus-related HLH, outcome remains poor
even in the era of highly active antiretroviral rherapy“m.
The efficacy of intrathecal chemotherapy for treating
CNS disease in HLH patients has not been sufficiently
evaluated. At present, the outcome for HLH patients
with CNS disease is poor, even when treated with a
combination of systemic immunochemotherapy and
intrathecal chemotherapy[w'()zj. The HLH-94 study tested
the ability of a high systemic dose of dexamethasone to
prevent the development of CNS disease. In addition,
the study examined the use of intrathecal methotrexate
in patients showing neurological symptoms at the time
of disease onset; however, neither treatment appeared
to prevent the exacerbation of CNS disease””™. Data
show that at the time of HLH diagnosis, neurological
symptoms wete already present in 37% of patients, and
abnormal findings regarding the CSF were made in 52%;
in all, 63% of patients had either neurological symp-
toms or abnormal CSF findings. CNS sequelae were
more common in the latter group and, consistent with
this, a substantial proportion of HLH survivors suffer
neurological sequelae. Thus, early diagnosis of HLH
and an evaluation of the CNS status including the CSE,
coupled with eatly systemic HLH therapy, is crucial; in
addition, the timely use of HSCT should be considered
if reactivation of HLLH with or without CNS disease is
suspected to develop or to be exacerbated during the
treatment” *>'*. However, since childhood survivors of
HLH even after HSCT are shown to be at risk of long-
term cognitive and psychosocial difﬁcultiesmo], prospec-
tive and systematic long-term follow-up of neurological
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function in these post-HSCT patients is essential.

Suppression of inflammation

In the past, IVIG was used to treat various types of
HLH""""": however, this form of treatment seems
best suited to enterovirus-, hepatitis-, cytomegalovirus-,
or bacteria-associated HLH"""*". Combined treatment
with antibiotics and IVIG resulted in the full recovery
of a patient with Group G streptococcal endocarditis-
associated HLH". Treatment with steroids alone can
be effective for some HLH cases'””. CSA quickly and
efficiently suppresses the cytokines secreted by dysregu-
lated T-cells and activated macrophages; indeed, CSA
is able to control various cytokine-related pathological
conditions**'*!l. Currently, the majority of HLH cases
are treated first with a combination of steroids and
CSA™MH ™ The prompt and continuous infusion of
CSA (1-3 mg/kg per day over several days) is requited to
alleviate the cytokine “storm” as quickly as possible in
patients with severe HLH, but without renal failure™. In
addition, CSA treatment effectively supports neutrophil
recovery especially in severely neutropenic Asian EBV-
HILH patients during the acute phase' .

Combined immunotherapy or inmunochemotherapy

The etoposide/steroid/CSA triple combination was used
in the HLH-94 or HLH-2004 regimen, consisting of 8
wk of initial therapy followed by continuation therapy
and allogeneic HSCT if required. This regimen is now
used in many centers to treat HLH, which comprises of
dexamethasone (starting dose, 10 mg/d, IV or PO, fol-
lowed by tapering), CSA (dose adjusted to obtain trough
levels of 200 pg/L, PO, daily), and etoposide (150 mg/
m’, IV; a total of 10 doses during the initial 8 wk). This
regimen has considerably improved the outcome for
HLH patients: in the initial analysis comprising 113 pa-
tients, the 3-year survival rate was 45% (£ 10%)"". The
CNS outcomes in the patients treated with this regimen
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were published in 2008’ Long-term follow-up results
for 227 patients were published in 2011, where the esti-
mated 5-year survival rate was 54% * 6%, and the 5-year
survival rate for 124 patients who received HSCT was
66% * 8%, The same group also suggested that this
regimen should be revised as HLH-2004""; however, the
therapeutic results of HLH-2004 have not yet been pub-
lished. The HLLH-94 regimen was also found to be effec-
tive when used to treat secondary EBV-HLH"*"*, On
the other hand, along the usage of HLH-94-type HLH
treatment, several cases of t-AML were reported[65]. A
French group used an ATG/steroid/CSA combination
to treat patients with primary HLH" """ and similar
to the etoposide/steroid/CSA regimen, this combina-
tion was also followed by HSCT. The effectiveness of
this treatment was first described in 1993 where the
regimen comprised steroids (2-5 mg/kg per day methyl-
prednisolone, IV, followed by tapering), rabbit ATG (5-10
mg/kg per day for 5 d), and CSA (4-6 mg/kg per day,
PO, daily). The study results were published in 2007"*,
In 38 consecutive patients with use of 45 courses of
ATG, this regimen resulted in a rapid and complete
response in 73%, a partial response in 24%, and no
response in only one patient. Subsequent HSCT, when
performed early after a complete or partial response, led
to a high cure rate of 16 out of 19 cases. Overall, 21 of
the 38 patients survived and there were four toxicity-
related deaths. The same group also published the
HSCT results for 48 patients in 2006""". Unfortunately,
no direct comparison is possible between the therapeutic
results performed after the ATG-regimen or after the
HILH-94-type regimen. A regimen comprising HIT (hy-
brid immunotherapy)-HLH, which uses a combination
of ATG/etoposide in the initial treatment phase, is cur-
rently being tested (unpublished; Jordan M, Histiocyte
Society Clinical Studies 2013).

Other treatments

Rituximab is an effective treatment for some cases of
EBV-HLH and has been used as a form of pre-emptive
B-cell-directed therapy in patients with XIL.P1-related
EBV-HLH or other severe forms of EBV-HLH in
which EBV resides within B cells"*"*. More recently,
Chellapandian ez al"™ examined 42 EBV-HLH cases and
found that a combination of tituximab and conventional
immunochemotherapy improved patient symptoms and
reduced both the viral load and the level of inflamma-
tion. In the past, rituximab was thought to be unsuitable
as a treatment for Asian patients with EBV-HLH in
which EBV resides in T-cells or NK cells; however, the
inclusion of rituximab in the initial treatment regimen
may be useful in such cases'”". R-=CHOP (a combination
of rituximab, doxorubicin, vincristine, cyclophospha-
mide and prednisolone) as well as R-etoposide are an
effective combination for treating EBV-LPD-associated
HLH"?. The combination of rituximab and CSA in-
duced remission in one patient with EBV-HLH occur-
ring in association with CHS"". In addition, intrathecal
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rituximab is an effective treatment for post-transplant
EBV-positive CNS lesions"”>". Alemtuzumab is ef-
fective as a bridge to allogeneic HSCT in primary HLH
patients undergoing salvage treatment””. Marsh e# af"™"
reported that of 22 patients who received alemtuzumab
(median dose, 1 mg/kg; range, 0.1-8.9 mg/kg) over a
median of 4 d (range, 2-10), 64% experienced a partial
response within 2 weeks. Indeed, 77% survived and
underwent allogeneic HSCT, where the adverse events,
including cytomegalovirus and adenovirus viremia, were
reported to be “acceptable”. Alemtuzumab has also been
used to treat refractory MAS™. As other biological and
experimental agents, the anti-CD25 antibody (daclizum-
ab) was successfully used in a single adult patient with
HLH"" and the anti-TNF-g, antibody (infliximab/etan-
ercept) is an effective treatment for MAS!"" Because
IFN-y plays a major role in the pathogenesis of HLH, a
humanized anti-IFN-y antibody, NI-0501(Novimmune),
is currently being tested as a future treatment for the dis-
ease (unpublished; Arico M, Histiocyte Society Clinical
Studies 2013), based on the murine model studies """,
A study in XMEN patients showed that magnesium sup-
plementation is an effective treatment because magne-
sium restores decreased intracellular free Mg2+ levels and
corrects defective expression of NK activating receptor
(NKG2D), while concurrently reducing the number of
EBV-infected cells 77 vivo™".

Allogeneic hematopoietic stem cell transplantation

Patients with primary HILH and those with refractory second-
ary HLH are candidates for allogeneic HSCTPT eI
Primary HLH cases with nonsense (disruptive) gene
mutations such as premature stop codon, or sequence
frameshift generally develop symptoms in early infancy,
thus require early introduction of HSCT. In these cases,
delayed HSCT may have a risk of reactivation of HLH,
development of CNS disease or hematological malignan-
cies. Those with missense (hypomorphic) mutations may
often wait for transplantation until adolescence or young
adulthood. In secondary HLH, HSCT is planned when-
ever the disease becomes refractory to immunochemo-
therapy. For HSCT, reduced intensity conditioning (RIC)
rather than myeloablative conditioning (MAC) is the pre-
ferred regimen because it results in better patient survival;
however, the RIC regimen may result in mixed donor chi-
merism during the post-transplant period!. Landman-
Parker ef al'” showed that partial engraftment of donor
bone marrow cells after HSCT is sufficient to obtain
long-term remission in patients with primary HLH. Ex-
perimental transplantation of perforin-deficient mice
showed that 10%-20% perforin-expressing cells, with
either mixed hematopoietic or CD8 (+) T-cell chime-
rism, are sufficient to re-establish immune regulationmu].
These data suggest that stable levels of donor chimerism
(> 10%) could maintain remission in the HLLH patients
after HSCT. Of the 40 HLLH patients who underwent al-
logeneic HSCT between 2003 and 2009 in Cincinnati, 14
received MAC comprising busulfan, cyclophosphamide,
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and ATG plus or minus etoposide, while 26 patients
received RIC comprising fludarabine, melphalan, and
alemtuzumab. All patients engrafted successfully, and the
overall estimated 3-year survival after HSCT was 43% for
those receiving MAC and 92% for those receiving RIC (P
=0.000)"". In Japan, 57 patients (43 with primary HLH
and 14 with EBV-HLH) underwent HSCT between 1995
and 2005. Data show that EBV-HLLH patients had a bet-
ter prognosis after HSCT than primary HLLH patients,
also demonstrating that the RIC-conditioning regimen
significantly improves the outcome of patients undergo-

ing allogeneic HSCT™.

CONCLUSION

Recent progress has been reviewed on how to under-
stand the pathogenesis, how to diagnose and how to
make treatment decisions in patients with HLH. Al-
though the outcomes have significantly improved over
the past decade, further refinement of treatment is re-
quired at the initial phase of the disease as well as pre-
and post HSCT periods with special care for CNS dis-
ease in order to promise a cure with excellent quality of
life in these patients with HLH.
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Abstract

Myeloproliferative neoplasms include three diseases:
polycythemia vera, essential thrombocythemia and
primary myelofibrosis (PMF), currently diagnosed ac-
cording to the 2008 World Health Organization criteria.
Patients with PMF may encounter many complications,
and, among these, disease progression is the most
severe. Concerning prognostication of Myelofibrosis
(MF), the International Prognostic scoring system (IPSS)
(International Prognostic Scoring System) model at
diagnosis and the Dynamic IPSS (DIPSS) anytime dur-
ing the course of the disease may be useful to define
survival of MF patients. The IPSS and the DIPSS are
based on age greater than 65 years, presence of con-
stitutional symptoms, hemoglobin level less than 10
g/dL, leukocyte count greater than 25 x 10°/L, and
circulating blast cells 1% or greater. Cytogenetic profile
and mutational analysis seem to be the next step to
implement MF prognostication. Concerning treatments,
hydroxyurea has been considered until now the drug of
choice when an anti-myeloproliferative effect is needed,
but recent data on JAK inhibitors demonstrated a sig-
nificant effect of these drugs on splenomegaly and
symptoms.
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Core tip: Myelofibrosis (MF) is a mutational/clinical-
complex disease. Prognostication of MF is based on the
International Prognostic scoring system (IPSS) model
at diagnosis and on the Dynamic IPSS thereafter. Fac-
tors included in both models are: age > 65 years,
constitutional symptoms, hemoglobin < 10 g/dL, leu-
kocytes > 25 x 10°/L, and circulating blast cells 1%
or greater. Cytogenetic profile and mutational status
help to better discriminate within each IPSS category.
JAK inhibitors are new promising therapies with a mo-
lecular target, translating into a clinical benefit: spleen
reduction MF-symptoms refief. Among JAK inhibitor,
ruxolitinib has been approved for MF.

Maffioli M, Caramazza D, Mora B, Merli M, Passamonti F.
Myelofibrosis: Prognostication and cytoreductive treatment.
World J Hematol 2014; 3(3): 85-92 Available from: URL: http:/
www.wjgnet.com/2218-6204/full/v3/i3/85.htm DOI: http://
dx.doi.org/10.5315/wjh.v3.i3.85

PROGNOSTICATION IN PMF

Among myeloproliferative neoplasms (MPN), primary
myelofibrosis (PMF) has the most heterogeneous clinical
presentation, including anemia, splenomegaly, leukocyto-
sis or leukopenia, thrombocytosis or thrombocytopenia,
and constitutional symptoms (fever, weight loss, night
sweats). Available estimate of survival in MF fixes the
median value at 6 years ranging from few months to
many yearsm. Causes of death may be summarized into
bone marrow failure (severe anemia, bleeding due to
thrombocytopenia, and infections due to leukopenia) in
25%-30% of patients, leukemic transformation, named
blast phase (BP), in 10%-20% of patients, cardiovascular
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complications in 15%-20%, and portal hypertension in
10%.

Many factors affect survival in PMF such as advanced
age”’zl, anemia!] red blood cell transfusion need", leu-
kopenia, leukocytosis', thrombocytopenia!, peripheral
blast count', systemic syrnptomsm, hepatic myeloid meta-
plasia[z"zzl, decreased marrow cellularity with higher degree
of fibrosis™, higher degree of microvessel densitym, high
number of circulating CD34-positive cells" cytogenetic
abnormalities'”, the JAK2 (V617F) mutation"’, some new

mutation'" and high level of some cytokines”*",

PROGNOSTIC FACTORS IN PMF

Cytogenetic abnormalities

Cytogenetic analysis has a role to identify an abnormal
profile that provides evidence of clonality. Although
most PMF patients’ bone marrow aspirate results in a
“dry tap”, karyotype analysis can be performed on pe-
ripheral blood™. Among MPN, PMF shows the highest
aberration rate with approximately 30% of patients car-
rying an abnormal karyotype at diagnosis[()]. The most
frequent isolated abnormalities in PMF involve chromo-
some 1, 8, 9, 13 and 20". Sole abnormalities of chro-
mosome 7 were reported in 7% of PMF in a dedicated
analysis and 7q- was the most frequentm. Concerning
prognostic relevance of cytogenetic changes in PME,
recent studies have been consistently claiming an impact
on survival"!, Three studies, each comprising 202, 200
and 131 patients showed a favorable prognostic value
for sole 20q- or sole l3q—m. A further study of 433 PMF
patients refined a two-tired cytogenetic-risk stratification:
unfavorable and favorable karyotypem. In detail, this
study identified a high risk profile for cytogenetics when
patients carry sole abnormalities of i(17q), -5/5g-, 12p-,
11g23 rearrangement, inv(3), sole +8 or sole -7/7q-,
complex karyotype (three or more abnormalities), and a
low-risk profile when patients carry normal diploid, or
sole abnormalities not included in the high-risk profile.
The respective 5-year survival rates were 8% and 51%.
The presence of monosomal karyotype, which is defined
as two or more autosomal monosomies or a single auto-

somal monosomy associated with at least one structural
abnormality, identified a subset of patients with unfavor-
able karyotype associated with extremely poor overall
and leukemia-free survival, as demonstrated in a study
of 793 PMF patientsm.

Mutational profile

In PMF the prognostic role of the oncogenic mutations
involving MPL and [4KZ2 has been assessed, overall,
not showing a significant effect on survival!, Concern-
ing [AK2 (V617F) allele burden, there is evidence that
having a lower allele load implies a worse survival. In
one study”, survival was significantly reduced in the
lower quartile compared with upper quartiles and LAK2™
patients, mostly because of infections. In the second
paper[m, Kaplan-Meier plots revealed significantly
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shortened overall and leukemia-free survival for the
lower quartile allele burden group, mostly related to BP
transformation. Intriguing results were obtained in PMF
patients receiving allogeneic hematopoietic stem cell
transplantation (HSCT)BZ]. In 139 out of 162 patients
with known [4K2 (V617F) mutation status who received
HSCT after reduced-intensity conditioning, overall
survival was significantly reduced in patients harboring
JAK2™ compared with JAK2 mutated patients. In addi-
tion, patients who cleared [4K2 in the peripheral blood
six months post-HSCT had a significant lower risk of
relapse: this highlights the importance of complete mo-
lecular response in MFE.

Mutations in the EZH?2 gene, acting through modify-
ing chromatin structure and rendering genes involved in
apoptosis inaccessible for transcription, have been found
in roughly 6% of PMF". Recently, in 370 PMF and 148
post-PV/ET MF genotyped for mutations of EZH?2 a
total of 25 different mutations wetre detected. EZH2-
mutated PMF patients had significantly higher leukocyte
counts, blast cell counts, and larger spleens at diagnosis,
and most of them (53%) were in the high-risk Interna-
tional Prognostic scoring system (IPSS) category. Leu-
kemia-free survival (LFS) and overall survival (OS) were
significantly reduced in EZH2-mutated PMF patientsm.

Mutations in IDH were detected in 4% of patients:
7 patients with mutations of IDH?2 (5 R140Q, 1 R140W
and 1 R172G) and 5 of IDH7 (3 R132S and 2 R132C)*",
The estimate of survival disclosed that IDH mutations
are associated with inferior OS and LFS. In addition, a
more pronounced effect for the mutant IDH on OS and
LES was demonstrated in the context of the [4K2 muta-
tion.

After the identification of recurrent somatic muta-
tions that involved different components of the RNA
splicing machinery and other spliccosome-related genes
in myelodysplastic syndromes, these mutations have
been investigated in MPNs. A study on 155 MF identi-
fied SF3B7 mutations in 6.5% of the patients: 4 (40%)
K700E, 4 (40%) K666T/N/M, 1 (10%) H662D and 1
(10%) N626S and failed to demonstrate any prognostic
relevance'. In a subsequent study on 187 patients, 17%
harbored SRSF2 monoallelic mutations affecting resi-
due P95". Significant associations were demonstrated
between SRSF2 mutations and advanced age, IDH
mutations, and higher DIPSS-plus risk category. Finally,
SRSF2 mutations were associated with shortened OS
and LFS.

Very recently, a total of 879 MF patients were studied
to determine the individual and combinatorial prognos-
tic relevance of somatic mutations in .ASXL7, SRSF2,
EZH2, TET2, DNMT3A, CBL, IDHT1, IDH2, MPL and
JAK2 in patients with MFE". Analysis was performed
in 483 European patients and the seminal observations
were validated in 396 patients from Mayo Clinic, Roches-
ter, United States. Of these, ASXI.7, SRSF2, and EZH?2
mutations inter-independently predicted shortened
survival. However, only ASXI.7 mutations remained

August 6, 2014 | Volume 3 | Issue 3 |



significant in the context of the International Prognostic
Scoring System (IPSS) with a hazard ratio (HR) of 2.02.
These observations were validated in the Mayo Clinic
cohort, where investigators found that ASXIL.7, SRSF2
and EZH?2 mutations were independently associated
with poor survival, but only ASXIL7 mutations held
prognostic relevance independently from the Dynamic
IPSS (DIPSS)-plus model, with a HR of 1.4. In the Eu-
ropean cohort, LES was negatively affected by IDHT7/2,
SRSF2 and ASXI.7 mutations and in the Mayo cohort
by IDHT and SRSF2 mutations. In conclusion, the study
identified ASXI.7 mutations as the most relevant to
be included in the patient’s evaluation besides the IPSS
models. ASXIL.7 mutations are however present at low
frequency (less than 20%) in lower risk IPSS categories.

However, the most recent discovery in MF is the
occurrence of CALK (calreticulin) mutation in patients
with MPN without [4K2 or MPL mutation™'” and in
familial MPN". In MF a clear association with survival
has been documented™.

Proinflammatory cytokines

The abnormal cytokine profile in PMF means that PMF
is, at least in part, an inflammatory disease. Cytokines
contribute to clinical phenotype, bone marrow fibrosis,
angiogenesis, extramedullary hematopoiesis and consti-
tutional symptoms. The interest on cytokines in PMF
has recently arisen as JAK inhibitors may quickly reduce
several proinflammatory cytokines!". Mayo Clinic investi-
gators found that among 30 cytokines tested in a cohort
of 90 treatment-naive patients with PME, high levels of
11.-8, I1.-2R, I1.-12, I1.-15 correlate with inferior survival
independently from conventional risk stratification”",
In detail, the presence of 3-fold increased levels of one
or both IL-8 and IL-2R may predict worse survival.
C-reactive protein (CRP) is a simple marker of systemic
inflammation mediated by cytokines, mainly IL.-6, and it
has been found in MF as well as in ET and PV at higher
level than in healthy controls. In PV and ET, high-
sensitivity CRP (hsCRP) correlated with a higher risk
of wvascular complications. In MF hsCRP seems to be
associated with a higher incidence of BP and this seems
independent from models used to predict survival in ME
To explain this association investigators even speculated
on a mutagenic role of chronic oxidative stress on the
stem cell, but this seems premature as, for example, new
JAK inhibitors, which are able to reduce CRP expres-
sion, don't affect leukemic evolution.

Plasma immunoglobulin free light chain

Plasma immunoglobulin FLC might be considered as a
surrogate marker of host immune response. free light
chain (FLC) (k or A) values above the upper limit of
normal have been documented in 33% of 240 patients
with PMF"". Increases in FLC were significantly as-
sociated with increased creatinine and advanced age in
PME In multivariable analysis, increased FLC predicted
shortened survival independently from age, creatinine,
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and other conventional risk factors. No correlations
were seen with LES, karyotype, or [AK2, MPL, or IDH
mutations. In patients with PMF who were studied by
cytokine profiling, the prognostic value of an increased
FLC level was independent of that from circulating IL.-
2R or IL-8 levels.

Red blood cell transfusion dependency

Criteria to define red blood cell (RBC) transfusion de-
pendency in PMF have been publishedm, and recently
updatedm. Experts considered a volume of 2 units of
RBC/month over three months to be the most ap-
propriate observational interval and RBC-transfusion
frequency to define a person as RBC-transfusion-
dependent. In general, the cutoff level of hemoglobin
to define the need of RBC transfusion is 8.5 g/dL. The
prognostic impact of RBC transfusion need was exam-
ined in 254 consecutive patients, of whom 24% required
RBC transfusions at diagnosis and 9% became RBC
transfusion dependent during the first year after diagno-
sis'". RBC transfusion need cleatly separated two groups
with different survivals: 35 mo (transfused from diagno-
sis), 25 mo (transfused within 1 year), and 117 months
(not transfused). RBC transfusion need had an IPSS-
independent prognostic power downgrading or upgrad-
ing prognosis within specific IPSS categories. This result
was confirmed by a study on 288 consecutive patients
with PMF'",

Only 5% of transfusion-independent patients have
iron overload as compared to 72% of transfusion-
dependent patientsm. Iron homeostasis is potentially an
intriguing pathway in ME. Prognostic interdependence
among serum hepcidin (key regulator of iron homeosta-
sis), serum ferritin, hemoglobin of < 10 g/dL, and RBC
transfusion requirement has been described although
only increased hepcidin and ferritin levels had indepen-
dent prognostic value for survival in ME Homeostatic
control of hepcidin by iron is preserved in ME, as dem-
onstrated by the strong positive correlation between
hepcidin and ferritin levels. In addition, the absence of
correlation between hepcidin and circulating inflam-
matory cytokine levels indicates that hepcidin levels are
mainly controlled by iron loading or advanced disease
and not by inflammatory signal. The role of iron chela-
tion in MF has not been yet investigated, but some re-
ports showed improvement in term of iron deposits and
hemoglobin level.

Prognostic models for survival at diagnosis of PMF

In the last years many prognostic models have been de-
veloped in PME. The most used in the past was the Lille
scorel’, recently replaced by the TPSS!".

IPSS score

The IPSS was defined through the collaboration of
seven centers under the auspices of the IWG-MRT in
2009, After a systematic individual case review, the da-
tabase included 1054 patients with PMF defined accord-
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Table 1 Score values for international prognostic scoring sys-

tem and dynamic international prognostic scoring system

Table 2 Score values dynamic international prognostic scor-
ing system-plus

Parameter Scores Parameter Score value

IPSS DIPSS DIPSS intermediate-1 1
Age > 65 yr 1 1 DIPSS intermediate-2 2
Hemoglobin < 10 g/dL 1 2 DIPSS high risk ' 3
Leukocyte count > 25 x 10°/L 1 1 Unfavorable cytogenetics 1
Blast cells = 1% 1 1 Red blood cell need 1

9

Constitutional symptoms 1 1 Platelet <100 x10°/L 1

IPSS: Score 0 for low risk, score 1 for intermediate risk-1, score 2 for inter-
mediate risk-2, score = 3 for high risk; DIPSS: Score 0 for low risk, score 1-2
for intermediate risk-1, score 3-4 for intermediate risk-2, score 5-6 for high
risk.

ing to the WHO classification system, excluding post-
PV and post-ET MF and prefibrotic PMFE This is the
largest prognostic study ever performed in PME. Median
survival was 69 mo. Multivariate analysis of parameters
obtained at disease diagnosis identified age greater than
65 years, presence of constitutional symptoms, hemoglo-
bin level less than 10 g/dL, leukocyte count greater than
25 x 10’/L, and circulating blast cells 1% or greater as
predictors of shortened survival. Based on the presence
of 0 (low risk), 1 (intermediate risk-1), 2 (intermediate
risk-2) or greater than or equal to 3 (high risk) of these
variables, four risk groups with no overlapping in their
survival curves were generated (Table 1). The four risk
categories were well balanced: 22% of patients fell into
the low risk category, 29% in the intermediate risk-1,
28% in the intermediate risk-2 and 21% in the high risk.
Median survivals were 135 mo for low risk patients, 95
mo for intermediate-1 patients, 48 mo for intermediate-2
patients, and 27 mo for high risk patients.

Among these patients, 409 patients had available cy-
togenetic analysis at diagnosis: an abnormal karyotype
implied a shorter survival primarily restricted to patients
in the intermediate-1 and -2 risk categories. Concern-
ing the [4AK2 (V617F) mutation, no association was
observed between [AK2 status and prognostic score or
survival.

Dynamic models for survival in PMF

The progressive nature of PMF generated interest in
defining new so-called dynamic models, such as the
dynamic-IPSS (DIPSS) and the most recent DIPSS-Plus.
In a non time-dependent analysis (models at diagnosis),
patients are assigned to a risk group on the basis of the
assessment of risk factors at diagnosis, and are followed
in the same category irrespective of the acquisition of
other risk factors during disease course. According to a
dynamic model, patients contribute to the estimate of
survival in a category only as long as they do not acquire
further risk factors, then they shift to a higher category
according to their new score.

DIPSS model
The DIPSS was developed in 525 PMF patients regularly
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DIPSS-plus: Score 0 for low risk, score 1 for intermediate risk-1, score 2-3
for intermediate risk-2, score 4-6 for high risk; DIPSS: Dynamic Interna-
tional Prognostic scoring system-plus.

followed". DIPSS risk factors are age greater than 65
years, presence of constitutional symptoms, hemoglobin
level less than 10 g/dL, leukocyte count greater than 25
X 109/ L, and circulating blast cells 1% or greater. The
scoring system of DIPSS is different from IPSS (Table
1). The resulting DIPSS risk categories are low (score 0),
intermediate-1 (score 1 or 2), intermediate-2 (scote 3 or 4)
and high (score 5 or 6). Median survival was not reached
in low risk patients; it was 14.2 years in intermediate-1, 4
years in intermediate-2, and 1.5 years in high risk. From
a practical point of view, anytime a decision has to be
made on the basis of an updated prognostic status, the
parameters of the DIPSS models will be checked and
corresponding values will be assigned. The sum of the
values will allow allocating the patient into a risk cat-
egory (low, intermediate-1, intermediate-2, high) and cu-
mulative survival can be estimated. It is obvious that the
corresponding cumulative probability of survival at each
time point of the follow-up should be read considering
the time elapsed since diagnosis. This estimate remains
applicable thereafter until the patient changes risk cat-
egory. The DIPPS model was also able to predict also
the evolution to BP™.

Very recently Scott e al” found that DIPSS categories
at the time of HSCT predict post-transplant outcome
in 170 patients with PMF (related donor, 86; unrelated
donor, 84). After a median follow-up of 5.9 years, the me-
dian survivals have not been reached for DIPSS low and
intermediate-1 risk groups, and were 7 and 2.5 years for
intermediate-2 and high-risk patients, respectively.

DIPSS-plus model

This model was produced in 793 patients with PMF of
which 428 were referred within and 365 after their first
year of diagnosis'". This composite model included as
worse prognostic factors the unfavorable cytogenetics as
previously grouped (complex, sole or two including +8,
-7/7q-, i(17q), inv (3), -5/5q-, 12p-, 11g23 rearrange-
ments), RBC transfusion need, platelet count lower than
100 x 10”/L, and DIPSS categories. According to the
model, 1 point each was assigned to DIPSS intermedi-
ate-1 risk, unfavorable karyotype, platelets lower than
100 x 10°/L, and RBC transfusion need, while DIPSS
intermediate-2 and high risk were assigned 2 and 3
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points, respectively (Table 2). On the basis of this scor-
ing system, four categories were generated: low risk (0
adverse points; median survival, 185 mo), intermediate-1
risk (1 adverse point; median survival, 78 mo), inter-
mediate-2 risk (2-3 adverse points; median survival, 35
mo), and high risk (4-6 adverse points; median survival,
16 mo). It's interesting to note that DIPSS-plus inves-
tigators found a proportion of patients in each DIPSS
risk category with RBC transfusion need, unfavorable
karyotype, and thrombocytopenia, namely 0% (RBC
transfusion need), 7% (unfavorable karyotype), and 7%
(thrombocytopenia) in low risk patients, 13%, 12%, and
18% in intermediate-1 risk patients, 56%, 17%, and 32%
in intermediate-2 risk patients; and 69%, 23%, and 47%
in high risk patients, respectively. This sheds light into
the possibility of better stratifying patients with lower
risk categories.

ANTI-MYELOPROLIFERATIVE AGENTS

The ELN guidelines recommended to use hydroxyurea
(HU) as drug of choice when an anti-myeloproliferative
effect is needed in MPNs!". However, data available on
HU are scant. The most complete study on HU in MF
evaluated retrospectively 40 patientsm. Reasons for treat-

ment were constitutional symptoms (55%), symptomatic
splenomegaly (45%), thrombocytosis (40%), leukocytosis
(28%), pruritus (10%), and bone pain (8%). Responses
on different symptoms/clinical findings were as follows:
bone pain in 100%, constitutional symptoms in 82%,
pruritus in 50%, splenomegaly in 40%, and anemia in
12.5%. According to the IWG-MRT criteria!] clinical
improvement was achieved in 16 patients (40%). Despite
the high rate, the median duration of response was 13.2
mo. Worsening of anemia or appearance of pancytope-
nia were observed in half of the patients.

JAK inhibitors

In the last few years several medicines with anti JAK
properties, named JAK inhibitors (JAKi) have been
studied. Among these, ruxolitinib is the only approved
in many States and available for clinical practice. Other
compounds are nowadays under phase 3 investigation
(fedratinib, momelotinib, pacritinib), while others are be-
ing tested in phase 1-2 studies (www.clinicaltrials.gov).
For the practical purpose of this review only ruxolitinib,
fedratinib and momelotinib will be discussed in detail as
only data published as a full paper will be taken into ac-
count.

Ruxolitinib

A phase T /1 trial with ruxolitinib (oral drug) was con-
ducted in 152 patients with PMF or post-PV/post-ET
ME. Eligible subjects were therapy-requiring patients,
refractory, relapsed, intolerant to previous therapy, or
patients with intermediate or high-risk Lille score, if at
diagnosis. Main exclusion criteria were thrombocytope-
nia (platelets < 100 X 10°/L) and neutropenia. Applying
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IWG-MRT criteria!, 44% of patients obtained a clinical
improvement of spleen size (= 50% reduction from
baseline, measured by palpation) at 3 mo and responses
were maintained at 12 mo in more than 70% of patients.
The majority of patients had more than 50% improve-
ment in constitutional symptoms mostly due to the
activity against pro-inflammatory cytokines'"!. The reduc-
tion of the [AK2(V617F) allele burden was modest. This
study was mainly conducted at MD Anderson Cancer
Center (MDACC), Houston, and at Mayo Clinic, Roch-
ester. Two comparisons of outcomes from this phase [
/1 trial with historical controls have been performed
separately in the two centers to test the effect of ruxoli-
tinib on survival. Mayo Clinic investigators compared 51
patients who received ruxolitinib at Mayo Clinic with 410
patients from the Institutional database not showing any
difference in term of survival®™, The second study com-
pared 107 patients treated with ruxolitinib at MDACC
with 310 patients (from three different centers) matched
for the phase 1-2 study entry criteria, as controls'l. A
survival benefit for patients treated with ruxolitinib was
demonstrated. In addition, the study demonstrated that
patients treated with ruxolitinib who obtained a reduc-
tion of spleen size greater than 50% have a significantly
better survival than those who did not'".

Two prospective randomized trials with ruxolitinib
have been published: COMFORT-1 (155 ruxolitinib #s
151 placebo)” and COMFORT-2 (146 ruxolitinib vs.
73 best available therapy, BAT)". In COMFORT-1, the
primary endpoint (reduction of spleen volume by MRI
equal to or greater than 35%) at week 24 was reached
in 42% of patients in the ruxolitinib arm and in 1% of
those in the placebo arm. At week 24, 46% of patients
receiving ruxolitinib and 5% of those receiving placebo
experienced symptom alleviation by at least 50%, as
measured by the modified Myelofibrosis Symptom As-
sessment Form (ME-SAF)!". Patients treated with rux-
olitinib experienced relief of abdominal discomfort, eat-
ly satiety, night sweats, itching, musculoskeletal pain"’. In
the COMFORT-2 trial the primary endpoint (the same
as the COMFORT-1 study but evaluated at week 48) was
reached in 28% of patients treated with ruxolitinib and
in 0% of those receiving BAT; at week 24 the figures
were 32% and 0%, respectively. Mean improvements
from baseline in FACT-LymS (Functional Assessment
of Cancer Therapy-Lymphoma System) were greater in
the ruxolitinib arm.

Recently, the long-term (median time, 2 years) data
from the COMFORT-1 trial has been published: 100 of
155 patients randomized to ruxolitinib were still receiv-
ing treatment” . Mean spleen volume reductions in the
ruxolitinib group were 32% at week 24 and 35% at week
96; improvements in quality of life measures were also
maintained. Improved survival was observed for ruxoli-
tinib (7 = 27 deaths) ss placebo (7 = 41 deaths) with a
hazard ratio of 0.58 (95%CI: 0.36-0.95). Dose-depen-
dent anemia and thrombocytopenia were the most com-
mon adverse events in the ruxolitinib group, but these
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events rately led to discontinuation. The incidence of
new-onset grade 3 or 4 anemia (29% and 11%, respec-
tively) and thrombocytopenia (9% and 3%, respectively)
reported in the first 6 mo of therapy decreased over
time to less than 5% for anemia and less than 2% for
thrombocytopenia. Mean hemoglobin values reached a
nadir of 10%-12% below baseline between weeks 8 and
12 and stabilized over time to a new steady-state slightly
below baseline by week 24, and then remained stable
throughout the remaining follow-up. In the first 6 mo of
treatment, the most common non-hematologic adverse
events that occurred more frequently in the ruxolitinib
group compared with the placebo group were ecchymo-
sis, headache and dizziness. Under ruxolitinib the rate of
non-hematologic adverse events reduced over time. Two
patients originally randomized to receive ruxolitinib de-
veloped BP at the time of the primary analysism and no
further cases were reported in this group.

COMFORT-2 trialists updated the 3 year-follow
with 45% (66 of 1406) of those originally randomized
to ruxolitinib remaining on treatment. The 3-year prob-
ability to maintain spleen response (greater than 35%,
by MRI) was 50% among patients achieving such degree
of response. Ruxolitinib continues to be well tolerated.
Anemia and thrombocytopenia were the main toxicities,
but they were generally manageable, improved over time,
and rarely led to treatment discontinuation (1% and
3.6% of patients, respectively). Other adverse events of
special interest included leukopenia, bleeding, infections,
thromboembolic events, elevated transaminase levels,
increased systolic blood pressure, weight gain. The rate
of these events generally decreased with longer exposure
to ruxolitinib treatment, with the highest rates occurring
within the first 6 mo of treatment. Among these events,
infections occurred in 50% of patients between weeks
0-24 and included bronchitis, gastroenteritis, nasophar-
yngitis, urinary tract infections. The rate of infections
becomes 25% in weeks 144-168. Over the entire course
of the study, 2 patients (1.4%) in the ruxolitinib arm had
tuberculosis. No single non-hematologic adverse event
led to definitive ruxolitinib discontinuation in more than
one patient. Finally, patients randomized to ruxolitinib
showed longer overall survival than those randomized to
BAT (HR = 0.48, 95%CI: 0.28-0.85).

Both COMFORTs trial included patients with pla-
cebo or BAT who crossed to ruxolitinib: this makes
impossible the evaluation of the net effect of ruxolitinib
over comparators in the long term. Very recently, a com-
parison of survival from diagnosis of the DIPSS cohort
(350 PME, selection criteria, patients who become in-
termediate-2 and high risk IPSS, blast cell count lower
than 10%) and the COMFORT-2 cohort (100 patients,
intermediate-2 and high risk IPSS, blast cell count lower
than 10%, selection criteria, PMF) has been published.
This demonstrated an advantage in term of survival
using ruxolitinib (COMFORT-2) »s standard therapy
(DIPSS)?,

Taken together the COMFORT trials showed that
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ruxolitinib, a drug with a good safety profile, improves
two clinical needs of patients: splenomegaly and MF-
related symptoms. However, reactivation of infections
such as tuberculosis or viral hepatitis has been reported
™ and this undetlines the need
for a careful observation of patients during follow-up.
In vitro data®™ demonstrated that ruxolitinib significantly
affects dendritic cell differentiation and function leading
to impaired T-cell activation!” potentially resulting in

in very few case I'CpOI'tS

increased infection rates in ruxolitinib-treated patients.
Though requiring adequante monitoring for these po-
tential side effects, data on survival advantage are really
interesting and place this drug as a new potential first
line therapy in MF patients at higher risk.

Fedratinib, SAR302503

In a phase 1-1I trial, fedratinib was administered orally
once a day to 59 patients with intermediate and high-risk
MFE". By six and 12 cycles of treatment, 39% and 47%
of patients, respectively, had achieved a spleen response
per IWG-MRT criteria. The majority of patients with
leukocytosis or thrombocytosis at baseline achieved
normalization of blood counts after six (57% and 90%,
respectively) and 12 (56% and 88%, respectively) cycles.
Beside the effect on splenomegaly, the majority of pa-
tients with constitutional symptoms, fatigue, pruritus had
a durable resolution. Grade 3 to 4 hematologic adverse
events included anemia (occurring in 35% of 37 patients
who were not RBC transfusion dependent at baseline),
thrombocytopenia (24%) and neutropenia (10%). At
doses ranging between 240 mg and 520 mg, two of five
RBC transfusion-independent patients became RBC
transfusion-dependent and two of nine had grade 3/4
thrombocytopenia. The main non-hematologic adverse
events included all grades nausea (69%), diarrhea (64%0)
vomiting (58%), all self-limited and controlled by symp-
tomatic treatments. Asymptomatic increase of lipase,
AST, ALT, and creatinine have been reported in roughly
one quarter of patients. A randomized, blinded, placebo-
controlled study of fedratinib (dose 400 mg or 500 mg
daily), named JAKARTA, in patients with intermediate-2
or high risk MF is ongoing with the objective to evalu-
ate the reduction of spleen volume by MRI equal to or
greater than 35%. Unfortunately, despite this pivotal
study met the primary endpoint in both dose groups,
cases consistent with Wernicke’s encephalopathy have
been reported in patients participating in fedratinib tri-
als. Following a thorough risk-benefit analysis, the risk
to patient safety was considered to outweigh the benefit
that fedratinib would bring to patients. All clinical tri-
als involving fedratinib have been halted, and fedratinib
treatment discontinued in patients enrolled in ongoing
trials.

Momelotinib, CYT387

Momelotinib was studied in a phase 1/2 trial in patients
with high or intermediate risk MF!, Pre-planned safety
and efficacy analysis has been completed for the initial
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60 patients. In the dose-escalation phase, the maximum-
tolerated dose was 300 mg/d based on reversible grade
3 headache and asymptomatic hyperlipasemia. Twenty-
one and 18 additional patients were accrued at two
biologically effective doses, 300 mg/d and 150 mg/d,
respectively. Anemia and spleen responses, per IWG-
MRT critetia, were 59% and 48%, respectively. Among
33 patients who were RBC-transfused in the month
prior to study entry, 70% achieved a minimum 12-wk
period without transfusions. Most patients experienced
constitutional symptoms improvement. Grade 3/4 ad-
verse reactions included thrombocytopenia (32%), hy-
petlipasemia (5%), elevated liver transaminases (3%) and
headache (3%). New-onset treatment-related peripheral
neuropathy was observed in 22% of patients (sensory
symptoms, grade 1). A phase 3 study to determine the
efficacy of momelotinib »s ruxolitinib in MF patients na-
ve of JAKi is ongoing,

CONCLUSION

Concerning prognostication of ME, the IPSS model at
diagnosis and the DIPSS anytime during the course of
the disease may be useful to define survival of MF pa-
tients. The IPSS and the DIPSS are based on age greater
than 65 years, presence of constitutional symptoms,
hemoglobin level less than 10 g/dL, leukocyte count
greater than 25 X 10’/L, and circulating blast cells 1% or
greater. Cytogenetic profile and mutational analysis seem
to be the next step to implement MF prognostication.
Taking together all available clinical data on ME, one may
conclude that JAKi give a benefit to patients with ME,
by reducing spleen size of about 50% in approximately
30%-40% of patients and by abolishing symptoms in the
vast majority of patients. However, effect on these dis-
ease manifestations should be balanced with the safety
profile"”. Anemia and thrombocytopenia are on-target
toxicities expected with all JAKI. Infections should be
monitored with ruxolitinib, drug with the longest time
of observation, but might be expected with all JAKi.
Other toxicities may involve non-JAK2 targets, as in case
of gastrointestinal events during therapy with fedratinib

or in the case of neurological toxicity for momelotinib.
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Abstract

AIM: To investigate the subcellular localization and the
function of mouse transducin B-like 3 (Tbi3).

METHODS: The coding sequence of mouse TblI3 was
cloned from the cDNAs of a promyelocyte cell line by
reverse transcription-polymerase chain reaction. Fusion
constructs of ThI3 and enhanced green fluorescent
protein (EGFP) were transfected into fibroblasts and
examined by fluorescence microscopy to reveal the
subcellular localization of tbl3. To search for nucleolar
targeting sequences, scanning deletions of TbI3-EGFP
were constructed and transfected into fibroblasts. To
explore the possible function of TbI3, small hairpin
RNAs (shRNAs) were used to knock down endogenous
TbI3 in mouse promyelocytes and fibroblasts. The ef-
fects of TbI3 knockdown on ribosomal RNA (rRNAs)
synthesis or processing were studied by labeling cells
with 5,6->H-uridine followed by a chase with fresh
medium for various periods. Total RNAs were purified
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from treated cells and subjected to gel electrophoresis
and Northern analysis. Ribosome profiling by sucrose
gradient centrifugation was used to compare the
amounts of 40S and 60S ribosome subunits as well as
the 80S monosome. The impact of TbI3 knockdown on
cell growth and proliferation was examined by growth
curves and colony assays.

RESULTS: The largest open reading frame of mouse
TblI3 encodes a protein of 801 amino acids (AA) with an
apparent molecular weight of 89-90 kilodalton. It con-
tains thirteen WD40 repeats (an ancient protein-protein
interaction motif) and a carboxyl terminus that is highly
homologous to the corresponding region of the yeast
nucleolar protein, utp13. Virtually nothing is known
about the biological function of TbiI3. All cell lines
surveyed expressed Tbl3 and the level of expression
correlated roughly with cell proliferation and/or biosyn-
thetic activity. Using TbI3-EGFP fusion constructs we
obtained the first direct evidence that TblI3 is targeted
to the nucleoli in mammalian cells. However, no previ-
ously described nucleolar targeting sequences were
found in Tbl3, suggesting that the WD40 motif and/or
other topological features are responsible for nucleolar
targeting. Partial knockdown (by 50%-70%) of mouse
TbI3 by shRNA had no discernable effects on the pro-
cessing of the 47S pre-ribosomal RNA (pre-rRNA) or
the steady-state levels of the mature 28S, 18S and 5.8S
rRNAs but consistently increased the expression level
of the 47S pre-rRNA by two to four folds. The results
of the current study corroborated the previous finding
that there was no detectable rRNA processing defects
in zebra fish embryos with homozygous deletions of
zebra fish TbI3. As ribosome production consumes the
bulk of cellular energy and biosynthetic precursors,
dysregulation of pre-rRNA synthesis can have negative
effects on cell growth, proliferation and differentiation.
Indeed, partial knockdown of TblI3 in promyelocytes se-
verely impaired their proliferation. The inhibitory effect
of TblI3 knockdown was also observed in fibroblasts, re-
sulting in an 80% reduction in colony formation. Taken
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together, these results indicate that Tbl3 is a newly rec-
ognized nucleolar protein with regulatory roles at very
early stages of ribosome biogenesis, perhaps at the
level of rRNA gene transcription.

CONCLUSION: ThlI3 is a newly recognized nucleolar
protein with important regulatory roles in ribosome bio-
genesis.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Nucleolus; Nucleolar protein; Ribosome
biogenesis; Ribosomal RNA; Pre-ribosomal RNA

Core tip: The mouse gene transducin B-like 3 (TblI3)
encodes a protein with thirteen WD40 protein-protein
interaction motifs and is the mammalian homologue
of yeast utp13. Virtually nothing is known about the
function of tbl3. In this report, we provide the first di-
rect evidence that Thl3 is targeted to the nucleoli and
plays an important role in regulating the synthesis of
the 47S pre-ribosomal RNA, /e., at very early stages
of ribosome biogenesis. This activity has never been
described before and sets TbI3 apart from all other
known nucleolar proteins. TBL3 may provide an attrac-
tive target for anti-neoplastic therapy.

Wang J, Tsai S. Th/3 encodes a WD40 nucleolar protein with
regulatory roles in ribosome biogenesis. World J Hematol
2014; 3(3): 93-104 Available from: URL: http://www.wjgnet.
com/2218-6204/full/v3/i3/93.htm DOI: http://dx.doi.org/10.5315/
wjh.v3.i3.93

INTRODUCTION

Ribosomes are essential for protein synthesis. Defects
in ribosome biogenesis or “ribosomopathy” underlie
several devastating hematological disorders such as
the Diamond-Blackfan anemia, Shwachman-Bodian-
Diamond syndrome, dyskeratosis congenita and the 5q-
myelodysplastic syndrome!"”.

The production of ribosomes is a highly coordi-
nated, multi-step process that starts in the nucleoli, the
organelles that form around the “nucleolar organizers”
on the long arms of acrocentric chromosomes (human
chromosomes 13, 14, 15, 21 and 22)[3]. The nucleolar
organizers consist of 400 or so tRNA genes (rDNAs).
The production of ribosomes begins with the tran-
scription of the tDNAs by RNA polymerase I (RNA
Pol I), which synthesizes a long primary transcript, the
47S pre-rRNA, that is then covalently modified (e.g.,
2’-O-ribose methylation and pseudouridylation) and
processed into mature 28S, 18S and 5.8S rRNAs. The
rRNAs are assembled into pre-ribosomes with about
eighty ribosomal proteins plus the 58 rRNA, which is
separately transcribed by RNA polymerase Il outside
the nucleolus. A large number (> 150) of small nucleo-
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lar RNAs and nonribosomal proteins participate in
the post-transcriptional modification, processing and
assembly of rRNAs to produce pre-ribosomes, which
undergo further maturation to become nascent 40S and
60S ribosomal subunits before being exported into the
cytoplasm. Most steps of rRNA processing occur co-
transcriptionally with pre-rRNA synthesismﬂ, As the
production of ribosomes consumes the bulk of cellular
energym, defective or dysregulated ribosome production
can affect many aspects of cellular physiology especially
cell proliferation.

Due to the relative simplicity and the ease of genetic
manipulations in the yeasts, considerably more has been
learned about the functions of non-ribosomal nucleo-
lar proteins in yeasts than in mammalian cells. Still, the
functions of many yeast nonribosomal nucleolar pro-
teins remain unknown. In mammals, the total number
of non-ribosomal proteins involved in ribosome bio-
genesis is even larger, reflecting the greater complexities
of eukaryotic rRNA modification, processing, ribosome
assembly, transport and other nucleolar events. Recent
proteomic analyses of purified human nucleoli listed
over 200 to 700 nonribosomal nucleolar proteinsp’g’m.
The exact functions of many of these proteins are un-
known.

In this report, we describe the initial functional char-
acterization of murine transducin-f-like 3 (Tbl3). At
least four proteins have been described as “transducin-
B-like” based on DNA sequence analysis, including
transducin-B-like 1 (Tbl1), transducin-B-like related 1
(Tblrl), transducin-B-like 2 (TbI2) and tbl3. tbll and
tblrl have been shown to be transcription co-regulators
(co-repressors) in the signal transduction pathway of
U3 ThI2 is a putative protein

associated with the Williams-Beuren syndrome based on
[16]

retinoic acid receptor-ou

gene mapping but its function is entirely unknown
Very little is known about tbI3!"". A literature search
yielded 8 publications that mentioned T4/3. Of these,
one is a gene mapping study and two are disease-gene
association studies'”*". Three are proteomic studies” .
The seventh describes the composition of the co-repres-
sor complex associated with the retinal photoreceptor-
specific nuclear receptor (PNR)[ZH. The most recent
report is from the authors and collaborators and focuses
on the phenotypic characterization of a zebra fish mu-
tant, ceylon (cey) with homozygous deletions of Th/3 (in
addition to four other uncharacterized genes)[zz]. The cey
mutant embryos have normal tissue specification but the
sizes of some organs or cell populations such eye, pan-
creas, T cells and erythrocytes are markedly diminished
due to reduced cellular proliferation, which in turn is at-
tributed to cell cycle slowing as a result of Th/3 deficien-
cy. The proliferative defect of the sy mutant becomes
apparent 3-4 d post fertilization (dpf). All mutant em-
bryos die by 10-14 dpf due to depletion of maternally
derived Th3 mRNA in the embryos™. The embryonic
lethality of Th/3 deletion highlights its importance in
tissue/organ development. However neither the site of
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Tbl3 expression nor the mechanism of cell cycle slowing
was elucidated. Here, we provide direct experimental evi-
dence that mouse Thl3 is targeted to the nucleoli where
it plays an important role(s) in regulating the production

of the 478 pre-rRNA.

MATERIALS AND METHODS

Expression vectors

The full-length coding sequence of mouse Thl3 was am-
plified from oligo d(T)-primed cDNAs of MPRO (Mouse
Promyelocyte) cells™, cloned in frame into the HindIII
/Sall sites of the pEGFP C3 (for N-terminal fusion
with EGFP) and pEGFP N1 vector (for C-terminal
fusion)(Clontech). The truncation mutants of Tbl3 (del
1-632, del 1-400, del 632-801, del 401-632) were gener-
ated by polymerase chain reaction (PCR) amplification
of the desired coding sequences and cloned into the
Hindll/Sall sites of pEGFP N1 or C3 vector. The
N-terminal deletion mutants (del 1-10, del 1-12, del 1-16
del 1-20) and C-terminal deletion mutants (del 777-801,
del 753-776, del 733-752, del 713-732, del 693-712, del
673-692, del 653-672, del 633-652) were also generated
using PCR-based deletion methods. All plasmids were
sequenced to ensure accuracy. DNAs were purified us-
ing a plasmid DNA purification kit (Qiagen) and further
purified by phenol-chloroform extraction and ethanol
precipitation.

Short hairpin RNA knockdown vectors

The short hairpin RNA or shRNA sequences for mouse
Tbhi3 were designed using the sShRNA Sequence Designer
(Clontech). The sequences of the two shRNAs we
used in the current study are: 5’ccggTGCCAAGGAT-
CAGAGCATAttcaagaga-TATGCTCTGATCCTTG-
GCAttttttg and 5ccggTGGCCATTACCTCTTCTGT-
ttcaagaga ACAGAAGAGGTAATGGCCALtttttg (upper-
cases denote Th/3-derived sequences). Synthetic oligonu-
cleotides were annealed and cloned into the Age I /EwR
[ sites of the pMKO 1p vector (referred to as pMKO
hereafter)*!. pMKO contains a puromycin resistance
gene expression cassette and confers puromycin resis-
tance in transfected mammalian cells. Both constructs
provided specific knockdown but the first sShRINA exhib-
ited a stronger knockdown effect and was used in most
experiments. Bither pMKO or pMKO-Luc shRNA (Luc
stands for luciferase) was used as the negative control in
all knockdown experiments with similar results.

Cell cultures

NIH 3T3 cells were transfected with the pEGFP N1
or C3 fusion constructs by calcium phosphate method.
MPRO cells were maintained in Dulbecco’s Modified
Eagle’s medium supplemented with 10% fetal bovine
serum (Gibco BRL) and the conditioned medium of
BHK/HM-5 cell line as a source of murine granulocyte-
mactrophage colony stimulating factor (10% vol/ vol)#,
MPRO cells were transfected with 10 pg of pMKO (or
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pMKO-Luc shRNA) »s pMKO-Tbl3 shRNA DNAs
per 2.5 X 10° cells by electroporation using Gene Pulser
Xcell (Bio-Rad). Transfected cells were selected with
puromycin (0.375 pg/mL)(Sigma) for 8-10 d to establish

stable transfectants.

Fibroblast colony assay

LAP-3 fibroblasts™ were transfected in triplicates with
5 ug of pMKO (or pMKO-Luc shRNA) »s pMKO-Tbl3
shRNA by the Lipofectamine (Life Technologies) meth-
od in parallel to minimize variation in toxicity and trans-
fection efficiency. After 24-48 h, transfected cells were
detached by trypsin/EDTA and subcultured at 1:10-20
ratios in new 60-mm tissue culture dishes and selected
with puromycin (1.5 pg/mL) for 5-10 d. Colonies were
fixed and stained 7z situ with Coomassie Stain (BioRad).

Northern analyses

Total cellular RNAs were extracted from the same start-
ing numbers of MPRO cells stably transfected with
pMKO (or pMKO-Luc shRNA) or pMKO-TbI3 shRNA
in parallel using an RNeasy kit (Qiagen). Total RNAs
extracted from equal numbers of starting cells were elec-
trophoresed in 1% formaldehyde-agarose gels, blotted
onto Hybond-N (Amersham) and hybridized with a ran-
domly primed, *P-labled Th/3 probe in RapidHyb buffer
(Amersham) at 70 'C for 3 h, followed by two washings
with 2 X standard sodium citrate buffer (SSC) plus 0.1%
sodium dodecyl sulfate (SDS) at room temperature for
15 min. The final wash was done with 0.1 X SSC plus
0.1% SDS at 56 C for 15 min.

*H-uridine labeling and fluorography

To study the synthesis and processing of pre-rRNA,
equal numbers of stably transfected MPRO/pMKO (or
pMKO-Luc shRNA) and MPRO/pMKO-Tbl3 shRNA
were labeled with 2.5 uCi/mlL of 5,6-’H-uridine (Per-
kin Elmer) for 30 min at 37 “C, washed with phosphate
buffered saline (PBS) and chased for 0-180 min at 37 C
in nonradioactive media. Total RNAs were purified us-
ing an RNeasy kit. In some experiments, Trizol agent
was used to recover the 5.85 rRNA quantitatively. Total
RNAs from equal numbers of starting cells were elec-
tropheresed in 1% formaldehyde-agarose gels and blot-
ted onto Hybond-N. For fluorography, Northern blots
were spray-coated with En’Hance Spray (Perkin Elmer)
and exposed to X-ray films directly without covering at
-80 C for 1-14 d. The fluor graphs were analyzed using
a BioRad Gel Doc XR+.

Ribosome profiling by sucrose gradient centrifugation

For ribosome profiling, equal numbers of MPRO/
pMKO (or MPRO/pMKO-Luc shRNA) and MPRO/
pMKO-TblI3 shRNA were washed with PBS and pelleted
at 4 'C and re-suspended in polysome lysis buffer con-
taining 100 mmol/L KCl, 5 mmol/L. MgClz, 20 mmol/L
HEPES (pH 7.4), 1% NP-40, 1 mmol/L dithiothreitol,
heparin sodium (200 pg/mL), phenylmethylsulfonyl
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fluoride (1.0 mmol/L) (Sigma) and RNasin (100 unit/
mL)(Promega). Cells were homogenized using a 1-ml sy-
ringe with a 25-gauge needle for eight times and centri-
fuged at 8000 g for 10 min at 4 C. The supernatant was
layered on a 10%-45% (wt/vol) sucrose density gradient
made in the polysome gradient buffer (100 mmol/L
KCl, 5 mmol/L MgClz, 20 mmol/L HEPES, pH 7.4) at
38000 g for 3 h at 4 'C in a Beckman SW55Ti rotor and
analyzed using a UA-6 Absorbance Detector (Isco). Of
note, no cycloheximide was added to the lysates or su-
crose gradients to allow the polysomes to dissociate into
a single peak of 80S monosomes (i.e., 40S plus 60S sub-
units) to facilitate the comparison of the total amounts
of ribosomes.

Western blots

NIH3T3 cells expressing Thl3-EGFP fusion protein
were lysed in RIPA buffer. Lysates were denatured and
electrophoresed in a 4%-12% denaturing SDS PAGE
(NuPage; InVitrogen) along with Magic Mark XP West-
ern Protein Standard (Life Technologies), blotted onto
Immobilon-P (Millipore), probed with a rat monoclonal
anti-GFP antibody (Pierce), followed by biotinylated
goat anti-rat Igs (Pierce) and streptavidin-conjugated
horseradish peroxidase (Amersham) and visualized by
enhanced chemiluminescence.

RESULTS

Thi3 contains thirteen WD40 repeats

The cDNA of the largest open reading frame of mouse
Thl3 was cloned from the MPRO™ cell line by RT-
PCR. It contains 2,406 nucleotides (nt) and encodes a
protein of 801 aa. Sequence alignments show that it is
highly homologous to human TBL3, Schizosaccharomyces
pombe utpl3, and Saccharomyces cerevisiae utp13 (Figure 1).
Thirteen WD40 repeats (also known as beta-transducin
repeats) are present in mouse tbl3. The WID40 repeat
consists of the consensus aa sequence [Xo-94-(GH-X23-41-
WD)] and is found in many proteins involved in signal
transduction, rRINA processing, gene regulation, vesicu-
lar trafficking and cytoskeletal assembly”*". Crystal-
lography studies reveal that the WD40 repeats cluster
together to form a B-propeller structure, which serves
as a rigid platform for multiple protein-protein interac-
tions”. A second region of homology is found in the
C-terminus of mouse Tbhl3 and yeast utp13. The con-
served sequence in the C-terminus has not been found
in any other protein. It is likely that this region contains
a functional domain(s) unique to mouse ThlI3 and yeast

utpl3.

Tbi3 expression correlates with cell proliferation and/or
biosynthetic activity

Thi3 is expressed in all cell lines and tissues that we have
examined. In all cases, there is only one band of Th/3
mRNA measuring approximately 3 kb in length in each
cell type (Figure 2). The level of Th/3 mRNA varies
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significantly from one cell type to another and roughly
correlates with the proliferative or biosynthetic activity
of the cells. Among the cell lines surveyed, erythroleu-
kemia (HCD57)", macrophage (J774), B-cell lymphoma
(BaF3), T-cell lymphoma (EL4) and NIH3T3 fibroblasts
express the highest levels of Th/3. In normal tissues,
hepatocytes, myocardium, testes, hematopoietic progeni-
tors, CD8" T cells and CD14" monocytes express 3-5
times more T4/3 than the average tissue (not shown).

Thi3 is targeted to the nucleoli

To study the subcellular localization of mouse tbl3, we
constructed an expression vector expressing mouse Thl3
as a fusion protein with EGFP in its C-terminus. The
vector was transfected into NIH3T3 cells (or CV-1 or
293 cells). Fluorescence microscopy revealed that the
overwhelming majority of the fusion protein was tar-
geted to the nucleoli with a very small fraction appearing
in the nucleoplasm (Figure 3A-E). The same result was
obtained when EGFP was fused to the N-terminus of
Thl3 (not shown). The small nucleoplasmic pool (in a
very fine punctate pattern at high magnifications) may
represent genuine extra-nucleolar distribution of Thl3 or
an overexpression artefact. Western blot analysis using
a monoclonal anti-GFP antibody yielded a single band
of tbl3-EGFP fusion protein of approximately 116
kD (Figure 3F). Thus, the deduced apparent molecular
weight of mouse Tbl3 is 89-90 kDa.

Sequence requirement for nucleolar targeting by tbl3
No previously reported nucleolar targeting motifs have
been identified in Tbl3. To determine the aa sequence
required for nucleolar localization of tbl3, we con-
structed a series of scanning deletion mutants of Tbl3
as EGFP fusion proteins (Figure 4). These constructs
were transfected into NIH3T3 fibroblasts and examined
by fluorescence microscopy. Among the constructs ex-
amined, only the full-length Tbhl3 and those with very
short (10-16 aa) N-terminal deletions could localize to
the nucleoli. The remaining constructs yielded a dif-
fuse pattern throughout the cytoplasm and nucleoplasm
(but largely excluded from the nucleoli), a pattern that is
indistinguishable from that of EGFEP per se. This result
suggests that the overall topology and/or the WD40 re-
peats rather than a unique localization signal are respon-
sible for the nucleolar localization of tbl3.

shRNA-mediated knockdown of ThI3 increases the level
of newly synthesized 47S pre-rRNA

To study the function of Th/3, we used the MPRO mu-
rine promyelocyte cell line as a model system. MPRO
was established from a normal mouse marrow . The
differentiation of MPRO is reversibly blocked at the
promyelocyte stage. DNA array and proteomic studies
have shown that MPRO, unlike most transformed leuke-
mia cell lines, closely reflects the physiology of normal
promyelocytes™. To investigate the function of Th/3
in MPRO, we trasnsfected the MRPO cells with either
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Figure 1 Sequence analyses of mouse
transducin f-like 3, human transducin
f-like 3 and yeast upt13. Amino acid se-
quence alignment of mouse transducin 3-like
3 (TbI3), human TBL3, Schizosaccharomyces
pombe (S. pombe) utp13 and Saccharomyces
cerevisiae (S. cerevisiae) utp13 using the
Clustal program. “*” indicates identical aa;
indicates conserved substitution; “." |nd|cates
semiconserved substitution.
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EMLC1 FDCP1 MPRO MEL HCD57 J774 BaF3 EL4 KIL NIH3T3 STW C166

@D -

Figure 2 Tissue expression of transducin B-like 3. Northern blot analysis of the transducin (3-like 3 (TbI3) message (approximately 3 kb) in select mouse cell lines.
The bottom panel is the corresponding ethidium bromide-stained gel showing similar loading. Each lane contained 10 pg of total RNA. The 28S and 18S rRNAs are
indicated. EML C1: A multipotent hematopoietic progenitor line®”; FDCP1: A bipotent granulocyte-monocyte progenitor line; MPRO: A promyelocytic line™; MEL: A
murine erythroleukemia line; HCD57: An erythroblast line™; J774: A macrophage line; BaF3: A pre-B lymphoma line; EL4: A T cell-like lymphoma line; KIL: A natural

killer line™; NIH3T3: An embryonic fibroblast-like line; STW: A bone marrow stromal cell line; C166: A yolk sac-derived endothelial line.

pMKO-Tbl3 shRNA (1 or 2) vector and selected with
puromycin to obtain stable transfectants. To avoid natu-
ral selection of variants with growth advantages, only
low-passage (< 6) stable transfectants were used. North-
ern blot analyses demonstrated that the levels of Tb/3
mRNA were knocked down by approximately 50%-70%
in the pMKO-Tbl3 shRNA transfectants while the lev-
els of Th/3 mRNA remained unchanged in the pMKO
transfectants (Figure 5A, upper panel). The levels of
housekeeping genes such as -actin were unaffected by
pMKO-ThbI3 shRNA (Figure 5A, middle panel).

To investigate the effects of Th/3 knockdown on newly
transcribed pre-tRNA and its subsequent processing, we
performed H-uridine pulse-chase experiments in the
MPRO transfectants. *H-uridine is phosphorylated after
entering the cells and incorporated into newly transcribed
RNAs, most of which are tRNAs. There was no detect-
able difference in the amounts of steady-state 28S and 18S
rRNAs as revealed by ethidium bromide staining (Figure
5B and C, lower panels) and spectrophotometry. There
was also no difference in the steady-state levels of the 5.8
rRNA on prolonged exposure (not shown). Intriguingly
the levels of *H-uridine-labeled, newly transcribed 47S pre-
rRNA were consistently increased by 2 to 4 fold in pMKO-
Tbl13 shRNA transtectants (Figure 5B and C, upper panels).
Furthermore, there was no obvious delay or defect in the
processing of the 47S pre-tRNA as evidenced by similar
rates of disappearance in the negative control and shRNA
groups (Figure 5D) and by the proportional and contem-
poraneous appearance of the "H-uridine-labeled 28S and

Figure 3 Nucleolar localization of TbI3-enhanced green fluorescent pro- .
tein. NIH 3T3 cells were transfected with the p-enhanced green fluorescent 188 rRNAs (and 5.85 rRNA; not shown) and the 418, 365

protein (EGFP) N1-transducin B-like 3 (TbI3) construct. Cells were examined and 32§ processing intermediates (Figure 5B and C, up-
by fluorescence microscopy 20 h. after transfection. A: Differential interference per panels). The key bands in lane 10 (Neg-1) and lane 12
contrast (DIC) microscopy of three fibroblasts revealing the nucleoli; B: Merged (shRN A) of Figure 5B were further analyzed and the signal
tbI3-EGFP green fluorescence and DIC of the cells shown in panel A. The nu- volume of the 285 fRNA was assigned a value of 1.00 to

cleolar localization of tbl3-EGFP was verified by confocal microscopy; C: DAPI - . . 3
staining of DNA in the nuclei of the same field; D: Green fluorescence alone of facilitate COMparison. The calculated ratios of "H-labeled

the same field; E: DAPI plus tbI3-EGFP; F: Western detection of the toi3-EGFP ~ 325:285:18S rRNAs are 0.47:1.00:0.66 for the negative
fusion protein. NIH 3T3 cells expressing tol3-EGFP were lysed in RIPA buffer. control group and 0.28:1.00:0.65 for the shRNA group.
The lysate (5 ug protein) was run on a 4%-12% NuPAGE gel (lane 2) along with This result is consistent with the interpretation that there
Magic Malrk size marlkersl(lane 1), blotted and prgbeq with an anti-GFP mono- is no obvious delay in processing. Ribosome proﬁling by
clonal antibody and visualized by enhanced chemiluminescence. : . .

sucrose gradient centrifugation revealed that there was also

no significant difference in the amount or ratio of the 408
pMKO (or pMKO-Luc shRNA; negative controls) or and 60S ribosomal subunits and the 80S monosomes in
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Figure 4 Scanning deletions of tbI3 and their effects on nucleolar targeting. A schematic summary of the deletions of transducin [-like 3 (tbl3) tested in the
localization study. Shown at the very top is the modular structure of thi3. “A” indicates deleted aa. Deletion mutants were expressed as C-terminal enhanced green
fluorescent protein (EGFP) fusion proteins in NIH3T3 and examined by fluorescence microscopy. The results of localization are summarized in the right column. UR1:
Unique region 1 (aa 1-53); WD40: Region containing thirteen WD40 repeats (aa 54-632); UR2: Unique region 2 (aa 633-653); UTP13: Conserved C-terminal domain (aa

654-801).

MPRO/pMKO (or MPRO/pMKO-Luc shRNA; negative
controls) »s MPRO/pMKO-Tbl3 shRNA cells (Figure 6).
This is consistent with the previous finding that the steady-
state levels of 288, 18S and 5.8S tRNA were not affected by
Tbl3 knockdown (Figure 5B and C, lower panels). Together,
the results of *H-uridine pulse-chase and ribosome sucrose
gradient centrifugation indicate that Th/3 knockdown leads

Jaishideng®
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to increased levels of the 47S pre-tfRNA but has no detect-
able effects on the processing of pre-tRNAs or the amount
of steady-state 28S, 18S, 5.85 rRNAs or the amounts of the
408 and 60S subunits or the 80S monosomes.

ThI3 knockdown impairs the proliferation of promyelocytes
During the course of the study we noticed that the
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Figure 5 Effects of transducin p-like 3 knockdown on rRNA levels. A: Specific knockdown of transducin p-like 3 (TbI3) by small hairpin RNAs (shRNAs). MRPO
cells were transfected with pMKO (negative control) vs pMKO-TbI3 shRNA and selected with puromycin to establish stable transfectants. Ten pg of total RNAs of sta-
ble transfectants were subjected to Northern analysis using a *P-labeled Tbl3 probe. The knockdown effect is 50%-70%. Middle panel: The same blot probed with a
B-actin probe. Bottom panel: ethidium bromide-stained gel showing equal loading. The positions of the 28S and 18S rRNA are indicated; B: TbI3 knockdown increases
the level of newly synthesized 47S pre-rRNA but has no discemible effect on rRNA processing. MPRO stably transfected with pMKO (negative control) or pMKO-
Tbl3 shRNA were pulse labeled with *H-uridine for 30 min, washed and chased for 0, 30, 60, 90 and 180 min with fresh medium without *H-uridine. Total RNAs were
purified, electrophoresed and Northern blotted. °*H-uridine-labeled rRNAs were visualized by fluorography. Tbi3 knockdown consistently increases the level of the 47S
pre-rRNA by about 2-4 fold. Two negative controls (Neg-1 and Neg-2) are included to show the range of variation in signal strength in the negative control group. Bot-
tom panel: Ethidium bromide-stained gel showing similar steady-state levels of 28S and 18S rRNAs (and the 5.8S rRNA; not shown). Each lane contained total RNAs
purified from equal numbers of starting cells. No adjustment was made on the basis of RNA concentration or yield; C: An independent TbI3 knockdown experiments
similar to that described in B but the analysis was performed after 0, 90 and 150 minutes of chase. The 41S and 36S are better visualized in this blot. Bottom panel:
Ethidium bromide-stained gel showing similar steady-state levels of 28S and 18S rRNAs (and the 5.8S rRNA; not shown). Each lane contained total RNAs purified
from equal numbers of starting cells. No adjustment was made on the basis of RNA concentration or yield; D: Time course of disappearance of *H-uridine-labeled 47S
pre-rRNAs. The fluorograph in B was analyzed and the measured signal volume was plotted against time. Note that *H-uridine incorporation peaked earlier (30 min vs
60 min) in the shRNA group, consistent with the notion that tbl3 knockdown increased the rate of pre-rRNA synthesis. There is no evidence of delay of processing of
the 47S pre-rRNA in the shRNA group during the most relevant (60-90 min) or later (90-180 min) period judging from the slopes of decline.

growth of newly established MPRO/pMKO-Tbl3 shR- MPRO. Calculation based on the time it took for the
NA transfectants was vety slow compatred with MPRO/ same number of newly established MPRO/pMKO-Tbl3
pMKO (or MPRO/pMKO-Luc shRNA) or the parental shRNA stable transfectants to reach the same population

Boishidenge  WJH | www.wjgnet.com 100 August 6, 2014 | Volume 3 | Issue 3 |



MPRO/Neg

0.75

Absorbance

MPRO/TbI3 shRNA

Figure 6 Knockdown of transducin p-like 3 has no discernable effect on
ribosome profiles. Cell lysates prepared from equal numbers of MPRO/pMKO
vs pMKO-transducin B-like 3 (TbI3) small hairpin RNAs (shRNAs) stable trans-
fectants were analyzed by sucrose gradient centrifugation in the absence of cy-
cloheximide, followed by absorbance measurement at 254 nmol/L. (The omis-
sion of cycloheximide allowed polysomes to dissociate into 80S monosomes to
facilitate the comparison of the total amount of 80S monosomes.) The peaks
corresponding to the 40S and 60S ribosomal subunits and the 80S monosomes
are indicated. The slight difference in the 80S monosome peaks is due to un-
equal loading and well within experimental variations.

size as MPRO/pMKO indicates that the doubling time
of MPRO/pMKO-Tbl3 shRNA was 3-4 times longer
than that of MPRO/pMKO in newly established trans-
fectants. As the population expanded from a few trans-
fectants to approximately 10° cells, the doubling time
of MPRO/pMKO-Tbl3 shRNA became progressively
shorter, apparently due to the selection or outgrowth of
variants that were less affected by the knockdown effects
and hence enjoyed a higher proliferative rate. Neverthe-
less, the growth rate of MPRO/pMKO-Tbl3 shRNA
was still slower compared with MPRO/pMKO in the
2-3 wk after the initial expansion following transfection
and puromycin election (Figure 7A).

ThI3 knockdown markedly impairs the proliferation of
fibroblasts

To further examine the effects of Th/3 knockdown on
cellular proliferation, we used the LAP3 fibroblast cell
line as the model system. The LAP3 fibroblast cell line
is derived from NIH3T3 (transformed embryonic cells)
but is substantially “weakened” compared with the pa-

Roishidenge  WJH | www.wjgnet.com

101

Wang J et a/. Tbl3 regulates ribosome biogenesis

A 50 r
MPRO/Neg

o

fo}

o

‘;‘ MPRO/TbI3 shRNA
£

3

8

@

o

Figure 7 Knockdown of transducin {-like 3 inhibits cellular proliferation.
A: Growth curves of stable MPRO/pMKO (negative control) vs MPRO/pMKO-
transducin p-like 3 (TbI3) small hairpin RNAs (shRNAs) transfectants. Each
culture was started with 105 low-passage stable transfectants. Each data
symbol represents the mean of triplicates and the standard deviation; B: Thl3
knockdown markedly inhibits the proliferation of fibroblasts, left: LAP3/Neg;
right: LAP3/TbI3 shRNA. LAP-3 fibroblasts were transfected with pMKO or
pMKO-TbI3 shRNA and selected with puromycin (1.5 ug/mL) for 5-10 d to allow
colony formation of stable transfectants. Colonies were fixed and stained with
Coomassie blue in situ and photographed. Plates shown are representative of
three independent experiments.

rental line™. Theoretical considerations and empiric ex-
perience indicate that it is particularly suitable for uncov-
ering defects in ribosome biogenesis[zs]. LAP3 cells were
transfected with pMKO (or pMKO-Luc shRNA; nega-
tive controls) »s pMKO-Tbl3 shRNA (1 or 2) in triplicates
in parallel and allowed to form macroscopic colonies in
the presence of puromycin to select for stable integrants.
The colonies were stained with Coomassie blue 7z situ
to allow direct comparison. As shown in Figure 7B, the
pMKO-Thl3 shRNA-transfected group showed a great
reduction (by about 80%) in colony numbers, indicating
that Th/3 knockdown also has deleterious effects on fi-
broblast cell growth and proliferation.

DISCUSSION

In this report we provide direct evidence that mouse
ThI3 is targeted to the nucleoli (Figure 3A-D). This find-
ing implicates Thl3 in the ribosome biogenesis pathway
and/or other nucleolar events. The results of target-

ing studies using a series of scanning deletion mutants
of TbI3 suggest that no particular nucleolar targeting
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sequence is involved (Figure 4). Thus, Tbl3 likely as-
sociates with other proteins in the nucleoli vz its WD40
protein-protein interaction motifs and/or other topo-
logical features and this forms the basis for its nucleolar
localization.

To explore the function of mammalian Th/3, we used
the shRNA approach to achieve a partial knockdown.
In retrospect, a partial rather than complete knockdown
is desirable since a complete knockdown is likely in-
compatible with cellular survival based on what we have
learned from our cell line studies and from the cey zebra
fish embryos. First, we looked at the processing of
the 28S, 18S and 5.8S rRNAs. Then, we focused on the
newly synthesized 47S pre-rRNA by pulse-labeling cells
with *H-uridine. The latter approach allowed us to focus
on newly synthesized pre-tfRNA and minimized the con-
tribution of post-transcriptional processing. As shown in
Figure 5B and C (bottom panels), T3 knockdown had
no discernable effect on the steady-state levels of the
mature 285, 18S and 5.8S tRNAs. Instead, it consistently
increased the level of newly synthesized 47S pre-rRNA
by two to four folds (Figure 5B and C, upper panels and
Figure 5D). The higher levels of newly synthesized 47S
pre-rRNA could result, « prior, from increased synthesis
or decreased processing of the 478 pre-tfRNA or both.
If the elevated level of 47S pre-tRNA resulted from de-
creased processing, then we expect to see a slower rate
of disappearance of the ’H-labeled 47S pre-rRNA or a
higher 47S to 28S (or 47S to 18S or 47S to 58S) ratio or
the ratio of 28S to any processing intermediate in cells
with Th/3 knockdown. However, our results showed
that rates of disappearance of 47S pre-rRNA were very
similar (Figure 5D) and the various ratios remained very
similar in MPRO/pMKO-Tbl3 shRNA and in MPRO/
pMKO (negative control) at all time points examined
(Figure 5B and C, upper panels). This finding argues
against a processing defect that would alter the size or
quantity of the 28S, 18S and 5.8S rRNAs and raises the
possibility that Th/3 knockdown primarily increased the
synthesis of the 47S pre-rRNA. This interpretation is
consistent with the previous conclusion that higher lev-
els of steady-state 47S pre-tfRNA reflect higher rates of
rDNA transcription in a given cell typem.

What could be the potential mechanisms by which
TbI3 regulates the synthesis of the 47S pre-rRNA? As
Tbl3 is the mammalian homologue of yeast utp13, a
review of the data on yeast utp13 may shed some light.
Both mouse Tbhl3 and yeast utp13 contain thirteen
WD40 protein-protein interaction repeats and a con-
served region in the C-terminus that is unique to both
TbI3 and utp13. The presence of many WD40 repeats
in TbI3 and utp13 indicates that they very likely form
a complex or complexes with other proteins. Indeed,
proteomic studies indicate that yeast utp13 forms a pri-
mary subcomplex, the so-called “utp-B” complex, with
five other nucleolar proteins, namely utp 6, utp 18, utp
21, dip2 and pprBH. This primary subcomplex in turn
associates with other subcomplexes such as “UTP-A”
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and “UTP-C” complexes as well as additional nucleolar
proteins to form a 90S megacomplex, which is known
as the “small subunit (SSU) processome”. The SSU is
assembled co-transcriptionally at the 5 end of the newly
transcribed pre-tRNAP'. The SSU megacomplex is vis-
ible on electron microscopy as a terminal knob on the
leading end of the elongating pre-rRNA still attached
to the rDNA chromatin in yeast nucleoli™. By analogy,
mammalian Thl3 may similarly form a megacomplex via
its multiple WD40 motifs with other proteins involved
in the synthesis and/or processing of pre-tRNA and as-
sociates co-transcriptionally with the 5” end of the pre-
rRNA. Given the observation that Tbl3 knockdown
increases the production of 47S pre-rRNA, we hypoth-
esize that Tbl3 is an important component of a putative
pathway that normally provides feedback inhibition to
the rDNA transcription machinery to coordinate the
synthesis of the 47S pre-rRNA with the subsequent pro-
cessing of rRNAs and ribosome assembly. Without co-
ordination or feedback regulation, the rate of pre-RNA
synthesis may become out of sync with that of process-
ing and assembly and this mismatch may cause errors or
waste in tribosome biogenesis[33’34].

Since the production of rRNAs and ribosomes con-
sumes the lion share of cellular energy and biosynthetic
precursors, over production of rRNAs inevitably will
deprive cells of the energy and biosynthetic precursors
needed for other physiologic processes and result in de-
creased cellular proliferation. Thus the consumption or
siphoning away of cellular energy and biosynthetic pre-
cursors in overproduction of pre-rRNA may explain at
least in part the inhibitory effect of Th/3 knockdown on
cellular proliferation in mammalian cells (Figure 7A and
B). As Tbl3 contains thirteen WID40 repeats it is pos-
sible that Tbl3 interacts with other nuclear or nucleolar
proteins directly or indirectly involved in cell cycle regu-
lation or DNA synthesis in addition to its interaction
with components of SSU. The previously described de-
tection of Thl3 in the co-repressor complex of PNR in
retina may well represent such an extra-nucleolar role”",
However, we believe that the main role of Tbl3 is in the
nucleoli as most (approximately 99%) if not all Tbl3
protein is found in that organelle (Figure 3A-D).

As we mentioned to earlier, complete depletion of
yeast utpl3 results in severe 18S rRNA processing de-
fects and lethality in yeastsm. Considering the fact that
ThI3 is the mammalian homologue of yeast utp13, it is
surprising that no rRNA processing defect was detected
in the current study of mouse cells with partial Th/3
knockdown (Figure 5). Similatly, there were no detect-
able defects in rfRNA processing in the Th/3-/Thi3- (cey)
zebra fish embryos (supplemental Figure 6 of ref. 22).
How can one reconcile these differences? The simplest
explanation is that yeast utp13 and mammalian Tbl3 (or
zebra fish tbl3) have evolved divergently in functionality.
It is also quite possible that additional or redundant fac-
tors or mechanisms have evolved in mammals (or zebra
fish) for rRNA processing such that a deficiency of Thl3
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alone has no discernible impact on rRNA processing,
Still another possibility is that Tbl3 has more than one
function and while a total deficiency is required to com-
pletely block the rRNA processing function, a partial
deficiency is sufficient to interfere with the regulation of
pre-rRNA synthesis.

The clinical importance of ribosomes is underscored
by the fact that defects in ribosomes ot ribosome bio-
genesis are the causes of several bone marrow failure
syndromes such as the Diamond-Blackfan anemia
(defective erythropoiesis due to tfRNA processing de-
fects caused by mutations in ribosomal protein genes
RPS17 or RPS19 or RPS24)[35] and Shwachman-Bodian-
Diamond syndrome (bone marrow failure, exocrine
pancreas insufficiency, skeletal abnormalities and dispo-
sition to myelodysplastic syndrome and acute myeloid
leukemia; caused by uncoupling of GTP hydrolysis
from eIFG release on the 60S ribosome subunit)®,
Morte recently, a subtype of myelodysplastic syndrome,
the so-called “5q- syndrome”, has been experimentally
phenocopied by RNAi-mediated haploinsufficiency of
RPS74"7. The propensity of ribosomopathy disorders
to afflict hematopoiesis probably reflects the sensitivity
of the highly proliferative hematopoietic progenitors to
any disturbances in DNA or protein synthesis. Given the
pronounced inhibitory effect of partial Th/3 knockdown
on cellular proliferation in the current study, it is tempt-
ing to speculate that a loss of function mutation or dele-
tion of human TBL.3 may also lead to a bone marrow
failure-like syndrome. Furthermore, TBL3 may provide
an attractive target for anti-tumor therapy.
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COMMENTS

Background

Transducin B-like 3 (tbl3) encodes a protein with thirteen WD40 protein-protein
interaction motifs. Virtually nothing is known about the function of Thi3 including
its subcellular localization and the general nature of its function. This report de-
scribes the first direct evidence that Thl3 is targeted to the nucleoli and plays an
important role in regulating the synthesis of the 47S pre-ribosomal RNA (pre-
rRNA), i.e., the first step in the production of ribosomes, which are indispens-
able for protein synthesis and hence the survival and normal functions of all
cells.

Research frontiers

This article addresses a sizable gap in the understanding of the very early stage
of the production of ribosomes. Understanding the function(s) of Tbl3 may lead
to the development of new antibiotics and anti-tumor drugs.

Innovations and breakthroughs

Tbi3 is a newly identified nucleolar protein with a previously unrecognized regu-
latory function in the very early stage of ribosome production.

Applications

Given the pronounced inhibitory effect of ThI3 knockdown on cellular prolifera-
tion as demonstrated in the current study, the authors suspect that a loss of
function mutation or deletion of human TBL3 may also lead to a bone marrow
failure-like syndrome or other developmental defects. Furthermore, TBL3 may
provide a good target for anti-cancer therapy by interfering with the production
of ribosomes at a very early stage.
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Terminology

Ribosomopathy: defects in ribosome production and/or function including the
synthesis, modification and processing of ribosomal RNA and assembly of
ribosomes. Bone marrow failure syndromes: diseases caused by proliferative
and/or differentiation defects in the production of blood cells by bone marrow
stem cells.

Peer review

Authors provided the direct evidence that murine TbiI3 protein is targeted to
compartment of nucleoli and plays an important role in synthesis of 47S pre-
rRNA. Thus, this protein is important for regulation of ribosome biosynthesis.
Manuscript is well written and new information about localization of TbI3
protein in nucleolus is very interesting from the complex view on proteome of
nucleolus.
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Abstract
AIM: To elucidate risk factors for survival of elderly

Roishidenge  WJH | www.wjgnet.com

acute myeloid leukemia (AML) patients in a real-world
practice by observational study.

METHODS: We conducted a population-based study in
213 adult and elderly AML patients (127 males and 86
females) in Kagawa Prefecture, Japan. To construct this
cohort, we gathered all data for patients diagnosed with
AML at 7 hospitals in Kagawa between 2006 and 2010.
The primary end point was overall survival (OS) after
AML diagnosis. Unadjusted Kaplan-Meier survival plots
were used to determine OS in the overall cohort. Multi-
variate analysis was used to determine the independent
adverse prognostic factors for OS, with the covariates of
interest including age, gender, race/ethnicity, CCI, edu-
cation, median income, metropolitan statistical area size
and history of myelodysplastic syndrome.

RESULTS: The average population of Kagawa during
the study period was 992489, and the incidence of AML
was 4.26 per 100000 person-years. A total of 197 pa-
tients with non-acute promyelocytic leukemia (non-APL)
(119 males and 78 females) were also included. The
median age of non-APL patients was 70 years (average
67, range 24-95). The 5-year OS rate was 21.1%. Sub-
sequent analysis by age group showed that the survival
rate declined with age; the 5-year OS rates of non-APL
patients younger than 64 years, 65-74 years, and older
than 75 years were 41.5%, 14.1%, and 8.9%, respec-
tively. Multivariate analysis revealed that unfavorable
risk karyotype, older age, poor performance status (PS)
(3-4), lack of induction chemotherapy, and antecedent
haematological disease were independent prognostic
predictors. In the subgroup analysis, we also found that
older patients with non-APL had lower complete remis-
sion rates and higher early death rates than younger
patients, irrespective of PS. However, intensive chemo-
therapy was a significant predictor for longer survival
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not only in the patients < 75 years of age, but also in
those over 75 with PS 0-2.

CONCLUSION: Age would contribute considerable life
expectancy to indicate induction chemotherapy with eli-
gible dose of cytotoxic drugs for a favorable case even
in advanced elderly.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Acute myeloid leukemia; Elderly; Adverse
prognostic factor; Overall survival; Population-based
study

Core tip: The prevalence of acute myeloid leukemia
(AML) is increasing among elderly patients in Japan.
Our population-based observational study revealed
that age was an independent prognostic factor in a
real-world practice for the treatment of AML patients.
Although we found that AML patients older than 75
years had lower complete remission rates and higher
early death rates than patients younger than 75 years,
an appropriately intensified induction chemotherapy
would be helpful to prolong the survival of elderly AML
patients with better performance status (PS) (1-2). The
intensity of chemotherapy should thus be adjusted ac-
cording to age and PS.

Ohnishi H, Imataki O, Kawachi Y, Ide M, Kawakami K, Waki
M, Takimoto H, Hoshijima Y, Fukumoto T, Matsumoto K, Waki
F, Matsuoka A, Shintani T, Uemura M, Yokokura S, Taoka T,
Matsunaga T. Age is an independent adverse prognostic factor
for overall survival in acute myeloid leukemia in Japan. World J
Hematol 2014; 3(3): 105-114 Available from: URL: http://www.
wjgnet.com/2218-6204/full/v3/i3/105.htm DOI: http://dx.doi.
org/10.5315/wjh.v3.i3.105

INTRODUCTION

Elderly acute myeloid leukemia (AML) patients often
have several comorbidities and poor performance status
(PS) at the time of diagnosis, and may be intolerant to
intensive chemotherapy, making them poor candidates
for intensive induction chemotherapy" ™. Compared to
young adult AML patients, elderly AML patients also
have higher frequencies of adverse prognostic factors
such as unfavorable risk karyotype and secondary AML
(th{()egr]apy—related AML)"”, leading to a poorer progno-
sis” .

Juliusson ez a/ " analyzed a population-based cohort
of patients aged = 16 years in the Swedish National
Acute Leukemia Registry. They found that onset of
AML may occur at any age, but is most common in the
elderly population, with the highest incidence in indi-
viduals aged 80-85 years. The median age of onset was
72 years (range 16-97): 71 years for males and 72 years

for females. A number of prospective clinical trials have
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studied treatments for young adult patients with non-
acute promyelocytic leukemia (non-APL)""". These
trials showed that the 5-year overall survival (OS) rate
increased to 35%-48% in patients treated with induction
chemotherapy using idarubicin and cytosine arabinoside.
However, these trials excluded patients with poor PS (3-4)
and elderly patients. Considering the distribution of the
age onset of AML, these clinical trials included only a
small proportion of the total AML population, and the
results therefore do not accurately reflect treatment op-
tions for the overall AML population.

To accurately evaluate the overall AML population,
several retrospective population-based studies have been
conducted in Sweden™"" the United Kingdom“s’w],
and the United States'”. These studies found relatively
low 5-year OS rates of 10%-20%"""*". Older age and
poor PS were reported to be adverse prognostic fac-
tors for OS in these population-based studies, but not
in prospective clinical trials. However, the retrospective
population-based studies did not include multivariate
analysesw’m. It is therefore still unclear whether older age
and poor PS are independent adverse prognostic factors
for OS in patients with AML.

In this study, multivariate analysis identified older age,
lack of induction chemotherapy, poor PS (3-4), anteced-
ent hematological disease, and unfavorable risk karyo-
type as independent prognostic factors for poor OS. We
also found that older patients had lower complete remis-
sion (CR) rates and higher early death rates than younger
patients, irrespective of PS. This analysis provides data
describing the overall AML population.

MATERIALS AMD METHODS

Patients and survey methods

We performed a multicenter observational study of
adult AML patients aged = 17 years from seven institu-
tions within Kagawa Prefecture (KKagawa Rosai Hospital,
Takamatsu Municipal Hospital, Sakaide City Hospital,
Kagawa Prefectural Central Hospital, Takamatsu Red
Cross Hospital, Mitoyo General Hospital, and Kagawa
University Hospital) between January 1, 2006 and De-
cember 31, 2010. Data were collected from the medical
records. Diagnosis of AML was made according to the
criteria of the French-American-British classification.
We excluded patients with a previous diagnosis of my-
elodysplastic syndrome (MDS). Antecedent haematologi-
cal disease was defined as benign hematological disease
other than MDS. The potential effects of consolidation
therapy and hematopoietic stem cell transplantation are
beyond the scope of this analysis, and patients were not
censored at the time of transplantation or any other
treatment in the survival analysis. This study was ap-
proved by the Institutional Review Boards of Kagawa
Rosai Hospital, Takamatsu Municipal Hospital, Sakaide
City Hospital, Kagawa Prefectural Central Hospital,
Takamatsu Red Cross Hospital, Mitoyo General Hospi-
tal, and Kagawa University Hospital.
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Non-APL karyotype classifications

The karyotypes of non-APL patients were grouped ac-
cording to the criteria of the National Comprehensive
Cancer Network (NCCN) clinical practice guidelines[zo],
the Southwest Oncology Group (SWOG) classifica-
tion” and the Cancer and Leukemia Group B (CALGB)

classification'™

Initial therapy regimens

Induction therapy regimens were chosen by each treat-
ing physician based on available clinical data and local
standards of care, but not on karyotype. None of the
patients were enrolled in clinical trials.

APL patients with a white blood cell (WBC) count
of < 3.0 x 10’ per liter and a blast plus promyelocyte
count of < 1.0 x 10’ per liter were started on oral all-
trans-retinoic acid (ATRA) (45 mg/ m’ per day) alone
until the start of consolidation therapy. Patients with a
WBC count between 3.0 X 10 per liter and 10.0 X 10’
per liter or a blast plus promyelocyte count of = 1.0 X
10” per liter were started on oral ATRA until the start of
consolidation therapy plus idarubicin (IDR) (12 mg/ m’
per day by 30-min infusion, days 1-2) plus cytarabine
(Ara-C) (80 mg/ m’ per day by continuous infusion, days
1-5). Patients with a2 WBC count of = 10.0 X 10’ per
liter were started on oral ATRA until the start of con-
solidation therapy plus IDR (days 1-3) plus Ara-C (100
mg/ m’ per day by continuous infusion, days 1-5).

Non-APL patients were treated with one of 15 regi-
mens, which we categorized as intensive chemotherapy,
less intensive chemotherapy, or best supportive care. The
intensive chemotherapy regimens were: (1) full dose IDR
(12 mg/m’* per day by 30-min infusion, days 1-3) plus
Ara-C (100 mg/ m’ per day by continuous infusion, days
1-7); (2) 80% dose IDR (days 1-3) plus Ara-C (days 1-7);
(3) full dose daunorubicin (DNR) (50 mg/ m’ per day
by 30-min infusion, days 1-5) plus Ara-C (days 1-7); (4)
80% dose DNR (days 1-5) plus Ara-C (days 1-7); (5) full
dose IDR (days 1-3) plus enocitabine (BHAC) (200 mg/
m’ per day by 180-min infusion, days 1-8); (6) 80% dose
IDR (days 1-3) plus BHAC (days 1-8); (7) full dose DNR
(days 1-5) plus BHAC (days 1-8); (8) 80% dose DNR
(days 1-5) plus BHAC (200 mg/ m’ per day by 180-min
infusion, days 1-8). The less intensive chemotherapy reg-
imens were: (1) less than 80% dose IDR (days 1-3) plus
Ara-C (days 1-7); (2) less than 80% dose DNR (days 1-5)
plus Ara-C (days 1-7); (3) less than 80% dose IDR (days
1-3) plus BHAC (days 1-8); (4) less than 80% dose DNR
(days 1-5) plus BHAC (days 1-8); (5) CAG [Ara-C (10
mg/ m’ twice a day by subcutaneous injection, days 1-14)
plus aclarubicin (ACR) (14 mg/m’ per day by 30-min
infusion, days 1-14) plus granulocyte colony-stimulating
factor (G-CSF) (200 g/ m’ per day by subcutaneous in-
jection, days 1-14)]; (6) CA [Ara-C (10 mg/m2 twice a
day by subcutaneous injection, days 1-14) plus ACR (14
mg/ m’ per day by 30-min infusion, days 1-14)]; (7) Low
dose Ara-C (10 mg/ m’ twice a day by subcutaneous in-
jection, days 1-14).
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Statistical analysis

The X2 test was used to analyze the significance of dif-
ferences between two or three groups (Microsoft Excel
2010, version 14.0; Microsoft Corporation Japan, To-
kyo). A P value less than 0.05 was considered statistically
significant. All other data were analysed using JMP 7.0.1
(SAS Institute Japan, Tokyo, Japan). The Kaplan-Meier
method was used to estimate probabilities of OS, and
the log-rank test was used to analyse the significance of
differences in OS between two or three groups. For the
survival analysis, patients were censored at the time of
the last follow-up. Multivariate analysis of prognostic
factors for OS was performed using the Cox propos-
tional hazards method. All prognostic factors were first
analyzed using univariate analysis. Early death was de-
fined as 8-wk mortality after the diagnosis or initiation
of chemotherapy. Factors with a P value of less than 0.05
on univariate analysis were included in the multivariate
analysis using a stepwise method.

RESULTS

A total of 219 patients were diagnosed with AML be-
tween January 1, 2006 and December 31, 2010 at the 7
participating institutions. Considering the average popu-
lation of Kagawa Prefecture during the study period, the
incidence of AML was 4.26 per 100000 person-years.
We focused on analyzing adult patients with AML.
Six patients were excluded due to a lack of available
clinical data, and the remaining 213 patients were in-
cluded. These patients were 127 men and 86 women

(male to female ratio 1.48) with a median age of 70 years
(range 24-95). Thirty-five patients underwent allogeneic
hematopoietic stem cell transplantation. The cohort in-
cluded 16 APL patients and 197 non-APL patients. The
estimated 5-year OS rate of the APL patients was 69.2%
(95%CI: 55.5-82.9). The median follow-up period for
APL survivors was 23.5 mo (range 0-506).

The non-APL patients had a median age of 70 years
(range 24-95), including 74 patients (37.6%) aged < 64
years, 50 patients (25.6%) aged 65-74 years, and 73 pa-
tients (36.8%) aged = 75 years. Table 1 shows the char-
acteristics of the non-APL patients. In our study some
data were missing for each parameter. Therefore, the to-
tal numbers of patients in each parameter group-that is,
the sum of each column-are sometimes different. Some
clinical features varied among the different age groups.
Opverall, 93 patients (47.2%) had one or more features
of myelodysplasia (not satisfy the diagnosis criteria for
MDS). The frequency of myelodysplastic features was
higher in patients aged = 75 years than in younger pa-
tients. Approximately half of the patients (48.3%) had
Eastern Cooperative Oncology Group PS of 2-4. As age
increased, the proportion of patients with good PS (0-1)
decreased and that with poor PS (3-4) increased. The
chromosomal karyotype is known to be the strongest
predictor of prognosis, but the systems used to classify
the karyotypes vary among studies. We divided our co-
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hort into three karyotype groups: 5.1%-6.6% of patients
were classified as having a favourable risk karyotype,
22.8%-29.9% of patients were classified as having an un-
favourable risk karyotype, and category not recognized.
A favorable risk karyotype was more frequent in patients
aged < 64 years than patients aged = 65 years. The
serum lactase dehydrogenase (LDH) level was lower in
patients aged 65-74 years than in the other age groups (<
64 years and = 75 years); there were significantly more
patients with a normal LDH level (< 250 U/L) and few-
er patients with an increased LDH level (> 500 U/L) in
the group aged 65-74 years than in the other age groups.
Twenty-nine patients (14.7%) had renal dysfunction with
a serum creatinine level of > 1.3 mg/dL, and 48 patients
(24.3%) had an infection at the time of diagnosis. Inten-
sive induction chemotherapy was administered to 102
patients (51.7%) in total, including 71.6% of patients
aged < 64 years, 46.0% of patients aged 65-74 years,
and 35.6% of patients aged = 75 yeats.

In non-APL patients, the estimated 5-year OS rate
was 21.1% (95%CI: 1.7-40.5) (Figure 1A). The median
follow-up period among non-APL survivors was 32 mo
(range 1.0-59.5). Analysis by age group showed that the
5-year OS rate decreased with increasing age. In non-APL
patients aged << 64 years, 65-74 years, and = 75 years, the
5-year OS rates were 41.5% (95%CI: 34.5-48.5), 14.1%
(95%CI: 8.8-19.4), and 8.9% (95%CI: 4.1-13.7), respec-
tively; and the median survival times were 19, 10 and 7
mo, respectively (Figure 1B). In addition, poor PS (3-4),
lack of induction chemotherapy or less intensive induc-
tion chemotherapy, presence of antecedent hematological
disease (except for MDS), and unfavourable risk karyo-
type according to the NCCN, SWOG, or CALGB clas-
sifications adversely affected the OS rate (Figure 1C-H).
Multivariate analysis revealed that older age, poor PS (3-4),
lack of induction chemotherapy, presence of antecedent
hematological disease, and unfavourable risk karyotype
according to any karyotype classification were adverse
prognostic factors (Table 2). Detailed information regard-
ing karyotype categories according to the NCCN, SWOG,
and CALGB classifications is shown in Table 3.

The rates of CR and early death (within 8 wk of
diagnosis) according to PS in different age groups are
shown in Figure 2. The proportion of patients with poor
PS (3-4) increased with age (Figure 2A). Early death
rates were related to both age and PS (Figure 2B). Older
patients had higher early deaths rates than younger pa-
tients, and patients with poor PS had higher eatly death
rates than patients with good PS. CR rates were also re-
lated to both age and PS (Figure 2C). Older patients had
lower CR rates than younger patients, and patients with
poor PS had lower CR rates than patients with good PS.

DISCUSSION

This study was limited to AML patients in a specific
area of Japan, unlike the large scale study conducted by
Juliusson e# 4l which included data from the whole of
Sweden. However, Kagawa Prefecture is surrounded by
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ocean and mountain ranges, and residents almost never
seek treatment for malignancies elsewhere due to the
inconvenience of travelling, This study has almost com-
plete capture of the patient population. We therefore
consider that the present results were highly represen-
tative of the patient representation. Furthermore, the
median and interquartile range of age, and incidence of
AML, were similar between this study and the Swedish
study by Juliusson e# /”. This similarity in the distribu-
tions of patients between the two reports indicates that
the present study was a reliable population-based study.
In Japan, all population-based studies of this sort are
conducted under a strict registration system which is fa-
cilitated by a nation-wide organization. In all of the cases
in the present cohort, a primary physician had reached
consensus in referring the patient to a general commu-
nity hospital due to a haematological malignancy.

Dores et al'” reported that there were no differences
in the age of onset or the incidence of AML among non-
Hispanic whites, Hispanic whites, Blacks, and Asians/Pa-
cific Islanders in the United States. They also reported
that the frequencies of APL, a subtype of AML, differed
among these subpopulations, accounting for 6.1%, 14.2%,
9.3%, and 7.0% of the four groups, respectively. Nakase ez
al® reported that although the frequency of t(8;21) AML
was higher in the Japanese population than the Australian
population (33.1% »s 15.3%, P < 0.05), there was no dif-
ference in the frequency of APL between these popula-
tions (14.8% »s 11.1%). However, these data may not be
generalizable as the patients selected for the study were all
diagnosed at a single hospital. The frequency of APL in
our cohort was 7.5%, which is similar to the frequencies
reported among Australians[z‘ﬂ, Asians/Pacific Islanders
and non-Hispanic white!", higher than the frequency re-
ported in the Swedish studym, and lower than the frequen-
cies reported among both Hispanic whites and Blacks in
the United States'" ", suggesting that the frequency of APL
differs among races.

Several studies”****” have reported on differences be-
tween elderly and young adult AML patients in terms of
host factors such as physiological functions and biologi-
cal factors such as characteristics of AML cells. Pollyea e#
al® reported that outcomes in elderly AML patients were
affected by host factors such as decreased drug metabo-
lism, compromised immune defence systems, increased
frequency of poor PS, increased frequency of hemort-
rhagic complications, and increased frequency of psy-
chiatric medications. They also demonstrated that AML
cells in elderly patients had more immature morphology
and expressed higher levels of the multidrug resistance
gene MDR1 than AML cells in young adult patients.
Dombert ¢ al” showed that the frequencies of myelo-
dysplasia and unfavourable risk karyotype were higher
in eldetly AML patients than young adult AML patients.
Our study showed similar results, with elderly patients
having higher frequencies of poor PS, myelodysplasia,
and unfavourable risk karyotype compared with young
adult patients. These data suggest that our study results
are a reliable reflection of the overall AML population.
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Figure 1 Kaplan-Meier estimate of overall survival in patients with non-acute promyelocytic leukemia. A: All patients; B: Patients categorised by age group.
Black line, < 64 years; dotted line, 65-74 years; grey line, 275 years; C: Patients categorised by performance status (PS). Black line, PS 0-2; dotted line, PS 3-4; D:
Patients categorised by intensity of induction chemotherapy. Black line, intensive chemotherapy; dotted line, less intensive chemotherapy; grey line, best supportive
care; E: Patients categorised by antecedent hematological disease. Black line, without antecedent hematological disease; dotted line, with antecedent haematological
disease; F: Patients categorised according to the National Comprehensive Cancer Network (NCCN) clinical practice guidelines karyotype classification. Black line,
favourable and intermediate risk karyotypes; dotted line, unfavourable risk karyotypes; G: Patients categorised according to the Southwest Oncology Group (SWOG)
karyotype classification. Black line, favourable and intermediate risk karyotypes; dotted line, unfavourable risk karyotypes; H: Patients categorised according to the
Cancer and Leukemia Group B (CALGB) karyotype classification. Black line, favourable and intermediate risk karyotypes; dotted line, unfavourable risk karyotypes.
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Table 1 Characteristics of non-acute promyelocytic leukemia patients

Number of patients

Parameter Category All patients (7 = 197) Age in year
< 64(n=74) 65-74 (n = 50) =75 @ =73)

Gender Female 78 39.60% 30 40.50% 19 38.00% 29 39.70%

Male 119 60.40% 44 59.50% 31 62.00% 44 60.30%
FAB classification MO 9 4.60% 3 4.10% 0 0.00% 6 8.20%

M1 24 12.20% 10 13.50% 4 8.00% 10 13.70%

M2 100 50.80% 34 45.90% 27 54.00% 39 53.40%

M4 24 12.20% 11 14.90% 7 14.00% 6 8.20%

M5 10 5.10% ® 6.80% 3 6.00% 2 2.70%

M6 13 6.60% 3 4.10% 4 8.00% 6 8.20%

M7 4 2.00% 2 2.70% 1 2.00% 1 1.40%
Myelodysplasia Yes 93 47.20% 32 43.20% 20 40.00% 41 56.20% :

No 100 50.80% 40 54.10% 29 58.00% 3l 42.50%
Performance status 0-1 98 49.70% 45 60.80% 28 56.00% 25 34.20%

2 46 23.40% 13 17.60% 8 16.00% 25 34.20%

3-4 49 24.90% 14 18.90% 13 26.00% 22 30.10%
Karyotype risk category
NCCN e 13 6.60% 9 12.20% 2 4.00% 2 2.70% ¢

I 122 61.90% 43 58.10% 27 54.00% 52 71.20%

u 46 23.40% 16 21.60% 19 38.00% 11 15.10%
SWOG 1B 10 5.10% 7 9.50% 2 4.00% 1 1.40% ¢

I 97 49.20% 35 47.30% 23 46.00% 89 53.40%

u 59 29.90% 20 27.00% 21 42.00% 18 24.70%

others i3 7.60% 6 8.10% 2 4.00% 7 9.60%
CALGB e 13 6.60% 9 12.20% 3 6.00% 1 1.40% :

I 100 50.80% 33 44.60% 26 52.00% 41 56.20%

u 45 22.80% 15 20.30% 16 32.00% 14 19.20%

others 39 19.80% 17 23.10% ® 10.00% 17 23.20%
Antecedent No 158 80.20% 60 81.10% 37 74.00% 61 83.60%
hematologic disease Yes 36 18.30% 13 17.60% 11 22.00% 12 16.40%
Prior chemotherapy No 174 88.30% 65 87.80% 41 82.00% 68 93.20%

Yes 19 9.60% 7 9.50% 7 14.00% 5 6.80%
Laboratory findings
WBC (x 10°/mL) <100 178 90.40% 65 87.80% 48 96.00% 65 89.00%

=100 16 8.10% 7 9.50% 1 2.00% 8 11.00%
Hemoglobin (g/dL) <8.0 93 47.20% 36 48.60% 23 46.00% 34 46.60%

=8.0 101 51.30% 36 48.60% 26 52.00% 39 53.40%
Platelet (x 10°/mL) <5.0 85 43.10% 29 39.20% 23 46.00% 33 45.20%

5.0-10.0 64 32.50% 25 33.80% 20 40.00% 19 26.00%

=10.0 45 22.80% 18 24.30% 6 12.00% 21 28.80%
% Blast in blood <20 89 45.20% 28 37.80% 29 58.00% 32 43.80%

20-50 43 21.80% 17 23.00% 11 22.00% 15 20.50%

>50 59 29.90% 27 36.50% 8 16.00% 24 32.90%
% Blast in marrow <50 98 49.70% 33 44.60% 30 60.00% 35 47.90%

=50 84 42.60% 35 47.30% 18 36.00% 31 42.50%
LDH (IU/L) <250 58 29.40% 15 20.30% 24 48.00% 19 26.00% :

250-500 75 38.10% 27 36.50% 14 28.00% 34 46.60%

>500 59 29.90% 29 39.20% 11 22.00% 19 26.00%
Creatinine (mg/dL) <13 162 82.20% 66 89.20% 41 82.00% 55 75.30%

>1.3 29 14.70% 5 6.80% 8 16.00% 16 21.90%
Infection at No 146 74.10% 52 70.20% 39 78.00% 55 75.30% :
induction therapy Yes 48 24.30% 20 27.00% 10 20.00% 18 24.60%
Intensity of Intensive 102 51.70% 53 71.60% 23 46.00% 26 35.60% :
induction therapy Less-intensive 56 28.40% 13 17.50% 19 38.00% 24 32.80%

BSC 39 19.70% 8 10.80% 8 16.00% 23 31.50%

°P < 0.05 vs total. F: Favorable; I: Intermediate; U: Unfavorable; WBC: White blood cell; NCCN: National Comprehensive Cancer Network; SWOG: South-
west Oncology Group; CALGB: Cancer and Leukemia Group B; LDH: Lactase dehydrogenase.

The estimated 5-year OS rate of our non-APL pa-
tients was 21.1%, which is similar to the 5-year OS rates
reported by retrospective population-based studies con-
ducted in Sweden”***", the United Kingdomm, and the
United States**” but lower than the 5-year OS rates

Boishidenge  WJH | www.wjgnet.com

110

reported by prospective clinical trials for young adult
non-APL patientsllo’l3j. When the data of all AML pa-
tients are analysed in a population-based study, patients
with poor PS, organ dysfunction, documented infection,
and severe comorbidities are included; this lowets the
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Figure 2 Early death rate and complete remission rate according to performance status in different age groups. A: Proportions of patients with good and poor
performance status (PS) in different age groups. Grey, PS 0-2; black, PS 3-4; B: Early death rate according to PS in different age groups. Black line, PS 0-2; dotted
line, PS 3-4; C: Complete remission rate according to PS in different age groups. Black line, PS 0-2; dotted line, PS 3-4.

Table 2 Multivariate analysis of prognostic factors affecting survival in non-acute promyelocytic leukemia patient

Risk factors

Chromosomal abnormality NCCN SWOG CALGB

HR (95%Cl) P HR (95%Cl) P HR (95%Cl) P
Age in years 0.031 0.043 0.026
< 64 1 1 1

65-74 1.33 (1.06-1.58)
=75 1.88 (1.59-2.04)
Performance status 0.012

0-2 1

3-4 1.94 (1.15-3.26)
Intensity of induction therapy 0.041

Intensive, less-intensive 1

Best supportive care 1.74 (2.02-2.96)
Antecedent hematological disease 0.007

No 1

Yes 1.92 (1.20-3.08)
Chromosomal abnormality 0.001

Favorable, intermediate 1

Unfavorable 1.98 (1.31-2.99)

1.39 (1.13-1.64)
1.82 (1.60-2.05)

1.40 (1.15-1.66)
1.91 (1.67-2.13)

0.028 0.019
1 1
1.80 (1.06-3.05) 1.88 (1.11-3.20)
0.029 0.027
1 1
1.80 (1.06-3.07) 1.83 (1.07-3.14)
0.007 0.004
1 1
1.90 (1.19-3.05) 2.03 (1.25-3.27)
<0.001 <0.001
1 1

1.4 (0.55-3.78)

1.56 (0.63-3.87)

NCCN: National Comprehensive Cancer Network practice guidelines in oncology- v.2.2010; SWOG: Southwest Oncology Group; CAL-

GB: Cancer and Leukemia Group B.

overall long-term OS rates compared with the survival
rates in prospective clinical trials of young adult AML
patients without these conditions.

Juliusson ez al” analysed and compared the CR rates
of patient cohorts grouped by PS and found that the
CR rate decreases as age increases, indicating that PS
and age are independent adverse prognostic factors. Our
data are consistent with these findings. However, they
did not conduct multivariate analysis to determine ad-
verse prognostic factors associated with OS in non-APL
patients. Our multivariate analysis identified older age,
poor PS (3-4), lack of induction chemotherapy, presence
of antecedent haematological disease, and unfavourable
risk karyotype as independent adverse prognostic fac-
tors for OS. In prospective clinical trials for young adult
patients with non-APL, good PS and no organ dysfunc-
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tion, the presence of antecedent hematological disease
and unfavourable risk karyotype were found to be inde-
pendent adverse prognostic factors for OS"""?. Our ret-
rospective population-based study yielded similar results,
indicating that the presence of antecedent hematologi-
cal disease and unfavourable risk karyotype are adverse
prognostic factors for OS in all non-APL patients. It has
been postulated that the frequencies of myelodysplasia,
poor PS, and unfavourable risk karyotype are higher in
elderly non-APL patients than young adult non-APL
patients, leading to poorer long-term survival in elderly
patients””™. As elderly patients and those with poor PS
are excluded from prospective clinical trials, population-
based studies are necessary to determine whether older
age and poor PS are adverse prognostic factors for OS.
As described above, a study in Sweden found that older
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Table 3 Detailed information regarding karyotype categories according to the National Comprehensive Cancer Network, Southwest

Oncology Group, and Cancer and Leukemia Group B classifications

Category Favorable Intermediate Unfavorable Category not recognized
NCCN  t(8;21) +8, t(9;11), -X, -Y, -6, +1, +4, +7, +11, +13, +21, del(9), -5, del(5q), -7, non-t(9;11) -
del(20), add(12), add(16), add(17), inv(3), t(1;16), abn11q23, inv(3), t(9;22), complex
(3;21), t(8;18), t(8;20), t(11,16), t(11;17) karyotype = 3
SWOG  t(8,21) -Y, +8 abn(3q), -5, -7, (9,22), abn(9q),  t(9/11), -X, -6, +1, +4, +7, +11,
abn(11q), abn(17p), abn(20q), +13, +21, add(12), add(16), inv(3),
abn(21q), complex karyotype >3 t(1;16), t(3;21), t(8;18), t(8;20)
CALGB  t(8;21),del(9q)  -Y, del(5q), t(9;11), +11, del(11q), abn(12p), +13, inv(3), -7, +8, complex karyotype -X, -6, +1, +4, +7, add(12),

del(20q), +21

>3 add(16), add(17), +(1;16), t(3;21),

t(8;18), £(8;20), t(11;16), £(11;17)

NCCN: National Comprehensive Cancer Network; SWOG: Southwest Oncology Group; CALGB: Cancer and Leukemia Group B.

age and poor PS independently affected prognosis in
terms of the CR rate and early death rate, but these
results were not obtained through statistical analyses'.
It therefore could not be ruled out that factors such as
myelodysplasia and unfavourable risk karyotype were
related to older age and influenced the results. Our mul-
tivariate analysis shows for the first time that older age is
an independent adverse prognostic factor for OS.

This study has several limitations: (1) it is a retrospec-
tive study; (2) the number of patients is small; (3) the
study includes Japanese patients only; (4) analyses of the
data regarding comorbidities and expression of MDR1
on AML cells at the start of treatment could not be pet-
formed; and (5) analyses of haemorrhagic and infectious
complications and their severity could not be performed.

We propose the following three reasons why older
age is an independent adverse prognostic factor for OS
in non-APL patients, leading to poot prognosis: (1) epi-
genetic changes to genes affect the pharmacokinetics of
anticancer drugs; (2) preclinical organ dysfunction may
not be reflected in the findings of blood tests and func-
tional investigations; and (3) other unknown factors.

It is necessary to perform further large-scale, pro-
spective, population-based observational studies, which
take the various parameters that change with age into
consideration, in order to definitively determine the ad-
verse prognostic factors associated with older age. Age
would contribute a considerable life expectance to indi-
cate induction chemotherapy with eligible dose of cyto-
toxic drugs for a favorable case even if advanced eldetly.
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Background

Elderly acute myeloid leukemia (AML) patients have higher frequencies of
myelodysplasia, unfavorable risk karyotype, and poor performance status (PS),
which are the leading causes of poor long-term prognosis, compared with
young adult AML patients. Elderly patients and those with poor PS are often
excluded from prospective clinical trials for AML therapies. In such cases, the
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results of clinical practice may differ from the results reported in a clinical trial.
Therefore, it is necessary to include a full cohort of consecutive patients diag-
nosed with AML in order to elucidate the real-world outcome for patients suffer-
ing from AML.

Research frontiers

In the field of medical oncology, it remains controversial whether age itself is an
independent prognostic factor for prognosis. Generally it is axiomatic that older
patients are more likely to have a poorer PS and have more underlying dis-
eases, both of which result in morbid prognosis. Thus, the age and coexistence
of related prognostic factors can be confounding. However, biological aging is
not always associated with cognitive dysfunctions, and recent studies in geriat-
ric oncology have aggregated sufficient evidence that geriatric assessment for
chemotherapy is independent from age.

Innovations and breakthroughs

These multivariate analysis shows for the first time that older age is an indepen-
dent adverse prognostic factor for overall survival (OS). This was validated in
several chromosomal risk categories, i.e., NCCN, SWOG, and CALGB. Though
this cohort was limited to a local community in Japan, our results are expected
to change the realistic planning of practical treatments for very elderly AML pa-
tients, who are not usually assessed in clinical trials.

Applications

The clinical outcome of patients over age 65 with AML is poor. However, inten-
sive chemotherapy is a significant predictor for longer survival not only in pa-
tients younger than 75, but also in patients over age 75 with PS 0-2. Based on
these results, patients with AML over 75 years of age could be candidates for
intensive or less-intensive induction chemotherapy to obtain a better remission
rate and further survival.

Terminology

The population-based study is an observational study for longitudinally reg-
istered patients without any medical interventions. The population-based
cohort is set up to investigate whole populations in order to avoid intentional
bias. It is crucial that the cohort be representative of a defined population. The
population-based study offers three advantages: (1) it can illustrate the distribu-
tions, prevalence, and treatment outcome of the disease; (2) it can assess the
risk factors for disease in a realistic manner; and (3) it can carry out unbiased
evaluations of relations including confounders. Therefore, the authors believe
that the present population-based study has reached a robust conclusion about
whether advanced age and poor PS are adverse prognostic factors for OS.

Peer review

Ohnishi H et al reported for the first time that older age is an independent ad-
verse prognostic factor for overall survival in AML patients through a population-
based study cohorting 213 adult AML patients, by using multivariate analysis.
Overall, This is a well-written and cafefully discussed paper.
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Abstract

Cytogenetic abnormalities are the hallmark of leuke-
mias. We report here two cases of unusual cytogenetic
abnormalities associated with Philadelphia chromo-
some, one with mixed phenotypic acute leukemia
showing monosomy 7 and t(9;22) (q34;q11.2) and
the other with chronic myeloid leukemia and additional
translocation involving chromosomes 10 and 13. Both
patients achieved complete remission following imatinib
based treatment.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Philadelphia chromosome; Cytogenetic ab-
normalities

Core tip: Cytogenetic abnormalities are the hallmark
of leukemias. We report here two cases of unusual
cytogenetic abnormalities associated with Philadelphia
chromosome, one with mixed phenotypic acute leuke-
mia showing monosomy 7 and t(9;22) (q34;q11.2) and
the other with chronic myeloid leukemia and additional
translocation involving chromosomes 10 and 13. Both
patients achieved complete remission following ima-
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tinib based treatment.These two cases highlight the
novel additional cytogenetic abnormalities associated
with Ph chromosome.
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INTRODUCTION

Cytogenetic abnormalities are the hallmark of leuke-
mias. Translocation (9;22) is the characteristic feature
of chronic myeloid leukemia and is also seen in vatiable
number of patients with acute lymphoblastic leukemia.
Monosomy 7 is seen in patients with myelodysplastic
syndrome, acute myeloid leukemia and few cases of
acute lymphoblastic leukemia. Mixed phenotypic acute
leukemia (MPAL) is commonly associated with t(9;22)
and sometimes with monosomy or deletion 7, but com-
bined cytogenetic abnormality involving t(9;22) and
monosomy 7 has rarely been reported in MPAL. We re-
port here two cases, one of MPAL showing monosomy
7 and t(9;22) (q34;q11.2) and the other with chronic
myeloid leukemia and additional translocation involving
chromosomes 10 and 13. Both patients achieved com-
plete remission following imatinib based treatment.

CASE REPORT

Case 1

A 27 years old man was admitted with weakness and low
grade fever for 20 d. On examination he was found to
have pallor without lymphadenopathy or hepato-spleno-
megaly. Hemogram showed hemoglobin 5.8 g/dL, total
leukocyte count 62 X 10°/L with 60% blasts and platelet
count 170 X 10”/L. Flowcytometry revealed two distinct
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Figure 1 Karyotyping of the patient with mixed phenotype acute leukemia
showing (arrows) 45, XY, monosomy 7, t(9;22) (q34;q11.2)[18]/46,XY[2].

clusters of cells, one expressing CD34, HLD-DR, MPO,
CD117, CD13 and CD33. The other cluster of blasts
expressed cytoplasmic CD79a, CD19 and CD10. The
blasts were negative for surface and cytoplasmic CD3,
CD5, CD20 and CD16. The patient was diagnosed
as a case of MPAL (Blymphoid/myeloid). Katyotyp-
ing revealed 45,XY, monosomy7, t(9;22)(q34;q11.2)
[18]/46,XY[2] (Figute 1). RT-PCR for BCR-ABL detect-
ed genomic breakpoint at e13a2 corresponding to p210.
Patient was treated with hyper-CVAD chemotherapy
along with imatinib, which resulted in complete remis-
sion.

Case 2

A 50 years old man presented with complaints of mild
weakness for 3 wk. His hemoglobin was 10.5 g/dL, to-
tal leukocyte count 46.7 X 109/ L and platelet count 3.6
x 10°/L, differential count showed neutrophils 62%,
myelocytes 10%, metamyelocytes 8%, lymphocytes
12%, monocytes 3%, eosinophils 2% and basophils 3%.
Leukocyte alkaline phosphatase was low. Karyotyping
revealed 46 XY, t(9;22)(q34;11.2), t(10;13)(q23;q34)[20]
(Figure 2). Real-time polymerase chain reaction for BCR-
ABL was positive for p210. He was diagnosed as chronic
myeloid leukemia-chronic phase and treated with ima-
tinib. He achieved complete hematological remission in
2 mo.

DISCUSSION

Philadelphia (Ph) chromosome results from reciprocal
translocation of chromosome 9 and 22. This transloca-
tion leads to the generation of a chimeric gene that re-
sults from the fusion of the 4B gene on chromosome
9 with the BCR gene on chromosome 22. MPAL is a
rare leukemia arising from a hematopoietic pluripotent
stem cell with a frequency of 0.5%-1%"". In a study by
Matutes e al”, comprising 100 patients of MPAL, cyto-
genetics revealed t(9;22) in 20%, 11q23/MLL-rearrange-
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Figure 2 Karyotyping of the patient with chronic myeloid leukemia show-
ing (arrows) 46 XY, t(9;22)(q34;11.2), t(10;13)(q23;q34)[20].

ments in 8%, complex in 32%, aberrant in 27% and
normal in 13% karyotypes. Three cases of CML™ and
one case of T-cell/myeloid MPAL" associated with del
7, t(9;22)(q34;q11) have been reported. Deletion/mono-
somy 7 is associated with poor prognosis in AML and
t(9;22) confers a bad prognosis in ALL. Additional chro-
mosomal abnormalities in CML may appear in about
5% of cases”®. In a study by Luatti e al”; 21 patients
(5.6%) had additional chromosomal abnormalities; the
overall cytogenetic and molecular response rates in these
patients were significantly lower. None of these patients
had translocations involving chromosome 10 and 13.
Our patient with MPAL demonstrated characteristic
bilineage leukemia and showed complete remission fol-
lowing hyper-CVAD plus imatinib therapy. The patient
with CML also responded to imatinib. These two cases
highlight the novel additional cytogenetic abnormalities
associated with Ph chromosome. Whether this associa-
tion of Philadelphia chromosome with these additional
cytogenetic abnormalities adversely affect the prognosis
needs to be evaluated. Though some studies have shown
poor outcome with additional chromosomal abnormali-
ties”, our patients showed good initial response to ima-

tinib based therapy.

COMMENTS

Case characteristics

A 27 years old man was admitted with weakness and low grade fever for 20 d.
A 50 years old man presented with complaints of mild weakness for 3 wk.
Clinical diagnosis

Case 1: Hemogram showed hemoglobin 5.8 g/dL, total leukocyte count 62 x
10°/L with 60% blasts and platelet count 170 x 10°/L. Case 2: His hemoglobin
was 10.5 g/dL, total leukocyte count 46.7 x 10°/L and platelet count 3.6 x 10°L,
differential count showed neutrophils 62%, myelocytes 10%, metamyelocytes
8%, lymphocytes 12%, monocytes 3%, eosinophils 2% and basophils 3%.
Laboratory diagnosis

Real-time polymerase chain reaction for BCR-ABL was positive for p210.
Treatment

Patient was treated with hyper-CVAD chemotherapy along with imatinib, which
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resulted in complete remission.

Peer review

The manuscript demonstrates good initial response to imatinib based therapy of
two rare cases of leukemia patients one with mixed phenotypic acute leukemia
bilineage (B-lymphoid/myeloid) and the second with CML bearing an additional
to t(9;22) chromosomal abnormality.
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Abstract

A correct antibody response requires the participation
of both B and T lymphocytes and antigen presenting
cells. In this review we address the role of follicular
helper T lymphocytes (Tr+) in this reaction. We shall fo-
cus on the regulation of their development and function
in health and disease. Tr can be characterized on the
basis of their phenotype and the pattern of secretion
of cytokines. This fact is useful to study their participa-
tion in the generation of antibody deficiency in primary
immunodeficiency diseases such as common variable
immunodeficiency, X-linked hyper IgM syndrome or
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X-linked lymphoproliferative disease. Increased num-
bers of Tr+ have been demonstrated in several autoim-
mune diseases and are thought to play a role in the
development of autoantibodies. In chronic viral infec-
tions caused by the human immunodeficiency virus,
hepatitis B or C virus, increased circulating Tr+ have
been observed, but their role in the protective immune
response to these agents is under discussion. Likewise,
an important role of Tr1 in the control of some experi-
mental protozoan infections has been proposed, and it
will be important to assess their relevance in order to
design effective vaccination strategies.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Interleukin-21; Programmed cell death-1/Programmed
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Core tip: Follicular helper T lymphocytes (Tr+) are es-
sential to establish a correct and protective humoral
immune response. Correct regulation of their devel-
opment and differentiation is necessary to achieve a
normal antibody response. They can be characterized
by their phenotype and function. It has been proposed
that their role is important in the generation of immu-
nodeficiency or autoimmunity, as well as in the control
of chronic viral or protozoan infections. This review
comments recent advances in human T research that
may be useful in order to design adequate therapeutic
or vaccination strategies.
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INTRODUCTION

The assembly of a correct antibody response requires
the participation of B and T lymphocytes, as well as that
of antigen presenting cells from the myeloid lineage. It
involves a complex system of interactions and regula-
tory mechanisms. Failure of this equilibrium at any level
disturbs and impairs the generation of an efficient, long
term antibody response.

A subset of helper T cells, follicular helper T lym-
phocytes (Trn) is necessary to provide help to B lympho-
cytes in the process of antibody synthesis and matura-
tion. Tru encompass a heterogeneous group of cells with
distinct gene expression profile and function". Without
Tenu the protective antibody responses ate largely dimin-
ished. Primary immune deficient patients with genetic
defects that affect the synthesis of molecules essential
for Trn generation or function, such as the inducible co-
stimulator (ICOS) or the signaling adaptor SLAM-asso-
ciated protein (SAP), lack an efficient antibody response
and may suffer recurrent infections that compromise
their health and survival®, Excessive or dysregulated
Teu can also result in the generation of autoantibodies
and are associated to autoimmune diseases’”.

In this review we shall describe the nature and func-
tion of this T cell subset and we will focus on its role in
the generation of immune deficiency or autoimmunity
in humans. We will also address the importance of Trn
in the assembly of an efficient humoral response for the
control of chronic diseases caused by different infec-
tious viral agents, ¢.g., human immunodeficiency virus
(HIV), hepatitis B virus (HBV) or C virus (HCV), as

well as parasites or protozoa.

Tei PHENOTYPE AND FUNCTION

CD4" T helper (Th) cells present in B cell follicles have
been recognized as an important subset of helper T lym-
phocytes necessary for the assembly of the antibody re-
sponse involving T-B cooperation and B cell memory ",
Ten have a typical phenotype, appropriate transcription
factors and exhibit surface molecules essential for helper
function. They secrete interleukins (ILs) that promote
growth, differentiation and class switching of B cells
(IL-4, IL-10 and I1.-21). Plasticity is a main characteristic
of Trn. Thus, Tru can also express many transcription
factors thought to be master regulators of T helper cell
lineages, as GATA binding protein 3 (GATA-3) and the
T-box transcription factor (I-bet) ,

Antigen presentation by dendritic cells (DC) is neces-
B0 As a consequence
of this initial encounter, Tru express achaete-scute ho-
mologue 2 (Ascl2)"!) B cell lymphoma 6 (Bcl-6), che-
mokine (C-X-C motif) receptor 5 (CXCRS5) and ICOS
triggering the Trn differentiation program'™'*", These
events take place outside the B-cell follicle in the absence
of B cells""*" SAP-deficient CD4" T cells, which fail

to sustain prolonged interaction with B cells, but inter-

sary to initiate Tru commitment

act normally with antigen-presenting DC, upregulate
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Bcl-6 and CXCR5 following activation™"”. Late cognate
interactions with activated B cells are required to com-
plete and sustain full differentiation of Tru"”. However,
B cell-mediated antigen presentation can be overcome
when antigen in excess is presented by DC®, Apparent-
ly, when provision of antigen is limited, B cells are more
efficient than DC to capture antigen through their high
affinity antigen-B cell receptor!’. Therefore, antigen
availability would dictate the transition of initially DC-
primed-Trn towards B-cell primed-Trn as the differentia-
tion program progresses in the interfollicular zone (Figure
1). The importance of DC in the induction of a full Trn
response relies both on their ability to migrate to the B
cell follicles through the upregulation of CXCR5 and
downregulation of the chemokine (C-C motif) recep-
tor 7 (CCR7) (providing a favorable spatial location for
DC-B cell-Trn interactions), but also on their ability to
release DC-derived cytokines that are necessary for Trn
development“s’m.

In addition to their presence in B cell follicles, Trn
circulating counterparts have been identified in the blood
stream’ and share many of the phenotypic and functional
characteristics of Tru residing in the follicles. The pheno-
typic hallmark of Tr is the surface expression of the che-
mokine receptor CXCRS5, which enables their migration
into B cell follicles, in response to the specific chemokine
ligand CXCL13-rich follicular areas.

Deficiency of CXCR5 affects the antibody response.
It impairs the germinal center (GC) response, reduc-
ing the frequency of GC B lymphocytes and isotype-
switched antibody-secreting cells. ICOS is necessary for
the induction of CXCR5 and for an efficient GC reac-
tion”. In the absence of CXCR5, T cells cannot migrate
to the follicles, but migration is not an absolute require-
ment for the formation of GC. CDA40 ligand (CD40L),
SAP and ICOS are other molecules expressed by Trn
that are essential to ensure their ability to provide help to
B cells".

An increased expression of CXCR5, ICOS, the inhibi-
tory receptor programmed cell death-1 (PD-1) and SAP
characterize the Tru phenotype, as well as the downregula-
tion of CCR7 and the IL-7 receptor (CD127)!""

The cytokine secreting profile of Trn includes the
production of high amounts of IL-21. IL-10, IL-4 and
IL-6 are also produced by Tru. All these cytokines are
involved in the generation of an adequate antibody re-
sponse by promoting growth differentiation and class
switching of B cells. These characteristics of Tru have
been demonstrated both in humans and in mice. Table 1
summarizes this information for human Trn.

As a group, Tru are heterogeneous. Despite the defi-
nition of a basic Tru profile, Tri have an inherent plas-
ticity and they may convert to other cell subsets. Like-
wise, forkhead box P3 (Foxp3+) regulatory T' cells that
express CXCR5 and Bel-6 (Trr) and migrate to human
tonsils or murine lymphoid tissue have been described™.
They are closely related by their phenotype to classic Trn
and derive from T regulatory (Treg) cells"”. In humans
CXCR5" CD4" T cells are a circulating pool of memory
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Table 1 Follicular helper T lymphocytes markers

Marker Human Tru Naive Activated
T GC T CD4* T cell Non-Tru CD4*
CXCR5 + ++ - -
Ascl2 ? Siatd ? ?
Bcl-6 + ++ = -
Blimp-1 - - +/- ++/variable
PD-1 + ++ - Variable
ICOS + ++ - Variable
SAP + ++ + +
IL-21 + ++ - Variable
IL-4 -/+ ++ - Th2+
CCR7 -/+ - ++ Variable

Tru: Follicular helper T lymphocytes; GC: Germinal center; CXCR5: Che-
mokine (C-X-C motif) receptor 5; Ascl2: Achaete-scute homologue 2; Bcl-6:
B cell lymphoma 6; Blimp-1: B lymphocyte-induced maturation protein 1;
PD-1: Programmed cell death-1; ICOS: Inducible costimulator; SAP: Sig-
naling adaptor SLAM-associated protein; IL: Interleukin; CCR7: Chemo-
kine (C-C motif) receptor 7; Th: T helper.

cells that comprises three CD4" T helper subsets: Th1
Tru expressing CXCR5, CXCR3 and the transcription
factor T-bet in the absence of CCRO6; Th2 Tru express-
ing CXCR5 and the transcription factor GATA-3 in
the absence of both CCR6 and CXCR3 and Th17 Tru
expressing CXCR5, CCR6 and the transcription fac-
tor RORyt in the absence of CXCR3 (Table 2). These
subsets of Tru have different helping abilities. While
Th2 Tra and Th17 Tru can help naive B cells to produce
IgM, IgG and IgA, Th1 Trn cannot'’.

Furthermore, a subgroup of CXCR5" CD4" circulat-
ing lymphocytes with low CCR7 and high PD-1 expression
have been identified as an eatly memory subset of Trx,
which upon antigen exposure differentiates into mature
Tru capable to provide a prompt protective antibody re-
sponselzoj.

REGULATION OF Trn DEVELOPMENT

Tru differentiation may be divided into two phases: the
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Figure 1 Follicular helper T cells and the differentiation
program of B lymphocytes. A: Naive CD4" T cells are activat-
ed following recognition of antigen (Ag) presented by dendritic
cells (DC) in T cell zones. Upon antigen activation and co-stim-
ulation by DC, nascent Tr+ upregulate CXC-chemokine recep-
tor 5 (CXCR5), downregulate CC-chemokine receptor 7 (CCR7)
and migrate towards B cell follicles; B: At the T-B border Tr
contact antigen-activated B cells that move to the T-cell zone
after upregulating CCRY. Tr+ deliver help to B cells resulting in
their differentiation into short-lived extrafollicular plasmablasts
or their migration into B cell-follicles to form germinal centers
(GCs); C: Within GC, Trx promotes the B cell differentiation
into long-lived plasma cells and memory B cells. Tex: Follicular
helper T lymphocytes; FDC: Follicle dendritic cell; BCR: B cell
receptor; MHC: Major histocompatibility complex; TCR: T cell
receptor.

»

Plasma B cell
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priming and the maintaining stages. Priming depends on
antigen-presenting signaling of DC, while maintaining is
related to sustained B cell-T cell interaction and the con-
sequent signaling events. While most studies have pointed
out the role of the transcription factor Bcl-6 as an initia-
tor of the Tru differentiation program during the prim-
ing stage, recent work by Liu e7 al' demonstrated that
Ascl2, another transcription factor, is crucial for Tru de-
velopment and function. Ascl2 is a basic helix-loop-helix
(bHLH) transcription factor™! Tt directly regulates Tru-
related genes and inhibits Thl and Th17 signature genes.
Upregulation of Ascl2 precedes that of Bcl-6, indicating
that Ascl2 and not Bcl-6 may be the initial trigger for the
Tru differentiation program.

Large amounts of Bcl-6 expressed by Trn can be
counterbalanced by the repressor B lymphocyte-induced
maturation protein 1 (Blimp-1). While Bcl-6 favors the
development of Trn in vivo, Blimp-1 regulates the func-
tion of Bcl-6 and inhibits the generation of Tru. Bel-6
controls GC B cell differentiation by regulating cell cycle
genes, regulating DNA damage response genes and sup-
pressing a host of signaling pathways, including B cell
receptor (BCR) signaling™. Tt is a member of the BTB-
POZ (bric-a-bric, tramtrack, broad complex-poxvirus
zinc finger) family of transcriptional repressors. These
repressors directly bind to specific DNA sequences
through their zinc-finger DNA binding domains with
the BTB-POZ domain mediating transcriptional repres-
sion””. In both GC B cells and Tru, Bel-6 controls Tru
differentiation by regulating genes separate from those
it controls in B cells *. Molecular crosstalk between GC
B cells and Tru influences the survival, proliferation and
differentiation of each cell type™. In addition to promot-
ing the expression of Teu signature genes, Bcl-6 represses
Prdm1 (the gene encoding the transcriptional repressor
Blimp-1). Bcl-6 antagonism of Blimp-1 is one of the key
mechanisms by which Bcl-6 inhibits non-Teu differentia-
tion. Bel-6-dependent suppression of Blimp-1 activity (by
removal of the Blimp-1 “brake”) may favor the differen-
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Figure 2 Regulation of Follicular helper T cell devel-
opment. After antigen-presenting signaling of dendritic
cells (DC) to CD4" T cells during priming, achaete-scute

Th
RToEEge y homologue 2 (Ascl2) and B cell lymphoma 6 (Bcl-6) in-
Thi7 duced by the inducible costimulator (ICOS), trigger for T
6l i PD-1 differentiation program and inhibit Th1 and Th17 genes.
‘ AR S o e e BCI-G also controls germinal center gGC) Bcgll differentia-
- @ = CD4* > cp4t TH} = tion. B Iymphocyte-lndu.celd maturation protein 1 (Blimp-1)
| = Proliferation =~ chI-G gc\—(“/’””’ — 78 and the T-box transcription factor (T-bet) regulate the
Y[ W' Naive Vi / S function of Bcl-6 and favor the induction of a Th1 profile.
acos) g # * low \ ~7 Tht cell Under low interleukin 2 (IL-2) conditions, excess of Bcl-6
b e 2 #CBImp-D) ifferentiation counteracts Blimp-1 allowing expansion of the Te+ and re-
A |(Blimp-1) duction of the Th1 programs of differentiation. Initial prim-
GC B cell ing is sufficient to acquire the Ten markers but cognate B
Maintaining stage differentiation v " cells are needed for the subsequent maintenance stage.
1o et @S Tr: Follicular helper T lymphocytes; CXCR5: Chemokine
\ o i o (C-X-C motif) receptor 5; Th: T helper.
B o= CD;I’ expansion NJE

B cell-T cell interaction

Table 2 Heterogeneity of follicular helper T lymphocytes in
relation to other T helper cells

Markers
CD4 CXCR5 CXCR3 CCRé Foxp3
Th1 Teu + + + > =
Th2 Teu + + - - -
Th17 T + + - +
Ter Ten dF it - - i

Ten: Follicular helper T lymphocytes; Th: T helper; CXCR5: Chemokine (C-
X-C motif) receptor 5; CXCR3: Chemokine (C-X-C motif) receptor 3; CCR6:
Chemokine (C-C motif) receptor 6; Foxp3: Forkhead box P3; Trr: Foxp3+
CXCR5" Bcl-6" regulatory T cells.

tiation program of Th cells towards the induction of Tru
effectors™.

As Ascl2™) Bel-6 is responsible for the repression of
a subgroup of signature genes in effector Th1 cells. It has
been shown that Bel-6 can interact with T-bet”™, which is
required for establishment of a Thl gene expression pro-
file®”. Under low I1-2 conditions the Bcl-6/T-bet ratio in-
creases and excess Bcl-6 represses Prdm1 and counteracts
Blimp-1-mediated inhibition of the Tru signature genes,
allowing for expansion of the Tru and reduction of the
Thl programs of differentiation™. At the priming stage
Bcl-6 expression is induced in CD4" T cells independent
of CDA40 or SAP signaling, while ICOS provides a critical
early signal to induce Bcl-6 transcription'”.

Both Ascl2"" and Bcl-6 upregulate CXCR5 expression
on T cells during priming and this facilitates their entry to
the T/B border. This initial DC integtin-dependent ptim-
ing is sufficient to acquire the Trx markers (CXCR5, PD-1,
high levels of Bcl-6), but cognate B cells are needed for the
subsequent maintenance and survival stagel28J (Figure 2).

THE ROLE OF CYTOKINES IN Tru
DEVELOPMENT AND FUNCTION

IL-21 has been recognized as an essential factor deter-
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mining the maintenance of Tru. It is secreted by Truand
has an autocrine effect on them. Through interaction
with the IL-21 receptor expressed on B lymphocytes, it
promotes survival and proliferation of GC B cells. It has
also direct effects on CD4" non-Teu T cells (Th17)*” and
may induce Bcl-6 in Te™. However, 11.-21 requirement
does not exclusively determine Tru differentiation, as
IL-21" and IL-21R” mice can develop Tr’". The com-
bined absence of both IL-21 and IL.-6 abrogates Tru o,
IL-6 and IL-21 redundantly contribute to Ten differentia-
tion, but in the absence of other triggers as ICOS, these
cytokine signals are insufficient for the instruction of Ten
differentiation'”.

In addition, IL-21 has been shown to prime human
naive B cells to respond to IL-2 by enhancing their dif-
ferentiation into plasmablasts. This mechanism operates
through STAT3 (signal transducer and activator of tran-
scription 3) signaling and provides an adjunctive role to
IL.-21-induced B cell differentiation®™.

PD-1 AND ITS LIGANDS HAVE A
CRITICAL ROLE IN THE ASSEMBLY OF

THE HUMORAL RESPONSE

PD-1, a member of the CD28 family of costimulatory
molecules, is highly expressed in Tru, while most human B
cells do not express it In general, engagement of PD-1
by its ligands (Programmed cell death ligand 1 -PD-L1- or
Programmed cell death 1 ligand 2 -PD-L.2-, belonging to
the B7 family) inhibits T' cell proliferation and cytokine in-
duction and leads to downregulation of T cell responses1341

The role of the PD-1/PD-L1 or PD-1.2 axis in the
generation of an adequate antibody response has been
highlighted by Good-Jacobson ez al™., Though PD-1 is
commonly thought as a marker of “exhaustion”, Trn
cannot be considered as exhausted because they secrete
abundant 1L-21 and other cytokines during humoral
response. In the absence of an operative PD-1/PD-L1
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In the absence of PD-1/PD-1 Ligand interaction:
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Figure 3 Inhibitory receptor programmed cell death 1,
its ligands and their role in humoral response. In the
absence of an operative programmed cell death 1 (PD-1)/
PD-1 Ligand axis, follicular helper T lymphocytes (TrH)
increase and autoimmunity may develop (A); memory B
cells are formed normally (B); reduced plasma cells (PC)
are found (C); Foxp3" CXCR5" Bcl-6" regulatory T cells
(Trr) increase and have higher suppressive ability on Trx
function leading to impaired antibody responses (D). PD-1:
Programmed cell death-1; CXCR5: Chemokine (C-X-C
motif) receptor; Bcl: B cell lymphoma.

antibody responses

Table 3 Follicular helper T lymphocytes in autoimmune dis-
eases

Disease Tru Ref.
SLE Increased CXCR5 and function [46,47 48]
Myasthenia gravis Increased CXCR5 and function [49]
RA Increased CXCR5 and function [1,50]
Juvenile Increased CXCR5 and function [1]
Dermatomyositis Mainly Trn with Th17 and Th2-like

profile
ATD Increased CXCRS5, IL-21 high [51]
Multiple Sclerosis Increased CXCR5 [52,53]

IL-21 and IL-21R in neurons
Sjogren’s syndrome Increased CXCR5 [54,55]
T with Th17 and Th2-like profile
IL-17?

Ten: Follicular helper T lymphocytes; SLE: Systemic lupus erythematosus;
RA: Rheumatoid arthritis; ATD: Autoimmune thyroid disease; CXCRS5:
Chemokine (C-X-C motif) receptor 5; IL: Interleukin; Th: T helper.

or PD-L2 axis, Tru numbers increase and autoimmu-
nity may develop. Memory B cells are formed normally
but the plasma cell pool that depends on the late stage
of the GC response is reduced”™. There are conflict-
ing reports about the function of the PD-1 pathway
in controlling the humoral response. While some stud-
ies report attenuated antibody responses in conditions
where the PD-1/PD-LL1 and PD-L2 interactions were
prevented”™" others observed heightened humoral
responsesps]. Recent work by Sage ef al™, in which the
contributions of Trudevoid of contaminating Trr could
be analyzed" has clarified this question. In the absence
of PD-1 and its ligand PD-L1, Trr were increased and
had higher suppressive ability on Tru function, leading
to impaired antibody responses. Thus, there is a dynamic
control of antibody production by the balance between
Trn and Trr cells and this equilibrium is tuned by PD-1/
PD-L1 and PD-L2 interactions (Figure 3).

T AND IMMUNODEFICIENCY

Defects in humoral immune response lead to immu-
nodeficiencies, such as common variable immunodefi-
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ciency (CVID), X-linked hyper IgM syndrome (HIGM)
or X-linked lymphoproliferative disease (XLP)*. Since
ICOS, CD40L and SAP are highly expressed in Trx, their
role in the development of the humoral defects that
characterize these diseases has been explored. In ICOS
deficiency, which is a very rare condition, ICOS muta-
tions are associated with CVID™, ICOS deficiency leads
to a reduction of CXCR5" T cells (including Trn and
Trr)?, However, most CVID patients do not have ICOS
mutations and in these patients circulating CXCR5"
CD4" T cells are not reduced". In HIGM patients, lack
of CD40L causes generalized dysfunction of CD4" T
cells and inability to induce immunoglobulin switching*.
It had been shown that peripheral CXCR5" T cells from
XLP patients were unable to support immunoglobulin
synthesis iz vitrd™*¥ and this led to the suggestion that
Trn were not functional in XLP. In fact, absence of SAP
affects the stability of the Tru B cell conjugates, neces-
sary for the completion of an effective GC reaction and
T-B cell cooperation™. However circulating Tenin XI.P
patients could be induced to express ICOS, CD40L,
IL-4, IL-10 and IL-21 upon stimulation, although the
kinetics of expression was different to that of normal
Tr*. Nevertheless, the humoral response was impaired
and the number of memory B lymphocytes was reduced
in these patients"’, leading to persistent hypogamma-
globulinemia.

Ten AND AUTOIMMUNITY

Teu emit instructive signals to B cells that favor the for-
mation and maintenance of GC. Unwanted antibody
responses may come together with the normal defensive
antibody response against infectious agents, and in this

scenario Tru may play a crucial role. Several studies have
addressed the contribution of Tru to the generation of
autoimmune diseases both in murine models and in hu-
mans"™*. Fvidence involving Ten in the generation of
an autoantibody response has accumulated, in particular
in systemic lupus erythematosus (SLE), both in humans
and in mouse models (sanroque mice) as well as in other
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autoimmune conditions. A deficit in the process of selec-
tion of GC B cells has been pointed out in SLE patients.
GC are abundant in secondary lymphoid organs in SLE
mice™. In human SLE, GC are overactive and it has
been reported that expansion of Trn is causally related to
the abundance of GC that form in the absence of for-
eign antigen, to the production of anti-double-stranded
DNA antibodies and to end organ disease!™. Although
circulating Trn are expanded in sanroque mice and in
SLE patients, their abundance appears to be a stable phe-
notype and not a marker of disease activity. A summary
of reports on Tru activity or Tru role associated to au-
toimmune diseases is shown in Table 3. Increased num-
bers of circulating Tru have been reported associated to
increased autoantibody titers in patients with SLE®!,

B2 theumatoid arthritis and juvenile

53]

myasthenia gravis
11,54

dermatomyositis' ", autoimmune thyroid disease””, mul-

PO o1 Sjégren’s syndrome patientsﬁs’sgl. Tru

tiple sclerosis
numbers increase correlating with titers of autoantibod-
ies and the severity of end-organ involvement.

Autoimmune manifestations are encountered in
many patients with CVID. In contrast to other patients
with autoimmune manifestations, and no CVID, circulat-
ing immunoglobulin levels and plasma antibody titers
were low in these patients, but co-existed with elevated
circulating T, Expansion of Tru may play a key role
in breakdown of the peripheral tolerance of autoreactive
B cells. These cells, which are normally deleted during
the GC reaction, may escape from the tolerance check-
points due to the abundance of the survival help signals
provided by excessive T,

Teu IN VIRAL DISEASES

The role of Tru in HIV infection is not completely clear.
Despite profound depletion of CD4" T cells during HIV
infection, both the bulk Tru and HIV-specific Tru popu-
lations are expanded in HIV-infected patients[m]. This
expansion correlates with changes observed in the B cell

compartment, such as the increased frequencies of GC
B cells and plasma cells and the decreased frequency of
memory B cells"*,

Furthemore, the increase of Tru associates with hy-
pergammaglobulinemia in HIV-infected patients. How-
ever, the majority of these antibodies are not able to
neutralize the virus. Even though there is an expansion
of Tru in HIV-infected individuals, it seems that these
cells are unable to provide appropriate B cell helpm. On
the other hand, a resting peripheral blood memory pop-
ulation of CXCR5" PD-1" CXCR3" CD4" T cells has
been identified in rare HIV individuals that are able to
generate broadly neutralizing antibodies. It has also been
demonstrated that the frequency of this cell population
correlates with the development of broadly neutralizing
antibodies®”. Lastly, it has been proven that Tru can be
infected by HIV. Furthermore, it was suggested that
these cells are a major reservoir that contributes to viral
persistence®.

High frequency of peripheral blood T is also found
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in HBV-infected individuals®®". It has been reported
that treatment with adefovir dipivoxil reduces the fre-
quency of Tru and the concentrations of hepatitis B sur-
face antigen (HBsAg) and hepatitis B e-antigen (HBeAg),
but increases the concentrations of serum anti-HBsAg
and “e” antigen antibodies (HBsAb, HBeAb), I11.-2 and
IFN-y in drug-responding patients, although the precise
relationship between the frequency of peripheral blood
CD4" CXCR5" Tru and these parameters requires fur-
ther investigation[“].

Peripheral blood Trx have also been associated with
hypergammaglobulinemia in HBV-infected patientsm.

HCV-infected patients also show an increased pet-
centage of peripheral blood Tru. This high percentage of
Trn was associated with low levels of HCV viremia .

Even more, a study shows that liver Tru cells can be
useful to predict the success of virological response fol-
lowing interferon-based treatment in HCV-infected pa-
tients. Tripodo ez @/ reported that the absolute number
of liver Tru is lower in non-responders, intermediate in
responding-relapsed patients and achieves a maximum in
sustained virological response patients.

Ten IN PROTOZOAN DISEASES

Reports about the involvement of Tru within human in-
fections caused by obligate intracellular parasites are still

required. We will focus on the findings achieved using ex-
perimental protozoan infection in mice models to study
the function of different factors, receptors and cytokines
involved in pathways related to Trh.

It is well known that experimental infections with
Toxoplasma (1.) gondii display a model of Thl cell re-
sponse induction”™. This model was useful to evaluate
if Tru represented a temporary “state” of differentiation
rather than a distinct lineage parallel to other subsets'".
Also, to confirm the action of T-bet as a suppressor of
both Tru and humoral responses ir vivd™". The genera-
tion of parasite-induced Th1 responses by T. gondii, also
served to understand the association of the Tru marker
ICOS with T helper cytokine production i vive. ICOS"
CD4" T helper cells produce a variety of different effec-
tor cytokines and their pattern depends on the infection
challenge. Infection with T. gondii leads to IFN-y pro-
duction, while ICOS™ CD4" T cells from the nematode
Schistosoma mansoni (an inducer of Th2 responses) is
associated with 1L-10 secretion”.

According to these findings, experimental models
using Leishmania (L.) major also demonstrated that ICOS
is a critical regulator of both Th1l and Th2 immune
responses in vive™. Chronic infection with L. major, a
model of prominent T-B cell interaction, was also used
to evaluate the contribution of IRF-4 (member of IFN-
regulatory factor family) to the interaction of Tru and
GC B cells. Bolling ez al™ demonstrated the implication
of this factor, since IRF4”" mice lacked GC formation,
differentiation of GC B cells and lymph node CD4" T
cells from these mice expressed reduced amounts of the
Teu-related molecules ICOS, 1L-21 and Bcl-6. L. major
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infection model also helped to demonstrate the relation
of Tru and IL-4. All the IL.-4 secreting cells in lymph
nodes during infection with this parasite were Trn and
these cells were distinct from conventional Th2 cells
based on phenotype, location and function”

Besides, analysis of the consequences of iz vivo block-
ade of T cell inhibitory receptors indirectly associated
with Ten were performed using blood-stage Plasmodium
(P) yoelii infection in mice. Butler ez a/™ demonstrated that
blockade of PD-L7 and I.AG-3 (lymphocyte-activation
gene 3) receptors led to improved parasite control associ-
ated with enhanced Tru numbers and substantial induc-
tion of plasma cell differentiation.

Experimental models in which mice were co-infected
with L. major and L. amazonensis demonstrated that those
mice that healed the lesions had more GC, more isotype
switched GC B cells and more memory B cells than
those who did not. A productive B cell response was re-
quired for healing a co-infection with these protozoans
in this model””.

The development of Trn was also assessed in order
to find strategies to enhance the efficacy of recombinant
protein subunit vaccines using lipid-based nanoparticles
(NPs). In this context, Moon ¢ a/”” studied the impact
of NP delivery on immune responses elicited by a candi-
date P. vivax subunit vaccine. They found that prolonged
antigen presentation by this vaccine contributed to ex-
pand Trr and promote GC induction. The CD4" Trn
subset provided critical cytokines and signals required to
initiate somatic hypermutation and affinity maturation
of B cells™, achieving broad antibody responses.

This information indicates that there is an associa-
tion between protozoan infections, Tru and their related
cytokines, receptors and B responses in the context of
experimental mice models. Leishmaniasis, malaria, toxo-
plasmosis and other parasitic infections seriously affect
humans. Reports about the implication of Trx and hu-
moral responses are needed to better understand mecha-
nisms involved in the progression and outcome of these
diseases.

CONCLUSION

Clearly, our research on Tru demonstrates that they are

essential for the generation of a long-lasting humoral
response. Their role in the assembly of the GC reac-
tion explains why their dysfunction or their inability to
interact correctly with B cells leads to immunodeficiency,
to autoimmunity or to inefficient management of infec-
tious diseases. It will be necessary to understand how the
regulation of their function may be modified or restored
in order to revert Tru deficiency or over activity, as well as
to design adequate strategies for antibody production in
vaccination programs.
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Abstract

Granulysin is a cytotoxic granular protein that was iden-
tified from human T cells by using the gene subtraction
method in 1987. Based on its amino acid homology,
granulysin belongs to the saposin-like protein family.
The bioactive 9-kDa form of granulysin is processed
from the 15-kDa pro-product in the cytoplasmic gran-
ules. It is expressed in CD8-positive afiT cells 5 d af-
ter mitogenic stimulation and constitutively in natural
killer (NK) cells and y3T cells, although regulation of
its expression has not yet been precisely determined.
The 9-kDa granulysin form has anti-microbial activity
against microorganisms such as bacteria, fungi, myco-
bacteria and parasites, as well as tumoricidal activity
against some tumors at 1-10 pmol/L concentrations.
Granulysin is secreted in both Ca-dependent and -inde-
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pendent manners. In sera, only the 15-kDa form is de-
tectable and is expected to be a biomarker for immune
potency, acute viral infection, anti-tumor immune reac-
tion, acute graft vs host disease, and NK cell associated
neoplasm.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Granulysin; Saposin-like protein family;
Natural killer cell; Cytotoxic T lymphocyte

Core tip: Granulysin is a cytotoxic granular protein ex-
pressed in cytotoxic T cells, natural killer (NK) cells and
y8T cells, and has anti-microbial activity against micro-
organisms such as bacteria, fungi, mycobacteria and
parasites, as well as tumoricidal activity against some
tumors. It is secreted constitutively and in a trigger-
dependent manner. Clinically, serum granulysin is a
unique biomarker for immune response, immune ca-
pacity and NK cell related neoplasms.

Nagasawa M, Ogawa K, Nagata K, Shimizu N. Granulysin and
its clinical significance as a biomarker of immune response and
NK cell related neoplasms. World J Hematol 2014; 3(4): 128-137
Available from: URL: http://www.wjgnet.com/2218-6204/full/
v3/i4/128.htm DOI: http://dx.doi.org/10.5315/wjh.v3.i4.128

INTRODUCTION

Granulysin is a cytotoxic granular protein that was iden-
tified in human T cells by using the gene subtraction
method in 1987". While granulysin is not expressed in
resting o T cells, it is constitutively expressed in natural
killer (NK) cells and ydT cells. In contrast to other cyto-
toxic granular proteins, such as perforin and granzyme,
granulysin is expressed in afT cells later following anti-
genic stimulation (Figure 1). In this review, we summarize
the structure, the 7 vivo and in vitro functions, and the
regulation of expression of granulysin. Furthermore, we
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Figure 1 Expression of granulysin after T cell activation analyzed by western blotting. Granulysin is expressed later compared to perforin and granzyme B after
T cell activation. In natural killer (NK) cells, granulysin is constitutively expressed. Jab-1 (c-Jun activation domain-binding protein-1) is used as internal control. PBMC:

Peripheral blood mononuclear cell.

Table 1 Saposin-like protein family members and their proposed functions

Family member Function Identity to 9-kDa Similarity to 9-kDa
granulysin (amino acid)'  granulysin (amino acid)?
Saposin A Sphingolipid hydrolase activator 21 46
Saposin B Sphingolipid hydrolase activator 19 50
Saposin C Sphingolipid hydrolase activator 19 53
Saposin D Sphingolipid hydrolase activator 20 46
Pulmonary surfactant protein B Lipid organization in pulmonary surfactant 19 53
Acyloxyacyl hydrolase Phagocytic cell lipase 22 50
Acyloxyacyl hydrolase Sphingolipid hydrolase 13 42
Amoebapore A Pore-forming Entamoeba histolytica granule protein 16 47
Amoebapore B Pore-forming Entamoeba histolytica granule protein 13 42
Amoebapore C Pore-forming Entamoeba histolytica granule protein 18 47
NK-lysin Lytic porcine T cell and NK cell granule protein 35 66
Granulysin Lytic human T cell and NK cell granule protein 100 100

'Identity denotes the percentage of identical amino acids; *Similarity denotes amino acids that share chemical properties, for example, charge or hydropho-

bicity. NK: Natural killer.

present results examining granulysin as a biomarker and
discuss future investigations with granulysin.

STRUCTURE AND FUNCTION

Two isoforms of granulysin with molecular weights of
15-kDa and 9-kDa, respectively, have been identified and
the biologically active 9-kDa isoform is derived from
the 15-kDa isoform by intracellular processing (Figure
1). Based on amino acid sequence homology, the 9-kDa
granulysin protein belongs to the saposin-like protein
(SAPLIP) family containing the sphingolipid hydrolase
activators of the central nervous system (Table 1), The
gene is located at chromosome 2p11.2 in humans and
homologues have been identified in pig, horse and cow.
The absence of a homologous gene in rodents (mice)
makes it difficult to investigate its physiological significance
using rodent models™”. Recently, Huang et al” and Liu e
al” characterized a mouse model in which the human
granulysin gene was introduced. This chimeric mouse
model may be useful for the advanced functional analy-
sis of granulysin in the future. Granulysin has cytotoxic
activity similar to other SAPLIP family proteins such as
amoebapore A, B, C (Entamoeba histolytica pore-forming
protein) and NK-lysin (a porcine lytic granule protein) #
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Crystal structure analysis of granulysin suggests that it
consists of five g-helices (Figure 2). Although a physi-
ological cell surface receptor for granulysin has not yet
been identified, it is speculated that granulysin folds into
a structure in which the positively charged active site in-
teracts with negatively charged sites on bacterial or tumor
cells and exhibits its cytotoxic activity. It is hypothesized
that granulysin molecules aggregate on the target cell sur-
face in an electric charge energy-dependent manner, and
they rotate in the direction from a-helix] to a-helix2 to
a-helix3, pierce the cell membrane, and enter the cell™,
Whereas synthetic peptides consisting of a-helix2 and
a-helix3 kill bacterial and tumor cells, peptides consist-
ing of a-helix3 alone kill bacterial, but not tumor cells.
Substitution of cysteine residues in a-helix2 and o-helix3
with serine residues deprives the synthetic peptides of
cytotoxic activity for human tumor cells, and replacing ar-
ginine residues with glutamine residues also abolishes its
activity. When the cysteine residue is in the non-reduced
state, the cytotoxic activity for tumor cells is lost while
the cytotoxic activity for bacteria remains unaffected"*""
(Figure 2B), suggesting that the reduced cysteine resi-
due is essential for the cytotoxic activity for tumor cells.
Substitution of D-amino acids 32-42 with I.-amino acids
maintains the same cytotoxic activity but induces resis-
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Figure 2 Granulysin. A: 3-D structure model of 9-kDa granulysin. Granulysin consists of five a-helices. Cytotoxic active site ranges between helix-2 and helix-3, in
which positive electric charges are located™; B: Scheme of cytotoxic active site in granulysin. Amino acid sequence of granulysin and its biologically active site are il-
lustrated. See STRUCTURE AND FUNCTION in the text for detailed explanation.

tance to inactivation by trypsin and the serum. These
observations raise the possibility for the development of
new synthetic peptides with cytotoxic activity, specifically
for bacteria or for the development of biologically active
peptides that can act for a long time 77 vivd"”

EXPRESSION AND CYTOTOXIC
ACTIVITY

Granulysin is expressed by activated cytotoxic T lympho-
cytes (CTL), mainly by CD8-positive T lymphocytes and
some CD4-positive T lymphocytes™'; it is also expressed
by NK cells and ydT cells constitutively"™'”. B cells and
granular leukocytes do not express granulysin, but mono-
cytes may express granulysin when activated. There is
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also a report indicating that granulysin was expressed in
a megakaryocyte cell line, but whether it is expressed in
platelets remains unclear"”,

Granulysin is synthesized as 15-kDa protein in the
cytoplasm. The N-terminal amino acid sequence is
thought to contain a transportation signal that directs
granulysin to a cell granule. Some of the amino acids at
the N- and C-termini are removed by unknown mecha-
nisms within the cell granule to produce the active 9-kDa
protein'!. When the pH within the cytosomal granules is
increased due to the presence of the H'-ATPase inhibi-
tor concanamycin A, processing to the 9-kDa protein is
inhibited. Furthermore, against artificial cell membranes,
the membrane injury activity of the 9-kDa granulysin is
markedly reduced at pH 6.4 or lower. This most likely
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Figure 3 Schematic model of how granulysin kills target cell. (Cited from ref® revised by author). NK: Natural killer; AIF: Apoptosis-inducing factor; CTL: Cyto-

toxic T lymphocytes.

explains why active 9-kDa granulysin does not cause
autolysis in cytotoxic granules[m’m]. The CTL and NK
cell granules have similar amounts of both the 15-kDa
and the 9-kDa molecules, but while the 9-kDa molecules
stay within the cytotoxic granules, the 15-kDa molecules
are secreted constantly (Figure 3). Most of the 15-kDa
molecules are thought to be secreted 2z an alternative
pathway without entering the cytotoxic granules. Since
the 15-kDa molecule does not have cytotoxic activity, its
physiological role is currently not understood. Recently,
it has been reported that 15-kDa granulysin induces dif-
ferentiation of monocytes to dendritic cells and may
modulate the immune response”. However, the 15-kDa
molecule is detectable in serum and its potential signifi-
cance as a biomarker has been recently reported.

9-kDa granulysin is released when co-cultured with
target K562 cell and its release is prohibited by depletion
of calcium, indicating Ca-dependent and trigger-depen-
dent excretion of 9-kDa granulysin (see GRANULYSIN
AS A BIOMARKER).

The 9-kDa molecule can kill gram-negative and
gram-positive bacteria, fungi, parasitic worms, acid-fast
bacilli and malarial parasites directly, but not intracellular
parasites in the absence of perforin. Some studies also
suggest that granulysin cannot enter the cytoplasm of
the parasite in the absence of perforinm].

Hata ¢t al™ reported that granulysin inhibits the growth
of the varicella virus and induces apoptosis in infected cells.
Granulysin-expressing CD4-positive T' lymphocytes also
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kill Cryptococcus neoformans. Recently, Ochoa ez a! reported
that CD4-positive T' lymphocytes infiltrating the lesions
in leprosy patients express granulysin and are associated
with control of the leprosy bacillus. Granulysin also has
been reported to possess cytotoxic activity against some
tumor cells™. The cytotoxic effects of granulysin against
Jurkat cells are mediated by the entry of extracellular
calcium into the cell after cell membrane destruction by
granulysin, thereby inducing the release of intracellular
calcium. Intracellular potassium (K) is reduced by a calci-
um-dependent K pump. This results in injury to the mi-
tochondria and inhibits oxidative phosphorylation. With
the release of cytochrome ¢ and apoptosis-inducing fac-
tor (AIF) from the mitochondria, caspases are activated
within several minutes and apoptosis is induced. This
model of apoptosis induction by granulysin is evidenced
by the fact that inhibition of the calcium-dependent K
pump via suppression of intracellular calcium release
inhibits apoptosis induction. In addition, granulysin also
induces late caspase activation through an alternative
pathway by activating membrane sphingomyelinase and
inducing ceramide formation™****" (Figure 3).

The 9-kDa granulysin also has pro-inflammatory
functions similar to defensins and acts as a chemotactic
factor for CD-4 positive and CD8-positive T' lympho-
cytes and monocytes. This chemotactic activity is affect-
ed at 10 nM concentrations of granulysin, which is much
lower than that required for its cytotoxic activity (1-10
umol/L). It is speculated that granulysin acts through a
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Figure 4 Serum granulysin in healthy subjects (A, see GRANULYSIN AS A BIOMARKER in the text) and relationship with natural killer cell activity (B). Se-
rum granulysin is increased along with the recovery of natural killer (NK) cell activity in infant with combined immunodeficiency after cell therapy.

G protein conjugate receptor because the chemotaxis can
be inhibited with pertussis toxin, but the details of the re-
ceptor are as yet unknown. The 9-kDa granulysin acts on
monocytes and a cell line with monocytic-lineage (U937),
and induces RANTES, monocyte chemotactic protein
(MCP) 1, MCP-3, Macrophage inflammatory protein-1a,
Intetleukin (IL)-10, IL-1, IL-6 and interferon (IFN)-o/™".

REGULATION OF GRANULYSIN
EXPRESSION

In comparison to its physiological functions, the regula-
tion of granulysin expression remains to be elucidated.
The binding sites for activator protein-1 (AP-1),
CCAAT/enhancer binding protein f (C/EBPp) and
nuclear factor kappa B (NF-kB) have been identified in
the promoter region of the granulysin gene. Using the
reporter assay system in which the monocyte-lineage cell
line THP-1 is stimulated with _Acholeplasma laidlawii (A.
laidlawii) (mycoplasma), Kida ez al”" reported that two
AP-1 binding sites (from -277 to -271 bp and from -96 to
-86 bp) and the C/EBP§ binding site (from -1003 to -990
bp) are important for regulation of transcription, and that
the former acts positively while the latter acts negatively.
In the system described above, although A. /aidiawii stimu-
lation activated NF-kB through toll-like receptor 2 (TLR2)
and the p50 homodimer bound to the NF-kB region,

[30]

there was no influence on granulysin transcription

NK cells express granulysin and IL-2 receptor 3
and y chain constitutively. The expression of granulysin
mRNA and protein was not altered after stimulation
with phorbol 12-myristate 13-acetate (PMA) and iono-
mycin, TL-2 or IFN-¢/"". Expression of granulysin was
increased in CD8-positive T lymphocytes five days after
antigen stimulation as mentioned above. Endsley ez a/™
reported that CD4-positive T lymphocytes did not ex-
press granulysin even after PMA and ionomycin stimula-
tion, whereas Zheng ez al” reported that CD4-positive
T lymphocytes expressed granulysin in the presence of
IL-2 through PI3K and STATS5 activation, although anti-
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CD3 stimulation alone did not induce granulysin expres-
sion™. Transient activation of STAT5 occurred 30 to
60 min after IL-2 stimulation, following which a reac-
tivation of STATS was observed after 3 d that induced
IL-2 receptor B expression. Consequent interaction of
IL-2 with IL-2 receptor [ activated PI3K and induced
granulysinl34]. Granulysin expression is inhibited by the
anti-IL-2 receptor B antibody but not by the anti-1.-2
receptor o antibody, indicating the importance of II.-2
receptor o in inducing granulysin expression. Evidence
for STAT5-controlled expression of granulysin also
comes from the observation that patients with HIV in-
fection have an increased susceptibility to Cryptococcus neo-
formans, which is probably due to insufficient activation
of STATS and PI3K in CD4-positive T lymphocytes,
resulting in reduced expression of granulysinmj

Scherer ¢ a/”” examined the expression of granu-
lysin mRNA after stimulation with tuberculin purified
protein derivative (PPD) in lymphocytes from bovine
immunized with Bacille de Calmette et Guerin (BCG)™.
Compared to non-immunized bovine controls, granuly-
sin mRNA was increased more than 50 times in CDS8-
positive T lymphocytes 12 h after immunization and 48
h after immunization in CD4-positive T' lymphocytes.
Furthermore, whereas the mRNAs of perforin, IFN-y
and Fas-ligand in CD4-positive T lymphocytes increased
after PMA + ionomycin stimulation, as well as after
PPD stimulation, granulysin mRNA was not enhanced
after PMA + ionomycin stimulation, corroborating the
previous observation by Endsley ez al™,

GRANULYSIN AS A BIOMARKER

As mentioned above, the 15-kDa and 9-kDa granuly-
sin forms exist at approximately a 1:1 ratio in cells. The
precise mechanism of this conversion and its regula-
tion is unknown. The non-active 15-kDa precursor of
granulysin is secreted constantly, but the active 9-kDa
form is released in a calcium-dependent manner. Based
on the observation that the 9-kDa form is not detected
in the culture medium even after 7z vitro stimulation, it
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is possible that the active form is immediately adsorbed,
consumed or destroyed. By contrast, the 15-kDa form is
easily detected in the culture medium and serum and is
increased after 7z vitro stimulation”™. This indicates that
the 9-kDa and 15-kDa forms are released together after
stimulation, but only the 15-kDa form is detected. Any
increase in the release of the 9-kDa form is therefore
estimated to arise indirectly from the increased amount
of the 15-kDa form, since inhibition of cellular secretion
using Brefeldin A increased the intracellular levels of gra-
nulysin in CTL and NK cells but did not affect intracel-
lular perforin and granzyme levels™.

Granulysin as a biomarker in cell-mediated immunity

To estimate the levels of serum granulysin in healthy sub-
jects, a novel, highly sensitive Enzyme Linked Immuno-
Sorbent Assay method was used (Figure 4A). Levels of
granulysin gradually increase with aging and are extremely
low in umbilical cord blood. These levels reflect the levels
of constitutively secreted granulysin and can be correlat-
ed either with NK cell activity or the number of NK cells
and ydT cells, which constitutively express granulysinm.
It is well known that NK activity increases with ageing
until the age of 40 and decreases thereafter. The discrep-
ancy between granulysin level and NK activity after the
age of 40-50 is not well explained. One possibility is that
the ratio of conversion from 15-kDa to 9-kDa changes

JRaishideng®
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after the age of 40. We have no data concerning this is-
sue, which remains to be investigated.

In infants with severe immunodeficiency without NK
cells, serum granulysin was undetectable and became
measurable when a cell-mediated immunity function was
restored by hematopoietic stem cell transplantation (un-
published data). After transfusion of autologous 7 vitro-
activated T cells back into a patient with incompetent
cell-mediated immunity, levels of serum granulysin were
increased along with the recovery of NK activity (Figure
4B)™. These observations indicate that serum granuly-
sin is useful as a new biomatker for evaluation of cell-
mediated immunity.

Granulysin as a biomarker in acute virus infection
Infectious mononucleosis is an acute disease resulting
from primary Epstein-Barr (EB) virus infection, in which
activated CD8-positive CTLs are increased in the periph-
eral blood. Increased CD8-positive CTLs are reactive and
cytotoxic against EBV-infected B lymphocytes. Serum
granulysin is markedly increased during an acute phase
of infectious mononucleosis and becomes normalized in
convalescence™

Granulysin as a biomarker of hemophagocytic

lymphobhistiocytosis
Hemophagocytic lymphohistiocytosis is a histiocytosis-
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Figure 6 Serum granulysin. A: Clinical course and trend of serum granulysin in a natural killer (NK) cell type chronic active EB virus infection (CAEBV) patient. For
detailed explanation, see GRANULYSIN AS A BIOMARKER, 6: Granulysin in NK cell-related tumors or neoplasm in the text; B: Serum granulysin in patients with
NK type and T cell type CAEBV, serum granulysin in patients with NK type (7 = 5) and T cell type (7 = 4) chronic active EB virus infection. Only in NK type CAEBYV,
serum granulysin is significantly elevated. Serum granulysin in patients with NK type (7 = 5) and T cell type (7 = 4) chronic active EB virus infection. Only in NK type
CAEBYV, serum granulysin is significantly elevated. C: Expression of granulysin and cytokine production in EB virus infected cell lines (SNK1,5,6,10,11: NK cell type,
SNT8,15,16,20: y3T cell type). Western blotting was performed by using a monoclonal antibody, RF10 which reacts with 15-kDa but not 9-kDa granulysin. TNF-a and
IFN-g in the culture supernatant were assayed by ELISA method. TNE: Tumor necrosis factor; INF: Interferon.

related disease characterized clinically by fever, pan- to treatment and reported that levels of granulysin were
cytopenia, hepatosplenomegaly and hyperlipidemia. T extremely high during the acute phase of HLH. Since
cells are strongly activated during the acute phase of serum granulysin levels decreased in parallel with disease
hemophagocytic lymphohistiocytosis (HLLH) and levels regression following therapy, granulysin seems to be use-

of Th1 cytokines, such as IL-12, 11.-18 and IFN-y, are ful as a novel biomarker of HLH"".
abnormally high, which leads to the abnormal activa-
tion of macrophages. Serum ferritin and soluble IL-2 Granulysin as a biomarker of tumor immunity

receptor (SIL2R) have been reported as clinical markers Kishi e @/ examined intracellular levels of granulysin
of HLH. The treatment of HLH includes immunosup- and perforin in NK cells of cancer-bearing patients and
pressive therapy, anti-cancer drug chemotherapy and healthy subjects by flow cytometry. Levels of intracellular
hematopoietic stem cell transplantation in severe cases. granulysin were significantly decreased in cancer-bearing
We measured serum granulysin in 24 HLH patients prior patients, while those of intracellular perforin were not
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changed compared to healthy subjectsﬁg]. Spontaneous re-
gression of neuroblastoma has been observed frequently
in infants younger than one year old. We previously re-
ported a case study of an infant with neuroblastoma IVS
who showed dramatic spontanecous regression. During
the regression, serum granulysin and IFN-y levels were
transiently and markedly elevated™. Although interpreta-
tion of these observations is difficult, it seems that serum
granulysin is related to tumor immunity and could be a
novel biomarker of tumor immunity.

Granulysin as a biomarker in acute graft-versus-host
disease

Elevated granulysin mRNA levels have been reported in
infiltrating cells of acutely rejected kidneys from renal
transplant parjentsw. To examine whether serum granu-
lysin is a marker of acute graft-ss-host disease (GVHD)
in hematopoietic stem cell transplantation (HSCT), we
first isolated alloantigen-specific CTLs and confirmed
that serum granulysin was released in an allospecific
manner in vitro. Next, we examined serum granulysin
in autologous and allogeneic hematopoietic stem cell
transplantation cases. Serum granulysin was significantly
and transiently increased in allogeneic HSCT 2 wk after
SCT (6.7 £ 4.2 ng/mL), but not in autologous HSCT
(0.8 £ 0.6 ng/mL) (Figure 5A). We also examined and
found a significant correlation in the severity of acute
GVHD and levels of granulysin (Figure 5B). Efficacy of
soluble 11.-2 receptor (sIL2R) has been reported as a bio-
marker of acute GVHD™. However, there were cases in
which the change of sIL-2R levels and the symptoms of
GVHD did not correlate in clinical settings. As per our
observations, sIL-2R correlated well with serum granu-
lysin during the first two months after HSCT, but serum
granulysin reflected GVHD symptoms much better than
sIL-2R thereafter. This discrepancy seems interesting in
understanding the complicated pathology of GVHD and
highlights the utility of serum granulysin as a biomarker
that is distinct from sIL-2R for acute GVHD.

Granulysin in NK cell-related tumors or neoplasms

ofT cells express granulysin only after being activated
and/or on maturation to CTLs. However, as mentioned
above, granulysin is expressed constitutively in NIK cells
and y3T cells. Based on the foregoing observations, we
examined the possibility of evaluating granulysin as a
marker for NK-related tumors. Chronic active EB virus
infection (CAEBYV) is a disease with poor prognosis,
presenting with fever, mosquito hypersensitivity, lymph-
adenopathy and hepatosplenomegaly, in which T cells or
NK cells infected with EB virus ate detected in the pe-
ripheral blood, and is usually classified as either the NK
cell type or the T cell type. Interestingly, CD4-positive
offT cells are infected with the T cell type of EB virus.
NK cell type CAEBV has been named hydroa vaccin-
iforme because it is characterized clinically by varicelli-
form eruptions characterized histologically by infiltrating
EB virus-positive cells. CAEBV frequently progresses to
hemophagocytic syndrome or malignant lymphoma after
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a chronic clinical course. Figure 6A shows the levels of
serum granulysin and blood EB viral genome in a patient
with NK cell type CAEBV during a long-term clinical
course. Serum granulysin and blood EB viral genome
increased with progress of the disease. While blood EB
viral genome decreased in response to chemotherapy,
serum granulysin levels normalized only after allogeneic
hematopoietic stem cell transplantation. A comparison
of serum granulysin levels in NK cell type and T cell type
CAEBYV patients indicated that serum granulysin was
significantly increased only in NK cell type patients (Fig-
ure 6B). Expression of granulysin was also confirmed
by analyzing NK cell and y3T cell lines established from
CAEBV patients"”. CD4-positive «8T cell lines have not
yet been established, but examination of a tumor tissue
from a patient who presented with an EB virus-positive,
CD4-positive lymphoma over the course of CAEBV™
did not reveal any expression of granulysin (unpublished
observations). Interestingly, cell lines with granulysin
expression also showed enhanced TNF-q production,
although the levels of INF-y production were the same
(Figure 6C). Culturing in the presence of the NF-xB
inhibitor did not affect the expression of granulysin in
these cell lines (unpublished observation). Sekiguchi ez
al™ reported that serum granulysin was significantly in-
creased in patients with aggressive NK cell leukemia™.
Granulysin has also been implicated in the cell death of
keratinocytes in Stevens-Johnson syndrome and toxic
epidermal necrolysis™. Twai et a/*” reported that histo-
logical examination of granulysin expression is useful for
distinguishing Stevens-Johnson syndrome/toxic epidet-
mal necrolysis from erythema multiforme major.

FUTURE DIRECTIONS

CTL and NK cells secrete the 15-kDa precursor of
granulysin constitutively, whereas they secrete both the
15-kDa precursor and the active 9-kDa granulysin forms
when exerting cytotoxic activity. Only the 15-kDa form
can be detected in sera or culture media, because the
active 9-kDa form may be adsorbed, consumed or de-
stroyed rapidly. This characteristic is quite different from
that of other cytotoxic granular proteins such as perforin
and granzyme, and makes granulysin a unique biomatker
of cell-mediated immunity, tumor immunity, infection
and GVHD. Structural analysis of granulysin provides
the potential for the development of new innovative
agents by designing novel analogous proteins using bio-
molecular technology. The effectiveness of a granulysin-
DNA vaccine for tuberculosis in mice models has been
recently reportedm]. While many unknowns remain
concerning granulysin regulation and function, the com-
bination of novel biotechnological methods will make it
possible to develop novel immune, anti-cancer and anti-
infection treatment strategies. One difficulty for granuly-
sin research comes from the fact that there is no homolo-
gous gene for granulysin in mice. Although granulysin
was discovered in 1987, a new report that granulysin is
associated with the onset of Stevens-Johnson syndrome
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has refreshed interest in granulysin research. The clinical
analysis of granulysin as a biomarker has only just begun
and it is expected that new findings will be obtained in
the future through both basic and clinical studies.
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