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Abstract

Systemic mastocytosis (SM) comprises a heterogeneous group of disorders
characterized by an abnormal accumulation of clonal mast cells in one or more organ
systems. As a result of the clinicopathological heterogeneity of the disease, the World
Health Organization currently defines several variants of the disease, including forms
with a mild (e.g. indolent systemic mastocytosis — ISM) and subtypes with an
aggressive behavior (e.g. aggressive systemic mastocytosis — ASM — and mast cell
leukemia — MCL) which show a distinct prognosis and different therapeutic
requirements. Despite this clinical heterogeneity, in the great majority of SM patients
(>90%), except well-differentiated SM (WDSM), the clonal nature of mast cells is
demonstrated by the presence of the D816V activating mutation of KIT. Therefore the
presence of this mutation per se does not account for the clinical, histopathological
and prognostic variability observed among the distinct subtypes of SM, the molecular
and biological basis underlying this heterogeneous behavior remaining largely elusive.
In order to address this issue, in the present work we analyzed the protein and gene
expression profiles of bone marrow (BM) mast cells from patients with distinct variants
of SM, using multiparameter flow cytometry (MFC) and cDNA-oligonucleotide
microarrays, in order to gain insight into the biological mechanisms that contribute to
explain the heterogeneity of the disease.

In the first part of the work, we evaluated the expression profile of a broad set of
proteins in BM mast cells from 123 patients diagnosed with distinct subtypes of SM.
Overall, we detected three different maturation-related protein expression profiles
(PEP), associated with either the molecular and the prognostic subtypes of the disease.
Accordingly, more immature features were detected in the aggressive forms of the
disease (ASM and MCL), whereas indolent variants displayed a mature resting (WDSM)

or activated (ISM with — ISMs+ - and without skin lesions - ISMs-) immunophenotype,



depending on the absence vs. the presence of the D816V activating mutation of KIT.
Interestingly, the distinct PEP observed between ISM and ASM/MCL patients carrying
the same D816V KIT mutation seem to be related with the degree of involvement of
hematopoiesis by the KIT mutation; ASM/MCL patients typically showed multilineage
BM involvement in contrast to ISM patients, in whom this mutation was typically
restricted to the mast cell compartment. Altogether, these results suggest that the
occurrence of an extended clonal hematopoiesis could be associated with an earlier
blockade of mast cell maturation among patients with more aggressive forms of the
disease.

Recently, it has been described that around 20% of ISMs+ cases also show
multilineage BM involvement by the KIT mutation, a disease feature which has been
reported to be the most powerful independent prognostic factor for progression of
ISMs+ to more aggressive disease (e.g. acute myeloid leukemia, myelodysplastic
syndrome or ASM). Based on this knowledge, we hypothesized that an association
could exist between the PEP of BM mast cells from ISMs+ patients and the degree of
involvement of hematopoiesis by the KIT D816V mutation. Unsupervised and
supervised analysis strategies, performed on distinct groups of patients, confirmed this
hypothesis. Accordingly, mast cells from patients with multilineage BM involvement by
the D816V KIT mutation exhibited more immature features, whereas those cases with
the KIT mutation restricted to BM mast cells showed a mature activated
immunophenotypic profile, regardless of the diagnostic subtype of the disease. Since
detection of multilineage KIT mutation currently requires a set of techniques which are
not easily available in most routine diagnostic laboratories, we further investigated the
potential utility of the assessment of the PEP of BM mast cells from ISM patients, as a
surrogate marker for the diagnostic screening of multilineage involvement of
hematopoiesis by the KIT mutation. For this purpose, we developed a score-based
class prediction algorithm for the detection of these later cases. Therefore, such cases

were efficiently identified by the presence of an increased BM mast cell burden



associated with aberrant expression of CD25 and an immature FceRI°, CD45"°, FSC"°

and SSC° phenotype, in the absence of coexisting normal mast cells in the BM. This
algorithm exhibited a high efficiency both in a training group of SM patients and in two
additional validation sets of patients, regardless of the diagnostic subtype of the
disease; moreover, it also showed a significant impact on the progression-free survival
of ISMs+ patients, similar to that of the currently used molecular techniques.
Altogether, these results suggest that the immunophenotype of BM mast cells could
be used as a surrogate marker for multilineage involvement of BM hematopoiesis by
the KIT mutation, for prognostic stratification of ISMs+ patients.

In the last part of our work we analyzed the gene expression profile (GEP) of highly-
purified BM mast cells from SM patients carrying the D816V KIT mutation classified
according to the diagnostic subtype of SM vs. those of normal/reactive BM mast cells.
Overall, our results showed that the presence of the D816V KIT mutation is associated
with a common GEP, which was mainly characterized by up-regulation of genes
involved in innate and inflammatory immune responses, including interferon-induced
genes involved in the response to viral infections and complement inhibitory
molecules. Most interestingly, a distinct GEP was also found among the different
subtypes of SM, reflecting an increased lipid metabolism in ISMs- vs. increased
transcription and protein processing in ISMs+, and deregulation of apoptosis and cell
cycle in ASM.

In conclusion, our results show that the clinical and prognostic heterogeneity
underlying the distinct variants of SM is associated with distinct protein and gene
expression profiles of BM mast cells from these groups of patients, highlighting the
potential nature of relevant secondary genetic lesions and/or microenvironmental
alterations which may be common to patients classified together in the distinct

diagnostic subgroups of SM.






Resumo

O termo mastocitose sistémica (MS) abrange um conjunto heterogéneo de
doencas caracterizadas por uma acumulacdo andmala de mastdcitos clonais num ou
mais orgaos ou tecidos. Como consequéncia da heterogeneidade clinico-patoldgica da
doenca, atualmente a Organizacdo Mundial da Saude (OMS) define varias variantes de
MS, incluindo formas com um comportamento indolente (p. ex: MS indolente — MSI) e
outras com carater mais agressivo (p. ex: MS agressiva — MSA — ou leucemia de
mastécito — LM), com distinto progndstico e necessidades terapéuticas. Apesar desta
heterogeneidade clinica, na maioria dos casos (>90%) e com a Unica exce¢do das MS
bem diferenciadas (MSBD), a natureza clonal dos mastécitos é demonstrada pela
presenca da mutacdo ativante de KIT D816V. No entanto, esta mutacao per se nao
explica a variabilidade observada a nivel clinico, histopatolégico e progndstico entre os
distintos subtipos diagndsticos da doenga. Neste sentido, hoje em dia seguimos sem
conhecer com precisdo as bases moleculares e bioldgicas do comportamento
heterogéneo da doenca. No presente trabalho propusemo-nos analisar os perfis de
expressao proteica e génica dos mastdcitos de medula éssea (MO) de doentes
diagnosticados com distintas variantes de MS, aplicando técnicas de citometria de
fluxo multiparamétrica (CFM) e microarrays de oligonucleétidos de cDNA, com o
objectivo de compreender melhor a base biolégica desta doenca tdo heterogénea.

Na primeira parte do estudo, focdmos o nosso interesse na avaliacdo do perfil de
expressao de um conjunto amplo de proteinas em mastécitos de MO de 123 doentes
com distintos subtipos de MS. De forma geral, observamos trés perfis de expressao
proteica (PEP) que refletiam o grau de diferenciacdo das células neoplasicas e que se
associavam com o subtipo molecular e progndstico da doenca. De forma mais
especifica, as formas agressivas da doenca (MSA e LM) apresentavam caracteristicas

fenotipicas de mastdcito imaturo, em contraposicdo com as variantes indolentes, nas



quais os mastdcitos de MO apresentavam caracteristicas fenotipicas de célula madura
em repouso (MSBD) ou ativada (MSI com — MSls+ - e sem — MSIs- lesdo cutdnea),
associadas a auséncia ou a presenca da mutacdo ativadora de KIT D816V,
respectivamente. Curiosamente, as diferencas no PEP observadas entre os doentes
com MSI e MSA/LM, que partilham a mesma mutacdo de KIT, parecem estar
relacionadas com o grau de afetacdo clonal da hematopoiese nestes doentes; assim,
em individuos diagnosticados com MSA/LM esta mutagdo é tipicamente encontrada
em varias linhas celulares da MO, em claro contraste com as MSI, nas quais a mutacao
estava restringida aos mastdcitos. Estes resultados sugerem que a ocorréncia de uma
hematopoiese clonal pode estar associada a um bloqueio precoce da maturacdo do
mastdécito nas formas mais agressivas da doenca.

Curiosamente, aproximadamente 20% dos doentes com MSIs+ também
apresentam a mutacdo D816V de KIT noutras linhas celulares da MO, constituindo
estes doentes um grupo de pior progndstico, com elevado risco de progressao para
formas da doenca e para doencgas mais agressivas (p. ex: leucemia mieloblastica aguda,
sindrome mielodispldsico ou MSA). Tendo em conta o PEP mais imaturo previamente
observado nas formas mais agressivas da doenca, foi colocada a hipétese da possivel
existéncia de uma associagdo significativa entre o PEP dos mastécitos de MO de
doentes com MSIs+ e o grau de afetacdo das diferentes linhas celulares da MO pela
mutacdo D816V de KIT. Para testar esta hipdtese usamos duas estratégias de andlise
diferentes (ndo supervisionada e supervisionada) em grupos distintos de doentes. Em
ambos os casos, nos doentes que apresentavam a mutacdao de KIT em varias linhas
celulares, os mastécitos mostravam caracteristicas mais imaturas, por oposicdo aos
casos em que a mutacdo estava restringida aos mastdcitos, e que exibiam
caracteristicas de células maduras ativadas, independentemente do subgrupo
diagndstico. Considerando que a detecdo da mutacdo de KIT nas distintas linhas
celulares de MO atualmente requer a aplicagdo de um conjunto de técnicas que ndo

estdo facilmente disponiveis nos laboratdrios de diagndstico clinico de rotina,



decidimos averiguar a utilidade do estudo do PEP de mastdcitos de MO de doentes
com MS, para a triagem diagnostica de casos com afetacdo de varias linhas celulares
hematopoiéticas pela mutagdao D816V de KIT. Para tal desenvolvemos um sistema de
pontuacdo para a detecdo dos referidos casos. Assim, estes eram facilmente
identificados pela co-existéncia de um aumento da carga mastocitaria associada a
expressao aberrante de CD25 em células com caracteristicas imaturas (chRI'°, CD45'°,
Fsc®, SSC'°), na auséncia de uma populagdo de mastdcitos normais na MO. Este
sistema de pontuacdo mostrou uma alta eficiéncia na classificacdo tanto de um grupo
de doentes de training como de outros dois grupos adicionais de doentes de validagdo,
independentemente do subtipo diagndstico de MS. Para além disso o citado sistema
de pontuagao mostrou também um impacto significativo na sobrevida livre de
progressdo dos doentes, idéntico ao obtido com a detecdo do envolvimento de varias
linhas celulares pela mutacdo D816V de KIT, usando técnicas moleculares. Estes
resultados sugerem que a avaliacdo do PEP de mastocitos de MO poderia ser usada
para a estratificacdo progndstica de doentes com MSls+.

Na ultima parte do trabalho, estudamos os perfis de expressdo génica (PEG) de
mastdcitos purificados de MO de doentes com diferentes subtipos de MS portadores
da mutacdo D816V de KIT, classificados de acordo com o subgrupo diagndstico da
doenca. Os resultados obtidos mostraram que a presenca da mutacao D816V de KIT se
associa a um PEG comum, caracterizado principalmente pelo incremento de expressao
de genes envolvidos na resposta imune inata e inflamatéria, incluindo genes induzidos
por interferdao implicados na resposta a infe¢Ges virais, bem como moléculas inibidoras
do complemento. Por outro lado, observaram-se diferentes PEG associados as distintas
variantes da doencga estudadas; estes perfis especificos refletiam um aumento no
metabolismo lipidico nas MSIs- vs. um incremento a nivel da transcricio e
processamento de proteinas em MSIs+, e uma alteracdo da apoptose e do ciclo celular

nas MSA.



Em conclusdo, os nossos resultados mostram que a heterogeneidade clinica e
prognostica observada nas distintas variantes de MS estd associada a perfis de
expressdao génica e proteica diferentes nos mastdcitos da MO destes doentes,
evidenciando a possibilidade da coexisténcia de lesdes genéticas e/ou alteracdes no
microambiente medular adicionais, e potencialmente diferentes, nos distintos subtipos

diagnostico da doenca.
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| INTRODUCTION

Mast cells were first described by Paul Ehrlich in 1878, as “granular cells of the
connective tissues” - mdstzellen - that stained reddish-purple with aniline dyes.' For
many decades these cells have been primarily implicated in the pathogenesis of
allergic reactions and certain protective responses to parasites [reviewed in 2.
However, this concept has evolved and nowadays, mast cells are viewed as highly
versatile tissue-resident cells equipped with a unique armamentarium of receptor
systems and mediators that enable them to play an important role in a large spectrum
of biological activities, including regulation of inflammation, host defense and innate
immunity [reviewed in .

In parallel, mast cells have also been shown to be involved in a plethora of
pathological conditions, including allergy, autoimmune diseases and neoplastic
disorders.* Among all these conditions, a unique group of mast cell disorders emerges:
mastocytosis. Mastocytosis, is mainly characterized by an abnormal accumulation of
clonal mast cells in one or more tissues, leading to local and systemic manifestations
which are mainly due to an increased mast cell burden and/or release of mast cell
mediators.” Interestingly, mastocytosis was first reported by Nettlesship & Tay in 1869
(almost a decade prior to the description of the mast cell itself), as a rare skin disease
characterized by a symmetrical spread of pigmented maculopapular lesions and an
urticaria-like response to scratching; in 1887, Unna showed that such skin lesions
contain mast cell aggregates.®

Despite mastocytosis was initially described as being associated with
dermatological manifestations, currently it is well-known that the disease may involve
distinct organs/tissues and a wide panoply of signs and symptoms..7’8 Consequently, an
increasing number of clinically different disease profiles, associated with unique
clinico-biological features and therapeutic requirements have been described, leading
to the recognition by the current World Health Organization (WHO) classification of

mastocytosis of up to nine distinct variants of the disease.” However, despite the well
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INTRODUCTION |

defined clinical, biological and histopathological features of the distinct WHO variants
of mastocytosis, the molecular mechanisms and specific biological functions and

pathways underlying the heterogeneity of the disease, still remain largely elusive.
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| INTRODUCTION

1. MAST CELL BIOLOGY

1.1. Mast cell ontogeny and differentiation

For the first 100 years after their discovery by Paul Ehlrich, mast cells were
believed to be a component of the connective tissue, derived from undifferentiated
mesenchymal cells, and they were thought to function and die within these tissues.’
However, Kitamura et al. demonstrated in the 70s that mast cells arise from

1011 Ynlike other

multipotent hematopoietic progenitors in the bone marrow (BM).
hematopoietic cells which complete their differentiation within the BM, mast cells
circulate through the vascular system as immature progenitors, before they migrate
into peripheral tissues’ where they complete the final stages of their maturation under

the influence of the local microenvironment (e.g. cytokine milieu), which contributes

to determine their final morphologic, phenotypic and functional features.*?

1.1.1- Mast cell-committed progenitor (MCP) cell

Although mast cells have historically been considered to derive from a
common myeloid progenitor (CMP), recent studies suggest that these cells could
directly originate from multipotential hematopoietic stem cells (MHSCs)™ or at most,
share a common progenitor with basophils, in which the CCAAT/enhancer—binding
protein oo (C/EBPa) transcription factor expressed in basophil but not in mast cell
progenitors, would play a primary role in the fate decision.**

Independently of their controversial early ontogeny, human mast cells can
be generated from a CD34" hematopoietic progenitor cell (HPC)™ in response to
stimulation with stem cell factor/Kit-ligand (SCF), a cytokine produced by BM stromal
cells.'® Early reports, using in vitro mast cell-differentiation models, revealed that these
progenitors circulate as CD34%/CD117" agranular mononuclear cells,"”” which express

the CD133 (prominin 1) stem cell-associated marker,'® together with myeloid-
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associated antigens such as CD13 (aminopeptidase N)* and CD33 (siglec-3),"® in
absence of the CD14 monocytic marker (lipopolysaccharide receptor), CD17
(lactosylceramide)®® and the FceRI high-affinity IgE receptor.’” In addition, these
precursors have been frequently shown to express CD38 and to often lack HLA-DR
expression.21 More recent ex vivo studies, based on the analysis of BM samples from
healthy individuals and patients with myelodysplastic syndromes (MDS),
phenotypically identified MCP as a minor subpopulation of CD34" HPC, showing a
CD117" HLA-DR”™ profile, whose frequency ranges from <0.001% to 0.02% of the

CD34+ HPC compartment (mean of <0.001%+0.005% BM cells).?

1.1.2.- Cytokines, growth factors and transcription factors involved in

mast cell differentiation

The differentiation of CD34+ HPC to the mast cell lineage and their
maturation to tissue mast cells, are highly regulated processes which depend on
multiple cytokines, growth factors and transcription factors; from all cytokines and
growth factors involved in mast cell differentiation, SCF (c-Kit ligand) emerges as the

- . 23,24
most relevant one [reviewed in *>%*].

1.1.2.1.- The SCF/Kit signaling pathway

The crucial role that SCF and its receptor c-Kit (CD117) play in the
development and growth of mast cells was first demonstrated by the lack of mast cells
in both connective and mucosal tissues of SCF (c-Kit ligand) deficient (WCBF1-
Kitls'/KitIS"d)25 or c-Kit deficient mice (WBB6F1-Kit"/Kit"").'° Further studies revealed a
pivotal role for SCF and c-Kit in mast cell proliferation, maturation/differentiation,
survival, adhesion and activation [reviewed in 26'27].

SCF is a glycoprotein encoded at the steel (S/) locus at chromosome

12422-g24,” which is expressed by a wide variety of cells such as stromal cells,
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| INTRODUCTION

fibroblasts and endothelial cells,”® and that shows biological activity as a noncovalently
associated homodimer.®® As a result of alternative splicing and proteolytic cleavage,
two isoforms of SCF with different effects on survival and proliferation of

. .. 29,31
hematopoietic cells, 93

exist. One isorform contains a cleavage site, which allows its
proteolysis and release as a soluble homodimer (sSCF), whereas the other remains
membrane bound (mSCF).?® In turn, c-Kit (SCF receptor) is a 145-kD transmembrane
glycoprotein encoded at the white spotting (W) locus at human chromosome 4q11-
q12,%? which is expressed in a broad array of cell types, including normal maturing and
mature mast cells, hematopoietic progenitors, Cajal cells, melanocytes and germ cells

[reviewed in 26,29

]. This proto-oncogene is a member of the class Ill tyrosine kinase
family of proteins which also includes the receptor for the platelet-derived growth
factor (PDGFR). Like other type Il tyrosine kinases, c-Kit is characterized by an
extracellular ligand-binding region containing five immunoglobulin-like repeats (from
which the first three are involved in the binding of SCF and the fourth may play a role
in receptor dimerization, whereas the function of the fifth is still unknown),* a
transmembrane sequence, an autoinhibitory juxtamembrane domain, and two
intracellular tyrosine kinase domains with an ATP-binding pocket and a kinase
activation loop (Figure 1A).%*

Under physiological conditions, activation of c-Kit occurs by non-
covalent binding of SCF homodimers to the immunoglobulin loops of the extracellular
domain of the receptor; this induces a conformational change leading to the
homodimerization of the receptor and subsequent activation of its intrinsic tyrosine
kinase activity. The activated receptor then becomes autophosphorylated on key
residues, which serve as docking sites for a number of signal transduction molecules,
containing Src-homology 2 (SH2) or phosphotyrosine-binding domains (Figures 1B and

C)[reviewed in %%

]. Such autophosphorylation of c-Kit allows the activation of
multiple downstream signaling pathways which have been described to be critical in

mediating the SCF/c-Kit signaling for mast cell differentiation; among others, these
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Figure 1. Schematic representation of c-Kit and its tyrosine phosphorylation sites in absence
of ligand (A), and upon binding of SCF homodimers and subsequent dimerization of c-Kit (B).
Panel C depicts the main downstream signal transduction pathways activated by c-Kit and
the major biological functions affected. [Adapted from: Orfao et al.,*® Lennartsson et al.,*® Reber

etal.”’ and R6nnstrand35]
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| INTRODUCTION

include the Ras/ERK, phosphatidylinositol-3-kinase (PI3-K), Src kinases and the Janus
kinase (JAK)/Signal Transducers and Activators of Transcription (STAT) pathways,
responsible for eliciting a diverse array of biological responses in both mature mast
cells and their precursors (Figure 1C).2%27

Accordingly, several reports have demonstrated the ability of SCF to

activate mitogen-activated protein (MAP) kinase pathways (e.g. the Ras/ERK

37,38 39
1.

pathway) that play a critical role in cell division and survival [reviewed in
Following stimulation of mast cells by SCF, the Grb2 (growth factor receptor-bound
protein 2) adaptor protein binds c-Kit through both its phosphorylated residues Y703
and Y936% and the SHP-2 protein tyrosine phosphatase.40 Grb2 is present in the cell in
a preformed complex with the son-of-sevenless (Sos) guanine nucleotide exchange
factor, which then interacts with the small G-protein Ras,*! leading to the activation of
Raf-1,** and ultimately also of ERK1/2,*** which are known to promote survival by
inducing proteasome-dependent degradation of Bim (Bcl-2 interacting modulator of
cell death).*>*® Additionally, activation of c-Kit by SCF also induces activation of other
MAP kinases like p38a***” which has been recently suggested to play a critical role in

8 and c-Jun N-terminal kinase

regulating mast cell differentiation and migration,*
(JNK).*” Thus, through the activation of these protein kinases, which also act as
transcription factors, SCF is able to induce the transcription of several genes, including
de novo synthesis of cytokines (Figure 1C).*

SCF/c-Kit-mediated activation of the PI3-kinase downstream pathway has
been linked to mitogenesis, differentiation, survival, adhesion, secretion,

3054 Activation of PI3-kinase is a

reorganization of cytoskeletal actin and cell motility.
consequence of the direct interaction of PlI3-kinase with the phosphorylated Y721
residue of c-Kit, and it leads to activation of Akt.>> Activated Akt subsequently
promotes mast cell survival via inactivation of i) FOXO3a (forkhead box, class O3A) and

6

its transcription target Bim,>® and ii) the pro-apoptotic factor Bad (through its

phosphorylation).>® In addition, PI3-kinase also mediates SCF-induced proliferation of
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mast cells, through the activation of the small guanosine-triphosphate (GTP)-binding
protein Rac1/INK pathway (Figure 1C).>*
A rapid increase in the activity of Src family kinase (SFK) members (including

57,58

Src, Tec, Lyn and Fyn) is also observed upon binding of SCF to c-Kit. These proteins

primarily associate with the phosphorylated Y568 and Y570 residues in the

59,60

juxtamembrane domain of c-Kit; then, they converge to activate Racl and JNK,

promoting mast cell proliferation and chemotaxis (Figure 1C).>%%*

Furthermore, the JAK/STAT pathway is also activated following SCF
stimulation by rapid and transient phosphorylation of JAK2,%* which is constitutively
associated with c-Kit.%® Activation of JAK2 leads to phosphorylation of STAT1a, STAT-3
and STAT-5A/B,%*®” which play an important role in mast cell proliferation and

differentiation from a Kit* progenitor cell (Figure 1C).%*

In particular, STAT5 has been
shown to contribute to mast cell homeostasis by supporting proliferation, survival and
mediator release.”

Association of phospholipase Cy (PLCy) with residue Y730 of c-Kit has also
been previously reported.”* This enzyme hydrolyzes phosphatidylinositol-4,5-
bisphosphate (PIP2), into diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3).
DAG binds and activates protein kinase C (PKC), whereas IP3 binds to specific receptors
present in the endoplasmic reticulum, triggering the release of Ca** from intracellular
stores, which regulates a wide variety of cell functions (Figure 1C).*° Interestingly,
despite sSCF has been described not to induce an increased activity or phosphorylation
of PLCy, studies using mSCF have suggested a role for this protein in SCF-induced
proliferation and survival.>* Moreover, several reports suggest that PLCy could play a
central role in SCF-induced protection against apoptosis induced by irradiation and
cytotoxic agents such as danorubicin.”*”?

Since c-Kit regulates multiple signaling pathways, negative regulation of this

receptor occurs at a physiological level through a variety of mechanisms. As other

tyrosine kinase receptors, c-Kit is monoubiquitinated upon ligand stimulation, leading
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| INTRODUCTION

to its internalization and degradation in the lysosomes. Moreover, different molecules
have been implicated in down-modulation of c-Kit signaling, including the suppressors
of cytokine signaling (SOCS)-1, the SHP-1 protein phosphatase, the CD72 inhibitory
receptor and PKC.>>7%7

Overall, the biological outcome of the SCF/c-Kit interaction depends on

the integrated signals resulting from the activation of multiple interconnected

signaling pathways.

1.1.2.2.- Requlation of SCF-mediated development of mast cells by other

cytokines and growth factors

A remarkable feature of SCF is its capacity to synergize with other
hematopoietic growth factors. In fact, a wide array of cytokines and growth factors
have been reported to have an important impact in SCF-dependent mast cell growth,

233676] (Table 1). Among others,

differentiation and granule maturation [reviewed in
these include molecules with the ability to enhance SCF-dependent mast cell
development (e.g. IL-3”7), either by stimulating SCF-mediated proliferation of mast
cells (e.g. IL-5 or IL-9%7%7) or by inhibiting mast cell apoptosis — e.g. nerve growth
factor (NGF)-.2° Furthermore, the impact of the cell microenvironment (e.g. cytokine
milieu) on the proliferation and/or differentiation of mast cells in response to SCF
varies depending on their degree of differentiation; some growth factors - e.g.
thrombopoietin (TPO) - synergistically stimulate mast cell development at early
stages,®" whereas other cytokines (e.g. IL-6) have an impact during the final stages of
maturation by inhibiting mast cell growth, decreasing c-Kit expression and increasing
cell size, histamine content and the number of chymase positive mast cells.®’ By
contrast, other cytokines/growth factors have a negative impact in mast cell
development; this is the case of interferon (IFN)-y, a Th1 cytokine that suppresses SCF-
induced differentiation of mast cell progenitors from bone marrow, peripheral blood

and cord blood cells.”®®3
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Despite all the above, interpretation of these effects should be made
with caution, as most of them derive from ex vivo studies, SCF-induced mast cell
proliferation or developmental responses are modulated differently depending on the
microenvironment (e.g. cytokine milieu)®® and some contradictory effects are also

described in the literature.

Table 1. Effect of distinct molecules (e.g. cytokines and growth factors) on the
differentiation and maturation of mast cells. [Modified from: Liu et al.”> and Okayama et
al.®]

Type of

Molecule Receptor Effect on human mast cells
molecule

T Proliferation of committed progenitors;

0 Maturation;

IL-3 IL-3R (CD123) T Proliferation of uncommitted progenitors;
Variable depending on MC subtype and
cytokine milieu;”

SCF c-Kit (CD117)

IL-4 IL-4R (CD124)

L IL-5 IL-5R Co-factor for proliferation;
8 IL6 IL-6R (CD126) T MC growth and { apoptosis;”
I I mc growth and TMC maturation;b)
E IL-9 IL-9R (CD129) Co-factor for proliferation;
e IL-10 IL-10R B IgE receptor expression;
2 IL-13 IL-13R 1 MC proliferation;
E NGE NGER d Apoptosis in the presence of SCF;
< T Expression of MC markers;
S IFN-y IFNGR1/2 { Proliferation;
3 Proliferation;
S terp  Tomas  (polerton
GM-CSF  GM-CSFR (cp116) < Proliferation;
TNF-R1/2 N )
TNF-a (CD120a/b) Migration of MC;
TPO TPO-R (cD110) T MC development;
OTHER
RA RAR { Differentiation;
MOLECULES

SCF, stem cell factor; IL, interleukin; MC, mast cell; NGF, nerve growth factor; IFN, interferon; TGF,
transforming growth factor, GM-CSF, granulocyte macrophage colony stimulating factor; RA, retinoic
acid; TNF, tumor necrosis factor; TPO, thrombopoietin.

% |L-4 has been described to inhibit SCF-dependent MC d/fferentiation84 but also to synergistically
enhance the proliferation of human intestinal MC without showing any effect in pulmonary mast
cells;*%°

*)IL-6 has been widely described to promote mast cell growth and to display an anti-apoptotic activity on
blood derived mononuclear cell cultures and CD34" ce/ls,'19’78’86’87 however, Kinoshita et al. also reported

the ability of IL-6 to inhibit MIC growth associated with stimulation ofrnaturation.gz
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1.1.2.3.- Transcription factors involved in the requlation of mast cell

differentiation

Current models of hematopoietic development suggest that lineage-
specific transcription factors are expressed at low levels in uncommitted precursors.®®
During differentiation, sequential programs of expression of transcription factors are
activated, which result in specified sets of dominantly co-expressed transcription
factors in committed cells. These lineage-specific sets of co-expressed transcription
factors may positively regulate critical gene targets, but they may also function as
inhibitors of the activation programs for other cell lineages.®

Several transcription factors play a key role in mast cell differentiation
but there seems to be no single “master gene” for mast cell development. Indeed, it
appears that a combination of the “correct” expression levels of several transcription
factors is essential for the activation of the mast cell differentiation program. Among
such transcription factors, GATA-1, GATA-2, PU.1 and the microphthalmia-associated
transcription factor (MITF) are co-expressed in committed mast cells, and they are
required for proper development of the mast cell Iineage.88 GATA-1 is expressed by
BM-derived mast cells and mature mast cells,** and reduced expression of the GATA-1
gene has been described to lead to an increased apoptosis of MCP and defective

differentiation of mature mast cells.’>*!

In turn, GATA-2 and PU.1 are required for
early mast cell commitment, since the cooperative expression of these two
transcription factors leads to the differentiation of mast cells from BM-derived myeloid
progenitors.”> Furthermore, GATA-2 is essential for the maintenance of early
progenitors as well as MCP, since GATA-2 deficient embryonic stem cells are incapable
of differentiating into the earliest mast cell progenitors.93 More recent studies by
Taghon et al.”* suggest that GATA-3 could also play a role in mast cell development, as
“forced” expression of GATA-3 in early T-cell precursors (pro-T) can drive development

towards mast cell lineage precursors. Overall, the PU.1 and GATA transcription factors

seem to be involved in the relatively early stages of development of mast cells as they
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would contribute to direct differentiation to the mast cell lineage; by contrast, MITF
seems to be involved in a later stage of development and in the migration of mast cell
precursors, since it regulates a number of proteases, cell surface receptors, signaling
molecules and transporters which are critical for mast cell function. *°

Other transcription factors which have an impact in mast cell
development and differentiation include: i) STAT5, which is a critical downstream
regulator of c-Kit signaling;®® ii) Notch-2, that can induce substantial increase in mast
cell numbers, in the appropriate cytokine milieu;** and iii) C/EBPa, which seems to play

a role in determining the basophil vs. mast cell fate.*

1.1.3. Normal mast cell maturation

Despite increasing knowledge exists about the factors and mechanisms
which influence human mast cell differentiation, the precise functional and
phenotypical changes that occur during mastopoiesis remain largely obscure. This is
mostly due to the fact that MCP represent a rather infrequent subpopulation in human
BM.? Therefore, most of our knowledge about the normal patterns of mast cell

maturation is based on in vitro differentiation studies.*®°%°®

However, this strategy has
several drawbacks as it has been described that the immunophenotype, morphology
and function of human mast cells is highly variable and that they depend on i) the
source of the CD34+ HPC,**%° ii) the medium used to culture them®® and/or i) the

102

culture conditions.”™ The impact of such factors potentially contributes to explain

some of the contradictory results reported in the literature.*®

Despite this, consensus
exists in the literature about the phenotypic modulation of several molecules involved
in various cellular functions, during mast cell maturation. These include early
hematopoietic, myeloid and leukocyte lineage markers, cytokines, chemokines and

immunoglobulin receptors, as well as activation- and adhesion-associated molecules

(Table 2).1896103
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Table 2. Modulation of the immunophenotypic profile of human mast cells during in vitro
differentiation. [Adapted from Dahl et al,*® Schernthaner et al,*® Tedla et al,”” Yokoi et

aI,98 Valent et al'® and Tachimoto et aIlOS]
. ~ Cultured Cultured
Functional .group of Surface antigen  CD code MCP |mmatu|r|e mast maturtlel mast
proteins cells cells
(14-28 days) (42-80 days)
GM-CSFR CD116 + -[+ -
c-Kit CD117 + ++ ++
CYTOKINE, CHEMOKINE IL-2Ra CD25 - - -
AND GROWTH FACTOR IL-3Ra CD123 + -[+ -
RECEPTORS CXCR1 CD128 -[+ - -
CXCR2 CD182 + + +
CXCR4 CD184 + +
LFA-2 CD2 - - -
Integrin alpha-L CD11a + +dim +dim
Integrin alpha-M CD11b NR +dim +dim
Integrin alpha-X CD11c NR +dim +dim
3-fucosyI-N-:.11cetyI- D15 NR + o
lactosamine
Integrin beta-2 CD18 + +dim +dim
Integrin beta-1 CD29 NR + +
HPCA-1 CD34 + -[+ -
ADHESION-MOLECULES Pep-1 cDa4 e - "
Integrin alpha-2 CD49b - -[+ +dim
Integrin alpha-3 CD49c - -[+ +
Integrin alpha-4 CDh49d + +dim +dim
Integrin alpha-5 CD49%e + +dim +dim
Vitronectin
receptor CD51/CD61 NR -[+ -[+
ICAM-1 CD54 NR -[+ +
LFA-3 CD58 NR +
IMMUNOGLOBULIN EE?I: Cﬁig 1+ LA i -
RECEPTORS FORI CD64 -+ -+ -[+
LAMP3 CD63 NR + +
Early activation
ACTIVATION-RELATED antigen CD69 €69 NR ; ;
MARKERS SLAMF5 CD8&4 NR +
E-NPP 3 CD203c ++ ++ +
HLA-DR NA -/+ - -
MAST CELL MEDIATORS i';:/am";':: m R ;: +++
AND ENZYMES
Tryptase NA NR -[+ ++
LILRA1 CD85i NR - -
LILRA2 CD85h NR + -
LILRB1 CD85j NR -[+ -
LILRB2 CD85d NR -[+ -
LILRB3 CD85a NR -[+ -
IMMUNOREGULATORY t: tEE: Egzi ': :2 / * )
RECEPTORS Siglec-2 CD22 - - -
Siglec-3 CD33 + ++ +
Siglec-5 CD170 + + -[+
Siglec-6 CD327 - + +
Siglec-8 CD329 + +
Siglec-10 NA + - -
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Table 2. (Continued)

| ‘ Cultured Cultured
Functional group o . immature mast mature mast
.g P Surface antigen  CD code MCP cells cells
proteins
(14-28 days) (42-80 days)
COMPLEMENT CR1 CD35 NR - -
RECEPTORS C5aR CDS88 NR -[+ -[+
OTHER MOLECULES Aminopeptidase N CD13 + + ++
LCA CD45 + + ++

Intensity of expression: (-) negative; (+dim) dim positive; (-/+) heterogeneous from negative to
positive; (+) positive; (++) strong positive; MCP, mast cell precursor; NA, not applicable; NR, not
reported.

1.1.3.1.- Early hematopoietic, myeloid and leukocyte lineage markers

As previously referred, MPC are known to express a set of early
hematopoietic (CD34, CD117 and CD38) and myeloid markers (CD13 and
CD33).1>181921 yowever, the expression of these molecules varies during mastopoiesis.
CD34 expression rapidly decreases in the early stages of maturation, whereas the
expression of CD117, CD13 and the CD45 tyrosine phosphatase increases during mast
cell differentiation.'® In turn, CD33 expression increases during the early stages of
differentiation while it slightly decreases at the last stages of mast cell maturation.*®%
By contrast, expression of lymphocyte-related antigens (e.g. CD2, CD3, CD4, CD5, CD10

and CD19) and the CD14 monocytic-related antigen is constantly absent during mast

cell differentiation, regardless of the culture conditioning medium used.’®

1.1.3.2.- Cytokine and chemokine receptors

A significant number of cytokines and growth factors are involved in
mast cell development and this translates into varying patterns of expression of
cytokine and chemokine receptors during mastopoiesis. Early mast cell progenitors are
known to express the IL-3 receptor a-chain (CD123), the granulocyte-macrophage
colony-stimulating factor receptor a-chain (GM-CSFRo; CD116), and the IL-6Ra-chain
(CD126), in addition to the SCF receptor (CD117) while, except for CD117, these

surface antigens, as well as CXCR1, are not detected at later stages of mast cell
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maturation.”®*® In turn, expression of the CXCR3, CCR3 and CCR5 chemokine
receptors and both the IL-2Ra-chain (CD25), and gp130 (CD130) cytokine receptors is
absent at all stages of mast cell differentiation in in vitro culture models.'®*°
Conversely, other cytokine and chemokine receptors such as CXCR4 (CXCL12 receptor),
IL-4R and CXCR2 (IL-8 and CXCL1 receptor) are expressed in vitro by both immature

and mature mast cells.*®%4

1.1.3.3. Adhesion molecules

Mature mast cells are tissue-resident cells. Therefore expression of
adhesion molecules on their surface is required for migration of mast cell progenitors
from the bone marrow into peripheral tissues. In detail, previous studies have shown

expression of CD29, CD49d, CD49e, CD11a, CD18, CD44, CD54 and CD58 already at the

18,96,103

earliest stages of mast cell maturation. The expression of some of these

molecules, such as CD29, CD44 and CD58, remains relatively unchanged during mast
cell differentiation, whereas the expression of CD49d, CD49e, CD1la and CD18,

03

decreases.’® Unlike MCP, more mature mast cells express additional adhesion

molecules like CD11b, CD11c, CD51/CD61, CD49b and CD49c.'*'*

1.1.3.4.-immunoglobulin (lg) receptors

Among the set of immunoglobulin (Ig) receptors expressed by mast cells,
the most widely known for its functional relevance in these cells is the FceRIl high-
affinity IgE receptor. This receptor is absent in MCP’ but its expression gradually
increases during maturation, strong expression levels being typically found in mature
mast cells."® By contrast, expression of both the FcaR IgA receptor (CD89) and FcyRl
IgG high-affinity receptor (CD64) seems to be restricted to a very small subset of the

more mature mast cells.'® Interestingly, expression of both the intermediate (FcyRIl;
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CD32) and low affinity 1gG receptors (FcyRIll; CD16) appears to be dependent on the

cytokine milieu.’®

1.1.3.5. Cell activation markers and complement receptors

Despite MCP typically lack expression of activation-related markers,
several of these molecules, like the CD63 lysosomal glycoprotein, the CD84 signaling
lymphocytic activation molecule (SLAMF-5) and the CD203c ectoenzyme, are
expressed at relatively early stages of mast cell development.’® Interestingly, CD203c is
strongly expressed on the surface of immature mast cells, but its expression is slightly
down-regulated thereafter during maturation.’® Other antigens which are associated
with cell activation such as the major histocompatibility complex (MHC) class I
molecules (e.g. HLA-DR) are typically absent®™ or show low levels of expression®
depending on the different culture conditions used, similarly to what has also been
described for some complement receptors such as CD35 (CR1) and CD88 (C5aR),

whose expression varies depending on the presence or not of IL-4.%

1.1.3.6. Other mast cell-associated molecules and Ig-like receptors

During SCF-induced development, MCPs acquire mast cell-specific
differentiation enzymes and other markers, such as tryptase, chymase,

carboxypeptidase and histamine.'*®

These molecules appear in an ordered sequential
manner during mastopoiesis, e.g. tryptase expression is already detectable at the
earliest stages of mast cell development, whereas expression of chymase and

16,18,20,106,107 .. .
6.18,20,106107 This increase in

histamine have been described to be relatively late events.
the cytoplasmic content of mast cell enzymes and mediators is more pronounced at
the final stages of mast cell maturation and it is associated with an increase in the size
and internal complexity of mature mast cells.'®®

In addition to these mast cell-related antigens, other proteins like the

leukocyte Ig-like receptors (LILRs) and the sialic acid-binding Ig-like lectins (Siglecs) are
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also expressed throughout mast cell differentiation.””***%

LILRs comprise a family of
cell-surface immunoregulatory receptors with both activating and inhibitory members;
human cord-blood derived MCP display surface expression of the inhibitory LILRB1
(CD85j), LILRB2 (CD85d), LILRB3 (CD85a) and LILRB4 (CD85k) proteins and the
activating LILRA2 (CD85h) receptor, while they do not express the LILRA1 (CD85i) and
LILRB5 (CD85c) molecules. In contrast, mature mast cells lack surface expression of all
the above LILRs, LILRB5 being detected in the cytoplasmic granules of these cells.”’
Regarding the Siglec receptors, peripheral blood CD34+ progenitors have been shown
to constitutively express Siglec-5 and Siglec-10 in addition to CD33 (Siglec—3);98 as MCP
differentiate into mast cells, expression of Siglec-5 and Siglec-10 declines, CD33
expression is maintained, while reactivity for Siglec-6 and Siglec-8 emerges de novo, in
parallel with accumulation of histamine and other mast cell markers.?® Interestingly,

clear expression of Siglec-2 (CD22) is not detected in vitro at any stage of mast cell

development.98

1.1.4. Immunophenotypic profile of “mature” resting BM mast cells

Despite controversial results have been reported in the literature as regards
the maturation-associated immunophenotypic profiles of mast cells, general
consensus exists about the immunophenotypic profile of mature, but not terminally
differentiated, resting BM mast cells. Such general consensus is probably due to the
fact that the assessment of the immunophenotypic features of mature resting BM

109112 51, the absence of the

mast cells is typically performed on ex vivo BM samples,
influence of any additional exogenous factors (e.g. cytokines). Despite this, it should be
emphasized that for correct immunophenotypic characterization of mature resting BM

mast cells, standardization of the methodology is mandatory.
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1.1.4.1. Identification, enumeration and characterization of BM mast

cells

Mast cells are mainly tissue-resident cells, which are typically found at
very low frequencies in normal human BM (0.008%+0.0082% of all nucleated BM

109

cells).”™ From a morphological point of view, normal BM mast cells display high but

3 which makes difficult

heterogeneous light scatter and autofluorescence features,'*
their identification based only on their size and internal complexity. This, together with
the lack of specific mast cell-antigens hampers correct identification and
characterization of BM mast cells, based on single marker stainings114 as those used in
immunohistochemical techniques. Because of this, in the last decade, multiparameter
flow cytometry has become increasingly used for the identification, enumeration and

characterization of normal BM mast cells.*?

In this regard, the Spanish Network on
Mastocytosis (REMA)**? has recently provided detailed consensus recommendations
for the flow cytometric analysis of BM mast cells, including the need to analyze high
numbers of BM cells (between 10°to 10’ BM events) to allow full characterization of
CD117" mast cells, even when these are present at frequencies as low as 10 - 10™
(Figure 2A and B).109’111’112’114

For the specific identification of normal BM mast cells, it is currently well
established that strong expression of CD117 (SCF receptor) on cells that coexpress

FceRl and CD203c on their surface membrane, is most useful }*%1>117

Noteworthy,
none of these three proteins is specific of mast cells, because i) CD117 is also detected
on a major fraction of hematopoietic precursor cells (HPC),"*>* CD56'"8™ NK cells
and neoplastic cells from patients diagnosed with several distinct non-mast cell
hematologic malignancies (e.g. myelomatous plasma cells and blasts from patients
with acute leukemia and myelodysplastic syndromes), as well as on cells derived from
other non-hematopoietic tissues,'*’ and ii) FceRI and CD203c are also co-expressed by

human basophils in addition to mast cells, 109118120
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Figure 2. lllustrating example of the gating strategies proposed by the REMA™? for the
immunophenotypic identification and characterization of BM mast cells using
multiparameter flow cytometry. Whole BM cell (Panel A) live gate to enrich on CD117"
nucleated cells corresponding to 3x10° total events (Panel B) from an individual with a BM
mast cell load of 0.009% are shown in the upper two panels. Panels C to F show the gating
strategy used for the identification of the BM mast cell population (red events) and it
phenotypic discrimination from HPC (blue dots), plasma cells (green dots) and basophils
(violet dots) coexisting in the same BM sample.

SSC, sideward light scatter; MC, mast cell; HPC, hematopoietic precursor cell; MFI, mean fluorescence
intensity (arbitrary units scaled from 0 to 262,000).

Early studies suggested that identification of mast cells could be based on their
strong reactivity for CD117 plus FceRl and CD33, in the absence of expression of CD38,
CD34 and CD138, which would allow discrimination between mast cells, CD34" HPC,
CD117" plasma cells and CD1177° FcsRI* CD33" basophils in BM samples.'®
Nevertheless, simultaneous usage of all six markers for the specific identification of BM
mast cells would restrict the possibility for analyzing other proteins of interest (e.g.
proteins required to discriminate between normal and pathological mast cells). More
recent reports indicate that combined usage of only two markers (CD117 and CD45)
would be enough to correctly identify CD117"€"/CD45°" BM mast cells (Figure 2C-
I:).112,121

In any case, it should be noted that because of the high and variable

autofluorescence levels displayed by highly granular mast cells, determination of
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baseline mast cell autofluorescence, using either unstained samples or isotypic
controls for the same fluorescence detectors as those used to study the proteins of

interest, is mandatory.llz’m’122

1.1.4.2. Inmunophenotypic features of normal and reactive BM mast cells

As mentioned above, mast cells represent an infrequent cell population in
normal BM aspirated samples (0.008%+0.0082% of all nucleated cells in adult human
BM).'® Although reactive BM samples and BM samples from patients with non-mast
cell related hematological disorders may show slightly increased mean BM mast cell
numbers (0.027%+0.17%), these cells typically represent less than 0.1% of the whole
BM cellularity.'? Interestingly, despite the increased frequency of BM mast cells found
in reactive samples vs. normal BM, few immunophenotypic differences have been

114 BM mast cells from both healthy

described between normal and reactive mast cells.
subjects and patients with distinct hematologic and non-hematologic non-mast cell
related disorders display typical forward light scatter (FSC) and sideward light scatter
(SSC) characteristics, similar to those of normal mature mast cells and monocytes,123
and they also express similar immunophenotypic features as reflected by overlapping
levels, to those of normal BM mast cells, of mast cell-related markers (e.g. CD117 and
FceRl) as well as of a wide range of molecules, such as the CD11c, CD29, CD33, CD43,
CD44, CD49d, CD49e, CD51 and CD54 adhesion-related proteins, CD9 and CD63
tetraspanins, the CD55 and CD59 complement-receptors, and the CD69 and CD203c
activation markers (Table 3).104123124

Conversely, normal and reactive mast cells do not express the CD34 and CD38
HPC-related markers, the CD1a and HLA-DR MHC-associated molecules, the CD21 and
CD88 complement receptors, CD2, CD3, CD5, CD6, CD19 and CD20 lymphoid-
associated markers and the CD25 (IL-2Ra) and CD123 (IL-3Ra) cytokine receptors.*°

Interestingly, expression of Siglec-2 (CD22) previously referred as absent on MCP and

mature mast cells in in vitro differentiation models,?® is clearly present on BM mast
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Table 3. Qualitative and semiquantitative patterns of expression of individual markers on mast
cells from normal and reactive bone marrow, as assessed by multiparameter flow cytometry.

[Adapted from Escribano et al,

110,113,122

Valent et aI,125 and Nufiez-Lopez et al* ]

Functional group Anti (o)) Normal BM Reactive BM
- ntigen o o
of proteins code (% of positive cases) (% of positive cases)
CYTOKINE, IL-2Ra CD25 - -
CHEMOKINE AND IL-3Ra CD123 - NR
GROWTH FACTOR GM-CSFR CD116 - NR
RECEPTORS kit CD117 +++ (100%) +++ (100%)
LFA-2 CD2 - -
Integrin alpha-L CD1la -/+ (20%) ND
Integrin alpha-M CD11b -/+ (50%) -/+ (50%)
Integrin alpha-X CD1ic -[+(71%) NR
3—fucosyI—N—?cetyI— CD15 i i
lactosamine
Integrin beta-2 CD18 +(65%) NR
Siglec-2 CD22 -/+ (60%) -/+ (50%)
Integrin beta-1 CD29 ++ (100%) ++ (100%)
ADHESION- Siglec-3 CD33 ++/+++ (100%) ++/+++ (100%)
T S -
wouecuies | B o ot
. CD42b - NR
alpha chain
Pgp-1 CD44 ++ (100%) ++ (100%)
Integrin alpha-4 CD49d +/++ (100%) NR
Integrin alpha-5 CD49%e +(100%) NR
Integrin alpha-V CD51 +(100%) +
ICAM-1 CD54 -/+ (75%) NR
Integrin beta-3 CD61 -/+ (66%) NR
Carcinoembryonic
antigen CGM6 Eoletd ) ;
CR2 CD21 - NR
CR1 CD35 - +
Membrane Fofactor CD46 N NR
COMPLEMENT- protein
RELATED PROTEINS |~ Complement decay- D55 ++ (100%) ++ (100%)
accelerating factor
Membrane attack D59 ++ (100%) ++ (100%)
complex inhibition factor
C5aR CD88 - NR
FceRl NA ++/+++ (100%) ++/+++ (100%)
IMMUNOGLOBULIN FcyRIIB CD16 - -
RECEPTORS FceRll CD23 - -
FoyRI CD64 - -
MHC ASSOCIATED T-cell surface cD1a . .
MOLECULES glycoprotein CD1a
HLA-DR NA - -
CD9 antigen CD9 +++ (100%) +++ (100%)
TETRASPANINS LAMP3 CD63 ++ (100%) ++/+++7 (100%)
TNF RECEPTOR CD30L receptor CD30 - NR
FAMILY PROTEINS CDA40L receptor CD40 -/+ (65%) -/+ (65%)
Neprilysin CD10 - -
Aminopeptidase N CD13 -/+(33%) NR
PROTEASES Tryptase NA ++ (100%) NR
Chymase NA -[+ b) NR
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Table 3. (Continued)

Functional group . (o)) Normal BM Reactive BM
. Antigen . .
of proteins code (% of positive cases) (% of positive cases)
ACTIVATION Early aCt"éaDtg;" antigen CD69 +(100%) +(100%)
MARKERS
E-NPP 3 CD203c +(100%) NR
T-cell surface
glycoprotein CD3 b3 . .
T-cell surface o
glycoprotein CD4 b4 A0 NR
T-cell sur‘face DS ) )
LYMPHOID- AND glycoproteln CD5
MYELOID- T-cellr:jtl'ffe;egl;lgtlon D6 ) NR
ASSOCIATED 'I?—celﬁiurface
MARKERS glycoprotein CD8 b8 ) )
Monocyte differentiation
antigen CD14 cb14 ) )
B-lymphocyte
antigen CD19 cb19
B-lymphocyte
antigen CD20 €b20
ADP-ribosyl cyclase 1 CD38 - -
Leukosialin CD43 +(100%) +(100%)
LCA CD45 ++ (100%) ++ (100%)
Campath CD52 - NR
dodgfarjaféiiride €D65 ) )
OTHER MOLECULES Transferrin receptor
I cD71 +(100%) NR
protein 1
uPAR CD87 + NR
Syndecan-1 CD138 - -
Bcl-2 NA +(100%) +(100%)
2D7 NA - NR
o Expression of CD63 is increased in BM mast cells from myelodysplastic syndromes.
®) No available information regarding the frequency of positive cases.
NA: not applicable; NR: not reported.
cells from around half the normal and reactive BM samples analyzed.'® Similarly,

expression of the CD11a, CD11b, CD18 and CD61 cell adhesion molecules, as well as
aminopeptidase-N (CD13) are only expressed on normal and reactive BM mast cells
from a restricted number of cases (Table 3).1%°

Despite all the similarities mentioned above for normal and reactive BM mast
cells, two proteins have been reported to show a different pattern of expression in
normal vs. reactive BM mast cells: i) CD35 (complement receptor 1) is absent in normal

BM mast cells but positive in reactive BM and; ii) the CD63 lysosomal glycoprotein,

which is constitutively expressed on BM mast cells, is upregulated on mast cells from
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myelodysplastic syndrome (MDS) patients vs. normal and other reactive BM mast

122,126
cells.

1.1.5. Migration and tissue localization of mast cells

As described above, mast cells derive from BM hematopoietic progenitors
that are released into the peripheral blood circulation, at relatively advanced stages of
maturation, from where they subsequently migrate into virtually every tissue, to
complete their maturation under the control of locally produced cytokines and growth
factors. During this process, migration and adhesion are essential for correct tissue
localization of mast cells.?® In fact, migration is an essential function at several stages
during mast cell life: i) mast cell progenitors are required to move towards sinusoids in
the BM; ii) immature mast cells should cross the sinusoidal endothelium in the BM into
the periphery; iii) circulating mast cells are recruited via venules into multiple different
tissues, and; iv) they migrate towards their final localization in the tissue.™®’ All these
processes rely on the ability of mast cells to recognize appropriate chemotactic stimuli
and react with appropriate chemotactic responses and adhesion properties. In order to
achieve this, MCP and mast cells express numerous surface receptors for various
ligands, which act as potent chemoattractants and adhesion molecules.[reviewed in
1281 Among these ligands and their receptors, SCF binding to c-Kit provides critical
signals for homing and recruitment of mast cells to various tissues, as both mSCF and
sSCF are chemotactic for mast cells and their precursors.36 Furthermore, SCF promotes
cell adhesion by two distinct mechanisms: i) binding of mSCF to c-Kit may directly
mediate attachment™® and, ii) signaling through c-Kit has been shown to upregulate
the avidity of mast cell and progenitor cell VLA-4 and VLA-5 B1 integrins, for
fibronectin, a specific protein component of the extracellular matrix.?%27130.131

Other relevant mast cell ligands and receptors include adhesion molecules

such as the 047 integrin, chemokines like CXCR2 (both molecules are involved in the
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homing of MCP to the intestine),’***** lipid mediators such as leukotriene B4 (LTBy;
which is important for the recruitment of progenitors from the microcirculation) and

prostaglandin E, (PGE,; involved in mast cell localization within tissues),*?’

antigen
binding to IgE anchored to FceRl, isoforms 1-3 of transforming growth factor (TGF) 3,
adenosine and complement-associated proteins (e.g. Clqg, C3a or C5a), among other

128 The relative relevance of each of these molecules is highly

molecules [reviewed in
dependent on the maturational stage of the cell, since some of them are important for
recruiting MCP to tissues (e.g. LTB; and CCL2), while others mediate mast cell

localization within the tissue (e.g. PGE, or SCF).”®'’

Consequently, the expression of
the receptors for most of these ligands is modulated during mast cell development,

depending on the phenotypic fate of the cell.

1.1.6. Tissue-associated subsets of mast cells

Despite mast cells share in common many characteristics, distinct
subpopulations of mast cells with different morphological, biochemical and functional
characteristics, associated with complex phenotypes and tissue-specific
microenvironments, can be found.***°

Traditionally, human mast cells have been classified by their cytoplasmic
contents on serine proteases as tryptase’ only (MCy) and tryptase’/chymase’ mast
cells (MCqc), the later also expressing carboxypeptidase A3 and cathepsin G.2® MCr
cells are predominant in the lung and lamina propria, whereas MCyc prevail in the skin
and the intestinal submucosa.’****® In addition to their distinct protease content, other

13%) " phenotypical

significant morphological (e.g. ultrastructure of secretory granules
(e.g. expression of the CD88 C5a receptor restricted to MCrc™*’) and functional (e.g. T-
cell dependence of MC; but not of MCTC138) differences are found between these two

subtypes of mast cells.
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More recently, organ-specific immunophenotypic profiles have been

104

reported for human mast cells (Table 4)[reviewed in = ]. As an example, expression of

the CD32 IgG receptor has been detected on human skin mast cells, but not on lung

1 . . . . .
mast cells;**® simultaneously, CD88 is clearly expressed on juvenile foreskin mast cells

104

while undetectable on uterine and lung mast cells, and human lung mast cells

express significant amounts of ICAM-3 (CD50) whereas their cutaneous counterparts

only express undetectable to low amounts of this molecule.*****°

Table 4. Imnmunophenotypic characteristics of human mast cells from distinct tissues.
[Adapted from Valent et aI,104 Krauth et aI,140 Escribano et al'*® and Fureder et alm’m]

Tissue of mast cell origin

(o)) . ;
code Antigen BM Lung Foreskin Uterus Tonsils Kidney Heart Syno.\nal Gl
fluid tract
CcD2 LFA-2 - - - - NT - - - -
CcD9 argcli)ggen + + + + + + + + NT
CD25 IL-2Ra - - - NT NT - NT - NT
cp29 'Meerin |, + + + NT NT + NT +
beta-1
CD32 FeyRII NT - + NT NT NT NT NT -
CD34 HPCA-1 - - - - NT - NT NT -
CD35 CR1 - - - - - - - - -
CD44 Pgp-1 + + + + + + + + +
CD45 LCA + + + + + + + + +
CD50 ICAM-3 | NT  + -+ NT NT NT NT + NT
D51 L’]gﬁg S + + NT + NT NT NT
CD54 ICAM-1 -[+ + + + NT NT + NT +
D61 'Bf;gf‘; + o+ + + NT + + +/- NT
CD63 LAMP3 + + + + + + NT NT +
cD88 C5aR - - + - - - -+ +/- -
CD117 c-Kit + + + + + + + + +
NA FceRl + + + + + + + + NT

a) Low or undetectable expression on mast cells.

b)Synovial mast cells in patients with rheumatoid arthritis express CD88, whereas synovial mast cells
in patients with osteoarthritis are CD88-negative.
BM, bone marrow; Gl, gastrointestinal tract; NA, not applicable; NT, not tested.

1.2. Mast cell activation

Mature mast cells are long-living tissue-resident cells** strategically located at

the host’s interfaces with the environment where they function as sentinels in host
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defense by responding to a wide range of “signals” (e.g. environmental antigens,
allergens, invading pathogens or toxins) in a rapid and selective way [reviewed in “].
For this purpose, they are equipped with a large repertoire of receptors that upon
interaction with pathogens or toxins, induce the release of a wide variety of
biologically active products and may even lead to in situ proliferation of terminally

differentiated mast cells (Table 5) [reviewed in 4%

]. Specific responses to individual
stimuli depend on the particular mechanism leading to mast cell activation, the type of
the signal, its intensity and duration, as well as the cytokine milieu.’*>*® Altogether,

the ability of mast cells to modulate their response to distinct stimuli confers them an

enormous functional plasticity.

1.2.1. Mast cell receptor systems and activators involved in host defense

The most widely studied mechanism of mast cell activation is that triggered
by cross-linking of the FceRI high-affinity IgE receptor, leading to degranulation and
secretion of newly synthesized mast cell mediators.” In addition to FceRI, mature mast

cells constitutively express the intermediate-affinity FcyRIl receptor (cD32),

and they
may also upregulate the expression of other IgG receptors after exposure to cytokines
(e.g. expression of the CD64 high-affinity FcyRIl IgG receptor is up-regulated upon

18 Therefore, these cells can bind both IgE and 1gG, and become

exposure to IFN-y).
sensitized to antigens previously encountered by the host.**?

Despite all the above, the mechanisms and effects of mast cell activation
through crosslinking of IgE and IgG to their respective receptors on the mast cell’s
surface membrane, are significantly different. FceRI is activated by both antigen-

complexed IgE and monomeric Igg,******

whereas Fcy receptors only associate with
antigen-complexed 1gG.* However, this later class of receptors may lead to either

positive or negative regulation of mast cell activation, as 1gG linkage to FcyRI (CD64) or
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Table 5. Main mast cell receptor systems involved in the host defense against allergens,

pathogens, toxins and other stimuli. [Modified from Marshall et al.

147
]

Receptor class

Type of receptor

Examples of ligands

Major biological effect

DIRECT RECEPTORS FOR PAHTOGEN PRODUCTS

TOLL-LIKE
RECEPTORS
(TLR)

MANNOSYLATED
RECEPTORS

TLR1
TLR2
TLR3
TLR4

TLR6
TLR?7

TLR9

CD48

Lipopeptide

PGN, zymosan and
some types of LPS

dsRNA

LPS and F protein from

RSV

PGN and zymosan

ssRNA (viral)

Bacterial DNA and
CpG-containg DNA

FimH

Eicosanoid and cytokine production
and release

Degranulation
Cytokine production

INDIRECT RECEPTORS FOR PRODUCTS OF IMMUNE RESPONSES TO PATHOGENS

EceRI IgE Degranulation
Ig RECEPTORS Eicosanoid, cytokine and chemokine
FC'YRI, FC'YR", FC'YR"I IgG release
comPLEMENT | CR2, CR4and CR5 Sgrr:pfnnéﬁ?st Degranulation
RECEPTORS Complement spiit | Production of chemokines
C5aR and C3aR Sroducts P T FcyRIl-dependent degranulation
FceRIl-dependent release of
IL-4R IL-4
histamine, LTC4 and IL-5
IL5-R L5 chRI-d'ependent release of
_cytokines
{ FceRl-dependent release of
IL-10R IL-10 cytokines
CYTOKINE IDecreased FceRI expression
RECEPTORS Cytokine and chemokine release
0 Growth, differentiation and
c-Kit SCF adhesion
FceRIl-dependent degranulation and
cytokine production
IL-1R, IL-12R, IFN-YR IL-1, IL-12, IFN-y Immunoregulation
CHEMOKINE CCR3 CCL11 FceRI-dependent secretion of IL-13
Chemoattractants . .
RECEPTORS CCR5, CXCR4 (chemokines) Mast cell migration
rNeeél;Lottoernsm Neurotensin Degranulation
OTHERS
MOLECULES NK1-receptor Substance P Degranulation
ET, Endothelin-1 Degranulation and eicosanoid

release

LPS, lipopolysaccharide; PGN, peptidoglycan; ds; double-stranded; ss; single-stranded; F protein,
fusion protein; RSV, respiratory syncytial virus; ET,, Endothelin receptor type A.

FcyRIIl (CD16) causes activation of mast cells (through binding of pathogen specific

antibodies complexed to antigen and binding of nonspecific antibodies complexed to

immunoglobulin-binding proteins,

e.g. superantigens produced by pathogens),

whereas ligation of FcyRIlb inhibits mast cell functions, including mast cell activation
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induced by FceRIl aggregation and mast cell proliferation induced by c-Kit mediated
signaling.**>%>13

Mast cells are also able to directly interact with several pathogens through
the binding of Toll-like receptors (TLRs) to conserved pathogen-associated molecular
patterns (PAMPs).">* Accordingly, human mast cells express TLR1-4, TLR-6, TLR-7 and
TLR-9,%*° which provide mast cells with the ability to respond to a wide variety of
bacterial - e.g. lipopolysaccharide (LPS) and peptidoglycan (PGN) - and viral (e.g.
double stranded RNA) components, leading to the production of multiple mast cell
mediators, such as TNF-o,, GM-CSF, IL-1B, IL-5, IL-13 and leukotriene C4 (LTC,), usually

in the absence of mast cell degranulation.**’*>%%7

Similarly, interaction between the
FimH fimbrial protein on gram negative bacteria and CD48 on human mast cells,
triggers mast cell degranulation, bacterial internalization and cytokine (e.g. TNF-a)
production.lss’158

Many infections and other forms of tissue injury induce the activation of
complement. Complement activation ultimately leads to mast cell activation. Mast
cells have long been recognized to interact with the complement system through
receptors specific for several complement products such as complement receptor (CR)
3 (also known as CD11b-CD18), CR4 (CD11c-CD18) and C3aR/C5aR (CD88)*"**° As
previously mentioned, expression of these complement receptors varies depending on
the differentiation stage of mast cells and the cytokine milieu of their environment.**

Several specific growth factors and cytokines that are involved in mast cell
differentiation from MCP, also play an important functional role in mast cell activation
and the release of mast cell mediators. Accordingly, SCF-induced activation of c-Kit has
been shown to regulate mediator release by human mast cells, either through the
enhancement of IgE-dependent mediator release or by directly inducing mediator

release by mast cells kept in an SCF-deprived milieu.'®%**!

In addition, SCF may also
negatively regulate IgE-dependent mast cell activation, as reflected by a marked

attenuation of FceRI-mediated degranulation and cytokine production as a
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consequence of ineffective cytoskeletal reorganization found in mouse BM-derived

162

mast cells chronically exposed to SCF.”" In contrast to SCF, IL-4 does not affect mast

cells by itself, but it synergizes with SCF on inducing IgE-dependent release of

85,161

mediators. Furthermore, priming of mast cells with IL-4 has been shown to

increase the expression of leukotriene C4 synthase'®®

and enhance the ability of
intestinal mast cells to produce Th2-type cytokines,™®* in the context of FceRI-mediated
mast cell activation. Interestingly, other cytokines such as IL-23 and IL-1p have been
recently suggested to induce mast cell degranulation and lead to the production of
mast cell extracellular traps in human skin, which would result in the release of I1L-17
and other mast cell mediators, in a psoriasis model.*®

Other mast cell activators include several endogenous host peptides such as

143,166

neurotensin, substance P and endothelin-1, chemical agents and physical

stimuli.*®’

1.2.2. Mast cell mediators

Activation of mast cells by distinct stimuli induces both mast cell
degranulation and de novo synthesis of mast cell mediators (Table 6). Degranulation
involves rapid (within seconds to minutes) release of pre-packed, insoluble mediators
into the surrounding tissue, a strategy that gives mast cell-derived products a transient

193 Mast cell

advantage over those produced by other immune surveillance cells.
degranulation may occur by two distinct mechanisms: i) classical anaphylactic
degranulation, in which the entire contents of each granule is released by exocytosis,
and; ii) piecemeal degranulation, consisting of partial mast cell degranulation due to

4168 £ach mast cell can

slow and progressive release of the contents of the granules.
undergo multiple rounds of degranulation and regranulation, which allows for the

perpetuation of mast cell-mediated responses.'®
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Table 6. Major subtypes of mediators released by mast cells and their most relevant biological
effects. [Modified from Marshall et al.'*’]

Mediators Major biological effects
Histamine and serotonin T Vascular diameter and permeability

Enh the effects of ch ki d toki
Heparin and/or chondroitin sulphate fn atr.]ce_ e effects of chemokines and/or cytokines
peptidoglycans unc |9n, )

0 Angiogenesis
Tryptase, chymase, carboxypeptidase and  Tissue remodeling
other proteases Recruitment of effector cells
TNF, VEGF and FGF2 1R\ecrU|.tment c?f effector cells

Angiogenesis

LIPID-DERIVED
Recruitment of effector cells
LTC4, LTB4, PGD2, PGE2 Regulation of immune responses
T Angiogenesis, edema and bronchoconstriction
Activation of effector cells
Platelet activating factor (PAF) T Angiogenesis
Induction of physiological inflammation

CYTOKINES

;rF'\II\IF_’O:’LllE&AL&B' IL-6, IL-18, GM-CSF, LIF, - quction of inflammation

IL-3, IL-4, IL-5, IL-9, IL-13, IL-15, IL-16 T helper 2-type cytokines

IL-12, IFN-y T helper 1-type cytokines

IL-10, TGF-B, VEGF Regulation of inflammation and angiogenesis

CHEMOKINES

Recruitment of effector cells, including dendritic cells

CCL2, CCL3, CCL4, CCL5, CCL11, CcCL20 Regulation of immune responses
CXCL1, CXCL2, CXCLS8, CXCL9, CXCL10, Recruitment of effector cells
CXCL11 Regulation of immune responses
Nitric oxide and superoxide radicals Bactericial effects

Antimicrobial peptides Bactericial effects

CCL, CC-chemokine ligand; CXCL, CXC-chemokine ligand; FGF2, fibroblast growth factor 2; GM-CSF,
Granulocyte/macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; LIF, leukemia
inhibitory factor; LTB4, leukotriene B4; LTC4, leukotriene C4; PGD2, prostaglandin D2; PGE2,
prostaglandin E2; TGF-8, transforming growth factor-8; TNF, tumor-necrosis factor; VEGF, vascular
endothelial growth factor.

Mast cell mediators packed in cytoplasmic granules mainly consist of
proteoglycans, proteases (e.g. tryptase, chymase and carboxypeptidase A), histamine
and cytokines (e.g. TNF-a). Proteoglycans, such as heparin and chondroitin sulfates,
are abundant components of mast cell granules and due to their negative charge, they
form complexes with histamine and proteases, that stabilize these later mediators.'”
Following exocytosis of mast cell granules, some mediators (e.g. histamine) become
immediately soluble, whereas most of the exocytosed nanoparticules maintain their

structure through tight interactions with (negatively charged) proteoglycans. Therefore,
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granule proteins, can remain associated for longer periods as insoluble particles which
are slowly released; in addition, these particles can also travel, through the lymphatic
vessels, from the site of release (e.g. infection) to the draining lymph nodes, suggesting
that inflammatory mediators can be delivered at relatively long distances through
proteoglycan-containing mast cell mediator complexes.'***"*

Neutral proteases (tryptase, chymase, cathepsin G and carboxypeptidase A
— CPA-) constitute the majority of the protein contents of mast cell granules. These
proteins play an important role in promoting host defense through their ability to

172,173

recruit other immune cells and the activation of protease-activated receptors

(PAR).* In addition, they are also involved in tissue remodeling through their direct

4,174

effects on the extracellular matrix and matrix metalloproteinases. Furthermore,

mast cell proteases may have an important role in limiting the harmful effects of toxic
host-derived products of inflammation, such as neurotensin and endothelin.**®">
Histamine is a vasoactive amine, with a wide range of effects mediated
through four (H1, H2, H3 and H4) receptors.**®*'’® H1 receptors control the tone and
permeability of the vascular bed and the intestinal and bronchial smooth muscle, as
well as the production of mucus, the heart rate and flushing responses. In turn, H2
receptors are involved in the control of vascular permeability, gastric acid secretion

and airway mucus production.m"177

H3 receptors are located in the brain and they
have been implicated in locomotor activity. Finally, H4 receptors have been associated
with histamine induced-chemotaxis, calcium flux in BM mast cells and the migration of
tracheal mast cells from the connective tissue to the epithelium [reviewed in 176].
Similarly to other cells, activation of mast cells also induces de novo
production of mediators such as cytokines, chemokines and active lipids like
eicosanoids. Many studies have shown that the de novo production of these mediators

can greatly vary depending on the stimuli and the experimental conditions (e.g. IgE-

mediated activation of human mast cells is associated with higher production of
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eicosanoids than the application of neurogenic peptides or pharmacological
stimuli). 178

Human mast cells can produce and release several lipid mediators,
including leukotrienes and prostaglandins. Both leukotrienes and prostaglandins are
metabolic products of arachidonic acid, derived from membrane phospholipids
through the action of phospholipase enzymes.176 Their lipid structure and the
requirement for a single catalytic reaction to become bioactive metabolites allows
leukotrienes (e.g. LTC4 and LTB4) and prostaglandins (e.g. prostaglandin D,; PGD,) to be

179

quickly generated and released by mast cells.””” Generation of eicosanoids can be

induced by activation of c-Kit and/or FceRI, which elicit a two-phase release of lipid

mediators: i) immediate exocytosis of mast cell granules which associated with the

180,181

synthesis of LTC, and PGD, and is completed within 10 minutes and, ii) a delayed

182 | eukotrienes

release of PGD, alone, occurring 2 to 10 hours after activation.
predominantly exert their effects on the vascular endothelium, promoting the rolling
and recruitment of neutrophils through the expression of CD62P (P-selectin) and

143,183,184

neutrophil chemotaxis. In turn, prostaglandins contribute to vascular

permeability, chemotaxis of various cells, mucus production and activation of nerve

179,185
cells.

Other lipid mediators produced by mast cells include the platelet activation
factor (PAF) which is 1000 times more potent than histamine in increasing vascular
permeability.'”®

Additionally, mast cells produce a wide spectrum of cytokines, including
pro-inflammatory cytokines (e.g. TNF-a, IL-6 and IL-1j3), Th2 (IL-4, IL-5 and IL-13) and
Thl-skewing cytokines (e.g. IFN-y, IL-12 and IL-18) and anti-inflammatory cytokines
such as tumor growth factor (TGF)- and IL-10, as well as several chemokines (e.g.
CCL5 and CXCLS8) involved in the recruitment of immune cells to the site of infection

4,147,176

[reviewed in . TNF-a. represents the major cytokine released by mast cells, both

as a preformed and stored mediator and as a newly-synthesized molecule with
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multiple functions (e.g. upregulation of endothelial and epithelial adhesion molecules
and increase bronchial responsiveness).146
Finally, mast cells can also produce antimicrobial peptides known as

cathelicidins, which can act as natural antibiotics by directly killing a wide range of

microorganisms.186

1.2.3. Regulation of mast cell activation

Mast cell activation by different triggers is regulated by several inhibitory
mechanisms, which include ligation of receptors containing immunoreceptor tyrosine-
based inhibitory motifs (ITIM) (e.g. FcyRllb, CD300a, Siglec-8, LAIR and SIRP-a), the IL-
10 and TGF-B anti-inflammatory cytokines and intracellular signaling molecules that
modulate FceRI-mediated mast-cell activation (e.g. the Lyn negative regulator)

[reviewed in 161,187,188

]. Similarly, engagement of the CD200 myeloid cell inhibitory
receptor has been shown to inhibit FceRI-induced mast cell activation,'® and some
mast cells’ innate inhibitors like chondroitin sulphate and heparin proteoglycans, have

also been shown to hamper secretion of mast cell mediators.*®

Additionally, nitric
oxide has also been reported to block FceRI-induced cytokine secretion through
inhibition of Jun,™! and both the alpha 1-trypsin natural chymase inhibitor and the
SLPI secretory protease inhibitor are known to inhibit histamine release by human

mast cells.’®

In turn, recent studies have shown the involvement of mitochondria in
the regulation of mast cell degranulation due to the requirement of mitochondria
translocation to the cell surface for mast cell degranulation. In this regard, the UCP2
(mitochondrial uncoupling protein) protein inhibits mast cell activation and
downregulation of Drp1 (dynamin related protein 1), a cytoplasmic protein responsible

for mitochondrial fission and translocation, blocks mast cell degranulation.m'195 Other

molecules involved in the regulation of mast cell activation include retinol, pB2-
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adrenoreceptor agonists, mast cell function-associated antigen (MAFA) and CD84

(SLAMF-5), among other molecules. 81919

1.2.4. Monitoring of mast cell activation

Following appropriate stimulation, mast cells release most of their granular
contents into the surrounding environment. Although these cells can be activated
without concomitant degranulation, most physiological stimuli induce the release of

mediators stored in the cytoplasmic granules.'®

Exocytosed products become
detectable within a few minutes after cell activation and they can be highly specific for
mast cells. By contrast, release of de novo synthesized mediators upon cell activation
requires hours and it is usually less specific, as most cytokines and chemokines

produced by mast cells can also be released by other cells.*?

Therefore, monitoring
exocytosis of the mast cell granules represents a rapid and convenient mean for
evaluating mast cell activation.

At the histological level, occurrence of mast cell degranulation translates
into a lack of uniform staining and/or reduced staining of mast cell cytoplasmic
granules (decreased granular density or loss of granular contents, reflected by the
presence of empty rings around the remains of granular matrices’®) together with the
presence of extracellular granules and diffusely spread granule contents, as detected

by means of e.g. immunohistochemical tryptase staining.?%"*%

Despite this, for
decades the most widely used method to evaluate mast cell activation/degranulation
involves the detection of soluble mediators, like histamine, which are released during
degranulation.

Several techniques can be used for the in vitro measurement of histamine,
including competitive enzyme immunoassays and fluorometry, which allow for the

199

detection of biologically active histamine.””” However, once released into the blood

circulation, histamine is rapidly metabolized by histamine methyl transferase leading
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to a short half-life (<30 minutes) of histamine that makes the reliable measurement of

176

its serum levels very difficult.””> Alternatively, histamine and its metabolites can also

be measured in urine; however, diurnal variations limit its utility and practical usage as
a marker for mast cell activation. **®17°

In parallel to the release of histamine, secretion of highly-specific mast cell
proteases (e.g. tryptase), which comprise more than 90% of the contents of
cytoplasmic mast cell granules, also occurs. Thus, monitoring of tryptase serum levels
by enzyme-linked immunobsorbent assay (ELISA) techniques, has emerged as a useful
marker for mast cell degranulation.203 Nonetheless, despite tryptase is stored in the
granules as a mature active enzyme, protryptase is constitutively secreted by resting

mast cells. 4%

Since most commercially available clinical assays for tryptase
recognize both protryptase and mature tryptase, baseline serum tryptase levels consist
primarily of secreted protryptase and therefore they more closely reflect the total

mast cell burden, rather than mast cell activation.'®**

New immunoassays, using
antibodies which specifically recognize mature tryptase, released simultaneously with
histamine, but more slowly disseminated through tissues into the blood than the
former, allow for the monitoring of mast cell activation for a relatively long period of
time (15 to 120 minutes) after exposure to the stimuli responsible for mast cell

degranulation.203

Assays aiming at the detection of i) the -hexosaminidase lysosomal
enzyme, released simultaneously with histamine and tryptase, but that is not specific
for mast cells*®® and, ii) serotonin, a mast cell mediator which has been described to be
synthesized upon mast cell activation, have also been used in the literature to assess
mast cell degranulation.?%>%%

Except for the histological and morphological techniques, none of the
former approaches allows for direct assessment of mast cell activation at the single cell
level; furthermore, all such assays monitor relatively late events occurring during mast

cell activation/degranulation. Other techniques based on the detection of Annexin-V

binding to phosphatidylserine residues at the external leaflet of the plasma membrane
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of mast cells, allow assessment of mast cell activation in individual cells.*® Additionally,
activation of mast cells by IgE-dependent stimuli or other agonists, is also associated
with significant changes in the immunophenotypic profile of mast cells, such changes
involving the expression of 2 integrins, cytokine receptors, complement receptors,
and members of the tetraspanin antigen family;104 some of these changes reflect mast
cell degranulation, such as surface membrane expression of the lysosomal-associated
membrane proteins LAMP-1 (CD107a) and LAMP-2 (CD107b), together with increased
reactivity for LAMP-3 (CD63) on the plasma membrane.'®***?% Similarly to CD63,
surface  membrane expression of CD203c (ectonucleotide pyrophosphatase/
phosphodiesterase 3), is also significantly up-regulated upon IgE activation, as a result
of degranulation.’®*?° However, the kinetics of CD63 upregulation and its sensitivity
to inhibitors and activators of FceRI-mediated signaling, differ significantly from those
of CD203c, suggesting that these two molecules are linked to two distinct cell
activation mechanisms.’® More recently, surface expression of CD200R1 has also been
reported to be an activation/degranulation marker, as it was upregulated in the
plasma membrane of mouse mast cells upon stimulation with anti-Ig.**°
Immunophenotypic changes involving other cell surface antigens reflect
activation of mast cells by IgE and/or other agonists, more than the degranulation
process itself. Among other, these include upregulation of the CD69 early-activation

cell surface antigen,*****>*!!

expression of FcyRI (CD64) induced upon exposure to
IFNy,148 and reactivity for MHC class Il associated molecules (e.g. HLA-DR), which are
not detected in resting MC, but present on mast cells isolated from pathogen-infected

tissues and/or mast cells stimulated by TNF, IFNy or LPS.***%*

1.3. The physiological role of mast cells

Mast cells are strategically located at many sites of antigen entry (including

the skin, lung and gastrointestinal tract) where they can detect and initiate responses
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against invading microbes, being able to shape the immune response and act as a

bridge between innate and acquired immunity.3'4

1.3.1. The functional role of mast cells in the innate immune response

Mast cells have been implicated in host defense against a large number of
pathogens, including bacteria, parasites, viruses and fungus.? Accordingly, these cells
are well known to play an important role in innate immune responses to bacterial
infections, as they are susceptible of being activated by bacterial constituents via TLRs
(e.g. TLR2 and TLR4), CD48 and G-protein coupled receptors for peptides that are
upregulated during bacterial infection (e.g. endothelin-1 or neurotensin-1).16%2!>216
Upon activation, the release of TNF-a, LTC4 and LTB4 contributes to the recruitment of

217213 Fyrthermore, mast cells also show

neutrophils and clearance of infection.
phagocytic properties®?® and exhibit direct bactericidal activity (e.g. through release of
cathelicidins™®® and proteases®?!), at the same time they are able to kill bacteria by
entrapping them in extracellular structures composed of DNA, histones, tryptase and
cathelicidin antimicrobial peptides, the mast cell extracellular traps (MCETs).2*

Additionally, these cells have been long known to play a role in host
defense responses against parasitic infections.??®> Their preferential location in organs
targeted by parasites (e.g. skin and gut), together with the expression of key receptors
(e.g. TLR1, TLR4 and TLR9 ) which allow mast cells to directly react to parasitic stimuli,
contribute to control parasite infections (e.g. intracellular protozoan or intestinal
helminth parasites) through a wide range of mechanisms, including also recruitment of
effector immune cells like neutrophils, regulation of gut permeability and expulsion of
parasites.215

Unlike bacterial and parasitic infections, contribution of mast cells to

antiviral immunity remains largely unknown. However, at present it is well established

that mast cells can be infected by several virus (e.g. HIV - human immunodeficiency
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virus -, dengue virus, cytomegalovirus and adenovirus) and they can also be activated

through TLR-3 and TLR-7 receptors, following interaction with double-stranded and

4,224

single-stranded viral RNA, respectively. In addition, some viral products can

function as superantigens and activate mast cells by interacting with the V43 region of
IgE bound to FceRl.* Viral activation induces a unique profile of mediator release,
dominated by the production of cytokines (e.g. IL-1f, IL-6), chemokines (e.g. CCL3,
CCL4, CCL5 and CXCL8) and type | interferons (IFN-o. and IFN-), that play a key role in

antiviral responses, allowing for the recruitment of effector cytoxic cells such as CD8" T

cells and NK cells,*?%+22¢

The role of mast cells in antifungal defense is an almost unexplored area of

research, even though mast cells express several receptors and mediators known to be

215

involved in antifungal responses [reviewed in “~°]. Mast cells have been described to

respond to yeast cell wall zymosan and peptidoglycan by releasing cysteinyl

215

leukotrienes and producing reactive oxygen species (ROS).”™ These responses are

157

mediated by several receptors, including TLR2™>" and dectin-1, the B-glucan receptor

for the C-type lectin family which mediates the response to zymosan by human mast

227
cells.

1.3.2. Functional role of mast cells in the adaptive immune response

Upon stimulation, mast cells provide important signals that help the
generation of an appropriate adaptive immune response to infection, at the same time
they support the early recovery from infection and allow for a proper memory

response in case a particular pathogen is encountered again.143

These signals have the
potential to influence several steps of adaptive immune responses, from antigen
presentation to T cell activation and homing to target tissues. Accordingly, activated
mast cells express both MHC class | and Il proteins and they can process and present

228-230

antigens to T cells. Furthermore, they can indirectly present antigens to T cells
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through internalization of antigen-bound FceRl through a mechanism which is
independent of MHC Il expression, involving apoptosis and phagocytosis of mast cells

by other antigen presenting cells (APC).?!

In addition, mast cells also express several
costimulatory/inhibitory receptors and adhesion molecules; among others these
include members of the B; family of costimulatory receptors (CD80, CD86), ICAM-1
(CD54), ICAM-3 (CD50) and B-integrins like LFA-1 (CD11a/CD18), which enable mast
cells to interact with endothelial cells, lymphocytes and fibroblasts, further supporting
the role of these cells as APCs [reviewed in 4’212].

In addition to presenting antigens themselves, mast cell products can
directly modulate dendritic cell activation and antigen presentation. As an example
histamine has been shown to promote antigen uptake and cross-presentation’?
together with up-regulation of co-stimulatory molecules required for T-cell activation
on APC.”* Furthermore, mast cell mediators can promote dendritic cells to acquire a

* and they are capable of directly influencing T cell

Th2 cell-inducing phenotype?
recruitment to the sites of infection through the release of multiple chemotactic
factors (e.g. IL-6, CCL2, CCL3, CCL4, CCL5 and CCL20) or by up-regulating the expression
of several adhesion molecules (e.g. E-selectin, ICAM-1 or VCAM-1) on endothelial cells

23], Furthermore, mast cells are a source of polarizing cytokines such as

[reviewed in
IL-2, IL-4, IL-12, IL-23, IFN-y, TGF-B and IL-6 [reviewed in **°] and therefore they can
potentially induce differentiation of T cells.* Of note, mast cells also express CD154
(CD40L), a molecule that induces immunoglobulin class switch upon interaction with B
cells, and release several cytokines (i.e. IL-4, IL-5, IL-6 and IL-13) which act as B cell
growth and differentiation factors.?”

Mast cells not only promote the initiation and development of adaptive
immune responses, but they also contribute to limit the duration and magnitude of
such responses, as it has been demonstrated that they are important for mediating
CD4" CD25" Foxp3" regulatory T cell-dependent tolerance in a murine skin transplant

model. 2378
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1.1.3.3. Other physiological roles of mast cells

Apart from being prominently involved in the immune system, mast cells
orchestrate several other biological systems and maintain the homeostasis in the
body.* Accordingly, mast cells are known to influence several stages of wound healing,
including the initial inflammatory response, re-epithelialization and revascularization
of the damaged tissue and the deposition of collagen and remodeling of the

239 Moreover, they also play relevant roles in the homeostasis of

extracellular matrix.
organs that undergo continuous growth and remodeling, such as hair follicles and
bones.” In turn, growing evidence of bidirectional interaction of mast cells and neurons
suggest that both cells represent a functional unit. Accordingly, mast cell products such
as histamine, serotonin and tryptase, can influence the activity of sensory neurons;
conversely, mast cells can be activated by products released by neurons such as the
calcitonin gene related peptide (CGRP) or substance P, allowing these cells to

cooperate in order to influence various physiological conditions, including the stress

response.4

2. ROLE OF NORMAL/REACTIVE MAST CELLS IN THE PATHOPHYSIOLOGY OF
ALLERGIC AND NON-ALLERGIC DISEASES

Apart from their key role in multiple physiological conditions, normal/reactive
mast cells are involved in the pathogenesis of various chronic allergic/inflammatory
disorders and cancers. The most widely studied example of the functional deregulation
of mast cells and their physiological role relates to the pathophysiology of allergic
diseases, including IgE-mediated hypersensitivity reactions in airways, skin, and the
gastrointestinal (Gl) tract such as asthma, allergic rhinitis, atopic dermatitis and food

allergy.® These responses result from the activation of FceRI by a polyvalent allergen
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recognized by bound IgE, leading to mast cell activation and the release of both stored

and newly-synthesized mediators into the local environment.?*

Early mast cell
released mediators include histamine, tryptase, LTC4, PGD,, PAF, CCL2, IL-13, vascular
endothelial growth factor A (VEGF-A) and TNF-a.. Such mediators cause most of the
pathological symptoms and signs associated with allergy, as they have immediate
effects on epithelial, smooth muscle and endothelial cells and nerves, leading to
increased epithelial permeability, mucus production, smooth muscle contraction,

vasodilation and neurogenic signals.>*®*

A classical example of an acute allergic
response mediated by the release of early mast cell mediators is anaphylaxis.*
However, allergic diseases do not exclusively consist of this “early phase reaction”, but
they also include subsequent events involved in a “late phase reaction”, which typically
develops 2-6h after exposure to the allergen. This “late phase reaction” is directed
both by a prolonged release of mast cell mediators and the activation of newly-arrived
leukocytes and tissue-resident cells, in response to mast cell mediators (e.g. TNF-a,
LTB4, IL-5, IL-8 and CCL2) which induce i) the recruitment and local activation of
neutrophils, eosinophils and basophils, among other cells, and ii) the initiation of an

adaptive immune response.’*"***

Persistent inflammation induced by prolonged or
repetitive exposure to specific allergens, leads to a “chronic allergic inflammation”,
typically characterized by the presence of large numbers of innate and acquired
immune cells at the affected site and by changes in the extracellular matrix, leading to
tissue remodeling and fibrosis [reviewed in 241].

Deregulated activation of mast cells through IgE-independent mechanisms,
linked to 1gG or IgM autoantibodies, immune complexes and TLRs, have been
implicated in several autoimmune disorders, including psoriasis, rheumatoid arthritis
and multiple sclerosis.?*? Although the demonstration of the involvement of mast cells
in many of these disorders is mainly based on the observation of mast cell hyperplasia
and/or increased mast cell products at sites of tissue injury, direct participation of

mast cells in the pathogenesis of some of these diseases has also been reported.**?”**?
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As an example, mast cells from multiple sclerosis patients have been reported to
release cytokines/chemokines which selectively i) induce T cell and macrophage
recruitment and activation, ii) present myelin antigens to T cells, iii) disrupt the blood-
brain barrier and, iv) facilitate the entry of T cells that are sensitized to myelin basic
protein and damage myelin; in turn, activated T-cells lead to the release of myelin
fragments that may further stimulate secretion of tryptase, which may in turn enhance
demyelination and induce further inflammation through stimulation of mast cell
protease-activated receptors (PAR) [reviewed in #7243,

Increasing evidences suggest that mast cells play a relevant role in the
pathophysiology of several cardiovascular diseases, such as atherosclerosis, the major
underlying cause of acute cardiovascular syndromes (e.g. myocardial infarction and
stroke) characterized by a lipid-driven chronic inflammatory process.**** Accordingly,
greater numbers of mast cells are found in atherosclerotic plaques.’* These mast cells
produce and/or release mediators like histamine, tryptase, chymase and cytokines
such as TNF-a, IFN-y, MCP-1, IL-6 and IL-8 which contribute to the development,

. . . . . 244
progression and destabilization of atherosclerotic lesions.

Additionally, mast cell
activation in atherosclerosis has been demonstrated to promote lipid uptake by
macrophages, lipoprotein retention within the lesion, apoptosis of various vascular
cells, leukocyte recruitment, vascular leakage and intraplaque hemorrhage, all
resulting in the progression and destabilization of the atherosclerotic plaques

[reviewed in **

]. Other examples of the impact of mast cells in cardiovascular disease
include the Kounis syndrome, characterized by the concurrence of an acute coronary
syndrome and a mast cell activation syndrome, associated with allergic and
hypersensitivity reactions which include anaphylactic or anaphylactoid insults, as a
result of the effect of inflammatory mediators released during mast cell activation;
such insults may ultimately lead to angina pectoris and myocardial infarction.?*¢*%

Mast cells have long been recognized to infiltrate the interface between tumors

and healthy tissues.?*®***° However, the impact of mast cell accumulation in the tumor
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periphery still remains controversial as some studies reported that mast cells might
promote tumor growth (e.g. in rectal cancer tumors), whereas others support an

248,249

inhibitory growth effect for these cells (e.g. in breast cancer). Despite such

apparent discrepancies, several functions have been suggested for mast cells in tumor

2% In fact, mast cells express a wide

growth through e.g. an increased angiogenesis.
range of pro-angiogenic factors and they are a major source of proteases which can act
on the surrounding extracellular matrix and therefore play an important role in tissue

248
h.

remodeling during tumor growt Moreover, mast cells have also been reported to

affect tumor growth by mast-cell mediated cytotoxicity and immune regulation

through both recruitment of immune cells and/or immunosuppression.248’249

3. CLONAL MAST CELLS AND MASTOCYTOSIS

Homeostatic regulation and control of tissue mast cell numbers is a complex
process which involves an intricate network of factors that affect cell proliferation,
differentiation and survival. Deregulation of these processes leads to an altered (e.g.
increased) tissue mast cell load which frequently results from changes in the tissue
microenvironment (e.g. B-cell chronic lymphoproliferative disorders, chronic atopic
disease, or helminthic/bacterial infection), leading to a reactive mast cell
hyperplasia.”*® However, a pathological accumulation of clonal mast cells may also
occur, with both systemic and local consequences, as a result of an increased mast cell
burden and the potentially augmented release of mast cell-associated mediators.”
These later cases represent a rare group of disorders, with an estimated prevalence of
1-5 individuals per 10,000 individuals,?* which are categorized under the general term
of “mastocytosis”. Consequently, mastocytosis includes a very heterogeneous group of
diseases, that may or may not have a familial component, which can occur at any age,

and show a clinical course which ranges from “mild” disorders with a normal life
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7232 Eyrthermore, the clinical

expectancy to “highly aggressive” malignant disease.
features of clonal mast cell disorders include a wide range of symptoms, which are
frequently related to the release of mast cell mediators (e.g. pruritus, flushing, nausea,
vomiting, diarrhea, abdominal pain and vascular instability, among other symptoms)

and/or the involvement of distinct organs/tissues (e.g. skin, bone marrow,

gastrointestinal (Gl) tract, liver, spleen or the lymph nodes).”

3.1. The pathogenesis of mastocytosis

Based on the recognition that SCF is the main mast cell growth factor, Nagata et
al.?*® identified an activating point mutation in the peripheral blood of 4 patients with
a systemic form of mastocytosis who showed predominant myelodysplastic features.
Such point mutation, consisted of a substitution of a valine by an aspartic acid in the
codon 816 of the catalytic domain of c-Kit (D816V KIT mutation). This mutation
disrupts the hydrogen bond between residues D816 and N819, which destabilizes the
inactive conformation of the kinase domain of c-Kit,>* leading to constitutive c-Kit
autophosphorylation and deregulation of mast cell function (e.g. increased

255,256

proliferation). Subsequent studies reported that more than 90% of adults with

257 additionally, other less frequent (<5%)

systemic mastocytosis carry this mutation.
somatic KIT mutations have also been identified in patients with mastocytosis (Table 7).
Such mutations cluster in relatively small regions of the molecule, most frequently at
exons 11 and 17, leading to aminoacid changes at the juxtamembrane domain and the
tyrosine kinase (TK) 2 domain of c-Kit, respectively (e.g. V560G, R815K, D816Y, D816H,
D816F, among other mutations).”® Less frequently, other KIT mutations are detected at
exons 8 and 9, which code for the extracellular domain of c-Kit (e.g. K5091) (Table 7).%°
Despite controversial results exist in the literature as regards mastocytosis
with a childhood-onset, recent studies suggest that they also represent a mast cell

disease associated with either germline or acquired activating KIT mutations.?”®*°
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% since the

However, the KIT genotype varies significantly with the age of onset,?
D816V KIT mutation seems to be less frequent in childhood vs. adult onset
mastocytosis (35% vs. >90%, respectively), whereas mutations outside exon 17,
specially activating mutations at exons 8 and 9, are more frequently found among

pediatric (cutaneous) forms of the disease (Table 7).”"**®

Table 7. KIT mutations reported in patients with mastocytosis. [Modified and updated from Orfao

et a/.zs]
-Kit FREQUENCY
DC;:MAIN EXON MUTATION EFFECT C(l;) ¢ COMMENTS REFERENCES
D419del Unknown <5 Familial SM Hartman (2005)**"
FF419ins Unknown <5 PediatricCM  Bodemer (2010)*®
8 T417_D419del insY  Activating <5 Pediatric CM Bodemer (2010)**®
C443Y Activating <5 Pediatric CM Bodemer (2010)**®
C%r S476l Activating <5 Pediatric CM Bodemer (2010)258
- S501_A502dup Unknown <5 SM Georgin-Lavialle (2012)**?
9 A502_Y503dup Unknown <5 SM Mital (2011)*%
N505_F508dup Unknown <5 Pediatric CM Bodemer (2010)**®
K509l Unknown <5 Familial SM Zhang (2006)%%*
Trans- F522C Activating <5 Y Akin (2004)°%°
membrane 10 A533D Activating <5 Familial SM Tang (2004)*%®
V559l Activating <5 SM Nakagomi (2007)*%
m:":‘ﬁne 11 V560G Activating <5 SM Et;ittr?:r((lf:;g;j;
D572A Activating <5 Pediatric CM Bodemer (2010)**®
TK1 13 V654A Unknown <5 SM Spector (2012)**°
R815K Unknown <5 Pediatric CM Sotlar (2003)*°
D816A Unknown <5 SM-AML Yabe (2012)*"
D816V Activating >90 Adult SM Garcia-Montero (2006)>’
D816Y Activating <5 SM Longley (1999)*"
TK2 D816H Unknown <5 SM-AML Pullarkat (2000)*”
Activation D816F Activating <5 SM Longley (1999)"2
loop 17 D816l Activating <5 Pediatric CM Bodemer (2010)**®
1817V Unknown <5 SM Garcia-Montero (2006)’
V815 _1816ins Unknown <5 SM Garcia-Montero (2006)>’
D820G Unknown <5 SM Pignon (1997)*"*
N822I Activating <5 Familial SM Wasag (2011)*"
E839K Inactivating <5 cM Longley (1999)*”

SM, systemic mastocytosis; CM, cutaneous mastocytosis; TK1, c-Kit tyrosine kinase domain 1; TK2, c-Kit
tyrosine kinase domain 2; AML, acute myeloid leukemia.
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Other oncogenic mutations, which cosegregate with the KIT D816V
mutation, have been recently identified in small subsets of patients.276 Despite most of
these mutations are not specific for mastocytosis and their impact in the pathogenesis
and prognosis of the disease remains largely unknown, some associations with the

d.?’® Accordingly, mutations in the

clinical features of the disease have been suggeste
TET2 (TET oncogene family member 2) tumor suppressor gene, previously described in
myeloid neoplasms,?’’ have been reported to be present in 29% (n=12/42 patients) of
mastocytosis patients with systemic forms of the disease, specially among those
patients who also display monocytosis.278 Furthermore, the V617F JAK2 mutation
typically detected in Philadelphia-chromosome-negative myeloproliferative neoplasms
(MPN) (e.g. primary myelofibrosis, polycythemia vera and essential
thrombocythemia),””® has also been identified in highly purified mast cells from 4
patients with systemic mastocytosis (SM) carrying an associated chronic idiopathic
myelofibrosis.280 More recently NRAS activating mutations have also been reported in
2 out of 8 patients with advanced forms of SM, while such mutations were
systematically absent in 36 patients with indolent forms of the disease.”®" Interestingly,
the Ras/MAPK pathway is a c-Kit downstream signaling pathway, which is important in
the regulation of mast cell proliferation and survival (Figure 1C),*® suggesting that
simultaneous presence of the two activating mutations could have a synergistic impact
on the expansion of this cell compartment, and therefore, also in the severity of the
disease.”®' A similar association has been recently reported between the V654A KIT
mutation previously described in gastrointestinal stromal tumors (GIST), and the L188F
missense mutation involving the MS4A2 gene that codes for the B-chain of the high-
affinity tetrameric cell-surface IgE (FceRl) receptor in a patient with an aggressive form
of SM who tested negative for the more frequent D816V KIT mutation.?®®

Finally, two recent reports suggest that mast cell disorders associated with
KIT mutations may be influenced by the genetic background of the individual, since

simultaneous presence of the Q576R gain-of-function polymorphism in the
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cytoplasmic domain of the IL-4a receptor subunit (IL-4Ra), appears to be associated
with less extensive mast cell involvement and disease restricted to the skin.?®?
Conversely, the -1112C/T IL-13 promoter gene polymorphism, known to be associated
with increased /L-13 transcription, was found to be significantly more frequent among
patients with systemic variants of the disease, adult-onset mastocytosis and higher
serum tryptase levels.?®?

All the above observations support the hypothesis that mastocytosis most
likely results from the presence of a constitutively activated SCF/c-Kit pathway in
clonal mast cells from adult patients and some children, associated with other

secondary (or coexisting) genetic events, giving rise to distinct clinical variants of the

disease.”

3.1.1. Impact of the KIT mutation in mastocytosis

Despite several mutations and polymorphisms have been described in
mastocytosis, the presence of a KIT activating mutation seems to be the common
denominator to the great majority of patients, specially for those with an adult onset

20257 Activation of the c-Kit receptor and its

and systemic variants of the disease.
downstream pathways in normal mast cells, leads to increased cell proliferation,
survival, degranulation and mediator release, as well as to changes in mast cell

adhesion and migration properties;26’3°’35

consequently, the presence of a KIT mutation
leading to constitutive ligand-independent activation of the receptor, could be

expected to severely affect these mast cell functions.”®

3.1.1.1. Proliferation and survival of KIT mutated mast cells

Under physiological conditions, activation of c-Kit following SCF binding
induces mast cell proliferation and survival. Since the majority of patients with

mastocytosis carry an activating mutation - most frequently the D816V mutation®’ -, it
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could be expected that these functions would be affected in their clonal mast cells.?® In
fact, gain-of-function mutations of KIT have been classically described to induce mast

28428 35 a consequence of the activation of several downstream

cell proliferation,
pathways which are involved in controlling cell proliferation and survival (e.g. PI3K,
MAPK and PKC) (Figure 1C).>* In line with this, studies performed in the SCF-
independent human mast cell-1 (HMC-1) cell line, which carries two activating KIT
mutations (i.e. D816V and V560G), found that constitutive activation of c-Kit and its
downstream pathways leads to increased proliferation in a NFkB (nuclear factor

kappa-light-chain-enhancer of activated B cells)-dependent way.287

Therefore,
constitutive activation of c-Kit results in increased expression of cyclin D3, through the
activation of NFkB and its translocation to the nucleus; such increased cyclin D3
expression leads to phosphorylation of Rb (pRb; phosphorylated retinoblastoma
protein) and S-phase promotion in the activated clonal mast cells. 252

Moreover, activation of SCF/c-Kit-associated signaling pathways is also
known to increase mast cell survival. As an example, SCF-mediated activation of the
PI3K/Akt pathway leads to the inhibition of the Bad pro-apoptotic protein (Figure
1C).%® Regulation of the anti-apoptotic activity of c-Kit exerted through the PI3K/Akt
pathway is controlled by phosphorylation of residue Y721 of c-Kit at its kinase insert
domain;***° thus, conformational changes induced by mutations at the activation loop
(e.g. D816V) of KIT that cause activation of the PI3K pathway, may also contribute to
mast cell transformation through an enhanced survival.?® In this regard, mTOR
(mammalian target of rapamycin), a downstream serine/threonine kinase target of Akt
in the PI3K pathway, is also constitutively activated in HMC-1 cells carrying the D816V

288

mutation.”*® Also, D816V mast cells isolated from patients diagnosed with systemic

variants of mastocytosis, but not normal mast cells, are sensitive to rapamycin, which

288,289

leads to the inhibition of survival of clonal mast cells. Furthermore, neoplastic

mast cells from several cell lines and mastocytosis patients, carrying different
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activating KIT mutations, have been shown to display constitutive activation of STATS5,
which contributes to both the growth and survival of clonal mast cells.?02%3

Overall, due to these effects of activating c-Kit mutations on mast cell
proliferation and/or survival, they typically lead to an increase in mast cell numbers,

associated with an abnormal accumulation of these cells in one or more affected

tissues.??

3.1.1.2. High-throughput gene expression profiling

High-throughput gene expression profiling has emerged over the last
decades as a powerful tool for the advancement of biomedical research.”® Rapid
progress in the development of cDNA microarray technology which allow for
simultaneous determination of mMRNA expression levels of thousands of genes, has
largely contributed to better understand the molecular mechanisms underlying normal
and altered biological processes in multiple neoplastic and non-neoplastic disease

296-300

conditions. Furthermore, it has led to the identification of new gene expression

programs and pathways, with a significant impact in patient diagnosis, classification,

1
300,30 More

prognosis and the evaluation/prediction of the response to therapy.
recently, high-throughput gene expression profiling studies performed on highly-
purified cell populations allowed for the study of very infrequent cell subsets; this has
increased sensitivity of the technique, overcoming important methodological
limitations associated with both the study of specific cell population within an
heterogeneous cellular background and the variability associated with different levels
of infiltration by tumor cells in a sample.>**3%*

Despite the potential value of high-throughput gene expression
microarray analyses for better understanding the molecular basis of clinically

heterogeneous diseases few reports exist in the literature in which gene expression

profiling has been assessed in mastocytosis. Furthermore, in none of them highly-

305-307 305
d. l.

purified mast cells were analyze In an early study en 2003, D’Ambrosio et a
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identified 168 significantly deregulated genes (either up- or down-regulated) in BM
mononuclear cells from patients with systemic mastocytosis (n=8) vs. healthy controls
(n=5). Up-regulated genes were associated with proteins contained in mast cell
granules (e.g. a- and B-Tryptase and CPA), transcription factors, cell-cycle related

305

genes and genes involved in neoplastic transformation and apoptosis.”™ More recently,

1.,3%%3% analyzed the gene expression

in two consecutive studies Niedoszytko et a
profile (GEP) of non-sorted whole peripheral blood samples from patients with
indolent forms of systemic mastocytosis with (n=12) and without (n=10) previous
history of insect venom anaphylaxis, and compared them with those of 43 healthy
controls. Overall, these authors found abnormal GEPs, which involved the MAPK,
JAK/STAT and p53 cancer-associated signaling pathways, together with cell cycle and
apoptosis-related genes. Furthermore, a GEP consisting of a combination of 29 genes

397 In addition,

was identified which could contribute for the diagnosis of these patients.
distinct GEP (n=104 genes) were reported for patients with and without prior history of
anaphylaxis; in this later set of genes, genes involved in pathways favoring cell
differentiation over cell proliferation in patients with insect venom anaphylaxis, were
included, suggesting that mast cell differentiation could be a critical determinant of the
sensitivity to anaphylaxis, at the same time, gene expression profiling would be a

useful tool for the identification of patients who are at risk of insect venom

anaphylaxis.>®

3.1.1.3. The morphology of KIT mutated mast cells

Physiological activation of mast cells is also accompanied by the
engagement of exocytosis, cell migration and/or adhesion to various substrates. These
processes are frequently associated with morphological changes in the cells involved,
and they are highly dependent on the activity of cytoskeleton proteins.>*®® Accordingly,
early studies by Vosseller el al. in 1997 using scanning electron microscopy, reported

changes in the membrane morphology of mouse BM mast cells upon activation of c-Kit
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with SCF, for 30 min. These authors described unstimulated mast cells as round and
compact cells, whereas a dramatic structural reorganization occurred upon activation:
membrane folds extended radially and the cells appeared to spread.>® Furthermore,
these c-Kit dependent morphologic changes required actin reorganization, triggered by

activation of both PI3K and Rac.”**%®

More recently, SWAP-70 (switch-associated
protein 70), a PI3K-dependent guanidine nucleotide exchange factor (GEF) that binds
phosphatidylinositol-3,4,5-trisphosphate (PIP3), the second messenger product
generated by PI3K, was also described to be implicated in the interaction with F-actin
(filamentous actin).>® Accordingly, SWAP-70 contributes to regulate polymerization
and/or depolymerization of actin, a process that is required for the rearrangement of
the actin cytoskeleton, and consequently also for changing cell shapes.**® During mast
cell activation, SWAP-70 also targets activated Rac to the cell periphery, a process

which is also necessary for actin rearrangements.>™

Fyn (a SFK which is activated upon
SCF-induced mast cell activation) has also been recently described to be required for c-
Kit mediated activation of PI3K/Rac2-dependent pathways involved in the
reorganization and polarization F-actin during spreading and lamellipodia formation,
therefore leading to morphologic changes of mast cells.*™*

Interestingly, activation of PI3K, similarly to other SCF/c-Kit downstream
pathways (p38a***’ MAPK and the JAK/STAT®®®), also plays an important role in the

054 since activation of c-Kit and its downstream

regulation of mast cell differentiation.
pathways are both involved in cytoskeleton rearrangements and regulation of mast
cell differentiation, the presence of a KIT mutation leading to constitutive activation of
this receptor, would potentially have also an important impact on the morphologic
appearance of clonal mast cells. In line with this hypothesis, KIT-mutated mast cells
exhibit altered but distinct cytomorphological properties, which correlate with the
different stages of mast cell maturation.>'? Such altered cytomorphological features of
KIT-mutated mast cells have been classified into four separate morphological sub-

groups by Sperr et al. in 2001 (Table 8).>*
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Table 8. Distinct subtypes of clonal mast cells as defined by morphologic examination of BM
smears stained with May-Griinwald-Giemsa and toluidine blue (isolated metachromatic blast).

[Modified from Sperr et a

l. 312]

Morphological

subtype

Main morphological features

lllustrating examples

TYPICAL TISSUE

METACHROMATIC

ATYPICAL MAST CELL

ATYPICAL MAST CELL TYPE

MAST CELL

BLAST
(IMMATURE)

TYPE |

Il (PROMASTOCYTE)

(MATURE)

¢ Round or oval cell;

¢ Small or medium size;

¢ Round nucleus with central position;
e Condensed chromatin;

e Low N/C ratio;

¢ Well granulated cytoplasm;

Two or three of the following:

¢ Prominent surface projections;

¢ Oval nuclei with excentric position;

¢ Hypogranulated cytoplasm with focal granule
accumulations with or without granule fusions;

e Variable shape of cell;

¢ Bi- or polylobed nuclei;

¢ Nucleoli may be present;

¢ Cytoplasm often hypogranulated;

¢ Low N/C ratio (more mature) or high N/C ratio
(more immature);

¢ Nuclear chromatin condensed (mature) or fine
(immature);

e Blast-like morphology;
¢ Nuclear pattern as blasts;
* Prominent nucleoli;

e Few metachromatic granules;

Thus, Wright-Giemsa stained BM mast cells from patients with clonal

mast cell disorders, exhibit morphologic features which range from those of a

metachromatic granulated blast (usually detected in an early phase of mastopoiesis)

and an immature atypical mast cell with bi- or multilobed nuclei (promastocyte or
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atypical mast cell type IlI), to more mature cells which may show an atypical
morphology with prominent surface projections, frequently spindle-shaped, with an
hypogranulated cytoplasm and/or an oval excentric nucleus (atypical mast cell type 1)
and typical mature (tissue) mast cell features, consisting of round or oval shaped cells

with a round central nucleus and a well granulated cytoplasm (Table g).}1?

3.1.1.4. Histopathological alterations associated with KIT-mutated mast

cells

Constitutive activation of c-Kit on KIT-mutated clonal mast cells leads to

26,312 Altogether,

increased proliferation and survival, as well as morphological changes.
these altered processes are considered to be responsible for an abnormal
accumulation of morphologically atypical mast cells in one or more different tissues,
ultimately leading to modification of the histological features of the affected tissues."
Therefore, biopsies from BM and other affected organs from patients with clonal mast
cell disorders, typically show dense, focal and/or diffuse mast cell infiltrates; this is in
contrast to cases with reactive mast cell hyperplasia, including myelodysplastic
syndromes, which are typically characterized by a diffuse increase in isolated mature,
round or spindle-shaped, metachromatic mast cells which are loosely scattered
throughout the tissue and do not form dense focal infiltrates, even in states of marked
hyperplasia.313 In BM biopsies, these multifocal, dense aggregates of clonal mast cell
are mostly localized in the peritrabecular and/or perivascular areas, typically with a

1 . . re
33 Furthermore, in some cases these infiltrates also

spindle-shaped morphology.
contain variable numbers of lymphocytes (both B and T cells), plasma cells, eosinophils,
histiocytes and/or fibroblasts, together with reticulin fibers, accompanied in specific
cases by marked collagen fibrosis.”*3

Depending on the number and distribution of mast cells in the BM,
different histological patterns can be observed, from increased numbers of interstitial

mast cells without evidence of compact mast cell aggregates, to focal infiltrates and
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cellular dense mast cell aggregates with a diffuse pattern of infiltration by mast cells

314

that replaces the normal hematopoietic BM tissue (Figure 3).

Figure 3. Immunohistochemical tryptase staining of bone marrow (BM) biopsies illustrating
the distinct patterns of infiltration observed in mastocytosis patients. In Panel A focal BM
infiltration is shown, whereas diffuse interstitial and cellular/dense patterns of infiltration
are depicted in Panels B and C, respectively. [Modified from: Horny et al.>"’]

3.1.1.5. Migration and tissue/organ involvement by KIT-mutated mast

cells

Currently, it is well-established that mast cell migration to peripheral

tissues is also a SCF/c-Kit mediated process.26'128'315

Accordingly, activation of c-Kit has
been shown to be involved in PI3K-dependent mast cell adhesion to the extracellular
matrix through fibronectin, due to the activation of fibronectin receptors on these

cells. ™!

Furthermore, recent data suggests that SCF can also regulate mast cell
chemotaxis mediated by the CCL2/CCR2 axis, which plays a central role in antigen-
induced recruitment of mast cells to the lung.>'® In line with this, a recent study by Hu
et al.*® identified P38a, a c-Kit downstream MAPK (Figure 1C), as an important factor in
the regulation of SCF-induced migration of fully differentiated mast cells, because
deletion of P38a leaded to reduced numbers of mast cells in certain tissues. Moreover,
constitutive activation of c-Kit disrupts the physiological mechanisms responsible for
the regulation of these migration-related processes, and enhances of the chemotaxis
of CD117" cells, which therefore contributes to the abnormal pattern of accumulation

of mast cells in distinct tissues/organs, due to the disordered cell trafficking.>'’

Patients with clonal mast cell disorders show increased numbers of morphologically
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atypical mast cell infiltrates in different tissues/organs, including the spleen and liver,

313 Such massive

where mast cells are virtually absent under physiological conditions.
mast cell infiltration may ultimately lead to organ dysfunction, and potentially also
some of the symptoms mastocytosis patients display, e.g. constitutional symptoms like

weakness, fatigue, night sweats or weight loss.”*

Interestingly, even among those
patients that share the same activating KIT mutation (i.e. D816V), variable patterns of
involvement of different tissues can be observed (e.g. skin, BM, spleen, liver, lymph
node and/or peripheral blood), suggesting that factors other than the KIT mutation

itself, are involved in clonal mast cell homing to tissues. Nevertheless, the exact

mechanisms underlying this heterogeneity remain largely unknown.?®

3.1.1.6. Systemic manifestations due activation of clonal mast cells

Human mast cell degranulation is mainly driven through binding of
IgE/antigen immunocomplexes to the immunoglobulin E high-affinity receptor (FceRl)
on the surface membrane of mast cells. Despite this, activation of c-Kit substantially
potentiates antigen-mediated mast cell degranulation and cytokine production.26’318
Accordingly, in the presence of antigen/IgE immunocomplexes, SCF-mediated c-Kit
signaling activates PLCy (Figure 1C), and ultimately leads to calcium mobilization and
mast cell degranulation.318 This synergistic effect of c-Kit is mediated by NTAL (linker
for activation of T cells family, member 2), a protein that acts as a pivotal link between
the signaling cascades following c-Kit activation and cross-linking of FceRI.>!® Therefore,
constitutive ligand-independent KIT-activating mutations favor an enhanced mast cell
response against distinct stimuli (e.g. antigen or physical stimuli) within the mast cell
microenvironment, leading to the release of different mediators which may even
become systemically detected (e.g. higher serum total baseline tryptase levels or
histamine levels).” Since mast cell mediators play very different physiological roles

(Table 6), constitutive activation of clonal mast cells, driven by mutated c-Kit, leading

to increase release of distinct mediators, ultimately results on a wide array of variable
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clinical symptoms.*® Accordingly, patients with systemic clonal mast cell disorders may
show one or several mediator-related systemic symptoms, including recurrent
anaphylaxis, abdominal pain, gastrointestinal distress, flushing, syncope, headache,
hypotension, tachycardia or respiratory symptoms.” Furthermore, since mast cell
mediators are known to play an important role in bone homeostasis, its alteration
because of extensive release of mast cell mediators, often leads to musculoskeletal
complaints such as bone pain, osteopenia/osteoporosis, pathological fractures and/or

arthralgia.”

3.1.1.7. Inmunophenotype of KIT-mutated mast cells

As previously referred, SCF induced activation of c-Kit plays an
important role in a broad range of mast cell biological functions, including mast cell
proliferation, survival, differentiation, migration, adhesion and activation, among

2627 KIT mutation involving mast cells from patients with clonal mast

others functions.
cell disorders has a significant impact in most, if not all, these cell functions.?® Such
functional changes are the visible consequence of an altered expression of several
molecules (Table 9) due to constitutive activation of c-Kit and its downstream
pathways, as well as the altered communication with the cell microenvironment.
Accordingly, increased mast cell secretion/degranulation in mastocytosis patients
carrying the D816V mutation, is associated with up-regulation of membrane
expression of activation (e.g. CD69%%°) and degranulation (e.g. CD63%**! and CD203c'")
related molecules, as well as increased expression on BM mast cells of complement-
associated proteins like CD35, CD59 and CDgg. 1243 Furthermore, the altered mast cell
adhesion and migration functions that contribute to the abnormal accumulation of
clonal cells in distinct tissues are partially due to an altered expression of adhesion
molecules, such as expression of CD2 (LFA-2; absent in normal BM mast cells while

113,322

detected in the majority of the patients), up-regulation of CD33 (Siglec-3)'** and
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down-regulation of the CD29 integrin (integrin beta-1) in these patients vs. healthy

subjects.113

Table 9. Qualitative and semiquantitative patterns of expression of individual markers on

normal and clonal bone marrow mast cells. [Adapted from

110,113,122,124,125,322,323]

Functional grou .
of moIecEIes P Antigen CD code (‘l’:?):“?oas!tglgnc;\sne(s:) (‘VS L?';ﬁligx' cl:\/lgs)
CYTOKINE IL-2Ro CD25 - ++ (100%)
RECEPTORS c-Kit CD117 +++ (100%) ++ (100%)
LFA-2 CD2 - +(83%)
Integrin alpha-L CD11a -/+ (20%) -
Integrin alpha-M CD11b -/+ (50%) -/+ (50%)
Integrin alpha-X CD11c -+ (71%) +/++ (100%)
Integrin beta-2 CD18 -/+ (65%) -/+ (44%)
Siglec-2 CD22 -/+ (60%) -/+ (60%)
Integrin beta-1 CD29 ++ (100%) +/++ (100%)
ADHESION- Siglec-3 CD33 ++/+++ (100%) +++ (100%)
RELATED HPCA-1 CD34 - -
MOLECULES gpllib/llla complex CD41a - -/+ (45%)
Platelet glycoprotein Ib alpha CD42b - -/+ (45%)
Pgp-1 CD44 ++ (100%) ++(100%)
Integrin alpha-4 CD49d +/++ (100%) +/++ (80%)
Integrin alpha-5 CD49%e +(100%) -/+ (30%)
Integrin alpha-V CD51 +(100%) -/+ (45%)
ICAM-1 CD54 -/+ (75%) ++ (100%)
Integrin beta-3 CD61 -/+ (66%) -+ (22%)
CR1 CD35 - ++ (100%)
Membrane cofactor protein CD46 +2 +?
COMPLEMENT- Ca"c:‘eﬁ:’r’a“tf:gt faecctz‘; CD55 ++(100%) ++(100%)
RELATED PROTEINS Membrane attack complex o o
inhibition factor CD59 ++ (100%) ++/+++ (100%)
C5aR cD88 - -/+ (50%)
FceRl NA ++/+++ (100%) ++(100%)
IMMUNOGLOBULIN FcyRIIIB CD16 - -
RECEPTORS FceRll CcD23 - -
FcyRI CD64 - -
CD9 antigen CcD9 +++ (100%) +++ (100%)
TETRASPANINS LAMP3 CD63 ++ (100%) ++/+++ (100%)
TNF RECEPTOR CD30L receptor CD30 - -/+(38%)"”
FAMILY PROTEINS CDA4OL receptor CD40 -/+ (65%) -/+ (65%)
ACTIVATION Early activation antigen CD69 CD69 +(100%) +/++ (100%)
MARKERS E-NPP3 CD203c +(100%) +/++ (100%)
T-cell surface glycoprotein CD4 -/+ (60%) -/+ (60%)
Aminopeptidase N CD13 -/+(33%) -/+ (75%)
ADP-ribosyl cyclase 1 CD38 - -
Leukosialin CD43 +(100%) -/+ (80%)
Mg[g/gngS LCA CD45 ++ (100%) ++(100%)
Transferrin receptor protein 1 CDh71 + (100%) -/+ (38%)
Bcl-2 NA +(100%) +/++(100%)
Chymase NA 4+ -+
Tryptase NA ++ (100%) ++ (100%)

a) Information regarding the frequency of positive cases is currently not available. b) Detected by
immunohistochemistry;
NA: not applicable; HPCA-1- Hematopoietic progenitor cell antigen CD34; Pgp-1 - Phagocytic

glycoprotein 1;

Lysosomal-associated

membrane  protein

3;

E-NPP3-

phosphodiesterase family member 3; LCA, Leukocyte common antigen.

ICAM-1 - Intercellular adhesion molecule 1; CR1 — complement receptor 1; LAMP3-
Ectonucleotide

pyrophosphatase/
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Interestingly, expression of CD25 (IL-2Ra) which is typically absent in
normal/reactive BM mast cells, is only detected in mast cells from patients carrying the

KIT D816V activating mutation, but not in reactive and clonal mast cells from many

113,257

patients that lack this mutation. Moreover, expression of other molecules, like

CD30 (TNFRSF8), seems to be only detected in BM mast cells from a subset of D816V*

3

patients with more aggressive forms of the disease;*”® other molecules, like the

transferring receptor protein 1 (CD71) are not detected in neoplastic mast, cells while

expressed by normal BM mast cells.'?

3.2. Diagnostic criteria for mastocytosis

Mastocytosis defines a heterogeneous group of clonal disorders characterized by
the accumulation of morphologically and/or immunophenotypically abnormal mast
cells in one or multiple organs and tissues.” Depending on the disease distribution and
its clinical manifestations, two major variants of the disease exist (cutaneous vs.
systemic mastocytosis), which are further subdivided into different subtypes according
to the type and sites of clonal mast cell involvement, laboratory findings and the
degree of organ impairment.

Accordingly, cutaneous mastocytosis (CM) is more frequently diagnosed in
children, based on the presence of skin involvement with typical histological infiltrates
of mast cells in a multifocal or diffuse pattern, in the absence of extracutaneous
disease; by contrast, systemic mastocytosis (SM) is most commonly seen in adults and
it typically involves multiple organs, which almost always include the BM and often,

also the skin.”3**

The great majority (>90%) of adult cases with systemic mastocytosis
carry activating mutations in the catalytic domain of KIT (most frequently the D816V
KIT mutation). Such mutations lead to abnormal proliferation and migration processes,

ultimately resulting in the expansion and accumulation of morphologically and/or

immunophenotypically aberrant mast cells in distinct tissues. Since this represents the
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most common form of the disease in adults, presence of multifocal dense aggregates
of >15 (usually spindle-shaped), mast cells in tissue sections from biopsy specimens of
bone marrow and/or other extracutaneous organs is considered by the World Health
Organization (WHO), as the single major diagnostic criterion for systemic mastocytosis
(Table 10).”**

The BM is the most common site where diagnosis of SM is established, as it is
almost always involved. However, diagnostic material can also be obtained from other
sites, but histological criteria for the diagnosis of mastocytosis in

extramedullary/extracutaneous organs, are less established.***

In order to correctly
identify mast cells in distinct tissues, specific immunohistochemical markers such as c-

Kit and tryptase must be used.*®

Table 10. WHO diagnostic criteria for systemic mastocytosis. [Modified from Horny et al.”]

Major criterion

¢ Multifocal, dense infiltrates of mast cells (>15 mast cells in aggregates) detected in
sections of bone marrow and/or other extracutaneous organ(s).

Minor criteria

1. In biopsy sections of bone marrow or other extracutaneous organs, >25% of the mast
cells in the infiltrate have an atypical morphology (e.g. spindle shape) or >25%
immature or atypical cells from all mast cells are found in a bone marrow aspirate
smear.

2. Detection of an activating point mutation at codon 816 of KIT in bone marrow, blood
or another extracutaneous organ.

3. Mast cells in bone marrow, blood or other extracutaneous organs aberrantly express
CD2 and/or CD25.

4. Serum baseline total tryptase persistently exceed 20ng/mL.a)

THE DIAGNOSIS OF SYSTEMIC MASTOCYTOSIS IS MET WHEN ONE MAJOR AND ONE
MINOR, OR AT LEAST THREE MINOR CRITERIA, ARE PRESENT.

Apart from this major diagnostic criterion, four additional minor criteria are
proposed by the WHO for the diagnosis of SM. These include the presence of
activating point mutations at codon 816 of KIT in mast cells from BM, blood or another

extracutaneous organ. The D816V KIT mutation is present in most adult SM cases,
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257 However, detection of

except for a small, clinically distinct, subgroup of patients.
the KIT mutation should be performed with caution, specially because the majority of
infiltrated samples have relatively low mast cell numbers (<0.01%). In such cases,
usage of whole BM or BM mononuclear cells to obtain DNA or RNA is not
recommended for KIT mutational analysis due to the limited sensitivity associated with
many of the currently in-use molecular assays;325 by contrast, KIT mutational analyses

257 Different

should be preferentially performed in highly-purified mast cells.
approaches have been applied to isolate mast cells for the study of KIT mutations,
including microdissection of formalin-fixed paraffin-embedded BM and skin biopsies*”

326

and both immunomagnetic®* and/or fluorescence-activated cell sorting (FACS) of mast

27314 Additionally, multiple molecular

cells from BM and peripheral blood samples.
methods can be used to specifically detect the D816V KIT mutation in patients
suspected of SM. Accordingly, mRNA/cDNA-based methods,*>*?® like reverse
transcriptase (RT) polymerase chain reaction (PCR)-based assays, are more sensitive
for the detection of the KIT mutation in samples that contain variable mixtures of mast
cells and other cells, since mast cells, together with a small subset of basophils and NK

cells, are the only mature hematopoietic cells expressing KIT mRNA.>'

Among the
genomic DNA-based methods, direct sequencing is the simplest approach; however,
this technique has very low sensitivity due to the fact that the D816V KIT mutation is
usually heterozygous and, if the technique is not performed in highly-purified mast
cells, mutated cells will be further diluted in a large number of cells carrying wild-type
KIT. 314 Improved sensitivity has been reached by enhancing mutated allele frequencies
either through the use of digestion steps with specific restriction endonucleases and

23327 o by using specific probes that selectively block amplification

PCR amplification
of the wild-type sequence.’’® This later PNA-mediated wild-type blocking method has
the advantage of allowing detection of the D816V KIT mutation, as well as other rare

mutations involving the KIT TK2 regulatory domain at codons 815-819.27%° Other

genomic DNA-based assays using allele-specific competitive blockers of the mutated
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sequences and traditional®*®**° or quantitative PCR** assays, have also been shown to
be associated with a good sensitivity (sensitivity threshold of between 1% and 0.03%,
respectively).

A second minor criterion for the diagnosis of SM, takes advantage of the effects
of constitutive activation of c-Kit in the cytoskeleton of clonal mast cells, resulting in
abnormal morphological features: identification of >25% atypical mast cells in BM

7,312,325

smears or biopsy sections (Table 10). This requires detailed morphological

analysis of bone marrow smears or biopsy sections using e.g. May-Griinwald-Giemsa,

312325 However, atypical mast cell

Wright-Giemsa and/or toluidine blue stainings.
cytology is not specific for SM patients, as it can also be observed in disease conditions
other than mastocytosis, such as a subset of hypereosinophilic syndromes (HES) with
the FIP1L1-PDGFRA fusion gene.**!

The third minor WHO diagnostic criterion for SM, relies on the presence of
phenotypically aberrant CD25+ and/or CD2+ mast cells in the BM or other
extracutaneous tissues. In contrast to normal mast cells, BM mast cells from

mastocytosis patients show aberrantly high levels of expression of CD25,*%%’

except
for a few cases in which no KIT mutation is found; in addition, CD2 is also aberrantly
expressed by BM mast cells from most systemic mastocytosis patients. However,
recent reports indicate that CD2 is less sensitive than CD25, as it is absent in some of
those patients that show CD25+ mast cells, while it does not improve the sensitivity of

322 Thus, despite the WHO establishes the

CD25 for the diagnosis of the disease.
presence of CD25" and/or CD2" mast cells in BM, blood or other extracutaneous
organs as a minor criteria for the diagnosis of systemic mastocytosis, at present it is
considered that it would be more appropriate to use the criterion of CD25" mast cells,
for the diagnosis of SM, independently of CD2 expression.*” Although

immunohistochemical and immuncytochemical detection of CD25 and CD2 is possible,

flow cytometry appears to be more sensitive and it is currently considered the gold
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standard for the evaluation of the expression of both molecules in BM mast cells from
subjects suspected of systemic mastocytosis.a25

The fourth minor criterion defined by the WHO for the diagnosis of SM includes a
persistent increase in serum baseline tryptase levels over 20ng/mL.”*? It should be
noted that such increased serum tryptase levels are not present at diagnosis in a
substantial proportion of patients, especially among those cases with a low mast cell
burden. In order to increase the sensitivity of serum baseline tryptase determination, it
has been recently suggested that the cutoff used could be lowered.**? Nevertheless,
this feature is also not specific for SM, as increased serum tryptase may also be
detected in other non-mastocytosis disorders, such as diffuse bone esclerosis,333 other
myeloid disorders like acute myeloid leukemia (AML), MDS and a subset of HES, which
impairs the usage of increased serum tryptase for the diagnosis of SM in cases in which
these hematopoietic and non-hematopoietic disorders coexist.>*'*>*33®

According to the WHO, diagnosis of systemic mastocytosis is established when
the major and at least one minor criteria are fulfilled or alternatively, when three or
more of the four minor criteria are met, despite the absence of mast cell aggregates in
the BM and other extracutaneous tissues (Table 10).” Recent studies suggest however,
that additional criteria could be used for the diagnosis of this group of diseases.
Accordingly, adult-onset patients with mastocytosis in the skin have a very high (>95%)
probability of having systemic involvement, supporting the notion that mastocytosis in

the skin has a high predictive value for systemic mastocytosis in adults.**’

In turn,
those cases who have indolent forms of the disease lacking skin lesions, frequently
present in males showing a mast cell activation syndrome, with acute episodes that

32533 These latter patients typically

are idiopathic or triggered by Hymenoptera sting.
present very low BM mast cell burden associated in around one third of the cases
(30%), with the absence of detectable BM mast cell aggregates (e.g. they lack the

major WHO diagnostic criterion) and normal serum tryptase levels.*® As a

consequence, the diagnosis of SM is problematic and should be probably based on
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careful evaluation of the three remaining minor criteria, based on sensitive flow
cytometry and molecular approaches.m'325

Despite all the above cited limitations, at the present the WHO criteria remain
the gold standard for the diagnosis of SM; however, one should consider that based on
its limitations, a number of patients, particularly from some specific subtypes of

systemic mastocytosis, may not fulfill the WHO diagnostic criteria,®*’

therefore being
misdiagnosed.>* In order to improve the diagnosis of these small groups of SM
patients, new diagnostic algorithms have been proposed by several groups including
the Spanish Network on Mastocytosis (REMA). Accordingly, the REMA reported an
increased sensitivity and specificity for the identification of SM patients, based on the
presence of skin lesions and/or clonal BM mast cells, associated with an aberrant BM
mast cell immunophenotype and/or presence of compact mast cell aggregates in bone

marrow biopsy, independently of the serum tryptase levels.**’

3.3. Diagnostic classification and distinct subtypes of mastocytosis

Patients with mastocytosis show an heterogeneous and diverse clinical
presentation, with several different patterns which have led to the definition of
distinct subtypes of the disease. In practice, classification of the distinct subtypes of
mastocytosis is generally based on clinical presentation, pathological findings and the

prognosis of the disease.”

3.3.1. Cutaneous mastocytosis (CM)

Since several subtypes of mastocytosis, including SM, frequently involve the
skin, the diagnosis of CM requires the exclusion of systemic involvement, associated
with the demonstration of typical clinical findings.” This non-systemic subtype of the

disease frequently emerges in childhood and is associated with a favorable prognosis,
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spontaneous regression frequently occurring around puberty in a significant

324

proportion of cases.” Of note, adult-onset CM typically does not regress, and most of

these patients have underlying systemic involvement.>*°

Recently, consensus criteria for the diagnosis of CM have been further
refined, and three major variants are now recognized.” The most frequent form of CM
is urticaria pigmentosa (UP)/maculopapular cutaneous mastocytosis (MPCM) occurring
in both children and adults.” In children, the lesions tend to be larger and papular,
whereas in adults the mast cell infiltrate is more subtle due to dissemination of the
lesions which tend to be red or brown-red and macular or maculopapular.”***
Histologically, aggregates of spindle-shaped mast cells are typically seen, which fill the
papillary dermis and extend as sheets and aggregates into the reticular dermis, often in

perivascular and periadnexal positions; of note, adult UP tends to show fewer mast

cells (Figure 4A and D). Diffuse CM is a distinct, less frequent form of CM, which

Figure 4. Dermoscopic (Panels A-C) and histopathological (hematoxylin and eosin staining
in panels D through F, and tryptase immunohistochemical staining - insert in Panels D and
E -) features of skin lesions from patients with mastocytosis. Illustrating urticaria
pigmentosa lesions are shown in panels A and D, diffuse cutaneous mastocytosis lesions
are shown in panels B and E, whereas panels C and F illustrate solitary mastocytoma
lesions. [Modified om: Horny et aI,7 and Yanagihori, et al.zsg]
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presents almost exclusively in childhood.” In these patients, the skin is typically
thickened and may have a peau d’orange (orange peel) appearance, without distinct
lesions; in addition, mast cells form a band-like infiltrate in the papillary and upper

7324 The third variant of CM (e.g. skin mastocytoma)

reticular dermis (Figure 4B and E).
is almost exclusively seen of children and it typically occurs as a single lesion
characterized by the presence of sheets of mature-appearing mast cells, with
abundant cytoplasm lacking atypia, which densely infiltrate the papillary and reticular

dermis and may extend into the deep dermis and subcutaneous adipose tissue (Figure

4C and F).”?*

3.3.2. Systemic mastocytosis (SM)

As previously stated, SM patients share some clinical, histopathological and
biochemical features that allow for their differential diagnosis with cutaneous forms of
the disease.” However, despite the fact that these patients typically show BM
involvement, the clinical presentation of SM is diverse and distinct subtypes of the
disease, with different biological, clinical and prognostic features, as well as distinct
therapeutic requirements, are currently defined.” For the differential diagnosis of
these subgroups of SM patients, a set of criteria, called “B”-findings (Borderline-
Benign) and “C”-findings (Consider Cytoreduction or chemotherapy) are used, to
assess the mast cell burden and the aggressiveness of the disease (Table 11).”*°

Apart from the WHO criteria, recent reports suggest that combined
assessment of 32-microglobulin and LDH (lactate dehydrogenase) serum levels could
contribute to a more objective differential diagnosis of systemic forms of the disease:
increased B2-microglobulin and decreased LDH levels are closely associated with

clinically aggressive forms of the disease, whereas coexistence of both parameters is

only found in a minority of indolent SM cases.**’
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Table 11. WHO criteria for the differential diagnosis of distinct variants of systemic

mastocytosis. [Modified from Alvarez-Twose et al.

314
]

“B” findings: Associated with disease progression and a variable increase in mast cell

burden

1.

Bone marrow biopsy with >30% infiltration by mast cells (focal, dense
aggregates) by histology (and/or >1% by flow cytometry).

Serum tryptase levels >200ng/mL in the absence of diffuse bone sclerosis.
Development of diffuse bone sclerosis

Increased 32-microglobulin serum levels.

Hypercellular BM with loss of fat cells.

Discrete signs of dysmyelopoiesis in non-mast cell lineage cells without
substantial cytopenias, and WHO criteria for MDS or MPN.

Organomegaly (palpable hepatomegaly, splenomegaly and/or
lymphadenopathy >2cm on CT or US) without impaired organ function.

“C” findings: Associated with impaired organ function due to mast cell infiltration (e.g.

confirmed in a biopsy study)

v wnN

Cytopenia (neutrophil count <1.0 x 10°/L, Hb<100g/L and/or platelets <100 x
10°/L), due to BM dysfunction with no obvious other non-mast cell
hematopoietic malignancy.

Hepatomegaly with impaired liver function and/or ascites.

Palpable splenomegaly with hypersplenism.

Malabsorption with hypoalbuminemia and weight loss.

Skeletal lesions: large-sized osteolytic lesions and/or pathologic fractures,
associated with local mast cell infiltration (pathologic fractures associated with
osteoporosis should not be considered a “C”-finding)

Life-threatening organopathy in other organ systems caused by infiltration of
the tissue by neoplastic mast cells.

3.3.2.1. Indolent Systemic Mastocytosis (ISM)

Indolent SM (ISM) is the most common subtype of systemic

mastocytosis, with a frequency that ranges from 46% of SM cases®?’ to 79% of all

mastocytosis,* in two distinct studies. This variant of SM is defined by the presence of
morphologically atypical and CD25-positive mast cells that carry KIT mutation, in
association with multifocal mast cell aggregates in a significant but variable percentage

of cases (usually >70%) and increased serum tryptase levels above 11.5ng/mL (>95% of

cases) or 20ng/mL (>75% of cases).>*> Additionally, ISM patients typically lack “B” and

“C” findings and do not show an associated clonal hematological non-mast cell lineage
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disease (AHNMD); despite this, around one fifth to one third of the cases that show
skin lesions (20-30%) display multilineage (myeloid or even myeloid plus lymphoid)

involvement of hematopoiesis by the KIT mutation, while this is rarely detected in

7,257

cases that lack skin lesions. The presence of skin lesions is a common feature to the

great majority of ISM patients; however, around one third of the cases lack such

325

lesions.”*” This later subgroup of ISM includes ISM patients recognized by the WHO as

isolated bone marrow mastocytosis (BMM).” However, a series of reports>>234+342
suggest that the great majority of them could in fact represent a distinct subtype of
ISM (ISM without skin lesion or ISMs-) as they show male prevalence, a higher age of
onset of the disease and lower serum baseline tryptase, compared to ISM patients
with skin lesions (ISMs+); in addition, ISMs- cases frequently show associated
anaphylaxis and/or severe mast cell mediator related symptoms, triggered by a
Hymenoptera sting, and they typically carry exon 17 KIT mutations restricted to the

257,338,341

aberrant mast cell population. Therefore, ISMs- patients clearly differ from

BMM, which represents an exceptional subcategory of ISM patients in the absence of
skin lesions and mast cell-mediator symptoms, which is usually diagnosed during a BM
study for pathological conditions other than mastocytosis.”*>*

Additionally, the WHO recognizes another subgroup of ISM patients,
namely smoldering SM (SSM). SSM is characterized by a high mast cell burden

7324 This particular subgroup

associated with the presence of two or more “B” findings.
of patients has been described to be significantly older and to display a higher
incidence of constitutional symptoms (fatigue, weight loss, fever, diaphoresis) and

anemia, together with a shorter survival, compared to other ISM patients.m'344

3.3.2.2.Well-differentitated Systemic Mastocytosis (WDSM)

Well-differentiated SM (WDSM) is a rare category of SM (5% of all

mastocytosis patients),*” characterized by frequent pediatric onset, nodular skin
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lesions that usually involve a high percentage of the body surface area, and that mainly
localize in the trunk and neck, with severe mast cell mediator related symptoms at
onset, and persistence of the disease in adulthood in only a small percentage of
cases.>” Interestingly, around 40% of these cases** do not fulfill the WHO criteria for
SM, since their BM mast cells show a normal-appearing round-shaped morphology

with increased size and a fully granulated cytoplasm, in the absence of morphological

325 265,346

atypia,”” they frequently lack CD25 and CD2 expression, and KIT mutations in

257 .
>"|n these latter cases, lacking

exon 17 cannot be detected in around 85% of the cases.
KIT mutations, assessment of mast cell clonality should be performed whenever
possible, using other techniques like those investigating the pattern of inactivation of

polymorphic genes coded in human chromosome X (e.g. PCR-based human androgen

receptor allele — HUMARA- assay) in women.***

3.3.2.3. Aggressive Systemic Mastocytosis (ASM)

Aggressive SM (ASM) represents a minoritary group of SM patients
(=12% of all SM patients)327 who may or may not have skin lesions.** These patients
typically fulfill all diagnostic criteria for SM, with serum tryptase usually higher than
200ng/mL, severe mast cell morphological atypia and KIT mutation present in other
myeloid or even myeloid plus lymphoid hematopoietic lineages.”>’ These patients
typically display hepatosplenomegaly and/or lymphadenopathy, fulfilling at least one
“C”-finding, and eosinophilia (without PDGRFA translocations) is also a frequent

325 BM studies usually reveal a high but variable degree of mast cell

coexisting finding.
infiltration, sometimes with features of myelodysplasia and/or myeloproliferation,
without fulfilling the WHO criteria for another clonal hematologic non-mast cell
lineage disease (AHNMD).” Additionally, extensive bone involvement is also frequently
found in these patients (e.g. fibrosis, diffuse bone sclerosis, or a mixed sclerotic and

lytic pattern).>*
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3.3.2.4. Mast cell leukemia (MCL)

Mast cell leukemia (MCL) is a very infrequent (1-2% of cases) and
aggressive form of mastocytosis, defined by an increase in BM mast cells equal or
greater than 20% of all nucleated cells in aspirated BM smears; BM biopsies typically
show diffuse, usually compact, infiltration by highly atypical immature mast cells

(promastocytes or even, less frequently, metachromatic blasts) with marked reduction

7,325

of fat cells and normal hematopoietic precursors. These patients typically lack skin

lesions and in typical cases, mast cells account for >210% of the leukocytes in peripheral

blood, except for an aleukemic variant with <10% peripheral blood infiltration.”3%*

Serum tryptase is almost always elevated and KIT mutations are found in most

257,324 ncn

patients. -findings are frequently associated, as most cases show rapidly

progressing organopathy (involvement of liver, BM and other organs), associated with

347

rapid clinical deterioration.”™" In most patients, mast cells aberrantly express CD2

and/or CD25, and CD30 expression can also be found in a proportion of the mast

cells.”??

3.3.2.5. Systemic mastocytosis associated with other clonal hematologic

non-mast cell lineage disease (SM-AHNMD)

Systemic mastocytosis associated with other clonal hematologic non-
mast cell lineage disease (SM-AHNMD) is a unique and heterogeneous subgroup of SM

that requires separate classification of both neoplasms.7'325

The SM component may
correspond to an indolent or aggressive SM and should be classified as such, based on
the WHO criteria.”**> The associated hematological neoplasm may be of any type, but
myeloid neoplasms (e.g. AML, MDS or MPN) are more frequent than chronic lymphoid

325

disorders.”” The cytologic, immunophenotypic and molecular features of BM mast

cells from these cases typically resemble those of the corresponding subtype of SM
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(e.g. ISM or ASM).325 However, in some cases the KIT mutation can be found in both
the SM and the myeloid (non-mast cell) components, in contrast to
lymphoproliferative neoplasms, in which the KIT mutation is typically absent in the
malignant lymphoid component.>*® However, the clinical impact of the presence of a
KIT mutation in the AHNMD component, still remains unknown and deserves further

investigations.

3.3.3. Other forms of mastocytosis

3.3.3.1. Mast cell sarcoma

Mast cell sarcoma is an extremely rare pathological condition
characterized by a local and destructive growth of highly atypical mast cells, which can
only be correctly identified upon immunohistochemical staining with mast cell specific
markers (e.g. CD117, tryptase or CD25), in the absence of systemic involvement.’
Additionally, diagnosis can also be achieved by multiparameter flow cytometry
immunophenotyping, which allows for the detection of aberrant immunophenotypic
patterns.>”® Only few cases have been reported and the sites of involvement include

324,349-352

the larynx, colon, meninges, bone and skin. Furthermore, some patients may

develop a terminal leukemic phase which is indistinguishable from MCL.”

3.3.3.2. Extracutaneous mastocytoma

Extracutaneous mastocytoma is an extremely rare disorder, consisting
of a localized benign tumor resulting from an accumulation of mature-appearing
granulated, strongly metachromatic mast cells, with no significant cytological atypia.’
Most of the cases occur in the lung without skin lesions or evidence of systemic
disease; in contrast to mast cell sarcoma, mastocytoma generally does not progress to

systemic disease or show leukemic involvement.?**3>*34
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3.4. Prognosis and predictive factors in mastocytosis patients

As referred above, CM in children usually has a favorable outcome and it may
even regress spontaneously before or during puberty.” Nonetheless, even though the
disease may regress, some of these patients may show clinical severe, even life-
threatening mast cell activation events, requiring emergency therapy and
hospitalization, as a result of massive mast cell degranulation.**> Accordingly, a recent
study on a large cohort of children with CM (n=111), revealed that serum baseline
tryptase values correlated with both the extent of skin involvement and the clinical
severity of the disease at presentation, serum baseline tryptase levels >16 and
>31ng/mL being associated with requirement for hospitalization and need to be
treated in an Intensive Care Unit (ICU), respectively, therefore allowing for the
identification of those patients at risk of severe mastocytosis-related anaphylaxis.a55

Regarding SM, currently there is no cure for the disease, and the prognosis
depends on both the disease category and its biochemical and molecular

327,358 Thys, distinct subtypes of the disease are associated with drastically

features.
distinct prognoses, ranging from a dismal prognosis, with a median survival of only 2
months in MCL, to a survival similar to an age-matched population not carrying a clonal
mast cell disorder, in most ISM patients.327 ASM and SM-AHNMD patients show a
significantly reduced survival (overall median survival of 41 and 24 months,
respectively), compared to indolent forms of the disease.??” However, in those patients
carrying an additional non-mast cell related disorder, prognosis has been reported to
be highly dependent on the non-SM disease,” as SM-MPN patients have been
described to have a significantly longer median survival (31 months) compared to
patients with an associated chronic myelomonocytic leukemia (CMML) (median overall
survival of 15 months), SM-MDS (median of 13 months) or cases with an associated

327

acute leukemia (median of 11 months).”" Additionally, a significant and independent

association between survival and several predictive factors, including the WHO
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subtype, advanced age, history of weight loss, anemia, thrombocytopenia,
hypoalbuminemia and excess of BM blasts, has also been reported.a27 Interestingly,
despite ISM patients typically show a long life expectancy, disease progression to more
aggressive forms of the disease (e.g. ASM, MDS or AML) has been described to occur in
ISMs+ patients which show extensive involvement of hematopoiesis (myeloid and/or
myeloid plus lymphoid involvement) by the KIT D816V mutation.>*® Multilineage
involvement of hematopoiesis by the KIT mutation is typically associated with the
poor-prognosis variants of the disease (e.g. ASM, SM-AHNMD and MCL), but also

detected in around 20% of ISMs+ cases.””’

Of note, apart from the presence of
multilineage D816V KIT mutation, the detection of increased [32-microglobulin levels at
diagnosis has also been identified as an independent predictor for transformation of

ISM into more aggressive forms of the disease.**®

Additionally, recent observations
based on a series of 74 patients with ISM who have been prospectively followed for a
median of close to 8 years have shown that those patients who experienced
progressively increased serum baseline tryptase levels throughout the study are more
likely to show disease progression, whereas in those with stable serum tryptase levels,
the disease maintains as an indolent condition (Matito A, unpublished data). The
possibility of monitoring those ISM patients with high probability of progression to
more aggressive forms of the disease, based on serum baseline tryptase levels could
potentially allow for the detection of early stages of progression, leading to the
suggestion of a less “static” classification of those ISM patients who typically carry
multilineage myeloid and/or myeloid plus lymphoid D816V KIT mutation, who start to
show signs of progression (e.g. “B” findings, including progressive hepatomegaly,
usually together with lymph node enlargement and increased serum baseline tryptase
levels). Interestingly, such variant of “in progression” ISM cases defined by the REMA,

do not overlap with smoldering mastocytosis, which is defined more 5tringent|y.314'325
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Regarding WDSM patients, the probability of progression to aggressive SM
remains currently unknown. However, in a series of 17 cases, progression to ASM was

detected in 2 of them, 21 and 71 years after the onset of the disease, respectively.>”®

3.5. Treatment of mastocytosis

Currently, no curative therapies exist for mastocytosis. Despite this, multiple
different treatment strategies are used for the management of mastocytosis patients;
such distinct treatment modalities should be carefully selected for individual cases
based on the heterogeneous and highly variable clinico-biological features and
prognosis of the disease.*®’ Basic management principles include careful counseling of
patients and care providers, avoidance of factors triggering mast cell mediator release,
treatment of acute and chronic mediator-release symptoms and, if indicated,
cytoreductive therapy in order to treat extensive mast cell organ infiltration, typically
observed in aggressive cases.>”®

Avoidance of known and potential triggers for mast cell-activation associated
symptoms of mastocytosis is mandatory, because risk for systemic hypotension due to
massive mast cell mediator release, exists.358Therefore, stimuli known to induce mast
cell degranulation (e.g. some drugs used in anesthetic procedures, iodinated
radiocontrast dyes, opioid analgesics and insect sting) should be avoided, whenever

possible.*’

In turn, in case of repeated life-threatening anaphylactic and anaphylactoid
episodes, immediate self-administration of epinephrine is frequently recommended.®*®

The primary goal of the treatment of all clinical forms of mastocytosis is to inhibit
mast cell mediator release and block their effects, in order to control the symptoms
and signs of the disease due to mast cell activation.**® Accordingly, symptoms
associated with histamine release (e.g. flushing, pruritus and tachycardia), one of the
major mast cell mediators, are typically treated with inhibitors of H1 and H2 histamine

344
d.

receptors, but total relief of the symptoms is rarely achieve Options for the
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treatment of gastro-intestinal symptoms (e.g. diarrhea, nausea, vomiting or
malabsortion) include proton pump inhibitors, that diminish diarrhea in addition to

8 and oral sodium cromoglicate, an anti-

controlling gastric acid hypersectretion,®
inflammatory mast cell stabilizer with the ability to modulate sensory nerve
function,**° which has proven to be effective in controlling diarrhea, abdominal pain,

nausea, and vomiting.358

Additionally, topical sodium cromoglicate is also useful for the
treatment of pruritus.®*®® Similarly, glucocorticoids have also been shown to be
beneficial in treating skin symptoms (e.g. urticaria pigmentosa) as well as
complications of severe mastocytosis like malabsorption, hepatic fibrosis and

ascites.®’

For the treatment of cutaneous symptoms (e.g. pruritus, whealing, and flare
reactions), oral methoxypsoralen plus UVA (PUVA) radiation can also be administered;
however, skin lesions often return within 3 to 6 months after treatment

%% Due to BM infiltration by mast cells, bone alterations (osteoporosis,

discontinuation.
osteopenia or lytic bone lesions) are frequently observed in a subset of patients, due
to the release of mast cell mediators (e.g. histamine or tryptase) or mast cell mediators
involved in the promotion of inflammatory responses (e.g. cytokines and leukotrienes),
with both direct and indirect effects on bone cells. Recommended treatment for
osteopenia and osteoporosis includes usage of bisphosphonates together with calcium
and vitamin D supplementation.357

Cytorreductive therapy is only recommended for the treatment of aggressive,
advanced, or refractory disease, due to the highly mutagenic potential of these drugs

276,357

and their toxic side-effects. Standard therapy for patients with aggressive forms

of the disease has not been defined so far; however, several cytotoxic agents have
shown a variable degree of efficiency in the treatment of these patients.” Among those
agents, interferon-a. (IFN-a), a glycoprotein with immunomodulatory and

antiproliferative effects (often administered in combination with glucocorticoids)a62

363

has been associated with variable success in the treatment of ASM.™” IFN-a treatment

is frequently (up to 50% of the cases) associated with important side-effects, including
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flu-like symptoms, bone pain, fever, cytopenias, depression and hypothyroidism.276
Furthermore, a significant proportion of the patients will relapse shortly after IFN-o.
treatment is discontinued.?®* Some studies have stated that cladribine (2-CdA) may
induce clinical responses in patients with more aggressive forms of mastocytosis, even
in advanced IFN-a resistant disease.>*>3®® However, not all patients respond to the
treatment, specially when the disease progresses rapidly; in addition, 2-CdA may
induce pancytopenia and immunosuppression.‘r”359

More recently, targeted therapies have been proposed to the treatment of ASM
and MCL patients. Nevertheless, usage of such drugs (e.g. imatinib, an ATP-competitive
kinase inhibitor) mandatorily requires definition of the exact molecular defects that
underlie mastocytosis and the potential targets expressed by neoplastic cells.®*® As an
example, sustained responses to imatinib have been achieved in cases carrying wild-
type KIT or transmembrane/juxtamembrane mutations (F522C and K5009I,

264265389 \vhereas other mutations, in particular the D816V mutation

respectively),
detected in >90% of SM patients, lead to resistance to imatinib.3’® Therefore, only
those rare cases lacking KIT mutations (e.g. WDSM) or carrying a sensitive mutation

276

may be appropriate candidates for imatinib therapy.”’” Other, investigational targeted

371 or show

drugs have been described to either lack (e.g. masatinib mesilate — AB1010
modest activity in KIT D816V" SM (e.g. dasatinib®’?); those few drugs which have
shown some activity (e.g. midustaurin — PKC412) require demonstration of their
potential advantage over IFN-o or 2-CdA therapy, which are currently considered first

2% The potential

line treatment options for the more aggressive forms of the disease.
benefit in the treatment of SM of other compounds which are not classified as primary
tyrosine kinase inhibitors, but that also inhibit c-Kit activity or c-Kit mediated mast cell
activation (e.g. the rapamycin mTOR inhibitor, or the IMD-0354 NFk-B inhibitor),
deserves further in vivo investigations.>”®

Non-pharmacological therapeutic approaches for mastocytosis include

splenectomy in patients with hypersplenism, to decrease mast cell burden and
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improve cytopenias. Nevertheless, this is a high-risk procedure when applied to
patients with aggressive forms of the disease and post-splenectomy survival has been

337 On the other hand, current

reported to increase only by an average of 12 months.
experience with BM transplantation in SM patients remains limited, with both
favorable engraftment and prolongation of life, but an overall poor outcome due to
graft-versus-host-disease and death. 337

New potential therapeutic approaches include antibody-based constructs and
drugs directed at surface molecules expressed on mast cells. Accordingly, mast cells
express a wide array of proteins on their surface membrane (e.g. CD22, CD33 and
CD52), for which antibody-based therapeutic agents are already available (e.g.

125374 |n addition, fusion

Epratuzumab, Mylotarg and Alemtuzumab, respectively).
protein-toxins which combine a targeting ligand (e.g. IL-2) with a bacterial toxin (e.g.
DABysslL-2) have also been built and described to target some of the surface molecules

expressed by clonal mast cell (e.g. the CD25 IL-2 receptor a chain).'>37
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| HYPOTHESIS AND OBJECTIVES

Mastocytosis comprises a heterogeneous group of disorders which are mainly
characterized by an abnormal accumulation of clonal mast cells in one or more organs
systems. Despite mastocytosis is considered a unique disease, several distinct
diagnostic entities are currently recognized by the WHO. These entities range from
variants of the disease with tissue involvement restricted to the skin, with typical
childhood onset and frequent regression at puberty, to chronic systemic disorders
more frequently observed in adults, with either an indolent (e.g. ISM) or a more
aggressive (e.g. ASM, MCL) behavior, associated with a distinct prognosis and different
therapeutic requirements. In addition, recent reports have provided compelling
evidence for the existence of two additional subvariants of indolent SM (e.g. WDSM
and ISMs-) to those defined by the WHO, such new subvariants displaying unique
clinco-biological features both at diagnosis and during follow-up.

Although patients carrying distinct variants of SM exhibit very different clinical
features, presence of the KIT D816V mutation is detected in >90% of the cases, except
among WDSM patients. The D816V KIT mutation induces constitutive (SCF-
independent) activation of c-Kit, which would lead to an altered balance between mast
cell proliferation and survival, in association with unique changes in the morphological
(e.g. spindle-shaped mast cells), immunophenotypical (e.g. aberrant expression of
CD25) and functional (e.g. enhanced mediator release) properties of clonal mast cells.
However, the presence of this particular mutation per se does not explain the clinical,
biological and histopathological heterogeneity observed among the distinct subtypes
of SM. In this regard, additional molecular alterations have been reported among some
ASM (e.g. NRAS and TET2 mutations) as well as in ISM patients with higher risk of
progression to more aggressive forms of the disease (e.g. ISM patients showing
multilineage involvement of BM hematopoietic cells by the KIT D816V mutation);

however, the specific molecular mechanisms, biological functions and signaling
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pathways which are associated with each of the distinct variants of the disease,
specially those carrying the same D816V KIT mutation, remain largely unknown.

In this regard, it should be noted that at present very limited knowledge exists
about the GEP of BM mast cells from patients with mastocytosis. In fact, three studies
have reported so far GEP of mastocytosis patients using cDNA-oligonucleotide arrays,
but none of them has specifically investigated the gene expression profile of (highly-
purified) BM mast cells. In fact, in these studies either BM mononuclear cells or whole
peripheral blood samples were used for such purposes, both types of samples
containing a complex admixture of various different cell populations, typically
associated with a variably low degree of infiltration by mast cells; altogether, this has
led to complex and biased results which are difficult to interpret.

Despite the lack of information about the GEP of mast cells in mastocytosis,
multiparameter flow cytometry (MFC) assessment of protein expression profiles in
single cells, has been shown to contribute to the diagnosis of SM through the
identification of aberrant expression of several proteins (e.g. CD25 and/or CD2) on BM
mast cells. However, current knowledge about the immunophenotypic features of BM
mast cells from patients with distinct subtypes of SM also remains rather limited. This
is mostly due to the fact that previous reports which focused on the analysis of the
immunophenotype of mast cells in SM have not discriminated among the different
subtypes of the disease, they have just studied a relatively small number of molecules
in restricted cohorts of patients or they were restricted to a specific diagnostic
subgroup of the disease, and no systematic study in a large and representative cohort
of patients, which included all distinct variants of the disease, has been performed so
far. On top of this, no study has investigated the potential association between the
immunophenotypic profile of mast cells and the clinical and biological features of ISM
patients, particularly among those cases who show disease progression and a worse
clinical outcome (e.g. multilineage involvement of BM cells by the D816V KIT mutation).

This would be particularly relevant if we consider that currently, determination of the
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degree of BM involvement by the KIT mutation requires complex genetic analyses of
highly purified BM cell populations, which are not easily available at routine diagnostic
laboratories, whereas MFC is broadly distributed.

Based on the above background, the general objective of this study aimed at
investigating the gene and protein expression profiles of BM mast cells from distinct
variants of SM and determining their potential utility in the diagnostic and prognostic

work-up of the disease. In order to accomplish this goal, we addressed the following

three specific objectives:

- To determine the specific immunophenotypic characteristics of BM mast cells from

patients diagnosed with different subtypes of SM;

- To evaluate the potential association between the immunophenotypic features of
BM mast cells from ISM patients and the degree of involvement of the distinct
compartments of hematopoietic BM cells by the KIT D816V mutation, and
determine the utility of the protein expression profile of BM mast cells as a

potential surrogate marker for multilineage disease, and;

- To investigate the GEP of BM mast cells from SM patients carrying the D816V KIT

mutation and analyze its relationship with the distinct variants of the disease.
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| MATERIAL, METHODS AND RESULTS

In the following section of this doctoral thesis a description of the patients from
whom samples were obtained and studied, the materials and methods used, as well as
the results obtained, is given for each of the proposed objectives, through those
manuscripts which have been published or which acceptance for publication is pending,
that were written as a result of the work performed. Accordingly, the following

chapters are included in this section:

Regarding the first objective of the study, focused on the determination of the

immunophenotypic profile of BM mast cells from distinct subtypes of SM, the

following work is presented:

3.1. Mast cells from different molecular and prognostic subtypes of systemic
mastocytosis display distinct immunophenotypes.

Teodosio C, Garcia-Montero AC, Jara-Acevedo M, Sanchez-Mufoz L, Alvarez-Twose
I, Nufiez R, Schwartz LB, Walls AF, Escribano L, Orfao A.

Journal of Allergy and Clinical Immunology 2010; 125(3):719-26.

The work related to the second aim of the study is described in the following

chapter, addressing the potential association between the immunophenotypic profile
of BM mast cells in ISM and the degree of involvement of BM hematopoiesis by D816V
KIT mutation, and its potential utility for the diagnostic screening of multilineage

disease:

3.2. An immature immunophenotype of bone marrow mast cells predicts for
multilineage D816V KIT mutation in systemic mastocytosis.

Teodosio C, Garcia-Montero AC, Jara-Acevedo M, Alvarez-Twose |, Sanchez-Mufioz
L, Almeida J, Morgado JM, Matito A, Escribano L, Orfao A.

Leukemia 2012; 26(5):951-8.
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Regarding the third objective, focused on the description of the GEP of (highly
purified) BM mast cells from distinct subtypes of SM carrying the D816V KIT mutation,

the following work is presented:

3.3. Gene expression profile of highly-purified bone marrow mast cells in
systemic mastocytosis.

Teodosio C, Garcia-Montero AC, Jara-Acevedo M, Sanchez-Murfioz L, Pedreira C,
Alvarez-Twose |, Matarraz S, Morgado JM, Barcena P, Matito A, Escribano L, Orfao
A.

Journal of Allergy and Clinical Immunology (Accepted pending revision - Manuscript

N. JACI-D-12-00708)
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3.1. MAST CELLS FROM DIFFERENT MOLECULAR AND PROGNOSTIC SUBTYPES OF
SYSTEMIC MASTOCYTOSIS DISPLAY DISTINCT IMMUNOPHENOTYPES

Journal of Allergy and Clinical Immunology 2010; 125(3):719-26

Teodosio C. performed the MFC experiments, analyzed/interpreted the data, made the figures
and wrote the paper.
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Mast cells from different molecular and prognostic subtypes
of systemic mastocytosis display distinct

immunophenotypes

Cristina Teodosio, MSc,?* Andrés C. Garcia-Montero, PhD,?* Maria Jara-Acevedo, MSc,? Laura Sanchez-Muihoz, MD,
PhD,® Ivan Alvarez-Twose, MD,® Rosa Nifez, MD,° Lawrence B. Schwartz, MD, PhD,? Andrew F. Walls, PhD,®

Luis Escribano, MD, PhD,?** and Alberto Orfao, MD, PhD?##

Southampton, United Kingdom

Background: Systemic mastocytosis (SM) is a heterogeneous
group of disorders with distinct clinical and biological behavior.
Despite this, little is known about the immunophenotypic
features of the distinct diagnostic categories of SM.

Objective: To analyze the immunophenotypic characteristics of
bone marrow (BM) mast cells (MCs) of different subtypes of
SM.

Methods: Bone marrow samples from 123 patients with
different subtypes of SM and 92 controls were analyzed for a
broad panel of immunophenotypic markers by flow cytometry.
Results: Three clearly different maturation-associated
immunophenotypic profiles were found for BMMCs in SM.
These different profiles were associated with both genetic
markers of the disease and its clinical behavior. BMMCs from
poor-prognosis categories of SM (aggressive SM and MC
leukemia) typically showed an immature phenotype with clonal
involvement of all myeloid lineages by the D816V stem cell
growth factor receptor gene (KIT) mutation. In turn, a mature
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activated versus resting BMMC immunophenotype was
commonly found among patients with good-prognosis subtypes
of SM depending on whether they carried (indolent SM and
clonal MC activation disorders) or not (well differentiated SM)
the D816V KIT mutation.

Conclusion: Bone marrow MCs from SM show 3 different
maturation-related immunophenotypic profiles that are
associated with both the genetic markers of the disease and its
clinical behavior. (J Allergy Clin Immunol 2010;125:719-26.)

Key words: Mastocytosis, immunophenotype, flow cytometry, KIT
mutations

Mastocytosis is a heterogeneous group of clonal mast cell (MC)
disorders characterized by abnormal proliferation and accumu-
lation of MCs in 1 or multiple tissues.' Most frequently, clonally
expanded MCs carry the D816V or other activating stem cell
growth factor receptor gene (KIT) mutations, which translate
into morphologic atypia,z'4 functional transformation,” and an ab-
errant immunophenotype.® In fact, bone marrow (BM) MCs from
systemic mastocytosis (SM) typically exhibit unique immuno-
phenotypical features, and aberrant expression of CD25 and/or
CD2’ is used as a minor diagnostic criterion for SM."*® In addition
to CD25 and CD2 expression, BMMCs from SM commonly show
other aberrancies such as overexpression of the CD63° and
CD69'° activation molecules, CD58—a ligand for the CD2 pro-
tein''——CD33,” and several complement-associated molecule-
s—for example, CDllc, CD35, CD59, and CD88.°'? In
contrast, expression of kit (CD117), ! the CD71 transferrin recep-
tor, and the CD29 B1-integrin are abnormally downregulated.’

Previous reports suggest that such phenotypic changes of
BMMCs in SM could reflect MC activation because of
constitutive activating KIT mutations.®'? In line with this, re-
cent studies indicate that >90% of all patients with SM carry
the D816V KIT mutation.'* However, currently it is well estab-
lished that SM is not a uniform disease and that it includes
several clinicopathological entities and subvariants with differ-
ent outcomes.'*'>'? The clinicopathological and prognostic
heterogeneity of SM suggests that some patients with SM
might carry genetic lesions in addition to the KIT mutation
(eg, constitutive activation of ras-related protein m-ras?%-'")
which could contribute to explaining the variable immunophe-
notypic patterns and interactions of MCs with their microenvi-
ronment, similar to what has been demonstrated for other
hematologic malignancies.”** Despite this, current knowl-
edge about the phenotypic features of different subtypes of
SM is rather limited because most phenotypic studies have

)
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Abbreviations used
ASM: Aggressive systemic mastocytosis
ASM-AHNMD: Aggressive systemic mastocytosis associated with
a clonal non-mast cell lineage hematopoietic disease
BM: Bone marrow
c¢cMCAD: Clonal mast cell activation disorder
CPA: Carboxypeptidase A
CyB12: Cytoplasmic total tryptase
CyGS5: Cytoplasmic mature tryptase
FDR: False discovery rate
ISM: Indolent systemic mastocytosis
ISM-AHNMD: Indolent systemic mastocytosis associated with
a clonal non—mast cell lineage hematopoietic disease
MC: Mast cell
MCL: Mast cell leukemia
NPV: Negative predictive value
PPV: Positive predictive value
SM: Systemic mastocytosis
SM-AHNMD: Systemic mastocytosis associated with a clonal
non-mast cell lineage hematopoietic disease
SSC: Sideward light scatter
sT: Serum tryptase
TN: True negative
TP: True positive
WDSM: Well differentiated systemic mastocytosis

either focused on specific subtypes of mastocytosis—for exam-
ple, indolent SM asmy”*1—or analyzed a relatively limited
number of molecules in relatively restricted cohorts of pa-
tients.>>?® Furthermore, no relationship between the MC pheno-
type and the distinct subtypes of SM has been investigated in
detail so far. Interestingly, preliminary results'*'®!7” suggest
that the pattern of expression of CD2 and CD25 by BMMCs
from well differentiated SM (WDSM)—a recently described var-
iant of SM that frequently lacks D816V KIT mutation—could dif-
fer from other subtypes of mastocytosis.'* These findings would
further support the existence of a genotypic/phenotypic associa-
tion among SM.

Here, we analyzed the immunophenotype of BMMCs from a
series of 123 patients with SM and compared it among individuals
with different subtypes of the disease, as well as with presence
or absence of the D816V KIT mutation. Our results show that
BMMCs from SM are phenotypically heterogeneous with 3
clearly different profiles that are associated with molecular and
prognostic subtypes of mastocytosis.

METHODS

Patients, controls, and samples

A total of 215 BM samples were obtained from adult individuals, including
123 patients (66 men and 57 women; median age, 45 years; range, 19-83 years)
consecutively diagnosed with SM?” at the reference centers of the Spanish Net-
work on Mastocytosis (REMA; Mast Cell Unit, Hospital Virgen del Valle, To-
ledo; and Cytometry Service, Cancer Research Centre, Salamanca, Spain)l’8
and 92 normal BM donors, which included 40 normal subjects and 52 patients
undergoing BM aspiration for clinical reasons other than mastocytosis (see
this article’s Table El in the Online Repository at www.jacionline.org). In
all cases, informed consent was given by each individual before the study,
according to the guidelines of the local Ethical Committees.

According to the World Health Organization criteria,"*® patients with SM
were classified as follows: ISM, 69 cases; aggressive SM (ASM), 9; MC leu-
kemia (MCL), 3; and SM associated with a clonal non-MC lineage
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hematopoietic disease (SM-AHNMD), 14 patients—8 had ISM (ISM-
AHNMD), and 6 had ASM (ASM-AHNMD). The other 28 patients with
SM corresponded to 2 recently described subvariants of SM: clonal MC acti-
vation disorder (¢(MCAD)'*'® (n = 17) and WDSM'*'” (n = 11).

Multiparameter flow-cytometry
immunophenotypic studies of BMMCs

Multiparameter flow-cytometry immunophenotypical studies were per-
formed on BM aspirate samples collected in Vacutainer tubes containing
lithium heparin (Becton/Dickinson—BD-Labware, Franklin Lakes, NJ). All
samples were processed within the first 24 hours after they were collected.
For sample preparation, a direct immunofluorescence stain-and-then-lyse
technique was used, as described elsewhere.” The expression of cytoplasmic
markers was evaluated after staining for surface antigens by using the FIX &
PERM reagent kit (Invitrogen, Carlsbad, Calif) according to the manufac-
turer’s instructions. Four-color combinations of mAbs were used to stain
BM cells with a broad set of reagents (see this article’s Table E2 in the On-
line Repository at www.jacionline.org). For each sample, data acquisition
was performed in 2 steps in a FACSCalibur flow cytometer (BD Biosci-
ences) with the CellQUEST software (BD Biosciences) as previously de-
scribed in detail.” For data analysis, both the INFINICYT (Cytognos SL,
Salamanca, Spain) and the Paint-A-Gate PRO (BD Biosciences) software
programs were used.

Detection of KIT mutation

KIT mutation—D816V or other mutations localized at codons 814 to 819
(exon 17)—was detected on highly purified (>97% purity) BM cell populations
as previously described.'*?® In turn, identification of K/T mutations at exon 11
was performed on genomic DNA by direct sequencing of the amplified PCR pro-
ducts in both directions, using the dye-deoxy terminator method, in an ABI Prism
3100 Genetic Analyzer (Applied Biosystems, Foster City, Calif) and both the
5'-CCA GAG TGC TCT AAT GAC TG-3' and 5'- AGC CCC TGT TTC ATA
CTG AC-3' primers (Isogen Life Sciences, Maarsen, The Netherlands).

Serum tryptase levels

Serum tryptase (sT) levels were determined by using a commercially
available standard ELISA technique (Phadia InmunoCAP Tryptase System;
Phadia, Uppsala, Sweden), following the manufacturer’s instructions.

Statistical methods

For all continuous variables, median, mean, and SD values, as well as range
and the 25th and 75th and the 10th and 90th percentiles, were calculated; for
categorical variables, frequencies were reported. Comparisons between
groups were performed with either the nonparametric Kruskal-Wallis and
Mann-Whitney U tests (for continuous variables) or the Pearson x? and Fisher
exact tests (for categorical variables); a linear regression model was used to
explore the degree of correlation between different variables (SPSS 15.0 soft-
ware, Chicago, Ill). P values <.05, with a false discovery rate (FDR) correction
for multiple comparisons of <10%, were considered to be associated with sta-
tistical significance.

To classify each case according to the immunophenotypic features of
BMMCs, a score was built based on the expression of individual markers. For
this purpose, phenotypes were considered aberrant if their divergence from
normal/reactive BMMCs was >mean = 1 SD and a score of 0 or 1 was given
when the MFI of individual markers was < mean * 2 SD of the mean value
obtained for that particular marker depending on whether it was different or
coincident with the expression described for the specific diagnostic groups
(ISM/cMCAD, WDSM, or ASM/MCL), respectively; a score of 2 and 3 was
assigned when the MFI value divergence was >mean = 2 SD but < mean * 3
SD and when it was >mean * 3 SD of the values observed for the
corresponding disease category, respectively. Sensitivity was calculated as
true positive (TP)/(TP + false negative), specificity as true negative (TN)/(TN
+ false positive), positive predictive value (PPV) as TP/(TP + false positive),
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and negative predictive value (NPV) as TN/(TN + false negative). Receiver
operating characteristic curves were used to assess the sensitivity and
specificity of immunophenotyping for the diagnosis and classification of
SM and its 3 phenotypic subtypes.

RESULTS

Flow-cytometric pattern of BM infiltration by MCs
Patients with SM displayed increased BMMC counts (mean

* 1 SD) versus normal BM (1.7% = 6.8% vs 0.07% =

0.11%; P < .0001). ASM, MCL, and SM-AHNMD showed

significantly higher BMMC counts than cMCAD and ISM

(P < .05; Table E1).

Immunophenotypic characteristics of normal/
reactive BMMCs

Normal/reactive (control) BMMCs displayed relatively high
light scatter values and expressed the CD45, CD117, CD63,
CD203c, CD59, FceRI, CD32, HLA-I, cytoplasmic carboxy-
peptidase, and cytoplasmic total tryptase (CyB12; Figs 1-3)
markers in the absence of reactivity for CD2, CD25, CD123
(Fig 1), and CD34 (not shown). Reactivity for CD64, CD16,
HLA-DQ, and HLA-DR (Fig 2) was variable and only detected
(partially or dimly expressed) in a restricted number of indi-
viduals—5%, 13%, 13%, and 25%, respectively. In turn,
CD22 tested positive in half of the controls, with extremely
variable—dim to strong—patterns of expression (Fig 2). Ma-
ture tryptase (CyGS5), CD69, and cytoplasmic b-cell lymphoma
2 protein (CyBcl2) were expressed in the majority of control
BM samples—75%, 88%, and 94%, respectively (Figs 1-3).
This was associated with relatively high amounts of immature
tryptase (high CyB12/CyGS5 ratio), low total sT/CyB12 values,
and relatively high levels of sT per BMMC (high sT/BMMC
ratio; Fig 3).

Overall immunophenotypic features of BMIVICs in
SM

In comparison with normal BMMCs, clonal BMMCs from
patients with SM showed similar patterns of expression of
CD117", FceRI*, HLA-I", and CD34", except for 1 patient
with MCL who expressed CD34 in 28% of the pathological
MC. Conversely, they displayed higher light scatter values (P <
.01), and aberrant expression of CD25™, CD2, and CDI23 in
93%, 72%, and 73% of cases, respectively (P < .0001; Fig 1).
Similarly, expression of CD22, HLA-DR, CD64, CD16, and
HLA-DQ, was abnormally increased on BMMCs from most
SM: 96%, 85%, 84%, 69%, and 58% of cases, respectively
(P < .02; Fig 2). Reactivity for the CD69, CD63, and CD203c
activation markers, FcyRII (CD32), CD45 and the CD59 comple-
ment regulatory protein, was also abnormally high in SM (P <
.05; Figs 1 and 2). In addition, BMMCs from patients with SM
showed abnormally low expression of CyB12 with both increased
cytoplasmic expression of mature tryptase (CyGS5) and higher sT
values (P = .02), leading to a decreased serum tryptase/BMMC
ratio (P =.01) and an increased sT/CyB12 ratio (Fig 3).

Aberrant marker expression allowed for a clear discrimination
between normal and SM BMMCs, with a sensitivity of 98.1% and
a specificity of 100% (PPV, 100%; NPV, 80%).
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Differential immunophenotypic profiles of BMMCs
from patients with different subtypes of SM

Overall, 3 clearly distinct immunophenotypic profiles were
found among SM (see this article’s Table E3 in the Online Repos-
itory at www.jacionline.org), which corresponded to patients with
(1) WDSM, (2) ISM/cMCAD, and (3) both ASM and MCL;
SM-AHNMD cases showed a heterogeneous and variable
immunophenotype depending on whether the SM component
corresponded to ISM or ASM.

Patients with ISM and cMCAD displayed similar immunophe-
notypic patterns, with aberrantly increased light scatter (P < .003
vs control BMMCs) and uniform CD25™ expression (P < .0001);
most cases were also CD2* (88% and 81%, respectively; P <
.0001; Fig 1). Moreover, BMMCs from cMCAD and ISM showed
increased expression of CD16 and CD45 (P < .005) and very high
reactivity (P < .01) for CD59, CD63, CD69, CD203c, CD32,
CD64, CD123, and HLA-DR (Figs 1 and 2). Although patients
with ISM and cMCAD displayed overall increased sT levels (P
< .04), this was associated with decreased sT levels per BMMC
for ISM (P = .02; Fig 3); in both groups of patients with SM,
higher sT was associated with a decreased CyB12 (total cytoplas-
mic tryptase).

In contrast with ISM and cMCAD, BMMCs from most patients
with WDSM were CD25" and CD2" (P < .0001), with only 4 of 11
cases either partially positive for CD25 (n = 3) or CD2%™/CD25"
(n = 1). In addition, BMMCs from WDSM exhibited abnormally
increased light scatter (P <.006 vs control BMMCs; Fig 1), and
expression of CD16, CD22 (P = .003 vs control BMMCs),
CyBcl2 (P = .006 vs ISM), cytoplasmic carboxypeptidase, and
CyB12 (P = .003 vs ISM; Figs 1-3). The greater expression of
CyB12 was associated with relatively low sT and a decreased
sT/BMMC ratio (P < .008 vs control subjects, cMCAD, and
ISM) but normal total (CyB12)/mature (CyG5) cytoplasmic tryp-
tase levels (Fig 3).

In turn, poor-prognosis SM (ASM and MCL) typically showed
an aberrant CD25™ (9/9 ASM and 2/3 MCL; P < .001 vs control
BMMCs) but CD2" phenotype with only 1 of 9 patients with ASM
and 1 of 3 patients with MCL CD2%™ (P < .0001 for ASM vs ISM
and cMCAD). Likewise, expression of CD63 and CD69 was sig-
nificantly increased among patients with ASM (P < .02 vs normal
BM) but not patients with MCL (Fig 1). Furthermore, BMMCs
from ASM, ASM-AHNMD, and MCL, showed aberrantly low
light scatter properties—especially sideward light scatter (SSC;
P < .02 vs good-prognosis SM)—along with decreased CD117
and FceRI expression (P < .03 vs normal BM). Other markers,
such as CD59 (P = .02 for MCL), HLA-DR, CD123, and
CD32 (P < .02 for ASM), were frequently overexpressed versus
controls. Similarly, poor-prognosis variants of SM displayed the
highest sT levels (P < .03 vs good-prognosis SM; Table E1) in as-
sociation with decreased CyB12 expression leading to an in-
creased sT/CyB12 ratio and decreased sT levels per BMMC
(Fig 3).

As described, ISM-AHNMD and ASM-AHNMD displayed
similar phenotypic profiles to their ISM and ASM non-associated
with a clonal non-mast cell lineage hematopoietic disease coun-
terparts, except for CD117, FceRI, CyB12, and CD123, whose ex-
pression in ISM-AHNMD was closer to that observed among
ASM than to ISM (Figs 1-3). Regarding ASM-AHNMD, pheno-
typic features intermediate between those of ASM and MCL were
found for most of the parameters studied, except for CD2
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(P =.04),CD16 (P = .03), and CyGS5, which showed a higher and
more heterogeneous expression in ASM-AHNMD versus ASM
(Figs 1-3).

Based on the expression of individual phenotypic markers,
prediction of the specific subtype of SM (WDSM vs ISM/
c¢cMCAD vs ASM/MCL) could be achieved with a high sensitivity
(67%, 86%, and 100%, respectively) and specificity (100%, 86%,
and 88%, respectively; PPV, 100%, 94%, and 62%, respectively;
NPV, 96%, 71%, and 100%, respectively). Associations between
the immunophenotype of clonal BMMCs from the distinct
subtypes of SM and the clinical features of the disease (sT levels,
presence of hepatomegaly and/or splenomegaly) have also been
found (see the Online Results section of this article in the Online
Repository at www.jacionline.org).

Frequency and impact of KIT mutations on the
immunophenotype of BMMCs in SM

Most patients with SM analyzed (97/109; 89%) displayed KIT
mutations, except for WDSM, for which only 3 of 10 cases carried
the KIT mutation (the D816V mutation was positive in only 1 of
these patients; P < .05 vs all SM variants except MCL; Table
El). Interestingly, the frequency of cases carrying KIT mutation re-
stricted to the MC compartment was significantly higher in the
good-prognosis (ISM and cMCAD) versus poor-prognosis variants
(ASM, MCL, or SM-AHNMD; P < .05 for ASM vs ISM and
cMCAD and, ASM-AHNMD vs cMCAD), which also displayed
KIT mutation in other nucleated BM myeloid cells (Table E1).

Among those patients who displayed KIT mutations, 95% car-
ried the D816V KIT mutation whereas other KIT mutations were
detected in isolated cases (D816Y, 1817V, V819Y, and V560G
along with a VI815-816 insertion, corresponding to a patient
with MCL, a patient with WDSM, and 2 patients with cMCAD,
respectively). Overall, no significant phenotypic differences
(P > .05) were found within each subtype of SM for D816V ™"
BMMCs versus BMMCs showing either other mutations in the
activating loop of KIT (n = 4) or no KIT mutational changes at
the loci examined (n = 6). However, the only patient with
cMCAD showing the V560G KIT juxtamembrane mutation dis-
played unique phenotypic features—CD2574™  CyBcl2™,
CD2, and HLA-1Y™versus other cMCAD cases.

DISCUSSION

Systemic mastocytosis is a clinically and prognostically heter-
ogeneous group of disorders'®'®'® characterized by the clonal
expansion of immunophenotypically aberrant MCs in the pa-
tients’ BM.%7?'! However, little is known about the specific im-
munophenotypic features of the distinct variants of SM. Here, we
analyzed the expression of a broad panel of functional proteins on
BMMCs from a large cohort of patients with SM compared with
normal/reactive BMMCs. Overall, aberrant phenotypes were
identified in all patients with SM, with 3 clearly distinct profiles
typically associated with (1) the most common good-prognosis
categories of SM (cMCAD and ISM), (2) WDSM, and (3) cases
with poor-prognosis subtypes of SM (ASM and MCL).
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Currently, aberrant expression of CD25 and/or CD2 on
BMMCs represents the only immunophenotypical criterion
used in the diagnostic work-up of SM."* BMMCs from both
cMCAD and ISM showed a typically CD25 */CD2" aberrant,
mature (eg, FceRI™) phenotype associated with overexpression
of the CD63, CD69, and CD203c activation markers and the
CD64 high-affinity IgG Fc receptor (FcyRI). Interestingly,
CD64 is normally absent in resting BMMCs* but is expressed
upon cytokine exposure (INF-y).>**' Similarly, BMMCs from
patients with cMCAD and ISM also showed increased expression
of MHC class Il molecules (HLA-DR and HLA-DQ) that are typ-
ically negative in resting mouse and human MCs but upregulated
on activated MCs isolated from tissues infected with pathogens
and/or stimulated with cytokines—for example, TNF-a and
INFy—and LPS.**3* Altogether, these results suggest that
BMMC s from patients with cMCAD and ISM display a pheno-
typic profile similar to that of activated mature MCs, with aberrant
expression of CD2 and CD25. Because virtually every patient
within these subgroups of SM carried the D816V KIT mutation, 14
which leads to constitutive activation of kit,13 this mutation could
be responsible for the aberrant activated phenotype of BMMCs in
both groups of SM. This hypothesis would be further supported
by the absence of phenotypic differences between BMMCs
from patients with cMCAD with the D816V KIT mutation versus
other mutations in the tyrosine kinase loop domain of KIT,
whereas the only (c(MCAD) patient carrying the V560G mutation
in the juxtamembrane domain displayed a clearly different immu-
nophenotypical profile.

In contrast with ISM and cMCAD, BMMC:s from several other
subtypes of SM did not show a CD25%/CD2* phenotype. Thus,
BMMCs from WDSM were typically CD25/CD2", as previously
reported in individual cases'® and small groups of patients.'” Fur-
thermore, BMMCs from WDSM also showed normal expression
of the CD59, CD203c, and/or CD63 activation markers, which are
typically overexpressed by BMMCs from other subgroups of
SM.®*1%12 1 fact, BMMCs from WDSM showed a phenotype
similar to that of normal resting mature BMMCs, with strong
expression of CD117 and FceRIL.%2% In turn, aberrant phenotypes
expressed by WDSM were restricted to a few number of cytoplas-
mic antigens (eg, CyBcl2, carboxypeptidase A [CPA], and
tryptase). The increased expression of CyBcl2 (Fig 3) could
reflect an altered regulation of apoptosis associated with in-
creased survival of MCs>® in WDSM, as previously suggested
for cutaneous mastocytosis.37 In turn, the greater amount of cyto-
plasmic enzymes (eg, tryptase and CPA) could contribute to the
typical hypergranulated morphologic appearance and the abnor-
mally increased SSC of BMMCs in WDSM. Overexpression of
cytoplasmic tryptase (CyB12) in association with relatively low
sT could reflect an impaired secretion phenotype with a signifi-
cantly decreased release of tryptase per BMMCs in WDSM
versus normal BM. Of note, the overall increased cytoplasmic
levels of tryptase—pro and mature o/p-tryptase identified by
the B12 mAb—detected in WDSM were associated with a normal
total/mature tryptase ratio (CyB12/CyGS5). Altogether, these
results suggest that spontaneous secretion of protryptase could

<

FIG 1. Light scatter (forward light scatter (FSC), A; sideward light scatter (SSC), B) and immunophenotypic
characteristics (C-J) of BMMCs from adults with different subtypes of SM versus normal/reactive BMMCs,
gated as CD117"/CD45™" with intermediate-to-high scatter. MFI, Mean fluorescence intensity/BMMC. P <.05
and FDR 10% versus *controls, fWDSM, {cMCAD, 8ISM, ||ISM-AHNMD, JASM, **ASM-AHNMD, f+MCL,
11SM, 88all other groups except SM, and ||||all other groups except SM and WDSM.
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FIG 3. Serum tryptase levels (ng/L) and cytoplasmic expression of MC enzymes (mean fluorescence intensity
[MFI]) per BMMC (CD1 17"/CD45" with intermediate-to-high scatter cells) from patients with SM versus nor-
mal/reactive BMMCs. A-C, Expression of cytoplasmic carboxypeptidase A (CPA), total (B12) and mature (G5)
tryptase per BMMC. D, The ratio between the mean amount of total/mature tryptase per BMMC. E and F, The
ratio between sT and both CyB12 per BMMC and the percentage of BMMCs, respectively. P<.05 and FDR 10%
versus *controls, TWDSM, {cMCAD, §ISM, |[ISM-AHNMD, §ASM, and {{SM. ND, Not done.

be affected in these patients, because protryptase is spontaneously
secreted whereas mature tryptase is stored in granules and
released in response to MC stimulation.*® Furthermore, because
most patients with WDSM did not show KIT mutation and those
few patients carrying KIT mutations displayed a phenotype simi-
lar to that of the nonmutated cases, it could be speculated that
BMMCs from WDSM may carry additional mutations/genetic
changes involving other proteins downstream of kit, which could
be responsible for the impaired MC secretion phenotype.

In contrast with other subgroups of SM, the poor-prognosis
variants (ASM and MCL) displayed aberrant positivity for CD25,
usually in the absence of CD2. This aberrant phenotype was
associated with decreased expression of CD117, FceRI, and HLA-I
and increased positivity for CD123, HLA-DQ, and HLA-DR,
reflecting a more immature MC phenotype.®*** In line with this,
BMMCs from patients with ASM and MCL also displayed abnor-
mally low levels of cytoplasmic tryptase and CPA in association
with decreased light scatter features. Interestingly, the marked phe-
notypic differences observed between these poor-prognosis cate-
gories of SM and ISM/cMCAD cases could not be explained on
the basis of a different pattern of KI/T mutations, because most pa-
tients with ASM/MCL also displayed the D816V mutation; how-
ever, MCL and ASM typically carry the D816V KIT mutation in
BMMCs, CD34 " cells, and almost all other myeloid cell lineages,
in contrast with patients with cMCAD and ISM, in whom the KIT
mutation is typically restricted to BMMCs.'* These results suggest
that in SM, occurrence of an extended clonal hematopoiesis with

multilineage involvement is associated with an earlier blockade
of MC maturation among the more aggressive forms of SM; this
is further supported by the higher tumor load in the BM and lym-
phoid tissues and the lower skin involvement typically found
among patients with ASM and MCL versus patients with
ISM.">*? Further molecular/genetic studies are necessary to eluci-
date whether such maturation blockade could be a result of the co-
existence of additional genetic changes ina D816V " hematopoietic
progenitor cell among patients with poor-prognosis SM.

In summary, our results confirm that BMMCs from SM are
phenotypically heterogeneous with 3 clearly distinct matura-
tion-associated profiles related to molecular and prognostic
subtypes of mastocytosis. More immature immunophenotypic
patterns are typically found in ASM and MCL, whereas mature
activated (ISM/cMCAD) or resting (WDSM) BMMC pheno-
types, dependent on the presence or absence of the D816V
KIT mutation, are associated with better prognostic subtypes of
SM.

Key messages

o Bone marrow MCs from different subtypes of systemic
mastocytosis display distinct immunophenotypic profiles.

o The different immunophenotypic profiles of SM are asso-
ciated with both the KIT mutation and the clinical behav-
ior of the disease, with more immature features in
aggressive SM and MC leukemia.

<

FIG 2. Expression of (mean fluorescence intensity [MFI/JBMMC) CD22 (A), CD59 (B), FceRI (C), FcyR recep-
tors (D-F), HLA molecules (G-l), and CyBcl2 (J) on BMMCs from adults with different subtypes of SM versus
normal/reactive BMMCs (CD117"/CD45" with intermediate-to-high scatter cells). P < .05 and FDR 10%
versus *controls, TWDSM, {cMCAD, 8ISM, ||ISM-AHNMD, JASM, **ASM-AHNMD, {tMCL, {{SM, 88all
other groups except SM and ISM-AHNMD, and ||||all the other groups except SM and WDSM.
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RESULTS
Association between the immunophenotype of
clonal BMMCs and other disease features

Patients with ISM with sT levels >20 pg/L showed higher
BMMC counts (P = .0002) and lower reactivity for CD25 (P =
.02) and FceRI (P = .01); in addition, a significant correlation
was found between sT and the mean amount of CD123 (r2 =
.31; P = .04) per BMMC. Likewise, patients with ISM displaying
hepatomegaly and/or splenomegaly had lower expression of
FceRI (P = .005) and CD32 (P = .04), together with increased
tryptase levels (P = .009). Similarly, patients with cMCAD
with high sT levels (>20 wg/L) showed increased forward light
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scatter (P = .04), CD59 (P = .04), and CD69 (P = .02) expres-
sion; within these patients, sT levels were also significantly asso-
ciated with CD64 expression (= .55, P = .004).

Among patients with ASM, sT levels showed a significant
correlation with the expression of CD63 (r2 = .65; P = .03),
CD69 (% = .69; P = .01), and CyB12 (+* = .81; P = .006) per
BMMC.

REFERENCE
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TABLE E1. Clinical and biological characteristics of adult control subjects and patients with SM grouped according to the diagnostic
category of the disease

Diagnostic subtype of SM

Good-prognosis categories Poor-prognosis categories
Controls WDSM ¢cMCAD ISM ASM ISM-AHNMD ~ ASM-AHNMD MCL
(n =92) (n=11) (n=17) (n = 69) (n=29) (n=28) (n=86) (n=3)
Age (y) 68%9° (20-89) 34L& (19-73)  49P&h (19-73)  43PFEh (21.72)  64%° (36-80) 6554 (37-74)  72°9¢ (60-83) 65 (37-76)
Sex (M/F)?* 57/35° 2/9°f 13/4° 33736 9/0°° 5/3 3/3 12
(62/38) (18/82) (76/24) (49/51) (100/0) (63/37) (50/50) (33/67)
WBC count 6.0 (3.0-8.6) 5.6 (4.4-7.2) 63 (3.5:9.7) 6.1 (3.1-132) 5.1 (2.7-134) 5.6 (22-12.2) 8.0 (4.3-16.8) 4.8 (4.3-9.8)
(X10°/L)
Skin lesions® NA 11/11' (100) 0/17°%F8 (0)  68/68%™ (100)  3/8%%¢ (38)  4/8“%¢ (50) 2/6%° (33) 0/3°° (0)
Hepatomegaly® NA 0/11f (0) 1/17° (6) 2/68" (3) 6/8%<° (75)  3/8° (38) 2/6 (33) 1/3 (33)
Splenomegaly® NA 0/11%7 (0) /17 (6) 4/68"™1 (6) 7/8°4<¢ (88)  2/8" (26) 3/6%¢ (50) 2/3%%¢ (67)
Serum tryptase 14.8%efeh 11% (4-169) 251 (15-100)  25°™ (3-644)  387°cdee 93" (8-418)  1320cde 7130408
(ng/L) (1.6-23) (100-540) (120-469) (490-937)
Percentage of 0.02 0.10° 0.07" 0.06™ 2.9bdeed 0.26" 4,600 40.0' (26-54)
BMM(Cs by (0.001-0.5) (0.008-12.0) (0.004-1.4) (0.0001-1.7) (0.02-15.8)  (0.06-0.9) (0.02-11.1)
flow cytometry
Mutated KIT*°P NA 3/10 (30)*>&P 12/14 (86)° 57/59 (97)°" 9/9 (100)° 8/8 (100)° 6/6 (100)° 213 (67)°
-Cases analyzed NA 0/0 (0) 1/1 (100) 717 (100) 1/1 (100) 0/0 (0) 1/1 (100) 1/2 (50)
only for purified
MC
-Cases with all NA
myeloid
populations
analyzed
e Only MC NA 2/10 (20)*° 11/13 (85)°F"  35/52 (67)°f 0/8 (0)*¢ 3/8 (37.5) 1/5 20)¢ 0/1 (0)
e MC plus another NA 1/10 (10) 0/13 (0) 6/52 (12) 1/8 (12.5) 3/8 (37.5) 1/5 (20) 0/1 (0)
cell population
o All myeloid BM  NA 0/10 (0)™" 0/13 (0)™" 9/52 (17)° 7/8 (87.5)%%°  2/8 (25) 3/5 (60)>¢ 1/1 (100)
cells

y, Years; F, female; M, male; NA, not applicable; WBC, white blood cell.

Results expressed as median (range) or as “number of cases/total cases (percentage). Information about the presence or not of skin lesions and hepatosplenomegaly were lacking in
1 ISM and 1 ASM case.

Significantly different (P <.05, FDR 10%) vs "controls, “WDSM, %cMCAD, °ISM, ‘ASM, $ISM-AHNMD, "ASM-AHNMD, ‘MCL, fall other groups, and all other groups except:
kcontrols, 'WDSM and ISM, "WDSM and cMCAD, and "WDSM and ASM-AHNMD.

°Not all patients had mutational analysis, and in some cases only purified MCs (but not other highly purified BM cell fractions) were analyzed.

PAmong patients with KIT mutation, 5 had a mutation distinct from D816V (D816Y, I817V, V819Y, and V560G mutations and a VI815-816 insertion were detected each in 1 case).
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TABLE E2. Antibodies used for the immunophenotypic analysis of BMMCs

TEODOSIO ET AL 726.e3

Specificity Antibody conjugate Clone Source
Cytokine receptors CD25-PE 2A3 BD Biosciences*
CD117-APC YB5.B8 BD Biosciences*
CD123-PE 9F5 BD Biosciences*
Adhesion molecules CD2-FITC S5.2 BD Biosciences®
CD22-PE S-HCL-1 BD Biosciences*
Complement regulatory proteins CD59-PE p282 (H19) BD Biosciences*
Activation markers CD63-FITC CLBGran/12 Immunotecht
CD69-PE L78 BD Biosciences*
CD203c-PE 97A6 Immunotecht
MHC molecules HLA-I-FITC B9.12.1 Immunotech
HLA-DR-FITC L234 BD Biosciences*
HLA-DQ-FITC TU169 BD Biosciences*
Immunoglobulin receptors CD16-PE 3G8 Immunotech
CD32-PE AT-10 Cytognos]
CD64-PE 022CL-3 Immunotech
FceRI-FITC Polyclonal Invitrogen§
Mast cell enzymes Total tryptase—FITC B12 L. B. Schwartz||
Mature tryptase-FITC G5 L. B. Schwartz||
Carboxypeptidase A3-FITC CA2 A. F. Wallsq
Antiapoptotic markers Anti-BcI2-FITC 124 Dako#
Other proteins CD34-FITC 8G12 BD Biosciences*
CD45-PerCP Cy5.5 2D1 BD Biosciences*

FITC, Fluorescein isothiocyanate; PE, phycoerythrin; APC, allophycocyanin; PerCP-Cy5.5, peridinin chlorophyll protein—cyanin 5.5.

*BD Biosciences (San José, Calif).

fImmunotech (Marseille, France).

}Cytognos (Cytognos SL, Salamanca, Spain).

§Invitrogen (Invitrogen, Carlsbad, Calif).

||ImAb obtained from L. B. Schwartz.®!

€ This mAb was a kind gift from A. F. Walls (Southampton, United Kingdom).
#Dako (Dako, Glostrup, Denmark).
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TABLE E3. Immunophenotypic profile of BMMCs from patients with SM grouped according to the diagnostic subtypes of the disease

Phenotypic markers ISM/cMCAD WDSM ASM/MCL
Light scatter 1 1 /N
CD45 i N N
CD117 N N l
CD123 1 N 1
CD25 + - +
CD2 + - -
CD63 T N N/1
CD69 1 N/t N/t
CD203c 1 N I/IN
CD22 T T T
CD59 1 N 1
FceRI N/1 N/1T l
CDl16 1 1 N/1
CD32 1 N/t T
CD64 T N T
HLA-I N/t N /N
HLA-DR T N N/1T
HLA-DQ 1 N N/t
CyBcl2 N/t N/t N/t
CyCPA N N/t /N
CyB12 /N 1 l
CyG5 1 N/t N
CyB12/CyG5 /N N l
Serum tryptase T N i
Serum tryptase/CyB12 N/t /N T
Serum tryptase/% of BMMC l l l

CyCPA, Cytoplasmic carboxypeptidase A; N, expression pattern similar to control BMMC; 1, increased expression versus control BMMC; |, decreased expression versus control.
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| MATERIAL, METHODS AND RESULTS

3.2. AN IMMATURE IMMUNOPHENOTYPE OF BONE MARROW MAST CELLS PREDICTS
FOR MULTILINEAGE D816V KIT MUTATION IN SYSTEMIC MASTOCYTOSIS

Leukemia 2012; 26(5):951-8

Teodosio C. performed the MFC experiments, analyzed/interpreted the data, made the figures
and wrote the paper.
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An immature immunophenotype of bone marrow mast cells
predicts for multilineage D816V KIT mutation in systemic

mastocytosis

C Teodosio'?, AC Garcia-Montero'?, M Jara-Acevedo’, | Alvarez-Twose?, L Sanchez-Munoz?, J Almeida’, JM Morgado?,

A Matito?, L Escribano®* and A Orfao™*

D816V KIT mutation of bone marrow (BM) mast cells (MC) is a common feature to systemic mastocytosis (SM) patients.
Nevertheless, occurrence of the KIT mutation in BM cell compartments other than MC is associated with progression to more
aggressive forms of the disease and poor outcome in indolent SM (ISM). Here, we assessed the potential association between
the immunophenotype of MC and multilineage KIT mutation in the BM of SM patients through the investigation of the flow
cytometric protein expression profile (PEP) of bone marrow mast cells (BMMC) from 70 control individuals and 206 SM patients,
classified according to the WHO (World Health Organization), and the degree of involvement of BM hematopoiesis by the
D816V KIT mutation; additionally, we developed a score-based class prediction algorithm for the detection of SM cases with
multilineage mutation. Our results show that aberrant expression of CD25 with a FceRI', FSC'°, SSC'° and CD45' immature
phenotype of BMMC, in the absence of coexisting normal MC in the BM, was associated with multilineage involvement by the
D816V KIT mutation, regardless of the diagnostic subtype of the disease (for example, indolent vs aggressive SM), which
supports the utility of the immunophenotype of BMMC as a surrogate marker to screen for multilineage KIT mutation in ISM.

Leukemia (2012) 26, 951-958; doi:10.1038/leu.2011.293; published online 4 November 2011

Keywords: D816V; flow cytometry; immunophenotype; KIT; mastocytosis

INTRODUCTION

Mastocytosis is a heterogeneous group of disorders characterized
by an abnormal growth and accumulation of neoplastic mast cells
(MC) in one or more organ systems.' It includes patients with both
mild—for example, cutaneous mastocytosis and indolent systemic
mastocytosis (ISM)—and more aggressive—for example, aggressive
SM (ASM) and MC leukemia (MCL)-forms of the disease, together
with cases that have an associated clonal non-MC lineage disease
(SM-AHNMD).'? Recently, two additionally rare but clinically and
molecularly distinct subvariants of ISM have been identified, which
have relevant therapeutic implications: (i) ISM without skin lesions
(ISM*7)*75 and (ii)well-differentiated SM.5™®

Despite the clinical, biological and prognostic heterogeneity
found among the different subtypes of SM, in the great majority
(>90%) of cases, the clonal nature of MC is demonstrated by the
presence of the stem cell growth factor receptor gene (KIT) D816V
mutation,” except among well-differentiated SM patients; thus,
the presence of KIT mutation itself, is of relatively limited value for
the classification of the disease."” Interestingly, recent studies’
showed that poor-prognosis SM, including ASM, MCL and SM-
AHNMD?® frequently (~80% of the cases) carry the D816V KIT
mutation in myeloid or both myeloid and lymphoid hematopoie-
tic cell compartments other than bone marrow mast cells
(BMMC).° Noteworthy, BMMC from these later subgroups of SM
patients exhibit a unique and more immature immunophenotypic

profile—for example, increased expression of HLA-DR and CD123,
and decreased reactivity for CD117, FceRl and cytoplasmic (Cy)
tryptase' '~"*— vs other subtypes of SM in which the KIT mutation
is typically restricted to BMMC (for example, ISM*7) with a mature
activated MC phenotype, and increased expression of multiple
activation associated-markers (for example, CD63, CD69 and
CD203¢)."

As in ISM*~, the majority of ISM patients who have skin lesions
(ISM°*™) typically carry the KIT mutation restricted to the MC
compartment; nevertheless, in around 20% of these cases® the KIT
mutation is also detected in other myeloid or both myeloid and
lymphoid cell compartments. Noteworthy, the extent of involve-
ment of hematopoiesis by the KIT mutation has been recently
reported to be the most powerful independent prognostic criteria
for progression of ISM to more aggressive disease—for example,
ASM, myelodysplastic syndrome or acute myeloblastic leukemia."”
However, this information requires complex molecular analyses of
highly purified FACS (fluorescence-activated cell sorting)-sorted
BM cell populations,®'> which limits its routine use out of highly
specialized reference centers. Despite all the above, no study
has been reported so far, in which the potential association
between the immunophenotype of BMMC and multilineage
involvement by the KIT mutation has been investigated, in order
to determine the potential utility of the flow cytometric
assessment of the immunophenotypic profile of BMMC in the

'Servicio General de Citometria, Centro de Investigacion del Cancer (IBMCC-CSIC/USAL) and Departamento de Medicina, Universidad de Salamanca, Salamanca, Spain and
2Centro de Estudios de Mastocitosis de Castilla La Mancha, Hospital Virgen del Valle, Toledo, Spain. Correspondence: Professor A Orfao, Servicio General de Citometria, Centro de

Investigacion del Cancer, Campus Miguel de Unamuno, Salamanca 37007, Spain.
E-mail: orfao@usal.es
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diagnostic screening of multilineage involvement of hemato-
poiesis by the KIT mutation in SM.

In this study, we analyzed the flow cytometric PEP of BMMC
from 206 SM patients, and compared it among individuals
classified according to the WHO disease subtype, as well as the
grade of involvement of BM hematopoiesis by the KIT D816V
mutation. Our results show that SM patients who carry the KIT
D816V mutation in BM cell compartments, other than MC, share a
unique PEP on their BMMC, independently of the diagnostic
subtype of the disease. These results suggest that immunophe-
notype of BMMC may be used as a surrogate marker for the
diagnostic screening of multilineage KIT mutation in ISM.

MATERIALS AND METHODS
Patients

Only adult patients (>18 years), who gave their informed consent
and fulfilled the WHO, and more recent criteria'? for the diagnosis of
ISM*~, ISM** or ASM (including those cases with AHNMD) were included
in the study; additionally, those patients who carried a KIT mutation
distinct from the D816V or in whom the KIT mutation could not be
investigated in all the subpopulations of nucleated BM cells, were excluded
from further analyses. Overall, 206 BM samples obtained from an identical
number of SM patients (141 ISM**, 18 ASM and 47 ISM*") who fulfilled the
inclusion criteria (111 males and 95 females; median age of 44 years,
ranging from 21 to 77 years), and who were diagnosed at the reference
centres of the Spanish Network of Mastocytosis (REMA) (Mast Cell Unit of
the Hospital Virgen del Valle, Toledo, and Cytometry Service of the Cancer
Research Centre, Salamanca, Spain) were studied. In addition, 70 control
BM donors (27 males and 43 females; median age of 47 years, ranging
from 25 to 77 years), which consisted of 5 healthy subjects and 65 patients
undergoing BM aspiration for clinical reasons other than mastocytosis,
were also analysed. Of note, a subset of 55 patients and 20 control BM

donors included in this study were also previously described in reference
Teodosio et al.'* In all cases, informed consent was obtained prior to the
study, according to the guidelines of the local ethics committees and
review boards of the two centres.

Multiparameter flow cytometry immunophenotype of BMMC

Multiparameter flow cytometry immunophenotypic studies were per-
formed on BM aspirate samples, processed as previously described,'*'®
using either a FACSCalibur (Becton Dickinson-BD, San Jose, CA, USA) or a
FACSCanto Il flow cytometer (BDB), equipped with the CellQUEST and
FACSDiva software programs (BDB), respectively. Four-color, fluorescein
isothiocyanate (FITC)/phycoerythrin (PE)/peridinin chlorophyll protein
(PerCP)-cyanin 5.5 (Cy5.5)/allophycocyanin, combinations of monoclonal
antibodies (MAb) were used to stain BM cells for a broad set of proteins
(Table 1). For those BM samples measured in the FACSCanto Il flow
cytometer (n=51), a six-color, Pacific Blue/Pacific Orange /FITC/PE/PerCP
Cy5.5/PE-cyanin 7 (Cy7), combination of MAb was used (Table 1). In both
groups of cases, a double-step acquisition procedure was applied, as
recommended by the REMA."” For data analysis the INFINICYT software
(Cytognos SL, Salamanca, Spain) was used.

Serum tryptase levels

Serum tryptase (sT) levels were determined using the Phadia ImmunoCAP
Tryptase System (Phadia, Uppsala, Sweden), according to the instructions
of the manufacturer.

Purification of MC and other subpopulations of BM nucleated cells,
and detection of KIT D816V mutation

Isolation of MC and other subpopulations of nucleated BM cells was
performed using a four-way fluorescence-activated cell sorter (FACSAria,
BDB), equipped with the FACSDiva software (BDB) as described elsewhere.’
The KIT D816V mutation was detected using a peptide nucleic acid-
mediated PCR-clamping technique, on highly-purified fractions (=97%

Table 1. List of antibodies used for the immunophenotypic analysis of bone marrow mast cells
Functional group Ab conjugate Clone Commercial source
Activation markers CD63-FITC CLBGran/12 Beckman Coulter®
CD69-PE L78 BD Biosciences®
CD203c-PE 97A6 Beckman Coulter®
Adhesion molecules CD2-FITC S5.2 BD Biosciences®
CD2-Pacific Blue TS1/8 Biolegend®
CD22-PE S-HCL-1 BD Biosciences®
Apoptosis-related proteins Anti-Bcl2—FITC 124 Dako®
Complement-associated proteins CD59-PE p282 (H19) BD Biosciences®
Cytokine receptors CD25-PE 2A3 BD Biosciences®
CD117-PE Cy7 104D2D1 Beckman Coulter®
CD117-APC YB5.B8 BD Biosciences®
CD123-PE 9F5 BD Biosciences®
Ig receptors CD16-PE 3G8 Beckman Coulter®
CD32-PE AT-10 Cytognos®
CD64—-PE 022CL-3 Beckman Coulter®
FceRI-FITC Polyclonal Invitrogen®
Major histocompatibility complex HLA-I-FITC B9.12.1 Beckman Coulter®
(MHC)-associated molecules HLA-DR-FITC L234 BD Biosciences®
HLA-DQ-FITC TU169 BD Biosciences®
MC enzymes Total tryptase—FITC B12 LB Scwhartz®
Mature tryptase—FITC G5 LB Scwhartz®
Carboxypeptidase A-FITC CA2 AF Walls"
Tetraspanins CD9-FITC ALB6 Beckman Coulter®
Other proteins CD34-FITC 8G12 BD Biosciences®
CD34—PerCP Cy5.5 8G12 BD Biosciences®
CD45—Pacific Blue T29/33 Dako®
CD45-Pacific Orange HI30 Invitrogenf
CD45-PerCP Cy5.5 2D1 BD Biosciences®

Abbreviations: Ab, antibodies; Cy, cytoplasmic; MC, mast cells; PE, phycoerythrin. 2Beckman Coulter (Beckman Coulter, Miami, FL, USA). ®BD Biosciences (BDB,
San José, CA, USA). “Dako (Dako, Glostrup, Denmark). dBiolegend (Biolegend, San Diego, CA, USA). *Cytognos (Cytognos SL, Salamanca, Spain). fInvitrogen
(Invitrogen, Carlsbad, CA, USA). 9This MAb was provided by Dr LB Schwartz (Richmond, VA, USA). "This MAb was provided by Dr AF Walls (Southampton, UK).
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purity) of BMMC, eosinophils, monocytes, neutrophils, CD34 " hemato-
poietic precursor cells and lymphocytes, as previously described;’ in these
later fractions no contamination by phenotypically aberrant MC was
detected (<0.01%).

Statistical methods, hierarchical clustering analysis and class
prediction algorithm

For all continuous variables, their median, mean and s.d., as well as range
and both the 25th and 75th, and the 10th and 90th percentiles were
calculated; for categorical variables, frequencies were reported. Statistical
significance (P value <0.05) was determined employing the non-
parametric Kruskal-Wallis and Mann-Whitney U tests (for continuous
variables) or the Pearson’s Chi-square test, the binomial test and Fisher's
exact test (for categorical variables). Progression-free survival (PFS) curves
were plotted according to the method of Kaplan—Meier and survival curves
were compared using the log-rank test. For all statistical analyses the SPSS
15.0 software (SPSS, Chicago, IL, USA), was used.

Unsupervised hierarchical clustering analysis was performed using
standard correlation coefficients (Pearson correlation) and the average
linkage clustering method. Normalization of the datasets was performed
by calculating a ratio between the mean fluorescence intensity obtained
for each marker and the median mean fluorescence intensity value
obtained for that marker in all the samples tested. A logarithmic (base 2)
transformation was applied to the ratio values, and the log2 ratios were
then used for hierarchical clustering analyses (Cluster 3.0 and Tree View
software; Stanford University, Stanford, CA, USA).

In order to explore the predictive value of the different immunopheno-
typic features for the detection of cases with multilineage KIT mutation, a
score-based class prediction model was built, employing a training set of
ISM** patients. For the identification of the most discriminant parameters
and categorization of continuous variables, receiver operating characteristic
(ROQ) curves were applied. Those variables that did not reach statistical
significance (P> 0.05), had little discriminating value (area under the curve
(AUQ) <0.6), and/or were tested in <80% of the samples analyzed, were
excluded from the model. Normalization of each immunophenotypic
variable was performed by calculating the ratio between individual mean
fluorescence intensity values of SM patients and the median mean
fluorescence intensity value obtained for a reference group of normal
BMMC, stained and measured under identical conditions as that of the SM
patients’ samples. The performance of individual markers for the classifica-
tion of SM patients with multilineage KIT D816V mutation vs patients with
KIT mutation restricted to BMMC was determined using ROC curves.
Accordingly, a score of two was assigned to those variables with higher
discriminating power (AUC>0.7), whereas for the remaining informative
variables a score of one was attributed. The result of the sum of the score for
the five parameters included in the model was assigned as the score of each
individual sample; then the most discriminant score cutoff for KIT
multilineage involvement was determined using a ROC curve. This classifier
was then used to predict the class in a validation set of samples stained with
the same combination of MAbs, but measured in a different four-color flow
cytometer (validation set no. 1, that corresponds to the subset of 55 patients
and 20 control BM donors, which were previously described in Teodosio
et al.'®), and a second validation set of patient samples stained with six-color
combinations of MAbs and measured in a FACSCanto instrument (validation
set no. 2). Sensitivity was calculated as true positive (TP)/(TP + false
negative), specificity as true negative (TN)/(TN +false positive), positive
predictive value as TP/(TP + false positive), negative predictive value as
TN/(TN + false negative), false positive rate as 1—specificity and false
negative rate as 1—sensitivity.

RESULTS

Unsupervised hierarchical clustering-based classification of SM
patients according to the load and immunophenotypic features
of BMMC

In a first step, unsupervised hierarchical clustering analysis was
performed on 112 SM patients, who were simultaneously tested
for a screening panel of a limited number of parameters (n=11)
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(stained and measured under the same conditions). On the basis
of this analysis, patients were classified into two major groups
(groups A and B in Figure 1a): one group (group A) included most
ASM cases (11/12 (92%; P=0.006)), whereas the other (group B)
comprised the majority of ISM®*~ patients (25/27 (93%; P<0.0001)).
Interestingly, ISM** patients were equally distributed in both
groups: 49% in group A and 51% in group B (P=0.91).
Nevertheless, when the pattern of BM involvement by the KIT
mutation was considered, group A included the majority of SM
patients with myeloid, and myeloid plus lymphoid KIT mutation
(14/19 (74%; P=0.04) and 12/15 (80%; P=0.02), respectively).
Conversely, group B included 55/78 (71%; P<0.0001) cases with
the KIT mutation restricted to BMMC (Figure 1a). In order to further
confirm these results, a similar analysis with a larger number of
phenotypic parameters was performed, for a subset of 34 patients
(Figure 1b) and a separate new set of patients (n = 35), evaluated
in a distinct FACSCalibur flow cytometer instrument (Figure 1c).
Both groups displayed clustering profiles, which were similar to
those observed for the first group of patients (Figure 1a).

Flow cytometric protein expression profiles of BMMC from ISM**
patients with different degree of BM involvement by the

D816V KIT mutation

In detail, ISM patients with involvement of multiple myeloid and/
or lymphoid BM cell compartments by the KIT mutation displayed
increased numbers of phenotypically aberrant CD25" BMMC
(P=0.008), and higher sT levels (P=0.01) (Figure 2), with values
closer to those detected in ASM vs both ISM°~ and ISM** cases
with KIT mutation restricted to BMMC. Furthermore, coexistence of
normal and aberrant BMMC populations was restricted to SM
patients with KIT mutation restricted to the BMMC compartment
(17.6% vs 0%; P=0.0004). In addition, an increasing number of
mutated BM cell compartments were associated with significantly
(P<0.05) lower light scatter values, reflected also by a decreased
content of cytoplasmic MC enzymes, such as carboxypeptidase A
and total tryptase (Figure 2). In line with this, expression of other
maturation-associated markers, such as CD203c, the high-affinity
IgE receptor (FceRI) (P=0.02), CD45 (P=0.01) and CD9 (P =0.009),
was also significantly lower among cases with mutilineage KIT
mutation. Interestingly, ISM®** cases with both myeloid and
lymphoid BM involvement displayed slightly (but not significantly)
decreased expression of the CD63 and CD69 activation markers
(Figure 2).

Performance of the prediction algorithm for the classification of

SM patients

On the basis of the above findings, an algorithm, for the
classification of SM patients with multilineage KIT D816V mutation
vs patients with KIT mutation restricted to BMMC, was built
(Figure 3). For the development of the algorithm, an immuno-
phenotypic score was established using those phenotypic markers
(% of BMMC, FSC, SSC, CD45 and FceRI), which were tested in
>80% of the patients, and had a high individual discrimination
power (AUC > 0.6; P < 0.05) between BMMC from ISM** cases with
KIT mutation restricted to MC and cases with multilineage
involvement, and a training set of ISM** patients in which all
these variables were simultaneously analysed (n=75) (Table 2).
Using this algorithm, patients with multilineage KIT mutation were
identified based on aberrant expression of CD25 by BMMC,
absence of a coexisting normal BMMC population and an
immunophenotypic score >3 (Figure 3). This approach displayed
a high efficiency to classify patients according to the degree of
involvement of hematopoiesis by the KIT mutation, with high
sensitivity (range: 80—-92%) and specificity (range: 71-94%) when
assessed in both the training and the two validation groups of SM
patients; similar results were found when ISM* " patients, and the
overall group of SM patients were considered, which proves the
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Figure 1. Hierarchical clustering analysis of systemic mastocytosis (SM) bone marrow (BM) samples based on the protein expression profiles
(PEP) of bone marrow mast cells (BMMC), and the BMMC load in three distinct sets of SM patients diagnosed with different subtypes of SM
and distinct degree of involvement of different compartments of BM cells by the KIT D816V mutation. In panels (a) and (b) a series of 112
patients tested for a small screening panel (11 parameters) and a subset of 34 patients, in which a broader set of proteins was studied (20
parameters) are displayed, respectively. Panel (c) shows a different set of patients (validation set; n = 35) analyzed for 24 different parameters,
including most of the markers tested in the previous two groups of patients. Rows represent individual BM samples or patients, whereas
columns represent the normalized log2 ratios of the percentage of BMMC, and the mean fluorescence intensity obtained for each marker

divided by the median value obtained for that parameter in all samples tested.

efficiency of the proposed algorithm in SM, independently of its
specific diagnostic subtype (Table 3).

Prognostic impact of the PEP of BMMC on PFS of ISM®** patients

Once the potential impact of PEP of BMMC from ISM** patients
on patient outcome was investigated in a subset of 116 ISM®™
patients with a follow-up of >22 months (median of 126 months
(range: 22-596 months) after disease onset), we found a
significant adverse impact on PFS for an immature BMMC
phenotype, as defined by the proposed algorithm (based on the
aberrant expression of CD25 and BMMC phenotypic score >3, in
absence of a coexisting normal BMMC population) (Figure 4a). Five
patients (4%) who showed signs of progression according to
Escribano et al.'® 60, 76, 249, 310 and 428 months after disease
onset, also had myeloid (n=2) or myeloid plus lymphoid (n=3)
BM involvement by the KIT D816V mutation; thus, the phenotypic
score showed a very similar impact on PFS to that of the presence
of multilineage KIT D816V mutation (P=0.001 in both cases).

DISCUSSION

SM includes a group of clinical, biological and prognostically
heterogeneous disorders,> which typically carry in common the
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D816V activating KIT mutation in phenotypically aberrant BMMC.’
Despite the fact that the presence of KIT mutation has limited value
for the classification of SM, it has been shown that BMMC from
aggressive forms of mastocytosis (for example, ASM and MCL),
systematically carry this mutation in myeloid or both myeloid and
lymphoid hematopoietic cell compartments other than BMMC,® at
the same time they display PEP associated with an increased MC
immaturity." Furthermore, multilineage BM involvement by the
D816V KIT mutation has recently been shown to identify a subset of
ISM**  patients with increased risk of progression to more
aggressive disease subtypes (for example, ASM, myelodysplastic
syndrome or acute myeloblastic leukemia).'> Despite these findings,
no study has been reported so far, in which the potential
association between the immunophenotype of BMMC and multi-
lineage KIT mutation involvement has been investigated, particu-
larly among ISM patients. This is of special relevance because
current approaches to determine multilineage involvement of
hematopoietic cells in SM by the KIT mutation require rather
complex and time consuming technical procedures, which are not
widely available for routine use (for example, flow cytometry sorting
of multiple cell populations for mutational analysis).”'> Here, we
analyzed the PEP of BMMC from a large series of SM patients with a
broad panel of proteins, in order to determine its association with
the degree of involvement of different hematopoietic BM cell
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compartments by the KIT D816V mutation, and its potential utility
as a surrogate marker for multilineage BM involvement.

Overall, our results show that SM patients who carry the KIT
D816V mutation in BM cell compartments other than MC, share
unique immunophenotypic features, regardless of the diagnostic
subtype of the disease. In line with this, BMMC from ISM*™
patients with KIT mutation restricted to MC exhibit an immuno-

Suspected SM

| CD25bris

L PEal

Rule out mutations COEXISTENCE OF NORMAL AND

other than the KIT | | ABERRANT BMMC
Ds]_sv ; PRCIRILPES RBACRRRA /._\‘ R LTS

NO MULTILINEAGE
KIT MUTATION

NO MULTILINEAGE
KIT MUTATION

Figure 3. Algorithm developed and proposed for the classification
of systemic mastocytosis (SM) patients with multilineage KIT D816V
mutation vs patients with KIT mutation restricted to bone marrow
mast cells (BMMC).

Table 2. Performance of individual markers and cutoff values for the
classification of systemic mastocytosis patients with multilineage KIT
D816V mutation vs patients with KIT mutation restricted to the bone
marrow mast cell compartment, as assessed by receiver operating
characteristic (ROC) curves

Sensitivity  Specificity

Parameter AUC  P-value Cutoff (%) (%)
BMMC load 0.648 0.010 >0.1150 59 68
(%)

FSC (ratio) 0713 0.001 <1.2956 57 85
SSC (ratio) 0.660 0.016 <1.4851 71 56
CD45 (ratio) 0.684 0.006 <1.9921 86 48
FceRl (ratio) 0.712  0.004 <1.1417 48 89

Abbreviations: AUC, area under the curve, BMMC, bone marrow mast cells.

phenotypic profile similar to that of other good-prognosis
subtypes of SM (with the KIT mutation also restricted to MC),
like ISM*~; similar to the latter cases, this group of ISM** patients
also displayed a mature (FceRI™), activated (for example, high
expression of the CD203c activation marker) BMMC immuno-
phenotype.*'®' Conversely, ISM*™" patients with multilineage
involvement shared immunophenotypic features with ASM,'
which typically also carry myeloid or myeloid plus lymphoid BM
involvement by the KIT mutation.’ In these ISM®™ cases, like in
ASM patients, an increasing number of BM cell populations
bearing the mutation was also associated with a higher BMMC
load and sT levels. Likewise, BMMC from ISM*" cases with
multilineage involvement also displayed decreased expression of
proteins known to be acquired during the BMMC maturation
process, like FceRl, CD45 and cytoplasmic MC enzymes (for
example, carboxypeptidase A and total tryptase), associated with
decreased light scatter features (FSC, SSC), further confirming the
immature PEP of their BMMC."*' Overall, these results suggest
that in SM, the occurrence of an extended clonal hematopoiesis
with multilineage involvement by KIT mutated cells could be
associated with an early blockade of MC maturation, leading to
more immature BMMC features and a less activated phenotype, in
association with an increased MC load. As all ISM* ™ cases carry
in common an activating KIT mutation,? in principle, the mutation
itself cannot fully explain such phenotypic differences; further
studies are necessary to elucidate whether such maturation
blockade is the result of the coexistence of additional genetic and/
or epigenetic events in the D816V " hematopoietic precursor cell,
as previously suggested for polycythemia vera, essential throm-
bocythemia and primary myelofibrosis cases, which share an
identical activating somatic mutation of the JAK2 tyrosine kinase
gene (JAK2Y®'’F), but display distinct clinico-biological fea-
tures.?’?? Alternatively, the KIT mutation could target a different
stem or precursor cell in both groups of ISM®** patients with an
increased predisposition of ISM°t cases with multilineage
involvement, to acquire additional genetic events and progression
to more aggressive forms of the disease.’”

This association, between the BMMC immunophenotype and
the degree of BM involvement by the D816V KIT mutation, was
further confirmed by the prediction algorithm developed on the
basis of those variables that were identified among ISM** patients
to discriminate between cases with MC-only vs extensive BM
involvement by the KIT mutation: aberrant expression of CD25 in
association with a FceRI'°, FSC'°, $SC'° and CD45'° immature
phenotype of BMMC, in the absence of coexisting BMMC with a
normal phenotype. The proposed algorithm showed a high
efficiency in classifying not only ISM** patients but also other
SM patients, into cases with MC-restricted vs multilineage

Table 3.

Performance of the prediction algorithm developed for the identification of systemic mastocytosis patients with multilineage KIT D816V
mutation vs patients with KIT mutation restricted to the bone marrow mast cell compartment

Training set (%)

Validation set 1 (%) Validation set 2 (%)

Parameters
ISM** Overall SM patients ISM** Overall SM patients ISM** Overall SM patients
(n=175) (n=116) (n=41) (n=55) (n=15) (n=20)

Sensitivity 83 86 80 89 88 92
Specificity 79 83 93 94 71 75
Positive predictive value 61 69 57 73 78 85
(PPV)

Negative predictive value 92 93 97 98 83 86
(NPV)

False-positive rate (FPR) 21 18 8 7 29 25
False-negative rate (FNR) 17 14 20 11 13 8

Abbreviations: ISM**, indolent systemic mastocytosis with skin lesion; MC, mast cell; SM, systemic mastocytosis.
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Progression-free survival curves of ISM°®* patients (n = 116), classified according to the presence (dotted line) or absence (full line) of

multilineage involvement of hematopoiesis by the KIT D816V mutation, as determined by applying the prediction algorithm based on the
immunophenotypic features of bone marrow mast cells (a) or using molecular biology techniques (b). ISM, indolent systemic mastocytosis.

involvement of BM hematopoietic cells by the KIT mutation,
regardless of the diagnostic subtype of the disease. Such
approach can be easily implemented in routine diagnostic flow
cytometry laboratories and does not require generation of a
previous reference group of BM samples from SM patients, as it is
based on the phenotypic features of normal or reactive BM
samples. Nevertheless, it shoud be noted that differences in the
sensitivity and specificity of the algorithm were observed between
validation groups | and II; such differences may be due to the
different number of patients included in each group (n =55 vs 20,
respectively), and/or the distribution of the patients within the
two groups, as the group | included only 16% (n=9/55) patients
with mutlilineage KIT mutation, whereas these cases represented
60% (n=12/20) of the patients in group IIl; however, only few
patients were misclassified in both validation sets | and Il (n=4
and 3 cases, respectively). Furthermore, detection of mutilineage
KIT D816V mutation using the proposed surrogate PEP algorithm
had a significant impact on PFS of ISM* ™ patients, identical to that
provided by the investigation of the presence of the KIT mutation
on purified cell populations; this is because none of the discrepant
cases progressed at the moment of closing this study. Altogether,
these findings support the utility of immunophenotyping of
BMMC as a surrogate marker to predict the degree of clonal
hematopoiesis in the BM of SM patients, independently of the
clinical subtype of the disease.

In summary, our results show that the immunophenotypic
profile of BMMC from ISM patients is significantly associated with
the degree of BM involvement by the D816V KIT mutation, as
more immature BMMC features are typically found in ISM* " cases
who carry multilineage clonal hematopoiesis; these findings
suggest that the immunophenotype of BMMC may be used as a
surrogate marker for the diagnostic screening of multilineage KIT
mutation among ISM* ", and therefore, prognostic stratification of
this group of ISM patients.
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ABSTRACT

Background: Despite the great majority (>90%) of systemic mastocytosis (SM) patients
carry a common genetic lesion - the KIT D816V mutation -, little is known regarding the
molecular and biological pathways underlying the clinical heterogeneity of the disease.

Objective: To analyze the gene expression profiles (GEP) of (highly-purified) bone
marrow (BM) mast cells (MC) in SM and its association with the distinct clinical variants of the
disease.

Methods: Gene expression analyses were performed in highly-purified BMMC from SM
patients carrying the D816V KIT mutation (n=26) classified according to the diagnostic subtype
of SM vs. normal/reactive BMMC (n=5) by DNA-oligonucleotide microarrays. Validation of GEP
results was performed using flow cytometry in the same set of samples and in an independent
cohort of 134 individuals.

Results: Overall, 915 transcripts were significantly deregulated in SM patients, with a
common GEP (n=286 genes) for all subvariants of SM analyzed, characterized by up-regulation
of genes involved in the innate and inflammatory immune response, including interferon-
induced genes and genes involved in cellular responses to viral antigens, together with
complement inhibitory molecules. Most interestingly, distinct GEP were observed among the
different subtypes of SM, reflecting an increased lipid metabolism vs. increased transcription
and protein processing in indolent SM (ISM) without skin lesions vs. ISM with skin lesion, and
deregulation of apoptosis and cell cycle in aggressive SM.

Conclusion: BMMC from patients with different clinical subtypes of SM display distinct

GEP, which may reflect new targeted pathways involved in the pathogenesis of the disease.
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Key messages:

D816V KIT mutation in SM bone marrow MCs is associated with up-regulation of genes
involved in innate and inflammatory immune responses.

Different subtypes of SM exhibit distinct gene expression profiles, which reflect an
increased lipid vs. protein metabolism in indolent SM without skin lesions vs. indolent SM with

skin lesions, respectively, and deregulation of apoptosis and cell cycle in aggressive SM.

Capsule summary:
Gene expression microarray analyses performed on highly-purified bone marrow mast cells
show distinct gene expression profiles in systemic mastocytosis patients with distinct clinical

variants of the disease, carrying the same D816V KIT mutation.

Key words:
Systemic mastocytosis, D816V KIT mutation, gene expression profile, mast cells, cDNA

microarrays.

Abbreviations:

SM: Systemic mastocytosis;

MC: Mast cell;

BM: Bone marrow;

BMMC: Bone marrow mast cell;

ISMs-: Indolent systemic mastocytosis without skin lesion;
ISMs+: Indolent systemic mastocytosis with skin lesion;
ASM: Aggressive systemic mastocytosis;

GEP: Gene expression profile;

FDR: False discovery rate;
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INTRODUCTION

Systemic mastocytosis (SM) comprises an heterogeneous group of disorders
characterized by abnormal growth and accumulation of clonal mast cells (MC) in one or more
organ systems.1' 2 Based on their clinicopathological features, seven variants of SM are
currently recognized by the World Health Organization (WHO), including mild (e.g. indolent SM -
ISM) and aggressive (e.g. aggressive SM —ASM — and mast cell leukemia - MCL) forms of the
disease.” 2 In addition, recent studies point out the existence of two additional subvariants of
ISM - well-differentiated SM (WDSM) - and ISM without skin lesion (ISMs-)-, with unique clinico-
biological and immunophenotypical features, and different therapeutic requirements.3'8 Despite
these distinct subtypes of SM are clinically well-defined entities, little is known about the
molecular mechanisms, biological functions and pathways underlying disease heterogeneity, as
the great majority (>90%) of these patients (except WDSM) carry a common genetic lesion, the
KIT D816V activating mutation.’

Gene expression profiling using cDNA microarray technology has largely contributed to
a better understanding of the molecular mechanisms underlying normal and altered biological

processes in many disease conditions.'® "'

However, reports about the cDNA microarray
analysis of gene expression profiles (GEP) of SM are scarce and they have either considered
SM as a single entity12 or focused on single disease subvariants — e.g. ISM =13 Most
importantly, in all such studies, either BM mononuclear cells' or whole peripheral blood

samples,'>

containing variable (typically low) percentages of MC were used to assess GEP;
indeed, none of them specifically investigated the GEP of highly-purified BMMC fractions,
therefore providing biased and complex results which are difficult to interpret depending on the
degree of BM infiltration by MC and the variable distribution within individual samples of other
different BM and PB cell populations. '

In the present study we analyzed for the first time the GEP of highly-purified BMMC
from a relatively large cohort of patients with distinct subtypes of indolent and aggressive SM
who carried in common the D816V KIT mutation, versus normal/reactive BMMC. Overall, our

results show a common GEP for all subvariants of SM analyzed, and unique GEP specific for

each of the subtypes of SM analyzed.
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MATERIAL AND METHODS

Patients. BM aspirates were obtained from 102 patients (56 males and 46 females; median age
of 52 years, ranging from 24 to 82 years) diagnosed with SM at the reference centres of the
Spanish Network on Mastocytosis (REMA) (Mast Cell Unit of the Hospital Virgen del Valle,
Toledo and; Cytometry Service of the Cancer Research Centre, Salamanca, Spain).1’2 Patients
were classified according to the WHO criteria” > and more recent recommendations,*® as ISM
without skin lesion (ISMs-), 22 cases; ISM with skin lesion (ISMs+), 62, and; ASM, 18.
Additionally, control BM aspirates were obtained from 63 individuals (32 males and 31 females;
median age of 50 years, ranging from 23 to 89 years), including 8 healthy donors (normal BM)
and 55 individuals undergoing BM aspiration for clinical reasons other than mastocytosis or
myeloid neoplasm. In all cases, informed consent was obtained, according to the guidelines of

the local Ethical Committees of the two centres.

Isolation of MC and other subpopulations of BM nucleated cells, DNA extraction and

detection of the D816V _KIT mutation. Isolation of MC and other subpopulations of BM cells,

9, 17
I

was performed as previously described in detai (see Methods section in the Online

Repository).

RNA extraction, microarray hybridization and data analysis. Assessment of GEP was

performed on RNA extracted from purified BMMC from 31 individuals, including 5 controls (3
healthy donors and 2 individuals carrying a B-cell lymphoproliferative disorder which exhibited
reactive mast cell hyperplasia — cases #4 and #5) and 26 SM patients (Table I), using the
Human Gene 1.0 ST Array (Affymetrix, Santa Clara, CA) (see Methods section in the Online
Repository).

For data analysis, GEP raw data (Affymetrix.CEL files) were normalized by the robust
multi-array average (RMA) algorithm, which included background correction, quantile
normalization, log2-transformation, and probe set summarization."® In order to decrease the risk
for false positive results, genes which did not show expression levels =220 (arbitrary unlogged

units) in at least one sample were removed from further analyses. Two additional filters were
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used to select genes for further analyses, for exclusion of those genes which could be altered
because of changes in the BM microenvironment (e.g. altered expression in reactive vs. normal
BMMC): i) genes which displayed a heterogeneous expression pattern in the control group,
defined by a coefficient of variation for unlogged values of >40%, and; ii) genes that showed
higher differences between median values in reactive versus normal MC, than in reactive
versus SM MC. Differentially expressed genes between normal/reactive samples and each
diagnostic subtype of SM were identified using supervised two-class unpaired Significance
Analysis of Microarray (SAM),'® assessed by the MultiExperiment Viewer (MeV) v.4.6.1

software,

with a combined cutoff for false discovery rate (FDR <0.01) and absolute fold
change (22.0).

For gene ontology (GO) term annotation and functional enrichment analysis of
significantly deregulated genes, the GeneCodis (Gene Annotation Co-occurrence Discovery)21
functional annotation tool was used. Analysis of gene interactions and correlation networks was
performed using the Ingenuity Pathway Analysis software (Ingenuity Systems®,
www.ingenuity.com). For the identification of those genes with predictive value to discriminate
between ISM and ASM patients, the PAM (Prediction Analysis for Microarrays) software

(version 2.1; University of Stanford, Stanford, CA), based on the nearest shrunken centroids

method was applied, using a 10-fold cross-validation approach.22
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RESULTS

Overall transcription profile of BMMC in SM. Supervised analysis of the GEP of BMMC from
SM patients revealed a distinct pattern for each of the three diagnostic subtypes of SM included
in the study, but with a common imprint. Overall, ISM cases (ISMs- and ISMs+) showed similar
number of deregulated genes - 474 genes (441 up-regulated and 33 down-regulated) in ISMs-
and 438 genes (411 up-regulated and 27 down-regulated) among ISMs+ -, whereas ASM
patients displayed a more altered GEP with 758 deregulated genes (642 up-regulated and 116
down-regulated), adding up to a total of 915 different deregulated transcripts in SM versus
normal/reactive BMMC. Almost one third of the deregulated genes (n=286 genes) were altered
in common in the three diagnostic subgroups of SM (ISMs-, ISMs+ and ASM) (Figure 1).
Noteworthy, the IL2RA gene (IL2 receptor-alpha chain - CD25) was included in this common
GEP, as it was significantly up-regulated in all three patient groups (fold-change systematically
>10.0), in contrast to the CD2 adhesion-related molecule, which was only significantly up-

regulated in ISMs- patients.

Functional characterization of the deregulated GEP common to ISMs-, ISMs+ and ASM
BMMC. Analysis of the biological and functional significance of the deregulated GEP common
to BMMC carrying the KIT D816V mutation, based on those 286 genes which were significantly
altered in all three variants of the disease analyzed, revealed a significant enrichment for genes
involved in biological functions mostly related to the immune response (Figure 2). This included
genes involved in innate and inflammatory immune responses like IL1R1 (interleukin 1 receptor,
type 1), LIF (leukemia inhibitory factor), the CST7 protease regulator (cystatin F), the CCL23 and
CCL3 chemokines, the CD4 glycoprotein and complement-associated (regulatory) molecules
like CLU (clusterin), CFH (complement factor H) and SERPING1 (plasma protease C1 inhibitor)
(Figure 2; Table II). Additionally, genes related to signal transduction associated with cytokine-
mediated signalling (Table Ill), such as downstream targets of the Jak/STAT pathway — e.g.
SOCS2 (suppressor of cytokine signaling 2), BCL2L1 (BCL2-like 1) or the PIM1 oncogene -,
were also up-regulated in common in ISMs-, ISMs+ and ASM (Table Il). Furthermore, genes

associated with type-l interferon (IFN) signalling (including both IFNy and IFNa-mediated
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signalling pathways), together with genes involved in anti-viral responses (Table Ill; Figure 2)
were also altered in BMMC from all three groups of SM, as reflected by up-regulation of the
MX1 and MX2 (interferon-induced GTP-binding proteins Mx1 and Mx2), OAS7, OAS2 and
OASS3 genes (2'-5'-oligoadenylate synthetases 1, 2 and 3), IFIT1 and IFIT3 (interferon-induced
protein with tetratricopeptide repeats 1 and 3) genes, as well as the PML (promyelocytic
leukemia protein) and IFI44L (interferon-induced protein 44-like) genes, and cytosolic DNA-
sensing pathway genes (Table Il) like the DDX58 (DEAD (Asp-Glu-Ala-Asp) box polypeptide 58)

enzyme, respectively.

Functional profile of genes differentially expressed in ISMs-, ISMs+ and ASM BMMC.
Functional enrichment analysis of the distinct GEP associated with individual subtypes of SM
revealed a significant enrichment in ISM (ISMs- and ISMs+) patients for genes involved in
protein phosphorylation (e.g. the c-src tyrosine kinase, CSK) and T cell costimulation, including
the TNFRSF14 (tumor necrosis factor receptor superfamily member 14), PDCD1LG2
(programmed cell death 1 ligand 2) and CD4 genes and, specifically among ISMs- BMMC, the
HLA-DRB1 and HLA-DRBS HLA class Il molecules (Table 1V).

In turn, ISMs- was specifically characterized by up-regulation of genes related to lipid
metabolism, including molecules involved in lipid transport like APOL4 (Apolipoprotein L, 4),
metabolic enzymes like ACER?2 (alkaline ceramidase 2), PNPLA6 (neuropathy target esterase),
LIPA (lysosomal acid lipase/cholesteryl ester hydrolase) and LPINT (phosphatidate
phosphatase LPIN1), and molecules involved in eiconsanoid and/or prostanglandin metabolism
like FADS1 (fatty acid desaturase 1) and ACOX1 (peroxisomal acyl-coenzyme A oxidase 1
(Table Ill). Conversely, ISMs+ BMMC displayed marked up-regulation of the transcriptional
machinery (including initiation, elongation and termination) and mRNA capping related genes
(e.g. POLR2K, GTF3C3 or GTF2E1) in association with transcripts involved in protein-trafficking
- e.g. the NAPA (N-ethylmaleimide-sensitive factor attachment protein, alpha) and GOPC (golgi-
associated PDZ and coiled-coil motif containing) genes-, and post-translational protein
modification processes, including protein folding, like the PPIB (cyclophilin B), AHSA1 (activator
of 90 kDa heat shock protein ATPase homolog 1) and MESDC2 (mesoderm development

candidate 2) transcripts (Table V).
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Interestingly, both ISMs+ and ASM patients exhibited deregulated expression of
adhesion-related molecules, but with distinct profiles: while 19% (5/26) of this group of genes
were down-regulated in ASM, only 5% (1/19) showed this pattern of expression in ISMs+
(Tables IV and V). Similarly, a significant enrichment for genes related with apoptosis was
observed both among ISMs+ and ASM BMMC - e.g. increased expression of CASP1, CASP10
(caspases 1 and 10), TNFRSF10B (TRAIL-R2), XAF1 (XIAP associated factor 1), HTATIP2
(HIV-1 Tat interactive protein 2) and BCL2L1 (BCL2-like 1)-. However, among ASM (but no
ISMs+) this was associated with an anti-apoptotic GEP - e.g. up-regulation of the bifunctional
apoptosis regulator (BFAR) gene and of interleukin 1 beta (IL1B) - (Tables IV and V). BMMC
from ASM also displayed significant deregulation of multiple cell-cycle related genes, including
transcripts involved in the G4/S and M/G; transitions, S-phase and cell-cycle checkpoints,
together with genes involved in DNA repair; this included, up-regulation of the CCNAT (cyclin
A1), CCNB1 (cyclin B1), CDC6 (cell division cycle 6 homolog), CKS2 (CDC28 protein kinase
regulatory subunit 2) and CDK4 (cyclin-dependent kinase 4) cell cycle-associated genes and
the RFC3 - replication factor C (activator 1) 3 - and POLD3 - polymerase (DNA-directed), delta

3, accessory subunit — DNA repair genes, among other genes (Table V).

Classification of ISM versus ASM patients based on GEP. Supervised class prediction
analysis was used to identify those genes that better discriminated between ISM (ISMs- plus
ISMs+) and ASM, based on those 915 transcripts significantly deregulated in SM. Overall, 22
genes allowed classification of ISM vs. ASM patients with an overall accuracy of 92% (24/26)
(92% and 93% accuracy for ISM and ASM cases, respectively), with only one ISMs+ patient
with myeloid plus lymphoid multilineal KIT D816V mutation (case #17, Table 1) and one ASM
patient (case #29, Table 1) being misclassified. The majority (68%; 15/22) of these 22
informative genes were up-regulated only in ASM (e.g. the IL13 and IL1B cytokines, the CD52
glycoprotein and the CKS2 and GADD45A cell cycle related genes), whereas only two genes
(9%; 2/22) were specifically altered in ISM patients, - the COL12A1 (collagen, type XIlI, alpha 1)

adhesion-related molecule and MYO16 (myosin XVI) - (Figure 3).

134


Cristina Teodoseo
Texto escrito a máquina
134


DISCUSSION

SM is a clinical, biological and prognostically heterogeneous group of disorders,
characterized by an abnormal expansion and accumulation of clonal MC in the BM.? Since the
majority (>90%) of SM patients carry the same genetic lesion (D816V KIT mutation),9 the
presence of the KIT mutation itself does not explain the heterogeneous clinical behaviour of the
disease. Currently, the molecular mechanisms and pathways underlying the different subtypes
of SM remain largely elusive. In order to address this issue, here we analyzed for the first time,
the GEP of highly-purified MC isolated from BM samples of SM patients with distinct variants of
the disease who carried the D816V KIT mutation. Overall, our results show that the distinct
subtypes of SM share a common GEP, distinct from that of normal/reactive BMMC; in turn,
distinct expression and functional profiles were also detected in ISMs-, ISMs+ and ASM.

Stem cell factor (SCF) signalling through its receptor Kit, plays a key role in the biology
of MC, leading to the engagement of multiple downstream signalling pathways involved in MC

growth, differentiation, survival, chemotaxis and cytokine production.?* 2*

Interestingly, the
activating KIT D816V mutation common to all SM patients studied here, translated in a common
GEP characterized by generalized up-regulation of genes involved in cytokine-mediated signal
transduction, including target genes of the Jak-STAT pathway, like the anti-apoptotic BCL2L 1
gene coding for the Bcl-xL protein, previously described to be strongly expressed by BMMC

from SM patients.?> 2

Within this common GEP, a significant enrichment was also found for
type | IFN-dependent response genes, in the absence of interferon therapy. Since most of these
IFN-induced genes (e.g. OAS1, OAS2, MX1, MX2 or CCL3) have been previously found to be

also up-regulated upon MC infection by viruses,”” %

our results could suggest that Kit
downstream signalling could play an important role in MC responses to viral infection. In line
with this hypothesis, previous studies have reported that infection of endothelial cells by the
Kaposi's sarcoma herpesvirus (KSHV) induces up-regulation of Kit, and that the inhibition of
either Kit activation or its downstream effectors reverses the KSHV-induced morphological
transformation which is characteristic of the infected cells.?® *

Furthermore, an overall enrichment in genes involved in the innate and inflammatory

immune response was also detected in ISMs-, ISMs+ and ASM. These included genes coding
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for complement regulatory proteins like CFH (complement factor H), SERPING1 (plasma
protease C1-inhibitor) and CLU (clusterin), the later being previously reported to be up-
regulated also in SM BM mononuclear cells.” These findings, together with the increased
expression of membrane-bound complement inhibitory proteins such as CD35 (complement

831 could reflect the

receptor 1, CR1) and CD59 (membrane inhibitor of reactive lysis, MIRL),
involvement of Kit signalling in an enhancement of self-defence mechanisms against
complement-dependent cytotoxicity in SM, similar to what has been described for other types of
tumor cells.*

Despite such a GEP was found in common to ISMs-, ISMs+ and ASM, distinct patterns
of deregulation of different other biological processes were also found within each of the three
diagnostic subtypes of SM. Overall, ISMs- cases displayed a higher number of specifically
deregulated genes than ISMs+, including the CD2 adhesion-molecule, whose protein
expression progressively decreased from ISMs- to ISMs+ and ASM, in agreement with a more

8 3% Functional

limited diagnostic sensitivity for CD2 than CD25 particularly among ASM.
enrichment analysis of the GEP of ISMs- BMMC revealed specific up-regulation of transcripts
involved in lipid metabolism, probably translating in an increased phospholipid metabolism and
production of arachidonic acid metabolites (e.g. prostaglandin D2 and leukotriene C4),34’ %
which would be partially responsible for the MC-mediator related symptoms typically displayed
by virtually all ISMs- patients.* ® Conversely, ISMs+ patients specifically displayed increased
expression of genes involved in transcription and protein processing, which probably reflect an
increased rate of de novo production of MC-associated proteins (e.g. the CCL2 and CCL3 pro-
inflammatory chemokines), due to the activating KIT mutation plus other microenvironmental
and/or genetic changes.” * Overall, the distinct GEP displayed by indolent forms of the
disease suggests that despite both ISMs- and ISMs+ BMMC carry the same KIT D816V
mutation and show a similar overall activated immunophenotypic profile,8 the response to this
constitutive activation is different (activation of lipid metabolism vs. protein production), which
could probably reflect the involvement of additional mechanisms modulating MC activation via
Kit, FceRI and/or HLA-II signalling, or a distinct genetic background among these patients.

Altogether, these results support previous reports which propose the subclassification of these

two groups of patients as clinically distinct subvariants of ISM.*®
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Overall, BMMC from ASM patients also showed a unique GEP, clearly different from
ISM (ISMs- and ISMs+) cases. Since the KIT D816V mutation was a common feature to all
ASM and ISM cases analyzed, the heterogeneous clinico-biological features observed for ASM
patients could be the result of e.g. coexistence of additional distinct genetic lesions. Altogether,
our results point out the existence of significant deregulation of two distinct, but interconnected,
cell functions in BMMC from ASM. Firstly, inhibition of apoptosis (reflected by the up-regulation
of multiple anti-apoptotic genes, like the bifunctional apoptosis regulator BFAR) and secondly,
cell cycle deregulation, associated with increased expression of genes involved in cell-cycle
checkpoints like cyclin B1 (CCNB1), often described to be overexpressed in various human

394041 in association with an increased cell proliferation.*? In line with these observations,

tumors
although a slight increase in proliferation was observed for all variants of SM analyzed, only
BMMC from ASM patients exhibited a high proliferation. Altogether, these findings suggest that
different mechanisms could be involved in the pathogenesis of ASM, associated with either
increased proliferation and/or inhibition of apoptosis, which would contribute to explain their
heterogeneous clinco-biological behaviour' ? and variable response to treatment.*® In line with
this hypothesis, NRAS and TET2 mutations have been previously reported in a relatively small
fraction of ASM patients.** *° Further studies, in larger cohorts of ASM patients are required to
confirm the existence of distinct GEP within ASM BMMC and their potential association with
specific genetic lesions other than the KIT D816V mutation, as well as a distinct clinical
behaviour of the disease and response to therapy.

Activation of Kit is known to also regulate adhesion of MC to the connective tissue

matrix,37’ 38

as reflected here by deregulation of adhesion-related genes both in ASM and ISMs+.
Nonetheless, distinct GEP were observed in aggressive versus indolent forms of the disease,
since ASM BMMC displayed both a higher frequency of down-regulated transcripts and normal
expression of other cell adhesion-associated genes up-regulated in ISMs+. Since one of the
major features of ASM is frequent involvement of organs and tissues other than BM or the skin
(e.g. spleen, liver, lymph nodes and/or peripheral blood), whereas presence of cutaneous
lesions is a hallmark of ISMs+ patients,1’ % such distinct pattern of expression of adhesion-

related genes could potentially contribute to explain the different patterns of organ/tissue

involvement in both subtypes of SM.
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Interestingly, despite the differences observed in the GEP of ISMs-, ISMs+ and ASM
BMMC, a signature of 22 genes allowed for the classification of indolent versus aggressive SM;
of note, such combination of genes could even discriminate BMMC of ASM from ISMs+ cases
with multiineage BM involvement, a subgroup of ISM patients which has been previously
described to exhibit similar immature immunophenotypical features of BMMC to those of ASM
cases.* Since progression of ISMs+ cases with multilineage BM involvement by the KIT D816V
mutation to ASM is not a rare event,*’ this gene signature could serve as prior knowledge for
the discovery of biomarker candidates which would allow for monitoring patients with higher risk
of progression (e.g. quantification of serum CCL23, IL1B or IL13 levels, up-regulated in ASM
versus ISM with multilineage BM involvement by the KIT mutation). Further prospective studies
are necessary in this regard.

A major concern regards the functional impact of GEP studies on protein expression.
Overall, here we found a significant positive correlation between mRNA and protein levels for all
genes tested; the only exception was FCER1A, for which an inverse correlation was observed
(see Results section in the Online Respository). However, these results are consistent with
previous reports on the metabolic rate of FceRI of basophil, which suggest that FceRI production
is modulated during cell maturation and that once the cell is mature and exhibits high
expression of surface membrane FceRl, it slows down the rate of synthesis of the receptor.*® In
addition, expression of FceRI on the cell surface is not only the result of the expression of
FceRlo, but it also depends on the rate of synthesis of FceRIp and FceRly, as well as on the
levels of free IgE.*

In summary, here we show for the first time that the D816V activating KIT mutation
confers a common GEP to BMMC from distinct subvariants of SM; such common GEP is
characterized by up-regulation of genes involved in innate and inflammatory immune responses,
including IFN-induced genes involved in anti-viral responses. In addition, a distinct and unique
GEP was also observed for each of the three subtypes of SM analyzed, which reflect an
increased lipid vs. protein metabolism in ISMs- and ISMs+, together with an inhibition of
apoptosis and/or an altered cell cycle regulation in ASM patients, highlighting the potential
nature of relevant secondary genetic lesions and microenvironmental alterations specific for

these subgroups of SM.
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Table I. Clinical and biological characteristics of systemic mastocytosis (SM) patients

(n=26) and adult controls (n=5) in which the gene expression profile of bone marrow

mast cells was analyzed by c-DNA microarrays.

PATTERN OF INVOLVEMENT OF

CASE DIAGNOSTIC GENDER AGE % OF BMMC BY
BM CELLS BY THE KIT D816V
ID GROUP (M/F) (years) FLOW CYTOMETRY MUTATION
1 Control BM F 42 0.046 Non-mutated
2 Control BM M 41 0.003 Non-mutated
3 Control BM F 71 0.006 Non-mutated
4 Control BM F 59 0.06 Non-mutated
5 Control BM M 71 0.21 Non-mutated
6 ISM* F 63 0.29 Restricted to MC
7 ISM* F 28 0.12 Restricted to MC
8 ISM* M 58 0.21 Restricted to MC
9 ISM®* M 46 1.0 Restricted to MC
10 ISM®* F 54 0.52 Restricted to MC
11 ISM®* M 24 0.89 Restricted to MC
12 ISM®*-AHNMD* M 61 0.13 Restricted to MC
13 ISM®* M 51 0.43 Myeloid lineages
14 ISM®* M 32 0.31 Myeloid lineages
15 ISM®* M 31 0.52 Myeloid lineages
16 ISM®* M 61 4.9 Myeloid lineages
17 ISM®* M 62 2.8 Myeloid plus lymphoid lineages
18 ISM®* F 47 0.39 Myeloid plus lymphoid lineages
19 ISM®* F 64 0.28 Myeloid plus lymphoid lineages
20 ASM-AHNMD * M 64 0.13 Myeloid lineages
21 ASM M 46 2.6 Myeloid lineages
22 ASM M 72 1.8 Myeloid lineages
23 ASM F 76 18.0 Myeloid lineages
24 ASM M 64 2.9 Myeloid lineages
25 ASM M 69 0.13 Myeloid lineages
26 ASM-AHNMD? F 55 18.0 Myeloid lineages
27 ASM M 41 1.3 Myeloid plus lymphoid lineages
28 ASM M 75 0.86 Myeloid plus lymphoid lineages
29 ASM M 58 1.9 Myeloid plus lymphoid lineages
30 ASM M 67 0.08 Myeloid plus lymphoid lineages
31 ASM-AHNMD?® M 82 5.3 Myeloid plus lymphoid lineages

M, male; F, female; MC, mast cells; BM, bone marrow; ISM*, indolent systemic mastocytosis
without skin lesion; ISM®*, indolent systemic mastocytosis with skin lesion; ASM, aggressive
systemic mastocytosis; AHNMD, associated clonal non-MC lineage hematopoietic disease;
*Myelodysplastic/myeloproliferative disorder; ‘Chronic myelomonocytic leukemia; *Acute
myeloid leukemia; $Myelodysplastic/myeloproliferative disorder and multiple myeloma.
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Table Il. Common gene expression profile of SM patients (ISMs-, ISMs+ and ASM): KEGG pathways significantly enriched for those genes

(n=286) found to be differentially expressed in SM versus normal/reactive BMMC.

KEGG N. of genes differentially
. Corrected
pathway Functional category expressed/ value Gene ID
code N. of genes annotated to term (%) P
4640 Hematopoietic cell lineage 6/81 (7.4%) 0.005 IL1R1, IL2RA, CR2, CD33, CD4, ITGA2B
Complement and coagulation o
4610 cascades 4/64 (6.3%) 0.04 CR2, SERPING1, CFH, PROS1
4630 Jak-STAT signaling pathway 7/149 (4.7%) 0.02 BCL2L1, IL2RA, LIF, PIM1, JAK3, PIK3R3, SOCS2
4144  Endocytosis 7/192 (3.6%) 0.03 g;é’\‘/”gg » RABSB, IL2RA, DAB2, PML, CHMPS,
Q NAGA, CTSD, CTSW, LIPA, CLN5, CTNS, GLB1,
4142 Lysosome 8/118 (6.8%) 0.001 ATPGAP1
4623 Cytosolic DNA-sensing pathway 4/56 (7.1%) 0.03 CASP1, DDX58, POLR2H, POLR3B
4210 Apoptosis 5/85 (9.4%) 0.03 BCL2L1, IL1R1, CASP10, ENDOD1, PIK3R3

SM, systemic mastocytosis; ISMs-, indolent SM without skin lesion; ISMs+
Encyclopedia of Genes and Genomes;

, indolent SM with skin lesion; ASM, Aggressive SM; KEGG, Kyoto
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Table lll. Functional profile of differentially expressed genes (up- or down-regulated) within the gene expression profile common to all diagnostic

groups of SM analyzed: ISMs-, ISMs+ and ASM (n=286 genes).

Gene

Ontology Functional category N. of Gene %* Correlcted Gene ID
(GO) code genes p value
LGALS3BP, CD33, SIGLECS8, MX1, GRB10, ITPK1, GDI1, ICK, MAPKAPK3, CD4,
0007165 Signal transduction 24 2.0% 0.02 CCL3, AKAP12, SHISA5, NEK6, ARHGAP1, IL1R1, NR4A1, SNX17, CASP1, CCL23,
PDE3A, TYROBP, PRMT2, EPS8
CR2, OASS3, LIF, CST7, IL2RA, OAS1, CD4, CCL3, ENPP2, OAS2, CTSW,
0006955 Immune response 15 4.7% <0.0001 PDCDILG2, IL1RT, COL23, MR
APOL2, SLC35A1, TXNRD3, UQCRQ, SLC25A30, TMED8, NDUFS5, CTNS, APOL1,
BIOBETD R 1 2.5% 0.02 FRRS1, CROT, PCTP, FADS1, DYNLRB1, NDUFS2
0019221  Cytokine-mediated signaling pathway 13 8.8% <0.0001 XAF1, OAS3, IRF2, MX1, GBP1, OAS1, MX2, JAK3, USP18, OAS2, IFIT3, PML, IFIT1
. CR2, APOL1, BCL2L1, CLU, DDX58, JAK3, MAPKAPK3, SERPING1, IL1R1, CASP1,
0045087 Innate immune response 13 4.8% 0.0004 UBA7, CASP10, TRIM25
00060337 Type | interferon-mediated signaling pathway 10 17.0% <0.0001 XAF1, OAS3, IRF2, MX1, OAS1,MX2, USP18, OAS2, IFIT3 ,IFIT1
0009615 Response to virus 9 6.5% 0.001 MX1, MX2, CLU, IFI44L, ZNF175, POLR3B, PML, IFIT1, TRIM25
0006917 Induction of apoptosis 8 4.4% 0.02 MX1, ZMAT3, SHISA5, NR4A1, PML, ERCC3, PRMT2, CASP10
0006886 Intracellular protein transport 8 4.3% 0.02 STON2, MLPH, ARFIP1, VIPAR, NAPA, SNX17,KDELR1,GPR34
0055114  Oxidation-reduction process 8 3.8% 0.03 C100rf58, IDH1, ACOX1, MTHFD1, FADS1, TBXAS1, OGDH, NDUFS2
0006091  Generation of precursor metabolites and energy 6 10.7% 0.002 ACOX1, PHKA1, FECH, CROT, COX17, OGDH
0060333 Interferon-gamma-mediated signaling pathway 6 10.3% 0.002 OAS3, IRF2, GBP1, OAS1, OAS2, PML
0006368 r;r::‘os:l';'t"::m Qe UL CLU, Fal L 5 8.0% 0.02 GTF2A1, GTF2H1, ERCC3, ELP3, POLR2H
0006605 Protein targeting 4 12.9% 0.01 STXBP4, MLPH, AKAP12, PML
0045071 Negative regulation of viral genome replication 3 18.8% 0.02 OAS3, OAS1, IFIT1
0006164  Purine nucleotide biosynthetic process 3 16.7% 0.02 OAS1, MTHFD1, OAS2
0006362 ;:2':;2':“” ElenvationticniB NabolViEIac I 16.7% 0.02 GTF2H1, ERCC3, POLR2H
0006363 Termination of RNA polymerase | transcription 3 15.0% 0.03 GTF2H ,ERCC3, POLR2H
0006360 Transcription from RNA polymerase | promoter 3 13.0% 0.04 GTF2H1, ERCC3, POLR2H
0006361 ;:zrrf;:;ftw" initiation from RNA polymerase | 3 13.0% 0.04 GTF2H1, ERCC3, POLR2H
0060700 Regulation of ribonuclease activity 2 100.0% 0.008 OAS3,0AS1
0035457  Cellular response to interferon-alpha 2 50.0% 0.02 OAS1, IFIT3
0021860 Pyramidal neuron development 2 40.0% 0.03 UQCRQ, OGDH
0007184  SMAD protein import into nucleus 2 33.3% 0.04 ZFYVE9, PML
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SM, systemic mastocytosis; ISMs-, indolent SM without skin lesion; ISMs+, indolent SM with skin lesion;
ASM, aggressive SM; BM, bone marrow; GO, Gene Ontology.

Down- regulated genes are shown in bold and underlined, whereas up-regulated genes are not highlighted
or underlined.

*Percentage of genes within a functional category is given as the ratio between the number of genes

differentially expressed in the gene expression profile common to all diagnostic subtypes of SM assigned to
a GO term and the total number of genes included in the array which are annotated to the same GO term.
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Table IV. Functional profile of those genes differentially expressed (up- or down-regulated) by BMMC from patients with indolent SM with (ISMs+)
or without (ISMs-) skin lesions.

Gene

Gene Ontology Functional category N. of Gene %* Corrected Gene ID
group | (Go) code genes p value
0006468 Protein phosphorylation 15 3.9% 0.04 ICLIQ(Ml;:(I;g1P2EL%K2iI CSK, CDK4, GOLGAS5, JAKS, ICK, NEK6, GTF2H1, ERCC3, PIM1, TXK,
0006629 Lipid metabolic process 12 4.9% 0.03 APOL2, ACOX1, LIPA, APOL4, CLU, PAFAH2, TECR, FADS1, PDE3A, LPIN1, ACER2, PNPLA6
0007166 Cell surface receptor linked signaling pathway 10 6.2% 0.02 CABIN1, P2RX7, IL2RA, CD2, TNFRSF14, CD4, MYD88, LY6E, IL1R1, FCER1A, CHRM4
0044255 Cellular lipid metabolic process 9 71% 0.02 IDH1, RGL1, ACOX1, SLC25A20, CROT, TECR, FADS1, INPPL1, LPIN1
ISMs- 0031295 T cell costimulation 7 11.1% 0.007 HLA-DRB1, CSK, TNFRSF14, CD4, PIK3R3, PDCD1LG2, HLA-DRB5
(n=474 | 0035335 Peptidyl-tyrosine dephosphorylation 6 10.3% 0.02 PTPN5, CSK, PTPN9, PDCD1LG2, DUSP3, EYA3
genes) | 0050852 T cell receptor signaling pathway 6 8.1% 0.05 HLA-DRB1, CSK, CD4, HLA-DRBS5, TXK, LAT
0032480 :;'fc?daj'c"t?ofgu'atm“ of type | interferon 4 13.3% 0.05 UBE2L6, DDX58, UBAT, TRIM25
0050868 Negative regulation of T cell activation 3 33.3% 0.02 GIMAPS5, JAK3, DUSP3
0006290 Pyrimidine dimer repair 2 66.7% 0.04 POLH, DDB2
0032957 Inositol trisphosphate metabolic process 2 66.7% 0.04 ITPK1, INPPL1
. LGALS3BP, CD33, NRP1, SIGLEC8, COL12A1, CD300A, SELPLG, MPZL2, CLSTN1, PERP,
0007155  Cell adhesion 19 3.7% 0.01 CD4, ITGA2B, FERMT3, CDH12, FREM1, DST, INPPL1, CCL2, CELSR1
. FASTKD1, ERN1, XAF1, NMT1, PSME1, NCSTN, IL2RA, CSRNP2, BCL2L1, ZMAT3, PERP,
BELERIE Ll e 31% 0:05 SHISAS, NEK6, CIDEB, CASP1, TNFRSF10B, CASP10, HCAR2
g 0006468 Protein phosphorylation 17 4.5% 0.005 Igg,z\éSE#X;?BéjA/;}L(l;GEI;I(\;ZRZiSK2 CSK, GOLGAS5, JAK3, ICK, NEK6, GTF2H1, ERCCS3, PIM1,
0006464 Protein modification process 9 6.1% 0.01 ABL2, SLC35A1, UEVLD, ST8SIA4, ADPRH, RIMKLB, PADI2, UBA7, HERC6
0007166 Cell surface receptor linked signaling pathway 9 5.6% 0.02 CABIN1, IL2RA, TNFRSF14, CD4, LY6E, IL1R1, FCER1A, CCL2, TNFRSF10B
0006457 Protein folding 9 5.1% 0.03 EDEM?2, PPIB, DNAJBY, AARS, FKBP15, AHSA1, MPDU1, MESDC2, MLEC
0006367 ;'I-r::'osn‘;:f;m initiation from RNA polymerase 6 9.2% 0.01 GTF2A1, GTF2E1, GTF2H1, POLR2K, ERCC3, POLR2H
0051607 Defense response to virus 5 11.1% 0.02 RNASEL, OAS3, OAS1, RSAD2, UNC13D
ISMs+ | 0035335 Peptidyl-tyrosine dephosphorylation 5 8.6% 0.04 PTPN5, CSK, PTPN9, PDCD1LG2, EYA3
(n=438 0031295 T cell costimulation 5 7.9% 0.05 CSK, TNFRSF14, CD4, PIK3R3, PDCD1LG2
genes) | 0006370 mRNA capping 4 14.2% 0.02 GTF2H1, POLR2K, ERCC3, POLR2H
0006383 ;:ﬂ:ﬁ‘:&ftw" L 4 11.4% 0.04 | POLR3B, POLR2K, GTF3C3, POLR2H
0045176  Apical protein localization 3 30.0% 0.02 NAPA, GOPC, CELSR1
Transcription elongation from RNA &
0006385 polymerase Ill promoter 3 25.0% 0.02 POLR3B, POLR2K, POLR2H
Termination of RNA polymerase llI o
0006386 transcription 3 25.0% 0.02 POLR3B, POLR2K, POLR2H
0030100 Regulation of endocytosis 3 20.0% 0.03 ABL2, STON2, SNX17
0030099 Myeloid cell differentiation 3 16.7% 0.05 RUNX1, PML, RASGRP4
0019853 L-ascorbic acid biosynthetic process 2 100.0% 0.01 AKR1A1, GSTO1
0006290 Pyrimidine dimer repair 2 66.7% 0.02 POLH, DDB2
0032957 Inositol trisphosphate metabolic process 2 66.7% 0.02 ITPK1, INPPL1
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BM, bone marrow; MC, mast cell; SM, systemic mastocytosis; ISMs-, indolent SM without skin lesion;
ISMs+, indolent SM with skin lesion; GO, Gene Ontology.

Down- regulated genes are shown in bold and underlined, whereas up-regulated genes are not highlighted
nor underlined.

*Percentage of genes within a functional category is given as the ratio between the number of genes

differentially expressed in BMMC from a specific subtype of ISM (ISMs- or ISMs-) assigned to a GO term
and the total number of genes included in the array which are annotated to the same GO term.
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Table V. Functional profile of those genes differentially expressed (up- or down-regulated) by BMMC from patients with ASM (n=758).

Gene

Ontology Functional category ";'nfs Gene %* Cor\';:ﬁ:zd Gene ID
(GO) code g p
ZMAT3, OSM, TMEM85, PSMD10, NET1, BCL2L1, PSME1, NCSTN, CIDEB, TPX2,
. PSMB3, TCTN3, IL1B, NEK6, PSMF1, IL2RA, GADD45A, CASP1, NMT1, EAF2, DYNLL1,
0006915  Apoptosis 34 5.8% 0.001 | NLRP2 STK3, DAP3, CASP10, CSRKIP2, H1F0, SHISAS, XAF1, BFAR, TNFRSF10B,
FASTKD1, ZC3H12A, HCAR2
LGALS3BP, CD33, NRP1, SIGLECS8, AMIGO2, CCR1, CD300A, SELPLG, MPZL2, F11R,
0007155 Cell adhesion 26 5.0% 0.04 CLSTN1, SIGLEC10, CD4, ITGA2B, FERMT3, EMR1, MPZL3, FREM1, ITGB7, DST, CCL2,
CELSR1, DCHS1, HAPLN4, NID1, SDK2
POLD3, CCNA1, PSMB3, MIS12, ANAPC7, RFC3, SKP2, PSME1, PSMF1, CDK4, DCTN2,
0000278 Mitotic cell cycle 22 7.2% 0.002 éWgCH, KIF18A, DYNC112, PSMD10, CDC6, MCM7, CDC23, CCNB1, DYNLL1, PRIM1,
RC5L
0006916 Anti-apoptosis 14 7.0% 0.04 Ef;}:l%%l; éAC/’L(;OBzFllé\LI%BNEEIg,;% BCL2L1, CLU, MYD88, PAFAH2, BECN1, SOCS2,
0000084 S phase of mitotic cell cycle 12 10.8% 0.003 POLD3, PSMB3, RFC3, SKP2, PSME1, PSMF1, CDK4, PSMD10, CDC6, MCM7, PRIM1
0000075 Cell cycle checkpoint 12 9.3% 0.01 gg%g; é%ACl;CW ORCS5L, RFC3, CDC23, ERCC3, PSMB3, CCNB1, PSMD10, MCM?,
0000082  G1/S transition of mitotic cell cycle 12 8.5% gl02  [PSMET.ORCSL SKEZ RSMBS, GCNBT, CCNAT, RSMD10, MCME, CDIE, BSMES,
0007166  Cell surface receptor linked signaling pathway 12 7.4% 0.03 gég;l\\l] CCRY, IL2RA, CD4, MYD88, LYGE, IL1R1, FCER1A, CCL2, BRDS, TNFRSF108,
0006464 Protein modification process 11 7.5% 0.04 QE%?C,GSLC35A1, UEVLD, ST8SIA4, ST3GAL1, ADPRH, RIMKLB, LCMT1, PADI2, UBA?,
0071260  Cellular response to mechanical stimulus 9 18.4% 0.001 IL13, IL1B, GADD45A, MYD88, CASP8AP2, TLR3, CASP1, MAP2K4, TNFRSF10B
0000216  M/G1 transition of mitotic cell cycle 8 10.3% 0.03 ORCS5L, PSMB3, PSME1, PSMF1, PSMD10, CDC6, MCM?7, PRIM1
Anaphase-promoting complex-dependent
0031145  proteasomal ubiquitin-dependent protein 8 10.1% 0.03 PSMB3, ANAPC7, SKP2, PSME1, PSMF1, PSMD10, CDC23, CCNB1
cataboli_c process o
0000079 ath?c’i't;tm" iR B T (e 7 12.7% 0.04 | BLM, CCNA1, CKS2, GADD45A, GTF2H1, CDC6, CCNB1
0006289 Nucleotide-excision repair 7 10.6% 0.04 POLD3, RFC3, GTF2H5, GTF2H1, POLR2K, ERCC3, POLR2H
0006283 I;;gisrcr'pt'°"'°°"p'ed D e D= A 6 14.0% 0.04 | POLD3, RFC3, GTF2H1, POLR2K, ERCC3, POLR2H
0051607 Defense response to virus 6 13.3% 0.04 RNASEL, OAS3, NLRP3, OAS1,TLR3, RSAD2
0008652  Cellular amino acid biosynthetic process 5 14.7% 0.05 ASNSD1, ALDH18A1, ENOPH1, MTHFD1, GPT
0009311  Oligosaccharide metabolic process 4 33.3% 0.02 MGAT2, ST8SIA4, ST8SIA6, NAGA
0071310  Cellular response to organic substance 3 42.9% 0.04 IL1B, CASP1, TRIM71
0045080 E?osclzg\s’g regulation of chemokine biosynthetic 3 37.5% 0.04 IL1B, MYD88, TLR3
0000731  DNA synthesis involved in DNA repair 3 33.3% 0.04 POLD3, RFC3, POLH
0019853 L-ascorbic acid biosynthetic process 2 100.0% 0.03 AKR1A1, GSTO1
0034638 Phosphatidylcholine catabolic process 2 100.0% 0.03 LIPC, ENPP2
Glial cell-derived neurotrophic factor receptor
0035860 signaling pathway 2 100.0% 0.03 GFRA1, GFRA2
0042506 Tyrosine phosphorylation of Stat5 protein 2 100.0% 0.03 JAK3, OSM
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BM, bone marrow; MC, mast cell; SM, systemic mastocytosis; ASM, aggressive SM; GO, Gene Ontology.
Down- regulated genes are shown in bold and underlined, whereas up-regulated genes are not highlighted nor underlined.
*Percentage of genes within a functional category is given as the ratio between the number of genes differentially

expressed in BMMC from ASM patients which are assigned to a GO term, and the total number of genes included in the
array which are annotated to the same GO term.
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FIGURE LEGENDS:

Figure 1. Venn diagram showing the overlap between genes differentially expressed by
BMMC from ISMs- (continuous-line), ISMs+ (dashed line) and ASM (dotted line) patients
vs. normal/reactive BMMC. Numbers inside each compartment represent the number of genes
showing a significantly different (FDR<1% and fold change 2|2.0|) expression in SM vs.
normal/reactive BMMC. ISMs-, indolent systemic mastocytosis without skin lesion; ISMs+, ISM

with skin lesions; ASM, aggressive SM.

Figure 2. Altered GEP common to distinct subtypes of SM (ISMs-, ISMs+ and ASM):
network pathway analysis of those genes which are associated with the immune
response and/or have been previously described to be regulated or interact with KIT. Up-
regulated genes are depicted in red, the colour intensity reflecting the fold-change levels versus
those observed in normal/reactive BMMC. Relationship between genes: i) activation (lines
ending in arrows), ii) inhibition (lines ending in a perpendicular line), iii) binding (lines joining two
interactions with KIT are highlighted in black. The different symbols represent distinct gene
functions: O = transcription factor, O = transmembrane receptor, <> = enzyme, <> = peptidase
activity; /A = transporter, V' = kinase activity, [1 = cytokine, O = other. * - Preferential

localization in the cell is not known.

Figure 3. Genes differentially expressed by BMMC from ISM vs ASM patients. Expression
patterns are summarized in the column in the left - “gene expression levels (GEP)” - where
those genes which were differently expressed (FDR<1% and absolute fold change = 2.0) in SM
patients versus normal/reactive BMMC and that contributed to the discrimination between ISM
and ASM are shown by color codes (white squares: expression not significantly different from
normal/reactive BMMC, and; grey squares: genes significantly up-regulated in specific disease
groups; the grey intensity reflects increasing fold change values). Centroid plots in the middle
column show a ranked list of the same 22 genes that better discriminated between the two

groups of patients. Gene expression charts on the right, display median values and the 95%
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confidence interval log-transformed expression levels for each individual gene in
normal/reactive BMMC (n=5), ISMs- (n=3), ISMs+ with KIT mutation restricted to BM MC (n=4),
ISMs+ with multilineage KIT mutation (n=7) and ASM (n=12) BMMC.

ISM, indolent systemic mastocytosis; ISMs-, ISM without skin lesion; ISMs+, ISM with skin
lesion; ASM, aggressive SM; AU, log-transformed fluorescence arbitrary units; N/R BMMC,
normal/reactive bone marrow mast cells; MCR, mast cell restricted KIT D816V mutation; ML,

multilineage (myeloid or myeloid plus lymphoid) involvement by the KIT D816V mutation.
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Figure 1.
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Figure 2.
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Figure 3.
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ONLINE REPOSITORY:

MATERIAL AND METHODS

Isolation of MC and other subpopulations of BM nucleated cells, DNA extraction and

detection of the D816V KIT mutation. Isolation of mast cells (MC) and other subpopulations of

nucleated bone marrow (BM) cells was performed within the first 24h after sample collection,
using a four-way fluorescence-activated cell sorter (FACSAria, Becton Dickinson Biosciences-
BD-, San Jose, CA) equipped with the FACSDiVa software (BD), as previously described.”’
Briefly, prior to sorting, cells were stained with a five-color combination of monoclonal antibodies
(MAb) — CD3/CD45/CD117/CD34/CD14 conjugated with pacific blue (PacB)/ fluorescein
isothiocyanate (FITC) / phycoerythrin (PE)-cyanin 7 (Cy7) / allophycocyanin (APC) / APC-H7 -,
using well established stain-and-then-lyse-and-wash procedures described elsewhere.”’
Isolation of BMMC, eosinophils, monocytes, neutrophils, CD34+ hematopoietic precursor cells
(HPC) and lymphocytes (purity 297%) was performed according to well-established phenotypic

criteria previously described in detail.®’

Genomic DNA was extracted using the GenElute Mammalian Genomic DNA Miniprep,
(Sigma-Aldrich, St Louis, MO, USA), NucleoSpin® Tissue XS (Macherey-Nagel, Duren,
Germany) or the REDExtract-N-AmpTM blood PCR kit (Sigma-Aldrich), according to the
instructions of the manufacturers. Positivity for the D816V KIT mutation was determined using a
PNA-mediated PCR-clamping technique (LightCycler thermocycler; software version 3.5; Roche
Diagnostics GmbH, Mannheim, Germany) and the DNA Master Hybridization probes Kit (Roche
Diagnostics), followed by sequencing of the PCR products in both directions, using the 5’- CAG
CCA GAA ATA TCC TCC TTA CT-3 and 5-TTG CAG GAC TGT CAA GCA GAG-3’ primers

(Isogen Life Sciences, Maarsen, The Netherlands), as described elsewhere.F" 2

RNA extraction and microarray hybridization. Analysis of GEP was performed on RNA

extracted from purified BMMC from 31 individuals, including 5 controls (3 healthy donors and 2
individuals carrying a B-cell lymphoproliferative disorder which exhibited reactive mast cell
hyperplasia — cases #4 and #5) and 26 SM patients (Table |). For each sample, total RNA was

extracted from highly pure (297%) BMMC using either the TRizol® Reagent (Invitrogen,
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Carlsbad, CA) or the NucleoSpin® RNA XS kit (Macherey-Nagel, Diiren, Germany), according
to the manufacturer’s instructions. Purity and integrity of the RNA were assessed for each
sample, using an Agilent 2100 Bioanalyzer with either the RNA 6000 Nanochips or Picochips
(Agilent Technologies, Santa Clara, CA, USA). GEP were determined using the Affymetrix
GeneChip Human Gene 1.0 ST Array (Affymetrix, Santa Clara, CA) employing the hybridization,

washing and laser scanning procedures recommended by the manufacturer.

Multiparameter flow cytometry immunophenotypic studies and cell cycle analyses.

Multiparameter flow cytometry (MFC) immunophenotypic studies were used to validate
microarray results for a set of 10 genes (CD2, CD4, CD33, CD52, FCER1A, HLA-DRB1, HLA-
DRBS5, IL2RA, IL3RA and LAIR1) (Supplemental Table E1) which code for proteins primary
located at the cell surface membrane and which were not previously described to be stored in
BMMC granules. For these studies, BM aspirates from the same patients initially included in the
microarray analyses (validation set #1) (Table |) and another independent group of patients
(n=134) (validation set #2) were processed as previously described,® following the

recommendations of the REMA.F*

Cell cycle analyses. Assessment of the cell cycle distribution of BMMC (percentage of Gy/G;

and S plus G,/M phases) was performed by a previously described 3-color direct
immunofluorescence stain-and-then-lyse-and-wash technique,E5 in which nuclear DNA of single
cells was stained with DRAQ5™ (Vitro SA, Madrid, Spain) and BMMC identified by their unique
pattern of expression of CD45 and CD117 (Supplemental Table E1). The proliferation index (PI)
(% of S plus G,/M cells) was assessed by two different observers for those cases for which
>100 BMMC could be analysed (n=29), using the INFINICYT™ software (Cytognos SL,

Salamanca, Spain) and a well established strategy.®®

Statistical methods. For all continuous variables, their median, mean and standard deviation

(SD), as well as range and both the 25th and 75th and the 10th and 90th percentiles, were

calculated. For categorical variables, frequencies were used. Statistical significance (p value
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<0.05 and FDR correction for multiple comparisons of <10%) was determined by the non-
parametric Kruskal-Wallis and Mann-Whitney U tests; a lineal regression model was used to
explore the degree of correlation between different variables. For all statistical analyses the
SPSS 15.0 (SPSS, Chicago, IL, USA) and MATLAB R2010b (Mathworks, Natick, MA,

USA) software programs were used.
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RESULTS

Multiparameter flow cytometry imunophenotypic studies for validation of GEP microarray

data. Validation studies performed at the protein level with the same set of patients used for
GEP microarray analyses showed the existence of a significant correlation between gene
expression data (unlogged arbitrary intensity units) and protein expression - mean expression
intensity expressed as mean fluorescence intensity (MFI) arbitrary units - for all 7 genes tested.
These included the IL2RA (r*=0.9, p<0.0001; n=10), CD4 (r*=0.7, p=0.013; n=7), IL3RA (r*=0.5,
p<0.0001; n=22), CD2 (r*=0.4, p=0.004; n=21), HLA-DRB1 and HLA-DRB5 (r*=0.7, p=0.004;
n=11) genes, and the FCER1A gene for which an inverse correlation (r2=—0.5, p=0.0003; n=19)
was found. Furthermore, validation of the GEP in a second and larger cohort of patients (n=134)
(validation set #2) showed overall similar profiles for gene and protein expression for CD25,
LAIR1 (CD305), CD2, HLA-DR and CD52 (Supplemental Figure E1). Interestingly, despite CD4,
CD33 and FCER1A genes were up-regulated in the common GEP, significantly increased
membrane expression of the CD4 and FceRI was restricted to ISMs- patients (p<0.0001), and
significantly increased expression of the CD33 protein was only detected among ISM
(p<0.0001) patients, ASM patients exhibiting either normal (5/7; 71%) or increased CD33
protein levels (2/7; 29%) (Supplemental Figure E1). Conversely, up-regulation of the IL3RA
gene was exclusively observed among ASM while all subtypes of SM analysed displayed
overall increased protein levels (p<0.0001), but at variable frequencies: 67% (14/21) ISMs-,
46% (22/48) ISMs+ and 100% (7/7) ASM patients, respectively.

Cell cycle analysis revealed an overall slight increased proliferation index (PI; % of S
plus Go/M cells) of BMMC among all three SM subtypes analyzed (p<0.02 vs. normal/reactive
BMMC), although cases with high proliferation (Pl >5%) were only found among ASM patients

(2/5 cases; 40%) (Supplemental Figure E1).
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Supplemental Table E1: Antibody reagents used for the immunophenotypic and cell

cycle analyses of bone marrow mast cells.

PURPOSE GENE AB CONJUGATE CLONE SOURCE
N/A CD34- PerCP Cy5.5 8G12 BD Biosciences'
N/A CD45 - Pacific Orange HI30 Invitrogen®
N/A CD45 - FITC HI30 BD Biosciences'
BM MC L 2
IDENTIFICATION N/A CD45 — PerCP Cy5.5 2D1 BD Biosciences
N/A CD117- PE YB5.B8 BD Biosciences’
N/A CD117- PE Cy7 104D2D1 Beckman Coulter®
N/A CD117 - APC YB5.B8 BD Biosciences’
CD2 CD2-FITC S5.2 BD Biosciences'
CD4 CD4 - Pacific Blue RPA-T4 BD Biosciences'
CD33 CD33 - APC P67,6 BD Biosciences’
CD52 CD52 - PE CF1D12 Invitrogen®
VALIDATION OF )
MICROARRAY FCER1A FceRI - FITC Polyclonal Invitrogen
RESULTS | HLA-DRB1 HLA-DR — FITC 1234 BD Biosciences'
HLA-DRB5
IL2RA CD25 - PE 2A3 BD Biosciences'
IL3RA CD123 - PE 9F5 BD Biosciences'
LAIR1 CD305 - PE DX26 BD Biosciences'

N/A- not applicable.
' Becton/Dickinson Biosciences (San José, CA, USA);

2 Invitrogen (Carlsbad, CA, USA);
® Beckman-Coulter (Miami, FL, USA);
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FIGURE LEGENDS:

Supplemental Figure E1. Immunophenotypic characteristics and proliferation index
(percentage of S plus G2/M cells) of bone marrow (BM) mast cells (MC) from patients with
systemic mastocytosis compared to normal/reactive bone marrow MC (control). Panels A-l
show the expression of individual markers as mean fluorescence intensity (MFI) values per MC.
Panel J shows proliferation index of BMMC. ISM, indolent systemic mastocytosis; ISMs-, ISM

without skin lesion; ISMs+, ISM with skin lesions; ASM, aggressive SM.
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Supplemental Figure E1.
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| DISCUSSION

During the past few decades, increasing knowledge has accumulated about the
biology of mast cells. This has contributed to a better understanding of the role these
cells play in human physiology, as well as in the pathogenesis of multiple diseases,

including clonal mast cell disorders [reviewed in >

]. In this regard, identification of
SCF as the main growth factor driving mast cell development and proliferation, set the
basis for the discovery of the D816V KIT mutation, which is now recognized as the a
hallmark of SM.'%#>*%%7

Despite the great impact that activating KIT mutations have on the proliferation
and survival, as well as on the morphology, immunophenotype and function of mast
cells,”® these mutations do not explain per se the highly variable and heterogeneous
features that clonal mast cells display from patient to patient, from the
histopathological, morphological immunophenotypic and molecular/genetic point of
view. Standardization efforts made in the assessment of such features of the
disease,*#%%**12313 haye set up the basic pillars for the definition of current diagnostic
criteria of mastocytosis. As an example, the establishment of a well-defined strategy
for the identification, enumeration and characterization of BM mast cells by MFC
contributed to overcome several important limitations inherent to the study of rare
BM cell populations, for which there was not a previously defined specific marker and

110,112

phenotype. As a consequence of such standardization efforts, several aberrant

immunophenotypic features have been identified on clonal BM mast cells; in turn,
these allowed for both a better understanding of the biological basis underlying
altered mast cell functions (e.g. increased expression of complement regulator

proteins like CD55 or CD59, which confer clonal mast cells an increased resistance to

124

complement mediated cell lysis)™" and the identification of new surrogate markers for

110,376

mast cell clonality (e.g. CD25), which are currently considered robust criteria for

359

the diagnosis of SM.”” Based on such advances, new diagnostic criteria for SM were

progressively established.

169



DISCUSSION |

The first comprehensive clinico-morphological classification of mastocytosis was
proposed in 1991. Overall, it identified only two major categories of mastocytosis
associated with either good or bad prognosis, respectively.’’’ In 2001, the WHO
classification of mastocytosis (updated in 2008) proposed the usage of one major (i.e.
conventional histopathology) and four minor criteria (i.e. morphology,
immunophenotype, molecular and biochemical criteria) for the diagnosis of SM; in
addition, it defined seven major categories of mastocytosis, based on a set of “B”- and
“C”-findings which reflect the variable clinical and biological features of mastocytosis,
together with the heterogeneous treatment requirements associated with distinct
variants of the disease.” More recently, growing knowledge about the pathophysiology
of the disease exists which has led to the general belief that this is yet an evolving
classification, because current WHO 2008 criteria may lead to frequent misdiagnoses,
particularly among some infrequent subtypes of the disease, at the same time other
highly prevalent disease categories (e.g. ISM) still remain heterogeneous, as regards

337339336 gyerall this points out the need

both prognosis and treatment requirements.
for more refined diagnostic criteria and the definition of new variants of the disease,
which show unique clinical (ISMs-), prognostic (e.g. ISMs+ with multilineage BM
involvement by the KIT D816V mutation) and molecular (e.g. WDSM) features together
with a distinct clinical behavior.**”*

Despite an increasing number of publications have focused on the analysis of the
clinical, histopathological and biological features of the distinct variants of systemic
mastocytosis, at present little is known about the molecular and biological
mechanisms responsible for such heterogeneity, specially among those patients that
carry the (same) D816V KIT mutation. In fact, most of these studies have either
considered SM as a single entity, or they were focused on a single diagnostic subtype

113,305-307,320,321,378  Giyen  the impact that genetic and

of  mastocytosis.
microenvironmental alterations have on the gene and protein expression profiles of

neoplastic cells, as well as their frequent contribution to the diagnosis, classification
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and prognostic stratification of patients, and the understanding of the biological basis
of neoplastic disorders,*’*3# in the present work we investigated the gene and protein
expression profiles of BM mast cells from patients suffering from distinct subtypes of
SM. Through this strategy, we aimed at gaining new insights on the biological
mechanisms underlying the heterogeneity of SM and on determining their impact and
potential utility in the diagnostic work-up and prognostic stratification of the disease.
In the following sections of the general discussion of this doctoral thesis, the

potential significance of the most relevant results obtained during our work, is

separately discussed for each of the proposed specific objectives.

4.1. Immunophenotypic characteristics of BM mast cells from distinct variants

of SM.

The first goal of our work focused on a detailed analysis of the immunophenotypic
profile of BM mast cells in the largest series of SM patients reported in the literature
(n=123), at the time the study was done; based on this strategy we analyzed
substantial numbers of patients which were representative of the distinct subtypes of
the disease, in comparison to normal/reactive BM mast cells.

Overall, our results largely confirmed previous observations describing aberrant
expression of CD2 and/or CD25 on BM mast cells from the great majority of the

patients.m’122

However, despite both proteins are considered as minor diagnostic
criteria for SM, we were not able to detect expression of CD2 on BM mast cells from
more than one fourth of the patients, whereas CD25 was found in virtually every case
(>90%). It could be argued that such discrepancy could be due to the fact that in our
study, expression of CD2 was assessed using a monoclonal antibody conjugated with
fluorescein isothiocyanate (FITC), a fluorochrome which has been previously

associated with a lower sensitivity than phycoerythrin (PE), particularly among cases

where dim expression of CD2 is observed.'*? However, our results fully support more
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recent observations which suggest that aberrant expression of CD25 is a more

322 1 fact, in our cohort of

sensitive criterion for the diagnosis of SM than that of CD2.
patients only one case with (dim) expression of CD2 in the absence of CD25 was
detected, this case corresponding to a WDSM patient who lacked any activating KIT
mutation at codons 815-819; by contrast, more than a quarter of all SM patients who
tested positive for CD25, showed no CD2 expression. Similarly to what had been

115124320321 5 gignificantly increased

previously described in smaller cohorts of patients,
expression of both activation (e.g. CD69) and degranulation (e.g. CD63 and CD203c)
related molecules, as well as up-regulation of the CD59 complement regulator protein,
was also found among our SM patients.

Interestingly, when the distinct subtypes of SM were separately analyzed, three
clearly distinct immunophenotypic profiles were found, which were associated with
specific subgroups of patients, namely: i) the most common good-prognosis categories
of SM (ISMs+ and patients with clonal mast cell activating disorders — cMCAD —
meeting the WHO criteria for ISM and therefore corresponding to ISMs->*%); i) WDSM,
and; iii) SM cases with poor-prognostic subtypes of the disease (ASM and MCL).

Overall, the most recurrently detected immunophenotypic pattern corresponded
to ISM patients (with or without skin lesions). These patients displayed most of the
immunophenotypic features which have been classically associated with SM. This is
probably due to the fact that these cases represent the most frequent forms of the

325327 and therefore a global analysis of SM patients would largely reflect the

disease,
PEP of these particular variants of SM. In more detail, good-prognosis ISM patients
typically showed a mature (e.g. FcaRIhi) immunophenotype associated with aberrant
expression of both CD2 and CD25, and overexpression of mast cell activation
molecules like CD69 and the CD64 high-affinity 1gG receptor (FcyRl), this later marker
being absent in normal resting BM mast cells,"** but expressed upon [FN-y exposure.'*®

Similarly, BM mast cells from patients with ISMs+ and ISMs- also showed increased

expression of the HLA-DR and HLA-DQ major histocompatibility complex (MHC) class Il
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molecules, which are also absent in resting mouse and human mast cells, but up-
regulated on activated mast cells isolated from tissues infected with pathogens and/or

213,214,230,384,385 . . .
EEREFREERTE N line with this

stimulated with cytokines (e.g. TNF-o. and IFN-y) and LPS.
activation-related PEP, up-regulation of molecules associated with mast cell
degranulation (e.g. the lysosomal glycoprotein CD63 and CD203c) was also observed in
this immunophenotypic subgroup of SM patients, probably reflecting an increased
mediator release rate, which would account for the mast cell mediator release-

associated symptoms typically displayed by these individuals.**®

Altogether, these
results suggest that BM mast cells from patients with ISMs+ and ISMs- display similar
features to those of mature activated mast cells, in addition to aberrant CD25 and CD2
expression.

Virtually every patient within these two subtypes of ISM (ISMs- and ISMs+) carried
the D816V KIT mutation, and therefore potentially also constitutive activation of c-
Kit.”>’ Because of this, it could be speculated that the ectopic activated
immunophenotype of BM mast cells from ISMs+ and ISMs- patients, which is typical of
mast cells from peripheral tissues which have been naturally activated upon exposure

to pathogens and other stimuli,***

could probably be a consequence of the presence
of the activating KIT mutation. This hypothesis is further supported by the absence of
phenotypic differences between BM mast cells from ISMs- patients who displayed the
D816V KIT mutation vs. other mutations in the tyrosine kinase loop domain of KIT
(V815_1816ins), whereas the only ISMs- patient who showed a V560G mutation in the
juxtamembrane domain of KIT, displayed clearly distinct phenotypic features (CD25'/dim,
cyBcIZhi, CD2 and HLA-Idim). However, the presence of the D816V KIT mutation per se,
would not explain the distinct clinical features typically associated with the two
subtypes of ISm, 338 suggesting that different activation-associated responses induced
by the KIT D816V mutation would occur in BM mast cells from these two groups of ISM

patients; such differences could potentially result from additional alterations and

mechanisms. In line with this hypothesis, a significant direct correlation was observed
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between serum baseline tryptase and CD64 expression (r’=0.55, p=0.004) among ISMs-
patients, but not within ISMs+ cases. In this regard, it should be noted that Woolhiser
et al.**® have shown that IgG molecules bound to surface CD64 (FcyRl) mediate mast
cell degranulation, and that simultaneous FceRI- and FcyRI-mediated MC activation
leads to an additive degranulation at lower IgG and IgE concentrations. Altogether,
these results suggest that increased expression of CD64 observed among ISMs-
patients could result in a greater sensitivity and a more pronounced degranulation-
associated phenotype, due to simultaneous FceRI- and FcyRI-mediated mast cell
activation; this could explain, at least in part, the severe systemic mast cell mediator
release-associated symptoms (e.g. anaphylaxis) ISMs- patients typically display, despite
their lower mast cell load.**”**®

In contrast to ISMs- and ISMs+, BM mast cells from WDSM patients typically lacked
expression of both CD2 and CD25, with only around one third of cases being either
partially positive for CD25 or showing dim expression for CD2 in the absence of CD25.
Of note, even in these later cases, the pattern of expression of CD2 and CD25 was
significantly different from that typically detected in the other forms of the disease
(CD2%™/CD25 and CD27/CD25"* vs. CD2-/CD25"€" and CD2+/CD25"8"); these results are
in line with previous observations in both individual cases*® and in small series of
WDSM patients.>*® Furthermore, BM mast cells from WDSM patients also showed
normal expression of the CD59 complement regulatory protein and of the CD63, CD69
and CD203c activation/degranulation-related molecules, which are typically described

123,124,320,321
3124320321 |y fact, BM mast

to be overexpressed on BM mast cells from SM patients.
cells from WDSM patients displayed an overall phenotype similar to that observed for
mature resting normal BM mast cells (strong expression for both CD117 and
FceR1);'%'?% and aberrant mast cell phenotypes from WDSM patients were restricted
to a few (overexpressed) intracellular antigens, such as cytoplasmic Bcl2, CPA and total

tryptase. Increased expression of the anti-apoptotic Bcl2 protein suggests that an

altered regulation of apoptosis could contribute to the pathogenesis of WDSM,
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similarly to what has been reported for CM mast cells.>****

However, the most striking
feature of WDSM BM mast cells was their increased cytoplasmic contents in mast cell
enzymes (e.g. tryptase and CPA) which probably contributes to the typical
hypergranulated morphological appearance®® of these cells, and their abnormally
increased size and internal complexity (FSChigh and SSC™&" mast cells). Interestingly,
increased expression of cytoplasmic total tryptase (pro and mature o/B-tryptase
identified by the B12 antibody) was associated with unexpectedly low serum total
tryptase levels, suggesting that spontaneous release of protryptase could be affected
in WDSM patients. This is particularly true, if we consider that protryptase is
spontaneously secreted by mast cells, and therefore reflects the mast cell burden,
whereas mature tryptase is stored in cytoplasmic granules and it is only released in

response to mast cell stimulation.?®*

In line with this hypothesis, WDSM patients
showed extremely low serum tryptase per BM mast cell (serum tryptase levels/%BM
mast cell ratio), further supporting a decreased rate of release of tryptase (and
potentially also other enzymes like CPA) in these patients. Of note, WDSM showed
high levels of cytoplasmic (Cy) total tryptase (B12) in association with a normal
total/mature tryptase (assessed by the G5 antibody) ratio (CyB12/CyG5 ratio), which
suggests that the lower rate of release of protryptase could be due to an increased
rate of intracellular protein processing, leading to a relative increase in the levels of
the mature forms of the protein, which are typically released only upon mast cell

stimulation;*%*

if this holds true, an increased cytoplasmic expression of mature
tryptase would occur. Alternatively, deregulation of the mechanisms controlling mast
cell secretion/release could also occur in these patients. In line with this later
hypothesis, a significantly increased expression of CD22 was observed in all subtypes
of SM, including WDSM patients. This molecule belongs to the family of Siglec proteins,
whose members (e.g. Siglec 8) have been previously described to be involved in the
inhibition of histamine and prostaglandin D2 secretion and of Ca®' influx, in mast

388,389

cells. Further studies, in which the expression of other cell surface inhibitory
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molecules (e.g. CD200R, LAIR1, CD84 or CD300a)®® is investigated, together with the
evaluation of IgE-induced degranulation of BM mast cells from WDSM patients, are
necessary to determine the exact mechanisms responsible for the increased
cytoplasmic expression of mast cell enzymes in this subgroup of SM.

On top of all the above, it should be noted that clonal BM mast cells from most
WDSM patients did not show KIT mutations, and that those few WDSM patients who
carried KIT mutations (including a D816V+ case) displayed similar immunophenotypic
profiles to those of their non-mutated counterpart; these findings suggest that BM
mast cells from WDSM may carry additional mutations/genetic lesions involving other
proteins downstream of c-Kit, which could specifically lead to the impaired secretory
phenotype.

In contrast to other subgroups of SM, the poor-prognosis subvariants of the
disease (ASM and MCL), typically displayed bright expression of CD25, frequently in the
absence of CD2. This aberrant phenotype was associated with increased expression of
the CD123 and HLA-DR antigens, which are typically expressed by immature BM mast
cells;*>**1 in line with this, BM mast cells from ASM and MCL patients also showed
lower expression of CD117, HLA-I and FceRlI, together with abnormally low levels of
cytoplasmic tryptase and CPA, in association with decreased light scatter (SSC and FSC)
features. Such immunophenotypic profile has been described as typical of immature

1796123 gyerall, these results suggest that BM mast cells from poor-prognosis

mast cells.
variants of SM (ASM and MCL) display a relatively immature phenotype. Interestingly,
the phenotypic differences observed between these poor-prognosis categories of SM
and ISM, could not be explained on the basis of a different KIT mutational pattern,
since most ASM and MCL patients displayed the same D816V KIT mutation as ISM
cases. However, in contrast to ISM, MCL and ASM typically carried the D816V KIT

257 \whereas

mutation in almost all BM myeloid cell populations, including CD34+ HPC,
among ISMs- and ISMs+ patients the KIT mutation was typically restricted to BM mast

cells. These results suggest that occurrence of an extended clonal hematopoiesis in SM
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with multilineage involvement, would be associated with an earlier maturation
blockade, among the more aggressive forms of SM. In line with this hypothesis, when
we compared the good- (ISM) vs. poor-prognosis categories of SM (ASM and MCL), the
later typically showed a lower frequency of skin lesions with a greater tumor load in
the BM and other lymphoid tissues,> further supporting the existence of an
underlying maturation blockade at relatively early stages, prior to the migration of
recently produced mast cells to the skin.>® Additionally, these observations also
suggest that an increased chemotaxis towards the spleen and/or the liver (typically
involved in aggressive forms of the disease) and a decreased homing to the skin (more
frequent in indolent SM and WDSM), could be a trait of the initial steps of mast cell
differentiation. Further molecular/genetic studies are necessary to elucidate whether
such maturational blockage and altered pattern of homing of clonal mast cells could
result from the co-existence of additional genetic lesions involving a D816V"
hematopoietic progenitor cell in patients with poor-prognosis SM and/or to the
presence of different patterns of expression of mast cell-associated adhesion
molecules and chemokine receptors.

Regarding SM-AHNMD cases, ISM-AHNMD and ASM-AHNMD patients displayed
similar phenotypic profiles for the great majority of the proteins analyzed, to those
exhibited by their non-AHNMD counterparts, in line with what could be expected.’

Based on the overall different PEP found among the distinct diagnostic variants of
SM, for expression of those phenotypic markers analyzed, a scoring algorithm was built
which predicted for the different subtypes of SM (WDSM vs. ISMs-/ISMs+ vs.
ASM/MCL) with high sensitivity and specificity; this finding supports the potential role
of MFC immunophenotyping of BM mast cells from SM patients, not only for the
diagnosis, but also for the classification of the disease.

In summary, our results confirm that BM mast cells from SM are phenotypically
heterogeneous, with three clearly distinct maturation-associated profiles; such protein

expression profiles of BM mast cells are related to both molecular and prognostic
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subtypes of mastocytosis. Accordingly, more immature immunophenotypic patterns
are typically found in ASM and MCL, while the nature of mature BM mast cell
phenotypes associated with good-prognosis subtypes of SM - activated (ISMs-/ISMs+)
vs. resting (WDSM), BM mast cell phenotypes - appear to depend on the presence vs.

absence of the D816V KIT mutation.

4.2. Association between the immunophenotypic profile of BM mast cells in SM

and the degree of involvement of hematopoiesis by the KIT D816V mutation.

As already referred above, aggressive forms of mastocytosis (e.g. ASM and MCL),
systematically carry the D816V KIT mutation in the different myeloid or both myeloid
plus lymphoid compartments of BM hematopoietic cells, other than mast cells;’ in
addition, these patients typically display in common, an immature immunophenotypic
profile. Conversely, ISM patients (with or without skin lesions) more frequently exhibit
the KIT D816V mutation restricted to the pathological BM mast cell population,”’ and
they show a mature activated BM mast cell immunophenotypic profile. However,
several nuances were observed in this particular pattern, as ISMs+ patients who
displayed hepatomegaly and/or splenomegaly exhibited slightly more immature
immunophenotypic features (e.g. lower expression of the FceRIl IgE high-affinity
receptor), together with higher serum tryptase levels, both features being more
frequently detected among aggressive forms of the disease (e.g. ASM). In line with
these findings, recent studies have shown that in around 20% of ISMs+ cases, the KIT
mutation is also detected in myeloid and lymphoid BM cell compartments other than
BM mast cell, similarly to what occurs in ASM patients;>>’ most importantly, this
extended involvement of hematopoiesis by the KIT D816V mutation has been shown
to be the most powerful independent prognostic factor for progression of ISM to more

356

aggressive forms of the disease (e.g. ASM, MDS or AML).” Altogether, these

observations raised the question about whether there would be an association
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between the immunophenotypic features of BM mast cells from ISMs+ patients and
the underlying degree of BM involvement by the D816V KIT mutation.

In order to gain insight into this potential association, we performed an
unsupervised analysis of the PEP of BM mast cells in three different series of patients
and/or groups of molecules. Interestingly, in all three sets of analyses, a similar
hierarchical organization of the cases was observed, with two major groups of cases:
ISM with KIT mutation restricted to the BM mast cell compartment (ISMs- patients and
most ISMs+ patients) and cases with extensive involvement of the hematopoiesis by
this mutation (ASM and some ISMs+ patients); of note, such classification of SM
patients, rather than reflecting distinct clinical features of the disease per se, indicates
that patients with multilineage KIT mutation would share unique immunophenotypic
features, regardless of the diagnostic subtype of the disease. A more detailed analysis
of the pattern of expression of individual molecules within each of the two groups of
patients, revealed that those ISMs+ cases with KIT mutation restricted to the BM mast
cell compartment exhibited a mature (chRIhi) activated (e.g. strong CD203c

. 104
expression)’®°

PEP similar to that of ISMs- patients. Conversely, ISMs+ patients who
displayed multilineage involvement shared several features with ASM patients, who
typically show also myeloid or myeloid plus lymphoid BM involvement by the KIT
mutation.”’ Similarly to ASM, in these later ISMs+ cases, an increasing number of BM
cell populations bearing the mutation was associated with a higher BM mast cell
burden and increased serum baseline total tryptase (sBt) levels. In addition, ISMs+
cases carrying multilineage KIT mutation also displayed decreased expression of
proteins known to be acquired during BM mast cell maturation (e.g. FceRIl, CD45 and

mast cell enzymes CPA and total tryptase),'®%2%100107

in association with lower light
scatter properties,103 features that are compatible with a more immature mast cell
phenotype.

Furthermore, decreased expression of the CD9 tetraspanin molecule was also

observed among ISMs+ patients carrying multilineage KIT mutation, who are at higher
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risk of progression to more aggressive disease (e.g. ASM, MDS and AML). Interestingly,
downregulation of CD9 has been described to correlate with tumor progression in
several types of cancer’® due to the fact that it has the ability to inhibit several
metastasis-promoting processes, including integrin-mediated motility; therefore,
down-regulation of this molecule could be associated with an increased invasion
capacity.390 This is particularly interesting when considering that the more aggressive
forms of SM (e.g. ASM) typically display massive mast cell infiltration in organs/tissues
in which mast cells are poorly represented under physiological conditions (e.g. spleen
and liver),**? typically leading to splenomegaly and/or hepatomegaly and, in the most

extreme cases, to the functional impairment of these organs.359

However, further
studies are required to necessary to determine the role of the expression of CD9, and
other tetraspanins (e.g. CD81), as well as other adhesion/migration-associated
molecules, in the distinct pattern of organ/tissue involvement in SM.

Overall, the results discussed above suggest that multilineage involvement by the
KIT mutation in ISM patients, may be associated with an early blockade of mast cell
maturation, leading to more immature BM mast cell features and a less activated
phenotype. Interestingly, as all ISMs+ patients carried a common KIT mutation, this
genetic lesion alone could not fully account for the phenotypic differences observed
within ISM patients. In turn, it could potentially result from coexisting genetic and/or
epigenetic events other than the D816V+ mutation occurring in KIT mutated HPC,
similarly to what has been previously suggested for polycythemia vera, essential
thrombocythemia and primary myelofibrosis patients who share an identical activating

V617F

somatic mutation of the JAK2 tyrosine kinase gene (JAK2 ), but display distinct

clinico-biological features.>**3*%

Alternatively, constitutive activation of c-Kit due to the
presence of the D816V KIT mutation, could lead to variable biological outcomes
depending on the maturational stage of the cell in which the mutational event occurs -

either a HPC or a more mature mast cell precursor -, as a result of the distinct

transcriptional machinery which is active at the different stages of differentiation of
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mast cells.”® In line with this latter hypothesis, expression of MITF-A, an alternative
splicing isoform of MITF (a transcriptional factor which plays an important role in the
final stages of mast cell differentiation in e.g. regulating the transcription of tryptase

393

gene in human mast cells™), has been recently reported to be regulated by c-Kit

signaling.®**

Despite all the above, and the variable PEP of clonal mast cells in ISM
patients with or without multilineage involvement of BM cells by the KIT mutation,
further studies are necessary to determine the precise mechanisms leading to the
accumulation of mast cells in the BM with an earlier maturation blockade.

As previously mentioned, despite the great majority of ISMs+ patients show an
overall survival which is similar to the remaining non-SM population,g27 a subset of
these patients who have “indolent” variants of the disease according to the WHO 2008
criteria, show progression to more aggressive disease (e.g. ASM, MDS or AML).356
Among those parameters which contribute to identify patients at risk of progression,
the presence of multilineage KIT mutation has been shown to be the most powerful

6

independent prognostic factor.®® However, determination of the degree of

involvement of BM hematopoiesis by the KIT mutation currently requires complex

molecular analyses of highly-purified cell populations;**’

such approaches are not
easily and widely available in most routine diagnostic laboratories, and they can only
be performed in highly specialized reference centers. Therefore, the development of
strategies and algorithms that would allow for the identification of those ISM patients
at risk of progression (e.g. ISM cases that carry multilineage involvement of
hematopoiesis by the KIT mutation), is mostly welcome. Since BM mast cells from
ISMs+ patients with multilineage BM involvement show distinct (e.g. more immature)
immunophenotypic features than other ISM patients, we wondered whether this
association between the immunophenotype of BM mast cells and the degree of clonal

hematopoiesis could be used as a tool for the diagnostic screening of multilineage

involvement of hematopoiesis by the KIT mutation in SM.
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In order to accomplish this goal, we developed a score-based class prediction
model, based on those immunophenotypic markers which were tested in a significant
number of patients (>80%), that showed a high discrimination power, as assessed by
receiver operating characteristic (ROC) curves. This score was first tested in a training
set of ISMs+ patients, in whom such phenotypic variables were simultaneously
analyzed. Based on the proposed model, multilineage KIT mutation was identified on
the basis of an increased BM infiltration by clonal mast cells with aberrant expression
of CD25 in association with a FcgRI®, FSC°, SSC° and CD45° immature
immunophenotype, in the absence of a coexisting population of BM mast cells with a
normal phenotype. In addition, the classifier was validated using two other, distinct
subsets of patients whose BM mast cells had been analyzed with two different flow
cytometer instruments (either a 4-colour FACSCalibur or a 8-colour FACSCanto I,
Becton/Dickinson Biosciences, San Jose, CA, USA) and stained with distinct monoclonal
antibody (mAb) clones and/or fluorochrome conjugates. Once again, the scoring
system proved to be highly efficient for the classification of ISM patients according to
the degree of involvement of BM hematopoiesis by the KIT mutation, in both the
training and validation sets of patients. Furthermore, the proposed algorithm was not
only able to correctly classify ISMs+ cases, but also other SM patients, into cases with
mast cell-restricted vs. multilineage BM involvement by the KIT D816V mutation,
regardless of the diagnostic subtype of the disease. These results suggest that the
immunophenotypic features of mast cells could be used as a surrogate marker for the
identification of SM patients carrying multilineage KIT mutation, without previous
knowledge about the diagnostic subtype of the disease. Of note, this approach can be
easily implemented in routine diagnostic flow cytometry laboratories.

Further validation of the classification algorithm proposed was performed, through
determination of its impact on progression-free survival (PFS) of ISMs+ patients. As
could be expected, the new immunophenotypic algorithm here proposed had a similar

(significant) impact on PFS of ISMs+ patients, to that of conventional molecular
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assessment of multilineage KIT mutation. Nevertheless, a prolonged follow-up of these
patients is necessary to determine which of the two methods has a higher prognostic
impact among ISMs+ patients, as none of the discrepant cases progressed at the study
closing date, due to the smaller follow-up period of this (small) group of patients,
compared to that of those cases that progressed. Altogether, these findings support
the utility of immunophenotyping of BMMC as a surrogate marker to predict for the
degree of clonal involvement of hematopoiesis in the BM of SM patients,
independently of the clinical subtype the disease, at the same time they point out the
need to perform a careful follow-up of those patients with immature BMMC PEP,
specially among those patients with an expected long-term disease.

Despite the association between the degree of involvement of BM hematopoiesis
by the KIT D816V mutation and the prognosis of ISMs+ patients is currently well
established, the biological mechanisms which determine disease progression among
these patients, and that are ultimately responsible for their variable outcome, remain

%% As evolution to more aggressive disease is a slow process, it could

largely unknown.
be hypothesized that an increasing BM involvement by the KIT mutation of e.g. CD34+
HPC (and therefore of the overall mutated cell load) could be observed throughout
time, as a result of a proliferative/survival advantage conferred by this mutation; thus
mutated cells would slowly replace normal hematopoiesis, with an increasing
probability of occurrence of secondary/additional genetic and epigenetic changes in
the mutated BM HPC, ultimately leading to the development of more aggressive
disease like ASM, MDS or AML, in a similar way to what has been described during the
evolution of MDS to AML.3***% Moreover, clonal BM cells (either mast cells or CD34+
HPC) could progressively compete and replace their normal counterpart in the BM
stromal cell niches, ultimately leading also to more aggressive disease, as previously
suggested for patients with monoclonal gammopathy of undetermined significance

397

(MGUS) who progress to multiple myeloma.™’ Alternatively, the KIT mutation could

target a different stem/precursor cell in patients who carry multilineage mutation,
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leading to an increased predisposition to acquire distinct additional genetic events that
favor subsequent progression to more aggressive forms of the disease.®®

In summary, our results show that the immunophenotypic profile of BM mast cells
from patients with SM closely reflects the degree of BM involvement by the KIT D816V
mutation, as more immature BM mast cell features are typically found in ISMs+
patients who carry multilineage clonal hematopoiesis vs. ISMs- and ISMs+ cases who
show the same KIT mutation, but restricted to the BM mast cells. Furthermore, these
distinct immunophenotypic profiles of BM mast cells can be used as a surrogate
marker for the diagnostic screening of multilineage KIT mutation among ISMs+
patients, therefore contributing to the prognostic stratification of this group of ISM

patients.

4.3. The GEP of (highly-purified) BM mast cells from distinct variants of SM

carrying the D816V KIT mutation.

Despite SM comprises a heterogeneous group of well-defined entities with unique
clinical and histopathological features and therapeutic requirements,**>**2>° Jittle is
known regarding the molecular mechanisms responsible for such heterogeneity. In fact,
except for WDSM patients, the great majority (>90%) of SM patients carry a common
genetic lesion, the KIT D816V activating mutation.?®’ In line with this, several groups
have recently reported that the presence of multilineage involvement of BM

237356 and the occurrence of mutations in gens other than KIT (e.g. TET2

hematopoiesis
and NRAS),>’®%! could be linked to more aggressive forms of systemic disease (e.g.
ASM, MCL and ISMs+ patients at risk of progression). Although these findings have
contributed to gain insight into the potential molecular mechanisms underlying the
heterogeneity of SM, the specific biological functions and pathways associated with

each of the distinct variants of the disease, remain largely elusive. In order to address

this issue, we applied cDNA-oligonucleotide arrays to the analysis of the gene
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expression profiles of highly-purified mast cells isolated from BM samples of SM
patients with distinct variants of the disease who had in common the D816V KIT
mutation, in parallel to BM mast cells from a group of control subjects, including both
normal and reactive samples. To the best of our knowledge this is the first time the
GEP of purified BM mast cells from SM patients is analyzed.

Since c-Kit mediated signaling has been widely described to be influenced by the

cell’s microenvironment (e.g. cytokines),?*>%7

inclusion of reactive hyperplastic
samples as control samples, would lead to the exclusion of those genes which could be
deregulated as a consequence of changes in the BM microenvironment and that do
not result from deregulated GEP linked to the genetic lesions underlying mastocytosis.

Furthermore, the usage of isolated mast cells allowed us to overcome serious

handicaps underlying previous reports about the GEP of mastocytosis patients, which

305 306,307

used either mononuclear BM cells™ or whole peripheral blood samples , and
whose results were therefore highly influenced by the variable cellular composition
and the heterogeneous mast cell load of individual samples. In line with this,
D’Ambrosio et al.>* found a significant correlation between the gene expression levels
of a-tryptase, using BM mononuclear cells, and serum baseline total tryptase, a known
indicator of mast cell burden.”®

Overall, supervised analysis of the GEP of highly-purified BM mast cells from our
patients showed distinct patterns for each of the three major diagnostic subtypes of
SM investigated: ISMs-, ISMs+ and ASM, with a total of 915 deregulated genes that
included a common imprint of 286 altered genes.

The signaling pathways which were activated by (SCF-induced) c-Kit activation play
a key role in both the differentiation and the activation of MC; in fact, activation of c-
Kit leads to the engagement of multiple downstream signaling pathways involved in
mast cell growth, differentiation, survival, chemotaxis and cytokine production.w'49

Since the presence of the KIT D816V mutation was a common trait to all patients

included in this part of the study, the presence of an activating KIT D816V mutation
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would potentially be reflected by a common GEP. Accordingly, the common gene
signature to all variants of SM analyzed was characterized by a general up-regulation
of genes involved in cytokine-mediated signal transduction, including target genes
from the JAK/STAT pathway, like the BCL2L1 anti-apoptotic gene which codes for the
Bcl-xL protein, previously described to be strongly expressed in BM mast cells (but not

in mast cells from skin lesions) of SM patients.?**%

Surprisingly, a significant
enrichment was found in this common gene expression signature, for type | IFN-
dependent response genes. This is particularly remarkable given the fact that patients
included in the study were not treated with interferon. Interestingly, most of these
IFN-induced genes (e.g. OAS1, OAS2, MX1, MX2 or CCL3) were also previously

described to be up-regulated upon MC infection by viruses,****%°

suggesting that c-Kit
downstream signaling could play an important role in mast cell responses to viral
infections. In line with this hypothesis, previous studies reported that infection of
endothelial cells by the Kaposi's sarcoma herpesvirus (KSHV) induces up-regulation of
c-Kit, and that the inhibition of either c-Kit activation or its downstream effectors,
reverses the characteristic KSHV-induced morphological transformation typically

401,402

displayed by the infected cells. Furthermore, an overall enrichment in genes
involved in both innate and inflammatory immune responses was also detected in
common to all three subtypes of SM. Among other genes, this included increased
expression of the complement regulatory proteins CLU (clusterin) — also previously
reported to be up-regulated on SM BM mononuclear cells-,*®> CFH (complement factor
H) and SERPING1 (plasma protease C1 inhibitor), in all subtypes of SM. These findings
are in line with previous studies about the PEP of SM patients which reported
increased expression of membrane-bound complement inhibitory proteins like CD35
(complement receptor 1, CR1) and CD59 (membrane inhibitor of reactive lysis,
MIRL),*** and they could reflect a self-defense mechanism of mast cells from
complement-dependent cytotoxicity, similar to what has been described for other

types of tumors %494,
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In addition to the common GEP, deregulation of different biological processes was
specifically associated with each of the three diagnostic subtypes of the disease
investigated. Even though ISMs- and ISMs+ BM mast cells shared a similar GEP as
regards some biological functions (e.g. T-cell costimulation), ISMs- patients displayed a
higher number of specifically deregulated genes, including the CD2 adhesion molecule.
Functional enrichment analysis of ISMs- BM mast cell GEP also revealed significant up-
regulation of transcripts involved in lipid metabolism. Interestingly, activation of mast
cells is widely known to induce an increased phospholipid metabolism associated with
a greater production of arachidonic acid metabolites (e.g. prostaglandin D2 and

147,179

leukotriene C4), which are partly responsible for the mast cell-mediator release-

associated symptoms that are typically displayed by ISMs- patients.>3#40>4%

Despite the overall number of deregulated genes in ISMs- and ISMs+ was similar,
most genes found to be deregulated in ISMs+ patients were also altered in other
subtypes of the disease (e.g. ASM). This could be due to the inclusion within this latter
group of patients of cases with a variable degree of hematopoietic involvement by the
KIT D816V mutation with both multilineage and mast cell-restricted KIT mutated
patients. As discussed above, the extent of involvement of hematopoiesis by the KIT
mutation has a significant impact on the immunophenotypic features of BM mast cells,
cases with the mutation restricted to the mast cell compartment being more similar to
ISMs-, while patients with multilineage involvement exhibit an immunophenotype
comparable to that of ASM. Despite this heterogeneity, ISMs+ BM mast cells
specifically displayed an increased expression of genes involved in gene transcription
and protein processing, probably reflecting an increased rate of de novo production of
mast cell mediators such as the CCL2 and CCL3 pro-inflammatory chemokines.*>**
Overall, the distinct GEP displayed by indolent forms of the disease suggests that,
despite both ISMs- and ISMs+ BMMC carry the same KIT D816V mutation and show an

overall activated mast cell immunophenotypic profile, the type of response to this

constitutive activation, mediated by c-Kit, is different: increased lipid metabolism vs.
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protein production; such differences could probably result from the concurrence of
distinct mechanisms that modulate mast cell activation via either Kit, FceRIl and/or
HLA-II signaling, or because of a distinct genetic background in both groups of ISM
patients. Altogether, these results further support previous reports which indicate that
these two groups of ISM patients could represent distinct variants of ISM, and should
therefore be classified as separate entities.****%

Activation of c-Kit is known to also regulate adhesion of mast cells to the

connective tissue matrix.2®***

In this regard, significant deregulation of the expression
of cell adhesion-related genes was observed in both ISMs+ and ASM. Nonetheless, a
distinct expression pattern was observed between aggressive and indolent forms of
the disease: ASM BM mast cells displayed a higher frequency of down-regulated
transcripts, at the same time they showed normal expression of genes up-regulated in
ISMs+ patients (e.g. COL12A1 - collagen, type Xll, alpha 1 - and CDH12 - cadherin 12,
type 2-). Since one of the major features of ASM is the frequent involvement of organs
and tissues other than BM and the skin (e.g. spleen, liver, lymph nodes and/or
peripheral blood), whereas presence of cutaneous lesions is a hallmark of ISMs+

patients,7'8

such distinct pattern of expression of adhesion-related genes could
potentially contribute to explain, at least in part, the different patterns of organ/tissue
involvement observed in both subtypes of SM.

Overall, BM mast cells from D816V K/T-mutation® ASM patients also showed a
unique GEP, which was clearly different from both ISMs- and ISMs+ cases carrying the
same KIT mutation. In general, our results point out the potential deregulation of two
distinct but interconnected mechanisms in ASM BM mast cells: i) inhibition of
apoptosis, as a result of the up-regulation of anti-apoptotic-associated genes like BFAR
(bifunctional apoptosis regulator), and; ii) significant deregulation of cell cycle,
including increased expression of genes involved in cell-cycle checkpoints like cyclin B1
(CCNB1), often found to be overexpressed in various human tumors, including lung

4 4 . 410,411 .
cancer,’® astrocytomas’® and esophageal squamous cell carcinoma,* in
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association with an increased cell proliferation.**?

In fact, a slightly increased mast cell
proliferation was observed for all variants of SM analyzed, ASM patients being the only
cases who exhibited significantly increased percentages of S+G,/M phase cells.
Altogether these findings suggest that the pathogenesis of aggressive forms of SM
could rely on different mechanisms, associated with increased proliferation and/or
inhibition of apoptosis. Further studies, in larger cohorts of ASM patients are required
to confirm the existence of distinct mast cell GEP within ASM patients, and their
potential association with specific genetic lesions other than the KIT D816V mutation,
distinct clinical forms of the disease and unique patterns of response to therapy.
Despite all the differences here reported in the GEP of ISMs- and ISMs+ BMMC, as
well as the clinical heterogeneity associated with ASM patients, a signature of 22 genes
allowed for the classification of indolent vs. aggressive forms of the disease with a high
overall accuracy. Since this signature also allowed for correct identification of ISMs+
cases carrying multilineage BM involvement by the KIT D816V mutation, and

progression of these later cases to ASM is not a rare event,®®

such gene signature
could potentially serve in the future as prior knowledge for the discovery of candidate
biomarkers for adequate monitoring of those patients at higher risk of progression (e.g.
quantification of serum CCL23, IL1J3 or IL13 levels). In this regard, previous studies have
reported an association between the -1112C/T polymorphism of the /L-13 promoter
gene, and both “hypertranscription” of this cytokine and systemic forms of
mastocytosis.”®  Further studies, in larger cohorts of patients are necessary to
determine the potential utility of such prognostic markers.

A major concern regards the functional impact of GEP studies on protein
expression. In order to validate the functional impact of GEP of BM mast cells, we
assessed in parallel the mRNA and protein expression levels (using MFC
immunophenotypic studies) of a subgroup of 10 genes (CD2, CD4, CD33, CD52, FCER1A,

HLA-DRB1, HLA-DRB5, IL2RA, IL3RA and LAIR1) which code for proteins that are

primary localized on the cell surface membrane and that have not been described to
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be stored in BM mast cell granules. Such validation studies were performed in an
enlarged group of patients. Overall, our results showed a significant positive
correlation between mRNA and protein levels for all genes tested, except for the
FCER1A gene, for which an inverse correlation was observed; these latter results are
consistent with previous reports on the metabolic rate of FceRl on basophils, which
suggest that production of FceRl is modulated during cell maturation and that once
the cell is mature and exhibits high expression of membrane FceRl, the rate of
synthesis of the receptor slows down.*”® In addition, expression of FceRl on the cell
surface is not only the result of the expression of FceRla, but it also depends on the
rate of synthesis of FceRIB and FceRly, as well as on the levels of free IgE.**?

In summary, in the present study we show for the first time that the presence
of the activating KIT D816V mutation in BM mast cells from distinct subvariants of SM
confers a common GEP to these cells; such common GEP is mainly characterized by up-
regulation of genes involved in innate and inflammatory immune responses, including
several IFN-induced genes involved in anti-viral responses. In addition, a distinct and
unique GEP was also observed for each of the three subtypes of SM analyzed, such
profile reflecting an increased lipid vs. protein metabolism in ISMs- vs. ISMs+ cases,
together with inhibition of apoptosis and/or an altered cell cycle regulation in ASM
patients, highlighting the potential nature of relevant secondary genetic lesions and

microenvironmental alterations specific for these subgroups of SM patients.
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The knowledge accumulated during the past few years about mast cell
physiology and its alteration in mastocytosis, has dramatically changed the diagnosis
and treatment of systemic mastocytosis patients, at the same time it has lead to the
definition of distinct variants of the disease with different clinical and prognostic
features, along with diverse therapeutic requirements. However, the basis for such
disease heterogeneity remains largely unknown. In order to gain insight into the
biological mechanisms which contribute to the variable clinical behavior of SM patients,
we aimed at a detailed analysis of both the protein and gene expression profiles of BM
mast cells from patients suffering from distinct variants of the disease, particularly
focusing on those patients that carry the KIT D816V mutation. Based on the work done

during this doctoral thesis, the following conclusions can be drawn:

- Regarding the immunophenotypic characteristics of BM mast cells from distinct

variants of SM.

1. BM mast cells from SM are phenotypically aberrant but heterogeneous, with
three clearly distinct maturation-associated profiles. Such profiles reflect
distinct molecular and prognostic subtypes of mastocytosis: more immature
immunophenotypic patterns are typically found in ASM and MCL, while mature
activated and resting BM mast cell features are associated with good-prognosis
subtypes of SM, depending on the presence or absence of the D816V KIT

mutation, respectively.

- With respect to the potential relationship between the immunophenotypic profile of
BM mast cells and the degree of involvement of hematopoiesis by the KIT D816V

mutation.

2. BM mast cells from SM patients, including ISM, show an immunophenotypic

profile which reflects the degree of involvement of BM hematopoiesis by the
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KIT D816V mutation. Accordingly, more immature BM mast cell features are
typically found among ISMs+, ASM and MCL patients who have multilineage
clonal hematopoiesis, whereas a mature activated immunophenotype is
characteristically detected in ISM patients carrying the mutation restricted to

the BM mast cell compartment.

3. Among ISM patients, coexistence of a high degree of BM infiltration by clonal
mast cells displaying aberrant expression of CD25 together with an immature
(FceRI™, FSC™°, SSC° and CD45') immunophenotype, in the absence of normal
BM mast cells, reflects the presence of an underlying clonal hematopoiesis. The
combination of these parameters provides a highly efficient surrogate marker
for the diagnostic screening of multilineage KIT mutation among ISMs+ patients,
and consequently, it also potentially contributes to the prognostic stratification

of this group of ISM patients.

- Regarding the GEP of (highly-purified) BM mast cells from distinct variants of SM

carrying the D816V KIT mutation.

4. The presence of the activating D816V KIT mutation in BM mast cells from
distinct subvariants of SM is associated with a common GEP, distinct from that of
normal/reactive mast cells. Such GEP is mainly characterized by up-regulation of genes
involved in innate and inflammatory immune responses, including IFN-induced genes

involved in anti-viral responses.

5. D816V+ BM mast cells from ISMs-, ISMs+ and ASM patients show distinct
and unique GEP, such specific GEP reflecting an increased lipid vs. protein metabolism
in ISMs- vs. ISMs+ cases, together with the inhibition of apoptosis and/or an altered
cell cycle regulation among ASM patients. Altogether, these results point out the

potential nature of relevant secondary genetic and epigenetic lesions and/or
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microenvironmental alterations, shared by patients included in these three different

diagnostic subgroups of SM.

195












10.

11.

12.

13.

14.

15.

16.

| REFERENCES

Crivellato E, Beltrami C, Mallardi F, Ribatti D. Paul Ehrlich's doctoral thesis: a milestone in
the study of mast cells. Br J Haematol. 2003;123:19-21.

Gurish MF, Austen KF. The diverse roles of mast cells. J Exp Med. 2001;194:F1-5.

Moon TC, St Laurent CD, Morris KE, et al. Advances in mast cell biology: new
understanding of heterogeneity and function. Mucosal Immunol. 2010;3:111-128.

Rao KN, Brown MA. Mast cells: multifaceted immune cells with diverse roles in health
and disease. Ann N Y Acad Sci. 2008;1143:83-104.

Metcalfe DD. Mast cells and mastocytosis. Blood. 2008;112:946-956.

Valent P. Mast cells, masters, and mastocytosis: development of research since the times
of Paul Ehrlich. Wien Klin Wochenschr. 2004;116:645-646.

Horny HP MD, Bennett JM, Bain BJ, Akin C, Escribano L, Valent P. Mastocytosis. World
Health Organization (WHO) Classification of Tumours. Pathology and Genetics of
Tumours of Haematopoietic and Lymphoid Tissues. In: Bosman FT JE, Lakhani SR, Ohgaki
HO, ed. World Health Organization (WHO) Classification of Tumours Pathology and
Genetics of Tumours of Haematopoietic and Lymphoid Tissues (ed 4th). Lyon, France:
International Agency for Research on Cancer (IARC); 2008:54-63.

Valent P, Horny HP, Escribano L, et al. Diagnostic criteria and classification of
mastocytosis: a consensus proposal. Leuk Res. 2001;25:603-625.

Kitamura Y, Ito A. Mast cell-committed progenitors. Proc Natl Acad Sci U S A.
2005;102:11129-11130.

Kitamura Y, Go S, Hatanaka K. Decrease of mast cells in W/Wv mice and their increase by
bone marrow transplantation. Blood. 1978;52:447-452.

Kitamura Y, Yokoyama M, Matsuda H, Ohno T, Mori KJ. Spleen colony-forming cell as
common precursor for tissue mast cells and granulocytes. Nature. 1981;291:159-160.

Kitamura Y. Heterogeneity of mast cells and phenotypic change between subpopulations.
Annu Rev Immunol. 1989;7:59-76.

Chen CC, Grimbaldeston MA, Tsai M, Weissman IL, Galli SJ. Identification of mast cell
progenitors in adult mice. Proc Natl Acad Sci U S A. 2005;102:11408-11413.

Arinobu Y, lwasaki H, Gurish MF, et al. Developmental checkpoints of the basophil/mast
cell lineages in adult murine hematopoiesis. Proc Natl Acad Sci U S A. 2005;102:18105-
18110.

Kirshenbaum AS, Kessler SW, Goff JP, Metcalfe DD. Demonstration of the origin of
human mast cells from CD34+ bone marrow progenitor cells. J Immunol. 1991;146:1410-
1415.

Valent P, Spanblochl E, Sperr WR, et al. Induction of differentiation of human mast cells
from bone marrow and peripheral blood mononuclear cells by recombinant human stem
cell factor/kit-ligand in long-term culture. Blood. 1992;80:2237-2245.

199



REFERENCES |

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

200

Rottem M, Okada T, Goff JP, Metcalfe DD. Mast cells cultured from the peripheral blood
of normal donors and patients with mastocytosis originate from a CD34+/Fc epsilon RI-
cell population. Blood. 1994;84:2489-2496.

Dahl C, Hoffmann HJ, Saito H, Schiotz PO. Human mast cells express receptors for IL-3, IL-
5 and GM-CSF; a partial map of receptors on human mast cells cultured in vitro. Allergy.
2004;59:1087-1096.

Kirshenbaum AS, Goff JP, Semere T, Foster B, Scott LM, Metcalfe DD. Demonstration that
human mast cells arise from a progenitor cell population that is CD34(+), c-kit(+), and
expresses aminopeptidase N (CD13). Blood. 1999;94:2333-2342.

Agis H, Willheim M, Sperr WR, et al. Monocytes do not make mast cells when cultured in
the presence of SCF. Characterization of the circulating mast cell progenitor as a c-kit+,
CD34+, Ly-, CD14-, CD17-, colony-forming cell. J Immunol. 1993;151:4221-4227.

Kempuraj D, Saito H, Kaneko A, et al. Characterization of mast cell-committed
progenitors present in human umbilical cord blood. Blood. 1999;93:3338-3346.

Matarraz S, Lopez A, Barrena S, et al. The immunophenotype of different immature,
myeloid and B-cell lineage-committed CD34+ hematopoietic cells allows discrimination
between normal/reactive and myelodysplastic syndrome precursors. Leukemia.
2008;22:1175-1183.

Liu C, Liu Z, Li Z, Wu Y. Molecular regulation of mast cell development and maturation.
Mol Biol Rep. 2010;37:1993-2001.

Tshori S, Nechushtan H. Mast cell transcription factors--regulators of cell fate and
phenotype. Biochim Biophys Acta. 2012;1822:42-48.

Kitamura Y, Go S. Decreased production of mast cells in S1/S1d anemic mice. Blood.
1979;53:492-497.

Orfao A, Garcia-Montero AC, Sanchez L, Escribano L. Recent advances in the
understanding of mastocytosis: the role of KIT mutations. Br ] Haematol. 2007;138:12-30.

Reber L, Da Silva CA, Frossard N. Stem cell factor and its receptor c-Kit as targets for
inflammatory diseases. Eur J Pharmacol. 2006;533:327-340.

Anderson DM, Williams DE, Tushinski R, et al. Alternate splicing of mRNAs encoding
human mast cell growth factor and localization of the gene to chromosome 12q22-g24.
Cell Growth Differ. 1991;2:373-378.

Ashman LK. The biology of stem cell factor and its receptor C-kit. Int J Biochem Cell Biol.
1999;31:1037-1051.

Lennartsson J, Jelacic T, Linnekin D, Shivakrupa R. Normal and oncogenic forms of the
receptor tyrosine kinase kit. Stem Cells. 2005;23:16-43.

Miyazawa K, Williams DA, Gotoh A, Nishimaki J, Broxmeyer HE, Toyama K. Membrane-
bound Steel factor induces more persistent tyrosine kinase activation and longer life
span of c-kit gene-encoded protein than its soluble form. Blood. 1995;85:641-649.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

| REFERENCES

Yarden Y, Kuang WJ, Yang-Feng T, et al. Human proto-oncogene c-kit: a new cell surface
receptor tyrosine kinase for an unidentified ligand. Embo J. 1987;6:3341-3351.

Linnekin D. Early signaling pathways activated by c-Kit in hematopoietic cells. Int J
Biochem Cell Biol. 1999;31:1053-1074.

Liu H, Chen X, Focia PJ, He X. Structural basis for stem cell factor-KIT signaling and
activation of class Il receptor tyrosine kinases. Embo J. 2007;26:891-901.

Ronnstrand L. Signal transduction via the stem cell factor receptor/c-Kit. Cell Mol Life Sci.
2004;61:2535-2548.

Okayama Y, Kawakami T. Development, migration, and survival of mast cells. Immunol
Res. 2006;34:97-115.

Thommes K, Lennartsson J, Carlberg M, Ronnstrand L. Identification of Tyr-703 and Tyr-
936 as the primary association sites for Grb2 and Grb7 in the c-Kit/stem cell factor
receptor. Biochem J. 1999;341 ( Pt 1):211-216.

Khalaf WF, Yang FC, Chen S, et al. K-ras is critical for modulating multiple c-kit-mediated
cellular functions in wild-type and Nfl+/- mast cells. ] Immunol. 2007;178:2527-2534.

Chang F, Steelman LS, Shelton JG, et al. Regulation of cell cycle progression and
apoptosis by the Ras/Raf/MEK/ERK pathway (Review). Int J Oncol. 2003;22:469-480.

Dorsey JF, Cunnick JM, Mane SM, Wu J. Regulation of the Erk2-Elk1 signaling pathway
and megakaryocytic differentiation of Bcr-Abl(+) K562 leukemic cells by Gab2. Blood.
2002;99:1388-1397.

Duronio V, Welham MJ, Abraham S, Dryden P, Schrader JW. p2lras activation via
hemopoietin receptors and c-kit requires tyrosine kinase activity but not tyrosine
phosphorylation of p2lras GTPase-activating protein. Proc Natl Acad Sci U S A.
1992;89:1587-1591.

Miyazawa K, Hendrie PC, Mantel C, Wood K, Ashman LK, Broxmeyer HE. Comparative
analysis of signaling pathways between mast cell growth factor (c-kit ligand) and
granulocyte-macrophage colony-stimulating factor in a human factor-dependent
myeloid cell line involves phosphorylation of Raf-1, GTPase-activating protein and
mitogen-activated protein kinase. Exp Hematol. 1991;19:1110-1123.

Hallek M, Druker B, Lepisto EM, Wood KW, Ernst TJ, Griffin JD. Granulocyte-macrophage
colony-stimulating factor and steel factor induce phosphorylation of both unique and
overlapping signal transduction intermediates in a human factor-dependent
hematopoietic cell line. J Cell Physiol. 1992;153:176-186.

Ishizuka T, Chayama K, Takeda K, et al. Mitogen-activated protein kinase activation
through Fc epsilon receptor | and stem cell factor receptor is differentially regulated by
phosphatidylinositol 3-kinase and calcineurin in mouse bone marrow-derived mast cells.
J Immunol. 1999;162:2087-2094.

201



REFERENCES |

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

202

Ley R, Balmanno K, Hadfield K, Weston C, Cook SJ. Activation of the ERK1/2 signaling
pathway promotes phosphorylation and proteasome-dependent degradation of the
BH3-only protein, Bim. J Biol Chem. 2003;278:18811-18816.

Luciano F, Jacquel A, Colosetti P, et al. Phosphorylation of Bim-EL by Erk1/2 on serine 69
promotes its degradation via the proteasome pathway and regulates its proapoptotic
function. Oncogene. 2003;22:6785-6793.

Ishizuka T, Kawasome H, Terada N, et al. Stem cell factor augments Fc epsilon RI-
mediated TNF-alpha production and stimulates MAP kinases via a different pathway in
MC/9 mast cells. J Immunol. 1998;161:3624-3630.

Hu P, Carlesso N, Xu M, et al. Genetic Evidence for Critical Roles of P38alpha Protein in
Regulating Mast Cell Differentiation and Chemotaxis through Distinct Mechanisms. J Biol
Chem. 2012;287:20258-20269.

Gilfillan AM, Tkaczyk C. Integrated signalling pathways for mast-cell activation. Nat Rev
Immunol. 2006;6:218-230.

Blume-Jensen P, Janknecht R, Hunter T. The kit receptor promotes cell survival via
activation of Pl 3-kinase and subsequent Akt-mediated phosphorylation of Bad on
Ser136. Curr Biol. 1998;8:779-782.

Timokhina I, Kissel H, Stella G, Besmer P. Kit signaling through PI 3-kinase and Src kinase
pathways: an essential role for Racl and JNK activation in mast cell proliferation. Embo J.
1998;17:6250-6262.

Serve H, Yee NS, Stella G, Sepp-Lorenzino L, Tan JC, Besmer P. Differential roles of PI3-
kinase and Kit tyrosine 821 in Kit receptor-mediated proliferation, survival and cell
adhesion in mast cells. Embo J. 1995;14:473-483.

Vosseller K, Stella G, Yee NS, Besmer P. c-kit receptor signaling through its
phosphatidylinositide-3'-kinase-binding site and protein kinase C: role in mast cell
enhancement of degranulation, adhesion, and membrane ruffling. Mol Biol Cell.
1997;8:909-922.

Kubota Y, Angelotti T, Niederfellner G, Herbst R, Ullrich A. Activation of
phosphatidylinositol 3-kinase is necessary for differentiation of FDC-P1 cells following
stimulation of type Ill receptor tyrosine kinases. Cell Growth Differ. 1998;9:247-256.

Serve H, Hsu YC, Besmer P. Tyrosine residue 719 of the c-kit receptor is essential for
binding of the P85 subunit of phosphatidylinositol (Pl) 3-kinase and for c-kit-associated PI
3-kinase activity in COS-1 cells. J Biol Chem. 1994;269:6026-6030.

Moller C, Alfredsson J, Engstrom M, et al. Stem cell factor promotes mast cell survival via
inactivation of FOXO3a-mediated transcriptional induction and MEK-regulated
phosphorylation of the proapoptotic protein Bim. Blood. 2005;106:1330-1336.

Linnekin D, DeBerry CS, Mou S. Lyn associates with the juxtamembrane region of c-Kit
and is activated by stem cell factor in hematopoietic cell lines and normal progenitor
cells. J Biol Chem. 1997;272:27450-27455.



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

| REFERENCES

Krystal GW, DeBerry CS, Linnekin D, Litz J. Lck associates with and is activated by Kit in a
small cell lung cancer cell line: inhibition of SCF-mediated growth by the Src family kinase
inhibitor PP1. Cancer Res. 1998;58:4660-4666.

Price DJ, Rivnay B, Fu Y, Jiang S, Avraham S, Avraham H. Direct association of Csk
homologous kinase (CHK) with the diphosphorylated site Tyr568/570 of the activated c-
KIT in megakaryocytes. J Biol Chem. 1997;272:5915-5920.

Ueda S, Mizuki M, lkeda H, et al. Critical roles of c-Kit tyrosine residues 567 and 719 in
stem cell factor-induced chemotaxis: contribution of src family kinase and PI3-kinase on
calcium mobilization and cell migration. Blood. 2002;99:3342-3349.

O'Laughlin-Bunner B, Radosevic N, Taylor ML, et al. Lyn is required for normal stem cell
factor-induced proliferation and chemotaxis of primary hematopoietic cells. Blood.
2001;98:343-350.

Brizzi MF, Zini MG, Aronica MG, Blechman JM, Yarden Y, Pegoraro L. Convergence of
signaling by interleukin-3, granulocyte-macrophage colony-stimulating factor, and mast
cell growth factor on JAK2 tyrosine kinase. J Biol Chem. 1994;269:31680-31684.

Weiler SR, Mou S, DeBerry CS, et al. JAK2 is associated with the c-kit proto-oncogene
product and is phosphorylated in response to stem cell factor. Blood. 1996;87:3688-3693.

Brizzi MF, Dentelli P, Rosso A, Yarden Y, Pegoraro L. STAT protein recruitment and
activation in c-Kit deletion mutants. J Biol Chem. 1999;274:16965-16972.

Deberry C, Mou S, Linnekin D. Statl associates with c-kit and is activated in response to
stem cell factor. Biochem J. 1997;327 ( Pt 1):73-80.

Ryan JJ, Huang H, McReynolds LJ, et al. Stem cell factor activates STAT-5 DNA binding in
IL-3-derived bone marrow mast cells. Exp Hematol. 1997;25:357-362.

Gotoh A, Takahira H, Mantel C, Litz-Jackson S, Boswell HS, Broxmeyer HE. Steel factor
induces serine phosphorylation of Stat3 in human growth factor-dependent myeloid cell
lines. Blood. 1996;88:138-145.

Linnekin D, Weiler SR, Mou S, et al. JAK2 is constitutively associated with c-Kit and is
phosphorylated in response to stem cell factor. Acta Haematol. 1996;95:224-228.

Radosevic N, Winterstein D, Keller JR, Neubauer H, Pfeffer K, Linnekin D. JAK2
contributes to the intrinsic capacity of primary hematopoietic cells to respond to stem
cell factor. Exp Hematol. 2004;32:149-156.

Morales JK, Falanga YT, Depcrynski A, Fernando J, Ryan JJ. Mast cell homeostasis and the
JAK-STAT pathway. Genes Immun. 2010.

Gommerman JL, Sittaro D, Klebasz NZ, Williams DA, Berger SA. Differential stimulation of
c-Kit mutants by membrane-bound and soluble Steel Factor correlates with leukemic
potential. Blood. 2000;96:3734-3742.

203



REFERENCES |

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

204

Plo |, Lautier D, Casteran N, Dubreuil P, Arock M, Laurent G. Kit signaling and negative
regulation of daunorubicin-induced apoptosis: role of phospholipase Cgamma.
Oncogene. 2001;20:6752-6763.

Maddens S, Charruyer A, Plo |, et al. Kit signaling inhibits the sphingomyelin-ceramide
pathway through PLC gamma 1: implication in stem cell factor radioprotective effect.
Blood. 2002;100:1294-1301.

Pittoni P, Piconese S, Tripodo C, Colombo MP. Tumor-intrinsic and -extrinsic roles of c-
Kit: mast cells as the primary off-target of tyrosine kinase inhibitors. Oncogene.
2011;30:757-769.

Kataoka TR, Kumanogoh A, Bandara G, Metcalfe DD, Gilfillan AM. CD72 negatively
regulates KIT-mediated responses in human mast cells. J Immunol. 2010;184:2468-2475.

Kitamura Y, Oboki K, Ito A. Molecular mechanisms of mast cell development. Immunol
Allergy Clin North Am. 2006;26:387-405; v.

Saito H. Culture of human mast cells from hemopoietic progenitors. Methods Mol Biol.
2006;315:113-122.

Ochi H, Hirani WM, Yuan Q, Friend DS, Austen KF, Boyce JA. T helper cell type 2 cytokine-
mediated comitogenic responses and CCR3 expression during differentiation of human
mast cells in vitro. ] Exp Med. 1999;190:267-280.

Matsuzawa S, Sakashita K, Kinoshita T, Ito S, Yamashita T, Koike K. IL-9 enhances the
growth of human mast cell progenitors under stimulation with stem cell factor. J
Immunol. 2003;170:3461-3467.

Kanbe N, Kurosawa M, Miyachi Y, Kanbe M, Saitoh H, Matsuda H. Nerve growth factor
prevents apoptosis of cord blood-derived human cultured mast cells synergistically with
stem cell factor. Clin Exp Allergy. 2000;30:1113-1120.

Sawai N, Koike K, Mwamtemi HH, et al. Thrombopoietin augments stem cell factor-
dependent growth of human mast cells from bone marrow multipotential hematopoietic
progenitors. Blood. 1999;93:3703-3712.

Kinoshita T, Sawai N, Hidaka E, Yamashita T, Koike K. Interleukin-6 directly modulates
stem cell factor-dependent development of human mast cells derived from CD34(+) cord
blood cells. Blood. 1999;94:496-508.

Kirshenbaum AS, Worobec AS, Davis TA, Goff JP, Semere T, Metcalfe DD. Inhibition of
human mast cell growth and differentiation by interferon gamma-1b. Exp Hematol.
1998;26:245-251.

Nilsson G, Miettinen U, Ishizaka T, Ashman LK, Irani AM, Schwartz LB. Interleukin-4
inhibits the expression of Kit and tryptase during stem cell factor-dependent
development of human mast cells from fetal liver cells. Blood. 1994;84:1519-1527.



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

| REFERENCES

Bischoff SC, Sellge G, Lorentz A, Sebald W, Raab R, Manns MP. IL-4 enhances
proliferation and mediator release in mature human mast cells. Proc Natl Acad Sci U S A.
1999;96:8080-8085.

Oskeritzian CA, Wang Z, Kochan JP, et al. Recombinant human (rh)IL-4-mediated
apoptosis and recombinant human IL-6-mediated protection of recombinant human
stem cell factor-dependent human mast cells derived from cord blood mononuclear cell
progenitors. J Immunol. 1999;163:5105-5115.

Yanagida M, Fukamachi H, Ohgami K, et al. Effects of T-helper 2-type cytokines,
interleukin-3 (IL-3), IL-4, IL-5, and IL-6 on the survival of cultured human mast cells. Blood.
1995;86:3705-3714.

Takemoto CM, Lee YN, Jegga AG, et al. Mast cell transcriptional networks. Blood Cells
Mol Dis. 2008;41:82-90.

Iwasaki H, Akashi K. Myeloid lineage commitment from the hematopoietic stem cell.
Immunity. 2007;26:726-740.

Migliaccio AR, Rana RA, Sanchez M, et al. GATA-1 as a regulator of mast cell
differentiation revealed by the phenotype of the GATA-1llow mouse mutant. J Exp Med.
2003;197:281-296.

Ghinassi B, Sanchez M, Martelli F, et al. The hypomorphic Gatallow mutation alters the
proliferation/differentiation potential of the common megakaryocytic-erythroid
progenitor. Blood. 2007;109:1460-1471.

Walsh JC, DeKoter RP, Lee HJ, et al. Cooperative and antagonistic interplay between PU.1
and GATA-2 in the specification of myeloid cell fates. Immunity. 2002;17:665-676.

Tsai FY, Orkin SH. Transcription factor GATA-2 is required for proliferation/survival of
early hematopoietic cells and mast cell formation, but not for erythroid and myeloid
terminal differentiation. Blood. 1997;89:3636-3643.

Taghon T, Yui MA, Rothenberg EV. Mast cell lineage diversion of T lineage precursors by
the essential T cell transcription factor GATA-3. Nat Immunol. 2007;8:845-855.

Shahlaee AH, Brandal S, Lee YN, Jie C, Takemoto CM. Distinct and shared transcriptomes
are regulated by microphthalmia-associated transcription factor isoforms in mast cells. J
Immunol. 2007;178:378-388.

Schernthaner GH, Hauswirth AW, Baghestanian M, et al. Detection of differentiation-
and activation-linked cell surface antigens on cultured mast cell progenitors. Allergy.
2005;60:1248-1255.

Tedla N, Lee CW, Borges L, Geczy CL, Arm JP. Differential expression of leukocyte
immunoglobulin-like receptors on cord-blood-derived human mast cell progenitors and
mature mast cells. J Leukoc Biol. 2008;83:334-343.

205



REFERENCES |

98. Yokoi H, Myers A, Matsumoto K, Crocker PR, Saito H, Bochner BS. Alteration and
acquisition of Siglecs during in vitro maturation of CD34+ progenitors into human mast
cells. Allergy. 2006;61:769-776.

99. lida M, Matsumoto K, Tomita H, et al. Selective down-regulation of high-affinity IgE
receptor (FcepsilonRl) alpha-chain messenger RNA among transcriptome in cord blood-
derived versus adult peripheral blood-derived cultured human mast cells. Blood.
2001;97:1016-1022.

100. To LB, Haylock DN, Dowse T, et al. A comparative study of the phenotype and proliferative
capacity of peripheral blood (PB) CD34+ cells mobilized by four different protocols and
those of steady-phase PB and bone marrow CD34+ cells. Blood. 1994;84:2930-2939.

101. Kambe N, Kambe M, Chang HW, et al. An improved procedure for the development of
human mast cells from dispersed fetal liver cells in serum-free culture medium. J
Immunol Methods. 2000;240:101-110.

102. Dahl C, Saito H, Nielsen HV, Schiotz PO. The establishment of a combined serum-free and
serum-supplemented culture method of obtaining functional cord blood-derived human
mast cells. J Immunol Methods. 2002;262:137-143.

103. Tachimoto H, Hudson SA, Bochner BS. Acquisition and alteration of adhesion molecules
during cultured human mast cell differentiation. J Allergy Clin Immunol. 2001;107:302-
3009.

104. Valent P, Schernthaner GH, Sperr WR, et al. Variable expression of activation-linked
surface antigens on human mast cells in health and disease. Immunol Rev. 2001;179:74-
81.

105. Tachimoto H, Ebisawa M, Hasegawa T, et al. Reciprocal regulation of cultured human
mast cell cytokine production by IL-4 and IFN-gamma. J Allergy Clin Immunol.
2000;106:141-149.

106. Xia HZ, Du Z, Craig S, et al. Effect of recombinant human IL-4 on tryptase, chymase, and Fc
epsilon receptor type | expression in recombinant human stem cell factor-dependent
fetal liver-derived human mast cells. J Immunol. 1997;159:2911-2921.

107. Toru H, Eguchi M, Matsumoto R, Yanagida M, Yata J, Nakahata T. Interleukin-4 promotes
the development of tryptase and chymase double-positive human mast cells
accompanied by cell maturation. Blood. 1998;91:187-195.

108. Brown D, Trowsdale J, Allen R. The LILR family: modulators of innate and adaptive
immune pathways in health and disease. Tissue Antigens. 2004;64:215-225.

109. Orfao A, Escribano L, Villarrubia J, et al. Flow cytometric analysis of mast cells from
normal and pathological human bone marrow samples: identification and enumeration.
Am J Pathol. 1996;149:1493-1499.

110. Escribano L, Orfao A, Villarrubia J, et al. Immunophenotypic characterization of human
bone marrow mast cells. A flow cytometric study of normal and pathological bone
marrow samples. Anal Cell Pathol. 1998;16:151-159.

206



111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

| REFERENCES

. Escribano L, Navalon R, Nunez R, Diaz Agustin B, Bravo P. Immunophenotypic analysis of

human mast cells by flow cytometry. Curr Protoc Cytom. 2001;Chapter 6:Unit 6 6.

Escribano L, Diaz-Agustin B, Lopez A, et al. Immunophenotypic analysis of mast cells in
mastocytosis: When and how to do it. Proposals of the Spanish Network on Mastocytosis
(REMA). Cytometry B Clin Cytom. 2004;58:1-8.

Escribano L, Orfao A, Diaz-Agustin B, et al. Indolent systemic mast cell disease in adults:
immunophenotypic characterization of bone marrow mast cells and its diagnostic
implications. Blood. 1998;91:2731-2736.

Sanchez-Munoz L, Teodosio C, Morgado JM, Escribano L. Immunophenotypic
characterization of bone marrow mast cells in mastocytosis and other mast cell disorders.
Methods Cell Biol. 2011;103:333-359.

Hauswirth AW, Escribano L, Prados A, et al. CD203c is overexpressed on neoplastic mast
cells in systemic mastocytosis and is upregulated upon IgE receptor cross-linking. Int J
Immunopathol Pharmacol. 2008;21:797-806.

Hauswirth AW, Florian S, Schernthaner GH, et al. Expression of cell surface antigens on
mast cells: mast cell phenotyping. Methods Mol Biol. 2006;315:77-90.

Escribano L, Ocqueteau M, Almeida J, Orfao A, San Miguel JF. Expression of the c-kit
(CD117) molecule in normal and malignant hematopoiesis. Leuk Lymphoma.
1998;30:459-466.

Ghannadan M, Hauswirth AW, Schernthaner GH, et al. Detection of novel CD antigens on
the surface of human mast cells and basophils. Int Arch Allergy Immunol. 2002;127:299-
307.

Buhring HJ, Seiffert M, Giesert C, et al. The basophil activation marker defined by
antibody 97A6 is identical to the ectonucleotide pyrophosphatase/phosphodiesterase 3.
Blood. 2001;97:3303-3305.

Buhring HJ, Simmons PJ, Pudney M, et al. The monoclonal antibody 97A6 defines a novel
surface antigen expressed on human basophils and their multipotent and unipotent
progenitors. Blood. 1999;94:2343-2356.

Teodosio C, Garcia-Montero AC, Jara-Acevedo M, et al. Mast cells from different
molecular and prognostic subtypes of systemic mastocytosis display distinct
immunophenotypes. J Allergy Clin Immunol. 2010;125:719-726, 726 e711-726 e714.

Escribano L, Diaz-Agustin B, Bellas C, et al. Utility of flow cytometric analysis of mast cells
in the diagnosis and classification of adult mastocytosis. Leuk Res. 2001;25:563-570.

Escribano L, Garcia Montero AC, Nunez R, Orfao A. Flow cytometric analysis of normal
and neoplastic mast cells: role in diagnosis and follow-up of mast cell disease. Immunol
Allergy Clin North Am. 2006;26:535-547.

207



REFERENCES |

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

208

Nunez-Lopez R, Escribano L, Schernthaner GH, et al. Overexpression of complement
receptors and related antigens on the surface of bone marrow mast cells in patients with
systemic mastocytosis. Br J Haematol. 2003;120:257-265.

Valent P, Cerny-Reiterer S, Herrmann H, et al. Phenotypic heterogeneity, novel
diagnostic markers, and target expression profiles in normal and neoplastic human mast
cells. Best Pract Res Clin Haematol. 2010;23:369-378.

Escribano L, Diaz-Agustin B, Nunez R, Prados A, Rodriguez R, Orfao A. Abnormal
expression of CD antigens in mastocytosis. Int Arch Allergy Immunol. 2002;127:127-132.

Collington SJ, Williams TJ, Weller CL. Mechanisms underlying the localisation of mast
cells in tissues. Trends Immunol. 2011;32:478-485.

Halova I, Draberova L, Draber P. Mast cell chemotaxis - chemoattractants and signaling

pathways. Front Immunol. 2012;3:119.

Kaneko Y, Takenawa J, Yoshida O, et al. Adhesion of mouse mast cells to fibroblasts:
adverse effects of steel (SI) mutation. J Cell Physiol. 1991;147:224-230.

Kinashi T, Springer TA. Steel factor and c-kit regulate cell-matrix adhesion. Blood.
1994;83:1033-1038.

Dastych J, Metcalfe DD. Stem cell factor induces mast cell adhesion to fibronectin. J
Immunol. 1994;152:213-219.

Gurish MF, Tao H, Abonia JP, et al. Intestinal mast cell progenitors require CD49dbeta7
(alphadbeta? integrin) for tissue-specific homing. J Exp Med. 2001;194:1243-1252.

Hallgren J, Gurish MF. Mast cell progenitor trafficking and maturation. Adv Exp Med Biol.
2011;716:14-28.

Forsythe P, Ennis M. Clinical consequences of mast cell heterogeneity. Inflamm Res.
2000;49:147-154.

Frossi B, De Carli M, Pucillo C. The mast cell: an antenna of the microenvironment that
directs the immune response. J Leukoc Biol. 2004;75:579-585.

Welle M. Development, significance, and heterogeneity of mast cells with particular
regard to the mast cell-specific proteases chymase and tryptase. J Leukoc Biol.
1997;61:233-245.

Oskeritzian CA, Zhao W, Min HK, et al. Surface CD88 functionally distinguishes the MCTC
from the MCT type of human lung mast cell. J Allergy Clin Immunol. 2005;115:1162-1168.

Irani AM, Craig SS, DeBlois G, Elson CO, Schechter NM, Schwartz LB. Deficiency of the
tryptase-positive, chymase-negative mast cell type in gastrointestinal mucosa of patients
with defective T lymphocyte function. J Immunol. 1987;138:4381-4386.

Ghannadan M, Baghestanian M, Wimazal F, et al. Phenotypic characterization of human
skin mast cells by combined staining with toluidine blue and CD antibodies. J Invest
Dermatol. 1998;111:689-695.



140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

| REFERENCES

Krauth MT, Majlesi Y, Florian S, et al. Cell surface membrane antigen phenotype of
human gastrointestinal mast cells. Int Arch Allergy Immunol. 2005;138:111-120.

Fureder W, Bankl HC, Toth J, et al. Inmunophenotypic and functional characterization of
human tonsillar mast cells. J Leukoc Biol. 1997;61:592-599.

Fureder W, Agis H, Willheim M, et al. Differential expression of complement receptors
on human basophils and mast cells. Evidence for mast cell heterogeneity and CD88/C5aR
expression on skin mast cells. J Immunol. 1995;155:3152-3160.

Abraham SN, St John AL. Mast cell-orchestrated immunity to pathogens. Nat Rev
Immunol. 2010;10:440-452.

Galli SJ, Grimbaldeston M, Tsai M. Immunomodulatory mast cells: negative, as well as
positive, regulators of immunity. Nat Rev Immunol. 2008;8:478-486.

Galli SJ, Tsai M. Mast cells: versatile regulators of inflammation, tissue remodeling, host
defense and homeostasis. ] Dermatol Sci. 2008;49:7-19.

Stone KD, Prussin C, Metcalfe DD. IgE, mast cells, basophils, and eosinophils. J Allergy
Clin Immunol. 2010;125:573-80.

Marshall JS. Mast-cell responses to pathogens. Nat Rev Immunol. 2004;4:787-799.

Woolhiser MR, Okayama Y, Gilfillan AM, Metcalfe DD. IgG-dependent activation of
human mast cells following up-regulation of FcgammaRI by IFN-gamma. Eur J Immunol.
2001;31:3298-3307.

Kawakami T, Galli SJ. Regulation of mast-cell and basophil function and survival by IgE.
Nat Rev Immunol. 2002;2:773-786.

Kawakami T, Kitaura J. Mast cell survival and activation by IgE in the absence of antigen:
a consideration of the biologic mechanisms and relevance. J Immunol. 2005;175:4167-
4173.

Kalesnikoff J, Huber M, Lam V, et al. Monomeric IgE stimulates signaling pathways in
mast cells that lead to cytokine production and cell survival. Immunity. 2001;14:801-811.

Tkaczyk C, Okayama Y, Metcalfe DD, Gilfillan AM. Fcgamma receptors on mast cells:
activatory and inhibitory regulation of mediator release. Int Arch Allergy Immunol.
2004;133:305-315.

Galli SJ, Kalesnikoff J, Grimbaldeston MA, Piliponsky AM, Williams CM, Tsai M. Mast cells
as "tunable" effector and immunoregulatory cells: recent advances. Annu Rev Immunol.
2005;23:749-786.

Trinchieri G, Sher A. Cooperation of Toll-like receptor signals in innate immune defence.
Nat Rev Immunol. 2007;7:179-190.

Kulka M, Alexopoulou L, Flavell RA, Metcalfe DD. Activation of mast cells by double-
stranded RNA: evidence for activation through Toll-like receptor 3. J Allergy Clin
Immunol. 2004;114:174-182.

209



REFERENCES |

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

210

Varadaradjalou S, Feger F, Thieblemont N, et al. Toll-like receptor 2 (TLR2) and TLR4
differentially activate human mast cells. Eur J Immunol. 2003;33:899-906.

McCurdy JD, Olynych TJ, Maher LH, Marshall JS. Cutting edge: distinct Toll-like receptor 2
activators selectively induce different classes of mediator production from human mast
cells. J Immunol. 2003;170:1625-1629.

Malaviya R, Gao Z, Thankavel K, van der Merwe PA, Abraham SN. The mast cell tumor
necrosis factor alpha response to FimH-expressing Escherichia coli is mediated by the
glycosylphosphatidylinositol-anchored molecule CD48. Proc Natl Acad Sci U S A.
1999;96:8110-8115.

Nilsson G, Johnell M, Hammer CH, et al. C3a and C5a are chemotaxins for human mast
cells and act through distinct receptors via a pertussis toxin-sensitive signal transduction
pathway. J Immunol. 1996;157:1693-1698.

Bischoff SC, Dahinden CA. c-kit ligand: a unique potentiator of mediator release by
human lung mast cells. J Exp Med. 1992;175:237-244.

Bischoff SC. Role of mast cells in allergic and non-allergic immune responses: comparison
of human and murine data. Nat Rev Immunol. 2007;7:93-104.

Ilto T, Smrz D, Jung MY, et al. Stem cell factor programs the mast cell activation
phenotype. J Immunol. 2012;188:5428-5437.

Hsieh FH, Lam BK, Penrose JF, Austen KF, Boyce JA. T helper cell type 2 cytokines
coordinately regulate immunoglobulin E-dependent cysteinyl leukotriene production by
human cord blood-derived mast cells: profound induction of leukotriene C(4) synthase
expression by interleukin 4. J Exp Med. 2001;193:123-133.

Bischoff SC, Sellge G, Manns MP, Lorentz A. Interleukin-4 induces a switch of human
intestinal mast cells from proinflammatory cells to Th2-type cells. Int Arch Allergy
Immunol. 2001;124:151-154.

Lin AM, Rubin CJ, Khandpur R, et al. Mast cells and neutrophils release IL-17 through
extracellular trap formation in psoriasis. J Immunol. 2011;187:490-500.

Maurer M, Wedemeyer J, Metz M, et al. Mast cells promote homeostasis by limiting
endothelin-1-induced toxicity. Nature. 2004;432:512-516.

Metz M, Maurer M. Mast cells--key effector cells in immune responses. Trends Immunol.
2007;28:234-241.

Crivellato E, Nico B, Mallardi F, Beltrami CA, Ribatti D. Piecemeal degranulation as a
general secretory mechanism? Anat Rec A Discov Mol Cell Evol Biol. 2003;274:778-784.

Xiang Z, Block M, Lofman C, Nilsson G. IgE-mediated mast cell degranulation and
recovery monitored by time-lapse photography. J Allergy Clin Immunol. 2001;108:116-
121.

Serafin WE, Katz HR, Austen KF, Stevens RL. Complexes of heparin proteoglycans,
chondroitin sulfate E proteoglycans, and [3H]diisopropyl fluorophosphate-binding



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

| REFERENCES

proteins are exocytosed from activated mouse bone marrow-derived mast cells. J Biol
Chem. 1986;261:15017-15021.

Kunder CA, St John AL, Li G, et al. Mast cell-derived particles deliver peripheral signals to
remote lymph nodes. J Exp Med. 2009;206:2455-2467.

Huang C, Friend DS, Qiu WT, et al. Induction of a selective and persistent extravasation
of neutrophils into the peritoneal cavity by tryptase mouse mast cell protease 6. J
Immunol. 1998;160:1910-1919.

Tani K, Ogushi F, Kido H, et al. Chymase is a potent chemoattractant for human
monocytes and neutrophils. J Leukoc Biol. 2000;67:585-589.

Pejler G, Abrink M, Ringvall M, Wernersson S. Mast cell proteases. Adv Immunol.
2007;95:167-255.

Piliponsky AM, Chen CC, Nishimura T, et al. Neurotensin increases mortality and mast
cells reduce neurotensin levels in a mouse model of sepsis. Nat Med. 2008;14:392-398.

Castells M. Mast cell mediators in allergic inflammation and mastocytosis. Immunol
Allergy Clin North Am. 2006;26:465-485.

Lim HD, van Rijn RM, Ling P, Bakker RA, Thurmond RL, Leurs R. Evaluation of histamine
H1-, H2-, and H3-receptor ligands at the human histamine H4 receptor: identification of
4-methylhistamine as the first potent and selective H4 receptor agonist. ] Pharmacol Exp
Ther. 2005;314:1310-1321.

Benyon RC, Robinson C, Church MK. Differential release of histamine and eicosanoids
from human skin mast cells activated by IgE-dependent and non-immunological stimuli.
Br J Pharmacol. 1989;97:898-904.

Boyce JA. Mast cells and eicosanoid mediators: a system of reciprocal paracrine and
autocrine regulation. Immunol Rev. 2007;217:168-185.

Murakami M, Bingham CO, 3rd, Matsumoto R, Austen KF, Arm JP. IgE-dependent
activation of cytokine-primed mouse cultured mast cells induces a delayed phase of
prostaglandin D2 generation via prostaglandin endoperoxide synthase-2. J Immunol.
1995;155:4445-4453.

Murakami M, Matsumoto R, Austen KF, Arm JP. Prostaglandin endoperoxide synthase-1
and -2 couple to different transmembrane stimuli to generate prostaglandin D2 in
mouse bone marrow-derived mast cells. J Biol Chem. 1994;269:22269-22275.

Fujishima H, Sanchez Mejia RO, Bingham CO, 3rd, et al. Cytosolic phospholipase A2 is
essential for both the immediate and the delayed phases of eicosanoid generation in
mouse bone marrow-derived mast cells. Proc Natl Acad Sci U S A. 1999;96:4803-4807.

Datta YH, Romano M, Jacobson BC, Golan DE, Serhan CN, Ewenstein BM. Peptido-
leukotrienes are potent agonists of von Willebrand factor secretion and P-selectin
surface expression in human umbilical vein endothelial cells. Circulation. 1995;92:3304-
3311.

211



REFERENCES |

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

212

Mclntyre TM, Zimmerman GA, Prescott SM. Leukotrienes C4 and D4 stimulate human
endothelial cells to synthesize platelet-activating factor and bind neutrophils. Proc Natl
Acad Sci U S A. 1986;83:2204-2208.

Funk CD. Prostaglandins and leukotrienes: advances in eicosanoid biology. Science.
2001;294:1871-1875.

Di Nardo A, Vitiello A, Gallo RL. Cutting edge: mast cell antimicrobial activity is mediated
by expression of cathelicidin antimicrobial peptide. J Immunol. 2003;170:2274-2278.

Theoharides TC, Alysandratos KD, Angelidou A, et al. Mast cells and inflammation.
Biochim Biophys Acta. 2012;1822:21-33.

Karra L, Berent-Maoz B, Ben-Zimra M, Levi-Schaffer F. Are we ready to downregulate
mast cells? Curr Opin Immunol. 2009;21:708-714.

Cherwinski HM, Murphy CA, Joyce BL, et al. The CD200 receptor is a novel and potent
regulator of murine and human mast cell function. J Immunol. 2005;174:1348-1356.

Theoharides TC, Patra P, Boucher W, et al. Chondroitin sulphate inhibits connective
tissue mast cells. Br J Pharmacol. 2000;131:1039-1049.

Davis BJ, Flanagan BF, Gilfillan AM, Metcalfe DD, Coleman JW. Nitric oxide inhibits IgE-
dependent cytokine production and Fos and Jun activation in mast cells. J Immunol.
2004;173:6914-6920.

He SH, Xie H, Zhang XJ, Wang XJ. Inhibition of histamine release from human mast cells
by natural chymase inhibitors. Acta Pharmacol Sin. 2004;25:822-826.

Tagen M, Elorza A, Kempuraj D, et al. Mitochondrial uncoupling protein 2 inhibits mast
cell activation and reduces histamine content. J Immunol. 2009;183:6313-6319.

He S, Zhang H, Chen H, et al. Expression and release of IL-29 by mast cells and
modulation of mast cell behavior by IL-29. Allergy.

Zhang B, Alysandratos KD, Angelidou A, et al. Human mast cell degranulation and
preformed TNF secretion require mitochondrial translocation to exocytosis sites:
relevance to atopic dermatitis. J Allergy Clin Immunol. 2011;127:1522-1531 e1528.

Tkaczyk C, Jensen BM, lwaki S, Gilfillan AM. Adaptive and innate immune reactions
regulating mast cell activation: from receptor-mediated signaling to responses. Immunol
Allergy Clin North Am. 2006;26:427-450.

Alvarez-Errico D, Oliver-Vila I, Ainsua-Enrich E, et al. CD84 negatively regulates IgE high-
affinity receptor signaling in human mast cells. J Immunol. 2011;187:5577-5586.

Oliver-Vila |, Saborit-Villarroya |, Engel P, Martin M. The leukocyte receptor CD84 inhibits
Fc epsilon RI-mediated signaling through homophilic interaction in transfected RBL-2H3
cells. Mol Immunol. 2008;45:2138-2149.

Blank U, Rivera J. Assays for regulated exocytosis of mast cell granules. Curr Protoc Cell
Biol. 2006;Chapter 15:Unit 15 11.



200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

| REFERENCES

Liu T, Wang BQ, Wang CS, Yang PC. Concurrent exposure to thermal stress and oral Ag
induces intestinal sensitization in the mouse by a mechanism of regulation of IL-12
expression. Immunol Cell Biol. 2006;84:430-439.

Chang L, Wong T, Ohbayashi M, et al. Increased mast cell numbers in the conjunctiva of
glaucoma patients: a possible indicator of preoperative glaucoma surgery inflammation.
Eye (Lond). 2009;23:1859-1865.

Kempuraj D, Papadopoulou N, Stanford EJ, et al. Increased numbers of activated mast
cells in endometriosis lesions positive for corticotropin-releasing hormone and urocortin.
Am J Reprod Immunol. 2004;52:267-275.

Schwartz LB. Diagnostic value of tryptase in anaphylaxis and mastocytosis. Immunol
Allergy Clin North Am. 2006;26:451-463.

Schwartz LB, Min HK, Ren S, et al. Tryptase precursors are preferentially and
spontaneously released, whereas mature tryptase is retained by HMC-1 cells, Mono-
Mac-6 cells, and human skin-derived mast cells. J Immunol. 2003;170:5667-5673.

Kushnir-Sukhov NM, Brittain E, Scott L, Metcalfe DD. Clinical correlates of blood
serotonin levels in patients with mastocytosis. Eur J Clin Invest. 2008;38:953-958.

Kushnir-Sukhov NM, Brown JM, Wu Y, Kirshenbaum A, Metcalfe DD. Human mast cells
are capable of serotonin synthesis and release. J Allergy Clin Immunol. 2007;119:498-499.

Grutzkau A, Smorodchenko A, Lippert U, Kirchhof L, Artuc M, Henz BM. LAMP-1 and
LAMP-2, but not LAMP-3, are reliable markers for activation-induced secretion of human
mast cells. Cytometry A. 2004,61:62-68.

Furuno T, Teshima R, Kitani S, Sawada J, Nakanishi M. Surface expression of CD63
antigen (AD1 antigen) in P815 mastocytoma cells by transfected IgE receptors. Biochem
Biophys Res Commun. 1996;219:740-744.

Hennersdorf F, Florian S, Jakob A, et al. Identification of CD13, CD107a, and CD164 as
novel basophil-activation markers and dissection of two response patterns in time
kinetics of Ige-dependent upregulation. Cell Res. 2005;15:325-335.

Larson D, Mitre E. Histamine release and surface CD200R1 staining as sensitive methods
for assessing murine mast cell activation. J Immunol Methods. 2012;379:15-22.

Agis H, Fureder W, Bankl HC, et al. Comparative immunophenotypic analysis of human
mast cells, blood basophils and monocytes. Immunology. 1996;87:535-543.

Henz BM, Maurer M, Lippert U, Worm M, Babina M. Mast cells as initiators of immunity
and host defense. Exp Dermatol. 2001;10:1-10.

Wong GH, Clark-Lewis I, McKimm-Breschkin JL, Schrader JW. Interferon-gamma-like
molecule induces la antigens on cultured mast cell progenitors. Proc Natl Acad Sci U S A.
1982;79:6989-6993.

213



REFERENCES |

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

214

Frandji P, Oskeritzian C, Cacaraci F, et al. Antigen-dependent stimulation by bone
marrow-derived mast cells of MHC class ll-restricted T cell hybridoma. J Immunol.
1993;151:6318-6328.

Saluja R, Metz M, Maurer M. Role and relevance of mast cells in fungal infections. Front
Immunol. 2012;3:146.

Galli SJ, Tsai M. Mast cells in allergy and infection: versatile effector and regulatory cells
in innate and adaptive immunity. Eur J Immunol. 2010;40:1843-1851.

Echtenacher B, Mannel DN, Hultner L. Critical protective role of mast cells in a model of
acute septic peritonitis. Nature. 1996;381:75-77.

Malaviya R, lkeda T, Ross E, Abraham SN. Mast cell modulation of neutrophil influx and
bacterial clearance at sites of infection through TNF-alpha. Nature. 1996;381:77-80.

Malaviya R, Abraham SN. Role of mast cell leukotrienes in neutrophil recruitment and
bacterial clearance in infectious peritonitis. J Leukoc Biol. 2000;67:841-846.

Feger F, Varadaradjalou S, Gao Z, Abraham SN, Arock M. The role of mast cells in host
defense and their subversion by bacterial pathogens. Trends Immunol. 2002;23:151-158.

Orinska Z, Maurer M, Mirghomizadeh F, et al. IL-15 constrains mast cell-dependent
antibacterial defenses by suppressing chymase activities. Nat Med. 2007;13:927-934.

von Kockritz-Blickwede M, Goldmann O, Thulin P, et al. Phagocytosis-independent
antimicrobial activity of mast cells by means of extracellular trap formation. Blood.
2008;111:3070-3080.

Miller HR, Jarrett WF. Immune reactions in mucous membranes. I. Intestinal mast cell

response during helminth expulsion in the rat. Immunology. 1971;20:277-288.

Marshall JS, King CA, McCurdy JD. Mast cell cytokine and chemokine responses to
bacterial and viral infection. Curr Pharm Des. 2003;9:11-24.

Burke SM, Issekutz TB, Mohan K, Lee PW, Shmulevitz M, Marshall JS. Human mast cell
activation with virus-associated stimuli leads to the selective chemotaxis of natural killer
cells by a CXCL8-dependent mechanism. Blood. 2008;111:5467-5476.

Orinska Z, Bulanova E, Budagian V, Metz M, Maurer M, Bulfone-Paus S. TLR3-induced
activation of mast cells modulates CD8+ T-cell recruitment. Blood. 2005;106:978-987.

Olynych TJ, Jakeman DL, Marshall JS. Fungal zymosan induces leukotriene production by
human mast cells through a dectin-1-dependent mechanism. J Allergy Clin Immunol.
2006;118:837-843.

Malaviya R, Twesten NJ, Ross EA, Abraham SN, Pfeifer JD. Mast cells process bacterial
Ags through a phagocytic route for class | MHC presentation to T cells. J Immunol.
1996;156:1490-1496.

Poncet P, Arock M, David B. MHC class lI-dependent activation of CD4+ T cell hybridomas
by human mast cells through superantigen presentation. J Leukoc Biol. 1999;66:105-112.



230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

| REFERENCES

Frandji P, Tkaczyk C, Oskeritzian C, David B, Desaymard C, Mecheri S. Exogenous and
endogenous antigens are differentially presented by mast cells to CD4+ T lymphocytes.
Eur J Immunol. 1996;26:2517-2528.

Kambayashi T, Baranski JD, Baker RG, et al. Indirect involvement of allergen-captured
mast cells in antigen presentation. Blood. 2008;111:1489-1496.

Amaral MM, Davio C, Ceballos A, et al. Histamine improves antigen uptake and cross-
presentation by dendritic cells. J Immunol. 2007;179:3425-3433.

Caron G, Delneste Y, Roelandts E, et al. Histamine polarizes human dendritic cells into
Th2 cell-promoting effector dendritic cells. J Immunol. 2001;167:3682-3686.

Mazzoni A, Siraganian RP, Leifer CA, Segal DM. Dendritic cell modulation by mast cells
controls the Th1/Th2 balance in responding T cells. J Immunol. 2006;177:3577-3581.

Kumar V, Sharma A. Mast cells: emerging sentinel innate immune cells with diverse role
in immunity. Mol Immunol. 2010;48:14-25.

Sayed BA, Christy A, Quirion MR, Brown MA. The master switch: the role of mast cells in
autoimmunity and tolerance. Annu Rev Immunol. 2008;26:705-739.

Frossi B, Gri G, Tripodo C, Pucillo C. Exploring a regulatory role for mast cells: ‘MCregs'?
Trends Immunol. 2010;31:97-102.

Lu LF, Lind EF, Gondek DC, et al. Mast cells are essential intermediaries in regulatory T-
cell tolerance. Nature. 2006;442:997-1002.

Noli C, Miolo A. The mast cell in wound healing. Vet Dermatol. 2001;12:303-313.

Brown JM, Wilson TM, Metcalfe DD. The mast cell and allergic diseases: role in
pathogenesis and implications for therapy. Clin Exp Allergy. 2008;38:4-18.

Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflammation. Nature.
2008;454:445-454,

Walker ME, Hatfield JK, Brown MA. New insights into the role of mast cells in
autoimmunity: evidence for a common mechanism of action? Biochim Biophys Acta.
2012;1822:57-65.

Sospedra M, Martin R. Immunology of multiple sclerosis. Annu Rev Immunol.
2005;23:683-747.

Bot I, Biessen EA. Mast cells in atherosclerosis. Thromb Haemost. 2011;106:820-826.

Jeziorska M, McCollum C, Woolley DE. Mast cell distribution, activation, and phenotype
in atherosclerotic lesions of human carotid arteries. J Pathol. 1997;182:115-122.

Kounis NG, Zavras GM. Histamine-induced coronary artery spasm: the concept of allergic
angina. Br J Clin Pract. 1991;45:121-128.

Kounis NG. Kounis syndrome (allergic angina and allergic myocardial infarction): a
natural paradigm? Int J Cardiol. 2006;110:7-14.

215



REFERENCES |

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

216

Maltby S, Khazaie K, McNagny KM. Mast cells in tumor growth: angiogenesis, tissue
remodelling and immune-modulation. Biochim Biophys Acta. 2009;1796:19-26.

Galinsky DS, Nechushtan H. Mast cells and cancer--no longer just basic science. Crit Rev
Oncol Hematol. 2008;68:115-130.

Coussens LM, Raymond WW, Bergers G, et al. Inflammatory mast cells up-regulate
angiogenesis during squamous epithelial carcinogenesis. Genes Dev. 1999;13:1382-1397.

Orphanet: an online database of rare diseases and orphan drugs.: INSERM 1997; 2012.

Valent P, Akin C, Escribano L, et al. Standards and standardization in mastocytosis:
consensus statements on diagnostics, treatment recommendations and response criteria.
Eur J Clin Invest. 2007;37:435-453.

Nagata H, Worobec AS, Oh CK, et al. Identification of a point mutation in the catalytic
domain of the protooncogene c-kit in peripheral blood mononuclear cells of patients
who have mastocytosis with an associated hematologic disorder. Proc Natl Acad Sci U S
A. 1995;92:10560-10564.

Mol CD, Lim KB, Sridhar V, et al. Structure of a c-kit product complex reveals the basis for
kinase transactivation. J Biol Chem. 2003;278:31461-31464.

Furitsu T, Tsujimura T, Tono T, et al. Identification of mutations in the coding sequence
of the proto-oncogene c-kit in a human mast cell leukemia cell line causing ligand-
independent activation of c-kit product. J Clin Invest. 1993;92:1736-1744.

Quintas-Cardama A, Jain N, Verstovsek S. Advances and controversies in the diagnosis,
pathogenesis, and treatment of systemic mastocytosis. Cancer. 2011;117:5439-5449.

Garcia-Montero AC, Jara-Acevedo M, Teodosio C, et al. KIT mutation in mast cells and
other bone marrow hematopoietic cell lineages in systemic mast cell disorders: a
prospective study of the Spanish Network on Mastocytosis (REMA) in a series of 113
patients. Blood. 2006;108:2366-2372.

Bodemer C, Hermine O, Palmerini F, et al. Pediatric mastocytosis is a clonal disease
associated with D816V and other activating c-KIT mutations. J Invest Dermatol.
2010;130:804-815.

Yanagihori H, Oyama N, Nakamura K, Kaneko F. c-kit Mutations in patients with
childhood-onset mastocytosis and genotype-phenotype correlation. J Mol Diagn.
2005;7:252-257.

Lanternier F, Cohen-Akenine A, Palmerini F, et al. Phenotypic and genotypic
characteristics of mastocytosis according to the age of onset. PLoS One. 2008;3:e1906.

Hartmann K, Wardelmann E, Ma Y, et al. Novel germline mutation of KIT associated with
familial gastrointestinal stromal tumors and mastocytosis. Gastroenterology.
2005;129:1042-1046.



262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

| REFERENCES

Georgin-Lavialle S, Lhermitte L, Suarez F, et al. Mast cell leukemia: identification of a new
c-Kit mutation, dup(501-502), and response to masitinib, a c-Kit tyrosine kinase inhibitor.
Eur J Haematol. 2012;89:47-52.

Mital A, Piskorz A, Lewandowski K, Wasag B, Limon J, Hellmann A. A case of mast cell
leukaemia with exon 9 KIT mutation and good response to imatinib. Eur J Haematol.
2011;86:531-535.

Zhang LY, Smith ML, Schultheis B, et al. A novel K509 mutation of KIT identified in
familial mastocytosis-in vitro and in vivo responsiveness to imatinib therapy. Leuk Res.
2006;30:373-378.

Akin C, Fumo G, Yavuz AS, Lipsky PE, Neckers L, Metcalfe DD. A novel form of
mastocytosis associated with a transmembrane c-kit mutation and response to imatinib.
Blood. 2004;103:3222-3225.

Tang X, Boxer M, Drummond A, Ogston P, Hodgins M, Burden AD. A germline mutation
in KIT in familial diffuse cutaneous mastocytosis. ] Med Genet. 2004;41:e88.

Nakagomi N, Hirota S. Juxtamembrane-type c-kit gene mutation found in aggressive
systemic mastocytosis induces imatinib-resistant constitutive KIT activation. Lab Invest.
2007;87:365-371.

Buttner C, Henz BM, Welker P, Sepp NT, Grabbe J. Identification of activating c-kit
mutations in adult-, but not in childhood-onset indolent mastocytosis: a possible
explanation for divergent clinical behavior. J Invest Dermatol. 1998;111:1227-1231.

Spector MS, lossifov |, Kritharis A, et al. Mast-cell leukemia exome sequencing reveals a
mutation in the IgE mast-cell receptor beta chain and KIT V654A. Leukemia.
2012;26:1422-1425.

Sotlar K, Escribano L, Landt O, et al. One-step detection of c-kit point mutations using
peptide nucleic acid-mediated polymerase chain reaction clamping and hybridization
probes. Am J Pathol. 2003;162:737-746.

Yabe M, Masukawa A, Kato S, Yabe H, Nakamura N, Matsushita H. Systemic mastocytosis
associated with t(8;21) acute myeloid leukemia in a child: Detection of the D816A
mutation of KIT. Pediatr Blood Cancer. 2012.

Longley BJ, Jr., Metcalfe DD, Tharp M, et al. Activating and dominant inactivating c-KIT
catalytic domain mutations in distinct clinical forms of human mastocytosis. Proc Natl
Acad Sci U S A. 1999;96:1609-1614.

Pullarkat VA, Pullarkat ST, Calverley DC, Brynes RK. Mast cell disease associated with
acute myeloid leukemia: detection of a new c-kit mutation Asp816His. Am J Hematol.
2000;65:307-309.

Pignon JM, Giraudier S, Duquesnoy P, et al. A new c-kit mutation in a case of aggressive
mast cell disease. Br J Haematol. 1997;96:374-376.

217



REFERENCES |

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

218

Wasag B, Niedoszytko M, Piskorz A, et al. Novel, activating KIT-N822I mutation in familial
cutaneous mastocytosis. Exp Hematol. 2011;39:859-865 e852.

Pardanani A. Systemic mastocytosis in adults: 2012 Update on diagnosis, risk
stratification, and management. Am J Hematol. 2012;87:401-411.

Delhommeau F, Dupont S, Della Valle V, et al. Mutation in TET2 in myeloid cancers. N
Engl J Med. 2009;360:2289-2301.

Tefferi A, Levine RL, Lim KH, et al. Frequent TET2 mutations in systemic mastocytosis:
clinical, KITD816V and FIP1L1-PDGFRA correlates. Leukemia. 2009;23:900-904.

Delhommeau F, Pisani DF, James C, Casadevall N, Constantinescu S, Vainchenker W.
Oncogenic mechanisms in myeloproliferative disorders. Cell Mol Life Sci. 2006;63:2939-
2953.

Sotlar K, Bache A, Stellmacher F, Bultmann B, Valent P, Horny HP. Systemic mastocytosis
associated with chronic idiopathic myelofibrosis: a distinct subtype of systemic
mastocytosis associated with a [corrected] clonal hematological non-mast [corrected]
cell lineage disorder carrying the activating point mutations KITD816V and JAK2V617F. )
Mol Diagn. 2008;10:58-66.

Wilson TM, Maric |, Simakova O, et al. Clonal analysis of NRAS activating mutations in
KIT-D816V systemic mastocytosis. Haematologica. 2011;96:459-463.

Daley T, Metcalfe DD, Akin C. Association of the Q576R polymorphism in the interleukin-
4 receptor alpha chain with indolent mastocytosis limited to the skin. Blood.
2001;98:880-882.

Nedoszytko B, Niedoszytko M, Lange M, et al. Interleukin-13 promoter gene
polymorphism -1112C/T is associated with the systemic form of mastocytosis. Allergy.
2009;64:287-294.

Kanakura Y, Furitsu T, Tsujimura T, et al. Activating mutations of the c-kit proto-
oncogene in a human mast cell leukemia cell line. Leukemia. 1994;8 Suppl 1:518-22.

Kitayama H, Tsujimura T, Matsumura |, et al. Neoplastic transformation of normal
hematopoietic cells by constitutively activating mutations of c-kit receptor tyrosine
kinase. Blood. 1996;88:995-1004.

Tsujimura T, Kanakura Y, Kitamura Y. Mechanisms of constitutive activation of c-kit
receptor tyrosine kinase. Leukemia. 1997;11 Suppl 3:396-398.

Tanaka A, Konno M, Muto S, et al. A novel NF-kappaB inhibitor, IMD-0354, suppresses
neoplastic proliferation of human mast cells with constitutively activated c-kit receptors.
Blood. 2005;105:2324-2331.

Gabillot-Carre M, Lepelletier Y, Humbert M, et al. Rapamycin inhibits growth and survival
of D816V-mutated c-kit mast cells. Blood. 2006;108:1065-1072.

Kim MS, Kuehn HS, Metcalfe DD, Gilfillan AM. Activation and function of the mTORC1
pathway in mast cells. J Immunol. 2008;180:4586-4595.



290.

291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

| REFERENCES

Growney D, Clark JJ, Adelsperger J, et al. Activation mutations of human c-KIT resistant
to imatinib mesylate are sensitive to the tyrosine kinase inhibitor PKC412. Blood.
2005;106:721-724.

Pan J, Quintas-Cardama A, Kantarjian HM, et al. EXEL-0862, a novel tyrosine kinase
inhibitor, induces apoptosis in vitro and ex vivo in human mast cells expressing the KIT
D816V mutation. Blood. 2007;109:315-322.

Baumgartner C, Cerny-Reiterer S, Sonneck K, et al. Expression of activated STAT5 in
neoplastic mast cells in systemic mastocytosis: subcellular distribution and role of the
transforming oncoprotein KIT D816V. Am J Pathol. 2009;175:2416-2429.

Harir N, Boudot C, Friedbichler K, et al. Oncogenic Kit controls neoplastic mast cell
growth through a Stat5/PI3-kinase signaling cascade. Blood. 2008;112:2463-2473.

Metcalfe DD. Regulation of normal and neoplastic human mast cell development in
mastocytosis. Trans Am Clin Climatol Assoc. 2005;116:185-203; discussion 203-184.

Liang M, Cowley AW, Greene AS. High throughput gene expression profiling: a molecular
approach to integrative physiology. J Physiol. 2004;554:22-30.

Vitucci M, Hayes DN, Miller CR. Gene expression profiling of gliomas: merging genomic
and histopathological classification for personalised therapy. Br J Cancer. 2011;104:545-
553.

Reis-Filho JS, Pusztai L. Gene expression profiling in breast cancer: classification,
prognostication, and prediction. Lancet. 2011;378:1812-1823.

Campbell JD, Spira A, Lenburg ME. Applying gene expression microarrays to pulmonary
disease. Respirology. 2011;16:407-418.

Sara H, Kallioniemi O, Nees M. A decade of cancer gene profiling: from molecular
portraits to molecular function. Methods Mol Biol. 2010;576:61-87.

Geyer FC, Rodrigues DN, Weigelt B, Reis-Filho JS. Molecular classification of estrogen
receptor-positive/luminal breast cancers. Adv Anat Pathol. 2012;19:39-53.

Henrickson SE, Hartmann EM, Ott G, Rosenwald A. Gene expression profiling in
malignant lymphomas. Adv Exp Med Biol. 2007;593:134-146.

Abraham RS, Ballman KV, Dispenzieri A, et al. Functional gene expression analysis of
clonal plasma cells identifies a unique molecular profile for light chain amyloidosis. Blood.
2005;105:794-803.

Piao LS, Hur W, Kim TK, et al. CD133+ liver cancer stem cells modulate radioresistance in
human hepatocellular carcinoma. Cancer Lett. 2012;315:129-137.

Pomerantz RG, Mirvish ED, Erdos G, Falo LD, Jr., Geskin LJ. Novel approach to gene
expression profiling in Sezary syndrome. Br J Dermatol. 2010;163:1090-1094.

D'Ambrosio C, Akin C, Wu Y, Magnusson MK, Metcalfe DD. Gene expression analysis in
mastocytosis reveals a highly consistent profile with candidate molecular markers. J
Allergy Clin Immunol. 2003;112:1162-1170.

219



REFERENCES |

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

220

Niedoszytko M, Bruinenberg M, van Doormaal JJ, et al. Gene expression analysis predicts
insect venom anaphylaxis in indolent systemic mastocytosis. Allergy. 2011;66:648-657.

Niedoszytko M, Oude Elberink JN, Bruinenberg M, et al. Gene expression profile,
pathways, and transcriptional system regulation in indolent systemic mastocytosis.
Allergy. 2011;66:229-237.

Draber P, Sulimenko V, Draberova E. Cytoskeleton in mast cell signaling. Front Immunol.
2012;3:130.

lhara S, Oka T, Fukui Y. Direct binding of SWAP-70 to non-muscle actin is required for
membrane ruffling. J Cell Sci. 2006;119:500-507.

Sivalenka RR, Jessberger R. SWAP-70 regulates c-kit-induced mast cell activation, cell-cell
adhesion, and migration. Mol Cell Biol. 2004;24:10277-10288.

Samayawardhena LA, Kapur R, Craig AW. Involvement of Fyn kinase in Kit and integrin-
mediated Rac activation, cytoskeletal reorganization, and chemotaxis of mast cells.
Blood. 2007;109:3679-3686.

Sperr WR, Escribano L, Jordan JH, et al. Morphologic properties of neoplastic mast cells:
delineation of stages of maturation and implication for cytological grading of
mastocytosis. Leuk Res. 2001;25:529-536.

Horny HP, Valent P. Diagnosis of mastocytosis: general histopathological aspects,
morphological criteria, and immunohistochemical findings. Leuk Res. 2001;25:543-551.

Alvarez-Twose |, Morgado JM, Sanchez-Munoz L, et al. Current state of biology and

diagnosis of clonal mast cell diseases in adults. Int J Lab Hematol. 2012.

Meininger CJ, Yano H, Rottapel R, Bernstein A, Zsebo KM, Zetter BR. The c-kit receptor
ligand functions as a mast cell chemoattractant. Blood. 1992;79:958-963.

Collington SJ, Hallgren J, Pease JE, et al. The role of the CCL2/CCR2 axis in mouse mast
cell migration in vitro and in vivo. J Immunol;184:6114-6123.

Taylor ML, Dastych J, Sehgal D, et al. The Kit-activating mutation D816V enhances stem
cell factor--dependent chemotaxis. Blood. 2001;98:1195-1199.

Hundley TR, Gilfillan AM, Tkaczyk C, Andrade MV, Metcalfe DD, Beaven MA. Kit and
FcepsilonRlI mediate unique and convergent signals for release of inflammatory
mediators from human mast cells. Blood. 2004;104:2410-2417.

Tkaczyk C, Horejsi V, Iwaki S, et al. NTAL phosphorylation is a pivotal link between the
signaling cascades leading to human mast cell degranulation following Kit activation and
Fc epsilon Rl aggregation. Blood. 2004;104:207-214.

Diaz-Agustin B, Escribano L, Bravo P, et al. The CD69 early activation molecule is
overexpressed in human bone marrow mast cells from adults with indolent systemic
mast cell disease. Br J Haematol. 1999;106:400-405.



321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

| REFERENCES

Escribano L, Orfao A, Diaz Agustin B, et al. Human bone marrow mast cells from indolent
systemic mast cell disease constitutively express increased amounts of the CD63 protein
on their surface. Cytometry. 1998;34:223-228.

Morgado JM, Sanchez-Munoz L, Teodosio CG, et al. Immunophenotyping in systemic
mastocytosis diagnosis: 'CD25 positive' alone is more informative than the 'CD25 and/or
CD2' WHO criterion. Mod Pathol. 2012.

Sotlar K, Cerny-Reiterer S, Petat-Dutter K, et al. Aberrant expression of CD30 in
neoplastic mast cells in high-grade mastocytosis. Mod Pathol. 2011;24:585-595.

Chiu A, Orazi A. Mastocytosis and related disorders. Semin Diagn Pathol. 2012;29:19-30.

Escribano L, Garcia-Montero A, Sanchez-Munoz L, et al. Diagnosis of Adult Mastocytosis:
Role for Bone Marrow Analysis. In: Kottke-Marchant K, Davis BH, eds. Laboratory
Hematology Practice: Blackwell Publishing Ltd.; 2012:388-398.

Kocabas CN, Yavuz AS, Lipsky PE, Metcalfe DD, Akin C. Analysis of the lineage
relationship between mast cells and basophils using the c-kit D816V mutation as a
biologic signature. J Allergy Clin Immunol. 2005;115:1155-1161.

Lim KH, Tefferi A, Lasho TL, et al. Systemic mastocytosis in 342 consecutive adults:
survival studies and prognostic factors. Blood. 2009;113:5727-5736.

Tan A, Westerman D, McArthur GA, Lynch K, Waring P, Dobrovic A. Sensitive detection of
KIT D816V in patients with mastocytosis. Clin Chem. 2006;52:2250-2257.

Schumacher JA, Elenitoba-Johnson KS, Lim MS. Detection of the c-kit D816V mutation in
systemic mastocytosis by allele-specific PCR. J Clin Pathol. 2008;61:109-114.

Kristensen T, Vestergaard H, Moller MB. Improved detection of the KIT D816V mutation
in patients with systemic mastocytosis using a quantitative and highly sensitive real-time
gPCR assay. J Mol Diagn. 2011;13:180-188.

Klion AD, Noel P, Akin C, et al. Elevated serum tryptase levels identify a subset of
patients with a myeloproliferative variant of idiopathic hypereosinophilic syndrome
associated with tissue fibrosis, poor prognosis, and imatinib responsiveness. Blood.
2003;101:4660-4666.

Metcalfe DD, Schwartz LB. Assessing anaphylactic risk? Consider mast cell clonality. J
Allergy Clin Immunol. 2009;123:687-688.

Kushnir-Sukhov NM, Brittain E, Reynolds JC, Akin C, Metcalfe DD. Elevated tryptase levels
are associated with greater bone density in a cohort of patients with mastocytosis. Int
Arch Allergy Immunol. 2006;139:265-270.

Sperr WR, Jordan JH, Baghestanian M, et al. Expression of mast cell tryptase by
myeloblasts in a group of patients with acute myeloid leukemia. Blood. 2001;98:2200-
2209.

Sperr WR, Stehberger B, Wimazal F, et al. Serum tryptase measurements in patients with
myelodysplastic syndromes. Leuk Lymphoma. 2002;43:1097-1105.

221



REFERENCES |

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

347.

348.

349,

222

Sperr WR, Hauswirth AW, Valent P. Tryptase a novel biochemical marker of acute
myeloid leukemia. Leuk Lymphoma. 2002;43:2257-2261.

Sanchez-Munoz L, Alvarez-Twose |, Garcia-Montero AC, et al. Evaluation of the WHO
criteria for the classification of patients with mastocytosis. Mod Pathol. 2011;24:1157-
1168.

Alvarez-Twose |, Gonzalez de Olano D, Sanchez-Munoz L, et al. Clinical, biological, and
molecular characteristics of clonal mast cell disorders presenting with systemic mast cell
activation symptoms. J Allergy Clin Immunol. 2010;125:1269-1278 e1262.

Johnson MR, Verstovsek S, Jorgensen JL, et al. Utility of the World Heath Organization
classification criteria for the diagnosis of systemic mastocytosis in bone marrow. Mod
Pathol. 2009;22:50-57.

Wolff K, Komar M, Petzelbauer P. Clinical and histopathological aspects of cutaneous
mastocytosis. Leuk Res. 2001;25:519-528.

Bonadonna P, Perbellini O, Passalacqua G, et al. Clonal mast cell disorders in patients
with systemic reactions to Hymenoptera stings and increased serum tryptase levels. )
Allergy Clin Immunol. 2009;123:680-686.

Florian S, Krauth MT, Simonitsch-Klupp |, et al. Indolent systemic mastocytosis with
elevated serum tryptase, absence of skin lesions, and recurrent severe anaphylactoid
episodes. Int Arch Allergy Immunol. 2005;136:273-280.

Escribano L, Alvarez-Twose |, Garcia-Montero A, Sanchez-Munoz L, Jara-Acevedo M,
Orfao A. Indolent systemic mastocytosis without skin involvement vs. isolated bone
marrow mastocytosis. Haematologica. 2011;96:e26; author reply e28.

Pardanani A, Lim KH, Lasho TL, et al. WHO subvariants of indolent mastocytosis: clinical
details and prognostic evaluation in 159 consecutive adults. Blood;115:150-151.

Jara-Acevedo M G-MA, Teodosio C, Escribano L, Alvarez I, Sanchez-Munoz L, Akin C,
Metcalfe DD, Orfao A. Well-differentiated systemic mastocytosis (WDSM): a novel form
of mastocytosis [abstract]. Haematologica. 2008;93 91.

Akin C EL, Nufiez R, Garcia-Montero A, Angulo M, Orfao A, Metcalfe DD. . Well-
Differentiated Systemic Mastocytosis: A New Disease Variant with Mature Mast Cell
Phenotype and Lack of Codon 816 c-Kit Mutations [abstract] Journal of Allergy and
Clinical Immunology. 2004;113:5327.

Pardanani A, Akin C, Valent P. Pathogenesis, clinical features, and treatment advances in
mastocytosis. Best Pract Res Clin Haematol. 2006;19:595-615.

Sotlar K, Colak S, Bache A, et al. Variable presence of KITD816V in clonal haematological
non-mast cell lineage diseases associated with systemic mastocytosis (SM-AHNMD). |
Pathol;220:586-595.

Brcic L, Vuletic LB, Stepan J, et al. Mast-cell sarcoma of the tibia. J Clin Pathol.
2007;60:424-425.



350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

| REFERENCES

Chott A, Guenther P, Huebner A, et al. Morphologic and immunophenotypic properties
of neoplastic cells in a case of mast cell sarcoma. Am J Surg Pathol. 2003;27:1013-1019.

Horny HP, Parwaresch MR, Kaiserling E, et al. Mast cell sarcoma of the larynx. J Clin
Pathol. 1986;39:596-602.

Kojima M, Nakamura S, Itoh H, et al. Mast cell sarcoma with tissue eosinophilia arising in
the ascending colon. Mod Pathol. 1999;12:739-743.

Kudo H, Morinaga S, Shimosato Y, et al. Solitary mast cell tumor of the lung. Cancer.
1988;61:2089-2094.

Mylanus EA, Wielinga EW, van de Nes JA. A solitary manifestation of mastocytosis in the
head and neck. Eur Arch Otorhinolaryngol. 2000;257:270-272.

Alvarez-Twose |, Vano-Galvan S, Sanchez-Munoz L, et al. Increased serum baseline
tryptase levels and extensive skin involvement are predictors for the severity of mast cell
activation episodes in children with mastocytosis. Allergy. 2012;67:813-821.

Escribano L, Alvarez-Twose |, Sanchez-Munoz L, et al. Prognosis in adult indolent
systemic mastocytosis: a long-term study of the Spanish Network on Mastocytosis in a
series of 145 patients. J Allergy Clin Immunol. 2009;124:514-521.

Wilson TM, Metcalfe DD, Robyn J. Treatment of systemic mastocytosis. Immunol Allergy
Clin North Am. 2006;26:549-573.

Escribano L, Akin C, Castells M, Orfao A, Metcalfe DD. Mastocytosis: current concepts in
diagnosis and treatment. Ann Hematol. 2002;81:677-690.

Horny HP, Sotlar K, Valent P. Mastocytosis: state of the art. Pathobiology. 2007;74:121-
132.

Norris AA. Pharmacology of sodium cromoglycate. Clin Exp Allergy. 1996;26 Suppl 4:5-7.

Vieira Dos Santos R, Magerl M, Martus P, et al. Topical sodium cromoglicate relieves
allergen- and histamine-induced dermal pruritus. Br J Dermatol;162:674-676.

Valent P, Akin C, Sperr WR, et al. Aggressive systemic mastocytosis and related mast cell
disorders: current treatment options and proposed response criteria. Leuk Res.
2003;27:635-641.

Kluin-Nelemans HC, Jansen JH, Breukelman H, et al. Response to interferon alfa-2b in a
patient with systemic mastocytosis. N Engl J Med. 1992;326:619-623.

Simon J, Lortholary O, Caillat-Vigneron N, et al. Interest of interferon alpha in systemic
mastocytosis. The French experience and review of the literature. Pathol Biol (Paris).
2004;52:294-299.

Tefferi A, Li CY, Butterfield JH, Hoagland HC. Treatment of systemic mast-cell disease
with cladribine. N Engl J Med. 2001;344:307-309.

Kluin-Nelemans HC, Oldhoff JM, Van Doormaal JJ, et al. Cladribine therapy for systemic
mastocytosis. Blood. 2003;102:4270-4276.

223



REFERENCES |

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

224

Bohm A, Sonneck K, Gleixner KV, et al. In vitro and in vivo growth-inhibitory effects of
cladribine on neoplastic mast cells exhibiting the imatinib-resistant KIT mutation D816V.
Exp Hematol. 2010;38(9):744-755.

Pardanani A, Hoffbrand AV, Butterfield JH, Tefferi A. Treatment of systemic mast cell
disease with 2-chlorodeoxyadenosine. Leuk Res. 2004;28:127-131.

Alvarez-Twose |, Gonzalez P, Morgado JM, et al. Complete Response After Imatinib
Mesylate Therapy in a Patient With Well-Differentiated Systemic Mastocytosis. J Clin
Oncol. 2012.

Musto P, Falcone A, Sanpaolo G, Bodenizza C, Carella AM. Inefficacy of imatinib-mesylate
in sporadic, aggressive systemic mastocytosis. Leuk Res. 2004;28:421-422.

Dubreuil P, Letard S, Ciufolini M, et al. Masitinib (AB1010), a potent and selective
tyrosine kinase inhibitor targeting KIT. PLoS One. 2009;4:e7258.

Verstovsek S, Tefferi A, Cortes J, et al. Phase Il study of dasatinib in Philadelphia
chromosome-negative acute and chronic myeloid diseases, including systemic
mastocytosis. Clin Cancer Res. 2008;14:3906-3915.

Jensen BM, Akin C, Gilfillan AM. Pharmacological targeting of the KIT growth factor
receptor: a therapeutic consideration for mast cell disorders. Br J Pharmacol.
2008;154:1572-1582.

Carnahan J, Wang P, Kendall R, et al. Epratuzumab, a humanized monoclonal antibody
targeting CD22: characterization of in vitro properties. Clin Cancer Res. 2003;9:3982S-
39908S.

Foss FM. DAB(389)IL-2 (ONTAK): a novel fusion toxin therapy for lymphoma. Clin
Lymphoma. 2000;1:110-116; discussion 117.

Escribano L, Diaz Agustin B, Bravo P, Navalon R, Almeida J, Orfao A. Immunophenotype
of bone marrow mast cells in indolent systemic mast cell disease in adults. Leuk
Lymphoma. 1999;35:227-235.

Metcalfe DD. Classification and diagnosis of mastocytosis: current status. J Invest
Dermatol. 1991;96:25-4S; discussion 4S, 60S-65S.

Pardanani A, Kimlinger T, Reeder T, Li CY, Tefferi A. Bone marrow mast cell
immunophenotyping in adults with mast cell disease: a prospective study of 33 patients.
Leuk Res. 2004;28:777-783.

Sayagues JM, Tabernero MD, Maillo A, et al. Microarray-based analysis of spinal versus
intracranial meningiomas: different clinical, biological, and genetic characteristics
associated with distinct patterns of gene expression. J Neuropathol Exp Neurol.
2006;65:445-454,

Rodriguez-Caballero A, Garcia-Montero AC, Barcena P, et al. Expanded cells in
monoclonal TCR-alphabeta+/CD4+/NKa+/CD8-/+dim T-LGL lymphocytosis recognize
hCMYV antigens. Blood. 2008;112:4609-4616.



381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

| REFERENCES

Vital AL, Tabernero MD, Castrillo A, et al. Gene expression profiles of human
glioblastomas are associated with both tumor cytogenetics and histopathology. Neuro
Oncol. 2010;12:991-1003.

Barrena S, Almeida J, Del Carmen Garcia-Macias M, et al. Flow cytometry
immunophenotyping of fine-needle aspiration specimens: utility in the diagnosis and
classification of non-Hodgkin lymphomas. Histopathology. 2011;58:906-918.

Matarraz S, Lopez A, Barrena S, et al. Bone marrow cells from myelodysplastic
syndromes show altered immunophenotypic profiles that may contribute to the
diagnosis and prognostic stratification of the disease: a pilot study on a series of 56
patients. Cytometry B Clin Cytom. 2010;78:154-168.

Frandji P, Tkaczyk C, Oskeritzian C, et al. Presentation of soluble antigens by mast cells:
upregulation by interleukin-4 and granulocyte/macrophage colony-stimulating factor
and downregulation by interferon-gamma. Cell Immunol. 1995;163:37-46.

Stelekati E, Orinska Z, Bulfone-Paus S. Mast cells in allergy: innate instructors of adaptive
responses. Immunobiology. 2007;212:505-519.

Hartmann K, Artuc M, Baldus SE, et al. Expression of Bcl-2 and Bcl-xL in cutaneous and
bone marrow lesions of mastocytosis. Am J Pathol. 2003;163:819-826.

Hartmann K, Hermes B, Rappersberger K, Sepp N, Mekori YA, Henz BM. Evidence for
altered mast cell proliferation and apoptosis in cutaneous mastocytosis. Br J Dermatol.
2003;149:554-559.

Bochner BS. Siglec-8 on human eosinophils and mast cells, and Siglec-F on murine
eosinophils, are functionally related inhibitory receptors. Clin Exp Allergy. 2009;39:317-
324,

Yokoi H, Choi OH, Hubbard W, et al. Inhibition of FcepsilonRI-dependent mediator
release and calcium flux from human mast cells by sialic acid-binding immunoglobulin-
like lectin 8 engagement. J Allergy Clin Immunol. 2008;121:499-505 e491.

Zoller M. Tetraspanins: push and pull in suppressing and promoting metastasis. Nat Rev
Cancer. 2009;9:40-55.

Kilpivaara O, Mukherjee S, Schram AM, et al. A germline JAK2 SNP is associated with
predisposition to the development of JAK2(V617F)-positive myeloproliferative
neoplasms. Nat Genet. 2009;41:455-459.

Kilpivaara O, Levine RL. JAK2 and MPL mutations in myeloproliferative neoplasms:
discovery and science. Leukemia. 2008;22:1813-1817.

Lee SH, Lee JH, Lee JH, Kim DK. Involvement of MITF-A, an alternative isoform of mi
transcription factor, on the expression of tryptase gene in human mast cells. Exp Mol
Med. 2010;42:366-375.

Lee YN, Brandal S, Noel P, et al. KIT signaling regulates MITF expression through miRNAs
in normal and malignant mast cell proliferation. Blood. 2011;117:3629-3640.

225



REFERENCES |

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

226

Kawankar N, Vundinti BR. Cytogenetic abnormalities in myelodysplastic syndrome: an
overview. Hematology. 2011;16:131-138.

Flach J, Dicker F, Schnittger S, et al. An accumulation of cytogenetic and molecular
genetic events characterizes the progression from MDS to secondary AML: an analysis of
38 paired samples analyzed by cytogenetics, molecular mutation analysis and SNP
microarray profiling. Leukemia. 2011;25:713-718.

Paiva B, Perez-Andres M, Vidriales MB, et al. Competition between clonal plasma cells
and normal cells for potentially overlapping bone marrow niches is associated with a
progressively altered cellular distribution in MGUS vs myeloma. Leukemia. 2011;25:697-
706.

Jordan JH, Walchshofer S, Jurecka W, et al. Immunohistochemical properties of bone
marrow mast cells in systemic mastocytosis: evidence for expression of CD2, CD117/Kit,
and bcl-x(L). Hum Pathol. 2001;32:545-552.

Dietrich N, Rohde M, Geffers R, et al. Mast cells elicit proinflammatory but not type |
interferon responses upon activation of TLRs by bacteria. Proc Natl Acad Sci U S A.
2009;107:8748-8753.

Brown MG, McAlpine SM, Huang YY, et al. RNA Sensors Enable Human Mast Cell Anti-
Viral Chemokine Production and IFN-Mediated Protection in Response to Antibody-
Enhanced Dengue Virus Infection. PLoS One. 2012;7:e34055.

Moses AV, Jarvis MA, Raggo C, et al. Kaposi's sarcoma-associated herpesvirus-induced
upregulation of the c-kit proto-oncogene, as identified by gene expression profiling, is
essential for the transformation of endothelial cells. J Virol. 2002;76:8383-8399.

Douglas JL, Whitford JG, Moses AV. Characterization of c-Kit expression and activation in
KSHV-infected endothelial cells. Virology. 2009;390:174-185.

Donin N, Jurianz K, Ziporen L, Schultz S, Kirschfink M, Fishelson Z. Complement resistance
of human carcinoma cells depends on membrane regulatory proteins, protein kinases
and sialic acid. Clin Exp Immunol. 2003;131:254-263.

Fishelson Z, Donin N, Zell S, Schultz S, Kirschfink M. Obstacles to cancer immunotherapy:
expression of membrane complement regulatory proteins (mCRPs) in tumors. Mol
Immunol. 2003;40:109-123.

Valent P, Akin C, Arock M, et al. Definitions, criteria and global classification of mast cell
disorders with special reference to mast cell activation syndromes: a consensus proposal.
Int Arch Allergy Immunol. 2012;157:215-225.

Akin C, Scott LM, Kocabas CN, et al. Demonstration of an aberrant mast-cell population
with clonal markers in a subset of patients with "idiopathic" anaphylaxis. Blood.
2007;110:2331-2333.

Alvarez-Twose |, Gonzalez-de-Olano D, Sanchez-Munoz L, et al. Validation of the REMA
Score for Predicting Mast Cell Clonality and Systemic Mastocytosis in Patients with
Systemic Mast Cell Activation Symptomes. Int Arch Allergy Immunol. 2012;157:275-280.



408.

409.

410.

411.

412.

413.

| REFERENCES

Soria JC, Jang SJ, Khuri FR, et al. Overexpression of cyclin B1 in early-stage non-small cell
lung cancer and its clinical implication. Cancer Res. 2000;60:4000-4004.

Allan K, Jordan RC, Ang LC, Taylor M, Young B. Overexpression of cyclin A and cyclin B1
proteins in astrocytomas. Arch Pathol Lab Med. 2000;124:216-220.

Song Y, Zhao C, Dong L, et al. Overexpression of cyclin B1 in human esophageal
squamous cell carcinoma cells induces tumor cell invasive growth and metastasis.
Carcinogenesis. 2008;29:307-315.

Murakami H, Furihata M, Ohtsuki Y, Ogoshi S. Determination of the prognostic
significance of cyclin B1 overexpression in patients with esophageal squamous cell
carcinoma. Virchows Arch. 1999;434:153-158.

Androic |, Kramer A, Yan R, et al. Targeting cyclin B1 inhibits proliferation and sensitizes
breast cancer cells to taxol. BMC Cancer. 2008;8:391.

Zaidi AK, MacGlashan DW. Regulation of Fc epsilon Rl expression during murine basophil
maturation: the interplay between IgE, cell division, and Fc epsilon Rl synthetic rate. J
Immunol. 2010;184:1463-1474.

227



	Portada final
	Número de diapositiva 1

	TESE_120827_AO2_para pdf_BUENA_margenes



