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Abstract

Systemic mastocytosis is a clonal disorder that is defined by the neoplastic proliferation of MCs in one or
more organ systems where the cKIT D816V activating point mutgtiags a predominant role.
Constitutive activity of the KIT receptor, excessive proliferation, increased cell survival and an aberrant
expression of a series of proteins is induced. The WHO 2017 classification of SM is clinically subdivided
into differentforms; ie. indolent systemic mastocytosis (ISM), smouldering systemic mastocytosis (SSM),
aggressive systemic mastocytosis (ASM), systemic mastocytosis with an associated hematological
neoplasm (SMAHN) and mast cell leukemia (MCL). In some cases ISM disgaogression to ASM or

MCL occurs. The immunophenotype of MCs aids in the determination of the diagnose of SM. Signalizing
specific patterns in the immunophenotype of MCs that associate with the development of an indolent form
of SM to a norindolent fom of SM or an AHN could be of great prognostic valmethis research the

aim is to discover SM subtypes on tinunophenotypical grounds arnd detect associations between
immunophenotype and clinical features of added value.

In this study, a series dimmunophenotypical patterns within SM versus 4&M cases have been
characterized. For this, a flow cytometric gating strategy has been devefofeume of parameters
consisting of clinical features with implications for clinical treatment and decisakingnis setlt is of
importancethat the data for this frame is collecteand coupled to the immunophenotypical database
Thereby extrapolatingour immunophenotypicalirfdings to the clinical setting, and thus finding
associations that may help considgrtime and choice of therapy.



Introduction

Mast Cell Function

Mast cells(MCs) are part of the myeloid cells, have a widespread distribution in skin tissue and other
peripheralorgans and play a key rola the body immune systenTheir ability to recognize various
stimuli at the interface between hastd the external environmerdnd thereupon release specified
biological mediatorsallows them to play a master regulator role in the innate as well as the adaptive
immunity. [1] [2] MCs contain secretory granulegth cytokines, chemokines, growth factors, lysosomal
enzymesand other proteins, with a spectrum of functidhss widely accepted that the higtffinity IgE
receptor (FceR on MCs plays a central role in acute allergic reaction, and is triggered through cross
linking with IgE.[3] This explainghe unique role of mast cells in allergic inflammatibmfigure below,
potential MC interactions ofwhich among others inflammatory activation, recruitmerfit other
immunocytesand bidirectional signaling with the nervous system are depicted.
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Figure 1 Potential mast cell functiosand interactionsin intestinal mucosal4]

Consequently, MC pathology leads to an array of diseases that may be classified as mainly allergic
disorders and clonal disorde[§] [5] From clinical aspegtthe specialism of allergology is most involved

in mast cell activating diseases (MCADs), whereas the specialism of hematology is more focused on
myeloproliferative neoplasms (MPNs) of the MC and oth@rsrthy of mention, patients withllargic
disorders typically do not exhibit organ dysfunction, while patients with clonal disease may do.

Mast Cell Maturation and Pathogenesis

Maturation ofMCs starts with the differentiation i CD13", CD34, CD117 and FceRIl pluripotent
hematopoieticstem cellto thecommon myeloicprogenitoras a result ofi_-1, IL-3, IL-6, stem cell factor
(SCF) and granulocytenacrophage colongtimulating factor (GMCSF) [6] [7] [8] Thereafterthe
common myeloid progenitomaturates towards an MC as a result of SCF and. 6] Early MC
committed progenitors are CD13CD33, CD34, CD45, CD117, CD123 and FceRI CD13, CD45



and CD117 are umnd M34 and CD123 are downregulated during maturaf@nThe location of the
mast cellin the classical model of hematopoieaigl marker expression during MC maturationsirewn

below.
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Figure 2 Classical model of hematopoiesismage taken from Doctorlib.infd10]

MAST CELL MATURATION STAGES

MC precursor

Maturing MC

Activated mast cell

CD34

Amount of antigen / MC

CcD117

CD203c

CyB12 (Tryptase):

FeERI

ASM / MCL

WDSM | | ISM/cMCAD

Figure 3 Maturation diagram of MCs.mage taken fromSanchezMufioz et al[9]
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Mastocytosis is a clonal disorder that is defined by the neoplastic proliferation of MCs in one or more
organ systems where the cKIT D816V activating point mutation plays a predominafiLipl€he KIT

gene consists of 2dxans and islocated on human chromosome 4qltds a proteoncogene that plays

the central role in the maturation of an MC and leads to the expression of stem cell growth factor receptor
(SCH or CD117, a tyrosine kinase membrane recepldre KIT recepto (SCF receptor or CD117) is a

976 amino acid protein with a molecular weight of 145 kP&] [13] KIT ligand (or SCF) enhances
development, proliferation, maturation, survival and mediator release from IK@srmal conditions,
regulation of KIT receptor is tightlgontrolled by KIT ligand. In contrasf, cKIT D816V activating point
mutationoccurs,constitutive activity of theKIT receptor,excessive proliferation, increased cell survival
and an aberrant expression of a series of proteimsluced [14] [15] [16] In figure below the mutation
location on CD117 is illustrated.
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Diagnosis of Mastocytosis

The diagnoss of mastocytosias handled in the World Health Organization (WHi@pends orseveral
clinical, morphological,molecular and genetiobservationsOne of the most evident observations in
mastocytosis icludes topical involvemenfl7]

Additionally, mastocytosis may present systemic involvem&he presence of more than one multifocal
dense infiltrate consisting of at least M&s in aggregate in &one marrowBM) biopt is considered a
major criterion for systemic involvemeirt mastocytosis. If additionally one of the following minor
criterig, or three of them aloneare found positive the diagnosis of systemic mastocytosis (SM) is
established. The minor criteria diiest, more than 25% oMCs in BM or other extracutaneous organs
being spindleshaped or having atypical morphology. Secondstection of the activating point mutation

at codon 816 of the KFgene inBM or other extracutaneous organs. Thirdly, expression of CD25 on the
cell surface ofMCs in BM or other extracutaneous organs. Fourthly, serum total tryptase being
persistently higher than 20 ng/mL in the absence of an assoe@atetologicaheoplasn{AHN). [18]
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Classification of Systemic Mastocytosis

The WHO 2017 classification oM is clinically subdivided into different forms; iéndolent systemic
mastocytosis (ISM)smouldering systemic mastocytosis (SSMjgressivesystemic mastocytosis (ASM)
systemic mastocytosis with an associated hematological asopISMAHN) and mast cell leukemia
(MCL). The subclassification of SMintodd i f f er ent f or ms i s bedfindmngs t o
and fAcyt-oeqdu Eibdngswhick correlate with the graveness of the diseandndicate
organ involementwith or withoutorgan toxicityrespectively Detection of an MC burdetinat reaches
up to more than 30% infiltration dBM biopsy with serum total tryptase200 ng/mL is considered a B
finding. Signs of dysplasia in nevC lineages with the absenoé an AHN likewise. Lastly, apalpable
hepate andor splenomegalyis also considered a-fhding. C-findings are confined to firstBM
dysfunction caused by neoplastic MC infiltration, manifested by one or more cyteptnaut off values
for absolute neutrophil count <0lx 10° /L, hemoglobin level < 1@mollL and platelet count < 100 x 10
/L. Secondly, hepatomegaly with impairment of liver function which imayts most severe formsause
ascites or portal hypersion.Thirdly, skeletal involvement ithe form of osteolytic lesion®steoporosis
is a diffuse form of skeletal degeneration atws not qualify as a-finding). Fourthly, splenomegaly
with hypersplenism. Fifthly, malabsorption with weight loss causedastrointestinal MC infiltration.
[1B]For t he r e a dthlessumntadzesre states olassfication.

Table 1 Classification of SM based on B and C findings and provisional subtyj@sta from Horny HP, Akin C, Arber D, et
al. Mastocytosis. In: WHO classification of tumors of haematopoietic and lymphoid tissues. Revised 4th edition. Lyon
(France): IARC Press; 2017.

Criteria for SM Provisional subtype
ISM No C findings Bone marrowmastocytosis
SSM >1 B findings & no C findings

SM-AHN | Criteria for SM MDSMPN, AML,
lymphoma or other AHN apply

ASM 1 or more C findings Transformational: 5%<BMICs<20%
Untransformational: BNMICs<5%
MCL BMMCs Q20%: Classic/aleukemidd10%/<10%

Chronic/acute: no C findinggQL C finding

SM can be manifested with an AHN. In most cases an Ad{iNesentdas a myelodysplastic syndrome
(MDS), myeloproliferative neoplasm (MPN), MDS/MPN, acute myeloid leukemia (AML)other
hematologic neoplasmfL8]

In the WHO classification system the following criteria are heldttier subclassification of SMlo G
findingsand no more than onefihding meets the criteria fdSM. No Gfindings but more than one-B
finding carespmds with SSM Having one or more -@ndings, irrespective of the-Bndings, meets the
criteria for ASM. Furthermore, for the verification of MCL no-Br Cfindings are taken into account,
instead if >20%MCs are found in BMhe diagnosis of MCL is confimed.[18]

Provisional Subtypes of Systemic Mastocytosis

Different SM subtypes are further classified. Within ISM a rare fernich is associatedvith better
prognosis is reported, namely isolated bone marrow systemic mastodyi®sASM can bedividedinto

a transformational staf®SM-t) if 5%<MC<20% in BM is found or ito an untransformational state if
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MC<5% in BMis found.[20] MCL can be either classic or aleukemic M@thereMCsma ke up O10 %
or <10% of the peripheral blod@B) white bloodcells count respectivelynd chronic or acute MCL
where respectivelysoldy organ enlargememr organ toxicity is observe(R1]

One of the less Wedescribed subtypes of SM is welffdrentiatedsystemic nastocytosis (WDSM). It is
reported to typically show compact MC infiltrates in BM, have a round morphdbagyng no expression
of CD25 or CD2 and showing no KIT mutation. It may present as any category of SM considaaimd) B
C-findings.

Prognosis of Systemic Mastocytosis
SM shows clinically distinctive subtypeabat bear significantly different prognoses. This is important
considering time and choice of therapy.

ISM has a low disease progression rate amgigal in patients witnSM is superior to that of patients
with ASM and MCL and doesnot significantly difer from overall healthy patient422] Median age
within ISM patients at time of first symptoms is lower compared to other types ofSBMpatients show
anaphylactic reactions and skin involvement in greater exteistestimated that around 95%, 50% and
less than 50% of ISM, ASM and MCL patients respectively show skin involve[28h#lso, the risk of
anaphylactic reactions in children correlates with skin involvement and serum tryptasq24y %]

Nonetheless in some cases ISM disease progressigkSM or MCL occurs.SM may present as

smoldering neoplasrand slowly progress to ASMhut may also present as rapidly progresgisiM or
MCL.Addi tional ly, a patientsd di gnera aggressivassocidiesigi n a s
hematological neoplasms such as acute myeloid leukemia (ARA]).

Multilineage involvement in the KIT mutation and inased serurb2-microglobulin are so far knowthe
most powerful independent parameters for predicting transformation into a more aggressive form of the
disease[27]

In general dgnificant inverse associations betwegatientsurvival and WHO subtype, advanced age,
weight loss, anemia, thrombocytopenia, hypoalbuminemia, and increased bone marrow blasts have been
found.[27]

Immunophenotype of M ast Cells

The immunophenotype d¥ICs aids in the determation of the diagnose of SM. Differehtomarkers
have been described in literature to be involved in SM. Prominently, if bone marrow mast cél€¢BM
show positive CD25 expressiorethone of the minor criteria f@&M is fulfilled. Additionally,biomarkers

like CD2, CD52, CD22 and CD123 show-up downregulation in variable patterns in S$ignalizing
specific patterns in the immunophenotypeéviifs that associate with the development of an indolent form
of SM to a norindolent form of SM or an AHN could be of great progrosalue.

In this research, selection of a series @iomarkers has been made for measurement in a heterogeneous
cohort of péients suspected of mastocytosis in an attempt to dissovgroups ommmunophenotypical
grounds and to find associations between immunophenotype and clinical features of added value.
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Biom arker F unction
A background understanding of the biological fiimre of all markers used in the protocol is essential.

CD117is highly expressed on hematopoietic stem cells (HSCs), multipotent progenitors (MPPs) and the
common myeloid progenitors (CMPdh contrast, the common lymphoid progenitors have low CD117
expression. During maturation CD117 disappears from most hematopoietic éeliong the matured
hematopoietic cel|sCD117 is expressed dviCs, melanocytes and the interstitial cells of Cayihen

SCF binds to CD117%#eceptordimerization occurs, and an intellar signaling cascade is induced to
augmentell survival, proliferation and differentiation.

CD45 is member of the protein tyrosine phosphatase (PTP) fathilg.a pan leukocyte markett is

k nown ffuoation intregubating Band T cells antgen receptors, and as a negative regulator of
cytokine receptor signaling, thus generating a negative feed@&tEurthermore, it has a regulatory role
in hematopoiesisindeed, ehanced CD45 expression @M leukocytesinduces higher motility in
response to stress signd9]

CD71is the transferrin receptor 1, and is involved in the iron uptake from transferrin through endocytosis.
[30]

CD2 is a cell adhesion molecule and possessesstiroolatory function. It is normally expressed on T
cells and NK cells[31] [32]

CD30is a tumor necrosis factor receptor. It is specificalpresed on activated -Band T cells. When
TRAF2 and TRAFS5 bind to this receptor, apoptosis is enhanced, and proliferation of CD8 effeelisr T
is inhibited.[33]

CD13 or alanine aminopeptidase is located in the simtdbktinaland renal microvillaimembrane and
involved in peptide digestion by gastric and pancreatic proteases. It is further expmessexkimal
tubul ar epithelial cel l[84] where itsd function is

CD25 is the alpha chai of IL-2, a receptor on T cells with a regulatory function to prevent T cell
autoimmunity. It is mainly expressed on activaidnd T cells, thymocytes, myeloid precursors and
oligodendrocytes-However, resting Icells also exhibit constitutive activigf CD25.[35] [36]

CD52 is mainly expressed on mature lymphocytes, monocytes and dendritic cells, it is a sialic acid
binding Iglike lectin 10 (SIGLEC10)[37] It is bound to the immunoreceptor tyrosina@sed inhibitory
motif (ITIM) intracellularly, thus decreasing activation of molecules involved in cell signdBag.

FceRlis the highaffinity receptor for antibody IgE, which igrimarily involved in inducing allergic
reaction. FceRl is expressed on MCs, basophils and eosindBBi]sCrosslinking of FceRI with IgE
triggers an intracellular cascade that leads to degranulation of cytokines, intes|dalkotrienes and
prostaglanding40]

CD33is SIGLEC3and mediates the same effect as CD52. Except, it is mainly expressed on myeloid cells
[41], though it has been detected on lymphoid cpl].

CD56 is a neural cell adhesion molecule (NCAM), expressed on neuron, glia and skeletal, muscle
however, al so found within hematopoietic |ineages

13



the morphogenesis, and later stages for adhesion of neursuron and neuremuscle junctions[43]
CD56 expression is also found in the hematopoietic system where it seems to be confined to activated
immune cells exhibitingytotoxicity. [44]

CD123is a heterodimeric cytokine receptor expressed on pluripotent progenitor cells and it induces
proliferation and differentiation of hematopoietic cell lines. An upregulation of CD123 is associated with a
series of éukemic disorderg45]

CD22 belong to the SIGLEC family of lectins. In general, CD22 has a negative feedback role on the
activation of the immune system and development of autoimmuuhil/[47]

Immunophenotype SM vs non -SM

All nucleated hematopoietic cells express CD|®B] MCs express more CD117 than all other normal
CD45 nucleated hematopoietic cells. This allows for their identificatio a sensitivity level of 1Dto
10° within nucleated hematopoietic cell#9] Additionally, in case of SM, BMMCs show slight
abnormal downregulation of CD117 (100%) and CD45 (100%0)]. [51] However, in one other study
CD45 is mentioned to be upregulatfsR]

Furthermore CD71 (38%) and FceRl @.03 vs normal BM) are also downregulated in Btl]
[52]Specifically, patients with ISMwith hepatomegaly and/or splenomegahd increased tryptase levels
have lower BMMC expression of FceRIAlso, BMMCs from ASM, ASM-AHN, and MCL, show
aberrantly lowsidewardight scatte(SSC)and FceRI expressiofb2]

An algorithm for the classification of SM patients with multilineage cKIT mutation vs patients with KIT
mutation restricted to BMMCs was built. Using this algorithm, patients with multilineage Ktatiom

were identified based on aberrant expression of CD25 by BMMC and absence of a coexisting normal
BMMC population.[53] Consistently lower light scatter values were significantly associated waith
increasing number of niated BM cell compartmentgb3]

Also, CD25 (92%) and CD2 (72%) are strongly upregulated, and CD33 (100%) and CD123 (73%) are
slightly upregulatedn SM. CD13 and CD22 show variably dim to strong expression on BMMCs, but are
more often upregulated in SM (33% vs 75% and 60 vs. 96% respectjgély).

Interestingly, CD52 has been identified as a marker that is abundaptlyseed on neoplastic MCs in
ASM. In contrast patients with normal MCs or with ISM exhibited negative to dim expression of CD52.
[54]

CD30 expression is positive in most SM patients (80%), whereas CD30 expressionniastogtosis

cases is significantly lower (4,8%). Using CD30 as a diagnostic marker additional to CD25 has shown to
increase the accuracy of SM diagnosis, in specific for WDSM where a’@IIx6 immunophenotype is
expressed. Otherwise, CD30 did not show addddevin prognostic stratification of ISM or differential
diagnosis between ISM and ASB5]

Three distinct immunophenotypes within SM that corresponded to patients with (1) ISM/cMCAD:
CD25/CD2'/CD45+/CD203¢/CD123; (2) WDSM: CD25/CD2/CD22" and (3) ASM and MCL
CD25/CD2/CD123/tryptas&”/SSC* have been identified. Furthermore, SMIN cases showed
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variable immunophenotype patterns that corresponded to the SM component subtype. This gives the
impression that SM and the AHdevelop parallel to eachother within a pati§si2]

Association of Immunophenotype with Clinical F eatures

Mastocytosisexhibits an array of clinical symptoms that may be classifiedllagyy-like symptoms or
rather resemblehe features of a neoplasm. Among allergienptoms areslevated methylhistamine
(Mhis), methylimidazole acetic acid (MIMAxndtotal serum tryptase level§he shift is made to a truly
neoplastic disorder when symptoms of organ involvement, or even dygfimction appear. They are
represented by the previously describedaBd Gfindings, typically involving elevated bone marrow
blasts, high MC infiltration rates and dysplasia, an increased red bklbdistribution width (RDW),
cytopenia, and eosinphilia being at the border of the two classes.

Research Goals

In this research the aim i{d) to work out a gating strategy to assess the factual immunophenotype
expressions in a large cohort of SM patieadtsng with laboratory findingg2) to discoverSM subtypes

on immunophenotypical groundsid (3 to detectassociationdetweenimmunghenotype and clinical
features of added value
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Materials & Methods

Principle of Flow Cytometry

For our analysiBMMCs are acquired. BM smears are taken from the patientbasd andar d oper
procedurSOP)f or bul k | ysing erythrocyt eispeiformed lathis, s us pe
erythrocytes are selectively lysed with ammonium chloride to retain sosibensionwith purified

leukocytes.

For MC parameter acquisition flow cytomeisy applied and for this purposehe Beck and Dickinson
FACSCANTO 2flow cytometer is used-low cytometry depends on the principle of stained individual
cells passing by a $&r beamdetecting certaingrameters. fie laser beam is obstructed as the cell passes
by. This is detected by a frontal detector and timiégbt obstruction idoggedandtranslated t@ forward
scatter(FSQ signal Synchronouslythe laser beam is attered by inner particles of the cell proportional

t o i t grénuldrity Thes scatter is detected by a side detector armbiwverted to aide ward scatter
(SSC) signal Cells are also stained with fluorochromes bound to specific membrane proteins.
Fluorescence of thedsomarkes is detected by a series ofherdetectors for each color one detector.
With this, a series of variables is logged per evé&very event passing the detector should in principle
equal one cell.

An output of plots is created, whds®marker expression intensities and scatter propestiali events of
one measurementn be variably plotted against each other. For data analysis INFINICYT (Cytognos SL,
Salamanca, Spain) was used.

Data Assessment

Gating Methods

MC population from all events is defined: (1) Cell debris is ruled out, considering intact cells cannot have
an area < 50.000 on FSE (2) from all hematopoietic cells, nucleated hematopoietic cells fraction is
defined as CD4% (3) MCs areselected as the most positive CDI1@ell cluster from the remaining
events and lastly, (4) events that come from doublet cells are discarded, which are identified by their
abnormal forward height to forward area scatter rafiosdefine effective markezxpression of a defined
marker on MCs, a correction for autofluorescence must be made. This is calculated as (median crude
marker expression)(median autofluorescence intensity).

First, populations are analyzed and false populations and artifacts esntifiédl with the principle of
identifying recurring patterns, while taking into account biological variation.

CD25 is bound to fluorochrome PE, and may present one positive and one negative population in a
patient. However, in a significant number of easautofluorescence signal PE also presents the two
respective populationsThis is a false CD25 positivity case marked by the presence of highly
autofluorescing eosinophils that are not filtered in the CD#afe. Theicrudeexpressionn comparison

with CD25 MCs is typically FSGA"FSGH"/SSGA"HV500-A"/FITC-A®™IPE-A"Y/PerCR
Cy5-5A"™"YCD45"CD117°"/CD2*™ICD25""/CD33°"/CD30""/CD52™"/CD22""/CD56""CD138""
/ICD13"/FceRIPY/CD34""CD123"" More importantly, theirexpression compared to CD2BICs is

most distinct on the CD45 and CD71 channel, as they show greater positivity on these charmmels tha
CD25" MCs do. Furthermore, if no distinction on one of the backbone markers can be made, yet a double
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PE population is oberved, then eosinophils may be cleared in tube 2 where CD25 resides with the CD33
negative gate. The CD71 gate is the muistinctive gate inthis aspecin the current protocolThe
corrected expression for autofluorescenéeeosinophilsis: CD2"/CD25/CD33/CD30"/CD52/CD22
/CD56/CD138" /CD13"/FceRI/ICD34/CD123

An artifact onHV500-A autofluorescence channel is regularly obserttedonsists of a small cluster of
around 10 events characteristically and shows high SSC properties aadtofifiorescence. It is seen on
several other channels, but can be best gated out using the AS@hnel.

Different cell clusters show overlapping expression with doublets and are considered false MC
populations. The right side lines on CD138; CD13; €¢P3D123 with high SSConsist of the same cell

type and are considered a false population. This population also variable recurs 8¢ @iely to

true MCs.

Merging is not performed as it cannot give accurate estimations of cell expression wijbdntities.
Moreover, the merge algorithm that is used in infinicyt spreads out SSC, giving loss of information about
SSC properties of MCs. Also, loss of information is created in the aspect distribution of CD25
subpopulations on other channels.

For extesive gating instructions and data assessment methods see appendix annex 1.

Laboratory and Clinical D ata

Laboratory and clinical data for all cases is collected. Laborattata includes Urinary N-
methylhistamine(Mhis) and methylimidazole acetic acid (MIMA total serum tryptase levelBeta2
microglobulin, cell counts includindeukocytes, erythrocytesgemoglobin,thrombocytesgrythroblasts,
neutrophils, lymphocytes, monocytes, eosinophils, immature granulpb{@ssin BM smears and biopts
with dysplasa rates, blasts and eosinophils in BiMd cell properties including hematocrits (Ht), mean
corpuscular volume (MCVandred blood cell distribution width (RDWXlinical data includes gender,
age at date of first symptoms, performance status, skin invelvierdiagnose, Band Cfindings and
allergy.

Statistic al Methods

Variables

Forall continuousvariables from MC populations cell counts, percentages from total events, medians and
first and third quartiles were calculate@linical dataincludes continuous, ordinal and categorical
variables

Statistical Calculations

1. To test for the presence of grouwpghin one distribution(because we do not assume a normal
distribution)Test €é must be used.

2. For the correlation of two continuous variables (€525 with CD52) (no normal distribution
assumedKruskall Wallis test is used to compare overall equality of groups, then-Méniimey
U-test is used to compare group pairs.

3. For the correlation of a continuous variable wdichotomous variabléall markes with cKIT)
the pointbiserial correlationisusgdi t 6s equi val ent to camputing

t !

4. Continuous with categoric@llor correlatingmarkers with diagnosd)e st €é must be usec
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10.

11.

12.

For correlating two dichotomous variables use the chi sguast or the phi test
For correlating two categorical variabl es
Cramer 6s Phi) test.
Spearmanés test?
Univariate analysis (which marker has biggest influencevamable ¥ (only for continuous
variable$
Multivariate analysis (which combinations of markers show greatest influengariale %)
(only for continuous a&riables?) Difference between uni/multivariate analgsid the previous
testsis that here you are not defining the variable beforehand.
| needa multivariate analysis where | can test for effects of continuatiableson categorical
variables(very important!)
Sensitivity/specificity of markers for cKIT:

a. true pottive (TP)/(TP1false negative)

b. specificity as true negae (TN)/(TN 1 falsepositive)

c. positive predictive value (RPB as TP/(TP 1 false positive)

d. and negative predictive value (NPV) as TN/(TN 1 false negative).
Parallel coordinateare used as means toswiftly test forassociations betweevariables on
multiparametridevel in one comprehensive representation.
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Results

Gating methods

Recurring patterns have been identified. Populations are characterized based on empirical, and partially
analytical evidenceFirst, it is stated MCs are defined as the population witht mpositive CD117
expression. It is found that two populations may interfere with the MC cluster on the CD117 channel:

(1) A population that has been identified as eosinophilith high SSC and a crude expression in
comparison with CD25MCs of typically FSGA""/FSGH""/SSGA""HV500-A"/FITC-A"IPE
AM/PerCPCy5.5.A""/CD45""/CD117°"/CD2*™ICD25""/CD33°"/CD30""/CD52""/CD22""/CD56'
'"/CcD138"9" /CD13""FceRI™Y/CD34""CD123"". And a corrected expression for autofluoresessfc
CD2"/CD25/CD33/CD30"/CD52/CD22/CD56'/CD138" /CD13"/FceRI/CD34/CD123. In figure
below exemplary eosinophils clusters are shown.
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Figure 5 Expression pattern of eosinophils and interference with MCs.

Furthermore, an immunophenotyping of this population has been performed with CD18, CD3/CD56,
CD64 and CD3/CD5and Bcells, T-cells, monocytes anaatural killer cellsvere ruled outespectively.

(2) A population with low SSC, that has yet to be idesdifivith CD459" expression compared to MCs,
an FSGH and FSGA expressiorthat is very similar to the expression of normal MCand in a great
variety of cases an even more confined FBESGA expression then normal MQs exhibit and a

scatterecexpres i on pattern on other channel s. Bel ow, exer
are shown.
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Figure 6 Expression pattern of CD1I7low SSC population and interference with MCs.
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Additionally, specific patterns in thgrotocolthat may be artifacteave been detected. It is observed in
virtually all cases where CD71 is present in the protocol, CD203c is upregulated. In contrast, whenever
CD71 is absent, no CD203c is detected. This is illustrated in figure below.
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Figure 8 CD203c signal in absence of CD71 biomarke Figure 7 CD203c signal in presence of CD71 biomarke
measurement type number 170478. measurement type number 170914.

Additionally, a HV5006A very bright, very low FSCH/FSCGA small populationwith dubiously similar
expression on several channisleccasionally observed

A population that occupies the righids lines onCD34-PerCRCy5-5-A, CD123:APCA and CD22
PerCPCy5-5-A, exhibits negative FceRREA expression and positive CDETC-A expression is
regularly observed. This population shows negative for CD45, and doublets have partially been associated
with negative C@5 expression. This population does not fully fall below the -FBESCA diagonal on

the areaplot.

Commonly, expression oflabiomarkers with PerCIy5-5 and HV500 as fluorochromes was spreaded
towards the left side line. This phenomenon is also regutabserved for fluorochrome APC and
incidentally detected for fluorochromes PE and FITC. Events from the left side line in these cases did not
show abnormal expression on any of the other channels.
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Marker Correlations with cKIT

In this series of resultsorrelation of marker expression with KIT mutation is shown in (1) boxplots; (2)
histograms, where in the first diagram the whole patient cohort is plotted, and in the second diagram the
the cKIT positives are split from the cKIT negatives for comparisuh (8) ROCGcurves are plotted to
assess thdiagnostiautility of the markerswith sensitivity and specificitputcomes

A comprehensive overview of biomarker expression is presented and significant correlations of primary
interest are depicte@he complée results set is included in appendix annex 2.
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CD117 downregulation in cKITcases is observed. In the histograms expression seems to follow a well
defined lognormal curve with great overlap between the two peaks and possibly a small CD117
subpoptation within cKIT cases.
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Figure 13 CD45ROC curve showing sensitivity
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ROC Curve
e E specificity rate for cKIT mutation for all possible cut off
U values.
T H—'—H I
M CD45 upregulation with cKIT mutation occurs.
f In the histogram a clear differentiatido@tween
| two peaks can beeen.In the ROC curvat is
z observed that with CD45 it is possible to
* o determine cKIT mutation with a sensitivity to
specificity ratio ofapproximately82% to 80%
respectively.
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Figure 16 CD2 histograms showing CD2 has two
populations within poisitive cases and one population
within negative cases.

Figure 14 CD2 ROC curve showing sensitivity to specificity
rate for cKIT mutation for all possible cut off values.

In figure 12it is observed that with CD2 it is
possible to determine cKIT mutation with a
sendiivity to specificity ratio & approximately
50% to 736 respectively.This ratio is lower
than ratios for CD45 and CD52. It is seen that
CD2 reverses direction on higher @it values.
This is caused by the presencaendénsdy bright
CD2" cases wihin cKIT negative population.
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Figure 17 CD30 boxplots showing CD30 is upregulated in
cKIT positive cases

Figure 18 CD30 ROC curve showing sensitivity to
specificity rate for cKIT mutation foall possible cut of
values.

An upregulation of CD30 within cKITcases is observed. In figure 14 it is observed that witB0Ds
possible to determine cKIT mutation with a sensitivity to specificity ratio of approximatétytd 8%
respectively.
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10 RCI)C =l ‘ Figure 21 CD25ROC curve showing sensitivity to specificity

rate for cKIT mutation for allpossible cut off values.

05 JF A CD25 upregulation is observed within cKIT

cases. A group of outliers within cKlTcases is
specified. This can be seen in the boxplots as well as
the histograms. It is observed that with GDORis
possible to determine cKlTmutation with a
sensitivity to specificity ratio of approximately 82%
to 87% respectively.
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CD123
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Figure 24 CD52 histograms split into cKIT positive and Figure 25 CD52ROC curve showing sensitivity to specific
negative cases. rate for cKIT mutation for all possible cut off values.

In the boxplots, CD52 exhibits an upregulation for cKt@ses. More specifically, in the histogram for the

total cohort three peaks are observed. iMinese histograms are split for cKldnd cKIT cases it is seen

thatthe first peak and partially the second peak represent the negative cases, whereas the positive cases
are represented by the other part of the second peak plus the third peak. Foethieisiobserved that

with CD52 it is possible to determine cKIT mutation with a sensitivity to specificity ratio of
approximately 79% to 80% respectively.
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Figure 26 CD123boxplots showing C23is upregulated Figure 27 CD123 histogram for the total cohort.

in cKIT positive cases
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Figure 29 CD123 histograms split into cKIT positive and Figure 28 CD123ROC curve showing sensitivity to specific
negative cases. rate for cKIT mutation for all possible cut off values.

In the boxplots an upregulation of CD123 for cKiases is exhibited. In the histogram of the total cohort
one peak of which the right tail is longer than the left tail is observed. In thel&€dd split histograms

it can be seen that the right shift of positive cases is present, but shows gregi wuttrithe negative
peak.
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Dendrogram

In this dendogram cohort variables are clustered based on simiagitgson correlation is used as a
i g rolueptswdemkage

distance measure, because rdidtribution is assumed, and clustee mh h o d
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Figure 30 Dendrogram of total cohort presenting interrelatedness between biomarkers using distance measures.

CD25 is most linked taKIT, next CD52, and next CD45, this follows the expectaiZid56 is most
linked to CD123. CD56silinked to multilineage involvement, and CD123 is a maturation marker. Both

markers are brought into relation with more aggressive forms of SM. This is inter€&ih7 is most

related to CD33 and then CD2. This is interesting and needs to be exgldeki.4
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Correlation of all Markers with in a Proximity Matrix

In this table it is shown for every marker how much it correlates with adl otlarkers. This is of specific
interest to reveal correlations and a possible interplay between markers other than the correlation of
markers with centrally the cKIT mutation.

Table 2 Proximity matrix showing correlation between all possible combinations of markers

Proximity Matrix

Carrelation between Vectors of Values
cony CD45 com co2 cD3o cD13 co25 cpa2 FceRl cD33 CD&6 cD123 cD22 ch¥ CD138 tkIT

con7 1,000 008 146 206 =212 -333 - 546 -392 -155 376 -139 -118 174 -,291 -198 - 583
CD45 008 1,000 A1 -070 479 A14 626 433 146 234 505 430 133 -105 121 A2
CDT1 156 121 1,000 184 194 078 -010 - 011 ,300 234 155 212 - 056 - 374 - 066 - 166
cD2 206 -070 184 1,000 127 050 -278 - 150 075 259 197 083 010 -073 - 063 -133
CD30 -212 A79 194 127 1,000 369 A78 355 292 247 A76 500 151 -197 127 456
cD13 -333 A4 078 050 369 1,000 460 369 340 -043 A73 02 050 =110 058 407
CD25 - 548 626 -010 -278 A78 460 1,000 779 384 104 491 487 245 025 074 824
CDa2 -382 433 -0 -150 335 369 779 1,000 503 098 445 4086 197 075 007 662
FeeRl -155 146 300 075 292 340 384 505 1,000 166 326 245 091 -092 -023 192
CD33 376 234 234 259 247 -043 104 098 166 1,000 496 389 126 -228 -276 007
CD36 -139 505 145 197 576 A73 491 445 326 496 1,000 45 250 - 113 - 257 384
cD123 -118 430 212 093 500 402 497 406 245 389 645 1,000 092 -136 -053 412
cD22 174 133 - 056 010 151 040 245 187 081 126 250 082 1,000 204 - 055 173
CD34 -291 - 105 - 374 -073 -197 =110 025 075 -082 -228 =13 -136 204 1,000 118 -022
cD138 -198 12 - 066 - 063 127 048 074 007 -023 - 276 -257 -053 - 0585 118 1,000 154
ctKIT - 583 A72 - 166 -133 456 A07 824 662 182 007 384 412 173 -022 154 1,000

This is a similarity matrix

It is seen CD117 with CD45 has 0,008, aitds known that CD117 is downregulated in cKIT+ and CD45
is upregulated in cKIT+. So CD117 should have a significant stronglaton with CD45. Is this number
so low because there is an inverse relation? How can SPSS interpret this aspect differently?

It is skewed because SPSS interprets the numbers as scales, would it solve the problem if theseariables
as ordinals?

Probablymultiple way anovas a solutio®
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Expression Patterns

In this section, matrices showing combinatorial expression patterns are pre8dvitexibox indicates the
positivity for the concerning marker, a white box indicates the marker is neghtigeseen that CD33 is
virtually always upregulated in cKITas well as in cKITcasesCD25 upregulation is accompanied by
CD2 and CD52 positivity. Interestingly, in some cases CD25 occurs without CD52 upregulation, likewise
for CD2. However no CD52 upregtilen is observed where CD25 is not upregulated within cKIT
positive cases, whereas itdporadicallyobserved within cKIT negativeaseslin this way, observations

are made to detect subpopulations within the total cohort.

Table 3 Matrix showing the combinatorial expression patterns within the cohort for cKIT negative cases.

cKIT CD2 CD30 CD25 CD52 CD33 CD22| Frequery
78
24
6

5
6
3

Table4 Matrix showing the combinatorial expression patterns within the cohort for cKIT positive cases.

cKIT CD2 CD30 CD25 CD52 CD33 CD22| Frequercy
17
26
19
12
9

5
4
4
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Table 5 Matrix showing the combinatorial expression patterns within the cohort for cKIT positive and negative casé¢ise
whole set of markers
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Comparison Autofluorescence Sgnal with Marker Sgnal

In these plots an impression is deshof the autofluorescence variance relative to marker expression in
order to make an estimation of the validity of marker expressions where no autofluorescence signal was
available. Additionallyjnformation about theomparison of autofluorescence betweKIT and cKIT
caseslso has added value.
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Figure 34Autofluorescence variance of AP® relative to CD22 expression variance.
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Discussion

Gating Strategy

An efficient MC gating is established with the fesiep selection: discarding debris; selecting
hematopoietic nucleated cells; defigiMCs and cleaning doublettfo] However, in order to assess
accurate marker expression for association studies, false populations ants antiéatto be cleared. For
the mastocytoss protocol that is used in the Universytdfiedical Gentre of Groningen (UMCG), clinical
chemistry a need for the following corrections were affirmed.

In literatureCD71 is stated to be downregulated in S51] However, no significant relation between

cKIT and CD71 was found. Rather, CD71 showed a double populatepgreat number of cases, where

the first population was clustered on the left side line. This side line consisted of normal MCs on other
channels and did not seem to be an artifact. More®@I@203c also showed no relation with SM while it

is reprted to be upregulated in S§A1] Instead, in virtually all cases where CD71 was present, CD203c
was strongly upregulated, while in absence of CD71, CD203c showed nalaficeg CD71 is used as a
backbone marker in our protocol, which means that the two fluorochromes do reside in the same tube.
Furthermore, fluorochromes APIE7 and PerCRCy5-5 were used for CD71 and CD203c respectively.
These two fluorochromes have greatrlap in their emission peaks. Therefore, this could be an artifact
caused by spectral overlap for which spectral ovantappensatiosettings are not correctly set.

CD25 needs to be put in backbose that the distribution ofMCs against CD25 expressi can be
accurately determined. Until now, if distribution MICs against CD25 expression for a specific marker

that is not in the same tube as CD25 is, needs to be determined, either all tubes need to be merged, or the
CD25 positive versus negative MCsed to be defined in the backbone. In the first case artifacts come up
because of the algorithm that is used for merging. In the latter case a mere approximation to define MCs
according to their CD25 expression is made, which in some cases is far froateilti

A populationthat expresses very low SSC aindcomparison with normal MGss CD117" and CD45

" isobservedl t s & e x pr eH/RESGCA correspondsFvBrwell with the population of normal
MCs. However, the expression pattern on all oteemnels seems very scattered and needs to be further
explored. If it seems to be an MC population, then it means there may be a subpopulation within normal

MCs . I f it seems not to be an MC popul ation then

A populationwith CD117 positivity that in some cases is undistinguishable from MCs has been detected.
It is considered very likely that the population consists of eosinophils, because of several findings. First,
they express a characteristic highly positive profile amtofluorescence channel&6] Secondly, an
immunophenotyping of this group has been performed with CD18, CD3/CD56, CD64 and CD3/CD56 to
rule out Bcells, T-cells, monocytes or natural killer cells respectively. Thirdly, aetation was found

with the cases where this population had a high number of events and where an eosinophilia was
microscopically diagnosed.
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Immunophenotype

Findings of individual marker expressicare consistentith literature statements to greatent. CD117
downregulation and CD45, CD2, CD25, CD52, CD33, CDC®,13,CD22 and CD123 upregulatian

SM had been previously foungb1] [52] For CD34 it is found no upor dowrregulationin SM occurs.
[51] [52] These findings are confirmed in our datag#d.71 is downregulated in SNB2] In our dataset
this could not be confirmed, which is probably doen artifact in our data. CD138 is used as a negative
control to exclude multiple myeloma and isght not to be involved in SM57] Indeed, no upor
downregulation of CD138 has been found in the cohort.

For some diagnoist relevant antigens, of which among others CD34 and CD56 belong, it has been
determined that they are never expressed on MCs. Such markers can be used to determine multilineage
involvement of the cKIT mutation, for example in cases of-SIWN. [58] It is of our interest to
determine the correlation of such markers with multilineage involvement of the cKIT mutation, and
consistently, with the risk of disease progressurthy of mentioning is that CD34 did indeed not
correlate with SM in our analysis. CD56 however, did show slightly positive correlation with SM cases.

In some cases we further defined expression patterns from literature statements, or had contradictory
findings. CD25 and CD2 are upregulated in 92% and 72% of SM cases respe@iMdiowever, CD25

and CD2 upregulation in ne®M cases, has not been described yet. In our dataset sporadic CD25 and
CD2 positivity within norSM cases is found.

It has been determined that FceRI is not significantly altered if53Mthough in specific for patients
with ASM, ASM-AHN and MCL FceRI downregulation was fouri®2] However, h our dataset we
found a generalpregulation of FceRI in SM versus R8M cases.

CD307/CD25/cKIT" phenotype is characteristic for WDSN&9] This phenotypecould not be found
within our dataset-urthermore, WDSM correlates with CD22 upregulat{d2] This is not reviewed yet
and may potentially reveal a diagnostic marker for WDSM.

It is suggested CD25 is upregulated in ASM and downregulated again in MEJLThis interplay
between ASM and MCL for CD25 could be reviewed. Aditionally, marker expression in the transition
from ASM to MCL could be determined for all available markers in the dataset, and most interestingly for
CD2, CD52 and CD43.

Lower light scatter values, and in specific the side ward scatter are associated with ASMHN8hd
MCL (P<,02).[52] This could be researched, and statistically elaborated.

In case of SM, BMMCs show slight abnormal dwegulation of CD45 (100%]50] However, in one
other study CD45 is mentioned to be upreguldte®]. In our data we see indeed how wadinfined CD45
expression for healthy and aberrant MCs ist,ibis upregulated instead.

CD52 is abundantly expressed by MCs in patients with ASM. In contrast, patients with ISM and normal
MCs exhibit only negative to dim CD52 expressifi¥d] Interestingly, plotting a histogram of CR5
expression for the whole cohort reveals three distinguishable peaks. Also, CD52 correlates better with the
cKIT mutation then CD2 after CD25. Therefof&)52 may be used as the marker next to CD25 instead

of CD2.
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Healthy MCs usually express a very coefinsmall bandwith forward scatter (FSC), while aberrant MCs

show a broader scatter on FSC. Furthermore, healthy MCs express in some cases an SSC that starts very
low and reaches very high, but are in some cases delimited to low SSC rates. While, aligésrahbiM

in the vast majority of cases high SSC, thoughery fewcases they show low SSC. Aberrant MCs with

low SSC may correlate with MCs that are developing towards ASM or MCL. More research to define this
relation is needed..

Expression patterns withicKIT negative as well cKIT positive cases were found. The found patterns may
possibly open a gate to a classification of SM that shows great overlap with the classification of the WHO
2017, and also may show a classification that associates specifactehiatics coming from different
subtypes with eachother. For example associating the subgroup from ISM that would progress towards an
aggressive form and the already aggressive forms. Such associations may possibly reside within
combinatory expression fi@rns, and may also be found in individual marker transitions.

Moreover, if a markerappeargo give strong correlation with the more aggressive forms oft8ém still
time-relationship of the expression of that marker with progress of disease beconsideredbefore
accrediting it as a prognostic marker. In other wottig seems that the marker only starts to express
whenASM clinical features have already manifestated in the patiemimarker cannot be designated as a
marker of prognostic value, but rather as a marker to affirm the presence of the aggressive disease as is
being clinically observed.

For CD45, CD117 and CD71 no autofluorescence could be determined. To estimateaxirssion

validity of CD45, CD117 and CD71, an estimation of autofluorescence variance relative to marker
expression variance must be made. All available autofluorescence signals were separately plotted along
with one of their coupled markers on lineaalsc For autofluorescence of MCs for FETC, HV500 and

APC no significant variance in autofluorescence for marker expression was observed. For
autofluorescence foPerCRCy5-5 substantial variation within autofluorescence is observed, such that
without arrection for autofluorescence per case, validity of marker expression assessment cannot be
assuredFluorochromes HV450, REy7 and APC were used for CD45; CD117 and CD71 respectively.
From within the tested fluorochromes the nearest fluorochrome in evaythl to HV450 is HV500the

nearest to PEEyY7 is PerCRCy5-5, and the nearest to APC is APC itself. This would initially mean that by
estimation CD45 and CD71 expressions are valid, and CD117 cannot be guaranteed to be. However, MCs
have such a high exgson that circulates around five logarithmical values. This causes the variation that

is observed on PerGBy5-5, and-by extrapolationon PECy7, to be insignificant after all.

Histograms are plotted to see the distribution of marker expression inoktwet.cROC curves for
sensitivity andspecificity determination per marker are plotted. This allows for a rational choice for a cut
off value to set positivity for CD25. Dendrograms are plotted to see the most neighboring markers. A
proximity table is cret@d to test for the correlation of all markers with eachother. This is useful to
determine which markers affect which ones in significant rates, and thereby speculate about biological
associations between the markers. For example, CD123 and CD56 seemignifimantly affected by
eachother. CD123 is a maturation marker, and upreguiaof this protein indicates an immature
phenotype of SM, and CD56 is associated with multilineage involvement, which means that the cKIT
mutation has occurred in one of e lier myeloid progenitors.
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The cohort consists of 319 cases of which 28 immunophenotypical variables are logged, and 60 variables
with clinical and laboratory data included. The dataset is too complex for automated statistical correlation
studies. Addibnally, some variables may rationally have associations with each other, whereas some do
not. Additionally some variables are inherent to oth&rgerefore, performing directed associations tests is
more appropriate. With parallel coordinate plots the issallowed to shift cubff values of one or more
variables, and instantly see what distribution the selected region has on all other parameters.

Correlations and A ssociations for Future Research

For futureresearch we advise to researchrelation ¢ disease outgrow with multilineage involvement
and the possibilityo detect multilineage involvement through (1) detection of KIT mutation in PB with a
cDNA assay; (2mappingother cell typeghat show upregulation of CD117 through an improassay

and in specific for eosinophilg3) defining association with CD2BSC™ MCs and (4) analysis of the
relation of double CD25 population with better prognosis.

Consequently, an increased number of eosinophils should exclude the presence of a double CD25
population, and an increased CD123 likewise.

We advise to researdthis/MIMA as a second criterion analogous to the serum tryptase measuréments
bring into association with immunophenotype and clinical aspects.

CD52 should be reviseds correlatowith disease progressi@s our results showed strong resemblance
concerning CD52 distribution &g what is stated by Hoermann et al.

WDSM remains a relatively unknown subtype of SM for which no fixed criteria for diaghesiecially
basel on immunophenotype yet exist. Association ofCD22 and CD30 with WDSM should be
investigatedMoreover, agood scaffold to define WDSM on base of clinical findings is built. This should
be used to search for any immunophenotypical characteristics that tsaagitiaVDSM.

Individual marker expressions on M@secommonly studied. Distribution of MC subgroups within other

MC subgroups is less well exploreRIotting multiple markers on one channel is a multidimensional
immunophenotypingapproachand will reved MC subtypesin a new waythat have not yet been
describedFor instance, it is frequently observed that CDR2% case of a double CD25 cluster is confined

to CD52, while CD25 from the same case is distributed over CD&#l CD52. Based on this give

MCs can be classified into three groups in total, instead of two groups per marker. This principle can be
elaborated by taking more markers into account, hence the multidimensionality of this approach.

A frame of parametersonsistingof clinical featues with implications foclinical treatment and decision
making is set.It is of importance the data for this frame is collected and coupled to the
immunophenotypical databader further associationsThis will allow for the extrapolation of our
immunophaotypical findings taheclinical setting.
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Appendix

Annex 1:

Assessment of flowyctometric data with Infinicyt ™

Goal
In this header a description is given for the assessment of the marker expression of MCs for the marker
panel as later defined.

Gating instructions
1. Infinicyt™ 2.0 is started up.

2. Analysis is started by clicking on O60Analysi sb6.

3. The 6Typed folder of interest i s opened.

4. All measurements from the different tubes are selected, except for the tube that contains IgE as a
mar ker , and opened. They are mamepdhdURMBEGEIwoNng t
pat ibmbuk®@! D n dcmber 6

5. 6Profile6 > 6Load profile from folder é6 is cl

6. For the old panel of markers O6oud protocol pr o
protocol profile 3.inpb6 is chosen.

7. Onthe SSAA/FSC-A channel the right mouse button is cl
under 6éDensity Configurationdéd O0Total Densityo

8. The SSCGA/FSCA channel is put on full screen. On low S8Cheight three or four density
cluster will be observed. Ehfirst, or the first two clusters that fall largely below 50.000 A5C
are gated out _by drawing a contour around the rest of the clusters. See fig.

§

c-A

Figure 36

9. The SSCA/FSCGA channel on full screen is minimized. The S&LCD45:HV450-A channel is
put on full screen. All nucleated cells are gated as seen in fig.
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Figure 37

100.The selecti on i s defined as nucl eated cell s b
population tab. See fig.

Figure 38

11.The O6EVENTSO6 tab is unchecked and the ONUCLEAT
12. Mast cells are gated on the SBECD117:PeCy7-A channel by selecting the mesbsitive
CD117 cluster of cells. See fig.

Figure 39
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