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Abstract

In non-advanced systemic mastocytosis (SM), mast cells (MC) express CD2 and CD58 and form focal
tissue-aggregates, whereas in advanced SM, MC often lack CD2 and produce diffuse infiltration. To
explore the role of CD2 in SM progression, CD2 + and CD2 - subclones of HMC-1.2 cells were generated
and injected intraperitoneally into pfp/rag2 mice and scid mice. CD2 + HMC-1.2 cells formed focal MC
lesions in the peritoneum and lungs of pfp/rag2 mice, while CD2 - HMC-1.2 cells produced more diffuse
infiltration, resulting in reduced survival. To explore the mechanisms of organ invasion, E- and P-selectin-
deficient scid mice (scid-select) were employed. While infiltrates of CD2 + and CD2 - HMC-1.2 cells were
detected in scid mice, organ-infiltration was markedly reduced or absent in scid-select mice. Moreover,
scid-select mice injected with CD2 + or CD2 - HMC-1.2 cells showed prolonged survival compared to
control mice (p < 0.01). Correspondingly, CD2 was expressed more frequently on MC in patients with
non-advanced SM compared to advanced SM, and patients with CD2 + SM were found to have prolonged
survival compared to patients with CD2 - SM (p < 0.05). Together, E- and P-selectins mediate organ-
invasion of neoplastic MC, whereas loss of CD2 contributes to a diffuse leukemic spread of MC and thus
SM progression with reduced survival.

Background

Mastocytosis is a term collectively used for a group of myeloid neoplasms characterized by abnormal
proliferation and accumulation of mast cells (MC) in one or multiple organs, encompassing the bone

marrow (BM), spleen, gastrointestinal (Gl) tract, and skin.'"® Cutaneous mastocytosis is usually detected

in childhood and shows a benign course.*>8 Systemic mastocytosis (SM) may develop at any age
throughout lifetime and is characterized by persistent disease and involvement of one or more internal
organs with or without cutaneous involvement.’ 4678 |n a vast majority of these patients, the driver

mutation KIT D816V is detected in neoplastic cells.?#6-15

The course, prognosis, and survival of patients with SM vary, depending on the disease variant, genetic

landscape, presence of organomegaly, and phenotype of MC.14811-1316-21 Based on the World Health
Organization (WHO), SM is divided into BM mastocytosis (BMM), indolent SM (ISM), smoldering SM
(SSM), SM with an associated hematologic neoplasm (SM-AHN), aggressive SM (ASM), and MC

leukemia (MCL).?2~2% Whereas BMM, ISM and SSM are collectively called non-advanced SM, patients
with SM-AHN, ASM and MCL are often referred to as advanced SM.%7:8:24:25

The formation of multifocal dense aggregates of MC in hematopoietic tissues is the pathologic hallmark

of SM.2426-28 Whereas in non-advanced SM, most MC are packed within coherent focal cell aggregates
in the BM and other organs, MC in advanced SM are often “mobilized” and may be detected in the

peripheral blood (PB).%4626730 |n MCL, the leukemic spread of MC is massive and is a diagnostic
criterion.®2272631 |n these patients, a devastating diffuse infiltration of multiple organs by atypical,

mostly immature, MC is often seen.®25731 However, little is known about mechanisms and molecules

Page 3/28



contributing to organ invasion of MC in advanced SM and the leukemic spread of MC that obviously
contributes to disease progression.

A number of previous and more recent data suggest that various adhesion receptors contribute to
homing, distribution, and aggregation of normal and neoplastic MC.#832737 |ndeed, neoplastic MC in SM
express multiple adhesion receptors, including leukocyte function antigen-2 (LFA-2 = CD2), Hermes

invasion receptor CD44, ICAM-1 (CD54), and LFA-3 (CD58), a recognition molecule that binds LFA-2.2132"
37

The observation that MC in patients with SM express CD2 in an aberrant manner is remarkable.3%36 CD2
is expressed physiologically on thymocytes, circulating (activated) T cells, and a subset of NK cells,
whereas normal MC and other myeloid cells are usually CD2-negative.33736 |n patients with MCL, the
levels of CD2 on MC are often lower or undetectable compared to indolent SM.2"38740 From these
observations, the hypothesis was raised that CD2-CD58-binding contributes to the formation of MC
aggregates in indolent SM, and that a loss of CD2 during progression to MCL is associated with
decreased cluster-formation and thus a leukemic spread of MC.#21:36

However, so far, this hypothesis has not been tested formally. Another open question is how neoplastic
MC and their progenitor cells invade in various tissues and organs during disease progression. In this
study, we examined the mechanisms of invasion and cluster formation of neoplastic MC in a
xenotransplantation model using the human MCL-like cell line HMC-1.2 and severe immunodeficient
(scid) mice.

Materials and Methods

Monoclonal antibodies (mAb) and other reagents

A number of mAb were used to characterize CD2 + and CD2 - HMC-1.2 subclones by flow cytometry. A
specification of these mAb is provided in Supplemental Table S1. Table S2 features the antibodies used
to stain cells by immunocytochemistry (ICC). Fetal calf serum (FCS), Iscove’s Modified Dulbecco’s
medium (IMDM), penicillin, and streptomycin were purchased from PAA Laboratories (Pasching, Austria).
Additional reagents used in this study are described in the supplement.

Culture of HMC-1.2 cells and generation of CD2 + and CD2 - subclones

The MCL-like cell line HMC-1.2*" was cultured in IMDM with L-glutamine, antibiotics, and 10% FCS at
37°C. HMC-1.2 cells display KIT D816V and consist of a CD2 + and a CD2 - fraction.3® To generate
subclones expressing or lacking CD2, HMC-1.2 cells were sorted using the PE-conjugated mAb RPA-2.10

(CD2) and a FACS Star Plus (Becton Dickinson) as described.36 Then, limiting dilution was performed.
The two resulting CD2 - subclones were designated HMC-1.2 - 2fC7 and HMC-1.2 - 3rD2, and the three
CD2 + subclones were termed HMC-1.2 + 3rE8, HMC-1.2 + 1rH3, and HMC-1.2 + 2fE8. All subclones were
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found to express tryptase and KIT (Supplemental Figure S1) and retained both KIT mutations, D816V and
V560G. Stable expression of CD2 in these clones was tested at certain time intervals by flow cytometry
to confirm phenotypic stability. Subclones were stored in liquid nitrogen until used.

Flow cytometry and immunocytochemistry (ICC)

HMC-1.2 subclones and parental cells were stained with fluorochrome-labeled mAb shown in
Supplemental Table S1 and analyzed by flow cytometry as reported.3®37 |CC was performed on cytospin
preparations of parental HMC-1.2 cells and CD2 + and CD2 - HMC-1.2 subclones using antibodies listed
in Table S2 following standard methods. Details about flow cytometry and ICC are described in the
supplement.

Whole transcriptome array profiling studies

Total RNA was extracted from sorted CD2 + and CD2 - HMC-1.2 cells using an RNeasy kit (Qiagen).
Then, total RNA (5 pg each) was used for GeneChip analysis. Preparation of terminal-labeled cRNA,
hybridization to genome-wide human U133 2.0 plus GeneChips (Affymetrix, Santa Clara, CA, USA) and
scanning of the arrays were carried out according to the manufacturer's protocols
(https://www.affymetrix.com). Robust microarray analysis (RMA), signal extraction, and mRNA level
normalization were performed as described previously (http://www.bioconductor.org/).*? The filtering
criteria required a minimal signal of 50 in at least one sample tested. A complete list of genes examined
by RMA (mRNA species) is available at Gene Expression Omnibus under:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33504. Differences in detected mRNA levels
were expressed as ratio of CD2 + versus CD2 - HMC-1.2 cells. Expression of top regulated genes of
interest (encoding surface antigens) at the mRNA level was confirmed by gPCR using primers depicted
in Table S3A. In addition, we compared gene array studies with flow cytometry staining results using
antibodies against various adhesion receptors. Details are described in the supplement.

Laminar flow assay

To study adhesion of CD2 + and CD2 - HMC-1.2 cells to endothelial cells under flow conditions, a laminar
flow adhesion assay was employed using human umbilical vein endothelial cells (HUVEC). Technical
details are described in the supplement.

Mouse experiments

To define the role of adhesion molecules in HMC-1.2 cell invasion and expansion, 3 mouse
xenotransplantation models were employed. Pore forming gene/recombinase activating gene (pfp/rag2)
mice and severe combined immunodeficiency (scid) mice were purchased from Taconic (Ry, Denmark).
E- and P-selectin-deficient scid mice (scid select) were generated as described previously.*3 All mice
were housed in ventilated cages and supplied with sterile food and water ad libitum. Experiments were
supervised by the institutional animal welfare officer and approved by the local licensing authority
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(Behorde fiir Soziales, Gesundheit, Familie, Verbraucherschutz; Amt fiir Gesundheit und
Verbraucherschutz, Hamburg, Germany, project number #G36/06). CD2 + and CD2 - HMC-1.2 cells were
suspended in T mL medium without FCS. A total volume of 200 pl medium containing 1 x 10® HMC-1.2
cells were injected intraperitoneally (i.p.) into scid mice, scid-select mice, or pfp/rag2 mice (10 mice per
group) following published protocols.*4~4’ Animals were sacrificed when their overall condition became
critical according to an in-house scoring system. Survival was defined as time between injection and
sacrifice. Lungs and intraperitoneal mastocytoma (including invaded organs and surrounding tissue)
were prepared, fixed in 4% buffered formaldehyde and processed to paraffin histology. BM was not
investigated because this study focused on extramedullary organ invasion by MC after i.p. injection.

Histopathological examination of mouse tissues and immunohistochemistry (IHC)

Organ specimens were cut and embedded in 4% agar (Agar Noble, Difco Laboratories, Detroit, MI, USA).
Agar blocks were routinely processed for wax histology and cut into serial sections. The number and
size of lung metastases were quantified in Hematoxylin & Eosin-stained sections according to a
standard protocol.#>#® Staining for human CD44 expression by engrafted HMC-1.2 cells in paraffin-
embedded tissue was performed as described.*” Briefly, after 85°C water bath pretreatment with citrate
buffer at pH 6.0, an anti-human CD44 mAb (BD Biosciences, Heidelberg, Germany, 550392) and an
isotype-matched control IgG2b mAb (Dako, Copenhagen, Denmark; X0944) were applied followed by
application of goat anti-mouse-biotin diluted in TBS (LS-Bio, Lynnwood, WA, USA; LS-C149505), ABC-AP
and Permanent Red (Biozol, Eching, Germany). Sections were counterstained with hematoxylin. Negative
control lung sections were treated without specific antibodies. This omission control and the isotype
antibody control showed no specific staining reactions. Stained sections were examined and
photographed under a Zeiss Axioplan photomicroscope (Zeiss Jena, Germany).

Evaluation of patients with SM according to expression or lack of CD2 in mast cells

A total of 113 patients with SM (females: n = 51; males: n = 62; f/m ratio, 1:1.2) seen and followed at the
Medical University of Vienna, Medical University of Graz, or Kepler University Linz between 2015 and
2024 were examined. The patients” median age was 52 years (range: 20-90 years; IQR: 40—-61 years).
Patients were diagnosed according to diagnostic WHO criteria.?2~2° BM studies included histology,
immunohistochemistry, flow cytometry, and PCR testing for KIT D816V. All studies were performed
according to generally accepted guidelines and methodologies.'%26728394849 gtaging investigations
included ultrasound and/or computed tomography examinations of the liver, spleen, and lymph nodes,
blood counts, and serum chemistry, including basal serum tryptase levels. Expression of CD2, CD25,
and/or CD30 in BM MC was examined by multi-color flow cytometry and/or
immunohistochemistry.?’3%4% Patients were only enrolled when MC had been tested for CD2 expression.
The median observation time was 5.58 years. Progression-free survival (PFS) and overall survival (0S)
were analyzed in all cases. All patients provided written informed consent to participate. The study was
performed in accordance with the declaration of Helsinki and approved by the local ethics committee
(EC) of the Medical University of Vienna (EC number 1549/2012).
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Statistical analysis

To determine the levels of significance in our in vitro and in vivo studies, appropriate statistical tests were
applied. To study the differences in growth rates and expression levels of individual surface proteins in
CD2 +and CD2 - HMC-1 cells, the paired student’s t-test was employed. The significance level of
differences in the percentage of patients with CD2 + MC compared to CD2 - MC in patients with non-
advanced SM versus advanced SM was calculated by chi square test. Results were considered
significant when the p value was < 0.05. To estimate the probability of OS and PFS in our SM patients,
the method of Kaplan & Meier was applied. The significance levels in differences of PFS and OS in the
two patient cohorts was determined by the Gehan-Breslow-Wilcoxon test. We also established Kaplan &
Meier estimates to determine differences in the survival of mice. The resulting significance levels were
calculated using GraphPad Prism software (Version 5.03, La Jolla, CA USA).

Results

Phenotypic characterization of CD2 + and CD2 - HMC-1.2
subclones

Sorted CD2 + and CD2 - HMC-1.2 cells were found to exhibit an identical morphology on Wright-Giemsa-
stained slides. In 3 independent experiments, sorted CD2 + and CD2 - HMC-1.2 cells were cultured
separately for more than 10 weeks. In all 3 experiments, both cell populations showed comparable
growth characteristics and phenotypic stability. In particular, the sorted CD2 + cells remained CD2-
positive and the sorted CD2 - cells all remained CD2-negative. The same clonal stability was found in the
two CD2 + and the three CD2 - HMC-1 sub-clones (Figure S2). Apart from CD2, the CD2 + and the CD2 -
HMC-1.2 sub-clones displayed an almost identical phenotype in our flow cytometry studies (Table 1). In
addition, CD2 + and CD2 - HMC-1.2 sub-clones exhibited an identical pattern of cytoplasmic antigens as
determined by ICC (Figure S1, Table 2). In particular, all sub-clones expressed tryptase, histidine
decarboxylase, vascular endothelial growth factor (VEGF) and heme oxygenase-1 without visible
differences in expression levels (Figure S1, Table 2).

CD2 + and CD2 - HMC-1.2 subclones express an almost identical profile of classical cell surface
adhesion receptors

As determined by flow cytometry, the CD2 + and CD2 - HMC-1.2 sub-clones were found to display an
almost identical profile of cell surface adhesion receptors, except for CD2-expression and lower
expression of intercellular adhesion molecules-1 (ICAM-1) (CD54) in the CD2 + sub-clones (Table 1). All
HMC-1.2 sub-clones were found to express substantial amounts of the homing (invasion) receptor
Hermes (CD44) and the CD2-recognition receptor LFA-3 (CD58) without substantial differences in
surface expression levels (Table 1). Corresponding results were obtained in our gene array studies
(Table S4). In addition, all HMC-1.2 sub-clones expressed P-selectin ligand PSGL-1 (CD162) on their
surface (Table 1). Expression of adhesion receptors was also confirmed at the mRNA level by gPCR
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(Table S3B). By contrast, none of the HMC-1.2 sub-clones tested expressed substantial amounts of
surface E-Selectin (CD62E) or P-Selectin (CD62P) (Table 1). We also examined dynamic adhesion of
CD2 +and CD2 - HMC-1.2 cells on endothelial cells (HUVEC) under physiological flow conditions. In
these experiments we found that CD2 - HMC-1.2 cells produce significantly more firm adhesion signals
on HUVEC than the CD2 + HMC-1 cells (Figure S3).

mRNA profiling reveals overexpression of additional adhesion and tissue matrix-relevant receptors in
CD2 + HMC-1.2 cells compared to CD2 - HMC-1.2 cells

To compare more adhesion-, aggregation-, and migration-associated receptors, sorted CD2 + and CD2 -
HMC-1.2 subsets were examined by gene array studies and RT-PCR. For gene array studies, RNA isolated
from CD2 - or CD2 + HMC-1.2 cells was labeled and hybridized to human genome-wide U133 2.0 plus
arrays. A total of 83 genes were expressed at higher levels in CD2 + HMC-1.2 cells compared to CD2 -
HMC-1.2 cells (Table S4). Table 3 shows a summary of the 12 most upregulated mRNA species,
including CD2. An obvious discriminating feature of CD2 + HMC-1.2 cells was the overexpression of
several gene products known to be either directly or indirectly associated with adhesion, migration or
extracellular matrix interaction, such as galectin-3 (LGALS3), tensin-1, cadherin 11 (osteoblast-cadherin),
cerebral endothelial cell adhesion molecule (CERCAM), and neuronal cell adhesion molecule (NRCAM)
(Table 3, Table S4). However, apart from CD2, no other major cell-cell aggregation-related receptor was
up- or downregulated at the mRNA level in CD2 + HMC-1.2 cells compared to CD2 - HMC-1.2 cells,
suggesting that the loss of aggregation of CD2 - HMC-1.2 cells, described in our previous studies [36], is
attributable primarily, if not entirely, to disrupted CD2-CD58 interaction. A summary of mRNA products
specific for surface antigens relevant to adhesion or aggregation expressed in CD2 - and CD2 + HMC-1.2
cells is shown in Tables S3B (RT-PCR data) and S4 (gene array data).

Lack of CD2 in HMC-1.2 cells is associated with reduced survival of
pfp/rag-2 mice

All pfp/rag2 mice injected with HMC-1.2 cells developed intraperitoneal mastocytoma lesions as well as
mastocytoma lesions in the Gl tract and/or lungs. Based on termination criteria, mice had to be
sacrificed between days 63 and 91. The time to termination and thus survival of pfp/rag2 mice injected
with CD2 - HMC-1.2 cells, was significantly shorter compared to mice injected with CD2 + HMC-1.2 cells.
In particular, median survival in mice receiving CD2 - HMC-1.2 cells was 69 days, whereas survival in
mice receiving CD2 + HMC-1.2 cells was 85 days (p < 0.005 by log-rank test) (Fig. 1A). Total weight of
intraperitoneal MC tumors was not significantly different in the two groups of mice, although there was a
clear tendency towards larger MC tumor masses in the group injected with CD2 - HMC-1.2 cells (CD2 +
HMC-1.2: 3.133 + 0.58 gram versus CD2 - HMC-1.2: 4.244 + 0.60 gram; p = 0.2022, by unpaired t-test)
(Fig. 1B). Figure 1C shows the weight of the total excised MC tumor lesions per mouse in the two animal
groups (injected with CD2 - or CD2 + HMC-1.2 cells) in relation to their survival. In most animals, larger
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tumor lesions were associated with shorter survival and most of these mice had been injected with CD2
- HMC-1.2 cells (Fig. 1C).

The infiltration pattern in the lung depends on expression of CD2 in
HMC-1.2 cells

To study the infiltration patterns of HMC-1.2 cells during invasion of secondary target organs, we
examined lung histology patterns in affected animals. The degree of lung infiltration varied among
animals (Table S5; Figure S4). In all but two pfp/rag2 mice injected with CD2 - HMC-1.2 cells, diffuse
infiltration was observed in CD44-stained lung tissue sections, ranging from a few cells (graded as “+"
to dense confluent infiltrates (+++) (Table S5). In most mice injected with CD2 + HMC-1 cells, staining of
lung sections with a CD44 antibody revealed not only diffuse infiltration but also several compact
mastocytoma nodules scattered in the connective tissues of the lungs (Table S5, Figure S5A). Overall,
there was a clear tendency towards fewer nodules and a more diffuse spread of MC in mice injected
with CD2 - HMC-1.2 cells (Figure S5B). However, this difference did not reach statistical significance
based on the highly variable number of nodules in mice injected with CD2 + cells (p > 0.05).

Detection of the Hermes invasion receptor CD44 on HMC-1.2 cells infiltrating the lungs and peritoneal
cavity of pfp/rag-2 mice

The Hermes receptor CD44 is an important invasion receptor and prognostic marker in SM.37 We stained
mouse tissue sections with an antibody against CD44. Staining of solid nodules of MC invading the
intraperitoneal organs, including pancreas, revealed that HMC-1.2 cells in the center of these nodules
expressed low levels of CD44 while the cells at the invasion margin and isolated invading HMC-1.2 cells
stained highly positive for CD44 (Fig. 2). Corresponding results were found in the lungs (Figure S5A,
Table S5). Particularly high levels of CD44 were found in HMC-1.2 cells invading intraperitoneal organs
including pancreas (Fig. 2A). There was no difference in CD44 expression in the invading HMC-1.2 cells
when comparing CD2 - and CD2 + cells (Table S5).

Role of E- and P-selectins in HMC-1.2 cell invasion in scid
mice

To further study the mechanisms underlying HMC-1.2 cell expansion and organ invasion, we conducted
xenograft experiment with E- and P-selectin deficient scid mice (scid-select) and control (selectin-
competent) scid mice. In a first step, we confirmed that CD2 + and CD2 - HMC-1.2 cells engraft in these
mice in the same way as in B6 pfp/rag2 mice. Control scid mice (expressing E- and P-selectins) injected
with HMC-1.2 cells reached termination criteria after 63 to 83 days. As expected, the survival of control
scid mice was significantly shorter when these mice were injected with CD2 - HMC-1.2 cells compared
to mice receiving CD2 + HMC-1.2 cells (median survival of mice injected with CD2 - HMC-1.2 cells: 65
days vs CD2 + HMC-1.2 cells: 76 days; p < 0.05 by log-rank test) (Fig. 3A). One scid mouse of the CD2 +
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HMC-1.2 group died a few days after injection without any visible MC lesions. In the scid-select mice
injected with HMC-1.2 cells experiments had to be terminated at day 121. Interestingly, the difference in
survival between selectin-deficient mice receiving CD2 - or CD2 + HMC-1.2 cells was not significant (p =
0.247) (Fig. 3B). Figure 3C and 3D show the weight of the excised intraperitoneal MC tumors in scid mice
and scid select mice, respectively, in the two animal groups (injected with CD2 - or CD2 + HMC-1.2) in
relation to survival. The differences in survival between scid and scid-select mice was significant, both
for animals receiving CD2 + HMC-1.2 cells and those receiving CD2 - HMC-1.2 (median survival in mice
injected with CD2 + cells: scid, 76 days vs scid-select, 98.5 days, p < 0.0001; median survival in mice
injected with CD2 - cells: scid, 65 days vs scid-select, 80 days; p = 0.0053; log rank tests) (Fig. 3E and
3F). The longer survival of scid-select mice was associated with fewer and smaller MC tumor lesions in
the lungs (Table 4). While in all scid mice, the lungs displayed large HMC-1.2 infiltrates, such larger
lesions were only found in 5 of 17 scid-select mice (Table 4).

Prognostic impact of expression of CD2 on MC in patients with SM

Recent data suggest that CD2 expression on MC is of prognostic significance in SM.2! We found that
CD2 is expressed more frequently on MC in patients with non-advanced SM compared to patients with
advanced SM (p < 0.05) (Fig. 4A). Moreover, patients with CD2 + SM were found to have a better 0S
compared to patients with CD2 - SM (Fig. 4B) (p < 0.05).

Discussion

In advanced SM, aggressive multi-organ invasion by MC and their leukemic expansion are major
prognostic variables.®®'® However, little is known about mechanisms and molecules contributing to
organ invasion and the diffuse leukemic spread of MC in advanced SM. We employed HMC-1.2 cells and
two xenotransplantation models to study the role of adhesion receptors in organ invasion and leukemic
expansion of neoplastic MC. Our data show that E- and P-selectins mediate organ invasion of HMC-1.2
cells in pfp/rag2 and scid mice, and that CD2 + HMC-1.2 cells produce a more focal infiltration-pattern,
whereas CD2 - HMC-1.2 cells produced rapid diffuse infiltration, and a more fatal disease.

Selectins and selectin-ligands are known to mediate tethering and rolling of circulating cells on
endothelial surfaces, thereby preparing these cells for subsequent adhesion and transmigration. This
concept holds true for normal myeloid cells, circulating cancer cells, and myeloid leukemias.*446:50.51
Normal and neoplastic MC also express various adhesion and homing receptors, including integrins and
selectin-ligands.3273%50.52 |n the present study, we confirmed that HMC-1.2 cells express multiple
adhesion and homing antigens, such as PECAM-1 (CD31), Hermes (CD44), ICAM-1 (CD54), and the
selectin ligand PSGL-1 (CD162). Furthermore, we found that homing of HMC-1.2 cells to certain target
organs in pfp/rag2 and scid mice depends on the presence of E- and P-selectins. In fact, organ invasion
by HMC-1.2 cells was prominent in control scid mice whereas in scid-select mice, no or only minimal

organ invasion was seen. In addition, the survival of scid mice injected with HMC-1.2 cells was
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significantly shorter compared to that of scid-select mice. These results strongly suggest that MC
homing in various organs is selectin-dependent. Our data also confirm earlier studies in lung and colon
carcinomas as well as in myeloid and eosinophilic leukemia.*3#4°1 |n addition, these data are in line with
results suggesting that E- and P-selectins are essential for the attachment of immature murine MC under
flow conditions.®® In the present study, we also analyzed adhesion under shear stress-conditions, and
found that CD2 - HMC-1.2 cells produce significantly more adhesion-events on endothelial cells
compared to CD2 + HMC-1.2 cells. Interestingly, CD2 - HMC-1.2 cells also expressed higher levels of
ICAM-1 (CD54), a known endothelial-leukocyte adhesion receptor. Overall, these data suggest that CD2 -
MC are prepared and behave like circulating leukemic cells that can invade in various target organs by
their capacity to bind to vascular endothelial cells.

An interesting aspect is that HMC-1.2 cell homing and expansion was seen in pfp/rag2 mice not only in
the Gl tract, a well-known target organ in SM, but also in the lungs of these mice. In fact, although it has
been reported that neoplastic MC can also be detected in the lungs of patients with SM, progressive lung
infiltration is uncommon even in advanced SM.>*°° One explanation for this discrepancy may be that
infiltration and expansion of HMC-1.2 cells in the lungs was facilitated by the lack of intact NK cells and
thus a proper immune system in pfp/rag2 mice, which would also explain why the lungs were not
affected in the same way in scid mice exhibiting normal numbers of NK cells. Another explanation could
be that during long-term culture, HMC-1.2 cells acquired additional oncogenic pathway that facilitated
their expansion not only in the Gl tract but also in the lungs of pfp/rag2 mice. Finally, we cannot exclude
that some of the HMC-1.2 cells injected into the peritoneal cavities were able to rapidly migrate or transit
via a vascular route into lungs of our pfp/rag2 mice.

CD2, also known as LFA-2, binds to its counter-receptor CD58 (LFA-3) with substantial affinity, resulting in
aggregate- and cluster formation of neoplastic MC.3% In addition, lack or loss of CD2 has been
implicated with progression of SM in individual case reports.38 Recently, this hypothesis was confirmed

in a larger series of patients.?’ In the present study, we applied CD2 + and CD2 - HMC-1.2 cells in a scid
mouse model and found that the injected CD2 + HMC-1.2 cells produce a more focal infiltration pattern
in the Gl tract and lungs, whereas CD2 - HMC-1.2 cells produced a more diffuse infiltration-pattern
typically seen in advanced SM. The hypothesis that loss of CD2 is a critical event contributing to disease
progression was supported by the fact that the survival of mice injected with CD2 + HMC-1.2 cells was
significantly longer compared to mice injected with CD2 - HMC-1.2 cells regardless of the type of
recipient mice.

To confirm that loss of CD2 plays a predominant role in disease progression, we asked whether
additional aggregation receptors are differentially expressed in CD2 - and CD2 + HMC-1.2 cells. However,
although CD2 + HMC-1.2 cells expressed higher levels of various adhesion molecules in our gene array
studies and lower surface levels of CD54 (ICAM-1) compared to CD2 - HMC-1.2 cells, no additional
major aggregation receptors (apart from CD2) that could explain loss of aggregation of MC, were found
to be differentially expressed in CD2 - versus CD2 + HMC-1.2 cells. These data confirm the hypothesis
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that CD2 is a major cell-cell adhesion receptor promoting MC aggregation in indolent SM, and that the
loss of CD2 contributes to dis-aggregation and a more diffuse leukemic spread of MC.

The notion that absence of CD2 on MC is associated with a poor survival is in line with recently
published results obtained in a larger series of SM patients collected in the ECNM registry.?" In the
present study, we confirmed the prognostic impact of absence of CD2 on MC in our patients with SM. In
particular, we confirmed that lack of CD2 in MC correlates with advanced SM whereas in most patients
with indolent SM, neoplastic MC displayed CD2. Moreover, we found that overall survival of our patients
with CD2 - SM is shorter compared to patients with CD2 + SM. However, absence of CD2 in neoplastic
MC is not always associated with a poor survival even if advanced SM is diagnosed. For example, in
almost all patients with well differentiated SM (WDSM), including advanced forms, MC lack CD2.%6

The prognostic impact of absence of CD2 on MC prompted us to ask whether CD2 + and CD2 - HMC-1.2
cells are characterized by specific molecular features or by a loss or gain of additional antigens relevant
to homing or invasion of MC. However, CD2 + and CD2 - HMC-1.2 cells exhibited an almost identical
pattern of classical adhesion antigens, including CD44 and CD58. Next, we performed gene array studies
and found that CD2 + HMC-1.2 cells express a large number of adhesion-relevant and matrix-relevant
antigens in excess over CD2 - HMC-1.2 cells, including galectin-3, alpha-1 tubulin, and cadherin 11.
Cluster- and pathway analyses confirmed that CD2 + HMC-1.2 cells display multiple homing- and
adhesion-receptors. This observation suggest that CD2-positivity may be a strong intracellular signal for
adhesion and homing, preparing these cells not only for aggregation but also for interacting with the
surrounding microenvironment (niche) and matrix-structures. Indeed, MC in the BM of patients with SM
are often surrounding blood vessels, fat cells, or endosteal cells, and MC aggregates often contain other
leukocytes, such as lymphocytes or eosinophils.%26729:59-61

The Hermes-receptor CD44 is a surface adhesion molecule that mediates homing of stem cells and
more mature cells in various organs in physiologic states and various disease models, including myeloid
neoplasms. In patients with SM, CD44 has been described to be expressed abundantly on MC and
neoplastic stem cells.3”7%8 |n addition, MC express higher levels of CD44 compared to normal MC, and
the highest levels of CD44 on MC were found in MCL.3” Corresponding results were obtained in the
current study. In particular, we found that CD44 is expressed abundantly in HMC-1.2 cells, and that this
antigen is overexpressed especially at the cell-invasion front after injection into scid mice. These
observations confirm the functional impact of CD44 as an invasion receptor and prognostic antigen in

sSm.3/

Together, our data suggest that E- and P-selectins mediate MC-homing to various organs in scid mice,
that CD44-expression is associated with HMC-1.2 invasion, and that loss of CD2 leads to a more diffuse,
leukemic expansion of MC in scid mice. These observations may have clinical implications and suggest
that increasing CD44 expression and loss of CD2 contribute to disease progression in SM.
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Figure 1

Impact of CD2 expression on HMC-1.2 cells transplanted into pfp/rag2 mice on survival and mast cell
expansion (tumor weight)

Before injection, CD2+ HMC-1.2 cells or CD2- HMC-1.2 cells were suspended in 1 ml serum-free
medium. A total volume of 200 pl containing 1 x 10 HMC-1.2 cells (per mouse) were injected
intraperitoneally (i.p.) into pfp/rag2 mice (10 mice per group). After injection, mice were inspected daily.
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Animals were sacrificed when tumors started to ulcerate or when the tumor weight exceeded 20% of
their initial body weight. Survival was defined as time between injection and scarification or unexpected
death. A: pfp/rag2 mice injected i.p. with CD2+ HMC-1 cells (n=9, blue graph) showed a significantly
longer survival compared with mice injected with CD2- HMC-1.2 cells (n=9, yellow graph) (p=0.002 by
log rank test). B: Box plot analysis of i.p. mastocytoma weight in pfp/rag2 mice at the time of death
(CD2+ HMC-1.2 cells, blue box plot: CD2- HMC-1.2 cells, yellow box plot). The total mass of i.p.
mastocytomas did not significantly differ between the 2 groups (p=0.2022, by unpaired t test). C:
Correlation between i.p. mastocytoma weight (in g) and survival (d, day) in each mouse (dot) in the two
cohorts: CD2+ HMC-1.2 cells (blue dots) and CD2- HMC-1.2 cells (yellow dots). Apparently,
mastocytomas in mice injected with CD2- HMC-1.2 cells reached masses critical for the animals’ overall
condition (survival) earlier than CD2+ HMC-1.2 mastocytomas.
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Valent et al, Figure 2

Figure 2

Detection of CD44 at the invasion front of infiltrating HMC-1.2 cells

After intraperitoneal injection, CD2+ and CD2- HMC-1.2 cells formed compact infiltrates and diffuse
invasive infiltration in various gastrointestinal organs. Figure 2 shows the pattern of infiltration of CD2-
HMC-1.2 cells in the pancreas of a pfp/rag2 mouse. Paraffin-embedded tissue sections were stained
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with anti-CD44 antibody as described in the supplement. Murine cells were visualized by eosin-
hematoxylin staining. A: CD44+ HMC-1.2 cells formed compact nodules in pancreatic tissue. In addition,
a diffuse infiltration of HMC-1.2 cells was seen. Bar: 500 pm. B: Higher magnification of a region in "A’
(indicated as insert in "A"). Note that the HMC-1.2 cells in the center of the nodule are not stained
intensively by the CD44 antibody while HMC-1.2 cells in the invasion front (black arrows) and isolated
HMC-1.2 cells in the diffuse infiltrate portion express substantial amounts of CD44. Bar: 100 ym.
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Survival scid and scid-select mice injected with CD2+ and CD2- HMC-1.2 cells and correlation with the
infiltration pattern

Scid and scid select mice were injected with HMC-1.2 cell subsets and sacrificed according to
termination criteria as described in the text. A: scid mice injected with CD2+ HMC-1.2 cells (n=7, blue
graph) showed a significantly longer survival compared to mice injected with CD2- cells (n=8, yellow
graph; p=0.0459; log rank test). B: scid select mice injected with CD2+ HMC-1 cells (n=8, blue graph) did
not display a significantly longer survival compared to scid select mice injected with CD2- cells (n=9,
yellow graph; p=0.2674, log rank test). C: Total intraperitoneal mastocytoma weight (in gram, g) versus
survival time (in days, d) for each scid select mouse (E- and P-selectin-deficient) of the group injected
with CD2+ HMC-1.2 cells (teal symbols) and CD2- HMC-1.2 cells (orange symbols). Apparently, tumors
produced by CD2- HMC-1.2 cells did not reach masses critical for the animals’ condition at an earlier
time point compared to mice injected with CD2+ HMC-1.2 cells. D: By contrast, in scid mice,
mastocytomas produced by CD2- HMC-1 cells reached masses critical for the animals’ overall condition
earlier than scid mice injected with CD2+ HMC-1.2 cells, which is in line with results obtained in pfp/rag2
mice exhibiting normal selectin expression. E: Comparison of survival of scid mice (blue graph, n=7) and
scid select mice (yellow graph, n=8) injected with CD2+ HMC-1.2 cells. Scid select mice survived longer
compared to scid mice (p<0.0001 by log rank test). F: Similarly, scid select mice (yellow graph; n=9)
injected with CD2- HMC-1.2 cells had a longer survival compared to scid mice injected with CD2- HMC-
1.2 cells (blue graph, n=8) (p<0.01 by log rank test).
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Valent et al, Figure 4

Figure 4

Survival of patients with SM: comparison between CD2+ SM and CD2- SM

A total of 113 patients with SM were diagnosed and followed in regular routine visits between 2015 and
2024. Median age was 52 years (range: 20-90 years). A: Patients with non-advanced SM and advanced
SM were analyzed for expression of CD2 in mast cells (MC). As visible, the prevalence of cases with
CD2+ MC was higher in the group with non-advanced SM (nonAdvSM, n=77) compared to those with
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advanced SM (AdvSM, n=36) (p<0.05, Chi-Square test). B: Overall survival (OS) of patients with CD2+ and
CD2- SM. The probability of OS (Kaplan & Meier) was higher in patients with CD2+ SM compared to
those with CD2- SM (p<0.05, by Gehan-Breslow-Wilcoxon test).
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