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ABSTRACT

Rhabdomyosarcoma (RMS) is a heterogeneous soft tissue neoplasm most frequently found in children and
adolescents. As the prognosis for recurrent and metastatic RMS remains poor, immunotherapies are
hoped to improve quality of life and survival. CD137 is a member of tumor necrosis factor receptor family
and a T cell costimulatory molecule which induces potent cellular immune responses that are able to
eliminate malignant cells. Therefore, it was puzzling to find expression of CD137 on an RMS tissue
microarray by multiplex staining. CD137 is not only expressed by infiltrating T cells but also by malignant
RMS cells. Functional in vitro experiments demonstrate that CD137 on RMS cells is being transferred to
adjacent antigen-presenting cells by trogocytosis, where it downregulates CD137 ligand, and thereby
reduces T cell costimulation which results in reduced killing of RMS cells. The transfer of CD137 and the
subsequent downregulation of CD137 ligand is a physiological negative feedback mechanism that is likely
usurped by RMS, and may facilitate its escape from immune surveillance. In addition, CD137 signals into
RMS cells and induces IL-6 and IL-8 secretion, which are linked to RMS metastasis and poor prognosis.
However, the ectopic expression of CD137 on RMS cells is an Achilles’ heel that may be utilized for
immunotherapy. Natural killer cells expressing an anti-CD137 chimeric antigen receptor specifically kill
CD137-expressing RMS cells. Our study implicates ectopic CD137 expression as a pathogenesis mechan-
ism in RMS, and it demonstrates that CD137 may be a novel target for immunotherapy of RMS.
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Introduction CD137 (TNFRSF9, 4-1BB) is a member of tumor necrosis
factor receptor (TNFR) family.® Costimulation through CD137
enhances proliferation and survival of T cells, particularly of
CD8" T cells, with enhanced cytotoxic activity and IFNy
secretion.” CD137 agonists have been shown to potently
enhance anti-cancer immune responses,g_10 and are currently
being tested in clinical trials for tumor immunotherapy.''
Agonistic anti-CD137 antibodies also strongly enhance anti-
virus immune responses.'”

CD137 ligand (CD137L) is expressed on antigen-presenting
cells (APC), and APC use CD137L to costimulate T cells.
CDI137L is a cell surface protein and transduces signals into
APC, making CD137 and CD137L a bidirectional signal trans-
duction system."” The reverse signal through CD137L activates
APC, and it induces differentiation of human monocytes to a
specific type of dendritic cell (DC), the CD137L-DC'"**° that
induces strong cellular, Th1/Tcl immune responses, and more
potent anti-cancer immune responses than DC generated by
GM-CSF and IL-4.'° Human CD137L associates with CD32a,

Rhabdomyosarcoma (RMS) is a heterogeneous soft tissue neo-
plasm, originating from primitive mesenchymal stem cells
which are directed toward myogenesis but fail to complete
the normal growth and differentiation program of myogenic
precursor cells'. RMS has a high prevalence in children and
adolescents, but is rarely found in adults. Based on histological
features, RMS is categorized into four subtypes: alveolar RMS
(ARMS), embryonal RMS (ERMS), pleomorphic RMS (PRMS),
and sclerosing/spindle cell RMS (SC-RMS). ARMS has a parti-
cularly aggressive clinical course, and most ARMS cases are
fusion positive, i.e., they are characterized by two canonical
chromosomal translocations: t(2;13)(q35;q14) and t(1;13)(p36;
ql4) leading to the generation of PAX3-FOXOI1 and PAX7-
FOXOL1 fusion oncoproteins, respectively,>® in addition to
other rare gene fusions.

Conventional multimodal therapy (radiation, surgery, and
chemotherapy) remains the standard treatment for RMS.
However, overall prognosis remains poor, especially for

fusion-positive, recurrent, and metastatic RMS.*> Since RMS
is quite heterogeneous with a variable degree of mutational
profile, protein expression, and myogenic differentiation, an
RMS-specific-targeted therapy remains a challenge.

TNERI, and potentially other molecules to form a signaling
complex.'”'® Natural inhibitors of the CD137/CD137L system
are soluble forms of CD137 which are generated by differential
splicing.'*?°
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Since CD137 is a powerful T cell costimulatory molecule, it
was surprising to find expression of CD137 on Hodgkin and
Reed-Sternberg (HRS) cells, the malignant cells in Hodgkin
Lymphoma (HL).*"** The significance became clear with the
discovery of a negative feedback mechanism that is hijacked by
certain viruses and by HRS cells to quench anti-pathogen or
anti-cancer immune responses.”> CD137 on HRS cells can be
transferred to CD137L-expressing adjacent APCs, and form a
complex with CD137L, which is subsequently internalized,
thereby diminishing costimulation of a T cell response against
HL.*' This trogocytic transfer of CD137 and the subsequent
depletion of CD137L from APC helps HL to evade immune
surveillance.'”"**?°

Here, we report that the same negative feed-back mechan-
ism is also hijacked by RMS. Ectopic expression of CD137 on
RMS cells allows RMS cells to downregulate CD137/CD137L
signaling, leading to reduced immune cell activation, cytokine
secretion, and tumor cell killing. In addition, CD137 signaling
into RMS cells leads to increased IL-6 and IL-8 secretion,
which are linked to poor prognosis in RMS. However, the
ectopic CD137 expression that malignant RMS cells usurp to
evade immune surveillance makes them susceptible as targets
for immunotherapy by a CD137-specific chimeric antigen
receptor (CAR).

Materials and methods
Patient samples

Tissue microarrays (TMA) containing tissue cores of various
types of RMS were purchased from US Biomax, Inc (Rockville,
USA) (Catalog number: SO2082b). Types of RMS include
spindle cell RMS (n = 10), embryonal RMS (n = 19), pleo-
morphic RMS (n = 24) and alveolar RMS (n = 20). For some
patients, more than one core was provided. Human tonsil
formalin-fixed and paraffin-embedded (FFPE) sections, which
served as positive controls for staining of immune markers,
were obtained from the Department of Pathology of the
National University Hospital, Singapore with approval from
the Institutional Review Board, Singapore (IRB number: B16-
309). Human RMS FFPE sections, which served as positive
controls for staining of RMS surface marker, were obtained
from Singhealth Tissue Repository, Singapore. Supplementary
Table 1 shows the baseline characteristics of patients among
different types of RMS.

Multiplex immunofluorescence staining

TMAs were stained using multiplex immunofluorescent sys-
tem (Opal staining) (Perkin Elmer, Waltham, USA) according
to manufacturer’s protocol. Primary antibodies used in the
Opal staining were mouse anti-human CD137 (clone: BBK2,
Thermo Fisher Scientific, Waltham, USA), human anti-human
CD137L (clone: P1F3, Genscript), rabbit anti-human CD3
(Dako, Santa Clara, USA), mouse anti-human CD8a (clone:
AMC908; Thermo Fisher Scientific), rabbit anti-human
ionized calcium-binding adapter molecule-1 (Iba-1)
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan)
and mouse anti-human MyoD antibodies (clone: 5.8A;

Thermo Fisher Scientific). Isotype controls include human
(clone: I1gG3207, Morphosys), mouse (clone: MOPC-21,
Sigma Aldrich), and rabbit IgG (clone: DAI1E, Cell Signaling
Technology). Secondary antibodies consisted of horseradish
peroxidase (HRP) labeled antibodies against rabbit and
mouse (GBI Labs, Bothell, USA) and HRP-labeled goat anti-
human IgG (H + L) (Thermo Fisher Scientific). Images were
taken and analyzed using the Vectra microscope system
(Perkin Elmer) and inForm® Cell Analysis™ (Perkin Elmer) at
the Genome Institute of Singapore, A*STAR. For each core,
number of cells were counted both manually and by inForm®
software. Mean number of cells for each surface marker were
calculated for each patient. Supplementary Table 2 shows the
number of cells per core for each surface marker in each
patient.

Generation of CD137-expressing RMS cell lines

The human RMS cell lines Rd18, Rh41, Rd and JR1 were kindly
provided by Professor Reshma Taneja (The National
University of Singapore, Singapore) and Dr Rossella Rota
(Childrens’ Hospital Bambino Gesu, Roma, Italy). The cDNA
for full length CD137 was cloned into pLenti6 vector
(Addgene, Massachusetts, USA), and lentiviral particles were
produced using HEK293T cells with the Lenti-vpak packaging
kit (Origene, Maryland, USA) for transduction of Rd18 cells.
Transduced Rd18 cells were then selected with medium con-
taining 12.5 pg/ml of blasticidin (Santa Cruz Biotechnology
Inc, Santa Cruz, USA) for 14 days. Rh41 was transfected with
TurboFect (#R0532, Thermo Scientific) and selected with
Geneticin Selective Antibiotic (G418 Sulfate) at 120 pg/ml
(Thermo Scientific). Parental (Rd18 and Rh41) and CD137-
expressing (Rd18-CD137 and Rh41-CD137) RMS cells were
cultured in DMEM (Biowest, Utah, USA) supplemented with
10% fetal bovine serum (FBS).

Induction of CD137 expression on RMS cell lines

Parental RMS cell lines (Rd18, Rh41, Rd and JR1) were seeded
in tissue culture plates at a density of 5x10° cells/well. 75 ng/ml
of TNF was added to RMS cells for 24 h. Untreated cells serve
as controls. Cells were then harvested for flow cytometry.

Activation of RMS cells

CD137-expressing and parental RMS cells were cultured at a
density of 2x10° cells/well in tissue culture plates coated with
either 5 pg/ml of recombinant human CD137L (R&D Systems,
Minneapolis, MN) in phosphate-buffered saline (PBS) or 5 ug/
ml of bovine serum albumin (BSA) in PBS for 24 h.
Supernatants were collected and stored at —80°C.

Trogocytosis experiment

CD137-expressing and parental RMS cell lines were seeded in
tissue culture plates at a density of 5x10° cells/well. DG-75 cells
(DSMZ; Braunschweig, Germany), which are B cells expressing
CD137L, were first labeled with CellTrace™ Violet Cell
Proliferation Kit (Thermo Fisher Scientific), and then added



to the respective RMS cell lines at a cell ratio of 1:2. DG-75 cells
were harvested after 20 min, 2 h and 24 h of co-culture for flow
cytometry.

To determine if cell-to-cell contact is required for downregula-
tion of CD137L, CD137L-expressing DG-75 cells were cocultured
with control or Rd18-CD137 cells at a ratio of 1:1. Alternatively,
conditioned supernatants of control or Rd18-CDI137 cells,
untreated or treated with either 5 pg/ml of recombinant CD137L
protein or BSA, were added. CD137L levels on DG-75 cells were
determined by flow cytometry after 24 h. To further demonstrate
the transfer of CD137 between RMS cells and DG-75 cells, another
set of trogocytosis experiment was performed. Rd18 and Rd18-
CD137 cells were labeled with CellTrace Violet, and DG-75 cells
were labeled with Vybrant DIL (Thermo Fisher Scientific). Then,
these two cell types were cocultured at a 1:1 ratio for 20 h, and then
stained for CD137L by flow cytometry.

Peripheral blood mononuclear cell co-culture

All blood samples were obtained from healthy donors at the
Health Sciences Authority, Singapore with approval from the
Institutional Review Board, Singapore (IRB number: 13-079E)
in accordance with the guidelines of the Health Sciences
Authority of Singapore. Peripheral blood mononuclear cells
(PBMC) were prepared by Ficoll-Pague (GE Healthcare,
Chicago, USA) density gradient centrifugation. Isolated
PBMC were stimulated with 0.5 ng/ml of anti-human CD3
antibody (clone OKT3; Biolegend, San Diego, USA) and
added to tissue culture wells seeded with either CD137-expres-
sing or parental RMS cell lines (2x10° cells/well) at a cell ratio
of 5:1 for up to 3 days. PBMC were then harvested for flow
cytometry and supernatants were stored at —80°C.

Flow cytometry

RMS and DG-75 cells were stained with PE-conjugated anti-
human CD137 (BD Pharmingen, San Jose, USA) and APC-
conjugated anti-human CD137L antibodies (eBioscience, CA,
USA). PBMC were stained with PE-conjugated anti-human
CD137 (BD Pharmingen), APC-conjugated anti-CD3 antibody
(eBioscience) and Efluor 450-conjugated anti-human CD69
(Biolegend) antibodies. RMS cells harvested after co-culture
were stained with Efluor 450-conjugated anti-human CD45
antibody (eBioscience), FITC Annexin V Apoptosis Detection
Kit (BD Pharmingen) and 7-AAD Viability Staining Solution
(Biolegend). The isotype control was mouse-IgGlk
(eBioscience, BD Pharmingen and Biolegend). CountBright™
Absolute Counting Beads were used to determine the absolute
number of cells (Thermo Fisher Scientific). All results were
obtained using Fortessa Analyzer (BD Biosciences, New Jersey,
USA) and analyzed using FlowJo software (FlowJo, LLC,
Ashland, USA).

Generation of anti-CD137 CAR-NK cells

KHYG-1 cells were kindly provided by Professor Jeak Ling
Ding (The National University of Singapore). Anti-CD137
antibodies were isolated by phage display technology.”® The
anti-CD137-CAR gene was constructed by combining the anti-
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CD137 single-chain fragment, the CD8 hinge and transmem-
brane domain, CD137 and CD3z intracellular domain. The
anti-CD137-CAR gene was cloned into pLenti6-V5 D/TOPO
vector and generated 3™ generation lentiviruses together with
pRSV-Rev, pMDLg/pRRE, and pMD2.G plasmids (Addgene).
Anti-CD137-CAR KHYG-1 cells were generated by lentiviral
spin-inoculation and sorting by flow cytometry.

Cell lysis assay

5x10° RMS cells were seeded on 96-well plate overnight before
being co-cultured with KHYG-1 cells at an E:T = 10:1 ratio for
24 h. The supernatants were collected for the measurement of
LDH activities by CyQUANT™ LDH Cytotoxicity Assay
(Thermo Fisher Scientific). The percentage of cell lysis was
calculated according to manufacturer’s protocol.

Fusion gene detection of RMS cell lines

Total RNA was extracted from cell pellets using the Promega
ReliaPrep™ FFPE Total RNA Miniprep System (Promega,
Madison, WI, USA) following the recommended protocol.
The quantity of RNA extracted was measured using the spec-
trophotometer. 200 ng of RNA was used for Nanostring
Elements fusion protocol on the NanoString nCounter
Analysis system (NanoString Technologies) according to the
manufacturer’s instructions. The target code set tags are spe-
cific to detecting 174 fusion variants across 24 sarcoma types
including the following gene fusions which are known to occur
in alveolar rhabdomyosarcoma PAX3-FOXO1, PAX7-FOXOI,
PAX3-FOXO0O4, PAX3-NCOA1I, PAX3-NCOA2, PAX3-MAMLS3,
and PAX3-INO80D.”’

Enzyme-linked immunosorbent assay (ELISA)

Levels of TNF, IL-2, IL-6, and IL-8 in supernatants were
measured using the respective Human ELISA Kits
(Invitrogen, San Diego, USA). Levels of IL-10 and granulo-
cyte-monocyte colony stimulating factor (GM-CSF) were mea-
sured using respective Human ELISA MAX Kkits (Biolegend).
Levels of IFNy were measured using Human IFN-Gamma
ELISA Kit (R&D). All experiments were performed according
to manufacturer’s protocol and measurements were performed
in duplicates. Readings were analyzed using Sunrise™ micro-
plate reader (Tecan Group Ltd., Minnedorf, Switzerland).

Multiplex assay

Cytokine levels in RMS culture supernatants were determined
by a 13-plex cytokine multiplex assay comprising IL-1f, IL-6,
IL-8, IL-10, IL-12p70, IL-13, IL-15, IL-17A, IFNp, IFNYy, LT-q,
MCP-1, and TNF ProcartaPlex™ Singlexes (ThermoFisher
Scientific) which was run on a MAGPIX® System (Luminex
Corporation, Austin, USA).

Statistical analysis

Statistical significance was determined by Student t-test and
Mann Whitney test using GraphPad Prism software (San
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Diego, CA, USA). A p value of <0.05 was considered as
significant.

Results
CD137 is expressed in RMS tissue

A total of 134 cores from 73 patients were analyzed on the
TMA. One case (patient 34) was excluded from analysis due to
insufficient core material. Sixty-six cores (49.2%) stained posi-
tive for CD137. CD137 expression was found on CD3" T cells
in 56 out of 134 cores (37.6%) across all RMS subtypes. While
the percentages of cores with CD137", CD3" cells were around
45% for ARMS, PRMS, and SC-RMS, only 31% of ERMS had
CD137" T cells (figure la). CD137-expressing RMS cells
(CD137%, CD3") were present in all four types of RMS with
27% of ARMS cores and around 45% for ERMS, PRMS and SC-
RMS cores having CD137" RMS cells (figure 1a). There was no
significant correlation of CD137 expression with patient age
(not shown).

By enumerating total T cells, CD137" T cells and CD137"
RMS cells using multiplex immunofluorescent staining, we
found the highest number of T cells in PRMS although statis-
tical significance was only reached in comparison to ARMS
(p = .03) (figure 1b-D). There was no significant difference in
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the number of CD137" cells (T or RMS cells) among the
different subtypes of RMS. However, in some patients excep-
tionally high numbers of CD137°CD3" cells were identified,
especially in PRMS (figure 1d).

CD137 is expressed on cytotoxic T cells in RMS

Since CD137 expression is dependent on T cell receptor
engagement, CD137 labels antigen-specific activated T cells,”®
and their presence could be evidence of an ongoing anti-RMS
T cell response. However, Treg have been shown to express
high levels of CD137, and CD137" Treg are more immuno-
suppressive than CD137~ Treg.*>*

In order to gain insight into the role of CD137" T cells in
RMS, we identified their subtype. Many CD137" T cells could
be detected in several ERMS and PRMS cores, that coexpressed
CD8a, demonstrating the presence of cytotoxic T cells.
Representative stainings are shown in figure 2a-J, and positive
and isotype controls are shown in Suppl. Figure 1. This finding
is in line with an earlier study that reported the near absence of
Treg in RMS.!

Within the clusters of cytotoxic T cells, characteristic punc-
tuate CD137 staining was seen in some of the CD3"CD8a" T
cells, indicating the formation of a signaling complex. Since
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Figure 1. CD137 expression in RMS tissue cores. (a) Percentages of tissue cores with CD137 expression among different types of RMS. Number of (b) CD3* T cells, (c)
CD3*CD137" T cells and (d) CD37CD137* cells in different types of RMS. Each symbol represents one patient. Lines represent medians and bars represent interquartile
ranges. * p < .05 using Mann Whitney test. ARMS: alveolar rhabdomyosarcoma, ERMS: embryonal rhabdomyosarcoma, PRMS: pleomorphic rhabdomyosarcoma, SC-RMS:

Spindle cell-rhabdomyosarcoma.
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Figure 2. CD137 expression on T cells (white arrowheads) and RMS cells (red arrowheads). (a-j) Images from cores of a patient (56/M) with ERMS. A is the image from
core G5. B-E are magnified images of the area highlighted in A. F is the image from core G6. White arrowheads indicate colocalization of CD3 and CD8. G-J are magnified
images of the area highlighted in F. (k-r) Images from cores of a patient (50/F) with PRMS. K is the image from core F3. L-N are magnified images of the area highlighted
in K. O is the image from core F4. P-R are magnified images of the area highlighted in O. Red arrowheads indicate colocalization of CD137 and MyoD. Scale bar = 400 pm.

CD137 signaling into T cells drives a Th1/Tcl response, the
presence of CD3*CD8a™ T cells would be consistent with an
ongoing anti-RMS T cell response.”

We also stained the RMS tissue microarray for CD137L
which revealed that CD137L-expressing cells were present in
some RMS cores (Suppl. figure 2a, B), indicating that CD137
signaling into CD137-expressing RMS cells and/or cytotoxic T
cells can be induced. However, CD137 and CD137L expression
levels did not correlate (Suppl. figure 2c¢).

Ectopic expression of CD137 on RMS cells

CD137 is not only expressed by T cells but also by other cells
including NK cells and vascular endothelial cells.***
Therefore, we stained for MyoD, a marker of muscle cells, to
unequivocally identify RMS cells as being CD137*. MyoD was
detected in the nucleus and the cytoplasm, which is in line with
a previous study.”> Co-localization of MyoD and CD137 was
detected in PRMS, and in general less than 10% of the MyoD™
cells expressed CD137 (figure 2k-R). Since CD137 is not found
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on healthy muscle cells, our finding suggests ectopic expression
of CD137 in RMS, or at least some subtypes RMS.

Previous studies have shown that TNF can induce CD137
expression on nonimmune cells such as vascular endothelial
cells.”® When RMS cells were exposed to TNF, CD137 expres-
sion was induced on four different RMS cell lines, namely
Rd18, Rh41, Rd and JR1, with 9-20% of the RMS cells being
positive for CD137 (figure 3a). Aside from TNF, we also tested
IL-6, IFNy, PMA, hydrogen peroxide (H,O,), and hypoxia but
no induction of CD137 expression was observed (not shown).
As TNF is frequently present in the tumor stroma,”” it could be
responsible for the ectopic CD137 expression on malignant
muscle cells.

CD137 signaling into RMS cells induces cytokine
secretion

In order to understand the effect of ectopic CD137 expression
in RMS, we generated two stable CD137-expressing RMS cell
lines (Rd18-CD137 and Rh41-CD137) to be used for functional
experiments. Parental Rd18 and Rh41 cells do not express
CD137 (figure 3a and Suppl. Figure 3). Expression of CD137
by itself increased the baseline secretion of IL-6 in Rd18 cells,
and of IL-8 in Rh41 cells. Activation with rCD137L protein
increased IL-6 and IL-8 secretion 2-6 fold in Rd18-CD137 cells
(figure 3b), and IL-8 more than 4-fold in Rh41-CD137 cells
(figure 3c). No IL-6 secretion was observed in Rh4l cells,
neither in CD137-expressing cells nor in parental cells. These
findings suggest a functional role for the ectopically expressed
CD137 in enhancing cytokine secretion by RMS cells. As Rd18
and Rh41 are of embryonal and alveolar origin, respectively, it
is uncertain whether the subtype of RMS influences the func-
tion of CD137 in RMS.

In order to investigate whether other cytokines are induced
by CDI137 signaling, we performed a multiplex assay.
Induction of IL-6 and IL-8 as shown in previous ELISA was
confirmed. In addition, induction of MCP1 and GM-CSF was
found for Rd18-CD137 and Rh41-CD137 cells, respectively
(Suppl. Figure 4). IL-1pB, IL-10, IL-12p70, IL-13, IL-15, IL-
17A, TENB, IFNy and TNFp were not detected.

The RMS classification system is partly based on the fusion
gene status. The PAX3-FOXO1 (or PAX7-FOXO1) fusion gene
is generated as a result of reciprocal translocation of chromo-
some 2 (or chromosome 1) and chromosome 13, which leads to
a fusion between the DNA binding domain of PAX3 (or PAX7)
and the transactivation domain of FOXO1.>® Cytogenetic pro-
filing of Rd18 and Rh41 cell lines revealed a different fusion
protein status. Rd18 was found to be negative for ARMS gene
fusions, while Rh41 was identified to have PAX3 (exon 7)-
FOXO1! (exon 2), (normalized probe count of 89.71, where
counts >5 indicate a positive result for the corresponding
gene fusion). The fact that both Rd18 and Rh41 cells show
similar cytokine secretion profiles, suggests that the fusion
status may not have an influence on the function of CD137
in RMS. Indeed, immunohistochemical staining of fusion-
positive and -negative RMS samples revealed that 3 out of 7
and 2 out of 6, respectively, expressed CD137.

CD137 expression on RMS cells downregulates
CD137L on APC through trogocytosis

Molecules that are ectopically expressed by tumors generally
provide a growth and/or selection advantage which drives their
expression. Since trogocytic transfer of CD137 is a negative
feed-back mechanism regulating CD137L levels,”*” we tested
if CD137-expressing RMS cells are able to downregulate
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Figure 3. Induction of CD137 expression on RMS cells by TNF and CD137 signaling into RMS cells induces IL-6 and IL-8 secretion. (a) Rd18, Rh41, Rd and JR1 cells were
cultured with 75 ng/ml of TNF for 24 h. CD137 expression was measured by flow cytometry. Numbers in the histogram represent percentages of cells with CD137
staining. Two independent experiments for each cell line were performed with consistent results. (b-c) CD137-expressing and parental RMS cell lines were activated with
either recombinant CD137L protein or BSA (negative control) for 24 h. IL-6 and IL-8 levels were determined by ELISA. Results are pooled from three independent
experiments and presented as means + errors of means. ** p < .01 using two-sided unpaired t-test.
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Figure 4. Downregulation of CD137L on DG-75 by CD137-expressing RMS cells.
CD137-expressing and parental RMS cells were seeded on tissue culture plates.
CellTrace™ Violet-labeled CD137L-expressing DG-75 cells were added to RMS cells
at a ratio of 1:2. Cells were collected 24 h later for flow cytometry. DG-75 cells
without RMS cell co-culture serve as baseline. Flow cytometry results of (a) Rd18-
CD137 and Rd-18 are shown. Numbers in the scatter plots represent percentages
of respective cell populations. Experiments were repeated twice for each cell line
with consistent results. (b) Comparison of the percentages of CD137L-expressing
DG-75 cells during coculture with Rd18-CD137 and Rd18, respectively. Each
symbol represents one independent experiment. Lines represent means =+ stan-
dard errors of means. * p < .05 using two-sided unpaired t-test. Experiments were
repeated four times for each cell line with consistent results. (c) Coculture as in (A)
but with Rh-41 instead of Rd18 and cells.

CD137L on adjacent APC. As APC we used DG-75, a Burkitt
lymphoma cell line, which constitutively expresses CD137L but
not CD137.

CD137L expression decreased much more substantially on
those DG-75 cells that were co-cultured with Rd18-CD137
compared to those co-cultured with parental Rd18 cells, and
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this decrease was observed already after 20 min (not shown).
The decrease in CD137L became more pronounced at 24 h of
co-culture (from 47% to 3.5%) (figure 4a) and this decrease in
CD137L levels was statistically significant (figure 4b). A parallel
increase in CD137 level on was observed at the same time
(from 0.4% to 1.2%), suggesting a transfer of CD137 from
Rd-CD137 cells to DG-75 cells (figure 4a). The same trend
was observed with Rh41-CD137 cells (figure 4c). Cell to cell
contact was required between RMS cells and DG-75 cells as
conditioned supernatant of control or CD137-expressing Rd18
cells was not sufficient for downregulation of CD137L (Suppl.
figure 5). Even conditioned supernatant of rhCD137L-treated
RMS cells could not downregulate CD137L (Suppl. figure 6).
During the cell to cell contact, trogocytosis occurred as demon-
strated by the enhanced exchange of membrane fragments
between the Rd18 and DG-75 cells when RMS cells expressed
CD137 (Suppl. figure 7a), and the concurrent transfer of
CDI137L to the RMS cells (Suppl. figure 7b).

Downregulation of CD137 expression on T cells with
reduced RMS killing and secretion of cytokines

APCs such as dendritic cells, monocytes and B cells may
interact with RMS cells via trogocytosis leading to downregula-
tion of their CD137L expression. Thus, the downregulation of
CD137L on APC by RMS cells is predicted to lead to reduced
CD137 signaling and reduced activation of RMS-infiltrating
leukocytes. We modeled this situation by co-culturing PBMC
of healthy donors (n = 4) with RMS cells. In the presence of
Rd18-CD137 cells, expression of CD137 (serving here as a
marker for Thl and Tcl cell activation) on activated T cells
was significantly reduced compared to control Rd18 cells after
24 h of co-culture (p = .005) while expression of CD69, an
earlier and more general activation marker, was not changed
(figure 5a-B).>?

When the RMS cells expressed CD137 they were protected
from being killed by the activated PBMC as shown by the
higher number of remaining viable RMS cells at day 2 and
day 3 of co-culture (figure 5c). More Rd18-CD137 cells than
Rd18 control cells survived, and the difference was statistically
significant after 3 days of co-culture (3.5 + 0.6 x10° vs 1.2 + 0.3
x10%, p = .02).

We also investigated the effect of CD137 expression by RMS
cells on cytokine release in the RMS cell - PBMC co-culture.
Since cytokine levels vary among different donors, we normal-
ized the concentrations of cytokines of the Rd18-CD137 con-
dition to those of the Rd18 control for each donor. The
secretion of T cell cytokines including IFNy, IL-2 and IL-13
was significantly lower in the co-culture of PBMC with Rd18-
CD137 cell than with the parental Rd18 control cells at day 1.
IFNy decreased from day 1 to 2 and remained low until day 3
(figure 5d). IL-2 concentrations gradually declined over the
3 days, and IL-2 was not detectable anymore by day 3. The
release of IL-13 was also reduced, while GM-CSF was not
affected. The levels of TNF were not changed on day 1 but
had dramatically decreased by day 2 and day 3 (figure 5d and
Suppl Fig. 8).

These data demonstrate that the downregulation of CD137L
levels by CD137-expressing RMS cells leads to a reduced
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Figure 5. Downregulation of CD137 expression on T cells with reduced RMS killing and cytokine secretion. PBMCs isolated from 4 healthy donors were activated with
0.5 ng/ml of anti-CD3 antibody, and cultured with either Rd18-CD137 or parental Rd18 cells for 3 days. Cells were harvested on days 1, 2 and 3 and analyzed by flow
cytometry. PBMCs without the RMS cell co-culture provided the baseline. T cells were gated by positive CD3 staining, and RMS cells were gated by negative CD45
staining. Viable RMS cells were defined as CD45~, Annexin V~, 7-AAD™ and the number of viable cells was calculated using counting beads. (a) CD137 and CD69
expression on T cells of one donor is shown. Numbers in the histogram represent percentages of cells with CD137 or CD69 staining. (b) Normalized ratios (Rd18-CD137/
Rd18) of percentages for CD137 and CD69 expression. (c) Number of viable RMS cells at day 2 and day 3. (d) Normalized ratios (Rd18-CD137/Rd18) of cytokine levels at
day 1, 2 and 3 of co-culture. Each symbol represents one donor. A ratio of 1 (dotted line) indicates no difference between Rd18-CD137 and Rd-18 control. Lines and bars
represent means + standard errors of means. * p < .05 and ** p < .01 using two-sided unpaired t-test.

CD137-mediated costimulation of T cells, which may translate
to a reduced anti-RMS T cell response, and an enhanced
survival of RMS cells.

Anti-CD137 CAR- KHYG-1 cells specifically kill CD137-
expressing RMS cells

The ectopic expression of CD137 could provide RMS with
growth and selection advantages. However, it may make RMS
also susceptible to immunotherapy by targeting CD137. For
proof of concept, we generated an anti-CD137 CAR that tar-
gets CD137 cell surface expression, and armed it on the NK cell
line KHYG-1. Higher percentages of RMS cell lysis were seen
when CD137-expressing Rd18 or Rh41 cells were treated with
anti-CD137 CAR-KHYG-1 cells, compared to Rd18 controls
and KHYG-1 controls (figure 6a). This higher cytolytic activity
was accompanied by significantly higher levels of TNF and
IFNy secretion, indicating a specific activation of the anti-

CD137 CAR-KHYG-1 cells by CD137-expressing RMS cells
(figure 6b-C). This finding opens the possibility of developing a
novel immunotherapeutic treatment approach for RMS.

Discussion

In this study, we demonstrate evidence that RMS, similar as
HL, can hijack an immunoregulatory feed-back mechanism
that helps it to evade immune surveillance. By ectopically
expressing CD137, and transferring it to APC via trogocytosis,
RMS cells downregulate CD137L on APCs in vitro which
reduces costimulation of T cells and polarization toward a
Thl-mediated cytotoxic T cell response, secretion of the T
cell cytokines IL-2 and IFNy, and most importantly, the killing
of RMS cells by the PBMC (figure 7).

CD137L levels on APC were reduced within 20 min of contact
with CD137-expressing RMS cells, which is consistent with trogo-
cytosis being a fast process.*” Since CD137L levels return to near
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Figure 6. Anti-CD137 CAR-KHYG-1 cells specifically kill CD137-expressing RMS cells. 5000 RMS cells were co-cultured with KHYG-1 cells at a ratio of 1:10 for 24 h. The
supernatants were collected for the measurement of LDH activities and cytokine levels. (a) Percentages of RMS cell lysis (b) IFNy level (c) TNF level. Top row: Rd18 cells,
bottom row: Rh41 cells. Results are pooled from three independent experiments and presented as means + standard errors of means. ** p < .01 using two-sided

unpaired t-test.

normal within 3 hours after CD137-expressing cells are removed,
the continuous presence of CD137 on RMS cells is required for
long-term suppression of an anti-RMS immune response.>

Under physiological conditions, CD137 is expressed by leuko-
cytes and vascular endothelial cells. However, CD137 expression
can be induced ectopically on nonimmune cells and malignant
cells. Epstein Barr virus-encoded latent membrane protein-1
(LMP-1) induces CD137 expression on HRS cells in HL via the
PI3K-AKT-mTOR  pathway.*"**  Similarly, the human
T-lymphotropic virus-1 protein tax induces CD137 on NK/T cell
lymphomas.*’ Since RMS cells originate from mesenchymal myo-
genic progenitors with no known association to oncogenic viruses,
we hypothesized that molecules in the tumor microenvironment
may induce the ectopic CD137 expression. A prime candidate is
TNF since CD137 is expressed by blood vessel walls in inflamma-
tory tissues and in tumors, and is induced on vascular endothelial
cells by TNE.***

Ectopic CD137 expression was induced by TNF in all four
RMS cell lines, representing the ERMS and ARMS subtypes.
Neither parental nor CD137-expressing RMS cells secreted
TNF implying stromal cells in RMS microenvironment to be
the source of TNF. This is in agreement with studies demon-
strating that, in mice on high-fat diet, CD137 expression was
induced on inflamed skeletal muscle cells by obesity-induced
factors, including TNF, and this observation was accompanied
by an increased infiltration of macrophages.** Macrophages are
major producers of TNF during inflammation and are present
as tumor-associated macrophages (TAM) at high numbers in

the tumor stroma of RMS.>" It can therefore by hypothesized
that the ectopic CD137 expression on RMS cells is — at least
partly - due to TNF, released by tumor-associated
macrophages.

Besides augmenting inflammation, TNF can support
tumorigenesis by enhancing the epithelial-mesenchymal tran-
sition, promoting metastasis and negatively regulating anti-
tumor immune responses.*” TNF secreted by TAM upregulates
PD-L1 expression, which leads to immune suppression.*® In
our study, we identify another potential mechanism of how
TAM suppress tumor cell killing. TNF secreted by TAM may
induce CD137 expression on RMS cells, which then down-
regulates CD137L expression on APCs and CD137-mediated
costimulation of T cells.

TNF is likely not the only factor responsible for CD137
expression in RMS as only about 10% of the malignant cells
in RMS express CD137. Cases with CD137-expressing RMS
cells were more frequent in ERMS, PRMS and SC-RMS than in
ARMS. The exact reason for this is not known. However, 80%
of ARMS cases have PAX3-FOXO1 or PAX7-FOXO1 fusion
genes while these chromosomal aberrations are absent in
ERMS, PRMS and SC-RMS.*®

Another interesting correlation is that the frequency of Ras
gene mutations correlates with the absence of Pax gene fusions,
i.e., Ras mutations are completely absent in fusion-positive
ARMS.* Since oncogenic K-ras has been shown to promote
CD137 expression in pancreatic cancer, mutated Ras may
contribute to the higher prevalence of CD137" cases in
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Figure 7. Schematic diagram illustrating the proposed role of CD137 in RMS. (a)
Via CD137L - CD137, APC costimulate activated T cells which kill RMS cells. (b)
TAM induce ectopic CD137 expression on RMS cells via TNF. CD137 on RMS cells
downregulates CD137L on APC via trogocytosis, reducing T cell costimulation and
thus anti-tumor response. CD137 signaling into RMS cell induces secretion of IL-6
and IL-8 which drive RMS growth and metastasis. (c) NK cells transduced with an
anti-CD137 CAR kills RMS cells that ectopically express CD137.

ERMS, PRMS and SC-RMS.*® Although hypoxia has been
shown to induce CD137 in malignant cells, we could not
confirm that for RMS cell lines.*’

Ectopic CD137 expression on RMS also allows signaling
into the malignant cells, leading to secretion of IL-6 and IL-8.
IL-8 secretion was induced in both Rd18-CD137 and Rh41-
CD137 cells, which are of embryonal and alveolar origin,
respectively. IL-8 has been shown to act as a growth factor
for malignant cells, and to sustain their expansion. Further, IL-
8 supports tumor angiogenesis through induction of endothe-
lial cell proliferation and migration, as well as through recruit-
ment of inflammatory cells that release pro-angiogenic
factors.”™>!

RMS are highly vascularized tumors, and IL-8 has been
demonstrated to be the pivotal angiogenic factor secreted by
RMS cells via the PI3K/Akt and MAPK pathways in hypoxic
conditions to promote vascularization of the growing RMS.>
In addition, CD137 signaling induced IL-6 secretion in Rd18-
CD137 cells. Interaction of IL-6 with its receptor IL-6Ra and
receptor subunit GP130 activates the PI3K/Akt, Ras/MEK/
ERK and JAK/STAT3 pathways.”>>* Among all these down-
stream effectors, STAT3 and Akt, in particular, mediate pro-
liferation,  apoptotic  resistance and metastasis  of
rhabdomyosarcoma, suggesting the role of IL-6 in promoting
the oncogenic transformation of RMS.>>™’ Since IL-6 and IL-8
contribute to RMS pathogenesis, and are upregulated by
CD137 signaling in RMS cells, an approach that neutralizes
CD137 on RMS but on effector T cells, should be of benefit for
RMS patients.

Information concerning the immune cell profile in RMS is
limited. One study identified increased leukocyte infiltration in
adolescent and adult types of RMS compared to pediatric RMS,
suggesting age-related immune profile differences and possibly
a prognostic significance.”® In this study, we analyzed the
prevalence of cytotoxic T cells among the different subtypes
of RMS. We could not find a significant correlation between
age and the number of T cells, but PRMS has significantly more
T cells than ARMS. CD137" T cells were found in all subtypes
with no major difference.

For evaluating the effect of RMS-expressed CD137 on
immune functions, we cocultured RMS cells with PBMC,
since PBMC, like the tumor microenvironment, contains sev-
eral different leukocyte subpopulations. The presence of
CD137 on RMS cells reduced RMS cell killing. Since the
MHC status of the PBMC and RMS cells is unknown, this
killing may not have been based on cognate interaction.
However, whether allogeneic or syngeneic, T cells are being
costimulated by CD137L, and reducing CD137L levels by add-
ing CD137-expressing RMS cells reduces T cell costimulation.

As the coculture of RMS cells with PBMC is a complex
system, it raises the question about the mechanism underlying
the reduced T cell activity. The fact that immobilized recombi-
nant CD137 protein also leads to a reduced activation status of
PBMC>>* indicates that reduced T cell activity was indeed due
to RMS-expressed CD137.

Current treatments for RMS include chemotherapy, radia-
tion therapy and surgery. Although these conventional thera-
pies achieve a favorable outcome in around 60% of pediatric
and adolescent RMS patients, the overall prognosis for patients
with metastatic and recurrent RMS remains poor.*> For those
patients, an immunotherapy-based treatment either as a sec-
ond-line therapy or a combination therapy may be
advantageous.®!

CD137 is expressed on MyoD" tumor cells, and therefore
CD137 may serve as a target in a CAR-based treatment. Anti-
CD137 CAR-NK cells are activated by and specifically kill
CD137" RMS cells. Although only about 10% of malignant
cells in RMS express CD137, a larger anti-tumor effect is
possible via a bystander effect, e.g., the induction of immuno-
genic cell death.® Further, the killing of the CD137-expressing
RMS cells would deprive all malignant cells of the downregula-
tion of CD137L and reduced T cell costimulation, and of the



tumor-promoting effects of CD137-induced IL-6 and IL-8.
CD137 is expressed strongly by Treg.*** Their elimination
together with the CD137" RMS cells would be an extra gain.

However, other cells that express CD137, such as activated
T cells, NK cells and vascular endothelial cells, may also be
depleted by anti-CD137 CAR-NK cells. The transient depletion
of activated effector T cells and NK cells may be acceptable for
the benefit of a significant reduction in tumor mass and/or
progression. The killing of CD137-expressing vascular
endothelial cells may even be beneficial since CD137 is
expressed by blood vessels at sites of inflammation, particularly
in tumors,** and could help in starving the tumor by reducing
its vascularization. An adverse effect however would be
expected if the patient would suffer from non-tumor-related
inflammation and a destruction of CD137" blood vessels in
non-tumor tissue. One of the potential solutions is to further
engineer CAR-NK cell activity by logic gates so that they
specifically target malignant RMS cells.

Our study identifies ectopic CD137 expression on RMS,
which may facilitate immune evasion by downregulating the
anti-tumor response of activated T cells. Anti-CD137 CAR-NK
cells specifically kill CD137-expressing RMS cells. These find-
ings open up the opportunity of developing a novel immu-
notherapy for RMS.
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