Cell Repo_rts_
Medicine

Preclinical development of a chimeric antigen
receptor T cell therapy targeting FGFR4 in

rhabdomyosarcoma

Graphical abstract

High FGFR4 in Rhabdomyosarcoma

AN .
Rhabdomyosarcoma Normal Tissue

2nd Generation FGFR4 CAR-T Cells
° [
High affinity FGFR4 mAB 6] ©

(Clone 3A11) T
<< >\_A o)
B (@] (o) O

FGFR4 CAR T-cells Rhabdomyosarcoma

Specificity
FGFR4  FGFR4 / \

Knockout Wild Type

Cytokine Production In vivo Efficacy
Rhabdomyosarcoma MOCK T-cells  3A11 CAR-T cells
3ATT mAb 4 24 Y
. os I | i ‘ ’
15 2
5 Normal Cells & 4
8 . gea®eo ““'
Time : b
Highlights

e FGFR4 is highly expressed in rhabdomyosarcoma and lowly
expressed in healthy human tissue

e FGFR4 is a downstream target of the PAX3-FOXO1 fusion
oncogene

e FGFR4 CART cells demonstrate no cytokine release against
primary human cells

e FGFR4 CART cells eliminate metastatic and intramuscular
solid RMS tumors in vivo
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In brief

Tian et al. develop a potent clinical-grade
CAR targeting FGFR4 that is highly
expressed in rhabdomyosarcoma.
FGFR4 CAR T cells show specific
cytotoxicity against RMS cell lines and
are non-reactive to healthy human
primary cells. These CART cells eliminate
tumors in metastatic and orthotopic
mouse models of RMS.
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SUMMARY

Pediatric patients with relapsed or refractory rhabdomyosarcoma (RMS) have dismal cure rates, and effec-
tive therapy is urgently needed. The oncogenic receptor tyrosine kinase fibroblast growth factor receptor 4
(FGFR4) is highly expressed in RMS and lowly expressed in healthy tissues. Here, we describe a second-gen-
eration FGFR4-targeting chimeric antigen receptor (CAR), based on an anti-human FGFR4-specific murine
monoclonal antibody 3A11, as an adoptive T cell treatment for RMS. The 3A11 CAR T cells induced robust
cytokine production and cytotoxicity against RMS cell lines in vitro. In contrast, a panel of healthy human pri-
mary cells failed to activate 3A11 CAR T cells, confirming the selectivity of 3A11 CAR T cells against tumors
with high FGFR4 expression. Finally, we demonstrate that 3A11 CAR T cells are persistent in vivo and can
effectively eliminate RMS tumors in two metastatic and two orthotopic models. Therefore, our study creden-
tials CAR T cell therapy targeting FGFR4 to treat patients with RMS.

INTRODUCTION

Rhabdomyosarcoma (RMS) is the most common soft tissue sar-
coma in children, accounting for 5% of all childhood malig-
nancies." Histologically, pediatric RMS is classified into two ma-
jor subtypes, alveolar RMS (ARMS) and embryonal RMS
(ERMS)." However, RMS is more accurately defined by the
expression of genes related to skeletal muscle differentiation.’™
There are two major molecular subtypes of RMS based on the
presence or absence of PAX3/7 gene translocations with
FOXO1, which are referred to as fusion-positive RMS (FP-
RMS) or fusion-negative RMS (FN-RMS), respectively.”
PAX3-FOXO1 is the primary oncogenic driver in FP-RMS, acti-
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vating a myogenic transcription program,* whereas FN-RMSs
are primarily driven by mutations in the RAS pathway, including
fibroblast growth factor receptor 4 (FGFR4).*™® Despite clinical
trials with multimodal therapies, including surgery, radiation,
and aggressive chemotherapy, there has been no significant
improvement in clinical outcomes for patients with RMS for
over two decades.” Because further dose escalation of chemo-
therapy has shown no benefit, alternative treatment strategies
are necessary.

FGFR4 is a cell surface receptor tyrosine kinase that is
involved in the regulation of cell proliferation, migration, cell sur-
vival, and angiogenesis in RMS.®° FGFR4 expression is lost after
differentiation into mature skeletal muscle. And in healthy
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skeletal muscle tissue, FGFR4 is only transiently expressed in
activated myoblasts in response to injury.'%'® We previously re-
ported that FGFR4 is overexpressed in virtually all RMSs, and
high expression is associated with poor outcome.”'® We also
have shown that PAX3-FOXO1 directly targets the FGFR4
gene locus, where it establishes a super-enhancer, driving its
high expression in FP-RMS.° Furthermore, approximately
7.5%-10% of FN-RMSs have activating mutations in
FGFR4.%"* Because of these important characteristics in RMS
biology, we hypothesized that FGFR4 is an excellent antigen
target for immunotherapy for this malignancy.

Chimeric antigen receptor (CAR) T cell therapy targeting cell
surface tumor-associated antigens (TAAs) is an attractive treat-
ment modality for tumors with a low mutational burden.'""
Since its first report in the 1980s, multiple generations of CAR
constructs have been developed. In general, second-generation
CAR constructs contain an extracellular domain of single-chain
variable fragment (scFv) that binds the target antigen, a CD8a.
or CD28 hinge and transmembrane domain, and an intracellular
domain consisting of a costimulatory receptor (4-1BB and/or
CD28) and a CD3¢ domain. When the scFv binds its target anti-
gen, the intracellular costimulatory domain and the CD3¢{ domain
signal to activate the CAR T cell and induce cytolysis of the target
cell.”® This strategy is rapidly becoming an important treatment
option for children with cancer, with dramatic responses in leu-
kemia and lymphoma, resulting in the approval of six CAR
T cell therapies targeting CD19 or B cell maturation antigen
(BCMA) by the FDA."'®~>* In addition, CAR T cell therapies target-
ing ganglioside GD2 have recently shown promising clinical re-
sponses to neuroblastoma (NB)?°*® or H3K27M-mutated diffuse
midline gliomas.?’ In a phase 1 clinical trial,*®*° a patient with
RMS went into long-term remission after receiving infusions of
HER2 CAR T cells, which suggests that RMSs are susceptible
to CAR T cell therapy. FGFR4 CAR T cells have been reported
to show cytotoxicity against RMS cell lines in vitro,*° and
recently, we reported a FGFR4-targeting CAR, which was only
effective  when combined with anti-myeloid polypharmacy
(targeting CSF1R, IDO1, iNOS, transforming growth factor f
[TGF-B], PDL1, MIF, and myeloid mis-differentiation).®" Here,
we describe a potent engineered CAR targeting FGFR4 that is
currently being developed for a phase 1 clinical trial at the Na-
tional Cancer Institute (NCI).

RESULTS

FGFR4 is highly expressed in RMS with low or no
expression in human healthy tissue including vital
organs

We previously reported that FGFR4 is highly expressed in all
RMSs as a diagnostic and prognostic biomarker.”'%? Here,
we confirm by RNA sequencing (RNA-seq) that FGFR4 is highly
expressed in both FP-RMS and FN-RMS tumors and cell lines
compared with other pediatric solid tumors and healthy human
tissues (Figure 1A). To determine if FGFR4 is also expressed in
other adult tumors, we compared its expression in RMS with
all tumors of The Cancer Genome Atlas (TCGA). Notably, we
found high expression of FGFR4 in liver hepatocellular carci-
noma (LIHC) and cholangiocarcinoma (CHOL), suggesting that
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FGFR4-targeted therapy may also benefit individuals with these
cancers (Figure 1B).

To examine FGFR4 expression at the protein level, we first
measured the total FGFR4 level in the RMS cell line RH30 and
in healthy tissues using an electrochemiluminescence assay.
We found that the RH30 cell line has at least 3-fold higher
FGFR4 protein expression (1,348 pg/mg) compared with healthy
tissues (2-436 pg/mg) (Figure S1A). To validate these results, we
performed western blotting using a commercially available
FGFR4-specific monoclonal antibody on RMS and healthy tis-
sues. FGFR4 is expressed in most RMS cell lines, and FP-
RMS cell lines consistently expressed higher levels of FGFR4
(Figure S1B). FGFR4 was not detectable in any of the healthy tis-
sues by western analysis (Figure S1C). Next, we performed
immunohistochemistry (IHC) to evaluate the expression of
FGFR4 protein on tissue microarrays (TMAs) containing both
RMS tumors (22 ARMS and 28 ERMS) and healthy tissues (43
different human organs from 1 to 8 different individuals). Strong
positive cell membrane staining of FGFR4 was observed in RMS
tumors (17/22 [77%] ARMS and 5/28 [18%] ERMS with an H
score >100) but not in healthy tissues, including muscle, heart,
kidney, liver, and lung (Figures 1C and 1D). Finally, flow cytome-
try analysis demonstrated high expression of FGFR4 in FP-RMS
and in RMS559, an FN-RMS with a FGFR4 driver mutation
(V550L)°° in keeping with western blotting results (Figure 1E).
Therefore, our RNA and protein expression data show that
FGFR4 is a highly expressed cell surface TAA in RMS cells and
primary tumors, while its expression is low or absent in healthy
human tissues, demonstrating it is an ideal candidate target for
CAR T cell therapy.

FGFR4 is a downstream target of the PAX3-FOXO1
fusion oncogene

FGFR4 is differentially expressed in RMS, with higher expression
in PAX3-FOXO1-driven FP-RMS. Chromatin immunoprecipita-
tion (ChlIP) sequencing for the H3K27ac activation mark revealed
the presence of super-enhancers in both FP-RMS and FN-RMS
tumors and cell lines at the FGFR4 locus (Figure 2A). Some of
these super-enhancers are only seen in myoblasts and myo-
tubes but not in mature skeletal muscle tissues during healthy
muscle development (Figure 2A). In addition, we also observed
that PAX3-FOXO1 directly binds to these enhancers in FP-
RMS cell lines including RH4, RH5, and SCMC (Figure 2A,
top). To test whether PAX3-FOXO1 directly upregulates expres-
sion of FGFR4, we transduced a previously characterized human
fibroblast cell line (7250) lacking FGFR4 expression with a PAX3-
FOXO1 lentiviral construct (18). In the PAX3-FOXO1-expressing
fibroblasts, we observed that the onco-fusion protein opens up
chromatin, recruits BRD4, and establishes super-enhancers,
which are indicated by an increase in H3K27ac at the FGFR4 lo-
cus (Figure 2B). These epigenetic changes, as defined by
increased chromatin accessibility and deposition of BRD4 and
H3K27ac, which are induced by the binding of PAX3-FOXO1, re-
sulted in a dramatically increased FGFR4 transcription in the fi-
broblasts (Figure 2B). These results demonstrated that FGFR4
is a direct downstream target of the fusion protein PAX3-
FOXO1 in RMS. In addition, RMS showed the most dependency
on FGFR4 among all human cancers in the DepMap (21Q4)
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Figure 1. FGFR4 is highly expressed in RMS and other cancers, with low expression in healthy tissue

(A) High expression of FGFR4 mRNA is found in both FP-RMS and FN-RMS tumors and cell lines compared with other pediatric cancers and healthy tissues.
Expression levels measured as FPKM (fragments per kilobase of transcript per million mapped reads) for FGFR4 are summarized in violin plots with medians and
quartiles. ASPS, alveolar soft part sarcoma; CCSK, clear cell sarcoma of the kidney; DSRCT, desmoplastic small round cell tumor; EWS, Ewing sarcoma; HBL,
hepatoblastoma; ML, melanoma; NB, neuroblastoma; OS, osteosarcoma; SS, synovial sarcoma; UDS, undifferentiated sarcoma; WT, Wilms tumor; YST, yolk
sac tumor).

(B) FGFR4 mRNA expression in TCGA data shows highest expression in liver hepatocellular carcinoma (LIHC), cholangiocarcinoma (CHOL), and individual
tumors of other types. Abbreviations are as per TCGA (https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations).

(C) Representative images of immunohistochemistry (IHC) for FGFR4 show high expression in RMS, with minimum or no expression in healthy organs. H score
displayed in bottom right corner, and scale bars, 200 um.

(D) Summary of membrane-staining H score of FGFR4 IHC of RMS and healthy tissues. Values represent mean + SEM (error bars).

(E) Representative flow cytometry plots show differential levels of FGFR4 expression on FP-RMS or FN-RMS cell lines. Mean fluorescence intensity (MFI) of
FGFR4 on indicated RMS cells is listed in the right table, stained with phycoerythrin (PE)-conjugated anti-human FGFR4 antibody or mouse IgG1 isotype control.

dataset (Figure 2C). Therefore, the FGFR4 locus, normally tran-
scriptionally active only in developing muscle, becomes acti-
vated specifically in RMS.

Development and characterization of the FGFR4-
specific antibody 3A11

To develop FGFR4-specific antibodies, we generated hybrid-
oma lines from mice immunized with the human FGFR4 extracel-
lular domain protein. Monoclonal antibody (mAb) 3A11 was the

lead clone, demonstrating specific binding to FGFR4™ RMS
cell lines RH30 and RMS559 but not to CRISPR FGFR4 knockout
RH30 cells (RH30 FGFR4-KO) or the FGFR4™ human fibroblast
cell line, 7250 (Figures 3A and 3B). We then constructed a
chimeric human mAb 3A11 by fusing the sequence encoding
the scFv of 3A11 to the human immunoglobulin G1 (IgG1) Fc
domain to generate 3A11 scFvFc antibody and confirmed its
specific binding to RMS cell lines only (Figures 3C and 3D).
The dissociation constant (Kp) of 3A11 scFvFc was determined
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Figure 2. PAX3-FOXO1 establishes a super-enhancer at the FGFR4 locus, and RMSs are dependent on FGFR4 for survival
(A) PAX3-FOXO1 (top) and H3K27ac (bottom) ChIP-seq at the FGFR4 locus in FP-RMS cell lines and tumors (orange), FN-RMS cell lines and tumors (blue), and

human skeletal muscle cell lines and tissues (gold).

(B) Top: FGFR4 expression is induced in fibroblasts after introduction of PAX3-FOXO1. Bottom: ChlP-seq demonstrates that PAX3-FOXO1 protein opens
chromatin and establishes a super-enhancer at the FGFR4 locus. Open chromatin was assayed by DNase hypersensitivity; binding of PAX3-FOXO1 and BRD4 as
well as chromatin H3K27ac status were assayed by ChIP-seq in human fibroblasts with or without PAX3-FOXO1.

(C) Average dependency score of RMS for FGFR4 was found to be the lowest among all human cancers, suggesting the highest dependency of RMS on this

receptor for survival.

to be 4.17 nM using biolayer interferometry (BLI) (Figure 3E). We
also confirmed that 3A11 bound only to human FGFR4 but not to
other members of the human FGFR family (FGFR1-3) and that it
did not show cross-reactivity to mouse FGFR4 by ELISA (Fig-
ure 3F). Notably, the 3A11 scFvFc also recognized FGFR4 on
RMS cell lines with differing levels of expression (Figure 3G).
These data demonstrate that 3A11 scFvFc retains high speci-
ficity and affinity for human FGFR4 protein.

3A11 CART cells demonstrate specific cytotoxicity

in vitro

We next aimed to develop a potent clinical-grade FGFR4-target-
ing CAR by cloning the scFv of 3A11 into a proprietary second-
generation CAR vector with a lentiviral backbone (Lentigen Tech-
nology) consisting of a 3A11 CAR and a truncated EGFR (tEGFR)
safety switch (Figure 4A). The CliniMACS Prodigy system was
used to transduce T cells isolated from three healthy donors,
and anti-EGFR antibody was used to determine the transduction
efficiency, which ranged from 66.5% to 74.7% at day 7 (Fig-
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ure S2). To assess the in vitro efficacy of the 3A11 CAR T cells,
we measured their cytotoxicity against RMS cell lines (RH30,
RH4, and RMS559), control FGFR4 KO cell lines (RH30 FGFR4-
KO and RH4 FGFR4-KO), and the FGFR4™ human fibroblast
cell line (7250). CAR T cells caused rapid and potent cytotoxicity
to RMS cells but not to the FGFR4-KO or the FGFR4™ cells at
different effector-to-target (E:T) ratios (Figures 4B, 4C, S3A,
and S3B). Cytokine production by 3A11 CAR T cells, including
interferon y (IFN-y), tumor necrosis factor o (TNF-o), and
interleukin-2 (IL-2), also increased when the CAR T cells were
incubated with FGFR4™" cell lines in a dose-dependent manner
but not when they were incubated with target-negative cell lines
(Figures 4D and S3C). These data demonstrated specific killing
activity of 3A11 CAR T cells to FGFR4-expressing target cells.

Clinical-grade 3A11 CAR T cells show no cytotoxicity to
primary human cells

Low levels of FGFR4 mRNA expression are present in some
healthy tissues including liver, lung, kidney, and pancreas
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Figure 3. Development and characterization of a specific FGFR4 binder from the monoclonal murine antibody 3A11

A) Structure of the mouse anti-FGFR4 mouse monoclonal antibody (mAb) 3A11.

B) Representative flow cytometry plots show the specificity of 3A11 mAb by staining with FGFR4™ cell lines, FGFR4 KO RH30, or FGFR4 ™ cell 7250. Mouse IgG
mslgG) is used as isotype control for this mouse antibody 3A11.

C) Structure of anti-FGFR4 antibody 3A11 in scFvFc format fused to the human IgG1 Fc region.

(D) Representative flow cytometry plots show 3A11 scFvFc chimeric antibody specifically binds to FGFR4* cell lines RH30, RH4, and RMS559 but not to the RH30
FGFR4-KO, the RH4 FGFR4-KO, or fibroblast 7250 lines. Human IgG (hulgG) as an isotype control for 3A11 scFvFc. MFI fold change shown as orange font
calculated by formula [MFI(scFvFc) — MFI(hulgG isotype)| /MFI(hulgG isotype).

(E) Binding avidity of FGFR4 scFvFc, using 2-to-1 binding model and global fitting analysis, demonstrates the dissociation constant (Kp) of 3A11 scFvFc against
FGFR4 ECD is 4.17 nM.

(F) ELISA shows 3A11 scFvFc only recognizes human FGFR4 but not human FGFR1-3 or mouse FGFR4.

(G) Flow cytometry using 3A11 scFvFc shows FGFR4 is expressed in several RMS cell lines at various levels with higher expression in FP-RMS compared with in
FN-RMS. MFI of 3A11 scFvFc or isotype control hulgG staining on above cells is shown in the table on the right.
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Figure 4. Clinical-grade 3A11 CAR T cells show specific cytotoxicity to FGFR4* cells

(A) Schematic of 3A11 CAR construct targeting FGFR4. HTM, hinge and transmembrane domain; hu tEGFR, human truncated EGFR.

(B) Cytotoxicity assays of 3A11 CAR T cells show potent killing activity toward target RMS cells at an E:T ratio of 0.75:1 in a xCELLigence Real-Time Cell Analysis
(RTCA). Vertical black arrows show the time point for adding CAR T cells into a plate seeded with target cells. Representative of n = 3 independent experiments
with n = 3 individual donors for (B)-(D). Values represent mean + SD (standard deviation, error bars).

(C) Cytotoxic assay shows 3A11 CAR does not cause cytolysis to FGFR4-KO or FGFR4 ™ cells at an E:T ratio of 0.75:1. Values represent mean + SD (error bars).
(D) Cytokine release assay shows 3A11 CAR T cells only release high level of IFN-y when cocultured with FGFR4-expressing RMS cells (RH30, RH4, or RMS559)
rather than the respective FGFR4-KO cell lines or 7250. Values represent mean + SEM (error bars). Two-way ANOVA is used to compare secreted IFN-y by mock
Tor3A11 CART cells cocultured with the target cells by calculating the p value. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001; ns: no significant difference.

(Figure 1A). Because CART cells require a high density of surface
antigen for activation and cytotoxicity,>**® we hypothesized that
low levels of FGFR4 expression would not initiate CAR T cell reac-
tivity in healthy tissues. To investigate this, we first measured
FGFR4 protein expression in multiple primary human cells iso-
lated from healthy organs by flow cytometry using 3A11scFvFc
antibody. Slight peak shifts were observed with 3A11 scFvFc
against cardiomyocytes, renal epithelial cells including cortical
and proximal tubule epithelial cells, HEK293 (embryonic kidney
cells), cholangiocytes, and hepatocytes pooled from 10 individ-
uals, suggesting low FGFR4 expression in these healthy cells
that is comparable with a FGFR4™ control cell line, human fibro-
blast 7250 (Figure 5A).
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To determine the FGFR4 expression threshold for cytotoxicity
and cytokine release, we quantified the number of FGFR4 mole-
cules per cell on a panel of RMS cell lines and the healthy embry-
onal kidney cell line HEK293 and performed coculture studies
with the 3A11 CAR T cells. RH30, RH4, and RD with 9,606,
7,447, and 2,341 FGFR4 molecules per cell, respectively, showed
significant cytotoxicity and cytokine release (Figure S4), whereas
the low expressor cell lines HR (366 FGFR4 molecules per cell)
and HEK293 (155) failed to elicit this response (Figures S4C and
S4D). Of note, CTR with 3,282 FGFR4 molecules per cell did
not induce significant cytotoxicity or cytokine release, indicating
that other tumor-intrinsic factors are important to determine
sensitivity to CAR T cells (Figures S4C and S4D).
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Figure 5. Low or absence of cell surface FGFR4 in primary human cells does not induce cytokine release when cocultured with 3A11 CAR
T cells

(A) Representative flow cytometry plots show low or absence of FGFR4 cell surface expression on human cardiomyocytes, renal epithelial cells, renal cortical
epithelial cells, renal proximal epithelial cells, HEK293, cholangiocytes, and hepatocytes pooled from 10 individuals using 3A11 scFvFc. MFI of 3A11 scFvFc or
hulgG1 isotype control staining on these primary cells is shown in the top right table. Relative FGFR4 expression levels on these primary cells compared with

. . _ [MFi(scFvFc) — MFI(hulgG isotype)lprimary ceil
RH30 cells are calculated as Relative expression = FI(SCFUF) —MFIAUTGE 50type) pey

(B) Logs, ratio of cytokine (IFN-v, IL-2, and TNF-a) release in the supernatant, by 3A11 CAR T cells cocultured with primary cells, as indicated, in their respective
media, compared with the RMS cell RH30. Cell line 7250 serves as a FGFR4 ™~ control. Values represent n = 3 independent experiments with n = 3 individual
donors. Values represent mean + SEM (error bars).

To further assess the potential for on-target off-tumor reac-  target off-tumor reactivity to healthy cells expressing low levels

tivity of the 3A11 CAR, we cocultured 3A11 CAR T cells with pri-
mary cells and measured cytokine production individually.
Again, we did not observe significant production of IFN-v, IL-2,
or TNF-o in coculture experiments using these healthy cells,
which was comparable to that of coincubation with 7250 cells
lacking FGFR4 expression (Figures 5B and S5). Collectively,
these data indicate that 3A11 CAR T cells have little or no on-

of FGFR4.

Clinical-grade 3A11 CAR T cells effectively eliminate
metastatic RMS in vivo

Next, we evaluated the anti-tumor efficacy of the clinical-
grade 3A11 CAR T cells in two in vivo metastatic model using
both RH30, an FP-RMS cell line, and RMS559, an aggressive
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Figure 6. 3A11 CAR T cell shows potent antitumor effect in RH30 and RMS559 metastatic xenograft models

(A) Schematic of an in vivo model testing the activity of 3A11 CAR T cells against an RH30 metastatic xenograft model.

(B) Bioluminescent imaging of untreated RH30 xenografts or RH30 xenografts treated with 3E6 mock transduced T cells or 3A11 CAR T cells (n = 5 per group).
(C) Total bioluminescence flux over time of individual mouse treated with HBSS, mock T cells, and 3A11 CAR T cells. Mean (lines) and individual replicates are
shown (n =5 per group). Vertical red arrow indicates the day of T cell infusion, also in (G). Mixed-effects or two-way repeated measures (RM) ANOVA analysis was
used to calculate the p value between two groups, respectively. “**p < 0.001.

(D) Kaplan-Meier survival analysis of mice are shown in (D) (n = 5 per group). Study was ended at day 64 due to the onset of graft-versus-host toxicity (dry skin,
weight loss, hunched posture, and fur loss).

(E) Schema of luciferase-expressing RMS559 metastatic model infused with HBSS or 3E6 of mock or CAR T cells on day 3 after tumor inoculation.

(F and G) Bioluminescence images (F) and bioluminescence kinetics (G) of RMS559 cell growth in the metastatic xenograft model. Means and each replicate are
shown, n = 7 or 8. Mixed-effects analysis is used to calculate the p values between each two groups individually. **p = 0.0047; ***p < 0.0001.

(legend continued on next page)
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FN-RMS cell line with a high level of FGFR4 expression (Fig-
ure 1E) and a FGFR4 V550L mutation in the intracellular tyro-
sine kinase domain.®® First, luciferase-expressing RH30 or
RMS559 cells were intravenously injected into NSG mice,
and then we treated these mice with 3 million 3A11 CAR
T cells, mock T cells, or HBSS vehicle control, 3 days after tu-
mor inoculation, and monitored tumor progression via biolumi-
nescence imaging (Figures 6A and 6E). Mice treated with 3A11
CAR T cells had a significantly lower tumor burden when
compared with tumor only (p = 0.0010 and p < 0.0001 for
RH30 and RMS559, respectively) or mock T cells (p =
0.0001 and p = 0.0047 for RH30 and RMS559, respectively).
CAR T cell-treated groups had higher survival probability
when compared with HBSS and mock (untransduced) T cell
controls (Figures 6B-6D and 6F-6H). The study was ended
at day 64 for RH30 and at day 73 for RMS559 due to the onset
of graft-versus-host toxicity (dry skin, weight loss, hunched
posture, and fur loss). Thus, these data demonstrate that
3A11 CAR T cells effectively suppress and eliminate metasta-
tic RMS tumors in vivo.

To characterize T cell persistence, we analyzed the spleens
from 3A11 CAR- or mock T cell-treated mice at day 73 post-tu-
mor RMS559 inoculation (day 70 post-CAR or mock T cell infu-
sion). We observed that human CAR™ T cells were only present
in the spleens of 3A11 CAR T cell-treated mice (Figures 61 and
6J), and ~60% of CD45"* cells were CAR* T cells (Figure 6l).
Interestingly, while CAR T cells were primarily CD4* before infu-
sion (Figure S2, donor 3), CD8* CAR T cells were the predomi-
nant phenotype at day 70 post-CAR T cell infusion (Figure 6K).
This suggests that CD8" CAR T cells, which participate in the
direct killing of the tumor cells,*® expanded more robustly and
persisted in the spleen compared with non-CAR T cell controls
(Figure 6L).

3A11 CAR T cells successfully infiltrate into
subcutaneous RMS tumor and effectively eradicate
intramuscular RMS tumor

Infiltration of CAR T cells into solid tumors is thought to be one of
the major barriers of therapeutic efficacy.®” We evaluated the
infiltration ability of 3A11 CAR T cells in a subcutaneous solid
RMS RH30 tumor model. RH30 cells were subcutaneously in-
jected into NSG mice, followed by intravenous injection of 3E6
3A11 CAR T cells, mock T cell control, or HBSS vehicle control
3 days after tumor inoculation (Figure S6A). 3A11 CAR T cells
significantly inhibited the growth of the RH30 subcutaneous tu-
mor (Figure S6B) and extended the survival of mice compared
with mock T cell-treated mice (p = 0.0002) (Figure S6C). At day
21 post-tumor injection, four mice from each group were eutha-
nized for immunohistochemistry (IHC). IHC staining showed sig-
nificant CD8" and CD4" T cell infiltration only in the 3A11 CAR
T cell-treated tumors but absent in tumors from no treatment
or mock T cell control groups (Figures S6D and S6E). These
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data demonstrate that 3A11 CAR T cells can effectively infiltrate
and suppress growth of RMS solid tumors.

To further evaluate the therapeutic efficacy of 3A11 CAR
T cells in an orthotopic intramuscular RMS mouse model, lucif-
erase-expressing RH30 cells (9,606 FGFR4 molecules per cell)
were injected into the right gastrocnemius muscle of mice.
Mock or 3A11 CAR T cells were intravenously infused at day 7
after tumor implantation (Figure 7A). 3A11 CAR T cells signifi-
cantly controlled the tumor growth compared with the mock
T cell-treated group (Figure 7B). Bioluminescence image data
also demonstrated that 3A11 CAR T cells rapidly shrank the tu-
mor and eventually eradicated the RMS tumors in 4/5 of mice
(Figures 7C and 7D). At the end of this study (day 42 post-tumor
implantation), all mock T cell-treated mice were euthanized, due
to reaching the endpoint for tumor size, while 3A11 CAR T cell-
treated mice were tumor free and survived (p = 0.0027; Fig-
ure 7E). We then repeated this experiment in another RMS
orthotopic model using RMS RH4, which has a moderate
FGFR4-expressing level (7,447 molecules per cell) (Figure 7F).
Again, 3A11 CAR T cells mediated complete responses in 3/4
RH4-bearing mice (n = 8 per group) and demonstrated signifi-
cant survival benefit compared with mock T cell-treated mice
(Figures 7G-7J). When analyzing circulating blood T cells using
flow cytometry, we found that 28%-96% (mean = 72%) CD45"
CD3"* T cells expressed the 3A11 CAR detected by an anti-
EGFR antibody in the CAR T cell-treated RH30-bearing mice
(Figure 7K), and they retained an average of 7.7E5 circulating
CAR* T cells per 100 puL in the blood (Figure 7L). Similarly, there
is an average of 74% CD45" CD3"* T cells expressing the 3A11
CAR in CAR T cell-treated RH4-bearing mice (Figures S7A and
S7B) and about 4.6E4 CAR" T cells per 100 uL circulating in
blood at day 42 post-CAR T cell infusion (Figure S7C). Therefore,
these data demonstrated the persistence of 3A11 CAR T cells
combined with the eradication of RH30 and RH4 orthotopic tu-
mor xenografts for the CAR T cell-treated mice.

DISCUSSION

Current multimodal therapy has improved outcomes of patients
with RMS with localized disease. However, for patients with met-
astatic or relapsed RMS, outcomes remain poor, and dose-
escalation chemotherapy has not improved survival.*®™*" RMS
tumors, especially FP-RMS, have a low mutation burden,
and few tumors have directly actionable driver mutations.? At-
tempts to target mTOR (ClinicalTrials.gov: NCT02567435),*
HDACs (ClinicalTrials.gov: NCT04299113), the RAS/MAPK
pathway,**** and oxidative stress'* are in various stages of pre-
clinical and clinical testing for RMS. Since RMSs are not intrinsi-
cally immunogenic possibly due to their low mutation burden,?*?
targeting tumor-associated cell surface antigens such as FGFR4
with engineered T cells is an attractive treatment strategy
for high-risk RMS. In this study, we report the preclinical

(H) Kaplan-Meier survival analysis of mice bearing RMS559 (7 or 8 mice/group). Log-rank (Mantel-Cox) test is used to compare the survival curves. **p = 0.0028.
(land J) The frequencies of CAR* or CAR™ T cells (I) and total cell counts of CAR* T cells (J) in the splenocytes from above mice at 70 days post-mock or CAR T cell
infusion are examined by flow cytometry (n = 2 for mock T group, n = 4 for 3A11 CAR T cell-treated group; in mean + SEM [error bars]).

(Kand L) The percentages (K, values represent mean + SD [error bars]) and total cell counts (L, values represent mean + SEM [error bars]) of CD4* and CD8* cells
in CAR™ (tEGFR ™) or CAR" ({EGFR™) T cells from spleen of 3A11 CAR T cells treated mice are shown. Two-way ANOVA is used to calculate the p values. *p < 0.05.
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Figure 7. 3A11 CAR T cells effectively eradicated RMS orthotopic intramuscular xenografts in two models

(A) Schema of the RH30 intramuscular xenograft model infused with mock or 10E6 CAR T cells on day 7 post-tumor inoculation.

(B) Tumor size was monitored over 42 days by measurement of leg volume before and after receiving mock or CAR T cell treatment. Vertical red arrow indicates
the day of T cell infusion, also in (D), (G), and (I). Each replicate per group is shown, n = 5. Two-way RM ANOVA analysis is used to calculate the p values between
two groups. ****p < 0.0001.

(C) Bioluminescent images of RH30 intramuscular xenografts growth before and after infusion with mock T cells or 3A11 CAR T cells. The bottom row shows the
tumor xenografts dissected from mice legs at the end time point of study.

(D) Total bioluminescence flux (photons per second) over time of individual mouse are shown (n = 5 per group). Two-way RM ANOVA analysis was used to
calculate p value between two groups, respectively. ***p < 0.0001.

(E) Kaplan-Meier survival analysis of mice bearing orthotopic RH30 tumors. **p = 0.0027.

(F) Schema of the RH4 intramuscular xenograft model infused with 10E6 mock or CAR T cells on day 7 post-tumor inoculation.

(legend continued on next page)
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development of a CAR T cell therapy targeting FGFR4 in RMS.
We identified a high-affinity murine antibody (3A11) that binds
FGFR4 without cross-reactivity to other FGF receptor family
members or murine FGFR4. 3A11 CAR T cells demonstrated
strong FGFR4-specific T cell cytotoxicity to RMS cells in vitro
and in vivo without any significant reactivity to healthy human pri-
mary cells.

CAR T cell therapies have shown remarkable response rates
against refractory and relapsed leukemia and lymphoma.®’
However, CAR T cell therapy for solid tumors has been less suc-
cessful, and this is thought to be due to lack of targetable surface
antigens, poor infiltration of T cells into the tumor, T cell exhaus-
tion, and various immunosuppressive factors in the tumor micro-
environment.®” Currently, there are several trials and preclinical
studies of CAR T cells treating solid tumors, including targeting
of PSMA (prostate-specific membrane antigen) for prostate can-
cers®®; GD2,%® ALK,*” and GPC2*%*° for NB; mesothelin for lung
cancers®’; HER2 for breast cancer®' or RMS?%; EGFRuvIII for glio-
blastoma®?; and B7-H3 for multiple pediatric and adult solid tu-
mors.>*%* Our 3A11 CAR T cell therapy showed promising activ-
ities against multiple RMS xenograft models, which suggests
that relative high levels of FGFR4 expression on the surface of
RMS tumor cells and 3A11 CAR design have made CAR T cell
therapy effective to treat RMSs. In addition to our study, there
has been anecdotal evidence of activity of HER2 CAR T cell ther-
apies in solid tumors, including metastatic RMS.?%:°°

Despite low levels of FGFR4 mRNA detected in healthy lung,
kidney, and liver tissues, we found little or undetectable FGFR4
protein expression in these vital organs by IHC staining and
western blotting. However, the Human Protein Atlas (HPA) re-
ports that FGFR4 is expressed at moderate levels in pancreas,
kidney, liver, and lung. This discrepancy may be due to the use
of a polyclonal FGFR4 antibody by the HPA resulting in non-spe-
cific staining. We further confirmed FGFR4 discrepant mRNA
and protein expression detection in a wide spectrum of healthy
human primary cells by bulk RNA sequencing (data not shown)
and flow cytometry. To test if FGFR4 CAR T cells could be acti-
vated by human healthy cells, we cocultured CAR T cells with
these primary human healthy cells and confirmed that 3A11
CAR T cells do not elicit a cytokine response against these pri-
mary cells from vital organs. We also discovered that low
FGFR4 density on cells such as HR or HEK293 was unable to
trigger cytotoxicity or cytokine release of 3A11 CAR T cells, indi-
cating a safe therapeutic index for FGFR4 CAR T cells. However,
we recognize that despite the lack of cytokine release against
low-FGFR4-expressing cells in these short-term cultures, it
may not preclude toxicity over longer period of observation.
Therefore, the ultimate test for FGFR4 CAR T therapy toxicity
will be evaluated in our planned human clinical trials. Neverthe-
less, to mitigate and treat any unforeseen toxicities from the
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3A11 CAR T cells, we have engineered a tEGFR tag in our CAR
construct that provides a safety switch for rapid depletion of
CAR T cells after administration of cetuximab if required.*®

In conclusion, our study further credentials FGFR4 as an
immunotherapy target in RMS, and we have developed a clin-
ical-grade potent CAR specifically targeting human FGFR4.
Given the promising preclinical data presented here, 3A11
CAR T cell therapy is currently being developed for a phase 1
clinical trial in patients with RMS at the NCI. In addition,
FGFR4 is also highly expressed in other human cancers
including hepatoblastoma, hepatocellular carcinoma, and
CHOL. Thus, 3A11 CART cell therapy may have a broader appli-
cability to benefit patients with cancers expressing high levels of
FGFRA4.

Limitations of the study

Our in vitro tests showed that 3A11 CAR T cells did not cause
cytokine release against either a panel of human primary cells
or RMS cells with low FGFR4 expression. However, because
our 3A11 binder is specific to human FGFR4 and does not recog-
nize the murine protein, we could not determine the CAR T cells’
impact on healthy tissues that may express low levels of FGFR4
in the mouse models we used. Furthermore, the use of immuno-
deficient mouse models that lack specific immune cells, like reg-
ulatory T and myeloid-derived suppressor cells, may have artifi-
cially augmented the efficacy of our CAR T cell therapy. Given
these factors, the test for toxicity and efficacy will be determined
in upcoming human clinical trials.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e EXPERIMENTAL MODEL AND STUDY PARTICIPANT DE-
TAILS
O Cell lines
O Primary cell culture
O Invivo studies
e METHOD DETAILS
O RNA-seq data analysis
O Chip-seq data analysis
O Immunohistochemistry of normal tissue microarray
(TMA) and RMS TMA
O Generation of 3A11 scFvFc

(G) Tumor size was monitored by leg volume. Each replicate per group is shown, n = 7 or 8. Two-way RM ANOVA analysis is used to calculate the p values

between two groups. ***p < 0.0001.

(H and I) Bioluminescent images of RH4 intramuscular xenografts for individual mice (H) and total bioluminescence flux (l) over time (n = 7 or 8 per group). Mixed-
effects analysis was used to calculate p value between two groups, respectively. **p = 0.0021.

(J) Kaplan-Meier survival analysis of mice bearing orthotopic RH4 tumors. **p = 0.0011.

(K and L) Percentage of CAR* and CAR™ in CD45" CD3* T cells from peripheral blood mononuclear cells (PBMCs) (K) and total counts of the indicated T cells in
100 pL blood from RH30 orthotopic model (L). Data are shown as each replicate and the mean + SEM (error bars; n = 5).
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ELISA assay
3A11 scFvFc binding affinity determined by octet anal-
ysis system
Electrochemiluminescence assay
Western blot analysis
Cell surface protein determination assay
Generation of the 3A11 CAR construct and lentivirus
production
3A11 CAR T cell manufacturing
XCELLigence Real-Time Cell Analysis and cytokine
release assay
O In vitro toxicity study
O CAR T-cells persistence and exhaustion analysis by
flow cytometry
O H&E and immunohistochemistry (IHC) for tumor infil-
trating T-cells
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Statistical analysis
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Women’s Hospital, Boston, USA
BIRCH Brohl et al.*” N/A
CTR Brohl et al.*” N/A
RD Brohl et al.* N/A
RH30 FGFR4-KO Dr. Michele Bernasconi at University N/A

Children’s Hospital Zurich, Switzerland
RH4 FGFR4-KO Dr. Michele Bernasconi at University N/A

Children’s Hospital Zurich, Switzerland
7250 Gryder et al.® N/A
RMS238 Gryder et al.*”® N/A
RMS209 Gryder et al.”® N/A
RMS224 Gryder et al.”® N/A
SCMC Gryder et al.*® N/A
NCI0082 Gryder et al.”® N/A
RH3 Gryder et al.”® N/A
RMS216 Gryder et al.”® N/A
SMS-CTR Gryder et al.”® N/A
RMS206 Gryder et al.”® N/A
NCI0075 Gryder et al.”® N/A
RMS008 Gryder et al.”® N/A
JR1 Gryder et al.*® N/A
RH18 Gryder et al.”® N/A
Myoblasts Gryder et al.”® N/A
Myotubes Gryder et al.”® N/A
Psoas Muscle Gryder et al.*® N/A
Skel. Muscle129 Gryder et al.*”® N/A
Skel. Muscle134 Gryder et al.”® N/A
Human cardiomyocytes Cellprogen Cat# 36044-15
cholangiocytes Cellprogen Cat# 36755-12
pancreatic epithelial primary cells Cellprogen Cat# 36099-25
human coronary artery smooth muscle cells (CASMC) Lonza Cat# CC-2583
small airway epithelial cells (SAEC) Lonza Cat# CC-2547
bronchial/tracheal epithelial cells (NHBE) Lonza Cat# CC-2541
human renal epithelial cells (HRE) Lonza Cat# CC-2556
renal cortical epithelial cells (HREC) Lonza Cat# CC-2554
renal proximal tubule epithelial cells (RPTEC) Lonza Cat# CC-2553
hepatocytes Lonza Cat# HUCPG
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REAGENT or RESOURCE SOURCE IDENTIFIER
10 Donors pooled hepatocytes Lonza Cat# HUCS10P
HEK 293 ATCC Cat# CRL-1573
Lenti-X 293T lentiviral packaging cell line Clontech 632180
Experimental models: Organisms/strains
NOD-scid IL2rgnull (NSG) mice NCI CCR Animal Resource Program/NCI N/A

Biological Testing Branch
Recombinant DNA
3A11-CD8HTM-BBz CAR This paper N/A
pPMDLg/pRRE Addgene Plasmid #12251
PMD2.G Addgene Plasmid #12259
pRSV-Rev Addgene Plasmid #12253
Software and algorithms
FlowJo v10.7.2 FlowdJo, LLC N/A
GraphPad Prism 8 GraphPad Software Inc. N/A
Integrative Genomics Viewer (IGV) Robinson et al.*® N/A
SnapGene 5.2.4 SnapGene N/A
Image Lab Bio-Rad N/A
Aperio ImageScope Leica Biosystem N/A
RTCA software 2.0 Aligent N/A
Living Image version (IVIS imaging) Perkin Elmer N/A
Biorender Biorender N/A
Other
Zombie UV™ Fixable Viability Kit BioLegend 423108
CountBright Absolute Counting beads Thermo Fischer Scientific C36950

RESOURCE AVAILABILITY

Lead contact
Requests for further information and reagents should be directed to and will be fulfilled by the lead contact, Javed Khan (khanjav@
mail.nih.gov).

Materials availability
Materials created in this study will be available for the scientific community by contacting the corresponding author and completion of
a material transfer agreement.

Data and code availability
® The FGFR4 expression data for this study are available in dbGaP: phs000720, phs001928, phs001052, and https://portal.gdc.
cancer.gov/for the TCGA data. ChIPSeq data have been deposited at Gene Expression Omnibus (GSE116344) and is publicly
available.
o This paper does not report any original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

FGFR4 knock out cell lines (RH4 FGFR4-KO, RH30 FGFR4-KO) were gifts from Dr. Michele Bernasconi at University Children’s Hos-
pital Zurich, Switzerland. RMS559 was a gift from Dr. Jonathan Fletcher at Brigham and Women’s Hospital, Boston, USA. HR, RD,
CTR, RH5, 7250, RH4, RH4 FGFR4-KO, RH30, RH30 FGFR4-KO and RMS559 were all grown in Dulbecco Modified Eagle Medium
(DMEM, Quality Biological) with 10% FBS (Life Technologies), 1% L-glutamine, and 1% penicillin-streptomycin. JR was cultured with
RPMI 1640 supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin—streptomycin at 37°C in a humidified atmosphere with
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5% COs.. All cell lines used were confirmed to be mycoplasma free by the MycoAlert kit (Lonza). STR DNA fingerprinting was per-
formed for all cell lines used and confirmed their identity.

Primary cell culture
Peripheral blood mononuclear cells (PBMCs) obtained from blood of healthy donors were approved by NIH and isolated using
Histopaque-1.077gm/mL (Sigma, Cat# 10771) according to the manufacturer’s instructions.

Human cardiomyocytes (Cat# 36044-15), cholangiocytes (Cat# 36755-12), and pancreatic epithelial primary cells (Cat# 36099-25)
were obtained from Cellprogen; human coronary artery smooth muscle cells (CASMC, Cat# CC-2583), small airway epithelial cells
(SAEC, Cat# CC-2547), bronchial/tracheal epithelial cells (NHBE, Cat# CC-2541), human renal epithelial cells (HRE, Cat# CC-2556),
renal cortical epithelial cells (HREC, Cat# CC-2554), renal proximal tubule epithelial cells (RPTEC, Cat# CC-2553), hepatocytes (Cat#
HUCPG), and 10 Donors pooled hepatocytes (Cat# HUCS10P) were purchased from Lonza; HEK 293 cells (Cat# CRL-1573) was pur-
chased from ATCC. All these cells were grown in special growth medium stated in their product information.

In vivo studies

Animal studies were conducted using 5~8-week-old female NSG (NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ) mice, obtained from NCI
CCR Animal Resource Program/NCI Biological Testing Branch. They were housed and treated under the protocol (GB-011) approved
by the NCI Bethesda Animal Care and Use Committee at the NIH.

Briefly, luciferase transduced RH30 or RMS559 cells were trypsinized and neutralized when they reached 80% confluency in a
T175 flask. Cells were then washed two times with cold HBSS and injected into NSG mice. For intravenous (i.v.) injection, each mouse
received 1E6 RMS cells in 0.2mL HBSS; for subcutaneous (s.c.) injection, each mouse received 1E6 RMS cells in 0.2mL HBSS con-
taining 50% Matrigel (Corning). Three days later each mouse received i.v. 3E6 CAR T-cells, untransduced control (mock T), or HBSS
vehicle control. For intramuscular (IM) injection, each mouse received 1E6 RH30 cells or 4E6 RH4 cells expressing luciferase, 10E6
CAR T-cells or mock T-cells were infused at day 7 post tumor implantation. Tumor engraftment was measured by a caliper or Xeno-
gen IVIS Lumina imager (PerkinEImer). For Xenogen imaging, the mice were first injected with luciferin at 300 mg/kg and imaged
20 min later. Images were analyzed using Living Image, version 3.1 software (PerkinElmer) and the bioluminescent signal flux for
each mouse was expressed as average radiance (photons/second/cm?/steradian).

METHOD DETAILS

RNA-seq data analysis

RNA-seq data was analyzed as previously described.*® Briefly, total RNAs was isolated from freshly frozen tumors and polyA-
selected or Ribozero-selected RNA libraries were prepared for RNA sequencing on lllumina HiSeq2000, 2500, and NextSeq500 ac-
cording to the manufactures protocol (Illumina, San Diego, CA). FastQC were used to assess for quality of paired end reads. And then
fastq files were mapped to GRCH37 reference genome using the STAR/2.5.3a alignment algorithm and subsequently quantified by
RSEM program based upon Ensembl GRCh37.75 gene annotation.

Chip-seq data analysis
Previously published ChIP-seq data of active histone mark H3K27ac was analyzed in RMS tumors and cell lines, both FP and FN-
RMS, and compared to H3K27ac data in myoblasts, myotubes and muscle.*® All samples were mapped to human genome build
hg19 using BWA, and indexed BAMs were converted to compressed TDF format at 25 bp bin resolution after extension of reads
to the median fragment length (~200 bp extended past each mapped single-end, 75 bp read), using IGV command line tool toTDF.
Files were visualized in IGV (https://software.broadinstitute.org/software/igv/download).

CRISPR data across the panel of cell lines was downloaded from Project Achilles (https://depmap.org/portal/).

Immunohistochemistry of normal tissue microarray (TMA) and RMS TMA

Normal tissue microarray (TMA) slide was purchased from US Biomax (FDA999w). Pediatric normal tissue TMA, aRMS TMA (P8967)
and eRMS TMA (P8968) were obtained from the Children’s Oncology Group. The TMA slides were deparaffinized with xylene and
then dehydrated through a graded ethanol series. Antigen retrieval was performed for 20 min in heat-activated antigen retrieval buffer
pH 6.0 (Dako, Carpinteria, CA) using a pressure cooker (Dako) followed by 10 min of blocking using 3% hydrogen peroxidase. The
sections were incubated with rabbit monoclonal anti-FGFR4 antibodies (Clone D3B12; Cell Signaling; Denver, CA) at 1:150 for 1 h.
Subsequently, the reaction of antigen-antibody reaction was detected by EnVision* Dual Link System-HRP (Dako) and visualized
with DAB™ (3, 3’-Diaminobenzidine; Dako). TMA sections were lightly counterstained in a Mayer’s hematoxylin bath and then exam-
ined by light microscopy. Negative control rabbit immunoglobulin G (IgG) was used in place of a primary antibody to evaluate nonspe-
cific staining and the TMA included appropriate positive control specimens. The stained sections were scanned using the
NanoZoomer 2.0 HT (Hamamatsu Photonics K.K., Japan) at 20x objective magnification. Immunohistochemistry staining results
were reviewed by a board-certified pathologist and H score was determined based on the staining intensity and percentage of
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positive stained cells using the formula: H-score = [(0 X % negative cells) + (1 X %weakly positive cells) + (2 X %moderately positive
cells) + (3 x %strongly positive cells)]. For multiple cores with the same type of sample from the sample individual, only the highest H
score was used for data analysis.

Generation of 3A11 scFvFc

3A11 is a mouse IgG that was developed from mice immunized with human FGFR4 Fc (R&D). The variable heavy and light chains
encoding the scFv, were cloned into a plasmid containing the constant fragment (Fc) of human IgG1, thus creating the scFvFc
expression vector. This scFvFc plasmid was transiently expressed in Expi293 system (Life Technologies). Protein was then purified
by Affinity chromatography (GE Biosciences). The purified scFvFc fusion protein was analyzed by nanodrop for size and impuirities.

ELISA assay

Recombinant human FGFR1-4 (Sino Sino Biological) proteins were coated on Corning EIA/RIA high binding 96 well plate (Corning,
Inc) at 50ng per well for overnight at 4°C and blocked with 3% BSA in PBS. 3A11 scFvFc, at a starting concentration of 1000 ng/uL
was further serially diluted to 3 ng/uL, added, and incubated at room temperature for 2 h. The plates were washed with PBS contain-
ing 0.05% Tween 20. Bound 3A11 scFvFc was detected by a goat anti-human IgG (Fc specific)- peroxidase (Jackson Laboratory).
The assay was developed at room temperature with ABTS substrate (Roche) and absorbance quantified at 405nm.

3A11 scFvFc binding affinity determined by octet analysis system

The binding kinetics of the 3A11 scFvFc was determined by the Octet RED96 system (FortéBio) using Bio-Layer Interferometry (BLI).
3A11scFvFc protein was resuspended in 0.1% BSA, 0.1% Tween 20 PBS, pH 7.4 buffer. FGFR4 ECD protein was immobilized onto
biosensors, 3A11 scFvFc was injected and allowed to flow through the sensor. The relative association measurements for a time win-
dow of 600 s and 1,400 s, respectively was collected. Data analysis was performed using the analysis software provided with the
instrument. The KD value of 3A11 scFvFc was determined by global fitting analysis and 2:1 binding model.

Electrochemiluminescence assay

Normal human tissues were cut in small size, and lysates were prepared using Fastprep 24 homogenizer and lyser. RMS cell lysates
were prepared using cell lysis buffer, RIPA and protease inhibitors. Both the tissue and cell lysates, after lysis, were processed
by incubation on ice for 30 min in the lysis buffer. The lysates were centrifuged at 13200rpm for 10 min at 4C. The supernatant
was isolated and used to measure total protein using BCA assay. All lysates were further diluted to a final total protein concentration
of 1 mg/mL 25uL of this concentrate was used in Duoset ELISA kit that measures total human FGFR4. The detection reagent was
conjugated as described by MSD Gold Sulfo Tag NHS-Ester kit. Recombinant FGFR4 protein, also supplied by the ELISA kit,
was used to generate a standard curve, to quantify the amount of FGFR4 in tissue and cell lysates.

Western blot analysis

Western blot analysis was performed as previously described. Briefly whole cell lysates were prepared using RIPA buffer supple-
mented with protease and phosphatase inhibitors. Cells were lysed by sonication, rotated for 30 min at 4°C, and then lysates
were centrifuged for 10 min, supernatant removed, and protein concentration quantified using a Bradford assay. 20 nug of lysate pro-
tein was resolved on 4-12% Bis-Tris gels and transferred to PVDF membrane, blocked in 5% nonfat milk in Tris-buffered saline and
Tween 20 (TBS-T). Membranes were incubated at 4°C overnight in primary antibody, washed x 3 in TBS-T, then incubated in 1:2,000
diluted anti-rabbit, HRP-labeled secondary antibody (Cell Signaling Technology, Cat# 7074S) at room temperature for 1 h, washed an
additional x 3 with TBST, and then developed with chemiluminescent reagents. The following antibodies were used: HRP-conju-
gated B-actin (Santa Cruz, C4, sc-47778); FGFR4 XP Rabbit mAb (Cell Signaling Technology, clone D3B12, CST8562).

Cell surface protein determination assay

1E6 RMS cell were detached from culturing flasks by 0.05% trypsin and then washed twice with cold PBS and resuspended in 100uL
of cold FACS buffer (1x PBS, 22% FBS, 2mM EDTA and 25mM HEPES). Cells were incubated with 5ug of anti-FGFR4 mAb (Clone
4FR6D3, mouse anti-FGFR4 PE, BioLegend, Cat # 324306) or 1ug of 3A11 scFvFc or their isotype control, for 30 min at 4°C. After
incubation, cells were washed twice with FACS buffer and resuspended in secondary goat anti mouse or human antibody (Jackson
Laboratory) at 1:200 dilution in FACS buffer. Following incubation, cells were washed three times with FACS buffer. Stained cells were
analyzed on BD FACS Caliber or LSRFortessa. Data was analyzed and MFI was calculated for FGFR4 surface levels measurement by
using Flow Jo software. FGFR4 surface molecules per cell were calculated post subtracting background signal emanating from a
respective isotype control antibody (Clone QA16A12 for human IgG1 antibody, Biolegend) by the Quantibrite PE Quantitation Kit
(BD Biosciences, Cat# 340495) according to the manufacturer’s protocol.

Generation of the 3A11 CAR construct and lentivirus production

The FGFR4 CAR contains the targeting scFv sequence derived from a mouse 3A11 monoclonal antibody. The scFv sequence was
linked in frame to CD8 hinge and transmembrane domain, 4-1BB/CD137 co-stimulatory domain, and CD3{ activation domain.
Leader sequence from CD8 alpha subunit was included upstream of the CAR, to facilitate CAR expression at the cell surface
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membrane. CAR sequence was followed by the ribosomal skip element T2A and the truncated epidermal growth factor receptor
sequence (tEGFR, NP_958441.1, AA334-627), used as a safety tag. The CAR expression cassette was cloned into a third-generation
lentiviral plasmid backbone (Lentigen Technology, Gaithersburg, MD) under the regulation of a human EF-1a promoter. Clinical grade
lentiviral vector (LV)-containing supernatants were generated by transient transfection of HEK 293 T-cells®° was used for all exper-
iments except for efficacy testing in the RH4 IM model in Figure 7, which used in-house manufactured process as described previ-
ously.®" Harvested lentivirus supernatants were stored at —80°C.

3A11 CAR T cell manufacturing

Clinical grade 3A11 CAR T-cells were manufactured on the automated closed-system CliniMACS Prodigy (Miltenyi Biotec). Cultures
were initiated from thawed CD4/CD8 T-cells that were previously selected on the CliniMACS Prodigy from healthy donor apheresis
products. On Day 0 of culture, approximately 100E6 thawed CD4/CD8 T-cells were initiated on the Prodigy in TexMACS media
(Miltenyi Biotec) supplemented with 3% human AB serum (Valley Biomedical) and 200 IU/mL IL-2 (Clinigen Inc.) and stimulated
with TransAct anti-CD3/CD28 polymeric nanomatrix (Miltenyi Biotec). On Day 1, cells were transduced with FGFR4 lentiviral vector
at a multiplicity of infection (MOI) of 20. On Day 3, transduction was stopped and TransAct was washed out, and a series of media
addition/exchanges were performed daily on Days 5-8. On Day 9, the final product was collected and cryopreserved. For efficacy
testing in the RH4 IM model in Figure 7, we used in-house CAR T cell production as described previously.®’

xCELLigence Real-Time Cell Analysis and cytokine release assay

5000 target cells were seeded in each well of 96 E-plate (Roche). Cells were monitored continuously by the xCELLigence system. Six
hours later, CAR T-cells and its mock T (un-transduced) controls at different E:T ratio and cells were added and continuously moni-
tored for further 18 h. At the endpoint, cells were spun down, and supernatant was collected. V-PLEX Custom Human Biomarkers
Proinflammatory Panel1 (Human IFN-y, Human IL-2 and Human TNF-«, Meso Scale Discovery) was used to measure the cytokine
level in the supernatant as per manufactory’s instruction.

In vitro toxicity study

For each of the toxicity experiment, 7250 and human RMS cells RH30 was used as negative and positive controls respectively.
Briefly, controls and cells to be tested were first seeded in each well of 96 well flat bottom plate for 6 h. Then all culture medium
for controls was replaced with culture medium used for the primary cells (DMEM for HEK293), CAR T-cells in the primary cell culture
medium was then added at an E:T ratio of 1:1. Eighteen hours later, all cells were spun down and supernatant were taken for cytokine
release assay. Since the growth medium is optimized for the primary cells and therefore may not be optimized for CAR T-cells, for
each culture condition, the cytokine released was normalized with the cytokine detected in the positive control by the following
formula: log2 (primary/RH30).

CAR T-cells persistence and exhaustion analysis by flow cytometry

For CART cell persistence analysis, splenocytes were isolated from RMS559 i.v. xenografted mice at day 70 post CAR T cell infusion.
Blood was collected from RH30 IM xenografted mice at day 35 or RH4 IM implanted mice at day 42 post CAR T-cells treatment and
then red blood cell (RBC) was lysed by RBC Lysis Buffer (BioLegend, 10x, Cat# 420301) before flow cytometry antibodies staining.
T-cells were detected using the following anti-human antibodies: CD45-FITC (BioLegend, clone HI30), CD3-PE (BioLegend, clone
HIT3a), CD4-PE-Dazzle594 (BioLegend, clone A161A1), CD8-APC (BioLegend, clone RPA-T8), EGFR-PE (BioLegend, clone
AY13). The absolute CAR T cell counts in the spleen from tumor-bearing NSG mice were measured by using CountBright absolute
counting beads for flow cytometry (Invitrogen) according to the manufacturer’s protocol. All staining was performed in 0.1 mL FACS
buffer (PBS +0.5% BSA + 2mM EDTA). Flow cytometry was performed using a FACS LSRFortessa (BD Biosciences) and data
analyzed with FlowJo software (Tree Star).

H&E and immunohistochemistry (IHC) for tumor infiltrating T-cells

Formalin-fixed tumors from RH30 subcutaneous xenograft model were embedded in paraffin, and 5 pm FFPE thick sections were cut
and mounted for staining. Sections of neoplastic masses occasionally contained adjacent normal tissues, including fibroadipose
connective tissue and skeletal muscle.

IHC was performed using CD4 (1:250 dilution, Abcam, Cat# Ab133616), CD8 (1:100 dilution, Abcam, Cat# Ab101500), FGFR4
(1:100 dilution, Cell Signaling Technology, Cat# CST8562). Positive IHC controls included human tonsil and cell pellets known to
be positive and negative for FGFR4. Negative controls included replacing the primary antibody with nonspecific antibody from
the same species and of the same isotype.

Whole Slide Imaging (WSI) was performed with an Aperio ScanScope XT (Leica) at 200 in a single z-plane. Annotations were
made to include tumor tissue and exclude tumor necrosis and section artifacts for IHC quantification. Digital pathology for biomarker
quantification was performed following WSI. Thresholds for positivity was determined using known positive controls. Tumor necrosis
was estimated by a pathologist as % area from H&E images. CD4 and CD8 positive cells are reported as number of positive cells
per mm?2.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

GraphPad Prism software was used for data analysis. Log rank statistics was used for calculation of p value of survival analyses, two-
way repeated measures (RM) ANOVA or mixed-effect analysis was used for calculating significant difference of tumor growth curves,
and two-way ANOVA was used for p value calculation of in vitro cytokines production data. p < 0.05 was considered statistically sig-
nificant, and p values are denoted with asterisks as follows: p > 0.05; not significant, ns; *p < 0.05; **p < 0.01; **p < 0.001; and
****p < 0.0001.
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Figure S1. Protein expression of FGFR4 in RMS cell lines and normal organs. Related to Figure 1. (A) FGFR4

protein is expressed at lower levels in normal tissues by electrochemiluminescence assay compared to the positive

control FP-RMS cell line RH30. (B) FGFR4 protein is expressed in FP-RMS and some FN-RMS cell lines by Western.

(C) FGFR4 expression is only detected in RH30 but not in normal tissues.
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Figure S3. 3A11 CAR T-cells show specific killing activity to FGFR4 expressing RMS tumor cells. Related to
Figure 4. (A and B) The specific lysis percentage of 3A11 CAR T-cells co-cultured with FGFR4 expressing RMS
cells (A) or with RH30 FGFR4-KO, RH4 FGFR4-KO or human fibroblast cell line 7250 (B) at the indicated E:T
ratios in an RTCA. (C) IL-2 and TNF-a production levels of 3A11 CAR T-cells following a 20-hour co-culture with
FGFR4 expressing RMS cells or FGFR4-KO or 7250 are shown. Values represent mean = SEM. Statistical test
represents two-way ANOVA multiple comparisons (****p < 0.0001, ***p < 0.01, **p < 0.01, *p < 0.05; ns, p >

0.05).
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Figure S4. 3A11 CAR T-cells exhibited low/absent antitumor activity when co-culturing with cells expressing
low levels of FGFR4, such as HR or HEK293 cells. Related to Figure 5. (A) Representative flow cytometry plot
showing differential levels of FGFR4 expression on RMS cell lines and normal cell HEK293. And Surface FGFR4
molecule numbers/cell of indicated cell lines listed in the right table are estimated and quantified by PE quantitation
beads. (B and C) Cytotoxicity assays show the differential killing activity of 3A11 CAR T-cells to different RMS cell
lines or HEK293 with variable FGFR4 expression levels at an E:T ratio of 1:8. (D) Cytokine release assays show
3A11 CAR T-cells only release high-level cytokine when co-cultured with RH30, RH4, or RD cells, rather than the
CTR, HR, or HEK293 cells. These data are consistent with their killing ability. Values in (B) and (C) represents mean
+ SEM. Values in (D)represents mean + SD. Representative of n = 2 independent experiments with » = 2 individual

donors.
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Figure S5. 3A11 CAR T-cells exhibited similar low cytokine production when co-culturing with primary cells
as 7250 cells. Related to Figure 5. Cytokine (IFN-y, IL-2, or TNF-a) released by FGFR4 CAR T-cells from three
individual donors when coculturing with primary cells or the FGFR4 negative cell line 7250, compared to the positive
cell RH30, grown in their respective media. Statistics represent ordinary one-way ANOVA (¥***p < 0.0001, ***p <

0.01, **p < 0.01, *p <0.05; ns, p > 0.05). Values show n = 3 independent experiments with n = 3 individual donors.



46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

A B ~
E
RH30 i 8=3
(s.c) Tumor volume measurement 2 -O-Tumoronly]"s "
@ ——4—4———t+—+—+—Ppays S whlookT Ty
0 3 7 10 56 S ~3A11 CAR*
NSG 5
E
e 0
¢ umor o 0 10 20 30 40 50
g 100 — Tumor Onlyng Days post tumor implantation
2 g0 — Mock T s |3
a — 3A11 CAR 1+
5 60 D H&E CD4 cD8 FGFR4
2 40 i :
3 1 =f
s 20 4 oE
S 9 5
o 0 10 20 30 40 50 60 €
Days post tumor implantation =
E
€
E
o e Mock T
% e 3A11CAR
)
o
'_

e
<
S
<
@

CD4+T CD8+T

Figure S6. 3A11 CAR T-cells successfully infiltrate into a solid subcutaneous RMS tumor. Related to Figure 7.
(A) Schema of the RH30 subcutaneous xenograft model infused with HBSS vehicle, mock or 3E6 CAR T-cells on
day 3 post tumor inoculation. (B) Individual RH30 tumor volume after receiving mock or CAR T-cells treatment was
measured by caliper. Arrow indicated the day that mice received treatment. Means and each replicate are shown, n =
7. Mixed-effects analysis is used to calculate the p values between each two groups individually. ****p < 0.0001. (C)
Kaplan-Meier survival analysis of mice receiving different treatments are shown. Tumor only vs 3A11 CAR ***p =
0.0003; for mock T vs 3A11 CAR ***p = 0.0002. (D) Representative images of H&E, IHC staining within RH30
tumor grafts from mice treated with HBSS, mock T-cells and 3A11 CAR T-cells individually. All tumors are intensely
positive for FGFR4. 3A11 CAR T-cells treated mice typically harbor small tumors that contain significant CD4 and
CDS8 positive tumor infiltrating lymphocytes. Rare CD4 and CDS positive cells are observed in mock T-cell treated
tumors. Scale bars labeled on image is 100pum, n = 4. (E) CD4" or CD8" T-cells significantly infiltrating into tumors
treated with 3A11 CAR T-cells. Annotations were made to include tumor tissue and exclude tumor necrosis and
section artifact for quantification of IHC. Digital pathology for biomarker quantification was performed following
Whole Slide Imaging (WSI). Thresholds for positivity was determined using known positive controls. CD4" and CD8"
T-cells are reported as number of positive cells per mm? of slide area. Mann-Whitney test was used to calculate the p

value. * p <0.05.
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Figure S7.3A11 CAR T-cells phenotype in RH4 orthotopic tumor model. Related to Figure 7. (A) Representative
flow cytometric plots of CAR T-cell percentages in CD45" CD3™ T-cells of blood collected from above mice at day
49 post RH4 implant. (B and C) Percentage of CAR™ and CAR" in CD45" CD3* T-cells from PBMCs (B) and total

counts of the indicated T-cells in 100ul blood (C). Data are shown as the mean = SEM (n =7 or 8).
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