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ABSTRACT
◥

Rhabdomyosarcoma (RMS) is the most common soft tissue can-
cer in children. Treatment outcomes, particularly for relapsed/
refractory or metastatic disease, have not improved in decades.
The current lack of novel therapies and low tumor mutational
burden suggest that chimeric antigen receptor (CAR) T-cell therapy
could be a promising approach to treating RMS. Previous work
identified FGF receptor 4 (FGFR4, CD334) as being specifically
upregulated in RMS, making it a candidate target for CAR T cells.
We tested the feasibility of an FGFR4-targeted CAR for treating
RMS using an NSG mouse with RH30 orthotopic (intramuscular)
tumors. The first barrier we noted was that RMS tumors produce a
collagen-rich stroma, replete with immunosuppressive myeloid
cells, when T-cell therapy is initiated. This stromal response is not

seen in tumor-only xenografts. When scFV-based binders were
selected from phage display, CARs targeting FGFR4 were not
effective until our screening approach was refined to identify
binders to the membrane-proximal domain of FGFR4. Having
improved theCAR,wedevised a pharmacologic strategy to augment
CAR T-cell activity by inhibiting the myeloid component of the
T-cell–induced tumor stroma. The combined treatment of mice
with anti-myeloid polypharmacy (targeting CSF1R, IDO1, iNOS,
TGFbeta, PDL1, MIF, and myeloid misdifferentiation) allowed
FGFR4 CAR T cells to successfully clear orthotopic RMS tumors,
demonstrating that RMS tumors, even with very low copy-number
targets, can be targeted by CAR T cells upon reversal of an immuno-
suppressive microenvironment.

Introduction
Rhabdomyosarcoma (RMS), a soft tissue cancer that arises in

striated muscle, is the most common soft tissue cancer in children (1).
Typical treatment of patients with RMS is comprised of multimodal
chemotherapy, with 70%–80% of all RMS cases achieving remission-
free survival, but not without significant toxicities. For patients with
metastatic or relapsed/refractory RMS, survival is only 20%–30% and
has not improved in decades despite novel targeted therapies. Pediatric
tumors, and especially the fusion-gene driven subsets, such as alveolar
RMS (AMRS, FP-RMS), have among the lowest mutational burden of
any tumor (2), suggesting that checkpoint therapies alone will be
insufficient to control tumors. Indeed, trials of such inhibitors have
been largely unsuccessful in pediatric patients (3). New therapies with
improved specificity and reduced toxicities are needed.

Chimeric antigen receptors (CAR) T cells are genetically engineered
T lymphocytes expressing an extracellular binding domain and intra-

cellular T-cell signaling domains (4). Upon engagement of the binding
domain (often antibody-derived) to the antigenic target on a tumor
cell, activation, and degranulation occurs resulting in cell-mediated
toxicity-induced death of the tumor cells. The key to CAR T-cell
therapy success is to guide engineered T cells to a molecular target that
is tumor-specific, expressed on the cell surface, and expressed at high
enough levels for CAR T cells activation (5). CAR T-cell therapy has
been successfully used to treat hematological cancers, but is currently
far less effective against solid tumors, likely due to the uniquely
immunosuppressive environment of solid tumors. Nonetheless, some
successes have been seen clinically and suggest that T-cell therapy can
be adapted for targeting solid tumors (6–10). Previous work identified
FGF Receptor 4 (FGFR4, CD334) as being specifically upregulated in
bothmajor subtypes of RMS, a driver ofmetastasis and tumor survival,
and aiding in resistance to chemotherapy, making it a promising
candidate for targeting by CAR T cells (11–15).

FGFR4 is a membrane tyrosine kinase expressed during embryonic
muscle development and is largely absent in healthy tissues. FGFR4
was found to be upregulated in both FP- and FN-RMS, though the
expression of FGFR4 is higher in FP-RMS where expression is driven
by the PAX3–FOXO1 fusion protein (12, 16, 17). One report of
FGFR4-targeted CAR demonstrated in vitro activity of a single-
domain antibody binder used in a CAR format against RMS tumor
lines, assessing the feasibility of such a CAR (18). In our own work, we
reported that a CAR designed to target FGFR4 with an scFv derived
from a human phage-display library against the extracellular domain
of FGFR4 showed in vitro efficacy and some control of tumor in a
metastatic (intravenous) RMS model, but failed to control orthotopic
(intramuscular) disease in vivo (19, 20). We have developed a new
generation of FGFR4-binding moieties to be tested as components of
CARs and derived from both human F(ab)- and human VH-only
(single-chain domain antibodies, dAbs) phage display libraries. New
binders were designed to target the Ig-III domain of FGFR4, as
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membrane proximal targeting has been shown to improve CAR and
transgenic TCR function (21) and the Ig-III domain is not known to
contain splice variants, making the target less amenable to antigen
escape (22). In vitro screening identified top antigen-binding can-
didates active in vitro in CAR format, but when tested in vivo
failed to control RH30 orthotopic tumors. Examination of the
TME by IHC demonstrated that in this model system, the infused
T cells induced a collagen-rich tumor stroma replete with suppres-
sive myeloid cells that would have to be overcome for effective
immunotherapy. Our findings are reminiscent of reports, indicating
that immunosuppressive macrophage populations (CD68þ and
CD163þ) present in RMS are associated with poor prognosis (23)
and that improving T cell’s ability to migrate through stromal
matrix improves T-cell therapies (24).

Immunohistochemical analysis of orthotopic (intramuscular)
tumors clearly demonstrated the presence of immunosuppressive
myeloid populations. mRNA expression analysis also revealed the
presence ofmultiple soluble factors that play a role preventing effective
CAR T-cell therapy. We used these findings to design an anti-myeloid
polypharmacy approach specific to RMS intramuscular xenografts of
the RH30 cell line to overcome the biology of the tumor lesion that
inhibits T-cell activity, and thereby allow FGFR4 CAR T cells to clear
orthotopic RMS tumors in an NSG model.

Methods and Materials
Cell lines and culture media

The aRMS RH30_19 used in these studies was produced by trans-
ducing RH30 cell line with truncated CD19 (CD19t) and firefly
Luciferase (ffLuc). RH30_19 MIF KO was engineered by CRISPR-
Cas9 editing of the MIF gene by transient transfection of the px330
plasmid (provided by Feng Zhang, Addgene #42230) containing MIF-
targeted guide RNA (25). MIF guides were targeted to the sequences:
CCTTTCCTCGCAGTACATCG, CAGTACATCGCGGTGCACG, and
ACCGCGAAGGCCATGAGCTGGTCC. Single clones were cultured
and MIF KO confirmed by ELISA (R&D Quantikine Kit). The eRMS
cell line RD was transduced with GFP-ffLuc and CD19t. REH and
NALM6 were transduced to express GFP:ffLuc and clonally selected
for positive expression. Raji-Luc and K562-Luc were provided by
Dr. Michael Jensen. STR fingerprinting was conducted to verify the
identity of cell lines, and each cell line was validated to beMycoplasma
free by qPCR. RH30 and RD cell lines were grown in DMEM (Gibco)
supplemented with 10% heat-inactivated FBS (VWR) and 2 mmol/L
L-glutamine (Gibco). Raji, K562,NALM6, andREH lineswere cultured
in RPMI-1640 (Gibco) supplemented with 2 mmol/L L-glutamine,
10 mmol/L HEPES (Invitrogen), and 10% FBS. Healthy donor human
PBMCs were obtained from Bloodworks Northwest and isolated
with SepMate PBMC Isolation Tubes and Lymphoprep (Stemcell
Technologies). T cells were cultured in TexMACS medium (Miltenyi
Biotec) with recombinant IL2 (premium grade, Miltenyi Biotec) as
described below.

CAR design
Chimeric antigen receptors consisted of a GM-CSF receptor signal

sequence, binder, CD8 hinge and transmembrane, 4–1BB (CD137) co-
stimulation domain, and CD3z activation domain, as previously
described (21, 26–28). The LV sequence was designed with NheI and
NotI restriction sites flanking binder domain sequences to facilitate
screening of candidates. Additional CARs optimized for low density
antigen recognition replaced CD8 H/TM with CD28 H/TM as in
Majzner and colleagues (29).

Vector production
Lentiviral vector was produced by transient transfection of

HEK293T/17SF cells, seeded at 1� 106/mL in 200 mL of FreeStyle293
expression media (Gibco) in a 1 L polycarbonate shaker flask
(TriForest Labware). HEK293T/17SF cells were transfected the fol-
lowing daywhen cells reached 2� 106/mL. PEIpro (Polyplus) was used
to transfect cells with plasmids containing gag-pol, rev, VSV-G
envelope protein and transfer plasmid containing the CAR. Sodium
butyrate (MilliporeSigma) was added 24 hour after transfection.
Supernatant was collected on day 3 after transfection and filtered by
0.45 mmol/L filter (MilliporeSigma). LV was concentrated by centri-
fugation at 12,000 � g for 4 hours. Pelleted LV particles were resus-
pended in serum-free medium, aliquoted, and stored at �80�C.

Phage panning and binder expression
To identify binders specifically targeting FGFR4 membrane prox-

imal domain (IgIII), we developed a sequential phage panning strategy
in which the full-length FGFR4 ectodomain (Sino Biological) was used
in the first round of panning with human antigen-binding fragment
(Fab) and human Ig heavy chain variable domain (VH) phage libraries.
For the 2nd and 3rd round, we used the recombinant IgIII domain,
stably expressed as a human IgG1–Fc fusion protein in expi293 cells
and purified by protein A resin. Panning enrichment was checked by
the polyclonal phage ELISA binding to both full-length FGFR4 and the
IgIII domain alone after three rounds of panning. After validating
enrichment, monoclonal expression ELISAwas used to screen positive
monoclonal binders by using the full-length FGFR4 (Fc fusion protein)
coated plates. During ELISA, we used an IgG1 m336 (non-specific
binder), containing the Fc fragment, as the negative control. Positive
clones were amplified and plasmids extracted, followed by Sanger
sequencing. For expression of positive VHandFab binders, phagemids
were transfected into HB2151 E.coli bacteria, and proteins were
purified from the periplasmic space by secretion mediated by ompA
and pelB signal peptides. The protein purity was checked by SDS-
PAGE and quantified by spectroscopy (Nanodrop).

CAR T-cell preparation
PBMC were cultured at 2 � 106 cell per well in 24-well plates in

TexMACS media supplemented with 40 U/mL rhIL-2 and 20 mL/well
TransAct (Miltenti Biotec) activation matrix. At 24 hours, PBMCs were
transduced with LV in the presence of protamine sulfate (8 mg/mL).
Media were replaced at 24 hours with fresh TexMACS, with 40 IU/mL
rhIL-2. On day 4, media were replenished and rhIL-2 increased to
200 IU/mL. PBMCwere expanded inTexMACSwith rhIL-2 until day 9,
at which point CAR surface expression and functional activity were
assessed or T cells transferred into tumor-bearing mice.

Cytotoxicity assays
A total of 1� 104 tumor cells (target) were cocultured with CAR T

cells (effector) at the indicated effector to target (E:T) ratios in a
96-well, flat-bottom plate, in triplicate wells. Cells were co-incubated
for 20 hours in 200 mL TexMACS media without added cytokines.
100 mL of media were removed for cytokine analysis and 100 mL
SteadyGlo reagent (Promega) was added to eachwell. After 10minutes
at room temperature, luminescence was quantified using an Espire
plate reader (PerkinElmer). Target cell only wells (positive, 100%
viable) and tumor cells with 1% Tween-20 (negative, non-viable) were
included. Percentage of specific lysis was calculated as (sample-
negative)/(positive–negative)�100%. For multiple-day challenge cyto-
toxicity assays, cells were cultured in a 96-well plate with an E:T ratio of
either 1:1 or 1:4 with CAR T effector cells and RH30 target cells. At
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48 hours, cells were analyzed for the fraction of effector and target cells
remaining in culture using flow cytometry, and original ratios were re-
established. This was repeated for 3 consecutive challenges over 6 days.

Cytokine assay
Cytokine production was measured from the supernatants of

cytotoxicity assays (described above). Supernatants were centrifuged
at 1,000� g for 5minutes to clear cells and debris, then analyzed using
bead-based multiplex cytokine assays (LengendPlex, Biolegend) for
INFg , TNFa, and IL2 per the manufacturer’s protocol. Samples were
acquired on a LSR Fortessa cell analyzer (BD Biosciences) and
analyzed using LEGEND Plex software (v8.0, Biolegend).

Cell staining and flow cytometry
Samples were processed into single cell suspensions and stained in

FACS buffer (PBSþ 2% FBSþ 0.1% sodium Azide) with antibody for
45 minutes on ice followed by secondary (APC- or PE-conjugated
streptavidin) binding for 20 minutes. Antibodies used were CD8-
BUV395 (RPA-T8, BD Biosciences), CD4-Bv605 (RPA-T4, BD Bio-
sciences), CD3-APC (SP34–2, BD Biosciences), FGFR4-PE (4FR6D3,
BioLegend), CD19-PE (HIB19, Biolegend), PDL1-APC (MIH1, BD
Bioscience), and PDL2-Bv421 (MIH18, BD Biosciences). Surface CAR
was detected using biotinylated CD19 with Fc-tag (Acro Bio) or
biotinylated FGFR4-Fc (Sino Bio). For evaluation of FGFR4 binders
identified from phage screening, 500 nmol/L VH or Fab proteins were
incubated with cells at 4�C for 30 minutes followed by PE-conjugated
anti-human Fc antibody (Miltenyi Biotec, 130–101–576) for 30 min-
utes at 4�C. Cells were then analyzed by flow cytometry using BD LSR
II. Tumor cell surface antigen was quantified using Quanti-Brite
beads (BD Biosciences) according to the manufacturer’s instructions.
Quantibrite beads and corresponding tumor cells stained for FGFR4
antigen were acquired on a BD LSRII and analyzed using GraphPad
Prism. Data were analyzed by FlowJo V10.

ELISA
Supernatants from tumor cell cultures were collected after treat-

ment with IFNg for 24 or 48 hours. TGFb1, MIF, LIF, and CCL24
protein was quantified by ELISA using the manufacturer’s protocol
(R&D Biosystems, Quantikine). Plates were read on an Espire plate
reader (PerkinElmer), analyzed in Microsoft Excel, and graphed in
Prism (v. 9.2.0, GraphPad). For evaluation of FGFR4 binders identified
from phage screening, recombinant antigen (full-length FGFR4 ecto-
domain or IgIII alone) was coated into Corning 96-well Half Area
Clear Flat Bottom Polystyrene High BindMicroplate (Cat.no. 3690) at
4�C overnight. Plates were blocked using PBS buffer containing 3%
non-fatmilk (PBSM) for one hour. For detection antibody binding, the
VH and Fab binders were 5-fold serially diluted with starting con-
centration of 1 mmol/L and incubated for two hours at room temper-
ature. After incubation, the plates were washed using PBS containing
0.05% Tween-20 (PBST). Horseradish peroxidase (HRP)–conjugated
anti-FLAG tag antibody (Sigma, A8592) diluted in the PBSM buffer
(1:1,000), were added into plate and incubated for one hour at room
temperature, followed by washing with PBST. The binding signals
were developed by adding HRP substrate TMB (Sigma, T0440) and
stopped by using 1MH2SO4. The plate was read using Bio-Rad iMark
Microplate Absorbance Reader.

Nanostring profiling
RNA was extracted from in vitro cultures of RH30_19 cells or

from single cell suspensions of tumor tissue. RNA was isolated from
3,000 cells/mL per sample. RH30_19 tumor cells were isolated from

whole-tumor samples using anti-CD19 magentic beads (Miltenyi
Biotec). RNA expression profiling was performed with the Nanostring
nCounter using the Human Immunology V2 panel (Nanostring
Technologies). Normalization and analysis was conducted in Rosalind
(Nanostring Technologies). Gene categories were selected inMicrosoft
Excel using theHuman ImmunologyV2 Panel Annotations summary.

IHC and immunofluorescence
Immunofluorescence was performed on paraffin-fixed paraffin-

embedded tissues sectioned 5-mm thick. Sections were deparaffinized
and pretreated with Diva decloaking buffer (Biocare Medical) at
120�C for 30 seconds. Sections were first stained for rabbit anti-CD4
(Abcam #243872) and rabbit anti-CD8 (Abcam #4055) each diluted
1:200 together using the goat anti-rabbit tyrimide amplification kit
(Thermo Fisher Scientific #B40943) according to the manufacturer
instructions. Slides were then reheated in Diva buffer to 120�C and
then stained for goat anti firefly luciferase (Novus #NB100–1677)
followed by rabbit anti-CD11b (1:500, Abcam #33357), rat-anti F4/80
(1:500, Thermo #MF48000), and CD206 (1:500, R&D #AF2535-SP)
stained with Alexa Fluor labeled secondaries (Thermo #A-11056,
#A-11036, #A-21247) each diluted 1:500 in blocking buffer. Ten non-
overlapping fields of each slide were imaged using a Nuance multi-
spectral camera (Akoya Bio) on a Nikon Eclipse Ci microscope with
both 10x (NA 0.45) and 40� (NA 0.95) objectives. Images were
analyzed using InForm Tissue analysis software (v2.4.1, Akoya Bio).
Sections were also stained with hematoxylin and eosin (H&E) or
TriChrome (Sigma-Aldrich, HT15).

Mice and tumor model
NOD-scid IL2Rgammanull (NSG) mice, used at 8–12-weeks-old,

were purchased from The Jackson Laboratory or bred in-house.
RH30_19 tumor cells were prepared at 20�106/mL in PBS. 50 mL
(1�106 RH30_19 or RH30_19 MIF KO) of the single cell suspension
were injected intramuscularly into the right hind leg of NSG mice.
T cells (CART orUTD)were injected intravenously or intratumorally,
as per procedure. Mice were imaged weekly after tumor inoculation
using IVIS Spectrum in vivo Imaging system (PerkinElmer) 15 min-
utes after subcutaneous D-luciferase (Xenolight D-luciferin Kþ salt,
PerkinElmer) injection. Endpoint was determined by tumor volume
(1,000mm3) as measured by digital caliper using the formula: volume¼
(width2 � length)/2. All-trans retinoic acid (ATRA) was delivered by
timed release subcutaneous pellet (5 mg, 21-day release, Innovative
Research of America). PLX3397 (50 mg/kg/d, MedChemExpress),
Epacadostat (75 mg/kg/d, MedChemExpress; refs. 30, 31), and
SD-208 (25 mg/kg/d, MedChemExpress; ref. 32) were delivered by
oral gavage using plastic feeding tubes (Instech, FTP-18–30). L-NAME
(50mg/kg/d, CaymanChemical) and anti-PD1 antibody (200mg/dose,
BioXCell, BE0188) were delivered by intraperitoneal injection. Doses
were 5 days on/2 days off unless otherwise noted.

ALT assay
Serum was collected from mice at euthanization, based on disease-

burden.Whole bloodwas collected, allowed to sit at room temperature
for 15 minutes, then centrifuged for 20 minutes at 4�C. The resulting
serumwas collected and stored at�80�C until use. ALTwasmeasured
using a commercially available ALT Activity Assay (Sigma-Aldrich),
following the manufacturer’s protocol.

Statistical analysis
Plots and statistical analyses were analyzed using Prism software

(v. 9.2.0, GraphPad Software, LLC). Experimental replicates are
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noted in each figure legend. Statistical significance is indicated as �,
P < 0.05; ��, P < 0.01; ���, P < 0.001. Animal survival was plotted as a
Kaplan–Meier curve and analyzed using a log-rank (Mantel–Cox)
test.

Approvals
Animal experiments were conducted in an AAALAC accredited

facility, following Seattle Children’s Research Institute institutional
animal care and use committee (IACUC) approval of procedures
(IACUC00417)

Data availability statement
Data were generated by the authors and available on request

(permitted only for data types for which a community-recognized,
structured repository does not exist)

Results
In vitro characterization of FGFR binding domains on CARs

To improve FGFR4 CAR T-cell performance, we screened a new
generation of binding moieties. Previous binders were generated
against the entire extracellular domain of FGFR4, consisting of three
Ig-like domains and an acid box domain (Fig. 1A). To target new
CARs to themembrane proximal Ig-III domain of FGFR4, we screened
for FGFR4 binders (single domainVHand Fab) by panning against the
full extracellular domain of FGFR4, followed by two rounds of panning
against the Ig-III domain alone (Fig. 1B). Binding was confirmed by
ELISA against the full extracellular domain and the Ig-III domain and
with binding to cell surface associated FGFR4 binding in cell culture
(Fig. 1C; Supplementary Fig. S1A–S1C). We developed eight VH

binders and seven Fab binders from this screening process. The
binders were cloned into a second generation chimeric antigen recep-
tor featuring a GM-CSF signal sequence, CD8 hinge/transmembrane
domain, 4–1BB costimulatory domain, and CD3z activation domain
(Fig. 1D). scFv-based binders were cloned in both the VL-VH and VH-
VL orientation (Fig. 1D). FGFR4 CARs were screened in vitro for
surface expression, cytotoxicity, and cytokine production in primary
human T cells. We confirmed the expression of FGFR4 CARs 9 days
after activation. CAR expression varied greatly between binders, with
some CARs being undetectable despite previous validation as effective
binders by ELISA (Fig. 1E). All 22 CARs generatedwere then cloned in
LV-expression vectors, tested for cytotoxicity against the aRMS cell
line, RH30 (transduced to co-express truncated CD19 as a model
antigen (RH30_19) and luciferase to facilitate analysis, and a control
(FGFR4 negative) cell line, Raji. Day 9 FGFR4 CAR T cells were co-
incubated with target cells for 20 hours at the indicated effector:target
(E:T) ratios. Nearly all new FGFR4 binders demonstrated in vitro
cytotoxicity specific for RMS cell line without cytotoxicity against
controls (Fig. 1F). The FGFR4 CARs were also tested for cytokine
production during co-incubation with RH30_19 target cells. Super-
natants from CAR T-cell tumor target co-incubation assays were also
tested for the presence of IFNg and TNFa. Again, depending on the
binder incorporated into the CAR T-cell construct, variable cytokine
production was seen (Supplementary Fig. S1D). On the basis of surface
detection of CAR, high cytokine production, and high specific cyto-
toxicity, we selected the most active FGFR4 binders, with ready
detection by flow cytometry, to continue in vitro screening.

Five FGFR4 binders, two VH-only and three scFv-based (RJ144,
RJ146, RJ151-LH, RJ150-HL, and RJ154-HL) were selected for addi-
tional in vitro vetting. These were compared with two previous FGFR4
binders generated during previous studies, m410 and m412 (20).

Surface detection of FGFR4 CAR varied between constructs (Supple-
mentary Fig. S2A) and CAR expression did not change the in vitro
expansion kinetics of transduced T cells (Supplementary Fig. S2B). As
sarcoma lines are sensitive toNK-like activity (33–35), andCART cells
can exhibit non-specific NK-like killing (36) that can complicate the
interpretation of CAR T-cell–based killing, the cytotoxicity of these
CARswas also tested, with orwithout cold target inhibition (CTI). CTI
with K562 cells serves to blunt NK-like killing activity associated with
both NK cells and activated T cells and was accomplished by adding a
30-fold excess of unmodified K562 to the cytotoxicity, effectively
redirecting CAR non-specific, NK-like cytolysis. We also confirmed
that NK cells were not present in CAR T-cell populations (Supple-
mentary Fig. S2C). With the addition of CTI, only two binder
candidates maintained strong cytotoxicity against RH30_19, with the
remaining three CARs showing greatly diminished cytotoxicity
(Fig. 2A). To better understand the non-specific cytotoxicity of these
CARs, we also tested them against K562, with andwithout CTI. All five
CARs had cytotoxicity against the FGFR4-negative targets that was
blocked with CTI, suggesting that NK-like cytotoxicity was present in
our cytotoxicity assays (Fig. 2B). FGFR4-CAR cells had variable non-
specific cytotoxicity against REH and NALM6 cells lines, which was
also reduced by CTI (Supplementary Fig. S2C). We next tested the
durability of these selected CARs in a multiple-challenge cytotoxicity
assay. FGFR4 CART cells were plated with tumor targets at a 1:1 or 1:4
ratio for 48 hours. The remaining cell populations were then harvested
from wells, and assessed for total number and the ratio of persisting
tumor and FGFR4 CAR T cells. The original ratio was then re-
established by adding target cells and the process was repeated for a
total of three challenge cycles. FGFR4-CARs demonstrated varied
responses after the initial challenge, with RJ144 decreasing in
effectiveness after the initial challenge, RJ146 retaining the strongest
cytotoxicity throughout the three challenges, and the remaining
three CARs falling between these responses (Fig. 2C). Cytokine
production was also assessed. All newer generation FGFR4 binders
targeting the membrane proximal domain of FGFR4 outperformed
previously generated CARs (m410 and m412; Fig. 2D). From these
data, we selected RJ150-HL and RJ154-HL based on their specific
and strong cytotoxicity, cytokine expression, and in vitro persis-
tence based on tumor-clearance activity against multiple rounds of
tumor challenge.

Low antigen density limits FGFR4 CAR effectiveness against
orthotopic RMS tumors

We tested two FGFR4 CARs, RJ150-HL and RJ154-HL, and a CD19
CAR (FMC63 binder) against RH30_19 intramuscular tumors in NSG
mice. CARswere delivered either by intravenous delivery on day 3 post
tumor inoculation or intratumor delivery (IT) on day 7 post tumor
inoculation, the earliest time point at which tumor could be reliably
palpated (Fig. 3A). Tumor growth was assessed weekly by luciferase
activity (IVIS) and caliper measurement. Mice with FGFR4 CARs did
not show any difference from UTD or untreated mice, whereas CD19
CAR had a transient effect, as evidenced by slowing or reducing tumor
growth when delivered intravenously (Fig. 3B and C). None of these
CARs were able to significantly extend survival (Fig. 3D). Further-
more, delivering CAR T cells by IT had no benefit over intravenous,
despite directly delivering the effector cells into the tumor and
bypassing obstacles to T-cell trafficking to the tumor. We propose
that CAR T cells either do not persist in the tumor interior, or that
migration to tumor stoma is an active process, whether CAR T cells
start inside the tumor or arrive through the vasculature. CD19 CAR T
cells were able to delay tumor growth when delivered intravenously,

FGFR4 CAR Controls RMS Tumors

AACRJournals.org Mol Cancer Ther; 21(10) October 2022 1611



Figure 1.

Isolation of new FGFR4-binding moieties and screening anti-FGFR4 CAR T cells. A, Schematic of FGFR4 homodimer and the FGFR4 protein fragments used for
panning new binders. Full-length antigen (primary) was used for the first round of panning FGFR4 binders, followed by an IgIII-domain only fragment (secondary) in
subsequent rounds. B, Panning workflow included three rounds of panning, phage enrichment, and binding evaluation. C, ELISA targeting FGFR4 IgIII domain only
with either Fab binders (left) or VH-only binders (right). Increasing amounts of soluble binder (x-axis) were added to antigen coated plates, and specific binding
quantified by ELISA (y-axis, as in Materials andMethods).D, Schematic of CAR structure. The thin double line represents the plasmamembrane, which is transited by
the CD8 transmembrane (TM) domain and linked to intracellular signaling domains derived from 4–1BB to the CD3-z chain. The extracellular aspect of the CAR
contains a hinge domain derived from CD8, which links to single chain (dark gray) or scFv-based (light and dark gray) antigen-binding domains derived from phage
display, Fig. 1. E, Surface expression of anti-FGFR4 CARswas tested in healthy donor PBMCs day 9 post activation. CARwas detected using recombinant FGFR4-Fc-
Biotin and SA-PE todirectly bindCARon the cell surface. Surface-stained cellswere visualizedusing flowcytometry. F,Cytotoxicity of CART cellswas assessed using
CTL assays against FGFR4-expressing RH30_19 RMS cell line and FGFR4-negative Raji-ffLuc cells. Target cells were plated at 10,000/well with CAR T cells added at
the indicatedE:T ratios and co-incubated for 20hours. Percentage of specific lysiswasdeterminedby luminescent signal fromsurviving tumor cells.D, IFNg andTNFa
cytokines released during 20-hour co-incubation with FGFR4-expressing RH30_19 target cells were quantified using LegendPlex bead-based cytokine assay.
Controls include unstimulated T cells (Unstim) and T cells activated for transduction but not exposed to LV (UTD). All assays were conducted in triplicate and
independently repeated three times.
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possibly by reducing the accumulation of immunosuppressive TAMs
in the TME (Supplementary Fig. S3A).

To better understand why FGFR4 CARs showed no effect against
RH30_19 tumors whereas CD19 CAR showed a transient effect, we
quantified the target surface molecules per cell. CD19t was expressed
35-fold higher than FGFR4 (95,000 CD19t molecules/cell compared
with 2,700 FGFR4) on the RH30_19 cell line in culture (Fig. 4A).
Furthermore, when FGFR4 surface expression was tested on tumor
cells that were excised from tumor-bearing animals, we observed a

further decrease in expression (700 FGFR4 molecules/cell) which is
similar to the low levels of expression seen on the eRMS cell line RD
(400 FGFR4 molecules/cell; Fig. 4B). To overcome low antigen
density, we tested additional CAR designs that have previously been
shown to improve CAR function against a low-density antigen (29).
We tested the RJ154-HL binder (hereafter referred to as FGFR4 CAR)
with our standard CAR design (standard), a CAR with two CD3z
domains (double zeta), and a CARwith a CD28 hinge/transmembrane
domain (CD28 H/TM) and CD137 (4–1BB) and a single CD3z

Figure 2.

Screening anti-FGFR4CAR T cells for specificity and function.A andB, Top candidate FGFR4 binderswere tested for cytotoxicity against RH30_19 (A) or K562-ffLuc
(B) with or without cold target inhibition (þCTI) using unlabeled K562 cells at 30-fold excess.C,Multiple challenge cytotoxicity assaywas conducted by plating anti-
FGFR4 CAR T cells with RH30_19 or Raji cells at a starting E:T ratio of 1:1 or 1:4. Cell populations were assessed by counting and flow cytometry at 48 hours, then
original ratios reestablished. This was repeated for three tumor-cell challenge cycles and the percentage effector T cells of the total population graphed at the end of
each cycle (%T cells of total). Thus, 100% (y-axis) indicates no tumor detectable.D,Cytokine production at 20 hours of coculturewith RH30_19 target cells. All assays
were conducted in triplicate and independently repeated at least twice.
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domain (Fig. 4C). The double zeta FGFR4 CAR reduced CAR surface
expression and function compared with our standard CAR design, as
determined by cytotoxicity and cytokine production in response to the
RD cell line. In contrast, the CD28 H/TM CAR maintained surface
expression and cytokine production while improving cytotoxicity
(Fig. 4D–F). A similar pattern was observed with our CD19 CAR
construct (Supplementary Fig. S4A and S4B). On the basis of the
improved function of the CD28 H/TM CAR, this format was used in
subsequent experiments.

The TME of RMS remodels in response to T cells
RH30_19 tumors were excised from NSG mice that had either

received no treatment, or received activated, untransduced T cells.

Histochemical analysis, H&E-stained FFPE tumor sections, of these
tumors showed that the tumors exposed to activated T cells developed
a thick collagen-rich stroma (Fig. 5A). H&E showed minimal stromal
deposition in untreated orthotopic tumors growing IM in NSG mice
(top, black arrows, Fig. 5A), and a thick stroma in T-cell–treated mice
(bottom, yellow arrows). The collagen deposition attending this
stromal reaction was highlighted by Trichrome staining (Fig. 5B).
As this reaction was seen with UTDT cells and CART cells, we ascribe
it to the production of factors (such as IFNg) known to activatemurine
myeloid cells (37), as seen inmouse models of sarcoma.We confirmed
that UTD T cells do produce IFNg in response to mouse cells by co-
incubating T cells with single cell suspensions of mouse spleen, bone
marrow, and excised RH30 tumor. We observed low levels of IFNg

Figure 3.

CAR T-cell therapy alone failed to control intramus-
cular RMS tumors. A, Schematic experimental time-
line. Tumorswere injected intramuscularly on day0.
CAR T cells were injected intravenously on day 3 for
one group (top line) or injected intratumorally (IT)
on day 7 in a separate group of tumor-bearingmice,
7 � 106 per mouse. The top two anti-FGFR4 CAR
candidates, RJ150HL and RJ154HL, as well as CD19
were used for treatment. B, Weekly IVIS measure-
ments were used to determine tumor growth until
mice reached endpoint (tumor volume >1,000
mm3). Groups of three mice received CAR T cells
IV, IT, or control (UTD). Three mice received tumor
only. X indicates sacrifice as per protocol. C, Flux
(photons/s) of individual mice treated with either
intravenously delivered CAR T cells (left) or intra-
tumorally delivered CAR T cells (right) is plotted.
Arrows indicated the time of CAR T-cell injection.
D, Kaplan–Meier survival curves for mice receiving
intravenously (left)or intratumorally (right)delivered
CAR T cells. Two mice treated intravenously with
CD19 CAR T cells survived to day 65.
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production when the T cells were in the presence of mouse cells, but
not when co-incubated with cultured RH30 cells (Supplementary
Fig. S5A). To determine the cellular composition of the tumor and
stroma, we used immunofluorescent staining for myeloid cell markers
(CD11b, F4/80) and ffLuc antibody staining for tumor cells (ffLuc) to
produce a phenotypicmap of the tumor lesion, and imaging analysis to
create masks that segregate tumor and tumor-excluded (stromal)
regions (Fig. 5C, top). Cellular masks allowed for individual cells to
be counted (Hoechst nuclei) and phenotype ascribed to each. We
found that the total number of myeloid cells in the tumor increased,
and that this increase was primarily in the tumor excluded, stromal
regions (Fig. 5C). Furthermore, the presence of M2-like tumor-
associated macrophages (TAM) was largely absent in the untreated
tumors but became more abundant when treated with either untrans-
duced T cells or FGFR4 CAR T cells (Fig. 5D). Finally, untransduced,

CD19CAR, and FGFR4CART cells all localized to the stromal regions
of the tumor in close association with myeloid cells (Fig. 5E), con-
sistent with an immune-excluded tumor phenotype.

The inability of intratumorally delivered CAR T cells to control
tumor growth (Fig. 3B and C) and the immune-excluded phenotype
observed by immunofluorescence (Fig. 5E), indicates that delivery of
CAR T cells is unlikely to have a durable effect on tumor growth unless
the stromal formation that serves as a cellular sink for introduced
T cells can be overcome in parallel. To identify molecular targets for
improving CAR T-cell therapy, we first used quantitative RNA-
expression profiling panels (Nanostring analysis) of tumor cells in
culture. RH30_19 cells were left untreated or treated with IFNg for
24 hours tomimic T-cell effects on tumors in vivo. Using the nCounter
Human Immunology V2 panel, we identified the most highly
expressed genes after IFNg treatment and curated the list to highlight

Figure 4.

Tuning anti-FGFR4 CARs for low-density antigens. Expression of RH30_19 antigen surface expression of FGFR4 and CD19 as assessed by flow cytometry (A) and
quantified with QuantiBrite beads (B). Quantification of surface FGFR4 expression of cultured RH30_19 and RD cell lines or RH30_19 cells derived from excised
tumors. Bothflowanalysis (left) andquantification (right) are shown.C,NewCARstructural and signaling formats evaluated: doubleCD3zCAR, andCD28H/TMCAR.
D, Surface expression of RJ154HL CAR (anti-FGFR4 CAR) with indicated new signaling domains assessed by flow cytometry. E, Cytotoxicity of anti-FGFR4 CAR T
cells against the RD-ffLuc RMS cell line after 5 hours of coculture at indicated E:T ratios. F, Cytokine production by anti-FGFR4 CAR after 20 hours of coculture with
RH30_19 target cells. Average of three wells and SEM is indicated for each new CAR format and control UTD.
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the top soluble factors (Supplementary Fig. S6A) and immune cell
receptor transcripts (Supplementary Fig. S6B). Among the highest
expressed soluble factors weremacrophagemigration inhibitory factor

(MIF), Transforming Growth Factor b1 (TGFB1), and Leukemia
inhibitory factor (LIF). The presence of MIF, LIF, and TGFB1 are all
associated with poor prognosis in multiple cancer types. Indoleamine

Figure 5.

T-cell therapy induces tumor stroma formation. A and B, Untreated or T-cell–treated intramuscular RH30_19 tumors were excised and stained with H&E, with
central and right showing enlargements of the indicated boxed areas (A) or TriChrome stained to highlight collagen deposition (blue; B). Yellow arrows
indicate regions of stroma/collagen deposition as opposed to the tumor–stromal interface in untreated mice (black arrows). C, Untreated or T-cell–treated
RH30_19 tumors were stained with a-Luciferase (tumor), mouse a-CD11b, and a-F4/80. A phenotype map was created to indicate the identity of each cell
within the field of view. Luciferase staining was used to determine tumor cells and create a mask of tumor and nontumor regions. Myeloid cells were counted
within both regions (phenotype þ mask) as demonstrated. The proportion of myeloid cells in untreated, T-cell–treated, or anti-FGFR4 CAR–treated mice is
shown in the representative images and plotted to the right. D, The presence of tumor-associated macrophages was determined with immunofluorescence
staining of CD206 along with CD11b and F4/80 in RH30_19 tumors excised from untreated, untransduced T-cell, or FGFR4 CAR T-cell–treated mice. E, CD4 and
CD8 T cells localized to myeloid-rich regions as shown by immunofluorescent staining with CD4þCD8, CD11b, and F4/80 in RH30_19 tumor samples with the
indicated treatments.
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2,3-Dioxygenase 1 (IDO1) was also included, as expression of IDO1 is
well-established as an immunosuppressive marker. In addition, the
chemokines CXCR4 and CCL24 decreased with IFNg treatment
(Supplementary Fig. S6A). In vivo tumor samples from untreated or
T cells treated RH30 tumor-bearing mice were also analyzed for gene
expression, with similar candidates identified (Supplementary Fig. S6C
and S6D). Select soluble factors were confirmed by ELISA in multiple
RMS tumor cell lines, including RH30_19, RH30 parental line (FP-
RMS), RD (FN-RMS), and RMS13 (FP-RMS) after 24 or 48 hours of
IFNg treatment. To verify RNA-expression results at the protein
level, ELISA assays of tumor culture supernatants were tested forMIF
(Supplementary Fig. S6E), TGFB1 (Supplementary Fig. S6F), CCL24
(Supplementary Fig. S6G) and LIF (Supplementary Fig. S6H). Dif-
ferences were noted between RMS cell lines, indicating that the
presence of some soluble factors may be subtype specific. PDL1 and
PDL2 surface expressionwas analyzed by flow cytometry in untreated
or IFNg-treated RH30_19 cultures (Supplementary Fig. S6I). PDL1
expression increased with IFNg treatment, mirroring the gene
expression data (Supplementary Fig. S6B and S6I). PDL2 is expressed
on RH30_19 cells, but does not increase with IFNg , despite minimal
gene expression (Supplementary Fig. S6B and S6I). These results
suggest several well-described tumor-produced immune defense
mechanisms that could be targeted to improve FGFR4-targeted CAR
T cells control of RMS tumors.

Anti-myeloid polypharmacy allows CAR T cells to clear
orthotopic RMS tumors

With a deeper characterization of the TME of RMS tumors, we
developed a series of small molecule-based interventions aimed at
disrupting the myeloid cells that were invoked in the region due to our
T-cell intervention. We hypothesized that a poly-pharmacy approach
would be required to overcome the multiple tumor defenses described
to allow CAR T cells to engage the tumor cells and clear the lesion.We
targetedmyeloid-derived suppressor cells that are known to be present
in NSG tumor models with all-trans retinoic acid (ATRA), M2-like
tumor-associated macrophages (TAM) with the CSF1R inhibitor
pexidartinib, TGFb signaling with a TGFBRI inhibitor, SD-208, IDO1
with Epacadostat, iNOS with L-NAME, and a-PD1 antibody to
prevent T-cell exhaustion (Fig. 6A). In addition, we used an MIF
knockout line of RH30_19 (RH30_19 MIF KO). We termed this
approach PolyRx. When PolyRx was combined with CD19 or FGFR4
CART cells, but not untransduced T cells, the T cells were able to clear
intramuscular RH30_19 tumors (Fig. 6B–D) and extend the survival
of CD19 or FGFR4 CAR-treated mice, whereas FGFR4 CAR alone
controlled tumors to a lesser extent and did not significantly extend
survival (Fig. 6E). Mice receiving PolyRx in the No T-Cell and UTD T
Cells groups had fewer total macrophages and CD206þ macrophages
residing in their tumors (Supplementary Fig. S7A and S7B). Interest-
ingly, mice that received PolyRx plus CAR T cells demonstrated fewer
signs of autoreactive T cells—graph versus host (GVH) disease with
CD19CARor jaundice associatedwith on target/off tumor targeting of
the FGFR4 CAR (Fig. 6F). PolyRx did not show any obvious signs of
toxicity, evidenced by equal weight gain throughout treatment (Sup-
plementary Fig. S8A). Jaundice was clearly evident in FGFR4 CAR
T-cell–treated tumor-bearing mice that did not receive PolyRx as
evidenced by yellowed eyes, skin, and mesenteric tissues upon nec-
ropsy. GvHD was noted by thin andmatted fur, hunched posture, and
mice were sacrificed according to protocol due to weight loss. Liver
toxicity was assessed by ALT activity assay. Increased serum ALT was
observed only in FGFR4 CAR T-cell–treated mice, suggesting that the
resulting jaundice was due to FGFR4 CAR T-cell activity rather than

PolyRx treatment (Supplementary Fig. S8B). We propose in further
work to determine the causation of these specific CAR T cells product
associated toxicities and why they are not apparent in PolyRx-treated
tumor-bearingmice. Further studies will help eludcidate the individual
and combined impact of PolyRx targets in RMS and other pediatric
solid tumors.We have observed thatMIF knockout slows RH30 tumor
growth in NSG mice, similar to previous studies of MIF knockout in
other tumor lines (Supplementary Fig. S9A–S9C; ref. 38). Preliminary
data also suggest that reducing PolyRx can provide a similar level of
efficacy in combination with FGFR4 CAR in WT RH30_19 tumors
(Supplementary Fig. S10A–S10D).These data demonstrate that ortho-
topic RMS tumors can be targeted by CAR T cells, even against low
density target molecules like FGFR4, by reversing the immunosup-
pressive features of the tumor microenvironment.

Discussion
Our novel anti-FGFR4 CAR paired with anti-myeloid poly-

pharmacy reversed the immunosuppressive myeloid compartment of
solid RMS tumors, allowing for successful clearance of orthotopic (IM)
tumors. These results, although striking on their own, also provide
insight into targeting low-density antigens on other solid tumors. We
clearly demonstrate that the anti-FGFR4 CAR is able to clear solid
tumors to the same efficiency as anti-CD19 CARs, despite FGFR4
molecules being 40 times less frequent on the cell surface. Our new
generation of FGFR4 binders demonstrates the role of target selection
in CAR T-cell testing. Although the original FGFR4 binders targeted
themoremembrane distal acidic box region of FGFR4, the newbinders
selected for binding to the membrane proximal Ig-III domain of
FGFR4 improved CAR performance (Figs. 1A, 2A, B and D), in line
with data from previous CART-cell optimization reports (21, 39). The
improvement reported here by targeting a membrane proximal
domain rather than distal domains may be one of the few rules
governing CAR design, whereas signaling domains (CD28, 4–1BB,
and CD3z) and structural domains (spacers, hinge, transmembrane,
and linkers) require empirical optimization that will be unique to the
CAR based on receptor affinity and target density among other under-
recognized variables. The need for empirical testing of new CARs has
been demonstrated by other groups (29, 40). The density of the target
on the tumor surface is one important factor to consider. We found
that modifying the intracellular signaling domains of our CARs (both
CD19 and FGFR4) was able to improve the cytotoxicity of our CAR,
similar to a recent study demonstrating CAR tuning specifically to low-
density antigens (29). Although swapping out aCD8H/TM for aCD28
H/TM improved the CD19 and RJ154HL FGFR4 CAR, we did not see
any improvement in the RJ150HL FGFR4 CAR (Fig. 4E and F;
Supplementary Fig. S4A and S4B; and data not included), highlighting
lack of standardized rules in CAR tuning.

Despite the improvements in FGFR4CAR cytotoxicity and cytokine
production seen with our new generation of binders, the FGFR4 CAR
alone was unable to control orthotopic RMS tumors (Fig. 3). Ortho-
topic tumors are more challenging to control than metastatic and
subcutaneous tumor models but better model the TME. By using
intramuscular tumors in our model, we can better understand the
complex interactions of the tumor and CAR T cells in a more native
environment. We found that RMS tumors respond to the presence of
activated T cells, likely due to IFNg release, by producing a thick,
collagen-rich stroma populated by anti-inflammatory TAMs
(Fig. 5A–D). CD206-positive myeloid cells in the tumor microenvi-
ronment have been found to suppress T cells (41). Specifically in RMS,
immunosuppressive TAMs infiltrate the tumor, reside proximal to
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vasculature, and correlate with poor overall and event-free surviv-
al (23, 42). These studies did not see other common sources of
immunosuppression, such as FoxP3þ Tregs or PD-L1 expression.
Similar to these reported studies of RMS patient samples, we observed
myeloid infiltration into orthotopic RMS tumors, which polarized into

a more suppressive state upon T-cell treatment, replicating the immu-
nosuppressive TAMs observed in patients. NSG mice do not have
Tregs, but the absence of Tregs in clinical samples suggests that these
immunosuppressive cells do not play a major role in RMS. Interest-
ingly, PD-L1 is low in both patient samples and in our untreated

Figure 6.

Anti-myeloid polypharmacy allows CAR T cells to clear orthotopic RMS tumors. A, Schematic timeline of anti-myeloid PolyRx treatments and CAR T-cell treatment.
Closed boxes around each treatment indicate its duration. B, Mice were imaged weekly by IVIS to assess tumor growth. C, Flux measured by IVIS was plotted for
individualmice treatedwithUTDTcells, anti-CD19CAR, or anti-FGFR4CAR (PS525)with andwithoutPolyRx.D,Tumor volumeasmeasuredby calipermeasurement,
averaged for each treatment group. E, Kaplan–Meier survival curve of treated groups with (dotted lines) or without (solid lines) PolyRx. F, Swimmer plot of
mouse survival (length of bar), tumor progression/regression (red/blue, respectively), and toxicities (graft vs. host, purple; jaundice, yellow), to the end of the assay
(day 90).
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animals but increases upon treatment with T cells. Whether RMS
tumors will respond to immunotherapies by upregulating PD-L1
remains untested but understanding this response will be important
for the success of CAR T-cell therapies in treating pediatric solid
tumors.

Furthermore, the stroma sequestered both suppressivemyeloid cells
and T cells in the same compartment, effectively protecting the tumor
from antitumor cellular therapy and maintaining an immune-
excluded TME phenotype (Fig. 5E). These data are supportive of the
current models of an immune excluded phenotype (43, 44); however,
we add the novel observation that this stroma can be due to the
response of the tumor to immune surveillance and thus also represents
a model of immune editing (45, 46). Although immune editing often
refers to antigen recognition by T cells, in our system immune editing
represents the innate immune response and tissue remodeling
mechanisms invoked by the presence of activated T cells.

Identifying key components and pathways of tumor defense proved
to be instrumental in allowing CAR T-cell therapy to be effective. We
modeled tumor response to T cells in culture by treating RMS cell lines
with IFNg , then analyzed gene expression. We focused on soluble
factors, surface receptors, and several known tumor defense mechan-
isms. This approach identified key targets in RMS tumors while
showcasing several differences between RMS lines that are important
to account for in targeted therapy (Supplementary Fig. S6C–S6F).
Armed with a clearer understanding of our RMS model, we have
shown for the first time the ability to treat orthotopic RMSwith CART
cells in an NSG model. Highly active CAR T cells and myeloid cell
inhibition are both required for tumor control (Fig. 6; Supplementary
Fig. S11). Unexpectedly, we also found that PolyRx treatment
decreased the propensity for autoreactivity of CAR T cells in our
model (GVH with CD19 CAR and jaundice with FGFR4 CAR),
although the mechanism preventing these effects remains unclear.
The focusing of a polyclonal immune response has been noted in the
creation of Epstein-Barr virus–specific T-cell lines for the treatment of
EBV-associated malignancies such as post-transplant lymphoproli-
ferative disease (47). These lines could be used in a haplo-identical
manner, once expanded against EBV antigens. Similarly, the use of
NY-ESO-1 recombinant TCRs, when introduced into autologous
activated T cells does not create self-reactive cells (48). Here, we have
established a unique model system in which off-target CAR T-cell
effects are modulated by increased antitumor effectiveness.

Given the low expression in vivo (700 molecules/cell), our model
suggests that even low expression or aberrant modification of surface
proteins can be targeted for CAR T-cell therapy when immunosup-
pression from the TME is also resolved. Furthermore, our model
provides the framework for multi-modal interventions paired with
CAR T-cell therapy. The complex cellular make-up of solid tumor
providesmultiple mechanisms for tumors to suppress T-cell therapies.
Different tumors may favor various immunosuppressive signaling
mechanisms, of which several may need to be overcome for effective
T-cell therapy. Therefore, targeting multiple tumor-specific immune
evasion pathways, as with our anti-myeloid polypharmacy, or addi-

tional armoring of CAR T cells may be a common requirement for
targeting solid tumors, such as RMS (Supplementary Fig. S11). Thus
we will both develop protocols featuring our signaling optimized
FGFR4 CAR T cells, PS525, in the context of PolyRx, as well as
incorporate armoring mechanisms into the LV itself such as decoy
receptors for TGFb and PD-L1 (49–52).
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