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ABSTRACT 
 
 Rhabdomyosarcoma (RMS), the most common soft tissue sarcoma of childhood, has a low 

mutational burden with few actionable somatic targets.  Fibroblast growth factor receptor 4 

(FGFR4) is a candidate therapeutic target in RMS, because it is either mutated or overexpressed 

in RMS and it plays a key role in RMS cell growth and proliferation.  Here, we use multiple, 

complementary methods to demonstrate that cell surface FGFR4 expression is greater in RMS 

tumors than in normal tissues.  We developed a chimeric antigen receptor (CAR) specific for 

FGFR4 by screening for single chain variable fragments (scFv) that specifically recognized the 

extracellular domain of FGFR4.  We identified an scFv with high affinity for FGFR4, m410.  We 

then engineered an FGFR4-specific CAR T cell by incorporating the m410 scFv into a second 

generation lentiviral (LV) based CAR expression vector.  In, RH30_19, a patient-derived RMS 

cell line engineered to express a truncated version of CD19, the m410 FGFR4 CAR showed 

cytotoxic activity comparable to that of the canonical CD19 CAR, and produced cytokines 

consistent with T cell activation, including gamma interferon and interleukin 2.  m410 CAR also 

eliminated RMS cells in metastatic mouse xenograft models. We thus demonstrated that FGFR4 

is a viable target for immune-based CAR-T cell therapy in RMS and that m410 CAR merits 

further evaluation as a potential therapeutic for metastatic rhabdomyosarcoma. 

  



iv 
 

ACKNOWLEDGEMENTS 
 
The completion of my doctoral work could not have been achieved without the support of many 

individuals.  I sincerely express my gratitude for all those who have encouraged and supported 

me throughout my training.  I was fortunate to have worked with many individuals much more 

intelligent than I, who have helped and offered solutions and ideas throughout my doctoral work.   

First, I would like to thank my mentors Dr. Javed Khan and Dr. Rimas Orentas.  This was Dr. 

Khan’s most affectionate project and thank you for allowing me to work on this.  I owe my 

sincere gratitude to Dr. Rimas Orentas for teaching me immunology and making me the scientist 

I am today.  My gratitude towards him is not quantifiable, and I could only hope I will continue 

to receive his mentorship throughout my career as a scientist.  Thank you for having faith in me 

and pushing me to do better.   

I would like to thank my committee members, Dr. Terry Fry, Dr. Anton Wellstein, Dr. Louis 

Weiner, Dr. Mike Atkins, and Dr. Mitchell Ho for all their insight and guidance throughout this 

project.  I am also grateful for NIH graduate partnership program, especially Dr. Sharon Milgrim 

and Dr. Phil Ryan for their unconditional support.   

My sincere gratitude to Lentigen Inc, a Miltenyi Biotech company for collaborating on this 

project.  I am grateful to Dr. Boro Dropulic and Dr. Orentas for providing me with the 

opportunity to work at Lentigen as a graduate student.  The knowledge and resources that I had 

at Lentigen allowed me to complete this project and learn in an industry environment.  I will 

treasure this experience and generosity for the rest of my career.  I would like to thank Dr. Dina 

Schneider for her guidance and helping me at various phases in this project.  Thank you Ying 

Xiong for teaching me T cell biology and flow cytometry, Darong Wu for teaching me molecular 



v 
 

biology, Andre Roy for all the knowledge on Lentiviral vectors.  My sincere gratitude to all my 

colleagues at Lentigen - Brian Webster, Kim Anthony Gonda, Waleed Haso and Winfred 

Kruiger for wonderful scientific discussion and feedback.  Thank you being great friends and a 

source of motivation.   

I would like to thank everyone in the Khan lab for providing me with support and guidance 

throughout this project.  First, I would like to thank Peter Azorsa for being a wonderful post 

baccalaureate and assisting me in the lab.  I couldn’t have completed my thesis without his 

support.  My sincere gratitude to Dr. Bob Hawley, for his mentoring and guidance.  The 

everyday insightful conversations with Bob, helped me develop as a good person and a scientist.  

My sincere thanks to Dr. Berkley Gryder, I will always remember him as a dedicated scientist.  I 

thank all of the khan lab members, past and present, Baskar Subramanian, Young Song, Jun Wei, 

Jack Shern, Xinyu Wen, Rajesh Patidar, Ashley Walton, Scott Goldweber, Wendy Chang, Shile 

Zhang, Martin Skarzynski, Josh Kowalcyzk, Jeetendra Kumar, Adam Cheuk, Meijie Tian, Maria 

Jorge, Leslie Brents, and Beverly Stalker.  I have enjoyed and learnt from each one of you in the 

past five years.  I would also like to thank Devorah Gallardo, for teaching me all the mouse 

work.   

Most importantly my sincere thanks to a great friend, my mentor in true sense, Dr. Marielle 

Yohe.  I would not have this knowledge and ability to achieve this title without her.  She was 

never too busy to answer a question or help troubleshoot a failed experiment.  Her mentorship 

and guidance in writing and experimental design has been invaluable.  I owe her this degree.  

Thank you very much for being a part of my life.   



vi 
 

Thank you to my grandparents, who despite not understanding what I do, have motivated me to 

never give up and achieve my dreams.  I would like to thank my parents for their unwavering 

support and laying the foundation for which I stand on today.  I owe everything I have achieved 

to all of their hard work and unconditional support.  My sincere thanks to my husband, Manju, 

for his love, kindness and patience throughout my doctoral work.  Last but most importantly, 

thanks to my daughter for being a great joy in my life.   Your smile has given me hope and 

carried me through more than one hard day, and I am lucky to be your mother. 

 
 

 
 

     
  



vii 
 

 
  

The beginning of knowledge is the discovery of something we do not understand.  

- Frank Herbert 

  



viii 
 

DEDICATION 
 

I dedicate this thesis 

 

To my father, my champion and confidant.  Your affection, love, encouragement and prayers has 

made me able to get this success and honor. 

    
  



ix 
 

TABLE OF CONTENTS 

INTRODUCTION .......................................................................................................................... 1 

Rhabdomyosarcoma .................................................................................................................... 1 

Subtypes of rhabdomyosarcoma ................................................................................................. 2 
Role of fibroblast growth factor receptor 4 in rhabdomyosarcoma ........................................ 2 

Fibroblast growth factor receptor 4 (FGFR4) ............................................................................. 3 
FGFR4 as a cancer therapy target ........................................................................................... 3 
Gene structure of FGFR4 ........................................................................................................ 5 
FGFR4 protein structure ......................................................................................................... 5 
Physiological role of FGFR4 .................................................................................................. 6 
Dysregulation of FGFR4 in other cancer types ...................................................................... 7 
Targeting FGFR4 for hepatocellular carcinoma and breast cancer ........................................ 7 
Antibodies and ligand traps against FGFR4 ........................................................................... 8 

T-cell immunotherapy for cancer ............................................................................................. 10 
Chimeric antigen receptor structure ...................................................................................... 12 
Lessons learned from success of CD19 CAR T cells in hematological malignancy ............ 15 
Chimeric antigen receptor treatment for solid tumors .......................................................... 16 
Challenges for solid tumor chimeric antigen receptor .......................................................... 17 

HYPOTHESIS .............................................................................................................................. 20 

METHODS ................................................................................................................................... 21 

Cell lines and plasmids ............................................................................................................. 21 

Bioinformatic analysis .............................................................................................................. 21 

Immunohistochemistry ............................................................................................................. 22 

Western blot .............................................................................................................................. 23 

Electrochemilluminescence assay ............................................................................................. 24 

Confocal immunofluorescence assay ........................................................................................ 24 

Cell surface determination assay .............................................................................................. 25 

Production of anti-FGFR4 scFv-Fc fusion protein ................................................................... 25 

Surface plasmon resonance ....................................................................................................... 26 

Binding kinetics of anti-FGFR4 scFv-Fc fusion protein .......................................................... 26 

Flow cytometry analysis of m410 binder ................................................................................. 26 

Cross reactivity of m410 binder to FGFR family receptors ..................................................... 27 

Epitope mapping of M410 binder on FGFR4 ECD .................................................................. 27 

Design of FGFR4 CAR T cells ................................................................................................. 28 



x 
 

Production of FGFR4 CAR LV vectors ................................................................................... 28 

Determination of lentiviral vector titer ..................................................................................... 29 

Primary T cell isolation, culture and transduction .................................................................... 29 

FGFR4 CAR T cell functional cytotoxicity and cytokine assays ............................................. 30 

Western blot for FGFR4 CAR by measuring CD3zeta protein ................................................ 31 

In vivo analysis of FGFR4 CAR T cells ................................................................................... 31 

RESULTS ..................................................................................................................................... 33 

FGFR4 as an immunotherapeutic target ................................................................................... 33 
FGFR4 expression in RMS tumors ....................................................................................... 33 
FGFR4 protein expression in normal tissues versus RMS tumors ....................................... 38 
FGFR4 is localized to the plasma membrane in most RMS tumors ..................................... 40 

Development of human anti-FGFR4 antibodies ....................................................................... 42 
Fully human anti-FGFR4 scFv generated from a human B cell cDNA library .................... 42 
Production of anti-FGFR4 scFv-Fc ...................................................................................... 42 
Specificity of anti-FGFR4 scFv-Fc ....................................................................................... 44 
Avidity of anti-FGFR4 scFv-Fc ............................................................................................ 47 
M410 scFv exhibits specificity for FGFR4 .......................................................................... 49 
Determination of M410 epitope region for M410 scFv-Fc................................................... 53 

Generation of FGFR4 CAR lentiviral vectors .......................................................................... 55 

Generation and selection of FGFR4 CAR for treatment of RMS ............................................. 61 
Selection of FGFR4 CAR T cells ......................................................................................... 61 
Long versus short FGFR4 CAR ............................................................................................ 61 
Cell surface expression and cytotoxicity of FGFR4 CAR T cells ........................................ 65 
Transduction of FGFR4 CAR with increased FGFR4 CAR LV .......................................... 68 
Development of RH30_19 cells to test FGFR4 CAR ........................................................... 73 
FGFR4 CARs tested on RH30_19 cells ................................................................................ 75 
Optimization of M410 FGFR4 CAR design ......................................................................... 77 

In vivo analysis of M410 FGFR4 CAR in RMS xenograft model ........................................... 80 
Establishing RMS xenograft model ...................................................................................... 80 
Efficacy of CAR T cell therapy in RMS ............................................................................... 82 
Efficacy of FGFR4 CAR T cells in metastatic RMS ............................................................ 85 
Donor variation and efficacy of M410 FGFR4 CAR in metastatic RMS ............................. 90 
Efficacy of M410 FGFR4 CAR in localized intramuscular RMS model ............................. 95 
CAR T delivery impacts the efficacy of FGFR4 CAR T cells in RMS .............................. 100 

Future directions ..................................................................................................................... 102 
Combination therapy as a treatment for RMS .................................................................... 102 
Tumor microenvironment of FGFR4 CAR T treated RMS via CyTOF and single-cell  
RNA-seq ............................................................................................................................. 102 



xi 
 

DISCUSSION ............................................................................................................................. 119 

REFERENCES ........................................................................................................................... 124 

 



xii 
 

List of Figures 
 
Figure 1. FGFR4 is overexpressed in RMS and its expression regulated by a PAX3-FOXO1 
driven super enhancer. .................................................................................................................. 36 

Figure 2. FGFR4 protein is overexpressed in RMS and other cancers. ........................................ 39 

Figure 3. FGFR4 is localized to the plasma membrane in RMS cells. ......................................... 41 

Figure 4. Production of fully human anti-FGFR4 scFv-Fc binders. ............................................. 43 

Figure 5.  Specificity of human anti-FGFR4 scFv-Fc protein. ..................................................... 45 

Figure 6. Affinity of scFv by surface plasmon resonance (SPR). ................................................ 48 

Figure 7. M410 scFv-Fc specifically binds FGFR4 and doesn’t cross react with other FGFRs. . 50 

Figure 8. M410 scFv-Fc binds to cell surface FGFR4 on RMS cell lines. ................................... 52 

Figure 9. Anti-FGFR4 M410 scFv-Fc epitope region. ................................................................. 54 

Figure 10. Schematic of FGFR4 CAR constructs. ........................................................................ 58 

Figure 11.M412 FGFR4 CAR LV titration in SupT1 cells using Protein L staining. .................. 59 

Figure 12. Compilation of FGFR4 CAR LV titer in SupT1 cells using Protein L staining. ........ 60 

Figure 13. Cell surface expression of M410 and M412 FGFR4 CAR T cells.............................. 63 

Figure 14. M410 and M412 FGFR4 CAR-T cells cytotoxicity assay on RH30 RMS cells and 
Raji cell lines................................................................................................................................. 64 

Figure 15. Cell surface expression of all FGFR4 CAR T cells. ................................................... 66 

Figure 16. FGFR4 CAR cytotoxicity assay on RH30 and Raji cell lines. .................................... 67 

Figure 17. Western blot of FGFR4 CAR T proteins in primary human T cells. .......................... 70 

Figure 18. Cell surface expression of M08 and M415 FGFR4 CAR T cells at high MOI. .......... 71 

Figure 19. Cytotoxicity assay on RH30 and Raji cell lines using M408 and M415 FGFR4 CARs 
transduced at high MOI. ............................................................................................................... 72 

Figure 20. CD19 CAR T cells are cytotoxic to RH30_19 RMS cell but not RH30 wildtype ...... 74 

Figure 21. Initial screening of FGFR4 CAR T cells. .................................................................... 76 



xiii 
 

Figure 22. Optimization of m410 FGFR4 CAR T cells for treatment of RMS. ........................... 79 

Figure 23. In vivo tumor growth of RMS models. ....................................................................... 81 

Figure 24. In vivo dose response of CAR T cells on RH30 and RH30_19 cells using CD19 CAR.
....................................................................................................................................................... 83 

Figure 25. NSG mice injected with RH30 or RH30_19 cells and CD19 CAR treated. ............... 84 

Figure 26. In vivo dose response of FGFR4 CAR T cells on RH30_19 cells using M410 FGFR4 
CAR. ............................................................................................................................................. 87 

Figure 27. IHC analysis of liver after M410 FGFR4 CAR treatment. ......................................... 88 

Figure 28. Flow cytometry analysis of M410 FGFR4 CAR T cell persistence in blood on Day 11 
and Day 42. ................................................................................................................................... 89 

Figure 29. FGFR4 CAR T cells eliminate metastatic RMS in a xenograft model. ...................... 92 

Figure 30. IHC analysis on liver after M410 FGFR4 CAR treatment. ......................................... 94 

Figure 31. In vivo efficacy of M410 FGFR4 CAR T cells on RH30_19 cells in an intramuscular 
(IM) model. ................................................................................................................................... 97 

Figure 32. IHC analysis on M410 FGFR4 CAR treatment in RH30_19 IM model. .................... 98 

Figure 33. In vivo efficacy of CD19 CAR T cells on RH30_19 cells in an intramuscular (IM) 
model............................................................................................................................................. 99 

Figure 34. FGFR4 CAR administered via IM or IV injection impacts efficacy of FGFR4 CAR T 
cells in RMS. ............................................................................................................................... 101 

Supplemental Figure 1. FGFR4 is a driver of RMS cells in which it is overexpressed or 
mutationally activated. ................................................................................................................ 107 

Supplemental Figure 2. Cell surface expression of FGFR4 CAR T cells. ................................. 108 

Supplemental Figure 3. FGFR4 CAR cytotoxicity assay on RH30 and Raji cell lines. ............. 109 

Supplemental Figure 4. FGFR4 CAR T cytokine release in response to RH30_19 cell lines. .. 110 

Supplemental Figure 5. Transduction efficiency of M410 CAR on 4 different donors. ............ 111 

Supplemental Figure 6. In vitro cytotoxicity assay using RMS and Raji cell lines. ................... 112 

Supplemental Figure 7. Cytokine production of M410 CAR on 2 different donors. ................. 113 



xiv 
 

Supplemental Figure 8. Cytometry time-of-flight analysis of FGFR4 CAR-T treated RMS 
xenografts. ................................................................................................................................... 115 

Supplemental Figure 9. Single cell RNA sequencing analysis of FGFR4 CAR treated RMS 
xenografts. ................................................................................................................................... 116 

Supplemental Figure 10. Single cell RNA sequencing analysis identifies subpopulation of human 
T cells in RMS xenograft models. .............................................................................................. 117 

Supplemental Figure 11. Single cell RNA sequencing analysis used to identify mouse cells in 
RMS xenograft models. .............................................................................................................. 118 

 
  



xv 
 

List of Tables 
 
 
Table 1. Cell surface binding of anti-hFGFR4 scFv-Fc fusion proteins on RMS Cell lines. ....... 46 

Table 2. List of all the anti-FGFR4 scFv and CAR receptor domains used to generate FGFR4 
CARs. ............................................................................................................................................ 57 

Table 3. Cell count measurements for single cell RNA sequencing analysis. ............................ 106 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 
 

INTRODUCTION 

Rhabdomyosarcoma 
Rhabdomyosarcoma (RMS) is a childhood malignancy, which accounts for 50% of all soft tissue 

sarcomas with an annual incidence of 4.5 cases per 1 million children [1] [2].  RMS tumors are 

believed to arise from muscle precursor cells with a corrupted muscle development program [3].  

Anatomic location of RMS tumors within skeletal muscle and the characteristic expression of 

muscle markers such as myogenin and MYOD1 provide evidence that RMS tumors reflect a 

disordered or corrupted muscle development program [3-5]. It is hypothesized that in RMS the 

oncogenic damage to a muscle precursor cell leads to a persistent or static developmental state 

that drives both survival and proliferation signals in the tumor [3, 6]. RMS is also characterized 

by its inability to exit the proliferative myoblast-like state [7]. Treatment options for RMS, 

established in the 1970s features multimodal chemotherapy including vincristine, actinomycin, 

and cyclophosphamide [8]. With the current treatment approaches, the 5-year survival rate for 

patients with low risk disease is 90%, however, this is accompanied by long term side effects and 

significant toxicities [6, 9]. The survival rate hasn’t changed for three decades, and there have 

been no improvements for patients with intermediate and high-risk disease.  The 5 year survival 

rate for patients with intermediate or high risk disease is <30% and 17% respectively [3]. 

Although current treatment options have improved survival for patients with localized low-risk 

disease, there has been a general flattening in the improvement of outcome for all patients, 

especially for intermediate or high-risk patients [3]. Currently, small molecule inhibitors, 

targeting IGF1-R, ALK, CDK4/6, and MDM-2 are being evaluated for treatment of RMS [10]. 

As an alternative, to current multimodal chemotherapy or small molecules, I am interested in 

using immune-based therapies for the treatment of RMS. 
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Subtypes of rhabdomyosarcoma  
Rhabdomyosarcoma (RMS) is currently categorized by histopathology into distinct subtypes: 

including, embryonal, alveolar, pleomorphic, and sclerosing/spindle cell, which have distinct 

molecular and clinical correlates [3, 11]. It is believed that embryonal (ERMS) and alveolar 

rhabdomyosarcoma (ARMS), the most common subtypes, arise through distinct biologic 

mechanisms.[1] Genetically, ERMS, also known as fusion-negative (FN-RMS), is characterized 

by a loss of heterozygosity, abnormal genomic imprinting on chromosome 11p, and 

dysregulation in RAS signaling.  ARMS, or fusion-positive (FP-RMS), is associated with a 

chromosomal translocation resulting in expression of the PAX3/7 – FOXO1 fusion protein [12]. 

In experimental systems, expression of the PAX3-FOXO1 fusion alters the myogenic program of 

muscle precursor cells and leads to an increase in survival and proliferation of tumor cells.  As a 

subgroup, ERMS has greater genetic heterogeneity and carries a favorable outcome; compared to 

ARMS that is aggressive and has poor prognosis [2]. In general, tumors that have a PAX gene 

translocation have an extremely low overall mutation rate (0.1 protein-coding mutation/Mb)[12]. 

Knockdown of PAX3-FOXO1 decreased the proliferation rate in the RMS cell line RH30 and 

the metastatic phenotype observed in corresponding xenograft model [13]. 

Expression of the fusion protein also massively upregulates several receptor tyrosine kinase 

molecules important for cell growth, including FGFR4, ALK and MET which may provide a 

feed-forward loop driving proliferation[3, 14]  Seven percent of fusion negative RMS are also 

known to have mutations in FGFR4 gene[10] 

Role of fibroblast growth factor receptor 4 in rhabdomyosarcoma 
FGFR4 is expressed in myoblasts during normal development and in regenerating muscle 

following injury, but not in mature skeletal muscle.  Based on microarray-based gene expression 

analysis, this gene has been reported to be the most differentially expressed gene in RMS tumors 
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when compared to a panel of normal tissues.[3, 15, 16] These observations led to the hypothesis 

that overexpression or mutational activation of this gene may be involved in the tumorigenesis of 

RMS. Taylor et al. found that suppression of wild-type FGFR4 in RMS led to reduced growth 

and lung metastasis [17] Mutations in the tyrosine kinase domain were confirmed to be 

activating and resulted in increased growth and reduced RMS cell death, and enhanced the 

ability of RMS cells to metastasize. The investigators found that the FGFR4 mutations lead to 

the activation of an oncogenic pathway involving STAT3 [10].  Subsequent studies have shown 

that stimulation of wild-type FGFR4 in fusion-positive RMS cell lines leads to activation of the 

RAS-RAF-MEK-ERK mitogen-activated protein kinase pathway, indicating that RMS tumors 

expressing activating mutations in FGFR4 may phenocopy tumors with activating mutations in 

Ras isoforms [18].  FGFR4 signaling is altered in both fusion-positive (by overexpression) and 

fusion-negative (by mutation) RMS, making FGFR4 an attractive candidate for targeted therapy. 

Recent work demonstrated that the tyrosine kinase inhibitor ponatinib potently inhibited FGFR4 

signaling in cell lines expressing either wild-type or mutant FGFR4. Ponatinib also inhibited the 

growth of RMS cell lines in vitro, induced apoptosis in RMS cell lines, and inhibited tumor 

growth in xenografts of cell lines expressing mutant FGFR4 [10, 17] 

Overexpression of FGFR4 and its impact on RMS tumor growth suggest that FGFR4 could be 

exploited as therapeutic target in RMS.  In addition, FGFR4 is an important target in other 

malignancies, including hepatocellular carcinoma (HCC), as antibody-based immunotherapy for 

FGFR4 is effective in preclinical models of HCC [19] 

Fibroblast growth factor receptor 4 (FGFR4)  

FGFR4 as a cancer therapy target 
The cell surface molecule I am targeting is fibroblast growth factor receptor 4 (FGFR4).  

Microarray studies used to classify cancers based on their gene expression signatures identified 
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FGFR4 as being highly expressed in RMS compared to other pediatric tumors [20]. FGFR4, 

along with FGFRs 1-3 belong to the FGF receptor family.  FGFRs are receptor tyrosine kinases 

that regulate important cellular processes such as cell proliferation, survival, and migration 

during embryonic development, organogenesis and tissue maintenance [21] 

In RMS, FGFR4 is known to be a direct target of the PAX3-FOXO1 fusion oncoprotein found in 

ARMS subtype [22].  Genomic analysis has shown both overexpression and activating mutations 

of FGFR4 in RMS [12].  Moreover, high FGFR4 expression in RMS is associated with advanced 

stage tumor, poor survival and increased metastatic potential [12]  Activating mutations in 

FGFR4 cause increased tumor growth and metastatic phenotype in xenografts [12].  The 

overexpression and mutations of FGFR4 that affect RMS tumor growth, suggest that FGFR4 

could be exploited as therapeutic target in RMS. In addition, recent reports have shown 

overexpression of FGFR4 in several other cancers including liver, lung, breast, colorectal, and 

gastric cancers (Figure 1D). 

Dysregulated FGFR signaling has been observed in several tumors and is considered an 

oncogenic signaling pathway.  FGFR4 has many different features compared to FGFRs 1 -3[23, 

24].  Three most unique difference in FGFR4 compared to FGFRs 1-3 are: (i) FGFR4 has 

different ligands compared to other FGFRs 1-3, possibly because FGFRs 1-3 have splice variants 

in the ligand binding domain but not in FGFR4 [25], (ii) deletion of FGFR4 is not lethal but may 

cause severe side effects [26], and (iii) small molecule inhibitors for FGFR4 require 4 times or 

higher amounts of IC50 concentrations,  compared to FGFRs 1-3, possibly due to difference in 

kinase domain [27].   

FGFR4 has shown to play significant role in many different cancer types [21, 28-30]. Even 

though it is mainly expressed during embryonic development, deletion of FGFR4 does not lead 
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to embryonic lethal phenotype suggesting the possibility of inhibiting FGFR4 without causing 

lethal side effects [26].  

Gene structure of FGFR4 
The human FGFR4 gene is expressed as an ~3kb mRNA in various cell lines and tissues. It is 

located on the long arm of chromosome 5 (5q 35.1) and spans more than 11kb. GenBank entries 

define 3 full length variants consisting of 17-18 exons [31, 32]. Data mining at the UCSC sites 

indicates the existence of various additional transcript variants.  Although, the significance of 

each transcripts is yet to be understood, some studies identify particular FGFR4 isoform in 

pituitary tumor [33] 

FGFR4 protein structure 
The FGFR4 protein is encoded by 18-19 exons.  Exon 2 encodes the ATG start codon and has 

the signal peptide followed by the extracellular domain that contains 3 IgG loops and 

autoinhibitory sequences in the Ig-loop I (exon 3) and the ligand-binding domain between Ig-

loops II and III (exons 5-8) [27, 34]. The single transmembrane domain (exon 9) is about 25 

amino acids long and the cytoplasmic part of the receptor features an interrupted kinase domain 

encoded in the remaining 9 exons. The extracellular domain IgG loops provide a cell surface 

target for immune based therapies against FGFR4.  

In addition, there are about 16 different splice variants of FGFR4 (ENSG00000160867).  The 

NCBI database lists two full-length transcripts, one variant transcript lacking exon 9, one 

transcript consisting of only exons 2-5.  Alternative splicing may remove exon 9 which codes for 

the transmembrane domain and is known to play a role in different cancer types.  The soluble 

FGFR4, lacking transmembrane domain, is expressed in breast cancer cells [35], normal 

pituatory gland [36], and intestinal mucosa [37].  The exact mechanism of its role in cancer is 
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unknown, it may act as a signaling inhibitor either by trapping respective ligands and hence 

downregulated in malignant tumors [38].   

Physiological role of FGFR4  
FGFR4 is highly expressed in mouse pre-implementation blastocytes. During embryonic 

development in mice, FGFR4 expression is strong in muscle, cartilage, gut, pancreatic ducts, 

specific regions of kidney and adrenal glands, liver and lung; but not in the heart muscle, brain 

and spinal cord [39, 40].  Analysis of RNA isolated from whole embryos in mice show 

expression remains high in liver, lung and somewhat lower in the kidneys [40, 41]. 

Although FGFR4 is highly expressed during embryonic development, deletion of this gene is not 

lethal in mice models. The FGFR4 knock-out mouse is born normally and remains viable [42].  

Deletion of FGFR4 genes does not cause developmental abnormalities [26], indicating that other 

FGFR receptors may be present and compensate for lack of FGFR4 signaling.   

In the lung, expression of FGFR4 steadily increases after birth localizing to the vessels, the 

larger airway epithelium and the alveolar epithelium [43].  

In muscle, FGFR4 plays a role in muscle differentiation (during development) and muscle 

regeneration (after birth) [44, 45].  Fibroblast growth factor (FGF) essential for this process is 

FGF6 [45].   During muscle differentiation FGFR1 is down-regulated while FGFR4 expression 

transiently increases indicating that FGFR4 is necessary for muscle differentiation [46, 47].  In 

regenerating muscle cells upregulation of FGF6 increases FGFR4 expression and induces 

dedifferentiation [48].  No FGFR4 expression has been found in mature striated muscle [39, 46].     

FGFR4 knock-out mice will have no defects in myogenic development [26] show abnormal 

muscle regeneration [49].    
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In liver, FGFR4 expression is high, compared to other normal tissues, and is primarily the site 

for most of its regulatory functions [40, 41].  While deleting FGFR4 is not lethal, it does cause 

alteration in cholesterol metabolism and elevated synthesis and excretion of bile acids [42].  

Thus FGFR4 is known to be an important mediator of liver homeostasis.  Absence of FGFR4 

may cause tissue damage in case of metabolic stress.  Some of the immediate effects of FGFR4 

absence are increase in liver weight and delayed tissue repair during acute toxic response.  Thus 

FGFR4 is shown to have liver protective effect [21].   

Dysregulation of FGFR4 in other cancer types 
FGFR4 is upregulated in many cancer types and binds several FGF ligands that results in 

autocrine stimulation and overexpression of FGFR4 [50, 51].  One common example is hyper-

activation of FGFR4 signaling by FGF19 in colorectal cancer [52] and hepatocellular carcinoma 

[19, 53, 54].  There are several studies showing that FGFR4 is a major driver in liver tumors 

[55].  FGFR4 expression is correlated with poor prognosis and inhibiting FGFR4 is shown to 

reduce HCC tumor burden [56].  In colon cancer, silencing FGFR4 by siRNA has shown to 

decrease cell proliferation and migration [57].  FGFR4 overexpression has been observed in 

pancreatic carcinoma [58], breast cancer [23, 59, 60], astrocytoma [61], ovarian cancer [62], 

prostate cancer [63], and thyroid cancer [64].  Thus targeting FGFR4 may be relevant in several 

other cancer types.   

 

Targeting FGFR4 for hepatocellular carcinoma and breast cancer 
Although FGFR4 is implicated in several cancers, the number of therapies targeted against it is 

limited [27, 65].  One of the main reasons could be that FGFR4 binds to several ligands and has 

multiple mechanism of upregulation[27].  Additionally, within the FGFR tyrosine kinase family, 

FGFR4 shows the lowest homology to the other members suggesting that this gene underwent 
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the strongest alterations during evolution [21].  There are several small molecule FGFR4 

inhibitors that are already tested in clinical studies.  However, they are not as active or specific 

against FGFR4 compared to other FGFR family members [65, 66].   

There have been several attempts to develop specific FGFR4 tyrosine kinase inhibitors (TKIs) 

that may target the ATP binding pocket of the receptor.  One strategy has been, to use in silico 

docking scores for the ATP binding pocket of FGFR4, to select and test TKIs that have shown 

some activity against FGFR4-overexpressing cancer models in vitro [67].  Nevertheless, one 

factor that impacts targeting FGFR4 in cancer therapy, are the metabolic functions of FGFR4 

that have to be considered to avoid unwanted metabolic deregulation [42].  One study has shown 

that, mice devoid of FGFR4 show elevated cholesterol metabolism and bile acid synthesis [42] 

and enhanced vulnerability to chemically-induced liver damage [68]. Thus, metabolic 

dysregulation is an important factor to consider while developing a systematic therapeutic 

against FGFR4.   

Antibodies and ligand traps against FGFR4 
Genentech has developed a monoclonal anti-FGFR4 antibody, LD1, with exclusive specificity 

for FGFR4 [69].  LD1, has been tested for activity against a FGF19/FGFR4 driven hepatocellular 

carcinoma model in vivo [19]. The antibody was able to inhibit ligand binding to FGFR4 as well 

as downstream signals and blocked tumor formation in a FGF19-transgenic mouse model [19]. 

Another mouse monoclonal anti-FGFR4 blocking antibody (10F10) raised against the purified 

extracellular domain of FGFR4 has been developed by U3 Pharma [19]. Interestingly, this 

antibody effectively blocked signaling by wt FGFR4 but was less efficient against the Y367C 

mutant, the dominant oncogene in MDA-MB453 breast cancer cells [70]. Additionally, 
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antibodies against the FGFR4 specific ligand FGF19 were able to block preclinical colorectal 

and liver cancer models [52, 71].  

An alternative approach of targeting FGFR4 is the use of extracellular ligand traps.  Thus a 

FGFR4 fusion trap protein FTP-091 (FGFR4mut:Fc:R4-Trap; FGFR4:Fc) was generated by Five 

Prime Therapeutics, representing a chimeric fusion protein consisting of the three Ig-like 

extracellular domains of FGFR4 with the acid box linker between Ig-loops I and II replaced by 

the corresponding acid box region of FGFR1. The resulting molecule exhibited the highest 

affinities for FGF17 and FGF18 followed by FGF1 and FGF2 [62]. Although this agent has been 

shown to inhibit FGF1/FGFR4-mediated growth signals, it is not specific to FGFR4. To date, 

there are no clinical studies using an FGFR4 specific therapeutic.  In this thesis work, I have 

described the development of pre-clinical molecules that can be used as immune based therapies 

against FGFR4 expressing cancers.  
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T-cell immunotherapy for cancer 
Adoptive cellular therapies (ACT) as a treatment for cancer has been demonstrated to be 

effective against chemo resistance tumor cells [72, 73].  Cancer immunotherapy reactivates the 

immune system to recognize and destroy the tumor.  T cells are particularly effective in doing so 

as they can provide unique antigen-specificity and immunological memory to mediate tumor 

regression upon relapse [74, 75].   

Currently T cell therapy can be classified into three different types:  Tumor infiltrating lymphocytes 

(TIL), T cell receptor (TCR) gene therapy and chimeric antigen receptor (CAR) modified T cells [76, 77].   

The first studies with TIL were performed by Rosenberg and coworkers at the Surgery Branch in 

the National Institutes of Health (SB, NIH, Bethesda, Maryland, US) in 1980s [78, 79].  In 

neoplastic tissue presence of TIL indicates an anti-tumor immune response by the host and 

correlates with clinical outcome in several tumor types, especially in melanoma [80, 81].   

For generation of TILs, the resected tumor is fragmented or enzymatically digested and 

subsequently cultured in the presence of IL-2, which results in proliferation of TIL [76].   

Currently, for patients with metastatic melanoma, TILS selected for antitumor activity resected 

from tumor material, is expanded in vitro and reinfused into patients along with IL2 after a 

lymphodepleting preparative regimen [82, 83].  With this regimen, remarkable objective tumor 

responses of around 50% have been achieved in patients with metastatic melanoma in several 

phase I/II clinical trials  [84-86].  TILs from other tumor types such as cervical cancer [87], renal 

cell cancer [88], breast cancer [89], and non-small lung cancer [90] with varying rates of tumor 

reactivity are also being evaluated.   

Alternative to TIL therapy are use of TCR gene therapy or CAR T cell therapy.  TCR based 

therapy involves introduction of novel TCR into T cells that is specific to a tumor antigen.  
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Autologous T cells are redirected to recognize tumor antigens by engraftment of genes encoding 

TCR-α and β chains.  TCR modified T cells exert antigen recognition in an MHC-dependent 

manner [91, 92].   

For generation of TCR, peripheral blood T cells are obtained via leukapheresis and transduced 

by gamma-retroviral or lentiviral vectors that incorporate the TCR genes into the host genome, 

which results in high-level expression of the introduced TCR [93-95].  Patients will undergo 

lymphodepletion prior to T cell infusion, to facilitate engraftment and expand the lifespan of the 

modified T cells [76].   

TCR gene therapy targeting the melanoma differentiation antigen MART-1 [96], NY-ESO [97], 

MAGE-A3 [98], carcinoembryonic antigen (CEA) [99], has shown to have objective tumor 

response when treated with TCR gene therapy.  In addition, viral antigens such as human 

pappilomavirus (HPV) are also being targeted by TCR based therapies [100].  TCR therapy can 

be a potent anti-tumor treatment in various cancer types.  However, as the antigens explored up 

until now are not solely expressed by the tumor, the identification of antigens restricted to tumors 

is essential to further increase the efficacy and safety of TCR therapy [76].   

Chimeric antigen receptors (CARs) are synthetic molecules that allow more flexible user-

specified retargeting of T cells [101].  CAR T cell therapy is an innovative form of 

immunotherapy wherein autologous T cells are genetically modified to express chimeric 

receptors encoding an antigen-specific single-chain variable fragment (scFv) and various 

costimulatory molecules.  Upon administration, these modified T cells traffic to, and recognize, 

cancer cells in an HLA-independent manner [102].  Once expressed in T cells the CAR modified 

T cells acquire supra-physiological properties and act as ‘living drugs’ that may exert both 

immediate and long-term effects [103].   
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Kuwana and Eshaar first demonstrated that these types of synthetic receptor molecules enabled 

MHC-independent target recognition by T cells [104, 105]. One limitation of current CAR T cell 

strategies is that they require extracellular surface targets on the tumor cells. 

Chimeric antigen receptor structure  
CARs are designed in a modular fashion that typically consists of an extracellular target-binding 

domain, a hinge region, a transmembrane domain that anchors the CAR to the cell membrane, 

and one or more intracellular domains that transmit activation signals.  Depending on the number 

of costimulatory domains, CARs can be classified into first (CD3z only), second (one 

costimulatory domain + CD3z), or third generation CARs (more than one costimulatory domain 

+ CD3z).  Introduction of CAR molecules into a T cell successfully redirects the T cell with 

additional antigen specificity and provides the necessary signals to drive full T cell activation.  

Because antigen recognition by CAR T cells is based on the binding of the target-binding single-

chain variable fragment (scFv) to intact surface antigens, targeting of tumor cells is not MHC 

restricted [106].    

CARs typically engage the target via a single-chain variable fragment (scFv) derived from an 

antibody, although natural ligands have also been used [107].  Individual scFvs targeting a 

surface molecule are either derived from murine or humanized antibodies or synthesized and 

screened via phage display libraries [103].   

Originally, T-cell activation via CAR was achieved through inclusion of intracellular CD3-ζ, 

termed a first-generation CAR [108]. T cells expressing first generation CARs demonstrated 

modest anti-tumor activity, presumably due to limited in vivo expansion and persistence [109-

111].  Second generation CARs were engineered to include a costimulatory signaling 

endodomain and have been shown to enhance CAR-mediated T-cell function. The most 
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commonly described second generation CAR includes signaling through CD28, which resulted 

in increased proliferation, upregulation of anti-apoptotic genes, production of interferon-γ (IFN-

γ) and IL-2, in vivo persistence and anti-tumor efficacy [112-114]. Moreover, inclusion of CD28 

signaling is also associated with increased resistance to immunosuppressive regulatory T cells 

[115] . Interestingly, enhanced function of CAR containing CD28 endodomain over CAR 

signaling through CD3-ζ only was only apparent when target cells had no expression of CD86, 

the natural ligand for CD28 [116].  Inclusion of other costimulatory domains has been 

investigated, including CD137 (4-1BB), CD134 (OX-40), CD244, CD27, and inducible 

costimulator (ICOS) [ 1 1 7 - 1 2 1 ] . CARs containing 4-1BB endo domain result in improved in 

vivo persistence, anti-tumor activity, and tumor infiltration relative to first generation or CD28-

containing second generation CARs, and have been  associated  with  recent  reports  of  clinical  

success  targeting  CD19  on  B-cell malignancies [117, 122, 123].  Third generation CARs have 

also been evaluated, in which a third endodomain is included to further augment T cell function.  

The most studied combinations are CD28-41BB-CD3ζ and CD28-OX40-CD3ζ. Whether either 

of these configurations exhibit functional advantage over second generation CARs is unclear.  

While one study showed increased anti-tumor activity of a CAR containing CD28-41BB-CD3ζ 

signaling domains, another found no appreciable difference relative to 41BB-CD3ζ  CAR 

alone [117, 124]. A study comparing CAR signaling through CD28-OX40-CD3ζ and CD28- 

41BB-CD3ζ found that inclusion of OX40 increased sensitivity to low density antigen and 

increased lytic potential of T cells, but 41BB did not [125, 126].  The optimal combination of 

CAR endodomains is undetermined and the subject of ongoing clinical investigation. 

The length, flexibility, and origin of the hinge and extracellular spacer domain is also an 

important variable in the design of CARs [127-129].  The hinge and transmembrane domains are 
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probably the least commented on aspect of CAR design, though they may make important 

contributions to the interaction with antigen, assembly of the immunologic synapse [130], and 

association of the CAR with other proteins necessary to transduce a robust activation signal.  

The hinge regions is the extracellular structural region of the CAR that separates the binding 

units from the transmembrane domain [106].  Some CAR constructs also include an additional 

spacer region that generally supply stability for efficient CAR expression and activity.  Most 

investigators are using the hinge and transmembrane domains of CD8α or CD28; spacer domains 

derived from Fc regions have also been investigated and modified in length [127].  The main role 

of hinge and spacer regions is to provide flexibility to access the targeted antigen.  An optimal 

length of spacer or hinge can ensure CAR interaction with target antigen.  Long spacers can 

allow CAR to better access membrane proximal epitope [131, 132] or complex glycosylated 

antigens [126].  Conversely, having a short hinge region can be more effective at binding 

membrane distal epitope [127, 133].   

Hinges and spacers can also affect CAR activity.  Human IgG-derived spacers consisting of two 

Ig-like domains, CH2 and CH3, are also included in some CAR constructs as they can be useful 

in assessing the level of CAR expression at surface of T cells.  However, some studies have 

shown that these IgG spacers can bind to Fc gamma receptor even as they are expressed on CAR 

receptor [128].  This caused an off-target activation by activation of Fc gamma receptor by 

myeloid cells and lead to poor engraftments in animal models [134, 135].  One way of 

overcoming this off-target activation is by removing the Fc gamma receptor binding domain and 

using a single CH3 domain that have improved CAR T cell engraftment and anti-tumor efficacy 

in invivo experiments [133, 135, 136].   
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The transmembrane domain consists of a hydrophobic α helix that spans the cell membrane and 

is probably the least characterized region of the CAR.  Although the main function of the 

transmembrane is to anchor the CAR in the T cell membrane, there has been minimal research 

on how this region can be relevant for CAR T cell function.   

In the absence of specific rules that govern hinge length and epitope location, empirical 

evaluation of combinations of scFvs and hinge regions should be used to determine optimal CAR 

design. In this study, we are investigating the application of CAR T cell therapy for the treatment 

of RMS by targeting cell surface receptor FGFR4.   

Lessons learned from success of CD19 CAR T cells in hematological malignancy 
CAR T cells targeting CD19 have emerged as the gold standard for engineered T cell therapies in 

cancer. There are several features that have contributed to success in the clinical studies targeting 

CD19.  CD19 is not only expressed at high-levels in B cell malignancies but is also required for 

normal B cell development in mice and humans [137, 138]. CD19 is a nearly ideal target, since a 

loss of normal B cells is tolerable when individuals are given replacement antibody therapy 

(IVIG). Patients successfully treated with CD19 CARs have profound B cell aplasia [123], and 

loss of B cell aplasia often is associated with relapse [139].  

Even with the significant clinical responses with CD19 CAR T cells, there are several 

challenges.  CD19 CAR treatment in acute lymphoblastic leukemia (ALL) has shown that >80% 

of patients enter remission [140, 141]. In contrast, in chronic lymphocytic leukemia (CLL), 

approximately 50% of patients benefit from CARs, and the remissions have been durable for 

more than 5 years in the responding patients [142].  Patients who receive CAR treatment have 

shown infusion toxicities which impacts the durability of response.  These infusional toxicity are 

cytokine release syndrome [143, 144] and a poorly understood neurological syndrome. Cytokine 
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release syndrome occurs more frequently in patients with higher disease burdens at time of 

infusion and rapidly resolves after cytokine directed therapy that targets IL-6 [145].  

Another issue with CD19 CAR treatment is managing the long-term consequences of acquired B 

cell aplasia in patients with persisting CARs. Most patients are managed with intravenous 

immunoglobulin replacement therapy [146].  Thus, the consequences of CAR-induced B cell 

aplasia may be more severe in children who have not fully established memory B cells and long-

lived plasma cells before receiving ablative CAR therapy.  

There are three forms of resistance that have emerged in ALL patients treated with CD19 CAR. 

In a subset of patients, the CAR T cells have become undetectable, followed by loss of B cell 

aplasia and leukemia recurrence within the first 3 months after infusion [140]. In contrast, in 

10%–20% of ALL patients, the patients relapse late after treatment with target loss, manifested 

by ALL blasts comprised of CD19 loss variants [147]. In more extreme cases, tumor escape has 

occurred by lineage switch from lymphoid to myeloid leukemia [148].  

Chimeric antigen receptor treatment for solid tumors 
Beyond targeting hematological malignancies, CARs have been developed for treatment of solid 

tumors.  Initial clinical trials targeting carbonic anhydrase IX (CAIX) and α- folate receptor for 

treatment of renal cell carcinoma and ovarian cancer, respectively, demonstrated no clinical 

response and limited persistence of CAR-modified T cells [149, 150].   I n  a  clinical trial of 

a CAR redirected to GD2 for treatment of neuroblastoma demonstrated regression or necrosis in 

half of treated patients and complete response persisting longer than 6 weeks in 3 of 11 patients 

[151, 152]. Two clinical trials have revealed the potential for detrimental on-target, off-tissue 

toxicity.  Targeting renal cell carcinoma with CAR redirected to CAIX showed activity against 

normal tissue CAIX expression, resulting in damage to bile ducts and reversible cholangitis 
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[150].  Infusion of HER2-redirected CAR T cells for treatment of colorectal cancer resulted in 

respiratory distress and death in one patient following massive T-cell infiltration to the lungs, 

attributed to normal tissue expression of HER2 in pulmonary tissue [153]. Additional trials have 

been initiated with CARs targeting various antigens, such as carcinoembryonic antigen (CEA) 

for colorectal cancer, epidermal growth factor receptor variant III (EGFRvIII) and interleukin-13 

receptor α2 (IL13Rα2) for glioblastoma, mesothelin for mesothelioma, and vascular endothelial 

growth factor receptor 2 (VEGFR-2) to target angiogenic processes, due to promising preclinical 

data [154-163].  Despite the efforts, and encouraging signals in neuroblastoma, an effective CAR 

to a solid tumor has yet to be reported.   

Challenges for solid tumor chimeric antigen receptor 
The success of CAR therapy in hematologic malignancies is yet to translate into the solid tumor 

setting.  Some of the challenges in establishing CAR T cell therapy for solid tumors include 

identification of tumor specific antigen, trafficking of CAR T cells to tumor site, and overcoming 

tumor microenvironment (TME).   

Tumor specific antigen 

The advantage of CAR therapy is the ability to target a tumor associated antigen, independent of 

MHC molecule.  While this feature is an attractive therapeutic approach, it is equally hard to find 

an ‘ideal’ target in solid tumors that is unique and highly expressed on tumor but undetectable on 

healthy tissues [164].   

Yet, for the most part, such perfect targets do not exist due to lack of truly tumor-specific targets. 

The targets being currently evaluated are mostly over-expressed on tumor cells but also 

expressed at low levels on non-malignant tissue.  This could result in CAR T cells interacting 

with non-malignant tissue raising a concern of ‘on-target, off-tumor’ toxicity [73].   
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Trafficking of CAR T cells to tumor site 

Solid tumors usually have a tumor mass and a hostile tumor microenvironment (TME) that 

constrains the CAR T cells from reaching the tumor site, termed as trafficking.  In order for CAR 

T cells to exert a therapeutic effect, they have to bind their target protein on the surface of tumors 

which they first need to traffic to the tumor site [165].   CAR T cells are administered, most 

commonly, via intravenous injection into systemic circulation, upon which it has to localize and 

infiltrate into the tumor site [164].  Some tumors are more fibrotic and difficult to penetrate 

physically or may suppress T cells by chemokine signaling often causing a dearth of T cell 

infiltration into tumor site [73].   

Tumor micro-environment 

Solid tumors have unique histopathological features, such as concentrated blood vessels, as well 

as tumor-associated fibroblasts and myeloid cells forming extracellular matrix (ECM).  While 

these features favor the growth of solid tumors, they impose difficulty for T cells infiltration in 

tumor sites, thus preventing the continuous contact between T cells and tumor cells that is 

necessary for T cells to exert cytotoxic antitumor effects.  It is also important for solid tumor 

CAR T cells to proliferate and persist as T cells need to expand to achieve the required effector 

to target ratio to eliminate tumor in vivo.  Thus additional functionality on engineered CAR T 

cells are needed that assist them to persist, proliferate and effectively execute their cytotoxic 

function [166].   

 Control mechanisms for CAR T cell therapy in solid tumors 

Lastly, investigators have also proposed to have control mechanisms such as AND-gate circuits 

which recognize multi-antigen combinations; NOT-gate circuits which negatively discriminates 

against normal cell antigens; OR-gate circuits and Dual-antigen targeting CARs; or affinity-
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tuned receptor which improves sensing of antigen densities [73].  Incorporating such control 

mechanisms would bring greater specificity to CAR targets that also may be present on normal 

tissues.   
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HYPOTHESIS 
 
In this study, I investigated the application of CAR T cell therapy for the treatment of RMS.  An 

optimal CAR T cell target for RMS would have several unique properties including (i) expression 

on the plasma membrane of RMS cells and (ii) higher expression in RMS compared to normal 

tissues.  The RMS specific cell surface molecule I chose to target was fibroblast growth factor 

receptor 4 (FGFR4).   My hypothesis is that FGFR4 will prove a sufficiently specific tumor target 

to allow for systemic CAR T cell therapy.   

To experimentally validate FGFR4 as an immunotherapeutic target in RMS, I used RNA 

sequencing studies to verify differential expression of FGFR4 in a large cohort of RMS tumors 

and normal tissues.  I further demonstrated that the FGFR4 protein is differentially expressed in 

RMS and several other cancers compared to normal tissues using immunohistochemistry, 

immunoblotting and electrochemiluminescence assays. I have developed and tested a panel of 

anti-FGFR4 scFv candidates as FGFR4 CAR T cells.  I identified a lead anti-FGFR4 scFv, m410, 

as a potent FGFR4 CAR based on in vitro efficacy against RMS cell lines and in vivo efficacy in 

metastatic xenograft models of RMS.   
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METHODS 

Cell lines and plasmids 
Cell lines were obtained as previously described [167].  All cell lines were confirmed to be 

mycoplasma negative using the MycoAlert kit (Lonza) and unique by STR DNA fingerprinting 

prior to experimental use.  RD, SMS-CTR, HEK293T, Rh41, RH5, Rh30, RH30_19, 

NCIARMS, and cells were grown in high glucose Dulbecco Modified Eagle Medium (DMEM, 

Quality Biological) with 10% Fetal Bovine Serum (FBS, Life Technologies). BIRCH cells were 

grown in Roswell Park Memorial Institute medium (RPMI, Quality Biological) with 10% FBS.   

RMS559 cells were grown in Iscove Modified Dulbecco medium (IMDM, Quality Biological) 

with 15% FBS.  Full length human FGFR4 cDNA used in [12] was subcloned into pFLAG-

CMV6.  Luciferase and CD19 plasmids were obtained from Lentigen [168].   

Target sequences specific for FGFR4 were cloned into pLKO.1-puro (Addgene) to create 

lentiviral-expressed shRNAs (forward primer: GCCGTCAAGATGCTCAAAGAC, reverse 

primer: GTCTTTGAGCATCTTGACGGC).  For lentivirus production, 1 million HEK293T 

cells were plated in 6 cm dishes for 24 hours prior to transfection with pLKO.1-puro, psPAX2 

and pMD2.G plasmids at a 4:3:1 ratio with Lipofectamine 2000.  Resulting lentiviral particles 

were harvested 48- and 72 hours post-transfection and pooled.  1 mL of each viral containing 

suspension was used to transduce RMS559 cells plated in T25 flasks in the presence of 8 µg/mL 

polybrene.  48 hours following transduction, the RMS559 cells were split into selection with 2 

µg/mL puromycin.  Growth of the transduced cells was monitored in the Incucyte ZOOM 

device.   

Bioinformatic analysis 
Previously published ChIP-seq data of active histone mark H3K27ac was analyzed in RMS 

tumors and cell lines, both fusion positive (FP) and fusion negative (FN) RMS, and compared to 
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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). 

RNA-seq data was analyzed as previously described [167]. Genes were quantified at the FPKM 

level using UCSC reference built to hg19.   200 normal sample RNA-seq experiments were 

compared to 140 RMS samples, and gene subsets for those known to be plasma membrane 

associated were identified (Supplementary Table 1).  Differentially expressed plasma membrane 

genes were determined by calculating fold change between all normal compared to all RMS 

samples, and a P-value was calculated by a t-test between these two groups for each gene.  Genes 

with a -log10 (P-value) less than 40 were considered uniquely expressed in RMS and were 

ranked according to median log2(FPKM) expression across all RMS samples.  FGFR4 was then 

highlighted in this rank list, followed by Violin-Box plot summary statistics across each sample 

group. Graphical representation of this data was performed using R scripts utilizing ggplot2. 

CRISPR data across the panel of cell lines was downloaded from Project Achilles 

(depmap.org/portal/achilles). 

Immunohistochemistry 
Normal tissue microarray (TMA) slides were purchased from BioChain (Cat. # T8234701-1 log 

B910057, Newark, CA). This array included 40 different types of normal tissue from 3 different 

donor samples for each tissue type. Rhabdomyosarcoma (RMS) tumor arrays (COG Study 3000-

30-P8967) were obtained from the Children’s Oncology Group.  HCC and CCA tumors were 

obtained from the NIH.  The TMA slides were deparaffinized with xylene and then dehydrate 
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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 minutes of blocking using 3% hydrogen peroxidase. The sections were incubated with 

rabbit monoclonal anti-FGFR4 antibodies (Clone DB312; Cell Signaling; Denver, CA) at 1:1000 

for 1 hour. 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 examined by 

light microscopy. Negative control rabbit immunoglobulin G (IgG) was used in place of a 

primary antibody to evaluate nonspecific 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 ×20 objective magnification.   

Western blot 
Whole cell lysates were prepared using RIPA buffer supplemented with protease and 

phosphatase inhibitors.  Cells were lysed by sonication, rotated for 30 minutes at 4C, and then 

lysates were centrifuged for 10 minutes, supernatant removed, and protein concentration 

quantified using Bradford assay.  Lysates at 20 µg were separated on 4-12% Bis-Tris gels and 

transferred to PVDF membrane, blocked in 5% non-fat milk in Tris buffered saline and Tween-

20 (TBS-T).  Membranes were incubated at 4C overnight in primary antibody, washed x 3 in 

TBS-T, then incubated in 1:10,000 diluted HRP-labeled secondary antibody (Santa Cruz 

Biotechnology) at room temperature for 1 hour, washed an additional x 3 with TBS-T, and then 

developed with chemiluminescent reagents (Thermo Fischer Scientific, SuperSignal West 

Femto).  The following antibodies were used:  β-actin (clone AC-74, A2228 Sigma), FGFR4, (C-

16, sc-124, Santa Cruz Biotechnology), FGFR4 (clone D3B12, #8562, Cell Signaling 
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Technology), cleaved PARP (D64E10, #5625, Cell Signaling Technology), and vinculin (hvin-1, 

V9131, Sigma). 

Electrochemilluminescence assay 
Normal human tissues were cut in small size, and lysates 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 minutes in the lysis buffer.  The lysates were centrifuged at 13200rpm for 10 minutes 

at 4C.  The supernatant was isolated and used to measure total protein using BCA assay.  All 

lysates were further diluted at a final total protein concentration of 1mg/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, and 

further quantify the amount of FGFR4 in tissue and cell lysates.   

Confocal immunofluorescence assay 
RMS cell lines, RH30 and RMS559, were plated on glass coverslips in 48-well tissue culture 

plates or in chamber slides.  After 48-72hours, cells were washed with cold PBS twice, fixed 

with 4% formaldehyde for 15 minutes at room temperature, followed by 3 washes with PBS.  

Cells were blocked with 5% normal goat serum in PBS for 1 hour and then incubated with 

primary antibody (mouse anti-FGFR4, in-house, Khan lab) at 4C overnight.  After overnight 

incubation at 4C, cells were washed with PBS three times, and incubated with secondary 

antibody (Goat-anti-mouse IgG (H+L) Alexa Fluor 488) for 1 hour at room temperature and then 

washed with PBS three times.  Cells were mounted with ProLong gold with DAPI (Thermo 

Fisher Scientific, #P36931) and visualized with Leica DM5000B microscope at 100x.   
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Cell surface determination assay  
FGFR4 antigen cell density was quantified by Quantibrite fluorescence measurement system 

(BD Bioscience).  RMS cell lines were grown in culture for 48 hours, washed twice with cold 

PBS, and then resuspended in FACS buffer (1x PBS, 2% FBS).  Cells were incubated with 5ug 

of anti-FGFR4 mAb (Clone 4FR6D3, mouse anti-FGFR4 PE, Biolegend, Cat # 324305), for 30 

minutes at 4C.  Following incubation, cells were washed three times with FACS buffer and 

evaluated on FACS Calibur flow cytometer (BD Bioscience).  Quantum MESF (molecules of 

equivalent soluble fluorochrome) was used to standardize fluorescence intensity.  The mean 

fluorescence intensity of RMS cell lines stained with FGFR4 antibody was converted into MESF 

using Quantum Alexa Fluor 488 MESF beads (Bangs laboratory, 488).  The beads are run on the 

same day and at the same fluorescence settings as stained RMS cell samples to establish a 

calibration curve.  The Quantum MESF standards are used to determine labelled antibody’s 

effective fluorophore to protein ratio and converts MESF results to ABC (antibodies bound per 

cell, mean value of the maximum capacity of each cell to bind the antibody).  FGFR4 antigen 

cell-surface expression was determined by ABC.  Data was analyzed using FlowJo software.   

Production of anti-FGFR4 scFv-Fc fusion protein  
Fully human anti-FGFR4 scFvs were generated from a human B cell cloned scFv cDNA library 

and by selecting for binding to recombinant FGFR4 ECD.   The variable heavy and light chains 

encoding the scFv, were cloned into a plasmid containing the constant fragment (Fc) of human 

IgG1, thus creating scFv-Fc expression vector.  The m410 anti-FGFR4 scFv-Fc (or binder used 

interchangeably) plasmid were generated and kindly provided by the Dimitrov lab (NCI-

Frederick).  The scFv-Fc plasmid was transiently expressed in 293T cells and supernatant was 

harvested and purified using Protein A affinity chromatography.  The purified scFv-Fc fusion 

protein was analyzed via Gel electrophoresis, for size and purity.   
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Surface plasmon resonance 
The binding kinetics of the anti-FGFR4 scFv-Fc was measured using BIAcore X100 Instrument 

(GE, Healthcare).  Purified FGFR4 extracellular domain (NIH Frederick Protein Purification 

Laboratory) was immobilized on a CM5 biosensor chip using an amine coupling kit.  The m410 

antibody was diluted to 100ug/mL and flowed over the chip cells for 3 minutes after which the 

chip cells were run with antibody-free solution for 10 minutes to allow scFv-Fc dissociation.  

After dissociation, the chip was regenerated, the association and dissociation curves were fitted 

using a 1:1 binding model and a dissociation rate constant (Kd) was estimated using 

BIAevaluation software.   

Binding kinetics of anti-FGFR4 scFv-Fc fusion protein 
The binding kinetics of the some anti-FGFR4 scFv-Fc binders was determined using the Octet 

RED96 system (FortéBio) as described previously. The m410 binder and reagents were prepared 

in 0.1% BSA, 0.1% Tween20 PBS, pH 7.4 buffer. FGFR4 ECD protein was immobilized onto 

biosensors, m410 binder was injected and allowed to flow through the sensor.  The relative 

association measurements for a time window of 600 s and 1,400 s, respectively was collected. 

Data analysis was performed using the FortéBio analysis software provided with the instrument. 

Flow cytometry analysis of m410 binder 
Flow cytometry analysis was used to confirm FGFR4 expression on RMS cells with the m410 

binder (5ug/mL).  RMS cell lines with differential FGFR4 expression, FGFR4 expressed 293T 

lines, and Raji, HEK293T cells were analyzed in duplicate.  Cells were washed twice with PBS 

and reconstituted in FACS buffer (1x PBS, 2% FBS) at a concentration of 5E5 cells/100 uL.  

m410 binder (5 ug) was added to cells and incubated on ice for 45 minutes in the dark.  After 

incubation, cells were washed twice with FACS buffer and resuspended in secondary antibody 

(1:100 dilution, Goat anti-human Fc, Jackson laboratory, Cat# 109-605-098) in FACS buffer.  
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After 30 minutes of incubation on ice, cells were washed 3 times with FACS buffer and analyzed 

on BD FACS caliber.  Data was analyzed using Flow Jo software.   

Cross reactivity of m410 binder to FGFR family receptors 
Recombinant FGFR1-4 (R&D systems, Inc), mouse FGFR4 (Sino Biologics) and rhesus 

macaque (Sino Biologics) were coated on Corning EIA/RIA high binding 96 well plate (Corning, 

Inc) at 50ng per well overnight at 4C and blocked with 3% BSA in PBS.  m410 binder, at a 

starting concentration of 1000ng/uL and further serially diluted up to 3ng/uL, was added and 

incubated at room temperature for 2 hours.  The plates were washed with PBS containing 0.05% 

tween 20.  Bound m410 was detected by a Goat anti-human IgG (Fc specific)- peroxidase 

(Jackson laboratory, 109-035-098).  The assay was developed at room temperature with ABTS 

substrate (Roche) and the absorbance was quantified at 405nm.   

Epitope mapping of M410 binder on FGFR4 ECD  
Epitope mapping of the M410 scFv-Fc was performed by using PEPperMAP® technology 

(PEPperPRINT GmbH, Heidelberg, Germany). PEPperMAP® Linear Epitope Mapping of M410 

binder was performed against FGFR4 ECD translated into linear 15–amino acid peptides with a 

peptide-peptide overlap of 14 amino acids. FGFR4 ECD peptide microarrays were incubated 

with the M410 binder at concentrations of 1 μg/mL and 10 μg/mL, in incubation buffer followed 

by staining with secondary goat anti-mouse IgG (H + L) DyLight680 antibody. Samples were 

processed by using an Odyssey Imaging System (LI-COR, Lincoln, NE, USA).  Quantification 

of spot intensities and peptide annotation were performed using a PepSlide® Analyzer 

(PEPperPRINT GmbH). 
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Design of FGFR4 CAR T cells 
The fully human anti-FGFR4 svFv sequences provided by Dr. Dimitrov were used as CAR 

antigen-binding domains.  The CAR constructs included, anti-FGFR4 scFv sequence as the CAR 

antigen-binding domain, followed by, CD8α hinge and transmembrane regions, a 4-1BB 

costimulatory domain and an intracellular CD3ζ all linked in-frame. For the long FGFR4 CAR 

constructs, in addition to the anti-FGFR4 scFv sequence, an IgG1 CH2-CH3 domain was 

encoded in the extracellular domain. The tEGFR tag was used as described previously [169].  

CAR constructs sequences were codon optimized (DNA2.0, Newark, CA) and cloned into a 

third-generation lentiviral plasmid backbone (Lentigen Technology Inc., Gaithersburg, MD).   

Production of FGFR4 CAR LV vectors 
For the generation of FGFR4 CARs, CAR constructs sequences were codon optimized (DNA2.0, 

Newark, CA).  CAR antigen-binding domains, scFv, sequences were derived from fully human 

anti-FGFR4 scFv’s as described in table x.  For the CD19 control, the mouse hybridoma FMC-

63 (FMC-63: AA 1-267, GenBank ID: HM852952.1) was used.  The nucleotide sequence of 

scFvs, either short or long, were commercially synthesized as single gBlocks with chosen 

overlaps on either end.  These gBlocks were subcloned into a third generation lentiviral plasmid 

backbone (Lentigen Technology Inc., Gaithersburg, MD) encoding CD8 transmembrane domain 

(TM), CD137 costimulatory domain (41BB), and CD3 zeta chain domain of T cell receptor 

(CD3z) as summarized in Table 2.  Cloning was performed using the Infusion cloning kit 

(Takara Bio USA, Inc) which allowed for directional cloning of scFv gBlock into the LV 

backbone, using 15-bp overlaps for amplification of the desired sequences and cloning.   

The CAR encoding plasmid, along with 3 other plasmids encoding gag/pol, reverse transcriptase, 

and envelope proteins were transfected into 293 suspension cells using polythylenimine (PEI) 

mediated transfection.  The supernatant was harvested after 48 hours of transfection and 
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concentrated by centrifugation.  Harvested pelleted lentiviral supernatants were resuspended in 

small volume (1mL) were stored at −80 °C until transduced into T cells [170].   

Determination of lentiviral vector titer 
To determine relative transduction efficiency (functional titer), we used SupT1 cells and plated 

them in a 96well plate at seeding density of 2E4 cells per well overnight. Lentiviral vectors were 

prepared for 8 fold dilution series starting from a 1:9 dilution.  Cells were transduced for 72 hour 

post transduction before flow cytometry analysis.  

After 72 hours, cells were washed and stained by biotinylated Protein L (0.5ug/mL) and 

Streptavidin-PE fluorophore for further analysis on MACSquant 10 flow cytometer to determine 

percent transduced cells.  The positive cells from each dilution was then used to determine 

functional titer at each dilution.  For determining viral titer per mL, the following calculation was 

used - (% ProL positive cells) X (# of SupT1 cells) X (virus dilution) X 20.  The vector dilution 

and corresponding vector titer was plotted to determine the vector dilution where the vector titer 

saturated.  These saturated vector titers were used as the final vector titer for further transduction 

in primary T cells.   

Primary T cell isolation, culture and transduction 
For this study, buffy coat from normal donors were obtained from the Oklahoma Blood Institute.  

PBMCs were isolated by density gradient centrifugation using Ficoll-Paque.  Further, CD4+ and 

CD8+ human primary T cells were isolated by bead based positive selection (Miltenyi Inc, Cat# 

130-096-533 and 130-096-495).  Selected CD4+ and CD8+ human primary T cells were 

activated with CD3/CD28 MACS® GMP TransAct reagent (Miltenyi Biotec 130-019-011) and 

transduced on day 3 with lentiviral CAR constructs in the presence of 10 ug/ml protamine sulfate 

(Sigma-Aldrich, P3369) for 24 hours.  Primary T cells were cultured in TexMACS medium 
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(serum-free) supplemented with 200 IU/ml IL-2 (T cell media) at a density of 3E5 cells/mL up to 

1E6 cells/mL.  On day 4, T cells were washed with TexMACS media, and further cultured in T 

cell media to day 9 – 10, when the T cells were either used for functional assays or 

cryopreserved.   

FGFR4 CAR T cell functional cytotoxicity and cytokine assays 
For cytotoxicity assay, FGFR4 CAR T effector cells were cocultured with RMS RH30_19 cells, 

target cells.  The target cells were stably transduced with firefly luciferase, and 5000 target cells 

were incubated with FGFR4 CAR T cells at different effector to target ratios overnight in a 96 

well plate.  After overnight incubation, supernatant from the plate was harvested and saved for 

cytokine analysis.  The remaining tumor cells were lysed, and luciferase activity was measured 

using Steady Glo reagent (Promega, Cat E253A) on EnSpire Plate reader (Perkin Elmer).  

Percent cytotoxicity, or specific lysis, was calculated as described previously [168].  Briefly, 

resulting luminescence was recorded as counts per second (CPS).  Assay range was determined 

by Target cells only (maximum CPS, 0% lysis) and target cells treated for 15 minutes with 1% 

Tween-20 (minimum CPS, 100%lysis).  Percent specific lysis was calculated as: (1- (sample 

CPS-min CPS)/ (max CPS-min CPS)).  

For Cytokine analysis, the supernatants from the cytotoxicity assay was used either fresh or after 

freeze thaw, from being stored at -80C.  The cytokines IFN-γ, IL2 and TNF-α levels were tested 

by ELISA assay kit (R&D Systems). Using the manufacturer’s protocol, to determine the 

amounts of cytokines released after co-culture of FGFR4 CAR T effector cells with RMS target 

cell lines.  All cellular assays were repeated 3 times with similar results. 
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Western blot for FGFR4 CAR by measuring CD3zeta protein 
For Western blot two million CAR T cells were washed twice in cold PBS (Lonza, Walkersville, 

MD), then lysed in 100 ul cold RIPA buffer (Sigma-Aldrich, St. Louis, MO) containing a 

protease and phosphatase inhibitor cocktail (ThermoFisher Scientific, Grand Island, NY). The 

lysate was incubated at 4 °C for 20 min, pelleted at 13000 RPM in a table top centrifuge at 4 °C 

for 10 min, and supernatants collected and frozen at -20 °C. Samples were denatured at 70 °C in 

reducing loading buffer (Invitrogen) for 10 min and resolved on 4–12% gradient SDS-PAGE gel 

under reducing conditions in MOPS buffer (Thermo-Fisher Scientific, Grand Island, NY) 

according to manufacturer’s protocol. Proteins were transferred to 0.45 μm nitrocellulose transfer 

membrane (BioRad, Hercules, CA) and probed with antibody against pan-CD3 zeta (Clone 

ab40804, Abcam, Cambridge, MA). Bands were developed using Vectastain ABC-AMP reagent 

kit (Vector Laboratories, Burlingame, CA) according to manufacturer’s protocol and bands were 

visualized and quantified on an Odyssey imaging system with Image Studio lite software (LI-

COR, Lincoln, Nebraska).  

In vivo analysis of FGFR4 CAR T cells  
Xenograft studies were approved by the Animal Care and Use Committee of the NCI-Bethesda 

and all animal care was in accordance with institutional guidelines.  The RH30_19 cells 

described previously, were used to inject 6- to 8-week old female NSG (NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ) mice.  Cells were washed twice in cold PBS and resuspended in 1x HBSS for 

injection.  1 million RH30_19 RMS tumor cells were injected intravenously into the tail vein.  

Tumor engraftment was measured by intraperitoneal injection of 300mg/kg luciferin and 

imaging 10 minutes later for up to 60 seconds on a Xenogen IVIS Lumina imager (Perkin 

Elmer).  Images were analyzed using Living Image, version 3.1 software (Perkin Elmer) and the 

bioluminescent signal flux for each mouse was expressed as average radiance 
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(photons/second/cm2/steradian).  3 million CAR T cells or UTD T cells were injected on Day 3, 

also administered via tail vein intravenous injection.  Imaging was performed once every 7 days 

until about day 66 to establish the kinetics of tumor growth and eradication by CAR T cells.  For 

the localized tumor model, tumor cells were injected via intramuscular injection into the left 

hindlimb of the mice.  When tumor or other tissues were harvested from treated mice, T cells 

were detected using anti–human CD45-PerCP (eBioscience) and anti-CD3–APC (Invitrogen). 

CAR-expressing cells were detected with t EGFR –PE (Clone AY13, Biolgend).   
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RESULTS 

FGFR4 as an immunotherapeutic target 

FGFR4 expression in RMS tumors 
An optimal immunotherapeutic candidate for RMS would have several unique properties 

including (i) expression on the plasma membrane of RMS cells and (ii) higher expression in 

RMS compared to normal tissues.  To evaluate this, we compared gene expression of a set of 

genes whose protein products are known to be expressed on the plasma membrane [167], 

between RMS and normal human tissues.  From RNA sequencing data, we calculated fold 

difference for each plasma membrane gene, as shown in volcano plots (Figure 1, panel A).  272 

differentially expressed genes with a -log10 (p-value) less than 40 (shown in green).  While 

differential in RMS, not all 272 genes were highly expressed, so we further ranked these 

transcripts using median expression across all RMS tumor samples (Figure 1, panel B). FGFR4 

was identified as one of the top 5 differentially expressed cell surface proteins based on RNA 

expression.  FGFR4 expression in RMS and normal tissue shows FGFR4 is significantly 

overexpressed in both FP and FN RMS tumors and cell lines compared to normal tissue (Figure 

1, panel C).  We further expanded our analysis to other tumors types, to be aware of other tumors 

beyond RMS for which an FGFR4 directed immunotherapeutic may be feasible. Compared to all 

TCGA tumors with available RNA-seq data, RMS tumors have the highest FGFR4 expression, 

but notable expression is also found in Liver hepatocellular carcinoma (LIHC) and 

Cholangiocarcinoma (CHOL) tumors (Figure 1, panel D).  

Because FGFR4 is differentially expressed in RMS, especially PAX3-FOXO1 (P3F) driven 

RMS, we considered that RMS-specific epigenetic factors may be driving its overexpression.  In 

fusion negative (FN) and fusion positive (FP) RMS, a network of master transcription factors 

drives expression of RMS-specific genes by facilitating the deposition of active histone marks at 
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RMS-specific enhancers [167, 171].  To determine if FGFR4 expression is regulated in this way, 

we analyzed H3K27ac chromatin immunoprecipitation (ChIP) sequencing studies in RMS cell 

lines and primary tumors, both FP- and FN-, and human skeletal muscle cell lines and tissues 

(Figure 1, panel E).  These data sets reveal the presence of intergenic FGFR4 super-enhancer in 

FN and FP RMS cells, as well as the skeletal muscle precursor cells, myoblasts and myotubes, 

but not in mature skeletal muscle.  Across 4 FP-RMS cell lines, we observed PAX3-FOXO1 

binding directly to these enhancers (Figure 1, panel E).  To test if PAX3-FOXO1 directly 

upregulates expression of FGFR4, we evaluated the FGFR4 locus in previously characterized 

human fibroblasts engineered to overexpress PAX3-FOXO1 or transfected with an empty vector.  

In the PAX3-FOXO1 expressing cells, we observed opening of chromatin, recruitment of BRD4 

and establishment of a super enhancer (Figure 1, panel F) at the FGFR4 locus.  These epigenetic 

changes induced by PAX3-FOXO1 resulted in increased FGFR4 in the fibroblasts (Figure 1, 

panel F).  The intergenic FGFR4 super-enhancer was ranked highly among all enhancers in FP-

RMS samples, with the exception of the epigenome from a PAX7-FOXO1 (P7F) tumor. Other 

RMS signaling molecules driven by super enhancers include ALK and IGF2 (Figure 1, panel G).  

Conversely, FGFR4 expression is downregulated upon knock-down of PAX3-FOXO1 

expression in FP-RMS cells (Figure 1, panel H).  Thus, FGFR4 expression in RMS is driven by 

the aberrant maintenance of a super-enhancer normally found in skeletal muscle precursor cells.   

Having established that the differential expression of FGFR4 in FP-RMS was due to a PAX3-

FOXO1 specific epigenetic mechanism, we further hypothesized that FP-RMS cells would be 

uniquely sensitive to loss of FGFR4 expression.  To test this hypothesis, we analyzed CRISPR 

dependency screening data from project Achilles.  Of the 390 cell lines assayed, FP-RMS cell 

lines were most depleted of guide RNAs targeting FGFR4 among all disease groups represented 
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(Supplemental Figure 1, panel A).  FN-RMS, which expresses FGFR4 but less highly than FP-

RMS, was not dependent on FGFR4 in this screen.  One FN-RMS cell line, RMS559 was not 

included in this data set.  RMS 559 harbors an FGFR4 V550L mutation and has high FGFR4 

expression (data not shown).  Knock-down of FGFR4 expression via shRNA in RMS559 leads 

to a decrease in cell proliferation and increase in PARP cleavage consistent with an induction of 

apoptosis (Supplemental Figure 1, panel B).  These results suggest that FGFR4 is uniquely 

expressed in RMS compared to other cancers, and that FGFR4 is a unique dependency in RMS 

cells for which FGFR4 is overexpressed or mutated, validating FGFR4 as an ideal target for 

immunotherapy in RMS. 

  



36 
 

 
 
Figure 1. FGFR4 is overexpressed in RMS and its expression regulated by a PAX3-FOXO1 
driven super enhancer.   
(A) Volcano plot shows the fold change of each gene as determined by RNA-seq, flanked by 
density plots of each axis.  Green color denotes genes with -log10(p-value) greater than 40. (B) 
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Using the top 250 uniquely expressed genes from (A), rankings of RNA expression were made 
using median expression across all RMS tumor samples. (C) FGFR4 RNA expression identified 
as significantly overexpressed in both Fusion Positive (FP) and Fusion Negative (FN) RMS 
tumors and cell lines. Normal tissue expression is shown for comparison. (D) FGFR4 RNA-seq 
data across TCGA and pediatric cell lines and tumors, summarized as boxplots (median with 
quartiles) with violin distributions. ASPS refers to alveolar soft part sarcoma, CCSK refers to 
clear cell sarcoma of the kidney, DSCRT refers to desmoplastic small round cell tumor, EWS 
refers to Ewing sarcoma, HBL refers to hepatoblastoma, NB refers to neuroblastoma, OS refers 
to osteosarcoma, SS refers to synovial sarcoma, UDS refers to undifferentiated sarcoma, WT 
refers to Wilms tumor, YST refers to yolk sac tumor, HCC refers to hepatocellular carcinoma 
and CCA refers to cholangiocarcinoma, ML refers to medulloblastoma, NS refers to normal 
samples, and all other abbreviations are as per TCGA (https://gdc.cancer.gov/resources-tcga-
users/tcga-code-tables/tcga-study-abbreviations) (E) PAX3-FOXO1 ChIP-seq (red, top) and 
H3K27ac ChIP-seq at the FGFR4 locus.  These experiments were performed in FP-RMS cell 
lines and tumors (orange, RH4, RMS238, RH5, RMS209, RMS224, RH30, SCMC, NCI0082, 
RH3, RH41), FN-RMS cell lines and tumors (blue; RMS216, SMS-CTR, RMS206, NCI0075, 
RMS008, RD, RMS559, JR1, RH18) and human skeletal muscle cell lines and tissues (gold; 
myoblasts, myotubes, Psoas muscle, Skel. Muscle 129 and Skel. Muscle 134). (F) Human 
fibroblast cells with and without exogenous PAX3-FOXO1 assayed were assayed 
epigenomically for open chromatin (by DNase hypersensitivity), PAX3-FOXO1 binding (ChIP-
seq), BRD4 binding (ChIP-seq) and enhancer activation (H3K27ac ChIP-seq).  Inset: FGFR4 
expression in fibroblasts before and after introduction of PAX3-FOXO1. (G) Enhancer 
percentiles (ranked by H3K27ac signal) for FGFR4, ALK and IGF2 in RMS and myogenic 
samples. (H) FGFR4 expression in RH4 cells after knock-down of PAX3-FOXO1 by shRNA at 
48 and 72 hours. 
  

https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations
https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations
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FGFR4 protein expression in normal tissues versus RMS tumors 
To determine if the differential RNA expression of FGFR4 between RMS and normal tissues 

translates into differential protein expression, we evaluated the expression of FGFR4 protein via 

immunohistochemistry (IHC) staining of tissue microarrays of both RMS and liver tumors 

(Figure 2A) as well as normal tissues (Figure 2B).  The arrays were stained with FGFR4 

antibody and with the corresponding isotype control antibody.  The normal tissue array included 

3 independent samples for each of 30 human organs.  Samples in the RMS tumor array showed 

strong staining for FGFR4.  Approximately 40% of tumors in FP-RMS array and 22% of tumors 

in FN-RMS array showed strong positive staining (representative tumors shown in Figure 2A).  

However, none of the normal tissues, including brain, heart, liver, lung or kidney, demonstrated 

strong FGFR4 expression (Figure 2B).  Thus, as desired for a CAR-T target, FGFR4 protein is 

highly expressed in RMS tumors and not in normal tissues.   HCC and CCA tumors, which had 

high expression of FGFR4 mRNA, also had strong expression of FGFR4 by IHC (Figure 2A), 

indicating a potential FGFR4-specific immune-based therapy could be also be applied to these 

tumor types. 

To corroborate our IHC results, we also performed electrochemiluminescence (ECL) assays to 

determine total amount of FGFR4 protein in whole cell lysates.  In RMS cell lines, we detected 

300 -800 pg FGFR4 per mg of total lysate (pg per mg), whereas in normal tissues the range was 

30-40 pg per mg except for liver, which had 70 pg per mg (Figure 2C).  Thus, the ECL assay 

quantification of FGFR4 showed that RMS cell lines have at least 10-fold higher FGFR4 protein 

expression compared to normal tissues.   
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Figure 2. FGFR4 protein is overexpressed in RMS and other cancers.   
(A) FGFR4 IHC staining on RMS, hepatocellular carcinoma and cholangiocarcinoma tumors and 
(B) normal tissues.   Representative images are shown.  All images taken at 160X magnification. 
(C) Electrochemilluminescence assay quantifying FGFR4 protein in total lysates of normal 
tissues, RMS cell lines and other cancer cell lines.   
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FGFR4 is localized to the plasma membrane in most RMS tumors 
FGFR4 protein consists of extracellular domain (ECD) with 3 IgG loops, a single transmembrane 

(TM) domain, and an interrupted cytoplasmic kinase domain.  The ECD IgG loop provides a cell 

surface target for immune- based therapies against FGFR4.  We performed immunoblot analysis 

with a highly specific monoclonal antibody targeting FGFR4 ECD of FGFR4 to establish 

expression of this domain in RMS.  We tested whole cell lysates from 5 primary tumors from 

patients and 2 patient derived xenografts (PDX) samples (Figure 3, panel A) and several RMS 

cell lines (Figure 3, panel B).  This analysis confirmed high expression of FGFR4, including the 

ECD, in cell lines, PDXs and primary tumors, as a core protein at 90 kDa and higher molecular 

weight band that corresponds to post-translationally modified FGFR4.  We further wanted to 

examine the subcellular location of FGFR4 in RMS cell lines.  Thus, we performed immunoblots 

for FGFR4 on membrane, cytosolic and whole cell lysates from two FP-RMS cell lines, RH30 

and RH4, a FN-RMS cell line that harbors the FGFR4 V550L, RMS559 (Figure 3, panel C).  We 

observed, using both an FGFR4 antibody targeting FGFR4a C-terminus epitope and an FGFR4 

antibody that is directed towards the tyrosine kinase domain, that full-length FGFR4 protein is 

localized to cell membranes.  Using immunofluorescence studies in RMS cell line RH30 and 

RMS559, we further showed that FGFR4 is localized on cell surface of RMS cells (Figure 3, 

panel D), consistent with localization to the plasma membrane.  Lastly, we quantified FGFR4 

surface expression in ten different RMS cell lines using the Quantibrite assay (Figure 3, panel E).  

The range of cell surface FGFR4 in RMS cell lines is from 19974 (RH30) to 58472 (RMS559) 

molecules/cell.  Overall, our protein expression data shows FGFR4 is a differentially expressed 

cell surface target, which is ideal for the development of a novel immune-based therapy.    
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Figure 3. FGFR4 is localized to the plasma membrane in RMS cells.   
(A-B) Western blots of FGFR4 in RMS primary tumors (n=5, A), PDXs (n=2, A) and cell lines 
(n=8, B).  In panel A, 5 FP RMS tumors and 2 FP RMS PDX samples are shown, with lysate 
from the FP RMS cell line, RH30 as a positive control.  1 = RMS209, 2 = RMS220, 3 = 
RMS224, 4 = NCI0064 tumor 1, 5 = NCI0064 tumor 2, 6 = NCIPDX1, 7 = PDX2 and 8 = RH30 
cell line.  In panel B, 5 FP RMS cell lines (1 = RH4, 2 = RH41, 3 = RH30, 4 = RH3, 5 = SCMC) 
and 3 FN RMS cell lines (6 = RMS559, 7 = RD and 8 = SMS-CTR) are shown.  (C) Western 
blot of FGFR4 following membrane extraction experiments in RMS cell lines, total lysate (T), 
membrane extract (M), and soluble cytoplasmic extract (S) are shown.  Na-K ATPase and β-
actin are used as controls for the membrane and soluble fractions, respectively.  (D) FGFR4 
immunofluorescence staining in RMS cells RH30 and RMS559. Blue, DAPI; Red, FGFR4; right 
panel, merged.  (E) FGFR4 cell surface antigen expression determined via QuantiBrite assay on 
a panel of RMS cell lines, x-axis; and the corresponding receptors per cell, y-axis.    
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Development of human anti-FGFR4 antibodies  

Fully human anti-FGFR4 scFv generated from a human B cell cDNA library 
For our studies, we tested 10 human anti-FGFR4 single chain variable fragments (scFv) to bind 

FGFR4.  Anti-FGFR4 scFv’s were generated using a human scFv cDNA library. To generate the 

scFv cDNA library, peripheral blood from 140 donors was used to isolate B cells and total RNA 

purified for construction of highly diverse V-gene repertoire containing 1.5 x10^8 individual 

clones with, unbiased combination of heavy and light chains [172].  The scFv clones in the 

library are specific for multiple antigens, thus yeast display technology, must be used to select 

the specific scFv that bind to FGFR4.  The scFv cDNA expression library is sub cloned into 

yeast cells, such that the scFv are displayed on surface of yeast cells. These scFv displayed yeast 

cells are incubated with immobilized recombinant FGFR4 ECD protein on an ELISA plate and 

selected for their ability to bind specifically to immobilize recombinant FGFR4 ECD protein ( 

Figure 4, panel A). 

Production of anti-FGFR4 scFv-Fc  
The scFv were cloned into a plasmid containing the constant fragment (Fc) of human IgG1, thus 

creating scFv-Fc expression vector (Figure 4, panel B).  The scFv-Fc plasmid was transiently 

expressed in 293T cells and supernatant was harvested for purification using Protein A affinity 

chromatography.  The purified protein was analyzed on Gel electrophoresis, for size and 

impurities (Figure 4, panel C).  I observed all the scFv-Fc in the reducing condition was in the 

right size of ~50- 60 kDa.  In the non-reduced condition all the scFv-Fc fusion proteins 

molecular weight was around 95-105 kDa.    
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Figure 4. Production of fully human anti-FGFR4 scFv-Fc binders.   
A. Table showing all ten scFv domains.  These were generated from a multi-donor human B cell 
cDNA library, and candidate scFvs were selected based on binding to recombinant FGFR4 ECD.  
B. The scFv were cloned into a pSECTAG plasmid containing the constant fragment (Fc) of 
human IgG1, thus creating scFv-Fc expression vector.  C. The scFv-Fc plasmid was transiently 
expressed in 293T cells and supernatant was harvested for purification using Protein A affinity 
chromatography.  The purified protein was analyzed by Gel electrophoresis, for size and purity. 
  



44 
 

Specificity of anti-FGFR4 scFv-Fc 
I then tested scFv-Fc fusion proteins on RMS cell lines for binding cell surface FGFR4 using 

flow cytometry.  Binding of the scFv fusion protein to the cell surface was detected using anti-Fc 

antibody conjugated to flurophore.  To determine the specificity of these scFv-Fc fusion proteins, 

HEK293T cells stably transfected with FGFR4 were analyzed and compared to endogenous 

293T cells that does not express FGFR4 (Figure 5, panel A).  Finally, I used the RMS cell lines, 

RMS559 and RH30, which endogenously express FGFR4, to compare binding of anti-FGFR4 

scFvs (summarized in table 1) cells using flow cytometry (Figure 5, panel B).  The results from 

this assay, showed that the 10 anti-FGFR4 scFv-Fc’s had different binding characteristics to cell 

surface FGFR4.  Based on the results, I was able to categorize binders as non-specific, low, 

medium or high binding.  Among the 10 scFv-Fc’s tested, M417 was the only binder that showed 

non-specific binding. M424 showed low binding, whereas M408, M414, M418 and M422 

showed medium binding.  4 of the 10 scFv-Fc’s – M409, M410, M412 and M415 showed strong 

positive binding to cell surface FGFR4.  Summarized in Table 1.   
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Figure 5.  Specificity of human anti-FGFR4 scFv-Fc protein.   
Flow cytometry data showing anti-FGFR4 scFv-Fc binding on FGFR4 293T transfected cell line 
(A) and RMS 559 cells (B). On the left panel, 293T (Red) that does not express FGFR4 
endogenously shows no binding of anti-FGFR4 scFv-Fc protein.  When transfected with full 
length human FGFR4, the FGFR4 293T transfected cells shows positive binding of the scFv 
(Blue). On the right panel, RMS 559 cells were also tested for binding of scFv-Fc to cell surface 
FGFR4.    



46 
 

 
Table 1. Cell surface binding of anti-hFGFR4 scFv-Fc fusion proteins on RMS Cell lines. 

The anti-FGFR4 scFv were classified, based on MFI values, to be strong positive binding 
(green), medium binding (orange), weak binding (yellow) and non-specific binding (red).  
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Avidity of anti-FGFR4 scFv-Fc 
Surface Plasmon Resonance (SPR) measures changes in refractive index as a response to change 

in concentration of molecules at sensor surface as molecules bind to or dissociate from surface 

[173].    

Thus to determine the avidity of an anti-FGFR4 scFv-Fc for FGFR4 antigen we studied the 

interaction between these two binding partners.  FGFR4 ECD is immobilized to the surface and 

the bivalent scFv-Fc fusion protein is passed over the surface in a continuous flow of sample 

solution.  Avidity measures the strength of binding, but not the rate.  However, to determine 

affinity, we analyzed the binding at steady-state or equilibrium (KA), where the net rate of scFv-

Fc fusion protein binding to FGFR4 ECD is zero.  Using the response unit at equilibrium (Req), 

and the concentration of scFv-Fv fusion protein (C) we can obtain KA by fitting a plot of Req 

against C to the following equation:  Req = (KA * CRmax)/ (KAC + 1).  Affinity constant (KD) is 

calculated as the inverse of KA (KD= 1/KA).   

A few scFv’s that showed most efficacy in initial CAR format experiments were tested for 

affinity.  The avidity values for each of the scFv-Fc are shown in Figure 6, Panel A.   Among the 

5 scFv’s tested, M408 and M410 showed the highest affinity in nM range.  The remaining 3 

scFv’s – M409, M414, and M417 showed lower affinity range (Figure 6, Panel B).  The affinity 

(Kd) of M410 scFv-Fc for its antigen FGFR4 ECD was 1.6nM comparable to the CD19 CAR 

scFv that has Kd of 5nM for CD19 [174].  M410 scFv showed the highest affinity among the 

ones tested and thus this scFv was further developed.   
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Figure 6. Affinity of scFv by surface plasmon resonance (SPR).   
A. Selected scFv’s were tested for affinity using SPR using the Biacore instrument as described 
in methods.  Summarized in the table is the avidity values for each of the scFv-Fc.  B. For this 
assay FGFR4 ECD was immobilized on a gold-plated chip and the anti-FGFR4 scFv-Fc protein 
was then injected in fluid-phase over the chip.  The addition of antibody caused a change in 
response measured in resonance units.  The response was measured at equilibrium or steady-
state, when the scFv-Fc and FGFR4 ECD binding complex has reached an equilibrium or steady 
state.  At this point, a second concentration of scFv-Fc is added, and the cycle is repeated 3 or 4 
times as the response saturates.  This is used to calculate the final avidity (see methods) that is 
summarized in A.  
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M410 scFv exhibits specificity for FGFR4 
Next, I determined the biochemical properties of the M410 scFv, namely the (1) specificity for 

FGFR4 compared to other FGF receptors and (2) FGFR4 epitope.  FGFR4 is part of the FGFR 

family of receptor tyrosine kinases, which includes 3 other receptors, FGFR1-3.  FGFR4 has 

approximately 65% primary sequence homology with other FGFR receptors.  To determine if 

M410 scFv-Fc cross-reacts with other members of FGFR family, we performed an ELISA assay 

with recombinant FGFR1-Fc, FGFR2-Fc, FGFR3-Fc and FGFR4-Fc proteins as target antigens.  

When titrating M410 scFv-Fc into the reaction, we were only able to detect binding with 

FGFR4-Fc, with a half maximal response at a concentration of 32 nM (Figure 7, panel A).  Using 

similar method, I also determined if M410 binds to mouse FGFR4 or rhesus macaque FGFR4.  

Mouse FGFR4 has 90% sequence homology to human FGFR4, whereas rhesus macaque has 

97% sequence homology to human FGFR4.  Since M410 scFv-Fc shows binding to both mouse 

and macaque fgfr4 proteins (Figure 7, panel B).  I aim to use the xenograft studies with M410 

CAR to determine if there are any on-target off-tumor toxicity that could potentially be detected.   

 

  



50 
 

 
Figure 7. M410 scFv-Fc specifically binds FGFR4 and doesn’t cross react with other FGFRs. 
ELISA assay was used to determine cross-reactivity of M410 scFv with all FGF receptors.  
FGFR 1 -4 full length proteins were immobilized onto a 96 well plate and incubated with 
increasing concentrations of M410 scFv-Fc in solution. Unbound M410 scFv-Fc was washed and 
bound M410 was detected using Anti-Fc.  A. Shows FGFR 1 -4 receptor binding to M410 scFv-
Fc.  B.  Corresponding hIgG isotype control antibody binding to recombinant FGFR1-4.  C.  
M410 scFv-Fc binding to human FGFR4 (hFGFR4), FGFR4 ECD recombinant protein 
(FGFR4ecd), mouse FGFR4 (msFGFR4), or rhesus macaque FGFR4 (Rh FGFR4) shown.  D.  
Corresponding hIgG isotype control antibody binding to proteins mentioned in section c.  
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I also used flow cytometry to determine whether M410 recognized FGFR4 in plasma membrane 

of cells.  M410 scFv-Fc robustly stained HEK293T cells stably transfected with FGFR4 and no 

signal was detected in HEK293T cells that did not express FGFR4.  M410 scFv-Fc also bound to 

RMS cell lines, RH30, RH30_19, RMS559 and RH4 cells that we had shown by immunoblot of 

cell lysates expressed high levels of FGFR4 (Figure 8).   
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Figure 8. M410 scFv-Fc binds to cell surface FGFR4 on RMS cell lines.   
Flow cytometry analysis using M410 scFv-Fc was used to determine binding of cell surface 
FGFR4 on RMS cell lines and detected by Anti-Fc conjugated to fluorophore.   RMS cell lines 
RH30, RH30_19, RMS559  and stably transfected HEK293T expressing FGFR4 showed 
positive binding of scFv, but weak binding on RH4 RMS cell line and no binding on non-
transfected HEK293T cells.  
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Determination of M410 epitope region for M410 scFv-Fc 
Peptide microarrays were used to identify the specific epitope recognized by M410.  The array 

consisted of peptides 15 aa in length derived from the extracellular domain of FGFR4.  M410 

binding was determined at two different concentrations.  Signal was detected for two peptides, 

QQAPYWTHPQRMEKK and KKLHAVPAGNTVKFR, placing the binding region for M410 

between exon 4 and exon 5 (amino acids 144-156-171).  The QQAPYWTHPQRMEKK peptide 

region is determined to be the region of M410 binding to the FGFR4 receptor (Figure 9). The 

KKLHAVPAGNTVKFR peptide was a contaminant present in negative test conditions (data not 

shown). In summary, the affinity, specificity and epitope of M410 are ideal for further 

development as a potential therapeutic CAR T cell.    
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Figure 9. Anti-FGFR4 M410 scFv-Fc epitope region.   
A. Peptide microarrays were used to identify the specific epitope recognized by M410.  The 
array consisted of peptides 15 aa in length derived from the extracellular domain of FGFR4.  
M410 binding was determined at two different concentrations, 10ug/mL (red) and 1ug/mL 
(blue).  Signal was detected at the peptide QQAPYWTHPQRMEKK placing the binding region 
for M410 between exon 4 and exon 5 (amino acids 144-156). B. Schematic of FGFR4 ECD, 
showing binding region for M410 between exon 4 and exon 5 (amino acids 144-156), as 
determined by peptide microarray.  
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Generation of FGFR4 CAR lentiviral vectors 
Retroviral (RV) and Lentiviral (LV) vectors are the most commonly used approaches for 

permanent integration of CAR sequence into primary T cell DNA.  Both methods are used in the 

generation of CD19 CAR that are currently FDA approved [175].  RV when used for 

transduction to express CAR, has a preference to integrate at transcriptional start sites [176, 177], 

and in hematopoietic stem cells has also shown some insertional mutagenesis leading to 

genotoxicity [178, 179].   lentiviral vectors have emerged as valuable tools for transgene delivery 

because of their ability to transduce nondividing cells and their capacity to sustain long-term 

transgene expression [170].   

LV have proven to be a good vehicle for gene therapy because they can deliver a large DNA 

cargo load and efficiently transduce T cells [177, 180]. While lentiviruses do not show 

preference for integration at transcriptional start sites as seen with retroviruses, they do show a 

preference for transcriptionally active units and tend to integrate into gene-coding segments of 

DNA [177, 181].  For our studies, we used LV to generate FGFR4 CARs encoding anti-FGFR4 

scFv.   

Anti-FGFR4 scFv encoding FGFR4 CAR constructs were generated in varying formats to 

determine their ability to be transduced into primary T cells and express the CAR on the surface 

of these T cells.  Prior to T cell transduction, we determined relative transduction efficiency 

(functional titer) using SupT1 cells.  Each CAR encoding construct was generated by cloning 

scFv into a LV expression backbone (Table 2, Figure 10).  The CAR encoding plasmid was 

sequenced verified by Sanger sequencing method (data not shown).   Upon sequence 

confirmation, the plasmids were further processed for LV production using 293 suspension cells.  

The harvested supernatant was centrifuged and pelleted for viral titer determination.  The 

functional titers were determined by transduction of SupT1 cells by LV and flow cytometry 
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analysis.  The detection reagent used for flow cytometry was biotinylated Protein L.  The SupT1 

cells were transduced in 96 well plate with 8 fold serial dilution with LV and tested in replicates.  

Cells from each well with the diluted LV were analyzed by flow cytometry to determine percent 

positive cells (Figure 11).  As shown for M412 series (Figure 11, panel A), the top panel is 

untransduced (UTD) cells, as vector concentration increases in each well, there is an increase in 

percent positive transduced cells.  The percent positive cells are then gated relative to UTD cells, 

and used to calculate the vector titer at each dilution (Figure 11, panel B).  Each vector titer was 

plotted against the appropriate vector dilution (Figure 11, panel C) to determine the appropriate 

dilution series at which the vector titer saturates.  All the dilutions where the SupT1 cells showed 

2-30% ProL+ expression were gated, and the vector titer for these dilutions were averaged to 

determine the final vector titer (Figure 11, panel D).  This process was repeated for each of the 

anti-FGFR4 CAR, including CD19 CAR as a control (data not shown).  The final list of LV and 

its calculated titer is shown in table (Figure 12).  

Protein L is known to bind kappa light chain on any antibody fragment [182]. It has very 

minimal or low binding to lambda light chain of scFv.  Among the 10 anti-FGFR4 scFv we have 

generated, all of the scFv’s are kappa light chain with the exception of M410 which has a lambda 

light chain.  Thus, for the SupT1 titration assay, we were able to titer all of the anti-FGFR4 scFv 

except for M410.  The titer for M410 was further determined by qPCR to be 1E8 TU/mL 

(method is proprietary to Lentigen Technology Inc).  The titer for each of the LV was used to 

determine the amount of LV to transduce onto primary T cells.  
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Table 2. List of all the anti-FGFR4 scFv and CAR receptor domains used to generate FGFR4 
CARs. 

CAR domain   Size 
(kDa) # of a.a. Ref seq ID 

anti-FGFR4 scFv 
(short format)  

M408 26.7 243 pLTG 1771 

M409 27.6 251 pLTG 1773 

M410 27.8 253 pLTG 1553 

M412 26.8 244 pLTG 1555 

M414 27.2 247 pLTG 1775 

M415 28.2 256 pLTG 1777 

M417 26.2 238 pLTG 1785 

M418 26.6 242 pLTG 1779 

M422 26.8 244 pLTG 1781 

M424 26.6 242 pLTG 1783 

IgG1 linker (long 
format) 

CH2CH3 
(long) 25.5 232  AAG00909 

Transmembrane + 
Linker 

CD8a 
(TM) 7.6 69  NM_001768.6 

Costimulatory 
signal 

CD137 
(41BB) 4.6 42 NM_001561.5 

Intracellular 
domain 

CD3 zeta 
(CD3z) 12.3 112 NM_000734.3 
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Figure 10. Schematic of FGFR4 CAR constructs.   
CARs were generated by cloning fully human single chain variable (scFv) sequence into 
expression vector containing CD8 hinge and transmembrane domain, the 4-1BB (CD137) and 
the CD3z signaling domain.  The M410 long construct, includes the CH2-CH3 domain of IgG1 
as a spacer between the CAR transmembrane domain and scFv. M410-tEGFR construct which 
includes a truncated EGFR construct downstream of CD3z signaling domain.  The CD19 CAR 
construct is also shown.    
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Figure 11.M412 FGFR4 CAR LV titration in SupT1 cells using Protein L staining.   
SupT1 cell lines were transduced with FGFR4 CAR LV at various concentrations via serial 
dilution.  A. The cells were analyzed by flow cytometry to determine the percent of transduced 
positive cells.  Biotinylated Protein L reagent that binds the kappa light chain of scFv’s was used 
for detection at 0.5ug/mL, followed by streptavidin-PE conjugated fluorophore.  B and C. The 
percent positive cells from flow cytometry analysis were multiplied by the number of SupT1 
cells, LV dilution and the final volume to determine a functional titer at each dilution.  D. The 
vector dilution was plotted against the functional titer.  The LV titer of  dilutions where 
transduced SupT1 cells had 2-30 % average ProL positive staining were averaged to determine 
the final vector titer. In this case, LV titer of dilutions at 1:2187 and 1:6561 were averaged to 
determine the final titer of 2.04E8 IU/mL.    
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Figure 12. Compilation of FGFR4 CAR LV titer in SupT1 cells using Protein L staining.   
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Generation and selection of FGFR4 CAR for treatment of RMS 

Selection of FGFR4 CAR T cells  
To evaluate the efficacy of an FGFR4 CAR T cell directed in RMS, we built and characterized 

several CARs incorporating scFv’s targeting FGFR4.  A series of FGFR4 specific CARs were 

generated, using ten different human scFv’s.  Sequences for the variable heavy and light chain of 

FGFR4 scFv’s were linked with a 3x(GGGGS) spacer and then incorporated into a CAR 

encoding backbone, featuring a human CD8-derived hinge and transmembrane domain, a CD137 

signaling domain, and a CD3-zeta-derived signaling domain (Figure 10).  The same plasmid 

backbone was used to generate CD19 targeting CAR, with FMC63 scFv (159).  Overall, I 

wanted to test all the anti-FGFR4 scFv’s generated as LV to determine if these FGFR4 CAR can 

be transduced onto primary T cells, then further assess the functionality of FGFR4 CAR, by 

measuring cytotoxicity and cytokine production of these CARs expressing T cells against 

FGFR4 expressing target cells.  Since FGFR4 CARs were being tested for the first time for 

transduction into primary cells and for functional assays, I included the more established CD19 

CAR as a positive control.  The cell lines I used to test FGFR4 CARs were the FGFR4 

expressing RMS cells, RH30 and RMS559.  I also used B cell lymphoma cell lines expressing 

cell surface markers CD19 and CD22 as control cell lines.     

Long versus short FGFR4 CAR 
I initially developed two scFv’s, M410 and M412 that showed specific positive staining for cell 

surface FGFR4.  These scFv’s were generated as FGFR4 CAR LV in both short and long 

formats (Figure 10) and transduced into primary T cells.  For the generation of primary T cells, 

peripheral blood mononuclear cells (PBMCs) were isolated from whole blood of healthy donors 

by Ficoll separation.  CD4 and CD8 T cells were positively selected from PBMCs that were 

further used for transduction with FGFR4 CAR LV.  The transduction efficiency for both the 
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M410 and M412 FGFR4 CAR was then evaluated.  The detection of CAR expression was 

measured by Biotinylated Protein L – Streptavidin PE. The M410 short CAR has a lambda light 

chain, containing scFv which does not bind Protein L and thus I was unable to perform Protein L 

based flow cytometry cell surface detection of M410 FGFR4 CAR.  The M412 short FGFR4 

CAR showed high transduction efficiency of 61% when measured by protein L (Figure 13, panel 

A).  M410 and M412 were also made as long constructs by including the CH2CH3 domain of 

IgG1 protein.  This allowed for detection by an Anti-Fc protein on both the M410 long and 

M412 long constructs.  The M410 long construct had 24 percent expression levels on primary T 

cells expressing the CAR construct (Figure 13, panel C), whereas the M412 long construct had 

expression of 30 percent by Anti-Fc protein.  M412 long construct was also measured by Protein 

L to compare the detection by protein L and anti-Fc protein to show that both show the same 

CAR expression level of 30% (Figure 13, panel B and D).   

Both the M410 and M412 FGFR4 CAR in short and long formats were further tested in cellular 

cytotoxicity assays.  Since M410 short CAR expression on primary T cells was not tested, I 

tested only M410 long CAR and the M412 CAR in short and long format.  The cytotoxicity 

assay showed that M410 long, had highest cytotoxicity of 60% against FGFR4 expressing RMS 

RH30 cells.  M412 short CAR showed medium 30% cytotoxicity, however the M412 long CAR 

did not show any significance cytotoxicity compared to UTD control (Figure 14, panel A). M410 

long CAR showed better performance compared to M412 long CAR.  For FGFR4 negative Raji 

cell line the FGFR4 CAR and UTD control showed no cytotoxicity, but a CD22 CAR showed 

high toxicity confirming anti B-cell antigen specificity (Figure 14, panel B).   
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Figure 13. Cell surface expression of M410 and M412 FGFR4 CAR T cells.  
Primary T cells were obtained by CD4/CD8 selection of PBMCs isolated from healthy donors.  
FGFR4 CAR LV was transduced onto these primary T cells at multiplicity of infection of 20.  T 
cells were activated by CD3/CD28 beads and cultured in presence of 200IU/mL IL2, transduced 
by FGFR4 CAR LV on Day 2 and cultured for 7 days.  Cell surface expression of T cells were 
analyzed on Day 9 using Biotinylated-Protein L, detected by streptavidin PE (for short 
constructs) or using Anti-Fc APC conjugated antibody (for long constructs).  Flow analysis was 
performed using MACSquant analyzer.  Orange indicates untransduced (UTD) cells, which as 
used to set the negative gate at 1%.  Primary T cells transduced via FGFR4 CARs M412 short 
(panel A), M412 long (panel B), M410 long (panel C), and M412 long (panel D) are in blue.  
Panel A and B were measured using Protein L reagent, whereas Panel C and D were detected 
using Anti-Fc protein.  
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Figure 14. M410 and M412 FGFR4 CAR-T cells cytotoxicity assay on RH30 RMS cells and 
Raji cell lines.  
To test the efficacy of FGFR4 CAR T cells, luciferease positive RH30 cells (panel A) and Raji 
cells (panel B) were cocultured with FGFR4 CAR T cells, CD22 CAR T cells, or UTD negative 
control T cells. CAR T cells (effectors) and tumor cells (targets), listed on x-axis, were co-
incubated overnight at different effector to target (E: T) ratio.    
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Cell surface expression and cytotoxicity of FGFR4 CAR T cells 
Using M410 and M412 FGFR4 CAR, we validated the ability to express FGFR4 CARs on 

primary T cells and demonstrated cytotoxicity against RMS cells.  I further tested the remaining 

FGFR4 short CARs for transduction of primary T cells and determined cytotoxicity with RH30 

RMS cells and Raji cells.  For the transduction of the remaining FGFR4 CARs, I used Protein L 

for detection of surface expression of all FGFR4 CARs encoding kappa light chain.  For the 

M410 FGFR4 CAR that has a lambda light chain, I used FGFR4 extracellular domain 

recombinant protein to determine surface expression of the CAR.  FGFR4 CARs M409 and 

M415 showed lowest surface expression of about 3%, whereas M408, M414 and M417 showed 

10-13% expression.  The remaining FGFR4 CARs M410, M418 and M424 showed about 15% 

expression.  The highest expression was observed in M422 and BT53 CARs with 46% and 23% 

expression respectively (Figure 15).  Additional PBMC donors were tested for transduction 

efficiency and similar results were obtained (Supplemental figures 2).  Most of the FGFR4 CARs 

had low expression and thus I wanted to measure their functional activity to compare expression 

and cytotoxicity.  In addition, M412 showed high expression on the T-cell surface but it did not 

have high cytotoxicity.  Thus, regardless of surface expression, we tested all CAR constructs for 

cytotoxicity.  Among all the FGFR4 CAR tested, M410 showed the highest cytotoxicity of about 

65% on RH30 cell lines, followed by M422 which showed about 35% cytotoxicity.  The 

remaining CARs showed similar cytotoxicity to negative UTD control and CD19 control which 

also showed no cytotoxicity on RH30 cells (Figure 16, panel A).  Conversely for Raji cells, the 

CD19 CAR showed the highest cytotoxicity of close to 65% and all the FGFR4 CAR showed no 

cytotoxicity (Figure 16, panel B).  Additional donors were tested for cytotoxicity and similar 

pattern of results were obtained, where the M410 FGFR4 CAR outperformed all other FGFR4 

CARs (Supplemental figure 3 and 4).   
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Figure 15. Cell surface expression of all FGFR4 CAR T cells.  
Primary T cells were obtained by CD4/CD8 selection of PBMCs isolated from healthy donors.  
FGFR4 CAR LV was transduced onto these primary T cells at multiplicity of infection of 20.  T 
cells were activated by CD3/CD28 beads and cultured in presence of 200IU/mL IL2, transduced 
by FGFR4 CAR LV on Day 2 and cultured for 7 days.  Cell surface expression of T cells were 
analyzed on Day 9 using Biotinylated-Protein L, detected by streptavidin PE (for all short 
constructs, shown A-I) or using His tagged FGFR4 extracellular domain recombinant protein 
followed by PE conjugated anti his antibody (for M410 short construct, shown in J).  Flow 
analysis was performed using MACSquant analyzer.  Orange indicates untransduced (UTD) 
cells, which is used to set negative gate at 1%.  Primary T cells transduced via FGFR4 CARs 
(panel A – J) are shown in blue.  



67 
 

 

 
Figure 16. FGFR4 CAR cytotoxicity assay on RH30 and Raji cell lines.   
To test the efficacy of FGFR4 CAR T cells, luciferase positive RH30 cells (panel A) and Raji 
cells (panel B) were cocultured with FGFR4 CAR T cells, CD19 CAR T cells, or UTD negative 
control T cells. CAR T cells (effectors) and tumor cells (targets), listed on x-axis, were co-
incubated overnight at different effector to target (E: T) ratio.  
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Transduction of FGFR4 CAR with increased FGFR4 CAR LV 
I next wanted to see if the low expression of FGFR4 CARs I am observing in flow cytometry is 

true representation of CAR expression, or due to lack of strong binding of scFv to Protein L 

reagent.  Thus, I decided to perform western blot analysis of CD3zeta protein to determine 

whether or not FGFR4 CAR is present in transduced primary T cells.  Endogenous CD3zeta is 

about 14kDa, whereas CD3z expressed on the CAR transgene is around 50-60kDa (depending on 

size of scFv).  M408, M409, M414, M415 and M424 showed no presence of FGFR4 CAR.  

M417, M418, and M422 showed weak CAR expression, and M410 and BT53 showed strong 

expression confirming the presence of FGFR4 CAR expression in transduced cells (Figure 17, 

panel A).  Thus, the lack of expression via flow cytometry analysis may be due to either unstable 

or low protein expression levels.  Based on this, FGFR4 CARs M408 and M415, which showed 

no presence of FGFR4 CAR by western blot or weak expression by flow, were selected to be 

transduced with additional FGFR4 CAR LV.  To do so, I used the same LV as prepared and 

stored previously in -80C, but a multiplicity of infection (MOI) of 50 and 100, instead of MOI of 

20 was used.  After transduction of these CARs with higher MOI, I checked the expression of 

FGFR4 CARs both via western blot (Figure 17, panel B) and flow cytometry (Figure 18, panel C 

and D).  M408 FGFR4 CAR showed no expression at higher virus transduction, however, M415 

showed FGFR4 CAR expression via western blot but not by flow cytometry.  I further tested the 

M408 and M415 CARs, transduced at MOI of 100, for cytotoxicity against RH30 and Raji cells 

(Figure 19, panel A and B respectively) and used UTD cells as negative control and M415 cells 

as positive control.  M408 FGFR4 CAR, showed cytotoxicity comparable to negative UTD 

control, but M415 showed high cytotoxicity comparable to M410 control.  This showed that 

some of the FGFR4 CARs may show efficacy if the viral transduction load is increased.  

However, I decided not to pursue M415 FGFR4 CAR for further analysis, as the transduction 
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with higher virus, affected the viability of cells (data not shown).  CAR-T expansion when 

transduced with M410 CAR was usually around 20 fold, however, M415 CAR transduced with 

higher virus had onlyan 8 fold expansion.  Furthermore, the M415 FGFR4 CAR did not show 

any flow cytometry detection.  Since the expansion and detection of M415 CAR was not 

optimal, this CAR was not further developed.   
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Figure 17. Western blot of FGFR4 CAR T proteins in primary human T cells.  
Cell lysates prepared from human primary T cells transduced with FGFR4 CAR constructs were 
resolved on a gradient (4–12%) SDS-PAGE gel and probed with an antibody against CD3-zeta. 
T cells from the same donor untransduced (UTD) served as controls. Molecular weight markers, 
in KDa, are shown to the left of each blot, alongside the protein MW markers. 
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Figure 18. Cell surface expression of M08 and M415 FGFR4 CAR T cells at high MOI.  
Primary T cells, were obtained by CD4/CD8 selection of PBMCs isolated from healthy donors.  
FGFR4 CAR LV was transduced onto these primary T cells at multiplicity of infection of either 
50 or 100.  T cells were activated by CD3/CD28 beads and cultured in presence of 200IU/mL 
IL2, transduced by FGFR4 CAR LV on Day 2 and cultured for 7 days.  Cell surface expression 
of T cells were performed on Day 9 using Biotinylated-Protein L, detected by streptavidin PE 
conjugated flurophore.  Flow analysis was performed using MACSquant analyzer.  
Untransduced (UTD) cells, which are used to set negative gate at 1%, shown in red.  Primary T 
cells transduced via FGFR4 CARs shown in blue.   
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Figure 19. Cytotoxicity assay on RH30 and Raji cell lines using M408 and M415 FGFR4 CARs 
transduced at high MOI.   
To test the efficacy of FGFR4 CAR T cells, luciferase positive RH30 cells (panel A) and Raji 
cells (panel B) were cocultured with FGFR4 CAR T cells or UTD negative control T cells. 
FGFR4 CAR T cells (effectors) and tumor cells (targets) were co-incubated overnight at 
different effector to target (E: T) ratio listed on x-axis.  



73 
 

Development of RH30_19 cells to test FGFR4 CAR 
To test if CAR-T cell therapy is effective against RMS tumors, I developed an RH30_19 cell 

line, in which parental RH30 cells were transduced with truncated CD19 (tCD19), which lacks 

the intracellular domain of CD19. The RH30_19 cell line, then, expresses both truncated CD19 

and endogenous FGFR4 on the cell surface (Figure 20, panel A).  When the number of target 

antigens on the surface was quantified, it expressed 57238 molecules/cell of tCD19, 3x higher 

than 19974 molecules/cell of FGFR4.  Flow cytometry analysis confirmed the endogenous 

FGFR4 expression on engineered RH30_19 cells is similar to RH30 wild type (wt), and also 

confirmed cell surface tCD19 expression (Figure 20, panel B).  The CD19 CAR was used to 

evaluate in vitro cytotoxicity of CD19 CAR on RMS cells expressing tCD19.  CD19 CAR T 

cells elicited no cytotoxicity of RH30 wt. But, when tested on RH30_19 cells, CD19 CAR T 

cells induced a dose dependent cytotoxic effect, comparable to Raji cells that have endogenous 

CD19 expression (Figure 20, panel C).   
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Figure 20. CD19 CAR T cells are cytotoxic to RH30_19 RMS cell but not RH30 wildtype.  (A) 
Schematic of RMS cell line RH30 engineered to express truncated CD19 (tCD19).   
The number of molecules per cell of FGFR4 and CD19 in these cells as determined by 
Quantibrite is depicted below the schematic. (B) Flow cytometry analysis showing both FGFR4 
(blue) and CD19 (orange) expression compared to isotype (red) on the surface of RH30 wildtype 
(wt) and RH30_19 cells respectively.  (C) A luciferase based cytotoxicity assay was performed 
using RH30 wt, RH30_19 and Raji cell lines as targets and CD19 CAR T cells as effectors.  Cell 
lines were stably transduced with luciferase.  RH30wt is FGFR4+ CD19-, Raji cells are CD19+ 
FGFR4 -, and RH30_19 cells that are both FGFR4+ CD19+.   
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FGFR4 CARs tested on RH30_19 cells 
I tested all the FGFR4 short CARs for in vitro functionality using the RMS cell line RH30_19, 

while using Raji cell line as a CD19 control.  As seen previously, majority of the FGFR4 CAR T 

cells showed negligible expression of the CAR construct (data not shown) and modest activity in 

vitro (Figure 21, panel B).  Nine of the ten FGFR4 CAR tested showed cytotoxicity below 30% 

on RH30_19 cells, and almost no cytokine production (Figure 21, panel B & C).  However, the 

FGFR4 CAR expressing M410 scFv showed comparable cytotoxicity and cytokine production to 

CD19 CAR.  In RH30_19 cells, M410 CAR induced 73% cytotoxicity at an effector to target 

ratio of 40:1, whereas CD19 CAR induced 91% cytotoxicity (Figure 21, panel B).  This 

difference may be due to the greater number of truncated CD19 receptors than FGFR4 receptors 

in RH30_19 cell line although this was not directly tested.  Next, I compared cytokine levels 

produced by FGFR4 CAR T cells.  M410 CAR is the only FGFR4 CAR T cell that produced 

cytokines in the presence of target cells at levels comparable to CD19 CAR (Figure 21, panel C).  

Based on this data, I chose the M410 scFv encoding CAR T cell as the lead FGFR4 CAR 

construct for further investigation.  Additional donors tested for cytotoxicity and cytokines also 

showed M410 FGFR4 CAR to have the highest activity (Supplemental Figure 3 and 4).   
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Figure 21. Initial screening of FGFR4 CAR T cells.  
(A) FGFR4 CAR constructs were generated by cloning fully human single chain variable 
fragment (scFv) into expression vectors containing CD8 hinge and transmembrane domain, the 
4-1BB (CD137) and the CD3z signaling domain.  Anti-CD19 scFv derived from monoclonal 
antibody FMC63 was used in the same expression vector as FGFR4 CAR constructs. (B) 
Luciferase based cytotoxicity assay was performed using RH30_19 cell lines as FGFR4+ cells 
and Raji cell line as FGFR4- but CD19+ control.  CAR T cells (effectors) and tumor cells 
(targets), listed on x-axis, were co-incubated overnight at effector to target (E: T) ratio of 1:20. 
(C) Interferon gamma (top) and IL2 (bottom) production by CAR T cells, listed on x-axis, upon 
overnight co-culture with target cell lines at E:T ratio of 1:10 was measured using ELISA assay.   
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Optimization of M410 FGFR4 CAR design 
I constructed M410 CARs in various CAR backbones to optimize CAR efficacy and detection.  I 

generated (i) M410 long, which includes the CH2-CH3 domain of IgG1 as a spacer between the 

CAR transmembrane domain and scFv, and (ii) M410-tEGFR, which includes a truncated EGFR 

construct downstream of CD3z signaling domain (Figure 22, panel A).  These features were 

added to the M410 backbone of a CD8 hinge and transmembrane domain, followed by CD137 

and CD3z signaling domains (Figure 21, panel A).   I first determined the cell surface expression 

of all variants of M410 CAR.  The M410 scFv is derived from lambda light chain, and thus 

protein L, which binds to kappa light chain, cannot be used.  Therefore, to determine the CAR 

expression on the M410 CAR variants, M410 long and M410-tEGFR, I used anti-Fc and anti-

EGFR antibodies, respectively.  For M410 long CAR, anti-Fc staining showed 97% expression 

and for the M410-tEGFR CAR the expression was 93% when measured using an anti-EGFR 

antibody.  The CD19 CAR, as measured by protein L, showed 54% expression (Figure 22, panel 

B).  This observation was reproduced in CAR T cells generated from three separate donors 

(Supplemental figures 5-8).  In vitro cytotoxicity analysis of these CAR T cells shows that all 

formats of M410 CAR elicit same level of cytotoxicity in both RH30_19 cells and the high 

FGFR4 expressing RMS559 cells (Figure 22, panel D).  M410 FGFR4 CAR also showed higher 

cytotoxic activity in RMS559 than RH30_19 cells, again showing that higher receptor density on 

the target cell results in better CAR activity.  CD19 CAR showed high cytotoxicity on Raji cells, 

but FGFR4 CAR showed no cytotoxic response. The cytokine analysis followed a similar pattern 

compared to cytotoxicity.  M410 CAR, M410 CAR long and M410-tEGFR CAR all were able to 

elicit cytokines, IL2, IFNg, and comparable to levels of CD19 CAR (Figure 22, panel C).  Since 

all M410 CAR variants had comparable expression, cytotoxicity, and cytokine activity, we 
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decided to pursue the M410-tEGFR CAR T cells to test the idea that CAR-T could be used 

against RMS tumors in vivo as it produced a convenient detection tag.     
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Figure 22. Optimization of m410 FGFR4 CAR T cells for treatment of RMS.   
(A) Schematic of m410 FGFR4 CAR constructs developed in different CAR backbones: the 
original m410 CAR construct; the m410 long construct, which includes the CH2-CH3 domain of 
IgG1 as a spacer between the CAR transmembrane domain and scFv; and the m410-tEGFR 
construct, which includes a truncated EGFR and T2A skip sequence downstream of CD3z.  The 
CD19 CAR construct is also shown. (B) Primary human T cells isolated from peripheral blood 
mononuclear cells (PBMCs) were transduced with FGFR4 CAR and CD19 CAR containing 
lentiviral vectors (LVs), and FGFR4 CAR and CD19 CAR cell surface expression on primary T 
cells was determined by flow cytometry. (D) In vitro cytotoxicity assay using RMS and Raji cell 
lines transduced with luciferase as targets, which were co-incubated with various constructs of 
m410 FGFR4 CAR and CD19 CAR as effectors at the listed E:T ratios, x-axis.  (C) m410 
FGFR4 CARs were assayed for IFN gamma and IL2, cytokine production after co-incubation 
with target cells at E:T ratio of 1:10.  All data are representative of three independent 
experiments performed with CAR T cells from three separate donors. 
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In vivo analysis of M410 FGFR4 CAR in RMS xenograft model 

Establishing RMS xenograft model  
After the selection of M410 FGFR4 CAR based on in vitro cytotoxicity and cytokine results, I 

began to establish mouse models to test the efficacy of FGFR4 CAR T cells in vivo.  I developed 

an aggressive RMS lung metastasis model, and a localized tumor model in NSG mice (NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ).  My first experiment was to test the growth of these tumors in the 

mice over time.  For the metastatic tumor model, I injected NSG mice with 1 million luciferase 

positive RH30_19 cells via tail vein injection.  Tumor engraftment was measured by i.p. 

injection of 150 mg/kg luciferin and imaging 10 min later for 40 s on a Xenogen IVIS-200 

instrument (Caliper Biosciences, now Perkin Elmer, Shelton, Connecticut). Images were 

analyzed using Living Image, version 4.1, software (Perkin Elmer) and the bioluminescent signal 

flux for each mouse was expressed as average radiance (photons per second per cm2 per 

steradian). I also tested localized tumor model, where I injected 1 million luciferase positive 

RH30_19 cells into the left hindlimb of NSG mice and measured tumor growth over time.  For 

the metastatic tumor model, lung tumors were allowed to establish over a period of 3 days and up 

to day 55 (Figure 23, panel A).  The localized tumor developed faster and reached endpoint by 

day 44 (Figure 23, panel B) at which point the mice had to be euthanized.  The growth curve for 

both are shown (Figure 23, panel C and D).   
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Figure 23. In vivo tumor growth of RMS models.  
NSG mice were injected with RH30_19 luciferase cells on Day 0. A and B. Bioluminescent 
images of tumor burden on mice injected with either (A) intramuscular injection or (B) 
intravenous injection.  C. Time course of tumor growth based on mouse left hindlimb region in 
IM model.  D. Time course of tumor growth on whole body in the IV model.  
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Efficacy of CAR T cell therapy in RMS 
To test if CAR therapy is effective against RMS tumors, I tested CD19 CAR on RH30_19 cell 

line, which expresses both tCD19 and endogenous FGFR4 on the cell surface. I used this model 

system to determine if RMS cells are sensitive to CAR T cell treatment, using an anti-CD19 

CAR T cell construct as a positive control CAR T cell.  In vitro the CD19 CAR T cells elicited a 

dose dependent cytotoxic effect in RH30_19 cells.  This cytotoxicity was comparable to that 

observed in Raji cells, which express endogenous CD19 (Figure 20 panel C).  CD19 CAR T cells 

also showed in vivo efficacy in an RMS xenograft model.  In this model, NSG mice were 

injected with 1 million RH30 wt or RH30_19 cells via tail vein injection.  Lung tumors were 

allowed to establish over a period of 3 days, and the mice were then injected with three different 

doses of CD19 CAR T cells as treatment (Figure 24, panel A) at either 6 million, 3 million or 1 

million CAR positive T cells.  RH30_19 tumors showed tumor regression when treated with 

CD19 CAR in all three doses, while RH30 wt tumors did not (Figure 24, panel B).  However, at 

the highest dose of 6 million CAR positive T cells (total of 12 million T cells), I observed non-

specific clearing of tumor in RH30 wt, after day 18.  Thus, I quantified total flux of 

bioluminescent images from day 3 up to day 17 and showed tumor regression in RH30_19 RMS 

xenograft model when treated with CD19 CAR does show significant tumor clearance (Figure 

25, panel A).  However, after day 21, mice started losing weight an early indication of graft-

versus-host-disease (GVHD) commonly observed with CAR T treatment in NSG mice as 

indicated by more than 20% weight loss (Figure 25, panel B).   At the 3 million and 1 million 

CAR positive treatment dose, I observed specific tumor regression in RH30_19 cells but not in 

RH30 wt cells. Thus for future analysis, I decided to use FGFR4 CAR does of either 3 million or 

1 million CAR positive cells.  Overall, these results support using CAR therapy against RMS 

tumors.    
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Figure 24. In vivo dose response of CAR T cells on RH30 and RH30_19 cells using CD19 CAR.   
A. Schematic of in vivo experiment using CD19 CAR and RH30 wildtype (wt) cells or RH30_19 
cells, injected on Day 0, and three doses of CD19 CAR injected on Day 3.  Both tumor and CAR 
T cells were administered through intravenous injection.  B.  Bioluminescent image of tumor 
burden monitored over time.  Tumor only group, 1 million CD19 CAR injected, 3 million CD19 
CAR injection and 6 million CD19 CAR injected group.  
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Figure 25. NSG mice injected with RH30 or RH30_19 cells and CD19 CAR treated.  
Bioluminescent images shown in figure 24.  A. Time course of tumor growth based on mouse 
whole body bioluminescence. 5 mice per CAR T treatment group and RH30 group, but 3 mice 
per control group were studied. Mean signal per mouse ± SD is plotted. Statistical analysis for 
Days 3,7,14, and 17 tumor regression that occurred prior to mice being affected by GVHD is 
shown, using two-way ANNOVA.  B. Mean weight of mice treated in both groups injected with 
either RH30 tumor cells or RH30_19 tumor cells. 
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Efficacy of FGFR4 CAR T cells in metastatic RMS 
Mice bearing RMS cells expressing the tCD19 cell surface protein, showed CAR-T efficacy 

when treated with CD19 CAR T cells. Thus, if the right target is present on the cell surface, 

RMS cells can be treated by CAR T cell therapy in our mouse model.  Next, I decided to use 

FGFR4 CAR to determine its efficacy on RMS RH30_19 cells.  1 million RH30_19 cells were 

injected via tail vein into NSG mice.  Upon lung tumor establishment on day 3, the mice were 

then injected with either 1 or 3 million M410 FGFR4 CAR positive T cells.  The treated mice 

were imaged for up to day 42 (Figure 26, panel A).  The 1 million FGFR4 CAR treated mice did 

not show any tumor regression, the tumor metastasized throughout the body.  The 3 million 

FGFR4 CAR treated mice showed tumor regression, but it was not significant compared to the 

UTD treated mice.  The total flux of each mouse was plotted (Figure 26, panel B).  The tumor 

only group and 1 million FGFR4 CAR treated group showed an increase in total flux.  The tumor 

treated with untransduced (UTD) negative T cells showed a slight increase in tumor burden, 

compared to 3 million FGFR4 CAR treated. However, the decrease in FGFR4 CAR treated 

group was not statistically significant compared to UTD treated.  In addition, both the UTD and 

FGFR4 CAR treated mice developed GVHD, resulting in severe weight loss and reached 

humane endpoint due to which I had to terminate the study.  Thus, based on these results FGFR4 

CAR efficacy was not clear.  At the termination of the study, mice was euthanized and organs 

harvested for further analysis.  UTD treated mice developed liver metastasis but FGFR4 CAR 

treated mice shows no liver metastasis at the end of study.  IHC analysis revealed that FGFR4 

M410 CAR treated mice showed high CD3 infiltrates in liver, compared to liver metastasis in 

UTD treated cells.  FGFR4 CAR treated mice showed inflammatory infiltrates expand around 

the periportal regions and sinusoidal regions.  These cells were largely CD3+ T cells (Figure 27).  

In addition, moderate inflammatory infiltrates were accompanied by minimally to mildly 
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increase eosinophilic collagenous stroma in portal regions that occasionally infiltrates and 

separates adjacent hepatocytes (in essence, fibrosis). However, in the UTD treated mice, mild 

CD3+ inflammatory infiltrates expand periportal regions and are present multifocally within 

sinusoidal regions.  This showed that FGFR4 CAR treated mice cleared tumors that had spread 

to liver, whereas the UTD treated group had liver metastasis.  However, because these mice 

developed GVHD, the study could not be extended.  A longer time may have shown efficacy of 

FGFR4 CARs.  Next, I analyzed the amount of CAR T cells in blood by flow cytometry at time 

points in the middle of the study and at the end of study (Figure 28).  FGFR4 CAR was present 

in both the 1 million and 3 million treated group at the middle and end of study.  Blood samples 

were analyzed for live human CD45 positive cells, and further stained for CAR positive cells in 

both CD4 and CD8 T cell subpopulation using the anti-tEGFR antibody.  In the 3 million treated 

group, there were 14% CD4 CAR positive and 60% CD8 CAR positive cells on day 11.  At the 

end of the study at day 42, while the CD8 CAR positive stayed around 61%, the amount of CD4 

CAR positive cells increased to 60% cells.  Similar results were observed in the 1 million 

FGFR4 CAR treated group, where the CD4 CAR positive cells were 14% on day 11, but 

increased to 35% by day 42.  In this group, the CD8 CAR positive cells also increased from 65% 

to 72% from day 11 to day 42.  While this experiment did not show significant efficacy of 

FGFR4 CAR by tumor regression, it showed the presence of FGFR4 CAR in blood and also 

infiltrates in liver metastasis indicating an effect of FGFR4 CAR on RMS tumors.   
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Figure 26. In vivo dose response of FGFR4 CAR T cells on RH30_19 cells using M410 FGFR4 
CAR.   
A. Schematic of in vivo experiment using M410 FGFR4 CAR on RH30_19 cells, injected on 
Day 0 and two doses of M410 FGFR4 CAR at 1 million CAR positive or 3 million CAR 
positiveinjected on Day 3.  B. Bioluminescent image of tumor burden monitored over time.  
Tumor only group, 1 million CD19 CAR injected, 3 million CD19 CAR injection and UTD T 
cell injected group are shown as labelled above in (B).  C. Tumor burden in each mice, plotted 
by measuring total flux on whole mouse body plotted over time for each group.  D.  Images of 
liver harvested from UTD treated group of mice and M410 FGFR4 CAR treated group of mice 
showing liver metastasis in UTD treated group but not in M410 FGFR4 CAR treated group. 
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Figure 27. IHC analysis of liver after M410 FGFR4 CAR treatment.   
Cross-section of liver from UTD and M410 FGFR4 CAR treated mice in figure 26 panel D, 
stained with human CD3 antibody (left panel) and H&E staining (right panel).  M410 CAR 
treated group shows positive CD3 staining and strong T cell infiltrates compared to UTD treated 
group. 
  



89 
 

 
Figure 28. Flow cytometry analysis of M410 FGFR4 CAR T cell persistence in blood on Day 11 
and Day 42.   
Blood was harvested from each mouse via retro orbital bleed followed by red blood cell lysis and 
staining with antibodies prior to flow analysis.  For all the samples, CAR expression was gated 
on live CD45-PerCp, followed by CD4 CAR positive cells or CD8 CAR positive cells. Each 
corresponding group is shown on left side of flow charts.  
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Donor variation and efficacy of M410 FGFR4 CAR in metastatic RMS  
Based on the previous results from preliminary FGFR4 CAR efficacy studies, I wanted to repeat 

the same study using different donor T cells.  However, the M410 FGFR4 CAR tested in this 

experiment, had a MSCV promoter rather than EF1a promoter.  This stronger promoter helped in 

achieving higher transduction of M410 FGFR4 CAR, from 60% to 90% cell surface CAR 

expression.  In this model, 1 million RH30_19 tumor cells were injected intravenously, followed 

3 days later by T cell injection.  Mice received either 3 million CAR transduced T cells or an 

equivalent number of untransduced (UTD) T cells (Figure 29, panel A).  Bioluminescent 

imaging was used to verify the presence of tumor in the lungs prior to T cell injection and to 

subsequently monitor that tumor burden following T cell injection (Figure 29, panel B).  No 

difference in tumor burden was observed between the FGFR4 CAR and UTD groups until day 

32.  At this point, tumor regression was noted in FGFR4 CAR group but not in the UTD group 

(Figure 29, panel C).  This tumor regression was maintained through Day 72 (69 days after T cell 

injection) at which point the study was terminated (Figure 29, panel D).  The FGFR4 CAR 

treated group showed no sign of tumor recurrence and no signs of graft-versus-host disease 

(GVHD), such as weight loss, hunched posture, fur loss, reduced mobility, or tachypnea, at the 

end of the study.  Because mouse FGFR4 has 68% sequence similarity to human FGFR4 [183] 

and the m410 epitope region is identical in both mouse and human FGFR4, we hypothesized that 

the m410 scFv-Fc would cross react with mouse FGFR4.  This cross-reactivity was demonstrated 

by ELISA assay using recombinant human and mouse FGFR4-Fc proteins as antigens (Figure 

29, panel E).  Because of this cross-reactivity with mouse FGFR4, we were able to test for any 

on-target off-tumor toxicity of the m410 CAR in our xenograft models.  In these experiments, 

NSG mice were injected with 12 million FGFR4 CAR T cells or UTD T cells, which is three 

times the dose given in Figure 29, panel B. Blood samples from these mice were tested for signs 
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of hepatic toxicity (ALT) or renal toxicity (creatinine).    Tested over time, ALT and AST 

remained within normal limits (29 -181 U/L and 50-100 U/L, respectively) for the m410 CAR 

treated mice, but UTD treated mice had elevation in ALT and AST outside the normal range, 

consistent with development of hepatic GVHD. Both the m410 CAR and UTD treated mice had 

elevation in creatinine outside the normal range (0.2-0.4 mg/dL) by day 49, indicative of acute 

kidney injury because of GVHD rather than the m410 CAR.  These results indicate mice treated 

with the FGFR4 CAR did not show any signs of on-target, off-tumor toxicity.  In summary, these 

results show that the FGFR4 CAR is efficacious in a cell line xenograft model of metastatic 

RMS and support the use of FGFR4 CAR clinically for patients with metastatic disease.   

I further extended the study, up to day 72 until the mice reached humane endpoint. At this time, I 

euthanized the mice and harvested some organs for further analysis.  The tumor group and UTD 

treated group showed severe liver metastasis, whereas the CAR treated group showed some liver 

metastasis (data not shown).  IHC analysis showed that the CAR treated group high higher T cell 

infiltration and PDL1 expression in the liver metastasis, compared to UTD treated group (Figure 

30, panel A and B).  
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Figure 29. FGFR4 CAR T cells eliminate metastatic RMS in a xenograft model.   



93 
 

(A) Schematic of FGFR4 CAR T cell in vivo analysis.  NSG mice were injected i.v. with 
RH30_19 luciferase labelled cells on Day 0 and treated with FGFR4 CAR T cells on day 3.  (B) 
Bioluminescent images of tumor burden are shown in mice with RH30_19 cells only, 
untransduced T cell treated group and FGFR4 CAR T cell treated group.  On day 32, mice were 
imaged on 2 different radiance scales (red box).  (C) Time course of tumor growth based on 
mouse whole body bioluminescence. 5 mice per group were studied. Mean signal for each group 
± SD is plotted.  (D) Survival based on time to endpoint was plotted using a Kaplan-Meier curve 
(Prism software).  (E) ELISA assay to determine cross-reactivity of m410 scFv-Fc on human and 
mouse FGFR4.  (F) NSG mice were treated with 12 million FGFR4 CAR and untransduced T 
cells (UTD) cells.  Blood samples were collected each week and submitted for testing ALT, 
AST, and creatinine levels in both UTD (blue) and FGFR4 CAR (red) treated mice.  The 
laboratory values as a function of time are shown. 
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Figure 30. IHC analysis on liver after M410 FGFR4 CAR treatment.   
Cross-section of liver from UTD and M410 FGFR4 CAR treated mice in figure 29, stained for 
H&E, human CD4, human CD8 and human PDL1.  M410 CAR treated group shows positive 
CD4 and CD8 staining indicating strong T cell infiltrates compared to UTD treated group, but 
also shows PDL1 staining that overlaps the CD4 and CD8 T cell staining.  
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Efficacy of M410 FGFR4 CAR in localized intramuscular RMS model 
To further assess antitumor activity of FGFR4 CAR, I tested the localized RMS model, where 

the tumor was injected intramuscular in the left hindlimb of mice.  In this model, 1 million 

RH30_19 tumor cells were injected intramuscular, followed 3 days later by T cell injection.  

Mice received either 3 million CAR transduced T cells or an equivalent number of untransduced 

(UTD) T cells via intravenous injection (Figure 31, panel A).  Bioluminescent imaging was used 

to verify the presence of tumor in the leg prior to T cell injection and to subsequently monitor 

that tumor burden following T cell injection (Figure 31, panel B).  No difference in tumor burden 

was observed between the FGFR4 CAR and UTD groups, quantitated by plotting the total flux of 

UTD and CAR treated group overtime (Figure 33).  To confirm it was not a CAR phenomenon, I 

tested the intramuscular RMS model using CD19 CAR T cells instead of M410 FGFR4 CAR 

(Figure 33).  Bioluminescent imaging showed no difference in CD19 CAR T cells treated group 

compared to tumor only or UTD treated group (Figure 33).  However, caliper measurements, of 

tumor burden in mice treated with either CD19 CAR T cells or FGFR4 CAR T cells (Figure 33), 

showed that CD19 T cells had some efficacy in reducing tumor burden compared to FGFR4 

CAR.     

To understand why the FGFR4 CAR did not show efficacy in the localized tumor model, I 

analyzed blood samples on day 42 to determine CAR T cell persistence (Figure 31).  Flow 

cytometry analysis shows that 33% of CD4 T cells are CAR positive, and 50% of CD8 T cells 

are CAR positive in mouse blood.  These results show that CAR-T cells are present in 

circulation.  Next I wanted to see if the CAR T cells are penetrating the tumor site.  For this, a 

cross-section of the tumor was prepared for IHC analysis.  The tumor was harvested, fixed, 

paraffinized and cross sections of the tumor were analyzed by IHC.  The tumor sample was 

stained for presence of T cells using human CD4 and CD8 markers.  In the tumor only group no 
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CD4 or CD8 staining was observed, but in the M410 FGFR4 CAR treated group, CD4 and CD8 

cells were present around the periphery of the tumors, but not in the center (Figure 32).  This 

demonstrated that the FGFR4 specific CAR T cells are getting to the tumor site, but may not be 

able to penetrate into the tumor.  Also noted were stromal cells, adjacent to CD4 and CD8 cells 

which may impact the ability of CAR T cells to penetrate into the center of the tumor.  

In addition, to CD4 and CD8 T cell staining, I also stained in vivo tumor sections for PDL1 

protein.  The tumor cells, identified by H&E staining, showed a slightly positive PDL1 

expression (Figure 33).  There have been several solid tumor CAR trials that have shown 

resistance to CAR treatment by expression of PDL1 on the tumor surface, and thus interacting 

with PD1 on activated CAR T cells [184].  Thus, as RMS cells are also expressing PDL1 it may 

serve as a potential resistance mechanism for RMS treated with FGFR4 CAR treated therapy.  
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Figure 31. In vivo efficacy of M410 FGFR4 CAR T cells on RH30_19 cells in an intramuscular 
(IM) model.  
A. Schematic of in vivo experiment using RH30_19 cells injected IM on Day 0 and M410 
FGFR4 CAR (3million CAR positive) injected IV on Day 3.  B. Bioluminescent image of tumor 
burden monitored over time. C. Tumor burden averaged per group and plotted by measuring total 
flux on left hindlimb region over time. D. Flow cytometry analysis of CAR T cell persistence in 
blood on day 42.  Blood samples collected at euthanasia via intra cardiac bleed and processed for 
red blood cell lysis.  Cells were stained for viability, human CD45 PerCP, CD4, CD8 and CAR 
positive cells.  Flow analysis of mice from UTD treated group (top row) and M410 FGFR4 CAR 
treated group (bottom row).  
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Figure 32. IHC analysis on M410 FGFR4 CAR treatment in RH30_19 IM model.  
Mice treated with FGFR4 CAR T cells were evaluated for the presence of T cells and PDL1 
inhibitory receptors.  Cross-sections of tumors from mice in each group – tumor only, tumor + 
UTD treated and tumor + CAR treated were obtained and stained for H&E stain, human CD4, 
CD8 and PDL1 antibody.  Representative images are shown.    
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Figure 33. In vivo efficacy of CD19 CAR T cells on RH30_19 cells in an intramuscular (IM) 
model.  
A. Schematic of in vivo experiment using RH30_19 cells injected via IM injection on Day 0 and 
CD19 CAR at 3million CAR positive were injected IV on Day 3.  B. Bioluminescent image of 
tumor burden monitored over time. C. Tumor burden in individual mice, plotted by measuring 
total flux on left hindlimb region over time for each group.   
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CAR T delivery impacts the efficacy of FGFR4 CAR T cells in RMS 
The metastatic RMS model showed efficacy when treated with M410 FGFR4 CAR T cells. 

However, the same was not observed in localized intramuscular RMS model, with either the 

CD19 CAR or M410 FGFR4 CAR.  Previously, I observed that the T cells get to the periphery of 

the tumor, but do not penetrate into the tumor.  Thus, I hypothesized, if delivering the CAR T 

cells also via intramusucular injection would improve the efficacy of CAR T cells. For this 

experiment, 1 million RH30_19 cells were injected via intramuscular injection on Day 0, 

followed by M410 FGFR4 CAR T cells injection on day 3.  The CAR T cells were administered 

via intramuscular injection or via tail vein injection.  (Figure 34).  The tumor burden in mice was 

monitored by caliper measurements (Figure 34).  These results showed that when the CAR T 

cells are administered via intramuscular injection, precisely around the same area where the 

tumor was injected, 3 out of the 5 mice showed no tumor burden at the end of the study. When 

the CAR T cells were injected via tail vein injection, I observed that the tumor burden did not 

decrease by administering CAR T cells. These results indicate that if FGFR4 CAR T cells are 

able to penetrate into the tumor area, they can show efficacy.  However, if the CAR T cells are 

administered via tail vein injection, the CAR T cells are not able to penetrate into the tumor to 

clear the tumor.  Thus, M410 FGFR4 CAR can be efficacious when administered via 

intramuscular injection rather than via tail vein injection.   

  



101 
 

 

 
Figure 34. FGFR4 CAR administered via IM or IV injection impacts efficacy of FGFR4 CAR T 
cells in RMS.    
A. Schematic of in vivo experiment using RH30_19 cells injected via IM injection on Day 0 and 
M410 FGFR4 CAR at 3million CAR positive was injected either IM or IV on Day 3.  B. Caliper 
measurements of tumor burden for each mouse plotted for each group over time.   
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Future directions  

Combination therapy as a treatment for RMS 
Thus we observed, PDL1 expression in M410 FGFR4 CAR treated mice, and partial efficacy of 

FGFR4 CAR T cells when administered via intramuscular injection. As a future experiment, I 

plan to do a combination study of localized RMS model with chemotherapy and anti-PD1 

therapy.  Clinically, the common chemotherapy agent used for RMS treatment is topotecan 

[185].  With the recent success of nivolumab in several adult solid tumors [186], I decided to use 

combination of topotecan and nivolumab as a potential combination therapy for RMS.   

I proposed to have similar RMS localized tumor model as previously described, where 1 million 

tumor cells will be administered to NSG mice via intramuscular injection.  Three doses of 

topotecan will be administered at 0.625mg/kg on day 3.4 and 5.  The normal dose for topotecan, 

clinically used, is about 6-7mg/kg and is administered for 10 doses.  I choose fewer cycle and a 

lower dose, with the idea of having some effect of chemotherapy on the tumor, but not 

significantly clear the tumor burden.  Three million CAR T cells will be given via tail vein 

injection on day 7, followed by 5 doses of anti-PD1 antibody, nivolumab, on days 9/11/13/15 

and 17 at a concentration of 200ug/injection and will be administered as intraperitoneal injection.  

I hypothesized that combination therapy of chemotherapy and Anti-PD1 monoclonal antibody, 

would make tumor more accessible and suppress T cell inhibition, thus allowing CAR T cells to 

be more active at the tumor site.    

Tumor microenvironment of FGFR4 CAR T treated RMS via CyTOF and single-cell  RNA-
seq  

In addition to combination treatment, I also want to understand the key cell populations in the 

tumor microenvironment (TME) that may be affecting FGFR4 CAR T cell therapy in RMS.  To 

further probe the tumor microenvironment, I used single cell RNA sequencing (scRNAseq) and 
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cytometry by time-of-flight (CyTOF).  Tumor samples from a previous experiment (Figure 34), 

were harvested by taking a cross section of the tumor from each mouse in each treatment group.  

Tumor cells were manually homogenized using a 70 micron filter and washed three times with 

D10 media.  Cells were counted and 1 million of cells were distributed for scRNAseq and 

CyTOF.  A total of 5 samples from each treatment group including -  tumor only group, tumor 

with IV injected UTD cells group, tumor with IV injected FGFR4 CAR treated group, tumor 

with IM injected UTD cells group and tumor with IM injected FGFR4 CAR treated group were 

sent for analysis. This first set of analysis was labelled Run 1.  A second set of different mice 

from same group was harvested and processed with a different technique.  Tumor cells from 

these mice were homogenized using MACSgentle mouse kit, which uses enzymatic digestion 

rather than manual homogenization.  The homogenized cells were further processed with a bead 

based dead cell removal kit, and live cells were obtained via negative selections.  These cells 

were processed for both CyTOF and scRNAseq and was labelled as Run 2.  Processed samples 

were tested and analyzed by NIH core facilities by CyTOF and scRNAseq.  For CyTOF, we 

choose a panel of 37 antibodies combining markers for both human and mouse proteins 

(Supplemental Figure 8, panel A).  A T-distributed Stochastic Neighbor Embedding (t-SNE) plot 

was generated to visualize the clustering of a subset of cells (Supplemental Figure 8, panel B).  

Furthermore, the frequency of these immunological clusters was plotted and labelled with the 

cellular phenotype (Supplemental Figure 8, panel C).  The goal was to identify and cluster three 

major populations: T cell treated group, tumor only group and UTD cell treated group.  Within 

these three major clusters, to look for subsets of immunological markers that may inhibit CAR T 

cell function in our RMS tumor model.  The results from these preliminary experiments were 

below par, as there was no unique clusters in the treated versus tumor only group and showed no 
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conclusive results.   However, some phenotypic clusters were noted.  The presence of high CD4, 

CD8 and other T cell activation markers were present on the activated T cell group.  Another 

cluster group showed high expression of mouse markers indicating mouse infiltrates and mouse 

macrophages.  However, there was no clear marker to distinguish the tumor group from the T 

cell treated group.  These experiments should be repeated with clear tumor distinguishing 

markers and more tumor samples to get conclusive results.   

Concurrently with CyTOF, I also tested these samples using scRNAseq analysis.  Run 1 and Run 

2 data (differing by method of tumor extraction) showed similar results, but varied in the number 

of analyzed cells.  Run 2 data had less cells but higher genes detected and better reads (UMI) per 

cell.  The tumor extraction method of using MACSgentle along with enzymatic digestion and 

dead cell removal increased intact viable cells in the sample and allowed for higher genes.  

However, this procedure may also cause removal of certain cell population that may be removed 

during the extraction process.   

Each run was analyzed against both the human genome (GRCh38/hg38) and mouse genome 

(GRCm38/mm10).  Compilation of cell numbers between run 1 and run 2 shows that run 1 had a 

higher number of cells that were processed for scRNAseq (Table 3).  Visual tSNE plots was 

generated for run 1 (Supplemental Figure 9, panel A).  The tSNE plot for each individual tumor 

samples (Supplemental Figure 9, panel B-F) shows the clusters for each treatment group.  The 

tumor only group (Supplemental Figure 9, panel B) has no clusters representing T cells.  The T 

cell treated group has representative clusters, and yet there was not a great difference between 

the UTD treated groups versus the M410 FGFR4 CAR treated groups.  Within these T cell 

clusters, we were able to detect human pan T cell markers (Supplemental Figure 10, panel A), 

cytotoxic T cell markers (Supplemental Figure 10, panel B), regulatory T cell markers 
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(Supplemental Figure 10, panel C), T cell exhaustion markers (Supplemental Figure 10, panel 

D), central memory T cell markers (Supplemental Figure 10, panel E), and effector memory T 

cell markers (Supplemental Figure 10, panel F).  In addition to these human markers we also 

looked for mouse markers within the tumor samples.  tSNE plot was generated by comparison to 

the mouse genome (Supplemental Figure 11, panel A).  Within these clusters, we probed for 

mouse dendritic cells (Supplemental Figure 11, panel B), mouse macrophages (Supplemental 

Figure 11, panel C), and mouse monocytes in low or high amount (Supplemental Figure 11, 

panel D and E).  We did not observe any difference in the CAR T cell treated group versus the 

tumor only group between these cell subsets.  However, this introduced us to a new technology 

that we could explore for probing the tumor microenvironment to see a difference between the 

treatment group versus the untreated group.   
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Table 3. Cell count measurements for single cell RNA sequencing analysis.  

Tumor samples obtained from mice described in figure 34.  Tumor samples were homogenized 
in two different methods.  Run 1, samples were harvested by mechanical disaggregation of the 
tumor.  Run 2, samples were homogenized by enzymatic digestion using MACSgentle mouse kit.  
The difference in cell numbers obtained by different sample harvest technique is summarized.    
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Supplemental Figure 1. FGFR4 is a driver of RMS cells in which it is overexpressed or 
mutationally activated.   
(A) Genetic dependency (z-score) from CRIPSR screening data across 391 cancer cell lines, 
organized by tumor type.  Data from Project Achilles at the Broad Institute 
(https://depmap.org/portal/achilles/).  (B) Stable knock-down of FGFR4 in RMS559 cells, a FN 
cell line expressing FGFR4 V550L, decreases cell proliferation.  (C) Stable knock-down of 
FGFR4 in RMS559 induces PARP cleavage as determined by immunoblot.  
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Supplemental Figure 2. Cell surface expression of FGFR4 CAR T cells.  
Primary T cells, were obtained by CD4/CD8 selection of PBMCs isolated from healthy donors.  
FGFR4 CAR LV was transduced onto these primary T cells at multiplicity of infection of 20.  T 
cells were activated by CD3/CD28 beads and cultured in presence of 200IU/mL IL2, transduced 
by FGFR4 CAR LV on day 2 and cultured for 7 days.  Cell surface expression of T cells were 
performed on Day 7 using Biotinylated-Protein L, detected by streptavidin PE conjugated 
flurophore or by Anti-EGFR antibody conjugated to PE flurophore.  Flow analysis was 
performed using MACSquant analyzer.  Untransduced (UTD) cells, used to set negative gate at 
1% (red).  Primary T cells transduced via FGFR4 CARs (Blue). 
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Supplemental Figure 3. FGFR4 CAR cytotoxicity assay on RH30 and Raji cell lines.   
To test the efficacy of FGFR4 CAR T cells, luciferease labeled RH30 cells (panel A) and Raji 
cells (panel B) were cocultured with FGFR4 CAR T cells, CD19 CAR T cells, or UTD negative 
control T cells. CAR T cells (effectors) and tumor cells (targets) were co-incubated overnight at  
different effector to target (E: T) ratio, listed on x-axis. 
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Supplemental Figure 4. FGFR4 CAR T cytokine release in response to RH30_19 cell lines.  
Cytokine production by CAR-T, listed on the x-axis, upon overnight co-culture with the 
RH30_19 or Raji cell line at an E:T ratio of 10:1, was measured using a ELISA-based assay. 
Bars represent mean + SD of replicate samples. 
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Supplemental Figure 5. Transduction efficiency of M410 CAR on 4 different donors.  
Primary human T cells isolated from peripheral blood mononuclear cells (PBMCs) were 
transduced with FGFR4 CAR and CD19 CAR containing lentiviral vectors (LVs), and FGFR4 
CAR and CD19 CAR cell surface expression on primary T cells was determined by flow 
cytometry. 
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Supplemental Figure 6. In vitro cytotoxicity assay using RMS and Raji cell lines.   
Transduced with luciferase as targets, which were co-incubated with various constructs of m410 
FGFR4 CAR and CD19 CAR as effectors at the listed E:T ratios, x-axis.  Cytotoxicity of various 
designs of M410 CAR tested in 4 different donors. 
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Supplemental Figure 7. Cytokine production of M410 CAR on 2 different donors.   
m410 FGFR4 CARs were assayed for IFN gamma and IL2, cytokine production after co-
incubation with target cells at E:T ratio of 1:10.  All data are representative of three independent 
experiments performed with CAR T cells from three separate donors. 
 
  



114 
 

 
  



115 
 

 

 
 
Supplemental Figure 8. Cytometry time-of-flight analysis of FGFR4 CAR-T treated RMS 
xenografts.   
RH30_19 cells treated with M410 FGFR4 CAR via either IM or IV injection was harvested and 
processed for both CyTOF and scRNAseq analysis.  A. Panel of mouse and human antibodies 
tested in the CyTOF analysis. Mouse antibodies and dead stain used are highlighted in red. B. 
tSNE clustering on the subset of cells detected by CyTOF flow cytometry analysis.  C. 
Frequency of clusters plotted and labelled with phenotype.   
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Supplemental Figure 9. Single cell RNA sequencing analysis of FGFR4 CAR treated RMS 
xenografts.   
A. tSNE plot compiling data from all groups.  Clusters identified as T cell subpopulation, or 
interferon gamma induced population or human stroma, fibroblast, epithelial cell population.  B-
F. tSNE plot for each individual tumor samples shows the clusters for each treatment group.   
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Supplemental Figure 10. Single cell RNA sequencing analysis identifies subpopulation of human 
T cells in RMS xenograft models.   
tSNE cluster from Supplemental Figure 9 was further analyzed to detect A. human pan T cell 
marker B. cytotoxic T cell marker C. regulatory T cell marker D. T cell exhaustion markers E 
central memory T cell marker F. effector memory T cell marker.  
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Supplemental Figure 11. Single cell RNA sequencing analysis used to identify mouse cells in 
RMS xenograft models.   
A. tSNE plot generated by comparing the mouse genome B. Within these clusters, subpopulation 
of B. mouse dendritic cells C. mouse macrophages D. mouse monocytes in low or E. high 
amount was identified.   
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DISCUSSION 
 
The prognosis for initially metastatic or relapsed RMS is poor and novel therapies, such as 

immunotherapies, are needed.  In this study, I have shown robust epigenetically-driven, 

expression of FGFR4 on RMS cells compared to normal tissues.  This expression profile coupled 

with the dependency of RMS cells on FGFR4 suggests FGFR4 is an ideal immunotherapeutic 

target for this malignancy.  I have developed a novel anti-FGFR4 CAR T cell as a therapeutic 

against RMS.  To do so, I screened a panel of ten human anti-FGFR4 scFvs in various CAR 

formats.  I identified an anti-FGFR4 scFv, m410, which showed cytotoxicity and cytokine 

production against the RH30_19 RMS cell line that was comparable to that of the CD19 CAR, 

which has been shown to be the gold standard of CAR T cell therapy.  I have also demonstrated 

that the m410 FGFR4 CAR in a metastatic xenograft RMS model, mediates tumor regression in 

vivo.   

CAR T cells have been effective in the treatment of hematological malignancies, leading to the 

FDA approval of two different CD19 CAR T cells for these diseases [77, 122, 123, 140, 175]; 

however,  the clinical success using CAR-based therapies against solid tumors has thus far been 

limited.  For example, the GD2 CAR, one of the first CAR T cell products tested in children, was 

found to have minimal clinical activity with no measurable responses in patients with 

neuroblastoma [187]. Currently, there are numerous trials and preclinical studies of solid tumor 

CAR T cells, such as those that include CAR T cells targeting PSMA (prostate-specific 

membrane antigen) for prostate cancers [188]; GD2 [152], ALK [189], and GPC2 [190, 191] for 

neuroblastoma; mesothelin for lung cancers [192]; HER2 for breast cancer [193]; EGFRvIII for 

glioblastoma [194]; and B7-H3 for multiple pediatric and adult solid tumors [195, 196].  Some T 

cell-based therapies, depending on TCR based recognition of MHC-experienced tumor antigen, 
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have been effective in solid tumors.  For example, autologous T cells engineered to express a T-

cell receptor (TCR) recognizing an NY-ESO1-derived peptide can be effective in patients with 

melanoma or synovial   sarcoma [97, 197].  The disadvantage of the use of TCR-based 

therapeutics is that TCRs function in an HLA-restricted manner, while CAR T cells are HLA-

independent.  Nevertheless, there have been anecdotal response to HER2 CAR T cell therapies in 

solid tumors, including metastatic RMS [198].  Although HER2 is not an RMS restricted 

antigen, the response seen with this therapy suggests the feasibility of the use of CAR T cells as 

a therapeutic against RMS. 

A major challenge for developing immunotherapies for solid tumors is identifying an optimal 

immunotherapeutic target [73].  Pediatric malignancies, such as RMS, show extremely low 

somatic mutation burden [199], thus limiting the number of targetable mutations or oncogenes 

for development of therapeutics.  The ideal CAR target would be a cell surface localized protein 

whose expression is homogeneous and specific to malignant cells, and that plays a critical role in 

maintaining oncogenesis [73]. FGFR4 appears to meet most of these criteria; although its 

expression in RMS is heterogeneous, the differential expression in RMS compared to normal 

tissue and its role in oncogenesis make it an attractive immune target. IHC analysis (Figure 2) 

shows about 40% lesions are positive for FGFR4.  Thus it may be useful to screen for FGFR4 

expression prior to CAR T therapy.   

Many tumor antigens are proteins that are expressed, albeit at lower levels, in comparison to 

normal tissues.  Off-tumor expression of target antigen has potential to cause on-target toxicity 

with varying degrees of severity depending on the affected organ tissue [98, 153].  RNA-

sequencing data has shown FGFR4 expression on some normal tissues (liver, lung and kidney) 

leading to concerns about the safety and toxicity with FGFR4 CAR.  However, cell surface 
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FGFR4 was not detected in normal tissues, including brain, heart, lung, liver and kidney, by IHC 

analysis, while strong expression was detected in tumors (Figure 2 and 3).  I did detect low levels 

of FGFR4 expression in normal tissues by ELISA, particularly in liver, but liver expression was 

at least 4-fold lower than the expression seen in RMS tumor samples.  The expression of FGFR4 

in normal liver was not surprising, given that FGFR4 was also found to be overexpressed in 

HCC.  Because of these ELISA results, I wanted to be able to evaluate for hepatoxicity induced 

by the m410 CAR.  I was able to test for on-target, off-tumor hepatoxicity in our mouse model 

because m410 scFv cross-reacts with mouse FGFR4 although the activity is approximately 50% 

weaker.  Hepatotoxicity was not observed in NSG mice treated at supratherapeutic doses of 

m410 CAR.   Taken together, these results support our conclusion that FGFR4 is an effective 

CAR-T target for treating RMS.   

I compared the biochemical properties of the FGFR4 CAR binder to other established CARs in 

clinical development. I show that the humanized M410scFv ECD of FGFR4 CAR T cell has 

binding properties comparable to the scFv of CD19 CAR, FMC63, which is used in the clinic.  I 

determined the affinity of m410 was 2.4nM (Figure 6), which is comparable to the CD19 scFv 

[112].  Previous reports from the use of HER2 CAR show that improving the binding affinity of 

scFv to the sub-nanomolar range does not improve CAR function.  The affinity of m410 for 

FGFR4, then, is sufficient for further development of this scFv as a CAR T cell.     

The potential immunogenicity from the use of murine scFv has been evaluated for CD19 CAR 

[96, 134].  Humanization of the scFv has the potential benefit of increasing the persistence of 

CAR-modified T cells, which has been shown to be a key factor in the efficacy of CAR T cells 

directed to hematologic malignancies and solid tumors [112, 200].  The m410 CAR was derived 
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from a fully human scFv library, and therefore had no need for further humanization to improve 

efficacy.   

In vitro and in vivo studies in mice and humans have demonstrated that linking CD28 or 4-1BB 

costimulatory domains to CD3ζ in the CAR (second-generation CARs) enhances cytokine 

production and promotes T-cell survival and proliferation after antigen engagement compared 

with CARs that contain CD3ζ alone (first-generation CARs).  In contrast, the addition of both the 

CD28 and 4-1BB signaling domains (third-generation CARs) does not provide an advantage 

over the second-generation CARs [189].  In addition, in the context of a second-generation CAR, 

the 4-1BB costimulatory domain increases T cell persistence and ameliorates T cell exhaustion 

as compared to the CD28 costimulatory domain [201].  Thus, I decided to use second generation 

CAR with 4-1BB costimulatory domain.  I showed that this second-generation FGFR4 CAR with 

a 4-1BB costimulatory domain induces cytotoxicity and cytokine production in vitro and reduces 

metastatic burden in a xenograft model of RMS.   

I optimized the detection of the m410 CAR by introducing spacer domains into the CAR 

backbone, namely the IgG1 CH2-CH3 domain or truncated EGFR.  The impact of spacer 

domains on CAR function has been previously investigated by several groups [127, 202, 203] 

with conflicting results. The addition of an IgG1 spacer domain to the CD19 CAR T cell 

decreased its efficacy [134].  In our case, however, the addition of a spacer domain had little 

effect on the efficacy of FGFR4 CAR T cells.  I further developed the m410 FGFR4 CAR 

expression construct by including a truncated EGFR tag [204].  EGFR+ tag provided a method 

of CAR detection, a potential CAR inactivation mechanism by infusion of anti-EGFR antibody 

and did not diminish M410 activity. 
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One of the major challenges of solid tumors is to overcome immune suppressive tumor 

microenvironment (TME).  For CD19 CAR T cells in B cell malignancies, intravenously infused 

CAR T cells are likely to make rapid contact with cancerous B cells since both tend to reside in 

the same vascular compartments within the body.  However, solid tumors tend to form an 

isolated tumor mass with an immune immune-suppressive tumor microenvironment composed of 

tumor cells and non-tumor stromal cells served by abnormal vasculature that restricts 

lymphocyte infiltration and suppresses immune function, expansion, and persistence [164]. 

The metastatic RMS xenograft model, where both the tumor and CAR T cells were infused 

intravenously, showed tumor regression (Figure 29).  However, the localized RMS model, 

showed that the tumor mass did show presence of stromal cells, and restricted lymphocyte 

infiltration which may have impacted the ability of FGFR4 CAR T cells penetrate into the center 

of the tumor.  Furthermore, when the FGFR4 CAR T cells were delivered precisely around the 

same area, these CAR T cells showed efficacy in clearing the tumor (Figure 34).  This reinforces 

the necessary to overcome immunosuppressive aspects of the TME in solid tumors.   

In conclusion, this study credentials FGFR4 as an immunotherapy target in RMS and lays the 

foundation for further evaluation of FGFR4 directed CAR T cell therapies in RMS. FGFR4 is 

overexpressed in other malignancies, including hepatocellular carcinoma and 

cholangiocarcinoma, and FGFR4-directed CAR T cells, may represent a novel treatment for 

these cancers as well.    
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