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Abstract
Background
Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in childhood, whose prognosis is still poor especially for metastatic, high-grade, and relapsed RMS. New treatments are urgently needed, especially systemic therapies. Chimeric Antigen Receptor T cells (CAR Ts) are very effective against hematological malignancies, but their efficacy against solid tumors needs to be improved. CD276 (B7-H3) is a target upregulated in RMS and detected at low levels in normal tissues. FGFR4 is a very specific target for RMS. Here, we optimized CAR Ts for these two targets, alone or in combination, and tested their anti-tumor activity in vitro and in vivo.

Methods
Four different single-domain antibodies were used to select the most specific FGFR4-CAR construct. RMS cell killing and cytokine production by CD276- and FGFR4-CAR Ts expressing CD8α or CD28 HD/TM domains in combination with 4-1BB and/or CD28 co-stimulatory domains were tested in vitro. The most effective CD276- and FGFR4-CAR Ts were used to generate Dual-CAR Ts. Tumor killing was evaluated in vivo in three orthotopic RMS mouse models.

Results
CD276.V-CAR Ts (276.MG.CD28HD/TM.CD28CSD.3ζ) showed the strongest killing of RMS cells, and the highest release of IFN-γ and Granzyme B in vitro. FGFR4.V-CAR Ts (F8-FR4.CD28HD/TM.CD28CSD.3ζ) showed the most specific killing. CD276-CAR Ts successfully eradicated RD- and Rh4-derived RMS tumors in vivo, achieving complete remission in 3/5 and 5/5 mice, respectively. In CD276low JR-tumors, however, they achieved complete remission in only 1/5 mice. FGFR4 CAR Ts instead delayed Rh4 tumor growth. Dual-CAR Ts promoted Rh4-tumors clearance in 5/5 mice.

Conclusions
CD276- and CD276/FGFR4-directed CAR Ts showed effective RMS cell killing in vitro and eradication of CD276high RMS tumors in vivo. CD276low tumors escaped the therapy highlighting a correlation between antigen density and effectiveness. FGFR4-CAR Ts showed specific killing in vitro but could only delay RMS growth in vivo. Our results demonstrate that combined expression of CD276-CAR with other CAR does not reduce its benefit. Introducing immunotherapy with CD276-CAR Ts in RMS seems to be feasible and promising, although CAR constructs design and target combinations have to be further improved to eradicate tumors with low target expression.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-023-02838-3.
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Background
Pediatric rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in children and young adults [1], and each year it accounts for 3% of childhood cancers [2]. Based on histology, RMS can be classified in four main subtypes: embryonal RMS (eRMS; 60–70%), alveolar RMS (aRMS; 20–30%), pleomorphic RMS (pRMS) and spindle cell/sclerosing RMS (s-scRMS) accounting for 7–15% of the cases [3]. RMS classification has been further refined in ‘fusion positive’ (FP) and ‘fusion negative’ (FN) RMS [4], based on two main characteristic chromosomal translocations, the t(2;13)(q35;q14) or the t(1;13)(p36;q14), resulting in the expression of a PAX3-FOXO1 or PAX7-FOXO1 fusion transcription factor, respectively [5–7]. The onset of RMS has been attributed mainly to cells of myogenic lineage, but also non-myogenic mesenchymal cells were indicated as possible RMS progenitors [8–11]. As a result, RMS can develop not only in skeletal muscles, like head and neck, trunk, and extremities, but also in distant sites, including genitourinary and biliary tracts. Despite overall 5-year survival rates have improved with the combined use of surgery, radiation therapy, and chemotherapy, in pediatric patients with metastatic and high-risk disease, such as aRMS, prognosis remains poor [12]. Therefore, new therapies are needed for children and young adults with high-risk and recurrent RMS.
Immunotherapies using Chimeric Antigen Receptor (CAR) T cells [13, 14] have shown extraordinary results in patients with B cell malignancies [15], leading to the FDA approval of six CAR T cell therapies so far [16]. Target molecules for these CAR T cells are surface proteins on leukemia or lymphoma cell surface, such as CD19 and CD20. However, CAR T cell therapy remains challenging for solid tumors, mainly due to a lack of ideal tumor-specific targets, and to the immunosuppressive tumor microenvironment (TME) of solid tumors limiting the activity of CAR T cells [17, 18].
Several targets have been investigated pre-clinically and clinically for immunotherapies of pediatric solid tumors (reviewed in [19–21]), including for RMS. More than ten years ago, CAR T cell therapy for RMS has been explored targeting the fetal acetylcholine receptor gamma subunit (fAChRγ) surface protein, which is not present in humans after birth and is therefore highly restricted to RMS [22–24]. The fAChRγ-CAR T cells exhibited specific, MHC-independent, in vitro lysis and cytokine secretion in response to antigen-expressing target cells and were moderately immunoprotective in murine tumor xenograft models [24]. Unfortunately, their activity was not sufficient to eradicate tumors, probably due to fAChRγ low expression levels. Other surface proteins explored for CAR T cell therapy in RMS are IGF1R and ROR1. The corresponding CAR T cells showed effective in vitro RMS cell lysis, but have not been tested in vivo [25]. Other cell surface antigens have been investigated as CAR T cell targets in RMS: PDGFRα-CAR T cells showed good activity in vitro and tumor control in a subcutaneous RMS xenograft mouse model [26], as PDGFRα is aberrantly expressed in RMS [27]; HER2/ErbB2-CAR-engineered cytokine-induced killer cells showed potent activity on RMS spheroids [28], based on expression of the receptor tyrosine kinase HER2/ErbB2 in 10–33% of RMS at the protein level [29, 30]. Importantly, in a phase I clinical trial of HER2/ErbB2-CAR T cells (NCT00902044), two complete responses were observed in RMS patients without any safety concerns [31]. In particular, one patient with bone marrow metastatic involvement showed complete response after CAR T cell administration [31]. Despite all these promising results, more targets and better CAR designs need to be investigated to cover all RMS patients and to avoid relapses mediated by antigen-escape.
In our previous work on identifying potential surface antigens by surfaceome profiling of RMS for an immunotherapy approach [32], we identified two targets that are particularly appealing for a CAR T cell therapy: CD276 and FGFR4.
The type I transmembrane protein CD276 (B7-H3) belongs to the B7 immune co-stimulatory and co-inhibitory family [33], and is expressed on antigen-presenting cells (APC) interacting with immune checkpoint markers, such as CTLA-4, PD-1, and CD28 [34]. CD276 has both co-stimulatory and co-inhibitory functions in the regulation of different T cell subsets. CD276 is expressed at high levels in a large proportion of human malignancies, including the pediatric solid tumors RMS [35, 36], osteosarcoma [36, 37], intrinsic pontine glioma [38], medulloblastoma, and Ewing sarcoma [36]. Importantly, an immune evasive role for CD276 in the context of RMS has been recently described, further supporting the important impact its targeting might have on disease control by the immune system [39]. Moreover, CD276-CAR T cells showed efficacy in preclinical models of pancreatic ductal adenocarcinoma, ovarian cancer, and neuroblastoma without toxicity [40]. Of note, a CD276-CAR expressing an antigen-binding domain derived from Enoblituzumab (MGA271), a humanized antibody from MacroGenics recognizing an epitope of CD276 with high tumor reactivity, was particularly effective against pediatric osteosarcoma, Ewing sarcoma and medulloblastoma [36], but has not been tested for RMS in vitro, nor in vivo.
The other target of interest, the Fibroblast Growth Factor Receptor 4 (FGFR4), is a receptor tyrosine kinase that shows very specific expression in RMS, and in normal tissues is only expressed at low levels in liver and in mature skeletal tissue [41–44]. FGFR4-CAR T cells are active in vitro against both aRMS and eRMS cell lines [45, 46], and show effective response against disseminated disease in vivo, but not in a RMS orthotopic model [47]. Interestingly, the combination of FGFR4-CAR T cells with pharmacological inhibition of the myeloid component in stroma allowed FGFR4-CAR T cells to eradicate orthotopic RMS tumors in mice [47].
The design of CAR constructs needs to be optimized to the special situation of RMS. Clearly, each domain of the CAR – the extracellular antigen-binding domain (ABD); the hinge domain (HD); the transmembrane domain (TM); and the intracellular co-stimulatory domains (CSD)—can impact on the activity of CAR T cells [48, 49]. The ABD determines the affinity and specificity, while its efficacy is influenced by the target accessibility and density on the surface of tumor cells [50]. HD/TM and CSD contribute to regulate the activation threshold [51]. The TM domain can affect the stability of CAR immune synapses and regulates the signaling threshold. CD28- or CD8α-derived TM domains are the most frequently used. CAR T cells expressing CD28 TM domain show higher CAR stability on the T cell surface, and a stronger response, but may be prone to overactivation resulting in activation-induced cell death (AICD) [52]. On the other hand, CAR T cells with a CD8α TM domain may have a lower activation threshold, increasing their cytotoxic potential, but release lower levels of TNF-α and IFN-γ [51, 53]. The clinically used CSDs are derived from 4-1BB or CD28 proteins. CSDs are necessary for proper activation, expansion, and most importantly, for persistence of CAR T cells. CARs containing a CD28 CSD show high cytokine release upon antigen recognition through activation of the PI3K pathways, promoting the survival of cytotoxic CAR T cells [54, 55]; whereas 4-1BB confers higher T cell persistence by promoting central memory T cell differentiation through the activation of the NF-κB signaling pathways [55, 56].
Moreover, previous reports have demonstrated that CD28 co-stimulation enhances exhaustion due to continuous CAR signaling, while 4-1BB co-stimulation mitigates it [57]. T cell exhaustion is primarily influenced by the expression of inhibitory receptors. Following acute T cell activation, inhibitory receptors, such as PD-1 and CTLA-4, are upregulated to counteract TCR and co-stimulatory receptor signals, and to prevent excessive immune cell response. However, in the context of cancer, chronic tumor antigen exposure may lead to dysfunctional and exhausted T cells due to reduced proliferation, cytokine production, increased apoptosis, and expression of inhibitory receptors, such as PD-1, TIM-3, and LAG-3 [58].
PD-1, an early exhaustion marker, is extensively under investigation in this context. It is rapidly upregulated upon T cell activation, but its expression alone is not exclusive to exhausted T cells [59]. Alongside PD-1, exhausted T cells exhibit various inhibitory molecules on their cell surface. LAG-3, an intermediate exhaustion marker, shares similarities with CD4 [60] and is found in T cells, NK cells, regulatory T cells (Tregs), activated B cells, plasma cells, and dendritic cells [61, 62]. By contrast, TIM-3 and CD39 are considered terminal dysfunction markers [58]. TIM-3, T cell immunoglobulin and mucin domain 3, is predominantly expressed at higher levels by CD8+ tumor-infiltrating lymphocytes (TILs) and CD4+ Tregs [63]. CD39, an ectonucleoside triphosphate diphosphohydrolase expressed on the T cell surface, dephosphorylates ATP released from damaged cells, generating extracellular adenosine and driving the suppression of immune-stimulatory effects downstream [64].
Here, we aimed at selecting in vitro the most active CAR construct targeting CD276, FGFR4, or the combination of both, on RMS cells. A combinatorial panel of eight CAR constructs, comprising second- and third-generation constructs, with CD8α or CD28 HD/TM domains and intracellular CSDs from 4-1BB and/or CD28 were produced and tested. The most promising CAR T cells were tested for their activity in vivo in orthotopic RMS mouse models.

Materials and methods
Cell culture
Human RMS cell lines RD, Rh4, Rh5, Rh18, Rh28, Rh30, Rh36, JR, RMS, RUCH-3, TTC-442 were kindly provided by Prof. Beat Schäfer (University Children’s Hospital of Zurich). PDXs IC-pPDX-104 from a 7-year-old female with recurrent primary aRMS with PAX3-FOXO1 translocation, IC-pPDX-35 from a 13-year-old male with recurrent metastatic aRMS with PAX3-FOXO1 translocation, were established at the Institut Curie in Paris, France [65, 66]; PDX RMS-ZH003 was established from a recurrent aRMS with PAX3-FOXO1 translocation at the University Children’s Hospital Zurich, as described in [65, 66]. Immortalized human healthy primary myoblasts KM155C25Dist, kindly provided by the platform for immortalization of human cells MyoLine from the Institut de Myologie (Sorbonne University, Paris, France), referred to as myoblasts, were used as negative controls. All the cell lines, with the exception of human myoblasts, were cultured in DMEM medium (BioConcept, #1-26F01-I), supplemented with 10% fetal bovine serum (FBS, Thermofisher, #10270106), L-glutamine 2 mM (BioConcept, #5-10K00-H) and 100 U/ml Penicillin–Streptomycin (BioConcept, #4-01F00-H) at 37 °C and 5% CO2 in a humidified incubator. Myoblasts were cultured in Skeletal Muscle Cell Growth Medium (PromoCell, #C-23060) supplemented with Skeletal Muscle Cell Growth Medium SupplementMix (PromoCell, #C-39365). Jurkat T cells were cultured in RPMI-1640 medium (Gibco, #42401–018), supplemented with 10% fetal bovine serum (FBS, Thermofisher, #10270106), L-glutamine 2 mM (BioConcept, #5-10K00-H) and 100 U/ml Penicillin–Streptomycin (BioConcept, #4-01F00-H) at 37 °C and 5% CO2 in a humidified incubator. PDXs were cultured in pre-coated P10 dishes with 1:10 diluted Matrigel (Corning, #354234) in 3 ml of pre-cooled Advanced DMEM/F-12 (Gibco, #12634010), supplemented with Glutamax (Gibco, #35050), 100 U/ml Penicillin–Streptomycin (BioConcept, #4-01F00-H), 1 × B-27 (Life Technologies, #17504044), 20 ng/ml bFGF (PeproTech, #AF-100-18B), 20 ng/ml EGF (PeproTech, #AF-100–15), and 1.25 mM N-acetyl-L-cysteine (Sigma, #A9165).

Plasmids
To express truncated-CD19 protein (tCD19) on RMS cell lines as target for CD19-CAR T cells, the lentiviral plasmid pLenti-fLuc-P2A-tCD19 was generated by excising with AjiI and MluI digestion the Neomycin resistance in the plasmid Lenti-luciferase-P2A-Neo (Addgene, #105621) and replacing it by GIBSON assembly with the tCD19 sequence amplified by PCR from the vector pcDNA3.1 + CD19-C-DYK (Genescript, #OHU27320D) using the primers P2A-tCD19 Forward and P2A-tCD19 Reverse (Suppl. Table S1).

Production of lentiviruses
Lentiviruses were generated by transient co-transfection of Lenti-X 293 T cells (Takara, #632180). Briefly, 5 × 106 Lenti-X 293 T cells were seeded onto 10 cm dish, pre-coated with collagen type I rat tail (1:10 diluted in sterile water, Sigma, #C3867), and the day after, transfected with the calcium phosphate method. 10 µg of psPAX2 (Addgene, Plasmid #12260), 4 µg of pVSV-G (Addgene, Plasmid #8454), and 10 µg of lentiviral plasmid of interest were used. The plasmids were mixed in 500 µl 0.25 M CaCl2, added dropwise to 500 µl of HBS 2x (NaCl 0.28 M, HEPES 0.05 M, Na2HPO4 1.5 mM, pH 7.05), and incubated for 15 min at room temperature. The solution was then dropwise added to Lenti-X 293 T cells. Lentiviruses-containing supernatants were harvested 48 h post-transfection, filtered with 0.45 µm filters, and concentrated via overnight centrifugation at 4′000xg at 4 °C. Lentiviruses were aliquoted and stored at -80 °C until use.

Lentiviruses titration
Titration of lentiviruses was carried out with Jurkat T cells. 250′000 cells were plated onto 24-well plates and were transduced with ten-fold dilutions of lentiviruses. 48 h post-transduction, fluorescent cells were quantified by Flow Cytometry. The titer was calculated with the following formula:[image: $$\frac{\mathrm{TU}}{\mathrm{mL}}=\frac{\left[\left(\mathrm{Number\,of\,Cells\,Transduced}*\mathrm{\%\,Fluorescent\,Cells}*\mathrm{Dilution\,Factor}\right)\right]}{(\mathrm{Transduction\,Volume\,in\,mL})}$$]





Firefly Luciferase (fLuc+) RMS cell lines
pHIV-iRFP720-E2A-Luc was a gift from Antonius Plagge (Addgene plasmid #104587) and was used to generate iRFP720+fLuc+ lentiviruses and to stably transduce RD, Rh4, and JR cell lines at an MOI of 5. iRFP720+fLuc+ RMS cell lines were sorted 48 h after transduction and amplified.

Truncated CD19 (tCD19+) RMS cell lines
The pLenti-fLuc-P2A-tCD19 plasmid was used to generate tCD19+fLuc+ lentiviruses to stably transduce RD and Rh4 cells at an MOI of 5. 48 h after transduction, tCD19+fLuc+ RMS cell lines were stained with BV421-conjugated anti-CD19 antibody for 30 min at room temperature, sorted by BV421, and amplified.

CRISPR/Cas9
Two in silico-designed sgRNA sequences targeting CD276 and FGFR4 genes, respectively, were selected by using the Graphical User Interface for DNA Editing Screens (GUIDES), available at guides.sanjanalab.org [67]. The two sgRNA sequences (Suppl, Table S2) were cloned into the pLentiguide-PURO plasmid (Addgene, #52963). The plasmid pLentiCRISPR-mCherry (Addgene, #75161) was used to stably express Cas9 nuclease and mCherry in RD and Rh4 cell lines. 48 h after lentiviral transduction at an MOI of 5, cells expressing mCherry were sorted by FACS. Cas9+mCherry+ RMS cells were then transiently transfected with pLentiguide-PURO plasmid and selected with 1 µg/ml Puromycin (InVivoGen, #ant-pr-1) for two days, single cell cultures were then generated by limiting dilutions, and cells were expanded.

CAR plasmids generation
The lentiviral plasmids (Suppl. Table S3) used for the CAR T cell production were generated with GeneArt Gibson assembly HiFi cloning kit (Thermofisher, #A46624EA). The sequences of FMC63 scFv targeting CD19, CD8αHD, and CD28TM CAR domains were amplified from the plasmids pSLCAR-CD19-hCAR-BB (Addgene, #135992) and pSLCAR-CD19-28z (Addgene, #135991) kindly provided by Dr. Scott McComb (National Research Council of Canada, Ottawa, Canada) [68]. The sequence of CD276.MG scFv was kindly provided by Prof. Robbie Majzner (Stanford University, Stanford, CA). To generate the CD276 and FGFR4 CAR constructs, the FMC63 scFv, flanked by Esp3I sites, was swapped with the PCR-amplified sequences of CD276.MG scFv or FGFR4 sdAb (A1-, B1-, B5- and F8-FR4 sdAbs). The swapping reaction was performed by incubating the DNA samples with Esp3I (BsmBI) (Thermofisher, #ER0451) and T4 ligase (Thermofisher, #EL0011) at 37 °C for 10 min, followed by 5 cycles at 16 °C 10 min and 37 °C 60 min and a final enzyme inactivation at 80 °C for 5 min [69]. The plasmids were then transformed in One Shot TOP10 chemically competent cells (Thermofisher, #C404010), amplified, and purified by NucleoBond Xtra Midi kit (Macherey–Nagel, #740410.50). Purity and concentration were evaluated with Nanodrop. Plasmids were sequenced at Microsynth (Balgach, Switzerland). All plasmids containing the CD19 targeting ABD FMC63 are available from Addgene (#200670 - #200681).

PBMCs and T cells isolation
PBMCs were isolated with Lymphoprep (STEMCELL, #07801) from different donors’ buffy coats obtained from the “Rotkreuz-Organisation für die Menschen im Kanton Bern”, and frozen in FBS (Thermo Scientific, #10270106) with 10% DMSO (Sigma, #D2438). T cells were purified from thawed PBMCs by using EasySep™ Human CD8+ T cell Isolation Kit (STEMCELL, #17953) or EasySep Human T cell Isolation Kit (STEMCELL, #17951) following the manufacturer’s instructions, and used for CAR T cell production.

CAR T cells production
On day 1, 1 × 106 T cells freshly purified from PBMCs were activated with CD3/CD28 T Cell Activators (STEMCELL, #10971). T cells were expanded for 3 days in XF Expansion medium (STEMCELL, #10981) with addition of 10 ng/ml IL-2 (STEMCELL, #78036.2) and 10 ng/ml IL-21 (STEMCELL, #78082). On day 4, T cells were transduced with lentiviruses at an MOI of 5, as described below. On day 7, GFP+ CAR T cells were sorted by FACS and expanded with addition of 10 ng/ml IL-2, until day 13 for cytotoxicity assays, cytokine production, or in vivo. Dual-CAR T cells directed against CD276 and FGFR4 were generated by co-transducing T cells with both CD276- and FGFR4-CARs at the MOI of 2.5 each. The idea was to maintain the same total number of surface CARs expressed on the single antigen-targeting CAR T cells originally transduced at the MOI of 5.

T cells transduction
250′000 Jurkat T cells or purified T cells were seeded onto a 24-well plate and transduced at an MOI of 5 via spin-infection for 1 h at 800xg and 32 °C in 450 µl RPMI-1640 medium (Gibco, #42401–018) containing 50 µl of 100-fold concentrated lentiviruses. After spin-infection, the cells were diluted 2.5-fold in RPMI-1640 supplemented with 10 ng/ml IL-2 and further incubated for 4 h with lentiviruses at 37 °C. The next day, the cells were centrifuged and resuspended in fresh cell culture medium. After 48 h, transduction efficiency was assessed by Flow Cytometry based on GFP and MycTag expression.

Bioluminescence killing assays
Bioluminescence killing assays were performed by co-incubating 5′000 iRFP720+fLuc+ RMS target cells, seeded 24 h in advance in bioluminescence 96-well plates (Thermofisher, #136101), with GFP+ CAR T cells at the Effector:Target (E:T) ratios of 0.5:1, 1:1, 5:1, and 10:1, in 200 µl total of complete RPMI-1640 medium. Proliferation of RMS cells was monitored for 48 h. The supernatant was gently aspirated, and each well was filled with 75 µl of fresh medium. The plates were then frozen at -20 °C until analysis. The day of the analysis, bioluminescence released by RMS target cells was measured by using ONE-Glo™ Luciferase assay system (Promega, #E6120) with GLO-Max device (Promega). The results were analyzed with Microsoft Excel and GraphPad Prism 9.

Western blotting (WB)
Cells were detached with a scraper, resuspended in PBS and pelleted by centrifugation at 10′000xg for 3 min, 4 °C. Pellets were lysed in RIPA buffer (Thermofisher, #89900) with addition of Halt™ Protease Inhibitor Cocktail (100x) (Thermofisher, #78430) for 20 min on ice. Cells were further homogenized with 1 min sonication (10% duty cycle, Branson Sonifer 250). Protein concentration was measured by Pierce BCA Protein Assay Kit (Thermofisher, #23225). Loading buffer (Invitrogen, #NP0007) was added to 30 μg of protein for each sample. After heating at 65 °C for 10 min, samples were loaded on a SurePAGE™, Bis–Tris, 10 × 8, 4–12% gel (GenScript, #M00654) and separated by MOPS buffer (GenScript, #M0067) at 120 V for about 1 h. Separated proteins were then transferred to a PVDF membrane in transfer buffer (BioRad, #1610732. 10x: 250 mM Tris base, 1.92 M glycine, 0.1% SDS) with 10% methanol, at a constant voltage of 100 V at 4 °C for 1.5 h. PVDF membrane was blocked by 30 min incubation in TBS-T (TBS 10x: 200 mM Tris (Sigma, #1185–53-1), 1.37 M NaCl (Sigma, #S9888), pH 7.6; supplemented with Tween 0.1%; (Sigma, #P1379)) and 10% skimmed milk. Membranes were then incubated overnight at 4 °C with the corresponding primary antibody in TBS-T. After 1 h incubation at room temperature with the secondary antibody, the signal was developed with SuperSignal West Femto Maximum Sensitivity Substrate (Thermofisher, #34094) and measured by using ChemiDoc MP Imaging System (Bio-Rad).

Enzyme-linked immunosorbent assays
ELISAs were performed to assess the amount of cytokines released by CAR T cells during co-incubation with RMS target cells. 25′000 RMS target cells were seeded 24 h in advance in transparent 24-well plates (Greiner bio-One, #662160), and CAR T cells were co-cultured at the Effector:Target (E:T) ratios of 5:1 in 500 µl total volume of complete RPMI-1640 medium. After 24 h, the supernatant was collected, centrifuged at 600xg, transferred to a new plate, and stored at -80 °C until use. ELISAs were performed to measure the release of IL-2 (Invitrogen, #88–7025-88), IFN-γ (Invitrogen, #88–7316-88), and Granzyme B (Biozol, #3485-1H-20 for CD276- and CD19-CAR T cells; MabTech, #3486-1H-6 for F8-FR4-CAR T cells) following the manufactures’ instructions. The results were analyzed with Microsoft Excel. The figures were generated using GraphPad Prism 9.

Antibodies
Western Blotting primary antibodies and working dilutions used were: goat anti-CD276 (1 µg/ml; R&D systems, #AF1027); mouse anti-α-tubulin (1:1′000; Cell Signaling, #2144); rabbit anti-MycTag (1:1′000; Cell Signaling, #2278S); mouse anti-human FGFR4 (Santa Cruz, #SC-136988). Secondary antibodies: anti-goat IgG, HRP-linked (1:10′000; Cell Signaling, #HAF109); anti-mouse IgG, HRP-linked (1:10′000; Cell Signaling, #7076); anti-rabbit IgG HRP-linked (1:10′000; Cell Signaling, #7074P2). Flow Cytometry primary antibodies and working dilutions: BV421-CD19 antibody (BioLegend, #115537); PE-CD276 (1:100; R&D, #AF1027); PE-FGFR4 (1:100; Biolegend, #324306); CARs expression on CAR T cells was assessed with PE-MycTag (1:100; Cell Signaling, #64025S). CD276 CARs expression on CAR T cells was assessed with human B7H3-Fc chimeric protein (20 µg/ml; R&D, #1027-B3) and Goat αHuman IgG (H + L)-Alexa Fluor 647 Ab (1:100; Jackson ImmunoResearch, #109–606-088). CD8/CD4 T cells ratio and activation was assessed with BD Multitest CD3/CD8/CD45/CD4 (1:20; BD Biosciences, #342317) and APC-CD69 (1:100; BD Biosciences, #555533). BV421-CD62L (1:100; BioLegend, #304828); BV510-CD3 (1:100; BioLegend, #563109); BV650-CCR7 (1:100; BioLegend, #353234); APC-CCR5 (1:25; BioLegend, #556903); PerCP-CD4 (1:100; BioLegend, #300528); AF700-CD8 (1:500; BioLegend, #301028); PE-CD95 (FAS) (1:100; BioLegend, #305608); PE-Cy7-CD45RA (1:100; BioLegend, #304108); BV421-CD39 (1:100; Biolegend, #328214); PE-LAG3 (1:100; Biolegend, #369206), PECy7-PD1 (1:100; Biolegend, #329918) and APC-TIM3 (1:100; Biolegend, #345012) were used for phenotype and exhaustion analysis. UltraComp eBeads™ compensation beads (Thermofisher, #01–2222-41) were used for compensation. CD276 and FGFR4 surface copy numbers was calculated with the PE Fluorescence Quantitation Kit (BD Biosciences, #340495) according to the manufacturer’s protocol. Immunohistochemistry primary antibodies and working dilutions: mouse monoclonal anti-human FGFR4 (1:50; Santa Cruz, #SC-136988), goat polyclonal anti-CD276 (1 µg/ml; R&D systems, #AF1027), rabbit monoclonal anti-CD3 (1:200; Abcam, #16669). Immunohistochemistry secondary antibodies and working dilutions: polyclonal goat anti-mouse (DAKO, #P0447), polyclonal rabbit anti-goat (1:50; DAKO, #P016002), polyclonal goat anti-rabbit (1:100; DAKO, #P0448). The protein expression was detected using the liquid DAB+ substrate chromogen system (DAKO, #K3468).

Immunohistochemistry
Immunohistochemistry analyses were performed on freshly cut, formalin-fixed, and paraffin-embedded tissue slides. Briefly, deparaffinized and rehydrated tissues were treated with 10 mM sodium citrate buffer (pH 6) for antigen retrieval. The samples were next blocked with 10% goat or rabbit serum (depending on the host) and 1% BSA for 1 h, before being incubated overnight at 4 °C with the corresponding primary antibody. Endogenous peroxidase activity was blocked with peroxidase block (DAKO, #K1492). The tissues were incubated with the corresponding secondary antibody for 1 h at room temperature, tissues were counterstained in hematoxylin, dehydrated and mounted with Eukitt mounting media (Sigma-Aldrich, #03989). Images were captured with Leica Microsystem DM6000 B microscope.

Flow cytometry
Cell staining was performed in 100 µL FACS buffer (PBS + 2% BSA), by diluting the corresponding primary antibodies following the optimized concentrations described above. Flow cytometry experiments were evaluated with CytoFLEX device (Beckman Coulter). The results were analyzed by FlowJo v10.8.1 Software (BD Life Sciences).

Mice
NOD.Cg-PrkdcscidlL2rgtm1Wjl/SzJ (NSG) (4–6 weeks old) immunodeficient female mice were purchased from Charles River (Germany) and housed at the Central Animal Facility of the University of Bern, under pathogen-free conditions. The experiments were approved by Animal Welfare Office of Canton Bern and in accordance with Swiss Federal Law (Authorization BE22/2022). After 2 weeks of housing, mice were injected in the left gastrocnemius muscle with 50 μl of iRFP720+fLuc+ Rh4, RD, or JR cells (5 × 105 cells) in sterile PBS. Four days after the injection of iRFP720+fLuc+ RMS cells, the size of tumors was estimated by bioluminescence imaging with the In Vivo Imaging System (IVIS). On day 5, 5 × 106 CAR T cells per mouse were resuspended in 100 µl sterile PBS and intravenously injected into the tail vein. Tumor size was measured by using the following formula: Volume = ((short length)2 * (long length))/2.

Single cell isolation from tumors
Expression of CD276 and FGFR4 on RMS cells derived from xenografted tumors was evaluated by Flow Cytometry. Tumors were chopped and incubated in Balanced Salt Solution (HBSS; Thermofisher, #88284) with addition of collagenase III (200 U/ml, corresponding to1 mg/ml, STEMCELL, #07422) and DNAse I (200 U/ml, Thermofisher, #18047019) for 1 h, 37 °C. Cells were filtered with 40 µm-strainer and red blood cells were lysed by incubation with ACK lysis buffer [10x: 1.5 M NH4Cl (Sigma, #213330), 0.1 M KHCO3 (Sigma, #237205), 0.001 M Disodium EDTA (Thermofisher, #AM9260G)] for 5 min, room temperature. Samples were then centrifuged at 400xg for 5 min and washed twice before following the Flow Cytometry protocols as described above.

Statistical analysis
All statistical analyses were conducted using GraphPad Prism 9, incorporating a two-way ANOVA to examine main effects and interactions between variables. The statistical significance of the differences between experimental and control groups was assessed using Dunnett’s multiple comparison test following a two-way ANOVA with levels of significance indicated as follows: p > 0.05 (ns), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****).


Results
Expression of CD276 and FGFR4 in RMS cell lines and PDXs
CD276-CAR T cells have shown excellent pre-clinical activity against several pediatric tumors but have not been tested against RMS yet [36]. In order to verify CD276 expression levels in RMS, we selected six FP-RMS cell lines (JR, RMS, Rh4, Rh5, Rh28, Rh30), five FN-RMS cell lines (RD, Rh18, Rh36, TTC-442, RUCH-3), and three PDXs (IC-pPDX-104, IC-pPDX-35, RMS-ZH003), and quantified total CD276 expression by western blotting (WB) (Fig. 1A) and cell surface expression by Flow Cytometry (Fig. 1B-E). WB analysis revealed high total expression levels of CD276 in RMS PDXs, and in most RMS cell lines, with the exception of JR, RMS, and Rh18, where lower expression levels were observed. WB confirmed low expression in control myoblasts, PBMCs, and T cells (Fig. 1A). Flow Cytometry revealed high surface expression of CD276 in all the samples (Fig. 1B, D), low expression on myoblasts, and no detectable expression in PBMCs and T cells controls. Interestingly, lower levels of surface CD276 were observed for JR, RMS, and Rh18, in agreement with WB results. The number of CD276 on the cell surface were estimated by PE-beads (Fig. 1C, E). The most representative RMS cell lines RD, Rh30, and Rh4, displayed around 50′000 copies on their surface. Consistently with the previous analyses, JR, RMS, and Rh18 displayed the lowest number of copies of CD276 on the surface, with ca. 8′000, 10′500, and 25′000 copies, respectively (Fig. 1C). These experiments confirmed consistent expression of CD276 on RMS cell lines and PDXs supporting their targeting by CD276-CAR T cells.[image: ]
Fig. 1CD276 expression in RMS cell lines and PDXs. A CD276 expression levels were evaluated in eleven RMS cell lines, three PDXs, myoblasts, PBMCs, and isolated T cells by WB, revealing high expression in all RMS cell lines, except for the FP-RMS JR and RMS, the FN-RMS Rh18, medium–high levels in the three investigated PDXs, and no detection in the controls. B Surface CD276 expression on eleven RMS cell lines, and myoblasts, PBMCs, and T cells as controls, was assessed by Flow Cytometry confirming high expression of CD276 in all the considered RMS samples, especially in RUCH-3, RD and Rh4, and no detectable expression in the controls. The correspondent isotype controls are shaded in light grey. C The number of CD276 molecules on the surface of RMS cells, PDXs, and controls was estimated by Quantibrite PE beads. D Surface CD276 expression on three RMS PDXs, and PBMCs and T cells, as controls, was assessed by Flow Cytometry confirming high expression of CD276 in all the three PDXs. The correspondent isotype controls are shaded in light grey. E The number of CD276 molecules on the surface of RMS PDXs and controls was estimated by Quantibrite PE beads


Antigen loss is a common mechanism of tumor resistance against CAR T cells that can be addressed by CAR T cells able to recognize multiple targets on the surface of tumor cells. Therefore, we next focused on FGFR4, another promising target for RMS, as also recently confirmed by our RMS surfaceome profiling [32]. Expression levels of FGFR4 on RMS cell lines and PDXs were assessed by WB and Flow Cytometry. WB put in evidence high expression levels of FGFR4 in Rh4, Rh28, JR, and RMS cell lines, and in the PDXs RMS-ZH003 and IC-pPDX-104; medium FGFR4 expression levels were instead observed in Rh36, RD, and TTC-442; whereas low levels of FGFR4 were detected in Rh18, RUCH-3, Rh5, and Rh30 cell lines, and in IC-pPDX-35 (Fig. 2A). Flow Cytometry analysis performed on live cells confirmed expression of FGFR4 on most of the RMS cell lines (Fig. 2B). No expression of FGFR4 could be detected on PDXs. Quantification of surface FGFR4 copy number revealed a relatively low copy number of FGFR4 on RMS cells (Fig. 2C), compared to CD276. Despite the lower density of FGFR4 on RMS samples compared to CD276, the absence of expression in most normal tissues makes FGFR4 a promising target in RMS for CAR T cell-based strategies [41, 70, 71].[image: ]
Fig. 2FGFR4 expression in RMS cell lines and PDXs. A FGFR4 expression levels were evaluated in eleven RMS cell lines, three PDXs, and in myoblasts, PBMCs, and T cells as controls. WB results revealed high expression in Rh36, Rh4, Rh28, JR, and RMS cell lines, whereas low levels were detected in Rh18, RUCH-3, Rh5, and Rh30. No FGFR4 expression was observed in the controls. B Flow Cytometry results confirmed expression of FGFR4 on the surface of most RMS cell lines, especially high in Rh4, Rh18, and JR. The corresponding isotype controls are highlighted in grey. C Estimation of FGFR4 expression on RMS cell lines by Quantibrite PE-Beads showed a surface expression in the range of 6'00–4'000 copies per cell



Selection of FGFR4 antigen binding domain
We previously selected four FGFR4-targeting single-domain antibodies (sdAb) A8-FR4, B1-FR4, B5-FR4, and F8-FR4 [70]. These were used as ABD to generate lentiviral CAR plasmids and to produce the corresponding CAR T cells (Fig. 3A). After sorting and expansion, T cells expressed the sdAb-FR4-CARs to a similar extent, as monitored by GFP expression and MycTag staining (Fig. 3B). To determine the killing capacity of sdAb-FR4-CAR T cells and to screen for the most specific and effective construct, we performed cytotoxicity assays with fLuc+ Rh4 cells. Rh4 were chosen among a panel of RMS cell lines due to the high surface expression of FGFR4 with around 4′000 FGFR4 copies per cell (Fig. 2C). In order to estimate the specificity of the different sdAb, FGFR4-KO Rh4 cells were generated by CRISPR/Cas9 (Fig. S1) and were used as negative controls in cytotoxicity assays. All four sdAb-FR4-CAR constructs were able to trigger more than 80% tumor cell killing by CAR T cells at E:T ratios of 5:1 and 10:1 (Fig. 3C). However, at lower ratios of 0.5:1 and 1:1, B5-FR4-CAR T cells showed the highest cytotoxic effect by eliminating ̴ 40% and ̴ 60% of Rh4 cells, respectively (p < 0.001, see Suppl. Table S4). A8-FR4- and F8-FR4-CAR T cells showed a killing capacity of  ̴ 20% and  ̴ 30% respectively, whereas B1-FR4 was the weakest construct in terms of cytotoxicity, with no killing at 0.5:1 (Fig. 3C). On the other hand, co-incubation of FGFR4-CAR T cells with fLuc+ FGFR4 KO Rh4 cells surprisingly revealed an unspecific activity of CARs A8-FR4, B1-FR4, and B5-FR4, resulting in an effective killing of FGFR4 KO Rh4. F8-FR4 was the only CAR showing no activity against FGFR4 KO Rh4 cells (Fig. 3D). Therefore, F8-FR4 was selected to arm FGFR4-CAR T cells for the next in vitro and in vivo experiments.[image: ]
Fig. 3Selection of FGFR4-targeting antigen binding domain. A Schematic description of the sdAb-FR4-CAR constructs. Created with Biorender.com. B To select the FGFR4-targeting sdAb that confers the most specific and potent killing capacity to the CAR construct, four different sdAb-FR4-CAR T cells were generated by lentiviral transduction of activated T cells, sorted by GFP expression, and expanded. Expression of CAR constructs was verified by MycTag staining and GFP expression. C sdAb-FR4-CAR T cells were co-incubated for 48 h with fLuc+ Rh4 cells at different E:T ratios. RMS cells survival measured by luciferase assays showed effective killing capacity by all the sdAb-FR4-CAR T cells at E:T ratios of 5:1 and 10:1 (p < 0.0001, determined using Dunnett’s multiple comparison test following a two-way ANOVA, see Suppl. Table S4). Low E:T ratios put in evidence B5-FR4 sdAb-based CAR as the most effective. D To verify the specificity of the sdAb-FR4-CARs, CAR T cells were incubated with fLuc+ FGFR4 KO Rh4 cells. These experiments showed unspecific killing of the A8-FR4-, B1-FR4-, and B5-FR4-CAR T cells. Nevertheless, F8-FR4-CAR T cells did not kill fLuc+ FGFR4 KO Rh4 cells



Generation and validation of CD276- and FGFR4-CAR constructs
Aiming at comparing different CAR constructs to identify the CAR conferring the highest cytotoxicity to CAR T cells targeting RMS, we generated a panel of second- and third-generation CARs with HD and TM deriving from either CD8α or CD28, with intracellular CSDs from 4-1BB and/or CD28, and with CD3ζ as SD, as schematically summarized in Fig. 4A. By Gibson assembly, we initially produced eight modular CAR plasmids with the CD19-targeting scFv FMC63 used in the clinic and regarded as the golden standard (CD19.I-VIII, Fig. 4B). These eight CD19-CAR plasmids were then used as negative controls, or as positive controls with RMS cells overexpressing a truncated CD19 (tCD19). CD276-CARs and F8-FR4-CARs were generated by swapping the ABD with the CD276.MG scFv sequence [36] and the F8-FR4 sdAb sequence, respectively. All the CAR plasmids used in this study are summarized in Suppl. Table S3. In order to validate the constructs, Jurkat T cells were initially transduced with lentiviruses coding for CD19- and CD276-CAR constructs, and both correct size and surface expression of the CARs were assessed on CAR Jurkat T cells by WB and Flow Cytometry, respectively. Anti-MycTag detection revealed high expression levels at the expected size for all the CARs (ca. 60 kDa), showing a clear shift from second- to third-generation CARs, due to the additional CSD (Fig. S2A). Flow Cytometry on live cells confirmed high detection of MycTag on the surface of CAR Jurkat T cells, thereby further validating our construct design (Fig. S2B).[image: ]
Fig. 4Schematic representation of the investigated CAR constructs. A The backbone used for the expression of the CARs is characterized by an EFS promoter, followed by a Kozak sequence and a CD28 leader sequence. The ORF is composed of two MycTag regions; an Antigen Binding Domain (ABD; anti-CD19 scFv FMC63 for the initial cloning) flanked by two Esp3I restriction sites for ABD swapping with anti-CD276 scFv (CD276.MG) or with FGFR4-targeting F8-FR4 sdAbs; a Hinge Domain (HD) and a Transmembrane domain (TM) derived from either CD8α or CD28; one or two Co-Stimulatory Domains (CSDs), derived from CD28 or 4-1BB; and a CD3ζ Signaling Domain (SD). Downstream, GFP as reporter is linked to the CD3ζ domain by the self-cleaving peptide P2A. B Modular CAR structure of the different constructs generated by Gibson assembly with either CD8α HD/TM (green) or CD28 HD/TM (cyan). In each panel, the schematic representation of two second-generation CARs, characterized by a single CSD (CD28 or 4-1BB), and two third-generation CARs, characterized by the expression of both CSDs (CD28-4-1BB or 4-1BB-CD28). Created with Biorender.com



Manufacturing and characterization of CD276- and F8-FR4-CAR T cells
T cells isolated from PBMCs were seeded on day 1 in XF expansion medium, supplemented with IL-2, IL-21, and CD3/CD28 activators, as schematically represented in Fig. 5A. Expansion and viability of T cells, and CD4+:CD8+ ratios were monitored for 14 days prior to both in vitro and in vivo experiments. Initially, activation of T cells was monitored over one week by measuring CD69 expression. The highest levels of CD69 expression were observed four days after activation (Fig. S3A). T cells were therefore transduced with lentiviruses on day 4 and the efficiency was measured after 48 h by GFP and MycTag detection by Flow Cytometry. Infection efficiency was over 40% for most of the CD276 and F8-FR4 constructs with a mean of 65.5% ± 7.5% by GFP expression and 79.9% ± 16.2% by MycTag expression (Suppl. Table S5, S8). In order to normalize the expression of the CAR constructs, and to allow a precise comparison of their activity, CAR T cells were then sorted by GFP on day 7. IL-2 and CD3/CD28 activators were added fresh, and after further 7 days in culture, the CAR T cells showed 26-fold to 35-fold in vitro expansion and a viability of more than 70% (Fig. 5B, D). No significant difference in expansion was observed between the different CAR constructs with UTD T cells. At the moment of the co-incubation with target cells, the CD4+:CD8+ ratio of the amplified CAR T cells was around 1:1 (Fig. 5C, E) with a mean of 45% ± 3.7% CD4+ and 53.7% ± 3.8% CD8+ T cells (Suppl. Table S6). No significant difference was observed between the different CAR constructs. CAR size and expression on the surface of CAR T cells were assessed by WB and Flow Cytometry based on MycTag detection. This confirmed the correct expression at ca. 60 kDa and difference in size between the second- and third-generation constructs for CD19-CARs (Fig. 6A), CD276-CARs (Fig. 6C), and F8-FR4-CARs (Fig. 6E). High surface CAR expression levels were observed in all the samples (Fig. 6B, D, F). All the experiments were performed with three different donors on day 14 (Suppl. Table S7).[image: ]
Fig. 5Manufacturing, expansion, viability, and CD4+:CD8+ ratios of CD276- and F8-FR4-CAR T cells. A Manufacturing, selection, and testing of CAR T cells. After isolation from PBMCs, T cells were incubated on day 1 with IL-2, IL-21, and anti-CD3/CD28 activators. On day 4, T cells were infected with lentiviruses, CAR T cells were then sorted by GFP expression on day 7 and further expanded with addition of IL-2 for 7 days. Surface CAR expression before cytotoxicity assays was then tested by WB and Flow Cytometry. On day 14, CAR T cells were co-incubated with RMS cells for killing assays and cytokine release quantification. B Expansion and viability of CAR T cells were monitored from day 7 to day 13, resulting in up to 35-fold expansion, with a viability > 70%. Data shown for three donors. C CD4+:CD8+ ratio was assessed on day 14 to rely on a balanced number of helper and cytotoxic T cells. In all the CAR T cells the CD4+:CD8+ ratio was around 1:1. Data shown for three donors (see Suppl. Table S6). Created with BioRender.com

[image: ]
Fig. 6Validation of the CAR constructs expression in T cells. CAR expression in T cells was assessed by western blotting (A, C, E) and by Flow Cytometry (B, D, F) on day 14, after first activation of T cells for CD19-CAR (A, B), CD276-CAR (C, D), and F8-FR4-CAR (E, F). Anti-MycTag antibody was used to discriminate the different CAR generations by size in WB. The respective bands confirm the predicted CAR size around 60 kDa with a visible shift between the second- and third-generation CARs. B, D, F Surface expression of CAR constructs was detected with an anti-MycTag PE-conjugated antibody by Flow Cytometry, confirming robust expression of the CAR constructs on the surface of T cells. All the experiments were performed in triplicates and with three different donors. Shown are results from one representative donor. Quantification of CAR expression for each donor is summarized in Suppl. Table S7



Cytotoxicity and cytokine release of CD276- and F8-FR4-CAR T cells
All the CAR constructs were then tested to determine the CAR constructs promoting the highest cytotoxicity in vitro. CD276-CAR T cells were incubated with fLuc+ RD and Rh4 cells, both expressing high levels of CD276 on their surface, while F8-FR4-CAR T cells were incubated with fLuc+ JR and Rh4 cells, both expressing high levels of FGFR4 on their surface. After 48 h co-incubation, survival of RMS cells was determined by luciferase assays. At the effector to target (E:T) ratios of 10:1 and 5:1, all the CD276 experimental groups efficiently killed almost 100% of fLuc+ RMS cells (Fig. 7A, B). At a lower E:T ratio of 0.5:1, CD276.I (8.8.28.3ζ, red) and CD276.V (28.28.28.3ζ, light blue) showed the highest and significant efficacy, killing 43.0% ± 6.7% and 42.7% ± 7.2% of fLuc+ Rh4 cells, respectively; and killing 28.9% ± 5.6% (CD276.I) and 39.2% ± 4.7% (CD276.V) of fLuc+ RD cells, respectively. Among the FGFR4-CAR experimental group (Fig. 7C, D), F8-FR4.I (8.8.28.3ζ, red), F8-FR4.IV (8.8.BB/28.3ζ, dark green), and F8-FR4.V (28.28.28.3ζ, light blue) showed the highest activity, killing more than 95% of fLuc+ JR and Rh4 cells at an E:T ratio of 10:1. All the constructs showed a significant higher activity compared to untransduced T cells (UTD, black). At the E:T ratio of 0.5:1 the same constructs showed a high and significant efficacy against fLuc+ JR cells, the highest being F8-FR4.V with 50.7% ± 7.7%, followed by F8-FR4.I with 35.8% ± 6.8%, and F8-FR4.IV with 27.7% ± 15.1%. CD19-CAR T cells, used here as a negative control, showed no significant killing capacity against fLuc+ RD and Rh4 cells (Fig. 7E, F), whereas when co-incubated with RMS cells expressing truncated CD19 (tCD19+ fLuc+ RD and Rh4 cells), CD19.V-CAR T cells specifically eliminated most of RMS cells with great efficacy (Fig. 7E, F, grey). All experiments were performed in triplicates and with three different donors. Donor-specific results are shown in Suppl. Fig. S4, and detailed statistical analyses are described in Suppl. Table S9. These results highlight the CAR backbones 8.8.28.3ζ (I) and 28.28.28.3ζ (V) as the most effective in killing RMS cells.[image: ]
Fig. 7Evaluation of killing capacity by CD276- and F8-FR4-CAR T cells after co-incubation with fLuc+ RD, Rh4, and JR cell lines. In order to determine the CAR construct conferring the highest cytotoxicity against RMS, CD276-CAR T cells were co-incubated for 48 h with fLuc+ cells RD (A) and Rh4 (B) at different E:T ratios. F8-FR4-CAR T cells were co-incubated with fLuc+ JR (C) and Rh4 (D) since RD cells express very low amounts of FGFR4. Luciferase assays showed significant killing capacity by all the generations of CAR T cells at E:T ratios of 5:1 and 10:1, compared to untransduced T cells (UTD) (p < 0.0001 for all constructs). Lower E:T ratios highlighted optimal efficacy by CD276.V- and F8-FR4.V-CAR T cells, compared to the other constructs. CD19-CAR T cells showed no cytotoxic effect when co-incubated with fLuc+ RD (E) and Rh4 (F) cells. As positive controls, CD19.V-CAR T cells were incubated with fLuc+ RD-tCD19 (E, grey) and Rh4-tCD19 (F, grey) cells. All experiments were performed in triplicates and with three different donors. Donor-specific results and detailed statistical analyses are described in Suppl. Fig. S4 and Suppl. Table S9, respectively. The statistical significance of the differences between experimental and control groups was assessed using Dunnett’s multiple comparison test following a two-way ANOVA; p ≤ 0.01 (**), p ≤ 0.0001 (****)


Next, the levels of IL-2, IFN-γ, and Granzyme B were measured to quantify cytokine release from the CAR T cells after 24 h co-incubation with RMS cells at a 5:1 E:T ratio (Fig. 8 and Suppl. Fig. S5). For the CD276-CAR experimental group, incubated with RD or Rh4 cells (Fig. 8A), the results showed highest expression of IL-2 by CD276.I (38.4 ± 5.4 pg/ml) and CD276.V (39.2 ± 16.1 pg/ml) co-incubated with RD cells, and by CD276.I (36.4 ± 25.5 pg/ml) and CD276.V (35.8 ± 18.1 pg/ml) co-incubated with Rh4 cells (Fig. 8A, upper panels). These results were confirmed also in terms of IFN-γ release, with maximum values released by CD276.V-CAR T cells when co-incubated with RD (270.0 ± 154.3 pg/ml) and Rh4 cells (221.0 ± 129.1 pg/ml) and by CD276.I (RD: 136.7 ± 83.2 pg/ml; Rh4: 150.5 ± 60.1 pg/ml) (Fig. 8A, middle panels). Considering the absolute values, Granzyme B was detected at higher levels than IL-2 and IFN-γ, especially when CD276.V-CAR T cells were co-incubated with RD cells (7'039.1 ± 1'970.6 pg/ml) followed by CARs CD276.I-IV (around 3'300 pg/ml) (Fig. 8A, lower panels). The constructs CD276.II and CD276.V were the most effective ones when co-incubated with Rh4 cells, releasing 3'011.3 ± 1'285.4 pg/ml and 2'569.0 ± 1'382.3 pg/ml, respectively. For the F8-FR4-CAR experimental group, incubated with JR or Rh4 cells (Fig. 8B), the results showed highest expression of IL-2 by F8-FR4.I (34.5 ± 0.2 pg/ml) and F8-FR4.V (35.9 ± 0.3 pg/ml) co-incubated with JR cells, and by F8-FR4.I (34.8 ± 0.3 pg/ml) and F8-FR4.V (35.8 ± 0.5 pg/ml) co-incubated with Rh4 cells (Fig. 8B, upper panels). IFN-γ release was highest when F8-FR4.I-CAR T cells were co-incubated with Rh4 cells (132.1 ± 8.0 pg/ml), followed by F8-FR4.V incubated with JR cells (121.5 ± 2.5 pg/ml) and with Rh4 cells (118.4 ± 4.5 pg/ml) (Fig. 8B, middle panels). Considering the absolute values, Granzyme B was again detected at higher levels than IL-2 and IFN-γ, with most constructs releasing more than 5'000 pg/ml (Fig. 8A, lower panels). When considering the average of the three donors, only values for Granzyme B were significantly different. However, when comparing released cytokines from the same donor, the values became significant, namely differences between construct V and I (detailed statistical analysis is provided in Suppl. Table S12).[image: ]
Fig. 8Cytokine release by CD276- and F8-FR4-CAR T cells after 24 h co-incubation with RMS cell lines. Concentrations of IL-2, IFN-γ, and Granzyme B in the supernatant released during co-incubation of (A) CD276-CAR T cells with RD (left panels) and Rh4 cells (right panels) and (B) F8-FR4-CAR T cells with JR (left panels) and Rh4 (right panels) at the E:T ratio of 5:1 were measured by ELISA after 24 h. IL-2 measurements revealed CD276.I, CD276.V (A), as well as F8-FR4.I, F8-FR4.II and F8-FR4.V (B), as the constructs with the highest IL-2 release. CD276.V released maximum levels of IFN-γ with both RD and Rh4 (A), while the maximal release of IFN-γ for F8-FR4-CAR T cells was measured for F8-FR4.I (Rh4: 129 ± 8 pg/ml) and F8-FR4.V (JR: 121 ± 3 pg/ml) B. The highest Granzyme B release was measured during co-incubation of CD276.V with RD cells (7'547 ± 1'970 pg/ml). High values were observed also for CD276.II and CD276.V when co-incubated with Rh4 cells A. For F8-FR4-CAR T cells, the constructs F8-FR4.I, F8-FR4.II and F8-FR4.V showed a robust secretion of around 5'000 pg/ml with both JR and Rh4 cells. In all the experiments, IL-2, IFN-γ, and Granzyme B levels were at background levels when CD276.V-CAR T cells were co-incubated with CD276 KO RMS cells, similar to background levels detected in RD and Rh4 supernatant alone. UTD: Untransduced T cells. All the experiments were performed in triplicates, and three different donors are shown: donor 1 (red), donor 2 (orange), donor 3 (green)


In conclusion, constructs CD276.V and F8-FR4.V displayed most consistently the strongest killing and the highest cytokine release, followed by constructs CD276.I and F8-FR4.I.

Cytotoxicity of CD276/FGFR4 Dual-CAR T cells against RMS cell lines
Having identified CD276.V and F8-FR4.V as the most effective CAR constructs in terms of cytotoxicity and cytokine release, we generated Dual-CAR T cells directed against CD276 and FGFR4 by co-transducing T cells with both CD276.V and F8-FR4.V CAR lentiviruses. Our aim was to investigate the effect of combined targeting and to develop a strategy to overcome possible antigen loss or antigen escape in vivo and to further improve cytotoxicity of the CAR T cells. The quantitative analysis conducted on the experimental CAR T cell groups was performed by measuring GFP and MycTag expression (Fig. 9A, B), revealing a homogenous population of CAR+ cells within samples. More precisely, to discriminate the abundance of CD276-CARs, we relied on the staining with recombinant human CD276-Fc chimeric protein.  ̴90% CD276-CARs were detected on CD276.V-CAR T cells, whereas only ̴35% on Dual.V-CAR T cells, confirming as expected a successful twofold to threefold reduction in the expression levels. By contrast, no binding of rhCD276-Fc to F8-FR4.V-CAR T cells was observed (Fig. 9C).[image: ]
Fig. 9Generation and characterization of Dual.V-CAR T cells killing capacity. Dual.V-CAR T cells were generated by simultaneous transduction of activated T cells with lentiviruses encoding for CD276.V-CAR and F8-FR4.V-CAR. (A-C) The quantification of the surface CAR abundance on CD276.V-, F8-FR4.V, and Dual.V-CAR T cells is based on GFP expression (A), MycTag expression (B), and staining with soluble CD276 (C), revealed a significant difference in the CD276.V-CAR detection within the three experimental groups. While the GFP signal shows uniform expression, the staining with the soluble CD276 protein shows 90% of CD276-CAR expression on the CD276.V-CAR T cells, ̴40% on the Dual.V-CAR T cells, and no expression was detected on F8-FR4.V-CAR T cells. B Killing assays with CD276/FGFR4 Dual.V-CAR T cells were performed with three different donors. The killing capacity of Dual-CAR T cells was evaluated by co-incubation experiments with Rh4 and JR cell lines for 48 h at different E:T ratios. Luciferase assays showed effective killing capacity by CD276.V-, F8-FR4.V-, and Dual.V-CAR T cells on Rh4 cells (CD276high/FGFR4high) at E:T ratios of 5:1 and 10:1. Low E:T ratios exhibited high efficacy by CD276.V- and Dual.V-CAR T cells, compared to F8-FR4.V-CAR T cells (left panel). Killing assays performed with JR cells (CD276low/FGFR4high) showed high killing capacity by F8-FR4.V- and Dual.V-CAR T cells, but moderate efficacy by CD276.V-CAR T cells (right). Untransduced T cells showed no significant killing against both RMS cells. p ≤ 0.01 (**), p ≤ 0.0001 (****)


CD276.V-, F8-FR4.V-, and Dual.V-CAR T cells were co-incubated for 48 h with Rh4 cells, defined as CD276highFGFR4high; and JR, defined as CD276lowFGFR4high. The results from cytotoxicity assays indicate that, when co-incubated with Rh4, despite the lower CD276-CAR expression, Dual.V-CAR T cells showed a killing efficacy comparable to CD276.V-CAR T cells. By contrast, we observed only a moderate killing of Rh4 cells of around 20% by F8-FR4.V-CAR T cells at the E:T ratio of 0.5:1 (Fig. 9D, left panel). Experiments performed with JR cell line, instead, exhibited a cytotoxic activity of Dual.V-CAR T cells analogous to the F8-FR4.V-CAR T cells, highlighting a highly consistent killing by the Dual.V-CAR T cells regardless of the targeted RMS cell line. As expected, CD276.V-CAR T cells showed a lower activity against JR, likely due to the lower surface expression of CD276 (Fig. 9D, right panel).

Memory phenotype and exhaustion status of CAR T cells
In order to characterize the CAR T cell subsets enriched during manufacturing and to assess any variation following co-incubation with tumor cells, the T cell phenotype from three different donors was investigated by Flow Cytometry. On day 1, T cells were purified from PBMCs, stimulated with CD3/CD28 activators, and cultured in XF expansion medium supplemented with IL-2 and IL-21. On day 4 (pre-transduction), the subsets of activated T cells (Fig. 10A, lower panels) were compared to untreated T cells (Fig. 10A, upper panels). Of note, we detected a lower CD3 expression in activated T cells compared to not-activated controls (Fig. 10A, left panels), due to the presence of the CD3/CD28 activators competing anti-CD3 staining. The analysis conducted on singlet-gated not-activated CD3+ T cells revealed a population of CD62L+/CD45RA+ naïve T cells (TN) of 22.6% ± 0.9% (Fig. 10A, central panels), in contrast to the smaller population (5.0% ± 0.4%) observed in activated T cells. Interestingly, during the first four days of expansion, TN cells showed a transition into CD95+/CCR7− stem cell-like memory T cells (TSCM) reaching ~ 50%, which corresponds to ~ 5.9% ± 0.8% of CD3+ live cells (Fig. 10A, right panels). No TSCM cells were observed in not-activated T cells. Considering the mean of three donors (Fig. 10E, and Suppl. Table 10), the percentages of CD62L+/CD45RA− central memory T cells (TCM) were higher in activated T cells (33.5% ± 0.9%) than in not-activated T cells (~ 22.6% ± 0.6%). Likewise, CD45RA−/CD62L− effector memory T cells (TEM) were more abundant in activated T cells (34.4% ± 0.6% vs 51.2% ± 1.7%). To remark, the percentage of effector (TE) T cells was lower in activated T cells (3.3% ± 0.5%) compared to not-activated T cells (12.0% ± 0.7%).[image: ]
Fig. 10Phenotypic characterization of CAR T cells during expansion and co-incubation experiments. Flow Cytometry during CAR T cell manufacturing was used to quantify percentages of cell memory (TCM), effector memory (TEM) and effector (TE) T cells on CD3+ cells by CD45RA and CD62L staining. Naïve (TN) and stem cell-like (TSCM) T cells were quantified on CD3+/CD45RA+/CD62L+ by CD95 and CCR7 staining. A On day 4, not-activated (upper panels) and activated (lower panels) T cells were compared. Not-activated T cells showed lower percentages of TCM, TEM, and TE cells than activated T cells (central panels). By contrast, based on CD95 and CCR7 staining, a homogenous population of TN cells could be discriminated in not-activated T cells (right panel), whereas an evident transition towards TSCM could be appreciated in T cells after 4 days of activation. Of note, CD3 staining was weaker in activated T cells, due to the presence of CD3/CD28 cross-linking activators. B On day 14, before co-incubation assays, activated CAR T cells showed very high percentage of TCM cells and lower percentages of the other cell populations, compared to day 4. C On day 16, after co-incubation assay with Rh4 cells, almost 60% of activated CAR T cells had a TCM phenotype, and ∼40% a TEM phenotype. D On day 16, after cytotoxicity experiments with JR, almost 70% were TCM cells, whereas ∼30% were TEM cells


Several factors can impact the memory development of CAR T cells. Here we focused on the impact of CD28 and 4-1BB CSDs on memory development of CAR T cells, which have been shown to have a distinct effect on CD19-CAR T cells [72]. We performed a direct comparison between the CAR constructs V (28.28.28), containing CD28 CSD, and VI (28.28.BB), containing 4-1BB CSD. After lentiviral transduction on day 4 and sorting on day 7, CD276-, F8-FR4-, and Dual-CAR T cells were expanded until day 14, when they were co-incubated for 48 h with Rh4 and JR tumor cells. On day 14, as expected from removal of the CD3/CD28 activators, CD3 levels detected in CAR T cells were comparable to those of untransduced T cells (Fig. 10B, left panel; Suppl. Fig. S6, left panels). The analysis of three different donors showed a uniform CAR T cell differentiation into TCM cells in all the samples (Fig. 10B, central panel; Suppl. Fig. S6, central panels). In fact, both the experimental groups and the respective controls exhibited a consistently high percentage, in the range of 86.5% ± 3.9% TCM cells (Fig. 10E, Suppl. Table S10). A slight difference was instead observed in the number of TEM cells between the constructs of the CD28 group and the 4-1BB group. CD276.V-, F8-FR4.V-, and Dual.V-CAR T cells showed an increase in TEM cell counts compared to CD276.VI-, F8-FR4.VI-, and Dual.VI-CAR T cells (Fig. 10E, Suppl. Fig. S6, S8). In detail, 13.4% ± 9.6% of CD276.V vs 10.7% ± 1.1% of CD276.VI, 16.9% ± 11.2% of F8-FR4.V vs 13.6% ± 1.6% of F8-FR4.VI, and 19.5% ± 7.9% of Dual.V vs 13.9% ± 0.6% Dual.VI, supporting the idea that the backbone V (28.28.28) might induce a differentiation of CAR T cells into TEM after 14 days of culture. No significant differences were noticed in the other T cell subsets within the examined groups, with negligible populations of TN/TSCM detected (~ 1–2%, Suppl. Fig. S6, S8, Suppl. Table S10).
On day 16, CAR T cells were collected after co-incubation with RMS cells and analyzed. Considering the three donors, CD276-, F8-FR4-, and Dual-CAR T cells showed a consistent profile (Fig. 10C, D, Suppl. Fig. S7, Suppl. Table S10). Compared to the untransduced T cells (88.2% ± 4.1%), the majority of detected CAR T cells was classified as TCM (83.3% ± 10.6%), regardless of the type of RMS cell line encountered (Fig. 10E, Suppl. Fig. S7, S8). Percentages in the range of ~ 5–25% (15.7% ± 10.8%) were found for TEM cells within all the experimental groups (Fig. 10E, Suppl. Table S10), whereas minimal numbers of TN/TSCM and TE were observed. However, the main differences were observed between the constructs V and VI in each condition. In fact, post co-incubation with Rh4, CD276.V-, F8-FR4.V-, and Dual.V-CAR T cells showed a significant increase up to 25% of TEM cells, whereas CD276.VI-, F8-FR4.VI-, and Dual.VI-CAR T cells showed the same values in the three donors, as in the untransduced T cells (6%-10%; Fig. 10E, Suppl. Fig. S7, S8; Suppl. Table S10). This was confirmed also post co-incubation with JR. As shown in Fig. 10D and Suppl. Fig. S7, the number of TEM cells was in the range of 24.8% ± 1.2% in CD276.V-, F8-FR4.V-, and Dual.V-CAR T cells. By contrast, TEM cells were 7.1% ± 1.4% in CD276.VI-, F8-FR4.VI-, and Dual.VI-CAR T cells. As observed on day 14, no substantial differences were noticed in the other T cell subsets within the studied groups.
Next, to assess the effect of the manufacturing protocol on CAR T cells exhaustion, and to investigate possible differences between CAR constructs containing CD28 CSD or 4-1BB CSD, the two groups of CAR T cell were analyzed for their expression of CD39, LAG-3, PD-1, and TIM-3 (Fig. 11). CD39 expression was low at day 4 and day 7 of the production, averaging 4% ± 0.2% on day 4 and 6% ± 2% on day 7 (detailed values are reported in Suppl. Table S11), and increased at day 14 ranging from 19% ± 4% for the CD28 group to 32% ± 3% for the 4-1BB group. After co-incubation with tumor cells, the CD28 group showed a decreased CD39 expression for F8-FR4.V and Dual.V CAR T cells (16% ± 1% for both), while CD276.V-CARs remained at higher levels of 22% ± 5% when co-incubated with Rh4 and of 21% ± 5% when co-incubated with JR. In the 4-1BB group expression decreased to 25% ± 8% for T cells but remained high at around 33% ± 2% for the CAR constructs. Despite some donor-specific differences, the 4-1BB group surprisingly showed higher expression of CD39 compared to the CD28 group. No significant difference was instead observed between CD276- and F8-FR4-CAR T cells (Fig. 11A).[image: ]
Fig. 11Exhaustion marker expression on CAR T cells during expansion and co-incubation experiments. Expression of the exhaustion markers CD39 (A), LAG-3 (B), PD-1 (C) and TIM-3 (D) was measured by Flow Cytometry in T cells during the manufacturing process and after co-incubation of CAR T cells with RMS cells. T cells were activated on day 1 with IL-2, IL-21 and CD3/CD28 T cells activators. Measurements were performed before lentiviral infection (day 4), after FACS sorting (day 7), at the end of production before co-incubation experiments (day 14), and after two days of co-incubation with RMS cells at E:T ratio of 5:1 (day 16). To compare the impact of CD28 CSD and 4-1BB CSD, two groups of CAR T cells were generated and analyzed: CD276.V-, F8-FR4.V-CAR (with the backbone CD28HD-CD28TM-CD28CDS-CD3ζ) were used to co-transduce T cells and generate Dual.V-CAR T cells; and CD276.VI-, F8-FR4.VI-CAR (with the backbone CD28HD-CD28TM-41BBCDS-CD3ζ) were used to co-transduce T cells and generate Dual.VI-CAR T cells. T cells were treated like CAR T cells, except that they were not transduced on day 4 nor FACS sorted on day 7. Shown are the mean values of three donors with standard deviations


LAG-3 expression was high in all samples at day 4, 82% ± 1%, as a result of LAG-3 expression induced by IL-2 in activated T cells [73]. At day 7, three days after lentiviral transduction, expression in the CD28 group remained high at around 80% (CD276.V: 70% ± 14%; F8-FR4.V: 78% ± 2%; Dual.V: 82% ± 2%), while it decreased in the 4-1BB group to around 50% (CD276.VI: 51% ± 1%; F8-FR4.VI: 52% ± 2%; Dual.VI: 50% ± 3%). At day 14, LAG-3 expression was decreased in both the CD28 groups (average 23% ± 8%) and the 4-1BB groups (average 11% ± 2%), suggesting a recovery of CAR T cells. Upon co-incubation with RMS cells, LAG-3 expression remained stable in the CD28 groups with an average of 8% ± 1%, and was increased in the 4-1BB groups to an average of 20% ± 1% (Fig. 11B).
Mean expression of PD-1 in all the groups was 42% ± 1% at day 4 of CAR T cell production, right before transduction with lentiviruses. At day 14, there was a consistent decrease of PD-1 in all the groups, reaching 4% ± 2%. Upon co-incubation with RMS cells, however, a clear increase was visible in the 4-1BB groups co-incubated with Rh4 cells, where PD-1 expression reached 15% ± 1%, while in the CD28 groups PD-1 expression was 2% ± 2%. In untransduced T cells, PD-1 expression was 5% ± 1%. Activation of T cells clearly induced a transient exhausted phenotype, from which CAR T cells can recover. Surprisingly, co-incubation with RMS cells induced a stronger increase of PD-1 expression in the 4-1BB group than in the CD28 group (Fig. 11C).
In activated T cells, at day 4, expression of TIM-3 was 43% ± 4%, similarly to PD-1. At day 7, after FACS sorting, TIM-3 expression was increased, 70% ± 9%, with the highest levels observed for the CD28 group (79% ± 7%). At day 14, after seven days of expansion in culture, TIM-3 showed an overall decrease, ranging from 33% ± 3% for CD276.VI, 33% ± 4% for Dual.VI, 37% ± 12% for F8-FR4-V and 36% ± 2% for F8-FR4-VI, 51% ± 26% for CD276.V. In general, TIM-3 expression was therefore lower in 4-1BB groups compared to CD28 groups at the end of manufacturing. However, upon co-incubation with RMS cells, TIM-3 expression was clearly decreased in the CD28 group, 15% ± 5%, while it slightly increased to 42% ± 1% in the 4-1BB groups (Fig. 11D). To conclude, during the first four days of expansion we observed a differentiation of activated T cells from TN to TSCM, corresponding to a very high expression of LAG-3 (> 80%) and a strong expression of PD-1 and TIM-3 (40%). On day 14, in each group the majority of CAR T cells uniformly converted into TCM cells, showing a decreased expression of LAG-3, PD-1, and TIM-3, in both CD28 and 4-1BB groups. Measurements performed pre- and post-co-incubation experiments revealed no crucial phenotype alteration within the experimental groups, except for a significant twofold increase in the number of TEM cells in the constructs V, compared to the constructs VI. Surprisingly, expression of CD39, LAG-3, PD-1, and TIM-3 was increased for all the markers investigated in the 4-1BB after co-incubation with RMS cells.

CD276-CAR T cells eradicate RMS tumors in an orthotopic mouse model
Next, in vivo experiments were performed in immunodeficient NSG mice carrying orthotopic RD-derived tumors (CD276highFGFR4low), with the aim to assess the in vivo activity of CD276.V-CAR T cells. RD was selected as a representative FN-RMS cell line presenting high CD276 surface copy number (59′543, Fig. 1C). On day 0, four treatment groups were defined: 1) PBS; 2) Untransduced T cells (referred to as UTD); 3) CD19.V-CAR T cells (referred to as CD19); 4) CD276.V-CAR T cells (referred to as CD276). We used PBS, UTD, and CD19 as negative control groups. 0.5 × 106 fLuc+ RD cells were orthotopically injected into the left gastrocnemius muscle of five mice per group, and on day 4, the tumor size was estimated by bioluminescence to prove the uniform tumor growth in all the groups (Fig. 12A). On day 5, 5 × 106 untransduced T cells (UTD), or 5 × 106 CAR T cells were injected intravenously. Tumor growth was then monitored weekly by bioluminescence (Fig. 12B, D). During the third week after RD injection, we observed RMS tumor eradication in 3/5 mice in the CD276 group. By contrast, in the three control groups, RD tumors grew regularly. At week 6, fLuc+ RD cells were still undetectable by bioluminescence in 3/5 CD276 mice, indicating a maintained complete remission, whereas in the other two CD276 mice the tumor growth was controlled until week 6, when bioluminescence measurements were stopped for technical reasons. The mice were followed up to day 110, and the tumors measured by caliper, until the tumors in the control group reached the maximal allowed size of 800 mm3 (Fig. 12C). At the end of the experiment, 3/5 CD276 mice were still tumor-free. This experiment revealed a promising activity of CD276.V-CAR T cells in promoting clearance of orthotopic RMS tumor. No drop in mouse weight nor evident side effects were observed in the CD276 treated group. Notably, alopecia-like phenotype appeared only in the CD19.V-CAR T cells group during week 5 and persisted until the end of the experiment. All the controls showed a similar tumor growth during the whole experiment. These results revealed a good activity of CD276.V-CAR T cells against CD276high FN-RMS cells, leading to RMS eradication in 3/5 mice and growth reduction in 2/5.[image: ]
Fig. 12In vivo experiment with CD276.V-CAR T cells in mice orthotopically engrafted with RD cells. A Schematic overview of the experimental design. On day -10, PBMCs were thawed, T cells were purified and activated. On day -6, CAR T cells were produced and expanded until day 5. In the meantime, on day 0, 0.5 × 106 fLuc+ RD cells were orthotopically injected into the left gastrocnemius muscle of mice. After 5 days, CAR T cells were injected into mice by tail vein injection. B Tumor progression was monitored by bioluminescence photometry. Efficient tumor eradication by CD276.V-CAR T cells was observed in 3/5 mice after three weeks from the injection of RD cells on day 0, whereas CD276.V-CAR T cells showed significant tumor burden control in 2/5 mice. Maintained complete remission was confirmed in 3/5 mice in the group treated with CD276-CAR T cells until the end of the experiment (day 110). Tumor growth curves for the investigated groups was measured by caliper (C) and by bioluminescence D. Humane endpoint was set to tumor volume of 800 mm3. E Kaplan–Meier plot showing survival of treated and control mice. On day 50, all the mice from the CD19.V control group had to be removed from the study because of a bacterial infection non-related to the treatment



CD276- and CD276/F8-FR4 Dual-CAR T cells induce RMS tumor clearance
Next, we tested in immunodeficient NSG mice the activity of CD276.V-CAR T cells against orthotopic tumors derived from Rh4 cells (CD276highFGFR4high), expressing high levels of CD276 (50′259, Fig. 1C) and FGFR4 (4′123, Fig. 2C). Here, we also tested F8-FR4.V-CARs against FGFR4, as well as Dual-CAR T cells targeting both CD276 and FGFR4. On day 0, five treatment groups were defined: 1) Untransduced T cells (referred to as UTD); 2) CD19.V-CAR T cells (referred to as CD19); 3) CD276.V-CAR T cells (referred to as CD276); 4) F8-FR4.V-CAR T cells (referred to as F8-FR4); 5) CD276/F8-FR4 Dual-CAR T cells (referred to as Dual). On day 0, 0.5 × 106 fLuc+ Rh4 cells were engrafted into NSG mice and, on day 5, 5 × 106 untransduced (UTD) T cells, and 5 × 106 CAR T cells were intravenously injected in the mice (Fig. 13A). At week 2, 2/5 mice from the CD276 group and 2/5 from the Dual group showed a significantly smaller tumor burden, compared to the controls (Fig. 13B), visible also in the delayed tumor volume growth (Fig. 13C), and stagnation of bioluminescence signal (Fig. 13D). At week 3, all the mice of both CD276 and Dual groups presented a complete remission, which lasted until the end of the experiment (day 60). The F8-FR4 group exhibited a delayed tumor growth in 4/5 mice, compared to the controls until week 6 of the treatment (Fig. 13C, D), but failed to completely eradicate the tumors. In the control mice, instead, rapid growth of Rh4-derived xenograft was observed from week 3, so that CD19 mice had to be sacrificed on day 39, due to high tumor burden (> 800 mm3 tumor size, Fig. 13C). For the same reason, after 53 days, all the control and the F8-FR4.V mice had to be sacrificed. At the end of the experiment (day 60), all the mice from CD276.V and Dual-CAR T cells groups were tumor free (Fig. 13D) and did not show any obvious side effect. No drop in mouse weight was observed in the treated groups. These results confirm the excellent activity of CD276.V-CAR T cells against CD276high tumors, leading to complete sustained remission in 5/5 mice, while F8-FR4.V-CAR T cells showed a limited activity, leading to growth delay in 4/5 mice. Interestingly, Dual-CAR T cells showed the same activity as CD276.V-CAR T cells, completely eliminating tumors in 5/5 mice.[image: ]
Fig. 13In vivo experiment with CD276-CAR T cells, F8-FR4-CAR T cells, and CD276/F8-FR4 Dual-CAR T cells in mice orthotopically engrafted with Rh4 cells. A Schematic overview of the experimental design. On day -10, PBMCs were thawed, T cells were purified and activated. On day -6, CAR T cells were produced and expanded until day 5. In the meantime, on day 0, 0.5 × 106 fLuc+ Rh4 cells were orthotopically injected into the left gastrocnemius muscle of mice. After 5 days, CAR T cells were injected into mice by tail vein injection. B Tumor progression was monitored by bioluminescence photometry. Efficient tumor eradication by CD276.V-CAR T cells and Dual-CAR T cells was observed in 5/5 mice 3 weeks after Rh4 cells injection on day 0. Maintained complete remission was confirmed in both groups until the end of the experiment (day 60). Tumor growth curves for the investigated groups was measured by caliper (C) and by bioluminescence D. E Kaplan–Meier plot showing survival of treated and control mice. Humane endpoint was set to tumor volume reaching 800 mm3



Limited eradication in CD276low RMS tumors
In order to test CD276-CAR T cells activity in vivo against tumor cells expressing lower levels of CD276, and to investigate the effect of combining CD276/F8-FR4.V Dual-CAR T cells, the same experimental groups of CAR T cells described above (Fig. 13) were investigated in JR cells (CD276lowFGFR4high) expressing low levels of CD276 (7′964, Fig. 1C) and medium–high levels of FGFR4 (3′133, Fig. 2C). On day 0, six treatment groups were defined: 1) Untreated (referred to as PBS); 2) Untransduced T cells (referred to as UTD); 3) CD19.V-CAR T cells (referred to as CD19); 4) CD276.V-CAR T cells (referred to as CD276); 5) F8-FR4.V-CAR T cells (referred to as F8-FR4); 6) CD276/F8-FR4 Dual-CAR T cells (referred to as Dual) (Fig. 14A). We used CD19 as negative control group. On day 0, 0.5 × 106 fLuc+ JR cells were engrafted into NSG mice and, on day 5, 5 × 106 untransduced (UTD) T cells, and 5 × 106 CAR T cells, were intravenously injected into the mice. During week 2, bioluminescence imaging revealed a reduction in tumor size in 1/5 mice from the CD276 group and in 1/5 mice from the F8-FR4 group, compared to the controls (Fig. 14B, D). However, from week 3, only one mouse (nr. 2) from the CD276 group exhibited a complete remission, which lasted until the end of the experiment (Fig. 14B-D). Unfortunately, none of the mice from the other experimental groups showed tumor eradication, nor a significantly delay in tumor growth. Instead, all the mice showed a rapid and homogenous tumor increase (Fig. 14C), and the mice were euthanized during week 6, having reached the termination criteria. We did not observe any drop in mouse weight, except for one mouse (nr. 3) of the PBS group, which was sacrificed once it lost 15% of the initial weight. Mice of the CD19 group exhibited fur loss on the back of the neck, but no further side effects were observed. These results revealed the limit of CD276.V-CAR T cells against tumors expressing lower levels of CD276 and confirmed the limited activity of F8-FR4-CAR T cells.[image: ]
Fig. 14In vivo experiment with CD276-CAR T cells, F8-FR4-CAR T cells, and CD276/F8-FR4 Dual-CAR T cells in mice orthotopically engrafted with JR cells. A Schematic overview of the experimental design. On day -10, PBMCs were thawed, T cells were purified, and activated. On day -6, CAR T cells were produced and expanded until day 5. In the meantime, on day 0, 0.5 × 106 fLuc+ JR cells were orthotopically engrafted into the left gastrocnemius muscle of mice. After 5 days, CAR T cells were injected into mice by tail vein injection. B Tumor progression monitored by bioluminescence photometry. Tumor eradication was observed in 1/5 mouse in the CD276.V-CAR T cells treated group, which was maintained until the end of the experiment on day 50. Tumor growth curves for the investigated groups was measured by caliper (C) and by bioluminescence D. CD276.V-CAR T cells and Dual-CAR T cells delayed tumor growth in 3/5 and 1/5 mice, respectively. E Kaplan–Meier plot showing survival of treated and control mice. Humane endpoint was set to tumor reaching 800 mm3



Decreased expression of CD276 and FGFR4 in tumors compared to cultured cells
To investigate if expression of the CAR targets in orthotopic tumors corresponded to what observed on cultured cell lines, CD276 and FGFR4 expression was assessed by Flow Cytometry on single cells extracted from Rh4 tumors (Fig. 15). Flow cytometry results showed a lower CD276 expression on tumor xenografts-derived Rh4 cells, with a fluorescence intensity 14-fold higher than the control, compared to cultured Rh4 cells (600-fold over control) (Fig. 15A). Interestingly, a much lower expression of FGFR4 was observed in tumor xenografts-derived Rh4 cells (twofold over isotype control) compared to cultured wild-type Rh4 cells (97-fold over control) (Fig. 15B). An estimation of the magnitude of the decrease of CD276 and FGFR4 based on the fluorescence intensity (geometric mean), indicates a similar decrease in tumors, 40-fold (CD276) and 50-fold (FGFR4), compared to cultured cells.[image: ]
Fig. 15Expression of CD276 and FGFR4 on RMS-derived xenografts. A Expression of CD276 was assessed by Flow Cytometry on untreated Rh4-derived xenograft tumors and compared to cultured wild-type Rh4 cells by using a PE-conjugated anti-CD276 antibody. CD276 expression was calculated dividing the geometric mean of antibody-stained cells by the geometric mean of the controls. CD276 expression showed a lower CD276 expression on Rh4 tumor-derived cells, compared to the cultured Rh4 cells. B Expression of FGFR4 was assessed by Flow Cytometry on Rh4-derived xenograft tumors from untreated mice and compared to cultured wild-type Rh4 cells by using a PE-conjugated anti-FGFR4 antibody. FGFR4 expression was calculated dividing the geometric mean of antibody-stained cells by the geometric mean of the isotype controls. The results indicated a strong decrease in FGFR4 expression in Rh4 tumor xenograft-derived cells. C Assessment of CD276 and FGFR4 expression in tumor xenografts tissue by IHC. After treatment, CD276 is still highly detectable on RD- and Rh4-derived tumor xenografts, but low staining detection was observed in JR-derived tumors. FGFR4 seems expressed at low levels on RD, at medium levels on JR, and at high levels on Rh4


To confirm these results, IHC staining of CD276 and FGFR4 was performed on formalin-fixed and paraffin-embedded sections of RD-, Rh4-, and JR-derived tumor xenografts from control mice (Fig. 15C). IHC staining results on tumors confirmed uniform and higher expression of CD276 in RD and Rh4 derived tumors, compared to JR derived tumors (Fig. 15C). FGFR4 was detected at high levels in Rh4-, at medium levels in JR-, and at low levels in RD-derived tumors (Fig. 15C). Taken together, these results indicate that both targets are clearly detectable in Rh4 mouse tumor xenografts, but they are expressed at different levels in RD and JR. In conclusion, CAR targets seem to be expressed in tumors at lower levels compared to cultured cell lines, but their relative expression seems to be maintained.

CAR T cells persistence in mouse spleen
CAR T cells persistence in vivo is an important aspect that determines the therapeutic impact. To investigate this, we performed CD3 staining on JR-derived tumors collected from CD276.V-CAR T cells-treated mice at the end of the experiment, after 5 weeks from tumor cells implantation, and from Rh4-derived tumors collected from F8-FR4.V-CAR T cells-treated mice at the end of the experiment, after 7 weeks from tumor cells implantation. IHC CD3 staining revealed the presence of CAR T cells in both tumors (Fig. 16A). In JR tumors CAR T cells were visible only in structures that appear to be vessels (Fig. 16A, black arrowheads) and CAR T cells seemed not to have penetrated the tumor tissue, whereas in Rh4 tumors CAR T cells appeared to have infiltrated the tumor. Since Rh4-derived tumors were cleared by CD276.V- and Dual-CAR T cells, we investigated if persistent CAR T cells could be still detected in the spleen of mice treated with CD276.V-CAR T cells. IHC analyses detected T cells in the spleen of Rh4-bearing mice injected with control untransduced T cells (UTD control) and in the spleen of CD276.V-CAR T cells treated mice, suggesting persistence of CAR T cells even after tumor eradication (Fig. 16B). IHC analyses on normal tissues from control mice and from Rh4-tumor bearing mice were performed to evaluate any sign of toxicity caused by CAR T cells. Hematoxylin and Eosin staining in liver, muscle, brain, heart, and spleen of untreated and treated mice showed similar phenotype (Suppl. Fig. S9). No evident necrosis nor inflammation were observed in the tissues analyzed, suggesting that CD276.V- and Dual-CAR T cells specifically recognize the targets of interest without damaging the investigated normal mouse tissues.[image: ]
Fig. 16T cell detection in tumors and spleen. A Detection of T cells in orthotopic tumors derived from JR or Rh4 cells. Tumors were collected at the end of the experiment, after 5 weeks from JR implantation, and after 7 weeks from Rh4 implantation. CD3 staining revealed presence of CAR T cells in JR- and Rh4-derived xenografts. However, in JR xenografts CAR T cells were only detectable in the vessels (black arrows and inset), whereas T cells seemed to have infiltrated Rh4 tumors. B Evidence of CAR T cells persistence in the spleen CD3 staining revealed presence of T cells in the spleen of mice bearing Rh4 orthotopic tumors and injected with untransduced T cells (UTD) and CD276.V-CAR T cells at the end of the experiment, after 8 weeks and 9 weeks from Rh4 implantation, respectively


In conclusion, these results indicate that even after unsuccessful treatment, both CD276.V- and F8-FR4.V-CAR T cells can be detected in JR tumors and suggest that CD276-CAR T cells might be limited in reaching tumors cells. In Rh4-tumor mice, where tumors could be eradicated, CAR T cells could be detected even several weeks after tumor clearance, indicating a good persistence potential.


Discussion
In this study, we investigated the impact of specific domains included in the CAR constructs and adopted a pragmatic approach, by in vitro screening of a combinatorial pool of eight CD276-directed CAR constructs, with CD8α or CD28 HD/TM domains and one or two intracellular CSDs from 4-1BB and/or CD28. CD276.V-CAR T cells (276.MG.28HD/TM.28CSD.3ζ), were the most effective in killing FN-RMS RD and FP-RMS Rh4 cells in vitro and released the highest levels of IFN-γ and Granzyme B. CD276.V-CAR T cells were able to eradicate CD276high Rh4 tumors in vivo and persisted even after tumor elimination.
These results confirm recent studies which demonstrate that CAR T cells with CD28 HD/TM domains show more reactivity to low-antigen density tumors, faster killing, and higher levels of IL-2 release, when compared to CARs with CD8α HD/TM domains [51]. Superior anti-tumor efficacy of CD28 HD/TM was also reported in HER2-positive breast cancer and CD276-positive neuroblastoma [51]. On the other side, CD8α HD/TM domains are associated with a lower production of cytokines, such as IL-2, IFN-γ, and TNF-α, when compared to CD28 HD/TM domains. However, despite these reduced levels, CD8α-mediated cytokine-release syndrome (CRS) was still observed in patients [74]. In this context, we chose the killing capacity of CAR T cells and the release of cytokines, such as IFN-γ, as predictive readouts, due to the important role played by IFN-γ in targeting solid tumors [75].
From investigations of different co-stimulatory domains (CSDs) in mouse models, we know that CD28 CSD is associated with a higher release of inflammatory cytokines and with an exhausted phenotype [56]. Moreover, an augmented CRS occurrence was observed in patients treated with CD19-CD28 CAR T cells, compared to CD19-4-1BB CAR T, highlighting a more cytotoxic effect by CD28 CSD [76, 77]. Our results are in good agreement with a stronger activity conferred by CD28 CSD.
Our results on successful use of CD276.V-CAR T in CD276high RMS tumors are in line with the results obtained with other CAR constructs targeting CD276 in preclinical studies against several types of tumors: 276.8αHD/TM.28CSD.BBCSD.3ζ against glioblastoma [78]; 276.MG.8αHD/TM.BBCSD.3ζ against medulloblastoma [36], neuroblastoma [36, 79], osteosarcoma [36], and Ewing sarcoma [36]; 276.8H9S3.3.8α.28TM.BBCSD.3ζ against gastric cancer [80]; and 276.8αHD.28TM.28CSD.3ζ and 276.8αHD/TM.BBCSD.3ζ against esophagus squamous cell carcinoma [81]. All these CAR constructs generally allowed T cells to increase cytokine release in vitro, to prolong survival, and to persist in vivo.
In our screening, second-generation CAR T cells with one CSD, outperformed third-generation CAR T cells with two CSDs. This result was surprising, since several preclinical studies with third-generation CD19-CAR T cells hinted at a higher intracellular signaling activity compared to the second-generation CAR constructs [82]. Co-expression of both CD28 and 4-1BB CSDs was reported to compensate the possible limitations of single CSD, improving expansion and showing superior persistence [83]. For these reasons, we expected that third-generation CAR T cells would show a more effective killing capacity and a higher cytokine release. On the other side, some studies revealed lower surface expression of third-generation CARs and inferior persistence, compared to second-generation [84].
In this work, we established a 14-day long manufacturing protocol able to isolate from PBMCs a main population of TN cells (~ 20%) and to promote their transition into TSCM within day 7. On day 14, we observed an enrichment for a large population of CAR T cells (> 70%) reflecting the phenotype of central memory T cells (TCM). This profile was observed in all the tested conditions and groups, revealing no inter-group nor intra-group phenotypical difference. In the context of CAR T cells, using TN/SCM-derived TCM CAR T cells might be clinically beneficial, since TCM cells represent a less differentiated grade of memory T cells and exhibit a potent anti-tumor ability [85–87]. Also, it was demonstrated that TCM CAR T cells can persist longer in vivo than TN or TEM cells [88] and present a good safety profile [89, 90]. Recent studies have shown that TSCM play a central role in the early anti-leukemia response and late immune surveillance [91], suggesting that producing CAR T cells deriving from TSCM subsets may represent a potential therapeutic advantage. However, analyses conducted post-co-incubation with RMS cells, on day 16, exhibited a differentiation of ~ 5–10% TCM into TEM CAR T cells exclusively for the groups CD276.V- and Dual.V-CAR T cells, which expressed CD28 as CSD and showed high killing efficacy in vitro. Interestingly, this change was not observed in CAR T cells with 4-1BB as CSD that eliminated RMS cells with lower efficacy, suggesting a link between the high cytotoxicity observed for the groups CD276.V-, F8-FR4.V-, and Dual.V-CAR T cells, and their reduced memory phenotype.
Exhaustion analysis of untransduced T cells and CD276-, F8-FR4-, and Dual-CAR T cells revealed variable expression of PD-1, LAG-3, CD39, and TIM-3 markers during the manufacturing protocol and in vitro tests. As extensively reported in the literature, PD-1 is considered as an early T cell exhaustion marker. Our results showed transient and moderate expression levels (~ 40%) of PD-1 on day 4, which drastically decreased along T cell expansion, reaching negligible levels on days 14. Before co-incubation with RMS cells, no significant difference was observed between the experimental CAR T cell groups and the control. However, after two days co-incubation with RMS cells, higher levels of PD-1 (~ 15%) were detected in the 4-1BB CSD group CD276.VI-, F8-FR4.VI-, and Dual.VI-CAR T cells, compared to the CD28 CSD group CD276.V-, F8-FR4.V-, and Dual.V-CAR T cells (< 5%). LAG-3 is an intermediate exhaustion marker. LAG-3 was detected at very high levels (~ 80%) in all the investigated samples on days 4 and 7, but similarly to PD-1, its expression reached less than 10% on day 14. Interestingly, after co-incubation with RMS cells, on day 16, the 4-1BB CSD group displayed > 2.5-fold LAG-3 expression than the CD28 CSD group (~ 20% vs ~ 8%). CD39 and TIM-3 are considered terminal exhaustion markers and exhibited an opposite trend compared to PD-1 and LAG-3. After T cell activation, CD39 showed very low levels (~ 5%) in all the experimental groups, and no significant difference was observed with the untransduced T cells. On day 14, CD39 levels increased up to ~ 15–20% for the CD28 CSD group, and ~ 35% for the 4-1BB CSD group, maintaining a comparable expression even after co-incubation with RMS cells. Likewise, TIM-3 exhibited a moderate expression (~ 40%) on day 4, reached a peak on day 7 (~ 80%), and constantly decreased to ~ 10% in the CD28 CSD group. On the other hand, the 4-1BB CSD group followed this behavior only until d14, when the levels of TIM-3 were at ~ 40%. However, after co-incubation with Rh4 and JR cells, TIM-3 levels remained moderate at ~ 40%. To conclude, the main differences we observed were between the CAR T cells expressing the backbone 28.28.3ζ and those expressing 28.BB.3ζ, with the latter ones displaying higher exhaustion at each time-point.
These results indicate that IL-2 and CD3/CD28 activators induce an initial stress on T cells. However, CAR T cells were capable to recover and properly expand during manufacturing until d14, after which they engaged with high efficacy RMS cells. To note, in contrast with what is described in the literature, our CD28 CSD group CD276.V-, F8-FR4.V-, and Dual.V-CAR T cells outperformed their 4-1BB CSD counterparts CD276.VI-, F8-FR4.VI-, and Dual.VI-, respectively, showing high killing capacity in vitro and a less exhausted profile pre- and post-co-incubation.
In vivo, CD276.V-CAR T cells successfully eradicated Rh4-derived tumors at week 2 of treatment with 100% efficiency whereby in 5/5 mice the tumor did not relapse. The efficacy against RD-derived tumors was of around 60%, with 3/5 mice showing a clear maintained complete remission. Notably, the other two mice showed an initial significant treatment response, but not sufficient to achieve a complete remission. Since Rh4 and RD cell lines show similar CD276high surface density in vitro, a plausible explanation of the different efficacy might be found in the different growth rate: slow growing FN-RMS RD possibly impede CD276-CAR T cells activity due to the small size of the RD-derived tumors that might not provide sufficient stimulation to activate CAR T cells and to allow their expansion and persistence. In fact, RD tumors could only be monitored by bioluminescence, and not measured by caliper. This might theoretically also reduce homing and decrease the probability by CD276-CAR T cells to encounter the target, protecting RD tumor cells during the first week of experiment. Future experiments with either implantation of more RD cells, or with CAR T cells injection at a later time point with a larger RD-tumor size, might answer this question. CD276.V-CAR T cells failed to control growth of CD276low JR-derived tumors.
CD276.V-CAR T cells were detectable in tumors after 5 weeks, indicating that a lack of persistence might not be the reason for the limited activity. This lack of activity was disappointing, since CD276.V killing of JR cells was comparable to Rh4 and RD cells in vitro, but not surprising, since the dependence of CARs on antigen density for effective activity has already been recognized [36, 51, 92]. On the same line, F8-FR4-CAR T cells failed to eradicate Rh4-derived tumors and the strongest effect observed was just a 1-week delay in tumor expansion. F8-FR4-CAR T cells target FGFR4 which is expressed at lower levels than CD276 on Rh4 cells, with  ̴3′000 FGFR4 copies per cell vs  ̴50′000 of CD276. Therefore, a possible explanation for the lack of tumor eradication might simply be an insufficient activation of F8-FR4-CAR T cells. However, recent work published by Sullivan et al. [47] showed that a combination of FGFR4-CAR T cells with pharmacologic inhibition of the myeloid component in stroma in Rh30 RMS-derived tumors allowed FGFR4-CAR T cells to eradicate orthotopic RMS in mice [47]. It is interesting to note that Rh30 cells were reported to express 2′700 FGFR4 molecules per cell, while we measured 2′000 molecules/cell in the Rh30 cell line in our laboratory and 3′700 molecules per cell in Rh4 cells. These results suggest that it is possible to overcome the limitations posed by a low-density target by manipulating the myeloid compartment in RMS. Alternatively, expression of c-Jun gene in F8-FR4.V-CAR T cells, which have the same CAR backbone used to target low GD2 expressing cells, could lead to in vivo eradication of tumors with low antigen density without side effects [93].
To increase CAR T cells activity, and to overcome a possible antigen loss, we investigated a Dual-CAR T cell strategy by targeting CD276 and FGFR4 at the same time. Dual-CAR T cells co-expressing on their surface equivalent numbers of CD276.V-CARs and F8-FR4.V CARs were tested in vitro against Rh4 cells showing a slightly better killing capacity compared to CD276.V-CAR T cells, while a lower cytotoxicity was observed for F8-FR4.V CAR T cells. In Rh4-tumor bearing mice, CD276/FGFR4 Dual-CAR T cells showed a similar complete eradication as CD276.V-CAR T cells. This is an important observation in the optic of combining CD276 with other CARs, since it implies that they are still fully active even if the number of CD276 CARs on the surface of T cells is reduced. Unfortunately, Dual-CAR T cells failed to show an improved effect, and were not effective against CD276lowFGFR4high JR cells, just like F8-FR4.V- and CD276.V-CAR T, indicating a direct correlation between target surface density and efficacy of CAR T cells. In fact, despite the high efficacy shown with RD and Rh4, CD276.V-CAR T cells exhibited reduced killing capacity against JR.
Currently, there are three ongoing CD276 clinical trials: NCT04691713 is recruiting patients with advanced CD276-positive solid tumors; NCT04432649 is a Phase 2 study investigating the activity of 4SCAR-276 CAR T cells in brain tumors and Ewing sarcoma; NCT04185038 is a Phase I clinical trial for Diffuse Intrinsic Pontine Glioma/Diffuse Midline Glioma and recurrent or refractory pediatric central nervous system tumors. Our results support the inclusion of patients with CD276-positive RMS in current clinical trials.

Conclusions
CD276.V-CAR T cells containing CD28-derived HD/TM and CSD are able to control and eradicate orthotopic RMS tumors, when their target is expressed above a critical threshold. FGFR4-targeted CAR T cells can only partially control RMS growth, possibly because of low target expression and of an immunosuppressive environment. CD276/FGFR4 Dual-CAR T cells showed the same activity as CD276-CAR T cells, suggesting that dilution of CD276-CAR does not detrimentally impact their activity. Targeting multiple antigens, increasing signal strength through optimized CAR design, remedying the limitations imposed by the immunosuppressive TME will be necessary to achieve consistently complete remission.

Acknowledgements
We thank the Institute of Myology, Paris France, for providing humanized myoblasts. We are also very grateful to Dr. Stephan Müller and the Flow Cytometry and Cell Sorting (FCCS) facility of the DBMR (University of Bern) for their support. We kindly acknowledge Dr. Carlotta Detotto and the Central Animal Facility (CAF) of the University of Bern for their support. We are grateful to Prof. Andreina Schöberlein and her lab for their help with immunohistochemistry.

Authors’ contributions
AT: Design and execution of experiments, supervision, analysis, interpretation of data, writing, and funding acquisition. CP: Design and execution of experiments, analysis and interpretation of data, writing of the manuscript. DD: Execution of experiments, analysis and interpretation of data. SAJ: Execution of experiments, analysis and interpretation of data. AR: Execution of experiments, analysis and interpretation of data. JM: Execution of experiments, analysis and interpretation of data. JR: Supervision, funding acquisition, and critical reading of the manuscript. MB: Design of the study, interpretation of data, supervision, writing, and funding acquisition. All authors read and approved the final manuscript.

Funding
This research was funded by the “Bernese Foundation for Children and Young Adults with Cancer / Berner Stiftung für krebskranke Kinder und Jugendliche”, the “Stiftung für klinisch-experimentelle Tumorforschung / Foundation for Clinical-Experimental Cancer Research” to M.B., and by a research award by the “Childhood Cancer Switzerland” to A.T.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The mice experiments were approved by Animal Welfare Office of Canton Bern and in accordance with Swiss Federal Law (Authorization BE22/2022).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests. JR is currently an employee of Novartis Pharma, Basel.


References
	1.
Skapek SX, Ferrari A, Gupta AA, Lupo PJ, Butler E, Shipley J, et al. Rhabdomyosarcoma. Nat Rev Dis Primers. 2019;5(1):1.PubMedPubMedCentral

	2.
Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin. 2022;72(1):7–33.PubMed

	3.
Fletcher CDM, Baldini EH, Blay JY, Gronchi A, Lazar AJ, Messiou C, et al. WHO classification of tumours. In: Board TWCoTE, editor., et al., Soft tissue and bone tumours. Lyon: IARC Press; 2020. p. 201–15.

	4.
Parham DM, Barr FG. Classification of rhabdomyosarcoma and its molecular basis. Adv Anat Pathol. 2013;20(6):387–97.PubMedPubMedCentral

	5.
Davis RJ, D’Cruz CM, Lovell MA, Biegel JA, Barr FG. Fusion of PAX7 to FKHR by the variant t (1; 13)(p36; q14) translocation in alveolar rhabdomyosarcoma. Can Res. 1994;54(11):2869–72.

	6.
Galili N, Davis RJ, Fredericks WJ, Mukhopadhyay S, Rauscher FJ 3rd, Emanuel BS, et al. Fusion of a fork head domain gene to PAX3 in the solid tumour alveolar rhabdomyosarcoma. Nat Genet. 1993;5(3):230–5.PubMed

	7.
Barr FG, Galili N, Holick J, Biegel JA, Rovera G, Emanuel BS. Rearrangement of the PAX3 paired box gene in the paediatric solid tumour alveolar rhabdomyosarcoma. Nat Genet. 1993;3(2):113–7.PubMed

	8.
Charytonowicz E, Cordon-Cardo C, Matushansky I, Ziman M. Alveolar rhabdomyosarcoma: is the cell of origin a mesenchymal stem cell? Cancer Lett. 2009;279(2):126–36.PubMed

	9.
Hatley ME, Tang W, Garcia MR, Finkelstein D, Millay DP, Liu N, et al. A mouse model of rhabdomyosarcoma originating from the adipocyte lineage. Cancer Cell. 2012;22(4):536–46.PubMedPubMedCentral

	10.
Rubin BP, Nishijo K, Chen HI, Yi X, Schuetze DP, Pal R, et al. Evidence for an unanticipated relationship between undifferentiated pleomorphic sarcoma and embryonal rhabdomyosarcoma. Cancer Cell. 2011;19(2):177–91.PubMedPubMedCentral

	11.
Drummond CJ, Hanna JA, Garcia MR, Devine DJ, Heyrana AJ, Finkelstein D, et al. Hedgehog pathway drives fusion-negative rhabdomyosarcoma initiated from non-myogenic endothelial progenitors. Cancer Cell. 2018;33(1):108-24 e5.PubMedPubMedCentral

	12.
Haduong JH, Heske CM, Allen-Rhoades W, Xue W, Teot LA, Rodeberg DA, et al. An update on rhabdomyosarcoma risk stratification and the rationale for current and future children’s oncology group clinical trials. Pediatr Blood Cancer. 2022;69(4): e29511.PubMedPubMedCentral

	13.
June CH, Sadelain M. Chimeric antigen receptor therapy. N Engl J Med. 2018;379(1):64–73.PubMedPubMedCentral

	14.
June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T cell immunotherapy for human cancer. Science. 2018;359(6382):1361–5.PubMed

	15.
Melenhorst JJ, Chen GM, Wang M, Porter DL, Chen C, Collins MA, et al. Decade-long leukaemia remissions with persistence of CD4+ CAR T cells. Nature. 2022;602(7897):503–9.PubMedPubMedCentral

	16.
Zhang X, Zhu L, Zhang H, Chen S, Xiao Y. CAR-T cell therapy in hematological malignancies: current opportunities and challenges. Front Immunol. 2022;13: 927153.PubMedPubMedCentral

	17.
Sterner RC, Sterner RM. CAR-T cell therapy: current limitations and potential strategies. Blood Cancer J. 2021;11(4):69.PubMedPubMedCentral

	18.
Hong M, Clubb JD, Chen YY. Engineering CAR-T cells for next-generation cancer therapy. Cancer Cell. 2020;38(4):473–88.PubMed

	19.
Hegde M, Moll AJ, Byrd TT, Louis CU, Ahmed N. Cellular immunotherapy for pediatric solid tumors. Cytotherapy. 2015;17(1):3–17.PubMed

	20.
Dyson KA, Stover BD, Grippin A, Mendez-Gomez HR, Lagmay J, Mitchell DA, et al. Emerging trends in immunotherapy for pediatric sarcomas. J Hematol Oncol. 2019;12(1):78.PubMedPubMedCentral

	21.
Bernasconi M, Dzhumashev D, Timpanaro A, Rössler J. Targeted therapies for rhabdomyosarcoma. Schweizer Krebsbulletin. 2019;2019(39):129–33.

	22.
Gattenloehner S, Vincent A, Leuschner I, Tzartos S, Muller-Hermelink HK, Kirchner T, et al. The fetal form of the acetylcholine receptor distinguishes rhabdomyosarcomas from other childhood tumors. Am J Pathol. 1998;152(2):437–44.PubMedPubMedCentral

	23.
Rossig C, Brenner MK. Genetic modification of T lymphocytes for adoptive immunotherapy. Mol Ther. 2004;10(1):5–18.PubMed

	24.
Gattenlohner S, Marx A, Markfort B, Pscherer S, Landmeier S, Juergens H, et al. Rhabdomyosarcoma lysis by T cells expressing a human autoantibody-based chimeric receptor targeting the fetal acetylcholine receptor. Cancer Res. 2006;66(1):24–8.PubMed

	25.
Huang X, Park H, Greene J, Pao J, Mulvey E, Zhou SX, et al. IGF1R-and ROR1-specific CAR T cells as a potential therapy for high risk sarcomas. PLoS ONE. 2015;10(7): e0133152.PubMedPubMedCentral

	26.
Xiao W, Wang J, Wen X, Xu B, Que Y, Yu K, et al. Chimeric antigen receptor-modified T-cell therapy for platelet-derived growth factor receptor alpha-positive rhabdomyosarcoma. Cancer. 2020;126(Suppl 9):2093–100.PubMed

	27.
Karkampouna S, La Manna F, Benjak A, Kiener M, De Menna M, Zoni E, et al. Patient-derived xenografts and organoids model therapy response in prostate cancer. Nat Commun. 2021;12(1):1117.PubMedPubMedCentral

	28.
Merker M, Pfirrmann V, Oelsner S, Fulda S, Klingebiel T, Wels WS, et al. Generation and characterization of ErbB2-CAR-engineered cytokine-induced killer cells for the treatment of high-risk soft tissue sarcoma in children. Oncotarget. 2017;8(39):66137–53.PubMedPubMedCentral

	29.
Ganti R, Skapek SX, Zhang J, Fuller CE, Wu J, Billups CA, et al. Expression and genomic status of EGFR and ErbB-2 in alveolar and embryonal rhabdomyosarcoma. Mod Pathol. 2006;19(9):1213–20.PubMed

	30.
Armistead PM, Salganick J, Roh JS, Steinert DM, Patel S, Munsell M, et al. Expression of receptor tyrosine kinases and apoptotic molecules in rhabdomyosarcoma: correlation with overall survival in 105 patients. Cancer. 2007;110(10):2293–303.PubMed

	31.
Navai SA, Derenzo C, Joseph S, Sanber K, Byrd T, Zhang H, et al. Abstract LB-147: Administration of HER2-CAR T cells after lymphodepletion safely improves T cell expansion and induces clinical responses in patients with advanced sarcomas. Cancer Res. 2019;79(13 Supplement):LB-147.

	32.
Timpanaro A, Piccand C, Uldry AC, Bode PK, Dzhumashev D, Sala R, et al. Surfaceome profiling of cell lines and patient-derived xenografts confirm FGFR4, NCAM1, CD276, and highlight AGRL2, JAM3, and L1CAM as surface targets for Rhabdomyosarcoma. Int J Mol Sci. 2023;24(3):2601.PubMedPubMedCentral

	33.
Chapoval AI, Ni J, Lau JS, Wilcox RA, Flies DB, Liu D, et al. B7–H3: a costimulatory molecule for T cell activation and IFN-gamma production. Nat Immunol. 2001;2(3):269–74.PubMed

	34.
Castellanos JR, Purvis IJ, Labak CM, Guda MR, Tsung AJ, Velpula KK, et al. B7–H3 role in the immune landscape of cancer. Am J Clin Exp Immunol. 2017;6(4):66–75.PubMedPubMedCentral

	35.
Modak S, Kramer K, Gultekin SH, Guo HF, Cheung NK. Monoclonal antibody 8H9 targets a novel cell surface antigen expressed by a wide spectrum of human solid tumors. Cancer Res. 2001;61(10):4048–54.PubMed

	36.
Majzner RG, Theruvath JL, Nellan A, Heitzeneder S, Cui Y, Mount CW, et al. CAR T cells targeting B7–H3, a Pan-cancer antigen, demonstrate potent preclinical activity against pediatric solid tumors and brain tumors. Clin Cancer Res. 2019;25:2560.PubMedPubMedCentral

	37.
Wang L, Zhang Q, Chen W, Shan B, Ding Y, Zhang G, et al. B7–H3 is overexpressed in patients suffering osteosarcoma and associated with tumor aggressiveness and metastasis. PLoS ONE. 2013;8(8): e70689.PubMedPubMedCentral

	38.
Zhou Z, Luther N, Ibrahim GM, Hawkins C, Vibhakar R, Handler MH, et al. B7–H3, a potential therapeutic target, is expressed in diffuse intrinsic pontine glioma. J Neurooncol. 2013;111(3):257–64.PubMed

	39.
Lavoie RR, Gargollo PC, Ahmed ME, Kim Y, Baer E, Phelps DA, et al. Surfaceome profiling of rhabdomyosarcoma reveals B7–H3 as a mediator of immune evasion. Cancers (Basel). 2021;13(18):4528.PubMed

	40.
Du H, Hirabayashi K, Ahn S, Kren NP, Montgomery SA, Wang X, et al. Antitumor responses in the absence of toxicity in solid tumors by targeting B7–H3 via chimeric antigen receptor T cells. Cancer Cell. 2019;35(2):221-37 e8.PubMedPubMedCentral

	41.
Crose LE, Etheridge KT, Chen C, Belyea B, Talbot LJ, Bentley RC, et al. FGFR4 blockade exerts distinct antitumorigenic effects in human embryonal versus alveolar rhabdomyosarcoma. Clin Cancer Res. 2012;18(14):3780–90.PubMedPubMedCentral

	42.
Khan J, Wei JS, Ringner M, Saal LH, Ladanyi M, Westermann F, et al. Classification and diagnostic prediction of cancers using gene expression profiling and artificial neural networks. Nat Med. 2001;7(6):673–9.PubMedPubMedCentral

	43.
Baird K, Davis S, Antonescu CR, Harper UL, Walker RL, Chen Y, et al. Gene expression profiling of human sarcomas: insights into sarcoma biology. Cancer Res. 2005;65(20):9226–35.PubMed

	44.
Davicioni E, Finckenstein FG, Shahbazian V, Buckley JD, Triche TJ, Anderson MJ. Identification of a PAX-FKHR gene expression signature that defines molecular classes and determines the prognosis of alveolar rhabdomyosarcomas. Cancer Res. 2006;66(14):6936–46.PubMed

	45.
Shivaprasad N, Xiong Y, Yohe M, Schneider D, Shern J, Baskar S, et al. 649. Developing FGFR4 Chimeric antigen receptor CAR T cell therapy against Rhabdomyosarcoma. Mole Ther. 2016;24:257–8.

	46.
Alijaj N, Moutel S, Gouveia ZL, Gray M, Roveri M, Dzhumashev D, et al. Novel FGFR4-targeting single-domain antibodies for multiple targeted therapies against Rhabdomyosarcoma. Cancers. 2020;12(11):3313.PubMedPubMedCentral

	47.
Sullivan PM, Kumar R, Li W, Hoglund V, Wang L, Zhang Y, et al. FGFR4-targeted Chimeric antigen receptors combined with anti-myeloid polypharmacy effectively treat orthotopic Rhabdomyosarcoma. Mol Cancer Ther. 2022;21(10):1608–21.PubMedPubMedCentral

	48.
Bailey SR, Maus MV. Gene editing for immune cell therapies. Nat Biotechnol. 2019;37(12):1425–34.PubMed

	49.
Rafiq S, Hackett CS, Brentjens RJ. Engineering strategies to overcome the current roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. 2020;17(3):147–67.PubMed

	50.
Smith EL, Staehr M, Masakayan R, Tatake IJ, Purdon TJ, Wang X, et al. Development and evaluation of an optimal human single-chain variable fragment-derived BCMA-targeted CAR T cell vector. Mol Ther. 2018;26(6):1447–56.PubMedPubMedCentral

	51.
Majzner RG, Rietberg SP, Sotillo E, Dong R, Vachharajani VT, Labanieh L, et al. Tuning the antigen density requirement for CAR T-cell activity. Cancer Discov. 2020;10(5):702–23.PubMedPubMedCentral

	52.
Hudecek M, Lupo-Stanghellini MT, Kosasih PL, Sommermeyer D, Jensen MC, Rader C, et al. Receptor affinity and extracellular domain modifications affect tumor recognition by ROR1-specific chimeric antigen receptor T cells. Clin Cancer Res. 2013;19(12):3153–64.PubMedPubMedCentral

	53.
Dotti G, Gottschalk S, Savoldo B, Brenner MK. Design and development of therapies using chimeric antigen receptor-expressing T cells. Immunol Rev. 2014;257(1):107–26.PubMed

	54.
Cappell KM, Kochenderfer JN. A comparison of chimeric antigen receptors containing CD28 versus 4–1BB costimulatory domains. Nat Rev Clin Oncol. 2021;18:715.PubMed

	55.
Li R, Ma C, Cai H, Chen W. The CAR T-cell mechanoimmunology at a glance. Adv Sci (Weinh). 2020;7(24):2002628.PubMed

	56.
Salter AI, Ivey RG, Kennedy JJ, Voillet V, Rajan A, Alderman EJ, et al. Phosphoproteomic analysis of chimeric antigen receptor signaling reveals kinetic and quantitative differences that affect cell function. Sci Signal. 2018;11(544):eaat6753.PubMedPubMedCentral

	57.
Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M, et al. 4–1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of chimeric antigen receptors. Nat Med. 2015;21(6):581–90.PubMedPubMedCentral

	58.
Jenkins E, Whitehead T, Fellermeyer M, Davis SJ, Sharma S. The current state and future of T-cell exhaustion research. Oxf Open Immunol. 2023;4(1):iqad006.PubMedPubMedCentral

	59.
Araki K, Youngblood B, Ahmed R. Programmed cell death 1-directed immunotherapy for enhancing T-cell function. Cold Spring Harb Symp Quant Biol. 2013;78:239–47.PubMed

	60.
Triebel F, Jitsukawa S, Baixeras E, Roman-Roman S, Genevee C, Viegas-Pequignot E, et al. LAG-3, a novel lymphocyte activation gene closely related to CD4. J Exp Med. 1990;171(5):1393–405.PubMed

	61.
Huang CT, Workman CJ, Flies D, Pan X, Marson AL, Zhou G, et al. Role of LAG-3 in regulatory T cells. Immunity. 2004;21(4):503–13.PubMed

	62.
Kisielow M, Kisielow J, Capoferri-Sollami G, Karjalainen K. Expression of lymphocyte activation gene 3 (LAG-3) on B cells is induced by T cells. Eur J Immunol. 2005;35(7):2081–8.PubMed

	63.
Du W, Yang M, Turner A, Xu C, Ferris RL, Huang J, et al. TIM-3 as a target for cancer immunotherapy and mechanisms of action. Int J Mol Sci. 2017;18(3):645.PubMedPubMedCentral

	64.
Kurago Z, Guo G, Shi H, Bollag RJ, Groves MW, Byrd JK, et al. Inhibitors of the CD73-adenosinergic checkpoint as promising combinatory agents for conventional and advanced cancer immunotherapy. Front Immunol. 2023;14:1212209.PubMedPubMedCentral

	65.
Danielli SG, Porpiglia E, De Micheli AJ, Navarro N, Zellinger MJ, Bechtold I, et al. Single-cell profiling of alveolar rhabdomyosarcoma reveals RAS pathway inhibitors as cell-fate hijackers with therapeutic relevance. Sci Adv. 2023;9(6):eade9238.PubMedPubMedCentral

	66.
Manzella G, Schreck LD, Breunis WB, Molenaar J, Merks H, Barr FG, et al. Phenotypic profiling with a living biobank of primary rhabdomyosarcoma unravels disease heterogeneity and AKT sensitivity. Nat Commun. 2020;11(1):4629.PubMedPubMedCentral

	67.
Meier JA, Zhang F, Sanjana NE. GUIDES: sgRNA design for loss-of-function screens. Nat Methods. 2017;14(9):831–2.PubMedPubMedCentral

	68.
Bloemberg D, Nguyen T, MacLean S, Zafer A, Gadoury C, Gurnani K, et al. A high-throughput method for characterizing novel chimeric antigen receptors in Jurkat cells. Mol Ther Methods Clin Dev. 2020;16:238–54.PubMedPubMedCentral

	69.
Engler C, Kandzia R, Marillonnet S. A one pot, one step, precision cloning method with high throughput capability. PLoS ONE. 2008;3(11): e3647.PubMedPubMedCentral

	70.
Alijaj N, Moutel S, Gouveia ZL, Gray M, Roveri M, Dzhumashev D, et al. Novel FGFR4-targeting single-domain antibodies for multiple targeted therapies against Rhabdomyosarcoma. Cancers (Basel). 2020;12(11):3313.PubMed

	71.
Taylor JGT, Cheuk AT, Tsang PS, Chung JY, Song YK, Desai K, et al. Identification of FGFR4-activating mutations in human rhabdomyosarcomas that promote metastasis in xenotransplanted models. J Clin Invest. 2009;119(11):3395–407.PubMed

	72.
Kawalekar OU, O’Connor RS, Fraietta JA, Guo L, McGettigan SE, Posey AD Jr, et al. Distinct signaling of coreceptors regulates specific metabolism pathways and impacts memory development in CAR T cells. Immunity. 2016;44(2):380–90.PubMed

	73.
Bruniquel D, Borie N, Hannier S, Triebel F. Regulation of expression of the human lymphocyte activation gene-3 (LAG-3) molecule, a ligand for MHC class II. Immunogenetics. 1998;48(2):116–24.PubMed

	74.
Ying Z, Huang XF, Xiang X, Liu Y, Kang X, Song Y, et al. A safe and potent anti-CD19 CAR T cell therapy. Nat Med. 2019;25(6):947–53.PubMedPubMedCentral

	75.
Larson RC, Kann MC, Bailey SR, Haradhvala NJ, Llopis PM, Bouffard AA, et al. CAR T cell killing requires the IFNgammaR pathway in solid but not liquid tumours. Nature. 2022;604(7906):563–70.PubMed

	76.
Zhao X, Yang J, Zhang X, Lu XA, Xiong M, Zhang J, et al. Efficacy and safety of CD28- or 4–1BB-Based CD19 CAR-T cells in B cell acute Lymphoblastic Leukemia. Mol Ther Oncolytics. 2020;18:272–81.PubMedPubMedCentral

	77.
Ying Z, He T, Wang X, Zheng W, Lin N, Tu M, et al. Parallel comparison of 4–1BB or CD28 Co-stimulated CD19-targeted CAR-T cells for B cell non-Hodgkin’s lymphoma. Mol Ther Oncolytics. 2019;15:60–8.PubMedPubMedCentral

	78.
Tang X, Zhao S, Zhang Y, Wang Y, Zhang Z, Yang M, et al. B7–H3 as a novel CAR-T therapeutic target for glioblastoma. Mol Ther Oncolytics. 2019;14:279–87.PubMedPubMedCentral

	79.
Tian M, Cheuk AT, Wei JS, Abdelmaksoud A, Chou HC, Milewski D, et al. An optimized bicistronic chimeric antigen receptor against GPC2 or CD276 overcomes heterogeneous expression in neuroblastoma. J Clin Invest. 2022;132(16):e155621.PubMedPubMedCentral

	80.
Sun F, Yu X, Ju R, Wang Z, Wang Y. Antitumor responses in gastric cancer by targeting B7H3 via chimeric antigen receptor T cells. Cancer Cell Int. 2022;22(1):50.PubMedPubMedCentral

	81.
Xuan Y, Sheng Y, Zhang D, Zhang K, Zhang Z, Ping Y, et al. Targeting CD276 by CAR-T cells induces regression of esophagus squamous cell carcinoma in xenograft mouse models. Transl Oncol. 2021;14(8): 101138.PubMedPubMedCentral

	82.
van der Stegen SJ, Hamieh M, Sadelain M. The pharmacology of second-generation chimeric antigen receptors. Nat Rev Drug Discov. 2015;14(7):499–509.PubMedPubMedCentral

	83.
Ramos CA, Rouce R, Robertson CS, Reyna A, Narala N, Vyas G, et al. In vivo fate and activity of second- versus third-generation CD19-specific CAR-t cells in B cell non-Hodgkin’s lymphomas. Mol Ther. 2018;26(12):2727–37.PubMedPubMedCentral

	84.
Kalaitsidou M, Kueberuwa G, Schutt A, Gilham DE. CAR T-cell therapy: toxicity and the relevance of preclinical models. Immunotherapy. 2015;7(5):487–97.PubMed

	85.
Kagoya Y, Nakatsugawa M, Yamashita Y, Ochi T, Guo T, Anczurowski M, et al. BET bromodomain inhibition enhances T cell persistence and function in adoptive immunotherapy models. J Clin Invest. 2016;126(9):3479–94.PubMedPubMedCentral

	86.
Scholz G, Jandus C, Zhang L, Grandclement C, Lopez-Mejia IC, Soneson C, et al. Modulation of mTOR signalling triggers the formation of stem cell-like memory T cells. EBioMedicine. 2016;4:50–61.PubMedPubMedCentral

	87.
Blaeschke F, Stenger D, Kaeuferle T, Willier S, Lotfi R, Kaiser AD, et al. Induction of a central memory and stem cell memory phenotype in functionally active CD4(+) and CD8(+) CAR T cells produced in an automated good manufacturing practice system for the treatment of CD19(+) acute lymphoblastic leukemia. Cancer Immunol Immunother. 2018;67(7):1053–66.PubMed

	88.
Berger C, Jensen MC, Lansdorp PM, Gough M, Elliott C, Riddell SR. Adoptive transfer of effector CD8+ T cells derived from central memory cells establishes persistent T cell memory in primates. J Clin Invest. 2008;118(1):294–305.PubMed

	89.
Biasco L, Scala S, Basso Ricci L, Dionisio F, Baricordi C, Calabria A, et al. In vivo tracking of T cells in humans unveils decade-long survival and activity of genetically modified T memory stem cells. Sci Transl Med. 2015;7(273):273ra13.PubMed

	90.
Jafarzadeh L, Masoumi E, Fallah-Mehrjardi K, Mirzaei HR, Hadjati J. Prolonged persistence of Chimeric Antigen Receptor (CAR) T cell in adoptive cancer immunotherapy: challenges and ways forward. Front Immunol. 2020;11:702.PubMedPubMedCentral

	91.
Biasco L, Izotova N, Rivat C, Ghorashian S, Richardson R, Guvenel A, et al. Clonal expansion of T memory stem cells determines early anti-leukemic responses and long-term CAR T cell persistence in patients. Nat Cancer. 2021;2(6):629–42.PubMedPubMedCentral

	92.
Walker AJ, Majzner RG, Zhang L, Wanhainen K, Long AH, Nguyen SM, et al. Tumor antigen and receptor densities regulate efficacy of a chimeric antigen receptor targeting anaplastic lymphoma kinase. Mol Ther. 2017;25(9):2189–201.PubMedPubMedCentral

	93.
Heitzeneder S, Bosse KR, Zhu Z, Zhelev D, Majzner RG, Radosevich MT, et al. GPC2-CAR T cells tuned for low antigen density mediate potent activity against neuroblastoma without toxicity. Cancer Cell. 2022;40(1):53–69.PubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/13046_2023_2838_Fig2_HTML.png
FGFR4

a-tubulin | ——— e e—

PDXs FN-RMS FP-RMS Ctrl
g 3 % " g
80 s fdzzzi.s 101
: = = @8] |
_— e e s e - D e~ w— - El - ==

FN-RMS

FP-RMS

Ctrl

TTC442 {
RUCH-3 {
Rh36 {
Rh18 {

RD
JR

Rh30 {
Rh28 {
Rh5 {
Rh4 {

Myoblasts {

Tcells {

PBMCs {

M

w02 0?0t w®

FGFR4 (PE)

~ 120 KDa

~ 55 KDa

Cell line FGFR4 molecules/cell

Rh18 4’339
Rh4 4123
JR 3113
Rh30 3'088
TTC-442 2'406
Rh28 2'307
Rh36 1262
Rh5 1218
RUCH-3 728
RD 569
Myoblasts 284
T cells 43
PBMCs 43






OEBPS/images/13046_2023_2838_Fig15_HTML.png
CD276
Tumor ‘
Ctrl
CD276
Cultured —
Cells Ctrl
T g Frp i | I
0 0 10 10 10 10
CD276 (PE)
Geometric Mean |Ratio (Target/Ctrl)
Rh4 CD276 563’000 609
Rh4 Ctrl 925
Tumor CD276 | 86'766 | 14
Tumor Ctrl | 6136 |
C RD
CD276
FGFR4
CD276

FGFR4

Tumor

Cultured
Cells

l—
FGFR4
Ctrl
FGFR4
Ctrl
T Freop Frop g P
3 4 5 6 F
10 10 10 10 10 10
FGFR4 (PE)
Geometric Mean | Ratio (Target/Ctrl)
Rhd FGFRA 90331
Rha Ctrl 925 g8
Tumor FGFRA | 547 |
Tumorctd | 6136 | G
JR
20x
40x






OEBPS/navigation.xhtml

    
      Contents


      
        		CD276-CAR T cells and Dual-CAR T cells targeting CD276/FGFR4 promote rhabdomyosarcoma clearance in orthotopic mouse models


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2023_2838_Fig5_HTML.png
In vivo
validation

Fold change

Fold change

PBMCs isolation

T cells engineering
to generate
GFP* CART cells

In vitro validation &
CART cell selection

CART cells

CD276 CART cells expansion

Day 1: T cells Purification and Activation

from buffy coat \ /

anti-CD3/CD28

0 - f antibodies

'. ~ ... ——f

PBMCs Teells

Day 4: Lentiviral transduction of T cells for a stable
integration of the CAR into the T cells genome

‘..+”§3€

Tcells Lvs

Day 7: CAR T cells sorting by GFP expression

Day 14: CAR validation by Flow Cytometry and Western Blotting

CAR expression
~60KDa |

artubulin expression
ek | — ———

CAR expression (GFP)

Day 16: Cytotoxicity assays and ELISAs

'y
hd

@
-3
1

N
o
1

-
e
1

o

-80%

-60%

Ruqein

40%

20%

=
Y 5

Day post-activation

F8-FR4 CAR T cells expansion

~0%

= ————

7 [] 1
Day post-activation

—
D

* CD276.l
- CD276.1l
* CD276.1Il
* CD276.IV
© CD276.V
* CD276.VI

CD276.VII
© CD276.Vill
* UTD

® F8-FR4.l
© F8-FR4.Il
* F8-FR4.1Il
* F8-FR4.lV
© F8-FR4.V
® F8-FR4.VI
F8-FR4.VII

© F8-FR4.VIII
+ UTD

N

C CD276 - CD4*:CD8" Ratio

3 cps*
100% M cp4*
50%
0%
VR ROIOSWS
0‘92'96 100 o oot
Y o o <,° PSS
E  r8FRr4-cD4*:cD8* Ratio
O cos*
100% W cos
50%
0%
» O N
g" ‘; WD Vé@-‘“‘( 4\ oD 4\\6&
& Q%’ QV

1l Generation 11| Generation
CARs CARs





OEBPS/images/13046_2023_2838_Fig12_HTML.png
RD FN-RMS tumor growth

(@)

days -10 -6 0 4 5 7 14 21
; >

e PBS 1
Pt T 11 1 - —
Thawing, T ecells Injectionof | IVIS |CARTcells| IVIS wis vis £ 1000 — a4
isolation,and  infection fluc*RMS | Imaging| Imaging Imaging Imaging £ — UTD_1
activation  with LVs cells - - Uum2
of Tcells \ Y £ = o
f‘ E — UTD_5
N /| RDcells S 500- e
Orthotopical \mvavennusJ = Cp19 4
— 0o CD19 5
E CD276_1
=] cD2762
[ Cozrecs
PBS utD CD19 CD276 0- Cozres
T T T 1
0 25 50 75 100
Days
D RD FN-RMS tumor growth
1010 = PBS_1
e PBS_2
15 10° J—c
— —— PBSS
Y { o o 3 — U1
([ € . a 5 10 = im
i \ T \ 5, = yms
PED: A s 10 g:g:;
— CD19_3
, ! S 108 i
[ CD276_1
: 10° Dores
[ / \ 10 s CD276 4
\ e | \ x10 CD276_5
ol 1044 T T T 1
. 07 A 07175607 : a | [} 10 20 30 40
L Days
I E Survival of RD FN-RMS tumor mice
03 100%
75%
B E ° - PBS
| E 50% = UTD
| « CD19.V
L 25% CD276.V
Radiance
(pisec/cmzfsr)
0%
0 25 50 75 100

Days





OEBPS/images/13046_2023_2838_Fig6_HTML.png
1l Gen.

A Il Gen.

KDa UTD CD19.1 CD19.l CD19.1l CD19.V

- 60 — | MycTag-cAR

~55| WENE L s e | o-tubuiin

Il Gen. 1l Gen.

KDa UTD CD19.V CD19.VI CD19.Vil CD19.VIIl

~60 ‘ —— - MycTag-CAR

-55 |.— N — — — | a-tubulin

c Il Gen.

1l Gen.
KDa uTD CD276.1 CD276.1l CD276.1ll CD276.IV

———
- 60 ‘ e ‘ MycTag-CAR

~55 | e e— —| a-tubulin

Il Gen. 1l Gen.

KDa UTD CD276.V CD276.VI CD276.VIl CD276.VIll

- 60 — - - . ™| mycrag-car
=55 | - W w— v, | O-tubulin
E 1l Gen. I Gen.
KDa Fe-FR4.| F8-FR4.l F8-FRAIl F8-FRAIV utD
" — MycTag-CAR
- 55 ‘—- il ’ ‘ veleg
a-tubulin
1l Gen. 1l Gen.
KDa F8-FR4V F8-FR4.VI F8-FR4.VII F8-FR4VIII utD
.55 — MycTag-CAR
a-tubulin

55 | w— ey ey w— e

10 @ ot
GFP expression

10 Il)3 |0‘
GFP expression

GFP expression

cb1o.vil
cD19.vIl
cb1o.vI
CD19.V
CD19.lV
cD19.11
cD1alll
cD19.l
UTD T cells

CD276.VIII
CD276.VII
CD276.VI
CD276.V
CD276.IV
cD276.11l
CD276.1l
CD276.1

UTD T cells

F8-FR4.VIII
F8-FR4.VII
F8-FR4.VI
F8-FR4.V
F8-FR4.IV
F8-FR4.III
F8-FR4.1l
F8-FR4.1

UTD T cells

T o e AL
10 10° 10 10 10

CAR expression - MycTag (PE)

'| '1 13 |4 IS
10 10 10 10 10

CAR expression - MycTag (PE)

CAR expression - MycTag (PE)

cD1g.vill
cD19.VIl
cD19VI
CD19.V
CD19.lV
cD19.
cD19.l
CcD19.
UTD T cells

CcD276.Vill
CD276.VIl
CD276.VI
CD276.V
CD276.lV
CD276.11l
CD276.1l
CD276.1

UTD T cells

F8-FRA4.VIII
F8-FR4.VII
F8-FR4.VI
F8-FR4.V
F8-FR4.IV
F8-FR4.II
F8-FR4.Il
F8-FR4.I

UTD T cells





OEBPS/images/13046_2023_2838_Fig9_HTML.png
B T T
| {
| f I Dual.vV
| |
| |
| | F8-FR4.V
| |
: [\ | I CD276.V
|
| | |
| uTD
T T [ I
0 w0 0t et I cl Isotype Ctrl
GFP expression opect ! UTD
MycTag expression (PE) CD276 CAR expression (AF647)
GFP [%] MycTag [%] CD276 CAR [%]
Mean SD Mean SD Mean SD
Dual.v 98.5 1.1 69.9 5.1 35.1 1.0
F8-FRA.V 98.4 1.2 67.5 7.7 1.8 0.4
CD276.V 98.6 0.4 94.4 2.0 89.7 6.8
D Dual.V-CAR T cells vs Rh4 Dual.V-CART cells vs JR
140% -~ CD276.V 140% -e- CD276.V
120% o F8-FR4V 120% -~ F8-FR4.V
100% -~ DualV 100% -~ DualV
5 so%-{y* - UTD S 0% ,lh - UTD
E 6o%- | 2 cow i
7] 7]
40% 40%
20% 20%
0% T T ) g 0% T T T T
0.5:1 11 5:1 10:1 0.5:1 11 5:1 10:1
E-T Ratio

E:T Ratio





OEBPS/images/13046_2023_2838_Fig1_HTML.png
A PDXs FP-RMS FN-RMS ctrl
g 3 3
'R - A A R
§ 8§ =« 83 2 5 2 ¢ & & E 3 & %t B
CD276 | www v e e e —— | g— - - - _100 KDa
a-t — — P G — | — — — — — we s |™ 55 KDa
B C [J D Ol€
Tre4s2 {[—_~_ EE—
— RUCH-3 66'960
rucks | RD 59’543
EN-RMS | Rus (A
Rh30 51'118
Rh18 {
= N Rh4 50'259
= Rh36 48837
{=A Rh5 47039
EP_RMS { Rh28 45427
) Rnas { TTC-442 35240
e —— Rh18 25'837
Al | v, e— RMS 10505
Myoblasts { JR 7'964
T cells { Myoblasts 9'392
Ctrl | paucs | PBMCs 623
PP A e T cells 537
"’ ” " °
T
Ic-pPDX-1M{ 2\ PD D276 mole
PDXs | ic-ppDx-35 { ~ IC-pPDX-35 62'408
Py RMS-ZH003 35'759
RMS-ZH003 {
0 N IC-pPDX-104 26'016
oA ]
T eells { ~ PBMCs 459
Ctri A T cells 452
PBMCs {
R PR b ML b |
102 108 10* °

CD276 (PE)






OEBPS/images/13046_2023_2838_Fig16_HTML.png
Spleen from
Rh4 tumor
bearing mice






OEBPS/images/13046_2023_2838_Fig4_HTML.png
A CD28 Leader
Esp3l Esp3I
' .

15 TR ][ MycTag| ABD | wo | ™m0 | CSD | sp [P2a] e 3R}
Il(ozak E E E E D28 E
sequence & - 40 AA 0
] CD8a CD8a :

EFS-promoter
Anti-CD19scFy | (45AA) | (24AA)
4

B CAR.I CAR.Il CAR.III CAR.IV CAR.V CAR.VI CAR.VII CA.VIlI
MycTag H MycTag
ABD ABD
CD8a Hinge 1 CD28Hinge
[ o o o @ o @ ® ® o o e o o @ o
CD8aTM 5 CD28 TM
® e © ® © ® © ® ® ® o ® o ® © ®
CSD CD28 4-1BB CD28 4-1BB H CSD CD28 4-1BB CD28 4-1BB
sD CD37 CD37 4-1BB CD28 H SD CD37 CD37 4-1BB CD28

CD37 CD37 : CD37 CD37





OEBPS/images/13046_2023_2838_Fig13_HTML.png
A c Rh4 FP-RMS tumor growth — um
days -10 -6 0 4 5 7 14 21 > o %E::
— UTD_S
t 1 titt t t - o,
Thawing, Tcells Injection of IVIS |CARTcells IVIS IS wvis E 1000- g:gﬁ
isolation, and infection fLuc*RMS |Imaging Imaging Imaging Imaging 3 CD19_4
active ith LVs cells ~ g%ﬁ‘
ot '§ .
Rh4 cells g 500 ]
- —— FBFR4_2
2 — 1ty
S = ks
B UTD CD19 CD276 F8-FR4 Dual = 0 — paan:
T T T T T T e DuakCAR 4
‘ “' ‘ﬁ‘ “ “ 0 10 20 30 40 50 60 — D
Days
; D Rh4 FP-RMS tumor growth — oy
' & 10M — ums
| — UTD_5
1010 ety
T ano s
5 10 Comre 1
X 108y - Corres
— CD276_4
=07 — =m
105 — bmoms
e Dual-CAR_2
1044 r T r 1 : r Do
0 10 20 30 40 50 60 T DeeRs
Days
E Survival of Rh4 FP-RMS mice
100%
_ 15% — UTD
©
§ CD19.V
0/
5 50% CD276.V
25% —— F8-FR4V
v+ Dual-CAR
0%

0 10 20 30 40 50 60
Days






OEBPS/images/13046_2023_2838_Article_TeX_Equa.png
[(Number of Cells Transduced * % Fluorescent Cells * Dilution Factor)]

(Transduction Volume in mL)





OEBPS/images/13046_2023_2838_Fig10_HTML.png
A Not-activated T cells

i 3

o
< wq S
2 &
w 1 o
a5 3
] 2
[a)
1 o

1

CD3 (BV510)

Activated T cells

=) s

CD62L (BV421)

CD3 (BV510)

CD95 (PE)

CD95 (PE)

CCR7 (BV650)

Tiem
99

CCR7 (BV650)

C CD276.V-CART cells

i E —>
1 g s
< z €
O rd w
b pr
g g 8.
o
CD3 (BV510)
CD276.V-CART cells
] D - I w
< o
O o'
2 &
N 2
0w
o

l CD62L (BV421)

CCR7 (BV650)

CD3 (BV510) CD45RA (PECy7)

B CD276.V-CART cells

- 3
| 06 | _
< =
3 a
e 3
[a}
1 v

e

CD3 (BV510)

D45RA (PECy7)

CCR7(BV650)

Central memory T cells (Te,) Effector memory T cells (Tg,)

s0.

.
A<y : ; .
g* -/ \ | ./ -
E \ b \ .
x‘_/f %/_ N

£ =3

N N PRI RIS
e PES S P IS

& of

& & & & B &
S L EE S EE
W& * T T R
S & g

co2r6y
BV
Dualy
uD

co276 VI





OEBPS/css/envelope.png





OEBPS/images/13046_2023_2838_Fig7_HTML.png
A CD276-CAR T cells vs RD B CD276-CAR T cells vs Rh4

—e- CD276.| -e- CD276.l
—e- CD276.ll -e- CD276.ll
120% o CD276.II 120% - CD276.llI
_ 100% —e- CD276.IV - 100% - ‘_i\'\i -~ CD276.IV
% 80% - o~ CD276V g 80% " o~ CD276V
& 60%- - CD276VI é 60% - CD276.VI
40%- —- CD276.VII < 40%- —- CD276. VIl
20%— -~ CD276.VIII 20% - -~ CD276.VIIl
0%- - UTD 0%- - UTD
0.5:1 1:1 5:1 10:1 0.5:1 1:1 5:1 10:1
E:T Ratio E:T Ratio
C F8-FR4-CAR T cells vs JR —e- F8-FR4.| D F8-FR4-CAR T cells vs Rh4 —o- F8-FR4.l
o F8-FRA.Il -e F8-FR4.ll
o F8-FRA.II - F8-FR4.lI
120% -~ F8-FR4.IV 120%1 % -~ F8-FR4IV
100% -~ F8&FR4V 100% ! ~o- F8-FRAV
3 80%-§§H -o- F8-FR4.VI ; 80% L I -e- F8-FR4.VI
£ eou- = F8-FRAVII 3 0% * 1 -~ F&FRAVI
40% - e F8-FRAVIII 40% - 1 — F8-FRAVIII
20% - - UTD 20%- 1 - UTD
0% . ; T - 0% T T T
0.5:1 1:1 5:1 10:1 0.5:1 1:1 5:1 10:1
E:T Ratio E:T Ratio
E -e- CD19 F - cD10l
CD19-CART cells vs RD e CD19.I CD19-CAR T cells vs Rh4 . CD1%I
—e— CD19.1ll —e- CD19.1Il
120%-] B -e- CD19.lV — - CD19.IV
1007 %g o~ CD19.V ool % o~ CD19V
5 -e- CD19.VI = -~ CD19.VI
S 80% b4 S 80%-
2 cov —e- CD1avil 2 o —=- CD19.VII
a i -e- CD19.VII @ 400/"_ -e- CD19.VIII
-~ UTD i - UTD
20%- o~ CD19.V (tCD19) 20%- e~ CD19.V (tCD19)
0% ?\ ' g g 0% T e v
1:1 5:1 10:1 1:1 5:1 10:1

E:T Ratio E:T Ratio





OEBPS/images/13046_2023_2838_Fig11_HTML.png
A CD39
40%
2 30%
[}
o
2
& 20%-
=] |
L —
(el
a
O 10%-
0% T T | ] T T ] T ] T
) A IO K3 » A IR Y K
N » D B & » D
Q Q o‘f‘ ob"\gle o'b*\,;@ Q Q o'b* o'bd‘g‘_(\ oo“\c)q'
&S & T
Q° R Q R
& CD276.V 28 -o- CD276.VI BB
- F8-FR4.V 28 -@- F8-FR4.VIBB
‘0 Dual.Vv28 -O- Dual.VIBB
& Tecells -&- Tecells
C PD-1
50%
40%
2
]
o
2 30%-
t
£ 20%-
=
[
a
o
10%
00" T T T T T T T T T
> A > o K3 > A ) K3
DS P N SN P P S S
B * oov‘o ooé'sq' B < & o'ov»o ooeeq'
& & & &
A A
& CD276.V 28 - CD276.VI BB
& F8-FR4.V 28 -@- F8-FR4.VIBB
-0 Dual.v28 -0~ Dual.VIBB
& Tcells - Tcells

LAG-3

B

100% =
@ 80%-
°©
o
g
= 60%-]
+
74
Q
S a0
i
(3]
a
o
20%-] T
|
- T
T T T T T T T T 1 L
u A KRG * A K
P P B AP AL P P S AN SND
PP P P ESE T P P PR
& 4 & o
¢ ¢ RN
& CD276.V 28 -@- CD276.VI BB
& F8-FR4.V 28 -o- F8-FR4.VIBB
-0 Dual.V28 -0~ Dual.VIBB
& Tecells -® Tcells
D TIM-3
100%=
w 80%-
3
o
o
2 60%-
b
L4
=
E 40%-
s
(5]
a
o
20%-
00 T T L T L T T L} T T
x A R x A KR
P P P ANRE P P B RS
N AT O A\ QT O
& & QS
<° R Q N
& CD276.V 28 -@- CD276.VI BB
-3 F8-FR4.V 28 -@- F8-FR4.VIBB
-0 Dual.V28 -0~ Dual.VIBB
& Tecells - Tecells





OEBPS/images/13046_2023_2838_Fig3_HTML.png
A

| MycTagi ABD

CD28H/TM | CD28CSD |CD3Z|P2A-

C

Survival

/i

100%-

80%-

60%-

40%-

20%-

0%

A8-FR4 sdAb

FGFR4 sdAb CAR T cells vs Rh4

B1-FR4 sdAb

B5-FR4 sdAb

F8-FR4 sdAb

0.5:1

1:1 5:1
E'T Ratio

10:1

-o- A8-FR4
-o- B1-FR4
-e- B5-FR4
-e- F8-FR4
UTD

/N |As-Fra
)/L B1-FR4
_JA\ B5-FR4
J¥ F8-FR4

UTD
102 Ilos I :04 I I105 I 110‘ I :02 ' :03 ' :0‘ I IIO5
GFP expression CAR expression - MycTag (PE)
D FGFR4 sdAb CARs vs Rh4-FGFR4-KO
100% - A8-FR4
_ 80%- -e- B1-FR4
2 - B5-FR4
E 60% - F8-FR4
® 40%- uTD
20%+
0%

0.5:1 1:1

51 10:1

E-T Ratio





OEBPS/images/13046_2023_2838_Fig14_HTML.png
A

1w

2w

3w

4w

5w

6w

days -10 -6 0 4 5 7 14 21 I
Thawing, Tcells Injection of IVIS |CARTcells VIS VIS VIS
isolation, and infection fLuc* RMS | Imaging 2 Imaging Imaging Imaging
activation  with LVs

of T cells

cells

\ *) JR cells

Orthotopical Intravenous

CD19 CD276 F8-FR4 Dual

x10%
08

Radiance
(pisecjcm?sr)

()

1000+

Tumor growth (mm?3)
g
<

o
1

JR FP-RMS tumor growth

-1

O

1012
10M

1010

Total Flux [p/s]
g

20

Days

00 eq

30

Survival of JR FP-RMS mice

8

I
ssEsEsRA

2233
o=

88888

§88e

T

:

.§

sEssan

O sl

lnlaleols

83888

Hca

}

BS

'TD
CD19.V
CD276.V

—— F8-FR4.V

¢+ Dual-CAR

t





OEBPS/images/13046_2023_2838_Fig8_HTML.png
CD276-CAR T cells

IL-2 vs RD

IL-2 vs Rh4

e,

f:‘: ”I'IIE-: 1,

L

e

IFN-y vs Rh4
00
. br
£ "

P A R

Granzyme B vs RD

I I¢!- Hr

E R

Granzyme B vs Rh4

——r .
S

SEEES TS EEFESE®

S EIE SIS

F8-FR4-CAR T cells

IL-2vs JR

o .

IL-2 vs Rh4

W51V PMAonomyan

- .

-.II.IITI. [

.

PRATIIIFTEET IR
IFN-y vs JR IFN-y vs Rh4
(@5 v o eom] (W v Porvion]

-m] .
“%
1

v

Conoentration [pg/mi]

ol t

?tall“a'.;.

PEFEEITTITT PRI
Granzyme B vs JR Granzyme B vs Rh4
- « ] i
- ool ® &
BRI gm Il‘ III
, 110 it
FELLLEFTE ST EEEELESSE S





OEBPS/css/sidebar.gif





