
GPRC5D is a target for the immunotherapy of multiple myeloma 
with rationally designed CAR T cells

Eric L. Smith1,2, Kim Harrington3, Mette Staehr1, Reed Masakayan1, Jon Jones3, Thomas J. 
Long3, Khong Y. Ng4, Majid Ghoddusi3, Terence J. Purdon1, Xiuyan Wang5, Trevor Do3, 
Minh Thu Pham3, Jessica M. Brown3, Carlos Fernandez De Larrea1,6, Eric Olson3, Elizabeth 
Peguero4, Pei Wang7, Hong Liu7, Yiyang Xu7, Sarah C. Garrett-Thomson8, Steven C. Almo8, 
Hans-Guido Wendel4, Isabelle Riviere5, Cheng Liu7, Blythe Sather3, Renier J. Brentjens1,9,*

1Cellular Therapeutics Center, Department of Medicine, Memorial Sloan Kettering Cancer Center, 
New York, NY 10065, USA.

2Myeloma Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, 
NY 10065, USA.

3Juno Therapeutics, A Celgene Company, Seattle, WA 98109, USA.

4Sloan Kettering Institute, New York, NY 10065, USA.

5Cell Therapy and Cell Engineering Facility, Memorial Sloan Kettering Cancer Center, New York, 
NY 10065, USA.

6Amyloidosis and Myeloma Unit, Department of Hematology, Hospital Clinic, August Pi i Sunyer 
Biomedical Research Institute, University of Barcelona, 08036 Barcelona, Spain.

7Eureka Therapeutics, Emeryville, CA 94608, USA.

8Department of Biochemistry, Albert Einstein College of Medicine, Bronx, NY 10461, USA.

*Corresponding author. brentjer@mskcc.org.
Author contributions: E.L.S. and R.J.B. conceptualized the study. E.L.S., B.S., C.L., K.H., M.S., R.M., J.J., T.J.L., M.G., S.C.A., 
Y.X., and H.L. chose and developed the methodology. E.L.S., B.S., K.H., M.S., R.M., J.J., T.J.L., K.Y.N., M.G., T.J.P., T.D., M.T.P., 
J.M.B., C.F.D.L., E.O., E.P., S.C.G.-T., H.L., and Y.X. conducted experiments, validated assays, and analyzed data. I.R., X.W., S.C.A., 
and C.L. provided technical resources. E.L.S. drafted the paper. B.S., K.H., T.J.L., J.J., M.G., S.C.A., P.W., X.W., and R.J.B. reviewed 
and edited the paper. E.L.S., B.S., K.H., and P.W. coordinated and managed the project. E.L.S., B.S., K.H., H.-G.W., I.R., S.C.A., 
C.L., and R.J.B. supervised the study. E.L.S., H.-G.W., S.C.A., and R.J.B. provided funding.

Competing interests: E.L.S., R.J.B., and C.L. have licensed intellectual property to and collect royalties from Juno Therapeutics, A 
Celgene Company. E.L.S., R.J.B., and I.R. receive research funding from Juno Therapeutics, A Celgene Company. E.L.S. and R.J.B. 
are consultants for Juno Therapeutics, A Celgene Company. E.L.S. is a consultant for Fate Therapeutics. C.F.D.L. has received 
research funding and is a consultant for Celgene, Janssen, Takeda, and Amgen. P.W., H.L., Y.X., and C.L. are employed by and hold 
equity in Eureka Therapeutics. I.R. receives research funding from Fate Therapeutics. K.H., J.J., T.J.L., M.T.P., and E.O. are employed 
by and hold equity in Juno Therapeutics, A Celgene Company. B.S. and M.G. were employed at Juno Therapeutics, A Celgene 
Company during their involvement in all work within this manuscript. B.S. is currently an employee and equity shareholder of Lyell 
Immunopharma. M.G. is currently an employee of Poseida Therapeutics and is an equity shareholder of Celgene and Poseida 
Therapeutics. R.M. and E.P. were employed by MSKCC during their involvement in all work within this manuscript. R.M. is currently 
employed by AgenTus Therapeutics Inc. E.P. is currently employed by Regeneron. E.L.S., C.L., and R.J.B. acknowledge filed patent 
application WO2016/090312 “Chimeric antigen receptors targeting g-protein coupled receptor and uses thereof” related to the work 
disclosed in this paper. All other authors declare that they have no competing interests.

Data and materials availability: All data associated with this study are present in the paper or the Supplementary Materials. OPM2, 
RPMI-8226, and MM1.S human myeloma cell lines expressing ffLuc and guide RNAs for CRISPR KO of GPRC5D and BCMA are 
available from R.J.B. under a material transfer agreement with MSKCC.

HHS Public Access
Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2020 September 22.

Published in final edited form as:
Sci Transl Med. 2019 March 27; 11(485): . doi:10.1126/scitranslmed.aau7746.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9Leukemia Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, 
NY 10065, USA.

Abstract

Early clinical results of chimeric antigen receptor (CAR) T cell therapy targeting B cell maturation 

antigen (BCMA) for multiple myeloma (MM) appear promising, but relapses associated with 

residual low-to-negative BCMA-expressing MM cells have been reported, necessitating 

identification of additional targets. The orphan G protein–coupled receptor, class C group 5 

member D (GPRC5D), normally expressed only in the hair follicle, was previously identified as 

expressed by mRNA in marrow aspirates from patients with MM, but confirmation of protein 

expression remained elusive. Using quantitative immunofluorescence, we determined that 

GPRC5D protein is expressed on CD138+ MM cells from primary marrow samples with a 

distribution that was similar to, but independent of, BCMA. Panning a human B cell–derived 

phage display library identified seven GPRC5D-specific single-chain variable fragments (scFvs). 

Incorporation of these into multiple CAR formats yielded 42 different constructs, which were 

screened for antigen-specific and antigen-independent (tonic) signaling using a Nur77-based 

reporter system. Nur77 reporter screen results were confirmed in vivo using a marrow-tropic MM 

xenograft in mice. CAR T cells incorporating GPRC5D-targeted scFv clone 109 eradicated MM 

and enabled long-term survival, including in a BCMA antigen escape model. GPRC5D(109) is 

specific for GPRC5D and resulted in MM cell line and primary MM cytotoxicity, cytokine release, 

and in vivo activity comparable to anti-BCMA CAR T cells. Murine and cynomolgus cross-

reactive CAR T cells did not cause alopecia or other signs of GPRC5D-mediated toxicity in these 

species. Thus, GPRC5D(109) CAR T cell therapy shows potential for the treatment of advanced 

MM irrespective of previous BCMA-targeted therapy.

INTRODUCTION

Antibody-based therapies, including recent advances such as bispecific antibodies (1) and 

chimeric antigen receptor (CAR) T cell therapies (2–6), are revolutionizing the treatment of 

B cell malignancies. Although the management of multiple myeloma (MM) has advanced 

recently, it is still considered incurable, and the prognosis for patients with multiply relapsed 

and refractory MM remains grim.

Early clinical results with CAR T cell therapies targeting B cell maturation antigen (BCMA) 

are promising (7). However, although BCMA is expressed on most malignant plasma cells, 

expression is heterogeneous, potentially leading to variable responses (8). In addition, 

expression of BCMA on the cell surface varies over time because of γ secretase–mediated 

shedding of the extracellular domain (9); this and potentially other mechanisms may cause 

therapeutic selection of BCMA-low or BCMA-negative MM plasma cells. BCMA down-

regulation has been reported in patients with MM who relapsed after BCMA-targeted CAR 

T cell therapy (8, 10), similar to relapses after CD19-targeted (11, 12) and CD22-targeted 

(13) CAR T cell therapy for B cell malignancies. Developing immunotherapies for 

additional targets may mitigate antigen loss and effectively treat patients with low or 

variable BCMA expression.
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One potential alternative CAR T cell target for MM is the orphan G protein–coupled 

receptor, class C group 5 member D (GPRC5D). Earlier work discovered GPRC5D 

expression in two anatomic locations: the hair follicle (14–16), considered an immune-

privileged site (17–19), and the bone marrow from patients with MM (20, 21). These two 

latter studies identified GPRC5D mRNA in the unsorted bone marrow of patients with MM; 

however, the only report to evaluate protein expression on MM samples did not detect it on 

the surface of MM cells (22). Until now, evidence of GPRC5D protein expression on MM 

cells and an extensive evaluation of potential “on-target/off-tumor” toxicity remain lacking.

Through immunohistochemical analyses, we demonstrate that GPRC5D is expressed on 

malignant bone marrow plasma cells, whereas normal tissue expression is limited to the hair 

follicle. We developed and evaluated an optimized, human-derived, GPRC5D-targeted CAR 

T cell therapy. Using a reporter line that provides a specific readout of signaling from the 

CAR, we identified CAR designs optimized for spacer length (23) and low antigen-

independent (tonic) signaling (24–26). Last, we provide preclinical evidence that a 

GPRC5D-targeted CAR T cell therapy candidate is safe and effective. Despite GPRC5D 

expression in the hair follicle, we show that anti-cynomolgus and anti-murine cross-reactive 

GPRC5D CAR T cells do not induce alopecia or cause other clinical signs of damage to the 

skin in these species. On the basis of these results, we anticipate that GPRC5D will become 

an important clinical target for MM immunotherapy.

RESULTS

Expression of GPRC5D by MM cells

In evaluating potential cell surface targets for immunotherapy of MM, we sought to identify 

antigens with near ubiquitous expression on MM plasma cells and limited expression on 

essential normal tissue cells. Using the Cancer Cell Line Encyclopedia (CCLE), we 

evaluated mRNA expression of GPRC5D in silico across >1000 different malignant cell 

lines, including 30 MM cell lines. As a control, we evaluated SDC1 (CD138), a common 

surface marker of normal and malignant plasma cells. Although SDC1 is highly expressed in 

MM cell lines, it is also highly expressed in cell lines from the majority of tumor types, with 

upper aerodigestive tract tumors having the highest expression (fig. S1A). GPRC5D mRNA 

was highly expressed in MM cell lines (n = 30), but in contrast to SDC1, no other tumor 

types exhibited substantial expression (Fig. 1A). Similarly, analysis of data from the 

Genotype-Tissue Expression (GTEx) database of primary normal (nonmalignant) tissue 

types demonstrated high expression of SDC1 mRNA in the esophagus, skin, lung, and liver, 

among other tissues (fig. S1B), whereas GPRC5D mRNA was not highly expressed in any 

normal tissues aside from the skin, in which it was variably expressed, in agreement with 

previous reports (14–16). Furthermore, analysis of RNA expression data on human bone 

marrow samples showed that primary malignant and normal plasma cells expressed 1000- 

and 500-fold more GPRC5D mRNA than B cells from peripheral blood, respectively (Fig. 

1B and fig. S1C).

To evaluate potential correlations between GPRC5D expression and clinical outcomes, we 

analyzed the Multiple Myeloma Research Foundation (MMRF) CoMMpass trial 

(NCT0145429), a publicly available longitudinal study with accompanying CD138-sorted 
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RNA-seq expression data from 765 patients (research.themmrf.org/; version IA13). A 

previous investigation of 48 patients independent of the CoMMpass cohort (20 ) reported 

that GPRC5D expression above the median correlated with a worse prognosis. Our analysis 

of the CoMMpass cohort confirms this finding, as GPRC5D expression above the median in 

this large dataset correlated with shorter progression-free survival (P = 0.0031; fig. S2A). 

GPRC5D expression did not correlate with International Staging System score or any 

evaluated common cytogenetic abnormality (fig. S2, B and C).

Similar to an earlier report (22), we did not identify GPRC5D on MM cells using any 

commercially available or internally developed flow cytometric reagents. These reagents 

were incompatible with quantitation of cellular antigen density. We used protein 

immunohistochemistry (IHC) to evaluate protein expression by primary malignant plasma 

cells. The specificity of anti-GPRC5D IHC was validated using K562 cells engineered to 

express GPRC5D and human MM cell lines endogenously expressing GPRC5D (fig. S3). 

We also performed multiplex quantitative immunofluorescence (Q-IF) for CD138, BCMA, 

and GPRC5D on primary bone marrow samples; representative images are presented in Fig. 

2A. Using a cutoff of ≥50% antigen expression on CD138+ cells, which has been used in 

some trials of BCMA-targeted CAR T cell therapy (NCT02215967 and NCT02658929), we 

observed that 65% (54 of 83) of samples have GPRC5D expression above this level, 73% 

(61 of 83) of samples meet this threshold for BCMA, and 88% (73 of 83) meet this cutoff 

when expression of either BCMA or GPRC5D is considered (Fig. 2, B and C). GPRC5D 

expression on CD138 cells was independent of BCMA expression (R2 = 0.156; Fig. 2D).

We examined expression of GPRC5D on normal tissue by immunostaining core biopsies of 

30 primary tissues, each from three human donors. Of these, 24 did not express GPRC5D 

protein (table S1); IHC of the tissue types that showed any sign of positive staining was 

repeated using samples from non-human primates (NHPs) (cynomolgus monkey; 96% 

amino acid homology to human; antibody cross-reactive), yielding similar results. Among 

non–plasma cell normal tissues, IHC was positive in cells from the hair follicle bulb and the 

peribronchial glands; the hair follicle bulb was the only tissue in which expression was 

confirmed by RNA-ISH (RNAscope) and quantitative polymerase chain reaction (PCR) 

(table S1 and Fig. 2E). Results from quantitative PCR assessment of expression in skin 

indicated a weakly positive signal (table S1), consistent with expression being limited to a 

rare cell type in the skin. These results are in agreement with the GTEx data and previous 

reports of GPRC5D expression in the hair follicle (14–16).

Development of a GPRC5D-targeted CAR

To select and identify GPRC5D-specific single-chain variable fragments (scFvs), NIH-3T3 

fibroblasts were stably transduced with human GPRC5D cDNA via a retrovirus to generate 

stable artificial antigen-presenting cells (hGPRC5D-aAPCs). Expression of GPRC5D by 

these cells was confirmed by flow cytometry, and a highly antigen-expressing subclone was 

expanded. hGPRC5D-aAPCs were used to screen scFvs from a human B cell–derived scFv 

phage display library (screening and validation strategy; Fig. 3A). Ultimately, 32 distinct 

clones were identified, including light- and heavy-chain complementarity-determining 

regions (CDRs) covering five and three subfamilies, respectively, and with HCDR3 length 
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ranging from 6 to 23 amino acids. The top seven clones that exhibited the highest specific 

binding to human MM cell lines MM.1S and NCI-H929 but did not bind to GPRC5D-

negative cell lines (derived from other hematologic malignancies) were selected for 

development into CAR constructs. Epitope mapping of a subset of these scFv clones 

demonstrated diverse epitope binding; all four extracellular domains of GPRC5D were 

bound by at least one of the identified scFvs (Fig. 3B).

To select an scFv for clinical development as a CAR, we engineered CARs incorporating all 

top seven GPRC5D-targeted human scFvs identified above in various structural formats: the 

variable heavy chain/variable light chain (VH/VL) or VL/VH orientation of each scFv, each 

with one of three IgG4/IgG2–derived spacer domains of varying lengths [short, hinge only, 

12 amino acids; medium, hinge-CH3, 119 amino acids; or long, hinge-CH2-CH3, 228 amino 

acids, with CH2 modifications to limit Fc receptor binding as previously described (23)], for 

a total of 42 CAR constructs. All CARs designed for this initial evaluation contained a 

CD28 transmembrane domain and 4–1BB and CD3ζ signaling domains (Fig. 3C).

Because antigen-independent tonic signaling can impede the overall efficacy of CAR T cell 

therapy (24–26), we first screened for CARs that conveyed limited tonic signaling. We 

generated a reporter Jurkat T cell line that expressed red fluorescent protein (RFP) 

specifically downstream of CD3ζ signaling. The RFP gene was inserted in-frame 

downstream of the endogenous NR4A1 (Nur77) gene after a “self-cleaving” T2A element 

via homologous recombination; RFP expression thus indicates transcription of the 

immediate early gene NR4A1 (fig. S4), which is not influenced by cytokine-mediated or 

Toll-like receptor–mediated signals (27). The Nur77-RFP Jurkat T cell line was stably 

transduced with a bicistronic construct containing GFP and 1 of the 42 CAR constructs 

described above, and tonic signaling was determined as the percentage of GFP-expressing 

(CAR-transduced) cells that were also positive for RFP. Results of the assay varied 

substantially among CAR constructs, and the constructs incorporating human GPRC5D–

targeted scFv 109 [GPRC5D(109)] consistently displayed the least tonic signaling as 

indicated by this assay (Fig. 3D). Certain CAR constructs that were associated with the most 

tonic signaling in cells expressing such CARs also inhibited growth of the Jurkat reporter 

cell line and were excluded from further evaluation (120 VH/VL and VL/VH with the short 

spacer and 123 VL/VH with the medium spacer).

Using the remaining cell lines, we compared the various CARs’ antigen-independent 

signaling with their antigen-dependent signaling via CAR binding to GPRC5D as measured 

using this reporter system. To assess antigen-specific signaling, the CAR/GFP-modified 

Jurkat Nur77-RFP reporter cells were cocultured 1:2 with MM.1S myeloma cells, which 

endogenously express GPRC5D, and RFP was measured after 20 hours. Results of this assay 

demonstrated that incorporation of a long spacer increased antigen-mediated signaling 

through the CAR but did not increase antigen-independent (tonic) signaling (Fig. 3E). The 

GPRC5D(109)-containing CAR in the VL/VH orientation with a long spacer was the most 

responsive to antigen exposure and displayed the lowest tonic signaling (Fig. 3E; 

representative flow plots, fig. S4B).
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In vitro activity of GPRC5D-targeted CAR T cell therapy

We tested the in vitro activity of primary human T cells modified to express 4-1BB–

containing GPRC5D(109) CAR T cells after coculture with human MM cell lines with a 

range of GPRC5D mRNA expression (fig. S5A) and primary MM cells. After a 24-hour 

coculture, these cells efficiently induced cytotoxicity in OPM2 human MM cells (which 

express endogenous BCMA and GPRC5D) across a broad range of effector–to–tumor cell 

(E:T) ratios, from 80% at 0.03:1 E:T ratio to 98% at 1:1 E:T ratio, comparable to coculture 

with BCMA-targeted CAR T cells (28) (Fig. 4A), with cytotoxicity from both MM antigen-

targeted cocultures significantly above background cytotoxicity seen with irrelevantly 

CD19-targeted (SJ25C1) CAR T cells (P < 0.001; Fig. 4A) (3). Similar cytotoxicity after 

coculture was seen against other GPRC5D mRNA high (MM.1S) and low (RPMI-8226) 

human MM cell lines (fig. S5B). GPRC5D(109)-containing CAR T cells also eradicated 

primary MM cells obtained via bone marrow aspirate. As shown in Fig. 4B, coculture with 

either GPRC5D- or BCMA-targeted CAR T cells from the same donor reduced the CD138+ 

MM cell fraction of CD3− viable bone marrow mononuclear cells (BMMCs) by >90% 

relative to coculture with irrelevantly targeted CAR T cells (representative of coculture with 

n = 5 primary samples; additional cocultures of primary samples are presented in fig. S6).

Cytokine secretion profiles after coculture with OPM2 MM cells were similar between CAR 

T cells targeting GPRC5D and those targeting BCMA. GPRC5D- or BCMA-targeted CAR 

T cells cocultured with OPM2 cells had polyfunctional cytokine secretion profiles when 

compared with either irrelevantly targeted CD19-targeted (SJ25C1) control or cells cultured 

in the absence of target cells. The largest increases were seen in secretion of interferon-γ 
(IFN-γ), macrophage inflammatory protein 1-α (MIP-1α), and tumor necrosis factor–α 
(TNFα) (effector); granulocyte-macrophage colony-stimulating factor (GM-CSF) and 

interleukin-2 (IL-2) (stimulatory); MIP-1β and IL-8 (chemo-attractive); and sCD40L and 

IL-13 (regulatory) (Fig. 4C and fig. S7).

We also measured the proliferation and activation of GPRC5D(109) CAR T cells (Fig. 4, D 

and E). These responses were similarly specific; GPRC5D(109) T cells proliferated (as 

indicated by dilution of CellTrace Violet) and up-regulated the activation marker CD25 in 

the presence of OPM2 cells but not upon coculture with B cell acute lymphoblastic leukemia 

(B-ALL) Nalm6 cells; mock-transduced T cells did not respond to MM cells.

Specificity of scFv clone 109 for GPRC5D

To evaluate the potential for off-target binding of anti-GPRC5D clone 109, we measured its 

specificity among G protein–coupled receptors (GPCRs). We transiently expressed anti-

GPRC5D scFv clone 109, including the long spacer, in human embryonic kidney (HEK) 293 

cells using a cell surface expression vector that included cytoplasmic mCherry. In parallel, 

we transiently expressed the cDNA for each human GPCR in a vector with cytoplasmic 

GFP; of these, 202 passed quality control of >25% transduction and were screened for off-

target binding. Using an automated flow cytometric assay that detects cell-cell interaction, 

we determined that scFv clone 109, as a cell surface chimeric receptor, interacted 

exclusively with GPRC5D (Fig. 5A).
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The specificity of clone 109 for GPRC5D among cell surface proteins generally was 

confirmed using an scFv-Fc IHC assay in which individual HEK293 cell populations, each 

expressing 1 of 4417 human plasma membrane proteins, were grown in microarray spots 

and treated with an anti-GPRC5D clone 109 scFv-mIgG2a Fc antibody or an mIgG2a Fc 

isotype control. Cell microarrays were assessed for binding by automated fluorescent 

microscopy after treatment with a fluorescently labeled secondary antibody. The clone 109–

containing antibody bound strongly to GPRC5D and initially indicated potential weak-to-

medium binding of two additional proteins, protocadherin α1 (PCDHA1) and Fcγ receptor 

2A (CD32a; FCGR2A), a protein with known potential for Fc interaction (29). A small-scale 

second assay including only these proteins indicated potential for binding (Fig. 5B). 

Nonetheless, after coculture of K562 cells individually expressing these proteins with 

GPRC5D(109) CAR-expressing Jurkat Nur77-RFP reporter cells, neither coculture resulted 

in activation, as measured by RFP signal (Fig. 5C), confirming that these potential off-target 

interactions are nonspecific and did not stimulate GPRC5D(109) CAR signaling in the 

presence of these proteins. Further, activation of Jurkat Nur77-RFP reporter cells mediated 

by the GPRC5D(109) CAR after coculture with OPM2 MM cells was abolished when they 

were instead cocultured with OPM2 cells in which GPRC5D was knocked out using 

CRISPR-Cas9 (fig. S8). Together, these results show that scFv clone 109 specifically 

recognizes GPRC5D.

In vivo activity of GPRC5D-targeted CAR T cell therapy

To evaluate the in vivo activity of GPRC5D-targeted CAR T cell therapy, we used the OPM2 

human myeloma cell xenograft model that causes bone marrow–predominant disease (28, 

30). Nonobese diabetic scid gamma (NSG) mice were injected via tail vein with OPM2-

ffLuc cells, which were allowed to engraft and expand for 14 days before a single tail vein 

injection of CAR T cells (with comparable transduction efficiency; representative example, 

fig. S9), and tumor burden was monitored by bioluminescence imaging (BLI). In vivo 

activity was compared among CAR T cells incorporating one of three highly active anti-

GPRC5D scFv clones, which also had low antigen-independent tonic signaling (102, 108, 

and 109); all were made with the same long spacer, CD28 transmembrane domain, and 4–

1BB and CD3ζ signaling domains. Treatment with each of the GPRC5D-targeted CAR T 

cells increased survival (Fig. 6A). At 100 days after CAR T cell injection, only mice treated 

with GPRC5D(109)-containing CAR T cells maintained 100% survival.

Evaluation of GPRC5D(109) CAR T cells in a large burden of disease model (treatment 3 

weeks after tumor engraftment) demonstrated CAR T cells homing to and rapidly 

eradicating MM by day 7 after treatment with either a 4–1BB or a CD28 costimulatory 

signaling domain. All aspects of the CARs other than the costimulatory domain were kept 

constant, including the long spacer and CD28 transmembrane domain. In this case, we used 

a bicistronic construct including a membrane-tethered exterior Gaussia luciferase, separated 

by a P2A element from the CAR, to allow in vivo BLI of CAR T cells after injection of 

coelenterazine, a distinct substrate from the luciferin required for ffLuc BLI (31). A large 

burden OPM2-ffLuc MM model was used to distinguish between these two similar CARs; 

the ample amount of antigen was intended to drive CAR T cell expansion and ease 

monitoring of their homing and accumulation. Mice were treated with 3 × 106 CAR+ viable 
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T cells 21 days after OPM2 engraftment. Regardless of costimulatory domain, 

GPRC5D(109) CAR T cell therapy comparably extended survival (Fig. 6B). GPRC5D(109) 

CAR constructs with either costimulatory domain eradicated OPM2 cells between days 2 

and 7 after CAR T cell injection, and eradication was predominately durable (Fig. 6C). The 

deaths of treated mice around day 60, in the absence of OPM2 BLI signal, were secondary 

to xenogeneic graft-versus-host disease, a known, donor-dependent limitation of injecting 

human T cells into NSG mice (32, 33).

To assess whether GPRC5D-targeted CAR T cells accumulate at the site of the xenograft, 

we conducted BLI after coelenterazine injection at 1 week after treatment, the time we 

previously found to be the peak of in vivo expansion of BCMA-targeted CAR T cell therapy 

in this model (28). This assay demonstrated that CAR T cells with either costimulatory 

domain localized to the site of the MM xenograft (Fig. 6D).

In addition to the OPM2 model, in vivo analysis of mice bearing xenografts of the human 

MM cell line, RPMI-8226, with low expression of GPRC5D mRNA (fig. S5) similarly 

showed that T cells gene-modified with this GPRC5D-targeted CAR mediated antitumor 

activity and in vivo CAR T cell expansion (fig. S10).

Given the promising clinical results reported with BCMA-targeted CAR T cell therapy to 

treat MM (7), we directly compared GPRC5D(109)/4-1BBz with BCMA-targeted CAR T 

cell therapy, both including an identical CAR backbone (Fig. 6, E and F). We treated mice 

14 days after OPM2 injection as in Fig. 6A; however, we used lower doses of CAR T cells 

than in previous experiments. When treating with 1 × 106 or 3.3 × 105 GPRC5D or BCMA-

targeted CAR+ T cells, a dose response was noted in the kinetics of tumor regression (Fig. 

6E). GPRC5D(109) CAR T cells were comparable to BCMA-targeted CAR T cells in 

inducing tumor regression (Fig. 6E) and in extending survival (Fig. 6F) across both doses.

Because loss or down-regulation of BCMA is implicated in relapse after BCMA-targeted 

CAR T cell therapy (8, 10), we evaluated GPRC5D-targeted CAR T cell therapy in a model 

of BCMA loss-mediated relapse. We injected a mixture of OPM2WT cells spiked with a 

subpopulation of GFP/ffLuc+ CRISPR-mediated OPM2BCMA-KO cells so that the BCMA-

KO cells could be specifically imaged. BCMA(125) CAR T cells eradicated OPM2WT cells 

(fig. S11), whereas the OPM2BCMA-KO subpopulation progressed. Antigen escape-mediated 

tumor progression could be rescued by GPRC5D(109) CAR T cells (Fig. 6G).

Lack of on-target/off-tumor toxicity induced by GPRC5D-targeted CAR T cells

To evaluate potential activation of GPRC5D-targeted CAR T cells by essential normal cells, 

primary human T cells were genetically modified to express the GPRC5D(109) CAR and 

cocultured with a panel of isolated primary human cell types, after which cytokine release 

was measured. Whereas coculture of GPRC5D(109) CAR T cells with positive control 

OPM2 MM cells caused substantial IFN-γ, IL-2, and TNFα release, quantities of cytokines 

in the media after coculture with any of the 20 normal tissue types investigated were 

minimal; for example, IFN-γ was 2600-fold higher after OPM2 coculture when compared to 

the highest value after coculture with cells isolated from normal tissue (fig. S12).
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Given the expression of GPRC5D in cells from the hair follicle (Fig. 2E and table S1), we 

sought to evaluate on-target/off-tumor binding in a relevant in vivo model. To find a murine 

or cynomolgus cross-reactive anti-GPRC5D scFv, we used the Nur77 Jurkat reporter cell 

line. Nur77 Jurkat cell populations were stably transduced to express one of six anti-

GPRC5D scFvs and cocultured 1:1 with K562 cells engineered to express human, murine, or 

cynomolgus GPRC5D (the latter two forms have 82 and 96% amino acid homology to 

human, respectively). scFv clone 109 was not cross-reactive to either mGPRC5D or 

cGPRC5D, but multiple clones were cross-reactive to mGPRC5D and cGPRC5D (fig. S13). 

Of these, clones 122 and 108 were selected for further experimentation in murine and 

cynomolgus models, respectively, given their high antigen-dependent signaling-to-tonic 

signaling ratios (fig. S13). Both GPRC5D(109)- and GPRC5D(122)-containing CAR T cells 

were well tolerated by mice; neither affected body mass or temperature (Fig. 7, A and B). 

Both CAR T cell therapies eradicated OPM2 cells injected 14 days earlier (Fig. 7C). There 

was no fur loss or other clinical sign of toxicity.

In the NHP model, autologous cynomolgus T cells were genetically modified with the 

cGPRC5D cross-reactive CAR GPRC5D(108) (protocol schematic, fig. S14). After blood 

was taken for CAR T cell production, NHPs were treated with lymphodepleting 

conditioning cyclophosphamide (40 mg/kg on days −4 and −2). On day 1, 10 × 106 CAR
+caspase3− autologous cynomolgus T cells/kg were injected into three NHPs. Because of the 

concern for hair follicle expression of GPRC5D, to increase the sensitivity of detecting 

toxicity, NHPs were also treated with the topical skin irritant imiquimod on a small region of 

the back 4 days before CAR T cell injection. To boost CAR T cell expansion, each NHP 

received 10 × 106 cGPRC5D+caspase3− autologous artificial antigen-presenting T cells/kg 4 

days after CAR T cell injection. The transduction rate of the CAR into NHP T cells was 36 

to 49% of CD3+ cells. After gene transfer, preinfusion NHP T cells remained viable (80 to 

92%) and were functional, with IFN-γ release approaching 10,000 pg/ml of supernatant 

after coculture with cells expressing GPRC5D (1:1 E:T ratio) and antigen-specific target cell 

lysis consistent between CAR T cells from the three NHPs (fig. S15, A and D). Although 

there was insufficient material to assess post-infusion CAR T cell expansion, persistence 

was detected in the peripheral blood in all three NHPs and in the bone marrow in two at the 

time of sacrifice for gross and histologic examination (day 21 after infusion; fig. S15E).

After GPRC5D(108)-containing CAR T cell therapy, there was no acute infusion-related 

toxicity. After treatment, clinical observation, body temperature, and weight curves 

remained stable (Fig. 7, D and E). No adverse events, increases in proinflammatory 

cytokines, or relevant changes in clinical chemistry were observed in any of the subjects. 

There was no fur loss or other clinical or pathological signs of damage to the skin, lungs, or 

other tissues (Fig. 7F and Table 1).

DISCUSSION

These studies demonstrate that GPRC5D is an attractive target for the immunotherapy of 

MM. This receptor is expressed on MM cells and absent from nearly all healthy tissues, with 

the exception of the hair follicle, which may be immune-privileged. Further, GPRC5D-
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targeted CAR T cells eradicate MM cells from xenograft models and do not cause overt 

toxicity or pathology in mice or NHPs.

We confirmed that GPRC5D protein is consistently expressed on MM cells with a 

membranous pattern by IHC staining. The single prior reported study to evaluate protein 

expression did not identify GPRC5D on the cell surface using flow cytometric analyses (22), 

likely due to the unavailability of reliable, high-quality flow cytometry reagents. Our study 

was limited by a lack of reagents to quantify antigen density; the development of such 

reagents should allow investigation of whether the GPRC5D− MM cells seen in our IHC 

analysis are a distinct subpopulation or part of the normal distribution of expression. 

Nonetheless, the activity of GRPC5D(109) CAR T cells against MM cell lines with 

relatively high and low GPRC5D mRNA expression is encouraging.

The distribution of GPRC5D expression on CD138+ cells across patient samples is similar to 

that of BCMA. However, the intrapatient expression patterns are independent of each other; 

therefore, the percentage of CD138+ cells expressing BCMA does not correlate with an 

expected percent GPRC5D expression for any individual patient. Consistent with this, 

although in most samples, the largest population of CD138+ cells expresses both BCMA and 

GPRC5D, in several patient samples, single-antigen BCMA expression was more prevalent, 

whereas in others, GPRC5D expression was dominant. One limitation of these results is that 

the effects of processing primary bone marrow samples may result in artefactual antigen loss 

in some cases, which would cause underestimation of BCMA and GPRC5D expression.

We explored the potential for on-target/off-tumor toxicity by targeting GPRC5D. GPRC5D 

is strongly expressed in the hair follicles and variably in lung tissue; the latter was apparent 

by IHC but not confirmed by RNA-ISH. Coculture of GPRC5D-targeted CAR T cells with 

20 different primary cell types from essential normal tissues induced only minimal IFN-γ 
release, at least 2600-fold lower than coculture with MM cells. To further ensure the 

specificity of GPRC5D-targeted CAR T cells for MM cells, it will also be important to 

evaluate GPRC5D expression in additional primary cell targets from multiple donors when 

improved flow reagents become available. NHPs and mice treated with species cross-

reactive CAR T cells showed no clinical signs of toxicity. Potential hair loss may be a risk 

acceptable for patients; however, the hair follicle is considered an immune-privileged site 

(17–19), which may explain the apparent lack of skin or hair toxicity in NHPs and mice 

treated with species cross-reactive CAR T cells. However, although we did not observe any 

acute toxicities targeting GPRC5D in murine and NHP studies, the conclusions are limited 

by the use of surrogate species cross-reactive CAR binders and, in the NHP study, the small 

number of animals treated (n = 3) and the inability to evaluate CAR T cell expansion. The 

potential for on-target/off-tumor toxicity against normal plasma cells is similar to toxicity 

with CD19-targeted CAR T cell therapy, where hypogammaglobulinemia may occur. If 

hypogammaglobulinemia or cytopenias result, treatment with pooled donor intravenous 

immunoglobulin is available. We concluded that GPRC5D is an attractive target for 

immunotherapy of MM given its preferential expression on MM cells.

Our GPRC5D-targeted CAR development strategy was designed to maximize its clinical 

activity. To avoid host anti-murine CAR immune responses upon translation into patients, 
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which have, in some cases, been found to correlate with limited clinical responses in patients 

retreated with murine scFv-based CAR T cells targeting CD19 (6), we screened a human B 

cell–derived phage display library and identified seven human anti-GPRC5D scFvs. As the 

orientation of the scFv can affect the affinity of a CAR, we evaluated these scFvs in both the 

VH/VL and VL/VH orientations. The distance between gene-modified T cells and the specific 

binding domain on the target antigen also influences optimal CAR T cell function (34); we 

therefore evaluated each of these scFvs with three different length spacer domains (23). To 

minimize antigen-independent (tonic) signaling, another factor found to adversely affect 

CAR T cell activity (24–26), scFvs were evaluated using a Jurkat T cell line designed to 

express RFP in-frame immediately downstream of endogenous Nur77 via homologous 

recombination; this Nur77-RFP reporter construct serves as a surrogate for T cell activation 

(27). A flow cytometric assay of these reporter cells transduced with each of the 42 potential 

CAR constructs (seven scFvs in both VH/VL and VL/VH orientations, each with three 

spacers) for antigen-independent (tonic) signaling and antigen-mediated activation clearly 

and rapidly differentiated between the CAR designs. Confirming the utility of this reporter 

assay, primary T cells modified with CARs incorporating the GPRC5D(109) scFv showed 

superior in vivo activity compared with GPRC5D-targeted CARs containing other scFvs. 

This approach is useful in screening not only CARs but also synthetic T cell receptor–based 

or tumor-infiltrating lymphocyte-based cell therapies for activation.

We have shown that GPRC5D-targeted CAR T cells had antitumor activity in an in vivo 

BCMA antigen escape relapse model. It is not yet firmly established whether or how the 

degree of BCMA expression may affect the efficacy of BCMA-targeted CAR T cell therapy, 

but it is possible that targeting a second antigen with an independent expression pattern, such 

as GPRC5D, may increase the frequency, depth, and/or duration of responses in patients 

harboring BCMA-low or BCMA-negative MM plasma cell reservoirs. Clinical investigation 

of GPRC5D-targeted CAR T cell therapy should be pursued for patients with advanced MM, 

regardless of previous BCMA-targeted therapy.

MATERIALS AND METHODS

Study design

The objectives of this study were (i) to determine whether GPRC5D is an attractive target 

for the immunotherapy of MM and (ii) to develop an optimized CAR targeting GPRC5D to 

treat MM, including post-BCMA antigen escape-mediated relapse. We screened primary 

MM samples and normal tissue by multiplex Q-IF, scoring by HALO image analysis using 

the same settings across samples. Toward the second objective, we screened a human scFv 

phage display library to develop GPRC5D-targeted CARs. Candidate CARs were screened 

for tonic signaling using a Jurkat Nur77 reporter line. The efficacy and safety of one CAR 

with low tonic signaling, GPRC5D(109), were extensively evaluated via in vitro 

cytotoxicity, cytokine, proliferation, and activation assays, as well as murine xenograft safety 

and efficacy studies. Safety was further evaluated with species cross-reactive GPRC5D-

targeted CARs. Studies were planned with the minimum number of animals per treatment 

group to reproducibly observe statistically significant differences (n = 5 to 8 per arm per 

experiment). All murine experiments were replicated at least twice, using T cells from 
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different donors in each replicate. Tumor engraftment was defined by baseline BLI before 

cellular therapy. Outlier mice with baseline tumor burden discordant from others in the 

experiment were excluded before randomization and CAR T cell infusion. No data were 

excluded at any later point. Researchers imaging and collecting data from mice were 

unaware of treatment group allocation, but data were not analyzed in a blinded fashion.

Human scFv phage display library screen

A human B cell–derived scFv phage display library (E-ALPHA, Eureka Therapeutics) was 

panned using NIH-3T3 aAPCs stably expressing GPRC5D. Positive phage clones were first 

confirmed by their capacity to specifically bind 3T3-GPRC5D aAPCs via flow cytometry. 

Confirmed clones were then sequenced to assess diversity. Unique clones were further 

validated by flow cytometry to assess specific binding to human MM cell lines and not 

human cell lines from other hematologic malignancies.

Epitope mapping

A library of overlapping 15-nucleotide oligomer peptides covering the extracellular domains 

of GPRC5D was synthesized and chemically linked to flexible scaffolds to assess linear, 

conformational, and discontinuous epitope binding of GPRC5D-targeted scFvs using 

Pepscan’s proprietary ELISA-based technology (Pepscan) (35).

Transduction of human T cells

Primary human T cells were isolated from whole blood obtained from healthy donors or the 

New York Blood Center, Memorial Sloan Kettering (MSK) Institutional Review Board 

(IRB) no. 95–054, Blood-Works IRB no. 20140680, or Key Biologics IRB no. 25042/1. T 

cells were stimulated with phytohemagglutinin (2 mg/ml; Sigma) or CD3/CD28 Dynabeads 

(Thermo Fisher) at a 1:1 ratio for 24 hours and grown in the presence of IL-2 ± IL-7 and 

IL-15. T cells were spinoculated with gamma retrovirus or lentivirus on days 2 to 3 after 

activation. Gamma retrovirus was gibbon ape leukemia virus pseudotyped and used in vitro 

for tests of cytotoxicity, primary MM cell coculture, and cytokine profiling in mice to 

investigate antitumor activity and T cell proliferation and homing and in NHPs to assess 

tolerability. Lentivirus was vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped and 

used in vitro for cytotoxicity, proliferation, and activation assays and in vivo to assess 

antitumor activity and toxicity. Transduction efficiency was determined by flow cytometric 

analysis on days 4 to 10. All experiments were normalized for CAR+ viable cells.

T cell signaling

A Jurkat T cell leukemia Nur77-RFP reporter cell line was generated by inserting a 2A-RFP 

sequence in-frame with the endogenous Nur77 gene by homologous recombination. This 

Jurkat Nur77-RFP line was further engineered to express various anti-GPRC5D CAR-2A-

GFP bicistronic constructs. Cells were plated either alone or 2:1 with MM.1S cells for 20 

hours. Antigen-independent (tonic signaling) and antigen-dependent activation were 

assessed by measuring changes in RFP expression by flow cytometry. Signaling of 

transduced cells was calculated as the ratio of GFP+RFP+ cells to total GFP+ cells.
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Generation of GPCR transient expression library

A cDNA library of all human GPCRs was generated, and each cDNA was cloned into a 

transient expression construct including a C-terminus fused GFP. Constructs were 

transfected into HEK293 cells cultured in suspension. Transfection was confirmed by flow 

cytometric analysis for GFP, and membrane localization was confirmed manually by 

fluorescent microscopy. Two hundred two GPCR-transfected HEK293 cell populations with 

>25% GFP+ and correct localization were used for screening.

High-throughput scFv-GPCR cell-cell binding screen

A construct containing GPRC5D scFv clone 109, connected by a long IgG4 spacer to the 

murine programmed death-ligand 1 (PD-L1) transmembrane domain with RFP fused to the 

C terminus, was generated and transfected into HEK293 cells cultured in suspension. On 

day 2 after transfection, GPCR library and GPRC5D scFv 109–expressing cells were 

cocultured 1:1 in 96-well plates. Cell-cell conjugates were detected as GFP+RFP+ doublets 

via automated flow cytometry.

Cell surface protein binding screen

Expression vectors for 4417 cDNAs (representing >3500 distinct genes) encoding native 

human plasma membrane proteins were reverse-transfected into HEK293 cells for screening 

in duplicate. Cells were grown in microarray spots on glass slides. Transduction efficiency 

was checked by transducing four spots per slide with pIRES-hEGFR-IRES-ZsGreen1 

control vector to confirm a mean ZsGreen signal of at least 1.5-fold greater than 

background, a previously defined threshold. Cells were fixed, and slides were stained with 

anti-GPRC5D clone 109 scFv-Fc (6.7 mg/ml) for 1 hour. Binding was detected with Alexa 

Fluor 647 (A647)–congugated anti-mouse IgG. A647 signal was recorded by automated 

fluorescence microscopy. Images were analyzed with ImageQuant software. Positive hits 

were classified as strong, medium, weak, or very weak via visual inspection. The identity of 

all binding antigens was confirmed by Sanger sequencing of the vector.

Murine experiments

All in vivo studies were conducted in compliance with Institutional Animal Care and Use 

Committee (IACUC)–approved protocols [Memorial Sloan Kettering Cancer Center 

(MSKCC) 00-05-065 or Juno 15–06]. Six- to 12-week-old NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (The Jackson Laboratory) were injected 

subcutaneously with RPMI-8226 cells or systemically via tail vein with OPM2 cells (30) 

stably transduced with ffLuc. Injection of D-luciferin substrate (Millipore-Sigma) allowed 

for longitudinal in vivo BLI. A single dose of human genetically modified CAR T cells was 

administered at the indicated time points. In some cases, T cells were modified with a 

bicistronic construct including a CAR and membrane-tethered external Gaussia luciferase 

(31), which could be imaged after injection of coelenterazine substrate (NanoLight 

Technology). BLI was conducted using an IVIS Spectrum, and images were analyzed using 

Living Image software (PerkinElmer). Survival was graphically represented as Kaplan-

Meier curves. The log-rank (Mantel-Cox) test was used to test statistical significance, with P 
values adjusted for multiple comparisons via Benjamini-Hochberg correction.
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NHP experiments

This study was conducted in compliance with protocol 20127278, approved by the Charles 

River Laboratories IACUC. Whole blood was drawn from seven cynomolgus monkeys 

(Charles River Laboratories), and peripheral blood mononuclear cells (PBMCs) were 

isolated, viably frozen, and shipped. After 13 days, PBMCs were thawed, and T cells were 

isolated, activated, and transduced (day−9 to day −5). In parallel, baseline blood and bone 

marrow were obtained (at 14 days after the initial blood draw). CAR T cell viability, 

transduction efficiency, and functionality (IFN-γ release and lysis of target cells) were 

assessed in vitro, and three animals with highly viable, functional CAR T cells on these in 

vitro assays were selected for further experimentation. Lymphodepleting chemotherapy 

[cyclophosphamide (40 mg/kg); Cardinal Health] was administered 4 and 2 days before 

CAR T cell injection; the first dose was accompanied by imiquimod (skin irritant) 

application. After lymphodepletion, baseline blood and bone marrow samples were collected 

1 day before administration of 1 × 107 cGPRC5D-targeted CAR+caspase− autologous T 

cells/kg body weight [in which the CAR consisted of anti-GPRC5D(108), a long spacer, 

4-1BB endodomain, and CD3ζ ] as a single dose. On day 4, 1 × 107 autologous aAPC-

cGPRC5D+caspase− T cells/kg were injected. Clinical observations, temperatures, weights, 

and serum and bone marrow evaluations were conducted over the following 21 days, after 

which animals were humanely euthanized with sodium pentobarbital (Vortech 

Pharmaceuticals) and necropsy and pathology were performed. Genomic DNA was 

extracted from cynomolgus PBMC and bone marrow samples on day 21, with cynomolgus 

anti-GPRC5D CAR T cells serving as a positive CAR-expressing control. A nested two-step 

PCR was performed using CAR-specific primers. PCR products were visualized on an 

agarose gel, with an expected CAR band size of 1267 base pairs. Bands were extracted and 

sequenced to confirm the presence of CAR DNA in the samples.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software). All 

statistical tests are two-tailed. Unless otherwise indicated, log-rank Mantel-Cox test was 

used for survival curves, and unpaired t test was used for comparison of experimental groups 

to controls. Original data are in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. High expression of GPRC5D mRNA in MM cells and variable expression in skin.
(A) mRNA expression of GPRC5D in malignant cell lines (n = 1036; CCLE, accessed in 

September 2013, Affymetrix). RMA, robust multiarray average; DLBCL, diffuse large B 

cell lymphoma; CML, chronic myeloid leukemia; ALL, acute lymphoblastic leukemia; 

AML, acute myeloid leukemia; NSC, non–small cell. (B) mRNA expression of GPRC5D in 

normal tissues according to GTEx RNASeq data (GTEx ENSG00000111291.4). The dashed 

line represents the expression of GPRC5D in CD138-sorted primary MM cells 

(BLUEPRINT RNA-seq, n = 9). FPKM, fragments per kilobase of transcript per million 

mapped reads.
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Fig. 2. Expression of GPRC5D protein on primary MM cells and in the hair follicle.
(A) Representative immunostaining of primary myeloma bone marrow for CD138, BCMA, 

and GPRC5D. Scale bars, 50 μm (black and white) and 20 μm (magenta). (B) Percentage of 

patient bone marrow samples with >50% of CD138 + cells expressing the indicated 

antigen(s) (Ag; n = 83). (C) Automated Q-IF in 83 bone marrow samples from patients with 

MM stained as in (A). Each column represents an individual patient sample. (D) Correlation 

of BCMA and GPRC5D expression on CD138+ cells; R2 = 0.156. (E) GPRC5D staining of 

the hair follicle, the only tissue type in which positive IHC staining was confirmed by RNA 

in situ hybridization (RNA-ISH; RNAscope; results are summarized in table S1). Scale bars, 

50 μm (blue) and 20 μm (black).
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Fig. 3. Development of GPRC5D-targeted CARs.
(A) Human B cell–derived scFv phage display library screening strategy. Positive “hits” 

were confirmed by scFv binding to NIH-3T3 fibroblasts expressing GPRC5D, but not those 

expressing an irrelevant protein. Sequencing identified individual clones, which underwent a 

second validation step of binding to human MM cell lines MM.1S and NCI-H929, but not to 

the acute myeloid leukemia cell line SET2. scFv clones with the strongest specific binding 

to the MM cell lines were selected for cloning into a CAR vector. (B) Linear, 

conformational, and discontinuous epitope binding of a subset of GPRC5D-targeted scFvs 

assessed by enzyme-linked immunosorbent assay (ELISA)–based technology. (C) 

GPRC5D-targeted scFvs were cloned into CAR constructs including one of three spacers of 

varying lengths (S), a CD28 transmembrane (TM) domain, and 4–1BB and CD3ζ signaling 

domains. (D) Antigen-independent (tonic) signaling of CARs containing the indicated scFvs 

and spacers. Jurkat Nur77-RFP reporter cells were transduced with 1 of 42 CAR/green 

fluorescent protein (GFP) bicistronic constructs. Viable GFP+ Jurkat cells (5 × 105) were 

plated and monitored for RFP expression 11 days after transduction in the absence of target 

antigen. Expression of both RFP and GFP indicated tonic signaling; expression of GFP 

alone indicated CAR transduced without tonic signaling. (E) Antigen-dependent versus 

antigen-independent signaling of candidate CARs. Antigen-dependent signalling was 

measured after culturing Jurkat Nur77-RFP reporter cells 2:1 with MM.1S cells (expressing 

endogenous GPRC5D) for 20 hours. Percent CAR T cell signaling represents the proportion 

of GFP+ (CAR-transduced) cells that are also RFP+ (activated). Data are representative of 

two experiments.
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Fig. 4. Cytotoxicity, cytokine secretion, proliferation, and activation of GPRC5D-targeted CAR T 
cells in the presence of MM cell targets.
(A) Cell killing of OPM2–firefly luciferase (ffLuc) MM cells induced by CAR T cells 

incorporating the indicated scFv after 24 hours of coculture, as indicated by adenosine 

triphosphate–dependent bioluminescence after addition of luciferin; normalized to tumor 

cell–alone control (pooled data from two experiments each performed in triplicate, mean ± 

SEM; P < 0.001). Effectors counted as CAR+ viable cells. (B) Flow cytometry of primary 

BMMCs from a patient with multiply relapsed MM after overnight coculture with CAR T 

cells incorporating the indicated scFv at a 1:1 ratio of CAR+ viable T cells to BMMCs. To 

avoid contribution by T cell expansion or transduction efficiency, percentage of CD3− cells 

is reported (representative of primary samples from five patients with MM). (C) Cytokines 

produced by CAR+ viable T cells incorporating the indicated scFv after 1:1 coculture with 

OPM2 MM cells or alone for 24 hours, measured in the supernatant by multiplex Luminex 

assay. (D) Proliferation and (E) activation of mock-transduced or GPRC5D(109)-expressing 

CAR T cells cultured alone, with B-ALL (Nalm6; GPRC5D−), or with MM (OPM2; 

endogenous GPRC5D+) cells at a 1:1 ratio of CAR+ viable T cells to tumor cells. T cells 

were stained with CellTrace Violet (CTV) before coculture and stained for CD4, CD8, and 

CD25 after 72 hours. (D) Proliferation indicated by dilution of CTV fluorescence. (E) 

Activation indicated by increased CD25 fluorescence. Representative data are from two or 

more experiments, unless otherwise stated.
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Fig. 5. Specific binding of GPRC5D by scFv clone 109.
(A) Binding of HEK293 cells transiently expressing a library of human GPCRs with 

cytoplasmic GFP to cocultured HEK293 cells transiently expressing anti-GPRC5D scFv 

clone 109, a long spacer, and cytoplasmic mCherry (both cell types in suspension), 

quantified by automated flow cytometric analysis. Prespecified threshold for significance 

(dashed line): Z score = 3, P < 0.0027. (B) Binding of anti-GPRC5D scFv clone 109-

mIgG2a Fc chimeric antibody to HEK293 cells expressing the indicated cell surface 

proteins. Confirmation of binding to potential off-target proteins and nonspecific binders 

identified in a microarray screen of >4400 transmembrane proteins is shown. ZsGreen1, 

transfection control; Isotype, irrelevant scFv-mIgG2a Fc, negative control; CTLA-4/CD86 

interaction, positive control. (C) Evaluation of GPRC5D(109) CAR activation by potential 

off-target proteins PCDH1A and FCGR2A. Jurkat Nur77-RFP activation reporter cells 

expressing a bicistronic plasmid containing a GPRC5D(109) CAR and GFP were cocultured 

with K562 cells expressing the indicated antigens, GPRC5D (positive control), or BCMA 

(negative control). Activation is determined as %RFP+GFP+/total GFP+ cells.
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Fig. 6. Eradication of MM cells and improvement of survival by GPRC5D-targeted CAR T cells 
in a murine xenograft model.
NSG mice were injected intravenously with OPM2-ffLuc cells to establish a bone marrow–

tropic MM xenograft and then treated with a single intravenous injection of CAR T cells at 

the indicated time and dose. (A) Survival of mice treated 14 days after OPM2 injection with 

3 × 106 4-1BB–containing CAR+ viable T cells incorporating the indicated anti-GPRC5D 

scFv clones (n = 8 per arm). (B) Survival of mice treated at 21 days after OPM2 injection 

with 3 × 106 CAR+ viable T cells gene-modified to express a bicistronic construct encoding 

extGLuc and a CAR incorporating scFv CD19(SJ25C1) or GPRC5D(109) and either a 

4-1BB or CD28 costimulatory domain (n = 5 per arm). (C) Tumor burden (d-luciferin BLI 

of OPM-ffLuc) of mice from (B). (D) CAR T cell homing (coelenterazine BLI of extGLuc 

CAR T cells) of mice from (B) performed on day 7 after CAR T cell treatment. (E and F) 

Dose response of GPRC5Dand BCMA-targeted CAR+ viable T cells, administered 14 days 

after OPM2 injection (n = 8 mice per arm). (E) Tumor burden as assessed by BLI of OPM-

ffLuc and (F) survival. (G) NSG mice were injected with a mixed population of 

unmanipulated OPM2WT (75%) + GFP/ffLuc+ CRISPR-mediated OPM2BCMA-KO (25%). 

On day 8 and day 16, mice were injected with the indicated CAR+ viable T cells. BLI 

monitors only OPM2BCMA-KO, which are the only cells to express GFP/ffLuc (n = 5 mice 

per arm, representative of two experiments). Note that, in the two BLI images of mice with 

the highest tumor burden, a higher minimum color scale threshold was used compared to the 

shown scale to remove BLI scatter. All P values shown are relative to mock-transduced (A, 

E, and F) or irrelevantly targeted (B) CAR T cells. Average myeloma distribution and 

percent weight change were assessed by two-way analysis of variance (ANOVA). P ≤ 0.05 is 

considered significant. The log-rank (Mantel-Cox) test was used to calculate statistical 
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significance of survival experiments, with P values adjusted for multiple comparisons via 

Benjamini-Hochberg correction.
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Fig. 7. Lack of overt toxicity caused by GPRC5D-targeted CAR T cells in murine and NHP 
models.
(A to C) Mice were injected with 3 × 106 human CAR+ viable T cells expressing a CAR 

containing a human/murine cross-reactive anti-GPRC5D scFv (clone 122) 14 days after 

injection of OPM2; nontreated mice and mice injected with mock-transduced T cells or T 

cells expressing a CAR containing scFv clone 109 (which recognizes only human GPRC5D) 

served as controls. (A) Body mass, (B) body temperature, and (C) BLI of OPM2-ffLuc cells. 

(D to E) Three cynomolgus monkeys were injected with autologous cynomolgus T cells 

modified to express a CAR containing a human/cynomolgus cross-reactive anti-GPRC5D 

scFv clone 108 (1 × 107 CAR+caspase− T cells/kg) and 1 × 107 cGPRC5D+caspase− 

autologous aAPC T cells/kg on day 4 (D4) and then euthanized for pathologic evaluation at 

21 days (full protocol in fig. S14). (D) Body temperature, (E) body mass, and (F) pathologic 

investigation of skin, lung, and small intestine (representative images). All abnormal 

pathologic findings are summarized in Table 1.
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