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Abstract

Chimeric antigen receptor (CAR) T cell therapy for solid tumors is constrained by the scarcity of safe, uniformly
expressed cell-surface targets. Here we identify glycoprotein NMB (GPNMB)—an MiT/TFE-family fusion-driven protein
—as being highly, homogeneously and stably expressed in primary and relapsed alveolar soft-part sarcoma (ASPS) and
translocation renal cell carcinoma. We develop a GPNMB-directed CART cell product, GCARI1, which demonstrates
potent activity against patient-matched cells, organoids and xenograft models. Post hoc interim analysis of a first-in-

human open-label, individual-participant trial (NCT07104682) for a participant with relapsed/refractory, metastatic



https://www.nature.com/natcancer
https://www.nature.com/articles/s43018-026-01194-3/save-research?_csrf=0HrMAIeLbs9Fzm_uD_8ONyREpAmZWdnN
https://www.nature.com/saved-research
https://www.nature.com/articles/s43018-026-01194-3/metrics
https://clinicaltrials.gov/ct2/show/NCT07104682
https://www.nature.com/natcancer
https://www.nature.com/natcancer

ASPS showed that GCAR1 induces stable disease for up to 3 months, accompanied by resolution of many nontarget
lesions (primary endpoint), and is well tolerated. GCARL1 T cells expand in peripheral blood as a polyclonal population
and remain detectable for 1 month. Spatial transcriptomics identified immunosuppressive niches in a treatment-
resistant lesion and immune checkpoint blockade synergized with GCAR1 in a xenograft model. Altogether, our data

provide a proof of concept for treating GPNMB-expressing solid tumors with GCAR1 and more broadly targeting

surface antigens driven by oncogenic gene fusions with CAR T cell therapies.

This is a preview of subscription content, access via your institution

Access options

Access Nature and 54 other Nature Portfolio journals

Get Nature+, our best-value online-access subscription

$32.99/30days

cancel any time


https://wayf.springernature.com/?redirect_uri=https%3A%2F%2Fwww.nature.com%2Farticles%2Fs43018-026-01194-3
https://wayf.springernature.com/?redirect_uri=https%3A%2F%2Fwww.nature.com%2Farticles%2Fs43018-026-01194-3

Buy this article Subscribe to this journal

* Purchase on SpringerLink Receive 12 digital issues and online access to articles

e Instant access to the full article PDF.

119.00
USD 39.95 $ only $9.92Ee?s£ueyear

Buy Now

Prices may be subject to local taxes which are calculated during checkout

Additional access options:

e Login

e Learnaboutinstitutional subscriptions
e Readour FAQs

o Contact customer support

Data availability

Raw and processed single-cell 5’ and V(D)) TCR sequencing data were deposited to the GEO under accession number
GSE325772 (ASPS-02; 8 scRNA-seq and 8 TCR-seq). The raw and processed Visium HD spatial gene expression data
were deposited to the GEO under accession numbers GSE282057 (ASPS-01 xenograft) and GSE325706 (ASPS-02; 2
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samples). Raw and processed single-cell and spatial data include FASTQ files and Cell or Space Ranger output. Deep
sequencing data are available from the European Genome-Phenome Archive under accession number

EGAS50000001696. All other data are included in the main text or the Supplementary Information. Deidentified

individual participant data underlying the results reported in this article, including data for the primary and
secondary outcomes, will be shared upon reasonable request. The data will become available beginning 3 months
after publication and will remain available for 5 years. Data will be shared with researchers who provide a
methodologically sound proposal for analyses that are consistent with the study objectives, participant consent and
institutional privacy requirements. Requests should be directed to djmahone@ucalgary.ca. Access will be subject to
review and approval by the study teams and institutions and requestors will be required to sign a data use agreement

before access is granted. Source data are provided with this paper.

Code availability

Code repository is available from GitHub (https://github.com/MorrissyLab/GCAR1).
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Extended data

Extended Data Fig. 1 Bioinformatic identification of candidate ASPS cell-surface targets.
a, Computational pipeline used to identify overexpressed cell-surface proteins in ASPS versus normal tissues using

microarray data from GSE13433. b, Expression profiles of 11 candidate ASPS-enriched cell-surface genes (identified
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with a one-sided Welch’s t-test with FDR correction). ¢, Mass spectrometry-based protein expression of GPNMB across
non-malignant tissues from the Human Protein Map and ref. 2, datasets. CD276 and HER2 are shown as established
CAR targets. Fourteen housekeeping genes (ACTB, B2M, GAPDH, GUSB, HMBS, HPRT1, PGK1, PPIA, RPL13A, RPLPO,
SDHA, TBP, TFRC, YWHAZ) were included for reference. MS values were capped at the 90th percentile across all 17

proteins and scaled to a [0, 1] range.

Extended Data Fig. 2 Evaluation of GPNMB-targeting CAR constructs in primary human T cells.
a, Schematic of the lentiviral CAR backbone incorporating four distinct GPNMB-binding scFvs (G1, G2, G3 or G4). b-d,

Transduction efficiency (b) and CAR expression (¢, d) in healthy-donor T cells following GCARI lentivirus transduction
at MOI =10; n =3 independent replicates from same healthy donor T cells. GFP* frequency and MYC MFI within GFP*
cells were quantified by flow cytometry. e, Representative fluorescence microscopy images of 1I9CAR or GPNMB (G1-
G4) CART cells co-cultured with ASPS-01 PDX-derived ASPS cells (described in Extended Data Fig. 3). Images are
representative of results obtained from three independent lentiviral productions and transductions of the same
healthy donor T cells, with similar CAR T-cell clustering and cytolysis patterns (quantified in f,g). Scale bars, 200 um.
f,g, Luminescence-based cytotoxicity of CAR T cells against FLUC-expressing ASPS cells across indicated
effector-to-target (E:T) ratios (f) and IFNy and IL-2 secretion 24 h after 1:1 co-culture of CAR T and ASPS cells (g).
Independent lentiviral production and transductions (n = 3) of the same healthy donor T cells. h,i, Cytotoxicity (h) and
cytokine secretion (i) of Gl1-derived CAR T cells generated from two additional donors (D1, D2); n=3 independent
replicates from each healthy donor. j, Cytotoxicity of GCAR1 T cells against FLUC-expressing wild-type (Scram) or
GPNMB-knockout (KO) UOK-124 cells across indicated E:T ratios. n = 3 independent replicates from same healthy

donor T cells. All bar graphs represent mean * s.d.

Extended Data Fig. 3 GPNMB expression in an ASPS patient-derived cell line and xenograft model.
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a-b, Amplicon sequencing of the ASPS-01 patient tumour revealed a type Il ASPSCR1-TFE3 fusion joining exon 7 of
ASPSCR1 to exon 5 of TFE3. Fusion-spanning reads aligned to the breakpoint regions in both genes. ¢, IHC staining of
the ASPS-01 primary tumour for TFE3 (left) and GPNMB (right). Staining was performed once. Scale bars, 50 um. d,e,
Immunofluorescence (d) and flow cytometry (e) of a cell line derived from a PDX tumour established from ASPS-01.
Multiplex immunofluorescence staining was performed once after single stains which demonstrated similar results.
Scale bar, 20 um. f, IHC staining of TFE3 (left) and GPNMB (right) in xenografts established following intramuscular
engraftment of ASPS cells (from d) into NSG-MHCPXO mice. Staining performed multiple times from multiple

independently implanted xenografts with consistent results. Scale bars, 50 ym.

Extended Data Fig. 4 In vivo efficacy of GCAR1 in a mouse model of ASPS CNS metastasis.
a,b, Bioluminescent imaging (a) and quantification (b) of NSG-MHCPXO mice bearing intracranial ASPS xenografts

(Day 0) and treated with1x10%,1x10°, or 1 x 10 GCARL T cells, 1 x 106 19CAR CART cells, or left untreated (n = 4 for

each group). ¢, Independent experiment using 1 x 10 GCAR1 or 1 x 10 19CAR cells manufactured from a second

healthy donor, or untreated (n =3 for each group). d, Kaplan-Meier survival curve combining both experiments,
untreated (n=7),1x10° CD19 (n=7),and 1x 10® GCARI1 (n =7). 1% 10° GCAR1 was tested in one donor (n =4). Data
analyzed by pairwise two-sided Logrank (Mantel-Cox) tests. e, Animal weights post-treatment, expressed as percent of
Day 0 weight. Data pooled from both experiments for untreated (n=7),1x10° GCAR1 (n=7),and1x10°CD19 (n=7);1
x 10° GCAR1 from one experiment (n = 4). Statistical significance versus untreated: 1x 10° GCAR1 at days 6 (p = 0.0355),
14 (p = 0.0462),18 (p = 0.0154), 21 (p = 0.0030), and 25 (p = 0.0051);1x 10° GCAR1 at days 6 (p = 0.0436), 21 (p = 0.0479),
and 25 (p = 0.0253). Two-sided two-way ANOVA with Holm-Sidak’s multiple comparisons test. f, CAR T cell expansion
in peripheral blood measured by flow cytometry for CD3"GFP" cells. Two-sided two-way ANOVA with Holm-Sidak’s

multiple comparisons test. Zero values were set to 1 for log-scale plotting.


https://www.nature.com/articles/s43018-026-01194-3/figures/12

Extended Data Fig. 5 Species specificity of GPNMB-directed CART cells.
a, Schematic of the second-generation (CD28.¢) murine CAR constructs targeting human GPNMB or mouse Gpnmb,

each containing a Thyl.1 transduction marker. b, CAR transduction efficiency in C57BL/6 mouse T cells assessed by
flow cytometry for Thyl.1and MYC. ¢, CRISPR-mediated knockout of human GPNMB in UOK-124 cells or mouse
Gpnmb in B16/F10 cells, assessed by flow cytometry. d, Cytotoxicity assay of luciferase-mCherry labeled UOK-124
GPNMB KO, B16/F10 Gpnmb KO and scrambled control cells co-cultured with human or mouse GPNMB CAR T cells and
measured after 24 hours (n=3/group). Data points represent biological replicates from three independently
manufactured batches of murine CAR T cells. e,f, C57BL/6 mice were treated with either 5 x 10 murine Gpnmb-
specific (n=4) or non-targeting (HER2) CAR T cells (n =4). Mice were monitored for weight change (e) and body
condition score (f) as per University of Calgary SOP ADMp18.

Extended Data Fig. 6 Preclinical CAR T cell manufacturing and cytokine secretion from ASPS patient
explants & plasma cytokine profiling following GCARI1 treatment.

a, Flow cytometric analysis of 199CAR-GFP and GCAR1-GFP CAR T cells manufactured from Patient ASPS-02, 7 days

post-transduction. b, 96-plex Luminex assay of media harvested 48 hours after co-culture of ASPS-02 explants with 1 x

10* autologous CAR T cells. Data represent the mean of three explant cultures per CAR T cell treatment, displayed as
Log,-transformed fold change relative to untreated media. Cytokines are ordered by fold-change difference between
GCARI1 and CAR19 conditions. ¢, 96-plex Luminex assay of plasma samples collected from ASPS-02 at the indicated
timepoints post-Tx. Data are presented as Log,-transformed fold change from baseline, calculated as the average of

three pre-treatment screening samples.

Extended Data Fig. 7 GCARI activity against tRCC cells and xenografts.
a, Representative immunohistochemical (IHC) staining of GPNMB (top) and TFE3 (bottom) in UOK-124 tRCC tumours

14 days after orthotopic implantation into the kidney of NSG-MHCPXC mice. Images are representative of staining
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patterns observed across all three mice in the group. IHC staining was performed once per tumour. Scale bars, 100 ym.
b, Representative images (left) and quantification (right) of individual lungs with background-subtracted total lung
luminescence at 14 (n =9) or 37 (n =11) days post-UOK-124 implantation in the kidney. c-e NSG-MHCPXO mice
intrarenally implanted with UOK-124 and treated with 1 x 10°, 5e10°,1x 10° or 5 % 10® GCAR1 or 5 x 10° CAR19. n = 5 mice
per group. Weekly blood CAR levels (c) measured by flow cytometry (CD3"GFP*), and representative bioluminescent
images of mice post-treatment (d). Quantification of ex vivo lung bioluminescence (e) one-week post-therapy at
indicated doses. Non-tumour bearing mice (NTB) is background luminescence. Two-sided one-way ANOVA with
Holm-Sidak’s multiple comparisons test. f,g, Bioluminescent imaging (f) of NSG-MHCPXO mice bearing wild-type or
GPNMB-KO UOK-124 tumours treated intravenously with 1 x 10® GCARI1 T cells and survival analysis (g). Statistical
significance tested by pairwise two-sided Logrank (Mantel-Cox) tests. h, Cytotoxicity (top) and cytokine secretion
(bottom) of healthy donor 1 (HD1)-manufactured GCAR1 product (Supplementary Table 3) against GPNMB™ tRCC cell
lines and control ASPS cell line, and GPNMB~ ccRCC line 786-0. All lines were transduced with mCherry/luciferase
reporters; cytotoxicity assessed by luminescence. IL-2 and IFNy secretion from GCARI1 co-cultured with target cell lines
at a 1:1ratio, measured after 24 hours. i, Representative immunohistochemical staining of GPNMB and TFE3 in FU-UR-
1, UOK-124, UOK-146 (tRCC) and 786-0 (RCC) tumours 14 days after subcutaneous implantation of cells into NSG-
MHCPKXO mice. Images are representative of staining patterns observed in tumours from three mice per tumour model.
IHC staining was performed once per tumour. Scale bars, 50 um. j, In vivo efficacy of GCARI (5 x 10 cells, i.v.) in
subcutaneous tRCC and RCC models. Tumour growth (top) and circulating GCAR1 cell levels (bottom) measured from

weekly blood draws.

Extended Data Fig. 8 Patient history and GCARI clinical product.
a, Clinical and treatment timeline for patients ASPS-02. b-c, Flow cytometry of clinically manufactured GCAR1 T-cell

products. (b) Representative gating strategy. (c) T cell differentiation states of GCAR1" cells (Live,
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CD45"CD3*MYC'CD19-CD14 CD16"), classified as: naive T cells (Tn; CD45RA*CD45RO"CCR7" CD27"CD127°CD95"),
effector T cells (Teff; CD45RA* CD45RO-CCR7-CD27*/-CD127-CD95%), effector memory T cells (Tem;
CD45RA"CD45RO"CCR7- CD277/~CD127/~-CD95"), central memory T cells (Tcm;
CD45RA-CD45RO"CCR7"CD27°CD127"/-CD95"), stem cell memory T cells (Tscm; CD45RA"CD45RO-CCR7*CD27*
CD1277CD95%), and ‘other’ (cells not fitting any defined category). d, Histograms of T cell exhaustion markers PD-1,
TIGIT, TIM-3, and LAG-3 on GCAR1" cells. Horizontal lines indicate positivity thresholds based on unstained controls.

Extended Data Fig. 9 Single cell annotations and spatial niche identification.
a, UMAP embeddings of single-cell RNA-seq data from patient ASPS-02. The first UMAP shows clustering-based cell

groupings, followed by UMAPs colored by sample identity. Subsequent UMAPs display selected SCimilarity-based
annotations, with a blue-green gradient reflecting the SCimilarity min_dist metric (where O indicates highest
confidence in cell label assignment). b, Spatial usage plots of transcriptional programs pre- and post-treatment. ¢,
Heatmap of the top 10 highest-scoring (program-defining) genes (columns) across 15 transcriptional programs (rows).
Inverse rank values are centre-scaled. d, Heat map of centre-scaled inverse rank values for selected immune-regulatory
genes (rows) across transcriptional programs (columns). e, Spatial neighbourhood stratification of all T cell-positive
bins (left) or the subset of GCAR1 + T-cell positive bins (right). Binarized program co-usage was performed for

P05 CD8* program-positive bins, expanded to include up to three neighbouring bins. Hierarchical clustering and
manual curation defined 13 spatial T cell niches across both timepoints. f, Volcano plot of differentially expressed (DE)
genes between pre- and post-treatment biopsies (top 50 labelled). The x-axis shows log, fold change; the y-axis shows
-logio Benjamini-Hochberg-adjusted p-values. DE calculations were performed using a two-sided Welch'’s t-test
within the ALDEx2 package. Genes upregulated pre-treatment are in red (positive x-axis), and those upregulated post-
treatment are in blue (negative x-axis). g, Pearson correlation between differentially expressed genes from panel (g;

rows) and spatial program usage (columns), restricted to genes also ranked among the top 250 program-defining
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genes. Genes are labelled by upregulation status (pre- or post-treatment). h, Proportion of PO5 CD8" T cell bins that
directly overlap (<24 um) P11 CAF_ECM or P12 _Endothelial program-positive bins versus those that do not. Nominal p
values were calculated with a two-sided Fisher’s exact test comparing pre- vs post-treatment. i, Proportion of GCARI"
versus GCARI1™ T cell bins directly overlapping ( < 24 um) P11_CAF_ECM or P12_Endothelial programs or not) in both
pre- and post-treatment biopsies. Statistical significance between GCARI™ and GCAR1™ assessed using a

hypergeometric simulation test.

Extended Data Fig. 10 Adjuvant atezolizumab improves GCARI activity against a mouse model of ASPS.
a, Immunohistochemical staining for CD3 and PD-L1 in tumours resected from ASPS-bearing mice treated with 1 x 10°

GCARI1T cells manufactured from patient ASPS-03. Scale bars, 50 pm. Representative images taken from n =3 per
group. b, Representative bioluminescent images of ASPS-bearing mice treated with 1 x 10° healthy donor-derived
GCAR1(n=4) or19CAR (n=4) CART cells, followed four days later by six doses (administered 2-3 days apart) of
atezolizumab (aPD-L1) or isotype control (ISO). ¢, Flow-cytometric quantification of circulating GCARI1 cells in mice
from (b). d, Kaplan—-Meier survival plot of mice in (b) (Pairwise analysis with two-sided Logrank (Mantel-Cox) test). e,
Representative bioluminescent images of ASPS-bearing mice treated with 1 x 10° healthy donor-derived GCAR1 cells,
followed by six doses of atezolizumab (aPD-L1) or ISO administered starting 4, 14, or 28 days later. f, Flow-cytometric
quantification of circulating GCAR1 cells in mice from (e). Two-sided two-way ANOVA with Holm-Sidak’s multiple
comparisons test. g, Kaplan-Meier survival plot of mice in (e) Pairwise analysis with two-sided Logrank (Mantel-Cox)
test. h, Representative bioluminescent images of ASPS-bearing mice treated with 1 x 10> healthy-donor CAR T cells

ABE-edited for PD-1and TIGIT disruption (double knockout, DKO) or mock-edited controls (n = 5/group).
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