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Chimericantigen receptor (CAR)-engineered lymphocytes treat B cell
malignancies; however, limited persistence can restrain the full therapeutic
potential of this approach. FAS ligand (FAS-L)/FAS interactions govern
lymphocyte homeostasis. Knowledge of which cells express FAS-L

in patients with cancer and whether these sources compromise CAR
persistence remains incomplete. Here, we constructed a single-cell atlas

of diverse cancers to identify cellular subsets expressing FASLG, the gene
encoding FAS-L. We discovered that FASLG expressionis limited primarily to
endogenous T cells, natural killer (NK) cells and CAR-T cells, while tumor and
stromal cell expression is minimal. To establish whether CAR-T and CAR-NK
cellsurvivalis FAS-L regulated, we performed competitive fitness assays
using FAS-dominant negative receptor (AFAS)-modified lymphocytes.
Following transfer, AFAS-expressing CAR-T/CAR-NK cells became enriched,
aphenomenon that mechanistically was reverted through FASLG knockout.

By contrast, FASLG was dispensable for CAR-mediated tumor killing. In
multiple models in female mice, AFAS coexpression enhanced antitumor
efficacy. Together, these findings reveal that CAR-engineered lymphocyte
persistence is governed by a FAS-L/FAS autoregulatory circuit.

CAR-T cell therapies have revolutionized the treatment of B cell
malignancies'? and are now showing early signs of efficacy in solid
cancers®”’. Despite ongoing progress, many patients who receive CAR
therapies fail to respond or develop resistance, highlighting a criti-
cal need to further optimize current treatments. Multiple factors may
contribute to disease progression following CAR treatment, which
can be categorized as tumor-intrinsic, tumor microenvironment or
lymphocyte-intrinsic resistance mechanisms'’. Among these, factors
associated with CAR-expressing lymphocytes are of particular interest

because they are potentially modifiable during ex vivo cellmanufactur-
ing. Across clinical studies, the in vivo expansion and persistence of
CAR-T cellsis frequently associated with superior outcomes' . Recent
clinical dataindicates that this holds true not only for CAR-T cellsbutalso
CAR-modified NK cells (CAR-NK)'¢, alymphocyte subset with desirable
features for allogeneic applications”. Thus, enhancing the survivability
of CAR-T and CAR-NK cells remains amajor goal inthe cell therapy field.

Genome-wide'®" and focused?*"** CRISPR screens have recently
identified FAS as amajor determinant of antitumor T cell persistence
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Fig.1| FASLG is expressed by endogenous and CAR-expressing lymphocytes.
a, UMAP visualization of scRNA-seq from n = 244,809 immune and nonimmune
cells obtained from the tumor and peripheral blood of patients withn =10
hematologic cancers, n =27 solid cancers and peripheral blood fromn = 4
healthy donors. Each dot represents anindividual cell assigned to one of 18
inferred cell types. CLL, chronic lymphocytic leukemia; Mono, monocyte; MP,
macrophage; DC, dendritic cell; T, regulatory T cell; T,,, conventional T cell;
T, Proliferating T cell. b, Log-transformed normalized gene expression values
for FAS and FASLG overlaid on the UMAP coordinates defined ina. ¢, Comparison
of the frequency and magnitude of FAS and FASLG expression by individual

cells assigned to eachinferred cell type identified in the UMAP. Bubble size
represents the frequency of each cell type that expresses the indicated gene

and color indicates the relative intensity of expression. d,e, Representative
immunofluorescent confocal image (d) and summary violin plots (e) quantifying
FASLG mRNA expression by endogenous and CAR-expressing T cellsin the

bone marrow of patients with B-ALL treated with a1928C CAR. Samples were
co-hybridized with DAPI (blue) and multiplexed RNA-FISH probes specific for
the mRNA sequence of the CAR’s single-chain variable fragment (scFv) (green),
CD3E mRNA (white) and FASLG mRNA (red). Data are derived from 52 annotated
regions using samples from n = 3 patients. Violin distributions are centered
around the median (red horizontal line) with quartiles ranges displayed above
and below (dashed horizontal lines). The maxima and minima are represented
by the top and bottom of each plot. Each dot represents mean FASLG mRNA
expression within a particular cell type from an annotated region of interest.

f, Summary scatter-plot demonstrating the frequency of FASLG' T cells which
either coexpress or do not express a1928{ CAR transgene in n =16 patients with
diffuse large B cell lymphoma (DLBC) measured using scRNA-seq. Each dot
represents anindividual patient. All Pvalues were calculated using a two-sided
Student’s t-test. a.u., arbitrary fluorescence units.
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under chronic antigen stimulation conditions. FAS is one of five
tumor necrosis factor (TNF) superfamily death receptors that
induces caspase-dependent apoptosis following engagement with
an extracellular ligand®. These findings provide a strong rationale
for disabling FAS signaling in receptor engineered T cells'22*%5;
however, while the role of FAS in regulating naturally occurring
T cell homeostasis is well established, whether this pathway gov-
erns CAR-T and CAR-NK longevity remains unknown. Moreover, the
dominant cellular sources of FAS-L in patients with cancer remain
incompletely defined. Here, we aimed to address three critical
gapsinknowledge regarding the immunobiology of FASin the con-
text of CAR-based therapies. First, we sought to define which cells
express FASLG in patients. Second, we sought to establish whether
CAR-engineered lymphocyte persistence is negatively self-regulated
by FASLG. Finally, we sought to determine whether FASLGis required
for on-target CAR-T and CAR-NK effector functions against B cell
malignancies. Our findings reveal that CAR-engineered lymphocyte
persistenceis governed by a FAS-L/FAS autoregulatory circuit. Thus,
disruption of FAS signaling can serve as a generalizable strategy to
enhance the therapeutic potency of genetically engineered T cells
and NK cells.

Results

FASLG is expressed by endogenous and CAR" lymphocytes

We previously reported that -73% of cancer types represented in
The Cancer Genome Atlas overexpress FASLG, the gene encoding
FAS-L, compared to matched healthy tissues**. When analyzed on a
patient-level basis, we found a strong positive correlation between
expression of lineage-defining T and NK cell genes and FASLG (Extended
DataFig.1). This finding held true across inflamed and noninflamed
histotypes, suggesting that activated lymphocytes might be the pri-
mary source of FASLG within the tumor microenvironment; however,
because these associations were made using bulk RNA sequencing
(RNA-seq), theidentity of specific ligand-expressing cell type(s) could
not be resolved unambiguously. To precisely define which cellular
subsets express FASLG, we generated an integrated human single-cell
transcriptomic atlas consisting of 244,809 immune and nonimmune
cellsusing publicly available datasets (Extended Data Fig. 2). To capture
phenotypic heterogeneity, cells were interrogated from 37 patients
with cancer and four healthy donors. After applying stringent qual-
ity controls and a standardized analysis pipeline, Uniform Manifold
Approximation and Projection (UMAP) visualization revealed nine
distinct clusters (Fig. 1a). Expression of canonical marker genes identi-
fied 18 major cell types that were subcategorized as malignant, stromal,
nonlymphoidimmune and lymphocyte subsets. Overlay of messenger
RNA expression for specific genes onto the UMAP coordinates revealed
that FAS was broadly distributed across many cell types (Fig. 1b,c). By
contrast, FASLG expression was highly restricted and limited primarily

to T and NK cells. In this analysis, there was minimal to no FASLG expres-
sion by malignant and stromal cells.

Having resolved the landscape of FASLG expression by endog-
enous cells, we next sought to measure expression by CAR-T cells
in patients. We developed and validated a multiplexed fluorescent
RNAinsitu hybridization (RNA-FISH) assay to quantify coexpression
of mRNA for a 1928 CAR transgene, CD3E and FASLG at single-cell
resolution (Extended Data Fig. 3). Using bone marrow biopsy sam-
ples from patients with B cell acute lymphoblastic leukemia (B-ALL)
treated in the context of aclinical trial (NCT01044069)", we found that
CAR-T cells consistently expressed significantly higher levels of FASLG
comparedtoendogenousT cells (Fig.1d,e). We confirmed the gener-
alizability of this finding by analyzing single-cell RNA-seq (scRNA-seq)
data from patients with diffuse large B cell ymphoma who received
CAR-T cells®. Here also, FASLG expression was significantly higherin
CAR-expressing compared to nonmodified T cells (Fig. 1f). We con-
clude that FASLG expression is highly restricted within patients with
cancer and primarily associated with endogenous lymphocytes and
CAR-modified T cells.

CAR-T derived FASLG regulates cellular persistence in vivo

We hypothesized that FAS-L expression by CAR-T cells engages
FAS'CAR-T cells to induce apoptosis and limit cellular persistence.
To test this, we performed competitive fitness assays using pheno-
typically discernable populations of human CAR-T cells that are either
responsive or unresponsive to FAS signaling (Fig. 2a). T cells were trans-
duced with one of two multi-cistronic vectors: (1) a vector encoding a
19287 CAR, a FAS-dominant negative receptor (AFAS) and truncated
epidermal growth factor receptor (tEGFR); or (2) a vector encoding
anidentical CAR and truncated low-affinity neuronal growth factor
(tLNGFR).tEGFR and tLNGFR are nonfunctional cell surface molecules
that enable mixed cell populations to be tracked longitudinally*°>",
Our rationale for coexpressing AFAS alongside a CAR was threefold.
First, AFAS is highly efficient at disrupting endogenous FAS func-
tion®2. Second, coexpression helps ensure that measured differences
inthe numbers of CAR-expressing lymphocytes is attributable to the
cell-intrinsic effect of disrupting FAS signaling™®. Third, it avoids the
potential for artifact resulting from chromosome loss, aphenomenon
reported for CRISPR/Cas9-mediated gene knockout (KO) in T cells*.
We confirmed that AFAS blocks FAS-L-induced T cell apoptosis and
has no detrimental impact on antigen-dependent effector functions
(Fig.2b-d). Further, we found that AFAS reduces caspase 3/7 activation
inresting CAR-T cells, afinding that correlates with the capacity of the
1928C CAR to induce low-level tonic signaling (Fig. 2e,f). Finally, we
discovered that AFAS protects against TCR-dependent elimination of
allogeneic lymphocytes (Fig. 2g,h and Extended Data Fig. 4), afeature
that may facilitate engraftment in human leukocyte antigen (HLA)
mismatched hosts.

Fig. 2| Cell-intrinsic disruption of FAS signaling blocks CAR-T cell apoptosis
and protects against TCR-mediated rejection of allogeneic lymphocytes.

a, Schematic of multi-cistronic vectors encoding tEGFR and a1928C CAR alone
(EC) £ aFAS-dominant negative receptor (AFAS) (ECF). b, Representative FACS
plots for activated caspase 3/7 in human T cells left untransduced (UT) or
transduced with anindicated vector. Caspase activity was measured at rest and
4 hfollowing stimulation with 100 ng ml™ of arecombinant FAS-L molecule
(IzZFAS-L). Median of n = 3 biologically independent samples is shown with mean
+s.e.m. of gated activate caspase 3/7' lymphocytes. ¢, Simplified Presentation
of Incredibly Complex Evaluations (SPICE) analysis representing cytokine
polyfunctionality of T cells transduced with indicated CAR constructs and co-
cultured with or without K562-CD19 cells. T cells exposed to PMA/I were used as
apositive control. Concentric plots indicate the median expression of indicated
cytokines from n =3 biologically independent samples. d, Cytolytic activity

of UT, EC or ECF-expressing T cells against Nalm6/mCherry. Data are shown as
mean +s.e.m. using n =3 biologically independent samples. P values calculated
using a one-way analysis of variance (ANOVA) with Welch’s correction.

e f, Representative FACS plots (e) and summary scatter-plot (f) measuring
ZsGreen expression by Jurkat NFAT-ZsGreen reporter cells transduced with tEGFR
alone (E), EC or ECF (n =12 biologically independent samples). As a positive
control, analiquot of transduced Jurkat cells were exposed to PMA/I (n =3
biologically independent samples). Data are shown as mean + s.e.m. Pvalues
were calculated using a one-way ANOVA with a Sidak’s multiple comparisons test.
g h, Representative FACS plots (g) and summary graph (h) displaying the ratio of
HLA-A*03:01" T cells transduced with tLNGFR-1928C or tEGFR-1928C-AFAS tLNGFR
and co-cultured with an indicated murinized (m)TCR transduced HLA-A*03:01"

T cell population. The anti-HLA-A*03 TCR recognizes HLA-A*03" cellsina

peptide agnostic manner while the Flu and PIK3CA (H1047L) TCRs recognize an
HLA-A*03:01-restricted viral peptide and neopeptide, respectively. FACS plots
were pre-gated on live'mTCR HLA-A3" cells. Data displayed as the mean ratio of
tLNGFR/tEGFR HLA-A*03:01" T cells + s.e.m. using n = 3 biologically independent
samples. Groups were compared using a one-way ANOVA with Sidak’s multiple
comparisons test.
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After characterizing the influence of AFAS on CAR-T cell function,
we evaluated theimpact of AFAS on CAR-lymphocyte persistence. We
combined tEGFR*and tLNGFR'T cellsin a-1:1ratio and transferred the
mixed populationinto NOD/SCID/yc™” (NSG) mice bearing established
Nalmé B-ALL (Fig. 3a). At the time of transfer, tEGFR" and tLNGFR"
T cells consisted of comparable frequencies of stem cell memory
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Fig.3| CAR-T derived FASLG auto-regulates cellular persistence in vivo.

a, Experimental design to test persistence of T cells expressing a1928C CAR +
AFASintumor-bearing mice. T cells were co-transferred into NSG mice bearing
Nalmé B-ALL and tracked based on tLNGFR or tEGFR expression. i.v., intravenous.
b, Distribution of memory T cell subsets before transfer. Bar graphs displayed
asmean *s.e.m. using n = 3 biologically independent samples. T, effector
memory T cell; Tpyra, terminal effector memory T cell. ¢,d, Representative FACS
(c) and summary scatter-plots (d) measuring the ratio of tEGFR'/tLNGFR" T cells
at the time of infusion (n = 3 biologically independent samples) and following
adoptive transfer. Symbols represent individually evaluated mice (n =10) and
are displayed as mean * s.e.m. Pvalues calculated based on comparison to the
infusion product using a two-sided Student’s t-test. e, Western blot for FAS-L
protein from control or FASLGKO 19287 CAR-transduced T cells at rest or 48 h
after anti-CD3/CD28 restimulation. The frequency of frameshift Indels in FASLG
are displayed beneath each lane. Representative results from two independent
experiments are shown. f, Relative antigen-driven in vitro expansion of control

and FASLG KO 19287 CAR-T cells + AFAS coexpression. CAR-T cells were combined
~1:1and serially restimulated at indicated time points with K562-CD19 FASLG

KO leukemia cells (left) or left unstimulated (right). Data are displayed as the
mean ratio of tEGFR/tLNGFR T cells + s.e.m. using n = 3 biologically independent
samples. Groups compared using a paired two-tailed Student’s ¢-test for
accumulated differences between each time point. g, Experimental design to
test the influence of CAR-T-derived FASLG onin vivo persistence in mice bearing
established Nalmé B-ALL. Control or FASLG KO tLNGFR-1928C CAR-T cells were
co-transferred ~1:1 with control or FASLG KO tEGFR-1928C-AFAS CAR-T cellsinto
Nalmé B-ALL-bearing NSG mice. h,i, Representative FACS (h) and summary
scatter-plot (i) comparing the ratio of tEGFR to tLNGFR cells at the time of
infusion (n =2 biologically independent samples) and 4 weeks following transfer.
Symbols represent values from individually evaluated mice (FASLG wild-type
(WT),n=5; FASLGKO, n=7) and are displayed as mean + s.e.m. Groups were
compared using a two-sided Student’s ¢-test. NS, not significant (P> 0.05).
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Fig. 4 | Disabling FAS signaling enhances CAR-T antitumor efficacy in vivo.

a, Experimental design to compare the in vivo antitumor efficacy of human

T cells that express a1928C CAR + a FAS-dominant negative receptor (AFAS)
against established Nalmé-luciferase (Luc) B-ALL. b-d, BLI (b), overall survival
curves (c) and quantification of tumor burden (d) for Nalmé-Luc B-ALL-bearing
NSG mice treated by i.v. injection with 5 x 10° tEGFR' T cells transduced with an

indicated vector. Pooled survival data from identically performed experiments
using T cells from two unique donors is shown in cand is plotted as a Kaplan-
Meier survival curve (tEGFR alone, n =10; tEGFR-1928C, n = 15; tEGFR-1928C-AFAS,
n=15). Statistical comparisons were made using a log-rank test. Quantification of
tumor burden as a function of time in mice treated with transduced T cells from
anindicated donor measured using BLI (total flux) (d).

We next asked whether CAR-T cell-derived FASLG drives popu-
lation skewing. To address this question, we ablated FASLG using
CRISPR/Cas9-mediated gene knockout (KO). We confirmed a high fre-
quency (>96%) of frameshift mutations at the FASLG locus in FASLG KO
CAR-T cells. Multiple antibody clones failed to specifically detect FAS-L
expression on human T cells using FACS (Extended Data Fig. 6). There-
fore, totest whether FAS-L proteinexpressionisactivation dependent, we
performed westernblot onlysates from controland FASLGKO CAR-T cells
atrest and after anti-CD3/CD28 stimulation. Minimal to no FAS-L was
measured in resting CAR-T cells (Fig. 3e). After stimulation, two bands
measuring~37 kD and -26 kD were detected in control-edited cells. These
correspondto theintegralmembrane and metalloproteinase-generated
soluble forms of FAS-L*. The presence of both bands was abrogated from
activated FASLG KO cells, confirming gene disruption.

Having established that FAS-L expression by CAR-T cells is activa-
tion dependent, we tested the role of CAR-T cell-derived FASLG on cel-
lular persistence. First, we measured the influence of repetitive in vitro
stimulation using CD19'K562 FASLG KO leukemia cells. In this experi-
ment, AFAS/tEGFR-expressing CAR-T cellswereaddedinal:1ratiowith
tLNGFR-expressing control CAR-T cells. The mixed population was seri-
ally activated through addition of CD19°K562 cells or left untreated as
controls. Theratio oftEGFR/tLNGFR cells became progressively enriched
for FAS signaling deficient CAR-T cells with each round of tumor stimula-
tion (Fig. 3f). By contrast, the ratio of the two cell types remained close
toonewhen FASLGKO CAR-T cellswere used. Without stimulation, there
were minimal differences between FASLGintact and KO cells and the ratio

of tEGFR/tLNGFR remained stable over time. This indicates that disrup-
tion of FAS signalingin CAR-T cells does not lead to antigen-independent
cell accumulation. Similar results were observed using T cells derived
fromasecondhealthy donor, using Nalmé cells, and in two different solid
tumor CAR-T models (Extended DataFig. 7). Finally, we discovered that
AFAS coexpression significantly delayed the acquisition of aterminally
differentiated CAR-T cell phenotype (Extended Data Fig. 8). This latter
finding was likely attributable to the generation of aprogressively higher
effector-to-target (E:T) ratio with each stimulationround, reducing the
intensity of CAR-signaling on a per-cell basis.

Based on these findings in vitro, we sought to establish whether
CAR-T cell-derived FASLG controls cellular persistence in vivo. To test
this, T cells expressing tEGFR-1928C-AFAS and tLNGFR-1928( were
recombined 1:1 after FASLG or control-KO (Fig. 3g). The mixed T cell
population was infused into Nalmé tumor-bearing mice and the ratio
of tEGFR'/tLNGFR" T cells was measured after 1 month. Consistent
with our previousresults, the balance of control-edited T cellsbecame
alteredin favor of AFAS-expressing CAR-T cells. By contrast, the ratio of
the two populations remained close to one with FASLGKO (Fig. 3h,i). We
conclude thatactivation-induced FAS-L expressionrestrains the persis-
tence of adoptively transferred CAR-T cellsinaFAS-dependent manner.

Disabling FAS enhances CAR-T antitumor efficacy in vivo

Because FAS-L negatively regulated CAR-T cell persistence, we postu-
lated that T cell-intrinsic disruption of FAS signaling would enhance
CAR-dependent antitumor efficacy in vivo. To test this hypothesis, we
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FACS and cytolytic activity of FASLGKO versus AAVSIKO T cells transduced with
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Fig. 6 | FAS-L/FAS signaling is dispensable for CAR-T antitumor efficacy.

a, Growth kinetics of Nalmé B-ALL, Raji B-NHL or activated T cells in the presence
or absence of IzZFAS-L. Each cell type was transduced with mCherry. Data are
shownas mean + s.e.m. using n = 3 biologically independent samples. FC, fold
change.b,c, Experimental design (b) and Kaplan-Meier survival curve

(c) comparing the in vivo antitumor efficacy of human CD8" T cells that express a
19287 CAR with CRISPR/Cas9-mediated KO of FASLG or AAVS1 against established
Nalmé B-ALL. tEGFR alone, n = 8; tEGFR-1928C AAVSIKO, n =15; tEGFR-1928(
FASLGKO, n =15. Statistical comparisons were made using a log-rank test.

d, Scatter-plots displaying the enrichment or depletion of sgRNAs targeting
indicated genes in the death receptor pathway by Cas9-expressing Nalmé B-ALL
cells. Tumor cells were placed under selection by T cells transduced with a1928C

0 12 24 36 48
Time (h)

0 12 24 36 48

CAR (left), a41BB{ CAR (right) or left nontransduced as specificity controls (Ctrl).
Data were reanalyzed from two published genome-scale CRISPR/Cas9 screens
and are shown as mean log,FC + s.e.m. of sgRNAs targeting indicated genes.

NTC, nontargeted control sgRNAs. n = 6 unique sgRNAs per gene for 19287 CAR
experiment and n =8 unique sgRNAs per gene for the 199BB{ experiment. Gene
level significance was determined using a one-way ANOVA corrected for multiple
comparisons by Dunnett’s test. e, Schematic for the CRISPR/Cas9-mediated KO
of FAS using anindividual sgRNA in Nalmé B-ALL. f, Time-dependent cytolytic
activity of 19287 CAR-T cells against FAS KO versus FAS-WT Nalm6/mCherry cells
atahigh (left) or low (right) E:T ratio. Data are shown as mean + s.e.m.usingn =3
biologically independent samples. Statistical comparisons were performed
using a one-way ANOVA. NS, not significant (P> 0.05).

transduced human T cells fromtwo separate donors with vectors encod-
ing tEGFR-1928C alone or together with AFAS. As an antigen-specificity
control, aliquots of T cells fromeach donor were transduced with tEGFR
alone. T cells from asingle donor were adoptively transferred into mice
bearingestablished luciferase-expressing Nalmé tumors ata CAR-T cell
dose previously determined to be noncurative (Fig. 4a)**. Compared to
tEGFR* control T cells, we found that transfer of CAR-expressing T cells
delayed tumor progression measured using bioluminescence imaging
(BLI) and significantly improved overall survival (Fig. 4b—d). Mice treated
with FAS signaling disrupted T cells had significantly prolonged tumor
control, afinding consistent with enhanced CAR-T cell persistence.
We explored the generalizability of employing cell autono-
mous FAS signaling blockade to enhance the potency of CAR-T cells
using a second B cell malignancy. NSG mice were pre-implanted
with luciferase-expressing Raji cells, a model for aggressive B cell

non-Hodgkin lymphoma (B-NHL). Tumor-bearing animals were
treated with tEGFR, tEGFR-1928C or tEGFR-1928C-AFAS transduced
Tcells (Extended Data Fig. 9a-e). Similar to resultsin the B-ALL model,
we found that AFAS coexpression significantly enhanced antitumor
efficacy and CAR-T cell persistence. Finally, in a proof-of-concept
experiment, we tested whether AFAS promotes the antitumor efficacy
of a CAR targeting the solid tumor antigen mesothelin. Here also,
AFAS significantly enhanced the survival of mice bearing established
AsPCl pancreaticadenocarcinoma tumors (Extended Data Fig. 9f-h).
We conclude that cell-intrinsic blockade of FAS signaling enhances
CAR-mediated tumor control of liquid and solid malignancies in vivo.

FAS-Lis dispensable for CAR-T antitumor efficacy
We sought to define the role of FASLG in CAR-mediated tumor lysis.
First, we compared the in vitro antitumor potency of FASLG KO
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versus control-edited 1928C CAR-T cells against multiple B cell cancers
(Fig.5a). Toavoid potential confounding based on differencesin T cell
differentiation”””, we enriched CD8" naive T (T,) cells before CAR trans-
duction.Nalmé expresses FAS within the medianinterquartile range of
B cell cancersinthe Cancer Cell Line Encyclopedia and has measurable
levels of total and membrane-associated FAS protein (Fig. Sb—d)***.
At high E:T ratios, we observed no differences in Nalmé lysis between
FASLG KO and control-edited CAR-T cells (Fig. 5d). At low E:T ratios
(>1:8), however, we observed significantly greater CAR-mediated cyto-
toxicity by the FASLGKO groups. We similarly failed to measure alossin
antitumor potency using FASLG KO CAR-T cells against Raji and JVM2,
B cell cancers with high levels of FAS (Fig. 5e,f). Without CAR-T cells,
we found that a recombinant version of FAS-L oligomerized through
aleucine zipper domain (1zFAS-L)**° similarly had minimal impact
on Nalmé and Raji cell growth (Fig. 6a). By contrast, IZFAS-L exposure
caused dose-dependent depletion of activated T cells.

We next tested whether FASLG was dispensable for in vivo
CAR-T cellefficacy. tEGFR/1928C-transduced T cells underwent CRISPR/
Cas9-mediated editing of FASLG or adeno-associated virus site 1(AAVSI)
asacontrol (Fig. 6b). Gene edited CAR-T cells or T cells transduced with
tEGFR alone were transferred into Nalmé tumor-bearing mice. Relative
totEGFR alone, both FASLG KO and AAVSI KO CAR-T cells significantly
enhanced overall survival (Fig. 6¢). Similar to our in vitro findings, the
antitumor efficacy of FASLG KO CAR-T cells was not compromised.

To provide additional evidence that CAR-mediated cancer cell
lysis occurs independently of the FAS-L-FAS pathway, we reanalyzed
results from two published CRISPR screens*"*2, These placed Nalmé
cells under selection by T cells expressing either a 1928 or 41BB
(BB)-containing (19BB{) CAR. In neither screen was enrichment for
tumor clones expressing synthetic guide RNAs (sgRNAs) targeting FAS
observedrelative to nontargeted control sgRNAs (Fig. 6d). We experi-
mentally validated this finding using a unique FAS-targeting sgRNA
sequence (Fig. 6e,f). Unlike FAS, significant enrichment for sgRNAs
targeting TNFRSFI0B (the gene encoding the TRAIL-R2 death receptor)
and proximal mediators of TRAIL-R2 signaling (FADD and CASP8) was
observedinboth screens. These findings are consistent with relatively
high expression levels for TNFRSF10B in Nalmé and other B cell can-
cer lines (Extended Data Fig.10a,b). Correspondingly, we discovered
that KO of the ligand for TRAIL-R2 (TNFSF10, also known as TRAIL) in
1928 CAR-T cells significantly impaired Nalmé lysis (Extended Data
Fig.10c-e). We conclude that CAR-mediated antitumor efficacy against
B cell malignancies can occurindependent of the FAS-L-FAS pathway.

CAR-NK survival is regulated by a FAS-L/FAS circuit

In addition to T cells, our single-cell transcriptomic atlas revealed
high levels of FAS and FASLG expression in NK cells (Fig. 1a-c). Based
on this finding, we investigated whether naturally occurring and
CAR-engineered NK cells express FAS protein and are sensitive to
FAS-L induced apoptosis. Resting NK cells displayed minimal FAS;
following activation, however, expression was significantly upregu-
lated (Fig.7a,b). We tested whether 1928 CAR-transduced NK cells and
activated but nontransduced NK cells are responsive to FAS-L. Across
experiments, transduction efficiencies were moderately lower for NK
cellscompared to T cells (Fig. 7c). Nevertheless, the efficiency of gene
transfer was sufficiently high so that physical separation methods were
not required for downstream analyses. Nontransduced and CAR-NK
cells expressed minimal activated caspase 3/7 and annexin V, mark-
ers of early and late apoptosis (Fig. 7d). Expression of both markers
significantly increased following exposure to I1zFAS-L, a process that
could be blocked by AFAS expression.

We next determined whether CAR-transduced NK cells express
FAS-L protein. Lysates from NK cells transduced with tEGFR/1928(/
AFAS or tLNGFR/1928C were probed with an anti-FAS ligand antibody
by western blot. As a specificity control, an aliquot of NK cells trans-
duced with each vector underwent CRISPR/Cas9-mediated FASLG

editing. Similar to findings using CAR-T cells, we identified two bands
with molecular weights corresponding to the membrane-bound and
soluble forms of FAS-L (Fig. 7e). Both bands were nearly completely
ablated following FASLG gene editing, confirming successful KO in
NK cells. To test whether a FAS-L/FAS circuit regulates the survival of
CAR-NK cells, NK cells were transduced with either tLNGFR/1928C or
tEGFR/1928C/AFAS. tLNGFR and tEGFR-expressing CAR-NK cells were
recombined 1:1and the mixed populations were serially restimulated
with CD19*K562 FASLG KO cells or left unstimulated as controls. Fol-
lowing each round of tumor restimulation, we measured progressive
accumulation of AFAS-expressing CAR-NK cells (Fig. 7f, left). Popula-
tion skewing was FAS-L dependent as FASLG KO caused the ratio of
tEGFR/tLNGFR CAR-NK cells to remain close to one. In the absence of
restimulation, the proportion of each CAR-NK population remained
stableindicating that FASLG-induced fratricide was activation depend-
ent (Fig. 7f, right).

Naturally occurring NK cells can eliminate pathogen-infected and
cancer cells through multiple mechanisms, including exocytosis of pre-
formed cytotoxic granules and death receptor engagement®. To test
whether CAR-NK mediated killing of a B-lymphoid malignancy is FAS-L
dependent, we compared the cytolytic efficiency of CAR-transduced
NK cells with or without FASLGKO. To distinguish between innate versus
CAR-dependent effector functions, we measured killing against Raji
B-NHL across arange of E:T ratios. Similar to results using CAR-T cells,
we found that FASLG was also dispensable for CAR-NK cytotoxicity
(Fig.7g).

Finally, we sought to measure whether cell-intrinsic disrup-
tion of FAS signaling enhances the persistence of CAR-NK cells
within tumor-bearing hosts. AFAS/tEGFR and tLNGFR/CAR-NK cells
were recombined 1:1 and the mixed population co-infused into Raji
tumor-bearing mice (Fig. 7h). Beginning the day of NK cell transfer,
an extended half-life variant of interleukin (IL)-15 was administered
by intraperitoneal (i.p.) injection to model the physiologic effect of
lymphodepletion**. The ratio of the two engineered NK cell populations
was measured in the infusion product and serially over time. We found
that CAR-NK cells that coexpress AFAS had significantly enhanced
persistence relative to CAR-NK cells alone, resulting in progressive
skewinginthe tEGFR/tLNGFRratio (Fig. 7i). We conclude that a FAS-L/
FAS autoregulatory circuit controls the persistence of CAR-NK cells.

AFAS enhances ITAM-calibrated CAR-NK cell efficacy
Similarto T cells, NK cells use adaptor proteins containingimmunore-
ceptor tyrosine-based activation motifs (ITAMs) to drive downstream
signaling®. Recently, we reported that an ITAM-calibrated 1928 CAR
(henceforth 1IXX CAR) enables superior T cell persistence and antitu-
mor efficacy compared to a conventional 19287 CAR*. Whether the
1XX 1928 CAR also provides for superior antitumor functions when
expressed by NK cells has previously not been tested. We transduced
NK cells with either the native or 1XX variants of the 19287 CAR and
measured time-dependent Raji B-NHL cytolysis (Fig. 8a). Although
both groups of CAR-NK cells performed similarly at high E:T ratios,
NK cells, which expressed the IXX CAR were superior at low E:T ratios.
Based onthis finding, we incorporated AFAS into amulti-cistronic
vector encoding the 1XX CAR. We compared the antitumor efficacy of
IXX CAR-NK cells that either express or do not express AFAS in mice
bearing established Raji B-NHL at both high and low E:T ratios. To
control for potential intrinsic antitumor activity of NK cells, cohorts of
mice received NK cells transduced with tEGFR alone. Ata high E: T ratio,
mice receiving 1XX CAR-NK cells with or without AFAS coexpression
significantly extended animal survival compared to NK cells transduced
with tEGFR alone (Fig. 8b). By contrast, when cells were administered
atalowE:Tratio, we found that AFAS-expressing CAR-NK cells signifi-
cantly prolonged survival compared to CAR-NK cells alone (Fig. 8c).
We conclude that AFAS can enhance the in vivo antitumor potency of
CAR-modified NK cells.
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Fig. 7| CAR-NK survivalisregulated by a FAS/FAS-ligand autoregulatory
circuit. a,b, Representative FACS (a) and summary scatter-plot (b) quantifying
FAS expression by NK cells at rest and 5 d following activation. Data are shown as
mean +s.e.m.for n=3biologicallyindependent samples. Statistical analysis was
performed by two-sided Student’s ¢-test. ¢, Transduction efficiencies of

T cells or NK cells displayed as median + interquartile range fromn =26 T cell
andn =14 NK cell experiments. Pvalues were calculated using an unpaired two-
tailed t-test with Welch'’s correction. d, Representative FACS plots quantifying
1zFAS-Linduced apoptosis in nontransduced NK cells or NK cells transduced
withindicated vectors. Numbersindicate mean +s.e.m. of activated caspase
3/7*/annexin V* cells (n = 3 biologically independent samples). e, Western blot
for FAS-L proteinin lysates from FASLG KO or control (Ctrl) NK cells transduced
with tEGFR-1928C-AFAS (ECF) or tLNGFR-1928C (LC). Frequency of frameshift
Indels in FASLG are displayed beneath each lane. Representative results from

two independent experiments are shown. f, Relative antigen-driven in vitro
expansion of control and FASLG KO 1928 CAR-NK cells + AFAS. CAR-NK cells were

combined -1:1and serially restimulated at indicated time points with K562-CD19
FASLGKO cells or left unstimulated as controls. Data are displayed as the mean
ratio of tEGFR'/tLNGFR’ cells + s.e.m. (n = 3 biologically independent samples).
Groups compared using a paired two-tailed Student’s t-test for accumulated
differences between each time point. NS, not significant (P> 0.05). g, Cytolysis
of Raji/mCherry cells co-cultured at indicated E:T ratios with FASLG KO versus
FASLG-WT tEGFR-19287 CAR-NK cells. Dataare shownasmean +s.e.m.(n=3
biologically independent samples). Statistical comparisons were performed
using a one-way ANOVA. NS, not significant (P> 0.05). NA, not applicable.

h, Experimental design to test the in vivo persistence of NK cells that express
a1928C CAR + AFAS in Raji B-NHL-bearing mice. i, Scatter-plot comparing the
ratio of tEGFR'/tLNGFR" CAR-NK cells before infusion and following adoptive
transfer in the bone marrow. Symbols represent individually evaluated mice,n=3
for baseline measurement and n =10 per time point. P values compare infusion
product to each time point using an unpaired, two-sided, Welch’s ¢-test.
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Fig. 8| Disabling FAS signaling enhances CAR-NK antitumor efficacy in vivo.
a, Comparison of thein vitro cytolytic efficiencies of NK cells transduced with a
WT or 1XX version of the 19287 CAR against Nalm6/mCherry at high versus low
E:T ratios. Data are shown as mean +s.e.m. using n = 3 biologically independent
samples. Statistical comparisons were performed using a one-way ANOVA.

NS, not significant (P> 0.05). b, Experimental design to compare the in vivo
antitumor efficacy of human NK cells expressing the IXX1928{ CAR + a FAS-
dominant negative receptor (AFAS) against established Nalmé B-ALL at a high

(top) versus low (bottom) E:T ratio. All mice received a twice-weekly i.p. injection
of 1 pg of IL-15 pre-complexed with IL-15Ra-Fc (1:1 M). ¢, Survival curves for high
(top) versus low (bottom) E:T ratios (PBS, n = 5; nontransduced NK cells, n = 5;
tEGFR alone, n =5;1XX1928C-tEGFR, n =10; 1XX 1928C-AFAS-tEGFR, n =10). Data
are plotted as Kaplan-Meier curves with groups compared using alog-rank test.
NS, not significant (P> 0.05). d, Model for the dichotomous functions of FAS-L on
CAR-T and CAR-NK cellular persistence and antitumor efficacy. Cells colored in
red indicate FAS-L-induced apoptosis.

Discussion

Herein, we demonstrate that FAS-L performs dichotomous functions
inthe context of CAR-T and CAR-NK therapies targeting B cell malig-
nancies (Fig. 8d). Whereas FAS-L limits CAR-modified lymphocyte
persistence, itisexpendable for CAR-mediated tumor lysis. Through
analysis of a single-cell transcriptomic atlas consisting of diverse
cancer types and samples from patients who received CAR-T cells,
we revealed that FASLG expression is highly restricted. Rather than

being expressed preferentially by malignant and stromal cells, as pre-
viously postulated**%, we found that the dominant source of FASLG is
endogenousT cells, NK cellsand CAR-modified lymphocytes. Relative
toendogenousT cells, CAR-T cells displayed higher levels of FASLG,
afinding attributable to recent encounters with antigen-bearing
target cells. We further demonstrate that cellular activation
promotes protein level expression of FAS-L in both CAR-T and
CAR-NK cells.
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Disabling FAS signaling provides a fitness advantage to
CAR-expressing lymphocytes in multiple contexts. This includes fol-
lowing serial antigen encounter, in competitive repopulation assays
invivo, inthesetting of tonic CAR-signaling, and under selection pres-
sure by allogeneicT cells. These findings complement previous studies
that found CAR designs that drive potent in vitro effector functions can
lead to FAS-dependent T cell death and reduced persistence in vivo®.
We discovered that the benefit of disrupting FAS extends beyond CAR-T
to include CAR-NK cells, a lymphocyte population with favorable
graft-versus-host disease risk and cytokine release profiles but rela-
tively low engraftment potential”. Augmented persistence resulting
from cell-intrinsic blockade of FAS signaling led to enhanced antitumor
efficacy in multiple B cell tumor models and a model of pancreatic
cancer. Genetic ablation of FASLG in CAR-modified cells removed
the benefit of FAS antagonism on cell survival. Thus, CAR-modified
lymphocyte persistence is negatively self-regulated through FAS-L/
FAS interaction.

Unlike CAR-engineered lymphocyte survival, we established that
on-target control of CD19* tumors by CAR-T and CAR-NK cells can occur
independently of FASLG. We further demonstrated that while B-ALL
and B-NHL are largely insensitive to recombinant FAS-L, T and NK cells
rapidly undergo apoptosis when exposed to the ligand. These findings
parallel previous studies which reported that many leukemias and lym-
phomas are resistant to FAS crosslinking antibodies®*' and that a FAS-L
blocking antibody does notimpair CAR-mediated cytotoxicity against
B cellmalignancies®”. Correspondingly, we discovered that FAS target
cellexpressionis dispensable for the antitumor activity of a1928C CAR.
Mutations in FAS are observed in ~5-20% of B cell malignancies®***;
however, these mutations frequently are subclonal®’, suggesting that
they do not function as an escape mechanism from attack by endog-
enous immune cells. In the context of CAR-T cells, two recent studies
performed next-generation sequencing on B-NHL tumor DNA before
and after cell infusion to identify tumor-intrinsic resistance mecha-
nisms. In one study, FAS mutations were not associated with treatment
outcomes™. In a second study, circulating tumor DNA was analyzed
before CAR-T cell infusion and at the time of disease progression’®.
Here also, mutationsin FAS did not emerge under CAR-T cell selection
invivo. Itis noteworthy that these findings do not exclude the possibil-
ity of FAS-dependent bystander killing by CAR-T cells, aphenomenon
which may limit antigen-negative tumor escape™*®, Similarly, they
do not preclude that CAR-mediated elimination of solid tumors may
require FAS-L/FAS interactions, especially when other effector path-
ways are disrupted*.

Beyond FAS, four additional death receptors share dependency
on the FADD adaptor protein, including TNF-R1, DR3, TRAIL-R1 and
TRAIL-R2 (ref. 23). FADD was identified as the gene most significantly
associated with tumor resistance under selection by anti-CD19 CARs
intwo genome-scale CRISPR screens**2, Both screens discovered that
KO of TNFSR10B, the gene encoding TRAIL-R2, drove CAR-T resistance
whereas FASKO had no significantimpact. Consistent with these find-
ings, we found that most B cell cancer lines featured in the Cancer Cell
Line Encyclopedia (CCLE) express TNFSRIOB transcripts. Further, we
identified that TRA/IL KO significantly abrogated the antitumor efficacy
of anti-CD19 CAR-T cells, a finding corroborated by other investiga-
tors*. Together, these data support the conclusion that death receptor
signaling is an important determinant of CAR-mediated control of B
cell malignancies even if FAS-L/FAS interactions are nonessential. A
limitation of our study is that it focused primarily on B-ALL and B-NHL
cancers. Establishing whether FAS signaling is dispensable in other
malignancies, particularly a broader range of solid cancers, remains
animportant area of future research.

In conclusion, our findings demonstrate that disruption of FAS
signaling is a broadly applicable strategy to enhance the persistence
of genetically redirected lymphocytes. Based on the observation
that FASLG expression is restricted primarily to immune cells and

not cancer or stromal cells, this approach should have utility across
cancer types. While our studies focused on T and NK cells, a similar
strategy may benefit therapies employing invariant NK-T and y&
T cells as these lymphocyte subsets also express FAS***°, Although we
employed adominant negative receptor, cell-intrinsic FAS antagonism
can be accomplished using alternative methods. These include syn-
thetic switch receptors®®?*>*, inhibitory RNAs* and CRISPR-based
genome editing'®". Clinical trials (NCT05617755, NCT06105021, and
NCT06245915) testing several of these strategies have recently been
initiated and will provide additional evidence for whether FAS-L limits
cellular persistence in humans.

Methods

Ethical approvals

Our research complies with all relevant ethical guidelines. Details of
the committees and institutions that approved the study protocol can
be found in each specific section.

Patient materials

Bone marrow aspirate samples were obtained from patients with B-ALL
who received autologous 19287 CAR-T cells on a Memorial Sloan Ket-
tering Cancer Center (MSKCC) Institutional Review Board-approved
protocol no.09-114 (NCT01044069)". Patients included in the analysis
allhadrelapsed B cell ALL and were 27-77 years old (two male and one
female). All patients signed an informed consent to collect biological
specimens for research purposes. Participation was voluntary and no
compensationwas provided. Sex-specific assays were not performed.
Bone marrow aspirates were collected in EDTA and bone marrow mono-
nuclear cells (BMMCs) wereisolated on the day of procurement. Aspi-
rates were centrifuged at 800g for 20 min followed by aspiration of
supernatant to a volume of 6 ml. Cells were resuspended in 4 ml of 2% of
human serum antibody (HSA) PBS and the suspension was centrifuged
again using the same settings. The buffy coat was extracted and washed
once with2%HSA PBS, and then once with10 ml X-Vivo (Lonza). Finally,
the BMMC pellet was resuspended in 1 ml of 10% dimethylsulfoxide
(DMSO) in HSA cryopreservation medium and stored at -80 °C until
transfer to liquid nitrogen.

RNA-FISH staining and confocal imaging

Samples procured during the conduct of NCT01044069 that satisfied
the following criteria were used for analysis: (1) BMMCs were obtained
within 6 weeks of CAR-T infusion; (2) the vial contained 0.5 x 10° viable
mononuclear cells at the time of cryopreservation; and (3) 22 samples
were available to avoid sample depletion. Cell pellets were placed on
Superfrost Plus microscope slides (Thermo Scientific), air dried for
20 min, fixedin 4% paraformaldehyde for 15 min and then washed three
times. Slides were dehydrated before being loaded into Leica Bond
RX. Sections were pre-treated with EDTA-based epitope retrieval ER2
solution (Leica) for 5 min at 95 °C. Probes were hybridized for 2 h at
42°C.Thehybridized probes were detected using an RNAscope LS Mul-
tiplex Reagent kit (ACD Bio) according to the manufacturer’s instruc-
tions. Tyramide conjugates were incubated with samples for 20 min
atroomtemperature for fluorescence detection. After staining, slides
were washed in PBS and incubated in 4,6-diamidino-2-phenylindole
(DAPI) (Sigma Aldrich) in PBS for 5 min. PBS was rinsed and slides
were mounted in Mowiol 4-88 (Calbiochem). Slides were scanned and
stored at —20 °C before confocal imaging. Probes and dyes are listed
inSupplementary Table 1. Slides were annotated on QuPath and gated
for DAPI, scFv 0f1928Cand presence or absence of CD3E positivity. The
fluorescenceintensity of CF 488 (FASLG) within the nucleus (DAPI) was
measured for each cell and represented as arbitrary units. This value
was averaged over all cells meeting the gated expression criteria for
eachannotated region. For three-dimensionalimage reconstructions,
cells were imaged using the Zeiss LSM 880 confocal microscope and
Imaris imaging software.
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Celllines and tissue culture

The293T (ATCC, CRL-3216),293GP (TakaraBio, 631458), Nalmé6 (ATCC,
CRL-3273),JVM2 (ATCC, CRL-3002), Raji (ATCC, CCL-86), CFPAC-1(ATCC,
CRL-1918), NCI-H441 (ATCC, CRM-HTB-174), SW-403 (ATCC, CCL-230),
CL-40 (DSMZ, ACC 535), EFM-19 (DSMZ, ACC 231), HuCCT-1 (Cytion,
300469) and SNU-1105 (KCLB, 01105) were purchased from commercial
vendors. Nalmé-GFP/Luc’* and PC3-PSMA® were both obtained from
the Sadelain laboratory (MSKCC). Raji-GFP/Luc®* was obtained from
the Brentjens laboratory (MSKCC). K562-CD19 (ref. 63) cells were pro-
vided under a materials transfer agreement (MTA) from the Feldman
laboratory (National Institutes of Health; NIH). K562 Clone 9 (ref. 64)
was provided under an MTA from the Lee laboratory (Nationwide Chil-
dren’s Hospital). AsPC1-Luc®® was provided by the Daniyan laboratory
(MSKCC). COS-7 cellswere provided under an MTA fromS. A. Rosenberg
(National Cancer Institute). TheJ8Zb2m o 3" NFAT reporter cellline was
engineered and verified by our laboratory®. Raji and Nalmé with stable
nuclear localization sequence (NLS)-mCherry or NLS-GFP reporter
expressionwere developed by retroviral transduction.K562-CD19 FASLG
KO were generated by CRISPR gene editing, described below, followed
by single-cell cloning. All tumor cell lines were confirmed by our labora-
tory and cultured inRPMI1640 (Gibco) with 0.5% v/v pen-strep (Gibco),
1% v/vHEPES (Gibco), 0.02% v/v gentamycin (MP Biomedicals) and 10%
v/vheat-inactivated fetal bovine serum (GeminiBio).

Plasmids design, viral packaging and transduction

The 1928C and 1XX 1928 sequences were provided by the Sadelain
laboratory (MSKCC)***¢,1928C, tEGFR, AFAS, NLS-mCherry and NLS-
GFP sequences were synthesized by Genscript. The anti-CD19 scFv
sequence was substituted by either an anti-PSMA® or anti-MSLN® scFv
sequence to make (PSMA)28Cand (MSLN)28C CARs, respectively. The
HLA-A*03:01-restricted influenza and PIK3CA (H1047L) TCR sequences
were previously described**. Synthesized genes were subcloned into
an SFG®® retroviral vector and the identity of the sequences was con-
firmed by Sanger sequencing (Genscript). For viral packaging, 293GP
cells were co-transfected with pSFG and RD114 provided under MTA
from the Rosenberg laboratory (NIH). Supernatant was collected on
day 2 post transfection and used fresh. T cells were activated for 2
days and NK cells were activated for 4 days followed by retronectin
(Takara)-mediated viral transduction. Transduction was confirmed
by FACS on day 2 (for T cells and cell lines) or day 5 (for NK cells). The
E:Tratio used for bothinvitroandin vivo experiments was calculated
based on transduction rates determined using tEGFR* or LNGFR' lym-
phocytes, as assessed by FACS.

Primary cell preparation

For T cell preparations, buffy coats were obtained from the New York
Blood Center and STEMCELL Technologies from healthy volunteer
donorsafter writteninformed consent was obtained using Institutional
Review Board-approved consent forms. T cells, naive T cells and naive
CD8' Tcellswereisolated by EasySep Human T CellIsolationkits, EasySep
Human Naive Pan T CellIsolation kits and an EasySep Human Naive CD8"
T Celllsolationkit, respectively (STEMCELL Technologies). T cellswere
activated either by CD3/CD28 Dynabeads (Thermo Fisher) or Immuno-
Cult (STEMCELL Technologies). NK cells wereisolated from cord blood
mononuclear cells (STEMCELL Technologies) by EasySep Human NK Cell
Isolationkits (STEMCELL Technologies) and activated by 100 Gy irradi-
ated K562 Clone 9 feeder cells. Primary cells were cultured in RPMI1640
(Gibco) with 1% v/v pen-strep (Gibco), 2.5% v/v HEPES (Gibco), 0.02%
v/v gentamycin (MP Biomedicals) and 10% v/v heat-inactivated human
serumAB (GeminiBio). RecombinanthumanIL-2 (PeproTech) wasadded
to T celland NK cell cultures at 50 IU ml™ or 200 IU ml™, respectively.

Cloning and testing of an anti-HLA-A*03 TCR
Mature dendritic cells were generated from the leukapheresis product
of an HLA-A*03-negative healthy donor and transfected with mRNA

encoding full-length HLA-A*03:01 using the Neon transfection system.
Naive CD8' T cells isolated from the same donor were stimulated with
theelectroporated dendritic cellsat an E:T ratio of 3:1in the presence of
IL-21(30 ng ml™), IL-7 and IL-15 (10 ng ml™ each) in 24-wellnon-TC plates.
The TCRgenesequence of the HLA-A03-binding clonotype wasidentified
by single-cell (V)(D)(J) sequencing using the 10x Genomics platform.
HLA-A*03 recognition was confirmed by retroviral TCR transduction
of polyclonal T cells followed by co-culture with HLA-A*03" target cells.

Flow cytometry

For surface staining, cells were washed with PBS and stained with anti-
bodiesat4 °Cfor30 minin PBS supplemented with 0.5% FBS. Cells were
washed twice with PBS + 0.5% FBS and acquired on an LSRFortessa X-20
(BD).LIVE/DEAD Fixable Aqua Dead Cell Stain kit (Thermo Fisher) was
used for live-cell gating in all flow cytometry experiments. For NK cells,
T cell FAS-L staining, mouse blood and tissue explants, Fc receptor
blocking antibody or Human TrueStain FcX blocking solution (BioLe-
gend) was added to cells for 10 min before staining. For intracellular
staining, cells were mixed with tumor cells for 6 h in the presence of
GolgiPlug (BD). As a positive control, eBioscience Cell Stimulation
Cocktail (500x) (Thermo Fisher) (PMA/I) was added during the same
incubation. After surface staining, cells were permeabilized and fixed
by Fixation/Permeabilization kit (BD) for 20 min at 4 °C. Cells were
washed once in Perm/Wash buffer (BD) and stained by antibodies for
40 minat4 °C. Cells were washed twice with Perm/Wash buffer before
acquisition. Antibody informationis listed in Supplementary Table 2.
The gating strategies applied to each panel for flow cytometry analysis
aredescribed in Supplementary Figs.1and 2.

Apoptosis assay

Flagtagged IzFAS-L was made from transfected 293T cells and enriched
by Flag-conjugated beads*’. Cells were treated with [zFAS-L at desig-
nated time points. For active caspase 3/7 staining, CellEvent Caspase
3/7 Green Detection Reagent (Thermo Fisher) was added to cultures at
20 pM and incubated for 30 minat 37 °C. Cells were washed twice with
Annexin V Binding Buffer (BioLegend) and stained with APC Annexin
V (BioLegend) at 5% v/vinthe presence of antibodies for other surface
markers. Cells were washed twice with Annexin V Binding Buffer before
acquisition by FACS.

CRISPR gene editing

sgRNA (Synthego, 50 pM) and NLS-Cas9 protein (Synthego, 20 pM)
were mixed ata2.5:1molar ratio. Cells were resuspended with P3 buffer
(Lonza) for primary cells and SF buffer (Lonza) for Nalmé cells and
K562 cells. Cells were electroporated on a Lonza 4D-Nucleofector
using the vendor’srecommended settings for each cell type. Cells were
electroporated onalLonza4D-Nucleofector with X Unit using vendor’s
recommended settings for each cell type. Cells were transferred to
flasks with warmed medium immediately after electroporation. To
verify gene editing, DNA was extracted from CRISPR edited cells using
DNeasy Blood & Tissue kit (QIAGEN). DNA samples were PCR amplified
using KOD Hot Start DNA Polymerase (Millipore Sigma) with the prim-
erslistedin Supplementary Table 3 and the PCR product was subjected
to Sanger sequencing. Indel frequencies were quantified using the ICE
CRISPR Analysis Tool (Synthego).

Western blot

Cells were lysed by RIPA buffer (Thermo Fisher). Lysates were shaken on
arocker and sonicated in ice water. Lysates were treated with protease
inhibitors and loaded on Mini-PROTEAN TGX gel (Bio-Rad). Precision
Plus Protein (Bio-Rad) was loaded as molecular weight standard. Gel was
transferred toa PVDF membrane using Transblot Turbo system (Bio-Rad).
The membrane was rocked and stained by primary antibody overnight at
4°C, thenrocked and stained by secondary antibody for 1 h. Antibodies
usedinthese experiments are listed in Supplementary Table 4.
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Invitro lymphocyte co-culture restimulation assays

CD19 tumor models: 1x10° tLNGFR-1928C and 1 x 10° tEGFR-
1928C-AFAS-expressing cells were mixed at 1:1 ratio on day O. For
CAR-Tcells,1x10°K562-CD19 FASLGKO cells or wild-type (WT) Nalmé
cellswere addedto co-cultureonday 0,9 and 14. Cells were stained for
flow cytometry onday 0, 2,7,9,12,14 and 17. For CAR-NK cells, 1 x 10°
K562 Clone 9 FASLG KO tumor cells were added to co-cultureonday O,
5,10 and 15. Cells were stained for flow cytometry on designated time
points. Solid tumor models: PC3-PSMA or AsPC1 cells were used for
restimulation of anti-PSMA and anti-MSLN CAR-T cells, respectively.
The E:T ratio was set as 1:1 for all stimulation time points. The cell
culture medium with fresh IL-2 was changed every 2-3 d during the
experiments. The media volumes were measured and changed with
fresh medium at the same volumes.

Xenoreactivity assays

Murine bone marrow cells and splenocytes were collected from NSG
mice. Human T cells transduced with tEGFR alone or tEGFR-1928( were
co-cultured with murine cellsatal:1ratio.tEGFR or tEGFR-1928T cells
were either co-cultured with Nalmé6 cells or plated alone as controls.
After 24 h, EGFR" cells were isolated by labeling with a PE-conjugated
anti-EGFR antibody (BioLegend) followed by separation using an
EasySep Human PE Positive Selection kit Il (STEMCELL Technologies).
Total RNA was isolated using an RNeasy Plus Mini kit (QIAGEN). After
RNA normalization, complementary DNA was synthesized using a
high-capacity cDNA Reverse Transcription kit (Applied Biosystems).
TagMan primers and probes for GAPDH (Hs03929097 _gl1) and FASLG
(Hs00181226_g1) (Thermo Fisher) were used in mixture with cDNA and
TagMan Fast Advanced Master Mix (Applied Biosystems). Expression
of FASLG was normalized to GAPDH.

Invitro T cell-mediated allogeneic-rejection assay

CDS8' Tcells froman HLA-A*03™ healthy donor were transduced with the
HLA-A*03 allo-reactive RG4382-5TCR. As controls, T cells from the same
donor were individually transduced with an HLA-A*03:01-restricted
TCR that responds either to the influenza peptide (NP) or an epitope
derived from the PIK3CA (H1047L) hotspot mutation**. As target cells,
T cells from an HLA-A*03:01" donor were transduced either with tEGFR-
1928C-AFAS or tLNGFR-1928C. A ~1:1 mixture of target and effector
cells was co-cultured together and the ratio of tLNGFR-expressing to
tEGFR-expressing CAR-T cells was measured by FACS.

Real-time live-cell imaging assays

For tumor cell-killing assays, GFP-NLS or mCherry-NLS expressing
tumor cells were loaded onto 96-well plates. Plates were left at room
temperature for 20 min and transferred to the Incucyte SX1instrument
(Sartorius) for baseline images. The plate was then removed from
the Incucyte and loaded with lymphocytes at designated ratios. The
plate was left at room temperature for 20 min again and transferred
to the Incucyte for imaging. For IzFAS-L apoptosis assays, mCherry-
NLS-expressingtumoror T cells were loaded onto a 96-well plate. Cells
were treated with indicated concentrations of IzZFAS-L. Analysis was
conducted using Incucyte Basic Analysis Software.

ACT xenograft models

Allmouse experiments were performed inaccordance with an MSKCC
Institutional Animal Care and Use Committee-approved protocol (19-
08-013). The 6-10-week-old female NOD.Cg-Prkdcsc“ 112rg™"l/Szj
(NSG) mice were used for allanimal experiments (Jackson Laboratory)
and housed in pathogen-free conditions at the MSKCC vivarium. Sex
was not considered in the design of mouse experiments. The mouse
room maintained a 12-h light-dark cycle, temperature of 65-75 °F
and humidity levels of 40-60%. Mice were randomized for all group
designs. Nalmé-Luc or Raji-Luc cells were given by tail vein in 200 pl
PBS. AsPC1-Luc cells were given by subcutaneousinjectionin100 plofa

1:1mixture of Matrigel (Corning) and serum-free RPMImedium. CAR-T,
CAR-NK or control cells were also administered by tail vein injection
in200 plPBS onindicated days after tumor inoculation. For mice that
received anti-MSLN CAR-T cells or NK cells, IL-15 (Peprotech)/IL-15Rx
(R&D Systems) complex was administeredi.p. atafinal concentration of
1pgofIL-15 per mouse twice weekly for the duration of the experiment.
Tumor burden was measured by bioluminescence using IVIS Imaging
System (PerkinElmer) and analyzed using the Living Image software
(PerkinElmer)*°. The complex was freshly prepared by incubating
recombinanthumanIL-15 (Peprotech, 200-15) with IL-15Ra-Fc (R&D Sys-
tems, 7194-IR) at al:1 molar ratio for 30 minat37 °Cand administered
at a final concentration of 1 ug of IL-15 per mouse. Health conditions
of mice were monitored by MSKCC Research Animal Resource Center.
The maximum tumor volume for solid tumors was set at 1,000 mm?
with no exceptions and was not exceeded. All injections, BLI images
and decisionstokill were carried out by veterinary staff blinded to the
identity of the treatment groups. Killing was performed based on tumor
volume limit or predetermined clinical criteria, including loss of >10%
body weight, development of hind limb paralysis, hunched posture,
labored breathing, scruffy coat, cage mate avoidance and lethargy.

Tissue collection and sample preparation

After killing mice with CO,, tissues were dissected and kept in PBS with
1mM EDTA (EMD Millipore). Tissues were processed using 100-pum cell
strainers (Falcon). For retro-orbital blood collection, 100 plof blood was
collected from each mouse. Processed tissue cells and blood cells were
centrifuged at 335gfor 5 minand resuspended in ACK lysing buffer (Gibco)
for20 minatroomtemperature. Cells werefiltered through Flowmi 70-pm
cell strainers (Bel-Art). Cells were washed once with PBS supplemented
with1mM EDTA and resuspended in FcR blocking buffer using Human
TruStain FcX (BioLegend) and Mouse TruStain FcX PLUS (BioLegend) at
roomtemperature for 15 min. To quantify peripheral blood cell absolute
concentration, stained cells were resuspended in 400 pl and mixed with
20-pl CountBright beads (Thermo Fisher). Final concentrations (cells per
pl) were calculated as concentration = (number of cell events/number of
bead events) x (assigned bead count of the lot/volume of sample).

Bulk and single-cell RNA sequencing datasets and processing

TISCH datasets were uniformly processed with MAESTRO® (which
included removal of low-quality cells, cell-type annotation and malig-
nant cell identification). Only TISCH-annotated (thus filtered) cells
were retained. For datasets GSE111360 and GSE176021 lacking TISCH
annotations, cells were filtered out if the number of detected genes
was <500, and features were removed if they were expressed in <10
cells; cell types were then annotated with SingleR (v.1.0.6)”° with ref-
erence to the TISCH-annotated datasets. Cells from all datasets were
combined and integrated with the fastMNN function from batchelor
(v.1.10.0)"" using the top 2,000 most variable genes. Dimensionality
reduction was performed with runUMAP from scater (v.1.22.0)”> on
the batch-corrected values. Size-factor normalized log counts were
obtained via computeSumFactors from scran (v.1.22.1)”* and logNor-
mCounts from scater (v.1.22.0). UMAPs and violin plots of FAS and
FASLG were visualized with scater (v.1.22.0) and dittoSeq (v.1.6.0)™.
For patients who had received 19287 CAR-T cell therapy, processed
scRNA-seq data were downloaded from the Data Availability section
of a previously published study?. CAR-T cells were defined as either
(1) cells profiled following an anti-FMC63 sort; or (2) peripheral blood
mononuclear cells where =1 CAR-T transcripts were detected. Data
were summarized as the fraction of FASLG" cells requiring aminimum
of one unique molecular identifier per cell. Data were split based on
per-cellannotations provided in the dataobject shared by the authors.

Whole-genome CRISPR screen re-analysis
Countmatrices fromtwo previously published whole-genome screens**
were reanalyzed using MAGeCK (v.0.5.9.2) with default parameters™.
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Statistics and reproducibility

No statistical methods were used to predetermine sample sizes. Our
samplesizes aresimilar to those reported in previous publications®7*7",
Appropriate statistical tests were used to analyze data, as described
in each figure legend. Data distribution was assumed to be normal,
but this was not formally tested. Statistical analyses were performed
with GraphPad Prism v.10 software. Significance was preset at P val-
ues < 0.05. Invitro experimental data were generated from experiments
containing n = 3independent cultures per condition. For in vivo mouse
experiments, treatment groups had n=5-15 mice per condition, and
control groups had n=5-10 mice as described in figures and figure
legends. Cellinjection, drug administration and data acquisition were
performed by investigators blinded to treatment groups. No data were
excluded from any analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Previously published bulk RNA-seq datasets (pan-cancer, skin cuta-
neous melanoma, lung adenocarcinoma, breast invasive carcinoma,
ovarianserous cystadenocarcinoma and pancreaticadenocarcinoma)
resulting from the TCGA Research Network (https://www.cancer.gov/
tcga) were reanalyzed using cBioPortal’®, Publicly available scRNA-seq
datasets from patients who had not received previous CAR-T therapy
were assembled from the eight studies listed in Extended Data Fig. 2.
Raw count matrices were retrieved from the Gene Expression Omni-
bus using accession numbers GSE132509, GSE111014, GSE117570,
GSE111360, GSE148190, GSE146771, GSE176021 and GSE139829. When
available, cell annotations were retrieved from TISCH”’. Raw count
matrices for publicly available scRNA-seq datasets from patients who
had previous1928C CAR-T therapy are available from GSE197268. Count
matrices from whole-genome CRISPR/Cas9 screens are available in
supplementary tables of the related publication* or GSE130663. The
remaining data are available within the Article, Supplementary Infor-
mationand Source Datafile and/or from the corresponding author on
request. Source data are provided with this paper.

Code availability
Codeis available at https://github.com/abcwcm/Yi2024.
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gated regions from nontransduced T cells, CAR-T cells alone, and CAR-T cells
co-cultured with Nalmé cells, respectively. T cells were derived from n = 2 healthy
donors. Violin distributions are centered around the median (red horizontal line)
with quartiles ranges displayed above and below (dashed horizontal lines). The
maxima and minima are represented by the top and bottom of each plot. Each
dot represents mean FASLG mRNA expression within a particular cell type from
aregion of interest. P-values calculated using a one-way ANOVA with a Sidak’s
multiple comparisons test. a.u. = arbitrary fluorescence units.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Experimental design and reagents for testing whether
AFAS protects against TCR-mediated rejection of allogeneic lymphocytes.
(a) Graphical overview of an experimental design to test whether AFAS
coexpression protects CAR-T cells from elimination by allo-reactive T cells. CD8"*
T cells from anon-HLA-A*03 donor were transduced either with control HLA-
A*03:01-restricted TCRs or TCR (RG4382-5), an allo-reactive TCR that recognizes
HLA-A*03" cellsina peptide agnostic manner. TCR transduced T cells were
co-cultured with a - 1:1 mixture of HLA-A*03:01" T cells transduced with tLNGFR-
1928C or tEGFR-1928C-AFAS at a10:1 effector-to-target-ratio. (b) Table listing the

TRAV, TRAJ, TRBV, TRBJ, and CDR3 sequences for a TCR (RG4382-5) that confers
allogeneic recognition of HLA-A*03:01" cells. (c) Representative FACS plots and
(d) summary bar graphs of CD107a and TNFa expression by non-HLA-A*03 CD8* T
cellstransduced with the RG4382-5 TCR and co-cultured with the indicated cells
lines. The HLA-A haplotype of each cell line is listed as a table below. Numbers
within each FACS plot and bar graph indicate the frequency of CD107a or TNFa
producing T cells after pre-gating on live'mTCR*CD8" cells. Bar graphs displayed
asmean + SEM (n =3 biologically independent samples).
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Extended DataFig. 5| Transduced human T cells do not upregulate FASLG splenocytes. T cells were cultured for 24 h under indicated conditions before
when co-cultured with murine splenocytes and bone marrow cells. Fold isolation by positive selection using an anti-EGFR antibody. FASLG expression was
change in FASLG expression levels by human T cells transduced either with tEGFR quantified by qPCR and normalized to GAPDH. Data shown as mean +s.e.m. using
alone (left panel) or tEGFR-1928C (right panel) and cultured alone or together donor cells obtained from n = 3 unique mice. P values calculated using a one-way
either with Nalmé cells or a1:1 mixture of murine bone marrow (BM) cells and ANOVA with a Sidak’s multiple comparisons test.
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Extended Data Fig. 6| Commercially available FACS antibodies fail to
specifically detect FAS ligand expression on the surface of resting and
activated human T cells. A bulk population of human T cells was activated
using ImmunoCult and left untreated as controls (mock KO) or underwent

Day:

Relative cell count

Anti-FAS-L (PE) ————»

Clone: NOK-1
rest or atindicated time points following re-activation. Anti-FAS-L antibody
staining was performed in the absence or presence of a FcR blocking antibody.
Data are representative of three individually cultured samples per donor and
was repeated twice with similar results using two separate donors. Vertical lines

FASLG gene editing using CRISPR/Cas9 (FASLG KO). After one week, T cells were define the negative staining T cell population at rest for each fluorescent channel.
stained with theindicated fluorochrome-conjugated FAS-L antibody clone at
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exposure to different hematologic malignancies. (a) CAR-T cells derived from
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combined in-~1:1ratio on day O and serially restimulated at indicated time points
with K562-CD19 FASLG KO leukemia cells (left panel) or left unstimulated as
controls (right panel). (b) Same as (a) but CAR-T cells were generated from donor
20240518 A and restimulated with wild-type (WT) Nalmé6 leukemia cells.
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paired two-tailed Student’s ¢-test for accumulated differences between each time
point. ns, not significant (P> 0.05).

T T 1
7 14 21

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-025-01009-x

a.

Plate transduced T cells:

b. e tEGFrR-19287-AFAS

© tLNGFR-1928¢

tLNGFR-1928( or e
tEGFR-1928(-AFAS S
100+ Il 25+
FACS analysis N 204
A 75- & -
—_ Q S
3 S Z\E 15+
T T T * = 507 ¢ i
o = 10+
Day:0 7 14 21 = =
25+ & 5
—— O T T T O
Nalm6 addition 1 2 3
FACS analysis (#) FACS analysis (#)
C. Plate transduced T cells: d . ® FASLGWT  © FASLGKO
tEGFR-1928(-AFAS FASLG WT or 2
tEGFR-1928(-AFAS FASLG KO S
100+ Q,,b‘ 25+
FACS analysis 75 20-
£ © S 197 ?
| A N 5 99 & & N
K S 107
Day:0 9 14 21 - Q/P -
i 5+ 12
&
— 0 T T T 0 T T
Nalm6 addition 1 2 3 1 2 3

Extended Data Fig. 8 | Disabling FAS signaling restrains terminal
differentiation of CAR-T cells following serial antigen encounter.

(a) Experimental design for testing the impact of AFAS coexpression on the
distribution of memory T cell subsets following serial engagement 0f 1928(
CAR-T cells with Nalmé6 B-ALL cells. T cells transduced either with tLNGFR-1928C
or tEGFR-1928C-AFAS were individually co-cultured at a1:2 ratio with Nalmé6 cells.
Beginning nine days after the first exposure to tumor cells, Nalmé cells were
re-added to the co-culture every five to six days for a total of three rounds of
stimulation. Following each round, an aliquot of cells was harvested and analyzed
by FACS. (b) Summary of the distribution of T¢y, (CD45RA"CD45RO*CCR7") and
T:uRA (CD45RA'CD45RO*CCR7") phenotype CAR-T cells following one, two, or

FACS analysis (#) FACS analysis (#)

three rounds of stimulation with Nalmé cells. (c) Experimental design for testing
theimpact of T cell-derived FASLG on the distribution of memory T cell subsets
following serial engagement of tEGFR-1928C-AFAS CAR-T cells with Nalmé B-ALL
cells. FASLG was knocked out (KO) of transduced T cells using CRISPR/Cas9 or left
untreated as controls. Time points were identical to those shown in

(a). (d) Summary of the distribution of T¢, and T;,RA phenotype CAR-T cells
following one, two, or three rounds of stimulation with Nalmé cells. Data in
panels (b) and (d) is displayed as the mean +s.e.m. of the indicated memory
subset (n =3 biologically independent samples after gating on transduced T cells
identified by EGFR or LNGFR expression). Groups were compared using a paired
two-tailed ¢-test. ns = not significant.
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9 | Disabling FAS signaling enhances CAR-T cell persistence
and antitumor efficacy in the setting of B cell Non-Hodgkin lymphoma and
asolid malignancy. (a) Experimental design to compare the in vivo antitumor
efficacy and persistence of human T cells expressing a1928{ CAR taFAS
dominant negative receptor (AFAS) against four day established Raji-luciferase
(Luc) B cell non-Hodgkin lymphoma (B-NHL). (b) Bioluminescence imaging, (c)
individual, and (d) summary curves of tumor burden as a function of time using
n=>5(tEGFR), n=10 mice (tEGFR-1928Q), or n = 9 (tEGFR-1928-AFAS) mice per
group. Datain (d) displayed as mean + standard deviation. Tumor burden at the
final time point (d21) was compared using an unpaired one-tailed Mann-Whitney
test. (e) Quantification of the absolute number of circulating CAR-T cells (cells
mL™) in the peripheral blood as a function of time in Raji B-NHL bearing mice.

Mice received by IV adoptive transfer 5e® tEGFR-1928C or tEGFR-1928C-AFAS
CAR-T cells. Each symbol represents values from individually evaluated mice.
Pvalues calculated based on comparison of AFAS-expressing Vs. not expressing
CAR-T cells at each time point using an unpaired, two-sided, ¢-test.

(f) Experimental design for comparing the in vivo antitumor efficacy of human
T cells transduced with a (MSLN)28CT CAR + AFAS against subcutaneous (s.c.)
14 day established AsPCl-luciferase (Luc) pancreatic cancer tumors. All mice
received twice-weekly intraperitoneal (i.p.) injections of 1 pg of IL-15 pre-
complexed with IL-15Ra-Fc (1:1 M) and a single intravenous (i.v.) injection of
1le® human CAR' T cells. (g) Survival curves and (h) bioluminescent imaging

of treated mice. Survival datais plotted as a Kaplan-Meier survival curve with
groups statistically compared using alog-rank test. wk = week.
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Extended Data Fig. 10 | Knockout of TRAIL in 19287 CAR-T cells significantly
impairs antitumor cytolytic activity. (a) RNA-seq values for CD19, CD3E,
TNFRSF10A (the gene encoding DR4) and TNFRSFIOB (the gene encoding DR5) in
Nalmé, Raji, and JVM2 B cell malignancy cell lines. (b) Scatter-plot of TNFRSFIOA
and TNFRSFIOB RNA-seq values from n = 83 B cell lines featured in the Cancer
Cell Line Encyclopedia (CCLE). Horizontal line represents the median value while
the vertical bars represent the interquartile range. Pvalue calculated using an
unpaired two-tailed Student’s ¢-test. TPM = transcript per million. (c) Schematic
for the CRISPR/Cas9-mediated knockout (KO) of TRAIL inhuman CD8* T cells

expressing a19287 CAR. (d) Cytolytic activity of TRAIL KO versus wild-type
(WT)-TRAIL1928C CAR-T cellsor T cells transduced with tEGFR alone against
Nalm6/NLS-mCherry atindicated effector-to-target (E:T) ratios. Data shown as
mean +s.e.m. (n =3 biologically independent samples). Statistical comparisons
performed using aone-way ANOVA. ns = not significant, P> 0.05. (e) Table
displaying the measured frameshiftinsertion-deletion (Indel) frequency in TRAIL
foreach T cell group used in the cytolytic assay. Datashown as mean +s.e.m.
(n=3technical replicates from 1experiment, repeated with similar results using
n=2donors).
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data were collected with BD FACS DIVAv9.2. RNA-FISH data were collected with Leica Bond RX version 7. Confocal imaging
done on ZenBlack 2.3SP1. Western blot data were collected with LICOR Odyssey CLx with Image Studio 5.2. Real-time cell imaging data were
collected with Incucyte 2023A. Bio-luminescence data were collected with IVIS Imaging System. Real-time PCR data were collected with ABI
QuantStuidio 5.

Data analysis Flow cytometry data were analyzed on Flowjo 10.6.2. RNA-FISH data were analyzed on QuPath 0.5.0, 3D reconstruction were done on Zen
lite-Blue version 2.6 and Imaris version 9.5 imaging software. Western blot data were analyzed on LICOR Odyssey CLx with Image tudio5.2.
Real-time cell imaging data were analyzed on Incucyte Basic Analysis Software 2023A. Bio-luminescence data were analyzed on Living Image
Software 2.6. Real-time PCR data were analyzed on Thermo Fisher Connect DA2. Statistic analysis were done with SPICE 6.0 and GraphPad
Prism 10. Code is available at https://github.com/abcwcm/Yi2024.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Previously published bulk RNA-seq data sets (pan-cancer, skin cutaneous melanoma, lung adenocarcinoma, breast invasive carcinoma, ovarian serous
cystadenocarcinoma, and pancreatic adenocarcinoma) resulting from the TCGA Research Network (https://www.cancer.gov/tcga) were re-analyzed using
cBioPortal78. Publicly available single-cell RNA sequence (scRNA-seq) datasets from patients who had not received prior CAR-T therapy were assembled from the
eight studies listed in Extended Data Fig. 2. Raw count matrices were retrieved from the Gene Expression Omnibus (GEO) using the following accession numbers:
GSE132509, GSE111014, GSE117570, GSE111360, GSE148190, GSE146771, GSE176021, and GSE139829. When available, cell annotations were retrieved from
TISCH79. Raw count matrices for publicly available scRNA-seq datasets from patients who had prior 1928z CAR-T therapy are available from GSE197268. Count
matrices from whole genome CRISPR/Cas9 screens are available in supplementary tables of the related publication (ref. 42) or GSE130663. The remaining data are
available within the Article, Supplementary Information and Source Data file and/or from the corresponding author on request. Source data are provided in this

paper.
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Reporting on sex and gender Patients and donors were not selected in regard of sex and gender. Sex was self-reported.

Reporting on race, ethnicity, or ' Patients and donors were not selected in regard of race, ethnicity or other socially relevant groupings.
other socially relevant

groupings
Population characteristics Population characteristics was described in Extended Data Fig. 2.
Recruitment Patient recruitment information was described in ClinicalTrials NCT01044069. Human primary lymphocytes were
accquired from donors recruited by Stemcell Technologies and New York Blood Center.
Ethics oversight Human patient samples were collected after obtaining informed consent and with approval from the human studies review

board at MSKCC (IRB# 09-114 (ClinicalTrials.gov ID:01044069)) as part of a clinical investigation conducted according to the
principles of the Declaration of Helsinki. Participation was voluntary and the patients did not receive compensation. For T cell
preparations, buffy coats were obtained from the New York Blood Center and STEMCELL Technologies from healthy
volunteer donors after written informed consent was obtained using IRB approved consent forms.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were given in the main text, figure legends or methods. No statistical methods were used to predetermine sample sizes. Typical
group size is 10 mice per group. At least 5 mice sacrificed to assess cell counts at different time points.

Data exclusions  No data were excluded from the analysis, except the samples disqualified RNA-FISH or PCR quality controls which had no readouts.

Replication In vitro experimental data were generated from two or more independent experiments containing n=3 biologically independent samples . All
attempts at replication were successful. For in vivo mouse experiments, treatment groups had n=5-15 mice per condition, and control groups
had n=5-10 mice as described in figures and figure legends.

Randomization  Animals used in this study were all of the same breed and genotype and randomized for grouping by the veterinary staff.

Blinding Cell injection, drug administration and data acquisition were performed by investigators blinded to treatment groups. Analysis were
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Blinding performed by researches who were not blinded to the experiments as data was quantitative using a well-controlled system involving
established tumor models from cell lines.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
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Antibodies

Antibodies used Antibody name (Clone, Fluorochrome) (Vendor, Cat#), Dilution as v/v
anti-mouse F(ab')2 (polyclonal, AF647) (Jackson ImmunoResearch, Cat# 115-605-072), 5%
anti-human CCR7 (G043H7, AF647) (Biolegend, Cat# 353218), 5%
anti-human EGFR (AY13, BV421) (Biolegend, Cat#352911), 0.5%
anti-human EGFR (AY13, PE) (Biolegend, Cat#, 352904), 0.2%
anti-human Fas-L (SB92a, FITC) (Thermo Fisher, Cat#t A15381), 20%
anti-human Fas-L (NOK-1, PE) (Biolegend, Cat# 306407), 20%
anti-human Fc receptor (Fcl, n/a) (BD, Cat# 564220), 10%
anti-human LNGFR (C40-1457, AF647) (BD, Cat# 560326), 3%
anti-human LNGFR (C40-1457, PE) (BD, Cat# 560927),3%
anti-human Fas (DX2, PE Cy5) (Biolegend, Cat# 305610), 2%
anti-human Fas (DX2, APC Cy7) (Biolegend, Cat# 305636), 3%
anti-human CD3 (OKT3, APC) (Biolegend, Cat# 317318), 5%
anti-human CD3 (OKT3, BV785) (Biolegend, Cat# 317330), 3%
anti-human CD4 (SK3, SB780) (Thermo Fisher, Cat# 78-0047-42), 5%
anti-human CD8a (RPA-T8, PE Cy7) (Biolegend, Cat# 301012), 2%
anti-human CD14 (HCD14, FITC) (Biolegend, Cat# 325604), 3%
anti-human CD19 (HIB19, BV650) (Biolegend, Cat# 302238), 3%
anti-human CD45 (HI30, PE Cy7) (Biolegend, Cat# 304016), 3%
anti-human CD45RA (HI100, PerCP Cy5.5) (Biolegend, Cat# 304122), 5%
anti-human CD45R0 (UCHL1, APC eFluor780) (ThermoFisher, Cat# 47-0457-42), 5%
anti-human CD56 (5.1H11, APC) (Biolegend, Cat# 981204), 3%
anti-human CD56 (5.1H11, PE) (Biolegend, Cat# 362524), 3%
anti-human CD107a (H4A3, BV650) (BD, Cat# 328638), 5%
anti-human HLA-A3 (GAP.A3, PE) (Thermo Fisher, Cat# 12-57542), 3%
anti-mouse TCRB (H57-597, PerCP Cy5.5) (Thermo Fisher, Cat# 45-5961-82), 3%
anti-human IFN-y (B27, FITC) (BD, Cat# 554700), 5%
anti-human TNFa (Mab11, PerCP Cy5.5) (Thermo Fisher, Cat# 45-7349-42), 20%
anti-human IL-2 (MQ1-17H12, PE Cy7) (Thermo Fisher, Cat# 25-7029-42), 20%

Validation Validation of each antibody is provided below as well as in Supplementary Figures 1 and 2.
F(ab’)2 https://www.jacksonimmuno.com/catalog/products/115-605-072

CCR7 https://www.biolegend.com/en-us/products/alexa-fluor-647-anti-human-cd197-ccr7-antibody-7538
EGFR https://www.biolegend.com/en-us/products/brilliant-violet-42 1-anti-human-egfr-antibody-8621
EGFR https://www.biolegend.com/en-us/products/pe-anti-human-egfr-antibody-7432

Fas-L https://www.thermofisher.com/antibody/product/CD178-Antibody-clone-SB93a-Monoclonal/A15381
Fas-L https://www.biolegend.com/en-ie/products/pe-anti-human-cd178-fasl-antibody-806

Fc receptor https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/human-bd-fc-block.564219?tab=product_details

LNGFR https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/alexa-fluor-647-mouse-anti-human-cd271.560326?tab=product_details




LNGFR

https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-

antibodies-ruo/pe-mouse-anti-human-cd271.560927?tab=product_details

FAS

FAS

CcD3

CcD3

Cch4

CD8a

CD14

CD19

CD45

https://www.biolegend.com/en-us/products/pe-cyanine5-anti-human-cd95-fas-antibody-644
https://www.biolegend.com/en-us/products/apc-cyanine7-anti-human-cd95-fas-antibody-12141
https://www.biolegend.com/en-us/products/apc-anti-human-cd3-antibody-6198
https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-human-cd3-antibody-7977
https://www.thermofisher.com/antibody/product/CD4-Antibody-clone-SK3-SK-3-Monoclonal/78-0047-42
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-cd8a-antibody-838
https://www.biolegend.com/en-us/products/fitc-anti-human-cd14-antibody-3951
https://www.biolegend.com/en-us/products/brilliant-violet-650-anti-human-cd19-antibody-7656

https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-cd45-antibody-1915

CD45RA https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-human-cd45ra-antibody-4241

CD45RO https://www.thermofisher.com/antibody/product/CD45RO-Antibody-clone-UCHL1-Monoclonal/47-0457-42

CD56

CD56

HLA-A3

https://www.biolegend.com/en-us/products/apc-anti-human-cd56-ncam-antibody-14587
https://www.biolegend.com/en-us/products/pe-anti-human-cd56-ncam-antibody-9958

https://www.thermofisher.com/antibody/product/HLA-A3-Antibody-clone-GAP-A3-Monoclonal/12-5754-42

mouse TCRB https://www.thermofisher.com/antibody/product/TCR-beta-Antibody-clone-H57-597-Monoclonal /45-5961-82

IFN-y

https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-

antibodies-ruo/fitc-mouse-anti-human-ifn.554700?tab=product_details

TNFa

IL-2

Eukaryotic cell lines

https://www.thermofisher.com/antibody/product/TNF-alpha-Antibody-clone-MAb11-Monoclonal/45-7349-42

https://www.thermofisher.com/antibody/product/IL-2-Antibody-clone-MQ1-17H12-Monoclonal/25-7029-42

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

293T (ATCC, CRL-3216), 293GP (Takara Bio, 631458), Nalm6 (ATCC, CRL-3273), JVM-2 (ATCC, CRL-3002), Raji (ATCC, CCL-86),
CFPAC-1 (ATCC, CRL-1918), NCI-H441 (ATCC, CRM-HTB-174), SW-403 (ATCC, CCL-230), CL-40 (DSMZ, ACC 535), EFM-19
(DSMZ, ACC 231), HuCCT-1 (Cytion, 300469), and SNU-1105 (KCLB, 01105) were purchased from commercial vendors.
Nalm6-GFP/Luc (Nalm6 (ATCC, CRL-3273) transduced with GFP luciferase) and PC3-PSMA (PC3 (ATCC, CRL-1435) retrovirally
transduced with PSMA) were obtained from the Sadelain lab (MSKCC). Raji-GFP/Luc (Raji (ATCC,CCL-86) cells modified to
express GFP-FFLuc (Clontech Laboratories, Mountain View, CA)) was obtained from the Brentjens lab (MSKCC). K562-CD19
cells (K562 (ATCC, CCL-243) transduced with retroviruses encoding murine-19) was provided under MTA from the Feldman
lab (NIH). K562 Clone 9 (K562 (ATCC, CCL-243) retrovirally transduced with CD64 (FcyRI), CD86 (B7-2), CD137L (4-1BBL), and
truncated CD19 to create Clone 9) was provided under MTA from the Lee lab (Nationwide Children’s Hospital). AsPC1-Luc
(AsPC1 gifted by Jan Grimm, MSKCC and retrovirally transduced with luciferase) was provided by the Daniyan Lab (MSKCC).
COS-7 cells were obtained through a material transfer agreement (MTA) from S. A. Rosenberg (National Cancer Institute).The
J8Zb2m-a-B- NFAT reporter cell line has been previously described by our lab. Raji and Nalm6 with stable nuclear localization
sequence (NLS)-mCherry or NLS-GFP reporter expression were developed by retroviral transduction. K562-CD19 FASLG-KO
were generated by CRISPR gene editing.

All cell lines, including those generated in the lab, purchased from a commercial vendor, or received from another lab under
MTA or as a collaboration, were authenticated by flow cytometry or Sanger sequencing.
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Six to 10-week-old female NOD.Cg-Prkdcscid 112rgtm1W;jl/SzJ (NSG) mice were used for all animal experiments (Jackson Laboratory)
and housed in pathogen-free conditions at the MSKCC vivarium.

No.

Only female mice were used for in vivo experiments. However, there was no sex-linked models used in this study. Sex and gender
were not considered in the study design and no analysis was used to determine sex difference.

No.

All mouse experiments were performed in accordance with an MSKCC Institutional Animal Care and Use Committee-approved
protocol (19-08-013). Animal ethics oversight conducted by MSKCC IACUC and veterinary staff. The maximum tumor volume for solid
tumors was set at 1000 mm3 with no exceptions and was not exceeded. Euthanasia was performed based on tumor volume limit or
pre-determined clinical criteria including loss of >10% body weight, development of hind limb paralysis, hunched posture, labored
breathing, scruffy coat, cage mate avoidance, and lethargy.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedtres foreach seed stock-tised-or-novel- genotype generated—Describe-anyexperiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

For surface staining, cells were washed with PBS and stained with antibodies at 4°C for 30 min in PBS supplemented with
0.5% FBS. Cells were washed twice with PBS + 0.5% FBS and acquired on an LSRFortessa X-20 (BD).

For NK cell staining, T cell FasL staining and mice tissue staining, Fc blocking antibody or Human TrueStain FcX blocking
solution (Biolegend, 422302) was added to cells for 10 min before staining. Cells were washed twice with PBS + 0.5% FBS
before acquisition or used for further staining.

For intracellular staining, T cells or NK cells were mixed with tumor cells for 6 h in the presence of GolgiPlug (BD,
BDB555029). As positive controls, either eBioscience™ Cell Stimulation Cocktail (500X) (Thermo Fisher, 00-4970-03) or
phorbol 12-myristate 13-acetate/ionomycin (PMA/1) was added to an aliquot of cells during the incubation. After staining
using surface antibodies and LIVE/DEAD, cells were permeabilized and fixed by Fixation/Permeablization Kit (BD, 555028) for
20 min at 4°C. Cells were then washed once in Perm/Wash buffer (BD, 51-2091KZ) and stained by antibodies for 40 min at 4°
C. Cells were washed twice with Perm/Wash buffer before acquisition.

BD LSRFortessa X-20.
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Cell population abundance Cell population abundance varies for in vivo samples. For in vitro assays, 50k to 1m cells per sample
were acquired. For in vivo samples, Up to 1 million cells per sample were acquired.

Gating strategy Gating hierarchy was provided in Supplementary Figures 1 and 2.

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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