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Abstract

The limited efficacy of chimeric antigen receptor (CAR) T-cell therapy for solid tumors
necessitates engineering strategies that promote functional persistence in an immunosuppressive
environment. Herein, we exploit c-Kit signaling, a physiological pathway associated with stemness
in hematopoietic progenitor cells (T cells lose expression of c-Kit during differentiation). CAR
T cells with intracellular expression—but no cell-surface receptor expression—of the c-Kit
D816V mutation (KITv) have upregulated STAT phosphorylation, antigen-activation-dependent
proliferation, CD28- and IL-2—-independent and IFN-y—mediated costimulation, augmenting the
cytotoxicity of first-generation CAR T cells. This translates to enhanced survival, including in
TGF-p-rich and low-antigen-expressing solid tumor models. KITv CAR T cells have equivalent
or better /n vivo efficacy than second-generation CAR T cells and are susceptible to tyrosine
kinase inhibitors (safety switch). When combined with CD28 costimulation, KITv costimulation
functions as a third signal, enhancing efficacy and providing a potent approach to treat solid
tumors.

Whereas T cells redirected to target cancer cells by the use of genetically engineered
chimeric antigen receptors (CARs) generate complete responses in hematological
malignancies, they have had limited success in solid tumors, necessitating approaches

that potentiate antitumor efficacy without overt toxicity. CARs are synthetic receptors

that bind to cancer-cell-surface antigens via an extracellular single-chain variable fragment
(scFv), which results in initiation of an intracellular T-cell activation domain (signal 1)

and, thereby, cytotoxicity.! To improve proliferation of antigen-activated CAR T cells,
costimulatory domains (signal 2; most commonly, CD28 and 4-1BB) have been incorporated
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into CAR T cell products.2 However, signal 2 alone is inadequate to achieve functional
persistence of second-generation CAR T cells in an immunosuppressive, solid tumor
microenvironment.3-> To overcome the hurdles posed by solid tumors, efforts have been
made to provide “super stimulation” via exogenously administered cytokines (IL-2 or IFN-
7y) or a combination of two costimulatory domains (CD28 and 4-1BB); however, such efforts
have resulted in dysfunctional CAR T cells and/or higher cytokine-induced toxicity or
checkpoint inhibition.5-8 Transcriptome analysis of CAR T cells from clinical trials showed
that STAT3 signaling was associated with better efficacy.® To enhance STAT3 and STATS
signaling, second-generation CAR T cells have been engineered with IL-4, 1L-23, IL-2R,
and 1L-7R domains%-13 to promote targeted and “sustained” stimulation (signal 3).14: 15
The identification of a signaling domain that can function as either signal 2 or signal 3 and
provide CD28- and IL-2—independent sustained costimulation (thus resulting in less T-cell
exhaustion) could potentiate successful solid tumor cell therapy.

KIT (c-Kit, CD117, stem cell factor receptor), a type 1l receptor tyrosine kinase
expressed in stem cell populations, is essential for the development of erythrocytes,

germ cells, melanocytes, and mast cells, and plays a crucial role in cell proliferation

and differentiation.18 Whereas most hematopoietic progenitor cells—including Pro-T1,
Pro-T2, Pre-T1, and Pre-T2—express CD117, T cells lose c-Kit expression as they
mature.17-19 c-Kittranscript has been detected in activated T cells without cell-surface c-Kit
expression.2%: 21 Dysregulation of c-Kit signaling or gain-of-function mutations combined
with other genetic or epigenetic changes have been correlated with tumorigenesis.22-24
The D816V mutation in the activating loop of c-Kit, first observed in mast cells

in systemic mastocytosis,2>=30 constitutively triggers the activation of c-Kit signaling
without the need for stem cell factor ligation to the extracellular domain of c-Kit.3!
Constitutive phosphorylation of STAT1, STAT3, and STAT5 have been observed in ¢-Kit
D816V cells.32-34 However, the relatively stable course of disease in most patients with
systemic mastocytosis and the association between c-Kit and indolent tumor suggests that
other genetic and epigenetic factors—besides a mutation in ¢c-Kit—play a larger role in
outcomes.?2 30 ¢c-Kit D816V transgenic mice exhibited clinical signs of mastocytosis 12
to 18 months after transgenesis and with only 30% penetrance.22 c-Kit also acts as an
intrinsic tumor suppressor via its pro-death activity.3° Indeed, in CD8" T cells derived
from human umbilical cord blood mononuclear cells, c-Kit expression was associated with
lower proliferation and differentiation and higher sensitivity to pro-apoptotic stimuli.!
c-KIT D816V mutation plays a well-known functional role in progenitor cells and has

a lack of known oncogenicity in T cells. We therefore hypothesized that an engineered
intracellular fragment of c-Kit D816V (KITv) in a CAR could act as signal 2 or signal

3, promoting STAT3 and STAT5 signaling in CAR T cells and achieving the sustained
stimulation required for functional persistence of CAR T cells in solid tumors.

Herein, we demonstrate, using multiple solid tumor models, that KITv-costimulated CAR

T cells have comparable antitumor efficacy to CD28-costimulated CAR T cells. The
combination of KITv and CD28 costimulation is noncomplementary and enhances CAR
T-cell potency, including in tumors with TGF-B-induced immunosuppression or low antigen
expression. The use of KITv CAR T cells to treat solid tumors is further supported by

their IFN-y—mediated cytotoxicity, antigen-activation—dependent proliferation, absence of
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toxicity, low PD-1 expression, and high sensitivity to clinically available tyrosine kinase
inhibitors (safety switch).

KITv CAR T cells exhibit constitutive STAT phosphorylation.

To investigate whether D816V-mutated c-Kit (KITv CAR) can generate optimal CAR

T-cell activity, we used retroviral vector—based, mesothelin (MSLN) antigen—targeted, first-
generation CARs; Mz and second-generation CARs; M28z containing an scFv targeting
MSLN; and P28z targeting prostate-specific membrane antigen (PSMA). M28z CAR T cells
have already been translated to phase | and 11 clinical trials by our group (NCT02414269,
NCT02792114, and NCT04577326).36-40 The CARs were then N-terminally linked to an
intracellular domain of D816V-mutated c-Kit via a 2A peptide sequence (Mz, Mz-KITyv,
M28z, M28z-KITv, P28z). We generated an additional, control CAR construct with an
intracellular domain of c-Kit (KITwt; M28z-KITwt) (Fig. 1a). A c-myc-tag or ALNGFR was
included for flow cytometric detection of CARs. All the CARs were efficiently expressed on
the cell surface of multiple donor T cells (Fig. 1b). The phosphorylated KIT was detected

in KITv-expressing CAR T cells but not in KITwt-expressing control CAR T cells (Fig. 1c).
When co-cultured with MSLN™ targets (Fig. 1d), both first- and second-generation Mz-KITv
and M28z-KITv CAR T cells had significantly higher T-cell-mediated killing in 4- and
18-hour cytotoxicity assays, compared with M28z, Mz, and P28z CAR T cells (Fig. 1e).
However, in response to /7 vitro sequential antigen stimulation with MSLN* tumor cells,

the accumulation of M28z and M28z-KITv CAR T cells was higher than that of Mz and
Mz-KITv CAR T cells (Fig. 1f). After coculture with MSLN* tumor cells for 24 hours,
M28z-KITv CAR T cells secreted IFN-vy at a 4.2-fold higher level than M28z CAR T

cells but secreted IL-2 at a significantly lower level. Mz-KITv CAR T cells also secreted
IFN-vy at a 2.6-fold higher level than M28z CAR T cells but secreted both TNF-a and

IL-2 at significantly lower levels (Fig. 1g). The higher cytotoxicity and lower proliferation
capability of KITv CAR T cells can be explained by the fact that IFN-y—producing CD8*

T cells display a higher cytotoxic potential,#1 42 and IL-2 is a key factor in driving
proliferation of activated CAR T cells.*3 Despite activation and potent antigen-dependent
cytotoxicity—perhaps due to low levels of IL-2 secretion—KITv CAR T cells, including
M28z-KITv CAR T cells, exhibited a lower proportion of PD1* CD4 and PD1* CD8 T
cells, compared with M28z CAR T cells (Extended Data Fig. 1a) and after both initial

and repeat antigen stimulation (Extended Data Fig. 1b). These observations support a CD28-
IL2—independent, IFN-y—mediated cytotoxicity in KITv CAR T cells. Consistent with the
functions of c-Kit D816V signaling, both CD4 and CD8 KITv CAR T cells had higher
constitutive activation of STAT1, STAT3, and STAT5, compared with M28z CAR T cells
(Fig. 1h). Further, in the presence of STAT3/5 inhibitor, the antigen-specific toxicity of
M28z-KITv CAR T cells was inhibited in a dose-dependent manner, supporting the role

of STAT signaling in the induction of cytotoxicity of KITv CAR T cells (Fig. 1i). c-Kit is
expressed on the majority of hematopoietic stem cells—it plays a key role in stemness of
hematopoietic stem cells, such as the ability to proliferate and differentiate,** but it is not
expressed on mature T cells. Consistent with c-Kit signaling, KITv CAR T cells maintained
the population of less-differentiated memory CD8*CD45RAYCD62L* T cells, which were
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significantly more abundant than M28z CAR T cells (Fig. 1j,k).#> 46 Overall, these data
highlight the activation of STAT signaling in KITv CAR T cells, as well as their potent
antitumor activity (compared with second-generation M28z CAR T cells), albeit with a low
proliferation capacity. When combined with CD28 costimulation, KITv CAR T cells exhibit
enhanced potency and proliferation.

KITv enhances the antitumor efficacy in solid tumor models.

To determine the /in vivo functionality of KITv CAR T cells, we first investigated KITv CAR
T cells in an orthotopic model of malignant pleural mesothelioma. NSG mice engrafted
with intrapleural MSTO-M cells expressing high levels of MSLN were treated with a single
intrapleural dose of 5 x 10 CAR T cells, ten days after tumor engraftment (Fig. 2a).
Progression and regression of tumor burden in control and MSLN-targeted CAR T cells was
observed by tumor bioluminescence imaging (BLI) (Fig. 2b). In this aggressive solid tumor
model (i.e., all mice died within 20 days3% 37), mice treated with Mz-KITv CAR T cells

had longer survival than mice treated with Mz CAR T cells but shorter survival than mice
treated with M28z CAR T cells (median survival, 52 vs. 30 vs. 114 days); survival was not
significantly different between mice treated with M28z-KITv T cells and mice treated with
M28z CAR T cells (median survival, 106 vs. 114 days) (Fig. 2c).

To confirm the reproducibility of our findings of /n vivo efficacy in solid tumors, we next
investigated KITv CAR T cells in a lung cancer xenograft model (Fig. 2d—g). We engrafted
A549-M non-small cell lung cancer cells expressing MSLN (Fig. 2e) in NOD-SCID-I12rg™~
(NSG) mice by tail vein injection and treated them with a single, low dose of 1 x 10°

CAR T cells administered 20 days after tumor engraftment (Fig. 2d). M28z-KITv CAR T
cells and Mz-KITv CAR T cells both had stronger antitumor activity and were associated
with significantly longer survival, compared with M28z CAR T cells and Mz CAR T cells
(median survival, 103 vs. 83; 70 vs. 42 days) (Fig. 2g). M28z-KITv CAR T cells achieved
better survival than Mz-KITv CAR T cells. In line with this observation, both mice treated
with M28z-KITv T cells and mice treated with Mz-KITv CAR T cells had >20-fold higher
plasma IFN-y and IL-10 levels at day 10 after CAR T-cell treatment, compared with mice
treated with M28z CAR T cells; levels of IL-2, IL-6, and TNF-a were not significantly
different between groups (Fig. 2h). To investigate functional persistence, mice with tumor
eradication after treatment with M28z-KITv CAR T cells (confirmed by serial BLI) were
rechallenged with A549-M cells 123 days after initial CAR T-cell treatment. These mice
exhibited resistance to tumor establishment, with a rapid decline in tumor bioluminescence,
indicating long-term functional persistence of M28z-KITv CAR T cells (Extended Data
Fig. 2). Thus, KITv CAR T cells have potent /n vivo antitumor efficacy and functional
persistence, compared with second-generation M28z CAR T cells, without any observed
toxicity.

KITv potentiates CAR T cells in a TGF-p-rich solid tumors.

The benefit in survival associated with KITv CAR T cells was different between the

mesothelioma model and the non-small cell lung cancer model, prompting us to explore the
differences. Whereas both A549-M and MSTO-M cells express high levels of antigen, 60%
of A549-M cells express TGF-B, compared with only 3% of MSTO-M cells (Fig. 3a). TGF-
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B is one of the main immunosuppressive cytokines in solid tumors, and IFN-y—potentiated
T cells can achieve higher cytotoxicity in a TGF-B—rich tumor microenvironment.47: 48

To investigate the exciting potential of KITv CAR T cells in a TGF-p-rich tumor
microenvironment, we transduced MSTO-M cells to overexpress TGF-p (MSTOM-TGFp)
and confirmed the high expression levels of TGF-B /n vitroand in vivo (Fig. 3a,b); these
levels are comparable to the levels seen in patients with mesothelioma and lung cancer,49-53
To confirm that IFN-y—signaling is the key mechanistic pathway of KITv CAR T-cell
potency, we generated M28z-KITv CAR T IFN-y knock-out (KO) cells using CRISPR-
Cas9-based gene editing; knock-out efficiency was confirmed by flow cytometry (Fig. 3c).
In vivo (Fig. 3d-f), MSTOM-TGFp tumors were more aggressive than MSTO-M tumors
(median survival of mice, 10 vs. 18 days). M28z CAR T cells barely controlled MSTOM-
TGFB tumor growth, whereas a single dose of 1 x 10° KITv CAR T cells eliminated tumors
in half of treated mice (Fig. 3e). Treatment with KITv CAR T cells (M28z-KITv and Mz-
KITv) was associated with longer survival (Fig. 3f) than treatment with M28z CAR T cells
(median survival, 89 vs. undefined vs. 55 days). Importantly, M28z-KITv IFN-y KO CAR
T-cell-treated mice did not control tumor progression, resulting in similar survival to control
P28z-treated mice (median survival 7 vs. 10 days) (Fig. 3f). Together, these observations
underscore the potential of KITv CAR T cells in solid tumors with an immunosuppressive
microenvironment and highlight the predominant role of the IFN-y—signaling pathway in
triggering the therapeutic activity of KITv CAR T cells.

KITv CAR T cells are effective against low-antigen targets.

In addition to the predominant IFN-y—signaling pathway, higher levels of CD3( and ERK
phosphorylation were observed in KITv CAR T cells (Fig. 4a) following antigen stimulation
that could enhance the response against targets with low-antigen expression;># this is a
known hurdle in solid tumor adoptive cell therapy. /n vitro, KITv CAR T cells efficiently
killed low-MSLN-expressing A549 (Fig. 4b) cells, whereas M28z CAR T cells had no
cytotoxicity even at high effector:target (E:T) ratios (Fig. 4c). This observation suggested
that KITv CAR T cells have the potential to overcome the barrier of antigen heterogeneity
in solid tumors. To further confirm this potential /n vivo, mice established with low-MSLN-
expressing A549 tumors were treated with a single dose of 5 x 10° CAR T cells (Fig.

4d). Mice treated with M28z-KITv or Mz-KITv CAR T cells had longer survival than

mice treated with M28z CAR T cells (median survival, 98 vs. 61 vs. 56 days). Mice

treated with M28z-KITv CAR T cells had better control of tumor burden (Fig 4e) and
longer survival than mice treated with Mz-KITv CAR T cells (median survival, 98 vs

61 days) (Fig. 4e,f). Mice treated with M28z-KITv CAR T cells had significantly higher
levels of plasma IFN-y than mice treated with M28z CAR T cells (Fig. 49). These results
were reproduced in a tumor model established with orthotopic pleural mesothelioma with
MSTO-M!W cells. We did not observe any on-target, off-tumor toxicity against mouse
MSLN expressed in the pleura, pericardium and peritoneum (i.e., our MSLN CAR scFv
cross-reacted with mouse MSLN, albeit at a higher threshold>®). To confirm that treatment
with KITv CAR T cells with reactivity against low-antigen targets does not result in toxicity
against normal mesothelial cells, we first performed an in vitro cytotoxicity assay against
high-antigen—expressing MSTO-M cells, low-antigen—expressing MSTO-M!W cells, and
human mesothelial cells (MET-5A) expressing very low levels of MSLN (Fig. 5a,b). No
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cytotoxicity was observed against mesothelial cells expressing very low levels of MSLN.

In vivo, in mice established with orthotopic mesothelioma with MSTO-M!W cells (Fig.

5c¢), both M28z-KITv and Mz-KITv CAR T cells were associated with significantly longer
survival, compared with M28z CAR T cells (Fig. 5d). In addition to demonstrating potent
antitumor efficacy in an immunosuppressive microenvironment, these results underscore the
efficacy of KITv CAR T cells in heterogenous-antigen-expressing tumors, a clear advantage
over current, second-generation, CD28-costimulated CAR T cells; CD28 CAR T cells
perform better than 4-1BB costimulated CAR T cells? against low-antigen targets.

KITv enhances antitumor activity of PSMA-targeted CAR T cells.

To further validate the generalizability of the results observed with KITv CAR T cells,

we tested CARs targeting PSMA, which is another solid tumor cell-surface antigen. We
generated retroviral CAR constructs, P28z-KITv and Pz-KITv, to target PSMA (Fig. 6a,b)
as well as PSMA-overexpressing A549-P cells and prostate cancer PC3-P cells (Fig. 6c).
Similar to our observations from the A549-M tumor model, in the A549-P tumor model
(Fig. 6d) both P28z-KITv and Pz-KITv CAR T cells had stronger antitumor activity

and were associated with significantly longer survival, compared with P28z CAR T cells
(median survival, 112 vs. 95 vs. 79 days) (Fig. 6e,f). At 10 days after CAR T-cell treatment,
Ab49-P tumor-bearing mice treated with P28z-KITv CAR T cells and those treated with
Pz-KITv CAR T cells had significantly higher levels of plasma IFN-y and IL-10 and lower
levels of plasma IL-2 than mice treated with P28z CAR T cells (Fig. 6g). Furthermore,

in a prostate cancer PC3-P tumor model, both P28z-KITv and Pz-KITv CAR T cells

had stronger antitumor activity and were associated with significantly longer survival than
P28z CAR T cells (median survival, undefined vs. undefined vs. 83 days) (Fig. 6h—j).
These results validate the enhanced antitumor efficacy of KITv CAR T cells against targets
expressing different antigens relevant to solid tumors.

KITv CAR T cells have a unique signaling profile.

We performed RNA-seq analysis to elucidate the molecular basis underlying the enhanced
functions of KITv CAR T cells. We mapped the top 50 differentially expressed genes
between M28z and M28z KITv CAR T cells before stimulation (Extended Data Fig. 3a—
e); among those with elevated expression profiles were granulocyte differentiation genes,
including CSFR3, CBFA2T3, and S100A9 (Extended Data Fig. 3a). Recent studies have
shown that the expression of transcription factors plays an important role in regulating
CAR T-cell function in solid tumors®8: 57; therefore, we analyzed transcription factors and
discovered that the AP-1-bZIP and bZIP-IRF binding motifs were the most significantly
enriched in M28z-KITv T cells—this was most pronounced in JUNB, JDPZ2, FOSL 1,
FOSL2, BATF, BATF2, BATF3, ATF3, CEBPB, CEBPD, IRF7, and IRF8 (Extended Data
Fig. 3b). Of note, many of these transcription factors are the downstream targets of STAT
signaling.>8 Interestingly, recent studies have shown that overexpression of BATF family
members may counter exhaustion and therefore lead to stronger antitumor responses of CAR
T cells.>® Consistent with higher activation of STATs in KITv CAR T cells (Fig. 1d), gene
set enrichment analysis showed a significant enrichment of JAK-STAT3 and IL2-STAT5
gene sets in M28z-KITv CAR T cells, compared with M28z CAR T cells (Extended Data
Fig. 3c). Consistent with increased secretion of IFN-y (Fig. 2d) after antigen stimulation,
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genes within the IFN-y and IFN-a. gene sets (Extended Data Fig. 3d) were enriched in
M28z-KITv CAR T cells, compared with M28z CAR T cells, and many of the top 50
differentially expressed genes were interferon-induced genes, including /F/71, IFTI3, IFI6,
CXCLY, CXCL10, and MX1 (Extended Data Fig. 3d). Overall, the elevated signaling

of STATSs and the upregulation of interferon pathway genes (Extended Data Fig. 3¢) are
consistent with the enhanced antitumor efficacy of KITv CAR T cells.

KITv CAR T cells are susceptible to tyrosine kinase inhibitors.

We next investigated the susceptibility of M28z-KITv CAR T cells to tyrosine kinase
inhibitors—dasatinib and midostaurin. /n vitro, although dasatinib does not affect the
viability of CAR T cells (Extended Data Fig. 4a), the cytotoxicity assay in the presence

of dasatinib leads to the inhibition of the antigen-specific cytotoxicity of M28z-KITv CAR T
cells (Extended Data Fig. 4b). We conducted an i vivo safety experiment where we injected
1 x 10° M28-KITv CAR T cells intrapleurally or intravenously to mice established with
MSTO-M pleural tumor, followed by daily oral administration of dasatinib or midostaurin
(50 mg/kg; twice a day) (Fig. 7a). Treatment with either dasatinib or midostaurin inhibited
M28z-KITv CAR T-cell activity, and tumors progressed as indicated by the BLI signal

(Fig. 7b) and survival (Fig. 7c). Moreover, in a separate cohort of mice, quantification of
M28z-KITv CAR T cells in the harvested tumor by flow cytometry on day 3 CAR T-cell
after administration showed lower accumulation of CAR T cells (CD3* Myc* cells) in mice
treated with dasatinib or midostaurin than in mice that received only CAR T cells with

no drug treatment (Fig. 7d). These results suggest that kinase inhibitors, such as dasatinib

or midostaurin, can suppress M28z-KITv CAR T cells activity /in vivo, highlighting their
potential to be used as safety agents to treat treatment-related complications.

Discussion

Adoptive cell therapy in solid tumors is hindered by tumor microenvironment—specific
obstacles that necessitate novel approaches.59 We have demonstrated, in multiple solid
tumor models, that the inclusion of c-Kit signaling in tumor-specific CAR T cells helps
overcome some of these obstacles. In this study, we have made several observations

that are pertinent to KITv-mediated signaling in CAR T cells: (1) c-Kit signaling was
functional only after antigen activation; (2) KITv protein constitutively increased STAT
phosphorylation and enhanced signal 1-induced cytotoxicity of CAR T cells; (3) when
functioning as a second signal, KITv costimulation significantly enhanced the antitumor
efficacy of CAR T cells, even without an increase in proliferation; (4) when added to
second-generation, CD28-costimulated CAR T cells, KITv provided a robust signal 3
function; and (5) KITv costimulation is IFN-y—mediated. The above features suggest that
KITv CAR T cells are a promising candidate to specifically treat solid tumors. Furthermore,
tyrosine kinase inhibitors can be employed as safety switch with reversible inhibition.

c-Kit is a well-known stem cell marker for normal hematopoietic cells, and its

expression decreases as cells lose their plasticity during differentiation.1® However, multiple
investigators have observed c-Kit transcript in adult mature T cells—specifically, activated
T cells—without cell-surface expression of c-Kit, 20 21 providing a rationale for us to
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investigate KITv CAR T cells. c-KIT signaling leads to the activation of many downstream
signaling pathways—such as RAS/ERK, P13-kinase, SRC, JAK/STAT, and NOTCH—that
are known to induce a stemlike phenotype.51 Not unexpectedly, KITv CAR T cells exhibited
a more abundant population of CD8*CD45RA*CD62L* T memory cells and stronger
cytotoxicity. The lack of proliferation of KITv CAR T cells in the absence of antigen
activation supports the safety of our approach. Recent studies have shown that c-Kit actively
triggers the cell death pathway and that c-Kit activation is associated with sensitivity to
apoptosis in cord blood monocyte—derived T cells.2l 35

Although we predominantly compared the efficacy of M28z and M28z-KITv CAR T cells,
our results with Mz CAR T cells are intriguing in that, even without CD28 costimulation,
the enhanced antitumor efficacy by addition of KITv signaling as second signal is observed.
These results are not limited to one experiment or one model. We have reproduced

these important results in our lung cancer model, in our pleural mesothelioma model

with and without high TGF-f expression, and in experiments with PSMA-targeted CAR.
Furthermore, in our lung cancer model and in the experiments with PSMA-targeted CAR,
Mz-KITv CAR T-cell-treated mice survived longer than M28z CAR T-cell-treated mice.

After antigen stimulation, the activity of many cytotoxic-associated genes is significantly
increased in KITv CAR T cells—in particular, high levels of IFN-y and associated signaling
were observed both /n vitroand in vivo. The longer survival of tumor-bearing mice

after treatment with KITv CAR T cells, independent of CD28 signaling or augmented
secretion of 1L-2, underscores the unique advantage of these T cells for treating aggressive,
immunosuppressive solid tumors. Furthermore, when combined with second-generation,
CD28-costimulated CAR T cells, KITv signaling provides a noncomplementary additive
effect. However, the survival advantage observed in non-small cell lung cancer and prostate
cancer was not observed in pleural mesothelioma. It is worthwhile to note that the single low
dose of CAR T cells (5 x 10% or 1 x 10°, low E:T ratios) purposefully used in our study

to mimic antigen stress in the solid tumor environment may have contributed to the lack of
a significant benefit in mesothelioma. Despite lower levels of TGF-B, mesothelioma cells
are known to induce high levels of PD-L1 expression,52 including in MSTO-M cells; the
robust secretion of IFN-y by KITv CAR T cells can further upregulate PD-L1 expression.
Itis plausible that, although KITv CAR T cells express lower levels of PD-1 than CD28
CART cells, the PD-1 or PD-L1 pathway can ultimately compromise T-cell function in the
presence of sustained antigen stress—induced activation.3 37- 38 Yet, higher levels of IFN-y
in the tumor microenvironment can augment the efficacy of immune checkpoint inhibitor
agents. With this in mind, we are currently investigating the use of a PD-1 dominant negative
receptor in KITv CAR T cells; the functional persistence of PD-1 dominant negative
receptor CAR T cells in solid tumor models was previously described by us and translated
to clinical trials.3” However, the potency of KITv CAR T cells in TGF-B-rich tumors is

a more exciting observation. Indeed, treatment with M28z CAR T cells was associated

with transient regression of TGF-B—rich MSTOM-TGFB tumors, with subsequent rapid
growth of tumor; in contrast, treatment with KITv CAR T cells resulted in eradication

of tumors in half of treated mice. In addition to counteracting TGF-p, KITv CAR T

cells, through the robust secretion of IFN-y, may further activate endogenous immunity in
solid tumors. The stronger cytotoxic signaling resulted in efficient CAR T-cell cytotoxicity
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against low-antigen-expressing tumors,>* 63. 64 presenting an additional opportunity to treat
heterogenous-antigen-expressing solid tumors.

Although c-Kit activation has been shown to be associated with oncogenic activity,
expression of c-Kit D816V mutation alone is not sufficient to induce complete cell
transformation,®° and there was no evidence of such transformation in our study. IL-6, IFN-
v, and I1L-10 are among the cytokines involved in cytokine release syndrome; no toxicity
was observed in our /n vivo studies. On their own, IL-6 and TNF-a have been shown to
provide weak costimulation; however, together, they provided synergistic CD28- and 1L-2—
independent costimulation in Rag-2~/~ or CD28 ~/~ mice.6 This synergistic costimulation
was more pronounced when IL-2 was present in our M28z-KITv CAR T cells. KITv CAR T
cells are highly susceptible to tyrosine kinase inhibitors, which can serve as a safety switch
in case of unexpected toxicity.28

In summary, we have developed a CAR construct that constitutively activates c-Kit
signaling. Given the effective application of KITv to MSLN- or PSMA-targeted CAR T
cells, the translational potential to treat large cohorts of patients with solid tumors is high.

It is feasible to expand this approach to other CAR- and T-cell receptor—engineered T

cells. Given that 4-1BBC CAR T cells have limited efficacy against low-antigen-expressing
targets, compared with CD28-costimulated CAR T cells, the addition of the KITv signaling
domain can improve the targeting of solid tumors with heterogenous antigen expression by
second-generation CAR T cells. Their enhanced cytotoxicity in TGF-p-rich tumors (even
against low-antigen—expressing cancer cells), lack of overt toxicity, and susceptibility to
clinical-grade safety agents with reversible inhibition render KITv CAR T cells highly
applicable to treat solid tumors; however, the efficacy and safety of these proof-of-principle
studies will be tested in upcoming trials. c-Kit has been observed to be expressed in only a
small subset of CD56"19 natural killer cells involved in immunomodulation and, to a lesser
extent, in those involved in mediating antitumor responses.8”: 68 Whether KITv can enhance
the antitumor efficacy of other cell therapies, including natural killer cells, is an intriguing
area of future investigation.

Online Methods

All animal studies were performed under protocol #08-01-001, which was approved by the

Memorial Sloan Kettering Cancer Center Institutional Animal Care and Use Committee. All
relevant animal use guidelines and ethical regulations were followed. Further information on
research design is available in the Nature Research Reporting Summary linked to this article.

Cell lines and donor T cells.

Human lung cancer cells (A549 [CRM-CCL]), human pleural mesothelial cells (MeT-5A
[CRL-9444), human pleural mesothelioma cells (MSTO-211H [CRL-2081]), and prostate
cancer cells (PC3 [CRL-1435]) were obtained from American Type Culture Collection.

As previously described,*3 A549, MSTO-211H, and PC3 cells were transduced with green
fluorescent protein (GFP) and firefly luciferase (ffLuc) fusion protein to facilitate /n vivo
tracking by bioluminescence image (BLI). These cells were then transduced with human
MSLN-, PSMA-, or TGFB -gene-containing plasmids to generate MSLN (MSTO-M, A549-
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M)-, PSMA (PC3-P, A549-P)-, or TGFp (MSTOM-TGFp)—overexpressing tumor cells.
MSTO-M!2W cancer cells expressing low levels of MSLN were produced using diluted
retroviral supernatant (1:8) derived from producer cells transduced with human MSLN
plasmid to generate high-MSLN-expressing MSTO-M cells. These cells were flow-sorted,
passaged, and confirmed to have sustained low cell-surface expression of MSLN over
several passages before using in /n vitroand in vivo experiments.

Human T cells for the generation of CAR T cells were produced from peripheral blood
mononuclear cells obtained as buffy coats prepared from whole blood collected by the New
York Blood Center (New York, NY). All cell lines were routinely tested for mycoplasma
contamination and for cell-surface expression of target antigens.

Retroviral vector construction and viral production.

MSLN-specific CARs were generated using the Myc-tag-linked MSLN-specific scFv (m912
scFv)°® linked to the CD28H/T-CD28-CD3( or CD8H/T-CD3( domains. PSMA-specific
CARs were generated using the Myc-tag-linked PSMA-specific scFv (3591 scFv)8? linked
to the CD28H/T-CD28-CD3( or CD28H/T-CD3( domains. To generate CAR constructs
with the KITwt or KITv domain, the codon-optimized intracellular fragment of wild-type
KITgene or KIT D816V mutation genes were synthesized and fused to the constructs linked
after a 2A sequence. The CAR sequences were inserted into the SFG -y-retroviral vector
(provided by I. Riviere, Memorial Sloan Kettering Cancer Center) and then transfected into
293T H29 and 293Vec RD114 packaging cell lines to produce the retrovirus, as previously
described.37

Generation of CAR T cells.

Blood samples from anonymous healthy donors were purchased from the New York

Blood Center and were handled in accordance with all required ethical and safety
procedures. Peripheral blood mononuclear cells were isolated by low-density centrifugation
on Lymphoprep (Stem Cell Technology) and activated with phytohemagglutinin (2 ug/mL;
Remel). Two days after isolation, peripheral blood mononuclear cells were transduced with
293VecRD114-produced retroviral particles encoding CARs by spinoculation for 1 hour at
1800 x g on plates coated with retronectin (15 pg/mL; r-Fibronectin, Takara). CAR T cells
and control T cells were maintained in culture with the addition of a low concentration of
IL-2 (20 IU/mL).

For M28z-KITv IFN-y KO cells, CD3 T cells were isolated from peripheral blood
mononuclear cells using the Miltenyi No-Touch T Cell Isolation Kit and stimulated

with 1:1 CD3/CD28 Dynabeads (Invitrogen) in 20 U/mL of IL-2 (Miltenyi Biotech). At
48 h after initiation of T-cell activation, CD3/CD28 beads were magnetically removed,

and the cells were transfected by electroporation using 1 pug of Cas9 mRNA (TriLink
Biotech) and 1 pg of IFN-y gRNA (GenScript) in a 0.2-cm cuvette in a total volume

of 20 pL. The electroporation reaction was performed in a Lonza Nucleofector machine
(Lonza 4DNucleofector). After electroporation, cells were diluted into culture medium and
incubated at 37°C (5% CO,) for 24 h before being spinoculated.
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Western blot analysis.

Protein was extracted from cells using RIPA buffer (Thermo Fisher Scientific)

supplemented with proteinase and phosphatase inhibitors (Thermo Fisher Scientific). Protein
concentrations of supernatants were determined using the BCA protein assay kit (Pierce
Chemical). The same amount of protein for each sample was separated on precast 4% to
15% gradient gels (Bio-Rad) by SDS-PAGE and transferred to nitrocellulose membranes
(Bio-Rad). Immunoblot analysis was performed using the following antibodies: HRP
Conjugate GAPDH (clone 14C10, Cell Signaling Technology), anti-c-Kit (clone D13A2,
Cell Signaling Technology), anti-Phospho-c-Kit (Tyr719, Cell Signaling Technology), and
goat anti-rabbit IgGHRP (Santa Cruz Biotechnology). Blots were developed with the
Western blot development kit from GE Healthcare.

Flow cytometry.

For cell-surface staining, cell pellets were incubated with antibodies at room temperature for
15 min or at 4°C for 30 min. For intracellular staining, cells were fixed and permeabilized
with Cytofix/CytoPerm (BD Biosciences) for 15 min at room temperature and washed with
1x PermWash (BD Biosciences). Subsequent staining was performed with 1x PermWash

as the staining and wash buffer. For intracellular phosphoprotein staining, cells were

fixed in 1.5% formaldehyde for 10 min at room temperature; pelleted cells were then
permeabilized using ice-cold methanol at 4°C for 20 min. Cells were washed twice,

and subsequent staining was performed in staining medium (phosphate buffered saline
containing 1% bovine serum albumin) at 4°C for 1 h.”0 Cell pellets were additionally
stained with 4”,6-diamidino-2-phenylindole (DAPI [Thermo Fisher]) or Zombie Aqua Live/
Dead Discrimination dye (BioLegend) to exclude dead cells during analysis. Additional
information on antibodies, clones, vendors, catalog numbers, and dilutions used in the study
are provided in the Nature Research Reporting Summary linked to this article.

Data acquisition was performed on an Attune NxT flow cytometer (Thermo Fisher
Scientific) and analyzed using FlowJo analysis software (Tree Star). Gating strategies used
for /n vitroand in vivo characterization of cellular phenotypes are provided in Extended
Data Fig. 5.

T-cell functional assays.

The cytotoxicity of T cells transduced with a CAR was determined by standard 51Cr-release
assays and luciferase-based assays. For ®1Cr-release assays, MSLN* tumor cells were used
as target cells, as described previously.3” For luciferase-based assays, MSLN* tumor cell—
expressing ffLuc-GFP served as target cells. Effector cells were cocultured in triplicate using
black-walled 96-well plates at the indicated E:T ratio, with 1 x 10% target cells in a total
volume of 200 uL per well. To determine maximal luciferase expression (relative light units
[RLU]), target cells alone were also plated at the same cell density. At 4 or 18 h after
incubation, 50 pL of luciferase substrate (Bright-Glo; Promega) was directly added to each
well, and emitted light was detected using a luminescence plate reader. The percentage of
lysis was determined as [(1 — (RLUsample)/(RLUmax)) x 100].
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For the STAT inhibition assay, effector cells were preincubated with or without STAT3/
STATS Dual Inhibitor (Clone SH-4-54; Calbiochem-Sigma) for 1 h before coculturing with
target cells.

To analyze proliferation, CAR T cells were restimulated by irradiated tumor cells expressing
MSLN every 4 days at an E:T ratio of 3:1 in triplicate. T-cell numbers were counted 4 and

8 days after initial stimulation using a hemacytometer, with plotted numbers adjusted for
CARY* percentage as determined by flow cytometry.

Enzyme-linked immunosorbent assay.

Cell culture supernatants were collected after 24 h of culture of 2.5 x 106 tumor cells

in a 24-well plate, and the release of TGF-f was measured using a specific enzyme-

linked immunosorbent assay kit (R&D systems) in accordance with the manufacturer’s
instructions. Plasma and tumor tissues were collected from mice with a high burden of
MSTO-M tumor at day 26 and from those with MSTOM-TGFp tumors at day 18. Each
supernatant was measured in duplicate. Samples were measured using the Synergy 2 Multi-
Detection Microplate Reader and Gen5 software (both BioTek). After 18 h of coculturing T
cells with target cells at an E:T ratio of 3:1, supernatants were collected, and cytokine levels
were determined using a multiplex bead Human Cytokine Detection Kit in accordance with
the manufacturer’s instructions (Millipore). Blood was collected via retroorbital bleeds at
day 10 of CAR T-cell treatment. Cytokine detection assays were completed in accordance
with the manufacturer’s specifications using a Human High Sensitivity T Cell Premixed
13-plex Cytokine Magnetic Bead Panel and the Luminex FlexMap3D system (Millipore).
Cytokine concentrations were assessed using Luminex Xponent 4.2 (Millipore).

RNA extraction, transcriptome sequencing, and RNA-seq analysis.

M28z and M28z-KITv CAR T cells were unstimulated or stimulated with irradiated 3T3-
MSLN for 24 h, followed by magnetic selection of CD8* cells (Miltenyi Biotec). RNA
was extracted using the RNeasy Mini Kit (Qiagen) in accordance with the manufacturer’s
instructions.

After RiboGreen RNA quantification and quality control using an Agilent Bioanalyzer,
libraries were prepared using TruSeq RNA Library Prep Kit v2 (lllumina). Sequencing was
conducted on an Illumina NovaSeq 6000, generating 60 million 50-bp paired-end reads. The
output data (FASTQ files) were mapped to the target genome using the STAR aligner,’1
which resolves reads across splice junctions and maps them genomically. We used the 2-pass
mapping method, in which the reads are mapped twice.”2 The first mapping pass used a

list of known annotated junctions from Ensemble. Novel junctions found in the first pass
were then incorporated into the list of known junctions, and a second mapping pass was
performed. The expression count matrix was then generated from the mapped reads using
HTSeq (www-huber.embl.de/users/anders/HTSeq) and one of several possible gene model
databases. The resulting raw count matrices generated by HTSeq were then subjected to
normalization and differential expression analysis using the R/Bioconductor package DESeq
(www-huber.embl.de/users/anders/DESeq).
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In vivo experiments.

For in vivo experiments, 6- to 10-week-old male or female NOD-SCID-I12rg™~ (NSG)
mice were purchased from the Jackson Laboratory and were maintained in an institutional
animal facility for at least 1 week before their use in experiments. Housing conditions

are as follows: individually ventilated cages with unrestricted access to food and water,
temperature ranging from 18°C to 23°C, humidity of 40% to 60%, and a cycle of 12 h of
light and 12 h of dark.

For the orthotopic pleural mesothelioma mouse model, mice were anesthetized using
inhaled isoflurane and oxygen, with bupivacaine administered for analgesia. Orthotopic
pleural mesothelioma was established by direct intrapleural injection of 8 x 10° ffLuc-GFP
MSTO-211H tumor cells in 200 pL of serum-free medium via a right thoracic incision.
Ten days after establishment of tumor, mice with equivalent tumor burden were selected
and sorted into cohorts by tumor bioluminescence imaging (BLI) and were treated with
intrapleural administration of either 5 x 104 or 5 x 10° CAR T cells. BLI was performed
using the 1VIS Imaging System (PerkinElmer) with Living Image software (PerkinElmer)
for the acquisition of imaging data sets. BLI signal was reported as total flux (photons per
second), which represents the average of ventral and dorsal flux.

For the metastatic lung cancer model, mice were inoculated with 1 x 108 ffLuc-GFP A549
cells in 200 pL of serum-free medium by tail vein injection. Twenty days after establishment
of tumor, mice with equivalent tumor burden were selected and sorted into cohorts by tumor
BLI and were treated with either 5 x 104 or 5 x 10° CAR T cells administered intravenously.
Tumor rechallenge experiments were performed by intraperitoneal administration of 1 x 108
ffLuc-GFP A549 cells at indicated time points.

For the metastatic prostate cancer model, mice were inoculated with 2 x 106 ffLuc-GFP PC3
cells by tail vein injection, followed, 28 days later, by a single dose of 5 x 104 CAR T cells
administered intravenously.

For the safety study, mice received tyrosine kinase inhibitors (50 mg/kg dasatinib [Sigma-
Aldrich] or midostaurin [Sigma-Aldrich]) prepared in a mixture of 5% DMSO, 40% PEG,
5% Tween, and 50% water after CAR T-cell infusion. Drug administration was performed
by oral gavage twice daily beginning on the day of CAR T-cell infusion in the intrapleural
regional delivery model or 1 day after infusion in the intravenous systemic delivery model.

To ensure mice did not exceed the high tumor burden specified in the approved animal
protocol, all mice used in the experiments were monitored every 12 h for clinical signs of
sickness arising from high tumor burden and were promptly euthanized upon confirmation
of >20% loss of body weight accompanied by one or more of the following: change in
physical appearance (i.e., with ruffled hair or unkempt appearance), lethargy or persistent
recumbency, loss of a righting reflex, and/or any condition interfering with daily activity
(i.e., eating, drinking, ambulation). Occasionally (<5%), mice that developed chest tumors
because of missed pleural injections were excluded from the study.
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Statistics and Reproducibility.

Data were analyzed using Prism software (version 9, GraphPad Software). Statistical tests
included the two-tailed Student’s #test, one-way analysis of variance (ANOVA), and two-
way ANOVA, with the Sidak-Bonferroni correction used to correct for multiple comparisons
when applicable. Data distribution was assumed to be normal, but this was not formally
tested. For /in vivo experiments, overall survival was depicted by Kaplan-Meier curve, and
the log-rank test was used to compare differences in survival between groups. Statistical
significance was defined as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

Data are displayed as mean * standard deviation. All samples meeting proper experimental
conditions were included in the analysis. No statistical method was used to predetermine
sample size; group sizes were determined on the basis of tumor burden determined by BLI
before initiation of treatment. The experiments were not randomized; the investigators were
not blinded to allocation during experiments and outcome assessment. The statistical test
used and number of replications for each experiment are described in the corresponding
figure legends. Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Extended Data
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Extended Data Fig. 1. Mz-KITv and M28z-KITv CAR T cells show relatively lower levels of PD1
expression.
a, Proportion of PD1* cells in CD4 and CD8 CAR T cells after stimulation with

antigen-expressing (MSLNY) target cells (n=5 biological replicates; two-tailed paired #test
**p=0.0018, M28z vs. Mz-KITv; ***p=0.0009, M28z vs. M28z-KITv in CD4 T cells; and
**p=0,0013, M28z vs. M28z-KITv; **p=0.0075, M28z vs. Mz-KITv for CD8 T cells). b,
Proportion and kinetics of PD1* cells in CD4 and CD8 CAR T cells upon stimulation with
MSLN* target cells every four days, as indicated by arrows. All data shown are mean +
standard deviation and are representative of three independently repeated experiments with
at least three independent donors.
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Extended Data Fig. 2: Long-term functional persistence of M28z-KITv CAR T cells.
Mice were initially established with A549-M lung cancer metastatic tumor and treated with

asingle dose (1 x 10°) of M28z-KITv CAR T cells. After tumor eradication for 122 days,
confirmed by multiple tumor bioluminescence imaging (BLI), mice were rechallenged with
intraperitoneal (i.p) injection of 1 x 108 A549-M cells on day (d) 123 after initial CAR
T-cell treatment, and tumor burden was monitored with BLI (n=4 mice).
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Extended Data Fig. 3: KITv CAR T cells have molecular expression profiles associated with
potent cytotoxic activity.
Mesothelin (MSLN)-targeted M28z and M28z-KITv CD8" CAR T cells alone

(unstimulated) or cocultured (stimulated) with MSLN-expressing 3T3-M cells for 24 hours
(M28z Sti and M28z-KITv Sti) were collected, and their gene expression profiles were
analyzed by RNA-seq analysis. a, Heat maps of the top 50 differentially expressed genes
between unstimulated M28z and M28z-KITv CAR T cells. b, Individual gene expression of
AP-1-bZip and IRF gene family members from the bulk RNA-seq analysis in unstimulated
M28z (blue) and M28z-KITv (red) CAR T cells. Data are mean * standard deviation from
three samples across three different donors (*p<0.05; **p<0.01; ***p<0.001) determined
by multiple t tests. ¢, Gene-set enrichment analysis, comparing the gene expression of
M28z-KITv and M28Z CAR T cells for JAK-STAT3 and IL2-STATS5 gene sets. d, Heat
maps of the top 50 differentially expressed genes between M28z Sti and M28z-KITv Sti
CART cells. e, Gene-set enrichment analysis for the expression profiles of stimulated
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Extended Data Fig. 4: Dasatinib inhibits CAR T-cell cytotoxicity without affecting viability in
vitro.

a, M28z-KITv CAR T cells were cultured in the presence or absence of dasatinib for 72
h. Target-cell viability was monitored by flow cytometry. The experiment was performed
twice, and a representative example is shown. b, Luciferase-based cytotoxicity assay
assessing M28z KITv CAR T-cell killing at 18 h when cocultured with ffLuc-expressing,
mesothelin-positive target cells in the presence or absence of dasatinib (n=3 technical
replicates). The experiment was performed three times, and a representative example is
shown.
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Extended Data Fig. 5: Representative gating strategy used for flow cytometry analysis.
a, Tumor cells gating strategy corresponding to data shown in Figures 1d, 2e, 4b, and 4h. b,

CAR T cells in vitro gating strategy corresponding to data shown in Figure 1e, h, and j. c,
IFN-y KO CAR T cells in vitro gating strategy corresponding to data shown in Figure 3c. d,
CAR T cells in vivo gating strategy corresponding to data shown in Figure 6d.
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Fig. 1: KITv CAR T cells demonstrate constitutive STAT phosphorylation and higher antigen-

specific target-cell lysis in vitro.

a, Schematic of the retroviral vector (SFG) encoding CARs targeting mesothelin (MSLN)
or prostate-specific membrane antigen (PSMA), linked with or without an intracellular
fragment of c-Kit or c-Kit D816V (KITwt or KITv). A c-myc-tag or ALNGFR is included
for the detection of CARs. b, Representative flow cytometry histogram plots of transduced
T cells, showing percentage of CAR expression. ¢, Western blot of phosphorylated (p-
KIT) and unphosphorylated (KIT) c-Kit level in KITv CAR T-cell lysates. GAPDH is
used as loading control. M28z and M28z CAR T cells transduced with wild-type c-KIT
(KITwt) served as controls. d, MSLN expression level of MSTO-M (mesothelioma) cells
by flow cytometry. e, Specific lysis of ffLuc-expressing MSLN* target cells by indicated
CAR T cells from luciferase-based cytotoxicity assay performed at 4 and 18 h (n=3
technical replicates; data representative of six independent experiments performed with two
independent donors). f, Cumulative cell counts of indicated CAR T cells upon stimulation
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with MSLN™ target cells every 4 days (n=3 technical replicates; data representative of three
independent experiments). g, After 18 h of coculture of respective CAR T cells with antigen
(MSLN)—expressing target cells, released IFN-y, TNF-a, and IL-2 as measured by Luminex
assay are shown (n=6; three biological replicates with two technical replicates each; two-
tailed unpaired #test ****p<0.0001, *p=0.0178, *p=0.02, **p=0.008). h, Comparative flow
cytometric plot, showing the expression of p-STAT1, p-STAT3, and p-STAT5 in CD4* and
CD8" CAR T cells. Untransduced (UTD) and M28z CAR T cells serve as controls. i,
Specific lysis of ffLuc-expressing MSLN™ target cells by M28z KITv CAR T cells in the
presence or absence of STAT 3/5 inhibitor after 18 h of coculture (n=3 technical replicates;
data representative of two independent experiments). j, Representative flow cytometry
density plots showing expression of CD45RA and CD62L in indicated CAR T cells. K,
Relative frequency of memory (CD45RA*CD62L™") in CD8* CAR T cells (n=4 independent
donors; two-tailed paired #test *p=0.0346, **p=0.0060). Data are shown as mean or mean +
standard deviation.
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Fig. 2: KITv CAR T cells show potent antitumor efficacy in mesothelioma and lung cancer

models in vivo.

a-c, Orthotopic pleural mesothelioma—bearing mice were treated with CAR T cells. a,
Schematic of the orthotopic pleural mesothelioma CAR T-cell therapy. Pleural mesothelioma
was established by intrapleural (i.p) administration of mesothelin (MSLN)-expressing
cancer cells (8 x 10°). At 10 days after establishment of tumor, cohorts of mice with
equivalent tumor burden were treated with a single dose (5 x 10%) of respective CAR T
cells (i.p). b, Kinetics of tumor growth tracked by bioluminescence imaging (BLI) after
CAR T-cell treatment (P28z, n=6; M28z and M28z-KITv, n=10 each; Mz-KITv, n=9; Mz,
n=8 mice per cohort). ¢, Kaplan-Meier survival analysis of data shown in b. Data analysis
was performed using a one-sided log-rank Mantel-Cox test; *p=0.0144, Mz-KITv vs. Mz;
*p=0.029, M28z-KITv vs. Mz-KITv; **p=0.0028, M28z-KITv vs. Mz; N.S. p=0.5947,
M28z vs. M28z-KITv. d-g, Metastatic lung cancer xenograft—bearing mice were treated
with MSLN-targeted CAR T cells. d, Schematic of the metastatic lung cancer xenograft
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model treated with CAR T cells intravenously (i.v). Antigen (MSLN)-expressing A549-M
cancer cells (1x10%) were administered by tail-vein injection. At 20 days after establishment
of tumor, cohorts of mice with equivalent tumor burden were treated with a single dose

(1 x 10°) of respective CAR T cells (i.v). e, MSLN overexpression by A549-M cells
demonstrated by flow cytometry. f, kinetics of tumor growth tracked by BLI after CAR
T-cell treatment (n=6 mice for the P28z group, n=8 mice per group for the other groups).

g, Kaplan-Meier survival analysis of data shown in f. Data analysis was performed using

a one-sided log-rank Mantel-Cox test; **p=0.009, M28z vs. Mz-KITv; ***p=0.0003, M28z-
KITv vs. Mz-KITv; ****p<0.0001, M28z vs. M28z-KITv. h, Plasma cytokine levels from
mice at day 10 after CAR T-cell infusion (n=4 mice per group). Data displayed as mean +
standard deviation and statistical analysis determined by one-way ANOVA; ***p=0.0001,
****<0.0001. Data shown in b and f are representative of three independently repeated
experiments with at least three independent donors.
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Fig. 3: KITv costimulation enhances the antitumor activity of CAR T cells in a TGF-B-rich

tumor microenvironment.

a-f, Mice with orthotopic pleural mesothelioma tumor overexpressing TGF-p treated with
CAR T cells. a, TGF-B expression level as measured by flow cytometry in lung cancer
(A549) and mesothelioma (MSTO-M and MSTOM-TGF) cells. b, TGF- protein levels

in culture medium (n=3 technical replicates), plasma (n=4 biological replicates), or tumor
tissue (n=4 tumors for MSTO-M and n=5 tumors for MSTOM-TGFp group) collected from
mice with equivalent tumor burden. Data shown are mean = standard deviation, and analysis
was performed using a two-tailed unpaired #test; ****p<0.0001, ***p=0.0002, **p=0.0023.
¢, Representative flow cytometric plot showing the expression of IFN-y in IFN-y wild-

type (WT) and IFNy knock-out (KO) M28z-KITv CAR T cells after 18 h of coculture

with antigen-expressing MSTO-M target cells. d, Schematic of the TGF-p—overexpressing
mesothelioma CAR T-cell therapy. At 10 days after establishment of orthotopic pleural
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mesothelioma with MSTOM-TGF cells, cohorts of mice with equivalent tumor burden
were treated with a single dose (1 x 10°) of respective CAR T cells intrapleurally (i.p).

e, Kinetics of tumor growth tracked by bioluminescence imaging (BLI) after CAR T-cell
treatment (n=6 mice for the P28z group, n=8 mice per group for the other groups). f,
Kaplan-Meier analysis of data shown in e. Data analysis was performed using a one-sided
log-rank Mantel-Cox test; **p=0.0075, M28z vs. M28z-KITv; *p=0.039, M28z vs. Mz-
KITv; ****p<0.0001, M28z-KITv vs M28z-KITv IFNy KO. Data shown are representative
of three independently repeated experiments with three independent donors.
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Fig. 4: KITv potentiates the antitumor efficacy of CAR T cells against low-antigen (MSLN+)
lung cancer targets.

a, M28z and M28z-KITv CAR T cells were stimulated by coculture with mesothelin
(MSLN)—expressing target cells for 5 min, and p-ERK and p-CD3( levels were measured
by flow cytometry. b, MSLN-expression level of A549 cells measured by flow cytometry.
¢, %1Cr-release cytotoxicity assay of CAR T cells. Low-antigen-expressing A549 target
cells were labelled with ®1Cr and cocultured with respective CAR T cells at multiple E:T
ratios. Cytotoxicity at 18 h was measured by >1Cr-release (n=3 technical replicates; data
representative of six independent experiments performed with three independent donors).
d-g, Low-antigen-expressing A549 tumor—bearing mice were treated with CAR T cells. d,
Schematic of the metastatic lung cancer xenograft model treated with CAR T cells. At

20 days after establishment of tumor, mice were treated intravenously (i.v) with a single
dose (5 x 10°) of CAR T cells. e, Kinetics of tumor growth tracked by bioluminescence
imaging (BLI) after CAR T-cell treatment (P28z and Mz, n=5; M28z and M28z-KITv, n=8
each; Mz-KITv, n=9; mice were selected and sorted into cohorts with equivalent tumor
burden as determined by BLI). f, Kaplan-Meier survival analysis of data shown in e. Data
analysis was performed using a one-sided log-rank Mantel-Cox test; **£=0.0024, M28z-
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KITv vs. Mz-KITv; **p=0.0074, M28z vs. Mz-KITv; ****p<0.0001, M28z vs. M28z-KITv.
g, Plasma cytokine levels of mice at day 10 after CAR T-cell infusion (n=4 mice per group).
Data shown are mean * standard deviation and analyzed by one-way ANOVA (**=0.002,
M28z vs. M28z-KITv; **p=0.009, M28z-KITv vs. Mz-KITv). Data shown in e and g are
representative of three independently repeated experiments with at least two independent
donors.
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Fig. 5: KITv potentiates the antitumor efficacy of CAR T cells against low-antigen (MSLNY)
mesothelioma cancer targets, without cytotoxicity against mesothelial cells.

a, MSLN-expression level of MSTO-M cells (high antigen), MSTO-M!W cells (low
antigen), or human pleural mesothelial Met5A cells (very low antigen) as measured by flow
cytometry. b, Control nonantigen-targeted P28z, antigen-targeted M28z, and M28z-KITv
CAR T cells were cocultured with MSTO-M, MSTO-M!"W, or Met5A cells for 48 h.
Target cell viability was monitored by flow cytometry (n=3 technical replicates). Data
shown are mean * standard deviation, and analysis was performed using one-way ANOVA,
*axk 00,0001, MSTO-M; **p=0.0031, MSTO-M!oW P28z vs. M28z-KITv; **0=0.0062,
MSTO-M!W M28z vs. M28z-KITv. ¢, Schematic of the orthotopic pleural mesothelioma
model. Mice were established with intrapleural (i.p) administration of MSTO-M!oW (8 x
10°) cells. At 10 days after establishment of tumor, mice were treated with a single dose

(5 x 10°) of CAR T cells administered intrapleurally (i.p). d, Kaplan-Meier analysis of
survival of mice. Data analysis was performed using a one-sided log-rank Mantel-Cox test
(****p<0.0001). Data shown in b and d are representative of two independently repeated
experiments.
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Fig. 6: KITv enhances the antitumor efficacy of prostate-specific membrane antigen (PSMA)-

targeting CAR T cells.

a, Schematic of the retroviral vector (SFG) encoding CARs targeting PSMA, with

CD28 costimulatory domain linked with LNGFR (P28z) or KITv (P28z-KITv) and a
first-generation CAR targeting PSMA linked with KITv (Pz-KITv). A c-myc-tag is
included for the detection of CARs. b, Representative flow cytometry histogram plots of
transduced T cells, showing percentage of CAR expression. ¢, PSMA-expression levels of
Ab549-P and PC3-P cells were measured by flow cytometry. d-g, A549-P tumor—bearing
mice were treated with CAR T cells. d, Schematic of the metastatic cancer xenograft
model treated with CAR T cells intravenously (i.v). e, Kinetics of tumor growth tracked

by bioluminescence imaging (BLI) after CAR T-cell treatment (n=6 mice treated with
untransduced [UTD] T cells, n=8 mice treated for the other groups; mice were selected and
sorted into cohorts with equivalent tumor burden as determined by BLI). f, Kaplan-Meier
survival analysis of data shown in e. Data analysis was performed using a one-sided log-rank
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Mantel-Cox test; *p=0.0406, P28z-KITv vs. Pz-KITv; ***p=0.0004, P28z vs. P28z-KITv;
***=0.0005, P28z vs. Pz-KITv. g, Plasma cytokine levels of mice at day 10 after T-cell
infusion (n=4 mice per group). Data shown are mean + standard deviation and analysis was
performed using one-way ANOVA,; *p=0.0279, IFN-y P28z vs. Mz-KITv; ***p=0.0003,
IFN-y P28z vs. P28z-KITv; ****p<0.0001, 1L-10 P28z vs. P28z-KITv; ***p=0.0004, I1L-2
P28z vs. Pz-KITv; *p=0.0277, IL-2 P28z vs. P28z-KITv. h-1, PC3-P tumor-bearing mice
were treated with untransduced or CAR T cells. h, Schematic of the metastatic prostate
cancer xenograft model treated with CAR T cells intravenously (i.v). i, Kinetics of tumor
BLI (n=5 mice for the P28z group, n=6 mice per group for the other groups; mice with
equivalent tumor burden as determined by BLI before treatment were selected and sorted
into cohorts). j, Kaplan-Meier survival analysis of data shown in i. Data analysis was
performed using a one-sided log-rank Mantel-Cox test; *p=0.0169, P28z vs. P28z-KITv;
*p=0.0372, P28z vs. Pz-KITv. UTD, untransduced. All data shown are representative of at
least two independently repeated experiments.
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Fig. 7: M28z-KITv CAR T cells are susceptible to tyrosine kinase inhibitors (TKIs) in vivo.
a, Schematic of mice with orthotopic pleural mesothelioma treated with M28z-KITv CAR

T cells regionally (d-14; intrapleurally [i.p]) or systemically (d-10; intravenously [i.v]),
followed by daily oral administration of TKI after receiving CAR T cells. b, Kinetics of
tumor growth tracked by bioluminescence imaging (BLI) after treatment with M28z KITv
CAR T cells administered intrapleurally or intravenously. After administration of M28z-
KITv CAR T cells, mice received no drug (n=3 mice) or either dasatinib or midostaurin (n=5
mice per cohort). ¢, Kaplan-Meier survival analysis of data shown in b. Data analysis was
performed using a one-sided log-rank Mantel-Cox test; **p=0.0017, intravenous no drug
vs. dasatinib; **p=0.002, intravenous no drug vs. midostaurin; **p=0.0042, intravenous no
drug vs. P28z KITv; *p=0.0123, intrapleural no drug vs. dasatinib; *£=0.0169, intrapleural
no drug vs. midostaurin. Data shown in b and c are representative of three independently
repeated experiments with at least two donors. d, Flow cytometric analysis quantifying the
number of CAR T cells in the harvested tumors at day 3 (n=3 tumors for no-drug group,
n=4 tumors for dasatinib group, n=5 tumors for midostaurin group). Data shown are mean +
standard deviation, and analysis was performed using one-way ANOVA,; ****<0.0001, no
drug vs. dasatinib; **p=0.0035, no drug vs. midostaurin.
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