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One-sentence summary: A crosstalk involving CAR T cell-derived IFN-y and host-

derived IL-12 is essential to maintain CAR T cell killing potential in vivo.



Abstract

Chimeric antigen receptor (CAR) T cell therapy relies on the activity of a large pool of tumor-
targeting cytotoxic effectors. Whether CAR T cells act autonomously or require interactions
with the tumor microenvironment (TME) is unclear. Here, we report an essential crosstalk
between CAR T cell subsets and the TME for tumor control. Using single-cell
RNA sequencing, we revealed profound modification of the TME during CAR T cell therapy.

IFN-y produced by CAR T cells and subsequent IL-12 production by the host not only enhanced

endogenous T and NK cell activity but were also essential for sustaining CAR T cell
cytotoxicity as revealed by intravital imaging. Compared to CD8" CAR T cells, CD4" CAR T
cells were more efficient at host immune activation but less capable of direct tumor killing. In
sum, CAR T cells are not acting alone in vivo but rely instead on a cytokine-mediated crosstalk
with the TME for optimal activity. Invigorating CAR T cell interplay with the host represents

an attractive strategy to prevent relapses.



Introduction

Chimeric antigen receptor (CAR) T cells represent a potentially curative strategy for B cell
malignancies. In clinical trials, anti-CD19 CAR T cell therapies reached up to 86% initial
remission rates (/). However, less than 50% of the patients with aggressive lymphoma will
have a durable response past 6 months following CAR T cell therapy (/—4). Understanding the
precise mode of action underlying CAR T cell therapy is an essential step to develop strategies
to prevent relapses and to extend this treatment to solid tumors. The success of anti-CD19 CAR
T cells is believed to rely on the activity of a large numbers of cytotoxic effectors. In most
cases, patients are infused with a mixture of CD4" and CD8" CAR T cells (referred to as CAR4
and CARS8 T cells) (3, 5, 6). Like CAR8 T cells, CAR4 T cells have also been shown to exert
cytotoxic activity in vitro with differences in killing kinetics or efficiency reported in some
studies (7—/4). In some in vivo models, CAR4 T cells outperformed CARS8 T cells in mediating
tumor regression (7, 8, 12, 14) while CAR8 T cells were potent in other settings (10, 11).
However, the in vivo killing potential of single CAR4 versus CAR8 T cells and their respective

contributions to tumor regression remain to be quantified.

Using in vivo imaging, we have recently shown that two-thirds of tumor lysis events were
directly performed by CAR T cells (/5). This highlights that CAR T cell cytotoxicity is a major
player driving tumor regression but also suggests the existence of additional mechanisms
elicited by CAR T cells in the tumor microenvironment (TME). Both the destruction of tumor
cells and the ability of CAR T cells to produce cytokines and chemokines have the potential to
alter the TME. Yet, little is known about how CAR T cells interact with and modify the TME.
In this respect, preclinical models of CAR T cell therapy that use immunodeficient mouse

models cannot fully address this question. Cellular crosstalks between CAR T cells and the host



may be important to promote endogenous immune responses. In addition, it is unclear whether
CAR T cells maintain their cytotoxic function in a cell-autonomous manner or whether
interactions with the TME are critical for their activity. Finally, the respective role of CAR4

and CARS T cells in these potential crosstalks is not fully understood.

To decode the crosstalk between CAR T cell subsets and the TME, we relied on an
immunocompetent mouse model of anti-CD19 CAR T cell therapy and used a combination of
intravital imaging, flow cytometry and single-cell RNA sequencing. Our results establish the
existence of a cellular crosstalk involving the cytokine IFN-y between CAR T cells and the
TME that is essential to promote host immune activation, CAR8 T cell cytotoxic activity and
tumor regression. Moreover, we establish the differential contributions of CAR4 and CAR8 T

cells to tumor lysis and host immune activation.



Results

CARS T cells mediate higher tumor cell lysis compared to CAR4 T cells in vivo

With the aim to delineate the distinct functional contributions of CAR4 and CAR8 T cells to
anti-CD19 CAR T cell therapy, we used a syngeneic mouse model of Burkitt-like lymphoma
as previously described (/5—17). We took advantage of this immunocompetent model receiving

a mild conditioning regimen of sublethal irradiation to dissect CAR T cell interactions not only

with tumor cells but also with the TME. Lymphoma-bearing mice were treated with anti-CD19
CAR T cells generated from purified CD4" or CD8" T cells in order to identify the specific
contribution of each subset (Fig. S1A). Prior to transfer, CAR4 and CARS8 T cell displayed high
levels of CAR expression, similar patterns of CD62L and CD44 expression and low surface

levels of inhibitory receptors PD-1, Tim-3 and TIGIT (Fig. S2A-C). We first sought to

characterize CAR T cell accumulation and cytotoxic activity at the tumor site, using intravital
imaging of the bone marrow. To track killing events in real-time, we used tumor cells
expressing a genetically encoded reporter for apoptosis (Fig. S1B) (/8, 19). Both CAR4 and
CARS T cells were capable of infiltrating and surveying the tumor in the bone marrow as early
as day 2-3 post CAR T cell transfer (Fig. 1A, Movie S1). A kinetic analysis revealed that while
CAR4 and CARS T cells were detected at similar frequency in the blood one day after transfer,
CARS T cells preferentially accumulated over time at the tumor site and other lymphoid organs
(Fig. S3). Of note, a larger fraction of CAR8 T cells (as compared to CAR4 T cells) proliferated
when cultured in vitro with tumors possibly contributing to the differential accumulation seen
in vivo (Fig. S2D). This CARS8 T cell accumulation was associated with a near-complete
elimination of tumor cells in the bone marrow. To examine in more details the cytotoxic activity
of CAR4 and CARS8 T cells, we first quantified the presence of apoptotic tumors and CAR T

cells in multiple tumor subregions on day 3. Notably, apoptotic tumor cells colocalized with



CARS8 but not CAR4 T cells (Fig. 1B) suggesting that CAR8 T cells were more prone to directly
mediate tumor cell lysis. When analyzing tumor areas with similar CAR T cell densities (green
values between 2 and 6 in Fig. 1B), CAR8 T cells were associated with increased tumor
apoptosis compared to CAR4 T cells (tumor apoptosis index 4.84+0.59 for CAR4 T cell versus

9.57+1.23 for CARS8 T cells; p=0.0006). In theory, CAR T cells could induce tumor killing in

a contact-dependent manner (direct killing) or more indirectly, for example through cytokine

release or by acting on other cells (indirect killing). To further characterize CAR4 and CARS

T cell cytotoxicity, we classified all tumor apoptotic events detected by real-time intravital
imaging (from a total of 108 hours of imaging) based on whether dying tumors were directly
contacted by a CAR T cell (referred to as direct apoptotic events) or not (referred to as indirect
apoptotic events). Most tumor apoptotic events (72%) observed in CAR8 T cell-treated mice
appeared to be mediated directly by a cellular contact. By contrast, >80% of apoptotic events
observed in CAR4 T cell-treated mice did not involve a direct interaction (Fig. 1C-D, Movie
S2-5). Indirect apoptotic events nevertheless required the presence of CAR T cells and were
very rarely observed in untreated recipients (Fig. 1A) (/5). More tumor cell apoptosis and a
reduced tumor burden were observed in the presence of CAR8 compared to CAR4 T cells as
quantified by ex vivo flow cytometry on day 3 (Fig. 1E-F). Of note, endogenous B cells were
also more efficiently eliminated by CAR8 T cells as compared to CAR4 T cells (Fig. S4). CARS
T cells were also more efficient at killing tumor targets as compared to CAR4 T cells in an in
vitro cytotoxic assay, requiring less time and lower E:T ratios (Fig. S5). Consistently, prior to
transfer, CARS8 T cells exhibit a higher intracellular granzyme B content and degranulate more
upon coculture with tumor cells as compared to CAR4 T cells (Fig. S2E-F). Thus, CAR8 T
cells exhibited a higher capacity to eliminate target cells via direct contact as compared to
CAR4 T cells. Of note, CAR4 T cells could also in theory eliminate tumor cells by releasing

cytokines such as IFN-y and TNF-a. Yet sensitivity to cell death by these cytokines varies



extensively between distinct tumors (20) and was not detectable with our MYC-driven B cell
lymphoma (Fig. S6). Thus, tumor resistance to cytokine-induced cell death combined with the

low CAR4 T cell killing rate and accumulation_in bone marrow most likely contribute to the

poor CAR4 T cell anti-tumor activity observed when these cells are used alone. By contrast,
the specific accumulation of CARS8 T cells with high killing capacity (Fig. 1G) most likely
accounts for the initial tumor regression (Fig. 1A and F) and the significantly prolonged

survival observed upon CARS8 T cell therapy in our model (Fig. 1H).

CART cells reshape the tumor microenvironment and promote immune activation
Our results highlighted the importance of CARS8 T cell cytotoxicity. However, whether CAR T

cell cytotoxic activity is a fully cell-autonomous process or is supported by interactions with

the TME remains unclear. It is also unclear whether the endogenous immune system is

regulated by the presence of CAR T cells. To address these questions, we undertook a detailed
characterization of the TME in response to CAR4 or CARS T cell treatments. First, we
performed single-cell RNA sequencing of the TME in recipients that were either left untreated
or treated with CAR4 or CAR8 T cells (on day 3 post-treatment). We identified clusters
corresponding to tumor cells, CAR T cells and most host immune cell subsets (Fig. 2A, Fig.
S7). CAR8 T cells strongly reduced the presence of B cells and tumors cells, in line with their
strong killing activity (Fig. 1E-F). CAR4 T cells only partially reduced endogenous B cells but
had little effect on tumor cells, consistent with our imaging and flow cytometry data (Fig. 1A
and 1F, Fig. S4). Interestingly, an increased representation of T cells/NKT cells and NK cells
was apparent in CAR4 and CARS8 T cell treated compared to untreated conditions (Fig. 2A).
Strikingly, cytotoxic genes (Gzma, Gzmb, Prfl) were among the most upregulated genes by
CAR4 or CARS treatment in endogenous effectors (including T/NKT cells and NK cells) (Fig.

2B-C). Ifng expressing cells were increased upon CAR T cell treatment (Fig. 2C). Together,



these results strongly suggest that the transfer of CAR4 or CAR8 T cells promoted both the
recruitment and the cytotoxic phenotype of host immune effectors. We also observed the
upregulation of genes involved in antigen presentation in tumor B cells and some myeloid
subsets (plasmacytoid dendritic cells (pDC) and monocytes/macrophages) upon CAR4 and/or
CARS treatment (Fig. 2D). In sum, our single-cell transcriptomic analysis supported the idea
that both CAR4 and CARS8 T cells substantially modify the TME, by boosting the number and

the activity of cytotoxic effectors and by increasing the expression of genes related to antigen-

presentation at the tumor site.

To further validate and refine these findings, we analyzed the cellular composition of tumor-
infiltrated bone marrow cells in response to CAR T cell treatment by flow cytometry (Fig.
S8A). CAR4 and CARS8 T cell therapies led to the accumulation of NK1.1" cells and
endogenous CD8" T cells (Fig. 3A, Fig. S8B). Both CAR4 and CARS8 T cell subsets also
increased the frequency of endogenous CD4" T cells, dendritic cells and monocytes although
these changes were more pronounced and only reached statistical significance for CAR4 T cell
treatment (Fig. 3A). We found that CAR4 T cells (and to a lesser extent CARS T cells) also
triggered a strong recruitment of NK cells, NKT cells, CD4" T cells, dendritic cells and
monocytes in a distinct tumor model using pro-B leukemia cells (Fig. S9), suggesting that this
may represent a general feature of CAR T cell therapy. Both CAR T cell subsets led to increased
intracellular granzyme B levels in NK1.1" cells (Fig. 3B), however CAR4 T cells were more
prone to increase granzyme B expression in endogenous CD8" T cells (Fig. 3C). CAR T cells
also led to increased surface expression of major histocompatibility complex (MHC) class II
on monocytes (Fig. 3D). To test whether CAR T cells could specifically enhance endogenous
tumor-specific T cell responses, we used ovalbumin (OVA)-expressing lymphoma B cells and
quantified the frequency of OVA-specific CD8" T cells by MHC-peptide tetramer staining in

tumor-bearing mice treated with CAR4 T cells, CAR8 T cells or left untreated (Fig. S8A).



OVA-specific T cell responses were significantly increased in the blood and in the bone marrow
upon CAR4 T cell treatment (Fig. 3E). A similar trend was observed with CARS8 T cells but
did not reach statistical significance (Fig. 3E). In sum, both CAR4 and CARS8 T cell treatments
induced a broad activation of the host immune system at the tumor site with both overlapping
and unique contributions for each CAR T cell subset. Despite their lower accumulation at the
tumor site, CAR4 T cells were overall more efficient at mobilizing the host immune system. The
superior capacity of CAR4 T cells to boost the host immune system could possibly contribute
to the improved anti-tumor efficacy observed when CAR4 T cells were added to CARS8 T cells

(Fig. S10).

CAR T cell-derived IFN-y is essential for host immune cell recruitment and activation

When considering all cells present in the TME, our transcriptomic analysis revealed a strong
interferon (IFN) signature induced by CAR4 or CARS8 T cells (Fig. 4A) including the
upregulation of Ifitml, Ccl5, B2m, H2-D1, H2-K1 (Fig. 4A). As illustrated in Fig. 4B, these
changes were not restricted to a single cell population but were instead shared between the
various immune cell subsets (conventional type 1 dendritic cells (cDC1), pDC,
monocytes/macrophages, NK cells, T/NKT cells, neutrophils) and tumor cells, suggesting
widespread cytokine signaling. Both type I and type II IFN could potentially contribute to these
effects. To test whether CAR T cell-derived IFN-y played a dominant role in these broad
changes on the TME, we compared the effects mediated by wild-type (WT) or IFN-y-deficient
CAR4 or CARS8 T cells using flow cytometry. Notably, a detectable population of WT CAR4
and CAR8 T cells isolated from the tumor produced IFN-y even in the absence
of restimulation (Fig. S11). We confirmed that MHC class I molecules were upregulated at the
protein level within the TME by either CAR4 or CARS8 T cells and found that CAR T cell-

derived IFN-y was essential for this effect using CAR T cells derived from IFN-yf/f mice (Fig.




4C-D). Taken together, these results indicate that IFN-y produced by either CAR4 or CAR8 T
cells impacts most cells present in the TME, consistent with the recently described long-range
effect of [IFN-y (20, 21).

Based on these findings, we also investigated whether IFN-y was implicated in CAR T cell-
mediated activation of the host immune system. The accumulation of NK cells and NKT cells
at the tumor site was largely dependent on IFN-y derived from CAR4 or CARS T cells (Fig.
5A). The recruitment of dendritic cells and monocytes was also significantly regulated by
CAR4 T cell-derived IFN-y (Fig. SA, Fig. S8C). In addition, CAR T cell-derived IFN-y was
also essential for optimal activation of cytotoxic effectors (NK cells, NKT cells and CDS" T
cells), as measured by intracellular granzyme B content (Fig. 5B-D). IFN-y produced by CAR
T cells also controlled MHC class II upregulation at the surface of monocytes (Fig. SE). Given
the broad impact of CAR T cell-derived IFN-y in the TME, we assessed whether it could also
affect CAR T cells themselves focusing on the cytotoxic activity of CARS8 T cells. Consistent
with this hypothesis, we found that IFN-y-deficient CAR8 T cells had sharply decreased
intracellular granzyme B content in vivo (Fig. SF). In sum, these results establish that CAR T
cell-derived IFN-y promotes anti-tumoral immune responses by at least two mechanisms: i) by
activating host immune responses at the tumor site and ii) by enforcing CAR8 T cell cytotoxic

phenotype.

A cellular crosstalk involving IFN-y in the TME sustains CAR T cell cytotoxicity

Given the role of IFN-y produced by CAR T cells in promoting the cytotoxic phenotype of host
effectors and CAR T cells themselves, we tested its functional contribution to tumor control.
We addressed this question in the context of CARS8 T cells since CAR4 T cells were unable to
control tumor burden in our model (Fig. 1H). We found that IFN-y-deficient CARS T cells

were inefficient at controlling tumor growth resulting in a significantly decreased survival
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compared to WT CARS8 T cell-treated mice (Fig. 6A). IFN-y could potentially act directly on
tumor cells, on CAR T cells as well as on host cells in the TME. To test whether host cell
responses to [FN-y is important for CAR8 T cell anti-tumor activity, we treated tumor-bearing
IFN-yR-deficient recipients with WT CAR8 T cells. IFN-y-competent CAR8 T cell were unable
to control tumor growth when the host was incapable of sensing IFN-y (Fig. 6A). Consistent
with these results, we found that elevated granzyme B expression in CAR T cells not only
required the production of IFN-y by CAR T cells (Fig. 5G) but also the ability of the host to
respond to the cytokine (Fig. 6B). Together, these results establish that a crosstalk involving
CAR T cell-derived IFN-y and the TME is essential to sustain CAR T cell cytotoxic
phenotype in situ.

We also tested whether the production of IFN-y by host cells contributes to CAR T cell activity.
First, we observed that the concentration of IFN-y in the serum increased upon transfer of WT
but not IFN-y”” CAR8 T cells, suggesting that CAR T cells are the major source of IFN-y.
Second, we treated IFN-y-deficient tumor-bearing mice with WT CARS8 T cells. Despite the
absence of endogenous IFN-y, the IFN signature, the CAR T cell cytotoxic phenotype and the
tumor control were comparable to that observed in IFN-y-competent hosts, indicating the CAR
T cell-derived IFN-y is in fact sufficient to promote anti-tumor activity (Fig. S12).

To relate IFN-y-dependent changes in CAR T cell cytotoxic phenotype to their killing activity in
vivo, we analyzed killing dynamics of WT or IFN-y-deficient CAR8 T cells by intravital
imaging (Movie S6-7). We found that IFN-y'/' CARS T cells accumulated to a larger extent at
the tumor site as compared to their WT counterparts, possibly due to their resistance to [FN-y-
induced clonal deletion (22). However, despite being more numerous at the tumor site (Fig.

6C-D), IFN-y-deficient CAR8 T cells induced significantly less tumor apoptosis (Fig. 6C and

E-F). When quantifying direct (contact-dependent) CAR T cell killing events, we found a two-
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fold reduction in the rate of tumor killing in mice treated with IFN-y”~ compared to WT CARS

T cells (Fig. 6G). Indirect killing was less affected, possibly due to IFN-y independent host

cytotoxicity. When normalized to the density of CAR T cells present in the tumor, the killing
activity on a per CAR T cell basis was reduced by 4.4-fold in the absence of IFN-y (Fig. 6H). Of
note, this defect was acquired in vivo as WT and IFN-y-deficient CAR T cells exhibited
identical in vitro killing activity prior to transfer (Fig. S13). Taken together, these results
demonstrate that [IFN-y produced by CAR T cells acts on the TME to further potentiate the

killing rate of CAR T cells and promotes tumor regression.

IL-12 contributes to the crosstalk between CAR T cells and the TME
We next asked which factors produced by the TME may sustain CAR T cell cytotoxicity. Given

the importance of IFN-y in our model, one potential candidate is IL-12 since IFN-y and IL-12

mutually induce their production and since IL.-12 is well-known to promote cytotoxic responses

of conventional CD8" T cells (23—29). IL-12 mRNA was detected in the TME at low levels and

was primarily expressed by cDC1 (Fig. 7A), a finding consistent with a recent study of the

TME in a solid tumor treated by checkpoint blockade (25). At the protein level, we found that

CAR T cells increased intratumoral IL-12p70, albeit modestly, but in manner that was
dependent on the ability of CAR T cells to produce IFN-y (Fig. 7B). Reciprocally, intratumoral
IFN-y levels were reduced in IL12p35” hosts during CAR T cell therapy, suggesting a positive
feedback loop between CAR T cell-derived IFN-y and host IL-12 (Fig. 7B). As an independent
approach to assess the link between IFN-y and IL-12 in CAR T cell therapy, we cocultured B
cell tumors, CAR T cells and a DC cell line previously shown to be competent for IL-12
production (30). As shown in Fig. S14, the presence of CAR T cells increased intracellular IL-
12 levels in DCs in a manner that was partly dependent on CAR T cell-derived IFN-y. To test

whether IL-12 could restore the cytotoxic phenotype of IFN-y-deficient CAR8 T cells, mice

12



treated by IFN-y'/ “CARS T cells were supplemented with recombinant IL-12 for 3 days. IL-12
supplementation was sufficient to rescue the defect in granzyme B content observed in IFN-y-
deficient CARS8 T cells (Fig. 7C). To test whether IL-12 is also required to sustain CAR8 T cell
cytotoxic phenotype, we analyzed the cytotoxic phenotype of WT CARS8 T cells injected in
tumor-bearing 7/12p35” hosts. We found that in the absence of host IL-12 production, CARS
T cells displayed reduced granzyme B intracellular content (Fig. 7D). In addition, the lack of
host IL-12 also strongly reduced the boost of endogenous cytotoxic effectors (CD8" T cells,
NK cells, NKT cells) mediated by CAR T cell therapy (Fig. 7E). Altogether our data suggest
that the crosstalk between CAR T cells and the TME relies on the cytokines IFN-y and IL-12

and is essential for optimal cytotoxic activity (Fig. S15).
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Discussion

Here, we established that the anti-tumor activity mediated by CAR T cells largely relies on
cellular crosstalk within the TME. Mechanistically, IFN-y produced by CAR T cells and sensed
by the host was essential to boost the cytotoxic potential of CAR T cells and of host NK and T
cells. In this context, CAR4 and CARS8 T cells exhibited complementary functions being more

efficient at immune activation and tumor killing, respectively.

Patients treated by CAR T cells are typically infused with a mixture of CAR4 and CAR8 T cells
(3, 3, 6). Yet, the exact contribution of each CAR T cell subset in vivo is not fully understood.
Both subsets can exhibit cytotoxic activity in vitro and transfer of CAR4 T cells in some
preclinical models can lead to tumor eradication (7-/4). Using intravital imaging, we
established that CAR8 T cells played a dominant role in contact-dependent cytotoxicity. This
was due to a much higher killing rate on a per cell basis as well as to a more pronounced
accumulation at the tumor site as compared to CAR4 T cells. It is interesting to note, that the
relative efficacy of CAR4 and CARS8 T cells varies in different preclinical settings (7, 8, 10—
12, 14). In particular, in a distinct leukemia model, Yang et al. observed efficient anti-tumor

activity mediated by CAR4 T cells (/4). CAR4 T cells help host effectors and it is possible that

tumor infiltration by host cells varies between models. Additionally, CAR4 T cells may

possibly exert anti-tumor activity through cytokine-induced tumor cell death (involving for
example IFN-y and TNF-a), yet there exist extensive differences in individual tumor sensitivity
to cytokines (20). The fact that the MYC-driven B cell lymphoma used in this study is poorly
sensitive to cell death mediated by IFN-y and TNF-a may also contribute to the lack of efficacy

of CAR4 T cells when used alone in this model. The behavior of CAR4 T cells and tumor cells

characterized in our model may serve as a reference point to compare the role CAR4 T cells in

different preclinical models.

14



Using single-cell transcriptomic and flow cytometry analyses, we also established that CAR4
and CARS8 T cells profoundly reshape the TME, in particular by boosting cytotoxic effectors.
This important feature of CAR T cell therapy may have been overlooked due to the prominence
of immunodeficient mouse models (including patient-derived xenograft) that cannot fully
recapitulate CAR T cell crosstalk with the host. By and large, CAR4 T cells were more efficient
than CAR8 T cells at host immune activation. When used alone CAR4 T cells were nevertheless
unable to control tumor burden suggesting that activated host effectors may not be sufficiently
numerous at the tumor site to promote tumor regression. Overall, CAR4 and CAR8 T cells
appeared to exhibit complementary functions, being specialized in immune activation and
tumor killing respectively. Such a division of labor supports a rationale for the careful control

of the CAR4:CARS8 T cell ratio in the infused products (37/-33).

We found that the ability of CAR T cells to produce IFN-y and the host response to the cytokine
were essential for tumor regression. We and others have reported the ability of IFN-y to diffuse
and act over long distances in the TME (20, 21). Consistently, during CAR T cell therapy, IFN-
v was sensed by most immune cells in the TME, as reflected by widespread MHC class |
upregulation.

Our results with anti-CD19 CAR T cells extend previous studies that showed impaired anti-
tumor responses by conventional (34-36) or engineered T cells (37-39) in the absence of host
IFN-yR expression. Thus, in addition to the direct effects mediated by IFN-y on tumor cells (40,
41), distinct mechanisms have been proposed to explain the importance of host IFN-y sensing,
including modulation of neoangiogenesis (42, 43), immune recruitment and activation (37—
39), tumor immunogenicity (35) and destruction of the tumor stroma (36). In the context of

CAR T cell therapy, we uncovered a new mechanism in that IFN-y sensing together with IL-12

15



production by host cells is essential to sustain CAR T cell cytotoxicity in situ. Indeed,
quantification of killing dynamics by intravital imaging revealed that in the absence of IFN-y,
CARS8 T cells exhibited an average of 4 to 5-fold decrease in their tumor killing rate. It is
interesting to note that a cellular crosstalk involving IFN-y and IL-12 was also important to
boost T cell responses during anti-PD-1 therapy (25). These findings made in two very different
contexts raise the possibility that robust IFN-y production represents a universal requirement to

sustain anti-tumor cytotoxic activity.

Previous studies using chimeric NKG2D-expressing T cells have pointed at interactions with
host immunity (37, 38, 44, 45). In addition, CAR T cells engineered to overexpress cytokines
such as IL-12 (10, 46—49), IL-15 (50), IL-18 (51), IL-7 (52) or chemokine such as CCL19 (52)
can confer improved anti-tumor activity, in part by boosting host immunity. Upon successful
therapy, CAR T cells can also protect against subsequent challenges with antigen-negative
tumors (46, 52—54). In our syngeneic model, we found that conventional anti-CD19 CAR T
cells promote the accumulation and the activation of host T cells and NK cells with again a key
role for IFN-y. Future studies should help dissect the respective contributions of the various
host effectors and cytokines to ‘indirect’ killing events. We have shown that CAR T cells can
promote tumor-specific T cell responses. The fact that CAR T cells also boost antigen-
presentation capacity at the tumor site likely favors epitope spreading. Relapse in particular due
to emergence of antigen-negative tumor represents a substantial hurdle for CAR T cell therapy
(3, 55-57) suggesting that curative strategies should aim at boosting host immunity to reach
durable response and avoid emergence of antigen-escape variants. In this respect, reduction of
immunosuppressive pretreatments (including conditioning) may help patients benefit from

CAR T cell mediated-boost of residual host immunity. Exploiting the molecular and cellular
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players identified in CAR T cell interactions with the TME therefore represents an attractive
opportunity for combination therapies aimed at preventing relapses.

Potential limitations of our study include the fact the exact contribution of host effectors (T

cells and NK cells) to tumor regression remains to be precisely determined. Additionally, our

results do not exclude the possibly that additional cytokines contribute to the crosstalk between

CAR T cells and the TME.

In sum, our results provide new insights into how CAR4 and CARS8 T cells and the host immune
system act together to generate optimal anti-tumor activity and establish that IFN-y production
is integral to successful CAR T cell activity. A detailed understanding of CAR T cell
interactions with the TME represents an important step toward the rational design of improved

CAR T cell therapies.
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Materials and methods

Study design

The aim of this study was to investigate whether CAR T cells act autonomously or require

interactions with the TME to promote effective tumor regression. To this end, we relied on an

immunocompetent mouse model of anti-CD19 CAR T cell therapy and used a combination of

flow cytometry, two-photon intravital imaging in the bone marrow and single-cell RNA

sequencing. We established the existence of a cellular crosstalk involving CAR T cell-derived

IFN-y and host IL-12 for optimal anti-tumor activity. We also delineated the functional

contributions of CAR4 and CARS8 T cells, being specialized in immune activation and tumor

killing respectively. The number of mice per experimental group and the number of repetitions

of each experiment is indicated in individual figure legends.

Mice and cell lines

6 to 8-week-old C57BL/6J male mice were obtained from Envigo. UBC-GFP, Ifug”,
1112p35" and IfngRI”" mice were bred and crossed in our animal facility under specific
pathogen-free conditions. All experiments were approved by Institut Pasteur’s Safety
Committee in accordance with French and European guidelines (CETEA 2017-0038). A
lymphoma B cell line was isolated from tumor-bearing male Ep-myc mice, a transgenic mouse
developing spontaneous Burkitt-like lymphomas (/7). Immortalized pro-B cells were generated
by infecting bone marrow cells with a retrovirus encoding viral-Abelson kinase (v-abl) (58).
When indicated, these cell lines were retrovirally transduced to express a fluorescence
resonance energy transfer (FRET)-based reporter for caspase-3 activity (/8, /9) and ovalbumin.
Mice were examined every day and sacrificed in case of prostration, tousled hair, weakness or

nodal tumor mass >1 cm. Cells were cultured in RPMI medium 1640-
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GlutaMAX™ supplemented with 10% heat-inactivated fetal bovine serum, 50 U.mL
! penicillin, 50 pg.mL™" streptomycin, 1 mM sodium pyruvate, 10 mM HEPES and 50 pM 2-

mercaptoethanol, and maintained at 37°C and 5% CO,. Mutu DCs originate from the spleen of

CD11¢:SV40LgT-transgenic mice (30) and were cultured in Iscove’s Modified Dulbecco’s

Medium (IMDM) + GlutaMA X-I supplemented with 10% heat-inactivated fetal bovine serum,

50 U.mL"' penicillin, 50 pg.mL"' streptomycin, 1 mM sodium pyruvate, 10 mM HEPES and 50

uM  2-mercaptoethanol. Cell lines were routinely tested for the absence of

Mycoplasma contamination (Venor-GeM Advance mycoplasma detection kit, Minerva

Biolabs).

CART cell generation and adoptive transfer

The tCD34.2A.amCD19.CD28IEV( retroviral vector encoding anti-CD19 CAR has been
described previously (59). Briefly, the CAR construct is composed of the murine anti-murine
CD19 single-chain fragment variable domain derived from the 1D3 rat hybridoma, the
transmembrane and intracellular domains of CD28, and the CD3z intracellular domain. The
retroviral vector also encodes a truncated human CD34 molecule used for identification and
purification of CAR T cells. Polyclonal CD4" and CD8" T cells were purified from lymph nodes
and spleens of male WT, UBC-GFP, Ifng” mice using CD4-negative and CD8-negative
selection kits (Miltenyi Biotec). T cells were activated in plates coated with 2.5 pg.ml” anti-
CD3 mAb (clone 17.A2; BioLegend) in the presence of 2.5 pg.ml’' soluble anti-
CD28 mAb (clone 37.51; BioLegend) and 10 ng.ml™ murine IL-12 (I8523; Sigma-Aldrich)
(60). Two rounds of spin-infection were performed at 24 and 48 hours after T cell activation
using retroviral particles supplemented with 8 ug.ml" polybrene (Merck). T cells were cultured
for 4 additional days in the presence of 10 ng.ml" hIL-2 (202-IL; R&D Systems). For proper in

vitro activation, IFN-y-deficient T cells and their WT counterparts were supplemented with 100
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ng.ml' of IFN-y (Peprotech). If necessary (transduction efficacy < 80%), purification of
transduced cells was performed using hCD34 positive selection kit (Miltenyi Biotec). B cell
lymphoma was established by injecting 0.5x10° Ep-myc cells or 0.5x10° transformed pro-B
cells in mice following a sublethal irradiation (4 Gy), used as a conditioning regimen for CAR
T cell engraftment (67). Tumor develops primarily in the bone marrow and became detectable
in the blood by day 6-7 at which time 10-20x10° CAR T cells were injected intravenously (i.v.).
When indicated, mice were not irradiated but received 50 pg i.v. of anti-CD20 monoclonal
antibody (5D2, mIgG2a; Genentech) as a conditioning regimen (/5) 2 days before CAR T cell
transfer. For in vivo cytokine supplementation studies, recombinant IL-12 (1 pg in 100 uL PBS)
(recombinant mouse IL12-p70; Peprotech) was delivered daily intraperitoneally for 3 days

starting at CAR T cell transfer.

Flow cytometry and antibodies

For ex vivo analysis, bone marrow cells were isolated by flushing femurs and tibias from tumor-
bearing mice and subsequent filtering through 70 um cell strainers. Single-cell suspensions
from spleen and lymph nodes were prepared by filtering the cells through 70 um cell strainers.
Blood was collected by cardiac puncture after mouse sacrifice and red blood cells were removed
using red blood cell lysis buffer (eBiosciences). Bone marrow and blood cell suspensions were
Fc-blocked using anti-CD16/32 mAbs (clone 93; BioLegend). Stainings were performed with
the followings mAbs: hCD34-PE (clone 561; BioLegend) or Alexa Fluor 647 (clone
561; BioLegend) or BUV395 (clone 581; BD Biosciences), CD3e-FITC (clone 145-
2C11; BioLegend), CDI19-PE/Cy7 (clone 6D5; BioLegend) or APC-fire750 (clone
6D5; BioLegend) or BV421 (clone 6D5; BioLegend), CD8a-BUV395 (clone 53-6.7; BD
Biosciences), CD4-BV786 (clone RM4-5; BD Biosciences) or BV421 (clone GKI1.5;

BioLegend), NK1.1-PE/Cy7 (clone PK136; BioLegend) or BV421 (clone PK136; BioLegend),
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CD45.2-BUV737 (clone 104; BD Biosciences), CD11b-PE/Cy7 (clone M1/70; BioLegend) or
BUV395 (clone M1/70; BD Biosciences), CD11c-APC (clone N418; BioLegend), Ly6C-
BV605 (clone HK1.4; BioLegend), Ly6G-BUV395 (clone 1A8; BD Biosciences), I-A/I-E-
APC-fire750 (clone M5/114.15.2; BioLegend), H-2Db-APC (clone KH95; BioLegend), H-
2Kb-PE/Cy7 (clone AF6-88.5; BioLegend), c-kit-BV421 (clone 2B8; BioLegend), TCRJ
chain-BV421 (clone H57-597; BioLegend), CD34-BV421 (clone SA376A4; BioLegend),
TER-119-BV421 (clone TER-119; BioLegend), CD44-Alexa488 or BV605 (clone IM7;
BioLegend), CD62L-BV421 (clone MEL-14; BioLegend), TIGIT-PE (clone GIGD7;
eBiosciences), PD-1-PE/Cy7 (clone J43; BioLegend), Tim-3-APC (clone RMT3-23;
BioLegend), and CD107a-Alexa647 (clone 1D4B; BioLegend). H-2Kb-OVA (SIINFEKL)
monomers were produced as previously described (62, 63) and fluorescent tetramers were
prepared using PE-conjugated UltraAvidin (Leinco Technologies). Intracellular stainings were
performed using the Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s
guidelines, Alexa647-conjugated anti-Granzyme B mAb (clone GB11; BioLegend), BUV737-
conjugated anti-IFN-y mAb (clone XMG1.2; BD Biosciences) and PerCP-Cy5.5-conjugated
anti-1L-12/IL-23p40 mAb (clone C17.8; eBiosciences). IFN-y and IL-12 expression was
assessed in the presence of 1 pg.ml’ of Brefeldin A (BD Biosciences). CD107a surface
expression on CAR T cells was assessed using antibody directly in the coculture. For in vitro
CAR T cell proliferation, CAR T cells were loaded with CellTrace Far Red dye (Life
Technologies) according to the manufacturer’s guidelines. Analyses were performed using
a Cytoflex LX (Beckman Coulter) flow cytometer and analyzed with FlowJo v10.6.2 (BD).
Tumor apoptosis was quantified using a FRET-based reporter for caspase-3 activity, and FRET
loss was defined as a derived parameter using the ratio of CFP to FRET fluorescence. FRET
loss was measured on cells fixed with 2% paraformaldehyde solution (Sigma) immediately

after ex vivo isolation.
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Cytotoxicity assays

For killing experiments, effectors and target cells were mixed at 1:1 to 20:1 effector:target ratio
in 96-well plates and spun 1 sec at 1200 rpm. After 2 to 24 hours, FRET loss in tumor cells and
remaining target cells were determined by flow cytometry. The percentage of specific killing

was calculated as 100 x (1 — target cells in well/target cells in well without effectors).

Intravital two-photon imaging of the bone marrow

Bone marrow intravital imaging was performed 2 to 6 days after CAR T cell transfer, as
described (/5). Briefly, mice were anesthetized with a mixture of xylazine (Rompun®, 10
mg.kg") and ketamine (Imalgene®, 100 mg.kg™). The scalp was incised at the midline and then
exposed. The jaw was fixed on the surface of a steel plate. A round coverslip was fixed above
the frontoparietal suture after PBS deposition using a cyanoacrylate-based glue. During
imaging, mice were supplied with oxygen and temperature was maintained at 37°C using a
heated-pad. Two-photon imaging was performed with an upright microscope FVMPE-RS
(OLYMPUS) and a 25x/1.05 numerical aperture, water-dipping objective (OLYMPUS)
combined with an objective heater. Excitation was provided by an Insight DeepSee dual laser
(Spectra-Physics) tuned at 880 nm. The following filters were used for fluorescence detection:
CFP (483/32), GFP (520/35 or 512/25), YFP (542/27), background (593/35). To create time-
lapse sequences, we typically scanned a 30 to 40 um-thick volume of tissue at 5 um Z-steps
and 60 sec intervals. For static mosaics, 150 pm-thick volume of tissues at 5 um Z-steps were

typically imaged.

Image analysis
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Videos were processed and analyzed using Fiji software (ImageJ 2.0.0). Figures and videos
based on two-photon microscopy are shown as 2D maximum intensity projections of 3D data.
Tumor apoptotic events were manually quantified and scored as direct killing when a CAR T
cell engaged the tumor cell before the detection of FRET loss. Indirect events corresponded to
tumor cells undergoing FRET loss without any detectable interactions with a CAR T cell during
the imaging period. To perform an unbiased analysis of the spatial localization of apoptotic
tumors and CAR T cells, we developed an in-house Fiji script that computes a correlation score.
Briefly, for each bone marrow mosaic of 2000x2000 pm, both CFP and GFP channels are first
binarized using the Yen threshold. Then for each region of interest (ROI) of 100x100 pm
(spaced 50 pm apart), the mean CFP and GFP values are calculated and considered as a good
proxy for apoptotic tumor and CAR T cell presence. For determining tumor cell area (CFP +
YFP), apoptotic tumor cell area (CFP) and CAR T cell area (GFP) from in vivo images, each

channel was binarized and subjected to surface area calculation.

Single-cell RNA sequencing and analysis

B cell lymphoma was established by i.v. injection of 0.5x10° Ep-myc-DEVD cells in C57BL/6]
mice after sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with 20x10° CAR4
or CARS8 T cells or left untreated. Bone marrow cells from one tibia and one femur per mouse
were harvested 3 days after initiation of therapy. Erythroblast cells were magnetically removed
using anti-Ter-119 biotin-labeled monoclonal antibodies and streptavidin-labeled magnetic
beads (Mojosort streptavidin nanobeads, BioLegend). Single-cell suspensions were prepared
by filtering the cells through 70 pm cell strainers. Single cells were encapsulated using the 10x
Chromium 3’ v2 chemistry kit according to the manufacturer’s instructions (10X Genomics).
Libraries of cDNA were prepared according to the manufacturer’s instructions. Samples were

sequenced by Macrogen using HiSeq X ten platform (Illumina). Reads were processed with the
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10x pipeline Cellranger 3.1.0 and the count command. We used the mm10 genome and
transcriptome annotations provided by 10X Genomics. We added two sequences to this
assembly. First a consensus sequence of three fluorescent proteins (CFP, YFP and EGFP for
identification of FRET-based caspase-3 reporter in tumor cells and GFP-expressing CAR T
cells). We also added a segment of the CAR plasmid sequence. For these two additional
sequences, we added in the annotation files features on both strands. We used R package Seurat
3.1.1 for analyzing the data (64). From the raw Cellranger output, we selected cells with more
than 1,000 unique molecular identifiers (UMIs) and less than 20% of
mitochondrial UMIs (untreated (12,348 cells), CAR4-treatment (9,895 cells), CAR8-treatment
(7,798 cells)). We computed 2,000 variable genes and used 50 principal components (PCs) for
neighbors finding and clustering. We also used 50 PCs for generating the Uniform Manifold
Approximation Projection (UMAP) in this paper. For violin plots, Wilcoxon test was used. For
volcano plots, Wilcoxon test and Bonferroni method for p value correction were used. Single-

cell RNA sequencing data are available at the Gene Expression Omnibus (GEQO) accession

number GSE165797.

Multiplex assay for cytokine quantification

Three days after CAR T cell transfer, bone marrow cells were isolated by flushing femurs and
tibias from tumor-bearing mice, filtered through 70 um cell strainers and washed with cold
PBS. Cells were lysed using NP40 Cell Lysis Buffer (Invitrogen) following manufacturer’s
instructions and stored at -80°C until analysis. Multiplex assay was performed using 26-
Plex ProcartaPlex Panel (Invitrogen) following manufacturer’s instructions. Standards were
reconstituted with Universal Assay Buffer diluted at 1:2 in assay diluent. For analyte capture,
the plate was incubated overnight at 4°C under agitation on an orbital shaker. Analyses were

performed using a Bio-Plex 200 system equipped with Bio-Plex Manager software (Bio-Rad).
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Statistical Analysis
All statistical tests were performed using Prism v.6.0a (GraphPad). Data are expressed as mean

+ SEM. Unpaired Student’s t test, Mann—Whitney U test, one-way analysis of variance

(ANOVA) and two-way ANOVA were used as indicated in individual figure legends, using

post hoc Tukey and Holm-Sidak test for multiple comparison correction. All statistical tests

were two-tailed with a significance level of 0.05. ns, not significant; *p<0.05; **p<0.01;

*x%p<(0.001.

Supplementary Materials

Fig S1. Assessing the cytotoxic potential of anti-CD19 CAR4 and CARS T cells in vivo using
a genetically encoded reporter for apoptosis.

Fig S2. In vitro phenotyping of CAR4 and CARS8 T cells prior to adoptive cell transfer.

Fig S3. Kinetics of CAR T cell accumulation in blood and lymphoid organs.

Fig S4. CAR4 T cells are poorly effective at eliminating endogenous B cells in vivo.

Fig S5. CAR4 T cells are poorly effective at inducing tumor cell killing in vitro.

Fig S6. Tumor sensitivity to cytokine-induced cell death.

Fig S7. Identification of tumor infiltrating immune cells by single-cell RNA sequencing.

Fig S8. CAR T cells promote host immune cell recruitment at the tumor site.

Fig S9. CAR T cell therapy induces a broad mobilization of host immunity in a model of pro-
B leukemia cells.

Fig S10. Combining CAR4 and CARS8 T cells improves anti-tumor activity.

Fig S11. WT CAR T cells produce IFN-y at the tumor site in vivo.

Fig S12. CAR T cell-derived IFN-y is sufficient to promote anti-tumor activity.
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Fig S13. WT and IFN-y-deficient CAR8 T cells exhibit similar killing activities prior to in vivo
transfer.

Fig S14. CAR T cell-derived IFN-y promotes IL-12 expression by DCs in vitro.

Fig S15. CAR T cell-mediated anti-tumor activity relies on cellular crosstalks within the tumor
microenvironment.

Movie S1. Both CAR4 and CARS T cells infiltrate and patrol tumor-invaded bone marrow.
Movie S2. Direct tumor cell killing mediated by a CAR4 T cell.

Movie S3. Direct tumor cell killing mediated by a CAR8 T cell.

Movie S4. Tumor B cell undergoing apoptosis without detectable contact with CAR4 T cells.
Movie S5. Tumor B cell undergoing apoptosis without detectable contact with CARS8 T cells.
Movie S6. WT CARS8 T cells induce efficient tumor cell killing in the bone marrow.

Movie S7. IFN-y-deficient CARS8 T cells are poorly cytotoxic at the tumor site.

Table S1. Raw data file; Excel spreadsheet.
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Figure legends

Figure 1. CARS8 T cells exhibit superior killing capacity compared to CAR4 T cells in vivo
in a model of MYC-driven B cell lymphoma.

Ep-myc B cell lymphoma was established by i.v. injection of 0.5x10° Eu-myc-DEVD cells in
C57BL/6 mice after sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with
20x10° GFP-expressing CAR4 or CARS T cells. (A) Representative two-photon images of the
bone marrow at days 3 and 5 after CAR4 or CARS8 T cell transfer showing that near-complete
tumor eradication is seen only upon CARS8 T cell injection. T cells are shown in green, live
tumor cells in white, and apoptotic tumor cells in blue. Scale bar, 100 um. Inset scale bar, 30
um. Representative of at least three independent experiments. (B) Assessment of spatial
correlation between apoptotic tumors (blue) and CAR T cells (green) within the bone marrow
3 days post CAR T cell transfer. For each region of interest (ROI) of 100x100 pm, the mean
blue and green values were computed as a proxy for apoptotic tumor and CAR T cell presence,
respectively. Data are representative of 3 independent experiments. Spearman’s correlation
coefficients are shown. (C) Quantification of tumor apoptotic events from intravital real-time
imaging using a FRET-based genetically encoded caspase-3 reporter. Apoptotic events were
classified as direct killing when a CAR T cell engaged the tumor cell before FRET loss
detection. Indirect events corresponded to tumor cells undergoing FRET loss without any
apparent interactions with a CAR T cell. Data are compiled from movies performed 2 to 6 days
after CAR T cell transfer (representing 65 and 43 hours of imaging for CAR4 and CAR8 T
cells, respectively) from four independent experiments. Two-way analysis of variance
(ANOVA) was used for statistical analysis. (D) Representative two-photon time-lapse images

illustrating direct and indirect tumor apoptotic events mediated by CAR4 or CARS8 T cells. Red
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arrowheads highlight CAR T cells involved in killing. White dotted circles highlight tumor cells
undergoing apoptosis. Scale bars, 10 pm. (E-G) Bone marrow composition was analyzed ex
vivo by flow cytometry 3 days after T cell transfer. (E) Summary graph showing the percentage
of apoptotic tumor cells. (F) Percentage of tumor cells recovered (relative to untreated mice).
(G) Bar chart showing CAR4 and CARS8 T cell accumulation within the bone marrow. Absolute
number of CAR T cells recovered from the bone marrow of one tibia and one femur. Data
shown in E-G are representative of at least three independent experiments. Each dot represents
one mouse. Two-tailed Mann-Whitney U-test was used for statistical analysis. (H) CARS but
not CAR4 T cell therapy prolonged mouse survival. Log-rank test was used for statistical
analysis. Data are compiled from two independent experiments (n = 12 per group). ***,

p<0.001; **, p<0.01; ns, not significant.

Figure 2. Single-cell RNA sequencing reveals profound changes in the tumor
microenvironment induced by CAR4 and CARS T cells.

B cell lymphoma was established by i.v. injection of 0.5x10° Ey-myc-DEVD cells in C57BL/6
mice after sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with 20x10° GFP-
expressing CAR4 or CARS T cells or left untreated. Bone marrow cells were harvested 3 days
after initiation of therapy and subjected to single-cell RNA sequencing. (A) Uniform Manifold
Approximation Projection (UMAP) feature plots showing the composition of the TME in
untreated (left), CAR4 T cell-treated (middle) and CARS8 T cell-treated (right) mice. Clusters
were assigned according to lineage defining factors (see Fig. S7). Expression of GFP and CAR
transgene were used to identify CAR T cells in treated conditions. Baso/Masto:
basophils/mastocytes; Mo/M@: monocytes/macrophages; cDC1: conventional type 1 dendritic
cells; pDC: plasmacytoid dendritic cells; NK: NK cells; T/NKT: T cells and NKT cells.

GFP' CAR cells correspond to residual, untransduced transferred T cells. (B) Volcano plots
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showing differentially expressed genes between CAR4 T cell-treated and untreated mice or
between CARS T cell-treated and untreated mice in both NK cells (left) and T/NKT cells (right).
Statistically significant genes (corrected p value < 0.05) are shown in red. Dotted black lines
indicate log, fold change > 1 or < -1. Statistical significance was calculated using Wilcoxon
test. (C) Feature plots highlighting the expression of cytotoxicity-related
genes Gzmb (granzyme B), Gzma (granzyme A), Prfl (perforin) and Ifng (IFN-y) across NK
cell, T/NKT cell and CAR T cell clusters identified in (A). Gene expression is scaled from low-
blue to high-red. (D) CAR T cell-induced modulation of antigen-presentation genes in the TME.
Violin plots showing gene expression of MHC class II (H2Aa, H2Abl) and CD74 genes in
various immune cell clusters (¢cDC1: conventional type 1 dendritic cells; pDC: plasmacytoid
dendritic cells; Mo/M@: monocytes/macrophages) and tumor cells. Boxplots show medians and

interquartile ranges. Wilcoxon test and Bonferroni method for p value correction were used.

Figure 3. CAR T cells promote host immune cell recruitment and activation at the tumor
site.

(A-D) B cell lymphoma was established by i.v. injection of 0.5x10° Ep-myc-DEVD cells in
C57BL/6 mice after sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with
20x10° CAR4 or CARS T cells or left untreated. After 3 days, the bone marrow was harvested
and analyzed by flow cytometry. (A) Percentage of NK1.1" cells, CD8" T cells, CD4" T cells,
dendritic cells (CD11c¢" I-A/I-E") and monocytes (CD11b" Ly6G™ Ly6C") recovered. (B-D)
Activation of endogenous effector cells upon CAR T cell therapy. Representative histograms
(upper panels) and compiled quantifications (lower graphs) showing intracellular granzyme B
expression in NK1.1" cells (B) and CD8" T cells (C) as well as MHC class II (I-A/I-E) surface
expression on monocytes (D). Data shown in A-D are pooled from at least two independent

experiments. Each dot represents one mouse. Two-tailed Mann-Whitney U-test was used for
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statistical analysis. (E) C57BL/6 mice were injected i.v. with 0.5x10° OV A-expressing Ep-
myc lymphoma cells. Six days later, mice were injected i.v. with 10x10° CAR4 or CARS T
cells. Anti-CD20 antibody was injected 2 days before CAR T cell transfer as a conditioning
regimen. Graphs show the percentage of OVA-specific CD8" T cells on day 5 as assessed by
tetramer staining upon CAR T cell therapy in the bone marrow (left) and in blood (right). Data
are representative of two independent experiments. Each dot represents one mouse. Unpaired t

test was used for statistical analysis. ***, p<0.001; **, p<0.01; *, p<0.05; ns, not significant.

Figure 4. CAR T cell-derived IFN-y mediates widespread changes in the tumor
microenvironment.

(A-B) B cell lymphoma was established by i.v. injection of 0.5x10° Ep-myc cells in C57BL/6
mice after sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with 20x10° CAR4
or CARS T cells or left untreated. Bone marrow cells were harvested 3 days after initiation of
therapy. (A) Detection of an IFN signature in the TME upon CAR T cell therapy. Volcano plots
of differentially expressed genes between CAR4 T cell-treated and untreated mice (left) and
between CAR8 T cell-treated and untreated mice (right) in all cells but CAR T cells. Plots show
the upregulation of many interferon-associated genes. Statistically significant genes (corrected
p value < 0.05) are shown in red. Dotted black lines indicate log, fold change > 1 or < -1.
Statistical significance was calculated using Wilcoxon test. (B) CAR T cell therapy increases
widespread MHC class I expression in the TME. Violin plots showing the gene expression
distribution of MHC class I genes (H2-D1 and H2-K1) in various immune cell clusters (cDC1:
conventional type 1 dendritic cells; pDC: plasmacytoid dendritic cells; Mo/M@:
monocytes/macrophages; NK: NK cells; T/NKT: T cells and NKT cells; Neutro: neutrophils)
and tumor cells. Boxplots show medians and interquartile ranges. (C-D) CAR T cell-derived

IFN-y increases MHC class I levels in tumor and tumor-infiltrating immune cells. Lymphoma-

41



bearing mice were treated with 10x10® WT or IFN-y-deficient CAR4 or CARS T cells. Surface
expression of H2-D (left) and H2-K” (right) was assessed on CD11b" myeloid cells (C) and
tumor cells (D) on day 3. gMFI, geometric mean fluorescence intensity. Data in C-D are
representative of two independent experiments. Each dot represents one mouse. Unpaired t test

was used for statistical analysis. ***, p<0.001; **, p<0.01; *, p<0.05.

Figure 5. CAR T cell-derived IFN-y drives immune cell recruitment and activation at the
tumor site.

B cell lymphoma was established by i.v. injection of 0.5x10° Eu-myc cells in C57BL/6 mice
after sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with 10x10® WT or
IFN-y-deficient CAR4 or CARS8 T cells or left untreated. After 3 days, the bone marrow was
harvested and analyzed by flow cytometry. (A) Percentage of NK cells (NK1.1" CD3"), NKT
cells (NK1.1" CD3"), dendritic cells (CD11¢" I-A/I-E") and monocytes (CD11b" Ly6G Ly6C")
recovered. (B-E) CAR T cell-derived IFN-y promotes immune cell activation. Representative
histograms (upper panels) and quantifications (lower graphs) showing intracellular granzyme
B expression in NK cells (B), NKT cells (C), CD8" T cells (D) and MHC class IT (I-A/I-E)
surface expression on monocytes (E). (F) Representative histograms (left) and quantifications
(right) showing intracellular granzyme B expression in CAR8 T cells within the bone marrow.
Data in A-F are compiled from two_independent experiments. Each dot represents one mouse.
Unpaired t test was used for statistical analysis. *** p<0.001; **, p<0.01; *, p<0.05; ns, not

significant.

Figure 6. Cytokine-mediated crosstalk between CAR T cells and host cells is essential to

sustain CAR T cell cytotoxicity.
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B cell lymphomas were established by i.v. injection of 0.5x10° Ep-myc-DEVD cells in
C57BL/6 or IFN-yR-deficient mice after sublethal irradiation (4 Gy). Six days later, mice were
injected i.v. with 10x10° WT or IFN-y”" CARS8 T cells or left untreated. (A) Mouse survival for
the indicated recipients and CAR T cell preparations. Log-rank test was used for statistical

analysis. Data are compiled from four independent experiments (n = 18-26 mice per group).

(B) Percentage of intracellular granzyme B-expressing CAR T cells (left) and geometric mean
fluorescence intensity in CAR T cells (right) on day 3 in C57BL/6 and IFN-yR-deficient mice.
Data are compiled from two independent experiments. Each dot represents one mouse.
Unpaired t test was used for statistical analysis. (C-H) Killing dynamics of WT or IFN-y-
deficient CAR T cells was assessed by intravital imaging on day 5-6. (C) Representative two-
photon images of tumor-bearing mice treated with WT or IFN-y-deficient CAR8 T cells. T cells
are shown in green, live tumor cells in white, and apoptotic tumor cells in blue. Scale bars,
30 um. (D-E) Quantification of the surface occupied by CAR T cells in the region of interest
(ROI) (D) and of the percentage of apoptotic tumors (ratio of the surface occupied by apoptotic
tumors to the total surface occupied by tumor cells) (E). (F) An apoptosis index was calculated
for WT and IFN-y-deficient CAR T cells by normalizing the surface occupied by apoptotic
tumors to the surface occupied by CAR T cells. (G) Quantification of tumor apoptotic events
detected during the imaging period (normalized per hour per imaged surface). Apoptotic events
were considered as direct killing when a CAR T cell engaged the tumor cell before FRET loss
detection. Indirect events corresponded to tumor cells undergoing FRET loss without any
detectable interactions with a CAR T cell. A total of n=21 and n=20 apoptotic events were
recorded for WT and IFN-y” CARS8 T cells, respectively. (H) A killing index was calculated
for WT and IFN-y-deficient CAR T cells as the ratio of direct apoptotic events to the surface
occupied by CAR T cells in the image. Unpaired t test was used for statistical analysis. Data in

C-H are compiled from movies performed 5 to 6 days after the transfer of WT CARS8 T cells (n
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=4 mice, 38 hours of movie analyzed) and IFN-y-deficient CAR8 T cells (n =4 mice, 57 hours
of movie analyzed) from two independent experiments. Two-tailed Mann-Whitney U-test was

used for statistical analysis. ***, p<0.001; **, p<0.01; *, p<0.05; ns, not significant.

Figure 7. A role for the IFN-y/IL-12 axis in the interplay between CAR T cells and the
tumor microenvironment.

(A) Detection of IL-12 expression in the TME of WT tumor-bearing mice upon CAR T cell
therapy using single-cell RNA sequencing. Baso/Masto: basophils/mastocytes; c¢DCl:
conventional type 1 dendritic cells; Mo/M@: monocytes/macrophages; Neutro: neutrophils;
NK: NK cells; pDC: plasmacytoid dendritic cells; T/NKT: T cells and NKT cells.
GFP’" CAR’ cells correspond to residual, untransduced transferred T cells. (B-E) B cell
lymphomas were established by i.v. injection of 0.5x10° Ep-myc-DEVD cells in C57BL/6 or
IL-12p35-deficient mice after sublethal irradiation (4 Gy). Six days later, mice were
injected i.v. with 10x10° WT or IFN-y” CARS8 T cells or left untreated. When indicated,
recombinant IL-12 was delivered daily intraperitoneally for 3 days starting at CAR T cell
therapy. (B) Bone marrow cells were collected three days after CAR T cell transfer, and IL-
12p70 and IFN-y production was measured by multiplex assay (n = 5 mice per group). (C)
Percentage of granzyme B-expressing CAR8 T cells (left) and geometric mean fluorescence
intensity (gMFI) within granzyme B-positive CAR8 T cells (right) on day 3. (D) Percentage of
granzyme B-expressing CAR8 T cells (top) and geometric mean fluorescence intensity within
granzyme B-positive CARS8 T cells (bottom) on day 3 in C57BL/6 and IL-12p35-deficient mice.
(E) Intracellular granzyme B content in endogenous immune cells on day 3. (Upper panels)
Percentage of granzyme B-expressing CD8" T cells (left), NK cells (middle) and NKT cells
(right). (Lower panels) Geometric mean fluorescence intensity in granzyme B-positive CD8" T

cells (left), NK cells (middle) and NKT cells (right). Data in D-E are representative of two
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independent experiments. Each dot represents one mouse. One-way ANOVA was used for

statistical analysis. *** p<0.001; ** p<0.01: *. p<0.05.: ns, not significant.
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A crosstalk between CAR T cell subsets and the tumor microenvironment

is essential for sustained cytotoxic activity
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Figure S1. Assessing the cytotoxic potential of anti-CD19 CAR4 and CARS8 T cells in
vivo using a genetically encoded reporter for apoptosis. (A) Experimental set up. B cell
lymphoma was established by i.v. injection of 0.5x10° Ep-myc cells in C57BL/6 mice after
sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with 10-20x10° CAR4 or
CARS T cells. Bone marrow two-photon (2P) imaging was performed 3 to 6 days after T cell
transfer. Bone marrow was analyzed by flow cytometry 3 days after T cell transfer. (B)
Schematic of the FRET-based caspase-3 reporter used in Ep-myc-DEVD malignant B cells to
visualize apoptosis in real-time. CFP and YFP are linked by the target peptide DEVD, which

is cleaved upon caspase-3 activation, resulting in loss of FRET in apoptotic cells.
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Figure S2. In vitro phenotyping of CAR4 and CARS8 T cells prior to adoptive cell
transfer. (A) CAR expression by CD4" and CD8" T cells pre- and post-positive purification
for hCD34 (representative of >7 independent experiments). (B) Percentage of effector
memory (CD44" CD62L"), central memory (CD44" CD62L") and naive T cells (CD44
CD62L") in CAR4 and CARS T cells (pooled from 5 independent experiments). (C) Surface
expression of PD-1 (left), Tim-3 (middle) and TIGIT (right) by CAR4 and CARS8 T cells
cocultured (or not) with Eu-myc-DEVD target cells at 1:1 effector-to-target ratio for 24
hours. gMFI, geometric mean fluorescence intensity. (D) Proliferation of CellTrace Far Red-
labeled CAR4 and CARS8 T cells upon coculture with Eu-myc-DEVD target cells for 72 hours
at 1:1 effector-to-target ratio (representative of 2 independent experiments). (E) Expression of
intracellular granzyme B content in CAR4 and CARS8 T cells alone or upon coculture with
Ep-myc-DEVD target cells at 1:1 effector-to-target ratio for 24 hours (pooled from 2
independent experiments). (F) Surface CD107a expression by CAR4 and CARS8 T cells
cocultured (or not) with Eu-myc-DEVD target cells at 1:1 effector-to-target ratio for 4 hours.
(B-C and E-F) Two-way analysis of variance (ANOVA) was used for statistical analysis.

*xk p<0.001; **, p<0.01; ns, not significant.
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Figure S3. Kinetics of CAR T cell accumulation in blood and lymphoid organs. Epu-
myc B cell lymphoma was established by i.v. injection of 0.5x10° Ep-myc-DEVD cells in
C57BL/6 mice after sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with
10x10° CAR4 or CAR8 T cells. CAR T cells were detected as hCD34" cells by flow
cytometry in blood, bone marrow (BM), lymph nodes (LN) and spleen at different time points
following CAR T cell injection, including (A) 18 hours, (B) 7 days and (C) 10 days. Of note,
at 18 hours, CAR T cells were only detectable in the blood. Data are pooled from two
independent experiments. Two-tailed Mann-Whitney U-test was used for statistical analysis.

** p<0.01; *, p<0.05; ns, not significant.
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Figure S4. CAR4 T cells are poorly effective at eliminating endogenous B cells in vivo.
(A) C57BL/6 mice were injected iv. with 0.5x10° Eu-myc lymphoma cells after their
sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with 20x10° anti-CD19
CAR4 or CARS8 T cells or left untreated. After 3 days, bone marrow was harvested and
analyzed by flow cytometry. Bar chart showing the percentage of endogenous CD19" B cells
remaining in the bone marrow. Representative of three independent experiments. Each dot
represents one mouse. Two-tailed Mann-Whitney U-test was used for statistical analysis. ***,

p<0.001; **, p<0.01; ns, not significant.
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Figure S5. CAR4 T cells are poorly effective at inducing tumor cell killing in vitro. In
vitro quantification of CAR4 and CARS8 T cell cytotoxic activity. Anti-CD19 CAR T cells,

untransduced control CD4" T cells (CTRL4) and untransduced control CD8" T cells (CTRLS)

were cocultured for 6 hours with Eu-myc-DEVD CD19" target cells at various effector-to-
target (E:T) ratios. (A) Summary graph showing the percentage of apoptosis within tumor
cells at the indicated E:T ratios. Data are pooled from four independent experiments. Two-
way analysis of variance (ANOVA) was used for statistical analysis. ***, p<0.001; ns, not
significant. (B) The percentage of specific target cell killing by CAR4 or CAR8 T cells at
various E:T ratios is shown. Two-way analysis of variance (ANOVA) was used for statistical

analysis. *** p<0.001.
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Figure S6. Tumor sensitivity to cytokine-induced cell death. Effect of IFN-y and TNF-a

on tumor cell death. Ep-myc (A, C, E) or B16.F10 (B, D, F) tumor cells were treated in vitro



with the indicated concentrations of IFN-y and/or TNF-a for 4h (A-B), 24h (C-D) or 48h (E-

F). Viable remaining tumor cells were counted using flow cytometry.
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Figure S7. Identification of tumor infiltrating immune cells by single-cell RNA
sequencing. Clustering of 30,041 immune cells from untreated, CAR4 T cell-treated and
CARS8 T cell-treated mice, featuring 118 marker genes identified by the Cellranger pipeline.
The heatmap presents the most differentially expressed genes used for identification of the
clusters depicted in Figure 2A. Color bars above the heatmap indicate cluster identity. Gene

expression is scaled from low-violet to high-yellow.
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Figure S8. CAR T cells promote host immune cell recruitment at the tumor site. B cell
lymphoma was established by i.v. injection of 0.5x10° Eu-myc-DEVD cells in C57BL/6 mice
after sublethal irradiation (4 Gy). (A) Gating strategies for flow cytometry identification of
NK1.17 cells, endogenous CD4" T cells, endogenous CD8" T cells, dendritic cells, monocytes
and OV A-specific CD8" T cells present in the bone marrow of tumor-bearing mice. Lineage
cocktail comprises BV421 conjugated anti-mouse antibodies against NKI1.1, CD4,
TCRp chain, CD19, TER-119, CD34 and c-kit. (B) Six days Ilater, mice were
injected i.v. with 20x10° CAR4 or CARS T cells or left untreated. After 3 days, the bone
marrow was harvested and analyzed by flow cytometry. Percentage of NK1.1" cells, CD8" T
cells, CD4" T cells, dendritic cells (CD11c¢" I-A/I-E") and monocytes (CD11b" Ly6G™ Ly6C")
among total cells after gating out tumors and CAR T cells. Representative of three
independent experiments. Each dot represents one mouse. Unpaired t test was used for
statistical analysis. ***, p<0.001; **, p<0.01; *, p<0.05; ns, not significant. (C) Six days later,
mice were injected i.v. with 10x10° WT or IFN-y” CAR4 or CARS T cells or left untreated.
After 3 days, the bone marrow was harvested and analyzed by flow cytometry. Percentage of
NK cells (NK1.1" CD3"), NKT cells (NK1.1" CD3"), dendritic cells (CD11c¢" I-A/I-E") and
monocytes (CD11b" Ly6G™ Ly6C") among total cells after gating out tumors and CAR T
cells. Data are pooled from two independent experiments. Each dot represents one mouse.

Unpaired t test was used for statistical analysis. **, p<0.01; *, p<0.05; ns, not significant.
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Figure S9. CAR T cell therapy induces a broad mobilization of host immunity in a
model of pro-B leukemia cells. (A) Experimental set up. C57BL/6 mice were
injected i.v. with 0.5x10° pro-B leukemia cells after their sublethal irradiation (4 Gy). Six
days later, mice were injected i.v. with 10x10° CAR4 or CARS T cells or left untreated. After
3 days, the bone marrow was harvested and analyzed by flow cytometry. (B) Percentage of
NK cells (NK1.1" CD3"), NKT cells (NK1.1" CD3"), CD4" T cells (CD19" CD4"), dendritic
cells (CD11c" I-A/I-E") and monocytes (CD11b" Ly6G™ Ly6C") recovered. Representative of
two independent experiments. Each dot represents one mouse. Unpaired t test was used for

statistical analysis. ***, p<0.001; **, p<0.01; *, p<0.05; ns, not significant.



>
w

ns
ns_ _ns NS wwx wex

©
i

.g T CICAR4 1004 == Untreated |,
i B CARS . CARA 3
o 60+ [ CAR4+CARS T ! — CAR8 E " )
e 8 s i — CAR4+CAR8
o O 401 2 |
g5 £ 501 H
- S |
8 204 [0} }
o o 1
: |
L=ms 0 — T 1
18 hrs 7 days 10 days 0 20 40 60
Days after CAR T cell injection Days after tumor inoculation

Figure S10. Combining CAR4 and CARS8 T cells improves anti-tumor activity. Ep-
myc B cell lymphoma was established by i.v. injection of 0.5x10° Ep-myc-DEVD cells in
C57BL/6 mice after sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with
10x10° CAR4 T cells or CAR8 T cells or a combination of 10x10° CAR4 and 10x10° CARS
T cells. (A) Circulating tumor load was assessed by flow cytometry at different time points
following CAR T cell injection. Two-way analysis of variance (ANOVA) was used for
statistical analysis. *** p<0.001; ns, not significant. (B) Mouse survival was significantly
extended by the combination of CAR4 and CARS8 T cells. Log-rank test was used for
statistical analysis. *** p<0.001; **, p<0.01; *, p<0.05; ns, not significant. Data are

representative of two independent experiments (n = 6 mice per group).
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Figure S11. WT CAR T cells produce IFN-y at the tumor site in vivo. (A) Experimental
set up. C57BL/6 mice were injected i.v. with 0.5x10° Ep-myc lymphoma cells after their
sublethal irradiation (4 Gy). Six days later, mice were injected i.v. with 10x10° WT CAR4 or
CARS8 T cells. After 3 days, bone marrow was harvested and analyzed by flow cytometry. (B)
Percentage of CAR T cells producing IFN-y ex vivo (in the absence of restimulation). Data are
pooled from four independent experiments. Each dot represents one mouse. Two-tailed

Mann-Whitney U-test was used for statistical analysis. **, p<0.01.
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Figure S12. CAR T cell-derived IFN-y is sufficient to promote anti-tumor activity. B cell

lymphoma was established by i.v. injection of 0.5x10° Ep-myc-DEVD cells in C57BL/6 or

IFN-y-deficient mice after sublethal irradiation (4 Gy). Six days later, mice were injected i.v.



with 10x10° WT or IFN-y'/' CARS T cells or left untreated. (A) CAR T cells are the major
source of IFN-y. Sera were collected three days after CAR T cell transfer, and IFN-y
production was measured by multiplex assay. Data are pooled from two independent
experiments (n = 3-4 mice per group). Each dot represents one mouse. Two-tailed Mann-
Whitney U-test was used for statistical analysis. **, p<0.01; ns, not significant. (B) CAR T
cell-derived IFN-y increases MHC class I levels in tumor and tumor-infiltrating immune cells.
Lymphoma-bearing WT or IFN-y” mice were treated with 10x10° WT or IFN-y-deficient
CARS8 T cells. Surface expression of H2-D" (left) and H2-K" (right) was assessed on CD11b"
myeloid cells (top) and tumor cells (bottom) on day 3. gMFI, geometric mean fluorescence
intensity. Representative of two independent experiments. Each dot represents one mouse.
Unpaired t test was used for statistical analysis. *** p<0.001; **, p<0.01; ns, not significant.
(C) Intracellular granzyme B content in CAR8 T cells within the bone marrow on day 3.
Representative of two independent experiments. Each dot represents one mouse. One-way
analysis of variance (ANOVA) was used for statistical analysis. **, p<0.01; *, p<0.05; ns, not
significant. (D) Circulating Ep-myc tumor cells and endogenous CD19" cells were assessed in
the blood by flow cytometry on day 7 following CAR T cell injection. Each dot represents
one mouse. One-way analysis of variance (ANOVA) was used for statistical analysis. ***,
p<0.001; ** p<0.01; ns, not significant. (E) Host-derived IFN-y is not required for CAR T
cell therapy (n = 6 mice per group). Log-rank test was used for statistical analysis. **, p<0.01;

ns, not significant.
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Figure S13. WT and IFN-y-deficient CAR8 T cells exhibit similar killing activities prior

to in vivo transfer. (A-B) In vitro quantification of WT and IFN-y-deficient CAR8 T cell

cytotoxic abilities. Anti-CD19 CAR T cells were cocultured with Ep-myc-DEVD

CD19" target cells at various effector-to-target (E:T) ratios. Summary graphs showing (A) the

percentage of apoptosis within tumor cells when cocultured for 2 hours with WT or IFN-y-

deficient CAR8 T cells at the indicated E:T ratios. The dotted gray line corresponds to the

spontaneous apoptosis rate in tumor cells in the absence of effectors. (B) The percentage of

specific target cell killing by WT or IFN-y-deficient CAR8 T cells at 1:1 E:T ratio is shown

for 6 or 24 hour-coculture. Data are pooled from two independent experiments. Two-way

analysis of variance (ANOVA) was used for statistical analysis. ns, not significant.
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Figure S14. CAR T cell-derived IFN-y promotes IL-12 expression by DCs in vitro. (A)
Experimental set up. Mutu DCs (a CD8" DC cell line derived from CD11c:SV40LgT-
transgenic mice) were cocultured with Ep-myc-DEVD tumor cells and CAR T cells at 1:1:1
ratio. 24 hours later, intracellular IL-12 expression in DCs was assessed using flow cytometry.
(B) Intracellular IL-12 expression in DCs. gMFI, geometric mean fluorescence intensity.

Unpaired t test was used for statistical analysis. *** p<0.001; *, p<0.05.
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Figure S15. CAR T cell-mediated anti-tumor activity relies on cellular crosstalks within
the tumor microenvironment. Graphical scheme illustrating the cellular crosstalks
established by CAR4 T cells, CAR8 T cells and the tumor microenvironment promoting

optimal anti-tumor activity.



Movie legends

Movie S1. Both CAR4 and CARS8 T cells infiltrate and patrol tumor-invaded bone
marrow. C57BL/6 mice were sublethally irradiated and injected with Ep-myc-DEVD tumor
cells six days before treatment with 20x10° GFP-expressing CAR4 or CARS T cells. After 3
days, intravital imaging of the bone marrow was performed. As early as day 3, both CAR4
and CARS8 T cells can be found at the tumor site, infiltrating and surveying tumor cells. CAR
T cells are shown in green, live tumor cells in white, and apoptotic tumor cells in blue. Scale

bars represent 20 pm. Total duration: 59 min.

Movie S2. Direct tumor cell killing mediated by a CAR4 T cell. C57BL/6 mice
were sublethally irradiated and injected with Ep-myc-DEVD tumor cells six days before
treatment with 20x10® GFP-expressing CAR4 T cells. After 2 days, intravital imaging of the
bone marrow was performed. The white circle highlights a tumor apoptotic event that is
directly mediated by a cellular contact with a CAR4 T cell. T cells are shown in green, live
tumor cells in white, and apoptotic tumor cells in blue. Scale bar represents 20 pm. Total

duration: 60 min.

Movie S3. Direct tumor cell killing mediated by a CAR8 T cell. C57BL/6 mice
were sublethally irradiated and injected with Ep-myc-DEVD tumor cells six days before
treatment with 20x10° GFP-expressing CARS T cells. After 2 days, intravital imaging of the
bone marrow was performed. The white circle highlights a tumor cell undergoing apoptosis

following a direct cellular contact with a CAR8 T cell. T cells are shown in green, live tumor



cells in white, and apoptotic tumor cells in blue. Scale bar represents 20 pm. Total duration:

59 min.

Movie S4. Tumor B cell undergoing apoptosis without detectable contact with CAR4 T
cells. C57BL/6 mice were sublethally irradiated and injected with Ep-myc-DEVD tumor cells
six days before treatment with 20x10° GFP-expressing CAR4 T cells. After 5 days, intravital
imaging of the bone marrow was performed. The white circle highlights a tumor cell
undergoing apoptosis without apparent contact with CAR4 T cells. T cells are shown in green,
live tumor cells in white, and apoptotic tumor cells in blue. Scale bar represents 20 um. Total

duration: 59 min.

Movie S5. Tumor B cell undergoing apoptosis without detectable contact with CAR8 T
cells. C57BL/6 mice were sublethally irradiated and injected with Ep-myc-DEVD tumor cells
six days before treatment with 20x10° GFP-expressing CARS T cells. After 3 days, intravital
imaging of the bone marrow was performed. The white circle highlights a tumor cell
undergoing apoptosis without apparent contact with CAR8 T cells. T cells are shown in green,
live tumor cells in white, and apoptotic tumor cells in blue. Scale bar represents 20 um. Total

duration: 60 min.

Movie S6. WT CARS8 T cells induce efficient tumor cell killing in the bone marrow.
C57BL/6 mice were sublethally irradiated and injected with Ep-myc-DEVD tumor cells six
days before treatment with 10x10° GFP-expressing WT CARS T cells. After 5 days, intravital
imaging of the bone marrow was performed. The white circles highlight multiple tumor cells

that undergo apoptosis following a cellular contact with CAR T cells. T cells are shown in



green, live tumor cells in white, and apoptotic tumor cells in blue. Scale bar represents 20 um.

Total duration: 65 min.

Movie S7. IFN-y-deficient CARS8 T cells are poorly cytotoxic at the tumor site. C57BL/6
mice were sublethally irradiated and injected with Epu-myc-DEVD tumor cells six days before
treatment with 10x10° GFP-expressing IFN-y-deficient CAR8 T cells. After 5 days, intravital
imaging of the bone marrow was performed. Despite numerous infiltrating CAR T cells, very
few tumor apoptotic events have been recorded. T cells are shown in green, live tumor cells in

white, and apoptotic tumor cells in blue. Scale bar represents 20 pm. Total duration: 59 min.



