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SUMMARY

Chimeric Antigen Receptor (CAR) T-cell therapy effectively treats human cancer, but loss of
the antigen recognized by the CAR poses a major obstacle. We found that in vivo vaccine
boosting of CAR T-cells triggers engagement of the endogenous immune system to circumvent
antigen-negative tumor escape. Vaccine-boosted CAR-T promoted dendritic cell (DC) recruitment
to tumors, increased tumor antigen uptake by DCs, and elicited priming of endogenous anti-
tumor T-cells. This process was accompanied by shifts in CAR-T metabolism toward oxidative
phosphorylation and was critically dependent on CAR T-derived IFN-y. Antigen spreading
induced by vaccine-boosted CAR T enabled a proportion of complete responses even when

the initial tumor was 50% CAR-antigen-negative, and heterogenous tumor control was further
enhanced by genetically amplifying CAR T IFN-y expression. Thus, CAR T-cell-derived IFN-y
plays a critical role in promoting antigen spreading, and vaccine boosting provides a clinically-
translatable strategy to drive such responses against solid tumors.

Graphical Abstract

Solid Tumor
s IFNy ‘\
- @ ; o PGC-1
@ \;,,50 =8 T (oxphos)
PR . / A CAR T boosting
~y IL12 < \\ . P R
Antigen

i (- Spreading

Amph-vax

In-brief

Vaccine boosting modifies CAR T cell metabolism and promotes crosstalk between CAR T cells
and endogenous immunity to elicit and sustain antigen spreading, thereby effectively treating
tumors with antigen heterogeneity.
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INTRODUCTION

Adoptive cell therapy (ACT) using chimeric antigen receptor (CAR) T-cells has
revolutionized the treatment of relapsed/refractory CD19* B-cell acute lymphoblastic
leukemia and lymphomas!~>. In the setting of solid tumors, CAR T therapy has been less
successful so far, though progress is being made to address issues such as limited tumor
infiltration, poor CAR T functionality and persistencel:6-8. However, two key challenges in
the treatment of tumors with CAR T-cells are pre-existing antigenic heterogeneity, where
not all tumor cells express the antigen targeted by the CAR, and antigen loss occurs during
treatment. For example, a recent first-in-human clinical trial assessing CAR T-cells targeting
mutant EGFRVIII in glioblastoma resulted in the emergence of EGFRvIM!! tumors®. Even
in leukemia patients initially responding to CD19 CAR T therapy, loss or downregulation
of the CD19 antigen has been frequently observed and often results in disease relapse©.
An additional mechanism of antigen loss is via inflammation-induced dedifferentiation

in melanomas!1. These observations highlight the need for novel approaches to address
antigen-loss-mediated tumor escape.

Antigen spreading (AS) is the induction and amplification of immune responses to
secondary antigens distinct from the original therapeutic target!2. In the setting of adoptive
cell therapy, strategies to target one surface-expressed antigen using CAR T-cells while
inducing endogenous T-cell responses against additional tumor antigens would be an
attractive approach to overcome tumor heterogeneity and antigen loss-mediated escape.
Accumulating evidence suggests that AS can be elicited and may contribute to the

overall therapeutic outcome during cancer immunotherapy. For example, recruitment and
expansion of tumor-specific T-cells that were undetectable prior to therapy was found in
patients receiving Ipilimumab?3. Some cancer patients treated with neoantigen vaccines
also exhibited AS towards shared neoantigens or cancer testis antigens'41°. In addition,
increased anti-tumor antibody responses or weak T-cell responses were documented in a
few cases of pre-clinical and clinical CAR T-cell therapy6-18. Nonetheless, to date there

is limited evidence of CAR T-cell therapy itself inducing therapeutically meaningful AS.
Preclinically, a majority of CAR-T studies employ immunodeficient mice that by definition
exclude endogenous T-cell responses. In immunocompetent mouse models, CAR T therapy
itself seems to have limited ability to trigger AS especially in solid tumors2L. By contrast,
CAR T-cells engineered with additional immune response-provoking molecules, including
FLT3L22, CD40L%3, IL-122425, |L-1826, IL-7/CCL19%7, or when used in combination with
oncolytic viruses?82%, have been reported to exhibit increased anti-tumor activity as well as
evidence for AS. However, introduction of such additional effector functions to CAR T-cells
with uniform activity across patients can be challenging and lead to new safety risks30:3L,
More importantly, irrespective of the CAR T-cell modality, mechanisms by which AS is
promoted during adoptive cell therapy remain poorly understood.

We recently described an approach to amplify CAR-T activity in solid tumors by vaccine-
like boosting of CAR T-cells via their chimeric antigen receptor in lymph nodes32. This was
accomplished by the synthesis of CAR ligands conjugated to an amphiphilic polymer-lipid
tail, which following parenteral injection, efficiently traffic to draining lymph nodes and
decorate the surfaces of macrophages and dendritic cells (DCs) with CAR-T ligands. CAR
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T-cells encountering ligand-decorated DCs in the lymph node receive stimulation through
the CAR in tandem with native costimulatory receptor signals and cytokine stimulation from
the ligand-presenting cell, leading to CAR T-cell expansion and enhanced functionality.
Vaccine boosting of CAR T-cells via administration of these “amph-ligands” together

with vaccine adjuvants substantially enhanced tumor rejection by CAR T-cell therapy,

and unexpectedly, was accompanied by the development of endogenous anti-tumor T-cell
responses32,

Here we used this approach of CAR-T therapy in tandem with vaccine boosting as a
model setting to understand the role of antigen spreading in the clearance of antigenically
heterogenous solid tumors, and to define mechanisms underlying AS. In multiple murine
syngeneic tumor models, we found that AS elicited by CAR T-cell therapy using second-
generation CARs was negligible. However, endogenous T-cell priming could be markedly
induced by vaccine boosting of CAR T-cells, even in the context of lymphodepletion
preconditioning. This process was critically dependent on IFN-vy, and enhanced IFN-y
expression induced either by vaccine boosting or genetic engineering enabled CAR T-cells
to control solid tumors with preexisting antigen heterogeneity.

Vaccine boosting enables CAR T-cells to elicit endogenous CD4* and CD8* T-cell
responses in multiple tumor models

The amph-ligand-based vaccine boosting approach is illustrated schematically in Figure

1A: Amph-ligands are comprised of a ligand for a selected CAR linked to a hydrophobic
phospholipid tail via a poly(ethylene glycol) (PEG) spacer. Upon co-injection with a suitable
vaccine adjuvant at a site distal from the tumor, amph-ligands bind to albumin present in

the interstitial fluid and are efficiently transported to the downstream draining lymph nodes
(dLNs)33. Within the densely packed LN parenchyma, the amph-ligand transfers into cell
membranes, decorating primarily the surface of macrophages and dendritic cells that line the
subcapsular sinus and collagen conduits carrying lymph into the T-cell paracortex32. The co-
administered adjuvant simultaneously activates DCs in the dLN to upregulate expression of
costimulatory receptors and produce cytokines. CAR T-cells encountering ligand-decorated,
activated DCs are stimulated in a manner mimicking natural T-cell priming, leading to

CAR T-cell expansion and enhanced effector functions. Unexpectedly, we found that
vaccine-boosted CAR T-cells also induce the expansion of endogenous anti-tumor T-cell
responses2,

We first assessed how the composition of the boosting vaccine impacts this antigen
spreading response in a syngeneic murine EGFRvII*CT-2A glioblastoma model. In this
model, CAR T-cells targeting mutant EGFR (mEGFRuVIII) are vaccine boosted using an
amph-ligand comprised of an mEGFRVII1-derived peptide epitope recognized by the CAR
T-cells32 (Figure S1A) combined with the potent STING agonist vaccine adjuvant cyclic
di-GMP. Animals received lymphodepletion, followed one day later by s.c. injection of
amph-ligand alone, adjuvant alone, or the full vaccine (amph-ligand + adjuvant). Amph-
ligand/adjuvant was administered again 7 days later as a second boost, and then splenocytes
were isolated at day 21 and co-cultured with irradiated EGFRvIII™ CT-2A cells in an IFN-y
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ELISPOT assay to detect endogenous T-cell responses against non-CAR T-targeted antigens
(Figure 1B). Endogenous lymphocyte and dendritic cell numbers were still recovering
across the time course of these experiments following lymphodepletion (Figure S1B),
However, their recovery was sufficiently rapid to permit robust de novo endogenous T-cell
priming, consistent with prior preclinical studies reporting antigen spreading following
lymphodepleting therapy?2. Injection of the amph-ligand alone without adjuvant failed to
initiate endogenous T-cell priming, while CAR T treatment in tandem with vaccine adjuvant
alone elicited low but detectable endogenous T-cell responses (Figure 1B). However, the
full vaccine (amph-ligand + adjuvant) led to 6-fold greater endogenous T-cell priming.

This antigen spreading response did not reflect a direct effect of the vaccine on tumors,

as inoculating tumors distal from the vaccine injection site did not change the antigen
spreading response (Figure S1C). Similar magnitudes of endogenous T-cell priming were
also observed with alternative adjuvants (TLR7/8 agonist Resiquimod, or the TLR9 agonist
CpG, Figure S1D). Further analysis revealed that while CAR T therapy elicited no
statistically significant endogenous anti-tumor CD8" T-cell response and only a weak (but
detectable) CD4* T-cell response compared to untreated tumors, CAR-T combined with
amph-ligand vaccination (hereafter, CAR T-vax) primed robust responses from both the
CD4* and CD8™" T-cell compartments (Figure 1C).

To evaluate AS in a tumor model carrying a defined T-cell antigen, we assessed vaccine-
boosted CAR-T treatment in a second model of B16F10 murine melanoma expressing

the surrogate antigen ovalbumin (OVA), treated with bispecific FITC/TA99 CAR T-cells
recognizing FITC and the melanoma-associated antigen Trpl1 (Figure S1E). In this model,
CAR T-cells are boosted by vaccination with amph-FITC and attack the tumor through Trpl
recognition. By ELISPOT, we observed host T-cell responses to both the model antigen
OVA (Figure 1D) and B16F10 neoantigens (Figure 1E), but only when mice received

both CAR T-cells and vaccine boosting. As shown in Figure 1F-G, quantifying CD8*
T-cells targeting the immunodominant OVA epitope SIINFEKL by peptide-MHC tetramer
staining, no OVVA-specific T-cells were detected in mice receiving CAR T-cells alone, but
CAR T-vax therapy elicited a readily detectable SIINFEKL-specific T-cell response. Finally,
to evaluate whether vaccine boosting could promote antigen spreading in a setting of a
CAR T-cell targeting an endogenous tumor-associated antigen without the presence of an
overexpressed neoantigen, we treated parental B16F10 tumors with FITC/TA99 CAR T-cells
(Figure 1H). FITC vaccine alone or FITC/TA99 CAR T-cells alone elicited no AS above
baseline. Vaccine boosting of a CAR that cannot recognize the tumor (FITC CAR T-vax)
also failed to elicit antigen spreading, but vaccine boosting of FITC/TA99 CAR T-cells led
to readily detectable host T-cell responses directed against non-Trpl tumor antigens (Figure
1H). Thus, in three different tumor models using two different CARs, CAR T-cell treatment
combined with amph-vax boosting promoted antigen spreading.

Vaccine-boosted CAR T-cells drive functional and phenotypic changes in endogenous

T-cells

We analyzed tumor-infiltrating lymphocytes (TILs) by flow cytometry on day 7 post CAR
T-vax treatment and observed substantially increased endogenous CD8* TILs and a trend
toward increased CD4* cells (Figure 2A). A similar increase of host T-cell infiltration was
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found by adding vaccine boosting to CAR-T therapy treatment of OVA-expressing CT-2A
tumors, including a 3-fold increase in bona fide tumor-antigen (OVA)-specific TILs (Figure
S1F). We isolated host CD4" and CD8* TILs 7 or 14 days after treatment and carried out
single-cell RNA-seq and paired a/p TCR sequencing on the recovered host lymphocytes
(Figure 2B). Quality single-cell transcriptomes were obtained for 21,835 T-cells (Figure
2C-D). Unsupervised clustering of the transcriptome data revealed five major endogenous
T-cell subsets: CD8™ cytotoxic T lymphocytes (CTLs, expressing Cd8a, Ccl5, Pdcdl), CD4*
T helper cells (Ca4, Cd40lg), Tregs (Foxp3, 1/2ra, Ikzf2), a proliferating Ki-67* population
that included both CD4* and CD8* cells (Mki67, TopZa), and a small population of IFN-
stimulated T-cells (characterized by expression of /fit1, Ifit3, 1sg15) (Figure 2D-E, S2A,
Supplemental Table 1), as has been described previously34:35. We observed an increase in
the frequency of the CD8* CTL population in mice treated with CAR T-vax at both day 7
and day 14. Interestingly, we also observed a transient decrease in the frequency of Tregs at
day 7 in mice treated with CAR T-vax compared to those treated with CAR-T alone (Figure
2E).

We computed differentially expressed genes between CD8* CTLs recovered from mice
treated with CAR T-vax vs. CAR T alone. At day 14, CD8* T-cells from CAR T-vax-treated
mice upregulated transcripts associated with both cytotoxicity (Gzmb, Gzmk) and T-cell
activation (Havcer2) relative to the CAR-T alone group (Figure 2F, S2B-C, Supplemental
Table 2). We validated these findings at the protein level by carrying out flow cytometry
analysis of endogenous TILs. Compared to CAR T only therapy, vaccine boosting did

not change the proportion of PD-1*TIM-3* or PD-1*TIM-3~ endogenous TILs (Figure
S3A), but did enhance IFN-y, TNF-a, and granzyme B expression in both populations
(Figure S3B—C). Among CD4* cells, we found an elevation of transcripts associated with
Th17 function (Rorc, /117a, 1117r€) among mice treated with CAR-T alone at day 14
compared to day 7 (Figure 2F, Supplemental Table 2). By contrast, CD4* Th cells from
CAR T-vax-treated mice upregulated genes associated with Thl function (/fng, Cxcr3)

and self-renewal (Slamf6, Tcf7) (Figure 2F, S2D-E), suggesting that the vaccine may also
promote anti-tumor phenotypes among CD4* TILs. Next, we sought to assess how CAR
T-vax affects TILs according to their antigen specificities. Using data generated in a recent
study defining TCR sequences specific for a common murine endogenous retroviral antigen
p15E (Grace et al., 2022) that is also expressed by CT-2A cells (Figure S3D-E), we assessed
the transcriptional state of tumor-specific endogenous TILs. At day 7, both p15E-specific T-
cells and TILs of unknown specificity from CAR T-vax-treated mice exhibited significantly
higher cytotoxicity than TILs from animals treated with CAR-T alone (Figure 2G, S2F-G,
S3F, Supplemental Table 3). Overall, this analysis suggests that the addition of the vaccine
to CAR-T therapy increases the anti-tumor potential of tumor-infiltrating CD8* T-cells and
skews the differentiation of tumor-infiltrating CD4* T-cells to a Th1 phenotype.

Vaccine-driven antigen spreading prevents relapse of antigen-loss variants and enables
control of antigenically heterogenous tumors

To determine if endogenous T-cells impact the outcome of CAR T-vax treatment, we treated
wildtype (WT) or RAG1~/~ mice bearing mEGFRVIII*CT-2A tumors with CAR T-cells
+ vaccine boosting. CAR T-vax therapy in WT mice led to much greater tumor control
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compared to CAR T-cells alone (Fig. 3A-C). In RAG™~ animals, CAR T-vax treatment
also elicited a high frequency of initial tumor regressions, but a majority of tumors relapsed
20-50 days post treatment (Figure 3A—C). Analysis of relapsed tumors revealed that loss or
down-regulation of EGFRVIII on tumor cells was a major escape mechanism in the RAG™~
animals (Figure 3D-E). These data suggested that endogenous lymphocytes are critical for
the high frequency of complete responses observed in WT animals. Given the substantial
effect of CAR T-vax treatment on cytotoxic effector gene expression in endogenous CD8*
T cells (Figure 2F), we evaluated the importance of endogenous CD8* T cells in tumor
control, by comparing CAR T-vax treatment in WT versus CD8a.~/~ tumor-bearing mice.
Early tumor growth control was only modestly affected in the absence of endogenous CD8 T
cells (Figure 3F), but long-term survival was almost completely abolished (Figure 3G).

Encouraged by these findings, we tested whether endogenous T-cell priming could enable
CAR T-cells to eliminate tumors with pre-existing antigenic heterogeneity. To this end,

we inoculated a mixture of EGFRvIII* CT-2A cells and parental EGFRvIII~ CT-2A cells

at defined ratios into both WT and RAG1~/~ mice (Figure 3H). We previously showed

that these two CT-2A variants have similar growth rates in WT mice32, When 100% of

the tumor cells express EGFRVIII, CAR T-vax therapy elicited comparable initial tumor
regressions in both WT and RAG1~/~ mice, but long-term remission was only achieved

in WT animals (Figure S3G). More strikingly, in heterogeneous tumors comprised of as
little as 10% EGFRvIII™ cells, CAR T-vax therapy delayed tumor progression but induced
no actual regressions in RAG1~~ mice. By contrast, CAR T-vax treatment cured ~50%
animals bearing tumors with up to 20% EGFRvIII™ cells and could still achieve complete
responses in a small proportion of animals when the EGFRvIII™ population was 50% of

the tumor mass at time zero. To confirm that vaccine boosting of CAR T-cell therapy

could augment heterogeneous tumor control in the setting of a non-overexpressed tumor
antigen, we also treated melanoma tumors comprised of a mixture of 80% parental and 20%
Trpl~~ B16F10 tumor cells with bivalent FITC/TA99 CAR T-cells and amph-FITC vaccine.
Treatment of this mixed tumor elicited readily detectable antigen spreading to non-Trpl
antigens (Figure S3H) and controlled tumor growth (Figure S31). The drastic difference of
therapeutic outcome in WT vs RAG1~/~ mice demonstrates the pivotal role endogenous
T-cells and AS can play in controlling tumors with pre-existing antigenic heterogeneity.

Vaccine boosting induces cell-intrinsic enhancements in CAR T-cell function

We next sought to understand how amph-vax boosting promotes endogenous T-cell priming.
We first tested whether the anti-tumor efficacy of vaccine boosting was simply driven

by increased numbers of CAR T-cells, vs. a change in CAR T function. CAR T-cells

were transferred into non-tumor bearing mice, vaccine boosted (or not as controls), and
then isolated 7 days later from the two groups and transferred at equal numbers into new
tumor-bearing recipient mice (Figure 4A). This approach revealed that even when the same
number of CAR T-cells were present, vaccine-boosted CAR T still exhibited enhanced
tumor control and long-term animal survival, suggesting that vaccine boosting enhances the
intrinsic per-cell functionality of CAR T-cells (Figure 4A).
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To gain an unbiased view of changes in CAR-T function, we carried out bulk RNA-seq on
CAR T-cells 8 days after adoptive transfer, with or without vaccine boosting. Vaccination
increased the expression of genes associated with effector function and cell trafficking

(e.0, FasL, Gzma, Gzmk, Ccl5, ItgbI) in CAR T-cells recovered from the spleen (Figure
4B, Supplemental Table 4); we confirmed the expression of several of these genes by
quantitative PCR (Figure S4A). Gene set enrichment analysis (GSEA) of tumor-infiltrating
cells further revealed that vaccine-boosted CAR T-cells maintained a high proliferative
potential, as evidenced by elevated Myc and E2F target genes (Figure 4C). Vaccine-boosted
cells also showed a significant upregulation of metabolic pathways, including oxidative
phosphorylation (OXPHOS), MTORCL1 signaling, fatty acid metabolism, and peroxisome
signaling (Figure 4C). Prompted by these transcriptional signatures, we analyzed the
intracellular expression of PGC-1a, a master transcription factor controlling many genes
and pathways involved in OXPHOS36, and found that vaccine boosting increased PGC-1a
levels in CAR T-cells (Figure 4D). PGC-1a is involved in mitochondria generation and
maintenance3’, and we noted increased mitochondria levels in vaccine-boosted CAR T-cells
(Figure 4E). Notably, endogenous T-cell priming was significantly reduced ~50% following
CAR T-vax treatment with PGC-1a ™~ CAR T-cells compared to WT CAR T (Figure 4F).
Hence, metabolic reprogramming in vaccine-boosted CAR T-cells is one factor promoting
antigen spreading.

Enhanced IFN-y production by vaccine-boosted CAR T-cells is critical for induction of
antigen spreading

OXPHOS has been shown to be critical for maintaining the polyfunctionality of T-cells
within the TME38, and we previously observed that vaccine-boosted CAR T-cells recovered
from the peripheral blood showed increased cytokine production32. To determine if this
enhanced effector function was maintained in tumors and impacted antigen spreading,

we analyzed IFN-y and TNF-a expression in TILs and found that both cytokines

were markedly upregulated in vaccine-boosted CAR T-cells (Figure 5A). This enhanced
cytokine production is partially linked to vaccine-induced metabolic changes, because IFN-
v expression was reduced in PGC-1a-deficient CAR T-cells (Figure 5B). Interestingly,
although CAR T-cells £ vaccine exhibited comparable levels of PD-1 and Tim-3 expression,
high-level cytokine production was maintained in both PD-1*Tim-3~ and PD-1*Tim-3*
CAR T-cells that received vaccine boosting (Figure S4B-D). To assess the role of these
cytokines in AS, we treated tumor-bearing mice with CAR T-vax therapy in the presence

of neutralizing antibodies against IFN-y or TNF-a.. Therapy in the presence of isotype
control or TNF-a-blocking antibodies had no impact on endogenous T-cell priming, but
IFN-y blockade completely abrogated AS, including both CD4* and CD8* T cell responses
(Figure 5C, Figure S4E-F). To confirm this result, we repeated IFN-y blockade experiments
in a second model of OVA*EGFRVIII*CT-2A cells. CAR T-vax treatment expanded OVA-
specific T-cells and induced IFN-y-producing T-cells recognizing SIINFEKL, as determined
by peptide-MHC tetramer staining and ELISPOT, respectively (Figure 5D-E). However,
IFN-+y neutralization during treatment eliminated the OVA-specific T-cell response (Figure
5D-E). Further, endogenous T-cell infiltration and functional enhancement were also
repressed by IFN-y blockade (Figure S5, Supplemental Table 5). Administration of blocking
antibodies at different time points during therapy revealed that IFN-y was most critical for
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promoting AS during the first week of treatment (Figure 5F). Blockade of IFN-y using
neutralizing antibodies also greatly reduced the efficacy of the treatment (Figure 5G-H).

To determine what cells were the key producers of IFN-y, we tested CAR T-vax therapy
employing IFN-y-deficient CAR T-cells; this treatment elicited no antigen spreading (Figure
51) and tumor control was lost, demonstrating an important role for CAR T-derived cytokine
(Figure 5J). Early tumor control trended toward lower efficacy when CAR T-vax therapy
was applied to tumor-bearing IFN-y-deficient hosts, but this did not reach statistical
significance (Figure 5K). However, long-term tumor control and overall survival was
strongly reduced in IFN-~/~ mice (Figure 5L). Thus, CAR T-vax therapy amplifies CAR
T-cell-derived IFN-vy that is critical for initial tumor control and antigen spreading, but

also requires host-derived IFN-vy at later time points in the treatment, consistent with the
important role for endogenous T cells in preventing tumor relapse.

IFN-y sustains vaccine-boosted CAR T effector functions, promotes DC recruitment and
antigen uptake, and triggers IL-12-mediated CAR T-DC crosstalk

Autocrine signaling from IFN-y has been found to support the cytotoxicity of conventional
T-cells39. To test if IFN-y also promotes CAR T killing in a similar manner, we evaluated
the cytotoxicity of IFN-y~~ and IFNGR1~/~ CAR T-cells against EGFRVIII*CT-2A cells
in vitro and found that lack of IFN-y or IFNGR1 expression by the CAR T-cells reduced
cytotoxicity by ~50% (Figure 6A). Consistent with this finding, vaccine-boosted CAR-T
with elevated IFN-y expression also exhibited increased granzyme B levels in tumors
(Figure S6A) and tumor cells exhibited increased signatures of immunogenic cell death,
such as upregulated cell surface calreticulin expression (Figure S6B).

We next examined the DC and macrophage compartment of treated tumors, as tumor antigen
released by CAR T-mediated tumor killing must be acquired by antigen presenting cells to
drive T-cell priming. Vaccine boosting of CAR-T led to substantial increases in macrophages
and multiple DC populations infiltrating treated tumors, including plasmacytoid DCs
(pDCs), CD8* DCs, CD103" cDCl1s (10-fold increase), and CD11b* ¢cDC2s (11-fold
increase) (Figure 6B). Intratumoral macrophages also showed a shift in phenotype with
upregulation of costimulatory receptors and a reduction in CD206* macrophages (Figure
S6C-E). However, AS induced by CAR T-vax treatment was greatly reduced in Batf3/~
animals lacking cross-presenting DCs*%41 (Figure 6C), and hence we focused our attention
on the DC compartment. DC recruitment to tumors relies on chemokines such as CCL3,
CCL4 and CCL5%243, and intratumoral expression of these chemokines was reduced when
treating with IFN-y ™~ CAR T-cells (Figure 6D). Ki67 expression was upregulated in
CD11b* and CD103" DCs, suggesting a role for local expansion of intratumoral DCs in
addition to recruitment from the circulation (Figure 6E). Using an EGFRvIII*CT-2A tumor
line expressing ZsGreen as a traceable antigen, we found that vaccine boosting triggered

DC activation as evidenced by upregulation of the lymph node homing marker CCR7,
costimulatory receptors, and MHC-II (Figure 6F, S6F-K), and increased tumor antigen
uptake by both ¢cDC1 and ¢cDC2 populations (Figure 6G—H). Consistent with the observed
loss of AS with IFN-y-deficient CAR T-cells, DC activation and tumor antigen uptake

were lost if treatment was applied using IFN-y™~ CAR T-cells (Figure S6H-K). We also
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assayed for potential changes in the tumor vasculature following CAR T-vax treatment, but
found it was not significantly affected (Figure S6L—N). Thus vaccine-boosting CAR T-cells
amplified multiple prerequisite steps for antigen spreading.

Our in vitro analysis suggested a role for autocrine CAR T-cell-derived IFN-y in sustaining
CAR T cytotoxicity, but the target cells responding to IFN-y /n vivo remained unclear.

We first tested if host cells were important responders, by transferring CAR T-cells into
tumor-bearing WT or IFNGR1~/~ mice, followed by vaccine boosting. Endogenous T-cell
priming and tumor control were completely lost in IFNGR1~/~ mice (Figure 61-J). Next, we
generated mice with specific deletion of IFNGR1 in CD11c¢* DCs by crossing CD11c-cre
and IFNGR-floxed animals to generate CD11c2FNGRL mice. As shown in Figure 6K, CAR
T-vax treatment of tumor-bearing CD11cA/FNGRI mice led to reduced but not fully ablated
endogenous T-cell priming, suggesting that DCs are important responders but not the sole
host cell population stimulated by IFN-y. Activation of dendritic cells by T-cell-derived
IFN-+y has been shown to trigger production of IL-12 by DCs, which in turn acts as positive
feedback signal reinforcing T-cell IFN-y expression and cytotoxic activity during checkpoint
blockade immunotherapy*4. Strikingly, antibody-mediated neutralization of 1L-12 during
CAR T-vax therapy or treatment of I1L-12-deficient mice eliminated antigen spreading
comparably to IFN-y blockade (Figure 6L-M). The CAR T-cells themselves are important
responders to 1L-12, as therapy with IL-12Rb2/~ CAR T-cells elicited nearly baseline
endogenous T-cell priming in 4 of 5 animals (Figure 6M).

IL-12 drives sustained/elevated autocrine IFN-y expression by T-cells. /n vivo, vaccine-
boosted IFNGR1-deficient CAR T-cells showed reduced production of IFN-y, granzyme B
and a trend toward reduced levels of TNF-a (Figure S7A-D). Blunted effector functions

of IFNGR1-deficient CAR T-cells correlated with reduced induction of immunogenic cell
death markers on tumor cells (Figure S7E), decreased tumor antigen uptake by intratumoral
DCs (Figure S7TF-G), and reduced tumor antigen acquisition by lymph node-resident
CD8a* cDC1 (Figure S7H); tumor antigen uptake by LN cDC2 was low and unaffected
(Figure S71). These changes in CAR-T function, tumor Killing, and tumor antigen release
correlated with complete loss of endogenous T-cell priming and tumor control when tumor-
bearing animals were treated with CAR T-vax therapy using IFNGR1™~ CAR T-cells
(Figure 6N-0). Altogether, vaccine boosting enables CAR T-cells to sustain cytotoxicity

in the TME and drive key events required for antigen spreading, dependent both on the
ability of host DCs and the CAR T-cells themselves to respond IFN-y.

Robust IFN-y production is essential for CAR T-vax therapy to control tumors with pre-
existing antigen heterogeneity

Based on our collective mechanistic findings regarding the importance of IFN-y in AS,

we finally assessed the role of IFN-y in promoting control of antigenically heterogeneous
tumors. Using mixed tumors comprising 80% EGFRvIII* and 20% EGFRvIII~ tumor cells,
CAR T-vax therapy in the presence of IFN-y blockade led to loss of survival extension and
elicited no complete responses (Figure 7A-B); similar results were obtained when 1L-12
was blocked (Figure 7C-D). We hypothesized that enforced expression of IFN-y might
further enhance endogenous T-cell priming elicited by CAR T-vax therapy. To test this
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idea, we transduced CAR T-cells with retroviral constructs bearing an NFAT-driven IFN-y
expression cassette, to obtain elevated IFN-y production following CAR activation®®. We
confirmed that NFAT-IFN-y CAR T-cells produced nearly twice as much of IFN-y as WT
CAR T-cells upon stimulation /n vitro (Figure 7E). Non-vaccine boosted NFAT-IFN-y CAR
T therapy elicited a significant level of endogenous T-cell priming, consistent with a critical
role for sustained CAR T-cell IFN-y in AS generally (Figure 7F). AS was further increased
when NFAT-IFN-y CAR T were used in combination with vaccine boosting, reaching

50% higher levels than treatment with WT CAR T-cells (Figure 7F). Vaccine boosting of
NFAT-IFN-y CAR T-cells led to slight trends toward increased CAR T-cell numbers in the
tumor and increased IFN-y and granzyme expression, but these did not reach statistical
significance (Figure 7G-I). By contrast, endogenous T cell infiltration and granzyme
expression were enhanced for NFAT-IFN-y CAR T-vax therapy compared to CAR T-vax
treatment, and IFN-y showed a trend toward increased expression (Figure 7J-L). Vaccine-
boosted WT CAR T-cells were able to reject 25-50% of 80:20 EGFRvIII*:EGFRvIII~
mixed tumors (Figure 7A-B, M-N). NFAT-IFN-y CAR T-cells achieved similar complete
response rates in the absence of vaccine boosting, and strikingly, this complete response
rate increased to 80% when vaccine boosting was added to the treatment (Figure 7M-

N). Importantly, vaccine boosting of NFAT-IFN-y CAR T-cells was accompanied by mild
elevations in systemic IFN-y following the first vaccine boost, and only mild transient
weight loss in animals that rapidly recovered after each vaccine boost (Figure S7J-K).
Thus, strategies to enhance IFN-y production and favorable CAR T-cell metabolism appear
promising to increase the efficacy of CAR T-cell therapy against antigenically heterogenous
solid tumors.

Discussion

Antigenic heterogeneity and antigen loss play important roles in tumor escape from immune
surveillance and resistance to CAR-T therapies#6-48. The induction of antigen spreading by
CAR-T therapy could address this challenge, but evidence for AS during ACT in humans
remains limited. Preclinical studies using combination therapies or CAR T-cells transduced
with one or more supporting genes have reported induction of AS, but mechanisms
governing these responses remain poorly understood. Here we found that T-cells bearing
second-generation CARs, which receive /n vivo restimulation via a vaccine activating the
CAR in lymph nodes, are capable of promoting robust host CD4* and CD8" T-cell responses
against non-CAR-related tumor antigens. This endogenous T-cell response has significant
consequences for the outcome of CAR T therapy: (1) long-term tumor regressions and
complete responses are achieved against tumors that otherwise undergo antigen loss-based
relapse; (2) control of antigenically heterogeneous tumors can be achieved; and (3) long
term protection against tumor rechallenge is achieved.

Mechanistically, we found that enhanced production of IFN-y by vaccine-boosted CAR
T-cells was a major contributor to antigen spreading. In natural immune responses, IFN-y
promotes the activation of both innate and adaptive immunity9, maintenance of T-cell
cytotoxicity and mobility39, polarization of T helper cells to Th1 cells®?, reduction of
Treg-mediated suppression®! and sensitization of tumors to T-cell-mediated cytotoxicity®0.
However, the role of IFN-vy in the function of CAR T-cells remains poorly defined.
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Recently, IFN-y was shown to regulate the expression of cell adhesion molecules on solid
tumor cells, but not leukemic cells, and subsequently enhance CAR T-cell cytotoxicity by
stabilizing CAR T-tumor cell engagement®2. Alizadeh et al. have also demonstrated that
CAR T-cell-derived IFN-y can promote recruitment of endogenous immune cells to tumors
and shift the phenotype of intratumoral myeloid cells toward anti-tumor phenotypes20. Here,
although both host T cells and CAR-T cells are IFN-y producers in the TME, we found
that IFN-y production by CAR T-cells was most critical to enable an antigen spreading
response. IFN-vy sustained high levels of cytotoxicity and effector cytokine expression

in vaccine-boosted CAR T-cells in a cell-intrinsic manner. These enhanced CAR T-cell
effector functions in turn correlated with increased expression of DC-recruiting chemokines
in tumors, increased DC infiltration, tumor antigen uptake, and activation of intratumoral
DCs. These effects of CAR T-derived IFN-y were propagated via a positive feedback loop
involving DC-derived IL-12. Such IFN-y-IL-12 crosstalk has proven to underlie a number
of successful immunotherapies, including checkpoint blockade therapy#4 and CAR T-cell
therapy in lymphoma®3. Our data do not exclude potential contributions of other cytokines
or immune cell types, such as tumor-resident macrophages, which might also play a role in
the endogenous immune response2°.

IFN-y production is tightly regulated at both the transcriptional level by transcription factors
(TFs)°435 including CREB, AP-1, T-bet, NFAT, and at the post-transcriptional level by
various miRNAs, ARE or GAPDH binding to its 3°'UTR56:57, Although IFN-y synthesis
has been proposed to be predominantly associated with glycolysis due to its regulation

by GAPDH?35, both glycolysis and oxidative phosphorylation have been shown to control
IFN-y production in NK cells®8:59 consistent with previous reports that elevated OXPHOS
and mitochondria integrity was required to support IFN-y production®8:60.61, These findings
align with our observation that genetic deletion of PGC-1a, a key transcription factor
regulating OXPHOS, resulted in reduced expression of IFN-y and a significant reduction

in AS. OXPHOS is often an important feature of memory-like T-cells®2, and enforced
expression of PGC-1a endows T-cells with superior anti-tumor activity53. The extent to
which other metabolic pathways and which gene(s), including GAPDH, are responsible

for IFN-y production by vaccine-boosted intratumoral CAR-T cells will require future
investigation.

In summary, we have shown that vaccine boosting through the chimeric receptor triggers
markedly enhanced CAR-T polyfunctionality and metabolic reprogramming (Figure 70).
Vaccine-boosted CAR-T cells trigger robust recruitment and activation of DCs in the tumor,
which in turn secrete IL-12 that, together with the autocrine effect of IFN--y, enhances CAR
T-cell anti-tumor activity (Figure 70), leading to pronounced endogenous T-cell priming
and induction of enhanced effector programs in endogenous T-cells that infiltrate tumors.

In our models, we find that such antigen spreading is critical for avoidance of antigen
loss-mediated tumor escape and control of antigenically heterogenous tumors. As few solid
tumors express target antigens on >90% of tumor cells, these findings provide guidance for
engineering more effective CAR-T therapies. Notably, vaccines for CAR T-cells are already
being explored clinically4-66, suggesting this approach can be readily translated to CAR-T
cell clinical trials.
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Limitations of the Study

We elected to use a glioblastoma model (CT-2A) transduced to express the GBM mutant
antigen EGFRvIII implanted in the flank for many of our studies, which could be mixed
with parental EGFRvIII-CT-2A cells in distinct ratios to quantify the impact of antigen
spreading. This provided a model system where antigen heterogeneity was well defined
and allowed experimental throughput for mechanistic studies that would not be possible in
an orthotopic GBM maodel, but does not model the orthotopic GBM microenvironment

or natural EGFRvIII expression heterogeneity. We did however evaluate CAR T-vax
therapy targeting endogenous tumor-associated antigens to confirm the key findings of
antigen spreading and heterogenous tumor control in a model lacking artificially introduced
antigens. We also focused our studies on syngeneic mouse models, as immunodeficient
mouse hosts used for preclinical human CAR T-cell therapy lack proper lymphatic and
lymph node formation, which is problematic for the vaccine boosting treatment.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact Darrell Irvine (djirvine@mit.edu).

Materials Availability—New plasmids from this paper are available from the lead contact
upon request.

Data and Code Availability

. Bulk-RNA seq and single cell RNA-seq data have been deposited at GEO
(GSE211938, GSE212453) and are publicly available as of the date of

publication.

. Codes used to process and analyze single-cell RNA-seq data are
available at github.com/duncanmorgan/CAR_AgSpreading or Zenodo (10.5281/
zenodo.7939518).

. Any additional information required to reanalyze the data reported in this paper

is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell line and Constructs—B16F10 and 293 phoenix cells were obtained from ATCC.
B16F10-OVA cells were a gift from Dr. Glen Dranoff at the Dana Farber Cancer Institute.
TRP17/~ B16F10 cells were generated previously using CRIPSR 7. The mouse CT-2A
glioma cell line was kindly provided by Dr. Thomas Seyfried from Boston College.
mEGFRuvIII-expressing CT-2A cells were generated by lentiviral transduction of CT-2A
cells with a murine version of EGFRvIII and stably selected with puromycin. ZsGreen*
MEGFRVIII-CT-2A cells were generated by transducing mEGFRvIII-CT-2A cells with
ZsGreen-expressing lentivirus and subsequent flow cytometry enrichment. mEGFRvIII-
CT-2A-OVA cells were generated by transducing mEGFRvIII-CT-2A cells with PLKO-
based lentivirus expressing Thy1.1-IRES-OVA (aa251-388). MHCII* CT-2A cells were
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generated by transducing CT-2A cells with lentivirus expressing CIITA (Class Il Major
Histocompatibility Complex Transactivator).

Animals—Female mice (6-8 week old) were used for all studies. Wildtype female
C57BL/6J mice (B6, CD45.2*), CD45.1* congenic mice (B6.SJL-Ptorc? Pepcl/BoyJ),
Ragl~/~ (B6.129S7-Rag1imIMomj) B background), IFN-y~/~ (B6.129S7-/fng™™1 79,
congenic with B6, backcrossed for at least 8 generations ), IFNGR1 ™/~ (B6.129S7-
Ifngr1t™1Agly B6 background), Batf3”~ (B6.129S(C)- BatfmIKmmy) Bg hackground),
PGC-1a-flox (B6N.129(FVB)-Ppargc1a™?1Brs0)3), LCK-cre (B6.Cg-Tg(Lck-cre)548Jxm/J,
Hemizygous), IL12rb2~/~ (B6;129S1- //12rb2'm1Jm)) B6 background), 1L12p40~/
(B6.129S1-//126"m1m)3 congenic with B6, backcrossed for at least 9 generations), CD11c-
cre (C57BL/6J-Tg(ltgax-cre,-EGFP)4097Ach/J, Hemizygous), IFNGR1-flox (C57BL/6N-
1fngr1tm1.1Rds3) mice and CD8a ™/~ (B6.129S2-CdgatmIMak ) mice were purchased from
the Jackson Laboratory. To avoid neonatal lethality caused by whole body KO of PGC-1a.,
T cell-specific PGC-1a KO mice were created by crossing LCK-cre mice with PGC-1a-flox
mice; cre™ F1 offspring have T cell-specific PGC-1a KO while the cre™ F1 offspring have a
wildtype phenotype and were used as donor control T cells for Fig 3F. CD11cAIFNGRI mice
were generated by crossing CD11c-cre mice with IFNGR1-flox mice, cre* F1 offspring are
IFNGR1-deficient in CD11c* cells while the cre™ F1 offspring have a wildtype phenotype
and were used as control recipients in Fig. 6H. For all studies, 6-8 weeks old mice were
used. All animal studies were carried out following an IACUC-approved protocol following
local, state, and federal guidelines.

METHOD DETAILS

Cloning and constructs—The murine EGFRvIII CAR (28z) and FITC/TA99 bispecific
CAR (28z) were cloned into an MSCV retroviral vector as previously described32. The
NFAT-1FN-y cassette was constructed in a self-inactivating (SIN)-retroviral vector with
6XNFAT binding sites’! upstream of the minimal IL2 promoter driving murine IFN-y
expression.

Primary mouse T cell isolation and CAR T-cell production—For T cell activation,
6-well plates were pre-coated with 5 ml of anti-CD3 (0.5 pug/ml, Clone: 2C11) and anti-
CD28 (5 pg/ml, Clone: 37.51) per well at 4°C for 18 hr. CD8* T cells were isolated using

a negative selection kit (Stem Cell Technology), and seeded onto pre-coated 6-well plates at
5 x10% cells/well in 5 ml of complete medium (RPMI + penicillin/streptomycin + 10% FBS
+ 1x NEAA + 1x Sodium pyruvate + 1x 2-mercaptoethanol + 1x ITS [Insulin-Transferrin-
Selenium, Thermo Fisher]). Cells were cultured at 37°C for 48 hr without disturbance.
Twenty-four hr before transduction, non-TC treated plates were coated with 15 pg/ml of
retronectin (Clonetech). On day 2, cells were collected, counted and resuspended at 2x106
cells/ml in complete medium supplemented with 20 pug/ml of polybrene and 40 1U/mL of
mlL-2. Retronectin-coated plates were blocked with 0.05% FBS containing PBS for 30

min before use. 1 ml of virus supernatant was first added into each well of the blocked
retronectin plate, then 1 mL of the above cell suspension was added and mixed well by
gentle shaking to reach the working concentration of polybrene at 10 pg/ml and mlL-2 at
20 IU/ml. Spin infection was carried out at 2000x g for 120 min at 32°C. Plates were then
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carefully transferred to an incubator and maintained overnight. On day 3, plates were briefly
centrifuged at 1,000x g for 1 min, and virus-containing supernatants were carefully removed.
3 mL of fresh complete medium containing 201U/ml of mIL-2 were then added into each
well. Cells were passaged 1:2 every 12 hr with fresh complete medium containing 201U/mL
of mIL-2. Transduction efficiency was evaluated by surface staining of a c-Myc tag included
in the CAR construct32 using an anti-Myc antibody (Cell signaling, Clone:9B11) ~30 hr
after transduction. If needed, CAR T-cells on day 3, after flow cytometry analysis of virus
transduction, could be frozen down and stored for assays at a later time. For in vivo
experiments, CAR T-cells were used on day 4. For in vitro experiments, CAR T-cells were
cultured till day 5.

Virus production and transduction evaluation—For optimal retrovirus production,
293 phoenix cells were cultured till 80% confluence, then split at 1:2 for further expansion.
24 hr later, 5.6x106 cells were seeded in a 10 cm dish and cultured for 16 hr till the
confluency reached 70%. 30 min — 1 hr before transfection, each 10 cm dish was replenished
with 10 ml pre-warmed medium. Transfection was carried out using the calcium phosphate
method following the manufacturer’s protocol (Clonetech). Briefly, for each transfection, 18
ug of plasmid (16.2 pg of CAR plasmid plus 1.8 pg of Eco packaging plasmid) was added
to 610 ul of ddH,0, followed by addition of 87 pl of 2 M CaCl,. 700 ul of 2x HBS was

then added in a dropwise manner with gentle vortexing. After a 10 min incubation at 25°C,
the transfection mixture was gently added to phoenix cells. After 30 min incubation at 37°C,
the plate was checked for the formation of fine particles, as a sign of successful transfection.
The next day, old medium was removed and replenished with 8 ml of pre-warmed medium
without disturbing the cells. Virus-containing supernatant was collected 36 hr later and
passed through a 0.45 um filter to remove cell debris, designated as the “24hr” batch. Dishes
were refilled with 10ml of fresh medium and cultured for another 24 hr to collect viruses
again, designated as the “48hr” batch, this process can be repeated for another two days

to collect a “72hr” batch and “96hr” batch. All virus supernatant was aliquoted and stored

at —80°C. Virus transduction rate was evaluated in a 12-well format by mixing 0.5 million
activated T cells with 0.5ml of viruses from each batch. Plate coating, spin infection and
FACS analysis of CAR expression were carried out as described above. In the majority

of experiments, the “48hr” and “72hr” batches yielded viruses that transduced T cells at
90-95% efficiency, the “24hr” and “96hr” batch viruses led to >80% transduction. Only
viruses with >90% transduction rate were used for animal studies.

Amphiphile-ligand production and vaccination—DSPE-PEG-FITC was purchased
from Avanti. Amph-pepvlll was produced as previously described’2. Briefly, pepviIl
peptides (LEEKKGNYVVTDHC) were dissolved in dimethylformamide at 10 mg/mL
and mixed with 2.5 equivalents of 1,2-distearoyl-sr-glycero-3-phosphoethanolamine-
N-[maleimide(polyethylene glycol)-2000] (Laysan Bio, Inc), 1 equivalent of tris(2-
carboxyethyl)phosphine hydrochloride (Sigma), and a catalytic amount (~10ul) of
triethylamine. The mixture was agitated at 25°C for 24 hr. Unconjugated peptides were
removed using HPLC. Amph-pepvlll concentration was determined using nanodrop.

The resulting products were lyophilized, re-dissolved in PBS and stored at —20°C. For
vaccination, unless otherwise stated, mice received weekly s.c injection of 10 ug peptide
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equivalent of amph-pepvlll mixed with 25 pg of Cyclic-di-GMP (CDG, Invivogen) in
100 pl 1x PBS, administered 50 ul to each side at the tail base. To compare the effect
of adjuvants on vaccination, 1.24 nmol lipo-CpG’2 or 10pg R848 (TLR7/8 agonist,
Resiquimod [Invivogen]) was used per mouse.

ELISPOT—To evaluate epitope spreading, the spleen was harvested from individual mice
for total T cell isolation using a CD3* T cell isolation kit (Stem Cell Technology).

For most experiments, CAR T-cells were prepared using T cells isolated from CD45.1*
mice, transferred into tumor-bearing CD45.2* recipients, enabling magnetic depletion of
adoptively transferred CAR T-cells during endogenous T cell isolation using negative
selection. For this purpose, anti-CD45.1 antibody (Clone A20, Stem Cell Technology) were
added to whole splenocytes at 1ug/ml together with the T cell isolation cocktail. The day
before T cell isolation, 2x108 tumor cells (CT-2A, MHCII*CT-2A or B16F10 cells) were
seeded in a T75 flask in the presence of 100 IU of murine IFN-y [PeproTech] and subjected
to 120Gy of irradiation the next morning. Tumor cells were then trypsinized into single cell
suspension using TrypLE Express (Gibco) to avoid removal of surface proteins and washed
twice with 1x PBS to remove residual IFN-y. 4x10° CD3* T cells were mixed with 25,000
irradiated tumor cells in 200 pL complete medium and seeded in a 96-well ELISPOT plate
(BD) that was pre-coated with IFN-y capture antibody (BD IFN-y ELISPOT kit). Plates
were wrapped in foil and cultured for 24hr in 37°C incubator, then developed according to
the manufacturer’s protocol. Plates were scanned using a CTL-ImmunoSpot Plate Reader,
and data were analyzed using CTL ImmunoSpot Software.

CAR T functionality assay—The functionality of WT, IFN-y™~, IFNGR1™~ or NFAT-
IFNy CAR T-cells was assessed by co-coculturing with EGFRvIII-CT2A cells in 96-well
flat-bottom plates. Unless otherwise stated, 1x10° CAR T-cells were mixed with 1x104
target cells in a total volume of 200 pl complete medium containing 201U/ml of mIL-2.
After 6 hr co-culture, cells were resuspended by vigorous pipetting, transferred to a U-
bottom plate, and pelleted at 2,000x g for 5 min. The supernatant was saved for ELISA
following the manufacturer’s protocol (Mouse IFN-y Duo set, R&D systems). Cells were
stained with anti-CD45 and anti-CD8a for 20 min on ice and resuspended in flow cytometry
buffer with 1x SYTOX Red (Thermo Fisher) for flow analysis. Dead tumor cells were gated
as CD8~ CD45~ SYTOX RED* population. IFN-y ELISAs were performed following the
manufacturer’s protocol.

P15E antigen and Env protein detection—Env protein expression on CT-2A cell
surface was monitored using flow cytometry and staining with 1E4.2.1 anti-Env antibody

as previously described®” (Wittrup lab). The presentation of Env antigen p15E on CT-2A
cells were assessed by co-culturing IFN-y-treated CT-2A cells with a 58/~ T cell
hybridoma cell line expressing a p15E-specific TCR 7PPG-2 (Birnbaum lab) and monitoring
T cell activation using mouse I1L-2 ELISA (Invitrogen) as previously described32:68, A
58~/~hybridoma cells expressing an irrelevant 2C TCR (Birnbaum lab) were included as
negative control. TC-1 cells and MC38 cells were included as negative control and positive
control of ENV/p15E expression, respectively.
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Secondary transplantation study—To evaluate the qualitative anti-tumor activity of
CAR T-cells, 10 million CD45.1* donor CAR T-cells were i.v. infused to lymphodepleted
CD45.2" recipients (500cGy sublethal irradiation) followed 24hr later by a single dose

of amph-pepVIII vaccination or mock vaccination with PBS. Seven days later, mice

were euthanized, and spleens were harvested and combined for each group for total

T cell isolation using a modified pan-T cell negative selection protocol. Briefly, total
splenocytes were stained with a pan-T cell isolation cocktail (Stem Cell Technology)

plus 1:500 dilution of biotinylated anti-CD45.2 antibody (Clone 104, 0.5mg/ml, Stem
Cell Technology). Negative selection was performed following the same downstream
procedures as listed in the manufacture’s protocol to obtain untouched vaccine-boosted
CD45.1 CAR T-cells. Immediately after isolation, ~8x106 CD45.1 T cells from either mock
or vaccine-treated groups were adoptively transferred to secondary recipients bearing ~25
mm?2 EGFRVIII-CT-2A tumors that had been lymphodepleted the day before, followed by
periodic monitoring of tumor growth and animal survival. Note: throughout this study,
the retroviral transduction efficiency and subsequent CAR+ T cells was constantly >90%,
therefore, the total number of transferred CAR+ CD45.1 T cells are ~7x10°.

Luminex assay—EGFRVIII-CT-2A tumor-bearing C57BL/6 mice received
lymphodepletion followed by adoptive transfer of either WT or IFN-y~/~ CAR T-cells

plus a single dose of vaccination. Mice were euthanized and tumors isolated at day 7 post
vaccination. Tumors were weighted, cut using a razor blade into small pieces and dounced
to generate tumor homogenate in tissue protein extraction buffer (T-PERTM, Thermo Fisher
Scientific, cat. no. 78510) in the presence of 1% proteinase and phosphatase inhibitors
(Thermo Fisher Scientific, cat. no. 78442). The lysates were incubated at 4°C for 30 min
with slow rotation followed by top-speed centrifugation to remove debris. The supernatants
were transferred to a clean tube and stored at —80°C. Part of the samples were subjected to
Luminex analysis using a Mouse Cytokine 32-Plex panel analysis at Eve Technology.

Tumor sectioning and vasculature staining—C57BL/6 mice bearing
EGFRVII*CT-2A tumors received lymphodepletion (LD), followed by no treatment, or
were treated with WT CAR T or IFNy™~ CAR T in the presence or absence of

vaccination as in Fig 1C. Seven days post vaccination, mice were euthanized 5 minutes
after intravenous injection with 0.2 mg Hoechst 33342 (Thermofisher) and 0.2 mg Dextran
Tetramethylrhodamine 70,000 MW (Thermofisher). Tumors were harvested and fixed with
4% PFA at 4 °C for 18 h. Next, isolated tumors were washed in PBS and embedded in 3%
(wt/vol) low-melting agarose at 37 °C. The agarose was allowed to solidify on ice for 15 min
before sectioning on a vibratome (Leica VT1000S). 150-um tissue sections were incubated
with Fc Receptor Blocker (Innovex Bioscience) for 30 minutes and then blocked with 2%
bovine serum albumin in PBS for 1 h at room temperature. Tumor vessel staining with
primary antibodies (1:100) was performed overnight at 4 °C in blocking buffer using Alexa
Fluor® 647 anti-mouse CD31 Antibody (BioLegend, #102516). After three washes with
PBS, the sections were mounted onto glass slides using mounting media (ProLong Diamond
Antifade Mountant, Thermo Fisher Scientific). Images were acquired using a Leica SP8
laser-scanning confocal microscope with a 25x objective. Image processing was performed
with Fiji 82 and Imaris v10. The surface tracing algorithm was used to trace and mask
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the anti-CD31 channel. Total vessel diameter and vessel volume was calculated using the
Filament tracing algorithm on the masked anti-CD31 channel. Hoechst area were calculated
using the Analyze particles function in Fiji as % of tumor area perfused.

Bulk RNA-sequencing for CAR T characterization—EGFRvVIII-CT-2A tumor-
bearing CD45.2* mice were treated with CD45.1* CAR T-cells and mock (PBS) or amph-
pepVIII vaccination. 7 days later, mice were euthanized to harvest spleens and tumors. Total
splenic T cells were isolated using the pan-T cell isolation kit and stained with anti-CD8a.,
anti-CD4, anti-CD45.1 and 7AAD for flow sorting. 5x10* CD45.1* CAR T-cells were
directly sorted into Trizol. For intratumoral CAR T isolation, tumors were cut into 1-2
mm? pieces using razor blades, placed in 1.5ml or 5ml tubes (depending on tumor size)

and digested (2 mg/ml Collagenase IV [Worthington], 0.1mg/ml of DNAse I [Sigma], and
10% of TrypLE [Thermo Fisher] in 1xRPMI) for 20 min on a rotator at 37°C. Digested
tumors were then mushed through a 70um cell strainer using a blunt non-rubber end of

the a 1ml syringe plunger, washed 1x with 1XxRPMI. Intratumoral T cells were enriched
using mouse CD4/CD8 (TIL) MicroBeads (Miltenyi), stained, and sorted into Trizol as
above. The total number of sorted CD45.1* CAR T-cells from tumors ranged from 6x103 to
5x104 per sample. Total RNA was isolated using the RNeasy Micro kit (Qiagen). Samples
were submitted to the BioMicro center at MIT for library construction and sequencing.
Bulk RNA-sequencing data was analyzed with the help from the bioinformatics core at

the Koch Institute. Briefly, paired-end RNA-seq data was used to quantify transcripts

from the mm210 mouse assembly with the Ensembl version 100 annotation using Salmon
version 1.2.173. Gene level summaries for were prepared using tximport version 1.16.074.
running under R version 4.0.0 (https://www.R-project.org). Differential expression analysis
was performed using DESeq2 version 1.28.17%:76 and differentially expressed genes were
defined as those having an absolute apeglm’’ log2 fold change greater than 1 and an
adjusted p-value less than 0.05. Data parsing and some visualizations were carried out using
Tibco Spotfire Analyst 7.6.1. Mouse genes were mapped to human orthologs using Mouse
Genome Informatics (http://www.informatics.jax.org/) orthology report. Preranked GSEA’8
was run using javaGSEA version 4.0.3 for gene sets from MSigDB version 7.17°. Preranked
GSEA for custom mouse gene sets was run with javaGSEA version 4.1.0

Seq-Well Single cell RNA-sequencing to profile AS in intratumoral T cells—
Tumors were digested and tumor-infiltrating lymphocytes enriched as described above for
bulk RNA-seq. Enriched TILs from individual mice were first labeled with Total-seq A anti-
mouse hashing antibodies (BioLegend) and washed 2x in flow cytometry buffer. Samples
from the same group were then combined and stained with the same surface staining
antibody cocktail. Endogenous CD45.2* CD4 and CD8 T cells were sorted collectively into
1x RPMI +10%FBS, 2-5x10% total T cells were obtained for each group. Cells were pelleted
at 1000xg for 5min, resuspended in 1XxRPMI at 20,000 cells per 200ul and then processed
for scRNA-seq using the Seq-Well platform with second strand chemistry, as previously
described80. Whole transcriptome libraries were barcoded and amplified using the Nextera
XT kit (Ilumina) and were sequenced on a Novaseq 6000 (lllumina). Hashtag oligo libraries
were amplified as described previously8! and were sequenced on a Nextseq 550.
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Processing of single cell hashing data—Cell hashing data was aligned to HTO
barcodes using CITE-seg-Count v1.4.2 (https://zenodo.org/badge/latestdoi/99617772). To
establish thresholds for positivity for each HTO barcode, we first performed centered log-
ratio normalization of the HTO matrix and then performed k-medoids clustering with k=5
(one for each HTO). This produced consistently five clusters, each dominated by one of
the 5 barcodes. For each cluster, we first identified the HTO barcode that was dominant in
that cluster. We then considered the threshold to be the lowest value for that HTO barcode
among the cells classified in that cluster. To account for the scenario in which this value
was substantially lower than the rest of the values in the cluster, we used Grubbs’ test

to determine whether this threshold was statistically an outlier relative to the rest of the
cluster. If the lower bound was determined to be an outlier at p=0.05, it was removed
from the cluster, and the next lowest value was used as the new threshold. This procedure
was iteratively applied until the lowest value in the cluster was no longer considered an
outlier at p=0.05. Cells were then determined to be “positive” or “negative” for each HTO
barcode based on these thresholds. HTO thresholds were examined and manually adjusted
if necessary. Cells that were positive for multiple HTOs (doublets) or were negative for all
HTOs were excluded from downstream analysis. To account for differences in sequencing
depth between samples, these steps were performed separately for each Seg-Well array that
was processed.

scRNA-seq data processing and visualization—Raw read processing of sSCRNA-seq
reads was performed as previously described®2. Briefly, reads were aligned to the mm10
reference genome and collapsed by cell barcode and unique molecular identifier (UMI).
Then, cells with less than 500 unique genes detected and genes detected in fewer than 5
cells were filtered out, and the data for each cell was log-normalized to account for library
size. Genes with log-mean expression values greater than 0.1 and a dispersion of greater
than 1 were selected as variable genes, and the ScaleData function in Seurat was used

to regress out the number of UMI and percentage of mitochondrial genes in each cell.
Principal components analysis was performed. The number of principal components used
for visualization was determined by examination of the elbow plot, and two-dimensional
embeddings were generated using uniform manifold approximation and projection (UMAP).
Clusters were determined using Louvain clustering, as implemented in the FindClusters
function in Seurat, and clusters that contained activated T cells were selected for further
analysis. These cells were reprocessed with the same processing and clustering steps
described above. DEG analysis was performed for each cluster and between indicated cell
populations using the FindMarkers function.

gPCR to validate differentially expressed genes—Splenic CD45.1* CAR T-cells
isolated from CAR T only or CAR T-vax treated mice 7 days post the first vaccine. Briefly,
total T cells were first enriched using pan T cell isolation kit followed by staining of CD8,
Myc and CD45.1 surface markers. CD45.1* Myc* cells were FACS-sorted into Trizol. The
total number of sorted CD45.1* CAR T-cells from spleens range from 4x10% — 6x10%

per sample. Total RNA was isolated using the RNeasy Micro kit (Qiagen) and subjected

to cDNA synthesis using iScript Reverse Transcription Supermix in 20ul reaction. gPCR
primers were designed and gPCR reactions as carried out previously described 83. Actin was

Cell. Author manuscript; available in PMC 2023 July 27.


https://zenodo.org/badge/latestdoi/99617772

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ma et al.

Page 20

used as the internal control, and genes with CT value lower than 32 were considered as
detectable and the corresponding sample was included for statistically analysis.

Paired single-cell TCR sequencing and analysis—Paired TCR sequencing and

read alignment was performed as previously described®*. Briefly, whole transcriptome
amplification product from each single-cell library was enriched for TCR transcripts using
biotinylated 7crband 7craprobes and magnetic streptavidin beads. The enrichment product
was further amplified using V-region primers and Nextera sequencing handles, and the
resulting libraries were sequenced on an Illumina Novaseq 6000. Processing of reads

was performed using the Immcantation software suite8>86, Briefly, reads were aggregated
by cell barcode and UMI, and UMI with under 5 reads were discarded. ClusterSets.py

was used to divide sequences for each UMI into sets of similar sequences. Only sets

of sequences that comprised greater than 90% of the sequences obtained for that UMI

were considered further. Consensus sequences for each UMI were determined using the
BuildConsensus.py function. Consensus sequences were then mapped against TCRV and
TCRJ IMGT references sequences with IgBlast. Sequences for which a CDR3 sequence
could not be unambiguously determined were discarded. UMI for consensus sequences were
corrected using a directional UMI collapse, as implemented in UMI-tools8”. TCR sequences
were then mapped to single cell transcriptomes by matching cell barcodes. If multiple
Tcraor Terbsequences were detected for a single cell barcode, then the corresponding
sequence with the highest number of UMI and raw reads was retained. TCR data for p15E
tetramer-sorted CD8+ T cells was obtained from Grace et al8. Using this data, we defined
high-confidence p15E-specific Tcrb and Tcra CDR3 amino acid sequences as sequences that
were detected in more than one cell and for which greater than 80% of total sequences
recovered were in the tetramer-positive fraction. Using this set of sequences as a reference,
we defined likely p15E-specific clonotypes in our sequencing of TIL from CAR T and CAR
T-Vax treated mice as clonotypes that utilized either one of these Tcrb or Tcra amino acid
sequences or utilized the Tcra motif “DYSNNRLT”, which was strongly implicated in the
recognition of the p15E epitope by Grace et al. To define a cytotoxicity score for each CD8+
T cell in our single-cell sequencing data, we utilized the AddModuleScore function in Seurat
using the following genes as a signature: Gzma, Gzmb, Gzmc, Gzmd, Gzme, Gzmf, Gzmg,
Gzmk, Gzmm. Single T cells for which neither a Tcrb or Tcra sequence were recovered
were excluded from this analysis.

Phenotyping of immune cells in peripheral blood, lymph nodes, and
tumors—Peripheral blood (PB) was collected via retro-orbital bleeding. 50-100 ul PB
(lymphodepleted mice) was processed in ACK lysis buffer twice (3-5min the 15t time till
all RBCs were lysed followed by centrifugation at 1000xg for 5min, decant, resuspend
in 200ul ACK and spin again), immediately after spin the 219 time, instead of decanting,
RBC debris from each well was carefully removed by vacuuming in a circular motion
without touching the center of the pellet. Lymph nodes (LNs) were placed in a 5ml

flow cytometry tube with a 70 uM cell strainer cap and smashed through with the

rubber end of a 1ml syringe plunger with frequent addition of flow cytometry buffer.
Dissociated LN cells were pelleted and transferred to a 96 well U-bottom plate for further
analysis. EGFRVIII-CT-2A tumors from mice receiving CAR T or CAR T-vax therapy
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were surgically removed and weighed and dissociated into single cell suspension using
enzyme digestion as described above. Single cell suspensions were obtained by passing
tumors through a 70 uM cell strainer with a 1 ml syringe plunger. Cells were pelleted

and resuspended with 100 pl of FACS buffer per 200 mg tumor. For immunophenotyping
analysis, PBMCs or lymph node cell suspensions were pelleted in a 96 well U-bottom plate
and stained with desired antibody cocktails at a 1:200 dilution for CD4* T cells, CD8*

T cells, Tregs (FoxP3*), B cells (B220*), CD103* ¢cDC1 (CD24*CD11c*F4/80-CD103%),
CD11b* ¢cDC2 (CD24*CD11c*F4/80~CD11b*), pDCs (CD24*CD11c*F4/80~CD317*), M1
(CD11b*F4/807CD2067) and M2 (CD11b*F4/80*CD206%) macrophages.

For intracellular cytokine staining (ICS) analysis, 50-75 pl of the above tumor cell
suspension was pelleted in 96 well U-bottom plates and directly resuspended in RPMI11640
with 10% FBS plus 1x Golgi plug and 1x cell stimulation cocktail (Thermo Fisher) for 6

hr at 37°C. Cells were then pelleted at 1000xg for 5 min and washed once with PBS, then
stained with live/dead aqua for 15 min in the dark at 25°C. Cells were pelleted again, surface
stained with desired antibody cocktail for ~20 min on ice followed by 1x wash with flow
cytometry buffer. Cells were resuspended in 75 ml of BD Fix/Perm and kept at 4°C for 15
min, then washed once by directly adding 200 pl 1x Perm/Wash. The pellet was resuspended
in 50 pl of cytokine antibody cocktail (IFN-y at 1:100, TNF-a at 1:100, and granzyme B

at 1:100) pre-diluted in 1x Perm/Wash buffer, 30 min on ice, then washed once with 1x
Perm/Wash buffer and resuspended in 1x flow cytometry buffer for analysis immediately

or kept at 4°C for FACS analysis the next day. For FoxP3 or PGC-1a staining, 50-75ul of
the above cell suspension was pelleted and processed using a FoxP3 staining kit (Thermo
Fisher) according to the manufacturer’s instructions.

For tetramer staining, PBMCs or tumor suspensions were stained with 50 pl of SIINFEKL-
Tetramer (PE conjugate) plus Fc block at a 1:50 dilution for 30 min at room temperature

in the dark, followed by mixing with a pre-made 50 pl cocktail of the remaining surface
antibodies (1:50 dilution), 20min on ice kept from light. Then cells were washed twice for
flow analysis.

CAR T-vax therapy in solid tumor models—In the EGFRvIII-CT-2A mouse
glioblastoma model, unless otherwise stated, 5x108 EGFRvIII-CT-2A cells were injected
into the right flank of recipient mice in 50 pl saline and allowed to establish palpable
tumors ~25 mm? in size at day 6. Lymphodepletion was carried out using 500 cGy sublethal
irradiation, mice were then randomly allocated into each group. 10x108 CAR T-cells from
mice with the desired background were i.v. infused via the tail vein into recipient mice
followed by weekly s.c. immunization with amph-pepvlll vaccine (10 pg amph-pepvllil, 25
Hg CDG in 100l PBS) or PBS alone. For consistency, Rag1 ™~ mice were also subjected

to the same lymphodepletion preconditioning. For experiments involving cytokine blockade,
unless otherwise stated, anti-IFN-y (BioXcell) was administered i.p. at 200 pg per mouse
every three days, anti-TNF-a (BioXcell) was administered i.p. at 300 pug per mouse every
two days, anti-1L12(p75) was administered i.p. at 1mg per mouse for the initial dose
followed by 500 g per mouse every three days.
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For the mixed tumor studies, each mouse was inoculated in the right flank with 5x108
EGFRVIII-CT-2A cells and WT CT-2A cells mixed at pre-defined ratios (100:0, 90:10,
80:20, 50:50, 25:75, 0:100). 5 days later, when the tumors reached ~25mm2, mice were
subjected to lymphodepletion and adoptive transfer of 10x108 EGFRvIII CAR T-cells,
followed 24hr later with weekly vaccination.

In the B16F10-based mouse melanoma model, B16F10-OVA tumors were established by
s.c injection of 1x108 Ova*B16F10 cells into the right flank of C57BL/6 recipient mice in
50 pl saline. For the mixed B16F10 tumor studies, each mouse was inoculated in the right
flank with 4 x10° WT B16F10 cells and Trp1~/~ B16F10 cells’® mixed at pre-defined ratios
(80:20). Mice received lymphodepletion preconditioning with 500 cGy sublethal irradiation
at day 5, and the i.v. infusion of PBS, 10x108 CD45.1* FITC-CAR T, FITC/TRP1 bispecific
CAR T-cells on day 6, followed with or without two weekly amph-FITC immunizations
(10nmol amph-FITC, 25 pg CDG in 100ul PBS).

NFAT-IFNy CAR-T vax toxicity analysis—Serum was collected 24 hr before and

after the 15t and 2" vaccination of tumor-bearing animals. Serum cytokine levels were
quantified using Legendplex beads following the manufacturer’s protocol. Vaccine and
CAR- T therapy-induced body weight (BW) fluctuations in each group were calculated with
the following equation: [BW (Day x) / BW (Day 0)] / [BWcontrol (Day x) / BWcontrol

(Day 0)].

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 8. All values and error bars

are shown as mean = 95% CI (confidence interval). Animal survival was analyzed using
Log-rank (Mantel-Cox) test. All pair-wise comparisons were analyzed by student’s t-test.
Multi-group comparisons was carried out using one-way ANOVA with Tukey’s multiple
comparisons test. Experiments that involved repeated measures over a time course, such

as tumor growth, were analyzed using a RM (repeated measures) two-way ANOVA based
on a general linear model (GLM). The RM design included factors for time, treatment and
their interaction. Tukey’s multiple comparisons test was carried out for the main treatment
effect. P-values are adjusted to account for multiple comparisons in both one-way ANOVA,
and RM two-way ANOVA. For all animal experiments, 6-8-week-old female C57BL/6 were
used. At this age, mice have developed a mature immune system, thus ideal for evaluating
immunomodulating therapies. We determined the size of samples for experiments involving
either quantitative or qualitative data as previously reported®. Based on our previous
experience with the animal models and as reported by others2’:70:89 we consider the CAR
T-vax therapy as significant if it increases the survival of animals up to 100% within 4
weeks, and we need >=5 animals per group to achieve this goal with 95% confidence
interval and at 80% power.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Vaccine boosting enhances CAR T cell metabolism and polyfunctionality
Vaccine-boosted CAR T therapy elicits robust and potent antigen spreading
Antigen spreading supports CAR T therapy to treat antigenically heterogeneous tumors

CAR T-derived IFNy and DC-derived IL12 are critical for sustaining antigen spreading
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Figure 1. Vaccine boosting enables CAR T-cells to elicit endogenous T-cell responses in multiple
tumor models.

(A) Schematic of CAR T-vax therapy. Created with BioRender.com.

(B) IFN-y ELISPOT. Mice bearing EGFRvIII*CT-2A tumors (n=5) treated with or without
CAR T + various combinations of vaccine components.

(C) Priming of endogenous CD8* and CD4* T-cells in EGFRvIII*CT-2A tumor-bearing
mice (n=5-6) following CAR-T + vax as measured by IFN-y ELISPOT.

(D-G) Mice (n=5-6) bearing OVA* B16F10 tumors received FITC/TA99 CAR T-vax.

(D) IFN-y ELISPOT measuring OVA-specific endogenous T-cell responses.

(F) IFN-y ELISPOT measuring endogenous T-cell responses against Trp1~~ B16F10 cells.
(F-G)Tetramer-staining showing representative flow cytometry staining (F) and mean
percentages of SIINFEKL tetramer* endogenous T cells (G).

(H) IFN-y ELISPOT. Mice (n=4-5) bearing B16F10 tumors were treated with vax only,
FITC-CART, or FITC/TA99 CAR T * vax.
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Error bars show mean £ 95% CI. ***, p<0.0001; **, p<0.01; *, p<0.05; n.s., not significant
by one-way ANOVA with Tukey’s post-test.
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Figure 2. Endogenous tumor-infiltrating T cells show transcriptional changes associated with
enhanced anti-tumor activity in response to CAR T-vax therapy.

(A) Enumeration of intratumoral host T-cells in tumor-bearing mice (n=5) post CAR T + vax

treatment.

(B-G) Tumor-bearing mice were treated with CAR T + vax, TILs were isolated for SCRNA-

seq.

(B) Experimental setup/timeline. Created with BioRender.com.
(C) UMAP of endogenous T-cells obtained from tumors.

(D) Curated clusters based on signature gene expression.

(E) Stacked charts showing proportions of each T-cell cluster.

(F) Dot plots showing differential expression of signature genes in endogenous CD8* CTLs

or CD4" Th cells.

(G) Cytotoxicity score of endogenous p15E-specific TILs and TILs of unknown specificity.
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All mice bear EGFRVIII*CT-2A tumors. Error bars are mean + 95% ClI, ****p<0.0001; **,
p<0.01; n.s., not significant by Student’s t-test for A, by two-sided Wilcoxon rank-sum test
for G.
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Figure 3. Vaccine-driven antigen spreading is required for long-tumor tumor control in
immunocompetent mice.
(A-E) Treatment of tumor-bearing WT or Rag1™~ mice with WT CAR-T + vax.

(A) Tumor growth in individual mice. Untreated, 7=5; CAR-T in WT mice, n= 10; CAR
T-vax, n= 15 and 10 in WT and Rag1~/~ mice, respectively.

(B) Percentage of mice that completely rejected tumors or experienced tumor relapse.
(C) Overall survival.

(D-E) Surface EGFRvIII expression (D) and mean expression normalized to untreated
tumors (E) on parental or representative relapsed tumors from WT and Rag1 ™'~ mice
following CAR T-vax treatment.

(F-G) Tumor-bearing WT or CD8a. ™~ mice (n=5-8) + CAR T-vax treatment.

(F) Tumor growth.

(G) Overall survival.
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(H) Individual tumor growth and overall survival of WT (/7=10) or Ragl™~ mice (/=5)
bearing heterogeneous CT-2A tumors upon CAR T-vax treatment. EGFRVIIIT:EGFRvIII~
cells were pre-mixed at the indicated ratios.

All mice in A-G bear EGFRVIIITCT-2A tumors. Error bars are mean + 95% CI, ***,
p<0.0001; **, p<0.01; *, p<0.05 by Student’s t-test for E, by Log-rank (Mantel-Cox) test for
C,G-H, by two-way ANOVA with Tukey’s post-test for F.
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Figure. 4. Vaccine boosting induces cell-intrinsic enhancements in CAR T-cell function that

include metabolic reprogramming.

(A) Tumor growth (left) and overall survival (right) of tumor-bearing mice (/=8) after

receiving vaccine-boosted or non-boosted CAR T cells. Created with BioRender.com.

(B-C) Tumor-bearing mice received WT CAR T * vax treatment, and CAR T-cells were
isolated from spleens and tumors for RNA-seq.
(B) Volcano plot showing differential gene expression in splenic CAR T-cells.
(C) GSEA showing enriched pathways in intratumoral CAR T-cells.
(D-E) Intracellular PGC-1a expression (D) and mitochondrial mass (E) in intratumoral CAR
T cells from mice (n=5) 7 days post treatment with WT CAR T + vax.
(F) IFN-y ELISPOT. Tumor-bearing mice (n=5) treated with WT CAR T * vax or

PGC-1a™/~ CAR T-vax.

All mice bear EGFRVIIITCT-2A tumors. Error bars are mean + 95%

Cl, **, p<0.01; *,

p<0.05 by Student’s #test for D-E, and one-way ANOVA with Tukey’s post-test for F.
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Figure. 5. Enhanced IFN-y production by vaccine-boosted CAR T-cells is critical for antigen
spreading.

(A) IFN-y and TNF-a expression in intratumoral CAR T-cells from mice (n=5) treated with
WT CAR T + vax.

(B) IFN-y expression in intratumoral CAR T-cells from mice (/7=5) 7 days post treatment
with WT or PGC-1a. ™~ CAR T-vax.

(C) IFN-y ELISPOT. Tumor-bearing mice (/=5) treated with WT CAR T or WT CAR T-vax
+ isotype control antibody (1gG), anti-TNF-a or anti-IFN-vy.

(D-E) OVA*EGFRVIII*CT-2A tumor-bearing mice(/7=5-10) treated by WT CAR T or

WT CAR T-vax + anti-IFN-y. Endogenous OVA-specific T-cell responses detected by
SIINFEKL-tetramer staining (D) and IFN-y ELISPOT (E).

(F) IFN-y ELISPOT. Tumor-bearing mice (/=5) treated with WT CAR T-vax * anti-IFN-y
at indicated time points.
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(G-H) Tumor growth (G) and overall survival (H) of mice left untreated (n=5) or treated
(n=10) with WT CAR T-vax * anti-IFN-y.

(1) IFN-y ELISPOT. Tumor-bearing mice (n=5) treated with WT or IFN-y™~ CAR T * vax.
(J) Tumor growth in mice (/7=5) left untreated or treated with WT or IFN-y~/~ CAR T-vax.
(K-L) Tumor growth (K) and overall survival (L) of WT or IFN-y~/~ mice (n=5-8) treated
with or without WT CAR T-vax therapy.

All mice bear EGFRVIII*CT-2A tumors. Error bars are mean + 95% ClI, ***, p<0.0001;
**p<0.01; *, p<0.05, ns, not significant by Student’s #test for A-B, by one-way ANOVA
with Tukey’s post-test for C-F, I, by two-way ANOVA with Tukey’s post-test for J-K, and by
Log-rank (Mantel-Cox) test for H and L.
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Figure. 6. DCs regulate CAR T-cell-induced antigen spreading through enhanced tumor antigen
acquisition and IFN-y-1L-12 crosstalk.

(A) EGFRVIII* CT-2A cell killing by WT, IFN-y™=, or IFNGR1~/~ CAR T-cells in vitro
(rm=3).

(B) Enumeration of tumor-infiltrating immune cells in mice (7= 4-5) receiving WT CAR T
+ vax. See supplemental methods for phenotyping details.

(C) IFN-y ELISPOT. Tumor-bearing WT or Batf3~/~ mice (/7=5) treated with WT CAR T +
vax.

(D) Tumor-bearing mice were left untreated (n=4) or treated with WT or IFN-y~/~ CAR
T-vax (r7=5). Shown are chemokine expression in tumors 7 days post treatment.

(E-F) Ki67 (E) and CCR7(F) expression in intratumoral CD103* DCs and CD11b* DCs
from mice (r=5) treated with WT CAR T + vax.
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(G-H) Mice bearing ZsGreen*EGFRvIII*CT-2A tumors were treated with WT CAR T, WT
CAR T-vax or IFN-y~~ CAR T-vax (/=5), shown are tumor antigen (ZsGreen) uptake by
intratumoral CD103* DCs (G) and CD11b* DCs (H).

(1-J) IFN-y ELISPOT (I) and tumor growth (J) in mice (n = 5) treated with WT or
IFNGR17/~ CAR T # vax.

(K-N) IFN-y ELISPOT.

(K) WT vs. CD11c-specific IFNGR1 KO tumor-bearing mice (n=5) following WT CAR T +
vax.

(L) Tumor-bearing mice (n=5) following WT CAR T or WT CAR T-vax + anti-IFN-y or
anti-1L12(p70).

(M) Tumor-bearing WT mice (n=5) following WT or 1L12rb2~/~ CAR T-vax therapy or in
IL12p40~"~ mice following WT CAR T-vax.

(N) Tumor-bearing WT mice (n=7) following WT CAR T-vax or IFNGR1™~ CAR T # vax.
(O) Tumor growth in mice (n=5-7) left untreated or treated with WT or IFNGR1/~ CAR T
+ vax.

All mice except those in G-H bear EGFRvIII*CT-2A tumors. Error bars are mean + 95% Cl,
*** p<0.001; **, p<0.01; *, p<0.05; ns, not significant by Student’s #test for B and E-F,

by one-way ANOVA with Tukey’s post-test for A, C-D, G-1 and K-N, by two-way ANOVA
with Tukey’s post-test for J and O.
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Figure. 7. Engineering CAR T-cells for increased IFN-y expression synergizes with vaccine
boosting to enhance antigen spreading and rejection of solid tumors with pre-existing antigen

heterogeneity.

(A-D). Heterogenous CT-2A tumors were established in C57BL/6 mice.

(A)Tumor growth and (B)survival of mice (n=10) after
therapy + anti-IFN-y.

treatment with WT CAR T-vax

(C)Tumor growth and (D)survival of mice (n=8) left untreated, receiving WT CAR T, or WT

CAR T-vax * anti-1L12 (p75).

(E) IFN-y secretion from WT or NFAT-IFN-y CAR T-cells * anti-CD3/CD28 beads (/=3).
(F) IFN-y ELISPOT. EGFRVIII* CT-2A tumor-bearing mice (n=6) treated with WT or

NFAT-IFN-y CAR T * vax.
(G-L) Mice bearing heterogenous CT-2A tumors (n=5)

treated with WT or NFAT-IFN-y

CAR T + vax therapy. Enumeration of CAR T (G) and endogenous CD8" T cells (J)
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infiltrated into tumors as well as the expression of IFN-y (H for CAR T, K for host CD8 T)
and granzyme B (I for CAR T, L for host CD8 T).

(M-N) Tumor growth (M) and overall survival (N) of mice bearing heterogenous CT-2A
tumors (n=10) treated with WT or NFAT-IFN-y CAR T * vax.

(O) Schematic overview of CAR T-vax therapy triggered antigen spreading. Created with
BioRender.com.

Heterogenous CT-2A tumors are EGFRVIII*:EGFRvIII~ cells mixed at 80:20 ratio. Error
bars are mean £ 95% CI. ***, p<0.001; **, p<0.01; *, p<0.05; ns not significant by one-way
ANOVA with Tukey’s post-test for E-L, by two-way ANOVA with Tukey’s post-test for C,
and Log-rank (Mantel-Cox) test for B, D and N.

Cell. Author manuscript; available in PMC 2023 July 27.


http://www.biorender.com/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ma et al.

KEY RESOURCES TABLE

Page 43

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-mouse CD3 (17A2) Alex488 BioLegend 100220; RRID:AB_1732057

Anti-mouse CD8a (53-6.7) BUV395

BD Biosciences

563786; RRID:AB_2732919

Anti-mouse CD8a (53-6.7) BV421 BioLegend 100738; RRID:AB_11204079
Anti-mouse CD4 (RM4-5) FITC BioLegend 100510; RRID:AB_312713
Anti-mouse CD25 (PC61) APC-Cy7 BioLegend 102026; RRID:AB_830745
Anti-mouse B220 (RA3-6B2) PE-cy7 BioLegend 103222; RRID: AB_313005
Anti-mouse PD-1 (29F.1A12) Bv421 BioLegend 135218; RRID:AB_2561447
Anti-mouse TIM3 (RMT3-23) APC BioLegend 119706; RRID:AB_2561656
Anti-mouse CD45 (30-F11) Percp-cy5.5 BioLegend 103132 RRID: AB_893340
Anti-mouse CD45.1 (A20) BV421 BioLegend 110732 BRID: AB_2562563

Anti-mouse CD45.2 (104) BUV737

BD Biosciences

612778; RRID:AB_2870107

Anti-mouse CD317 (927) Alex488 BioLegend 127012 RRID: AB_1953287
Anti-mouse CD11c (N418) FITC BioLegend 117306; RRID:AB_313775
Anti-mouse CD11b (M1/70) APC-Cy7 BioLegend 101226; RRID:AB_830642
Anti-mouse CD24 (M1/69) BV711 BioLegend 563450; RRID:AB_2738213
Anti-mouse MHC 1l (M5/114.15.2) BV605 BioLegend 107639; RRID:AB_2565894

Anti-mouse F4/80 (T45-2342) BUV395

BD Biosciences

565614; RRID:AB_2739304

Anti-mouse CD86 (GL-1) PE-Dazzle 594 BioLegend 105042; RRID:AB_2566409
Anti-mouse CD103 (2E7) PE BioLegend 121406; RRID:AB_1133989
Anti-mouse CD45.1 (A20) APC BioLegend 110714; RRID:AB_313503
Anti-mouse IFN-y (XMGL1.2) PE BioLegend 505808; RRID:AB_315402
Anti-mouse TNF-a (MP6-XT22) APC BioLegend 506308; AB_315429
Anti-mouse Granzyme B (QA16A02) APC BioLegend 372204; RRID:AB_2687028
Anti-mouse FoxP3 (150D) PE BioLegend 320007 AB_492981
Anti-mouse PGC-1a (D-5) PE Santa Cruz sc-518025 PE

Anti-mouse Ki67 (11F6) BV421 BioLegend 151208 RRID: AB_2629748
Anti-mouse CD206 PE BioLegend 141706 RRID: AB_10895754

1E4.2.1 anti-Env antibody

Wittrup lab at MIT

N/A

Anti-mouse IFN-y (XMG1.2) BioXCell BE0055; RRID:AB_1107694
Anti-mouse TNF-a (XT3.11) BioXCell BEO0058; RRID:AB_1107764
Anti-mouse CD3e (2C11) BioXCell BE0001-1 BRID:AB_1107634
Anti-mouse CD28 (37.51) BioXCell BE0015-1 BRID:AB_1107624
Anti-CD45.1 (A20) Stem cell Tech 60117BT

Anti-CD45.2 (104) Stem cell Tech 60118BT

Bacterial and virus strains

5-alpha Competent E. coli New England Biolabs C2987U
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Chemicals, peptides and recombinant proteins

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide Layson Bio 100220
(polyethylene glycol)-2000]

DSPE-PEG-FITC Avanti 810120
Cyclic-di-GMP invivogen tirl-nacdg
Resiquimod invivogen tirl-r848
GolgiPlug™ Protein Transport Inhibitor (containing Brefeldin A) BD Biosciences BDB555029
Cell Stimulation Cocktail eBioscience 00-4970-93
Protease Inhibitor Cocktail Roche 5892970001
Recombinant murine I1L-2 Biolegend 575408
Recombinant murine IFN-y Peprotech 315-05
DNase | Sigma Aldrich 10104159001
Collagenase 1V Worthington L.S004188
CalPhos™ Mammalian Transfection Kit Takara 631312
Sytox Red Thermo Fisher S34859
Retronectin Takara T100B
TRIzol™ Reagent Thermo Fisher 15596018
iTAg Tetramer/PE — H-2 Kb OVA (SIINFEKL) MBL international TB-5001-1
Critical commercial assays

NucleoSpin® Plasmid Takara 740588.250
TrypLE™ Express Enzyme Thermo Fisher 12605036
Gibco ACK Lysing Buffer Thermo Fisher A10492-01
CellTrace Violet Thermo Fisher C34557
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit, for 405 nm Thermo Fisher L34966
excitation

FITC Annexin V Apoptosis Detection Kit BD Biosciences 556547
Fixation/Permeabilization Solution Kit BD Biosciences 554714
Foxp3 / Transcription Factor Staining Buffer Set eBioscience 00-5523-00
Mouse CD45 microbeads Miltenyi Biotec 130-052-301
EasySep™ Mouse CD8+ T Cell Isolation Kit Stemcell Technologies 19853
Mouse IFN-y ELISA kit R&D systems DY485
Mouse IL-2 ELISA kit Invitrogen 88-7024
Mouse IFN-y ELISPOT Kit BD Biosciences 551083
RNeasy Micro Kit Qiagen 74004
T-PERTM Thermo Fisher 78510
Proteinase and phosphatase inhibitors Thermo Fisher 78442
iScript™ Reverse Transcription Supermix Biorad 1708841
LEGENDplex™ assays BioLegend 740621
Deposited data

Bulk RNA-seq data GEO GSE211938
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sc RNA-seq data GEO GSE212453

Experimental Models: Cell Lines
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B16F10 cells ATCC CRL-6475; RRID:CVCL_0159
CT-2A cells T. Seyfried Lab at Boston N/A
college

MHCII* CT-2A cells Generated in the Irvine lab N/A
MEGFRVIII-CT-2A cells Generated in the Irvine lab N/A
ZsGreen*t mEGFRVIII-CT-2A cells Generated in the Irvine lab N/A
MEGFRVIII-CT-2A-OVA cells Generated in the Irvine lab N/A

293 phoenix cells ATCC CRL-3214
B16F10-OVA cells G. Dranoff Lab at DFCI N/A

2C TCR-58~ T cell hybridoma cells Birnbaum lab at MIT N/A
7PPG2 TCR-587"~ T cell hybridoma cells Birnbaum lab at MIT N/A
MC38 cells Wittrup lab at MIT N/A

TC-1 cells ATCC CRL-2493
TRP17~ B16F10 cells Generated in the Irvine lab N/A

Experimental Models: Organism/Strains

C57BL/6J mice, CD45.2*

Jackson Laboratory

000624; RRID:IMSR_JAX:000624

C57BL/6J mice, CD45.1*

Jackson Laboratory

002014; RRID:IMSR_JAX:002014

Ragl™~ (B6.129S7-Rag1imiMor;)

Jackson Laboratory

013755; RRID:IMSR_JAX:013755

IFNGR1 ™~ (B6.129S7- /fngr1i™Ady )

Jackson Laboratory

003288; RRID:IMSR_JAX:00328

Batf3 ™/~ (B6.129S(C)- Batf3mKmmjj)

Jackson Laboratory

013755; RRID:IMSR_JAX:013755

CD11c-cre (C57BL/6J-Tg(Itgax-cre,-EGFP)4097Ach/ 7 )

Jackson Laboratory

007567; RRID:IMSR_JAX:007567

IFNGR1-flox (C57BL/6N- /fngr1tm1-1Rd53)

Jackson Laboratory

025394; RRID:IMSR_JAX:025394

PGC-1la-flox (B6N.129(FVB)-Ppargc1a™?15rs/})

Jackson Laboratory

009666 RRID:IMSR_JAX:009666

LCK-cre (B6.Cg-Tg(Lck-cre)>48xm/J)

Jackson Laboratory

003802 RRID:IMSR_JAX:003802

IL12rb27/ (B6;129S1- //12rb2m2m|3)

Jackson Laboratory

003248 RRID:IMSR_JAX:003248

IL12p407~ (B6.129S1- /12617

Jackson Laboratory

002693 RRID:IMSR_JAX:002693

IFNy =~ (B6.129S7-Ifngtm1Ts/J)

Jackson Laboratory

002287; RRID:IMSR_JAX:002287

CD8a - (B6.12952-CdgmMzk))

Jackson Laboratory

002665 RRID:IMSR_JAX:002665

Oligonucleotides

Ccl4 gPCR primers
For: CCAAGCCAGCTGTGGTATTCC
Rev: GAGCTGCTCAGTTCAACTCC

Sigma-Aldrich

N/A

Ccl5 gPCR primers
For: GCTGCTTTGCCTACCTCTCC
Rev: TCGAGTGACAAACACGACTGC

Sigma-Aldrich

N/A

Itgh1 gPCR primers
For: ATGCCAAATCTTGCGGAGAAT
Rev: TTTGCTGCGATTGGTGACATT

Sigma-Aldrich

N/A
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Itga4 qPCR primers

For: GATGCTGTTGTTGTACTTCGGG
Rev: ACCACTGAGGCATTAGAGAGC

Sigma-Aldrich

N/A

Cx3crl gPCR primers

For: CCCATCTGCTCAGGACCTC
Rev: ATGGTTCCAAAGGCCACAATG

Sigma-Aldrich

N/A
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