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IL-15 Preconditioning Augments CAR T Cell
Responses to Checkpoint Blockade for
Improved Treatment of Solid Tumors
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Chimeric antigen receptor (CAR) T cell therapy has been highly
successful in hematological malignancies leading to their US
Food and Drug Administration (FDA) approval. However,
the efficacy of CAR T cells in solid tumors is limited by tu-
mor-induced immunosuppression, leading to the development
of combination approaches, such as adjuvant programmed cell
death 1 (PD-1) blockade. Current FDA-approved methods for
generating CAR T cells utilize either anti-CD3 and interleukin
(IL)-2 or anti-CD3/CD28 beads, which can generate a T cell
product with an effector/exhausted phenotype. Whereas
different cytokine preconditioning milieu, such as IL-7/IL-15,
have been shown to promote T cell engraftment, the impact
of this approach on CAR T cell responses to adjuvant im-
mune-checkpoint blockade has not been assessed. In the cur-
rent study, we reveal that the preconditioning of CAR T cells
with IL-7/IL-15 increased CAR T cell responses to anti-PD-1
adjuvant therapy. This was associated with the emergence of
an intratumoral CD8"CD62L"TCF7'IRF4~ population that
was highly responsive to anti-PD-1 therapy and mediated the
vast majority of transcriptional and epigenetic changes in vivo
following PD-1 blockade. Our data indicate that preservation
of CAR T cells in a TCF7" phenotype is crucial for their respon-
siveness to adjuvant immunotherapy approaches and should be
a key consideration when designing clinical protocols.

INTRODUCTION

Immunotherapy of cancer with immune-checkpoint inhibitors, such
as anti-programmed cell death 1 (PD-1), is now an established para-
digm, particularly for the treatment of patients with high numbers of
lymphocytes infiltrating their tumors. For patients with immunolog-
ically “cold” tumors, one treatment option is the use of chimeric an-
tigen receptor (CAR) T cells. The generation of CAR T cells involves
the ex vivo transduction of a patient’s T cells with a CAR that is de-
signed to recognize a specified tumor antigen through a single-chain
variable fragment (scFv), while providing intracellular signaling do-
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mains, such as CD3{, CD28, and/or 4-1BB. These intracellular
signaling domains allow for robust T cell activation and expansion
following antigen stimulation.' ™ CAR T cells have been successful
in the treatment of hematological malignancies, such as acute
lymphoblastic leukemia and diffuse large B cell lymphoma, leading
to their recent US Food and Drug Administration (FDA) approval.
The success of CAR T cells in solid tumors, however, has been limited
to date. The reasons for the failure of CAR T cells in solid tumors are
currently under investigation, but factors of importance include the
immunosuppressive microenvironment, suboptimal trafficking of
T cells to the tumor site, and a failure of the CAR T cells to engraft
and expand in vivo, as is observed with CD19-targeting CAR
T cells.>®

The adoptive transfer of central memory (CM) or stem cell memory
(SCM) T (Tcm and Tscm, respectively) cells results in enhanced ther-
apeutic activity due to their increased long-term persistence.”® Mod-
ulation of T cell differentiation by manipulation of the cytokine
>19 or the use of epigenetic modifiers'"'* to preserve the Ty
phenotype prior to treatment are promising strategies to enhance
the effectiveness of CAR T cell therapy. However, although enhancing
the persistence of CAR T cells can enhance their therapeutic activity
in hematological malignancies, this does not address the significant
barrier of local tumor immunosuppression, which limits the effective-
ness of CAR T cells in solid tumors. The use of checkpoint inhibitors,
such as anti-PD-1 or CRISPR-mediated deletion of PD-1, can
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enhance CAR T cell function through prevention of interactions with
inhibitory ligands, e.g., programmed death-ligand (PD-L)1/PD-L2,
leading to enhanced T cell proliferation and production of proinflam-
matory cytokines.”'® PD-1 targeting, in combination with CAR
T cells, has shown promise in the clinic,'”'®
evaluating this approach are ongoing (ClinicalTrials.gov:
NCT03287817, NCT02926833, and NCT02706405). Given the
exciting promise of this combination, it is important to generate a
CAR T cell product with the greatest potential to respond to anti-
PD-1 therapy. Recent data in patients treated with checkpoint inhib-
itors (in the absence of adoptive T cell therapy) indicate that response
rates correlate with higher levels of “progenitor exhausted” cells that
express transcription factor 7 (TCF7; encodes the protein also known
as TCF1, herein referred to as TCF7)."”*° We therefore hypothesized
that the preconditioning of CAR T cells to maintain this phenotype
may maximize the effects of anti-PD-1 adjuvant therapy. This is of
imperative clinical importance because current FDA-approved
methods for generating CAR T cells utilize either anti-CD3 and inter-
leukin (IL)-2 or anti-CD3/CD28 beads that can generate an effector/
exhausted T cell product. Moreover, ongoing trials testing the combi-
nation of CAR T cells and anti-PD-1/PD-L1 utilize these standard
stimulation protocols, which may generate a CAR T cell product
with limited potential to respond to PD-1 blockade.”® To investigate
this, we chose to investigate the utility of IL-15 in this context, given it
is a cytokine that has previously been shown to favor Ty formation'’
and is used in some emerging CAR T cell clinical trial protocols (Clin-
icalTrials.gov: NCT03721068 and NCT02992834). Our studies re-
vealed that IL-7/IL-15 preconditioning promoted both the quantity
and quality of Tcy cells relative to standard preconditioning in IL-
2/IL-7. Thus, IL-15 increased both the proportion of T cells exhibiting
a CD62 ligand (CD62L)"CD44" Tcy phenotype, enhanced their
expression of memory-associated genes, including TCF7, and ex-
hibited a favorable epigenetic state relative to Ty cells cultured in
IL-2. In vivo, CAR T cells generated with IL-7/IL-15 displayed
increased persistence and responsiveness to anti-PD-1 treatment;
CAR T cells generated in this manner exhibited increased numbers
at the tumor site and produced higher levels of interferon (IFN)-y
and tumor necrosis factor (TNF) following anti-PD-1 treatment.
The CD62L*TCF7" population was highly responsive to PD-1
blockade and accounted for the majority of transcriptional and epige-
netic changes evoked following anti-PD-1 therapy. Our study there-
fore highlights that cytokine preconditioning can significantly modu-

and several other trials

late CAR T cell responses to adjuvant immunotherapies and enhance
overall therapeutic efficacy in solid tumors. These findings indicate
that modulation of the cytokine milieu is an effective and rapidly
translatable way to increase the combinatorial benefit of CAR T cell
therapy and immune-checkpoint blockade in solid tumors. This is
of high importance since current ongoing trials utilizing a combina-
tion of CAR T cells and anti-PD-1 have not attempted to preserve the
TCF7" population of CAR T cells prior to treatment in order to
achieve optimal synergistic effects.

RESULTS

Generation of CAR T Cells in IL-7/IL-15 Maintains T¢y and Tsem
Cells with a TCF7"9" Phenotype

In our previous studies, we have generated anti-Her2 CAR T cells via
activation and transduction with anti-CD3/anti-CD28, followed by
culture in a cytokine milieu of IL-2 and IL-7 (IL-2/IL-7 CAR
T cells). At day 7 post-activation, this preconditioning resulted in a
CAR T cell population with an approximate 4:1 ratio of CD8" to
CD4" and a mixture of CD62L*CD44" Tcy and CD62L~CD44"
effector memory T (Tgym) cells at a ratio of approximately 1:1 within
the CD8" T cell subset. In order to develop a system to assess CAR
T cells in a less differentiated state, we alternatively generated CAR
T cells with IL-7 and IL-15 (Figure 1A). Culturing in IL-7/IL-15
(herein referred to as IL-7/IL-15 CAR T cells) resulted in a significant
increase in CD62L"CD44" Ty cells within the CD8" T cell subset
(Figure 1B) but did not affect the proportion of CD4" T cells express-
ing CD62L or CD44 and had only a minor impact on the CD8:CD4
ratio (Figures S1A and S1B). Interestingly, culturing of CAR T cells in
IL-7/IL-15 did not affect the transduction efficiency, as shown by the
percentage of CD8" T cells expressing the marker gene nerve growth
factor receptor (NGFR) but did significantly reduce the expression of
the CAR at day 6 post-activation, as shown by binding of a myc tag-
directed monoclonal antibody, which binds a tag epitope within the
CAR (Figures S1C and S1D). Notably, however, restimulation of
IL-7/IL-15 CAR T cells with anti-CD3/anti-CD28 enhanced CAR
expression in line with levels observed in IL-2/IL-7 CAR T cells, indi-
cating that they retained potential to express high levels of the CAR
(Figure S1E). A closer analysis of the memory phenotype of the
CD8" subset revealed that IL-7 and IL-15 treatment led to an
increased proportion of CD62L"CD44%™ cells, which have previously
been reported to exhibit stem cell-like properties,”’ which we refer to
herein as Tscy (Figure 1B). A time course analysis revealed that

Figure 1. Preconditioning Anti-Her2 CAR T Cells with IL-7/IL-15 Leads to Increased Expression of Memory-Associated Genes

Anti-Her2 CAR T cells were generated in IL-2 (100 U/mL) and IL-7 (200 pg/mL) or IL-7 and IL-15 (10 ng/mL). (A) Schematic of CAR T cell generation. (B) Expression of CD62L
and CD44 on CD8"NGFR* T cells at day 6 post-activation. Representative FACS plot (left) or pooled data (mean + SEM; right) from n = 5 experiments. ***p < 0.001, *p < 0.05
paired t test. (C) Proportion of CD8*NGFR* cells with a Tscu phenotype (defined by gating as in (B) following culture in indicated cytokine combinations). Data represent
mean + SD of triplicate cultures from a representative experiment. (D-F) At day 6 post-activation, CD8*NGFR™ CAR T cells were FACS sorted into Tgm, Tem, and Tscwm
populations following culture with IL-2/IL-7 or IL-7/IL-15 and their transcriptome analyzed by RNA-seq. (D) Principal-component analysis (PCA) plot based upon the top 100
most variable genes. (E) Heatmap of indicated genes. (F) GSEA plots showing enrichment for a gene-set isolated from TCF7™ cells and previously indicated to be responsive
to immune-checkpoint blockade.” (G-I) At day 6 post-activation, anti-Her2 CAR T cells were cocultured with EO771-Her2 or EO771 parental tumor cells for 3 consecutive
days. Supernatants were analyzed for their expression of IFN-y at 1 day and 3 days postinitiation of coculture (G), and the CD8*NGFR* CAR T cell phenotype was determined
at the end of the experiment. (H and |) Data represent the mean + SD of triplicate conditions from a representative experiment (l) or concatenated FACS plots from these 3

cocultures (H). **p < 0.01 paired t test.

Molecular Therapy Vol. 28 No 11 November 2020 2381


http://www.moleculartherapy.org

Molecular Therapy

A MC38-Her2 B E0771-Her2 E0771-Her2
& 100 7 . Non-Treated <150 7 -@ Non-Treated & 1506 Spleen A §365 Tumor
E g0 =27 E = IL-2/IL-7 ol i T S —
£ @ IL-7/L-15 = 1004 L7115 Z3 g 5 =
o 60 o + O 16 & T 32 .
N N :[-X o0
— Kkkk  — (AN ﬁ 8 g ° [
2 40 2 50 8<0.556 3 O 8 qes : %
2 20 2 5C0 |de ™ 5k | g o
S S ) 0 s 0 5
- T T T T T 1 (- 0 T T T  Z N~ WL =z %) N oW
0 2 4 6 8 10 5 10 15 20 = 2 5
Days post Treatment Days post Treatment YR DS
| |
c E0771-Her2 D E0771-Her2 E
- Non-Treated — Non-Treated IL-2/IL-7 + 307 | ns
& IL-2/IL-7 + 2A3 I — IL-2/IL-7 + 2A3 3 - i
IL-2/IL-7 +anti-PD-11 % *k “ IL-2/IL-7 + anti-PD-1 ] 2207 . g
® |L-7/IL-15 + 2A3 P — IL-7/IL-15 + 2A3 I* =
—~100 IL-7/IL-15 + anti-PD-1 L _ IL-7/IL-15 + anti-PD-1 § 10{& _i
= %100+ - .‘.....,,Eo —
E 2 A | IL-7/L-15 N
9 5 “ 1 5 =
5 = 501 1 45
— q) -
o S) 3
S o) =1 o
F 0! , , . L , : , .
0 5 10 15 10 20 30 40 —_—
Days post Treatment Days post Treatment CDe62L
F E0771-Her2 G o
0 er MC38-Her2: RAG” mice
& 120 <150 o Non-Treated
E 100 - Non-Treated E = IL-2/IL-7 + 2A3
< 380 = IL-2 +2A3 <~ 100 IL-2/IL-7 + anti-PD-1 T
S 60 = IL-2 + anti-PD-1 x N o IL-7/IL-15 + 2A3 Iz T%
) - & IL-7/IL-15+ 2A3 I-k ‘» IL-7/IL-15 + anti-PD-1 *
5 40 42— IL-7/L-15 + ang-PD-11% 5 90
g 20 S
F 0 : x R
0 5 10 0 2 4 6 8 10
Days post Treatment Days post Treatment
E0771-Her2
H IL-2/IL-7 + 2A3 IL-7/IL-15 + 2A3 PTCF7+ TCE7-
4 recursor Effector like
E CDBIL+TCF7+ CDB2L+TCF7+ memory like
J 61.5 B4.7
3 P 3 gl + - n.s. ' - n.s.
joe 61D 1007 = a0 2 80118 X,y o7+ 2a3
i o ERY 8 80{s:= Qgol IL-2/IL-7 +anti-PD-1
~| - ? g0l "2 $ilal mL7mAs a2
O | IL-2/L7 + anti-PD-1 IL-7/IL-15 + anti-PD-1 L i.a L4015 = IL-7/IL-15 + anti-PD-1
= - |L_) 40‘ s = ?
E CDBE2L+TCF7+ CDBZL+TCF7+ — ] = 20< i
3 63.4 4 | e s 20 i ] § ..'
i j8® 5 0leiTo 5 o=~
ie i =

(legend on next page)

2382 Molecular Therapy Vol. 28 No 11 November 2020



www.moleculartherapy.org

IL-7/IL-15 significantly enhanced the proportion of Tscy cells rela-
tive to IL-2/IL-7-generated cells, particularly at day 7, the time point
at which CAR T cells were used for functional analyses (Figure 1C).
Notably, culturing of CAR T cells in IL-2, IL-7, and IL-15 or IL-2
alone resulted in levels of Tcy and Tscom cells equivalent to cells
cultured with IL-2 and IL-7, indicating that IL-2 was the dominant
cytokine under these conditions and overcame the benefits of IL-15
in promoting the emergence of Tscy cells (Figures S1F and 1C). To
investigate the transcriptional signature of CAR T cell subsets,
including the putative Tscp population, we used fluorescence-acti-
vated cell sorting (FACS) for CD8" Tgp, Tom, and Tscu cells cultured
in either IL-2/IL-7 or IL-7/IL-15 and performed RNA sequencing
(RNA-seq). This analysis revealed that these populations clustered
predominantly based upon their cytokine preconditioning rather
than their cell-surface phenotype (Figure 1D). Further analysis re-
vealed that cells cultured in IL-7 and IL-15 exhibited increased
expression of memory-associated genes, including Tcf7, Il7r, Sell,
Foxol, SIprl, Lef, and Id3, and these genes were among the most
highly differentially expressed genes when comparing IL-7/IL-15
CAR Ty cells versus IL-2/IL-7 CAR T cells of the same phenotype
(Figure 1E). Gene set enrichment analysis (GSEA) analysis revealed
that IL-7/IL-15 CAR T cells and the Tscy population, in particular,
were enriched for a gene signature previously associated with cells
that are highly responsive to immune-checkpoint blockade (Fig-
ure lF).20 Generation of human anti-Lewis-Y CAR T cells, a clinically
relevant CAR T cell product (ClinicalTrials.gov: NCT03851146), with
IL-7/IL-15 as opposed to IL-2/IL-7, did not modulate the CAR T cell
phenotype in terms of proportions of CD4" or CD8" T cells or pro-
portions of CD45RA™ or CD45RO™ T cells (Figure S2A). However,
preconditioning of anti-Lewis-Y CAR T cells with IL-7/IL-15 did
enhance the expression of similar memory-related genes, as observed
with murine CAR T cells, with particular differences observed in the
CD45RA™ population (Figures S2B and S2C). Notably, IL-7/IL-15
preconditioning of human CAR T cells also enriched for a gene signa-
ture previously reported to associate with positive responses to im-
mune-checkpoint blockade (Figure S2D) and which was also enriched
in murine CAR T cells cultured in IL-7 and IL-15 (Figure S2E)." To
assess the functionality of IL-2/IL-7 versus IL-7/IL-15 murine CAR
T cells over multiple rounds of antigen stimulation, we cocultured
CAR T cells generated with each of these cytokine cocktails with
E0771-Her2 tumor cells over 3 subsequent days. Whereas IL-2/IL-7
CAR T cells secreted significantly higher levels of IFN-y after one
round of coculture with tumor cells, they rapidly lost the capacity

to produce this cytokine after multiple rounds of stimulation (Fig-
ure 1G). Conversely, IL-7/IL-15 CAR T cells elicited greater IFN-y
production upon subsequent rounds of coculture with Her2* tumor
cells, indicating that whereas IL-2/IL-7 CAR T cells elicited greater
effector function initially, IL-7/IL-15 CAR T cells exhibited enhanced
capacity to differentiate into effector cells upon repeated antigen stim-
ulation through the CAR. Notably, both IL-2/IL-7 and IL-7/IL-15
CAR T cells showed the potential to upregulate the immune-check-
points PD-1 and TIM-3 upon coculture with Her2-expressing tumor
cells, suggesting that they may be amenable to adjuvant treatment
with immune-checkpoint inhibitors (Figures 1H and 1I).

Culturing CAR T Cells in IL-7 and IL-15 Enhances Their
Responsiveness to Anti-PD-1 In Vivo

We next assessed the in vivo functionality of IL-7/IL-15 anti-Her2
CAR T cells relative to IL-2/IL-7 CAR T cells. To investigate this,
we preconditioned anti-Her2 CAR T cells in IL-7 and IL-15 or IL-2
and IL-7 and treated E0771-Her2 or MC38-Her2 tumor-bearing
mice having confirmed that both tumor cell lines expressed PD-L1
(Figure S3). We first tested this in the MC38-Her2 tumor model,
where we have previously observed that CAR T cell responses are
limited using our standard IL-2/IL-7 preconditioning protocol.*”
We observed that IL-7/IL-15 CAR T cells exhibited significantly
greater therapeutic efficacy than IL-2/IL-7 CAR T cells (Figure 2A).
However, in the E0771-Her2 tumor model, CAR T cells generated
in IL-7/IL-15 elicited only a modest, yet statistically significant, in-
crease in efficacy relative to IL-2/IL-7 CAR T cells (Figure 2B). This
was despite the fact that preconditioning of anti-Her2 CAR T cells
with IL-7 and IL-15 significantly increased the number of CAR
T cells in the spleens (3-fold, p < 0.01) and tumors (2-fold, p <
0.05) of E0771-Her2 tumor-bearing mice (Figure 2B). Further anal-
ysis of memory-associated genes revealed that tumor-infiltrating
CAR T cells analyzed at day 9 post-treatment exhibited similar
expression of the transcription factors TCF7, IRF4, and Tbet regard-
less of the cytokine preconditioning regimen utilized (Figure S4A).
Moreover, IL-2/IL-7 and IL-7/IL-15 CAR T cells exhibited similar
expression of proteins related to effector function (PD-1, TIM-3,
and Ki-67), with the exception of granzyme B, which was more highly
expressed by IL-2/IL-7 CAR T cells (Figure S4A). We next investi-
gated whether IL-7/IL-15 CAR T cells exhibited enhanced responses
to anti-PD-1 adjuvant therapy. Whereas treatment with anti-PD-1
alone had no effect on E0771-Her2 tumor growth, consistent with
our previous observations'“'® (Figure S4B), it significantly enhanced

Figure 2. Preconditioning CAR T Cells with IL-7/IL-15 Leads to Enhanced Anti-Tumor Efficacy When Combined with Anti-PD-1

(A-F and H) C57BL/6 Her2 transgenic (Tg) or (G) RAG ™~ mice were injected subcutaneously with 2 x 10° MC38-Her2 CAR T cells or with 2 x 10° EO771-Her2 tumor cells
into the fourth mammary fat pad and treated with anti-Her2 CAR T cells, generated as per Figure 1. 1 x 10" CART cells were injected intravenously on days 7 and 8 (EO771-
Her2) or 5 and 6 (MC38-Her2) following total body irradiation (4 Gy or 0.5 Gy, respectively). Mice were treated with 50,000 U of IL-2 on days 0-4 post-CAR T cell treatment and
with either anti-PD-1 (200 pg/mouse) or 2A3 isotype control on days 0, 4, 8, and 12 post-treatment. (A, B, F, and G) Tumor growth, shown as the mean + SEM of n = 6-8 mice
per group. *p < 0.01, ***p < 0.0001 two-way ANOVA. (B) 9 days post-treatment, spleens and tumors were excised, and the number of CD8"NGFR* CAR T cells in the
indicated organs was determined by flow cytometry. Data represent the mean + SEM of 19-20 mice per group from 3 replicate experiments. ***p < 0.0001, *p < 0.05
unpaired t test. (C) Tumor growth, shown as the mean + SEM of 12—14 mice per group from 2 pooled experiments. **p < 0.01, ***p < 0.0001 two-way ANOVA. (D) Survival of
mice with end point defined as when tumors exceeded 100 mm?. *p < 0.05 log rank test. (E and H) Expression of CD62L, PD-1, and TCF7 within CD8*"NGFR* CAR T cells.
FACS plots represent concatenated data from n = 8 mice. Pooled data represent the mean + SEM of 10-17 mice per group from 2 to 3 replicate experiments. *p < 0.05 one-

way ANOVA.
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the therapeutic efficacy of IL-2/IL-7 CAR T cells in terms of growth
inhibition (Figure 2C) but with no statistically significant effect on
survival (Figure 2D). In line with our hypothesis, effects mediated
by anti-PD-1 adjuvant therapy were significantly greater following
preconditioning of CAR T cells with IL-7/IL-15, leading to signifi-
cantly enhanced tumor growth inhibition and long-term survival of
mice (Figures 2C and 2D). This was despite similar levels of PD-1
expression on intratumoral CD8" CAR T cells following precondi-
tioning with IL-2/IL-7 or IL-7/IL-15 (Figure 2E). Similarly, IL-7/IL-
15 CAR T cells exhibited enhanced responsiveness relative to CAR
T cells preconditioned in IL-2 alone (Figure 2F). We next examined
this effect in the MC38-Her2 tumor model. To confirm that the effects
of anti-PD-1 were due to activation of CAR T cells (and not endoge-
nous T cell activation), we utilized RAG™™ mice to investigate this
effect. The efficacy of CAR T cells was reduced in RAG™'~ mice (Fig-
ure 2G) relative to wild-type (WT) mice (Figure 2A), likely as a result
of more aggressive tumor growth due to lack of endogenous T cell
anti-tumor immunity. However, these experiments revealed that
IL-7/IL-15 CAR T cells elicited significantly greater therapeutic effects
than IL-2/IL-7 CAR T cells when combined with anti-PD-1 adjuvant
therapy (Figure 2G).

To investigate the mechanism by which IL-7/IL-15 CAR T cells ex-
hibited enhanced responses to anti-PD-1, we assessed the numbers
and differentiation status of CAR T cells at the tumor site. In line
with our previous observations with IL-2/IL-7 CAR T cells,'*'® PD-
1 blockade did not significantly affect the numbers of CAR T cells
in the spleens or tumors of treated mice (Figure S4C). To interrogate
effects on differentiation status, we analyzed the proportion of
CD62L*TCF7" cells following anti-PD-1 therapy, since previous re-
ports have indicated that CD62L*TCF7" cells are the most responsive
to immune-checkpoint blockade in the context of conventional
immunotherapy.”” Interestingly, we observed a significant reduction
in the proportion of CD62L"TCF7" cells following treatment of IL-7/
IL-15 CAR T cells, but not IL-2/IL-7 CAR T cells, with anti-PD-1
adjuvant therapy (Figure 2H). This was concomitant with an increase
in the proportion of CD62L TCF7~ effector-like CAR T cells in the
context of PD-1 blockade (Figure 2H), suggesting that TCF7" cells
may be more prone to differentiation into effector-like cells following
IL-7/IL-15 preconditioning. Indeed, stimulation of CAR T cells
in vitro led to a reduction in TCF7 expression at the transcript and
protein level (Figures S4D and S4E), indicating that CAR T cells
decrease TCF7 expression following activation and differentiation.

The CD62L*TCF7* CAR T Cell Subset Is the Most Responsive to
Anti-PD-1 Adjuvant Therapy

Having observed that anti-PD-1 treatment led to a significant reduction
in the proportion of CD62L"TCF7" cells when CAR T cells were gener-
ated with IL-7/IL-15, we examined whether these cells were responding
to anti-PD-1 therapy at the transcriptional level. To assess this, we
generated IL-7/IL-15 anti-Her2 CAR T cells, treated E0771-Her2 tu-
mor-bearing mice, and FACS sorted intratumoral CD62L" and
CD62L"CD8" CAR T cells at day 9 post-treatment following 48 h of
adjuvant PD-1 therapy (or isotype control; antibody treatment at day
7). RNA-seq on the CD62L* and CD62L~ subsets validated that the
CD62L" cells elicited an increased expression of several genes associ-
ated with CAR T cell effector function, such as IFN-y and granzyme
B (Figures 3A and 3B; Table S1). As expected, this analysis also revealed
that CD62L" CAR T cells expressed higher levels of memory-associated
genes, including Tcf7, Sell, Id3, and LefI (Figures 3A and 3B; Table S1).
GSEA analysis revealed that the CD62L" subset exhibited a phenotype
similar to a previously described endogenous CD8* T cell population
that was responsive to conventional immune-checkpoint blockade (Fig-
ure 3C).”” Consistent with this, we observed that the vast majority of
transcriptional changes following anti-PD-1 therapy occurred within
the CD62L" population (Figures 3D and 3E), and analysis of these
differentially expressed genes following anti-PD-1 therapy revealed an
enrichment for genes within the gene ontology (GO) terms “T cell acti-
vation” and “T cell differentiation” (Figure 3F). Notably, within the
CD62L"* population, we also observed increased transcription of
T cell receptor (TCR)-induced transcription factors Irf4, Nfatcl, and
Batf and increased expression of T cell activation genes, including
Cd69, Pdcdl, Havcr2, and Ifng. Taken together, these data suggest
that the CD62L" population was the most responsive to anti-PD-1 ther-
apy when CAR T cells were preconditioned with IL-7 and IL-15, leading
to the differentiation and activation of these cells (Figure 3G). Therefore,
these data suggest that IL-7/IL-15 preconditioning enforces a unique
transcriptional profile in CD62L*"TCF7" cells (Figures 3E and 3F), lead-
ing to enhanced differentiation of these cells following anti-PD-1 adju-
vant therapy (Figures 3D-3G).

Preconditioning CAR T Cells with IL-7/IL-15 Leads to Enhanced
Effector Functions When Combined with Anti-PD-1 Treatment

In Vivo

To assess further the mechanism underlying the enhanced response of
IL-7/IL-15 CAR T cells to anti-PD-1 therapy, we performed an analysis
of the expression of effector proteins (IFN-y, TNF, Ki-67, granzyme B,

Figure 3. The CD8*CD62L* CAR T Cell Population Elicits the Majority of Transcriptional Changes Following PD-1 Blockade

C57BL/6 Her2 Tg mice were injected with 2 x 10° EQ771-Her2 tumor cells into the fourth mammary fat pad and treated with IL-7/IL-1 5-generated anti-Her2 CAR T cells as
per Figure 2. Mice were treated on day 7 with anti-PD-1 (200 pg/mouse) or 2A3 isotype control, and on day 9, tumors were excised, and CD8"NGFR*CD62L" and
CD8*NGFR*CD62L "~ were isolated by FACS sorting. Transcriptional changes were analyzed by RNA-seq. Data represent a pool of cells obtained from 3 mice for each
biological replicate. (A) Differential gene-expression analysis; genes in red indicate significance based upon an FDR of <0.05. (B) Gene expression by heatmap for indicated
cell populations in mice treated with 2A3 isotype control. (C) GSEA plot showing enrichment for genes upregulated in CD62L" (relative to CD62L ") compared to a gene set
identified in TCF7™ cells responsive to immune-checkpoint blockade.?° (D) Differential gene-expression analysis following anti-PD-1 treatment in CD62L~ and CD62L" cells.
Volcano plots (top) and Venn diagram showing overlapping genes (bottom) with significance cutoff set at FDR < 0.05. (E) Principal component plot based upon the top 1,000
most variable genes. (F and G) Enriched pathways within the gene ontology (GO) biological processes database based upon differentially expressed genes within CD62L*
cells following anti-PD-1 treatment. (F) Most significantly enriched Gene Ontology (GO) pathways (G) Heatmaps indicate gene expression within selected GO pathways.
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Figure 4. IL-7/IL-15 Preconditioned CAR T Cells Elicit a More Potent Effector Response Following Anti-PD-1 Treatment

C57BL/6 Her2 Tg mice were injected with 2 x 10° E0771-Her2 tumor cells into the fourth mammary fat pad and treated with anti-Her2 CAR T cells as per Figure 2, having
been generated with IL-2/IL-7 or IL-7/IL-15. At day 9 post-treatment, tumors were excised, and tumor-infiltrating CD8"NGFR* CAR T cells were analyzed by flow cytometry.
(A) The expression of IFN-y and TNF following 3 h of PMA (5 ng/mL) and ionomycin (1 ng/mL) in the presence of GolgiPlug and GolgiStop. Top: data shown as mean + SEM of
14-18 mice per group from 3 replicate experiments. “p < 0.05, ***p < 0.001, one-way ANOVA. Bottom: concatenated data from 8 mice per group. (B and C) The expression of
(B) Ki-67, granzyme B, and TIM-3 and (C) IRF4 in CD8*NGFR* CAR T cells. Data shown as mean + SEM of 14-18 mice per group from 3 replicate experiments. *p < 0.05,
**p < 0.01, one-way ANOVA. (D) The expression of IRF4 in CD62L~ and CD62L" subsets. Data are from concatenated mice from a representative experiment of n = 2.
Bottom: pooled data from 11-13 mice per group from 2 individual experiments. “p < 0.05, ***p < 0.001, one-way ANOVA.

TIM-3) by CD8" CAR T cells by flow cytometry at day 9 post-treat-
ment (Figures 4A and 4B). Consistent with our previous observations
at this time point,'® we observed that PD-1 blockade did not signifi-
cantly enhance production of these effector proteins by CAR T cells
when they were preconditioned with IL-2/IL-7. However, IL-7/IL-15
CART cells exhibited greater responsiveness to adjuvant therapy, lead-
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ing to significantly greater expression of IFN-y and TNF following
phorbol 12-myristate 13-acetate (PMA)/ionomycin treatment relative
to IL-2/IL-7 CAR T cells treated with anti-PD-1 (Figure 4A). To test
this in the context of CAR-specific stimulation (as opposed to PMA/
ionomycin), we evaluated IFN-y production of CD8" T cells following
ex vivo stimulation with an anti-CAR-stimulating antibody. Consistent
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Figure 5. IL-15 Preconditioning Results in a Favorable Epigenetic Landscape for Enhanced Effector Functions Following PD-1 Blockade

Anti-Her2 CAR T cells were generated in IL-2 (100 U/mL) and IL-7 (200 pg/mL) or IL-7 and IL-15 (10 ng/mL). (A-D) At day 6 post-activation, CD8"NGFR*" CAR T cells were
FACS sorted into Tgwm, Tom, and Tsem populations and their genome accessibility analyzed by ATAC-seq. (A) PCA plot based on the 5,000 most variable peaks. (B and C)
Analysis was restricted to sites within —5 kb or +10 kb of TSS. (B) MA plot of log2 fold change (FC) differences in accessibility peaks between Ty CAR T cells generated with
IL-2/IL-7 or IL-7/IL-15 versus the mean of normalized log CPM. Colored peaks are statistically significant. (C) Heatmap of normalized log CPM for peaks associated with
individual genes. Green and blue indicate sites significantly more/less accessible, respectively, after IL-15 treatment. Numbers indicate position of peak relative to TSS. (D)

(legend continued on next page)
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with effects observed with PMA/ionomycin, IFN-y production was
highest in mice treated with IL-7/IL-15 preconditioned CARs and
anti-PD-1 (Figure S5). Moreover, PD-1 blockade resulted in significant
increases in Ki-67, granzyme B, and TIM-3 expression in IL-7/IL-15
CAR T cells, but not IL-2/IL-7 control CAR T cells, further confirming
the increased responsiveness of these CAR T cells to anti-PD-1 adju-
vant therapy (Figure 4B). We also analyzed the phenotype of tumor-
infiltrating CD4"CAR T cells given recent data indicating the clinical
importance of this subset. Preconditioning CAR T cells with IL-7/IL-
15 led to an increase in the CD8":CD4" CAR T cell ratio (Figure S6A),
but this was explained by an increased number of CD8" CAR T cells
(Figure 2B), whereas numbers of CD4" CAR T cells were unaffected.
However, the proportion and number of CD4" CAR T cells were signif-
icantly diminished following anti-PD-1 therapy when CAR T cells were
generated with IL-7/IL-15 but not IL-2/IL-7. This was concomitant
with a reduction in the proportion of CD62L"TCF7*CD4" CAR
T cells (Figure S6B) and an increased activation status of CD4" CAR
T cells following anti-PD-1 blockade, indicated by their increased
expression of IFN-vy, TNF, Ki-67, and granzyme B (Figures S6C and
S6D). Similarly to CD8" CAR T cells, these parameters were only
modulated by PD-1 blockade when CAR T cells were preconditioned
with IL-7/IL-15 but not IL-2/IL-7.

To assess further the impact of cytokine preconditioning on the differen-
tiation of CD8" CAR T cells, we analyzed expression of IRF4, a transcrip-
tion factor known to play an important role in CD8" T cell differentia-
tion and effector function.”® With IL-7/IL-15 CAR T cells, PD-1
blockade resulted in a significant increase in the expression of IRF4 (Fig-
ure 4C). Notably, this increase in expression of IRF4 was most pro-
nounced within the CD62L" population, consistent with our data at
the transcriptional level (Figures 3G and 4D). Taken together, our
data indicate that the preconditioning of CAR T cells with IL-7 and
IL-15 leads to enhanced anti-tumor activity when combined with anti-
PD-1 adjuvant therapy in vivo, and this effect was associated with an
increased responsiveness of CD8"CD62L"TCF7" cells. Subsequently,
these CAR T cells exhibited significantly enhanced expression of key
effector molecules, including IFN-y and TNF, which we have previously
shown to be important for the efficacy of CAR T cells in solid tumors.' ***

Preconditioning CAR T Cells with IL-15 Promotes a Favorable
Epigenetic Landscape within CD8" CAR T Cells for Responses to
Anti-PD-1

To understand further the mechanism by which IL-15 precondition-
ing enhances CAR T cell responses to anti-PD-1 adjuvant therapy, we
analyzed the effect of IL-15 on the epigenome of CD8" CAR T cells.
We first assessed this in terms of the CAR T cells being injected into
mice following FACS sorting of Tgy, Tewm, and Tscn populations of
CAR T cells generated with IL-2/IL-7 or IL-7/IL-15 as per Figures
1D-1F. Principal-component analysis (PCA) of the 5,000 most vari-
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ably accessible sites revealed that similarly to the transcriptome anal-
ysis, cells clustered based on their cytokine preconditioning to a
greater extent than their phenotype defined by their expression of
CD62L and CD44 (Figure 5A). Analysis of differentially accessible
sites in Tcp CAR T cells generated in IL-2/IL-7 or IL-7/IL-15 revealed
that there were 6301 significantly more accessible and 5,777 signifi-
cantly less accessible peaks following culture in IL-7 and IL-15 (Fig-
ure 5B). Interestingly, we observed that some memory-associated
genes, such as Tcf7 and Slprl, displayed multiple sites that were
more accessible following IL-15 treatment (Figures 5C and 5D).
Indeed, analysis of differential accessible regions between Tcy cells
generated in either IL-2/IL-7 or IL-7/IL-15 at a range of gene loci re-
vealed that IL-7/IL-15 preconditioning resulted in an epigenetic pro-
file that was more similar to stem-like cells that have previously been
shown to be highly responsive to PD-1 blockade.”® This included
increased accessibility of memory genes and decreased accessibility
of inhibitory receptors, such as Havcr2 (Figures 5C, 5D, and S7A).
We next analyzed the chromatin landscape of CAR T cells ex vivo
9 days following treatment. Analysis of IL-2/IL-7 and IL-7/IL-15-
generated CAR T cells recovered from the spleens of E0771-Her2
tumor-bearing mice revealed that IL-2/IL-7-generated CAR T cells
retained their increased accessibility of genes associated with terminal
differentiation, such as Havcr2 and Klrgl (Figure S7B). We next
explored the epigenetic landscape of tumor-infiltrating CAR T cells.
We focused upon CAR T cells generated with IL-7/IL-15 and isolated
the CD62L" and CD62L" subsets following treatment with anti-PD-1
for either 2 or 4 days. PCA of the top 5,000 differentially regulated
peaks revealed that the CD62L" and CD62L~ subsets exhibited
distinct epigenetic profiles as expected (Figure 5E). In the absence
of adjuvant treatment, CD62L " cells possessed regions of increased
accessibility at peaks associated with effector-related genes, such as
Ifng, Tnf, and Irf4, relative to CD62L" cells, likely indicative of active
transcription of these genes. Following anti-PD-1 treatment, epige-
netic changes were more marked in the CD62L" subset, with 500
significantly altered peaks compared to 61 in CD62L™ CAR T cells
(Figures 5E and 5F). Notably, changes in the CD62L" cells were
more marked and prolonged, since very little chromatin arrange-
ments occurred within the CD62L™ subset after 2 days of treatment
(Figure 5E), likely indicative of differentiation toward an effector-
like phenotype early after treatment. These data support the notion
that preconditioning of CAR T cells with IL-7/IL-15 leads to a favor-
able epigenetic profile for enhanced persistence and responsiveness to
anti-PD-1 and that, within tumors, memory-like CAR T cells, marked
by their expression of CD62L and TCF?7, are the most responsive to
anti-PD-1 in terms of transcriptional and epigenetic changes.

DISCUSSION

Recent studies investigating the mechanism underlying immune-
checkpoint blockade therapy have shown that within CD8" T cells,

Accessibility tracks for selected genes and indicated cell types. (E and F) C57BL/6 Her2 Tg mice were injected with 2 x 10° EO771-Her2 tumor cells into the fourth mammary
fat pad and treated with IL-7/IL-15-generated anti-Her2 CAR T cells and CAR T cells FACS sorted at day 9 post-treatment as per Figure 3. (E) PCA plot based on the 5,000
most variable peaks. (F) MA plot of log 2FC differences in accessibility peaks between CD62L* or CD62L~ CAR T cells treated with either 2A3 or anti-PD-1 on day 5 post-

treatment versus the mean of normalized log CPM.
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a less differentiated CD62L"TCF7" population is the most responsive
to immune-checkpoint blockade and correlates with improved ther-
apeutic responses.'”>>>” However, this has not been investigated in
the context of CAR T cell responses, which are of high importance
given the number of clinical trials proposing to utilize the combina-
tion of CAR T cells and immune-checkpoint inhibitors.”® Standard
CART cell culturing conditions used in the clinic result in the gener-
ation of a CAR T cell product with an effector/exhausted phenotype,
which has limited persistence™ and is unlikely to be optimally
responsive to immune-checkpoint blockade. Whereas biomarkers
of persistence, including a CD45RA*CD27" population,”® have
been shown to be prognostic for engraftment and persistence, no
such biomarkers currently exist for predicting CAR T cell responses
to immune-checkpoint blockade.

Previous studies have shown that preservation of CAR T cells in the
Tcwm phenotype results in superior engraftment and anti-tumor ef-
fects.”® This can be achieved through alteration of the cytokine milieu
for CAR T cell culture;'”*””" pharmacological inhibition of key
signaling pathways, such as Akt,”” or epigenetic modulation.'"'*’
Consistent with this, our current study showed that preservation of
CARTT cells in a more stem-like phenotype prior to adoptive transfer
resulted in enhanced engraftment and numbers of CAR T cells infil-
trating tumors. Whereas previous studies have shown that IL-15 can
enhance the efficacy of adoptive cellular therapy by enhancing a Ty
phenotype,'” due to its inhibition of mammalian target of rapamycin
(mTOR) within transferred T cells,”" our study demonstrates that IL-
15 initiates a transcriptional and epigenetic program associated with
an enhanced capacity to respond to PD-1 blockade. Thus, precondi-
tioning of CAR T cells with IL-15 consequently enhances their anti-
tumor functionality when combined with anti-PD-1 adjuvant
therapy. This is of high clinical relevance given that a number of
ongoing trials are investigating the combination of CAR T cells and
adjuvant immune-checkpoint blockade using standard CAR T cell
culturing conditions, which our data suggest are likely to lead to sub-
optimal responses to anti-PD-1 (ClinicalTrials.gov: NCT03287817,
NCT02926833, and NCT02706405). More recently, improved
methods to generate stem cell-like CAR T cells have been devel-
oped,” but these are yet to be utilized in conjunction with strategies
designed to block PD-1.

Treatment of CAR T cells with IL-7 and IL-15 in vitro led to transcrip-
tional changes that were in alignment with previously reported gene
sets for T cell populations that respond to immune-checkpoint
blockade.'”*”*” Notably, we observed that not only did IL-15
enhance the proportion of cells expressing a Tcy phenotype
(CD62L"), but also, comparison of Tcy, cells generated in IL-2/IL-7
versus IL-7/IL-15 revealed that IL-7/IL-15-generated Tcy cells ex-
hibited increased expression of genes associated with a positive
response to PD-1 blockade, such as Tcf7, relative to IL-2/IL-7-gener-
ated Tcy counterparts. Thus, IL-15 enhanced the Tcy phenotype
both quantitatively and qualitatively, and so analysis of the cell-sur-
face phenotype of a CAR T cell product alone may be insufficient
to predict their responsiveness to immune adjuvants. An interesting

observation from analysis of the epigenome of CAR T cells condi-
tioned with IL-15 was that it selectively enhanced the accessibility
of certain memory-related genes, such as II7r and Tcf7, whereas other
genes, such as Foxol, were not affected. This suggests that rational
combinations between IL-15 and epigenetic modifiers that target
these loci may potentially synergize and further enhance CAR
T cell persistence.

IL-7/IL-15 preconditioning enhanced the capacity of CD62L"TCF7*
CAR T cells to respond to anti-PD-1 therapy, both transcriptionally
and epigenetically, resulting in significant increases in key effector
proteins, including IFN-y, TNF, Ki-67, and granzyme B. We have
previously shown that both IFN-y and TNF are critical cytokines
for CAR T cell-mediated control of solid tumors in vivo,'®** suggest-
ing that the capability of IL-7/IL-15-preconditioned CAR T cells to
secrete enhanced levels of these cytokines may contribute to their
enhanced effector function. These results are consistent with results
observed by Siddiqui et al.,”” whereby depletion of the TCF7* subset
was shown to abrogate responses to conventional immune-check-
point blockade.

Notably, the increased expression of IRF4 within the CD62L" subset
following anti-PD-1 is indicative of the increased activation/differen-
tiation of these cells. IRF4 expression is associated with effector cell
functions, such as IFN-y production, but has also been shown to pro-
mote terminal T cell differentiation through repression of the tran-
scription factor TCF7.”* This may explain why treatment with PD-
1 is associated with a loss of less differentiated CD62L"TCF7" cells
and potentially why PD-17/" T cells have been shown to be prone
to terminal differentiation in a chronic viral setting.”” Thus, transient
and/or tumor microenvironment-specific modulation of immune
checkpoints may be preferable in the setting of CAR T cell therapy
to preserve their less differentiated phenotype and maximize their
ability to proliferate and differentiate within the tumor microenviron-
ment. Taken together, our data suggest that preservation of CAR
T cells in a less differentiated CD62L"TCF7" phenotype through
the use of IL-15 conditioning can enhance both their persistence
and responsiveness to immune-checkpoint adjuvant therapies.

MATERIALS AND METHODS

Cell Lines and Mice

The C57BL/6 mouse breast carcinoma cell line E0771, a gift from
Prof. Robin Anderson (Olivia Newton-John Cancer Research Insti-
tute), and MC38 were engineered to express truncated human
Her2, as previously described.”® Tumor lines were also verified to
be mycoplasma negative by PCR analysis. Tumor cells were grown
in RPMI, supplemented with 10% fetal calf serum (FCS), 2 mM gluta-
mine, 0.1 mM nonessential amino acids (NEAAs), HEPES, 1 mM so-
dium pyruvate, and penicillin/streptomycin, and used in less than 8
passages from a master stock. For assessment of CAR T cell activity
in vivo, cells were resuspended in PBS and injected subcutaneously
in a 100-pL volume (male mice; MC38-Her2) or into the fourth mam-
mary fat pad in a 20-uL volume (female mice; E0771-Her2). C57BL/6
WT mice or C57BL/6 Her2 mice were bred in-house at the Peter
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MacCallum Cancer Centre (PMCC), and RAG™'~ mice were ob-
tained from the Walter and Eliza Hall Institute (WEHI; Melbourne,
Australia). Mice were used between 6 and 16 weeks of age. All animal
experiments were performed under the approval from the PMCC An-
imal Experimentation Ethics Committee (number E582).

Antibodies and Cytokines

Antibodies to PD-1 (clone RMP1-14) or isotype control (clone 2A3)
were purchased from Bio X Cell. For cell stimulation, anti-CD3 (clone
145-2C11) and anti-CD28 (clone 37.51) antibodies were purchased
from BD Pharmingen. Recombinant human IL-2/IL-15 and murine
IL-7 used for T cell stimulation were obtained from the NIH and Pe-
proTech, respectively.

Generation of Murine CAR T Cells

Retrovirus encoding a CAR composed of an extracellular scFv-anti-
human Her2 fused to the transmembrane domains of CD28 and
CD3{ was obtained from the supernatant of the GP+E86 packaging
line, as previously described.'**” This GP+E86 anti-Her2 CAR pack-
aging line was then further engineered to also produce retrovirus en-
coding a truncated human NGEFR to allow tracking of transduced
cells. Splenocytes were cultured in RPMI, supplemented with 10%
FCS, NEAA, sodium pyruvate, glutamine, HEPES, and penicillin/
streptomycin. Splenocytes were activated with anti-CD3 (0.5 pg/
mL) and anti-CD28 (0.5 pg/mL) in the presence of 100 IU/mL IL-2
and 200 pg/mL IL-7 at a density of 5 x 10°/mL. After 24 h, live
T cells were isolated after a Ficoll centrifugation step. 4 mL of retro-
viral supernatant was added to each well of retronectin-coated (10 pg/
mL) 6-well plates (Takara Bio). Viral supernatant was spun onto ret-
ronectin-coated plates at 1,200 x g for 30 min, after which T cells
were resuspended in 1 mL of additional retroviral-containing super-
natant, supplemented with IL-2 and IL-7, and then added to the ret-
ronectin-coated plates to give a final volume of 5 mL/well. Final T cell
concentration was 5 x 10° to 10 x 10° per well. T cells were spun for
90 min, after which they were incubated overnight before repetition of
the transduction process the following day. After the transduction
was completed, T cells were maintained in IL-2 and IL-7, IL-7 and
IL-15 (10 ng/mL), or IL-2, only containing media and cells used at
days 6-8 after transduction.

Generation of Human CAR T Cells

Retrovirus encoding a second-generation scFv-anti-Lewis-Y CAR,
linked to a human CD8 hinge region and cytoplasmic domains of hu-
man CD28 and CD3Z, was obtained from the supernatant of the
PG13 packaging line, as previously described.”® Human peripheral
blood mononuclear cells (PBMCs) were cultured in RPMI, supple-
mented with 10% FCS, NEAA, sodium pyruvate, glutamine, HEPES,
and penicillin/streptomycin. PBMCs were isolated from normal bufty
coats using Ficoll centrifugation and activated for 48 h with anti-hu-
man CD3 (OKT3 30 ng/mL; Ortho Biotech) and cytokines, IL-2 (100
IU/mL) and IL-7 (5 ng/mL), or IL-7 (5 ng/mL) and IL-15 (5 ng/mL).
Retronectin-coated (15 pg/mL) 6-well plates (Takara Bio) were
centrifuged at 1,200 x g for 1 h with 5 mL of retroviral supernatant
added to each well. Retroviral supernatant was removed prior to
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the addition of activated PBMCs resuspended at a concentration of
0.5 x 10°/mL in fresh 5 mL of retrovirus containing IL-2/IL-7 or
IL-7/IL-15. Centrifugation at 1,200 x g for 1 h was performed, and
cells were incubated overnight before repeating the transduction
process the next day. Following transduction, cells were cultured at
a density of 1.5 x 10%mL with IL-2/IL-7 or IL-7/IL-15 and FACS
sorted for RNA-seq analysis at day 7.

Treatment of Tumor-Bearing Mice

C57BL/6 human Her? transgenic mice or RAG™'~ mice were injected
in the fourth mammary fat pad with 2 x 10° E0771-Her2 cells or sub-
cutaneously with 2 x 10° MC38-Her2 tumor cells. At day 7 (E0771-
Her2) or day 5 (MC38-Her2) after tumor injection, mice were pre-
conditioned with total-body irradiation (4 Gy E0771-Her2, 0.5 Gy
MC38-Her2) prior to the administration of 1 x 10’ CAR T cells on
days 7 and 8. Mice were also treated with 50,000 IU IL-2 on days
0-4 after T cell transfer. Mice were treated with either isotype control
(2A3) or anti-PD-1 (200 pg per mouse) on days 0, 4, 8, and 12 after
T cell transfer.

Analysis of Tumor-Infiltrating Immune Subsets

For analysis of tumor-infiltrating CAR T cells by flow cytometry or
RNA-seq, tumors were excised and digested postmortem using a
cocktail of 1 mg/mL collagenase type IV (Sigma-Aldrich) and
0.02 mg/mL DNase (Sigma-Aldrich). After a 30-min digestion at
37°C, cells were passed through a 70-pum filter twice. Cells were
then analyzed for various functional parameters, including cytokine
production by flow cytometry directly ex vivo. In some experiments,
isolated cells were restimulated with PMA (5 ng/mL) and ionomycin
(1 pg/mL; Sigma-Aldrich) in the presence of GolgiPlug and GolgiStop
(BD Biosciences) for 3 h before flow cytometry analysis.

RNA-Seq Analysis

Total RNA was isolated using an RNeasy kit (QIAGEN), as per the
manufacturer’s instructions, and RNA-seq libraries were prepared
from ~400 ng of total RNA using the QuantSeq 3’ mRNA-Seq Library
Prep Kit for Illumina (Lexogen), as per the manufacturer’s instruc-
tions. Single-end, 75 bp RNA-seq short reads were generated using
NextSeq (Illumina, San Diego, CA, USA). CASAVA 1.8.2 was used
for base calling. Quality of the data was assessed using RNA-SeQC
v.1.1.7.> To analyze differential gene expression, the data were qual-
ity trimmed using Cutadapt v.1.6 to remove random primer bias, and
3’ end trimming was performed to remove poly(A) tail-derived reads
and alignment performed using HISAT2 against the mouse reference
genome mm10. The subread software package 1.6.4 was used to count
the number of reads per gene using gene definitions from Ensembl
Release 96.*° Gene counts were normalized using the TMM (trimmed
means of M-values) method and converted into log2 counts per
million (CPM) using edgeR v.3.8.5.*"*> PCA was performed on
normalized counts, and edgeR was applied for differential expression
analysis between defined groups. All differentially expressed genes
were filtered for false discovery rate (FDR) cutoff of 5% and fold-
change cutoff >1. Volcano plots were used to represent differential
gene expression between groups. Heatmaps for selected gene sets
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were generated using the pheatmap R package, using row mean-
centered and scaled gene-expression levels of log2(CPM + 0.5).
Rows were grouped by hierarchical clustering using Euclidean dis-
tance and average linkage. Each group was sequenced in biological
duplicates, and mean of CPM values was used.

For GSEA, all differentially expressed mouse genes between respec-
tive IL-7/IL-15 against IL-2/IL-7 CAR T cell groups were ranked ac-
cording to fold change and compared to gene signatures for Tcf7%"*
versus Tcf7°"F ™ tumor-infiltrating CD8" T lymphocytes .* Likewise,
differentially expressed genes for IL-7/IL-15 and IL-2/IL-7 human
CAR T cells were compared to T cell gene signatures identified
through unbiased clustering of CD45" cells from patient melanoma
biopsies.'” A gene signature for IL-7/IL-15 was generated using differ-
entially expressed genes significantly modulated by IL-7/IL-15
compared to IL-2/IL-7 in both CD45RA and CD45RO human CAR
T cells. The GSEA v.3.0 software (https://www.gsea-msigdb.org/
gsea/index.jsp) was used to perform the analysis.”> For analysis of
murine CAR T cells ex vivo, the Enrichr database** was used using
an FDR cutoff of 5% to screen 153 libraries unbiasedly. Several path-
ways from the GO biological process 2018 database** were identified,
including T cell activation (GO: 0042110) and T cell differentiation
(GO: 0030217).

Assay for Transposase-Accessible Chromatin Using

Sequencing (ATAC-Seq) Analysis

ATAC-seq was performed using a protocol developed to reduce mito-
chondria from the transposition reaction.*® Briefly, CAR T cells were
cultured in IL-2/IL-7 or IL-7/IL-15, and on day 7 post-activation,
duplicate samples were processed. Cells were washed once in ice-
cold PBS and lysed in ATAC lysis buffer (0.1% Tween 20, 0.1%
NP-40, 10 mM NaCl, 3 mM MgCl,, 10 mM Tris HCI, pH 7.4). Tag-
mentation was performed with Tn5 transposase and 2 x tagmentation
DNA (TD) buffer (Nextera DNA Library Prep Kit; Illumina) at 37°C
for 30 min. MinElute columns (QIAGEN; 28004) were used to purify
TD, which was then amplified for 12 cycles using 2 x KAPA HiFi Hot-
Start ReadyMix (Kapa Biosystems; KK2602). Amplified libraries were
then purified using MinElute columns (QIAGEN) and sequenced on
an Illumina NextSeq 500 with 75 bp single-end reads. Library quality
control (QC) and quantification were performed using D1000 high-
sensitivity screen tape with a 4200 TapeStation Instrument (Agilent
Technologies) with size selection of 200-500 bp using a Pippin
Prep system (Sage Science). To analyze differential peaks, Fastq files
generated were trimmed 15 bp on the 5’ end to remove random prim-
ing bias using Cutadapt (v.2.1), and 3’ end trimming was performed
to remove Nextera transposase adaptor sequences introduced as a
result of library preparation. Quality-trimmed reads were aligned to
the mm10/GRCm38 genome using bowtie2 (v.2.3.4.1) with default
settings.47 SAMtools; v.1.9) was used for SAM to BAM file conver-
sions, after which featureCounts, as part of the subread software pack-
age (v.1.5.2), was used to count reads within ATAC peaks identified
using MACS (v.2.1.1) with settings-nomodel-extsize 300 and that
were overlapping across samples, as determined by the merge func-
tion of (v.2.27.1).***’ Overlapping ATAC peaks were annotated to

genes using HOMER (v.4.8).”° With the use of voom, peak counts
were normalized based on calculated normalization factors into
log2 CPM and fitted to a linear model using limma.”' Empirical Bayes
smoothing of standard errors were used to calculate weights for each
peak to determine differentially expressed peaks. PCA was performed
on the top 5,000 variably expressed peaks using normalized peak
counts. All differentially expressed peaks were filtered for adjusted
p value (adj.p.value) cutoff of 5% and distance from transcriptional
start site (TSS) of +10,000 bp (upstream) and —5,000 bp (down-
stream). MA plots were used to represent differential peak expression
between groups. Heatmaps for selected peaks were generated using
the pheatmap R package, using row mean-centered and scaled
peak-expression levels of log2(CPM + 0.5). Rows were grouped by hi-
erarchical clustering using Euclidean distance and average linkage.
Each group was sequenced in biological duplicates, and mean of
CPM values was used. Browser viewable TDF files were generated us-
ing igvtools (v.2.3.95) and resulting tracks were visualized using Inte-
grative Genomics View (IGV; v.2.5.2).7%°3

Statistics
Statistical tests were performed as indicated in the figure legends. A p
value of less than 0.05 was considered significant.
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