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ABSTRACT

Background The immune suppressive tumor
microenvironment (TME) that inhibits T cell infiltration,
survival, and antitumor activity has posed a major
challenge for developing effective immunotherapies for
solid tumors. Chimeric antigen receptor (CAR)-engineered
T cell therapy has shown unprecedented clinical response
in treating patients with hematological malignancies,

and intense investigation is underway to achieve similar
responses with solid tumors. Immunologically cold tumors,
including prostate cancers, are often infiltrated with
abundant tumor-associated macrophages (TAMs), and
infiltration of CD163* M2 macrophages correlates with
tumor progression and poor responses to immunotherapy.
However, the impact of TAMs on CAR T cell activity alone
and in combination with TME immunomodulators is
unclear.

Methods To model this in vitro, we utilized a novel co-
culture system with tumor cells, CAR T cells, and polarized
M1 or M2 macrophages from CD14" peripheral blood
mononuclear cells collected from healthy human donors.
Tumor cell killing, T cell activation and proliferation,

and macrophage phenotypes were evaluated by flow
cytometry, cytokine production, RNA sequencing, and
functional blockade of signaling pathways using antibodies
and small molecule inhibitors. We also evaluated the

TME in humanized mice following CAR T cell therapy for
validation of our in vitro findings.

Results We observed inhibition of CAR T cell activity
with the presence of M2 macrophages, but not M1
macrophages, coinciding with a robust induction of
programmed death ligand-1 (PD-L1) in M2 macrophages.
We observed similar PD-L1 expression in TAMs following
CART cell therapy in the TME of humanized mice. PD-L1,
but not programmed cell death protein-1, blockade in
combination with CAR T cell therapy altered phenotypes
to more M1-like subsets and led to loss of CD163* M2
macrophages via interferon-y signaling, resulting in
improved antitumor activity of CAR T cells.

Conclusion This study reveals an alternative mechanism
by which the combination of CAR T cells and immune
checkpoint blockade modulates the immune landscape
of solid tumors to enhance therapeutic efficacy of CAR T
cells.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Chimeric antigen receptor (CAR) T cell therapy in-
duces programmed death ligand-1 (PD-L1) expres-
sion in tumors, which may limit their therapeutic
activity. Combining anti-programmed cell death pro-
tein-1 or anti-PD-L1 immune checkpoint blockade
with CAR T cell therapy may reinvigorate antitumor
activity of CAR T cells in both hematologic and solid
tumor malignancies. The role of macrophage PD-L1
expression in CAR T cell therapy, and the impact of
PD-L1 blockade on macrophage-induced immuno-
suppression in combination with CAR T cells, remain
to be investigated.

WHAT THIS STUDY ADDS

= Our study demonstrates that combining PD-L1
blockade and CAR T cells alters the tumor micro-
environment by directly inhibiting M2 macrophage-
induced immunosuppression and their survival,
providing an alternative mechanism of action of
immune checkpoint blockade in combination with
CART cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study provides a rationale for combining
PD-L1 blockade and CAR T cell therapy to treat
macrophage-rich tumors.

INTRODUCTION

Adoptive transfer of chimeric antigen receptor
(CAR)-engineered T cells has demon-
strated robust and durable clinical efficacy
in patients with B-cell malignancies," but
to date has shown underwhelming response
rates in patients with solid tumors.* ° This
clinical observation is in large part attributed
to the immune-suppressive tumor microenvi-
ronment (TME) of solid tumors, comprising
infiltrating myeloid cells and regulatory T
cells that inhibit endogenous antitumor
immunity and adoptively transferred cell
therapies. Overcoming this challenge will be
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critical to unleashing the full potential for CAR T cell
therapies for solid tumors, and likely will require disease-
specific and context-specific considerations.

Tumor-associated macrophages (TAMs) are the most
abundant immune cells in many solid tumors, and
TAM infiltration strongly correlates with tumor progres-
sion and poor prognosis in various solid tumors™' and
lymphoma.'' While macrophages retain phenotypic and
functional plasticity, the majority of TAMs are immune
suppressive, M2-like macrophages with complex pro-
tumor functions. TAMs secrete various cytokines and
growth factors including interleukin (IL)-10, trans-
forming growth factor-beta (TGF-B), vascular endothelial
growth factor (VEGF), and C-X-C motif ligand (CXCL)
12 to drive cancer progression through immune suppres-
sion, tumor angiogenesis, invasion and metastasis.'*"*
TAMs also play critical roles in response and resistance
to common cancer therapies such as chemotherapy,
radiation thera};)y,15 angiogenesis'® and hormone depri-
vation therapy,'” and numerous macrophage-modulating
approaches have shown improved therapeutic efficacy in
preclinical studies.'* '**!

Preclinical studies also demonstrated that TAMs
mediate resistance to immune checkpoint blockade
(ICB),**** and targeting TAMs likely alters outcomes of
clinical interventions.” Programmed cell death protein-1
(PD-1) and programmed death ligand-1 (PD-L1) are
expressed in various immune cells including T cells,?
natural killer (NK) cells*” and macrophages.”® Tumor
PD-L1 expression does not accurately predict clinical
response to anti-PD-L1 therapy, and more recent studies
indicate that PD-L1 expressed by immune cells may
contribute to immune suppression.””*’ Macrophage
PD-L1 is particularly abundant in the TME, but the
role of PD-L1 signaling in macrophages and the direct
impact of anti-PD-L1 blockade on macrophages remain
controversial.** ™ Recent studies have shown that CAR
T cells, especially in combination with other therapeutic
agents, modulate myeloid cell phenotypes and alter the
immune-suppressive TME.” ™ ICB has been utilized in
combination with CAR T cell therapy, with the notion
that induction of immune responses with CAR T cells
may instigate checkpoint pathways in immunologically
cold tumors as a compensatory resistance mechanism,
providing rationale for the therapeutic combination.
Despite a clinical need for overcoming immune suppres-
sion to improve CAR T cell therapies for solid tumors,
preclinical models of this phenomenon are complicated
and remain limited in their predictive capabilities.

In this study, we aimed to develop an in vitro model to
recapitulate the suppression of CAR T cells in the TME
with abundant immune-suppressive macrophages. In this
model system, target tumor cells and CAR T cells were
co-cultured in the presence of Ml-polarized or M2-po-
larized macrophages to evaluate their respective roles
in CAR T cell functionality. We showed that M1 macro-
phages promote, while M2 macrophages suppress, CAR T
cell-mediated tumor cell killing and cytokine production.

We also observed CAR T cell-regulated PD-L1 induc-
tion in both tumor cells and macrophages in vitro, with
induction levels found to be most dramatic in M2 macro-
phages. We confirmed CAR T cell-regulated PD-L1I induc-
tion in TAMs using an in vivo humanized mouse model of
prostate cancer. By blocking PD-L1 with atezolizumab or
avelumab, we found that inhibiting macrophage PD-L1
was sufficient to restore CAR T cell-mediated tumor
killing. However, this restoration of CAR T cell killing by
blockade of PD-L1 appeared independent of canonical
PD-1/PD-L1 signaling, as the phenomenon was not seen
with blockade of PD-1 with nivolumab. Instead, PD-L1
inhibition specifically and potently depleted M2 macro-
phages in the presence of CAR T cells. These findings
give mechanistic insights by which CAR T cell and ICB
combination therapies enhance antitumor immunity in
an immune-suppressive TME and is a useful model to
study macrophage-mediated immune suppression.

RESULTS

Human monocyte-derived M2 macrophages suppress CAR T
cells in vitro

Macrophages are an abundant immune cell population
in lymphoma'" and various solid tumors including pros-
tate Camcer,7 8 and their abundance correlates with metas-
tasis and poor prognosis. To investigate the impact of
macrophage-rich immunosuppressive solid TMEs on CAR
T cells, we developed an in vitro immune-suppression
assay by co-culturing CAR T cells, M1 or M2 macrophages
and target tumor cells at an effector:macrophage:tumor
ratio of 1:5:10 (figure 1A). Macrophages were differen-
tiated from CD14" cells enriched from healthy human
donor peripheral blood mononuclear cells (PBMCs)
and in vitro polarized as previously described™ into M1
(CD80™#", CD1637, CD206'") or M2 (CD80"", CD163",
CD206"%") macrophages (online supplemental figure
SI1A,B). Prostate stem cell antigen (PSCA)-targeting and
CD19-targeting CAR T cells were generated as previ-
ously published,” * and CAR expression was confirmed
(online supplemental figure S2A,B). To model the pros-
tate TME, DU145 prostate tumor cells were engineered to
express PSCA and co-cultured with untransduced (UTD)
or PSCA-CAR T cells.”” CD19-CAR T cells and Daudi
lymphoma cells were used to model the lymphoma TME.
We evaluated antitumor activity, activation, and prolifer-
ation of CAR T cells using the gating strategy in online
supplemental figure S3 and interferon-y (IFN-y) secretion
by ELISA. CAR T cell antitumor activity was normalized
to UTD T cells, and activation was measured by 4-1BB
upregulation. In both prostate and lymphoma models, in
vitro antitumor cytolytic activity of T cells was inhibited in
the presence of M2 macrophages, while it was enhanced
in the presence of M1 macrophages (figure 1B-D). T cell
proliferation (figure 1E and online supplemental figure
S4A), activation (figure 1F-G and online supplemental
figure S4B), and IFN-y secretion (figure 1H and online
supplemental figure S4C) were also inhibited by M2
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Figure 1 M2 macrophages suppress CAR T cells. (A) lllustration of the immune-suppression assay. CD14" peripheral blood
mononuclear cells were differentiated and polarized to M1 or M2 macrophages in vitro, and macrophages, CAR T cells, and
tumor cells were co-cultured and evaluated for functional activities by flow cytometry. (B) Flow cytometry plots indicating

the number of viable DU145-PSCA tumor cells in each condition. (C, D) CAR T cell-mediated tumor cell killing of DU145-
PSCA prostate cancer (C) and CD19" Daudi lymphoma (D) cells in the presence or absence of M1 or M2 macrophages after

6 and 3days, respectively. PSCA-CAR T cell-mediated tumor cell killing was normalized to untransduced (UTD) T cells.

(E-H) Proliferation (10 days) (E), 4-1BB activation (6 days) (F, G), and IFN-y secretion (3days) (H) of T cells in the presence or
absence of M1 or M2 macrophages in the prostate cancer model. Proliferation and activation of T cells was measured by flow
cytometry. Secreted IFN-y in supernatant was measured by ELISA. Data represent at least two independent experiments using
at least two different donors, in duplicate. CAR, chimeric antigen receptor; IFN, interferon; IL, interleukin; PSCA, prostate stem
cell antigen.

macrophages. Similar findings were observed with autol-  cells induce in macrophages. In the in vitro immune-
ogous macrophage and T cell co-cultures (online supple-  suppression assay, we assessed expression of classical M1
mental figure S5A-C). Collectively, these data show that (CD80) and M2 (CD163) markers on M2 macrophages in
our in vitro co-culture system effectively recapitulates the the presence or absence of CAR T cells by flow cytometry

immunosuppressive effects of M2 macrophages on CAR

(figure 2A). We found in both prostate and lymphoma
T cells in the TME.

models that CAR T cells upregulated CD80 (figure 2B

CAR T cells alter the phenotype of M2 macrophages in vitro and online supplemental ﬁgur? $6A) and downregu-
Next, we investigated the impact of CAR T cells on the lated CD163 (figure 2C and online supplemental figure
TME by evaluating phenotypic changes that CAR T S6B) surface expression on M2 macrophages. To eval-

uate whether such phenotypic changes are mediated by
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Figure 2 CART cells alter M2 macrophage phenotypes. (A) lllustration of the immune-suppression assay to evaluate M2
macrophage phenotype. (B, C) Cell surface expression of CD80 (B) and CD163 (C) in M2 macrophages in the prostate cancer
immune-suppression assay evaluated by flow cytometry. Data represent two independent experiments using two different
donors, in duplicate (D) lllustration of M2 macrophage stimulation with conditioned media (CM) derived from PSCA-CAR T
cell:tumor cell co-cultures. (E, F) Cell surface expression of CD80 (E) and CD163 (F) in M2 macrophages evaluated by flow
cytometry 48 hours after stimulating with CM collected from co-culture of DU145-PSCA tumor cells and PSCA-CAR T cells.
Data represent three independent experiments using three different donors, in duplicate. (G) Transcriptional changes by bulk
RNA sequencing induced in M2 macrophages on stimulation with PSCA-CAR T cell-derived CM. Expression of selected
immune-related genes is shown relative to a control condition stimulated with UTD T cell-derived CM. (H) Gene ontology
enrichment analysis highlighting activated immune-related biological pathways in M2 macrophages on stimulation with PSCA-
CAR T cell-derived CM. CAR, chimeric antigen receptor; IL, interleukin; PSCA, prostate stem cell antigen; UTD, untransduced.

secreted factors, we collected conditioned media from
tumor killing assay where tumor cells were co-cultured
with CAR T cells (figure 2D). The conditioned media
was applied onto M2 macrophages, and their phenotype

was assessed after 48 hours. Phenotypic changes induced
in M2 macrophages mirrored the observation in the
immune-suppression assay (figure 2E,F and online supple-
mental figure S6C,D), suggesting that CAR T cells alter
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M2 macrophage phenotype via secreted factors. Further-
more, transcriptome analysis of M2 macrophages by
bulk RNA sequencing (RNA-seq) revealed a global gene
expression change on stimulating with the CAR T cell-
derived conditioned media, and M1 signatures including
CD80, CXCL9 and IL-1B increased while M2 signa-
tures including CD163, ADORA3 and IL-10 decreased
(figure 2G). We found by gene ontology analysis that
inflammatory pathways were activated (figure 2H),
further supporting changes that CAR T cells induce in
M2 macrophages. CAR T cell-derived conditioned media
did not induce phenotypic changes in M1 macrophages
(online supplemental figure S7A,B). Taken together,
these results indicate that CAR T cells alter the TME by
repolarizing M2 macrophages to a less immune suppres-
sive, M1-like macrophage state via paracrine signaling.

PD-L1 is upregulated in M2 macrophages in the presence of
CART cells

IFN-y is a well-known inducer of PD-L1 and one of the
cytokines T cells secrete on activation and has been
suggested to be a pathway of resistance to cellular immu-
notherapy.®® * Therefore, we assessed PD-L1 expression
changes in M2 macrophages and tumor cells in the
immune-suppression assay. In the prostate model, both
DU145-PSCA tumor cells and M2 macrophages induced
PD-L1 surface expression in the presence of CAR T
cells. Interestingly, M2 macrophages showed greater
induction in frequency and abundance of PD-L1 expres-
sion compared with tumor cells and M1 macrophages
(figure 3A-C). In the lymphoma model, PD-L1 was
induced in M2 macrophages (online supplemental figure
S8A) but not in Daudi tumor cells (online supplemental
figure S8B). We hypothesized that PD-L1 was induced
in a paracrine fashion, and to test this hypothesis, we
treated M2 macrophages and various tumor cells with
conditioned media obtained from tumor killing assays.
PD-L1 induction was the greatest in M2 macrophages at
the protein (online supplemental figure S9A,B,D and
E) and messenger RNA (mRNA) levels (online supple-
mental figure S9C), recapitulating induction in the in
vitro immune suppression assay.

To evaluate whether CAR T cells induce PD-L1
expression in TAMs in vivo, we humanized immune-
compromised MISTRG mice by engrafting human CD34"
hematopoietic stem cells.”® DU145-PSCA tumor cells were
then injected subcutaneously, and LAPC9 cells, a patient-
derived metastatic prostate cancer cell line with endoge-
nous PSCA expression, were injected into the intratibial
space to model bone metastatic disease.”” PSCA-CAR T
cells were adoptively transferred via intravenous injec-
tion, as we have done previously in our preclinical ther-
apeutic studies.” CD3" T cells were absent in xenografts
of mice that received UTD T cells, suggesting T cells
present in mice that received CAR T cells were likely CAR
T cells (figure 3D). In humanized MISTRG mice, CD163
or CD68" human macrophages efficiently infiltrated into
human tumor xenografts, and immunostaining revealed

colocalization of PD-L1 and CD163 or CD68 in DU145-
PSCA and in LAPC9 xenografts of mice that received
CAR T cells (figure 3D, online supplemental figure S10).
These data, collectively, show that CAR T cells directly
induce PD-L1 in both tumor cells and M2 macrophages
in vitro and in vivo.

IFN-v is not a dominant inducer of PD-L1 expression by CAR

T cells

We next determined whether IFN-y was the main driver
of PD-L1. We therefore treated M1 macrophages, M2
macrophages, and DU145 tumor cells with conditioned
media collected from the DU145-PSCA tumor cell killing
assay in the presence of anti-IFN-yR1 antibody. Cells were
collected after 48 hours to evaluate PD-L1 expression by
flow cytometry (figure 3E and online supplemental figure
S11A,B), and cell lysates were collected after 6hours to
measure mRNA expression by quantitative PCR (figure 3F
and online supplemental figure S11C). Blocking IFN-y
signaling was not sufficient to inhibit PD-L1 expression
in M1 macrophages, M2 macrophages, or DUI145 tumor
cells in the conditioned media. Similarly, blocking IFN-y
signaling did not inhibit PD-LI induction in M2 macro-
phages stimulated with conditioned media collected from
the Daudi tumor cell killing assay (online supplemental
figure S11D). Further, recombinant IFN-y only modestly
induced PD-L1 expression when it was added at similar
concentrations (~20ng/mL) measured in CAR T cell-
derived conditioned media (online supplemental figure
S12A-C). Increasing the concentration of recombinant
IFN-y up to 200ng/mL did not reach the level of PD-L1
induction in M2 macrophages observed with CAR T cell-
conditioned media (online supplemental figure S12C).
While PD-L1I induction in M1 macrophages by CAR T cell-
conditioned media was minimal, it seemed to be largely
driven by IFN-y (online supplemental figure S12B). M1
and M2 macrophages cultured with varying concentra-
tions of conditioned media showed that 5%-20% condi-
tioned media was sufficient to induce maximal levels of
PD-L1 (online supplemental figure S12D). Despite IFN-y
being a well-established PD-L1 inducer, these results indi-
cate that IFN-yis not a sole or dominant inducer of PD-L.1
expression in tumor cells or M2 macrophages in this
system. The data suggest that PD-L1 induction is regu-
lated by the presence of other inducers in CAR T cell-
derived soluble factors.

To identify signaling pathways that mediate PD-L1
induction, we treated M2 macrophages with small mole-
cule inhibitors of various pathways. While inhibition of
STAT3, NFxB, AKT, PI3K and mTOR signaling was not
sufficient to block PD-L1 induction by CAR T cells in M2
macrophages, inhibition of STAT1 with the non-specific
inhibitor, fludarabine, resulted in loss of PD-L1 induction
in M2 macrophages (figure 3G). Loss of PD-LI induction
was also shown following JAKI /2 inhibition with AZD1480
as well as JAKl-selective inhibition with itacitinib, but not
by JAK2 inhibition with AG490. These results indicate that
PD-L1 expression induced by CAR T cells is mediated
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Figure 3 CART cells induce PD-L1 expression in M2 macrophages. (A-C) PD-L1 expression in macrophages and DU145-
PSCA tumor cells in the immune-suppression assay. Data represent three independent experiments using three different
donors, in duplicate. (D) Immunostaining of CD163, CD68, PD-L1 and CDS3 in a humanized MISTRG mouse model following
CAR T cell therapy against intratibial LAPC9 prostate xenografts. (E, F) PD-L1 induction at the protein (E) and messenger

RNA (F) levels following inhibition of IFN-y signaling. Anti-IFN-yR1 antibody was used to block IFN-y signaling in the presence
of recombinant IFN-y or PSCA-CAR T cell-derived CM collected from the DU145-PSCA tumor cell killing assay. (G) PD-L1
induction following inhibition of various signaling pathways. PSCA-CAR T cell-derived CM was applied to M2 macrophages

in the presence of various small molecule inhibitors: fludarabine (STAT1 i), C188-9 (STATS i), itacitinib (JAK1 i), AG490 (JAK2

i), AZD1480 (JAK1/2 i), Bay11-7082 (NF«B i), Akti VIII (AKT i), CZC24832 (PI3K i), rapamycin (mTOR i). PD-L1 induction was
evaluated by flow cytometry 48 hours after CM stimulation. Data represent at least two independent experiments using at least
two different donors, in duplicate. CAR, chimeric antigen receptor; CM, conditioned media; IFN, interferon; PD-L1, programmed
death ligand-1; PSCA, prostate stem cell antigen; UTD, untransduced.

primarily by a JAK1/STAT1 pathway, independent of  PD-L1 blockade inhibits M2 macrophage-mediated

IFN-~y. Conditioned media collected from co-culture of suppression of CAR T cells

DU145-PSCA and PSCA-CAR T cells contained other cyto- ~ To test the functionality of PD-L1 in immune suppres-

kines that may also activate JAK] and/or STAT1 (online sion by M2 macrophages, we blocked PD-L1 with atezoli-

¥4t induce PD-L1 expression. zumab, an anti-PD-L1 monoclonal antibody, in the
prostate in vitro immune suppression assay with DU145-
PSCA tumor cells. PD-L1 blockade restored CAR T
cell-mediated tumor cell killing in the presence of M2

supplemental figure S13)
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Figure 4 PD-L1 blockade restores CAR T cell function in the presence of suppressive M2 macrophages. CAR T cell function
was evaluated in the prostate cancer immune-suppression assay in the presence of PD-L1 blockade. (A) Flow cytometry plots
indicating the number of viable DU145-PSCA tumor cells in each condition in the presence or absence of anti-PD-L1 antibody,
atezolizumab (Atezo). (B-D) Quantification of PSCA-CAR T cell-mediated killing of DU145-PSCA tumor cells (B), T cell activation
(C), and IFN-y secretion (D). (E) DU145-PSCA tumor cell killing of CAR T cells in the presence or absence of two clinically
approved anti-PD-L1 antibodies, Atezo and avelumab (Ave), and Ave that lacks CH, domain (Ave (ACH,)). Tumor killing and

T cell activation were evaluated by flow cytometry, and IFN-y secretion was evaluated by ELISA. Data represent at least two
independent experiments using at least two different donors, in duplicate. CAR, chimeric antigen receptor; IFN, interferon; PD-
L1, programmed death ligand-1; PSCA, prostate stem cell antigen; UTD, untransduced.

macrophages (figure 4A,B). PD-L1 blockade resulted
in a modest but statistically significant increase in T
cell activation (figure 4C) and restored IFN-y secretion
(figure 4D), supporting a role for PD-L1 in regulating M2
macrophage-mediated immune suppression. These find-
ings were reproduced using avelumab, another anti-PD-L1
monoclonal antibody, with or without the CH, domain
important for FcR binding (figure 4E). In the lymphoma
model where Daudi tumor cells lack PD-L1 expression,
we also observed that PD-L1 blockade restored tumor cell
killing (online supplemental figure S14A) with a modest
increase in T cell activation (online supplemental figure
S14B). These data indicate that macrophage PD-LI
is sufficient to drive immune suppression. However,
blocking PD-1 using nivolumab, an anti-PD-1 monoclonal
antibody, did not restore CAR T cell-mediated tumor cell
killing in a similar fashion (online supplemental figure
S15A). Consistent with our previous publication, PD-1
was not significantly induced in CAR T cells in the co-cul-
tures (online supplemental figure S15B). Therefore,
while M2 macrophage PD-L1 is necessary for immune
suppression in this system, these results indicated that
the classical PD-1/PD-L1 signaling axis is not a primary

mechanism by which M2 macrophages suppress CAR T
cells.

Combining CAR T cells and PD-L1 blockade alters phenotype
and reduces survival of M2 macrophages

Macrophages express PD-1 and PD-L1 (online supple-
mental figure S1B), and increasing evidence supports that
these cell surface receptors play a role in shaping intrinsic
cellular properties of macrophages including their
immune suppressive function.” *' ** We hypothesized that
blocking PD-L1 alters the ability of M2 macrophages to
suppress CART cells. First, we assessed M2 macrophages in
the prostate cancer immune-suppression assay in the pres-
ence of PD-LI blockade. In the presence of PSCA-CAR T
cells, addition of atezolizumab and avelumab resulted in
areduction in the number of M2 macrophages compared
with respective controls with UTD T cells (figures 4A and
5A). However, blocking PD-L1 with avelumab lacking
the CH, domain did not impact the number of viable
M2 macrophages (figure 5A). These data suggest that
both PD-L1 blockade and FcR impact the survival of M2
macrophages in the context of CAR T cells. We also eval-
uated macrophage phenotype and found fewer CD163"
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Figure 5 Combination of PD-L1 blockade and CAR T cell therapy depletes M2 macrophages via IFN-y signaling. (A,

B) Analysis of M2 macrophages in the prostate cancer immune-suppression assay in the presence or absence of PD-L1
blockade. (C, D) Analysis of M2 macrophages stimulated with PSCA-CAR T cell-derived CM in the presence or absence of PD-
1 or PD-L1 blockade. (E-G) Representative brightfield images and analysis of M2 macrophage stimulated with PSCA-CAR T
cell-derived CM in the presence or absence of PD-L1 and/or IFN-yR1 blockade. The number of total viable M2 macrophages (A,
C, F) and the frequency and number of CD163* M2 macrophages (B, D, G) were evaluated by flow cytometry. Data represent

at least two independent experiments using at least two different donors, in duplicate. CAR, chimeric antigen receptor; CM,
conditioned media; IFN, interferon; PD-L1, programmed death ligand-1; PD-1, programmed cell death protein-1; PSCA,
prostate stem cell antigen; UTD, untransduced.
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M2 macrophages in the combination of PSCA-CAR T
cells and PD-L1 blockade (figure 5B). To further inter-
rogate the mechanism underlying this phenomenon,
we stimulated M2 macrophages with conditioned media
collected from tumor:CAR T cell co-cultures. Consistent
with the previous observation in the immune suppression
assay, the combination of PSCA-CAR T cells and PD-L1
blockade resulted in reduction of total viable and CD163"
M2 macrophages (figure 5C,D). Given previous studies in
the field suggesting the importance of PD-1 in immune
suppression by macrophages,” ** we also blocked PD-1
with nivolumab, but did not observe a similar impact on
viability or changes in CD163 expression in M2 macro-
phage (figure 5C). We showed similar findings in the
lymphoma model with Daudi tumor cells and CD19-CAR
T cells (online supplemental figure S16A-D).

IFN-y signaling mediates altered phenotype of M2
macrophages following PD-L1 inhibition

IFN-y activates macrophages and plays important roles
in promoting inflammation. Therefore, we hypothesized
that IFN-y regulates the loss of CD163" M2 macrophages
in the combination of CAR T cells and PD-L.1 blockade.
To test this, we treated M2 macrophages with anti-PD-L1
and anti-IFN-yR1 antibodies in the conditioned media
collected from co-culture DU145-PSCA tumor cells and
PSCA-CAR T cells. By microscopy, we not only visually
confirmed the reduction in M2 macrophage cell numbers
with PD-L1 blockade, but also observed M2 macrophages
become enlarged and vacuolated (figure 5E). Blocking
IFN-y signaling prevented these morphological changes
and the loss of CD163" cells induced by PD-L1 blockade
(figure 5bE-G). Taken together, these data suggest that the
combination of CAR T cells and PD-L1 blockade directly
impacts M2 macrophages via IFN-y signaling, reversing
M2 macrophage-mediated immunosuppression of CAR
T cells.

DISCUSSION

In the current study, we investigated the impact of
myeloid cells on CAR T cell activity using an in vitro
model that we established to recapitulate the immune-
suppressive TME. We found that M2 macrophages, but
not M1 macrophages, suppressed the antitumor activity
of CAR T cells using both PSCA™ prostate cancer and
CD19" lymphoma models. The presence of CAR T cells
altered the phenotype of M2 macrophages towards a less
immune-suppressive state with reduced M2-like CD163"
and greater M1-like CD80" populations. We also observed
induction of PD-L1 expression in tumor cells as well as M1
and M2 macrophages, but M2 macrophages had signifi-
cantly higher cell-surface density of PD-L1 induction than
in tumor cells or M1 macrophages. Inhibition of PD-L1
using antibody blockade restored CAR T cell function
suppressed by M2 macrophages, but this restoration was
not mediated by canonical PD-1/PD-L1 axis as CAR T cell
function was not restored with PD-1 blockade. Instead,

the combination of CAR T cells and PD-LI blockade in
an Fc-dependent manner resulted in fewer CD163" M2
macrophages, suggesting a direct impact of PD-L1 and
FcR signaling on these cells. Further, we showed that
IFN-y was required for this phenomenon, as inhibition of
IFN-YR signaling potently reversed this PD-LIl-regulated
survival of M2 macrophage. These findings provide mech-
anistic insights into CAR T cell-mediated alterations in
the TME and specifically on immune-suppressive myeloid
cells. However, our studies suggest CAR T cells alone may
not be sufficient to overcome immunosuppression in the
TME and may require PD-L1 blockade to enable the full
therapeutic potential of CAR T cells.

While recent evidence supports the notion that CAR
T cells alone can enhance endogenous immunity,
numerous studies have shown that CAR T cell therapy is
not able to elicit adequate clinical response against solid
tumors,” ** justifying rationale for combining immuno-
therapies. Our in vitro model confirms the ability of CAR
T cells to alter the myeloid cell subsets to a less suppres-
sive state, but such immunomodulation was not sufficient
for CAR T cells to evade immune suppression. More-
over, we observed this M2 macrophage shift to a more
pro-inflammatory state in approximately 60% of tested
healthy human donors, demonstrating apparent hetero-
geneity in CAR T cell-mediated immunomodulation and
susceptibility of macrophages among individuals. Studies
in mouse models might reproduce immunomodulation
of macrophages in response to CAR T cells, but the use of
inbred mice might not adequately uncover heterogenous
responses that we observed in our in vitro model. We may
be able to use this model in the future to better under-
stand and develop therapies that enhance how CAR T
cells function in the presence of TMEs with abundant M2
macrophage subsets as seen in prostate cancers and other
solid tumors.

PD-1/PD-LL1 blockade combined with CAR T cells
is a current clinical strategy owing largely to the field’s
collective evidence that immune checkpoint pathways are
induced following activity of CAR T cells, which may ulti-
mately lead to exhaustion of CAR T cells. The contribu-
tion of myeloid PD-L1 expression to immunosuppression
within the TME has been reported in preclinical models
and could be regulated by alternative mechanisms.***’ In
our study, the canonical PD-1/PD-L1 axis did not directly
influence CAR T cell function, as PD-L1 blockade, but not
PD-1 blockade, reversed macrophage-mediated immune
suppression. Our data suggest that CAR T cell-mediated
PD-L1 expression in macrophages may specifically and
directly drive their survival and immune-suppressive
phenotype. The change in CD163 expression of macro-
phages in response to CAR T cells was variable among
individuals, however, combining CAR T cells with PD-L1
blockade induced a uniform response in all tested individ-
uals. Loss of immune-suppressive macrophages with the
combination of CAR T cells and PD-L1 blockade resem-
bles observations with other myeloid-targeting therapies,
including colony stimulating factor 1 (CSF1)/colony
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stimulating factor 1 receptor (CSFI1R) blockade,"**® C-C
motif chemokine ligand 2 (CCL2) /C-C motif chemokine
receptor 2 (CCR2) inhibition'* ** and novel anti-CD206
peptides.”® Due to this mechanism of action of TME
remodeling, the efficacy of combining CAR T cells and
PD-L1 blockade may be driven in part by tumor compo-
sition and density of macrophages. Our data suggest that
this combination therapy may be more effective in immu-
nologically ‘cold’ solid tumors with abundant CD163"
immune suppressive macrophages.

The requirement of IFN-yin regulating the survival and
function of M2 macrophage following PD-L1 blockade
suggests that amplifying IFN-y signaling may be an action-
able target for improving the combination of CAR T cells
and ICB. Recent studies have shown that IFN-y production
by CAR T cells is critical for tumor cell killing,” and in
remodeling the TME alone and in combination with ICB.
Various engineering and manufacturing approaches can
modify IFN-y secretion by CAR T cells.” ** **** Although
we found that IFN-y was critical for PD-L1 blockade-
induced M2 macrophage depletion, mechanisms of how
the combination impacts functions of immune suppres-
sive macrophages remain unclear. Although increased
apoptosis of CD163" cells in the combination of CAR
T cells and PD-L1 blockade was expected, we failed to
demonstrate increased apoptosis in our studies. Using
time-lapsed imaging, we revealed cells pursuing and
catching adjacent cells before morphological changes
occurred, indicating possible antibody-dependent
cellular phagocytosis of M2 macrophages. Our finding
that PD-L1 blockade-induced M2 macrophage depletion
required Fc also supports the possibility of antibody-
dependent cellular phagocytosis of these cells.* Also,
macrophages are known to enlarge and form vacuoles via
fusion in chronic inflammation,” and the morphological
changes may be a manifestation of a highly inflammatory
state. Further studies are warranted to elucidate mecha-
nisms of immunomodulation that macrophages undergo
following CAR T cell therapy and PD-L1 blockade.

We built the immune suppression assay under an
assumption that TAMs are M2 like, immune suppres-
sive macrophages. However, macrophage phenotypes
and functions are not as binary as M1 or M2, but rather
demonstrate plasticity along a spectrum of phenotypes
and functions. In addition to macrophage cell plasticity,
the disease context and clinical interventions likely
contribute to shaping the phenotype of TAMs. It is diffi-
cult to predict this spectrum of macrophage phenotypes
using our in vitro system. However, our study addresses
potential mechanisms underlying CAR T cell and PD-L1
blockade alone and in combination. While our studies
did not include validation of this combination therapy
approach using in vivo models, our histological evalua-
tion of tumors in humanized MISTRG mice does confirm
increased PD-L1 expression in TAMs following CAR T cell
therapy. We previously developed and published an immu-
nocompetent mouse model where we assessed safety and
efficacy of PSCA-CAR T cells in murine cancers.” Future

studies will evaluate the combination using this syngeneic
mouse model. Additionally, future clinical trials to eval-
uate safety and efficacy of combining CAR T cell therapy
and ICB in solid cancers and lymphoma may corroborate
our findings.

To our knowledge, this is the first example of a mode of
action of ICB by which myeloid cells are directly targeted
and depleted specifically in the context of CAR T cell
therapy, and this study gives new insights to a mechanism
by which PD-Ll-negative tumors may benefit from CAR
T cell therapy in combination specifically with PD-L1
blockade. The altered phenotypes and depletion of
immune-suppressive macrophages in tumors may require
both CART cells and PD-L1 blockade and warrant further
engineering of CAR T cells to secrete PD-L1 blockers and
enhance IFN-y signaling to improve antitumor responses
in TAM-rich solid tumors.

MATERIALS AND METHODS

Cell lines

Human metastatic prostate cancer cell lines DUI145
(ATCC HTB-81) and PC-3 (ATCC CRL-1435), and
human lymphoma cell line Daudi (ATCC CCL-213) were
cultured in RPMI-1640 (Lonza, 12-115F) containing 10%
fetal bovine serum (FBS, Hyclone, SH30070.03) (RPMI +
10% FBS). DU145 and PC-3 tumor cells were engineered
to express PSCA antigen as previously described.”
Human pancreatic cancer cell line HPAC (ATCC CRL-
2119) and human breast cancer cell line MDA-MB-231
(ATCC CRM-HTB-26) were cultured in Dulbecco’s Modi-
fied Eagle Medium: Nutrient Mixture F-12 (DMEM/
F12, Corning, 10-092-CV) containing 10% FBS. MCF-7
(ATCC HTB-22) breast cancer cells were cultured in
DMEM (Gibco, 11960-051) containing 10% FBS, 25 mM
HEPES (Irvine Scientific, 9319), and 2mM L-Gluta-
mine (Lonza, 17-605E). Patient-derived metastatic pros-
tate cancer LAPC-9 cells used in vivo were generously
provided by the Reiter Lab at University of California Los
Angeles (UCLA). LAPCY cells were engineered to express
enhanced green fluorescent protein (eGFP) /firefly lucif-
erase (LAPC-9-eGFP-ffLuc) and maintained as described
in previous literature.™

DNA construction and lentivirus production

PSCA-targeting and CD19-targeting CARs were designed as
previously described.”** PSCA-CAR construct consisted of a
humanized PSCA scFv derived from 1G8 (Al clone), IgG4
(lacking CH, domain) spacer, CD4 transmembrane, 4-1BB
co-stimulatory and CD3{ cytolytic domains.” CD19-CAR
construct consisted of a scFv derived from murine mono-
clonal antibody (FMC63 clone), modified IgG4 hinge-Fc
spacer, CD28 transmembrane and co-stimulatory domains
and CD3{ cytolytic domain.”® PSCA-CAR and CD19-CAR
constructs carried truncated CD19 and epidermal growth
factor receptor (EGFR), respectively, as a marker of trans-
duction. Lentivirus was manufactured following previously
established methods.* In short, lentivirus was generated
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using 293T cells in T-225 flasks and cultured overnight
prior to transfection with packaging plasmids and desired
lentiviral backbone plasmid. Supernatant containing lenti-
virus was collected following 3—4 days, filtered, and centri-
fuged to remove residual cell debris. Lentivirus containing
supernatant then underwent incubation with 2mM magne-
sium and 25U/mL Benzonase endonuclease. Suspended
lentivirus was then concentrated by high-speed centrifu-
gation (6080x g) overnight at 4°C. Lentiviral pellets were
resuspended in phosphate buffered saline (PBS)-lactose
solution (4g lactose per 100mL PBS) then aliquoted and
stored at —80°C until ready for use. Lentiviral titers were
determined using Jurkat cells.

PBMC and monocyte isolation

Leukapheresis products were obtained from consented
research participants (healthy donors) under protocols
approved by the City of Hope Internal Review Board. On
the day of leukapheresis, PBMC were isolated by density
gradient centrifugation over Ficoll-Paque (GE Health-
care) followed by multiple washes in PBS containing
1mM EDTA (PBS-EDTA, Cellgro).

Monocytes were isolated from freshly collected PBMCs
using CDI14 antibody-conjugated microbeads and
magnetic columns (Miltenyi Biotec) according to the
manufacturer’s protocol. CD14" monocytes and CD14~
fraction were frozen in CryoStor CS5 (StemCell Technol-
ogies) until processed further.

T cell lentiviral transduction and ex vivo expansion

T cell activation and transduction was performed as
described previously.% Briefly, freshly thawed CD14~
or whole PBMCs were washed once and cultured in
X-VIVO-15 (Lonza) with 10% FBS (complete X-VIVO)
containing 100 U/mL recombinant human IL-2 (Novartis
Oncology) and 0.5ng/mL recombinant human IL-15
(CellGenix). For CAR lentiviral transduction, T cells were
cultured with CD3/CD28 Dynabeads (Life Technolo-
gies), protamine sulfate (APP Pharmaceuticals), cytokine
mixture (as stated above), and desired lentivirus ata 0.1-1
multiplicity of infection the day following stimulation.
Cells were then cultured in and replenished with fresh
complete X-VIVO containing cytokines every 2-3days.
After 7days, beads were magnetically removed, and cells
were further expanded in complete X-VIVO containing
cytokines to achieve desired cell yield. CAR T cells were
positively selected for truncated CD19 using the EasySep
CD19 Positive Enrichment Kit I or II (StemCell Technol-
ogies) (for PSCA-CAR T cells) or positively selected for
truncated EGFR using a custom EasySep EGFR Positive
Enrichment Kit (for CD19-CAR T cells) according to the
manufacturer’s protocol. Following further expansion,
cells were frozen in CryoStor CS5 prior to in vitro and in
vivo studies. Purity and phenotype of CAR T cells were
verified by flow cytometry.

In vitro macrophage differentiation
Primary human M1 and M2 macrophages were differ-
entiated and polarized as previously described.”® Briefly,

frozen human monocytes were thawed and cultured in
cytokine-containing RPMI + 10%FBS for 7-10days. To
differentiate M1 macrophages, cells were cultured with
GM-CSF (BioLegend, 572903). The media was changed
once after 3-5days to media containing GM-CSF, IFN-y
(BioLegend, 570202), LPS (Sigma-Aldrich, L3012-5MG)
and IL-6 (BioLegend, 570804). To differentiate M2 macro-
phages, cells were cultured with M-CSF (BioLegend, Cat:
574804). The media was changed once after 3-5days
to media containing M-CSF, 114 (BioLegend, 574004),
IL-13 (BioLegend, 571102) and IL-6. All cytokines and
LPS were used at 20ng/mL. After differentiation, macro-
phages were lifted using PBS-EDTA, and phenotype was
assessed by flow cytometry to confirm successful polariza-
tion. Cells were counted and used for further studies.

Flow cytometry

Cells were resuspended in fluorescence-activated cell
sorting (FACS) buffer (Hank’s balanced salt solution
without Ca®", Mg%, orphenolred (HBSS ™", Life Technolo-
gies) containing 2% FBS. Cellswere incubated with primary
antibodies for 30 min at 4°C in the dark. Cell viability was
determined using 4',6-diamidino-2-phenylindole (DAPI,
Sigma). Flow cytometry was performed on a MACSQuant
Analyzer 10 (Miltenyi Biotec), and the data were analyzed
with FlowJo software (V.10, TreeStar). Antibodies targeting
human CD3 (BD Biosciences, 563109), CD4 (Biosciences,
340443), CD8 (Biosciences, 347314), CD45 (BD Biosci-
ences, 347464), CD137 (BD Biosciences, 555956), CD19
(BD Pharmingen, 557835), EGFR (BioLegend, 352906),
CD80 (BD Biosciences, 340294), CD163 (eBioscience,
17-1639-42), CD206 (BioLegend, 321123), PD-L1 (BD
Biosciences, 558065), PD-1 (eBioscience, 47-2799-42),
CD33 (BD Biosciences, 340533), HLA-DR (eBioscience,
47-9956-42), and CSFIR (BioLegend 347305) were used
for analysis.

ELISA

IFN-y in supernatant was measured using Human IFN-y
ELISA Kit (Invitrogen, 88-7316-88) according to the
manufacturer’s protocol. Plates were read at 450nm
using Cytation 5 (BioTek).

Multiplex cytokine analysis

30-plex human cytokine panel (Thermo Fisher Scientific,
LHC6003M) was used on FLEXMAP 3D Luminex system
(Luminex Corporation) to evaluate cytokines secreted in
tumor:T cell co-cultures. Cytokine concentrations were
calculated using Bio-Plex Manager V.6.2 software with a
five parameter curve-fitting algorithm applied for stan-
dard curve calculations for duplicate samples. Cytokine
concentrations across all samples were converted to log2
scale and represented with circles filled with color. Yellow
corresponds to the highest log2 concentration measured
across all samples for a given sample and blue corre-
sponds to 0% of the log2 concentration. Analyte concen-
trations relative to the maximum concentration observed
for a given sample and cytokine are represented by the
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size of the circles. The balloon plot was generated using R
(V.3.4.3) with ggplot2 library (V.3.1.1).

In vitro immune-suppression assay

CAR'T cells, macrophages, and target tumors were co-cul-
tured in RPMI + 10%FBS in the absence of exogenous
cytokines in 96-well plates. Cells were plated at an effec-
tor:macrophage:target ratio of 1:5:10 to model prostate
cancer with DU145-PSCA cells and lymphoma with Daudi
cells. For analysis of the prostate cancer model, superna-
tant was collected after 3days for ELISA, and cells were
trypsinized and collected for flow cytometry after 6 or 10
days. T cell proliferation was assessed after 10 days, and
all other parameters including tumor cell killing, T cell
activation and macrophage phenotype were evaluated
after 6days by flow cytometry. The lymphoma model was
analyzed after 3 days of culture.

Generation of CAR T cell-derived conditioned media
PSCA-CAR T cells or UTD controls (5x10%) were co-cul-
tured with DU145-PSCA cells (5x10%) for 72 hours, and
supernatant was collected and centrifuged at 500x g
for bmin. Cellfree conditioned media was collected
and stored at —80°C. CAR T cell function was validated
by flow cytometry, and when it is mentioned, ELISA was
performed prior to using the supernatant to determine
concentrations of IFN-y.

Stimulation of macrophages with CAR T cell-derived
conditioned media

Differentiated macrophages were plated in RPMI +
10%FBS and rested overnight, and CAR or UTD T
cell-derived conditioned media collected from tumor
cell:T cell co-cultures was applied to stimulate macro-
phages. Cells were analyzed by flow cytometry after 48
hours. Cell morphology was captured by using BZ-X810
Inverted Microscope (Keyence) or Axio Vert. Al Inverted
Microscope (Zeiss). Atezolizumab (anti-human PD-LI,
Tecentriq, Genentech), avelumab (anti-human PD-LI,
Bavencio, EMD Serono), nivolumab (anti-human PD-1,
Opdivo, Bristol Meyers Squibb), and isotype control
(bgal-mabl2, InvivoGen) were added at the time of stim-
ulation. Anti-IFN-yYR1 (BioLegend, 308610) and isotype
control (BioLegend, 400166) were added to culture
2hours prior to stimulation with conditioned media.
Similarly, cells were pre-incubated with small molecule
inhibitors for 30min prior to stimulation. Small mole-
cule inhibitors included Fludarabine (STAT1 inhibitor,
EnzoALX-480-100M005), AZD1480 (JAKl and JAK2
inhibitor, MilliporeSigma, SML1505-5MG), Itacitinib
(JAK1 inhibitor, Cayman Chemicals, 27597), Rapa-
mycin (mTOR inhibitor, Cayman Chemicals, 13346),
C188-9 (STAT3 inhibitor, Cayman Chemicals, 30928),
Akt Inhibitor VIII (AKT inhibitor, MilliporeSigma,
124,018-5MG), BAY 11-7082 (NF-xB inhibitor, Milli-
poreSigma, B5556-10MG), AG490 (JAK2 inhibitor, Milli-
poreSigma, 658,401-5MG), CZC24832 (PI3Ky inhibitor,
MilliporeSigma, SMLL1214-5MG).

RT-PCR

RNA was isolated using RNeasy mini kit (Qiagen) or
Quick-RNA Microprep Kit (Zymo Research), and RNA
concentration was measured using NanoDrop (Thermo
Scientific). Complementary DNA was prepared from
0.4 to Ipg of total RNA using SuperScript IV reverse
transcriptase (Thermo Fisher Scientific). qPCR was
performed using SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) on CFX96 Real-Time PCR Detec-
tion System (Bio-Rad). The data were analyzed by the
comparative threshold method, and gene expression was
normalized to GAPDH. The following primers were used:
CD274: forward, GCTGAACGCCCCATACAACA,; reverse,
TCCAGATGACTTCGGCCTTG and GAPDH: forward,
TCGGAGTCAACGGATTTGGT; reverse, TTCCCGTTCT-
CAGCCTTGAC. These primer sets were validated to have
a single melting curve and amplification efficiency of 2.

RNA sequencing

Macrophages were stimulated with CAR or UTD T
cell-derived conditioned media collected from tumor
cell:-T cell co-cultures. After 8hours, cells were lysed
using RNA Lysis Buffer (Zymo Research, R1060-1-50),
and RNA was isolated according to the manufacturer’s
protocol. Libraries for stranded poly(A) RNA-seq were
created using the KAPA mRNA HyperPrep kit (Roche).
Sequencing of 51bp single-end reads was performed
using a HiSeq2500 regular run. Base calling (de-multi-
plexing samples between and within laboratories by 6 bp
barcodes, from a 7bp index read) was performed using
bcl2fastq V.2.18. Reads were aligned against the human
genome using TopHat2.”! Read counts were tabulated
using htseq-count,” with University of California Santa
Cruz (UCSC) known gene annotations.” Change values
were calculated from fragments per kilobase per million
(FPKM) reads normalized expression values, which were
also used for visualization (following a log2 transfor-
mation).”* Aligned reads were counted using Genomi-
cRanges.”” gene set enrichment analysis (GSEA) was run
on log2 (FPKM +0.1) expression values, with upregulated
enrichment results for GO Biological Process categories
in MSigDB.”*"

Animal experiments

All animal experiments were performed under proto-
cols approved by the City of Hope Animal Care and
Use Committee. MISTRG mice were obtained through
MTA from Regeneron Pharmaceuticals and housed
and bred at City of Hope. 3-6week old MISTRG mice
were sublethally irradiated (100cGy, JL. Shepherd Mark
I Cs-137 irradiator) 6-12hours prior to engraftment of
human adult G-CSF mobilized CD34" cells (2.5x10%) via
intravenous injection. Human adult G-CSF mobilized
CD34" cells and autologous PBMCs were purchased from
HemaCare, and autologous PBMCs were used to manufac-
ture CAR and UTD T cells used for adoptive cell transfer
(ACT). DU145-PSCA cells (2.5-5x10°) were engrafted
subcutaneously (s.c.), and tumor growth was monitored
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by biweekly caliper measurement. For an orthotopic
intratibial model, LAPC-9-eGFP-ffLuc cells (1.5x10%)
were engrafted into the intratibial space (i.ti.), and tumor
growth was monitored by biweekly non-invasive biolumi-
nescence imaging (Lago-X, Accela). For non-invasive flux
imaging, mice were injected intraperitonially with 150 mL
D-luciferin potassium salt (Perkin Elmer) suspended in
PBS at 4.29mg/mouse. Flux signals were analyzed with
Aura imaging software (Spectral Instruments Imaging).
Mice received ACT of CAR or UTD T cells (1x10°%) when
DU145-PSCA s.c. reach ~150mm” or 14 days after LAPC-
9-eGFP-ffLuc i.ti. engraftment. Tumors were harvested
7 days following ACT for histology.

Immunohistochemistry and immunofluorescent staining
Collected mouse tissue was fixed in 4% paraformalde-
hyde (Boston BioProducts) and stored in 70% ethanol
until processed further. Tissue embedding, sectioning,
H&E and immunohistochemistry (IHC) staining were
performed by the Research Pathology Core at City of
Hope.

Immunofluorescent staining of tissue was completed
on paraffin embedded tissue. In brief, paraffin sections
were deparaffinized and rehydrated, and antigens were
retrieved in citrate-based antigen unmasking solution
(Vector Laboratories, H-3300-250) for 10min at 120°C
using an autoclave. Samples were rehydrated, permeabi-
lized with 0.1% Triton X-100 for 30 min at room tempera-
ture and blocked with 5% normal donkey serum for
45min prior to immunostaining. Tissue was incubated
with rabbit anti-human CD68 (1:200, Cell Signaling Tech-
nology, 76437T) and goatanti-human PD-L1 (1:50, Leinco
Technologies, B560) at 4°C overnight and washed in PBS
containing 0.1% Tween 20 for 5min three times. Tissue
was incubated with secondary antibodies donkey anti-
rabbit IgG, AlexaFluor 488 (1:1000, Invitrogen, A-21206)
and donkey anti-goat IgG, AlexaFluor 546 (1:1000, Invit-
rogen, A-11056) for 1 hour at room temperature, washed
in PBScontaining 0.1% Tween 20 for 5min three times
and mounted with mounting media containing DAPI
(Vector Laboratories). Fluorescent images were captured
using BZ-X810 Inverted Microscope (Keyence).

Double IHC was performed by the Research Pathology
Core at City of Hope. Staining was performed on Ventana
Discovery Ultra (Ventana Medical Systems, Roche Diag-
nostics, Indianapolis, USA) IHC Auto Stainer, and mouse
anti-human CD68 (Dako, M087601-2) and rabbit anti-
human PD-L1 (Ventana, 790-4905) were used at 1:100.
Briefly, the slides were loaded on the machine, deparaf-
finization, rehydration, endogenous peroxidase activity
inhibition and antigen retrieval were first performed.
Two antigens were sequentially detected and heat inacti-
vation was used between the two antigen detection steps
to prevent any potential cross-reactivities. Following the
first primary antibody (PD-L1) incubation, DISCOVERY
anti-Rabbit NP and DISCOVERY anti-NP-AP were incu-
bated, and stains were visualized with DISCOVERY Yellow
Kit. Following the heat inactivation, the second primary

antibody (CD68) was incubated, DISCOVERY anti-Rabbit
HQ and DISCOVERY anti-HQ-HRP were added, and
stains were visualized by DISCOVERY Teal Kit. The slides
were then counterstained with hematoxylin (Ventana)
and cover slipped. Slides were scanned by using NanoZo-
omer V.2.0HT (Hamamatsu).

Statistical analysis

Data are presented as mean+SEM unless otherwise stated.
Statistical comparisons between groups were performed
using the unpaired two-tailed Student’s t-test to calculate
p values, unless otherwise stated. *p<0.05; **p<0.005;
##%p<0.001; ns, not significant.
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