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The potency of cancer vaccines is often compromised by a vari-
ety of immunoinhibitory mechanisms, including stimulation
of the programmed cell death protein 1 (PD-1)/programmed
death ligand 1 (PD-L1) immune checkpoint pathway. Here,
to overcome inhibition, we determined the potential of recom-
binant adeno-associated virus (rAAV)-vectored, PD1-based
vaccination in the tumor microenvironment (TME) to activate
antigen-specific T cell responses in the immune-competentmu-
rine mesothelioma model. We found that our rAAV-soluble
PD1 (sPD1)-TWIST1 vaccine elicited and maintained
TWIST1-specific cytotoxic T lymphocyte (CTL) responses
and the PD-1 blocker systemically against lethal mesothelioma
challenge after intramuscular injection, which was more
effective than rAAV-TWIST1 or rAAV-sPD1 alone. More
importantly, intratumoral injection of rAAV-sPD1-TWIST1
significantly enhanced immune surveillance by inducing
TWIST1-specific CTL responses against vaccine-encoded
TWIST1 and bystander gp70-AH1 epitopes, increasing CTL
infiltration into the TME and decreasing tumor-associated
immunosuppression, leading to complete elimination of estab-
lished mesothelioma in 5 of 8 tumor-bearing mice. In addition,
direct oncosuppression synergized with recruitment of T cells
after localized rAAV-sPD1-TWIST1 treatment in a humanized
mouse model to inhibit growth of REN human mesothelioma.
Our results warrant clinical development of the rAAV-sPD1-
TWIST1 vaccine to enhance immunotherapy against a wide
range of TWIST1-expressing tumors.

INTRODUCTION
Cancer immunotherapy involves modulating the function of the im-
mune system to allow recognition and destruction of transformed
cells that have potential for malignant tumor growth. In 2013, imple-
mentation of cancer immunotherapy in clinical trials was celebrated
as a breakthrough technology of the year because of the substantial
benefits observed in trials with antibody-mediated immune check-
point inhibition of cytotoxic T lymphocyte-associated protein 4
(CTLA-4), programmed cell death protein 1 (PD-1), and pro-
grammed death ligand 1 (PD-L1).1,2 Nevertheless, a low response
rate and high toxicity from immune checkpoint inhibitors still repre-
Molecular
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sent major challenges for checkpoint inhibition,3 calling for improve-
ments to overcome these limitations.

Immune checkpoint inhibition may benefit from induction of anti-
tumor cytotoxic T cells (cytotoxic T lymphocytes [CTLs]). Engage-
ment of inhibitory receptors such as CTLA-4 and PD-1, which are
expressed on CD8+ tumor-infiltrating lymphocytes (TILs) with their
respective ligands on tumor cells, abrogates cell-mediated antitumor
immunity by inducing T cell apoptosis and inhibits cytokine produc-
tion and cytotoxic effects of these cells in the complex tumor micro-
environment (TME).4 To be efficient, immune checkpoint blockade
therapies require strong tumor infiltration by CTLs whose activities
will be unleashed to destroy malignant cells. Indeed, recent work
has revealed that the abundance of T cells reactive to tumor-specific
neoantigens parallels the responses to PD-1 or CTLA-4 blockade
therapy and appears to be directly associated with clinical benefits.5,6

Moreover, tumor-specific T cell clones generated after PD-1
blockade, rather than pre-existing TILs, seem to respond to check-
point inhibition in individuals with cancer.7 In this regard, strategies
aiming to elicit CTLs during checkpoint therapy may have the poten-
tial to convert cold tumors into immune-infiltrating hot tumors.

Selective delivery of immune checkpoint blockers in the TME could
reduce toxic side effects. Restoring antitumor T cell responses with
systemic delivery of checkpoint antibodies risks breaking immune
tolerance.8 Individuals in clinical trials of CTLA-4 and PD-1
blockade, intended to treat multiple types of cancer, showed high
risk of immune-related adverse events (irAEs), mostly resulting
from infiltration of highly activated CD4+ and CD8+ T cells and
increased production of inflammatory cytokines in normal tissue.3,9

Therefore, local injection rather than systemic infusion of blocking
agents could potentially minimize the immune-related side effects
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of the checkpoint inhibitors and still retain unimpaired tumor con-
trol.10,11 Although the clinical applicability of this approach is limited
to accessible tumor sites, these observations support the idea of using
localized delivery of checkpoint inhibitors for improved safety and
efficacy.12

We aimed to develop a novel strategy combining active vaccination
and sustained localized delivery of checkpoint blockers in a single ad-
eno-associated virus serotype DJ (AAV-DJ) vector. AAV-DJ is a
highly recombinogenic hybrid vector created from libraries consti-
tuting AAV hybrids of eight serotypes with high-level and broad-
range in vitro and in vivo efficiency.13 The recent progress of AAVs
in human gene therapy has generated high interest in examining its
use in cancer immunotherapy.14 Soluble PD-1 (sPD1)-based DNA
vaccination is a unique dendritic cell (DC)-targeting strategy that
cross-primes antigen-specific CD8+ CTLs with potential for HIV-1
and tumor immunotherapy.15,16 Furthermore, the sPD1-TWIST1
vaccine generated by genetic fusion of sPD1 to TWIST1, a widely ex-
pressed tumor antigen, enables tumor growth control by breaking im-
mune tolerance to the endogenous self-antigen.17 In agreement with
other findings,18 the therapeutic potential of sPD1-TWIST1 vaccina-
tion is limited, and it requires combination with CTLA-4 checkpoint
blockade for therapeutic purposes.17

Here we hypothesize that recombinant AAV-DJ (rAAV) equipped
with the sPD1-TWIST1 fusion gene would combine two types of anti-
tumor effects in a single vector, enhanced antigen-specific T cell re-
sponses from PD1-based vaccination and immune checkpoint
blockade from persistent sPD1 production, to arrest malignant meso-
thelioma. Mesothelioma is a deadly asbestos-associated cancer, and
more effective therapeutics are needed urgently.19 We first provide
proof for the concept that intramuscular (i.m.) administration of
rAAV facilitates T cell-mediated eradication of xenoantigen-express-
ing mesothelioma in a manner that is dependent on PD1-based active
vaccination and systemic sPD1 secretion. Translation of this
approach to TWIST1 tumor antigen induced long-lasting antitumor
T cell responses against lethal mesothelioma challenge. Critically,
localized administration of the rAAV elicited systemic antitumor im-
munity for a therapeutic cure of mesothelioma that paralleled
increased T cell infiltration and reduced tumor-associated immuno-
suppression in the TME. Furthermore, localized rAAV-sPD1-
Figure 1. The AAV-vectored, PD1-based p24 vaccine enhances antigen-specifi
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TWIST1 administration into human mesothelioma effectively com-
bined AAV-mediated tumor growth inhibition and enhanced
immune infiltration in a humanized mouse model. We conclude
that tumor-localized delivery of sPD1-TWIST1 by rAAV improves
antitumor efficacy and is a feasible approach for cancer
immunotherapy.

RESULTS
The AAV-vectored, PD1-based p24 vaccine enhances antigen-

specific CD8+ T cell responses against AB1-GAGmesothelioma

Aiming for sustained expression of PD1-based antigen for tumor
immunotherapy, we constructed an rAAV encoding the HIV-1
GAG p24 protein as a model antigen to test in the AB1-GAG meso-
thelioma challenge, as we described previously.15 Two AAV-DJ vec-
tors, rAAV-sPD1-p24 and rAAV-p24, were generated using the
pAAV backbone carrying a dicistronic expression cassette of the hu-
manized recombinant green fluorescent protein (hrGFP) (Figure 1A).
Expression of the encoded proteins was validated by western blot
analysis in plasmid-transfected HEK293T cells and culture superna-
tants (Figure 1B). Although the sPD1-p24 and p24 proteins could
be secreted as soluble forms, only sPD1-p24 interacted with PD-L1/
L2-expressing cells (Figure S1A). We then determined the duration
of protein expression in BALB/c mice after i.m. injection of rAAV-
sPD1-p24 and rAAV-p24. We found that hrGFP expression can be
readily detected at the injection site from days 14–70 after injection
(Figure 1C). In line with the duration of hrGFP expression, mouse
plasma exhibited measurable p24 antigen from days 7–93 after injec-
tion (Figure S1B). These results suggested that one-time i.m. rAAV
injection induced sustained in vivo expression of encoded antigens.
Next we examined the immunogenicity of rAAV-sPD1-p24 and
rAAV-p24 in vivo by monitoring p24-specific humoral and T cell
responses over time. We found that both vectors elicited antibody re-
sponses to p24, but only rAAV-sPD1-p24 enhanced Th1 (immuno-
globulin G2a [IgG2a]) and Th2 (IgG1) responses, which persisted until
animal sacrifice on day 93 (Figure S1C). In contrast, p24-specific
CD8+ T cell responses reached peak levels on day 21 and decreased
thereafter (Figure 1D). Critically, rAAV-sPD1-p24 induced a signifi-
cantly higher frequency of tetramer+CD8+ T cells, reaching up to
6.84% of total splenic CD8+ T cells on day 21, compared with 2%
by rAAV-p24 (Figures 1D and 1E). At the endpoint, mice vaccinated
with rAAV-sPD1-p24 also showed substantially higher frequencies of
c CD8+ T cell responses against AB1-GAG mesothelioma
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p24-specific CD4+ and CD8+ T cells (Figures S1D and S1E). We
therefore demonstrated that one-time i.m. rAAV-sPD1-p24 vaccina-
tion achieves long-lasting antigen production for eliciting stronger
and more durable p24-specific antibody and T cell responses.

We next sought to study the antitumor efficacy of rAAV-sPD1-p24
in the AB1-GAG mesothelioma challenge model.15 Groups of mice
were vaccinated with rAAV-sPD1-p24, rAAV-p24, and AAV vec-
tor, respectively, followed by subcutaneous (s.c.) inoculation of
AB1-GAG cells on day 21 (Figure 1F). Compared with the AAV vec-
tor, rAAV-sPD1-p24 and rAAV-p24 vaccination slowed the growth
of AB1-GAG mesothelioma (Figure 1G). Moreover, rAAV-sPD1-
p24 was significantly more efficient than rAAV-p24 or vector at
eliminating implanted AB1-GAG cells (Figures 1G and 1H), result-
ing in complete rejection in all mice by 33 days post-challenge (Fig-
ure 1I). Recovered mice remained tumor-free for more than 40 days.
In contrast, rAAV-p24 failed to eliminate implanted tumor cells,
and all mice were dead by day 56. These results demonstrate that
one-time vaccination with rAAV-sPD1-p24, but not with rAAV-
p24, has potent prophylactic effects against AB1-GAG mesotheli-
oma. Considering that AAV-encoded sPD1-p24 was readily de-
tected in the plasma (Figure S1B), we sought to determine whether
the sPD1 portion of sPD1-p24 would exhibit antitumor activity
through blockade of the PD-1/PD-L1 immune checkpoint. For
this purpose, mice were inoculated s.c. with wild-type AB1 cells,
which did not express p24, on day 21 after i.m. vaccination with
rAAV-sPD1-p24 or rAAV-p24 (Figure 1F). As expected, rAAV-
p24 did not show any antitumor activity against wild-type AB1 me-
sothelioma, and all mice died within 31 days (Figures 1J and 1K). In
contrast, rAAV-sPD1-p24 slowed tumor growth and eventually
eliminated implanted tumors in 2 of 4 mice, leading to 50% tu-
mor-free survival at the endpoint. Interestingly, although rAAV-
sPD1-p24 and rAAV-p24 elicited p24-specific T cell responses,
interferon g (IFN-g) T cell responses against two well-defined
AB1 tumor antigens, gp70-AH1 and TWIST1, were only detected
in rAAV-sPD1-p24-vaccinated mice with tumor elimination (Fig-
ure 1L). Notably, among rAAV-sPD1-p24-vaccinated mice, tu-
mor-free animals also had stronger cytotoxic CD8+ T cells than tu-
mor-bearing ones (Figure 1M). Therefore, sPD1-p24, but not p24,
likely blocked the PD-1 immune checkpoint, leading to reactivation
of specific anti-mesothelioma CTLs.

The AAV-vectored, PD1-based TWIST1 vaccine enhances tumor

antigen-specific CD8+ T cell responses

To further enhance vaccine-induced antitumor immunity, we re-
placed the model antigen p24 with a real tumor antigen, TWIST1,
as we described recently.17 We constructed rAAV-sPD1-TWIST1
and rAAV-TWIST1 as cancer vaccine candidates (Figure 2A). The
expression of sPD1-TWIST1 and TWIST1 proteins was confirmed
by western blot analysis (Figure 2B). Similar to sPD1-p24, the inter-
action of sPD1-TWIST1 with PD-L1/L2-expressing cells was
confirmed by flow cytometry analysis (Figure S2A). Next, after i.m.
administration of rAAV-sPD1-TWIST1 and rAAV-TWIST1 into
BALB/c mice, the levels of TWIST1-specific T cell responses in pe-
376 Molecular Therapy: Oncolytics Vol. 20 March 2021
ripheral blood were measured over time by flow cytometry analysis
(Figure S2B). We found that both vaccines induced expansion of
TWIST1-specific CD8+ T cells (Figure 2C). The kinetics and intensity
of T cell priming was found to be similar between two groups,
showing that tumor necrosis factor alpha (TNF-a)/IFN-g/inter-
leukin-2 (IL-2)-producing CD8+ T cells expanded to reach maximum
numbers around 6–8 weeks after vaccination and declined thereafter.
rAAV-sPD1-TWIST1 elicited comparably higher frequencies of pe-
ripheral TWIST1-specific CD8+ T cells at the peak level, although
this difference was not statistically significant. To validate the re-
sponses found in peripheral blood, additional groups of mice were
sacrificed at week 6 after vaccination and stimulated with the TWIST1
peptide pool ex vivo (Figure 2D). We consistently found that animals
vaccinated with rAAV-sPD1-TWIST1 had substantially higher fre-
quencies of TNF-a-expressing splenic CD4+ T cells, IFN-g-, and
IL-2-expressing splenic CD8+ T cells. Within the TWIST1 antigen,
minipool 37–39 (DKLSKIQTLKLAARYIDFLYQVL) contains an im-
munodominant epitope in BALB/c mice.17 Indeed, TWIST1-specific
responses from vaccinated mice were mostly found against minipool
37–39 (Figure 2E). In line with the T cell responses, antibody re-
sponses, including IgG1 and IgG2a, were also found against the
epitope 37–39 in the sera of rAAV-sPD1-TWIST1-vaccinated mice
and correlated with the disappearance of sPD1 protein in the plasma
(Figures S2C and S2D). These data suggest that one-time i.m. rAAV
vaccination can achieve persistent systemic antigen delivery for in-
duction of TWIST1-specific humoral and T cell responses.

One-time rAAV-sPD1-TWIST1 vaccination elicits antitumor

activity for protection against wild-type AB1 mesothelioma

To evaluate vaccine-induced immunity in controlling tumor growth,
a lethal dose of 1 � 106 wild-type AB1 cells were injected s.c. 6 weeks
after vaccination (Figures 3A and 3B). We found that vaccination
with rAAV-sPD1-TWIST1 or rAAV-TWIST1 significantly inhibited
AB1 mesothelioma growth compared with vector and mock treat-
ment (Figure 3A). Furthermore, although both vaccines prolonged
the survival of wild-type AB1-challenged mice, rAAV-sPD1-TWIST1
also improved animal survival slightly more, with 3 of 7 tumor-free
mice compared with 2 of 7 in the rAAV-TWIST1 group at the
endpoint (Figure 3B). Again, systemic delivery of an sPD1 blocker
in the form of the sPD-p24 fusion protein showed antitumor activity
against wild-type AB1 mesothelioma (Figures 3A and 3B). Because
induction of long-lasting memory T cell immunity is critical for can-
cer immunotherapy,20 we next sought to determine whether such re-
sponses were generated by the vaccination. Groups of mice were chal-
lenged s.c. with the same lethal dose of wild-type AB1 14 weeks after
vaccination (Figures 3C and 3D), when immune responses and solu-
ble antigens declined to undetectable levels (Figure 2C). Long-term
antitumor activity was not observed for rAAV-TWIST1 or rAAV-
sPD1-p24 (Figure 3C). In contrast, only rAAV-sPD1-TWIST1-vacci-
nated mice inhibited wild-type tumor growth, with 2 of 4 mice
achieving tumor-free survival around 30 days after challenge (Figures
3C and 3D). Collectively, these results demonstrated that the
rAAV-sPD1-TWIST1 vaccine elicited long-lasting memory immu-
nity for protection against mesothelioma.



Figure 2. The AAV-vectored, PD1-based TWIST1 vaccine enhances tumor antigen-specific CD8+ T cell responses

(A) Schematic map of the pAAV vector carrying sPD1-TWIST1 or TWIST1. (B) Expression of rAAV-encoded proteins was detected by anti-TWIST1 antibody in cell lysates and

supernatant of HEK293T cells. (C) Peripheral TWIST1-specific CD8+ T cells after vaccination. Mice (n = 4) were injected i.m. with 2� 1011 g.c. rAAV into one of the hindlegs.

Whole blood was collected every 2 weeks, and frequencies of TNF-a, IFN-g, IL-2-producing T cells were measured after ex vivo stimulation with TWIST1 peptides. Sig-

nificance analysis was performed 6 weeks after injection. (D and E) Another group of mice (n = 4) was sacrificed 6 weeks after vaccination to analyze TWIST1-specific T cell

responses by intracellular staining (D) or ELISpot assay (E). A 10-fold higher vector dose was used to elicit responses against the self-antigen TWIST1 compared with p24-

encoded vectors. Data shown are representative of two independent experiments. Data represents mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Localized administration of rAAV-sPD1-TWIST1 elicits systemic

antitumor effects for therapeutic cure of mesothelioma

To investigate the therapeutic potential of rAAV-sPD1-TWIST1 for
treating establishedmesothelioma,we sought todetermine its antitumor
activity through conventional i.m. injection.Mice were injected s.c. with
wild-type AB1 cells 1 week before they received a single dose of rAAV-
sPD1-TWIST1, rAAV-TWIST1, rAAV-sPD1-p24, or mock treatment
(Figure 4A).However,we found that noneof the regimens slowed tumor
growthor prolonged survival (Figure S3A). Clearly, the vaccine-induced
immune responses could not control mesothelioma outgrowth before a
humane endpoint within 30 days (Figure 2C). We then speculated that
intratumoral (i.t.) rAAV-sPD1-TWIST1 injection might be an alterna-
tive means to modulate the TME because purified sPD1-TWIST1, but
not TWIST1, was able to bind to PD-L2-expressing AB1 cells and
compete with the anti-PD-L2/L1 antibodies in vitro (Figures 4B and
4C; Figure S3B). To test this hypothesis, mice with 1-week old AB1me-
sothelioma were injected i.t. with the same dose of vaccine. Although i.t.
AAVvector treatment didnot suppress tumor growthorprolong animal
survival, administration of rAAV-TWIST1 and rAAV-sPD1-p24
induced antitumor efficacies with survival of 1 of 5 and 1 of 6 animals,
respectively, and rAAV-sPD1-TWIST1 showed the highest efficacy,
with tumor-free survival of 5 of 8 mice during the experimental period
(Figures 4D and 4E; Figure S3C). Importantly, the antitumor efficacy of
rAAV-sPD1-TWIST1 was diminished significantly when sPD1 and
TWIST1 antigens were delivered simultaneously in two rAAV vectors
(Figures 4Dand4E),which induced significantly fewerTWIST1-specific
T cell responses (Figure S3D), suggesting a role of the sPD1-TWIST1
fusion antigen in eliciting antitumor immune responses. Furthermore,
when peripheral blood mononuclear cells (PBMCs) were tested against
the mesothelioma antigens gp70-AH1 and TWIST1, we found that tu-
mor-free mice had enhanced tumor-specific peripheral T cell responses
comparedwith tumor-bearingmice (Figure 4F).When tumor-freemice
were re-challenged with a much higher dose (2� 106 cells) of wild-type
AB1 cells on their opposite flank 40 days after initial tumor ablation,
complete rejection of implanted tumors was observed. Mice in the con-
trol group developed tumors (Figure 4G).
Molecular Therapy: Oncolytics Vol. 20 March 2021 377

http://www.moleculartherapy.org


Figure 3. One-time rAAV-sPD1-TWIST1 vaccination elicits antitumor activity for protection against wild-type AB1 mesothelioma

(A and B) Schematic representation of the treatment schedule (top), tumor growth (A), and survival curve (B) of vaccinated mice receiving a tumor challenge at week 6. Mice

(n = 7) were injected i.m. with 2 � 1011 g.c. of the rAAV vector into one of the hind legs, and 1 � 106 AB1 cells were injected s.c. 6 weeks after vaccination. (C and D)

Schematic representation of the treatment schedule (top), tumor growth curve (C), and survival curve (D) of vaccinated mice (n = 4) receiving a tumor challenge at week 14.

(A and B)Cumulative data from two separate experiments. Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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To understand whether localized vaccination modulated the TME,
AB1 tumors were harvested 9 days after i.t. administration of the
vaccines. We found that the rAAV vector constantly infected a sub-
set of CD45� tumor-associated cells in the TME (Figure S3E). In
addition, sPD1-TWIST1 and sPD1-p24 proteins were detected in
rAAV-sPD1-TWIST1- or rAAV-sPD1-p24-treated tumors, respec-
tively, and may interact with PD-L1/L2+ cells in the TME and
compete with anti-PD-L1/L2 antibodies (Figure 4H; Figure S3F).
We then measured tumor-specific T cell responses in these mice
by ELISpot. Only rAAV-sPD1-TWIST1 induced tumor-specific
T cell responses against TWIST1 in spleens and tumor-draining
lymph nodes (TDLNs) but induced hardly any in the contralateral
non-draining lymph nodes (NdLNs) (Figure 4I). T cell responses
against another AB1 antigen, gp70-AH1, were also primed with
rAAV-sPD1-TWIST1 vaccination. Interestingly, rAAV-sPD1-
TWIST1 also induced hrGFP-specific T cell responses (Figure S3G).
These data suggest that rAAV-sPD1-TWIST1 treatment may effec-
378 Molecular Therapy: Oncolytics Vol. 20 March 2021
tively prime tumor-specific T cells in TDLNs, contributing to sys-
temic antitumor responses for tumor elimination. We next
analyzed immune cell composition in the TME by flow cytometry
(Figure S3H). We found that rAAV-sPD1-TWIST1 significantly
elevated CD3+ T cell infiltration and reduced tumor-associated
immunosuppressive cells, including tumor-associated macrophage
(TAM; CD11b+Ly6Clow/�F4/80+), CD4+ regulatory T cells
(Treg), and myeloid-derived suppressor cell (MDSC) subsets
(CD11b+Ly6G+Ly6Clow/int, polymorphonuclear [PMN-] MDSCs;
CD11b+Ly6G�Ly6Chi, monocytic [M-] MDSCs), in the TME (Fig-
ure 4J). In accordance with their immunoactivating status, we also
observed elevated expression of effector cytokines, including IFN-
g and IL-2, in the rAAV-sPD1-TWIST1-treated TME (Figure S3I).
These results indicate that i.t. injection of rAAV-sPD1-TWIST1
elicits systemic anti-mesothelioma effects through activation of
tumor-specific T cells, increasing T cell infiltration and reducing
tumor-associated immunosuppression.



(legend on next page)
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Localized injection of rAAV-hsPD1-TWIST1 inhibits human

mesothelioma in non-obese diabetic (NOD).Cg-Prkdcscid

Il2rgtm1Wjl/SzJ (NSG)-human peripheral blood lymphocytes

(huPBL) mice

To determine the antitumor activity of the AAV-vectored, PD1-based
vaccine against human mesothelioma, we replaced mouse sPD1 with
its human counterpart (hsPD1) and generated rAAV-hsPD1-
TWIST1. We found that human mesothelioma REN cells were sus-
ceptible to infection, displaying green fluorescence and expressing
vector-encoded proteins in culture supernatants after cells were in-
fected with rAAV-TWIST1 and rAAV-hsPD1-TWIST1 but not
heat-inactivated vector (Figures 5A and 5B). AAVs have been re-
ported to arrest growth of different cell types.21,22 We observed that
rAAV infection caused dose-dependent growth inhibition of REN
cells (Figure 5C). Although infection did not lead to cell death or
apoptosis (Figures S4A and S4B), significantly decreased expression
of Ki67 was detected in rAAV-infected cells (Figure 5D), and they
accumulated in the G1 phase of the cell cycle (Figure S4C). Thus,
rAAV infection leads to oncosuppression of REN cells with an inter-
rupted cell cycle. Next, to investigate the oncosuppressive properties
in vivo, NSG mice were inoculated s.c. with 2 � 106 REN-Luc (firefly
luciferase, [Luc]) cells and left to grow for 3 weeks, followed by i.t.
administration of rAAV-TWIST1, rAAV-hsPD1-TWIST1, heat-in-
activated rAAV-hsPD1-TWIST1, or PBS when solid tumors were
palpable (>5 mm) (Figure 5E). As expected, we found that growth
of REN-Luc mesothelioma was inhibited significantly in all mice
that received live vector treatment. This effect was maintained
through 4 weeks after treatment; expression of vector-encoded hrGFP
was readily detected in tumors treated with rAAV-TWIST1 or rAAV-
hsPD1-TWIST1 (Figure 5E). The kinetics of tumor inhibition corre-
lated with the level of hsPD1 in plasma, which reached a maximum at
week 4 and declined thereafter (Figure S4D), supporting its oncosup-
pressive effect in vivo.

To assess the anti-mesothelioma responses, we adopted a humanized
NSG-huPBL mouse model to establish human mesothelioma
in vivo.23 10 days after engraftment of human PBL, the proportion
of CD45+CD3+ T cells consistently reached around 20% in peripheral
blood, of which approximately 20% and 80% were CD8+ and CD4+

T cells, respectively (Figure S4E). At this time, 2 weeks before they
Figure 4. Localized administration of rAAV-sPD1-TWIST1 elicits systemic antit

(A) Schematic representation of the treatment schedule. 1� 106 AB1 cells were injected

route. (B) Flow cytometry analysis of PD-L1 and PD-L2 expression on AB1 cells. The sha

PD-L1, anti-PD-L2, or isotype control antibody. (C) Purified sPD1-TWIST1 binds to AB1

incubated with 1.0 mg sPD1-TWIST1 or TWIST1 protein, followed by detection with ant

0.2 mg serially diluted sPD1-TWIST1 or TWIST1 protein, followed by detection with 0.25

experiments. (D and E) Tumor growth (D) and survival curve (E) for rAAV delivered i.t. in B

At least 5mice were included in each group. (F) T cell responses in PBMCsweremeasure

n = 3; sPD1-p24, n = 1; TWIST1, n = 1) were re-challenged and measured for tumor gro

mice (n = 4) bearing 7-day-old s.c. AB1 tumors in their right flank were treated i.t. wit

dissociation and separation into single-cell and non-cell fractions. (H) sPD1 concentratio

tumor single-cell fractions. (I) Tumor antigen-specific T cells were measured by ELISpo

nodes on the right flank); NdLN, non-draining lymph nodes (inguinal, axillary, and brach

TILs. Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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received i.t. vector treatment, mice were implanted s.c. with REN tu-
mor pieces harvested from naive tumor-bearing NSG mice (Fig-
ure 5F). Although live vector-treated mice showed retarded tumor
growth and had significantly smaller tumor volumes compared
with PBS or heat-inactivated vector treatment, rAAV-hsPD1-
TWIST1 had the most potent effect on tumor regression (Figure 5F;
Figure S4F). To understand the mode of rAAV-hsPD1-TWIST1 ac-
tion, we evaluated T cell profiles. Although the frequencies of PD-
1+ T cells remained unchanged after rAAV-hsPD1-TWIST1 treat-
ment, T cell infiltration in the TME was increased significantly
increased (Figure 5G). Collectively, these results demonstrated that
rAAV-hsPD1-TWIST1 induced a direct oncosuppressive effect on
tumor cells andmediated recruitment of T cells, whichmay work syn-
ergistically to establish an antitumor TME to arrest REN human
mesothelioma.
DISCUSSION
Based on the advantages of AAV-sustained protein production and
PD-1 blockade for antitumor immunity, combination of these two
approaches has become an attractive therapeutic intervention. Previ-
ous studies have tested use of AAVs to deliver sPD1 or anti-PD-1/PD-
L1 antibodies as inhibitors of the PD-1/PD-L checkpoint.24,25 A few
studies have also tested AAV-based vaccines to mount antitumor
cellular responses.26,27 To date, however, no studies have tested an
AAV-vectored, PD1-based tumor vaccine. In this study, we describe
a double-armed AAV-DJ vector capable of simultaneously delivering
the TWIST1 tumor antigen for vaccination and the sPD1 protein for
immune checkpoint blockade. Testing of this vector in BALB/c mice
demonstrated elimination of established mesothelioma, likely
because of the synergistic effect of induction and modulation of anti-
tumor T cell responses in a single rAAV-sPD1-TWIST1 vector.

Incorporating sPD1 fusion in the AAV-DJ system appears to be vital
for forming efficacious antitumor T cell responses. A PD1-based
DNA vaccine has been shown previously to markedly enhance
HIV-1 p24-specific CD8+ T cell responses and break immune toler-
ance to the TWIST1 tumor antigen when vaccine constructs were
delivered via electroporation with a prime-boost consecutive immu-
nization strategy.15–17 Notably, the observed enhanced antigen-
umor effects for therapeutic cure of mesothelioma

s.c. and left to grow for 1 week before receiving 2� 1011 g.c. rAAV via the i.m. or i.t.

ded region represents the isotype control. AB1 cells were stained with 0.125 mg anti-

cells and inhibits interaction of anti-PD-L2 antibody with AB1 cells. AB1 cells were

i-FLAG antibody. For the inhibition assay, AB1 cells were incubated with 5.0, 1.0 or

mg anti-PD-L2 antibody. Data shown are representative results from three separate

ALB/c mice. Data shown are representative results from two separate experiments.

d by ELISpot assay. (G) 40 days after tumor ablation, protectedmice (sPD1-TWIST1,

wth. The results are representative of two individual experiments. Another group of

h 2 � 1011 g.c. rAAV. Tumors were harvested 9 days after treatment, followed by

n in non-cell fractions and frequencies of PD-L1- and PD-L2-expressing cells in AB1

t assay. TDLN, tumor-draining lymph nodes (inguinal, axillary, and brachial lymph

ial lymph nodes on the left flank). (J) Immune cell composition from Percoll-enriched
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specific immune responses were attributed to more efficient antigen
targeting to DCs via PD-1/PD-L interaction compared with a conven-
tional non-targeting vaccination. Rational employment of this
approach using the AAV-DJ system demonstrated similar enhance-
ment of antibody and CD8+ T cell responses in delivery of p24 xen-
oantigen or TWIST1 self-antigen, highlighting the uniqueness of the
PD1-based vaccine in promoting antigen-specific immunity across
different vector systems. Because AAV-induced inflammation at the
injection site is usually regarded as temporary and mild for DC acti-
vation compared with that induced by electroporation,28 it is
tempting to postulate that delivery of sPD1 fusion antigen may facil-
itate maturation of DCs to increase effector and memory T cells.16,29

This is supported by two of our observations. First, delivery of sPD1
and TWIST1 in a two-vector system proved to be ineffective for
eliciting TWIST1-specific T cell responses or promoting tumor sup-
pression. Second, a comparison of tumor inhibition following
prophylactic rAAV administration indicates that sPD1-based vacci-
nation induces stronger effector T cell responses against implanted
AB1 mesothelioma and shows more potent long-term memory anti-
tumor responses in the artificially engineered AB1-GAG or wild-type
AB1 mesothelioma model. Furthermore, our data also indicate that
one-time i.m. rAAV administration induced long-lasting antigen
expression sufficient for eliciting antigen-specific CD8+ CTLs for tu-
mor rejection, providing an additional, alternative vaccine strategy to
prime-boost DNA/electroporation vaccination, which we have
described previously.17 It is also worth noting that CD4+ T cell re-
sponses weremore efficiently primed from consecutive DNA vaccina-
tion than from the rAAV vector, probably reflecting the AAV’s poor
capacity to prime CD4+ T helper cells during vaccination.30 The sys-
temic responses detected here in the peripheral blood and spleen
reflect systemic immunization directed against the circulating soluble
proteins after they were produced by transduced muscle cells. This
interpretation is supported by the kinetics of soluble TWIST1 pro-
teins detected over time in the plasma, showing that sPD1-TWIST1
protein reached amaximum at week 6 and declined rapidly thereafter.
Thus, the appearance of systemic TWIST1-specific humoral and
T cell responses correlated with the disappearance of soluble proteins
in the plasma, probably reflecting their clearance by host immunity.
Notably, in spite of vaccine-elicited CTLs, the eradication of the im-
planted tumor seems to be partially due to PD-1/PD-L inhibition
because maintaining systemic sPD1 levels after i.m. administration
of rAAV-sPD1-p24 provokes tumor-specific T cell responses against
novel AB1 epitopes of gp70 and TWIST1. Thus, rAAV is a convenient
and efficient vector for cancer vaccine development, and incorpora-
Figure 5. Localized injection of rAAV-hsPD1-TWIST1 inhibits human mesothel

(A and B) 48 h after infection, hrGFP expression in REN cells was detected by flow cytom

(B). The shaded region represents mock-treated cells. HI, heat inactivation. (C) REN cel

REN cells 48 h after rAAV infection. (C and D) Representative data from 3 separate exper

NSGmice 3 weeks before i.t. administration of 5� 1011 g.c. rAAV. Left: tumor growth w

images at the endpoint. Mock, PBS treatment. (F) REN tumor growth in NSG-huPBL m

into NSG-huPBL mice 10 days before i.t. administration of 5 � 1011 g.c. rAAV. Data s

included in each group. (G) Representative dot plots and quantification of human PD-1+

indicate cell proportions. Data represents mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0
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tion of a PD1-based vaccine into the AAV-DJ system is a rational
design that facilitates improved antigen immunogenicity and sus-
tained production of the PD-1 blocker.

Immunotherapy for established AB1 mesothelioma requires localized
delivery of sPD1-TWIST1 by rAAVs. Therapeutic tumor vaccines
aimed at boosting antitumor immunity generally face a major barrier
of immune resistance, avoiding recognition and attack by the im-
mune system. The role of the PD-1/PD-L signaling axis in tumor
evasion has been well demonstrated in many studies, making it a
good target for overcoming tumor immune resistance. The concept
of sPD1 as an immune modulator has been reported in previous
studies,29,31 where the sPD1-encoding plasmid was delivered as a ma-
jor effort to augment other therapeutic DNA vaccines. Naked plasmid
DNA-mediated delivery of sPD1 proved to be transient and insuffi-
cient for provoking antitumor immunity;15,17 thus, sufficient
blockade of the PD-1/PD-L checkpoint pathway requires sustained
production of sPD1 or PD-L through other means, such as use of
an adenovirus.32 Our results demonstrate that localized rAAV admin-
istration can deliver sPD1 directly into the TME to foster immune
activation, immune cell infiltration, and tumor eradication. In this
system, vector-encoded TWIST1 could be processed by local DCs
for priming tumor-reactive T cells,15,16,33 as evidenced by the fact
that rAAV-sPD1-TWIST1 treatment elicited significant proportions
of tumor antigen-specific T cells in TDLNs but not the contralateral
NdLNs. In addition, persistent localized release of sPD1 could main-
tain the functionality of infiltrated antitumor T cells by blocking PD-
L1/L2 on tumor/stromal cells and could potentially reduce PD-1/
PD-L blockade toxicity associated with systemic immune checkpoint
antibody administration.34 Because AB1 cells are resistant to rAAV
infection in vitro, this study leaves a question of the major cell types
in the TME expressing AAV-encoded antigens. We detected
increased proportions of GFP+ cells in CD45� tumor-associated stro-
mal cells after i.t. rAAV administration, suggesting that tumor-asso-
ciated fibroblasts or endothelial cells could be responsible for express-
ing vector-encoded antigens,35 which were then taken up by
leukocytes to initiate antitumor responses. rAAV-sPD1-TWIST1 of-
fers an in situ vaccination approach to activate TWIST1-specific T cell
responses. Our data also show that antigen spreading following initial
tumor destruction may also activate systemic T cell responses against
bystander tumor antigens, including gp70, and rAAV vector-specific
antigens, including hrGFP. Therefore, rAAV-sPD1-TWIST1 likely
converts the immunosuppressive TME into an immunostimulatory
one, resulting in effective rejection of established AB1 mesothelioma.
ioma in NSG-huPBL mice

etry analysis (A) and rAAV-encoded proteins were detected by anti-TWIST1 antibody

l proliferation upon infection with serially diluted rAAV for 48 h. (D) Ki67 expression in

iments. (E) REN tumors in NSGmice (n = 4). 2� 106 REN cells were injected s.c. into

as measured by bioluminescence imaging. Right: representative tumor fluorescence

ice. REN tumor pieces harvested from REN-bearing NSG mice were implanted s.c.

how cumulative results from two separate experiments where at least 7 mice were

T cells and CD3+ T cells in spleens and tumors of REN-NSG-huPBL mice. Numbers

.001.



www.moleculartherapy.org
Our findings support the hypothesis that localized delivery of
rAAV-sPD1-TWIST1 has the ability to alter the TME by enriching
tumor infiltration of immune cells, reducing immune suppressive
cells in tumors, and activating tumor-infiltrating effector T cells.

Delivery of rAAV-sPD1-TWIST1 i.t. is a promising approach to treat
human mesothelioma. The ability of AAVs to inhibit cellular prolifer-
ation has been demonstrated previously to result from a disrupted cell
cycle mediated by the AAV genome or viral proteins.22,36 The data pre-
sented here indicate that, although cell survival was not affected during
the observation period, the rAAV works as an oncosuppressive vector
to induce growth inhibition and cell cycle arrest of infected REN tumor
cells. In addition, analysis of vector transgene product indicates that
localized rAAV-sPD1-TWIST1 administration can retain persistent
gene expression in the TME. Our incorporation of sPD1-TWIST1
into the rAAV enhanced antitumor efficacy in a humanized mouse
model compared with the rAAV-TWIST1 or AAV vector. Such bene-
fits might be due to a variety of mechanisms, including an increase in
T cell infiltration in the “inflamed” tumor, caused by AAV-mediated
oncosuppression, and simultaneous inhibition of PD-L in the TME af-
ter sPD1 delivery.37 This is the first demonstration of tumor-localized
sPD1 blocker deliverywith a replication-deficient rAAV that shows po-
tential as an effective therapy for human mesothelioma. Given the
broad host range of AAVs,38 this approach may offer a simpler in
situ vaccination approach for various human solid malignancies.

An AAV vector is an ideal tool for genetic delivery of a foreign anti-
gen. Although oncolytic viruses (including the measles virus, myx-
oma virus, vaccinia virus, and adenovirus, engineered to express
PD-1 checkpoint inhibitors) have shown promising results in various
preclinical tumor models, these replication-competent particles are
often associated with toxicity in the clinic, whereas safer viruses
tend to have attenuated therapeutic effects.32,39–41 In contrast, AAV
vectors provide robust and durable expression of transgenic proteins
for mounting effective antitumor cellular responses. With approval of
two AAV-based gene therapies by the US Food andDrug Administra-
tion (FDA), Luxturna for rare inherited retinal dystrophy and Zolgen-
sma for spinal muscular atrophy, and a growing body of clinical trials,
AAVs are now firmly established as the leading vector technology
with ample clinical experience.14,42,43 Our results suggest that local
delivery of AAV vectors able to express the sPD1-TWIST1 antigen
in the tumor mass has several advantages. Antigen expression could
be achieved with one-time administration, avoiding repetitive injec-
tions and lowering cost. Local administration could induce oncosup-
pression in the TME and increase immune infiltration in the tumor,
converting a cold tumor to a hot tumor. Finally, delivery of sPD1-
TWIST1 has a combination effect of immune activation and
checkpoint blockade. Despite these promising results, there are still
limitations in this study. One major concern is that tumor lesions
may not necessarily be accessible for i.t. treatment, and pre-existing
immunity against AAVs in humans may pose a challenge for transla-
tion of this strategy. Future studies will be required to design novel
AAV vectors with selective tropism to human cancer cells and
increased capacity to evade pre-existing neutralizing antibodies.44,45
This engineered AAV vector with the ability to activate tumor-spe-
cific T cell responses by the synergistic action of PD1-based vaccina-
tion and sPD1-mediated immune checkpoint blockade provides
immune protection and therapeutic cure of mesothelioma. With a
broad range of TWIST1 expression across solid tumors, our findings
may warrant clinical development of this vector platform for individ-
uals with cancer.

MATERIALS AND METHODS
Mice

All mice were maintained according to standard operational proced-
ures at the University of Hong Kong (HKU) Centre for Comparative
Medicine Research (CCMR), and all procedures were approved by the
Committee on the Use of Live Animals in Teaching and Research
(CULATR) of HKU (license 4249-17). 6- to 8-week-old female
BALB/c mice were used. Immunodeficient NSG mice (The Jackson
Laboratory) were bred and housed in the minimal disease area at
the HKU CCMR. For generation of the humanized mouse model,
mice of both genders were chosen randomly without blinding. 10-
week-old mice were reconstituted with 1 � 107 healthy human
PBMCs by intraperitoneal (i.p.) injection in 0.5 mL PBS. On day
10, blood was tested by flow cytometry for human lymphocytes after
red blood cell lysis (BD PharmLyse). Mice with successful engraft-
ment (NSG-huPBL) were used to establish the human mesothelioma
model.

Cell lines and culture conditions

AB1 was purchased from the European Collection of Cell Cultures
and maintained in complete Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco; supplemented with 10% fetal bovine
serum [FBS], 2 mM L-glutamine, and antibiotics). The REN-Luc
cell line, a kind grift from Dr. Sandra Pastorino (University of Ha-
waii), was maintained in complete DMEM (10% FBS, 2 mM L-gluta-
mine, and antibiotics).

pAAV plasmid construction and rAAV production

Tissue plasminogen activator (tPA)-sPD1-TWIST1 and tPA-
TWIST1 fragments were amplified by PCR from the pVAX.1-tPA-
sPD1-TWIST1 or pVAX.1-tPA-TWIST1 plasmid, respectively,17 fol-
lowed by ligation into the BamHI/XhoI site of the pAAV vector.
AAV-293 cells (Agilent Technologies) were co-transfected with the
pAAV, pHelper, and RC-DJ plasmids to produce rAAV. Free
rAAV vector in the culture supernatant was purified by polyethylene
glycol (PEG) precipitation (40% PEG-8000 and 2.5 M NaCl in water)
and centrifugation at 4,000 rpm for 30 min. The rAAV titer was
measured by qPCR using SYBR Green Master Mix (Takara) with
the primers AAV-Mono-CMV-Forward (50-CCATTGACGT-
CAATGGGTGGAGT-30) and AAV-Mono-CMV-Reverse (50-
GCCAAGTAGGAAAGTCCCATAAGG-30) and was expressed as
genome copies (g.c.) per mL. Expression of rAAV-encoded proteins
was confirmed by western blotting of infected HEK293T or REN cells.
Cells in 6-well plates were infected with the same dose of 1012 g.c. vec-
tors for 48 h. Soluble proteins in the supernatant were also detected
after immunoprecipitation with anti-DYKDDDDK G1 affinity resin
Molecular Therapy: Oncolytics Vol. 20 March 2021 383
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(GenScript). Heat inactivation of the rAAV was done at 75�C for
5 min. Successful elimination of live vector was confirmed by flow cy-
tometry analysis of the GFP signal after incubation with HEK293T
cells.

Purification of recombinant proteins

All purification procedures were conducted using oven-baked glass-
ware to avoid endotoxin contamination. The sPD1-TWIST1-FLAG
and TWIST1-FLAG proteins were purified with anti-DYKDDDDK
G1 affinity resin (GenScript) from supernatants of HEK293F cells
(Freestyle 293-F cells, Life Technologies) transfected with the
pAAV-sPD1-TWIST1-FLAG or pAAV-TWIST1-FLAG plasmid,
respectively.

Antibodies and flow cytometry analysis

The following antibodies were used for western blotting: anti-
TWIST1 (clone Twist2C1a, Abcam), anti-b-actin (clone AC-15, Ab-
cam), and anti-GAPDH (clone EPR16891, Abcam). The following
antibodies were purchased from eBioscience and used for flow cytom-
etry: anti-CD11b (clone M1/70), anti-Ly6C (clone HK1.4), anti-Ly6G
(clone 1A8-Ly6g), anti-CD3 (clone 17A2), anti-CD4 (clone GK1.5),
anti-CD8 (clone 53-6.7), and anti-PD-1 (clone J43). The following
antibodies were purchased from BioLegend and used for flow cytom-
etry: anti-FLAG (clone L5), anti-CD45 (clone S18009F), anti-CD25
(clone 3C7), anti-Foxp3 (clone 150D), anti-PD-L1 (clone 10F.9G2,
MIH6), anti-PD-L2 (clone TY25), anti-IFN-g (clone XMG1.2),
anti-TNF-a (clone MP6-XT22), and anti-IL-2 (clone JES6-5H4).
The H2-Kd-AMQMLKDTI-PE tetramer was purchased from MBL
International. The following human-reactive antibodies were pur-
chased from BioLegend and used for flow cytometry: anti-Ki67 (clone
Ki-67), anti-CD3 (clone HIT3a), anti-CD4 (clone A161A1), anti-
CD8a (clone HIT8a), anti-CD45 (clone 2D1), and anti-PD-1 (clone
EH12.2H7). Dead cells were stained with the Zombie Aqua Fixable
Viability Kit (BioLegend). Annexin V staining (BD Biosciences)
was performed according to the manufacturer’s instructions. Vybrant
DyeCycle Violet Stain (Thermo Fisher Scientific) was used to identify
cell cycle stages according to the manufacturer’s instructions. Cell
surface and intracellular immunostaining were performed as
described previously.15 Flow cytometry data analysis was performed
using FlowJo software (Tree Star, v.10).

Tumor models

AB1 cells were harvested, and single-cell suspensions of 1 � 106 cells
in 100 mL PBS were injected s.c. into the right hind flank of BALB/c
mice. For the REN mesothelioma model, 2� 106 REN-Luc cells were
injected s.c. into the right hind flank of each NSG mouse. Alterna-
tively, s.c. REN tumors were harvested from NSG mice when they
reached 1 cm in diameter and were cut into pieces under aseptic con-
ditions. Intact pieces 2 mm3 in size were then implanted s.c. into each
NSG-huPBL mouse. Tumor volumes were measured by calipers (tu-
mor volume = 1/2 [length � width2]). Luciferase-expressing tumors
were measured with the IVIS Spectrum (PerkinElmer) and presented
as photons/s/cm2/sr within regions of interest (ROIs) using Living
Image software (version 4.0; PerkinElmer), as described previ-
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ously.15,46 Whole-body fluorescence imaging of live animals was
taken under the IVIS Spectrum (PerkinElmer), and resected REN tu-
mor fluorescence was imaged with a Sapphire Biomolecular Imager
(Azure Biosystems) after surgical resection.

Ex vivo cell preparation

Splenocytes were isolated as described previously.15,47 Tumors were
cut into pieces and digested with tumor dissociation kit (Miltenyi Bio-
tec) according to the manufacturer’s instructions. Cells were passed
through a 70-mm strainer and centrifuged to get cell and non-cell frac-
tions. The cell fraction was subjected to a 40%/80% Percoll gradient
(Sigma), and leukocytes at the interphase were recovered after centri-
fugation at 800 � g for 20 min. T cells, including CD3+, CD4+, and
CD8+ T cells, were isolated using the Untouched T Cell Isolation
Kit (Miltenyi Biotec).

Sandwich ELISA for detecting soluble proteins

A double-antibody sandwich ELISA was developed for detection of
rAAV-encoded soluble proteins in plasma. A FLAG tag antibody
plate (GenScript) was incubated with diluted plasma for 3 h at
room temperature to capture the fusion protein with a FLAG tag, fol-
lowed by washing and detection of p24 by horseradish peroxidase
(HRP) anti-p24 antibody (Abcam, ab20365) or sPD1 by anti-PD-1
antibody (R&D Systems, AF1021). Alternatively, the concentration
of sPD1 protein in the non-cell fraction after tumor dissociation
was determined by mouse PD-1 DuoSet ELISA Kit (R&D Systems)
according to the manufacturer’s instructions.

ELISpot intracellular cytokine staining and T cell cytotoxicity

assay

IFN-g-producing T cells in isolated splenocytes were assessed by ELI-
Spot assay.15,47 A mouse TWIST1 peptide library of 49 peptides,
generated as 15-mers overlapping by 11 amino acids, gp70-AH1
(SPSYVYHQF), hrGFP peptides (FYSCHMRTL, EYHFIQHRL, TY-
VEDGGFV, VYMNDGVLV, and TAIAQLTSL), and ovalbumin
(OVA257–264), was synthesized by GL Biochem (Shanghai). Surface
and intracellular immunostaining was performed as described previ-
ously.15 The cytotoxic effect of purified T cells against AB1 cells was
determined using a non-radioactive cytotoxicity assay (Promega) ac-
cording to the manufacturer’s instructions. Cytokine concentrations
in tumor homogenates were measured using the LEGENDplex 13-
plex T Helper Cytokine Panel (BioLegend) and normalized against
total proteins determined by BCA protein assay (Thermo Scientific).

Statistical analyses

All data are presented as mean ± SEM. Information regarding the
study outline, sample size, and statistical analysis is shown in the
main text, figures, and figure legends. The significance of mean differ-
ences was determined using non-parametric Mann-WhitneyU test or
Wilcoxon matched-pairs test for unpaired and paired analysis,
respectively, to compare datasets. Two-way ANOVA was used to
compare mouse tumor volume data among different groups. Survival
data were plotted on a Kaplan-Meier survival curve, and a log rank
(Mantel-Cox) test was performed to analyze differences in GraphPad
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Prism 7. For all statistical analyses, *p < 0.05, **p < 0.01, and ***p <
0.001.
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