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ABSTRACT

Background Oncolytic viruses (OVs) have shown
promise in containing cancer progression in both animal
models and clinical trials. How to further improve the
efficacy of OVs are intensively explored. Arming OVs

with immunoregulatory molecules has emerged as an
important means to enhance their oncolytic activities
majorly based on the mechanism of reverting the
immunosuppressive nature of tumor environment. In this
study, we aimed to identify the optimal combination of
different OVs and immunomodulatory molecules for solid
tumor treatment as well as the underlying mechanism, and
subsequently evaluated its potential synergy with other
immunotherapies.

Methods Panels of oncolytic viruses and cells stably
expressing immunoregulatory molecules were separately
evaluated for treating solid tumors in mouse model. A
tumor-targeted replicating vaccinia virus Tian Tan strain
with deletion of TK gene (TTVATK) was armed rationally
with IL-21 to create rTTVATK-IL21 through recombination.
CAR-T cells and iNKT cells were generated from human
peripheral blood mononuclear cells. The impact of
ITTVATK-IL21 on tumor-infiltrating lymphocytes was
assessed by flow cytometry, and its therapeutic efficacy
as monotherapy or in combination with CAR-T and iNKT
therapy was assessed in mouse tumor models.

Results IL-21 and TTV was respectively identified as
most potent immunomodulatory molecule and oncolytic
virus for solid tumor suppression in mouse models. A
novel recombinant oncolytic virus that resulted from their
combination, namely rTTVATK-mIL21, led to significant
tumor regression in mice, even for noninjected distant
tumor. Mechanistically, rTTVATK-mIL21 induced a selective
enrichment of immune effector cells over Treg cells

and engage a systemic response of therapeutic effect.
Moreover, its human form showed a notable synergy with
CAR-T or iNKT therapy for tumor treatment when coupled
in humanized mice.

Conclusion With a strong potency of shaping tumor
microenvironment toward favoring TIL activities,
ITTVATK-IL21 represents a new opportunity worthy of
further exploration in clinical settings for solid tumor
control, particularly in combinatorial strategies with other
immunotherapies.

One sentence summary IL21-armed recombinant
oncolytic vaccinia virus has potent anti-tumor activities
as monotherapy and in combination with other
immunotherapies.

, Xiangging Ding, Qibin Liao, Nan Gao, Ye Chen, Chen Zhao,

INTRODUCTION

Immunotherapy has recently emerged as a
promising approach to treat tumor by using
the power of the immune system.' From the
viewpoint of immunotherapy, tumors can
be classified into two categories, the “hot”
tumor where an inflamed microenvironment
created by tumor cells and the stromal cells
favors infiltration of lymphoid cells, and the
“cold” tumor in which a hostile microenvi-
ronment rejects immune cells or renders
them less functional or non-functional after
recruitment.’ Thus, how to reverse the “cold”
tumors into “hot” tumors becomes one of
the most active fields in immunotherapy
research and oncolytic virotherapy stands
out as a major promising approach to serve
this purpose by multiple mechanisms.” The
basic principle of this approach is taking
advantage of defect of tumor cells in antiviral
innate immunity, allowing virus preferentially
replicate in and consequently kill the tumor
cells. The tumor cells are not simply killed,
but rather undergo immunogenic cell death,
in which tumor-associated antigens and
danger factors are released to engage both
innate and adaptive arms of immune system
for further destruction of tumor cells." The
reshaping of the tumor microenvironment by
oncolytic virus can be additionally facilitated
by engineering the virus to express one or
more immunomodulatory genes.”

To date, a wide range of oncolytic viruses
(OVs) have been under active investigation,
including both DNA and RNA viruses of
different sizes and properties.’ Talimogene
laherparepvec, also known as T-VEC, is the
first oncolytic virus therapy approved by FDA
for advanced metastatic melanoma,7 opening
the door for the use of other OVs in cancer
treatment. Generally, OVs are molecularly
engineered in two ways to improve safety and
efficacy. The first way is to ensure selective
replication in tumor cells.® One commonly
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used strategy involves deletion of non-essential viral
genes, which function can be compensated by tumor cells
but not normal cells. For instance, in the case of onco-
Iytic vaccinia virus, deletion of virus-encoded thymidine
kinase (TK), a protein critical for viral DNA synthesis,
prevents effective replication in normal cells where TK
levels are typically expressed at low level.” The second
way is to augment anti-tumor response by expressing
therapeutic genes that either promote the cytotoxicity of
tumor cells or enhance immune responses.'’ The latter
one has been extensively pursued with a main focus on
immunomodulatory genes represented by cytokines to
regulate the recruitment of T cells and their homeostasis.
Indeed, T-VEC uses granulocyte-macrophage colony-
stimulating factor (GM-CSF), a cytokine with known role
in recruiting antigen-presenting cells like dendritic cells
(DCs) as well as their maturation. Several other cytokines,
including interlukin-2 (IL-2), IL-12, IL-7 and TNF, have
been also employed for incorporation into viruses, which
show improved therapeutic activity in mouse tumor
models primarily owing to enhanced expansion of tumor-
infiltrating lymphoid cells.” In our systemic search for a
potent cytokine that can arm oncolytic vaccinia virus to
maximize their therapeutic efficacy, we had been consid-
ering IL-21 as an important candidate. As a member of
the common gamma-chain (yc) family of cytokines, IL-21
is mainly secreted by activated CD4" T cells and natural
killer T (NKT) cells,'" and plays a pleiotropic role in regu-
lating multiple types of immune cells, including B cells,
T cells, natural killer (NK) cells and monocyte-derived
DCs."* Accordingly, IL-21 has been shown to possess
tumor suppressor activity and, in a B16 melanoma model,
its local administration conferred more potent anti-
tumor efficacy than subcutaneous injection, leading to
prolonged survival in treated mice."”” Moreover, a recent
study reported the construction of an oncolytic adeno-
virus co-expressing IL-21 and chemokine CCL21 and its
introduction into tumor cells is able to direct selective lysis
by cytotoxic T cells (CTLs) in vitro."* However, whether
1L-21 alone is sufficient for CTL recruitment, and more
importantly, whether IL-21 arming enhances the in vivo
antitumor function of oncolytic virus, remains unknown.

A growing evidence supported that monotherapy
is normally not sufficient to contain tumor progres-
sion and combinational strategies usually gain better
performance.” It has been envisioned that oncolytic
virotherapy can be combined with other immunotherapy
such as immune checkpoint blockade (ICB) and adop-
tive T-cell transfer therapy (ACT) to gain additive or
even synergistic anti-tumor effect.'® Indeed, a number
of recent studies reported a successful combination
of oncolytic virotherapy and ICB in cancer treatment,
with the former responsible for the initial recruitment
of the immune cells while the later unleash the power
of the recruited immune cells that otherwise would be
suppressed by the original tumor microenvironment.'”®
In contrast, there are fewer studies coupling oncolytic
virotherapy with ACT. Centered on T cells genetically

modified to express a chimeric antigen receptor (CAR-
T), ACT has shown promising results in the treatment
of hematopoietic tumor.'? However, CAR-T approach has
found much less success in treating solid tumors, largely
attributed to the insufficient migration of CAR T-cells to
the tumor site and the immune suppressive environment
within tumor, which limits the persistence and func-
tion of tumor-infiltrating CAR T-cells.** Theoretically,
OVs and CAR-T approaches are complimentary to each
other as OVs can facilitate the infiltration and anti-tumor
functioning of CAR T-cells by priming the tumor micro-
environment to attain a T cell-favorable state through
the generation of inflammatory cytokine and chemo-
kine, concomitant with the removal of immune suppres-
sion.”! Therefore, OVs—CAR-T combined strategies merit
further investigation.

In this study, we initiated our request for a potent
oncolytic virus by identifying the optimal virus type
and the right immunomodulatory molecule to arm the
virus for sculpturing the tumor microenvironment to
promote immune response. This led to the construc-
tion of rTTVATK-IL-21 (rTTVATK-IL21) viruses, which
were derived from vaccinia virus Tian Tan strain (TTV)
by replacing its TK gene with either mice or human
IL-21 gene. We first showed in three mouse xenograft
tumor models that rTTVATK-IL21 was endowed with
an enhanced capability to promote local enrichment of
immune effector cells at tumor site, thereby being able to
attain long-lasting tumor rejection and improved survival.
Following this, we demonstrated an abscopal effect of
rTTVATK-IL21, that is, suppressing tumor deposited
distantly for the injection site likely through engagement
of the systemic immune response. Finally, we explored
a combination of virotherapy and immunotherapy in
treating human tumors by coupling rTTVATK-IL21 with
ACT approach in a sequential regimen. Using humanized
mouse tumor model, we demonstrate a proof of principle
that *rTTVATK-hIL21 can synergize with CAR-T therapy
or invariant nature killer cell (iNKT) therapy to deliver
more effective cancer treatment. Together, our study
identified IL21-armed TTV as a novel potent oncolytic
virus and support its potential in partnering with ACT to
surmount solid tumor challenge.

MATERIALS AND METHODS

Cell lines

The information of cell lines used in this study, including
source and maintenance, is detailed in online supple-
mental information. The engineering of cell lines to
express foreign genes, including mGM-CSF, m4-1BBL,
mCXCL9, mCD86, mIL-21 or hCD19, was achieved by
lentiviral vectors. The construction of lentiviral vectors,
generation of lentiviral particles for infection, selection
of stable clones and assay for cell growth were described
in online supplemental information.
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Oncolytic viruses

The TTV752-1 was from our laboratory deposit as previ-
ously described.” Generation and amplification of
rTTVATK-mIL21, rTTVATK-hIL21 viruses, and following
determination of their replication and cytotoxic effect
in cultured tumor cells are described in online supple-
mental information. The information of other viruses
used in this study is also provided in online supplemental
information.

Generation of CAR-T cells

Human peripheral blood mononuclear cells (PBMCs),
obtained from Shanghai Public Health Clinical Center,
were sorted into CD4"and CD8 T cells by EasySep Human
CD4" T Cell Enrichment Kit (STEMCELL #19052) and
EasySep Human CD8" T Cell Enrichment Kit (STEM-
CELL #19053), respectively. After activation by anti-CD3/
CD28 immunobeads in T-cell growth medium (TCM) for
24-36hours, the purified T cells were transduced by lenti-
viruses in a novonectin (Novoprotein)-coated 48-well flat
plate by spin infection. The next day, the cells were fed
with fresh TCM. The immunobeads were removed 6-7
days after activation, and cells were expanded followed
by 3-hour rest before being assayed. iNKT cell expan-
sion iNKT cells were expanded from human PBMCs in
X-VIVO-15 Medium (Lonza) containing 100ng/mL
KRN7000 (Enzo Life Science), 100U/mL rhIL-2 (R & D
Systems), 20ng/mL rhIL-7 (R & D Systems) and 20ng/
mL rhlL-15 (R & D Systems) for 20 days as previously
described.***

Xenograft animal models

All the mice were female mice 6-8weeks old, with
C57BL/6 mice, BALB/c mice and B-NDG mice purchased
respectively from B&K Universal (Shanghai, China) and
Biocytogen (Beijing, China). The mice were housed
under specific pathogen-free conditions at the animal
facilities of Shanghai Public Health Clinical Center,
Fudan University (Shanghai, China) until virotherapy,
and afterwards transferred to the Animal Biosafety
Level 2 Laboratory. The volume of virus injected in was
100 pL. rTTVATK-IL21 monotherapy was conducted on
C57BL/6 or BALB/ ¢ mice with tumors formed by subcu-
taneous injection of B16 (1x10%), GL261 (1x10°%) or CT26
(1x10°% cells into the right or left flank of experimental
subjects. The combination strategy was evaluated in
B-NDG mice bearing right flank located tumors formed
by subcutaneous injection of NCI-H292 (2x10°%) cells. For
oncolytic virotherapy, mice were intratumorally inocu-
lated with PBS or rTTV viruses 10 days when the tumor
volumes normally reached 50-100mm?” after they were
engrafted with tumor cells. Tumors were measured two
to three times a week with calipers until the experimental
endpoint (animal death or a tumor volume >2000 mm?,
tumor Volume=length><width2/ 2).

Immune cell depletion
One day prior to oncolytic virus treatment, 100pg of
rat anti-CD4 IgG (clone GKI.5), anti-CD8 IgG (clone

TIB210), anti-NK IgG (clone PK136) or control IgG in
100pL PBS was injected intraperitoneally. Antibody
treatment was continued twice weekly throughout the
experiment. Depletion was verified using flow cyto-
metric assessment of splenocytes 24 hours after antibody
administration.

Flow cytometry (FACS) analysis

The cell preparation and staining procedures, along with
the list of used antibodies, are described in online supple-
mental information. All FACS analyses were performed
by a BD LSRFortessa flow cytometer (BD Bioscience) and
analyzed with FlowJo vX.0.7 (Tree Star).

Statistical analyses

All statistical analyses were performed using GraphPad
Prism 6. Data are represented as the mean+SEM. Student’s
t-test was used for non-paired comparisons of two groups.
Difference between more than two groups were deter-
mined by one-way analysis of variance (ANOVA), and the
Kaplan-Meier method with the log-rank test was used for
survival analysis. A p value <0.05 was considered statisti-
cally significant.

RESULTS

In vivo evaluation of therapeutic potential of virus vectors

To select the most powerful virus vector, we systemati-
cally assessed the oncolytic efficacy of a variety of onco-
lytic viruses in both cultured cells and a melanoma tumor
model. The viruses we tested included wild-type replica-
tive TTV serotype 752-1 (TTV752-1), influenza A virus PR8
strain (A/Puerto Rico/8/1934, HIN1), acute Armstrong
lymphocytic choriomeningitis virus (LCMV,, ), Zika
virus strain MR766 (ZIKA, ) and adenovirus serotype 68
(AdC68). The amounts of viruses used for tumor injection
were selected on basis of published reports as well as our
own experience with virus challenge studies in mice and
considered as sublethal doses.”2® As a prelude to the in
vivo study, we investigated the permissiveness of B16 cell
culture to the tested viruses by infecting 1x10° cultured
cells with one-tenth of viruses used for tumor injection,
which was equivalent to 1x10°PFU, 2x10*PFU, 1x10"
VPs, 1x10°PFU and 5 TCID50 for TTV752-1, LCMV, .
AdC68, ZIKA, , and PRS, respectively. The post-infection
medium of PR8-infected cells also contained 0.5 pg/mL
TPCK-trypsin to facilitate virus replication. A substantial
growth of TTV752-1, LCMV, ., and AdC68 was observed
between 12 and 36 hours post-infection, whereas ZIKA
and PR8 only attained a moderate viral titer (figure 1A).
The cytotoxicity analysis, on the other hand, showed that
only TTV752-1 infection caused significant cytotoxicity
(figure 1B). It has been reported previously that B16 cells
were highly permissive to PR8 under higher multiplicity
of infection. We consequently increased the infection
dose of PR8 to 1x10* TCID50 and 1x10° TCID50, and
found that, under these conditions, PR8 infection led to
significant cytotoxicity along with effective viral growth
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Figure 1 Different oncolytic viruses exhibited different efficiency in virotherapy for B16 melanoma in mouse model. (A, B)
Characterization of oncolytic virus candidates in cultured B16 cells. For infection, 1x10° cells were infected in 6-well format
with TTV752-1 (1x10°PFU), LCMV,,, (2x10*PFU), AdC68 (1x10'° VPs) or PR8 (5 TCID50). Supernatants or cells were collected
at 12 hours, 24 hours and 36 hours after infection for viral titer determination (A); cytotoxicity was assessed at 72 hours after
infection (B). Data are representative of two independent experiments. Error bars show the SEM of three biological replicates.
(C) Treatment scheme. Mice were subcutaneously inoculated with 1x10° of B16 cells per mouse. When reaching about 50
mm?, tumors were directly injected with PBS (n=6), TTV752-1 (1x10” PFU, n=5), PR8 (50 TCID50, n=6), LCMV,.,, (2x10°PFU,
n=5), ZIKA,; (1x1 0*PFU, n=6) or AdC68 (1x10"" VPs, n=6). (D) Kaplan-Meier survival curves of mice after virotherapy (*p<0.05,
**p<0.01, log-rank test). (E) Responses of individual tumor to virotherapy in each treatment group.
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(online supplemental figure S1A,B). Thus, although B16
cells are permissive to PR8, effective propagation of PR8
in these cells is influenced by the multiplicity of infection,
which is likely attributed to the battle between virus and
host interferon response.

For the assessment in vivo, mice were engrafted subcu-
taneously with B16 cells, followed by intratumoral injec-
tion of PBS (control) or different viruses (figure 1C). All
mice in the control group exhibited rapid tumor progres-
sion and were dead or euthanized within 12 days after
intratumoral injection. Among the virus-treated group,
only LCMV, . and TTV752-1 group showed a growth
rate of tumor notably lower than the control group. For
the former, tumor was contained for approximately 12
days before regaining rapid growth. In contrast, for the
majority of mice in the TTV752-1 group, tumor growth
was controlled throughout the examination period,
resulting in prolonged survival and reduced mortality
(figure 1D-E). In addition, the TTV752-1 treatment
showed a dose response in both time to progression
and overall survival (online supplemental figure S2A-E).
Compared with the highest virus dose (1x10”PFU), lower
doses of TTV752-1 as of 1x10°or 1x10°PFU induced a
reduced inhibition of tumor progression. Thus, we opted
for TTV752-1 for developing new oncolytic virus in our
study.

In vivo assessment of antitumor activities of
immunoregulatory molecules

Potentiation of antitumor immune response would
largely hinge on effective activation of antigen-specific
T lymphocytes, a fine-tuned process best described by a
three-signal model.”” To identify the most potent immu-
nomodulatory molecule for integration into virotherapy,
we tested five molecules with different roles in cellular
immune response, including 4-1BB ligand (4-1BBL),
CD86, C-X-C motif chemokine ligand 9 (CXCL9), IL-21
and GM-CSF, for their ability to limit tumor growth when
expressed by tumor cells. Such ability should reflect their
potency to engage the immune cells, especially T lympho-
cytes.30’34 To this end, we constructed a series of lentivi-
ruses encoding individual immunomodulatory molecules,
which were used for infection of B16 cell lines to establish
stable cell lines (figure 2A). The identities of the resulting
five cell lines were validated by the detection of surface
protein expression by flow cytometry (online supple-
mental figure S3A). We also used the empty lentiviral
vector to create a control cell line, namely, B16-pHAGE.
The six stable clones were individually transplanted to
syngeneic C57BL/6 mice, after which the tumor develop-
ment was continuously monitored.

As compared with control B16-pHAGE group, cells
expressing mlL-21 showed significantly compromised
capability in driving tumor development with an 80%
of rejection rate whereas there was only modest delay in
tumor formation observed for both m4-1 BBL-expressing
and mCD86-expressing cells (figure 2B). To our surprise,
GM-CSF, which was widely applied in oncolytic virus

therapy or tumor vaccines, was not observed to have
an anti-tumor effect. There was also no discernible
difference between CXCL9-bearing cells and control
cells (figure 2B). In line with controlled tumor growth,
the recipient mice of B16-mIL21 cells survived signifi-
cantly longer than other treatment groups (figure 2C).
In contrast, the in vitro growth rate of B16-mIL21 was
similar to that of B16-pHAGE or the parental B16 cell
line, demonstrating that mIL-21 expression did not, per
se, influence the proliferation of B16 cells (online supple-
mental figure S3B). Collectively, these data revealed that,
among the five signaling molecules tested, IL-21 stood
out as the most promising candidate in the inhibition
of in vivo tumor growth, potentially through enhancing
anti-tumor immune response.

Next, we explore the impact of local IL-21 on tumor
microenvironment. To this end, a total amount of 5x10°
of B16-pHAGE or B16-mIL21 cells were subcutaneously
injected into the right flank of mice. Due to the inhib-
itory effect of IL-21 on tumor growth, we allowed the
mice receiving B16-mIL21 live for 21 days before tumor
collection: the tumors were then normally large enough
(50-100mm®) to contain suitable amount of infiltrated
immune cells (TILs) for FACS analysis. The B16-pHAGE
tumors were collected at standard end points (animal
death or tumor volume reaching 2000 mm”), thus earlier
than 21 days. With gating strategy shown in online supple-
mental figure S3C, our FACS analysis revealed a signifi-
cantly increase in the frequency of CD45"8" lymphocytes
within B16-mIL21 tumors compared with B16-pHAGE
tumors (figure 2D). Similar trends were observed for
infiltrating CD3", CD4", CD8" T cells as well as NK cells
(CD3'NKI1.1" cells). Notably, the frequency of effector
memory T cells (T,,) was also elevated in B16-mIL21
tumors relative to B16-pHAGE tumors (figure 2E). We
also determined the population level of regulatory T cells
(CD4'CD25Foxp3" Tregs). Due to the scarcity of Tregs,
their measurements were taken on pooled sample from
mice harboring the same tumor. Unlike active immune
cells, Tregs were substantially downregulated in BI16-
mlL21-derived tumor compared with Bl16-pHAGE-
derived tumor (figure 2F). Taken together, these results
supported that IL-21-mediated inhibition of tumor
growth may stem from its ability to reverse the suppressive
nature of tumor microenvironment.

IL21-armed recombinant vaccinia virus induced enrichment
of immune cells and led to long-lasting tumor regression in
mouse xenograft models

We next generated a mouse IL-21 (mIL21)-armed rTTV
using thymidine kinase-deleted version of TTV752-1,
rTTVATK, as the backbone. Deleting TK gene is an
effective strategy to enhance cancer targeting of vaccinia
virus. We first examined the impact of IL-21 expres-
sion on viral replication and cytotoxicity in vitro. The
result demonstrated that neither TK deletion nor the
IL-21 insertion affected the virus-mediated cytotoxicity
or the viral replication in cultured B16 cells (online

Chen T, et al. J Immunother Cancer 2021;9:e001647. doi:10.1136/jitc-2020-001647

5


https://dx.doi.org/10.1136/jitc-2020-001647
https://dx.doi.org/10.1136/jitc-2020-001647
https://dx.doi.org/10.1136/jitc-2020-001647
https://dx.doi.org/10.1136/jitc-2020-001647
https://dx.doi.org/10.1136/jitc-2020-001647
https://dx.doi.org/10.1136/jitc-2020-001647
https://dx.doi.org/10.1136/jitc-2020-001647
https://dx.doi.org/10.1136/jitc-2020-001647
https://dx.doi.org/10.1136/jitc-2020-001647

Open access

A 7R }{ Py I Gene [ IRES }-{ PURO  LTR |
B B16-pHAGE B16-mGMCSF B16-m41 BBL
__ 2000 _ 2000 _ 2000
€ E €
£ 1500 £ 1500 £ 1500
o 1000 o 1000 @ 1000
5 0i5 5 o 0i5 5 0/5
>° tumor-free >° tumor-free § tumor-free
)} 0 0
0 10 20 30 0 10 20 30 0 10 20 30
Day Day Day
B16-mCXCL9 B16-mCD86 B16-mIL21
2000 2000 2000
€ E ‘E 1500
E 1500 E 1500 £
2 1000 2 1000 o 1000
§ 0/5 § 0/5 5 58 4/5
>0 500 tumor-free § 500 tumor-free § 50 tumor-free
0 0 0
0 10 20 30 0 10 20 30 0 10 20 30
Day Day Day
c D In total living cells:
2]
Q
‘S‘ *kkk
100 T - B16-pHAGE g 20
T 80 - B16-m41 BBL 5 15
£ 60 ** . B16-mCD86 £
. b ~ B16-mCXCL 9 g 10
= 40 T~ B16-mGMCSF R
20 | ~ B16-mlL21 Q
04 : : : ©
] ~
0 10 20 30 ° & 3
Day °© < Y
T £
§ £
E In CD45Nh cells: > Q@ F In CD45MNeh cells:
157 284 _ 60 0d0y 0 Loy T 0.6
= . 3 3 s "3 r O o
[0] = "
810 % = 60 a0 S30 ,} 530 o4
z ] 40 3 . %20 . %o 20 5
‘5 « O . a . Q o
5 02q ./, = O " o x 0.2
© 5 204 - = 10{ % o 10{ .
S . o o - o % u
ol S e = ol — & ol ® ol 0.0
& & & 3 & & & 3 & & § g
I g S I g I £ I g I £
2 © QI © R © RO R o QL ©
;.fP Q N 4';\0 Q [g\" @ [g@ Q ;;9 @

Figure 2 Local expression of IL-21 potently inhibited B16 melanoma growth in mice. (A) Schematic representation of the
lentiviral vector used to create stable cell lines expressing individual immunomodulatory molecule. (B, C) Impacts of local
expression of different immunomodulatory molecules on the B16 melanoma development in mice. 5x10° of the indicated
cells were subcutaneously injected into the right flank of syngeneic mice, followed by measurement of tumor size (B) and
survival curves (C) (n=5, **p<0.01, log-rank test). Data are representative of two independent experiments. (D-F) Effects of
local expression of IL-21 on tumor-infiltrating lymphocytes (TILs). Mice were inoculated subcutaneously with 5x10° B16-
pHAGE cells or B16-mlIL21 cells. For the FACS analysis of TILs, B16-mIL21 tumors were assayed 21 days after inoculation
while the B16-pHAGE tumors were assayed when end points were reached (animal death or tumor volume of >2000 mm?®). (D)
Frequency of CD45"9" lymphocytes. (E) Frequencies of CD3"NK1.1* NK cells, CD3* T lymphocytes, CD4* T lymphocytes, CD8*
T lymphocytes, effector memory (CD44*CD62L7) T cells and (F) Tregs. Due to the scarcity of Tregs, for their measurements,
the samples from mice receiving the same graft was pooled. n=6 per group; data are representative of two independent
experiments; **p<0.01, ***p<0.001, Student’s t-test.
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supplemental figure S4A,B). Subsequently, we assessed
the in vivo anti-tumor activity of rTTVATK-mIL21 in
three different mouse tumor models. B16, GL261 or
CT26 cells were subcutaneously injected into the right
flank of mice respectively to establish orthotopic or
heterotopic transplanted tumor models, followed by
intratumoral injection of single dose of 10’ PFU of
rTTVATK or rTTVATK-mIL21. For the rTTVATK-mIL21
group, the tumor rejection rates for B16, GL261 and
CT26 tumors were 8 out of 15, 4 out of 10 and 1 out
of 7, respectively (figure 3A, online supplemental figure
S5A,C). In contrast, none of the mice in rTTVATK
and PBS groups showed complete tumor regression
(figure 3A, online supplemental figure S5A,C). The
superiority of rTTVATK-mIL21 in tumor suppression
was also reflected by survival, as rTTVATK-mIL21 treat-
ment rendered approximately 53% of Bl6-harboring
mice and 40% of GL261-harboring mice survived 80
days after therapies. The CT26-harboring mice showed
relatively poorer response to rTTVATK-mIL21 treat-
ment, with 14% of treated animals surviving 40 days
after treatment. In contrast, PBS-treated group all died
within 30 days after treatment (figure 3B, online supple-
mental figure S5B,D). The rTTVATK group showed
only moderate improvement in survival as compared
with PBS-treated group (figure 3B, online supplemental
figure S5B,D).

To gain mechanistic insight into IL21l-mediated
enhanced anti-tumor activity of rTTV, we compared the
presence of tumor-infiltrating immune cells among the
three treatment groups at 4 days in B16 models after
treatment (tumor treatment initiated when the tumor
volumes normally reached 50-100mm?®) by flow cytom-
etry. Consistent with that promoting immune cell enrich-
ment in tumor microenvironment (TME) constitutes
a major mechanism underlying the tumor-suppressing
activity of oncolytic virus, the level of total TILs was signifi-
cantly higher in rTTVATK-mIL21 group relative to PBS
group. rTTVATK group also showed an increase in TILs
as compared with PBS group; however, the difference was
not statistically significant (figure 3C). The subsequent
analysis of lymphocyte subsets showed a higher induction
of NK cells, CD3" T cells, CD4" T cells and CD8" T cells
by rTTVATK-mIL21, indicative of a globally enhanced
engagement of immune effector cells (figure 3D and E).
On the contrary, the amount of Treg cells appeared to
be reduced in rTTVATK-mIL21 group, compared with
rTTVATK group (figure 3F).

We next sought to determine whether rTTVATK-IL21-
mediated anti-tumor response involves a particular subset
of immune cells. To this purpose, we developed an effec-
tive way to individually deplete NK cells, CD4" T cells, and
CDS8' T cells by injection of respective targeting antibodies
(online supplemental figure S6). The result clearly indi-
cated that the rTTVATK-mIL21-mediated tumor control
was largely mediated by CD8" T cells rather than by NK
cells or CD4" T cells (figure 3G).

Efficacy of rTTVATK-IL21 therapy with distant tumors

We next examined whether the local activation of
anti-tumor immune response by rTTVATK-IL21 has a
systemic impact, known as abscopal effect. To this end,
we modeled metastatic disease using the bilateral flank
B16 tumor model (figure 4A). Besides an expected
remarkable inhibition of growth of injected tumors,
rTTVATK-mIL21 treatment also significantly reduced
tumor progression in distant tumors compared with
control groups, suggesting rTTVATK-mIL21 to be effec-
tive in controlling distant metastatic disease (figure 4B).
The fact that the expression of viral H3L protein was
only detected in rTTVATK-mIL21-injected tumor (right
flank) but not contralateral (left flank) tumor excluded
the possibility that the inhibition of distant tumors was
mediated by direct infection through virus spreading
(figure 4C). We further analyzed the levels of infiltrated
immune cells in distant tumors, and observed an effect
of rITTVATK-mIL21 that resembled that observed in local
immune response as shown earlier, featuring enhanced
presence of CD45"¢" NK cells, CD3" T cells, CD4" T
cells and CD8" T cells, although all with much lower
abundance. There was essentially no statistical difference
between rTTVATK group and PBS group in the levels of
these immune cell subsets (figure 4D-F). Interestingly, the
abundance of intratumoral Treg cells in rTTVATK-mIL21
group was comparable with PBS group while significantly
lower than rTTVATK group (figure 4G).

Further, we examined the rTTVATK-mIL21-medi-
ated engagement of dendritic cells and tumor-specific
T-cell response. Our analysis revealed an upregulation
of CDI11c¢" DCs in both injected tumors and spleens,
consistent with enhanced antigen presentation to distant
lymphoid organs (figure 4H-I, online supplemental
figure S7A). For the assessment of tumor-specific T-cell
response, the isolated TILs of injected tumors were
restimulated with growth-arrested B16 cells and the
percentage of IFNy-producing cells and TNFo-producing
cells were respectively detected by intracellular cytokine
staining. The data clearly indicated that rTTVATK-mIL21
treatment triggered an enhanced tumor-specific T-cell
response (figure 4], online supplemental figure S7B).
Taken together, the abscopal effect of rTTVATK-mIL21
was likely mediated by enhanced engagement of antigen-
presenting cells both locally and systematically, in
conjunction with recruitment and activation of tumor-
specific immune effector cells.

Sequential combination of rTTVATK-IL21 and ACT therapy
delivered more robust anti-tumor effect than monotherapy in
vivo

The combination of virotherapy and immunotherapy
emerged as a new promising avenue toward more effec-
tive cancer therapy. Thus, we examined whether there
is synergy between rTTVATK-IL21 and ACT therapy in
suppression of human solid tumors. For this purpose,
we used B-NDG mice, which are immune deficient and
suitable for engraft of human immune cells and tumor
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Figure 3 Introduction of IL-21 into FTTVATK significantly enhanced its tumor-suppressing activity. B16 cells (5x10% were
subcutaneously implanted into the right flank of mice, tumors were allowed to reach approximately 50 mm® and then subjected
to intratumoral injection with PBS, TTVATK (1x10” PFU) or rTTVATK-mIL21 (1x10” PFU). (A) Tumor growth of individual injected
tumors with ratios of tumor-free mice after treatment indicated (n=15 per group). (B) Cumulative survival curves (***p<0.0001,
log-rank test). Data are representative of three independent experiments. (C—F) Tumor infiltration of immune effector cells.
Tumors were established in mice by implantation of 1x10° B16 cells into the right flank, followed by intratumoral injection of
PBS, TTVATK (1x107 PFU) or rTTVATK-mIL21 (1x107 PFU). Tumors were isolated 4 days later to analyze the levels of infiltrating
immune cells by flow cytometry. The abundances of tumor-infiltrating immune cells and their subpopulations are shown in (C)
CD45"" (D) NK, (E) CD3*, CD4*, CD8* and (F) Tregs (n=6, *p<0.05, **p<0.01, **p<0.001, ***p<0.0001, NS: p>0.05, one-way
ANOVA). Data are representative of three independent experiments. (G) Assessment of individual contribution of NK cells, CD4*
cells and CD8* cellsto the rTTVATK-mIL21-mediated control of tumor growth. Mice were treated as described above except
that intraperitoneal administrations of cell-depleting antibody or control IgG antibodies were applied, beginning a day prior to
the virus injection and continuing twice weekly throughout the experiment (n=6, **p<0.01 by one-way ANOVA; mean+SEM is
shown).
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Figure 4 Intratumoral administration of rTTVATK-mIL21 changed immune status of noninjected distant tumors and
suppressed tumor growth. (A) Scheme of treatment schedule. Tumors were established in mice by implantation of 1x10° B16
cells into the left and right flanks, followed by injection of PBS, TTVATK (1x10” PFU) or rTTVATK-mIL21 (1x10” PFU) into right
flank tumor. (B) Growth of injected and distant tumors (n=5). *p<0.05, **p<0.01, “**p<0.001 by one-way ANOVA. Mean+SEM
is shown. (C) Detection of TTV-expressing H3L protein in rTTVATK-mIL21 injected tumors and noninjected distant tumors by
Western blotting. B-Tubulin protein was also detected as loading control. (D-G) Tumor infiltration of immune cells in noninjected
distant tumors assessed by flow cytometry. The abundances of tumor-infiltrating immune cells and their subpopulations are
shown in (D) CD45"9", (E) NK, (F) CD3*, CD4* and CD8*, and (G) Tregs (n=6, *p<0.05, **p<0.01, **p<0.001, NS: p>0.05, one-
way ANOVA). Data are representative of two independent experiments. (H, I) Populational levels of CD11c* dendritic cells in
injected tumors (H) and spleens (l) (n=6, *p<0.05, **p<0.01, **p<0.001, one-way ANOVA). (J) Frequencies of IFNy+CD8T cells
and TNFo+CD8T cells (n=6, *p<0.05, **p<0.01, NS: p>0.05, one-way ANOVA).
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cells to study the in vivo effects of the human immune
system on human tumors.”® We constructed the NCI-
H292-CD19 cell line (online supplemental figure S8A),
which stably expressed the CD19 antigen and served as
the tumor target of anti-CD19 CART cells (CD19 CAR-T)
that were generated through lentivirus-mediated trans-
duction of T cells isolated from healthy human PBMGCs
and amplified by in vitro culture (online supplemental
figure S8B). NCI-H292-CD19 cells showed comparable
in vitro growth with the parental NCI-H292 cells (online
supplemental figure S8C). We also created an rT'TV virus
encoding human IL-21, namely, rTTVATK-hIL21, to
match with the acting human immune cells. Mice were
sequentially subjected to subcutaneous engraftment with
the NCI-H292-CD19 cell line, intratumoral injection of
either PBS or rTTVATK-hIL21, and finally intravenous
infusion with either PBS or CD19 CAR T-cells (2x10°
cells, 50% CAR+) (figure 5A). We observed little effect
of CD19 CAR-T monotherapy on early tumor forma-
tion as the treated group, alike PBS-treated group, had
rapid tumor progression within 10 days. The ensuing
examination revealed a transient and moderate inhi-
bition of CAR-T treatment on further tumor develop-
ment (figure 5B and C). A significantly better result
was obtained with rTTVATK-hIL21 group, in which the
tumor progression was largely impeded during the first
20 days. However, a later tumor recurrence was found in
some mice and the re-emerging tumor showed an aggres-
sive phenotype (figure 5C). Remarkably, the combina-
tion of rTTVATK-hIL21 and CAR-T was substantially
more effective in tumor control than rTTVATK-hIL21
and CAR-T individually applied, evidenced by consis-
tent and long-lasting slower tumor growth along with
the increased complete response rate (figure 5C). We
analyzed the mouse blood 30 days after CAR-T cell infu-
sion, and detected a small amount of CD19 CAR T cells,
indicating the activation and persistence of CAR T-cells
(online supplemental figure S8D).

We also examined the use of rTTVATK-hIL21 to
improve the therapeutic efficacy of iNKIs. To this
end, we cultured CD3Va24'VB11" iNKT cells in vitro
(online supplemental figure S8E, 36% iNKT+), and the
anti-tumor efficacy of its own and in sequential combi-
nation with rTTVATK-hIL21 was evaluated in NCI-H292-
engrafted B-NDG mice following the same schedule
for CAR-T assessment except for the interval between
rTTV-hIL21 and iNKT administration being shortened
to 1 day (figure 5D). The results showed a similar trend
as seen with CAR-T assessment, with the rTTVATK-hIL21
and iNKT combination therapy showing a more effective
control of tumor growth marked by eradication of some
tumors than rTTVATK-hIL21 monotherapy, which itself
demonstrated a significant tumor-suppressing activity
compared with the largely ineffective iNKT monotherapy
(figure 5E and F). Overall, these results indicated that
rTTVATK-IL21 can work synergistically with ACT in
controlling tumor growth, thus supporting the combi-
nation therapy consisting of sequential application of

rTTVATK-IL21 and ACT as a new strategy for treatment
of cancers.

DISCUSSION

Cytokine-armed oncolytic viruses have been actively
pursued as a new treatment for cancer. In this study, we
first identified IL-21 in a screening of tumor-suppressing
cytokine as the leading candidate that, when locally intro-
duced into the tumor, potently inhibits tumor growth
alongside reversal of the immunosuppressive TME.
Consequently, we engineered an IL2l-armed recombi-
nant vaccinia virus, rTTVATK-IL21, and showed in mouse
models thatits intratumoral injection led to more effective
inhibition of injected tumor and also noninjected distant
tumors as compared with control rTTVATK virus. We
further demonstrated a synergy between rTTVATK-IL21
and ACT in treating human cancers in humanized mouse
model, supporting the potential of rTTVATK-IL21 as a
new foundation of combination therapy strategy coupling
virotherapy with immunotherapy.

Our characterization of different OV candidates
provides strong support for the promise of TTV752-1 as
an oncolytic virus. It showed robust replication in B16
cells. More importantly, among all the virus candidates
under tested conditions, only TTV752-1 infection induced
significant cell cytotoxicity, which is a prerequisite of
an effective OV. We further found that TTV752-1 was
capable of effectively killing two other tumor cell types,
GL261 and NCI-H292 (data not shown), in line with the
in vivo tumor treatment data later obtained with TTV752-
l-derived IL-21-expressing OV. The broad tropism of
TTV752-1 might stem from that its entry into cells does
not require a specific receptor, but rather is facilitated by
viral fusion with the plasma membrane. Its propagation
in tumors might be also aided by its capability to replicate
in hypoxic conditions.”® We would like to point out that
our results did not necessarily deny the potential of other
virus candidates as OVs as the oncolytic activities, which
are influenced by multiple parameters including the
amount of virus for infection, might be achieved in other
settings. Nevertheless, by displaying robust oncolytic
activities both in vitro and in vivo, TTV752-1 emerged in
our virus screening as the optimal choice for the develop-
ment of an effective OV.

Harnessing T-cell response represents a major theme
of tumor immunotherapy design.”” This study stemmed
from the speculation that overexpression of molecule
related to T-cell activation in tumors might promote the
activation of tumor-specific CD8" T cells in TILs, thereby
enhancing the anti-tumor immune response. The acti-
vation of T cells requires the TCR signal triggered by
recognition of antigen presented on antigen-presenting
cells and also is tuned by the second and third signals
transmitted, respectively, by costimulatory receptor and
cytokines. Therefore, our initial screening covered mole-
cules representing each of the three signals for T-cell
activation. GM-CSF primarily promotes the maturation of
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Figure 5

rTTVATK-IL21 worked synergistically with ACT in controlling tumor growth. (A-C) Strategy to combine rTTVATK-IL21

and CAR T-cells in cancer treatment and its anti-tumor efficacy in humanized mouse model. The combination was performed
following a scheme shown in (A): NCI-H292-CD19 cells were subcutaneously implanted into right flank of mice 10 days before
treatments. Tumors were directly injected with PBS or 1x10° PFU of rTTVATK-IL21 (on day 0) and 3 days later subjected to
intravenous administration of PBS or 2x10° CAR T-cells. Tumor growth was subsequently measured, shown as cumulative data
in (B) (=5, mean+SEM is shown, *p<0.05, one-way ANOVA) and response of individual tumor in each treatment group (C). (D-F)
Strategy to combine rTTVATK-IL21 and iNKT cells in cancer treatment and its anti-tumor efficacy in humanized mouse model.
The treatment scheme (D) was the same as in (A), except that NCI-H292-CD19 cells were being replaced by NCI-H292 cells and
CAR T-cells were being replaced by iNKT cells (5x10°), which were intravenously administered 1 day after virotherapy. Shown in
(E) is cumulative tumor growth data (n=6, mean+SEM is shown, *p<0.05, **p<0.01, **p<0.001, one-way ANOVA) and in (F) are
individual tumor responses in each treatment group. Data are representative of two independent experiments (B and C) or one

experiment (E and F).
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DCs and boosts the antigen presentation, whereas CD28/
CD86and 4-1BB/4-1BBL signaling pathways contribute
to T-cell activation by transducing the co-stimulatory
signals.”® * Belonging to the third signal, IL-21 majors
in promoting the maturation, differentiation and func-
tionality of T cells.” As a chemokine, CXCL9 is known
to mediate recruitment of CD8" T cells.*” Our analyses
revealed a standout anti-tumor effect of IL-21 in compar-
ison with other candidate molecules. It is a surprise that
GM-CSF, which constitutes a T cell-stimulating module
in the FDA-approved oncolytic virus T-Vec, has no detect-
able anti-tumor activity in our assay. A plausible expla-
nation was provided by previous studies demonstrating
that high dose of GM-CSF does not stimulate but rather
suppress the immune response by inducing inhibitory
Gr-1'CD11b" myeloid-derived suppressor cells.” ** The
lack of observed tumor-suppressing activity for CXCL9
might be due to its complex action on both immune cells
and tumor cells. Apart from immune cells, the receptor
for CXCL9, CXCR3, is expressed on melanoma cells and
consequently CXCL9 likely functions as a double-edged
sword against melanoma by positively regulating both
tumor and immune cells.*

By showing that local expression of IL-21, either by
tumor cells themselves or by recombinant oncolytic virus
as of rTTVATK-IL21, promoted the accumulation of
effector T cells in tumor sites, we demonstrated the capa-
bility of IL-21 to reverse the inhibitory nature of TME.
This conforms to the concept of certain types of therapies
being more amenable to local versus systemic delivery,
particularly those targeting tumor-resident cell popu-
lations.* Our profiling of tumor-resident immune cells
revealed that local IL-21 expression has a distinct advan-
tage in reshaping the TME. It functions in both innate
and adaptive immune compartments by increasing the
abundance of NK cells along with CD8" and CD4" cells
while lowering the level of inhibitory Treg cells. This is
in sharp contrast to the action of other ILs, exemplified
by IL-2, which promotes functions of both CD8" T cells
and Tregs and shows toxicity for the majority of treated
patients.”” Our results corroborate a most recent study
demonstrating a robust anti-tumor activity of intratumor-
ally injected recombinant IL-21 protein.*

A potential concern of intratumor injection of
rTTVATK-IL21 is that the therapeutic effect might be
locally restricted, being unable to reach distant tumors.
Our demonstration of induced inhibition of noninjected
distant tumors by local rTTVATK-IL2]1 administration
helped ameliorate this concern, supporting the poten-
tial of rTTVATK-IL21 in treating metastatic diseases.
The observed enhanced presence of immune effector
cells, along with the undetected viral protein expres-
sion, supported the notion that immune cells activated
and expanded in rTTVATK-IL2I-treated tumors are
capable of entering the circulation and consequently
being attracted to the distant tumor sites via chemokines
secreted by tumor cells, where the activation of tumor
antigen-specific T cells ensues. It should be noted that the

induced levels of immune effector cells in distant tumors
were substantially lower than in injected tumors, which
might be responsible for the lack of complete regres-
sion despite significant control of tumor growth. How to
further potentiate the abscopal effect of rTTVATK-IL21
treatment warrants future investigation, and a possible
solution might be the combination with other therapeu-
tics to further boost the initial pool of activated immune
cells in the injection site.

IL-21’s capability to promote the activities of immune
effector cells rationalized our design of a combination
therapy of rTTVATK-IL21 and CAR T-cell. It was hoped
that a priming of rTTVATK-IL21 can shift TME to a more
hospitable environment for CAR T-cells to infiltrate,
survive and proliferate in solid tumors. Using humanized
B-NDG mice to establish human tumor models, we conse-
quently demonstrated that rTTVATK-IL21 and CAR-T
treatment had synergistic effects, with the combination
treatment exhibiting a better anti-tumor performance
than individual treatment. It is noteworthy, between the
two monotherapies, that CAR-T was significantly less
effective than rTTVATK-IL21, consistent with inefficacy
of CAR-T in treating solid tumor as observed in clinical
studies. A caveat of our humanized mouse model is the
graft rejection after adoption of CAR T-cells, which would
narrow the therapeutic window. In this regard, a truly
humanized mice model or non-human primate model
should be explored for the rTTVATK-IL21-CAR-T combi-
nation strategy before its clinical applications. It is also
desirable to further optimize the administration scheme
including the timing of rTTVATK-IL21 and CAR-T treat-
ment. Nevertheless, our study provided proof of principle
that rTTVATK-IL21 priming represents a novel strategy
to boost the effectiveness of CAR T-cells in treating solid
tumors. Our further demonstration of similar boosting
effect with iNKT treatment implicates its generality in
synergistic alliance with different types of ACT therapy.

In summary, we herein presented experimental
evidence supporting strong antitumor activities of IL-21,
which is underlined by its capability to promote immune
effector cells while suppressing the Treg cells. In connec-
tion, we demonstrated IL21-carrying recombinant TTV as
a novel virotherapy in cancer treatment and highlighted
its potential in combination with ACT for an optimized
dual-agent anti-tumor therapeutics. It is tempting to
speculate that rTTVATK-IL21 might also work synergis-
tically with other immunotherapies such as anti-PD-1
antibody for treating solid tumors. Further improve-
ments on rTTVATK-IL21 might include deletion of addi-
tional non-essential viral genes to enhance biosafety and
incorporation of additional immunomodulatory mole-
cules to orchestrate a broader and stronger engagement
of immune effector responses. Given the promise of
rTTVATK-IL21 as an anti-tumor agent, it merits further
exploration for cancer treatment in a clinical setting.

Correction notice This article has been corrected since it first published. The
provenance and peer review statement has been included.
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