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ABSTRACT

The improved survival rate of ovarian cancer (OC) is related to the action of infiltrating cytotoxic
T lymphocytes (CTLs). Recently, oncolytic adenoviruses (OAds) have emerged as a key player in treating
solid tumors; however, the immunosuppressive tumor microenvironment (TME) and the body-mediated
antiviral immune response limit their therapeutic effect. In this study, we tested the hypothesis that
bispecific T-cell engagers (BiTEs) could activate and redirect CTLs to increase the anti-tumor effect of
OAds. We modified the parental OAd to express a MUC16-targeting BiTE antibody (OAd-MUC16-BiTE),
which retained its oncolytic properties and replication ability in vitro. This BiTE secreted from infected
tumor cells into the microenvironment binds to MUC16 on target cells and cross-links them to CD3 on
T cells, leading to activation, proliferation, and toxicity of T cells against MUC16+ tumor cells. In cell
coculture assays, OAd-MUC16-BiTE-mediated oncolysis enhanced T-cell-mediated tumor cell killing and
bystander effect. In ex vivo tumor cultures freshly derived from OC patients, OAd-MUC16-BiTE overcame
the suppressed immune TME, achieving stronger toxicity than the parental virus. Moreover, in the cell-
derived xenograft and patient-derived xenograft model, OAd-MUC16-BiTE showed stronger antitumor
activity and increased the number of CTLs, compared with the parental virus. Further, we demonstrated
that the OAd-MUC16-BiTE-mediated anti-tumor activity is related to the reversal of the TME and improved
MHC | antigen presentation. Overall, our results show how arming OAds with BiTE can overcome
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limitations in oncolytic virotherapy, yielding a potent therapy that is ready for clinical assessment.

Introduction

Ovarian cancer (OC) is the most fatal tumor of the female
reproductive system.' Recent advancements in cancer screen-
ing, diagnosis, and treatment have improved the survival rates
of many cancer types; however, those of patients with OC
remain poor.” Therefore, there is an urgent need to develop
novel methods for OC treatment. Accumulating evidence sug-
gests that the presence of cytotoxic T lymphocytes (CTLs) is
associated with better prognosis and improved survival for
patients with OC,>”* implying that they could potentially ben-
efit from immunotherapy.

Oncolytic adenoviruses (OAds) have been successfully engi-
neered to selectively enter and lyse tumor cells. OAds can
induce anti-tumor immune responses in the host by releasing
tumor-associated antigens, pathogen-associated molecular pat-
tern molecules, damage-associated molecular pattern mole-
cules, cytokines, and chemokines during infection.®”® Various
OAds have been investigated in preclinical and clinical studies
and have shown tolerable safety and promising
efficacy;”'’however, the therapeutic effect of OAd monother-
apy is limited by the body-mediated antiviral response, and
immunosuppressive tumor microenvironment (TME).'"!?

Bispecific T-cell engager (BiTE) is an antibody construct
comprising two single-chain antibody fragments (scFvs), one
of which is for tumor-associated antigen (TAA) on target cells
and the other for CD3 on T cells."” Blinatumomab, a BiTE-
targeting CD3 and CD19, gained FDA approval for the treat-
ment of relapsed/refractory precursor B cell acute lymphoid
leukemia.'* BiTE is independent of human leukocyte antigen
presentation and can activate T cells to bind and subsequently
kill adjacent target cells."” In addition, BiTE-mediated T cell
activation can overcome the immunosuppressive TME, leading
to the activation and proliferation of exhausted tumor-specific
T cells.'®'” However, BiTE has a limited effect on solid tumors
owing to toxicity caused by systemic administration and pene-
tration to the TME."®"? If BiTEs can be continuously expressed
locally in the tumor, it can stimulate tumor-infiltrating lym-
phocytes (TILs) without systemic toxicity. Interestingly, the use
of oncolytic viruses as vectors of BiTE can address this
issue.l7,20,21

MUCI6 is a highly glycosylated mucin overexpressed in
most OCs. It consists of a large cleavage and release domain
termed CA-125, composed of multiple repeat sequences and
a retention domain (MUC-CD).?> CA-125 is a serum marker
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for the diagnosis of OC. MUC-CD is retained on the cell sur-
face and is expressed at low levels in normal tissues, making it
an attractive target.”’

This study, constructed an oncolytic adenovirus, OAd-
MUCI16-BiTE, that secretes BiTE targeting MUC16 (exactly
MUC-CD) when replicating in cancer cells. We hypothesized
that after OAd-MUCI16-BiTE infection induces a tumor
immune response - various signals, such as chemokines,
released by infected cells in response to the virus attract
T cells, and then BiTEs direct T cells to MUC16+ tumor cells,
leading the attracted activated T cells to increase attraction.
More and more T cells are attracted, which addresses the
limitations of OAd treatment. Conversely, BiTE can be con-
tinuously expressed locally in the tumor, and be optimized to
reduce systemic exposure.

Materials and methods
Cell lines and culture

The human OC cell lines SKOV3, OVCAR3, and CAOV3 were
purchased from the American Type Culture Collection
(ATCC), whereas A2780, HEY, and HEK293T cell lines were
provided by the Chinese Academy of Sciences (Shanghali,
China). HEK293A cells were kindly provided by Fubio
(Shanghai, China). SKOV3 and A2780 cells were cultured in
RPMI 1640 (Gibco, USA) containing 10% (v/v) fetal bovine
serum (FBS). OVCAR3 cells were cultured in RPMI 1640
containing 20% FBS. HEY, HEK293T, and HEK293A cells
were cultured in Dulbecco’s modified eagle medium (DMEM;
Gibco) containing 10% FBS. CAOV3 cells were cultured in
DMEM with 15% FBS. All cell lines were maintained at 37°C
with 5% CO, in a humidified incubator. Cell lines were authen-
ticated by the ATCC human STR profiling cell authentication
service and routinely checked for Mycoplasma.

Stable transfection

The DNA sequence encoding MUCI16 (exactly MUC-CD) was
synthesized by Genechem (Shanghai, China) and ligated into
the plasmid GV260 (Genechem) expressing firefly luciferase.
The lentivirus was obtained using the HEK293T cell line pack-
aged with pMD2.G (Addgene) and psPAX2 (Addgene) vectors.
After adding the lentivirus with the multiplicity of infection
(MOI) value ranging from 20 to 40 to the cells to be infected for
24 h, they were selected with a medium containing 2 pug/mL
puromycin (Sigma-Aldrich) for 1 week, and the cell lines HEY-
LUC and HEY-MUCI16-ffLuc (abbreviated as HEY-MUC16)
and SKOV3-LUC, and SKOV3-MUC16-ffLuc (abbreviated as
SKOV3-MUC16) overexpressing ffLuc and MUCI16-ffLuc,
respectively, were obtained.

Preparation of T cell and single-cell tumor digests

Blood samples were obtained from healthy volunteers.
Peripheral blood mononuclear cells (PBMCs) were isolated
from Ficoll (Solarbio) by density-gradient centrifugation.
CD3+ cells were extracted by depleting non-CD3 cells using
the MojoSort™ Human CD3 T Cell Isolation Kit (BioLegend).

T cells were cultured with CD3/CD28-activating Dynabeads
(Thermo Fisher Scientific) at a bead-to-cell ratio of 3:1 for
stimulation. T cells were cultured in RPMI 1640 supplemented
with 10% FBS, 20 mM HEPES buffer (Gibco), 1% penicillin,
and streptomycin (Gibco). T cells used in all experiments were
purified via magnetic bead cell sorting unless otherwise stated.

Fresh OC tumor tissues were isolated in the operating room,
placed in the culture medium, and immediately sent to a super
clean bench. OC tumors were diced into 1-5 mm® pieces and
placed in a 50 mL falcon tube containing RPMI 1640 supple-
mented with 1% pen/strep, 100 mg/L collagenase type
I (Diamond), 100 mg/L collagenase type IV (Diamond), and
10 mg/L DNase I (BBI) for 4-8 h enzymatic digestion with
rocking at 37°C. After digestion, the cell suspension was filtered
with a 100 pm filter and treated with 1x RBC Lysis Buffer
(BioLegend) to remove undigested fragments and red cells.
Fresh cells were resuspended in DMEM containing 20% FBS
supplemented with 1% pen/strep. The complete clinical char-
acteristic of these patients is reported in Supplemental Table S1.

Generation of OAd expressing BiTE

The parental virus OAd without the transgene was purchased
from Fubio. Based on the type 5 adenovirus, the specific pro-
moter hTERT is used to start the E1A/B region, which controls
the replication of the virus** and inserts the RGD sequence into
fiber to increase the affinity of the virus.*”

A MUCI16-targeted BiTE was produced by joining the DNA
encoding two scFvs recognizing human MUC16 and CD3e
with a sequence encoding a flexible (glycine),-serine (G,4S)
linker, in which anti-MUCI16 scFv (4H11) sequence is from
patent application US9790283, and the anti-CD3 scFv
sequence is from patent application W02004106381. An
N-terminal human IgK signal peptide for mammalian secre-
tion and a C-terminal 6x His tag for detection were added.

Modified OAd was produced by the direct insertion of the
BiTE cassette under the control of the CMV promoter into the
parental OAd cloning plasmid. Plasmid DNA was linearized by
restriction digestion with Ascl (New England Biolabs) and
transfected into HEK293A cells to produce OAd-MUCI16-
BiTE. Once an extensive cytopathic effect was observed, the
virus was harvested from HEK293A cells using three freeze-
thaw cycles. Single clones were selected by serial dilution and
amplified by serial infection, followed using an Adeno-X"
Virus Purification Kit (Takara) to produce concentrated and
purified virus stocks. These stocks were titrated using the
TCID50 assay (PFU/ml).”®

Replication activity of recombinant virus

HEY cells were infected with OAd or OAd-MUC16-BiTE
(MOI = 100). After 6 h, the virus-free medium was replaced.
At 0, 1, 2, 3, and 4 days post-infection, 200 uL of the culture
supernatant was drawn, and the DNA was extracted using
a TTANamp Virus DNA/RNA Kit (TIANGEN, China). The
DNA concentration was adjusted to 100 ng/uL.

Total viral genomes were quantified using absolute quanti-
tative qPCR against the Ad5 E4 gene with specific primers
(forward, 5-GGAGTGCGCCGAGACAAC and reverse, 5'-



ACTACGTCCGGCGTTCCAT). A standard curve was made
by measuring the threshold cycle (Ct) value of plasmid pHelper
(GeneChem) (Supplemental Figure S1.).

Expression of BiTE in recombinant virus

HEY cells were infected with OAd or OAd-MUCI16-BiTE
(MOI = 10) or without the virus as a blank control. After
48 h, cells were collected and lysed in RIPA lysis buffer
(Beyotime, China) with 1% PMSF and 1% NaF by incubating
on ice for 30 min. The supernatant was obtained by centrifuga-
tion, and protein concentration was determined using a BCA
Assay Kit (Thermo Fisher Scientific). Protein samples (30 pg
per well) were separated by SDS-PAGE (5.5% stacking gel and
11% separation gel), transferred onto PVDF membranes
(Millipore) by BIO-RAD Trans-blot (15 V, 90 min), and
blocked in 5% non-fat milk solution at 25°C for 2 h. Next,
the membranes were incubated overnight at 4°C in diluted
6x His (BioLegend, 1:1000 dilution) primary antibodies and
rinsed with TBST before incubation with the appropriate
horseradish peroxidase-linked secondary antibodies for 1.5 h
at 25°C. Band signals were detected using an enhanced chemi-
luminescence detection kit (PerkinElmer) with Image Quant
LAS 4000 (GE Healthcare Life Sciences). p-Actin was used as
an endogenous control.

Flow cytometry analysis

Flow cytometry was performed on a CytoFLEX flow cytometer
(Beckman Coulter) and FACSCalibur™ flow cytometer (BD
Biosciences), and data were processed using the FlowJo soft-
ware version 10.6.2 (TreeStar Inc., USA). A representative
example of flow cytometry data analysis is shown in
Supplemental Figure S2. Incubation with mouse anti-MUC-
CD recombinant antibody (clone 4H11; Creative Biolabs) and
goat anti-mouse IgG (Abcam) coupled with Alexa Fluor 488
was performed to detect the expression of MUC16. For the
analysis of T cell populations, the following antibody clones
conjugated with different fluorophores were used: CD3, CD4,
CD8, CD69, CD25, CD107a, LAG3, TIGIT, PD-1, TIM-3 and
Ki67 (all from BioLegend). Matched isotype control antibodies
were also used where appropriate.

To evaluate cytokines in vitro, appropriate CBA Flex Sets
were used, and FCAP Array version 3.0 software (Becton
Dickinson, Franklin Lakes, NJ, USA) was used for data analy-
sis. In one case, OC tumor single cells from fresh OC tumor
tissues (1 x 10°) were infected with OAd or OAd-MUC16-
BiTE (MOI = 100), and the supernatant was collected 72 h after
infection. Cytokines were assessed using the human IL-10 and
TGF-p CBA Flex Sets (BD Biosciences).

The antibodies are listed in Supplemental Table S2.

Production of supernatants

HEY cells (1 x 10”) were infected with OAd or OAd-MUC16-
BiTE (MOI = 20), and the supernatant was collected 72 h after
infection. Supernatants were concentrated (approximately
20x) with Amicon Ultra-15 filter units with a molecular weight
cutoff of 30 kDa (Merck Millipore). MUC16-BiTE protein
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concentration was determined by His Tag ELISA Detection
Kit (Genscript, China). Supernatants from uninfected cells
were used as the negative controls.

In vitro co-culture experiments

A total of 2 x 10" SKOV3/SKOV3-MUC16 or HEY/HEY-
MUCI6 cells/well (SKOV3-LUC or HEY-LUC cells were
used when appropriate) and 1 x 10> unstimulated T cells (E:
T = 5:1) were seeded in 96-well plates in 100 uL medium. The
co-cultures were mixed with 100 pL of the supernatant and
incubated for the indicated times to assess T-cell activation by
the supernatants from virus-infected cells. For T-cell activation
assays, co-cultures were incubated for 24 h as described above,
and cells were stained with antibodies specific for CD3, CDS,
CD4, CD69 and CD25. For proliferation assays, T cells were
labeled with 1 uL 5 mM CFSE (BioLegend) and co-cultured as
abovementioned for 3 days. The cells were then stained with
CD3 antibodies. Ki67 also was stained when co-cultured as
abovementioned for 3 days for further validation of T cells
proliferation. Intracellular Ki67 was stained after the cells were
fixed-permeabilized with Foxp3/Transcription Factor Staining
Buffer Set (eBioscience). For cytokine production assays,
supernatants were obtained 24 h after co-culture, and cyto-
kines, including the human IL-2, TNF-a, IFN-y, granzyme B,
GM-CSF, IL-10 and TGF-p were assessed using CBA Flex Sets
(BD Biosciences). For cytotoxicity to target cells, co-cultures
were incubated for 24 h as described above, and cell viability
was assessed using the Bright-Lumi™ II Firefly Luciferase Assay
Kit (Beyotime). In addition, 4 h before the end, CD107a anti-
body was added to the co-cultures, and protein transport
inhibitors (BD Biosciences) were added 1 h later, followed by
incubation with CD3, CD4, and CD8 antibodies. T cells sti-
mulated by Dynabeads CD3/CD28 were used as the positive
control, whereas untreated T cells were used as the negative
control.

Virus- and cell-mediated cytotoxicity assays

OC cell lines (5 x 10* cells/well) or tumor single-cells from
fresh OC tumor tissues (5 x 10* cells/well) were plated in 96-
well plates and infected with OAd or OAd-MUCI16-BiTE. At
the indicated time points post-infection, 10 pL CCK-8 was
added to each well. The cells were then incubated for 2 h at
37°C. Cell viability was determined by measuring the absor-
bance at 450 nm using a microplate reader (Thermo Fisher
Scientific).

For the oncolysis-mediated T-cell assays, SKOV3-LUC
/SKOV3-MUC16 or HEY-LUC/HEY-MUCI16 cells were
infected with OAd or OAd-MUCI16-BiTE (MOI = 10). After
24 h, unstimulated T cells were added (E:T = 5:1). The co-
cultures were incubated for 24 h, and cell viability was assessed
using the Bright-Lumi™ II Firefly Luciferase Assay Kit.

For bystander killing assays, HEK293A cells in suspension
were infected with OAd or OAd-MUCI16-BiTE (MOI = 20) for
4 h. The excess virus was then washed with PBS.
Approximately 2 x 10* virus-infected HEK293A cells per well
and 2 x 10* SKOV3-MUC16 or HEY-MUCI16 per well were co-
cultured with 1 x 10° unstimulated T cells (E:T = 5:1) in 96-
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well plates for 24 h and 48 h. Finally, the Bright-Lumi™ II
Firefly Luciferase Assay Kit was used to determine the survival
of tumor cells. Co-cultures without T cells were used as con-
trols for virus-mediated cytotoxicity. The concentration of
MUCI16-BiTE secreted by HEK293A was determined by His
Tag ELISA Detection Kit (Genscript).

Results were normalized to 100% viability.

In vivo treatments

Four- to six-week-old female NCG (NOD-Prkdcem26C4>2
1L2rg"™2°“422/Gpt) mice were purchased from the Nanjing
Biomedical Research Institute of the Nanjing University
(Nanjing, China). All the NCG mice were housed in specific-
pathogen-free environments. 1 x 10" HEY-MUCI16 cells were
injected subcutaneously into the lower dorsal flank or axilla of
NCG mice to establish the cell-derived xenograft (CDX)
model. The establishment of the patient-derived xenograft
(PDX) model was as previously described.”” Passage 2 (P2)
were harvested, washed with PBS solution, homogenized, sus-
pended in an isometric PBS solution, and mixed with Matrigel
Matrix (Corning). The homogenate was injected subcuta-
neously into the lower dorsal flank or axilla of NCG mice.
After 1 week, mice were randomized into six (CDX) or five
(PDX) groups (n = 5 each) and were treated with a multi-
center intratumoral injection of 5 x 10° PFU of the indicated
viruses or PBS on days 0 and 3. One day after each round of
virus injection, PBS or 1 x 107 preactivated T cells (activated by
CD3/CD28-activating Dynabeads for 48 hours) were adminis-
tered to mice by intravenous injection. In both models, tumor
mass and volume were measured every 2-3 days. Tumor
volume was calculated as V (mm?) = W? x L/2, where W and
L are the width and the length of the tumor, respectively.
Finally, the tumors were collected, photographed, weighed,
and sectioned.

For the PDX model, proteins in the tumor tissue were
extracted, and cytokines were evaluated by Luminex liquid
suspension chip detection (Wayen Biotechnologies, China).
Differentially expressed proteins (DEPs) were evaluated using
quantitative proteomics based on isobaric tags for relative and
absolute quantitation (iTRAQ) (BGI Tech).

The measurement of toxicity study

Female C57/BL6 mice at 6 to 8 weeks of age were used in this
study. The toxicity was examined after systemic injection of
1 x 10° PFU of the indicated viruses or PBS. At 3 days post-
treatment, mice were sacrificed and organs (heart, liver, spleen,
lung, kidney, and stomach) were harvested. The organs were
sectioned, and representative sections were stained with hema-
toxylin and eosin (H&E) to check for toxicity.

Immunohistochemistry (IHC)

The fresh tumor tissues were fixed by formalin for at least
24 h and cut into 4-pm-thick sections. Xylene and ethanol
were used to deparaffinize and rehydrate. After that, anti-
genic retrieval was proceeded by microwave heating.
Endogenous peroxidase and nonspecific binding were

blocked with 3% hydrogen peroxide and goat serum respec-
tively. The primary antibodies are anti-MUC-CD (1:1000
diluted), HEXON (Sigma Aldrich, 1:100 dilution), 6x His
(Abcam, 1:500 dilution), CD8 (Proteintech, 1:10,000 dilu-
tion), PD-1(CST,1:100 dilution) and LAG-3(CST,1:100 dilu-
tion), which were incubated in humid chamber overnight at
4°C. The next day, the slides were incubated with the
corresponding secondary antibody. Expression was detected
by I-View 3,3'-diaminobenzidine (DAB) staining detection.
The number of CD8+ cells and tissue area (mm?®) were
determined wusing an image analysis system (Halo
v3.0.311.314).

Statistical analysis

Quantitative data were tested for normality and variance. All
statistical analyses were performed using GraphPad Prism
version 9.1.0. Non-parametric tests were used for data with
skewed distribution. Two-tailed unpaired or paired t-tests were
used to compare normally distributed data between two
groups. Welch’s correction was used when appropriate.
Welch’s ANOVA tests were used for multi-group comparison,
and Dunnett T3 tests were used for post-hoc analysis. P < 0.05
was considered statistically significant (*P < 0.05; **P <0.01;
P < 0.001; *¥**P < 0.0001).

Results

Generation and in vitro characterization of
MUC16-targeting BiTE-armed oncolytic adenovirus

Both the parental OAd and the recombinant OAd-MUCI16-
BiTE contain the hTERT gene promoter, which allows tumor-
specific regulation of the gene expression of E1A and E1B
required for viral replication. The arginine-glycine-aspartic
acid (RGD) sequence was inserted into the fiber gene to
promote virus infection and eGFP for visualization. MUC16-
BiTE can simultaneously target human CD3 and MUCIS6,
which is encoded within the E1 region under the transcrip-
tional control of a CMV promoter, using a shuttle vector
inserted into the virus backbone by Gibson assembly
(Figure 1(a)). Western blotting results confirmed the expres-
sion of the encoded MUCI16-BiTE after infection of tumor
cells (Figure 1(b)).

We investigated viral replication ability and oncolytic
property in the absence of human T cells. Infection of HEY
cells with parental OAd and the recombinant OAd-MUCI16-
BiTE virus yielded similar amounts of viral genomes as mea-
sured by qPCR, which peaked on the third day after infection
(Figure 1(c) and Supplemental Figure S3). The cytotoxicity of
the recombinant virus was also comparable with that of par-
ental OAd in most cases (Figure 1(d)). Therefore, the BiTE
transgene slightly affected viral replication kinetics and onco-
Iytic activity. Notably, OAd showed strong oncolytic activity
in all tested OC cell lines, except for SKOV3 cells that showed
partial resistance and were killed more slowly;'” increasing
the dose of viruses did not influence this resistance
(Figure 1(d)).
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MUC16-BiTE mediated T cell activation and target cell lysis
is antigen-specific

We evaluated MUCI6 expression (exactly MUC-CD) in each
OC cell line by RT-PCR (Supplemental Figure S4). To assess
the tumor selectivity of MUC16-BiTE, cell lines SKOV3-
MUCI16 and HEY-MUCI16 stably overexpressing MUCI16
(exactly MUC-CD) were established and verified using flow
cytometry (Figure 2(a)).

The supernatant of the OAd-MUCI16-BiTE-infected HEY
cells in which MUC16-BiTE concentration was 60.43 ng/ml
(Supplemental Figure S5) was added to cultures of SKOV3/
SKOV3-MUC16 or HEY/HEY-MUCI16 cells, with human
PBMC-derived unstimulated T cells, to evaluate the function
of MUC16-BiTE secreted by the recombinant virus. T cells co-
cultured with SKOV3-MUC16 or HEY-MUC16 cells exhibited
potent target cell lysis (Figure 2(b) and Supplemental Figure

S6a) and expressed activation-related surface markers CD69
(Figure 2(c) and Supplemental Figure S6b) and CD25 (Figure 2
(c) and Supplemental Figure S6¢) upon incubation with super-
natant of OAd-MUCI16-BiTE-infected cells. Another impor-
tant indicator of T-cell activation is their proliferative capacity.
PBMC-derived T cells underwent multiple rounds of prolifera-
tion only upon co-culture with SKOV3-MUC16 (Figure 2(d,e))
or HEY-MUCI16 (Supplemental Figure S6d and S6e) cells and
OAd-MUCI16-BiTE supernatant. T-cell activation by BiTEs
leads to degranulation-mediated cytotoxicity. After co-culture
with SKOV3-MUCI16 or HEY-MUCI6 cells and OAd-MUC16
-BiTE supernatant, the expression of surface CD107a was
upregulated (Figure 2(f) and Supplemental Figure S6f), and
the production of cytokines, including IL-2, IFN-y, TNF-q,
granzyme B, GM-CSF, IL-10, and TGF-B increased (Figure 2
(g) and Supplemental Figure S6g). These results indicate that
the cytotoxicity of MUC16-BiTE is antigen-specific.
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Figure 2. MUC16-BiTE expressed by OAd-MUC16-BiTE-infected cells enhances PBMC-derived T-cell functions. (a)Flow cytometry results showing the expression
of MUC16 (MUC-CD) on SKOV3/SKOV3-MUC16 and HEY/HEY-MUC16 cells. (b) Results of luciferase activity-based cytotoxicity tests. (c) Flow cytometry results showing
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CD3 + T cells. (f) CD107a-specific antibodies were added to the culture media during co-culture, and degranulation was assessed by flow cytometry. (g) Levels of human
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We also observed that both CD4 + and CD8 + cells showed
higher levels of CD69 (Figure 2(c) and Supplemental Figure
S6b) and CD25 (Figure 2(c), and Supplemental Figure S6c)
expression. Although, the expression of the degranulation indi-
cator CD107a was higher in CD8+ cells (Figure 2(f) and
Supplemental Figure S6f). These results show that both CD4
+ and CD8+ cells contribute to BiTE-mediated cytotoxicity.

OAd-MUC16-BiTE-mediated oncolysis enhanced T-cell-
mediated tumor cell killing and bystander effect

To study OAd-MUCI16-BiTE in a setting more closely resem-
bling the oncolytic process, we infected the co-cultures of
PBMC-derived T cells with SKOV3/SKOV3-MUC16 or HEY/

HEY-MUCI6 cell lines at an MOI of 10. We found that upon
co-culture with PBMC-derived T cells, both viruses induced
rapid tumor cell killing; however, OAd-MUC16-BiTE showed
a stronger cytotoxicity against SKOV3-MUC16 or HEY-
MUCI6 cells (Figure 3(a)).

Another important feature of a secreted BiTE is its bystan-
der effect. HEY-MUC16 or SKOV3-MUCI6 cells were co-
cultured with OAd- or OAd-MUCI16-BiTE-infected
HEK293A cells in the presence or absence of PBMC-derived
T cells for 24 h and 48 h. In this setting, HEK293A cells act as
BiTEs producers, the concentration of MUC16-BiTEs pro-
duced after 24 hours was 1.14 + 0.32 ng/ml, and after
48 hours was 3.03 + 1.02 ng/ml, measured by ELISA
(Supplemental Figure S5). OAd-MUCI16-BiTE-infected



HEK293A cells significantly decreased in the number of live
HEY-MUC16/SKOV3-MUCI16 cells compared with OAd-
infected cells when co-cultured with T cells (Figure 3(b)).
This increased cytotoxicity was dependent on the presence of
T cells, as OAd and OAd-MUCI16-BiTE induced similar levels
of cell death in the absence of T cells.

Oncolytic adenovirus reduced the viability of OC patient
ex vivo tumor cultures

We collected ex vivo tumor cultures from five patients with
OC, who expressed high levels of MUC-CD (Figure 4(a)). PD-1
expression was found to average 46.66% of T cells in the
tumors (up to 80.7%), TIM-3 29.38% (up to 71%), LAG-3
23.33% (up to 47%), and TIGIT 49.66% (up to 69.9%)
(Figure 4(b)), indicating that the immune TME was highly
suppressed. Then, we investigated whether virus-mediated kill-
ing is affected by the TME. OAd and OAd-MUCI16-BiTE
showed similar anti-tumor killing effects in most cases

ONCOIMMUNOLOGY €2096362-7

(Figure 4(c)). In particular, OAd and OAd-MUCI16-BiTE
were the most effective against tumors in patients 1 and 3,
but they were lightly effective for patient 2, and the survival
rate was reduced by 40% (OAd) at 96 h (Figure 4(c)). IL-10 and
TGEF-p levels decreased upon co-incubation with oncolytic
adenoviruses (Figure 4(d)). These results indicate that oncoly-
tic adenoviruses can overcome the immunosuppressive TME
and exert cytotoxicity.

OAd-MUC16-BiTE enhanced in vivo tumor control on
a CDX and PDX OC model

First, 1 x 10" HEY-MUCI6 cells were injected into NCG mice to
construct a CDX model. Since patient’s OC tissue provided
a better simulation environment for the progression of OC than
cell line, the PDX model was further established. NCG mice were
injected intratumorally with PBS, parental OAd, or OAd-MUC16
-BiTE. One day after virus administration, mice were intrave-
nously injected with 1 x 107 pre-stimulated T cells derived from
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Figure 3. OAd-MUC16-BiTE-mediated oncolysis enhances T-cell-mediated tumor cell killing and bystander effect. (a) SKOV3-LUC/SKOV3-MUC16 or HEY-LUC
/HEY-MUC16 cells were infected with OAd or OAd-MUC16-BiTE; uninfected cells were used as the control. PBMC-derived T cells (5:1) was added 24 h after infection and
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SD in triplicates. CON, control.
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Figure 4. Lytic capability of oncolytic adenovirus in ex vivo tumor cultures from patients with resected OC. (a) Representative IHC images showing MUC-CD

expression of OC patients. Scale bar: 50 um. (b) PD-1, TIM-3, LAG-3, and TIGIT expressi

CD3+ cells. Data are mean + SD, n = 5. (c) Ex vivo tumor cultures were incubated with

ion in T cells were evaluated by flow cytometry. Data are shown as percentages of
oncolytic adenovirus for 96 h (MOI = 100). Viability was assessed on the indicated

days, non-infected as negative control. Data represent the mean = SD in triplicates. (d) Ex vivo tumor cultures were incubated with or without oncolytic adenovirus for

72 h (MOl = 100). IL-10 and TGF-B levels of the supernatant were analyzed (n = 5). OC,

Ovarian cancer; PD-1, programmed death 1; LAG3, lymphocyte activation gene-3;

Tim-3, T cell immunoglobulin and mucin domain-3; TIGIT, T cell immunoglobulin and ITIM domain.

PBMC:s or PBS, with two cycles of treatment (Figure 5(a)). The
PBS group showed the fastest tumor growth, whereas the OAd-
MUCI16-BiTE group exhibited an antitumor efficacy similar to
that of the parental virus in the absence of T cells. Notably, T cells
administration significantly enhanced the antitumor efficacy of
OAd-MUCI16-BiTE in terms of tumor volume or bodyweight
variation, either in the CDX model (Figure 5(b-d)) or in the
PDX model (Figure 5(e-g)). IHC analysis revealed the expression
of the HEXON protein in all virus treatment groups (Figure 5(h)
and Supplemental Figure S7a), and the expression of MUC16-
BiTE was detected in tumors injected with OAd-MUC16-BiTE
(Figure 5(i) and Supplemental Figure S7b), indicating that T cell-
mediated cytotoxicity did not affect virus persistence in the
tumor. In addition, after 3 days of various treatments, HE staining
was performed on the main organs, respectively (Figure 5(j)). No

obvious lesions and organic injuries were detected in major
organs (heart, liver, spleen, lung, kidney, stomach), indicating
that OAds had no obvious side effects on mice.

OAd-MUC16-BiTE facilitated CTL infiltration and reversed
the immunosuppressive TME

T cell infiltration has a significant influence on the natural
course of many cancers. First, flow cytometry was used to
analyze the CD4+ and CD8+ ratio of TILs, and high infiltration
CD8+ and little CD4+ lymphocytes were found (Supplemental
Figure S8). Compared to OAd, we found more CD8 + T cells in
the tissues treated with OAd-MUCI16-BiTE by IHC analysis,
either in the PDX model (Figure 6(a)) or the CDX model



ONCOIMMUNOLOGY

€2096362-9

a . OAd T cell
cells
N R T )
} Pl K
b O ¢ 7 o 1 3 4
. . L @ e 9 o pas Ncme t  Days post OAd injection
= PBS+T cells CDX
10004 HEY-MUC16
pasTcells (@) ‘ ¢ © [} O e ]] s.c.
— OAd+T cells ]_]"
‘ h 800~ OAd-MUC16-BITE+T cell
OAd 5 ® o ® e e d o PBS
° “E 0.6 —_ PBS+T cells
OAd-MUC16-BITE ‘ s £ 600 e
Ad
¢ v o £ 5 |44 = o
3 2 oad | — OAd-MUC16-BITE
OAdHT cells Q & e o ¢ 3 o ) e © OAd+T cells
B 4 131 ®  OAd-MUCT6-BITE+T cells
OAd-MUCT6-BITE+T cells @ L3 ® °* e o g 02 & i xx
" 3

B e ML s s s
0 2 4 6 8 10 12 14 16 18 20 22
Days post OAd injection

e
PBS . ’ t 9 ‘ f - PBS
= oad I
OAdrMUC1&E\TEj|m g
1000 OAd+T cell « PBS
OAd . ‘ . . :OAdfMljzier\TE‘Tcells]] 08 **
— OAd
o Soed | * OAd-MUC16-BITE
OAd-MUC16-BITE ° . Qe ‘ [} £ o N © OAd+T cells
3 = |
g o ? & ®  OAd-MUC16-BITE+T cells
H £ 04 -
OAd+T cells ' D ‘ ' L 2 400 2 —
5
E C; 202 wxk
- o ok
ongmucissmesTces @ @& @ o o
R HIEIEEI
Days post OAd injection
h J Heart Liver Spleen Lung Kidney Stomach

+Tcells

HEXON

i OAd-MUCI6-BITE
47 cells

PBS OAd-MUC16-BITE

OAJ-MUCIG-BITE |

Figure 5. 0Ad-MUC16-BiTE enhances antitumor efficacy in vivo. (a) Schematic experimental design. After treatment, tumor tissues were collected at the indicated
time points. (b, e) Photographs of tumors after treatment, (b) the CDX model, (d) the PDX model. (c, f) Tumor volume and (d, g) mass were measured (Data represent the
mean = SD, n = 5). (¢, d) the CDX model, (f, g) the PDX model. (h, i) IHC-stained tumor sections of the PDX model. Representative images of the virus HEXON (h) and
6% His tag (i). Scale bar: 50 pm.(j) HE staining of the major organs (heart, liver, spleen, lung, kidney and stomach) of C57/BL6 mice after different treatments. The scale
bars are 100 pym. s.c. subcutaneous; i.v., intravenous; i.t., intratumoral; CDX, cell-derived xenograft; PDX, patient-derived xenograft; IHC, immunohistochemistry; HE,

hematoxylin and eosin.

(Supplemental Figure S7c). Similarly, OAd-MUCI16-BiTE
mediated an increase in cells immuno-positive for the immune
checkpoints PD-1 and LAG-3 (Figure 6(b)).

Next, we evaluated the impact of OAd-MUCI16-BiTE on the
TME using iTRAQ quantitative proteomics and Luminex liquid
suspension chip detection. A total of 433 DEPs were screened, of
which 261 were upregulated and 172 were downregulated
(Figure 6(c)). After OAd-MUCI16-BiTE treatment, significant
antiviral protein expression was detected, although MAVS pro-
tein expression was downregulated (Figure 6(d)). It is worth
noting that the expression of proteins related to the promoting
T cell migration into tumor tissues (Figure 6(e)) and the proces-
sing and presentation of MHC class I antigens (Figure 6(f)) were
both upregulated. Consistently, we detected an increase in che-
mokine levels in tumor tissues treated with OAd-MUC16-BiTE
and T cells (Figure 6(h)). Decreased VEGF and basic FGF levels
(Figure 6(h)) and increased chemokine levels promote T cell
migration into tumor tissues. There is an increase in the concen-
tration of pro-inflammatory factors IL-2, TNF-a, IL-5, IL-6, IL-

17A, and IL-9, and a decrease in that of anti-inflammatory factors
IL-1.Ra, IL-10, and IL-13, although not significant (Figure 6(i)).
In addition, changes in proteins related to T cells function and
platinum resistance were also observed (Figure 6(g)).

In summary, our results demonstrate that the OAd-MUC16
-BiTE-mediated anti-tumor activity is related to the reversal of
the TME and improved MHC I antigen presentation.

Discussion

New treatments are urgently needed to improve the survival
rate of patients with OC. Strategies involving the infection of
tumor cells using oncolytic viruses, direct lysis, and stimulation
of the host immune system to produce anti-tumor responses
are gaining increasing attention.”® However, there are still
some limitations in the clinical application of OAd, and new
strategies are needed to improve its tumor-killing effect. BiTEs
can relocate T cells to tumor cells by bidirectionally connecting



€2096362-10 Q. WANG ET AL.

a
. g 1o
PBS OAd+T cells OAd-MUC16-BiTE+Tcells £
& 1000
-
(D8 8
2 s
8
ol
o OAG+T cells
. OASMUCI6STE
OAG+T cells
OAd-MUC16-BITE
+Teells
c Dowr None @ Up d Antiviral Proteins.
‘g% $100A10-
8 RBL2-|
&0 ons1-|
319 mx1|
S 69 MAVS -
83 1FIT2-
® §§ IFIT1
3 1F116-]
28 HIRA-]
i BsT2+
05 ARRB2-|
00+
23 20 10 00 10 20 23 40 05 00 05 10
log2(Fold change) log,(Fold change)
CTL migration-related proteil
e migration-related protein f MHC1 g
FGFRI GSTM4-]
GSTM3H
THBS1 TaP2 osTM2A
HTATIP2 MKi67
SERPIND1 HLAC PAXs-|
LTBAR SREBF1-]
PPARD — was] [T MAPK1 1
RTNG — 10017
D02
ELMO1 = HLAA I B7-H4
PRKCZ [ B7-H2
k T T J k — T t T T 1
05 00 05 10 15 02 00 02 04 06 08 A 0 1 2 3
log;(Fold change) log;(Fold change) log,(Fold change)
400 Chemokines ;
|
g 2 ! == CON
38 |
- i H == OAd
2 = - N '
g ! == OAd-MUC16-BITE
5 4 H = OAd+T
'
: - mm OAd-MUC16-BITE+T
g 2 1
|
H
I CXCL-8 CXCL10 cCL2 ccL3 ccLe CCL5  CCL11 Basic.FGF VEGF
6
Zz Pro-inflammatory Anti-inflammatory
o
o
s
o
o
c
&
=
S
z
[
w
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T cells and tumor cells. We generated an OAd with BiTE
targeting MUCI6 to achieve a synergistic effect and overcome
the limitations of single immunotherapy.

The newly assembled OAd-MUCI16-BiTE did not reduce the
replication activity and oncolytic ability of the OAd both in vitro
and vivo. A previous study’' speculated that competition
between BiTE and the viral genes for transcription and

translation would decrease oncolytic activity. It is believed that
this discrepancy in results may be due to the virus design; thus,
the optimal genome sequence and assembly protocol should be
considered. Consistent with previous reports,'”*"*’ this study
also demonstrated that after secretion from infected cells,
MUCI16-BiTE could successfully activate CD4 and CD8 T cells
to kill tumor cells, and BiTE-mediated cytotoxicity is antigen-



specific. MUC16-BiTE triggered release of several cytokines,
including high levels of IL-2,IFN-y, and TNF-a (associated
with a Thl response), a smaller increase of IL-10 (linked to
a Th2 response) and TGF-P (a key cytokine of regulatory
T cells differentiation’). It was reported that activation of
T cells can potentially contribute directly to the induction of
IL-10 or TGF-B by T cell subsets, which is a delicate balance.’"
Anyhow, the production of Th2 cytokines and possible expan-
sion of regulatory T cells caused by MUC16-BiTE should be
seriously considered when clinical translations are performed.

We further evaluated the combined therapeutic effects of
OAd and MUCI16-BiTE in a CDX and PDX model of OC.
Consistent with many studies on oncolytic viruses with
BiTE,”"****** we confirmed that OAd-MUCI16-BiTE could
provide the most effective tumor regression. In contrast to
previous studies, we also used a PDX model of OC.
Compared with CDX, the PDX model better retains the het-
erogeneity and genetic characteristics of OC and has a higher
degree of clinical similarity,”* and can better represent the
killing effect of OAd-MUC16-BiTE on OC. An important
role for co-stimulation during BiTE-engagement has been
demonstrated in achieving improved antitumor efficacy.’
The incomplete tumor rejection could be related to the insuffi-
cient activation of T cells, although preactivated T cells were
injected. Also, the suppressive TME is a critical barrier for the
efficacy of cancer immunotherapy. Myeloid-derived suppres-
sor cells(MDSCs) in TME directly contact CD8 + T cells,
secrete suppressive cytokines such as IL-10, or consume
amino acids around CD8 + T cells to inhibit the proliferation
and function of effector T cells, thereby weakening anti-tumor
immune response.’® Further carefully conducted trials are
needed to account for the effect of MDSCs on the therapeutic
efficacy of OAD-MUCI16-BiTE by building a more appropriate
model.

The most attractive feature of oncolytic virus is that they
convert “cold” tumors to “hot” tumors.”’® We found that
OAd-MUCI16-BiTE promotes the secretion of pro-
inflammatory factors by T cells and decreases anti-
inflammatory factors. The increase in chemokine levels** and
the normalization of blood vessels*' promote the transport of
T cells to the tumor. In line with this, we found that after OAd-
MUCI16-BiTE treatment, tumors expressed higher levels of che-
mokines and lower angiogenesis factor, which promotes more
CTL infiltration. The combination of OAd and MUCI16-BiTE
also has a potential synergistic effect on infiltrating CTL, which
may provide a higher number of effector cells for BiTE-mediated
cytotoxicity. The survival rate of many tumor patients, such as
those with OC, is related to the action of TILs,>~> which makes
the clinical application of OAd-MUCI16-BiTE attractive. In
addition, this allows OAd-MUCI16-BiTE and anti-angiogenic
drugs to be used in combination to increase CTL infiltration
and achieve a more significant anti-tumor response. OAd-
MUCI16-BiTE treatment induced slight changes in immune
checkpoint levels, likely limiting the antitumor activity. Ribas
et al reported the strong enhanced immune recognition of
cancer when combined Talimogene laherparepvec oncolytic
virus with an anti-PD1 antibody.”® Study results support our
rationale for using different immune checkpoint inhibitors in
combination with our BiTE-expressing virus.
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OAd stimulates the body to induce anti-tumor immunity,
which ultimately depends on MHC I antigens expression on
the surface of tumor cells. Studies have shown that the lack of
MHC expression is an important tumor immune evasion
strategy.*” BiTE can act independently of the MHC I antigens
of tumor cells;**** thus, even if tumor cells lose MHC expres-
sion, OAd-MUCI16-BiTE can still be used to kill cancer cells. It
is also worth noting that our data suggest that MHC
I expression enhances tumor antigen presentation in the OAd-
MUCI16-BiTE treatment group.

In addition, based on the in vitro cultures of OC tumor cells,
the heterogeneity of advanced cancer and the multi-faceted
cellular interactions were retained, and we found that OAds
can overcome the immunosuppressive TME to exert toxic
effects. Particular attention should be paid to the reduction of
suppressive cytokines (IL-10, TGF-P); increasing levels of these
cytokines have been associated with suppressing antitumor TIL
activity in OC.** It is particularly encouraging that the T cells
in the biopsy of all tested patients tested positive for PDI
expression, may be anergic, and were easily activated by BiTE
to mediate cytotoxicity. In principle, OAd-MUCI16-BiTE
should exert a better toxic effect in in vitro tumor cultures of
OC; however, we only observed this phenomenon in one
patient.

Systemic administration of BiTE usually causes systemic
effects, some of which can be fatal if treated improperly.*®
Through the in vivo CDX and PDX model of OC, we success-
fully confirmed that MUCI16-BiTE is highly expressed locally
in the tumor. The local administration of recombinant OAd-
MUCI16-BiTE can limit the expression of BiTE in the tumor,
minimize systemic exposure, and reduce the toxicity of the
“outside of the tumor,” thereby overcoming the relatively
short circulation dynamics and limited tumor penetration
after intravenous injection.”’”

Generally, the host immune system simultaneously
induces anti-viral immunity to eliminate the virus, which
counteracts the oncolytic effect of the treatment.**>° We
detected the expression of antiviral proteins IFI16, IFIT1,
IFIT2, MX1, OAS1, and S100A10. However, at the end of
our study, HEXON expression was detected in all virus-
treated tumors, regardless of the presence of T cells. This
indicates that MUC16-BiTE-mediated cancer cell death
would not affect the persistence of the virus in tumors.
We concede that the use of immunodeficient mice has
limitations because they cannot simulate the human innate
antiviral response and immune memory. However, our
experimental results suggest that OAd-MUC16-BiTE acti-
vates infiltrating T lymphocytes, redirects them, and lyses
MUCI16+ cells, thus balancing antiviral and antitumor
immunities.

We also observed increased expression of T cell costimula-
tory signal ICOSLG (B7-H2), immune checkpoint TDO2,
T cell exhaustion-related protein MAP4K1,”! and a decrease
in that of immune checkpoint IDO1 and B7-H4 and T cell
proliferation-related protein SREBF1,>* suggesting that OAd-
MUCI16-BiTE mediates a more complex tumor immune
response. Surprisingly, we found that OAd-MUCI16-BiTE
treatment reduced the levels of platinum resistance-related
proteins GSTM2, GSTM3, and GSTMA4. It is speculated that
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OAd-MUCI16-BiTE may be combined with chemotherapy to
reduce platinum resistance in patients with OC. We plan to
evaluate the combination therapy of OAd-MUCI16-BiTE and
platinum in our future study.

Overall, the synergistic and cumulative effect achieved by
the combination of OAd and MUC16-BiTE outweighs its lim-
itations, representing a novel method for the treatment of OC.
Furthermore, it can be used in conjunction with various anti-
tumor therapies, such as immune checkpoint inhibitors, che-
motherapy and VEGF inhibitors; however, studies assessing
clinical evaluation are required.
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