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An armed oncolytic virus enhances the efficacy of
tumor-infiltrating lymphocyte therapy by converting
tumors to artificial antigen-presenting cells in situ
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The full potential of tumor-infiltrating lymphocyte (TIL) ther-
apy has been hampered by the inadequate activation and low
persistence of TILs, as well as inefficient neoantigen presenta-
tion by tumors. We transformed tumor cells into artificial an-
tigen-presenting cells (aAPCs) by infecting them with a herpes
simplex virus 1 (HSV-1)-based oncolytic virus encoding OX40L
and IL12 (OV-OX40L/IL12) to provide local signals for opti-
mum T cell activation. The infected tumor cells displayed
increased expression of antigen-presenting cell-relatedmarkers
and induced enhanced T cell activation and killing in coculture
with TILs. Combining OV-OX40L/IL12 and TIL therapy
induced complete tumor regression in patient-derived xeno-
graft and syngeneic mouse tumor models and elicited an anti-
tumor immunological memory. In addition, the combination
therapy produced aAPC properties in tumor cells, activated
T cells, and reprogrammed macrophages to a more M1-like
phenotype in the tumor microenvironment. This combination
strategy unleashes the full potential of TIL therapy and war-
rants further evaluation in clinical studies.

INTRODUCTION
Adoptive cell therapy (ACT) with tumor-infiltrating lymphocytes
(TILs) has emerged as a promising therapy for the treatment of
solid tumors and has exhibited antitumor efficacy in selected pa-
tients with melanoma, ovarian cancer, non-small cell lung cancer
(NSCLC), cervical cancer, gastric cancer, and head and neck can-
cer.1–4 However, inadequate activation, low persistence of TILs,
and poor neoantigen presentation in the tumor microenvironment
have prevented TILs from realizing their full potential in most
patients.

Classic antigen-presenting cells (APCs), including dendritic cells
(DCs), play a central role in initiating the immune response and serve
as an ideal tool to enhance antitumor T cell responses.5 Ex vivo-gener-
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ated monocyte-derived DCs or blood DCs were loaded with tumor
antigens in a variety of ways as therapeutic vaccines, and tumor-spe-
cific CD8+ T cell responses were detected in vaccinated patients with
melanoma, prostate cancer, B cell lymphoma, acute myeloid leuke-
mia, and myeloma.5,6 Nevertheless, the preparation of DC vaccines
is time consuming, costly, and the delivery of the loaded DCs to the
tumor microenvironment may be limited, subsequently hindering
their potential in boosting T cell-based therapy. Generating APC-
like cells in the tumormicroenvironment seems to be a plausible alter-
native. Ideally, artificial APCs (aAPCs) have been engineered to pro-
vide the following three signals for T cell activation: signal 1, presents
peptide epitopes derived from cancer neoantigens through their ma-
jor histocompatibility complex (MHC) to T cell receptors (TCR) on
T cells; signal 2, provides costimulatory signals by facilitating the
binding of CD80/CD86, OX40L, and/or 4-1BBL to their receptors
on T cells; and signal 3, secretes cytokines such as interleukin (IL)
12 or IL15 to promote T cell survival, activation, and proliferation.7,8

APCs derived from K562 cells or other cells lines ectopically ex-
pressed a particular human leukocyte antigen (HLA) type, and costi-
mulatory molecules CD80, CD86, 4-1BBL, and cytokine IL15 elicited
strong stimulation and expansion of polyclonal or antigen-specific
cytotoxic T lymphocytes (CTLs) to the levels required for clinical
therapy.9–12 Sufficient numbers of MART1-specific CTLs were pre-
pared using HLA-A*02:01, CD80-, and CD83-producing aAPCs
and infused into patients with melanoma; the adoptively transferred
T cells persisted in vivo, preferentially localized to tumor sites, and
thor(s).
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mediated an antigen-specific immune response characterized by clin-
ically meaningful tumor destruction.13,14

Within the tumor microenvironment, tumor cells represent the best
candidates for this task because of their abundance in all types of tu-
mors. The concept of transforming tumor cells into APCs has been
discussed for more than 30 years.7,15 Restoring antigen presentation
by tumor cells through a variety of treatments may increase the gen-
eration of tumor-specific T cells and their capacity to recognize and
eradicate tumor cells.7 In the present study, oncolytic viruses (OVs)
armed with cytokines and/or immunostimulatory molecules were
selected as tools to transform tumor cells in situ because they prefer-
entially infect and replicate in tumor cells.16 OVs also function as
multiplexed immune-modulating platforms by expressing factors
such as immune checkpoint inhibitors, tumor antigens, cytokines,
and T cell engagers.17,18 Talimogene laherparepvec (T-Vec), a genet-
ically modified granulocyte-macrophage colony-stimulating factor
(GM-CSF)-expressing herpes simplex virus 1 (HSV-1), promoted
dendritic cell accumulation and differentiation in tumor foci and
increased intratumor T cell infiltration.19 Dual expression of IL7
and IL12 by an oncolytic vaccinia virus sensitized patients to T cell-
based immunotherapies, including checkpoint inhibitors.20 OVs
were modified with CD40 ligand (CD40L) to induce DC maturation
and evoke a tumor-specific T cell response.21–23

In the present study, we engineered oncolytic HSV-1 to express tri-
merized OX40L and IL12. After tumor cells were infected with the
armed OV and cocultured with TILs, the tumor cells acquired
APC-like properties and the tumor-specific T cells were activated
and exhibited enhanced tumor-killing activity. Tumor regression
was achieved with the combination therapy of OV-OX40L/IL12
and TILs in patient-derived xenograft (PDX) and syngeneic tumor
models. The antitumor effect was achieved in both treated and un-
treated distal tumors, indicating that the combination therapy elicited
a systemic immunological response to tumors. In addition, mice ex-
hibiting complete responses were subsequently protected from tumor
rechallenge, suggesting that the treatedmice developed antitumor im-
mune memory. Flow cytometry analysis of tumor-infiltrating im-
mune cells and immune cell depletion experiments revealed that
the armed OV reshaped the tumor microenvironment by increasing
the immune activation. Overall, the data showed that OV-OX40L/
IL12 transformed tumor cells into aAPCs in situ and potentially sensi-
tized patients to TIL therapy, which warrants further evaluation in
clinical studies.

RESULTS
Tumor cells infected with armed OVs express transgenes

We generated an armed oncolytic HSV-1 coexpressing the immune-
stimulatory molecule IL12 and membrane-tethered trimerized hu-
man OX40L in the backbone of an ICP34.5 and ICP47 double-deleted
oncolytic HSV-1. Recombinant OVs expressing trimerized OX40L,
IL12, or GFP were also generated (Figures 1B and S1). Notably, the
viral backbone is the same as that of T-Vec and teserpaturev, which
have been approved for the treatment of melanoma and glioma.
Primary oral cancer cells from four patients were infected with the
parental or armed OVs to assess their ability to infect tumor cells.
All the armed OVs efficiently infected the tumor cells and the modi-
fication of the OVs did not attenuate their tumoricidal activity (Fig-
ure S2). The GFP-encoding OV (OV-GFP) was added to the primary
oral cancer tissues, and the susceptibility of the tumor tissues to the
OV was confirmed (Figure S3). The cytopathic effect (CPE) induced
by the parental and armed OVs in a variety of tumor cells, including
glioma, breast cancer, colon cancer, and fibrosarcoma cell lines, was
observed (Figure S4). The surface expression of OX40L on the in-
fected cells was confirmed by flow cytometry (Figure 1C) and the acti-
vation of cocultured OX40 reporter cells that expressed GFP upon
OX40 engagement (Figure 1D). High levels of IL12 secreted from
the infected cells were detected by ELISA (Figure 1E). The biological
activity of IL12 was confirmed with a luciferase reporter cell line
(Figure 1F).

OV-OX40L/IL12 transformed tumor cells to artificial APCs and

activated tumor-specific T cells in vitro

We evaluated whether the armed OVs successfully transformed tu-
mor cells to aAPCs by monitoring the phenotype in a coculture sys-
tem. Tumor cells and matching autologous TILs (expanded from
the same patient) from four patients with oral cancer were used
in the study. The expression of MHC I and MHC II molecules
and costimulatory receptors in OV-treated tumor cells was evalu-
ated by using real-time quantitative PCR and flow cytometry.
OVs facilitated the display of HLA-A/B/C and HLA-DR/DP/DQ
on the surface of tumor cells. All armed OVs, including OV-
OX40L, OV-IL12, and OV-OX40L/IL12, increased the expression
of the costimulatory receptors CD80 and CD86 on tumor cells,
with the strongest upregulation observed in cells infected with
OV-OX40L/IL12, followed by OV-OX40L and OV-IL12. The pro-
grammed death-ligand 1 (PD-L1) expression on tumor cells was
also increased when tumor cells were infected with OV-OX40L,
OV-IL12, or OV-OX40L/IL12 and cocultured with TILs, providing
the rationale for the combination therapy of these OVs with pro-
grammed cell death protein 1 (PD-1) inhibitors (Figures 2A
and 2B).

In the coculture, tumor cells infected with OV-D34.5 had no effect on
inducing TIL expansion in the short-term coculture experiment (Fig-
ure 2C), while OV-OX40L-, OV-IL12-, or OV-OX40L/IL12-infected
tumor cells stimulated T cell proliferation (Figure 2C).

Interferon gamma (IFN-g) secretion was examined by IFN-g
enzyme-linked immunospot (ELISpot) and ELISA as an indicator
of T cell activation. TILs cocultured with OV-OX40L/IL12-infected
tumor cells exhibited the most significant increase in the number of
IFN-g-secreting cells compared with TILs cocultured with mock-
or OV-D34.5-infected tumor cells (Figures 2D and 2E). The finding
was confirmed by IFN-g concentration in the culture supernatant,
showing that cocultures with tumor cells infected with OV-OX40L/
IL12 increased IFN-g production to the highest level (Figures 2F
and S5A).
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Figure 1. Generation of engineered OVs encoding trimerized OX40L and/or IL12

(A) Diagram showing the transformation of tumor cells into aAPCs to activate tumor-specific T cells through OV-mediated expression of OX40L and IL12 on tumor cells. (B)

Schematic representation of HSV-1-based OVs encoding OX40L, IL12, or both proteins. The expression of functional OX40L by the infected SCC-15 tumor cells was

analyzed (C) by using flow cytometry and (D) by monitoring the activation of cocultured OX40 reporter cells that expressed GFP upon OX40 signaling (n = 3). (E) Secretion of

IL12 from the infected cells was detected by using an ELISA (n = 3). (F) The expression of functional IL12 by the infected SCC-15 tumor cells was analyzed by monitoring the

activation of cocultured IL12 luciferase reporter cells (n = 3). The statistical analysis was determined by one-way ANOVA, followed by Tukey’s multiple comparison test anal-

ysis. All values are presented as the mean ± SEM. ****p < 0.0001.
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We performed single-cell TCR sequencing (scTCR-seq) and single-
cell RNA sequencing (scRNA-seq) to comprehensively analyze the
TCR repertoire and transcriptome of TILs cocultured with mock-
or OV-OX40L/IL12-infected tumor cells. Both groups possessed a
3660 Molecular Therapy Vol. 30 No 12 December 2022
similar level of diversity among the TCRs. No significant difference
in the CDR3 length, T cell receptor alpha variable (TRAV), and
T cell receptor beta variable (TRBV) germline usage was observed
compared with the TCRs of the TILs without coculture
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(Figures S6A and S6B). Among the 10 most prevalent clonotypes, the
percentage of IFN-g-positive T cells (which are considered activated
T cells) in the OV-OX40L/IL12 group was 2- to 3-fold higher than
that in the mock-infected group (Figure S6C). Molecular deconvolu-
tion of the TCR clonotypes and the corresponding activation status
corroborated the effectiveness of the armed OV.

Tumor cell viability was quantified in the cocultures to assess the
cytotoxicity of TILs. After tumor cells were infected with the low
dose of the unarmed OV-D34.5 or the armed OVs, the viability
decreased by 10%–20% due to the direct oncolytic activity of the
OVs. Autologous TILs expanded from the same patients decreased
tumor cell viability by 30%–40%, showing that TIL therapy alone pro-
duced modest tumoricidal activity. In the presence of TILs and a low
dose of the armed OVs, significantly increased killing of the tumor
cells was observed compared with TIL and parental OV-D34.5 or
OV in the absence of TILs (Figures 2G and S5B), suggesting that
the killing of tumor cells was mediated by TILs and enhanced by
the armed OV encoding OX40L and IL12.

Combination immunotherapy with OV-OX40L/IL12 and autolo-

gous TILs led to tumor regression in PDX models

The in vivo antitumor activity of the OX40L- and IL12-encoding OV
and TIL combination therapy was evaluated in two oral cancer PDX
models. The PDX mouse models were administered a single intratu-
mor injection of OV-D34.5 or OV-OX40L/IL12, followed by intratu-
mor delivery of autologous TILs 2 days later (Figure 3A). In the first
PDX model (OC1 PDX), TIL therapy alone or in combination with
unarmed OV-D34.5 resulted in slower tumor growth than that in
the control group, with eventual tumor progression. The combination
therapy of OV-OX40L/IL12 and TILs induced complete or nearly
complete tumor regression in all animals, with no tumor regrowth
observed 55 days after TIL treatment (Figure 3B). In a separate phar-
macodynamic (PD) study, mice were euthanized at different time
points to study the effect on the tumor microenvironment. One
week after treatment, combination therapy with OV-OX40L/IL12
and TILs significantly increased the intratumor IFN-g level compared
with that in the other groups (Figure 3C). Immunohistochemical
(IHC) staining revealed that OV-OX40L/IL12 and TIL combination
therapy resulted in stronger staining for HLA-A/B/C, HLA-DR,
CD86, CD134, CD137, and IFN-g compared with the other groups
at 14 and 21 days after treatment (Figures 3D and S7).

The antitumor efficacy of the combination therapy of OV-OX40L/
IL12 and TILs was confirmed in the second oral cancer PDX model
Figure 2. OV-OX40L/IL12 transformed tumor cells into aAPCs to activate tumo

Primary cancer cells from a patient with oral cancer numbered OC1 were infected with

expression of APC-related genes (HLA-A/B/C, HLA-DP/DR/DQ, CD80, CD86, and OX4

The number of TILs in the coculture assay was counted and normalized to the numb

suspension cells (mostly TILs) were added to precoated ELISpot wells to detect IFN-g-se

IFN-g levels in the coculture supernatant were determined by using an ELISA (n = 3). (G) T

MTT assay (n = 3). The statistical analysis was determined by one-way ANOVA, follow

mean ± SEM. NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.00
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(OC4 PDX), with all mice receiving the combination therapy of
OV-OX40L/IL12 and TILs displaying progressive tumor shrinkage,
while all animals in the other groups showed tumor progression
4 weeks after treatment (Figure S8).

Combination therapy with OV-mOX40L/IL12 and TILs led to

marked tumor regression and long-term immune memory in

immunocompetent murine tumor models

Next, syngeneic MC38 or Pan02 models were established to study the
systemic immunological effects and immune memory. For this pur-
pose, we generated an OV encoding murine IL12 and trimerized
OX40L and validated their expression (Figures S9A and S9B). In addi-
tion, herpesvirus entry mediator (HVEM) was introduced into Pan02
tumor cells to ensure that the cells were susceptible to HSV-1 infec-
tion. CD8+ T cells were isolated from subcutaneously engrafted
MC38 or Pan02-HVEM tumors and expanded for adoptive transfer.

The antitumor activity of this combination therapy was tested in a
syngeneic tumormodel established using C57BL/6J mice bearing sub-
cutaneous implanted murine colorectal MC38 tumors. Single treat-
ment with OV-D34.5 or TILs or their combination marginally de-
layed tumor growth, with continued tumor progression observed in
all animals. The combination of OV-D34.5 and MC38 TILs exhibited
additive antitumor effect. OV-mOX40L/IL12 treatment resulted in
marked tumor growth inhibition, but no mice were cured of tumors.
The combination of OV-mOX40L/IL12 and MC38 TILs led to com-
plete regression in all treated mice, and animals remained tumor free
until 180 days after treatment. The anti-PD-1 antagonist antibody
only marginally increased the efficacy of OV-mOX40L/IL12 in the
MC38 syngeneic mouse model (Figures 4B and 4C).

The in vivo efficacywas also tested in amurine pancreatic cancer Pan02
model. Pan02 is a very aggressive syngeneic tumor model and has been
shown to be refractory to checkpoint inhibition. In this model, Pan02-
HVEM TILs, OV-D34.5, and their combination did not show signifi-
cant antitumor efficacy. The combination of OV-mOX40L/IL12 and
a PD-1 antibody with or without Pan02-HVEMTILs resulted in signif-
icant inhibition of tumor growth. Tumors completely regressed in three
of six mice (Figures S9C and S9D). Therefore, three doses of OV-
mOX40L/OV-IL12 and two doses of TIL were administered to the
Pan02-HVEM-bearing mice. Strikingly, this new regimen led to a
100% complete tumor rejection in mice (Figures S13A–S13C).

All treatments were well tolerated, with no significant weight loss or
other signs of distress observed. We also assessed whether intratumor
r-specific T cells

the indicated OV and cocultured with TILs expanded from the same patients. The

0L) by tumor cells (n = 3) was assessed using RT–PCR (A) and flow cytometry (B). (C)

er of TILs cultured without OV-infected tumor cells (n = 3). (D) After coculture, the

creting cells. (E) The spot number in the ELISpot experiment was counted (n = 3). (F)

he viability of adherent (tumor) cells in the coculture assay was assessed by using the

ed by Tukey’s multiple comparison test analysis. All values are presented as the

01.
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delivery of OV resulted in the infection of nontumor tissues. The OV
was not detected in the spleen, liver, or lung of mice injected intratu-
morally with the OV alone or OV combined with TILs. These data
suggested low safety risks with the combination therapy.

Rechallenge studies were performed to evaluate immune memory.
Mice cured of MC38 tumors were resistant to rechallenge with
MC38 tumors on the untreated side, whereas all age-matched tu-
mor-naive control mice developed tumors (Figures 4D and 4E).
This protective effect against tumor rechallenge was also observed
in the Pan02-HVEM model (Figures S9E and S9F), implying the
development of long-term immune memory.

In the bilateral MC38 tumor-bearing mice, the OV-OX40L/IL12 and
TILs were injected into one side of tumor to evaluate the systemic
effect. Robust tumor inhibition efficacy in both treated and contralat-
eral tumors was noted with both OV therapy alone and the combina-
tion therapy. Remarkably, the combination therapy led to near-com-
plete control of both treated and distal untreated tumors (Figures 4F
and 4G), indicating that it elicited a systemic antitumor effect. The re-
sults support the potential of this approach in the treatment of met-
astatic disease.

The effect of OV-mOX40L/IL12 on intravenously administered
T cells were evaluated (Figure S14A). The combination of intratumor
administration of OV-mOX40L/IL12 with intravenously infused
ovalbumin (OVA)-specific OT-I T cells significantly inhibited tumor
growth and prolonged the overall survival of mice compared with the
adoptive transfer of OT-I T cells alone (Figures S14B and S14C), sup-
porting the hypothesis that OV-OX40L/IL12 can enhance the activity
of systemically administered TILs.

CD8+ CTL cells were important for the inhibition of tumor growth

induced by the combination therapy consisting of the OV and

adoptive transfer of TILs

In vivo depletion of CD4+ T cells, CD8+ T cells, and natural killer
(NK) cells was performed to determine the role of immune cell sub-
sets in the antitumor effect. Depletion of NK1.1+ cells or CD8+ T cells
in mice treated with OV-mOX40L/IL12 restored tumor growth. In
contrast, no significant difference in tumor growth was observed in
CD4+ T cell-depleted mice compared with the undepleted mice. In
the mice treated with the combination therapy, only the depletion
of CD8+ cells abrogated the antitumor effect of the treatment, while
the depletion of NK cells exerted a minor effect and depletion of
CD4+ T cells had a minimal effect on tumor inhibition by the combi-
nation therapy (Figures 4H–4J). Thus, our data indicated that CD8+
Figure 3. Antitumor efficacy of the combination therapy with OV-OX40L/IL12 a

(A) Schematic diagram of the PDXmodel treated with OV-OX40L/IL12 and TILs expande

with patient-derived tumor tissues, and the established tumors were intratumorally injec

from the same patient. Tumor growth was measured every other day (n = 4). The averag

Intratumor IFN-g levels were determined by using an ELISA assay. (D) Representative im

tumor tissue sections at 14 days after treatment (n = 4). Scale bars, 100 mm. The statistic

parison test analysis. All values are presented as the mean ± SEM. ***p < 0.001, ****p
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T cells play an indispensable role in the inhibition of tumor growth in
mice treated with OV-mOX40L/IL12 or the armed OV and TILs
combination therapy.

Local treatment reinvigorated tumor-infiltrating immune cells

We analyzed the tumor cells and tumor-infiltrating immune cells in
both the MC38 and Pan02-HVEM tumor models by using flow cy-
tometry on days 3 and 7 post treatment to identify the mechanism un-
derlying the synergistic effect of TILs and OV-mOX40L/IL12
(Table S2).

Treatment with OV-mOX40L/IL12 alone or in combination with
autologous TIL therapy increased the expression of MHC I, MHC
II, costimulatory ligands (CD86 and OX40L), and IL12 in a substan-
tial percentage of the tumor cells, indicating the successful conversion
of tumor cells into APC-like cells (Figures 5A, S10A, S11C, and S11E).
Moreover, both OV-mOX40L/IL12 alone and the combination ther-
apy increased the proportion of mature DCs in tumors and tumor-
draining lymph nodes (Figures 5B and S10E).

The administration of OV-mOX40L/IL12 alone or in combination
with TILs led to increased frequencies of CD8+ T cells and NK cells
compared with the control group or TIL alone group. After treatment
with OV-mOX40L/IL12 or the combination therapy, the expression
of IFN-g, TNF-a, and granzyme B in CD8+ T cells and NK cells
was upregulated, while the percentage of PD-1-high and TIM-3-pos-
itive exhausted T cells was reduced, with the greatest effect observed
in the combination therapy group (Figures 5B, S10B, S11D, and
S11F).

To distinguish the effects on endogenous T cells and adoptively trans-
ferred T cell populations, CD45.1+ OT-I T cells were adoptively trans-
ferred into CD45.2+ C57BL/6 mice bearing MC38-OVA tumors (Fig-
ure S15). OV-mOX40L/IL12 treatment alone and in combination
with TIL therapy promoted the activation of both endogenous
T cells and adoptively transferred OT-I T cells (Figure S15).

The OV alone or in combination with TILs also reprogrammed the
myeloid cells in the tumor microenvironment toward an increasingly
immune-active state. The number of antitumor or M1 macrophages
(inducible nitric oxide synthase, iNOS+) increased, whereas the num-
ber of protumor or M2 macrophages (CD206+) decreased substan-
tially (Figures 5B, S10B, S11D, and S11F).

Splenocytes were also analyzed to assess the systemic immune land-
scape outside the tumor microenvironment. The frequencies of
nd TILs in the first PDX tumor model (OC1 PDX model)

d from the same patient numbered OC1. NSGmice were subcutaneously implanted

ted with the indicated OV followed by intratumoral injection of ex vivo expanded TILs

e tumor volumes (B) are shown. Arrows indicate the OV, TIL, and IL2 injections. (C)

ages of IHC staining for HLA-A/B/C, HLA-DR, CD86, CD134, CD137, and IFN-g in

al analysis was determined by one-way ANOVA, followed by Tukey’s multiple com-

< 0.0001.
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conventional CD4+ T cells and CD8+ T cells did not change; however,
the frequency of NK cells was increased and that of regulatory T cells
(Tregs) was decreased upon treatment with OV alone or in combina-
tion with TIL therapy. More T cells and NK cells were activated, and
the macrophages functionally switched toward the M1-like pheno-
type, not the M2-like phenotype, upon treatment with the OV alone
or in combination with TILs (Figures S10C, S10D, S11A, and S11B).

We profiled the cytokines in serum on day 3 (Figure 6) and day 7 (Fig-
ure S12) after the last treatment using the Bio-Plex Pro Mouse Cyto-
kine 23-plex immunoassay. IL12 levels were significantly increased on
both day 3 and day 7 after treatment with the OV alone or in combi-
nation with TILs, potentially due to the secretion of the cytokines
following the expression of the transgene. The levels of the pharma-
codynamic response markers IFN-g, IL2, and TNF-a were increased
on both day 3 and day 7. These cytokines were shown to be associated
with type 1 cellular immunity and were critically required for effective
priming, proliferation, and recruitment of the tumor-specific T cell
response. Notably, IL9 is one of the cytokines whose levels are highly
increased in serum upon treatment with the OV alone or in combina-
tion with TILs. IL9 is the main effector cytokine of Th9 cells, which
have a stronger and longer antitumor ability than T helper (Th) 1
and Th17 cells. In contrast, we observed a significant decrease in
IL5, IL10, IL13, and IL6 levels, which are typically associated with tu-
mor-promoting type 2 immune responses, which are known to sup-
port tumor growth, metastatic dissemination, and tumor evasion of
immune surveillance. These data suggested that local delivery of
either OV-mOX40L/IL12 alone or in combination with TILs elicited
a systemic immune response.

Tumor-derived aAPCs primed naive T cell responses

Mature DCs are known to activate naive T cells in addition to antigen-
experienced TILs. To evaluate whether tumor-derived aAPCs are able
to do so, OV-infected MC38-OVA tumor cells were cocultured with
naive T cells isolated from OT-I or OT-II mice, and analyzed by flow
cytometry (Figures 7A and 7C) and ELISpot (Figures 7B and 7D).

OV-OX40L/IL12-infected tumor cells promoted the development of
effector functions, including cytolytic activity and IFN-g production,
in naive T cells. After coculture with OV-OX40L/IL12-infected tumor
Figure 4. Combination therapy with OV-mOX40L/IL12 and TILs led to marked t

(A) Schematic of C57BL/6J mice with subcutaneously implanted tumors treated with

cutaneously with MC38 cells, and the established tumors were intratumorally injected w

TILs. Tumor growth wasmeasured every other day. (B) Tumor volumes are shown as the

using the Kaplan-Meier analysis, and the log rank test indicated a significant difference i

TIL combination therapy groups and the OV-D34.5 + TIL group. NS, not significant, **

therapy and age-matched treatment-naive mice (n = 6) were subcutaneously inocula

(E) are shown. NS, not significant, **p < 0.01. (F) Mice were subcutaneously inoculate

mOX40L/IL12 were injected into the tumors on one side (treated side) on days 7 and 9.

tumors and the distant tumors was measured. Data from each mouse (n = 6 mice per gr

(H) Antibody-mediated immune cell depletion was then performed individually for CD4+ T

(I) Tumor growth was monitored every 3 days using electric calipers to measure the tum

The p value indicates the difference between tumor-bearing mice receiving and not rec

(Mantel-Cox) test. NS, not significant, **p < 0.01.
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cells, naive OT-I and OT-II T cells differentiated into memory and
effector T cells (Figure 7). Thus, OV-OX40L/IL12-infected cells
primed naive T cell responses.

The OV-infected cancer cells efficiently reactivated TILs, and TNF-a
and IFN-g (Figures 6 and S12), which are known to upregulate MHC
and costimulatory molecules on the surface of tumor cells and may
synergize with OV-OX40L/IL12 to prime a naive T cell. Therefore,
TNF-a and IFN-g were added to the coculture of virus-infected tu-
mors and naive T cells. As expected, the addition of TNF-a and
IFN-g exerted a synergistic effect with OV-OX40L/IL12 on promot-
ing differentiation of naive cells into memory T cells and effector
T cells, as well as their effector function (Figure 7). The data suggest
that the engineered tumor cells are APC-like cells that activate
naive T cells, especially when TILs are present in the tumor
microenvironment.

DISCUSSION
Cell therapies such as chimeric antigen receptor T (CAR-T) cell and
TIL therapy have been in the spotlight in the field of cancer immuno-
therapy. Nevertheless, the clinical outcomes of immune cell therapy
have been largely disappointing in solid tumors, which is partially
attributed to the heterogeneous mutations in tumors and inadequate
T cell activation and proliferation in the immunosuppressive tumor
microenvironment. A low dose of the armed oncolytic virus OV-
OX40L/IL12 was injected into tumors to convert tumor cells into arti-
ficial APCs in situ prior to the adoptive transfer of TILs as a method to
augment tumor-specific T cell expansion and antitumor activities.

When suboptimally primed, T cells become hyporesponsive or aner-
gic and show low proliferation and effector functions in response to
antigens.14 T cells must be initially primed by APCs within an optimal
immunologic context to avoid this anergic state induced by subopti-
mal priming. Originally, autologous APCs, such as DCs loaded with
tumor antigens ex vivo and administered as vaccines, were found to
elicit antitumor immunity and tumor regression in clinical trials.24

The preparation of autologous DCs or monocyte-derived DCs re-
mains a cumbersome, time-consuming task, and delivery to the tu-
mor microenvironment may be limited. Furthermore, the quantity
and quality of prepared autologous APC varies between individuals,
umor regression in immunocompetent murine tumor models

the OV and TILs. Immunocompetent C57BL/6J mice (n = 7) were implanted sub-

ith the indicated OV followed by intratumoral adoptive transfer of the corresponding

mean ± SEM. (C) The survival curve of MC38 tumor-bearingmice (n = 7) was plotted

n the survival curves between the OV-mOX40L/IL12, PD-1 antagonist antibody and

*p < 0.001. Mice that were previously cured of MC38 tumors with the combination

ted with MC38 cells. Tumor growth in individual mice (D) and the survival curve

d with MC38 cells in both flanks. After the establishment of tumors, PBS and OV-

On day 11, mice were intratumorally administered with TILs. Growth of the injected

oup) are shown. (G) Kaplan-Meier survival curves from the experiment. ***p < 0.001.

cells, NK cells, and CD8+ T cells via i.p. injection according to the depicted schedule.

or size (n = 4). (J) Kaplan-Meier survival curves from the experiment described in (H).

eiving CD4, CD8, or NK depletion antibodies, as determined by using the log rank
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and this treatment is only accessible to patients living close to one of
the production centers.14 Additional tumor-intrinsic factors also
contribute to the limited success of DC vaccines.25 Researchers
have not determined whether the DC vaccine will still produce cyto-
kines and upregulate costimulatory molecules in the tumor microen-
vironment. These issues inherent to DC vaccines have led to efforts to
develop strategies that provide optimal signals to T cells.

Artificial APCs (aAPCs) have been developed as a promising alterna-
tive to overcome the limitations and disadvantages of autologous
APCs and DC-based vaccines.26 Cellular aAPC systems are developed
from cells that are genetically engineered to introduce molecules
required for immune synapse formation. More recently, acellular
aAPCs based on synthetic platforms showed the potential to engage
with and activate T cells by conjugating the biological signals onto
the surface of microparticles or nanoparticles. Zhang et al. produced
a nanoparticle with cell membrane derived from cancer cells engi-
neered to express CD80, a costimulatory signal.27 Liu et al. developed
a nanovaccine derived from DCs that genetically expressed a specific
peptide-MHC complex, anti-PD1 antibody, and B7 costimulatory
molecules to integrate antigen self-presentation and immunosuppres-
sion reversal.28

Rosa et al. showed that ectopic expression of a combination of tran-
scription factors is useful to direct the reprogramming of fibroblasts
into antigen-presenting DCs.29 This reprogramming technology in-
spires the use of gene therapy to reprogram cancer cells into APCs
in situ. Conversion of tumor cells to aAPCs has four unique advan-
tages. First, this approach transforms one of the most important
cellular sources of immune suppression into immune activation. Sec-
ond, it resolves the most critical issues of natural or adoptively trans-
ferred professional APCs, including homing to tumors and becoming
dysfunctional in the tumormicroenvironment.15,30 Third, it enhances
cancer cell presentation of their own antigens to trigger the prolifer-
ation and activation of tumor-specific TILs and does not rely on the
identification of antigen epitopes, which has been challenging. Last,
the OV is a universal therapy that can be administered to different pa-
tients to induce personalized immune responses. We expected that
our method will harness the full potential of TIL therapy and other
T cell-mediated therapies, as suggested by the results of the TIL com-
bination therapy in PDX and syngeneic mouse models.

MHC I and MHC II molecules are required for the presentation of
neoantigens and elicitation of CTLs and Th cells, respectively.31

The downregulation or absence of MHC molecules from the tumor
cell surface leads to the escape of these tumors from immunosurveil-
lance. Mouse tumor cells transfected with MHC I or MHC II genes
are rejected by mice.15 MHC I molecules are upregulated on cells
Figure 5. Analysis of tumor cells and tumor-infiltrating immune cells after the

Mice (n = 3) were subcutaneously implanted withMC38 cells and treated as indicated. A

cells (A) and tumor-infiltrating immune cells (B) were stained and subjected to a flow cyto

profiling of different types of immune cells and their activation status (B). The statistical an

test analysis. All values are presented as the mean ± SEM. NS, not significant, *p < 0.0
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upon infection with the OV.32 Notably, HSV-1 encodes ICP47 to
disrupt MHC I antigen processing and presentation;33 thus, ICP47
was deleted in our oncolytic virus backbone. AlthoughMHC II is usu-
ally not expressed by solid tumors, its expression in tumor cells can be
induced by IFN-g,34 forming a positive feedback loop between T cell
activation and MHC II induction in tumor cells. Moreover, OVs
induced autophagy in cancer cells to stimulate antigen processing
forMHC class II but also facilitated antigen cross-priming to generate
tumor-associated antigen-specific CD8+ T cells.35

The dominant second signal is transmitted when B7-1/CD80 and B7-
2/CD86 on the surface of APCs engage CD28 on T cells.7 Tumors
usually do not trigger costimulatory signals that are necessary for
full activation of T cells. Different mouse tumor cells were transfected
or transduced with the costimulatory ligand B7 or other costimula-
tory ligands, and these cells were rejected bymice. PsiOxus and DNA-
trix oncolytic adenoviruses were armed with full-length CD80 and
OX40L to induce a vigorous T cell response.30 Nevertheless, upregu-
lation of CD80 and CD86 on tumor cells was observed after treatment
with OV-OX40L/IL12 ex vivo or in vivo in our study, suggesting that
including some costimulatory ligands is sufficient to jump-start a
network of costimulatory signals.

Although the OX40L monotransgene OV seems to be almost as effec-
tive as the double transgene OV in modulating T cell proliferation in
the 48-h cell coculture assay, the double transgene virus induced
significantly more IFN-g-secreting cells than the monotransgene
OV in the ELISpot assay (Figures 2C–2E). This is consistent with pre-
vious in vitro studies using aAPCs and in vivo studies using a peptide
immunization models, where it was revealed that the development of
optimum effector function, and programming for CD8+ T cell mem-
ory development, requires IL12 or type I IFN.36–39 In the absence of
IL12, stimulation with antigen in the presence of B7-1 costimulatory
signal results in T cell proliferation but suboptimal effector functions,
and the cells become anergic. In the presence of IL12, cells displayed
comparable proliferation but strong effector functions and productive
memory.36,40 Nevertheless, clinical applications of IL12 have been
hampered by severe adverse events observed upon its systemic
administration. Intratumoral delivery of the IL12 gene using
mRNA, DNA, or an OV overcame toxicity issues and showed prom-
ising results in clinical trials.41–43 The codelivery of OX40L and IL12
has not been previously reported, and our data revealed that OVs
armed with both OX40L and IL12 induced robust antitumor activity
and established antitumor immune memory.

Transforming tumor cells into aAPCs through OVs encoding
OX40L and IL12 represents a unique strategy to enhance T cell-
based immunotherapy. A variety of armed OVs have been studied
tumor-bearing mice were treated with the OV and TILs

single-cell suspension was prepared from tumor tissue 3 days after treatment. Tumor

metry analysis of the expression of APC-related molecules on the tumor cells (A) and

alysis was determined by one-way ANOVA, followed by Tukey’smultiple comparison

5, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



Figure 6. Profiles of cytokines and chemokines in

serum samples from treated mice

Mice (n = 3) were subcutaneously implanted with MC38 cells

and treated as indicated. Cytokine concentrations in serum

collected at 3 days post treatment were determined using a

Bio-Plex Mouse Cytokine 23-Plex Array. The statistical

analysis was determined by one-way ANOVA, followed by

Tukey’s multiple comparison test analysis. All values are

presented as the mean ± SEM. NS, not significant,

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 7. Effect of OV-mOX40L/IL12-infected tumor cells on activating naive T cells

OT-I naive T cells (A, B) or OT-II naive T cells (C, D) were cocultured with MC38-OVA cells pretreated with OV-D34.5 or OV-mOX40L/IL12. T cells were stained and subjected

to a flow cytometry analysis (A, C) and IFN-g ELISpot assay (B, D) to profile T cell phenotype and activation status (n = 3). Statistical significance was determined by using one-

way ANOVA, followed by Tukey’s multiple comparison test analysis. All values are presented as the mean ± SEM. **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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to improve the clinical effectiveness of ACT with TILs or CAR-T
cells in recent years.44–46 Recently, Santos et al. reported the possi-
bility of using a TNF-a- and IL2-encoding adenovirus (TILT-123)
to enhance the tumor reactivity of TILs in the context of the immu-
nosuppressive environment of ovarian cancer.47 Notably, Feist et al.
reported that an IL2-armed OV promoted the generation and infil-
tration of tumor-reactive TILs in poorly immunogenic tumors as a
pre-TIL approach, and tumor-reactive TILs were harvested and
expanded for ACT.48 In addition to shifting the tumor microenvi-
ronment similarly to these reports, our study also focused on con-
verting tumor cells to aAPCs to promote local tumor-specific
TILs. However, we envision that OV-OX40L/IL12 integrated into
TIL therapy as a pre-TIL procedure before harvesting TILs for
ACT may be also beneficial.

Notably, mRNA-based cancer immunotherapy is an emerging
modality for the transient and local translation of cytokines.49 In-
3670 Molecular Therapy Vol. 30 No 12 December 2022
tratumor delivery of an mRNA-encoding cytokine mixture
composed of IL12, IFN-a, GM-CSF, IL15, IL12, IL23, IL36, and
OX40L promoted antitumor immunity and tumor regression in
preclinical tumor models and clinical trials.50–54 OV-based and
mRNA-based gene therapies represent two classes of cancer
gene therapies. OV treatment is different from mRNA-based ther-
apy because OVs replicate inside tumor cells. However, antiviral
immunity may limit the oncolytic activity of OVs. We found
that the virus titer was below the detection level 3 days after
the administration of the virus,55 suggesting that the long-lasting
anticancer effect of OVs is attributed to their elicitation of a
robust antitumor immune response rather than the direct onco-
lytic activity at the dose tested.

In summary, an OV encoding OX40L and IL12 is a potent tumor-spe-
cific oncolytic immunotherapy that transforms tumor cells into
aAPCs in situ and sensitizes solid tumors to TIL therapy. The
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results have inspired further investigation of OV-OX40L/IL12 in
combination with ACT-TIL and other T cell-centered therapies for
the treatment of solid tumors.

MATERIALS AND METHODS
Animal and tumor cell lines

All animal experiments were performed in accordance with and
approved by the Institutional Animal Care And Use Committee
(IACUC) of Nankai University. Five-week-old male C57BL/6J mice
were obtained from Vital River Laboratories. NOD/SCID/IL2R�/�
(NSG) mice were obtained from the Shanghai Model Organisms
Center.

The human glioma cell line (SHG-44), human tongue squamous
cell carcinoma cell line (SCC-15), human breast cancer cell line
(MCF-7), human fibrosarcoma cell line (HT-1080), and human
colon cancer cell line (HT-29) were cultured in DMEM supple-
mented with 10% (v/v) fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin. Pan02-HVEM cells were transduced with a
lentivirus encoding human HVEM,55 and the expression of
HVEM was monitored by using a flow cytometry analysis with
an anti-HVEM antibody (R&D Systems, MAB356). Pan02-
HVEM and MC38 cells were also cultured in DMEM containing
10% FBS and 1% penicillin/streptomycin. All cells were incubated
at 37�C with 5% CO2.

OV modification

The donor plasmid containing the homology arms of ICP34.5
flanking a GFP-expressing cassette was transfected into 293 cells,
followed by infection with wild-type HSV-1. The produced vi-
ruses were harvested, and diluted viruses were then used to infect
Vero cells. GFP-positive plaques were selected under a fluores-
cence microscope. The resulting ICP34.5-negative virus OV-
D34.5 and ICP34.5-negative and GFP-positive virus OV-GFP
were confirmed by DNA sequencing. The ICP47 gene in the
ICP34.5-negative virus was replaced with a red fluorescent pro-
tein (RFP)-expressing cassette using an approach similar to that
described above. Finally, the RFP gene was deleted, and Us11
became an early expression gene. The modified virus was named
OV-GFP and used as a template for producing OV-OX40L, OV-
IL12, or OV-OX40L/IL12.

The donor plasmid containing homology arms of ICP34.5 flanking
OX40L or the IL12-expressing cassette was transfected into 293FT
cells followed by infection with the OV-GFP described above. The
produced viruses were harvested and used to infect Vero cells.
GFP-negative plaques were picked under a fluorescence microscope,
and PCR was performed to identify the insertion of OX40L and IL12
into the viral genome.

Similarly, the GFP expression cassette was inserted into the UL26-
UL27 intergenic region of OV-OX40L to generate OV-OX40L/GFP.
The donor plasmid containing the homology arms of UL26 and
UL27 flanking the IL12 expression cassette was transfected into
293FT cells, followed by infection with OV-OX40L/GFP. As a
method to increase the efficiency of identification of the correct re-
combinant sequences, flow cytometry was used to isolate cells that
were successfully modified.

Virus propagation and preparation

The viruses were further purified for in vivo injection. Vero cells were
infected with the indicated viruses at a multiplicity of infection
(MOI) = 0.01. The culture medium was collected at 72 h post infec-
tion (hpi), and the supernatant was passed through a HiScreen Capto
Core 700 (GE Healthcare, 17-5481-15) to obtain purified viruses. The
purified viruses were concentrated in an ultrafiltration tube (Milli-
pore, UFC910096) and resuspended in HSV-1 protection solution
(PBS containing 6% sorbitol and 12% inositol). The viral titer was
determined by counting the number of oncolytic plaques on a mono-
layer of Vero cells infected with serial dilutions of concentrated virus.
A Vero cell HCP ELISA Kit (Cygnus, F500) was used to detect the re-
sidual host protein in the purified viruses according to the manufac-
turer’s protocol.

TIL production

TILs were produced as described previously.56–58 Tumor tissue
was minced into small pieces and digested in cell digestion
solution (collagenase, 1.25 mg/mL, Sigma, C5138; hyaluronidase,
0.375 mg/mL, Sigma, H2126; and deoxyribonuclease I,
0.0375 mg/mL, Sigma, D5025). The digested cells were passed
through a 70-mm cell strainer (Falcon, 352350), washed with PBS,
and resuspended in red blood cell (RBC) lysis buffer (Solarbio,
R1010). After one wash with PBS, the cell pellet was resuspended
in cell culture medium (CCM) (RPMI 1640 medium supplemented
with 10% FBS, penicillin/streptomycin [100 U/mL], sodium pyruvate
[1 mM], minimum essential medium with nonessential amino acids
[MEM-NEAA, 100 mM], b-mercaptoethanol [14.3 mM], L-glutamine
[2 mM], gentamicin [10 mg/mL], and amphotericin [2.5 mg/mL]),
seeded in a 24-well plate, and cultured overnight.58 The suspended
cells were collected, and TILs were enriched by Percoll gradient
density centrifugation. The TILs were resuspended in 50 mL of
REP Media I medium (CCM supplemented with IL2 [5 ng/mL,
PeproTech, AF-200-02-10], IL7 [10 ng/mL, PeproTech, AF-200-
07-10], IL15 [10 ng/mL, PeproTech, AF-200-07-10], and OKT-3
[50 ng/mL, Acro, CDE-M120a]).57 After the initial outgrowth of
T cells (approximately 2 weeks), TILs were rapidly expanded in
REP Media II medium. REP Media II medium consisted of a 1 to
1 mixture of REP Media I medium to AIM V medium (Invitrogen,
12055083). TILs were expanded for approximately 3 weeks.

Tumor cells were treated with decitabine (DEC) medium containing
decitabine (10 mM, Solarbio, D9010), IFN-g (100 U/mL, ACRO, IFG-
H4211), and TNF-a (10 ng/mL, ACRO, TNA-H4211) for 48 h.57 TILs
were cocultured with pretreated tumor cells for 96 h and then
cultured for 12 h in cytokine-free medium followed by stimulation
with autologous tumor cells for 6 h. After coculture for 6 h, TILs
were isolated using CD45 magnetic beads (MACS, 130-118-780)
and intratumorally injected into mice.
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Monitoring the effects of OVs on tumor cells with an MTT assay

Cells were mock infected or infected with the indicated viruses at an
MOI = 1. At the indicated time points, the cells were incubated with
MTT solution (5mg/mL, Beyotime, ST316) for 4 h at 37�C. The super-
natant was aspirated, and 150 mL of dimethyl sulfoxide (DMSO; Solar-
bio, D8371) were added to each well and incubated in an incubator for
30 min. The absorbance of each well was determined at 490 nm.

Monitoring the effects of OVs on primary tumor tissue with

alamarBlue reagent

Primary tumor tissues were cut into 10 mm3 tissue blocks and seeded
in wells of a microplate. alamarBlue cell viability detection reagent
(Solarbio, A7631) was added to the tumor tissues and incubated for
1 h at 37�C. After the incubation, the fluorescence was detected
with a plate reader (MD, SpectraMax i3x) (excitation light of
530 nm; emission light of 590 nm).

Tumor cell and TIL coculture assay

Tumor samples were digested into a single-cell suspension, washed,
and resuspended in DMEM containing 20% FBS and 2 mM
L-glutamine (Solarbio, G0200). Tumor cells were treated with DEC
medium containing decitabine (10 mM), IFN-g (100 U/mL), and
TNF-a (10 ng/mL) for 48 h and TILs were added at different TIL
to tumor cell ratios. After an incubation at 37�C with 5% CO2 for
24 h, 20 mL of supernatant were collected for the analysis of IFN-g
levels using an ELISA kit (R&D Systems, VAL104).

ELISpot assay

ELISpot assays were performed using an IFN-g precoated ELISpot kit
according to the manufacturer’s instructions (Dakewe Biotech). Tu-
mor cells were infected with different OVs (MOI = 0.01) followed
by the addition of tumor-primed TILs. After 24 h of coculture,
TILs were added to precoated ELISpot wells and incubated for 24
h. After the incubation, captured IFN-g was detected by using bio-
tinylated IFN-g antibody followed by the addition of streptavidin-
horseradish peroxidase (HRP) and an aminoethyl carbazole (AEC)
solution. Spots were analyzed and counted with an automated plate
reader (Dakewe Biotech).

Real-timeRT-PCR analysis of gene expression in infected tumor

cells

Infected tumor cells were lysed using Cell Lysis Buffer (TRIzol,
Thermo Fisher, 15596018), and cDNAs were synthesized from cell ly-
sates using a HiScript 1st Strand cDNA Synthesis Kit (Vazyme
Biotech, R111-01). Real-time PCR analysis was performed on the re-
sulting cDNAs using FS Universal SYBR Green Master Rox (Roche,
4913850001) and the ABI 7700 Sequence Detection System.

scTCR-seq and scRNA-seq analyses of TILs coculturedwithOV-

infected tumor cells

TILs were cocultured with OV-infected or mock-infected primary tu-
mor cells. TILs from both groups were isolated using CD45 magnetic
beads (MACS, 130-118-780) and subjected to scTCR-seq and scRNA-
seq analyses using the 10x Genomics Chromium platform.
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Gene expression sequencing reads from scRNA-seq and the TCR
variable-diversity-joining (VDJ) sequencing reads were mapped to
the GRCh38 genome and the reference dataset vdj_GRCh38_
alts_ensembl-5.0.0 using the CellRanger software package (version
6.0.2). Single-cell transcriptomes were analyzed using Seurat
(version 3.2.3).59 Cells with fewer than 200 or more than 5,000 de-
tected genes, cells with more than 20,000 unique molecular identi-
fiers (UMIs), and cells in which mitochondrial protein-coding genes
represented more than 10% of the UMI content were excluded.
Paired TCRa and TCRb chains in single cells were identified by their
shared barcodes. Cells containing only one productive TCRa chain
and one productive TCRb chain were retained in scRepertoire
(v1.3.3).60 The number of germline TCR genes was calculated using
scRepertoire. Only the cells with both TCR and scRNA-seq data
were subjected to a downstream analysis. Cells with the same
CDR3 peptide sequence in both TCRa and TCRb chains were
considered to belong to the same TCR clonotype. The frequency
of each clonotype in each sample was then calculated as the clone
count. The clone size proportion was calculated as the clone count
divided by the number of cells per sample. scRepertoire added the
TCR clonotype information to the Seurat object as metadata. For
every clonotype in each sample, we calculated the percentage of cells
that expressed IFN-g.

Establishment of the PDX model

All patient-related studies were performed in accordance with the
Declaration of Helsinki. Primary tumor samples were obtained
from patients undergoing surgery for head and neck squamous
cell carcinoma at Tianjin Stomatological Hospital who signed
informed consent forms, and the procedure was approved by the
Institutional Ethics Committee of Tianjin Stomatological Hospital.
Immunocompromised NSG mice were used for implantation of pa-
tient tumors. The tumor tissues were preserved in DMEM supple-
mented with 10% FBS, 1% penicillin-streptomycin solution,
2.5 mg/mL amphotericin, and 50 mg/mL gentamicin. Tumor samples
were cut into 2-mm pieces, and three pieces of tumor tissue were
mixed with Matrigel matrix (Biocoat, 354234) and subcutaneously
implanted into the left flank of each NSG mouse. After implantation,
PDX growth was monitored three times per week by using Vernier
calipers. Passage 1 (P1) PDX tumors were extracted, minced into
approximately 10-mm3 pieces, and implanted into the left flanks
of NSG mice to generate passage 2 (P2) PDX tumor models.

When the PDX tumor reached 200–300 mm3, mice were intratumor-
ally administered a single dose of 2� 105 plaque-forming units (PFU)
of OVs per mouse. For the combination therapy experiments, mice
were intratumorally injected with 2� 106 TILs per mouse 2 days after
the OV injection. The mice were intraperitoneally (i.p.) injected with
10 mg of IL2 every other day from days 2 to 18 to support TIL persis-
tence in vivo.

Isolation of OT-I/II-naive T cells

CD8/CD4-naive T cells were isolated from the spleens of OT-I/II
TCR transgenic mice by using a Naive CD8a+ T Cell Isolation Kit
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(Miltenyi) and a Naive CD4+ T Cell Isolation Kit (Miltenyi) according
to the manufacturer’s instructions.
Syngeneic tumor mouse models

Approximately 105 viable MC38 or Pan02-HVEM cells were subcuta-
neously implanted into the right flank of 6-week-old mice. Tumor
growth was measured two to three times per week with calipers.
When tumor volumes reached approximately 50 mm3, mice were in-
tratumorally injected with two doses of 2 � 106 PFU of OVs per
mouse. For combination therapy experiments, mice were intratumor-
ally injected with 106 TILs per mouse 2 days after the second OV
treatment. Tumor growth was measured two to three times per
week by using calipers. When tumor volumes reached 1,500 mm3,
mice were euthanized according to the protocol approved by
IACUC, and the Kaplan-Meier survival analysis was performed using
GraphPad Prism software.

For the rechallenge experiments, mice with complete responses to the
combination therapy were injected with the same type of tumor cells
(5� 105 cells per mouse) in the flank opposite the initial injection site.
The same number of tumor cells was implanted into treatment-naive
mice to confirm tumor growth.

Antibody depletion was performed using blocking antibodies for
in vivo depletion of CD8+, CD4+, and NK cells using a protocol
similar to that described previously.61 C57BL/6J mice (n = 4 mice/
group) were depleted of CD8+, CD4+, and NK1.1+ cells using
250 mg of relevant anti-NK1.1, anti-CD4, or anti-CD8 antibodies in
200 mL. Mice were injected with InVivoMab anti-mouse CD4 (anti-
CD4), InVivoMab anti-mouse CD8a (anti-CD8), or InVivoMab
anti-mouse NK1.1 (anti-NK1.1) i.p. once a day before each treatment
and once a week after the treatment until the mice died. The tumor
volume was measured every 2 days.

For bilateral inoculation, MC38 tumor cells (1 � 106 cells per injec-
tion site) were subcutaneously inoculated into the right and left flanks
of mice at the same time. When tumors reached approximately
100 mm3, 2 � 106 PFU of OV-mOX40L/IL12 were injected into
the tumors on days 7 and 9. On day 11, mice received an intratumor
injection of TILs (1 � 106 cells).

Splenocytes from OT-I TCR transgenic mice (Shanghai Model Or-
ganisms) were cultured in the presence of 200 ng/mLmIL2 (Sino Bio-
logical), 100 ng/mL Ultra-LEAF purified anti-mouse CD3ε antibody
(clone 145-2C11, BioLegend), and 100 ng/mL Ultra-LEAF purified
anti-mouse CD28 antibody (clone 37.51, BioLegend) for 7 days before
the enrichment of CD8+ T cells was performed with a CD8+ T Cell
Isolation Kit II (Miltenyi) according to the manufacturer’s instruc-
tions. Enriched T cells were cultured further in the presence of
mIL2, anti-CD3ε, and anti-CD28 antibodies for 7 days before adop-
tive transfer into MC38-OVA tumor-bearing mice. When tumors
reached approximately 100 mm3, 2 � 106 PFU of OV-mOX40L/
IL12 were injected into the tumors on days 7 and 9. On days 11,
13, and 15, the mice were injected with 1 � 107 CD8+-enriched
OT-I T cells in 500 mL of PBS via the tail vein.

IHC analysis

Tumor tissues were harvested and fixed for 72 h with 4% paraformal-
dehyde (Solarbio) before storage in 70% ethanol until further process-
ing. Paraffin-embedded tumor sections (10 mm) were deparaffinized
and subjected to heat-mediated antigen retrieval for 30min in sodium
citrate antigen retrieval solution (Beyotime). After antigen retrieval,
tumor sections were permeabilized with 100% methanol. Sections
were blocked for 30 min with goat serum (Solarbio) and then incu-
bated with a rabbit anti-IFN-g polyclonal antibody (Bioss), rabbit
anti-HLA-A/B/C polyclonal antibody (Bioss), rabbit anti-HLA-DR
monoclonal antibody (Bioss), rabbit anti-CD134 polyclonal antibody
(Bioss), rabbit anti-CD137 polyclonal antibody (Bioss), or rabbit anti-
CD86 polyclonal antibody (Bioss) diluted 1:100 in goat serum over-
night in a humidified chamber at 4�C (Table S1). After the incubation,
tumor sections were washed and incubated with a goat anti-rabbit
secondary antibody (ZSGB-Bio) for 1 h at room temperature. The
sections were stained with diaminobenzidine (DAB, ZSGB-Bio). Im-
ages were obtained using a Nanozoomer 2.0HT digital slide scanner
and the associated NDP.view2 software (Hamamatsu).

Flow cytometry analysis

Resected tumor samples and tumor-draining lymph nodes (tdLNs)
were cut into small pieces and incubated with digestion solution
(Hank’s balanced salt solution, Thermo Fisher) containing collage-
nase type IV (0.4 mg/mL) and deoxyribonuclease I (0.2 mg/mL)
for 30 min. Tumor and tumor-infiltrating mononuclear cells were
separated by Percoll gradient centrifugation (40%/70%). Splenocytes
were isolated from excised spleens by filtering them through a 70-
mm strainer. Erythrocytes were lysed using RBC lysis buffer (Solar-
bio, R1010). The tumor cells were stained with panels of antibodies
to characterize the expression of APC-related proteins. Immune cells
from tumors/tdLNs and splenocytes were blocked using TruStain
FcX (anti-mouse CD16/32) (BioLegend, 101320) to avoid nonspe-
cific binding and stained using four panels of antibodies
(Table S2) to profile the frequency and activation status of lympho-
cytes, myeloid cells, and DCs. Samples were then subjected to a flow
cytometry analysis (LSR Fortessa), and the data were analyzed using
FlowJo software.

T cells cocultured with tumor cells were collected and blocked using
TruStain FcX (anti-mouse CD16/32), and stained using panels of an-
tibodies (Table S2) to characterize the frequency and activation status
of the lymphocytes.

Serum cytokine profile

No less than 150 mL of serum samples were packed in dry ice and sent
to the LabEx laboratory of Shanghai Universal Biotech Company.
Cytokine profiles were assessed using the Bio-Plex Pro Mouse Cyto-
kine 23-plex panel (Bio-Rad Laboratories). The cytokines analyzed
included IL1a, IL1b, IL2, IL3, IL4, IL5, IL6, IL9, IL10, IL12 p40,
IL12 p70, IL13, IL17, eotaxin (CCL11), CXCL-1, G-CSF, GM-CSF,
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IFN-g, MCP-1, MIP-1a, MIP-1b, RANTES, and TNF-a. Experi-
ments were conducted by LabEx.

Statistical analysis

Statistical analyses were determined by one-way ANOVA, followed
by Tukey’s multiple comparison test analysis. Percentage survival
was estimated using the Kaplan-Meier method, and statistical signif-
icance was calculated by the log rank test. All statistical analyses were
conducted using GraphPad Prism 7 (GraphPad). Significance of dif-
ferences is reported as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001. NS, not significant.
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Supplementary Figure 11

2

Figure S1. Schematic representation of the trimerized OX40L and IL123

design.4

The OX40L extracellular domain is fused to the coiled coil trimerization domain5

of the TRAF2 protein and the PDGFR transmembrane1 (TM) domain. The IL126

domain consists of IL12 p40 and IL12 p35, which are linked by internal7

ribosome entry site 2 (IRES2).8
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Supplementary Figure 232

33

Figure S2. Susceptibility of primary cancer cells to different modified34

OVs.35

Primary oral cancer cells from 4 patients were infected with the indicated OVs36

at different MOIs. Cell viability was determined at 48 h after infection by using37

the MTT assay (n=3).38
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Supplementary Figure 351

52

Figure S3. Susceptibility of primary oral cancer tissues to OV-GFP.53

(A) Fluorescence images of 3 oral cancer tissue blocks that were infected with54

OV-GFP for 48 h (n=3). Scale bars, 200 µm. (B) The replication of viruses in55

these cancer tissues was determined by using the titration assay (n=3). (C)56

The viability of tumor tissues was determined with the alamar blue assay (n=3).57

The relative inhibition rate was calculated by dividing the alamar blue dye58

signal at 48 h after OV-GFP treatment by the dye signal before the addition of59

OV-GFP. The statistical analysis was determined by one-way ANOVA, followed60

by Tukey's multiple comparison test analysis. All values are presented as the61

mean ± SEM. ***p < 0.001, ****p < 0.0001.62
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Supplementary Figure 470

71
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Figure S4. Susceptibility of primary oral cancer tissues to OV-∆34.5 and72

OV-OX40L/IL12.73

SHG-44, SCC-15, MCF-7, HT-1080 and HT-29 cells were cultured with74

OV-∆34.5 or OV-OX40L/IL12 (MOI=0.01) for 6, 12, 24 and 48 h (n=3).75

Representative images showing CPEs are shown. Scale bars, 200 µm.76
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Supplementary Figure 595

96

Figure S5. TILs were activated by OV-OX40L/IL12-infected tumor cells97

and exhibited enhanced tumoricidal activity.98

Oral cancer cells from 3 patients numbered OC2, OC3 and OC4 were infected99

with the indicated OV and cocultured with TILs from the matched patients for100

24 h. (A) IFN-γ levels in the culture supernatant were determined by using101

ELISA (n=3). (B) The viability of the tumor cells in coculture was assessed by102

using the MTT assay (n=3). Statistical significance was determined by using103

one-way ANOVA followed by multiple comparison test. All values are104

presented as the mean ± SEM. NS, not significant, *p < 0.05, **p < 0.01, ***p <105

0.001 and ****p < 0.0001.106
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Supplementary Figure 6112

113
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Figure S6. The length distribution of CDR3 or TRAV and TRBV germline114

usage for TCRs of TILs in coculture.115

TILs were cocultured with mock-infected tumor cells or116

OV-OX40L/IL12-infected tumor cells. (A) The distribution of CDR3 length in117

both alpha and beta chains of TCRs. (B) TRAV and TRBV gene segment118

germline usage. (C) scTCR-seq and scRNA-seq were performed on TILs119

cocultured with OV-OX40L/IL12- or mock-infected tumor cells. The frequency120

of IFN-γ-positive T cells is shown for the 10 most prevalent TCR clonotypes of121

TILs (n=3).122
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Supplementary Figure 7136

137

Figure S7. Representative images of IHC staining for HLA-ABC, HLA-DR,138

CD86, CD134, CD137 and IFN-γ in tumor tissue sections 21 days after139

treatment of the OC1 PDX model (n=3). Scale bars, 100 µm.140
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Supplementary Figure 8148

149
150

Figure S8. Antitumor efficacy of the combination therapy with151

OV-OX40L/IL12 and TILs in the 4th PDX tumor model (OC4 PDX model).152

(A) NSG mice were subcutaneously implanted with patient-derived tumor153

tissues, and the established tumors were intratumorally injected with the154

indicated OV followed by an intratumor injection of ex vivo expanded TILs from155

the same patient numbered OC4 (n=4). Tumor growth was measured every156

other day. The average tumor volumes (B) are shown.157

158
159
160
161
162
163
164
165
166
167
168



11

Supplementary Figure 9169
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Figure S9. Combination therapy with OV-mOX40L/IL12 and TILs led to178

marked tumor regression in immunocompetent murine tumor models.179

(A) The expression of functional mOX40L by the infected MC38 tumor cells180

was analyzed (n=3) by using flow cytometry. (B) Secretion of mIL12 from the181

infected MC38 cells was detected by using ELISA (n=3). The statistical182

analysis was determined by one-way ANOVA, followed by Tukey's multiple183

comparison test analysis. ***p < 0.001, ****p < 0.0001. (C) Tumor growth was184

monitored over time using electric calipers to measure tumor size in two185

dimensions (n=6). (D) The survival curve of Pan02-HVEM tumor-bearing mice186

was plotted using Kaplan-Meier analysis, and the log-rank test indicated a187

significant difference in the survival curves between the OV-mOX40L/IL12,188

PD-1 antagonist antibody and TIL combination therapy groups and the189

OV-∆34.5+TIL group (n=6). Mice previously cured of Pan02-HVEM tumors by190

the combination therapy and age-matched treatment-naïve mice were191

subcutaneously inoculated with Pan02-HVEM cells. Tumor growth (E) in192

individual mice and the survival curve (F) are shown. All values are presented193

as the mean ± SEM. NS, not significant, *p < 0.05 and ***p < 0.001.194
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Supplementary Figure 10205
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Supplementary Figure 10. Analysis of tumors, tdLNs and splenocytes224

after MC38-tumor-bearing mice were treated with the OV and TILs.225

Mice were subcutaneously implanted with MC38 cells and treated as indicated226

(n=3). A single-cell suspension was prepared from tumor tissue 7 days after227

treatment. Tumor cells (A) and tumor infiltrating immune cells (B) were stained228

and subjected to flow cytometry analysis of the expression of APC-related229

molecules (A) and profiling of different types of immune cells and their230

activation status (B). A single-cell suspension was prepared from spleen tissue231

3 days (C) and 7 days (D) after treatment. Splenocytes were stained and232

subjected to a flow cytometry analysis. (E) Flow cytometry analysis of233

endogenous DCs and multiple immune cell phenotypes in the tdLNs. The234

statistical analysis was determined by one-way ANOVA, followed by235

Tukey's multiple comparison test analysis. All values are presented as the236

mean ± SEM. NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <237

0.0001.238
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Supplementary Figure 11246
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Figure S11. Analysis of tumors and splenocytes after Pan02-HVEM250

tumor-bearing mice were treated with the OV and TILs.251

Mice were subcutaneously implanted with Pan02-HVEM cells and treated as252

indicated (n=3). A single-cell suspension was prepared from the spleen tissue253

3 days (A) and 7 days (B) after treatment. Splenocytes were stained and254

subjected to a flow cytometry analysis. A single-cell suspension was prepared255

from tumor tissues 3 days (C, D) and 7 days (E, F) after treatment. Tumor cells256

(C, E) and tumor-infiltrating mononuclear cells (D, F) were stained and257

subjected to a flow cytometry analysis to determine the expression of258

APC-related molecules (C, E), and the profiles of different types of immune259

cells and their activation status are presented (D, F). The statistical analysis260

was determined by one-way ANOVA, followed by Tukey's multiple261

comparison test analysis. All values are presented as the mean ± SEM. NS,262

not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.263

264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279



22

Supplementary Figure 12280

281
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Figure S12. Profiles of cytokines and chemokines in serum samples from282

treated mice.283

Mice were subcutaneously implanted with MC38 cells and treated as indicated284

(n=3). Cytokine concentrations in serum collected 7 days after treatment were285

determined using a Bio-Plex Mouse Cytokine 23-Plex Array. The statistical286

analysis was determined by one-way ANOVA, followed by Tukey's multiple287

comparison test analysis. All values are presented as the mean ± SEM. NS,288

not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.289
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Supplementary Figure 13318

319

320

321

322

323

324



25

Figure S13. Tumor growth and survival of Pan02-HVEM tumor-bearing325

mice after treatment.326

(A) Schematic of C57BL/6J mice with subcutaneous Pan02-HVEM tumors327

treated with OV-mOX40L/IL12 and TILs. (B) Mice were subcutaneously328

injected with Pan02-HVEM cells (1 × 106 cells) on day 0. On days 7, 9 and 11,329

mice were intratumorally treated with 0 or three doses of 2 × 106 PFUs of330

OV-mOX40L/IL12 per mouse. On days 13 and 16, the mice were administered331

intratumoral injections of two doses of TILs (1 × 106 cells). The tumor volume332

was measured with calipers. Data for each mouse (n = 5 mice per group) are333

shown. (C) Kaplan–Meier survival curves for the experiment described in (A).334

The p value indicates the difference between OV-mOX40L/IL12 and335

OV-mOX40L/IL12+TIL, as determined by using the log rank (Mantel–Cox) test.336

**p < 0.01.337
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Supplementary Figure 14347
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Figure S14. The antitumor effect of intratumoral administration of354

OV-OX40L/IL12 plus systemic administration of TILs.355

(A) Schematic of C57BL/6J mice with subcutaneous MC38-OVA tumors356

treated with OV-mOX40L/IL12 and OT-I T cells. Mice were injected357

subcutaneously with MC38-OVA cells on day 0. On days 7 and 9, mice were358

subcutaneously sham injected or were injected with 2×106 PFUs of359

OV-mOX40L/IL12 per mouse. On days 11, 13 and 15, the mice were injected360

with PBS or OT-I T cells (1 × 107 cells) via the tail vein. n = 3 mice per group.361

(B) Growth of transplanted tumors in the MC38-OVA model (n = 3). (C)362

Kaplan–Meier survival curves for the experiment described in (A). The mean ±363

SEM are shown. The p value indicates the difference between364

OV-mOX40L/IL12 and OV-mOX40L/IL12+OT-I, as determined by using the log365

rank (Mantel–Cox) test. *p < 0.05.366
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Supplementary Figure 15385
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Figure S15. Effect of OV-mOX40L/IL12 on the activation of adoptively393

transferred and endogenous T cells.394

(A) Schematic of C57BL/6J mice subcutaneous MC38-OVA tumors treated395

with OV-mOX40L/IL12 and OT-I T cells. (B) A single-cell suspension was396

prepared from tumor tissues 3 days after treatment. TILs were stained and397

subjected to a flow cytometry analysis to profile different types of immune cells398

and their activation status. The statistical analysis was determined by one-way399

ANOVA, followed by Tukey's multiple comparison test analysis. All values are400

presented as the mean ± SEM. NS, not significant, *p < 0.05, **p < 0.01, ***p <401

0.001 and ****p < 0.0001.402
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Supplementary Tables427
428

Table S1. List of anti-human antibodies429
430

431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

Item Vendor
Catalog
number

PE anti-human CD252 (OX40L) Antibody Biolegend 326307

PE/Dazzle™ 594 anti-human HLA-A, B, C Antibody Biolegend 311439

FITC anti-human HLA-DR, DP, DQ Antibody Biolegend 361705

PE anti-human CD80 Antibody Biolegend 305207

FITC anti-human CD86 Antibody Biolegend 374203

PE/Dazzle™ 594 anti-human CD274 (PD-L1) Antibody Biolegend 329731

PE anti-human CD197 (CCR7) Antibody Biolegend 353203

FITC anti-human CD45RA Antibody Biolegend 304106

Anti-HLA-DR Antibody, Rabbit Polyclonal Sino Biological 100586-T08

Anti-HLA A, B, C Antibody, Rabbit Polyclonal Bioss bs-10634R

Anti-CD86 Antibody, Rabbit Polyclonal Bioss bs-1035R

Anti-IFN gamma Antibody, Rabbit Polyclonal Bioss bs-0481R

Anti-CD137 Antibody, Rabbit Polyclonal Bioss bs-2449R

Anti-CD134 Antibody, Rabbit Polyclonal Bioss bs-2685R
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Table S2. List of anti-mouse antibodies453
454

455
456

Item Vendor
Catalog
number

FITC anti-mouse CD45 Antibody Biolegend 103108

PerCP/Cyanine5.5 anti-mouse CD3ε Antibody Biolegend 100328

Pacific Blue™ anti-mouse CD4 Antibody Biolegend 100428

Brilliant Violet 510™ anti-mouse CD8a Antibody Biolegend 100752

Brilliant Violet 605™ anti-mouse CD25 Antibody Biolegend 102036

PE/Cyanine7 anti-mouse CD335 (NKp46) Antibody Biolegend 137618

PE/Dazzle™ 594 anti-mouse CD279 (PD-1) Antibody Biolegend 135228

Alexa Fluor® 647 anti-mouse/rat/human FOXP3 Antibody Biolegend 320014

PE anti-mouse/human Ki-67 Antibody Biolegend 151210

PerCP/Cyanine5.5 anti-mouse CD19 Antibody Biolegend 152406

Pacific Blue™ anti-mouse/human CD11b Antibody Biolegend 101224

Brilliant Violet 510™ anti-mouse Ly-6C Antibody Biolegend 128033

Brilliant Violet 605™ anti-mouse Ly-6G Antibody Biolegend 127639

PE/Cyanine7 anti-mouse F4/80 Antibody Biolegend 123114

PE/Dazzle™ 594 anti-mouse CD206 (MMR) Antibody Biolegend 141732

APC anti-mouse I-A/I-E Antibody Biolegend 107613

PE anti-mouse NOS2 (iNOS) Antibody Thermo Scientific 12-5920-82

Brilliant Violet 605™ anti-mouse TNF-α Antibody Biolegend 506329

PE/Dazzle™ 594 anti-mouse IFN-γ Antibody Biolegend 505846

PE anti-human/mouse granzyme B recombinant Antibody Biolegend 372208

Pacific Blue™ anti-mouse CD45 Antibody Biolegend 157211

PE/Cyanine7 anti-mouse CD252 (OX40L) Antibody Biolegend 108813

PerCP/Cyanine5.5 anti-mouse IL12/IL23 p40 Antibody Biolegend 505211

PE/Dazzle™ 594 anti-mouse CD86 Antibody Biolegend 105041

FITC anti-mouse H-2DbAntibody Biolegend 111505

Brilliant Violet 605™ anti-mouse CD279 (PD-1) Antibody Biolegend 135220

PE anti-mouse CD366 (Tim-3) Antibody Biolegend 134003

PerCP/Cyanine5.5 anti-mouse/human CD45R/B220 Antibody Biolegend 103235

PerCP/Cyanine5.5 anti-mouse NK-1.1 Antibody Biolegend 108727

Brilliant Violet 510™ anti-mouse CD11c Antibody Biolegend 117337

PE/Cyanine7 anti-mouse CD45.1 Antibody Biolegend 110729

APC anti-mouse/human CD44 Antibody Biolegend 103012

FITC anti-mouse CD62L Antibody Biolegend 104406
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