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Pancreatic ductal adenocarcinoma (PDAC) is the major type of
pancreatic malignancy with very poor prognosis. Despite the
promising results of immune checkpoint inhibitors (ICIs) in
some solid tumors, immunotherapy is less effective for PDAC
due to its immunosuppressive tumor microenvironment
(TME). In this report, we established an immunocompetent
syngeneic PDAC model and investigated the effect of oncolytic
herpes simplex virus-1 (oHSV) on the composition of TME
immune cells. The oHSV treatment significantly reduced tu-
mor burden and prolonged the survival of tumor-bearing
mice. Further, by single cell RNA sequencing (scRNA-seq)
and multicolor fluorescence-activated cell sorting (FACS)
analysis, we demonstrated that oHSV administration downre-
gulated tumor-associated macrophages (TAMs), especially the
anti-inflammatory macrophages, and increased the percentage
of tumor-infiltrating lymphocytes, including activated cyto-
toxic CD8+ T cells and T helper (Th)1 cells. Besides, the combi-
nation of oHSV and immune checkpoint modulators extended
the lifespan of the tumor-bearing mice. Overall, our data sug-
gested that oHSV reshapes the TME of PDAC by boosting
the immune activity and leads to improved responsiveness of
PDAC to immunotherapy.
Received 1 May 2020; accepted 23 October 2020;
https://doi.org/10.1016/j.ymthe.2020.10.027.

Correspondence: Youjia Cao, State Key Laboratory of Medicinal Chemical Biology
and College of Life Sciences, Nankai University, Tianjin 300350, PR China.
E-mail: caoyj@nankai.edu.cn
Correspondence: Hongkai Zhang, State Key Laboratory of Medicinal Chemical
Biology and College of Life Sciences, Nankai University, Tianjin 300350, PR China.
E-mail: hongkai@nankai.edu.cn
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most malig-
nant cancers worldwide; once diagnosed, it is usually in the advanced
stage, and the 5-year survival rate is about 9%.1 Immune checkpoint
inhibitors (ICIs), such as a-programmed cell death-1 (aPD-1)/PD-L1
and a-cytotoxic T-lymphocyte-associated protein 4 (aCTLA-4) anti-
bodies (Abs), have achieved great progress in hematopoietic malig-
nancies, as well as a number of solid tumors.2–9 However, those treat-
ments have poor efficacy toward PDAC due to the immune-excluded
tumor microenvironment (TME) that composes immunosuppressive
cells, i.e., the regulatory T cells (Tregs), myeloid-derived suppressor
cells (MDSCs), tumor-associated macrophages (TAMs), and immu-
nosuppressive cytokines.10,11 Moreover, the TME of PDAC is filled
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with stromal fibroblasts and pancreatic stellate cells (PSCs) that
form a physical barrier for the infiltrating lymphocytes, as well as
ICI therapeutics.12,13 The above factors lead to the irresponsiveness
of PDAC to immunotherapy, and thus PDAC is considered an immu-
nologically “cold” tumor. How to convert PDAC to be more suscep-
tible to immunotherapy, namely the “hot” tumor, is the current chal-
lenge in the battle against pancreatic cancer.

Oncolytic virus is an alternative strategy to destroy the outgrowing tu-
mor cells and thus increase the release of tumor-associated antigens
(TAAs).14 Meanwhile, infection of the oncolytic virus evokes the
innate immune responses of cells in TME, which in turn activates
the adaptive immune responses. In this regard, many engineered vi-
ruses have been developed for oncolytic therapies.15–19 Herpes sim-
plex virus 1 (HSV-1) is the most prevalent human virus and has
been developed as one of the oncolytic viruses with minimum safety
concern. For instance, HSV-1-derived talimogene laherparepvec
(T-VEC; by Amgen, USA) has been approved by the US Food and
Drug Administration (FDA) and European Medicines Agency
(EMA) as the first oncolytic therapy for advanced melanoma, as
well as many clinical trials worldwide for indications of glioma,
head and neck cancer, and breast cancer.20 For the characteristic
TME of PDAC, it is crucial to understand the immunological effect
of oncolytic HSV (oHSV) on PDAC.

Unlike human PDAC cells, the mouse PDAC cell line lacks the recep-
tor for HSV-1. To investigate the HSV-based oncolytic therapy for
PDAC, we established a new murine pancreatic cancer cell line,
Pan02_herpes virus entry mediator (HVEM), which stably expressed
an Society of Gene and Cell Therapy.
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the HVEM and verified that tumors developed successfully in the
syngeneic mice by subcutaneous (s.c.) implantation of the cells. The
intratumoral (i.t.) injection of oHSV significantly inhibited tumor
growth and extended survival of tumor-bearing mice. By flow cytom-
etry and single cell RNA sequencing (scRNA-seq) techniques, we pro-
filed the composition of the immune cells in the tumor tissue and
concluded that oHSV treatment enhanced tumor-infiltrating CD8+

and CD4+ effector T cells and increased the population of proinflam-
matory macrophages. In contrast, the existing immunosuppressive
macrophages, neutrophils, and Tregs were reduced. The transcrip-
tome profiling also revealed that PD-1, lymphocyte-activation gene
3 (LAG-3), and T cell immunoglobulin (Ig) domain and mucin
domain 3 (TIM-3) were enriched in the CD8+ T cell population,
and tumor necrosis factor (TNF) receptor superfamily (TNFRSF),
member 4 (OX40) and CTLA-4 were enriched in the CD4+ T cell
population. Accordingly, the combination of oHSV with anti-
CTLA-4 and anti-OX40 antibodies significantly prolonged the sur-
vival of PDAC mice. Our studies shed light on the remodeling of
the pancreatic TME by oHSV in an immunocompetent tumor model
that may lead to the development of a therapeutic strategy by
combining oHSV with immune modulators for PDAC.

RESULTS
Establishment of HSV-Infectible Murine PDAC Cells,

Pan02_HVEM

First, we employed CRISPR-Cas9 system to genetically engineer the
HSV-1 (F), resulting in a primary oHSV with deleted genes encoding
ICP34.5 and ICP47 (Figure 1A). The construction of oHSV was veri-
fied by western blot and PCR (Figure S1).

Second, human PDAC cell lines were susceptible to HSV-1 and oHSV
(Figures 1B–1D). However, both HSV-1 and oHSV were restricted in
the C57BL/6 mice-derived PDAC cell line, Pan02 (Figure 1E), even
though effective replication was seen in a colon cancer line of the
C57BL/6 mice background, MC38 (Figure S2A). According to the
Gene Expression Profiling Interactive Analysis 2 (GEPIA2) database,
human pancreatic cancer cells highly express the HSV receptors,
including HVEM, as we confirmed with human PDAC cell lines
(data not shown). Thus, we established an infectible murine cell
line stably expressing human HVEM, named Pan02_HVEM, as
verified by fluorescence-activated cell sorting (FACS) analysis
(Figure 1G). The oHSV efficiently infected and replicated in
Pan02_HVEM cells, as confirmed with viral titration and viral
protein expression (Figures 1F and 1H), although the viral replication
efficiency was about 100-fold lower than in interferon (IFN)-incom-
petent Vero cells (Figure S2B).

oHSV Induced Cell Death and Cytopathology of Pan02_HVEM

Cells In Vitro

The effect of oHSV infection on Pan02_HVEM cells was tested in
parallel with HSV-1. Pan02_HVEM cells exhibited 49% and 25%
cell death induced by wild-type HSV-1 and oHSV, respectively,
whereas Pan02 cells remained intact (Figure 2A). In addition, inter-
rupted cell proliferation appeared at 3 days postinfection (Figure 2B),
and cytopathic effect (CPE) was observed in Pan02_HVEM cells but
not in Pan02 cells (Figure 2C). Thus, the murine PDAC cell line,
Pan02_HVEM, could be efficiently infected and lysed by oHSV
in vitro.

oHSV Inhibited Tumor Growth in the Syngeneic Mouse PDAC

Model

We s.c. inoculated Pan02_HVEM cells in C57BL/6 mice (defined as
day 0) and treated them with purified oHSV on days 8, 11, and 14
(Figure 3A). On day 20, the mice were euthanized, and the tumors
were resected. The oHSV treatment remarkably reduced tumor sizes
and weights in comparison with the control (PBS) group (Figures 3B
and 3C). We followed the tumor sizes in post-treated mice and
observed tumor relapse along the withdrawal of oHSV treatment
(Figures 3D and S3A). Nevertheless, oHSV treatment prolonged the
survival of mice, as the median survival time was 31 days for the
oHSV-treated group and 23 days for the control group, respectively
(Figure 3E). We further examined the viral replication in tumor tis-
sues and other loci and found that the replicative oHSV was detected
in tumor tissues on day 15 (1 day after the last treatment), and no
detectable viral particles were observed on days 17 and 20 in tumor
tissues (Figure S3B). No virus was detected in liver and spleen tissues
(data not shown). The restrained oHSV replication and deferred
enlargement of the oHSV-treated tumor implicated that oHSV alone
may not be sufficient to eliminate tumor cells in such an immune-
competent model in which the prompt innate immune response to
oHSV may lead to the relapse of tumor.

Furthermore, we characterized the anti-tumor effects of oHSV treat-
ment using a bilateral tumor model. Briefly, Pan02_HVEM cells were
inoculated on the right flanks of mice and the HSV nonpermissive
tumor cells, Pan02, on the contralateral flanks of mice. When
Pan02_HVEM tumors were treated with oHSV, the outgrowth of
the tumors was inhibited (Figure 3F), consistent with the single-sided
inoculation model in Figure 3B. Intriguingly, Pan02 tumors in the
contralateral side were also restrained in oHSV-treated mice (Fig-
ure 3G). The abscopal effect of oHSV suggested an oHSV-induced
systemic immune response contributing to the anti-tumor efficacy.

oHSV Treatment Enhanced the Immune-Stimulatory Cells in

TME

Wild-type HSV-1 possesses mechanisms against host immune
response; for instance, ICP34.5 blocks type I IFN secretion, and
ICP47 interrupts TAP1-dependent antigen presentation.21,22 Thus,
the oHSV, with deletion of both ICP34.5 and ICP47, is favorable to
evoke the immune responses. We analyzed the immune cells of
PADC by multicolor flow cytometry, of which, the gating strategy
was shown in Figure S4. Indeed, oHSV treatment increased tumor-
infiltrating leukocytes (TILs) (Figures 4A and 4B), particularly the
CD4+ T cells (Figure 4C). Although the proportion of CD8+ T cells
in the total TILs was not significantly (n.s.) changed in oHSV treated
tumors (Figure 4D), the absolute numbers increased along with TILs.
Tregs were dramatically reduced, and the ratio of CD8+ T cells to
Tregs increased in the oHSV treatment group compared with the
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Figure 1. Susceptibility of PDAC Cell Lines to Oncolytic Herpes Simplex Virus (oHSV) Infection

(A) Schematic diagram of the engineered oHSV genome. By CRISPR-Cas9-based homologous recombination with two sets of sgRNAs, two copies of the ICP34.5 gene

were replaced by a GFP-expressing cassette, and ICP47 was deleted. (B–F)Different cell lines PANC-1 (B), CFPAC-1 (C), MiaPaCa-2 (D), Pan02 (E), and Pan02_HVEM (F)

were infected with wild-type HSV-1 (black squares) or oncolytic HSV (oHSV) (red circles) at MOI = 0.01, and the replication of viruses in those cell lines was determined by

titration assays at the indicated time points. Viral titers were presented as Log pfu per mL and plotted on the vertical axis. (G) Pan02 and Pan02_HVEM cells were stained with

APC-conjugated anti-HVEM antibody and then subjected to flow cytometry analysis. The histograms were shown with cell count as vertical axis and fluorescence intensity of

APC as horizontal axis. The percentage of HVEM-positive cells was labeled inside. Control stands for Pan02 cells stained with APC-conjugated isotype IgG. (H) Pan02 and

Pan02_HVEM cells were mock infected or infected with indicated viruses for 24 h. The expression of viral proteins was analyzed by western blot with antibodies against total

HSV-1 proteins (top panel) or GAPDH as an internal loading control (bottom panel), respectively. (B–F) Data represented the mean values from three independent exper-

iments with standard deviation. (G and H) Data were representative for three independent experiments.
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control group (Figures 4E and 4F). In addition, the expression of
IFN-g in CD4+ T cells and granzyme B (GZMB) in CD8+ T cells
was upregulated, respectively (Figures 4G and 4H), indicating the
activation of both CD4+ and CD8+ T cells upon oHSV treatment.
As noted, the expression of PD-1 in CD8+ T cells was rather reduced
746 Molecular Therapy Vol. 29 No 2 February 2021
upon oHSV treatment (Figure 4I), implying the limited efficacy of
anti-PD-1 antibody therapy for PDAC.23

TAMs play important roles in building the immunological circum-
stance in tumors. Based on their effectiveness of inflammation,



Figure 2. The Cytolytic Effects of oHSV

(A) Pan02 (open bar) and Pan02_HVEM (closed bar) cells

were mock infected or infected with HSV-1 or oHSV at

MOI = 1 for 24 h, stained with APC-conjugated Annexin V,

and then subjected to flow cytometry analysis. The per-

centages of apoptotic cells (Annexin V+) were plotted in

columns. (B) Pan02_HVEM cells were mock infected (open

circles) or infected with HSV-1 (open squares) or oHSV

(closed circles) at MOI = 1, and cell proliferation was

monitored by a CCK8 assay. The absorbance at wave-

length of 450 nm was determined and plotted against time.

Bracket, differences between mock-treated and oHSV-

treated groups were statistically analyzed by two-tailed

Student’s t test. (C) Pan02 (top panels) and Pan02_HVEM

(bottom panels) cells were mock infected or infected with

indicated viruses at MOI = 1, and CPE on cells were

observed at 24 hpi. Scale bar, 100 mm. The results were

representative for three independent experiments. The

data were expressed as the mean values with standard

deviation (n = 3). Statistics analysis was performed using

two-tailed Student’s t test. n.s., not significant. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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macrophages are classified into two categories: proinflammatory
(M1) and anti-inflammatory (M2) macrophages, respectively.24,25

Intriguingly, upon oHSV treatment, the total macrophages marked
as CD11b+F4/80+/CD45+ seemed reduced by 13.48% (Figure 4J).
The proinflammatory-like macrophages inducible nitric oxide syn-
thase (iNOS)+ remained unchanged, whereas the anti-inflamma-
tory-like macrophages (CD206+) decreased (Figures 4K and 4L).
The oHSV treatment had no influence on the content of granulocytic
(G)-MDSCs or monocytic (M)-MDSCs (Figures 4M and 4N). The
major changes of T cells and macrophages were confirmed by immu-
nohistochemistry of tumor samples (Figure S5). The above flow
cytometry data suggested that oHSV treatment not only destroyed
tumor cells directly but also shifted the TME balance toward more
immunologically active.

To answer the question whether the immune balance of TME col-
lapses eventually after oHSV therapy, we further monitored the
composition of TILs as long as 32 days when all of the tumors reached
2,000 mm3. As shown in Figure S6, on day 20, the oHSV-treated
group exhibited higher level of CD4+ T cells, whereas Tregs and
anti-inflammatory-like macrophages were lower in the oHSV group
than the control, respectively, as the data show in Figure 4. However,
the contents of the oHSV treatment reduced Tregs and anti-inflam-
matory-like macrophages resumed on days 26 to 32, implicating a
tumor relapse after the withdrawal of oHSV treatment.

Identification of PDAC-Infiltrated Immune Cells by scRNA-Seq

Analysis

We next performed transcriptomic profiling by scRNA-seq with a
10� Genomics Platform to analyze immune cells in PDAC and iden-
tified 21 clusters (Figure 5A). By the characteristic markers, these
clusters were identified as macrophages, T cells, natural killer (NK)
cells, neutrophils, dendritic cells, and B cells (Figures 5A–5C). The
oHSV treatment reduced proportions of macrophages in CD45+ cells
(Figure 5D). Meanwhile, the T/NK cell populations were significantly
increased by more than 3-fold in the oHSV-treated group in compar-
ison with the control group (Figure 5D).

oHSV Treatment Recomposed the i.t. Macrophages

Macrophages were the important players in TME and contributed
more than one-half of total infiltrated immune cells in the murine
PDAC model. scRNA-seq analysis displayed an overall profile based
on the expression of Nos2 as a marker of proinflammatory macro-
phages and Mrc1 as a marker of anti-inflammatory macrophages.
The expression of Mrc1 decreased significantly following oHSV
treatment (Figure 6A). The macrophage populations were further
classified into 7 clusters (Mac_c1�Mac_c7) (Figure 6B), and the dis-
tribution of each cluster was calculated in Figure 6C.

Cells in Mac_c1 andMac_c7 had proinflammatory potential. Mac_c1
expressed a high level of major histocompatibility complex (MHC)
class II transcripts (H2-Aa, H2-Ab1, H2-Eb1, Cd74), moderate level
of Nos2, Tnf, Cd83, and Cd86, and low level of Mrc1 and Il10. The
oHSV infection upregulated the expression of the proinflammatory
genes (Figure 6D). The proportion of this cluster of cells was raised
from 17.75% to 23.82%. Mac_c7 was similar to Mac_c1, with a rela-
tively low expression of the above genes, and the expression of Nos2
also increased following oHSV treatment. In addition, these two clus-
ters were marked with the upregulation of HSV-1 infection-associ-
ated pathways by Kyoto Encyclopedia of Genes and Genomes
Molecular Therapy Vol. 29 No 2 February 2021 747
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Figure 3. Oncolytic Effect of oHSV in the PDAC

Syngeneic Mouse Model

(A) Schematic diagram of the oHSV treatment regimen.

5 � 105 Pan02_HVEM cells were implanted subcutane-

ously on day 0. oHSV or PBSwas intratumorally injected on

days 8, 11, and 14, respectively. Tumor volumes were

measured every 3rd day following the first treatment. (B and

C) After sacrificing the mice on day 20, the tumors were

isolated (B), pictured (C, inset), and weighed (C). (D) The

tumor growth curves of PBS- and oHSV-treated mice were

shown until they exceeded 2,000 mm3. On day 22, for the

PBS control group, n = 3; on day 29, for the oHSV-treated

group, n = 4. (E) The survival of tumor-bearing mice was

plotted using Kaplan-Meier analysis (n = 5). 5 � 105

Pan02_HVEM cells were implanted subcutaneously into

right flanks of mice, and 5 � 105 Pan02 cells were sub-

cutaneously inoculated into the contralateral flanks of mice.

PBS or oHSV was intratumoral injected into the Pan02_

HVEM tumors on the right flanks, and the growth of the

Pan02_HVEM tumor (F) and the distant Pan02 tumor (G)

was shown. The tumor volumes were presented as mean

values + standard deviation, and tumor weights were pre-

sented as mean values ± standard deviation and analyzed

by Student’s t test. Data for survival were analyzed by the

log-rank test. *p < 0.05, **p < 0.01, ***p < 0.001.
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(KEGG) analysis (Figure 6E). oHSV-induced elevation of Nos2, Il1,
Il6, Tnf, H2-Aa, H2-Ab1, H2-Eb1, and Cd74 was seen in Mac_c2.
Besides, KEGG analysis showed that Mac_c2 cells possessed the
signature of the hypoxia signaling pathway (Figure 6E), which may
be related to macrophage polarization.26

Mac_c3�Mac_c5 were regarded as immunosuppressive macro-
phages due to the high expression of Mrc1 and Il10, which were
decreased after oHSV treatment (Figure 6D). The percentage of these
clusters decreased with oHSV treatment, specifically c3 from 16.65%
to 4.56%, c4 from 6.43% to 1.34%, and c5 from 2.59% to 1.76% (Fig-
ure 6C). Moreover, KEGG analysis distinguished these clusters by the
enrichment in the lysosome pathway and oxidative phosphorylation
pathway (Figure 6E). In addition, Mac_c4 cells were rich in cell-cycle
proteins and metabolic pathway (Figures 6D and 6E), indicating the
active proliferating stage of macrophages.

The scRNA-seq results revealed that TAM activation states consist of a
continuum of phenotypes. The classification of proinflammatory/anti-
748 Molecular Therapy Vol. 29 No 2 February 2021
inflammatory phenotypes is simplistic to explain
the heterogeneous and dynamic function of
TAMs.24,25 Nevertheless, the classification can be
used to indicate the potential of macrophages be-
ing more proinflammatory or anti-inflammatory.

We further investigated the effect of CD11b+

monocytes on PDAC with monocyte adoptive
transfer assay. Briefly, the monocytes were iso-
lated from PBS-treated mice (PBS-MCs) and
oHSV-treated mice (oHSV-MCs), respectively,
and then injected into tumor-carrying mice. The growth of tumors
that received oHSV-MCs was hindered in comparison with that of
PBS-MCs (Figure 6F). In addition, we assessed the effect of the above
monocytes on CD8+ T cell proliferation in vitro and found that PBS-
MCs markedly suppressed the proliferation of CD8+ T cells, whereas
oHSV-MCs alleviated the suppressive effect of monocytes on T cells
(Figure 6G).

Taken together, scRNA-seq analysis data revealed that oHSV treat-
ment remodeled macrophage composition, especially decreasing the
proportion of anti-inflammatory macrophages, and turned the
immunosuppressive TME to be more proinflammatory. The adoptive
cell transfer and T cell-proliferation assays indicated that the delay of
tumor progression may be partly due to the change of monocytes
induced by oHSV treatment.

oHSV Treatment Enhanced Tumor-Infiltrating Effector T Cells

The scRNA-seq analysis allowed further detailed profiling of the tu-
mor-infiltrating lymphoid populations in PDAC. Twelve populations



(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 29 No 2 February 2021 749

http://www.moleculartherapy.org


Molecular Therapy
of lymphoid cells were defined as CD8+ T cells, CD4+ T cells, Tregs,
NK cells, and gd T cells (Figures 7A and 7C).

CD8+ T cells were subdivided into 6 distinct clusters
(CD8_c1�CD8_c6) and classified into effector, memory, and ex-
hausted T cells. CD8_c1 expressed a high level of Tcf7, Ccr7, Sell,
Lef1, and Fas, indicating its central memory T (TCM) phenotype,

27,28

and the percentage of which in total lymphoid cells decreased by
3-fold after oHSV treatment (Figures 7B and 7D). CD8_c2/c3
were identified as a mixture of effector/effector memory T cells based
on the expression of markers, such as Cd69, Klrg1, but lack Ccr7 and
Sell (Figure 7D).29 After oHSV treatment, the percentage of CD8_c3
was dramatically upregulated from 2.7% to 13.8% (Figure 7B).
CD8_c2/c3 cells in the control group were characterized by no or
low expression of Ifng, Gzmb, and prf1, whereas CD8_c3 of the
oHSV-treated group were characterized by increased expression of
Ifng, Gzmb, and Prf1 and defined as activated cytotoxic T cells (Fig-
ures 7C and 7D). Cells in CD8_c4�CD8_c6 represented active/
exhausted T cells with reduced cytotoxic activity and elevated expres-
sion of immune checkpoint receptors. CD8_c6 was the least ex-
hausted with relatively low expression of inhibitory receptors and
high proliferation capability (Figure 7D). CD8_c5 cells were at the in-
termediate exhaustion stage with the intermediate expression of
inhibitory receptors and reduced proliferation potential, regardless
of the active oxidative phosphorylation metabolic state (Figures 7D
and 7E). Upon oHSV treatment, the expression of immune
checkpoint genes, such as Pdcd1, Lag3, Havcr2, and Ctla4 in
active/exhausted T cells, was reduced to a certain extent, suggesting
that oHSV treatment may sustain the active phenotype of CD8+

T cells.

Cluster 7 (CD4_c1) and cluster 8 (CD4_c2) were CD4+Foxp3� con-
ventional T cells (Tcon), and cluster 9 cells were CD4+Foxp3+ Tregs
(Figures 7A and 7C). oHSV treatment led to a significant increase in
the percentage of Tcon cells, particularly cells in CD4_c1 (Figure 7B).
The gene-expression pattern of CD4_c1 represented primed T cells
hallmarked by increased expression of Cd28, Icos, and Cd40lg (Fig-
ure 7D). CD4_c2 represented exhausted CD4+ helper T (Th) cells,
as indicated by the expression of Pdcd1 and Lag3. Th cells consist
of different subsets, such as Th1, Th2, and T follicular helper (Tfh)
cell. The concomitant expression of Th1 lineage markers (interleukin
[IL]-2 and IFN-g) and Th2 lineage markers (IL-4, IL-13, and
GATA3) in the control group suggests that Th1 and Th2 subsets co-
existed.30,31 Although upon oHSV treatment, the expression of Th2
lineage-specific marker genes dramatically dropped, transcripts of
Figure 4. Effects of oHSV Treatment on Tumor-Infiltrating Immune Cells

Mice were subcutaneously implanted with 5� 105 Pan02_HVEM cells andmock treated

tissues on day 20 postinoculation. (A–N) Cells were then stained with fluorescence-con

CD45+ cells; (B) CD45+CD3+ cells; (C) CD45+CD4+ T cells; (D) CD45+CD8+ T cells; (E) C

(H) GZMB+CD8+ cells; (I) PD-1+CD8+ cells; (J) macrophages (CD45+CD11b+F4/80+); (K

M-MDSC (CD45+Ly6C+); and (N) G-MDSC (CD45+Ly6G+). The scatter graphs were plot

vertical axis. Data were presented as mean values ± standard deviations, and statistic

0.0001.

750 Molecular Therapy Vol. 29 No 2 February 2021
Th1 lineage markers (TNF) and Tfh lineage markers (BCL-6 and
IL-21) were elevated in CD4_c2. Thus, oHSV treatment resulted in
the polarization of the CD4+ T cell toward Th1 and Tfh cells, whereas
it negatively affected the expansion of pro-tumor Th2 lymphocytes.
oHSV treatment caused a decrease of Tregs from 2.90% to 1.77%,
and we found that Tregs expressed Cd40lg upon oHSV treatment
(Figures 7B and 7D). The aberrant CD40L expression in Tregs could
only be observed in severe inflammation.32 Moreover, Tbx21 expres-
sion in Tregs mediates a Th1-like response and contributes to inflam-
mation rather than suppression phenotype.33 All of these Th1-like re-
sponses manifested the functional reprogramming of Tregs by oHSV
therapy.

We also defined NK cells (NK_c1, NK_c2) by the expression of Ncr1
and Klrb1c (Figure 7C). Although the relative percentage of NK was
reduced by oHSV treatment (Figure 7B), the NK cells were evidently
stimulated by oHSV, as characterized by an elevated level of Gzmb
and Prf1 (Figure 7D). It is likely that oHSV promoted activation of
NK cells, whereas it led to the reduction of cell numbers.

Cluster 12 was identified as gd T cells for specifically expressing Tcrg-
C1 (Figure 7C). We also noted the expression of Il17a and Rorc
induced by oHSV, representing the phenotype and function of
innate-like IL-17-producing gd T cells.34

The Combination Therapy of oHSV with Anti-CTLA-4 and Anti-

OX40 Antibodies Prolonged the Survival of PDAC-Bearing Mice

The above scRNA-seq analysis revealed the gene-expression profile
of T cells in the oHSV-treated PDAC model. We further extracted
the expression patterns of the coreceptors of major T cells and
analyzed the coexpression of Pdcd1, Havcr2, and/or Lag3 in CD8+

T cells (Figure 8A). Similarly, the expression of Ctla4 and Tnfrsf4
was presented in CD4+ T cells (Figure 8B). These led to a hypothetical
scenario that the oHSV treatment may proactively enhance the T cell
responses and thus, the efficacy of the therapeutic antibodies of
the coreceptors, such as PD-1, CTLA-4, etc. We then designed a su-
perlative therapy by combining oHSV and therapeutic antibodies
(Figure 8C).

As shown in Figure 8D, the survival of mice was monitored after
treatments with oHSV plus isotype antibody as a control; tri-ICIs,
including anti-PD-1, anti-TIM-3, and anti-LAG-3 antibodies; and
the oHSV plus the three antibodies, respectively. Compared with
the control (PBS) group, all of the treatments extended the median
survival days from 18 to 23 (tri-ICIs only), 26 (oHSV alone), and
or treated with oHSV as described. Single cell suspension was prepared from tumor

jugated antibodies and subjected to flow cytometry analysis for the contents of (A)

D4+CD25+Foxp3+Tregs; (F) the ratio of CD8+ T cells to Tregs; (G) IFN-g+CD4+ cells;

) M1-like Mac (CD11b+F4/80+iNOS+); (L) M2-like Mac (CD11b+F4/80+CD206+); (M)

ted and presented as the percentage of an individual group of cells, as labeled on the

s were analyzed using Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
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28.5 (combination) days, respectively. As a result, the tri-ICI-treated
group had a modest effect on the immunocompetent PDAC mouse
model (survived 5 more days), whereas the combination treatment
of oHSV plus tri-ICIs showed little advantage over oHSV monother-
apy. Notably, oHSV treatment exhibited better efficacy than tri-ICIs
in this model.

On the other hand, the combination treatment of oHSV with anti-
CTLA-4 antibody plus anti-OX40 agonist antibody significantly
inhibited the growth of PDAC, with the median survival time of
36 days (Figure 8E) versus 30 days by oHSV alone. Interestingly,
the treatment with antibodies only, anti-CTLA-4/anti-OX40 anti-
bodies, had merely improvement on survival compared with the
PBS group (25 days versus 22 days). Thus, oHSV, in combination
with anti-CTLA-4 and anti-OX40 antibodies, achieved maximal sur-
vival of PDAC-bearing mice, and may be the optimal amelioration to
the oHSV therapy.

Overall, the transcriptional profiling revealed that the oHSV infection
activated cytotoxic CD8+ T cells, induced the polarization of CD4+

T cells toward Th1 effector cells, and activated NK cells in the
PDAC tumor model. Intriguingly, the oHSV infection led to the re-
programming of the Tregs to execute a Th1-like helper response.
All of these viral-induced variations contributed an immunological-
active TME that potentially enhanced the tumor response to the
immunotherapy. The investigation of oHSV-induced gene-expres-
sion patterns in TILs may guide the further designing of combination
therapies to improve the efficacy toward PDAC.

DISCUSSION
Oncolytic viruses derived from HSV-1 have allured tremendous in-
terests for cancer therapy since the characterization of ICP34.5 and
ICP47.35 With the FDA approval of T-VEC (Imlygic),36 HSV-1
variants become a promising therapeutics to treat solid tumors.
Here, we adopted the CRISPR-Cas9 technique to engineer the
HSV-1, in which both copies of the ICP34.5 coding region and
ICP47 gene were replaced or deleted (Figure 1A). The resulting
oHSV was proven to induce cell death and CPE of mouse PDAC
cell lines in vitro and inhibited the growth of the implanted tumor
in vivo (Figures 2 and 3).

The xenografted models have been widely used to investigate the
carcinogenesis and metastasis of human PDAC.37–41 However, onco-
lytic virus treatment not only lysed the tumor cells per se but also
induced immune responses in the interface of tumor cells and their
living-by microenvironment. In this study, we established an
Figure 5. Tumor-Infiltrating Immune Cells Delineated by Single Cell RNA Sequ

(A) The viable CD45+ immune cells were isolated from tumor tissues of the PBS contro

libraries of the leukocytes were prepared and sequenced. The scRNA-seq data were

tumors were clustered and represented as a t-distributed stochastic neighbor embedd

marker genes in total leukocytes was displayed in the t-SNE plot. Intensity of color was

clusters were shown by bubble plot. Size of dots represented the fraction of cells express

(D) The components of tumor-infiltrating leukocytes were shown as percentage of tota
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oHSV-infectible murine PDAC cell line, Pan02_HVEM, and the
syngeneic C57BL/6 mouse model. The implantation of the
Pan02_HVEM cells showed no signs of immunogenicity or tissue
rejection (data not shown). Another common model for PDAC is
the KPC model, a genetically engineered mouse model, in which
the mutant Kras and Trp53 are expressed specifically in the
pancreas.42 The KPC model is ideal for the studies of PDAC tumor-
igenesis, whereas our model here emphasizes the immunological as-
pects in TME. Besides, for the KPC model, the in situ treatment of
oHSV requires an injurious surgical procedure that likely evokes
wound inflammation. To this measure, the s.c. tumor model that
we developed is advantageous and practical to investigate the effect
of oHSV on pancreatic TME.

Successful application of oHSV has been achieved in tumors with
the manipulation of the immune microenvironment. For instance,
IL-12-armed oHSV, G47D-mIL12, significantly decreases Tregs in
glioblastoma.43 Granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF)-armed oHSV, OncoVEXmGM-CSF, reduces the Treg
population in melanoma and B lymphoma.44,45 Apparently, these
studies target Tregs, one of the major immunosuppressive players,
to shift the immune balance of TME. Multiple lines of evidence re-
vealed that the microenvironment of PDAC is immunosuppres-
sive,46,47 so that PDAC patients are insensitive to immunotherapies,
such as anti-PD-1 or anti-CTLA-4 antibodies. With the primary
version of the oHSV, we analyzed the components of TILs by
scRNA-seq, without interference by additional cytokines. With
respect to oHSV treatment, the overall tumor-infiltrating T/NK
cells were increased (Figures 5D and 7B; CD8_c3 and CD4_c1).
The anti-inflammatory-like macrophages and neutrophils were
reduced, whereas the proinflammatory-like macrophages were
elevated (Figures 5D and 6A). In agreement with the previous re-
ports, the relative content of Tregs decreased (Figures 4E and 7B).
Thus, the oHSV treatment alone, without armed cytokines, was
able to convert the immunosuppressive TME toward more immune
active.

Given the importance of TAMs in regulating tumor immunity, ther-
apeutic strategies that target macrophages have the potential to
augment the effect of the oncolytic virus. oHSV significantly reduced
CSF1 receptor (CSF1R)-positive monocyte subsets Mac_c3�Mac_c5
(Figures 6C and 6D) and partially overlapped with the effect of inhi-
bition of CSF1R, which is intensively investigated in preclinical and
clinical trials.48 Besides TAM depletion, reprogramming TAMs to-
ward an anti-tumor phenotype could be a more efficacious approach
to enhance the efficacy of oHSV.
encing (scRNA-Seq) Analysis

l mouse and oHSV-treated mouse using Microbeads, respectively. The scRNA-seq

analyzed with Cell Ranger software. All immune cells from PBS and oHSV-treated

ing (t-SNE) plot. Different clusters were color coded. (B) The expression of selected

indicated for the level of expression. (C) Cell type-specific marker genes across all

ing a particular marker, and intensity of color indicated the level of mean expression.

l cells.
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Despite the immune-stimulating effect of the oncolytic virus focused
on in this study, we should also take the desmoplasia feature of the
PDAC TME into account. The extracellular matrix (ECM) provides
a physical barrier to inhibit penetration and dispersion of the onco-
lytic virus within tumor masses. A series of approaches have been
attempted to partially degrade ECM proteins and improve the
penetration of the oncolytic virus.49 i.t. coinjection of collagenase or
hyaluronidase with an oncolytic virus in human prostate and mela-
noma xenograft models increased i.t. viral spread and improved virus
therapeutic efficacy.50,51 A relaxin-expressing oncolytic adenovirus
increased the i.t. distribution of virus by promoting the degradation
of ECM.52 A mouse model that recapitulates the hallmarks of
PDAC in both the immune suppression and the desmoplasia would
be of necessity to understand the effect of the oncolytic virus on
different components of the TME.

Finally, the transcriptome profiling of this oHSV-treated mouse
model provided not only the immune variation of PDAC TME
but also a guidance for the further design of oHSV derivatives. It
would also lead to combination strategies incorporated with immu-
notherapeutics to ameliorate the efficacy and combat tumor relapse.
Based on the scRNA-seq analysis, we designed the combination
therapy of oHSV with ICIs/agonists. Compared with oHSV mono-
therapy, in which the tumor relapsed after oHSV withdrawal, the
combination of oHSV and anti-CTLA-4/anti-OX40 antibodies
significantly prolonged the survival of PDAC-bearing mice (Fig-
ure 8E). However, little improvement was achieved with combina-
tion of oHSV and ICIs (Figure 8D). Perhaps the oHSV-induced
expression of immune checkpoint genes, including PD-1, LAG-3,
and TIM-3 on CD8+ T cells, was insufficient to respond to ICIs
in such a scenario. Further optimization would enhance the
curative effects of oHSV and advise the designing of armed oHSV
for PDAC.

In summary, we established an HSV-1-infectible murine pancreatic
cancer cell line and developed a syngeneic PDAC model to explore
the potential efficacy of oncolytic therapy. oHSV efficiently lysed tu-
mor cells in vitro, reduced tumor burden, and prolonged survival
in vivo. Importantly, oHSV increased the infiltration of effector
T cells and downregulated immunosuppressive cells, thus turned
the cold pancreatic TME into hot. The combination of oHSV and
anti-CTLA-4/anti-OX40 antibodies significantly prolonged the
post-treatment survival of the PDAC mice. This study may provide
Figure 6. Effect of oHSV Treatment on the Intratumoral Macrophages

(A) The expression of Nos2 and Mrc1 in tumor-associated macrophages from the PBS

rophages expressing Nos2; blue, macrophages expressingMrc1. (B) Tumor-associate

by the t-SNE plot, separately. Different macrophage clusters were color coded. (C) Ce

displayed the normalized expression of selected genes in an individual macrophage clus

macrophage clusters. (F) CD11b+ monocytes were isolated from tumor tissues of PBS

isolated cells were then intratumorally injected into Pan02_HVEM-bearing recipient mic

isolated from spleens of oHSV-treated mice were stained with CFSE and cocultured w

oHSV-treatedmice (oHSV-MCs) for 4 days in the presence of anti-CD3 and anti-CD28 an

**p < 0.01.
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a rationale for the selection of immunotherapeutics in combination
with oHSV for the treatment of PDAC.

MATERIALS AND METHODS
Cells and Viruses

PANC-1, CFPAC-1, MiaPaCa-2, HEK293T, MC38, and Vero cells
were originally obtained from ATCC (VA, USA), and cultured in
DMEM, supplemented with 10% (v/v) fetal bovine serum (FBS)
and 1% penicillin/streptomycin. The murine PDAC cell line,
Pan02, was purchased from Wuhan Union Hospital (Wuhan, PR
China) and grew in RPMI-1640 medium containing 10% FBS and
1% penicillin/streptomycin. All cells were incubated at 37�C with
5% CO2.

HSV-1 (F strain) was prepared in the lab as previously described.53

The derived oncolytic virus oHSV with deletion of genes encoding
ICP34.5 and ICP47 was obtained by CRISPR-Cas9-based homolo-
gous recombination. First, ICP34.5 was replaced with the GFP-
expressing cassette. The donor plasmid containing the homology
arms of ICP34.5 flanking the GFP-expressing cassette and the
CRISPR plasmid containing the single guide (sg)RNAs of ICP34.5
were cotransfected into HEK293T cells, followed by infection with
the wild-type HSV-1. The produced viruses were harvested and the
diluted viruses then infected Vero cells. The GFP+ plaques were
picked under fluorescence microscopy. The resulting ICP34.5-
negative virus was confirmed by DNA sequencing and used for the
next step of gene manipulation. Second, the ICP47 gene of the
ICP34.5-negative virus was replaced with the red fluorescent protein
(RFP)-expressing cassette by a similar approach described above.
Donor DNA containing the homology arms of ICP47 flanking the
RFP-expressing cassette and the CRISPR plasmid containing the
sgRNAs of ICP47 were cotransfected into HEK293T cells, followed
by infection with the ICP34.5-negative HSV-1, and the produced
viruses were harvested for infection of Vero cells. The RFP+ plaques
were picked under fluorescence microscopy. Finally, sgRNA-RFPs
were applied to delete the RFP gene and made the Us11 as an early
expression gene. The resulting oncolytic virus was designated as
oHSV, and the deletion of both ICP34.5 and ICP47 was verified by
DNA sequencing, western blot, and RT-PCR.

Virus Propagation and Purification

Vero cells were infected with indicated viruses at a multiplicity of
infection (MOI) = 0.01, and cells were collected at 48 h postinfection
- and oHSV-treated group was shown by the t-SNE plot, respectively. Red, mac-

d macrophages from PBS- and oHSV-treated tumors were clustered and displayed

lls in an individual cluster were plotted as percentage of CD45+ cells. (D) Heatmap

ter from the PBS and oHSV treatment group, respectively. (E) Pathway enrichment in

(PBS-MCs)- and oHSV (oHSV-MCs)-treated mice on day 20, respectively, and the

e. The tumor growth curve of the recipient mice was shown (n = 5). (G) CD8+ T cells

ith medium or with the purified monocytes from PBS-treated mice (PBS-MCs) or

tibodies, and the T cell proliferation was assessed by CFSE dilution assay. *p < 0.05,
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(hpi), then resuspended in sterile milk, frozen, and thawed three
times. Samples were serial diluted, and the virus titers were titrated
by oncolytic plaques on Vero cells.

The viruses were further purified for in vivo injection. Vero cells were
infected with indicated viruses at MOI = 0.01. The cultured medium
was collected at 72 hpi, and the supernatant went through the
HiScreen Capto Core 700 (17-5481-15; GE Healthcare, NJ, USA)
with an ÄKTA protein purification system to obtain the purified vi-
ruses. The purified viruses were then concentrated with an ultrafiltra-
tion tube (UFC910096; Millipore, MA, USA), and virus titers were
measured by oncolytic plaques on Vero cells.

We used the Vero Cell HCP ELISA Kit (F500; Cygnus, MN, USA) to
test the host residual protein of the purified viruses according to the
manufacturer’s protocol. Briefly, the samples, standards, and controls
were pipetted into a 96-well plate and then an anti-Vero cell: horse-
radish peroxidase (HRP) was pipetted into each well and incubated
on an orbital shaker for 2 h at room temperature. After washed
four times, 3,30,5,50-tetramethylbenzidine (TMB) substrate was added
to each well and incubated at room temperature for another 30 min,
and the reaction was stopped by adding Stop Solution into each well.
The absorbance at a wavelength of 450/650 nmwas determined with a
microplate reader (Synergy 4; BioTek).
Establishment of Pan02_HVEM Cells

Plasmid encoding human HVEM was obtained from Sino Biological
(Beijing, PR China), and the coding region was amplified and inserted
in the pCDH-CMV-MCS-EF1-Puro lentivector (provided by Dr. R.
Xiang, Nankai University, Tianjin, PR China) at the EcoRI/BamHI
cloning sites. All constructs were verified by DNA sequencing. The
lentiviral particles were prepared with HEK293T cells, as described
previously.54 Basically, HEK293T cells were transfected with plasmids
pCDH-CMV-HVEM-EF1-Puro together with pCMV-VSV-G,
pMDLg/pRRE, and pRSV-REV. The viral particles were collected
and incubated with Pan02 cells for 24 h and selected in the presence
of puromycin (1.25 mg/mL) for 7 days, followed by flow cytometry
sorting. The expression of HVEM was monitored by flow cytometry
analysis with anti-HVEM antibody (MAB356; R&D Systems, MN,
USA).
Western Blot Analysis

Western blot analysis for proteins was performed as described previ-
ously.55 Briefly, the cultured cells were collected at 24 hpi and lysed
with radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM
PMSF, 1 mM NaF, 1 mg/mL leupeptin, 1 mg/mL pepstatin, 1 mg/mL
Figure 7. Effect of oHSV Treatment on Tumor-Infiltrating Lymphoid Cells

(A) Transcription information of tumor-infiltrating lymphoid cells was extracted from total

cell clusters were color coded as labeled. (B) Proportions of individual clusters were prese

plot showed specific gene expression in distinct lymphoid cell clusters of PBS- and oH

genes in lymphoid cell clusters from PBS and oHSV treatment groups, respectively. (E)
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aprotinin) on ice for at least 30 min, and the supernatants were
then boiled in 6 � loading buffer (0.3 M Tris-HCl, pH 6.8, 12% SDS
(m/v), 0.6% bromophenol blue, 36% glycerol, 6% b-mercaptoethanol
[v/v]). Proteins were resolved by 12% SDS-PAGE; transferred to poly-
vinylidene fluoride (PVDF) membranes; and detected with indicated
antibodies, anti-HSV-1 antibody (B0114; Dako Denmark A/S, CA,
USA), and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody (KM9002; Sungene, Tianjin, PR China).

CPE and Cell Death Analysis

To observe the CPE induced by viruses, cells were mock infected or
infected with HSV-1 or oHSV at an MOI = 1, and images were taken
under microscopy at 24 hpi. For cell death analysis, cells were mock
infected or infected with indicated viruses at an MOI = 1, and cells
were then collected, stained with allophycocyanin (APC)-conjugated
Annexin V antibody (AO2001; Sungene, Tianjin, PR China), and sub-
jected to flow cytometry analysis.

Cell Proliferation Assay

Cells were mock infected or infected with indicated viruses at an
MOI = 1. At indicated time points, cells were incubated with Cell
Counting Kit-8 (CCK8) (C6005; UE, Soochow, PR China) for
40 min at 37�C. The absorbance at wavelength of 450 nm was deter-
mined with a microplate reader (Synergy 4; BioTek).

Viral Titration Assay

Viral growth assay was performed as described.53 Briefly, cells were
infected with indicated viruses at an MOI = 0.01, and the medium-
containing cells were collected at indicated time points, frozen, and
thawed three times. Virus titers were measured as described above
by serial dilutions and titrated by oncolytic plaques on Vero cells.

To measure viral growth in vivo, tumor tissues, livers, and spleens
were dissected from tumor-bearing mice at the indicated time after
therapies. The tissues were minced, homogenized, frozen, and thawed
three times. The supernatants were collected by centrifugation and
subjected to titration assay, as previously described.
Mice and PDAC Tumor Model

All animal experiments were performed in accordance with and
approved by the Institute Research Ethics Committee of Nankai Uni-
versity. 5-week-old male C57BL/6 mice were obtained from Vital
River Laboratories (Beijing, PR China). At 6 weeks of age, suspensions
of 5� 105 viable Pan02_HVEM cells in RPMI-1640medium were s.c.
implanted in mice, and the day of tumor inoculation was set as day 0.
When tumor volumes reached approximately 50 mm3, tumor-
bearing mice were randomly divided into two groups, and i.t. treated
immune cells data, then merged, and clustered by the t-SNE plot. Different lymphoid

nted as percentage in total lymphoid cells of PBS- or oHSV-treated groups. (C) Violin

SV-treated groups. (D) Heatmap displayed the normalized expression of selected

Heatmap of KEGG identified enrichment of pathways in clusters of lymphoid cells.



Figure 8. Combination Therapy of oHSV and Immune Checkpoint Inhibitors

or Agonist

(A) The expression of immune checkpoint genes in CD8+ T cells. P + H, cells

coexpressed genes of Pdcd1 andHavcr2; P + L, cells coexpressed genes of Pdcd1

and Lag3; Triple, cells coexpressed the three genes of Pdcd1, Havcr2, and Lag3.

Open bars, PBS control; closed bars, oHSV treated. (B) The expression of immune

checkpoint genes in CD4+ T cells. C + T, cells coexpressed genes of Ctla4 and

Tnfrsf4. Open bars, PBS control; closed bars, oHSV treated. (C) Schematic diagram

of combination treatment regimen. Tumor-bearing mice were treated with oHSV or

antibodies as indicated on days 8, 11, and 14. (D) The survival curve of tumor-

bearing mice treated with PBS or 3 therapeutic antibodies (3Abs; anti-PD-1, anti-

TIM-3, and anti-LAG-3 antibodies), or oHSV plus isotype antibody as control, or

oHSV plus 3Abs as above. (E) The survival curve of tumor-bearing mice treated with

PBS, or 2 antibodies (2Abs; anti-CTLA-4 plus anti-OX40 antibodies), or oHSV

plus isotype antibody, or oHSV plus 2Abs as above. (D and E) PBS, Abs, and oHSV,

n = 5; oHSV plus Abs, n = 6. Data for survival were analyzed by the log-rank test.

*p < 0.05, **p < 0.01, ***p < 0.001.
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with purified oHSV (1 � 107 plaque-forming units [PFU] per 100 mL
per mouse) or PBS (100 mL per mouse) as control on days 8, 11, and
14 after tumor inoculation, respectively.
For the bilateral tumor model, 5� 105 Pan02_HVEM cell suspension
in RPMI-1640 medium was s.c. implanted on the right flanks of mice,
and 5 � 105 Pan02 cells in RPMI-1640 medium were s.c. implanted
on the contralateral flanks of mice. On day 8 post-tumor inoculation,
tumors on right flanks were i.t. treated by PBS or oHSV every 3rd day
for three times.

The length and width of tumors were measured every 3 days since the
first treatment, and tumor volumes were calculated by formula V
(mm3) = length � width2/2.

Therapeutic Administration and Survival

C57BL/6mice were s.c. injected with 5� 105 Pan02_HVEM cells, and
tumor-bearingmice were randomly divided into groups on day 8. The
mice were treated three times (days 8, 11, and 14 postinoculation)
with indicated reagents, including PBS, oHSV,monoclonal antibodies
against PD-1 (BE0146; Bio X Cell, NH, USA), TIM-3 (BE0115; Bio X
Cell, NH, USA), LAG-3 (BE0174; Bio X Cell, NH, USA), CTLA-4
(BE0164; Bio X Cell, NH, USA), agonist antibody against OX40
(BE0031; Bio X Cell, NH, USA), and isotype control antibodies
anti-IgG2a (BE0089; Bio X Cell, NH, USA) or anti-IgG1 (BE0088;
Bio X Cell, NH, USA). The dose of oHSV was 1 � 107 PFUs per
100 mL per mouse, PBS was 100 mL per mouse, and each antibody
was 100 mg per i.p. injection. When tumor volumes reached
2,000 mm3, mice were sacrificed following the AnimalWelfare Policy.
The survival of tumor-bearing mice was monitored by Kaplan-Meier
analysis.56

Dissociation of Single Cells from Tumor Tissues

Tumor tissues were harvested and minced from mice on indicated
days and inoculated with dissociation solution (1 mg/mL collagenase
I, 0.5 mg/mL DNase, 0.05 mg/mL Dispase II dissolved in PBS) for 1 h
at 37�C with gentle shaking. After passing through 70 mm cell
strainers and washed with RPMI-1640/2% FBS, the sample cells
were resuspended in red blood cell lysis buffer (R1010; Solarbio, Bei-
jing, PR China), followed by RPMI-1640 supplemented with 2% FBS.

Flow Cytometry Analysis

Mice were inoculated with viable Pan02_HVEM cells on day 0, and
i.t. treated with PBS or oHSV on days 8, 11, and 14. Tumor-bearing
mice were sacrificed on indicated days, and single cells from tumor
tissues were first stained with viability dye (423106; BioLegend, CA,
USA) at 4�C for 10 min; blocked with aCD16/32 antibody (101320;
BioLegend, CA, USA) at 4�C for 10 min; and then stained with anti-
bodies against mouse CD45 (103108; BioLegend, CA, USA), CD3ε
(100328; BioLegend, CA, USA), CD4 (100428; BioLegend, CA,
USA), CD8 (100752; BioLegend, CA, USA), CD25 (102036;
BioLegend, CA, USA), PD-1 (135228; BioLegend, CA, USA),
CD11b (101224; BioLegend, CA, USA), F4/80 (123114; BioLegend,
CA, USA), CD206 (141732; BioLegend, CA, USA), Ly6C (128033;
BioLegend, CA, USA), Ly6G (127639; BioLegend, CA, USA), intracel-
lular staining with Foxp3 (320014; BioLegend, CA, USA), iNOS
(12-5920-82; eBioscience, MA, USA), IFN-g (505846; BioLegend,
CA, USA), and GZMB (372208; BioLegend, CA, USA) following
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the instruction of the True Nuclear Transcription Factor Buffer Set
(424401; BioLegend, CA, USA) at 4�C for 40 min. Samples were
then subjected to flow cytometry analysis, and data were analyzed
using FlowJo software.

Immunohistochemistry Analysis

Mice were inoculated with Pan02_HVEM cells on day 0, and i.t.
treated with PBS or oHSV on days 8, 11, and 14. Tumor tissues
were isolated on day 20, fixed in 4% paraformaldehyde, and
embedded in paraffin, and sections were immunostained with
indicated primary antibodies against CD4 (25229; Cell Signaling
Technology, MA, USA), CD8 (98941; Cell Signaling Technology,
MA, USA), Foxp3 (12653; Cell Signaling Technology, MA, USA),
F4/80 (70076; Cell Signaling Technology, MA, USA), iNOS
(ab15323; Abcam, Cambridge, UK), and mannose receptor
(ab64693; Abcam, Cambridge, UK) prior to the addition of bio-
tinylated anti-rabbit Ig secondary antibodies.

Monocyte Adoptive Transfer

C57BL/6 mice were s.c. injected with 5 � 105 Pan02_HVEM cells on
day 0, and i.t. treated with PBS or oHSV on days 8, 11, and 14. The
CD11b+ monocytes were isolated from tumor tissues of PBS- and
oHSV-treated mice on day 20 using CD11b Microbeads (130-126-
725; Miltenyi Biotec, Bergisch Gladbach, Germany), according to
the manufacturer’s protocol, respectively. 5 � 105 purified CD11b+

monocytes were then adoptively transferred into Pan02_HVEM-
bearing recipient mice (day 8 post-tumor cell inoculation) by i.t. in-
jections. The tumor volumes were measured every 3 days.

T Cell Proliferation Assay

C57BL/6 mice were s.c. injected with 5 � 105 Pan02_HVEM cells on
day 0, and i.t. treated with PBS or oHSV on days 8, 11, and 14. CD8+

T cells were enriched from spleens of oHSV-treated mice on day 20 by
the CD8a+ T Cell Isolation Kit (130-104-075; Miltenyi Biotec, Ber-
gisch Gladbach, Germany), according to the manufacturer’s protocol.
The isolated cells were stained with 6 mM carboxyfluorescein diace-
tate succinimidyl ester (CFSE; 565082; BD, NJ, USA) for 10 min,
and the labeled CD8+ T cells were cocultured with/without the
purified monocytes (isolated from tumor tissues on day 20) at a ratio
of 1:1. Cells were stimulated with well-coated anti-CD3 (102111;
BioLegend, CA, USA) and anti-CD28 (100208; BioLegend, CA,
USA) antibodies for 4 days, and the proliferation of CD8+ T cells
was assessed by CFSE dilution assay with flow cytometry analysis.

Preparation for scRNA-Seq Library

Tumor-bearing mice treated by PBS and oHSV were killed (n = 1) on
day 20 post-tumor inoculation, tumors were digested into single cells,
and the viable CD45+ immune cells were sorted from single cell
suspensions by the Dead Cell Removal Kit (130-090-101; Miltenyi
Biotec, Bergisch Gladbach, Germany) and CD45 (TIL) Microbeads
(130-110-618; Miltenyi Biotec, Bergisch Gladbach, Germany) ordi-
nally, according to the manufacturer’s protocol. Cells were adopted
only when their viabilities were more than 85%. The following
experiments were manipulated by Bio Miao Biological Technology
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(Beijing, PR China), according to the manufacturer’s protocol (10�
Genomics). Briefly, two independent single cell suspensions from
PBS- and oHSV-treated tumors were loaded onto the 10� Genomics
Chromium Platform to generate Gel Beads-in-Emulsion (GEM) at
the concentration about 1,000 cells/mL for totally about 20,000 cells
per sample. After the GEM generation, the samples were incubated
at 53�C for 45 min and 85�C for 5 min in Thermal Cycle (C1000;
Bio-Rad) to barcode the cDNA. GEMs were then broken, and the
cDNAwas purified by Dynabeads MyOne Silane Beads and amplified
(98�C for 3 min, followed by 16 cycles: 98�C for 12 s, 63�C for 20 s,
72�C for 60 s, and followed by 72�C for 1 min). An Agilent Bio-
analyzer 2100 was used to assess the quality of cDNA. cDNA was
fragmented, end-repaired, a-tailed, then subjected to a double-sided
size selection with SPRIselect beads and ligated to adaptors. cDNA
was then amplified with the following parameters: 98�C for 45 s, fol-
lowed by 14 cycles: 98�C for 20 s, 54�C for 30 s, 72�C for 20 s, and
followed by 72�C for 1 min. The constructed libraries were subjected
to double-sided size selection again, and the quality of the libraries
was also assessed. Then libraries were sequenced using an Illumina
NovaSeq 6000 sequencer with the paired-end 2 � 125 base pair
(bp) sequencing standard.
Data Processing and Analysis

The Cell Ranger software (version [v.]3.1.0) was downloaded
from the 10� Genomics website https://support.10xgenomics.com/
single-cell-dna/software/release-notes/1-1#header https://support.
10xgenomics.com/single-cell-gene-expression/software/downloads/
latest., and mouse reference dataset (mm10-3.0.0) was also down-
loaded from the 10� Genomics website https://cf.10xgenomics.com/
supp/cell-exp/refdata-cellranger-mm10-3.0.0.tar.gz. For each individ-
ual sample’s FASTQs, the Cell Ranger count module with default pa-
rameters was used to align, filter, count barcodes, and count unique
molecular identifiers (UMIs). Finally, we generated a gene-barcode
matrix containing the barcoded cells and gene-expression counts for
each sample.
Identification of Cell Types and Cluster Marker Genes in Seurat

Gene-barcode matrices were imported into the Seurat pipeline for
quality control and downstream analysis.57 Low-quality cells
(<500 genes/cells, >8,000 genes/cells, >10% mitochondrial) and
suspectable populations of doublet were excluded. The data were
then normalized, and most variable genes were detected by the
FindVariableFeatures function. Then samples’ Seurat objects were
combined together by canonical correlation analysis (CCA).
Principal-component analysis (PCA) was performed on about
4,000 of the most variable genes with PCA function, and the first
50 PCA components were used for graph-based clustering (at a
resolution of 0.5) to identify distinct types of cells. These cell types
were projected onto the t-distributed stochastic neighbor embedding
(t-SNE) analysis run using previously computed 50 PCA compo-
nents. To determine lymphoid cells, cells expressing Cd3d and
Ncr1were extracted from total samples, and cell types were projected
onto the t-SNE analysis run.

https://support.10xgenomics.com/single-cell-dna/software/release-notes/1-1#header
https://support.10xgenomics.com/single-cell-dna/software/release-notes/1-1#header
https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://cf.10xgenomics.com/supp/cell-exp/refdata-cellranger-mm10-3.0.0.tar.gz
https://cf.10xgenomics.com/supp/cell-exp/refdata-cellranger-mm10-3.0.0.tar.gz
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We used the FindAllMarkers function in the Seurat pipeline to
characterize the cluster-specific marker genes, and to identify differ-
entially expressed genes (DEGs) between two clusters, we used the
FindMarkers function. The average expression of the markers within
each cluster was calculated, and the heatmaps of marker gene average
expression were generated by R package ComplexHeatmap.58

Pathway Enrichment Analysis

For each cluster, only the genes expressed in more than 10% of the
cells with at least 0.25-fold difference and at most 0.05 adjusted
p value were considered as DEGs in each cluster. We used R package
clusterProfiler to perform pathway enrichment analysis for each
cluster’s DEGs.59

Statistical Analysis

The quantitative data were presented as mean value ± standard
deviation (SD) of at least three independent experiments. Data were
analyzed using two-tailed Student’s t test.60 Animal survival was pre-
sented using Kaplan-Meier survival curves, and data for survival were
analyzed by the log-rank test.56 A p value that was less than 0.05 (*)
was considered to be statistically significant (*p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001).
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Figure S1. Verification of Engineered oHSV. 

(A) HEK293T cells were mock infected or infected with HSV-1, R3616, oHSV at MOI = 1 for 48 hrs, 

respectively. Then cells were harvested and lysed for Western blot analysis with antibodies as indicated. 

(B) The infected HEK293T cells as above were collected at 48 hpi, then total RNA was extracted for 

RT-PCR analysis with primers for viral genes: ICP47, ICP27 and cellular 18S rRNA respectively.  

 

 

 

 

 

 

Figure S2. Titration Assay of oHSV Replication in Cell Lines. 

(A) MC38, (B) Vero cells were infected with wild type HSV-1 (squares) or oHSV (circles) at MOI = 

0.01, and the titers of viruses in these cells were determined at indicated time points as described in 

Materials and Methods. Viral replication was presented as Log of pfu per mL of the cultured medium 

and plotted on the vertical axis. Data represented the mean values from three independent experiments 

with the standard deviations as indicated.  
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Figure S3. Titration of oHSV-Treated Tumor Samples. 

(A) Tumor growth curve of individual mouse from PBS and oHSV treated group (n=5). (B) Tumor 

tissues were isolated from oHSV treated mice on days 15, 17, and 20, and the replication of oHSV was 

examined by viral titration assay as described in Materials and Methods. Data were presented as a Log 

of pfu per gram of tumor tissue and plotted on the vertical axis with standard deviations (n=3).  
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Figure S4. Gating Strategy of Flow Cytometry Analysis. 

Gating strategy on tumor cell suspensions on indicated days to check immune cell infiltration. Samples 

were stained with indicated antibodies and subjected to flow cytometry analysis, and data were 

analyzed by FlowJo software.  
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Figure S5. Immunohistochemical Staining of Tumor Infiltrating Cells in PDAC.  

Tumor-bearing mice were treated with PBS or oHSV. On day 20, tumor tissues were collected and 

stained with T cell markers (A), anti-CD4, anti-CD8, and anti-Foxp3 antibodies; and macrophage 

markers (B), including anti-F4/80 (macrophages), anti-iNOS (M1-like macrophages) and anti-Mannose 

receptor (M2-like macrophages) antibodies. Representative images were presented. Tregs were 

highlighted with red arrows. Scale bars:100 μm.   
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Figure S6. Components of Immune Cells in PDAC Upon Treatment Withdrawal.  

Tumor-bearing mice were treated with PBS (blue bars) or oHSV (red bars) as described in Materials 

and Methods. The fractions of indicated category of cells were monitored on days 20, 26, 29, and 32 by 

flow cytometry analysis, and presented as percentages as labeled on the vertical axis (n=3). On days 29 

and 32, no PBS treated data were available as the tumor size surpassed 2,000 mm3 and mice were 

executed. Data were presented as mean values ± standard deviations, and statistics were analyzed using 

Student’s t-test (n.s., no significant, *p < 0.05, **p < 0.01, ***p < 0.001).  
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