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Abstract
Even with progressive combination treatments, the prognosis of patients with glioblastoma (GBM) remains extremely poor. 
OV is one of the new promising therapeutic strategies to treat human GBM. OVs stimulate immune cells to release cytokines 
such as IFN-γ during oncolysis, further improve tumor microenvironment (TME) and enhance therapeutic efficacy. IFN-γ 
plays vital role in the apoptosis of tumor cells and recruitment of tumor-infiltrating T cells. We hypothesized that oncolytic 
herpes simplex virus-1 (oHSV-1) enhanced the antitumor efficacy of novel CD70-specific chimeric antigen receptor (CAR) 
T cells by T cell infiltration and IFN-γ release. In this study, oHSV-1 has the potential to stimulate IFN-γ secretion of tumor 
cells rather than T cell secretion and lead to an increase of T cell activity, as well as CD70-specific CAR T cells can specifi-
cally recognize and kill tumor cells in vitro. Specifically, combinational therapy with CD70-specific CAR T and oHSV-1 
promotes tumor degradation by enhancing pro-inflammatory circumstances and reducing anti-inflammatory factors in vitro. 
More importantly, combined therapy generated potent antitumor efficacy, increased the proportion of T cells and natural killer 
cells in TME, and reduced regulatory T cells and transformed growth factor-β1 expression in orthotopic xenotransplanted 
animal model of GBM. In summary, we reveal that oHSV-1 enhance the therapeutic efficacy of CD70-spefific CAR T cells 
by intratumoral T cell infiltration and IFN-γ release, supporting the use of CAR T therapy in GBM therapeutic strategies.
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Introduction

Glioma is an aggressive malignant tumor with a poor prog-
nosis. Recent phase III trials of new strategies for glioblas-
toma (GBM), such as anti-angiogenic drugs, new chemo-
therapeutic agents, oncolytic virus (OVs) local injections, 
targeted drugs, checkpoint inhibitors, and immunotherapy 
regimens have made significant progress. But it is still lim-
ited [1–3]. New treatment methods and alternative strategies 
are urgently needed.

OVs kill tumors while providing the necessary danger 
signals to activate the immune system [4]. OVs rely on the 
dual-action mechanism of selectively killing tumor cells and 
inducing a systemic antitumor immune response to achieve 
therapeutic purposes [5]. These characteristics make OVs 
an excellent potential partner for synergy with emerging 
immunotherapy [6–8].

With the development of immunotherapy in recent years 
and the success of chimeric antigen receptor (CAR) T-cell 
immunotherapy in the treatment of  CD19+ acute lympho-
blastic leukemia [9], immunotherapy using synthetic CAR 
to redirect T cells to recognize specific antigens expressed 
on the surface of tumor cells carries the hope of curing 
tumors. However, in solid tumors, due to the lack of ideal 
targets like CD19, tumor heterogeneity, escape of tumor 
antigens [10], and the inhibition of T-cell infiltration and 
function by an immunosuppressed tumor microenvironment 
(TME) [11–13], CAR T-cell therapy is challenging [14–20]. 
To further improve the efficacy, tumor antigens need to be 
identified and verified in the most challenging malignant 
tumors, such as gliomas. In particular, the highly immu-
nosuppressed TME of gliomas limits T-cell infiltration and 
induces T-cell dysfunction. Therefore, finding a suitable 

target and reversing the immunosuppressive TME provides 
new ideas for glioma treatment.

CD70 is the only ligand of CD27, a glycosylated trans-
membrane protein of the tumor necrosis factor (TNF) recep-
tor family [21]. CD70 expression is limited to highly acti-
vated T/B lymphocytes and a small percentage of mature 
dendritic cells, but CD70 expression cannot be detected 
in 52 normal tissues from different organs [22]. Presently, 
CD70 overexpression types have been reported in various 
malignant tumors [23]. Our immunohistochemical analysis 
of specimens from 63 patients with GBM shows that 20.6% 
of GBMs expressed high CD70. In particular, the promis-
ing results obtained in the experimental mouse model of 
glioma (showing a robust antitumor effect) have made CD70 
an ideal target for CAR T cells in some gliomas, with little 
extratumor toxicity [22].

Here, we combined engineering oncolytic herpes simplex 
virus-1 (oHSV-1) with selective replication and CAR T cells 
targeting CD70. We demonstrate that oHSV-1 can enhance 
T-cell function and infiltration, further reverse the highly 
immunosuppressive tumor microenvironment to improve the 
efficacy of CAR T-cell immunotherapy.

Methods

Construction of engineering oHSV‑1

Oncolytic HSV-1 was provided by Dr. Zhang Junwen from 
the Beijing Neurosurgical Institute. Wild-type HSV-1 (F) 
was genetically modified by genetic engineering. The neu-
rocytotoxic gene (γ34.5) and ICP47 gene in the virus were 
deleted by genetic engineering (Fig. 1a). The infectivity of 
the final experimental-grade virus preparation was deter-
mined. After testing to determine that the virus preparations 
were contamination free, the virus solutions were divided 
into aliquots and stored at −80 °C to avoid repeated freez-
ing and thawing. The viruses were propagated in 293T cells, 
and the titer was expressed as pfu/ml, as assessed using the 
TCID50 method [24, 25].

Construction of human CD70 CAR T cells

As described above [22, 26], a human truncated CD27 
(trCD27)-2ndCAR lentiviral vector containing a trCD27 
(including extracellular portion of CD27, aa1-191), CD8 
transmembrane domain, and a CD137 costimulatory domain 
and CD3-zeta was generated (Fig. 1b; EF1a-trCD27-CD8-
CD137-CD3ζ-2A-EGFP). T cells from healthy donors were 
transduced with lentivirus overexpressing anti-CD70 CAR. 
Uninfected T cells activated under the same conditions were 
used as a control. The short process was performed as fol-
lows. First, we subcloned trCD27-2ndCAR into a vector 

Fig. 1  Recognition of GBM by CD70-specific CAR T cells and 
secretion of factors in supernatants from oHSV-1-infected GBM. a 
Diagram of genetically modified oHSV. b Construction and identifi-
cation of human CD70 CAR T cells. Human-derived EF1a-trCD27-
CD8-CD137-CD3ζ-2A-EGFP was a lentivirus-based vector (GV401) 
encoding truncated CD27 for antigen recognition and transmembrane 
domains. Flow cytometry detected that the purity of isolated T cells 
was more than 98% and CD70 CAR T cells with a positive rate of 
46%. c CD70 CAR T cells specifically recognized GBM express-
ing CD70 in  vitro. Human CAR T cells were cocultured with U87 
for 12 h, immunofluorescence staining were performed. Fluorescence 
microscope obtained the images. d The pattern and electron micros-
copy of CAR T cells capture tumor cells and attack them. After the 
CAR T cells approach and recognize the tumor cells, they gather 
toward the tumor cells and approach each other, and then stretch out 
pseudopods to capture the tumor cells. e Luminex assay examined 
secretion of different cytokines in conditioned media from oHSV-
1-infected GBM. F The levels of IFN-γ at different time point were 
measured by ELISA. All experiments were performed at least three 
times. **P < 0.01, ***P < 0.001, ****P < 0.0001 by 1-way ANOVA 
with Tukey’s post-hoc test
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(Jikai Gene Chemical Technology Co., Ltd., Shanghai, 
China) and packaged it in 293 T cells using a self-inacti-
vating three-plasmid lentiviral packaging system to obtain 
trCD27-2ndCAR overexpression lentivirus. For T cell trans-
duction, the peripheral blood of healthy donors was collected 
(The peripheral blood sample donors had signed the writ-
ten informed consent), and peripheral blood mononuclear 
cells (PBMCs) were isolated using Lymphoprep (StemCell 
Technologies, Vancouver, BC, Canada), the EasySep™ 
Direct Human T Cell Isolation Kit (StemCell Technologies, 
Vancouver, BC, Canada), EasySep™ Magnet (StemCell 
Technologies, Vancouver, BC, Canada), and other purified 
T cells. Anti-CD3/CD28/CD2 ImmunoCult™ Human T Cell 
Activator (StemCell Technologies, Vancouver, BC, Canada) 
was added to the ImmunoCult ™-XF T Cell Expansion 
Medium (StemCell Technologies, Vancouver, BC, Canada) 
at a concentration of 25 μl/ml to activate human T cells. 
The activated T cells were stained with human CD3 Mouse 
mAb-PerCP/Cy5.5 (StemCell Technologies, Vancouver, BC, 
Canada), and BD Accuri C6 Plus flow cytometry (BD Bio-
sciences, San Jose, CA, USA) was used to identify the purity 
of the T cells. The isotype negative control antibody was 
the human IgG isotype (Abcam, Cambridge, MA, USA). 
After 48 h, the activated T cells were seeded in a 12-well 
plate precoated with Retronectin (TAKARA, Tokyo, Japan) 
and were transduced by the lentiviral vector overexpressing 
trCD27-2ndCAR (MOI = 10). The above processes were all 
performed according to the manufacturer's instructions. Five 
days after transduction, CD70 CAR T cells were harvested 
for subsequent in vitro and in vivo experiments. Negative 
CAR T cells as control (Con-CAR T). Un-transduction T 
(NT) cells as control.

CD70 GBM cell line

A previous study confirmed that U87MG cells positively 
express CD70 [22]. To obtain U87MG-Luc cells, the len-
tiviral vector Lenti-CMV-Puro-Luc used to transduce 
U87MG was designed and synthesized by Shanghai Jikai 
Gene Chemical Technology Co., Ltd. U87MG cells were 
infected with Lenti-CMV-Puro-Luc (MOI = 2) and cultured 
for 6 h. Three days after infection, 1 μg/ml of puromycin 
(Sigma-Aldrich, St. Louis, MO, USA) was added to Dul-
becco's Modified Eagle Medium (DMEM) (GIBCO BRL, 
Grand Island, NY, USA) containing 10% fetal bovine serum 
(GIBCO BRL, Grand Island, NY, USA). U87MG-Luc cells 
were cultured in DMEM supplemented with 10% fetal 
bovine serum.

CAR T cell tumor recognition and improve 
therapeutic efficacy

Human CAR T cells were cocultured with human GBM cell 
lines. After 12 h, immunofluorescence staining and scanning 
electron microscopy (SEM) were performed. For immuno-
fluorescence staining, primary antibody mouse anti-human 
CD70 (Abcam, Cambridge, MA, USA) and secondary anti-
body goat Anti-Mouse IgG H&L (DyLight® 594) (Abcam, 
Cambridge, MA, USA) were used. The fluorescence was 
recorded using an inverted fluorescence microscope (Carl 
Zeiss, Jena, Germany). The samples were prepared by coat-
ing with Pt using sputtering before SEM observation. SEM 
was performed using SU8000 SEM (Hitachi, Tokyo, Japan) 
at 5 kV. The samples were analyzed according to the manu-
facturer’s instructions for immunofluorescence and SEM.

To determine the killing capacity of the combination 
therapy, we inoculated GBM cells  (104) in 96-well plates 
and added oHSV-1 with an MOI of 0.2 for infection or con-
trol medium. After 24 h, CD70 CAR T cells or control T 
cells were added at effector/target ratios of 1:1, 1:2, and 1:4. 
D-luciferase was added at 12 h, 24 h, and 48 h, and in vitro 
bioluminescence imaging was performed using the in vivo 
imaging system (IVIS) Spectrum (Perkin-Elmer, Waltham, 
MA, USA). Data analysis was performed using Spectrum 
Living Image software (version 4.0).

Magnetic Luminex assays

Magnetic Luminex® Assay was a magnetic bead-based 
antibody microarray founded upon the sandwich immuno-
assay principle, which was used to assess the levels of bio-
markers in a single sample. In our study, we custom-made 
a unique blend of magnetic bead cytokines panel including 
pro-inflammatory and anti-inflammatory factors to screen 
biomarkers. All procedures were performed as described in 
the manufacturer’s instructions. Each well absorbance was 
determined at 450 nm. Data were analyzed by 5-parameter 
curve fitting using Bio-Plex Manager software, version 
6.1.1.

ELISA

The levels of interleukin (IL)-6, IL-8, TNF-α, TNF-β1, 
transforming growth factor (TGF)-β1, IL-4, IL-10, and inter-
feron (IFN)-γ in the different supernatants were measured 
using Human ELISA kits (Neobioscience, China) according 
to the manufacturer's instructions.
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Animal experiment ethics and welfare

The Experimental Animal Welfare and Ethics Committee of 
Beijing Tiantan Hospital affiliated to Capital Medical Uni-
versity reviewed and approved all the animal experiments. 
All the animal procedures were performed in the animal 

facilities of Beijing Tiantan Hospital affiliated to Capital 
Medical University and were conducted strictly according 
to the protocols approved by the Experimental Animal Wel-
fare and Ethics Committee. Animal survival was monitored 
daily. The animals were humanely killed at a predetermined 

Fig. 2  oHSV-1 combined with CD70 CAR T cells effectively kill 
GBM cells. a, b The killing effects of combinational therapy in 
GBM cells. U87 are, respectively, cocultured with oHSV-1/CAR T 
cells or both for 12, 24, 36  h. The IVIS showed combination treat-
ment improves therapeutic efficacy compared with oHSV-1 or CAR 
T cells alone. The data were representative of 3 experiments from 3 
different donors. The data were shown as means ± SD of triplicate 
wells. *P < 0.05, ****P < 0.0001 by 2-way ANOVA with Bonferro-
ni’s correction. c–f ELISA showed that pro-inflammatory cytokines 
such as Interleukin I)-6, IL-8, TNF-α, and TNF-β1 are significantly 
increased during the combined treatment compared with single 

treatment. The data were shown as means ± SD of triplicate wells. 
*P < 0.05, ***P < 0.001 by 1-way ANOVA with Tukey’s post-hoc 
test. g–i ELISA showed that inflammatory inhibitory cytokines 
such as transforming growth factor (TGF)-β1 IL-10, and IL-4 are 
decreased. The data were shown as means ± SD of triplicate wells. 
*P < 0.05, **P < 0.01 by 1-way ANOVA with Tukey’s post-hoc test. 
j Further examination of IFN-γ, which played an important role in 
T-cell killing, revealed that the combination treatment group signifi-
cantly increases interferon (IFN)-γ release. The data were shown as 
means ± SD of triplicate wells. **P < 0.01, ****P < 0.0001 by 1-way 
ANOVA with Tukey’s post-hoc test
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end-point (tumor diameter greater than 2 cm) or the end of 
the experimental period.

Intracranial tumor models and bioluminescence 
imaging

The PBMCs of the same donor (5 ×  106/100  μl) were 
injected into female 4 to 6-week-old NSG-B2m mice (NOD.
Cg-B2mtm1UncPrkdcscid Il2rgtm1Wjl/SzJ; the Jackson 
Laboratory) via the caudal vein to create PBMC human-
ized mice. To evaluate the PBMC humanized mouse model, 
flow cytometry was used to detect the proportion of human 
 CD45+ and  CD3−CD56+ in the peripheral blood of mice 
every week.

The orthotopic xenotransplantation animal model was 
constructed as follows. The mice were placed in the prone 
position on a small animal stereotaxic instrument (David 
Kopf Instruments, Tujunga, CA, USA) in a barrier envi-
ronment after PBMC humanized NSG-B2m mice were 
anesthetized with isoflurane (2% for anesthesia induction 
and 1% for maintenance) using the Gas Anesthesia System 
(Perkin-Elmer, Waltham, MA, USA). GBM was inoculated 
into the right caudate nucleus (coordinates from the bregma: 
Anterior–Posterior (AP) = 0, Medial–Lateral (ML) = 3, 
Dorsal–Ventral (DV) = 5.5 mm). After positioning the ani-
mal in a stereotactic surgical frame, the stereotactic nee-
dle was advanced 3 mm below the dura (advanced needle 
3.3 mm and then back 0.3 mm). Tumor cells  (105/5 μl) were 
injected into the target area at a rate of 1 μl/minute. The 

needle was left for 10 min before withdrawal, the injection 
site was closed with bone wax, and the scalp was sutured. 
GBM was inoculated into the right caudate nucleus. 
Tumor cells  (105/5 μl) were injected into the target area 
at a rate of 1 μl/minute. The mice were kept and observed 
until recovery from the anesthesia.

On the 5th day after tumor inoculation, in vivo biolumi-
nescence imaging was performed 5 min after intraperitoneal 
injection of 3 mg of D-luciferin (Promega, Madison, WI, 
USA) in phosphate buffer saline (PBS) (100 μl) with IVIS 
Spectrum. IVIS monitored the intracranial tumor changes 
weekly. oHSV-1 (1 ×  106 pfu/5 μl) or PBS (control) was 
injected intratumorally in the same stereotactic orientation. 
On day 7, CD70 CAR T cells  (106/100 μl) or NT cells was 
injected via the caudal vein. Each group comprised 8 mice, 
and all the experiments were repeated at least twice in a 
blinded and randomized fashion. At the same time, the sur-
vival days of the mice were recorded for survival analysis. 
All the experiments were carried out randomly and blindly.

Flow cytometry

To evaluate the transduction efficiency and number of T 
cells, flow cytometry analysis was performed using fluoro-
chrome-conjugated antibodies. The single-cell suspensions 
were incubated in the dark at 4 °C for 30 min with human 
CD3 Mouse mAb-PerCP/Cy5.5 (StemCell Technologies, 
Vancouver, BC, Canada). Next, the cells were centrifuged, 
resuspended in PBS and analyzed using a flow cytometer 
(BD biosciences, San Jose, CA, USA). The data were col-
lected and analyzed using FlowJo software (TreeStar, Ash-
land, OR, USA).

One week after the combined treatment, the mice were 
euthanized under anesthesia. The brain tumor tissue of the 
mice was mechanically cut into pieces, passed through a 
70 μm filter twice and washed with D-phosphate-buffered 
saline. Single-cell suspensions were treated with the follow-
ing antibodies: CD3-PerCP/Cy5.5, APC-Cy7 anti-human 
CD4 (4A Biotech Co., Ltd, Beijing, China), PE anti-human 
CD8 (4A Biotech Co., Ltd, Beijing, China), APC anti-
human IFN-γ (4A Biotech Co., Ltd, Beijing, China), APC 
anti-human CD56 (4A Biotech Co., Ltd, Beijing, China), PE 
anti-human Foxp3 (4A Biotech Co., Ltd, Beijing, China), 
and APC anti-human CD25 (4A Biotech Co., Ltd, Bei-
jing, China). Harvested cells were incubated with Human 
BD Fc Block TM (BD Biosciences, San Jose, CA, USA) 
to block fc receptors. To detect T cells expressing IFN-γ in 
brain tumor tissues, the cells were resuspended in DMEM 
containing Cell Stimulation Cocktail (4A Biotech Co., 
Ltd, Beijing, China) and incubated for 4 h. The harvested 
cells were stained with cell surface antibody CD3-PerCP/
Cy5.5 and APC-Cy7 anti-human CD4. Thereafter, the per-
meabilized cells were stained with intracellular cytokines 

Fig. 3  oHSV-1 combined with CD70 CAR T cells induced tumor 
regression in the GBM orthotopic xenotransplantation animal model 
of Peripheral blood mononuclear cell (PBMC) humanized mice. a 
Human PBMCs were injected into NSG-B2m mice via the caudal 
vein to create PBMC humanized mice. b, c The increase in the pro-
portion of  CD45+ cells over time was consistent with expectations. 
Due to the differences in individual donors, the chimera ratio var-
ies.  CD3−CD56+ natural killer (NK) cells were maintained at a low 
level. The data were representative of 3 experiments from 3 differ-
ent donors. The data were shown as means ± SD of triplicate wells. d 
To establish the GBM orthotopic xenotransplantation animal model 
of PBMC humanized mice, GBM was orthotopically injected via a 
small animal stereotaxic instrument. Five days later, tumor growth 
was confirmed by IVIS Spectrum, and the combination of oHSV-1 
and CD70 CAR T cell therapy was tested in the animal model. e, f 
One week after receiving the combination therapy, significantly 
better tumor regression was observed compared with single treat-
ment. Thirty-five days after tumor inoculation, most of the mouse 
tumors receiving combination therapy were disappeared. oHSV-1 
or CD70 CAR T-cell monotherapy also reduced tumor growth, and 
oHSV-1 significantly enhanced the antitumor efficacy of CAR T 
cells in vivo. The data were shown as means ± SD of triplicate wells. 
n = 8/each  group, ****P < 0.0001 by 2-way ANOVA with Bonfer-
roni’s correction. g During the observation period of approximately 
70  days, 42 ± 6.48% of the mouse tumors disappear in combination 
therapy, significantly improving the median survival time of the mice. 
The data were from the experiment shown in figure F **P < 0.01, 
***P < 0.001 by the log-rank test
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using anti-IFN-γ mAb. To determine the percentage of 
 CD4+CD25+Foxp3+ regulatory T (Treg) cells, the harvested 
cells were stained with APC-Cy7 anti-human CD4, APC 
anti-human CD25, and PE anti-human Foxp3 according to 
the manufacturer’s protocols. The antibodies used to identify 
natural killer (NK) cells were as follows: CD3-PerCP/Cy5.5 
and APC anti-human CD56. The isotype negative control 
antibody was the human IgG isotype. Flow cytometry analy-
sis was performed using an ACEA Novocyte flow cytometer 
(ACEA Biosciences Inc., San Diego, CA, USA). The data 
were analyzed using ACEA NovoExpress™ software.

Immunofluorescence

IF was performed on paraformaldehyde-fixed, paraffin-
embedded sections. To prepare paraffin sections of the 
tumor, whole-body perfusion was carried out using PBS fol-
lowed by 4% paraformaldehyde. A paraffin slicing machine 
(Leica, Wetzlar, Germany) was used to make tumor tissue 
Sections (5 μm). Standard staining immunofluorescence pro-
tocols were followed. The primary antibodies were as fol-
lows: anti-human CD8 (Thermo Fisher Scientific, Waltham, 
MA, USA), anti-human CD56 (Thermo Fisher Scientific, 
Waltham, MA, USA), and anti-human TGF-β1 (Abcam, 
Cambridge, MA, USA). The secondary antibodies used 
were FITC anti-mouse and Cy3 anti-rabbit (Jackson Immu-
noresearch, West Grove, PA, USA). Immunofluorescence-
stained tissue slides were scanned using a ScanScope XT 
slide scanner (Aperio Technologies, CA, USA). Images were 
analyzed using Aperio ImageScope software (Leica Biosys-
tems, Buffalo Grove, IL, USA).

Statistics

Statistical analyses were performed using GraphPad 
Prism 7.0. Unless specifically noted, all the data were 

representative of at least three separate experiments. Error 
bars represented the standard deviation (SD) and were 
calculated using Prism. The specific statistical tests used 
were t test for single comparisons and ANOVA followed by 
Tukey’s test for multiple comparisons. Repeated-measures 
2-way ANOVA with Bonferroni’s correction was used to 
compare the effect of multiple levels of 2 factors with mul-
tiple observations at each level. GraphPad Prism was used 
to compare different group survival curves with the log-
rank test. All P values < 0.05 were considered statistically 
significant.

Results

CD70 CAR T cells specifically recognized GBM

Human T cells were successfully isolated from fresh periph-
eral blood from healthy donors. Flow cytometry analy-
sis revealed that 98% of the cells highly expressed CD3 
(Fig. 1b). Prior evidence showed that CD70 is naturally 
expressed in GBM cells [22]. To investigate whether CD70 
could be used as a target for immunotherapy, we constructed 
human CD70 CAR T (Lv-trCD27-2ndCAR T) cells. To 
detect the expression of enhanced green fluorescent protein 
(EGFP) by flow cytometry, we obtained CD70 CAR T cells 
with a positive rate of 46% (Fig. 1b).

After coculture of CD70 CAR T cells and GBM, 
mouse Anti-Human CD70 immunofluorescence staining 
showed that  EGFP+CAR T cells specifically recognized 
 CD70+GBM (Fig. 1c). These tumor cells are being recog-
nized and attacked by CD70 CAR T cells not Con-CAR 
T cells, which photographed by fluorescence microscope. 
SEM showed that CAR T cells engulfed tumor cells. After 
the CAR T cells approach and recognize the tumor cells, 
they gather toward the tumor cells and approach each other, 
and then stretch out pseudopods to capture the tumor cells. 
(Fig. 1d).

Secretion of factors in conditioned media

To determine secretion of cytokines in different conditioned 
media, we used Luminex assay to detect various cytokines 
in conditioned media. The secretion from oHSV-1-infected 
GBM is shown in Fig. 1e. Moreover, ELISA showed that 
the expression levels of pro-inflammatory cytokines such as 
IL-6, IL-8, TNF-α, and TNF-β1 were significantly increased 
during the combined treatment compared with single treat-
ment (Fig. 2c–f). In contrast, the levels of inflammatory 
inhibitory cytokines such as TGF-β1, IL-10, and IL-4 were 
decreased (Fig. 2g–i). Identically, IFN-γ release in combina-
tion treatment group was significantly increased compared to 
alone treatment (Fig. 2j). To further study the time secretion 

Fig. 4  oHSV-1 and CD70 CAR T cell combination therapy increased 
the proportion of T cells and NK cells in theTME. a, b To determine 
whether oHSV-1 could improve CAR T-cell infiltration into tumors, 
we used flow cytometry to detect  EGFP+CAR T cells in tumor tis-
sues. The CAR T-cell treatment group alone showed low levels of 
implantation. By contrast, oHSV-1 infection induced higher accumu-
lation of  EGFP+CAR T cells. The data were shown as means ± SD 
of triplicate wells. ***P < 0.001 by 1-way ANOVA with Tukey’s 
post-hoc test. c–e Flow cytometry data analysis showed that, com-
pared with oHSV-1 or CD70 CAR T-cell monotherapy,  CD4+ and 
 CD8+ T-cell infiltration in the TME with the combined treatment of 
oHSV-1 and CD70 CAR T cells was increased. The data were shown 
as means ± SD of triplicate wells. **P < 0.01, ****P < 0.0001 by 
1-way ANOVA with Tukey’s post-hoc test. f Excitingly, although 
PBMC humanized mice only reconstructed low levels of human NK 
cells, flow cytometry data analysis showed increased  CD3−CD56+ 
NK cell infiltration with the combined treatment. The data were 
shown as means ± SD of triplicate wells. *P < 0.05, ***P < 0.001 by 
1-way ANOVA with Tukey’s post-hoc test
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Fig. 5  Combination of oHSV-1 and CD70 CAR T cells increased the 
proportion of  CD4+IFN-γ+ T cells and reduces the proportion of Treg 
cells in GBM model. a Flow cytometry detected the percentage of 
 CD4+IFN-γ+ T cells in tumors after the combination treatment. The 
proportion of  CD4+IFN-γ+ in combinational therapy was increased 
compared to control group. b The effects of dual combination on Treg 
cells in GBM tumors. The detection of  CD4+CD25+Foxp3+ Treg 

cells by flow cytometry showed that combination treatment could 
reduce the proportion of  CD4+CD25+Foxp3+ Treg cells in tumors. 
c Quantification of  CD4+ IFN-γ+ T cells in tumors. d Quantification 
of  CD4+CD25+Foxp3+ Treg cells in tumors. The data were shown as 
means ± SD of triplicate wells. *P < 0.05, ****P < 0.0001 by 1-way 
ANOVA with Tukey’s post-hoc test
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of IFN-γ, ELISA was performed to examine the levels of 
supernatants from oHSV-1-infected GBM at different time 
point. We found that interferon secretion increased gradually 
and reached a peak at 48 h (Fig. 1f).

oHSV‑1 combined with CD70 CAR T cells contributed 
to improve therapeutic efficacy

We first infected and killed the tumor cells as described pre-
viously [24, 25]. Combination therapy killed most of the 
tumor cells within 24 h and almost all the tumor cells within 
48 h when the effector/target ratio was 1:1 (Fig. 2a, b). Com-
pared with oHSV-1 or CD70 CAR T cells alone, combined 
oHSV-1 and CD70 CAR T cells led to faster lysis of GBM 
cells. This finding was consistent with the result that oHSV-1 
preinfection increased the activity of T cells.

Dual combination of oHSV‑1 and CD70 CAR T cells 
achieved optimum anticancer benefit in mouse GBM

Human PBMCs were injected into NSG-B2m mice via the 
caudal vein to create PBMC humanized mice (Fig. 3a). The 
increase in the proportion of  CD45+ cells over time was con-
sistent with expectations. Due to the differences in individ-
ual donors, the chimera ratio varied (Fig. 3b).  CD3−CD56+ 
NK cells maintained a low level (Fig. 3c). Thus, PBMC 
humanized NSG-B2m mice mainly comprising T cells, and 
a small amount of NK cells were successfully established.

Additionally, we tested the combination of oHSV-1 and 
CD70 CAR T-cell therapy in animal model and found the 
dual combination significantly enhanced anti-GBM effi-
cacy compared to single treatment (Fig. 3d–f). During the 
observation period of approximately 70 days, 42 ± 6.48% of 
the mouse tumors disappeared in combination therapy; in 
particular, combination therapy significantly improved the 
median survival time of the mice (Fig. 3g).

Effect of dual combination treatment 
on tumor‑associated immune cells

The animals were treated according to the procedure 
in Fig. 3D. And then we used flow cytometry to detect 
 EGFP+CAR T cells in tumor tissues. The CAR T-cell 
treatment group alone showed low levels of implantation. 
By contrast, oHSV-1 infection induced higher accumu-
lation of  EGFP+CAR T cells (Fig. 4a, b). Flow cytom-
etry data analysis showed that the infiltration of  CD4+ 
and  CD8+ T cells in the TME of the combined treatment 
was increased at day 14 (Fig. 4c–e). In particular, the 
proportion of  CD4+ IFN-γ+ T cells in the combination 
therapy group was increased (Fig. 5a, c). IF analysis also 
showed that the tumors in the combination treatment group 
were significantly infiltrated with  CD8+ T cells (Fig. 6a), 

reduced the expression of immunosuppressive TGF-β1 in 
tumor tissues, and promoted infiltration NK cells (Fig. 6b).

Flow cytometry data analysis and IF images showed an 
increase in  CD3−CD56+ NK cell infiltration in the combined 
treatment, further increasing the killing effect on the tumor 
(Fig. 4c, f; 6b). The detection of  CD4+CD25+Foxp3+ Treg 
cells by flow cytometry showed that combination therapy 
reduced the proportion of  CD4+CD25+Foxp3+ Treg cells in 
tumors (Fig. 5b, d).

Discussion

The immunotherapy represented by CAR T provides a par-
ticularly promising strategy for the treatment of intracranial 
tumors [27]. However, gliomas are considered “cold” in 
immunology, and CAR T cells cannot circumvent the poor 
infiltration of T cells when used to treat solid tumors. The 
transport, proliferation, and long-term infiltration of specific 
T cells in tumor tissues are crucial to effective antitumor 
activity [28, 29]. The central nervous system has a unique 
immune microenvironment. Immune surveillance in the cen-
tral nervous system is much more complicated [30]. OVs can 
modulate immunity and participate in the inherent advan-
tages of immunotherapy [5], effectively helping the efficacy 
of CAR T-cell therapy and providing various promising 
combinations. However, the relative contribution of these 
mechanisms depends on the complex interaction between 
different factors, such as viral vectors, CAR T-cell targets, 
cancer cell types, and host immunity [31]. Therefore, each 
combination needs to be optimized independently to achieve 
the best synergy between these two treatment modalities. 
Choosing the right OVs, timing of infection, and target of 
combined CAR T cells are vital to improve the efficacy of 
combined therapy. The schematic diagram of dual combina-
tion treatment is shown in Fig. 7.

oHSV-1 infection of tumor cells can transform malig-
nant tumor cells into cytokine and chemokine factories, 
thereby transforming the TME from immunosuppression 
to an immune stimulation environment that allows T-cell 
entry and activation. This potential creates opportunities 
for synergy with CAR T-cell immunotherapy. oHSV-1 can 
induce enhanced effects of type I IFN in the TME. Type 
I IFN promotes  CD8+ T-cell proliferation, effector func-
tion, and immune memory formation by stimulating the 
host's adaptive immune system [32]. IFN-β can inhibit 
the activation and proliferation of Treg cells and destroy 
tumor microvessels [33]. Through this effect, the tumor's 
"cold" immune microenvironment is transformed into "hot", 
thereby increasing the infiltration of CAR T cells [34]. 
GBM cells preinfected with oHSV-1 significantly increased 
the proliferation and activity of T cells during coculture 
with CD70 CAR T cells. We found that pro-inflammatory 
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cytokines, such asIL-6, IL-8, TNF-α, and TNF-β1 were 
significantly increased, while the anti-inflammatory fac-
tors TGF-β1, IL-10, and IL-4 were decreased, suggesting 
potential antitumor efficacy. TNF-α and other primary 
pro-inflammatory mediators can induce T-cell-attracting 
chemokine [35]. Chemokines are secondary pro-inflamma-
tory mediators that play important roles in the recruitment 
of immune cells [36]. We found that combination treatment 
significantly increased the release of IFN-γ. These results 
indicate that oHSV-1, CAR T, and GBM interact with each 
other in the coculture system to form a pro-inflammatory 
local environment. In particular, through the study of tumor-
bearing PBMC humanized NSG-B2m mice, we found that 
combination therapy can significantly reduce the expression 
of immunosuppressive TGF-β1 in tumor tissues, forming a 
pro-inflammatory immune microenvironment.

oHSV-1 affects the TME by modulating immune cells [37, 
38] and triggers the expression of tumor-associated antigens 
[39]. Infiltrating T cells in the TME circulate to kill tumor 
cells expressing specific antigen. Moreover, due to the cyto-
toxic perforation and the local release of telomerase cause 
immune-related "bystander effects", which can kill tumor cells 
that do not express direct antigens near the tumor cells [40]. 
Theoretically, CAR T cells in the peripheral blood of mice 
will undergo a proliferation process. This is based on CAR T 
derived from the PBMC of the same volunteer. The PBMC 
of this volunteer is also used to construct humanized immune 
system mice. Our results showed that CAR T cells in the 
combined treatment group only slightly proliferated, probably 
because of local injection of the virus, lead to small impact on 
the systemic immune system (Supplemental figure). Moreo-
ver, the intratumoral injection of the virus mainly changes the 
local tumor microenvironment and indirectly increases the 
infiltration of CAR T cells to achieve complementary curative 
effects. In the present study, the GBM orthotopic xenotrans-
planted PBMC humanized mouse model responded quickly to 
combination therapy. Once OVs infects malignant tumor cells, 
they initiate an antiviral response, resulting in the production 
and release of reactive oxygen species and antiviral cytokines. 

This excellent combination therapy can increase the infiltra-
tion of T cells and NK cells in the tumor, while reducing the 
number of immunosuppressed Treg cells and TGF-β1 expres-
sion in the tumor. In a complex immunosuppressive TME, 
the function of T cells is inhibited by different immune cells 
and cytokines through multiple pathways. Studies have shown 
that TGF-β1 can induce CAR T-cell failure, and inhibition of 
TGF-β1 expression can enhance the function of CAR T cells 
in the TME [16]. Our study showed that combination therapy 
inhibits the expression of TGF-β1, which also promotes the 
formation of a pro-inflammatory environment. Although the 
understanding of the TME remains limited and incomplete 
[28], we have also revealed various immune cells in the TME 
simulated by the humanized immune system in combination 
immunotherapy. These findings provide insights into the 
development and utilization of immunotherapy to target the 
TME to treat glioma.

The lack of animal models restricts the effect of OVs 
on CAR T-cell therapy [41]. Xenograft NSG-B2m mice of 
human-derived glioma cell lines are useful tools to evalu-
ate the antitumor efficacy of CAR T cells. However, due to 
severe defects in the immune system of NSG mice, it cannot 
cooperate with the implantation of human-derived glioma 
cell lines to form a complete immunosuppressive TME [42]. 
These tumor xenografts cannot assess the ability of OVs 
to induce antitumor immunity [41]. Although CAR T cells 
targeting tumor-associated antigen are a prospective thera-
peutic strategy for GBM [43], the outcome remains limited. 
The biological properties of mouse-derived glioma cell lines 
are different from those of human-derived glioma cell lines. 
We established animal models that tolerate human-derived 
glioma cells and realistically simulated the GBM microen-
vironment, and the application of humanized immune sys-
tem mice has become increasingly widespread. To delay the 
occurrence of graft versus host disease, provide a longer 
observation period and simulate a relatively ideal immune 
environment, human PBMCs were injected into NSG-B2m 
mice via the caudal vein to create PBMC humanized mice. 
PBMC humanized NSG-B2m mice mainly comprising T 
cells and containing a small amount of NK cells were suc-
cessfully established. Although partial reconstruction of the 
human-derived immune system was obtained that cannot 
ideally reproduce the immunosuppressed tumor microenvi-
ronment, it also provided new methods and ideas to study the 
immunomodulatory effects of OVs and CAR T-cell therapy.

Conclusions

In summary, these results indicated that oHSV-1 could 
enhance the therapeutic efficacy of CD70 CAR T cells. The 
dual combination was reasonable and excellent, and together 

Fig. 6  oHSV-1 and CD70 CAR T-cell combination therapy increased 
 CD8+ T cell and NK cell infiltration and reduced TGF-β1 expres-
sion. a Immunofluorescence analysis showed that the tumors in the 
combination treatment group were significantly infiltrated with  CD8+ 
T cells, while the control group showed only low-level infiltration 
of tumor-related boundaries on day 17. IF images were analyzed 
using the Aperio ImageScope software. Red,  CD8+ T cells; Blue, 
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI). 
Original magnification, × 20. Scale bars: 100  μm. b Combination 
therapy significantly reduced the expression of immunosuppressive 
TGF-β1 in tumor tissues, forming a pro-inflammatory immune micro-
environment and promoting the infiltration of NK cells. IF images 
were analyzed using the Aperio ImageScope software. Green,  CD56+ 
NK cells; Red, TGF-β1+ cells; Blue, DAPI. Original magnifica-
tion, × 40. Scale bars: 40 μm

◂
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transformed the immunosuppressed TME into a pro-inflam-
matory immune environment. Through our joint efforts to 
explore potential, novel and promising immunotherapeutic 
strategies that could target TME, we could bring hope to 
glioma patients with this new perspective for the combined 
immunotherapy of glioma patients.
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