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ABSTRACT
Background  The autonomic nervous system (ANS) plays 
a key role in regulating tumor development and therapy 
resistance in various solid tumors. Within the ANS, the 
sympathetic nervous system (SNS) is typically associated 
with protumor effects. However, whether the SNS 
influences the antitumor efficacy of intratumoral injections 
of oncolytic herpes simplex virus (oHSV) in solid tumors 
remains unknown.
Methods  In this study, we examined SNS innervation and 
its interaction with immune cell infiltration in both human 
and murine triple-negative breast cancer models during 
intratumoral oHSV injections and SNS blockade on oHSV’s 
antitumor activity.
Results  Intratumor oHSV injection promotes SNS 
innervation accompanied by CD45+cell infiltration in 
both the human MDA-MB-468 orthotopic model and the 
murine 4T1 mammary tumor model. Mechanistically, 
tumor-secreted factors vascular endothelial growth 
factor (VEGF), platelet-derived growth factor (PDGF), and 
transforming growth factor beta (TGF-β) and transcription 
factors (CREB, AP-1, MeCP2, and REST), which promote 
SNS innervation, were found to be upregulated in 
oHSV-treated tumors. Combining the SNS antagonist, a 
β-blocker, with oHSV significantly increased immune cell 
infiltration, particularly CD8+T cells in oHSV-treated 4T1 
tumors. Single-cell messenger RNA sequencing revealed 
that oHSV injection upregulated a specific population of 
perivascular macrophages (pvMacs) expressing high levels 
of VEGFA, CD206, CCL3, and CCL4, which suppress T-cell 
activation. The use of a β-blocker reduced the infiltration 
of oHSV-induced pvMacs, transition to inflammatory 
macrophages expressing Hexb, enhancing the diversity of 
T-cell receptor clonotypes. Further analysis suggested that 
TGF-β signaling within the tumor partially mediates SNS 
activation in the 4T1 model.
Conclusion  Our findings demonstrate that combining a 
β-blocker with oHSV significantly enhances the antitumor 
efficacy of oHSV in breast cancer by targeting TGF-β-
mediated SNS innervation and immunosuppression.

INTRODUCTION
The sympathetic nervous system (SNS), a 
division of the peripheral autonomic nervous 

system (ANS), regulates the physiological 
“fight-or-flight” response to stress, enhancing 
tissue defense and physical strength. In both 
physiological and pathological conditions, 
the SNS exerts immune regulatory functions 
through the activation of α-adrenergic and 
β-adrenergic receptors expressed on CD4+,1 
CD8+,2 regulatory T (Treg) cells,3 macro-
phages,4 and dendritic cells.5 Recent studies 
have shown that the SNS promotes tumor 
development,6–8 metastasis,9 and therapy 
resistance2 by releasing catecholamine 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The sympathetic nervous system (SNS) not only 
plays a direct role in regulating tumorigenesis but 
also influences immune cell function, including T 
cells and antigen-presenting cells, both directly 
and indirectly. Within the tumor microenvironment, 
the SNS has been shown to contribute to T-cell 
exhaustion.

WHAT THIS STUDY ADDS
	⇒ The impact of SNS on tumor therapy resistance 
remains poorly understood. This study investigates 
the effects of SNS on the breast cancer microen-
vironment and the antitumor immune response 
during oncolytic virotherapy. The findings suggest 
that oncolytic virotherapy can regulate the activity 
of both tumor-infiltrating T cells and myeloid cells. 
Furthermore, blocking SNS activity using beta-
blockers enhances the antitumor effects of oncolytic 
virotherapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study highlights that intratumoral injection of 
oncolytic viruses can induce SNS innervation in the 
tumor and modulate the immunosuppressive tu-
mor microenvironment. Targeting SNS represents a 
promising strategy to overcome therapy resistance 
in solid tumors during oncolytic virotherapy.
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neuroeffectors into the tumor microenvironment. These 
neuroeffectors interact with adrenergic receptors to 
modulate the functions of tumor cells, stromal cells, and 
immune cells. Additionally, the SNS has been implicated 
in controlling the exhaustion of effector and memory 
T-cell functions.2

Oncolytic virotherapy (OV) is a form of immunotherapy 
developed to target advanced solid tumors that are resis-
tant to standard-of-care (SOC) treatments and other 
forms of immunotherapy. While OV has been approved 
for use in metastatic solid tumors, its antitumor efficacy 
remains limited due to the suppressive tumor microen-
vironment. Understanding the underlying mechanisms 
that contribute to OV resistance is critical to improving 
its effectiveness in solid tumors. Whether SNS innerva-
tion influences the antitumor efficacy of OV has yet to be 
explored.

In this report, we characterize the innervation of the 
SNS in triple-negative breast cancer (TNBC) models 
following intratumoral injection of oncolytic herpes 
simplex virus (oHSV). We systematically investigate the 
impact of SNS innervation during oHSV therapy on alter-
ations within the tumor microenvironment, with a partic-
ular focus on immune cell phenotypes and the signaling 
pathways governing SNS and immune cell interactions. 
Furthermore, we explore whether combining the SNS 
antagonist β-blocker with oHSV enhances its antitumor 
efficacy.

MATERIALS AND METHODS
Cells, oncolytic virus, and mice
Human breast cancer cells (MDA-MB-468) and mouse 
breast cancer cells (4T1) were cultured in Dulbecco's 
Modified Eagle Medium (DMEM) medium supple-
mented with 10% fetal bovine serum (FBS). The oHSV 
used in this study is a double mutant (ICP6 and gamma 
34.5) of HSV serotype 1. The oHSV expressed green fluo-
rescent protein (GFP), which can be used to monitor its 
infection in breast cancer. Human breast cancer MDA-
MB-468 cells are more sensitive to oHSV infection and 
oncolysis compared with mouse breast cancer 4T1 cells 
(online supplemental file 1). This increased sensitivity 
is attributed to the expression of nectin-1, a receptor for 
HSV infection, on human cells.10 Female athymic nude 
mice (JAX#002019) and Balb/cJ mice (JAX#000651) 
were purchased from Jackson Laboratory.

In vivo murine breast cancer model
The human MDA-MB-468 breast cancer model was estab-
lished by injecting 1×10ˆ5 tumor cells into the mammary 
gland of 6-week-old female nude mice. The mouse 4T1 
breast cancer model was created by injecting 5×10ˆ4 
tumor cells into 6-week-old female Balb/cJ mice. When 
tumors reached 6–8 mm in diameter, tumor-bearing mice 
were intratumorally injected with phosphate-buffered 
saline (PBS) or 5×10ˆ5 infectious units of oHSV, with or 
without intraperitoneal treatment with a β-blocker (2 mg/

kg/day propranolol, Cayman Chemical)11 until analysis. 
This study was approved by the Institutional Animal Care 
and Use Committee of Augusta University.

Flow cytometry analysis
For cell surface staining, cells were washed with PBS 
and blocked with an Fc blocker (BD Biosciences, San 
Jose, California, USA). Fluorochrome-labeled antibodies 
(CD45, CD4, CD8, F4/80, CD44, CD206) were obtained 
from BD Biosciences (Franklin Lakes, New Jersey, USA), 
added, and stained for 30 min as previously described.12 
All samples were analyzed using a CytoFLEX flow cytom-
eter (Beckman Coulter, California, USA).

Immunofluorescence staining
Human and mouse breast cancer tissues were collected, 
and paraffin blocks were prepared. After deparaffiniza-
tion and antigen retrieval, sections were permeabilized 
with 0.04% Triton-X and blocked with 2% goat serum. 
Primary antibodies (ICP4, 1:100; TH, 1:100; CD45, 1:200; 
CD3, 1:100; cleaved caspase-3, 1:150; CD8, 1:100; and 
Ki-67, 1:200), obtained from Abcam (Cambridge, UK), 
were diluted in 0.4% bovine serum albumin (BSA) and 
incubated overnight at 4°C. Following washing, sections 
were incubated with secondary antibodies for 1 hour. 
Images were captured using a fluorescence microscope 
(Nikon Eclipse Ts2).

Quantitative RT-PCR
PBS-treated or oHSV-treated 4T1 tumors, with or without 
β-blocker treatment, were harvested, and messenger 
RNA (mRNA) was extracted using the Qiagen RNeasy 
kit. Complementary DNA (cDNA) was synthesized using 
the High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems). Quantitative reverse transcription-
polymerase chain reaction (RT-PCR) was performed using 
SYBR Green methods. Gene-specific primers (sequences 
listed in online supplemental table 1) were synthesized 
by Integrated DNA Technologies (IDT, Coralville, Iowa, 
USA).

RNA library construction and data analysis
For bulk mRNA sequencing (mRNA-seq), total RNA was 
extracted from PBS-treated or oHSV-treated 4T1 tumors 
with or without β-blocker treatment using the RNeasy 
Mini Kit (#74104, Qiagen, Germany). RNA sequencing 
(RNA-seq) library was constructed by the Augusta Univer-
sity Genomics Core according to the manufacturer’s 
instructions for Takara SMARTer Stranded Total RNA 
Sample prep Kit (634876, Takara Bio USA). RNA-seq data 
were generated using an Illumina NovaSeq 6000 with a 
100 bp paired-end read format.

Raw mRNA sequence reads were pre-processed using 
Cutadapt (V.1.15) to remove bases with quality scores 
<20 and adapter sequences. Clean RNA-seq reads were 
aligned to the reference genome (GRCh38.83) using 
STAR (V.2.5.3a).13 Gene abundance was measured 
using HTSeq-count to obtain the uniquely mapped read 
number, with annotations from ENSEMBL V.83. Only 
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genes with >5 reads in at least one sample were included 
in differential expression analysis using DESeq2,14 which 
implements a negative binomial distribution model. 
Resulting p values were adjusted using the Benjamini and 
Hochberg method15 to control for false discovery rates 
(FDR). Genes with FDR<0.05 were considered differen-
tially expressed for further analysis. Gene Set Enrichment 
Analysis was performed using the RDAVID WebService 
(V.1.19.0)16 for Gene Ontology terms and the R package 
for Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis. Enrichment p values were adjusted 
using the Benjamini and Hochberg method.

Single-cell mRNA sequencing and T-cell receptor sequencing
CD45+cells were isolated from 4T1 tumors treated with 
oHSV and β-blocker. mRNA libraries were constructed 
using the 10x Genomics Chromium Next GEM Single Cell 
5’ HT Reagent Kits V.2 (Dual Index). Raw sequencing data 
files were demultiplexed into FASTQ files and analyzed 
using the Cell Ranger algorithm (10x Genomics). The 
filtered count matrices and filtered contig V(D)J anno-
tations were analyzed with R (V.4.2) using Seurat and 
Bioconductor packages. The low-quality cells were filtered 
out retaining cells with detected gene numbers >200, and 
mitochondrial genes <15%. Genes that were expressed by 
less than 3 cells were rejected.

For T-cell receptor (TCR)-sequencing analysis, the TCR 
diversity and richness between samples were analyzed 
using Shannon Index, Normalized Entropy Index and 
Chao1 index, whereas Shannon Index = −∑pi × log(pi), 
Normalized Entropy Index = −∑pi × ln(pi) / ln(S), pi=fre-
quency of i-th clone, S=total number of clones. Normal-
ized entropy is Shannon entropy divided by ln of the total 
number of clonotypes. The normalized entropy ranges 
from 0 to 1 with one indicating maximum diversity. Chao1 
index is used to measure “Richness”, it estimates the total 
number of species (clones) in the analyzed population. 
The clonal richness between samples using integrations 
of rarefaction and extrapolation (prediction) of effective 
numbers of clonotypes across indicated samples.

Statistical analysis
All quantitative results are presented as means±SD. Statis-
tical differences between two groups were assessed using 
the Mann-Whitney U test or Student’s t-test. For compari-
sons involving more than two groups, analysis of variance 
was employed. Statistical analyses were conducted using 
Prism V.5 software (GraphPad Software, La Jolla, Cali-
fornia, USA). A p value of <0.05 was considered statisti-
cally significant.

RESULTS
Sympathetic neuron innervation of tumor-infiltrating 
lymphocytes in tumors from patients with triple-negative 
breast cancer and a mouse orthotopic breast cancer model
Neuron innervation could not only directly influence 
tumorigenesis but also modulate tumor-infiltrated 

immune cell function. Given that SNS innervation regu-
lates immune cell activity in both physiological and 
pathological conditions,17 we first analyzed whether 
SNS signaling could directly or indirectly regulate 
tumor-infiltrating lymphocytes (TILs) in patients with 
breast cancer and a mouse orthotopic breast cancer 
model. Using single-cell RNA sequencing (scRNA-seq) 
data from human patients with breast cancer, we found 
that neuronal markers (TUBB3), adrenergic recep-
tors (ADRB2, ADRA2), and SNS innervation factors, 
such as NGF and NGFR, are ubiquitously detected in 
patient tumors (online supplemental figure 2). In the 
human TNBC scRNA-seq data set, the neuronal gene 
TUBB3 was identified in both tumor cell and endothe-
lial cell clusters (figure  1a,b). Additionally, the adren-
ergic receptor ADRB2, but not ADRB1, was expressed in 
both immune cells, including CD4+ and CD8+ T cells, B 
cells, NK cells, macrophages, and dendritic cells, as well 
as in non-immune cells, such as endothelial and luminal 
cells (figure  1a,b). In contrast, the ADRA2A receptor 
was primarily expressed in non-immune cells, including 
perivascular-like cells and cancer-associated fibroblasts 
(CAFs) (figure  1a,b). The differential expression of 
adrenergic receptors in immune and non-immune cells 
highlights the variability in the sympathetic nervous 
system’s regulation of breast cancer immunity.

Next, we examined SNS innervation in both human and 
murine TNBC orthotopic models. Immunofluorescence 
staining of tyrosine hydroxylase (TH),2 a marker of SNS, 
in the mouse 4T1 tumor model in Balb/c mice revealed 
that SNS primarily innervated the tumor-adjacent 
mammary gland (MM) and the interface between the 
mammary gland and tumor tissue (MT) but was absent in 
the tumor tissue (TU) (figure 1c), which is consistent with 
a previous study using flow cytometry methods.18 The MT 
region was infiltrated by CD45+cells, where the majority 
of TILs were located (figure 1c). Similarly, TH staining 
in the human MDA-MB-468 tumor model in nude mice 
showed SNS innervation in the MM and MT regions, but 
not in the TU region, although fewer CD45+cells were 
observed in the MT region (figure  1d). These findings 
suggest that SNS innervation in the MM and MT regions 
may directly or indirectly influence TIL function in breast 
cancer.

To characterize SNS innervation in TILs in the 4T1 
breast cancer syngeneic mouse model, single-cell 
mRNA-seq analysis was performed on CD45-microbead 
purified TILs (figure  1e). The results revealed that the 
SNS receptor Adrb2 is expressed in both T cells and 
myeloid cells (figure 1e,f). Additionally, SNS innervation 
factor Pdgfa is predominantly expressed in monocytes 
and macrophages (figure 1g), while Tgfb1 and Tgfbr1 are 
ubiquitously expressed across all TIL populations but 
show elevated expression in monocytes and macrophages 
(figure 1g).
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Increased SNS innervation adjacent to oHSV infection in 
mouse orthotopic TNBC models
To characterize the effects of oHSV therapy on SNS 
activation in breast cancer, we intratumorally treated 
mouse orthotopic 4T1 tumors in Balb/c mice with 
oHSV. Bulk tumor mRNA-seq analysis demonstrated 
that oHSV treatment significantly increased signaling 
pathways associated with oncogenesis and tumor 
cell growth, specifically the PI3K-AKT-mTOR and 
mTORC1 pathways (figure  2a). Additionally, oHSV 
treatment upregulated user-defined gene signatures 
associated with SNS innervation (figure 2b). Analysis 
of adrenergic receptors revealed significant upregula-
tion of both ADRB1 and ADRB2 in tumors following 
intratumoral injection of oHSV (figure 2c). Further-
more, oHSV intratumoral injection enhanced the 
release of SNS innervation factors, including nerve 
growth factor (NGF),19 vascular endothelial growth 
factor (VEGF),20 platelet-derived growth factor 
(PDGF),21 and transforming growth factor beta (TGF-
β)22 (figure 2d). Transcription factors that positively 
or negatively regulate SNS activation, such as CREB,23 
AP-1,24 and MeCP2,25 were also found to be highly 

upregulated in the 4T1 tumors after oHSV injection 
(online supplemental figure 3).

Next, we investigated SNS innervation in 4T1 tumors 
following intratumor injection of oHSV using immu-
nofluorescence staining for tyrosine hydroxylase (TH) 
and the HSV-infected cell polypeptide 4 (ICP4)12 as 
indicators of SNS and oHSV infection, respectively. 
Our results demonstrated a significantly higher level 
of SNS innervation in tumors infected with oHSV 
(figure 2e,f). In contrast, TH+cells were not detected 
in tumors of vehicle-treated mice (figure  2e,f). 
Further analysis revealed a positive correlation 
between the intensity of TH neuron innervation and 
oHSV infection, suggesting that TH+neuron innerva-
tion is closely associated with areas of oHSV infection 
(figure 2g, online supplemental figure 4a).

To determine whether the increase in SNS inner-
vation observed during oHSV treatment in TNBC 
is dependent on adaptive immunity, we analyzed 
TH+neuron innervation in human TNBC MDA-MB-
468 xenografts in the mammary glands of female 
nude mice. Intratumoral injection of oHSV signifi-
cantly increased TH+neuron innervation both within 

Figure 1  SNS innervation in tumor-infiltrated lymphocytes (TILs), tumor, and tumor stromal cells in breast cancer. (a) t-SNE 
analysis of different cell clusters in human triple-negative breast cancer single-cell RNA sequencing (scRNA-seq) data. The pan-
neuron marker TUBB3, adrenergic receptors (ADRB2 and ADRA2A), and the SNS growth factor NGF were expressed in TILs, 
including CD4 and CD8 T cells, NK cells, regulatory T cells (Treg), myeloid cells (macrophages and monocytes), tumor cells, and 
stromal cells (endothelial cells, cancer-associated fibroblasts, and perivascular-like cells (PVL). (c–d) SNS innervation in murine 
4T1 and human MDA-MB-468 mammary gland xenograft tumors were detected via immunofluorescence staining for tyrosine 
hydroxylase (TH) and CD45 to identify immune cells. n=3, *p˂0.05, **p˂0.01, ***p˂0.005, ****p˂0.001. (e–g) Mouse breast cancer 
4T1 cells were inoculated into the mammary glands of female Balb/c mice. 15 days later, CD45+cells were harvested from the 
tumors, and scRNA-seq was performed. Subtypes of immune cells (e), adrenergic receptor ADRB2 (f), and adrenergic neuron 
growth factors PDGF-α, TGF-β1, and TGFBR1 (g) were identified in the TILs through t-SNE analysis. CAFs, cancer-associated 
fibroblasts; DCs, dendritic cells; MM, mammary gland; MT, mammary gland and tumor tissue; PDGF, platelet-derived growth 
factor; SNS, sympathetic nervous system; TGF, transfrorming growth factor; t-SNE, t-distributed Stochastic Neighbor 
Embedding; TU, tumor tissue.
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the tumor and in the adjacent mammary gland 
(figure 2h,i). In contrast, vehicle-treated mice exhib-
ited sympathetic neuron innervation only in the 
adjacent mammary gland, with no innervation in the 
tumor region (figure 2h,i). Furthermore, the intensity 
of TH+neuron innervation was positively correlated 
with the extent of oHSV infection (figure 2j, online 
supplemental figure 4b).

These results suggest that while the immune 
response may influence SNS innervation in breast 
cancer, the enhancement of sympathetic neuron 
innervation during intratumoral oHSV treatment 
occurs independently of the immune response.

TH+ neuron innervation accompanied CD45+ cell infiltration 
following intratumoral injection of oHSV
The injection of oHSV not only induces inflamma-
tion in the virus-infected tumor area but also promotes 
local immune cell infiltration. Immune cell infiltration 
consistently coincides with oHSV-infected tumor sites. 
We next investigated whether CD45+immune cell infil-
tration in oHSV-infected tumors is spatially correlated 
with TH+neuron innervation. In 4T1 tumor-bearing 

Balb/c mice, intratumoral injection of oHSV signifi-
cantly increased CD45+cell infiltration (figure  3a,b). 
H&E staining and immunohistochemistry staining of 
TUBB3 indicate that neuron innervation not only exists 
in adjacent mammary gland but also inside the tumor18 26 
(Online supplemental figure 5). In contrast, TH+neu-
rons are predominantly present in the tumor-adjacent 
mammary gland in untreated tumors (figure 1c). TH+SNS 
innervation was present at sites of CD45+cell infiltration 
(figure 3a and c) inside oHSV-treated tumors, suggesting 
that the closer the SNS innervation is to CD45+cells, the 
stronger the intensity of TH+innervation.

Although nude mice implanted with human MDA-MB-
468 tumors lack functional T and B cells, myeloid cells still 
infiltrate the tumors, contributing to tumor progression 
and resistance to therapy. We examined the infiltration of 
CD45+cells in human MDA-MB-468 xenografts implanted 
in the mammary glands of these mice. Intratumoral injec-
tions of oHSV not only enhance TH+sympathetic neuron 
innervation in the virus-infected region (figure 2f), but 
also promote the infiltration of CD45+cells within the 
same area (figure  3d,e). Further analysis revealed a 

Figure 2  Intratumor oHSV treatment enhances SNS innervation in breast cancer. Bulk tumor mRNA sequencing analysis 
(a–b) and quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis of adrenergic receptors ADRB1 
and ADRB2 (c) and SNS growth factors vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), 
and neuron growth factor (NGF) (d) were conducted in murine 4T1 mammary gland tumors in Balb/c mice 3 days following 
intratumor injection of oHSV (n=3, *p˂0.05). oHSV infection and SNS innervation in 4T1 mammary tumors were assessed 
through immunofluorescence staining of ICP4 and TH, respectively (e–g). The relative fluorescence intensity (f, n=3, *p˂0.05) 
and spatial correlation (g) of ICP4 and TH after oHSV intratumor injection were quantified using ImageJ. Human TNBC MDA-
MB-468 mammary tumors in nude mice were treated intratumorally with 5×105 oHSV. oHSV infection and SNS innervation 
in tumor-bearing mice were analyzed through immunofluorescence staining of ICP4 and TH (h). The density of TH and ICP4 
immunofluorescence staining was quantified using ImageJ (i, n=3, *p˂0.05). The spatial distribution of oHSV infection (ICP4) and 
SNS innervation (TH) was analyzed using ImageJ (j). ICP4, infected cell polypeptide 4; Mm, mammary gland; oHSV, oncolytic 
herpes simplex virus; PBS, phosphate-buffered saline; PDGF, platelet-derived growth factor; RT-PCR, reverse transcription-
polymerase chain reaction; SNS, sympathetic nervous system; TGF, transforming growth factor; TH, tyrosine hydroxylase; 
TNBC, triple-negative breast cancer; Tu, tumor. bar, 100µm; VEGF, vascular endothelial growth factor.
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correlation between the intensity of TH+neuron inner-
vation and the proximity of CD45+cells (figure 3d and f).

β-blocker enhances the antitumor efficacy of intratumoral 
oHSV injection in a breast cancer model
Our preliminary findings demonstrated that intratumoral 
injection of oHSV induces immune cell infiltration and 
is accompanied by sympathetic neuron innervation in 
the virus-infected area. We next investigated whether the 
combination of a β-blocker (a sympathetic neuron antag-
onist) could influence the antitumor efficacy of oHSV.

In the 4T1 breast cancer model, the combination 
of intratumoral oHSV injection with systemic delivery 
of a β-blocker significantly inhibited tumor growth 
(figure 4a,b). Analysis of TILs revealed that this combi-
nation markedly increased immune cell infiltration, 
particularly CD3+T cells (figure 4c,d). Tumor cell death, 
induced by both oHSV-mediated oncolysis and immune 
cell-mediated cytotoxicity, was assessed using cleaved 
caspase-3 staining. The combination of β-blocker with 
oHSV significantly enhanced tumor cell death in the 4T1 
immunocompetent mouse model (figure 4c–e).

We further investigated the neuronal growth factors 
that regulate TH+neuron innervation in 4T1 tumors 
treated with oHSV and β-blockers. Quantification of both 
secreted factors and transcription factors involved in SNS 
innervation revealed a feedback upregulation of several 
key factors, including VEGF, PDGF, CREB, AP-1, REST, 

and MeCP2, in 4T1 tumors treated with the combination 
of oHSV and β-blocker (figure 4f,g).

β-blocker modulates immune status in 4T1 tumors following 
intratumoral oHSV injection
Next, we aimed to investigate how β-blocker administra-
tion influences the immune status of 4T1 tumors after 
intratumoral injection of oHSV. Tumor cell growth and 
CD8+T cell proliferation in the tumor microenvironment 
were analyzed using Ki-67 immunofluorescence staining. 
The results demonstrated that the combination of oHSV 
with β-blocker significantly reduced tumor cell growth 
(Ki67+CD8−) compared with treatment with either agent 
alone (figure  5a,b). Additionally, analysis of CD8+T cell 
infiltration revealed that the combination treatment 
significantly enhanced CD8+T cell infiltration within the 
tumor (figure  5a–c). Furthermore, the combination of 
oHSV and β-blocker markedly increased CD44 expression 
in tumor-infiltrating CD4+ and CD8+ T cells (figure 5d,e), 
indicating activation of these T cells. TCR sequencing 
demonstrated that the combination of β-blocker and 
oHSV led to an increase in overall TCR diversity (abun-
dance of TCR clones) (figure 5f and online supplemental 
figure 6), contributing to immune-mediated tumor cell 
lysis.27 28 These findings suggest that the β-blocker not 
only modulates the sympathetic nervous system within 
the tumor but also exerts antitumor effects by activating 
an antitumor immune response.

Figure 3  Intratumor injection of oHSV increases CD45+cell infiltration adjacent to SNS innervation of the tumor. Murine 4T1 
mammary tumors were intratumorally injected with 5×105 oHSV or PBS. CD45+cell infiltration and TH+SNS innervation in the 
tumor were assessed through immunofluorescence staining (a–c). The relative CD45 and TH fluorescence intensity, CD45+ and 
TH+cell number (b, n=4, ***p˂0.005, ****p˂0.001) and spatial correlation (c) of CD45 and TH after oHSV intratumor injection 
were quantified using ImageJ. Human MDA-MB-468 mammary tumors were also treated with 5×105 oHSV or PBS. CD45+cell 
infiltration and TH+SNS innervation in these tumors were analyzed by immunofluorescence staining (d–f). The CD45 and TH 
fluorescence intensity, CD45+ and TH+cell number (e, n=4, ***p˂0.005, ****p˂0.001) and spatial correlation (f) of CD45 and 
TH after oHSV intratumor injection were quantified using ImageJ. bar, 100µm; oHSV, oncolytic herpes simplex virus; PBS, 
phosphate-buffered saline; SNS, sympathetic nervous system; TH, tyrosine hydroxylase.

https://dx.doi.org/10.1136/jitc-2024-011322
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Analysis of myeloid cells, specifically tumor-associated 
macrophages (TAMs), showed that the addition of a 
β-blocker during oHSV treatment significantly downreg-
ulated CD206 expression in TAMs, suggesting a shift from 
an immunosuppressive to an inflammatory TAM pheno-
type (figure 5g,h).

β-blocker modulates perivascular macrophage phenotype in 
oHSV-treated 4T1 tumor microenvironment
To further investigate the mechanisms by which CD8+T 
cells are regulated in 4T1 tumors during the combination 
treatment with oHSV and β-blocker, we re-clustered the 
major myeloid cell populations in the 4T1 tumor using the 
prediction-from-MetaReference algorithm. This analysis 
identified the perivascular macrophages (pvMac) popula-
tion,29 a subset of macrophage known to regulate tumor 
growth, invasion, and metastasis through interactions with 
other cells in the tumor microenvironment (figure 6a,b). 
Since β-blockers are intended to restore normal vascular 
architecture and have potential anti-angiogenic effects,30 
we examined the impact of the combination therapy on 
the pvMac population within TILs. Our results revealed 
a specific pvMac subpopulation in tumors treated with 
oHSV, which was depleted when combined with β-blocker 
treatment (figure  6a,b). This oHSV-induced pvMac 
subpopulation expressed high levels of Vegfa, Mrc1, Ccl3, 
and Ccl4 (figure 6c), which are involved in suppressing 
the activation of other immune cells, including antigen-
specific T cells.31 We further analyzed the monocytes and 
macrophages (MoMac; clusters 2, 5, 8, 9, and 11 from the 

scRNA-seq data) within TILs from 4T1 tumors (figure 6d, 
online supplemental figure 7). Our findings revealed that 
the combination therapy induced a pro-inflammatory 
macrophage subtype (figure  6d) characterized by the 
expression of classical inflammatory markers, including 
S100a8, S100a9, IL1β, and G0s2 (figure 6e), as well as the 
novel molecule Hexb (figure 6e,f). To assess the pheno-
typic transition of tumor-infiltrating macrophages from 
pvMacs to proinflammatory macrophages, we performed 
pseudotime analysis on the MoMac clusters (figure 6g). 
The results indicated that the combination therapy 
shifted macrophage trajectory from pvMacs to pro-
inflammatory macrophages (figure  6g), with a concur-
rent increase in Hexb expression during this phenotypic 
transition (figure 6h).

TGF-β signaling partially contributes to the enhanced immune 
phenotype during combination treatment with β-blocker and 
oHSV
TGF-β plays a dual role in the tumor microenviron-
ment, promoting both neurogenesis and immunosup-
pression.25 scRNA-seq analysis revealed that TGF-β1-3 
and TGFBR1-3 are highly expressed in human patients 
with breast cancer (figure 7a). Further analysis in TNBC 
using scRNA-seq showed that TGFBR2 and TGFBR3 
are prominently expressed in various immune cell clus-
ters, including CD4+T cells, CD8+T cells, and Tregs 
(figure 7b). This expression pattern closely mirrors that 
of ADBR2 (figure 1b), suggesting a potential interaction 
between TGF-β signaling and SNS-ADBR signaling in 

Figure 4  Combination of adrenergic β-blocker with oHSV increases antitumor efficacy. (a) Experimental design. (b) Growth of 
4T1 tumors following treatment with the combination of oHSV and adrenergic β-blocker. n=5, *p˂0.05. (c) Immunofluorescence 
staining for T-cell infiltration and tumor cell death, using CD3 and cleaved caspase-3 (CC3) antibodies, respectively. The 
CD3+cell number (d) and CC3 immunofluorescence intensity (e) were quantified using ImageJ. n=4, **p˂0.01, ***p˂0.005, 
****p˂0.0001, ns=no significance. (f–g) Quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis of 
adrenergic receptors and SNS growth factors vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF) 
(f), adrenergic receptors ADRB1 and ADRB2 (f), and transcription factors REST, MeCP2, CREB, and AP-1 (g) that regulate SNS 
innervation. n=3, *p˂0.05. Comb, oHSV+THi;oHSV, oncolytic herpes simplex virus; PBS, phosphate-buffered saline; PDGF, 
platelet-derived growth factor; RT-PCR, reverse transcription-polymerase chain reaxtion; SNS, sympathetic nervous system; 
THi, β-blocker; VEGF, vascular endothelial growth factor.

https://dx.doi.org/10.1136/jitc-2024-011322
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immune cells, including CD4+ and CD8+ T cells, as well 
as Tregs.

We next explored whether TGF-β signaling contrib-
utes to the enhanced antitumor efficacy observed 
with the combination of oHSV and β-blocker in the 
4T1 tumor model. Quantitative RT-PCR of secreted 
factors and transcription factors related to adrenergic 
neuron growth demonstrated that β-blocker treatment 
increased the expression of these factors, including 
TGF-β1(figure  4f,g). The combination of oHSV with 
β-blocker further amplified these factors while reducing 
TGF-β1 expression (figure 4f,g, figure 7c). ELISA assays 
confirmed a significant decrease in TGF-β1 levels during 
combination therapy compared with single-agent treat-
ment (figure 7d).

Bulk tumor mRNA-seq analysis revealed that β-blocker 
treatment (TH inhibition) suppressed TGF-β signaling 
and pathways associated with tumor growth, such as PI3K-
AKT-mTOR and mTORC1 signaling. The combination 
therapy further inhibited oHSV-induced upregulation 
of these pathways, which are related to tumorigenesis, 
tumor growth, and therapy resistance (figure 7e).

To further confirm that the reduction in TGF-β 
signaling contributes to the efficacy of the combination 

therapy, we employed a TGF-β blocking antibody. While 
the combination of oHSV with the TGF-β blocking anti-
body inhibited tumor growth, it was not as effective as the 
combination of oHSV with β-blocker (figure 7f).

DISCUSSION
In this study, we found that intratumoral injection of 
oHSV in both the human TNBC MDA-MB-468 xenograft 
model in nude mice and the murine 4T1 breast cancer 
orthotopic model in Balb/c mice increased the produc-
tion of neurotropic factors and promoted TH+neuron 
innervation and pvMac infiltration during oHSV therapy. 
TH+neuron growth was accompanied by myeloid cell 
infiltration in the MDA-MB-468 nude mice model, and 
both granulocytes and CD3+T cells in the oHSV-injected 
4T1 murine model. TGF-β emerged as a key factor 
contributing to SNS activation and immunosuppression 
during oHSV treatment. The combination of a β-blocker 
with oHSV not only enhanced antitumor efficacy in the 
4T1 model by reducing pvMac infiltration and increasing 
macrophage phenotype transition and CD8+T cells infil-
tration within the tumor but also increased TCR diversity 
(figure 7g).

Figure 5  β-blocker enhances CD8 T-cell-mediated anti-tumor immune response during intratumor treatment with oHSV. 
Balb/c mammary gland 4T1 tumors were treated with the combination of oHSV and β-blocker. 9 days post-treatment, tumor 
cell proliferation and CD8 T-cell infiltration were analyzed via immunofluorescence staining for CD8 and Ki-67, respectively 
(a–c). The immunofluorescence intensity of Ki-67 on CD8− cells (CD8-Ki67+, b, n=4), the ratio of Ki-67+ and Ki-67− in CD8− cells 
(Ki67+: Ki67−, b, n=4), and CD8 T-cell infiltration (c, n=3) were quantified. *p˂0.05, **p˂0.01, ***p˂0.005, ****p˂0.0001. (d–e) TILs 
were also harvested for flow cytometry analysis, evaluating CD4 and CD8 T-cell activation via CD44 staining. n=3, *p˂0.05. 
Estimation of T-cell receptor clonal richness, using the abundance of clones across samples. The sample-size-based and 
coverage-based integrations of rarefaction and extrapolation (prediction) of effective numbers of clonotypes across indicated 
samples. Values were calculated using the scRepertoire V.2.0.5 R package (R V.4.4.1). (f) Tumor-infiltrated macrophages were 
assessed for F4/80+CD206+ expression by flow cytometry (g–h). (h, n=3, *p˂0.05). Comb, oHSV+THi; oHSV, oncolytic herpes 
simplex virus; PBS, phosphate-buffered saline; THi, β-blocker.
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Though many factors contribute to the upregulation 
of neuronal genes in tumor cells,32 33 tumor stromal 
and tumor-infiltrated immune cells, many solid tumors, 
including breast,18 ovarian,34 and lung cancers,35 exhibit 
multiple types of neuronal innervation within their 
anatomical location. Sympathetic,6 parasympathetic,36 
and sensory7 neurons play distinct roles in tumor devel-
opment and metastasis. While the SNS is often associated 
with protumor functions, parasympathetic neurons are 
typically considered to have antitumor effects. Numerous 
factors within the tumor microenvironment promote 
neurogenesis, leading to new neuronal innervation in 
tumors.37 The SNS promotes tumor development through 
multiple mechanisms, including the inhibition of DNA 
damage repair,38 mesenchymal activation,39 oncogene 
activation,40 angiogenesis,11 and the stimulation of pro-
inflammatory responses.41 These effects may result from 
neurotransmitters binding directly to receptors on other 
tumor-associated cell types or indirectly via neuronal 
innervation.

Perineural invasion (PNI), a process in which cancer 
cells infiltrate around nerves to reach adjacent or distant 
organs, has been reported in many cancers, including 

head and neck42 and pancreatic cancers,43 where these 
organs are innervated by both sympathetic and para-
sympathetic nerves. PNI can occur prior to lymphatic or 
vascular invasion,44 even when the anatomical proximity 
of nerves to the lymphatic and vascular systems is consid-
ered. Our results suggest that oncolytic virotherapies can 
modulate the tumor microenvironment in ways that favor 
SNS signaling in CD45+tumor-infiltrating cells, poten-
tially modulating antitumor immune responses. However, 
the precise mechanisms underlying immune regulation 
need further exploration.

The SNS regulates immune responses through both 
direct and indirect pathways. SNS activation can reduce 
blood flow to lymph nodes and impede leukocyte traf-
ficking within tissues.45 Direct activation of adrenergic 
receptors on immune cells has been reported in various 
cell types, including T cells, where it inhibits their prolif-
eration by suppressing interleukin (IL)-2 production and 
CD25 expression via cyclic adenosine monophosphate 
(cAMP)-dependent mechanisms.46 SNS activation has also 
been shown to enhance Treg immunosuppressive activity 
through autocrine/paracrine inhibitory loops,3 and it can 
directly inhibit CD8+T cell cytotoxicity.47 In this study, the 

Figure 6  β-blocker modifies both myeloid and T-cell phenotypes in oHSV-treated 4T1 tumors. Balb/c mammary gland 4T1 
tumors were treated with the combination of oHSV and β-blocker. Seven days post-treatment, CD45+TILs were harvested from 
tumors and subjected to scRNA-seq analysis. (a) Clustering of myeloid cells in TILs, referencing published data to identify the 
pvMac cluster. (b) Re-clustering of pvMac in TILs to identify a specific oHSV-induced pvMac population. (c) Gene signatures 
of pvMac (Vegfa, Mrc1, Ccl3, and Ccl4) in TILs isolated from oHSV-treated 4T1 tumors. (d) Uniform Manifold Approximation 
and Projection (UMAP) clustering for monocytes and macrophages (MoMac) from four groups of pooled samples using 
bBrowser (Bioturing) software. (e) Volcano plot showing differentially expressed genes between Comb sample and all other 
samples for cells in MoMac clusters shown in (d). Cells in red indicate genes with log2 fold change (log2FC)>0.5 and adjusted 
p value<0.05. Selected genes are labeled for emphasis. (f) Immunofluorescence staining of Hexb and F4/80 in 4T1 tumor with 
Comb treatment. (g–h) Pseudotime analysis of MoMac clusters shown in (d), using bBrowser (Monocle3 package). (g) Cells 
ordered in pseudotime show transition from cluster 9 (monocyte-like cells) through proinflammatory macrophages (clusters 
11). (h) Expression of the Hexb gene along the trajectory. The scRNA-seq samples were pooled from five mice for each group. 
Comb, oHSV+THi; oHSV, oncolytic herpes simplex virus; pvMac, perivascular macrophages; scRNA-seq, single-cell RNA 
sequencing; t-distributed Stochastic Neighbor Embedding; TILs, tumor-infiltrating lymphocytes; THi, β-blocker; UMAP, Uniform 
Manifold Approximation and Projection.
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enhanced function of CD8+T cells following β-adrenergic 
blockade may be an indirect effect, primarily mediated 
through the inhibition of TGF-β-driven immunosuppres-
sion. Intratumoral injection of oHSV induces inflamma-
tion, promotes macrophage-mediated viral clearance, 
and increases TGF-β production.

TGF-β is a cytokine involved in various biological 
functions, including immune response, embryonic 
development, epithelial-mesenchymal transition, and 
nervous system regulation. In the tumor microenvi-
ronment, TGF-β acts as an immunosuppressive cyto-
kine that regulates several immunosuppressive cell 
populations, including myeloid-derived suppressor 
cells (MDSCs) and Tregs. TGF-β plays a critical 
role in maintaining immune tolerance and modu-
lating nervous system function. In the SNS, TGF-β 
influences the survival, differentiation, and activa-
tion of neurons and glial cells, as well as promoting 
neurite outgrowth in dopaminergic cells.48 Our study 
suggests that oHSV infection and replication within 
tumors promote the secretion of TGF-β by multiple 
cell types, potentially enhancing neuronal outgrowth. 
The detailed regulatory mechanisms remain to be 
studied, but TGF-β has been reported to regulate SNS 
development by increasing intrinsic neuronal growth 
capacity.49 Various cell types within the tumor micro-
environment, including tumor cells, endothelial 

cells, macrophages, and CAFs, are known to produce 
TGF-β. SOC therapies and immunotherapies can 
also promote TGF-β production through feedback 
loops.50 Further research is needed to elucidate the 
specific cell types targeted by β-blockers that mediate 
the inhibition of TGF-β signaling.

TGF-β also contributes to the differentiation 
of TAMs into pvMacs in the tumor microenviron-
ment.31 51 CCR2+monocytes/macrophages within 
tumors adopt a migratory phenotype and localize 
to the perivascular niche, gaining gene signatures 
including CD206, VEGFA, Tie2, and Lyve-1, which 
promote tumor angiogenesis and metastasis.29 In 
this study, intratumoral injection of oHSV not only 
increased immune cell infiltration but also induced 
the formation of a specific pvMac subpopulation. 
The addition of a β-blocker significantly reduced 
pvMac levels in oHSV-treated tumors, suggesting that 
β-blockers not only inhibit SNS activity within tumors 
but also influence blood vessel function in tumor 
angiogenesis. This phenomenon warrants further 
investigation.

The oHSV used in this study was derived from a 
virulent HSV strain with genomic deletions of viru-
lence genes, including ICP6 and gamma 34.5, which 
mediate latent HSV infection in neurons. Our previous 
studies demonstrated that oHSV can infect induced 

Figure 7  TGF-β is partially responsible for the antitumor efficacy of the combination of oHSV and β-blocker. (a) Single-cell 
RNA sequencing analysis of TGF-β signaling (TGFB1-3, TGFBR1-3) in human patients with breast cancer. (b) t-SNE plot of 
TGF-β signaling (TGFB3, TGFBR2-3) in human triple-negative breast cancer tumors. RT-PCR (c, n=3, *p˂0.05) and ELISA assay 
(d, n=3, *p˂0.05) for TGF-β1 in murine mammary gland 4T1 tumors treated with oHSV and β-blocker. (e) Bulk tumor mRNA 
sequencing analysis of 4T1 mammary gland tumors in Balb/c mice 3 days after intratumor injection of oHSV with or without 
β-blocker. (f) Murine mammary gland 4T1 tumors treated with the combination of oHSV and β-blocker or the combination of 
oHSV and TGF-β1 antibody. Tumor growth was monitored (n=5, *p˂0.05). (g) Graphic abstract of this study. mRNA, messenger 
RNA; oHSV, oncolytic herpes simplex virus; PBS, phosphate-buffered saline; RT-PCR, reverse transcription-polymerase chain 
reaction; TGF, transforming growth factor; t-SNE, t-distributed Stochastic Neighbor Embedding;Treg, regulatory T cell.
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pluripotent stem cells (iPSC)-derived neurons 
without replicating or lysing them.52 However, local 
inflammation in oHSV-infected tumors and neurons 
directly affects tumor-neuron interactions. oHSV 
infection in tumors not only increases immune cell 
infiltration but also elevates cytokine secretion (eg, 
IL-6, TGF-β, and leukemia inhibitory factor (LIF)) in 
the local tumor environment. These cytokines induce 
feedback immunosuppression through mechanisms 
involving MDSCs and Tregs, while also promoting SNS 
growth in virus-infected tumor regions. In this study, 
β-blocker treatment inhibited cytokine secretion.

In summary, our study provides new insights into 
the mechanisms underlying SNS innervation in solid 
tumors during oHSV therapy, potentially informing 
the development of novel strategies to enhance the 
antitumor efficacy of oHSV in solid tumor treatment.
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