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Background: Failure of the proliferation and infiltration of tumor-specific T cells in tumor site has been
considered as one of important reasons induce the inefficiencies of immune checkpoint therapies in advanced
cancers. Therefore, we aimed to demonstrate how combinatorial sympathetic and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) blockade affects the tumor growth of melanoma-bearing mice and potential
mechanisms.

Methods: Tumor growth was measured and the infiltrating immune cell populations were observed with
flow cytometry in B16-F10 melanoma-bearing mice treated with combined sympathetic and immune
checkpoint blockade, using anti-CTLA-4 antibodies. The expression of adrenergic receptors was investigated
in human peripheral blood mononuclear cells and their subpopulations, and the proliferation of T cell
subsets was detected when stimulated by norepinephrine and its antagonists.

Results: B16-F10 tumor growth was associated with infiltrating CD8" T cells. Combinatorial sympathetic
and CTLA-4 blockade inhibited tumor growth and enhanced CD8" infiltration. Meanwhile, all B1, p2 and
B3 adrenergic receptors were found to be expressed in human peripheral blood mononuclear cells, activated
T cells, monocytes, and monocyte-induced dendritic cells. B2-adrenergic receptors were expressed in most
CD4" T cells with increased expression in activated CD8" T cells. Moreover, norepinephrine was able to
prevent CD4" T cell proliferation and B2-adrenergic receptor antagonists could reverse the inhibition of
CD#4’, but not CD8" cell proliferation.

Conclusions: We conclude that the combination of sympathetic and CTLA-4 inhibitors is more effective
for inhibiting melanoma progression than a single treatment and might enhance the infiltration of T cells in

the tumor site, offering a novel therapeutic approach for immune checkpoint targeting.
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Introduction

Cancer is the result of cells growing abnormally, ultimately
spreading to other regions of the body and interfering with
normal physiology. Rates of death associated with cancer
are increasing, and as such, it is vital that novel treatments
for managing cancers be developed (1). Chronic stress and
depression are common among cancer patients owing to the
incurable nature of the disease (2). The sympathetic nervous
system (SNS) can be activated by such chronic stress,
leading to the release of specific neurotransmitters and
neuropeptides that act through specific receptors on tumor
cells and stromal cells to influence cancer progression and
metastasis by altering cellular physiology (3-5). As such,
pharmacologic compounds capable of antagonizing the SNS
represent a potentially valuable therapeutic strategy, with
multiple epidemiological studies having found B-adrenergic
antagonist administration to delay the progression of
prostate (6), breast (7,8), lung (9), and ovarian (10) cancers,
and malignant melanoma (11).

Previous studies have highlighted a wide range
of mechanisms whereby specific cellular pathways
can influence the ability of the SNS to affect tumor
progression, altering processes ranging from oncogenesis
to angiogenesis, as well as tumor cell growth and apoptosis
(12,13). Although many studies have explored how the SNS
is associated with the immune system, the specific roles of
these interactions in the context of the tumor-associated
immune response are only recently being studied (14).
Macrophages, natural killer (NK) cells, and T cells all have
the potential to mediate SNS-induced regulation of tumors,
as these cells each express different adrenergic receptors
(ARs) (15). However, the essence of SNS regulation of
tumor infiltration by immune cells remains unclear.

Many novel treatment strategies for cancers have been
developed in recent decades. With the development of
tumor immuno-therapies and immune checkpoint therapy,
enhancement of antitumor immune responses by targeting T
cells has offered a novel means of combatting cancer, resulting
in durable long-term responses in many patients (16).
Agents targeting T cell immune checkpoints such as
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
programmed cell death-1 (PD-1), and programmed cell
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death-ligand 1 (PD-L1) have been shown to be effective
in many clinical trials (17,18). For instance, the treatment
with anti-CTLA-4 antibodies or agents that directly kill
tumor cells to release antigens for presentation by antigen-
presenting cells (APCs) to T cells would improve antitumor
responses. This approach led to the development of
ipilimumab, an antibody against human CTLA-4, which
resulted in considerable improvement in the overall survival
of patients with metastatic melanoma and approval by
the Food and Drug Administration in 2011. However,
while promising, most patients treated only with immune
checkpoint therapy fail to achieve complete responses. One
reason could be that T cell activation is dependent upon
a range of intrinsic stimulatory and inhibitory signaling
activities and the severe tumor immune-suppressive
microenvironment inhibits the proliferation, migration, and
survival of infiltrating T cells, potentially constraining T
cell responses against different tumor types (17).

Given that mono-therapeutic immune checkpoint
targeting is often limited in efficacy, the simultaneous
targeting of multiple pathways through combination
treatment has been explored in a range of cancer types
with significant benefits to survival in many patients. For
example, a phase I clinical trial that 53% of patients treated
with combined anti-CTLA-4 and anti-PD-1 in advanced
melanoma achieved an objective response, all with tumor
reduction of regression in about half of the patients, with
regression of at least 80% in most cases 80% or more (19).
Combining anti-CTLA-4 with vaccination strategies has also
shown promise in treating traditionally nonimmunogenic
pancreatic cancer (20). Such combinatorial immunotherapy
is believed to be essential for achieving optimal anti-tumor
immunity in most cancer patients (17).

In view of the immune-suppressive micro-niche in
the tumor and immune-suppressive effects of the SNS,
we explored the effects of combinatorial sympathetic
and CTLA-4 blockade on tumor growth in a murine
melanoma model. We also investigated the possible
mechanism involved in targeting the tumor immune
micro-environment, aiming to establish a promising novel
combinatorial immunotherapeutic intervention for tumor
treatment.

We present the following article in accordance with the
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ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/tcr-20-2738).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the Human Ethics Committee of Keio
University Medical School (No. 2013-0122-3) and informed
consent was taken from all the patients. Experiments were
performed under a project license [NO.: 09006-(8)] granted
by the Institutional Animal Care and Use Committee of
Keio University for the care and use of animals.

Mice

Eight-week-old female C57/BL6 mice weighing between
20 and 22 g were housed at Keio University under specific
pathogen-free conditions and were maintained on 12-h
light/dark cycle, 24 °C, and 40-50% humidity conditions,
with free access to food and water.

Tumor cell transplantation, treatment, and measurement

B16-F10 cells were obtained from the American Type
Culture Collection, with the Central Institute for
Experimental Animals (Kawasaki, Japan) validating
the identity of these cells by PCR to ensure a lack of
contamination within the 3 months prior to their utilization
in this study. We subcutaneously implanted 1x10° B16-F10
cells into WT C57BL/6 mice on the right flank, measuring
tumor growth, the mice were randomly divided into four
groups. Anti-PD-1 monoclonal antibody (mAb) (0.5 mg
per dose per mouse, Clone RMP1-14, BioXCell, NH,
USA) or anti-CTLA-4 mAb (0.5 mg per dose per mouse,
Clone 9D9, BioXCell, NH, USA) or 6-hydroxydopamine
(60HDA, Sigma; 100 mg/kg on day 0, 250 mg/kg on day 2)
were administered intra-peritoneally to different groups
of mice during the experimental period. Tumor volumes
were measured using a digital caliper every 2 days after
chemotherapy according to the formula: volume (mm?*) =
width2 (mm?) x length (mm)/2.

Flow cytometry (FCM) assay

Tumors and spleens were collected from the B16-F10-
bearing mice 21 days post-tumor cell transplantation. The
tumor tissue was cut into pieces and digested with 1 mg/mL
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collagenase IV and 150 U/mL DNase I in RPMI-1640
for 1 h at 37 °C with shaking. The spleen tissue was
passed through a mesh to collect single cells. After lysis
of the red blood cells, 1.0 pg anti-mouse CD16/CD32
(BD Pharmingen) in 2.0% FBS was added for 10 min to
block endogenous non-specific binding to Fc receptors.
Mononucleated cells (5x10° cells) were combined
with fluorescein isothiocyanate (FITC)-labeled CD8a,
phycoerythrin (PE)-labeled CD45, allophycocyanin labeled-
CD3, pacific blue-labeled CD4 and PE-CY7 CD11b
(Biolegend, San Diego, CA, USA) for 30 min at room
temperature. In the B2-AR staining setting, mononucleated
cells were incubated with rabbit anti-B2-AR antibodies
(Santa Cruz, Dallas, TX, USA), allophycocyanin labeled-
CD3, PE-labeled CD8a, and Pacific Blue-labeled CD4
(Biolegend, San Diego, CA, USA) for 30 min at room
temperature and then stained with FITC-goat anti-rabbit
IgG F(ab")2 fragments (Jackson Immunoresearch, West
Grove, PA, USA) for 30 min. Finally, the fluorescence of
the cell suspension was assessed with a Gallios (Beckman
Coulter, CA, USA), using Kaluza software (Beckman
Coulter) for data analysis.

Preparation of spleen and tumor sections and
immunofluorescent (IF) staining

B16-F10-bearing mice were anesthetized with sodium
pentobarbital. The tumors and spleens were removed and
fixed with ice-cold 4% paraformaldehyde (PFA, pH 7.4) at
4 °C and frozen blocks prepared. The blocks were sliced into
10.0 pm sections. In the IF staining process, sections were
rinsed in PBST prior to permeabilization for 30 min using
0.25% Triton X-100, and were then blocked in 10% normal
horse serum (NHS, Vector Laboratories, Burlingame, CA,
USA) followed by overnight probing using rabbit anti-
tyrosine hydroxylase (TH, Chemicon, Temecula, CA, USA)
or anti-neurofilament 200 (NF-200, Sigma-Aldrich) at
4 °C. Next, secondary antibodies labeled with AF488 (1:400;
Invitrogen, Thermo Fisher, San Diego, CA, USA) were
used to treat samples for 60 min, and then DAPI (Sigma-
Aldrich) was used to stain nuclei.

When staining multiple markers, after blocking,
samples were probed overnight at 4 °C with NF-200 and/or
fluorochrome-labeled antibodies against the hematopoietic
cell marker CD45 and the T cell marker CD8. Samples
were then washed and stained with secondary antibodies/
DAPI as above, followed by imaging with an LSM700 Laser
Scanning Microscope (Carl Zeiss, Germany).
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Table 1 The gene-specific primers used in this study

Gene Forward primer (5’—3’) Reverse primer (5°—3’) Product size
Adrb1 CTACAACGACCCCAAGTGCT ATCTTCTTCACCTGCTTCTGGG 147
Adrb2 TTCCATGTCCAGAACCTTAGCC AAGTGCCCATGATGATGCCTAA 127
Adrb3 CTTGGGTCTCATCATGGGCAC GCATAACCTAGCCAGTTCAGGG 132
p-actin GGCATCCACGAAACTACCTT ATCTCCTTCTGCATCCTGTCG 134

T cell polarization above.

The collection of blood and the experiments using the

blood that are reported here received approval from the Statistical analysis

Human Ethics Committee of Keio University Medical
School (Permit No. 2013-0122-3). Blood was obtained
after informed consent from two normal healthy donors
(HLA-A2). Peripheral blood mononuclear cells (PBMCs)
were collected using Ficoll-Paque (GE Healthcare). Anti-
human CD14 Microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) were used to positively enrich for
monocytes, which were transduced into CD14" monocyte-
derived myeloid cells (CD14-ML) by using lentiviral
vectors, which were then differentiated into dendritic cells as
described previously (21), PBMC were stimulated with anti-
CD3 (50 ng/mL)/IL-2 (500 IU/mL) monoclonal antibodies
for 7 days. The cells were collected at indicated time points
(days 0, 4, 7) for FCM analysis as described above.

Reverse transcription-polymerase chain reaction (RT-PCR)

First, mRNA was obtained from treated cells and RT-PCR
was conducted as previously described (22). Table I lists
all the primers used. The negative control did not receive
reverse transcriptase. AR subtype mRNA expression was
observed with the GelDoc 2000 gel imaging system (BIO-
RAD, Hercules, CA, USA)

Carboxyfluorescein succinimidyl ester (CFSE) assay

PBMCs were treated using anti-CD3 (50 ng/mL) and anti-
IL-2 (500 TU/mL) monoclonal antibodies as well as with
norepinephrine (NE, final concentration 10~ M, 10 and
10”7 M) and timolol maleate (final concentration 2x107,
2x10™%, and 2x107 M, Sigma-Aldrich) in AIM-V medium
with 10% human AB serum for 7 days. We then harvested
and stained the cells with CFSE staining solution (1:1,000,
Thermo Fisher Scientific, CA, USA), PE-labeled CD8a and
Pacific Blue-labeled CD4 for FCM analysis as described
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Data are expressed as means * standard error of the mean
(SEM). Repeated measures and multivariate ANOVAs
were used for comparing groups over time and multiple
groups, as appropriate, with least significant difference
(LSD) or Dunnett’s T3 methods being used based on the
homogeneity of variance testing. SPSS 19.0 was used for
statistical testing.

Results

Anti-PD-1 and anti-CTLA-4 antibodies affect tumor
growth and T cell infiltration in B16-F10-bearing mice

In the preliminary experiment, B16-F10 cells at 1x10° and
1x10° were subcutaneously implanted in WT C57BL/6
mice. And it was found that mice treated with the dose
of 1x10° cells showed a rapid tumor growth and a high
mortality in 2-3 weeks. Although the tumor growth with
B16-F10 cells transplanted at 1x10’ was relatively slow in the
first 10 days, tumor began to grow rapidly from the 11th day.
Most of the tumor-bearing mice had a long survival time
more than 3 weeks, thus we chose B16-F10 cells at 1x10’
for the current study. To confirm the best administrative
schedule for anti-PD-1/CTLA-4, we observed the tumor
growth in B16-F10-bearing mice (n=8) under different
administrative schedules as shown in Figure 1A4. As shown
in Figure 1B, anti-CTLA-4 treatment at days 1, 4 and 7
showed better tumor growth inhibition tendency compared
with the vehicle group and the other treatment groups
at day 21 (n=2 each group). Meanwhile, the correlation
of tumor size on day 21 and tumor infiltration or splenic
immune cell sub-population was analyzed and found that
the tumor size was negatively correlated with infiltrating
CD45'CD3" (Pearson correlation analysis, r=-0.78, r’=0.61,
P<0.05, Figure 1C), particularly highly negatively correlative
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Figure 1 The effect of anti-PD-1 and anti-CTLA-4 antibodies on the tumor growth in B16-F10-bearing mice. (A) A schematic diagram

illustrating the chronological events of experiments (n=8). (B) Tumor growth kinetics in anti-PD-1 day 1-4-7, anti-PD-1 day 11-14-17 or
anti-CTLA-4 day 1-4-7 treated B16-F10-bearing mice, compared with vehicle (n=2). Data are mean + SEM. (C,D,E,EG,H) The correlation
of tumor size and tumor-infiltrating and splenic immune cell population infiltrating CD45°CD3" (C), CD45°CD3"CD8" T cells (D),
CD45"CD3"CD4" T cells (E) and CD45°CD11b" myeloid cells (F), splenic CD45"CD3"CD8" (G) and CD45°CD3*CD4" T cells (H). VE,
vehicle; PD1, anti-PD-1 day 1-4-7; PD11, anti-PD-1 day 11-14-17; CT, ant-CTLA-4 day 1-4-7; PD-1, programmed cell death-1; CTLA-

4, cytotoxic T-lymphocyte-associated protein 4.

with infiltrating CD45°CD3*CD8" T cell population
(r=-0.76, r’=0.57, P<0.05, Figure 1D); but not correlated
with infiltrating CD45°CD3*CD4" T cells, CD45"CD11b+
myeloid cells and splenic T cell subsets (Figure 1E,F,G,H).
Furthermore, the infiltrating T cell populations were
compared by FCM between different treatment groups as
shown in Figure 24,B. Groups treated with anti-PD-1 and
anti-CTLA-4 at days 1, 4 and 7 showed increased tendency
of CD45"CD3" and CD45°CD3" CD8" T cells (n=2). In
accordance with the FCM results, the anti-CTLA-4 1-4-7

© Translational Cancer Research. All rights reserved.

group also displayed more CD8" -and CD45°CD8"-labeled
cells in the tumor parenchyma as visualized by IF staining
compared with the vehicle group, although the intensity of
the CD45" population appeared similar in the two groups
(Figure 2C,D). These results indicated that administration
of the anti-CTLA-4 antibody at days 1, 4 and 7 resulted in
better inhibition of tumor growth as well as enhancement of
infiltrating cytotoxic T cell at the tumor site. We, therefore,
chose the anti-CTLA antibody treatment at days 1, 4 and 7
for the following study.
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Figure 2 The effect of anti-PD-1 and anti-CTLA-4 antibodies on the infiltrating T cell population in B16-F10-bearing mice. (A) Dot
plots depicting live cell-gated CD45°CD3"CD8" and CD45°CD3"CD4" T cell proportions in the tumor of B16-F10-bearing mice (n=8) in
indicated treatments. (B) Quantification of CD45"CD3" and CD45°CD3"CD8" T cell proportions in the tumor site of B16-F10-bearing
mice in indicated treatment groups (n=2), data are mean + SEM. (C,D) Representative images of multiple staining with PE-labeled anti-
CD45, FITC-labeled anti-CD8 and DAPT in the tumor center region of vehicle (C) or anti-CTLA-4 mice (D). Scale bars, 20 pm. CTLA-4,

cytotoxic T-lymphocyte-associated protein 4; SEM, standard error of the mean; FITC, fluorescein isothiocyanate.
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phycoerythrin; FITC, fluorescein isothiocyanate.

The effect of combinatorial sympathetic and CTLA-4
blockade on the tumor growth and T cell infiltration in
B16-F10-bearing mice

To explore the specific involvement of sympathetic
innervation in the tumor micro-environment, we

© Translational Cancer Research. All rights reserved.

denervated the systemic sympathetic nerves using 6OHDA
treatment two weeks before tumor transplantation because
it took 3-5 days for 60OHDA to destroy nerve endings (23)
(Figure 34). Some sympathetic blockage symptoms in mice

following 60HDA injection were observed, such as pilo-
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standard error of the mean.

erection, ptosis of upper eyelid and exorbitism. NF-200 and
TH staining showed spindle-like fibers in the same location
on two continuous splenic sections of mice in the vehicle
group (Figure 3B), while, although TH staining was absent
on the splenic sections of the 60HDA-treated mice, NF-
200-labeled fibers were observed (Figure 3C), indicating
that the sympathetic nerves were denervated successfully. As
shown in Figure 3D, the tumor size was reduced by single
60HDA at day 17 (n=4, P<0.01 vs. vehicle) compared
with that vehicle groups, while combinatorial 6OHDA
and CTLA-4 blockade at days 1, 4 and 7 inhibited the
tumor growth earlier (n=4, P<0.05 vs. vehicle) at day
11 and slight better (n=4, P<0.01 at day 17 vs. vehicle,
P>0.05 vs. 60HDA). Meanwhile, the IF results indicated
greater numbers of infiltrating CD45°CD8" cells in the
combinatorial groups compared with those in the vehicle
group, and slightly increased numbers in the 60HDA
group (Figure 3E,F,G). Consistent with the histological

© Translational Cancer Research. All rights reserved.

results, FCM analysis showed that combinatorial therapy
increased CD45°CD3" (n=4, P<0.05 vs. vehicle) and
CD45°CD3*CDS8" (n=4, P<0.05 vs. vehicle and P<0.05 vs.
60HDA) infiltration in the tumor parenchyma, while the
CD45"CD3"CD4" population showed some increase in the
combinatorial group (Figure 3H). These results indicated
that combinatorial sympathetic and CTLA-4 blockade
could inhibit tumor growth and increase the numbers of
infiltrating cytotoxic T cells in B16-F10-bearing mice.

P2-AR signaling affects the proliferation of activated T cells

NE serves as the primary terminal neurotransmitter
released from postganglionic sympathetic nerve terminals
and acts on target cells by binding to ARs on the cell
surface. Therefore, we investigated the expression of B-ARs
on several blood and immune cell populations of healthy
donors. As shown in Figure 44, B1-AR, p2-AR, and B3-
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Figure 5 The effect of B2-AR signaling on the proliferation of activated T cells. (A) The dot plots depicting the proliferation of cell-gated
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the medium (n=3). Data are expressed as mean + SEM. * P<0.05. AR, adrenergic receptor; PBMC, peripheral blood mononuclear cell; NE,

norepinephrine; SEM, standard error of the mean.

AR were strongly expressed in fresh PBMC, monocytes,
and monocyte-derived dendritic cells. B2-AR and B3-AR
were also highly expressed on CD3-stimulated PBMC.
We then assessed the expression patterns of p2-AR on the
subpopulations of T cells. As shown in Figure 4B,C, the
fresh PBMCs of two healthy donors were stimulated by
CD3 and IL-2 for 7 days, and the CD8" T cell population
increased from 29.8%+1.2% on day 0 to 59.3%=+3.6%
on day 7, in other words, two-fold higher on day 7 (n=2),
while CD4" T cell population did not change significantly
(33.8%+3.8% on day 0, 34.3%=+1.7% on day 7, n=2, Figure
4C). Moreover, we determined the B2-AR expression (shown
in Figure 4D) in the subpopulations of T cells and found
that the B2-AR expression was markedly enhanced in CD8"
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T cells from 16.2%+3.8% on day 0 to 79.1%+13.4% on
day 7 (n=2), while the CD4" T cell population remained
high (82.9%+0.9% on day 0, 75.4%+9.1% on day 7, n=2),
indicating that T cells might be the regulatory target for the
main sympathetic neurotransmitter NE.

Next, we determined the effects of B2-AR signaling on
the proliferation of activated T cells. When fresh PBMCs
from two healthy donors were stimulated with CD3 and
IL-2 as well as NE (final concentrations 10~, 107, and
107 M, n=3) for 7 days, the proliferation in both CD4"
cells (Figure 5A,B) and CD8" (Figure 5C,D) cells appeared
to have decreased compared to the control group at each
dose, although no dose-dependent pattern was observed.
The P2-AR-specific antagonist timolol maleate (final
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concentrations 2x10™ and 2x10™ M) was then included in
the medium 30 min before adding NE (final concentrations
107 and 10 M) with CD3 and IL-2. As shown in Figure
SE, CD4" proliferation was inhibited by NE at 10-9 M
and this inhibition was rescued by timolol maleate (n=3,
P<0.05). The proliferation of CD4" cells was also inhibited
by NE at 10-8 M (n=3, P<0.05), but could not be rescued
by timolol maleate. Meanwhile, the proliferation of CD8"
cells was inhibited by NE to some extent, although this
was not statistically significant and the p2-AR antagonist
did not show any effect on the proliferation of CD8" cells
in the presence of NE (Figure 5F). These results indicated
that B2-AR were expressed in activated T cells and might be
involved in the inhibition of T cell proliferation.

The distribution of CD45" immune cells and nerve fibers
at the tumor site

There are two ways the SNS conveys information to the
peripheral tissues: firstly, using glucocorticoids from the
hypothalamic-pituitary-adrenal (HPA) axis and, secondly,
SNS neurotransmitters within organs. It is believed that
neurites can grow into the tumor from the surrounding
micro-environment. In the present study, we verified the
nerve distribution characteristics at the tumor site. As
shown in Figure 6A4,B,C, NF-200+ fibers were densely
distributed on the outer perimeter of the growing tumor
island (Figure 6A), the region closely associated with the
vasculature (Figure 6B), with some radiation into the
tumor parenchyma (Figure 6C). CD45" immune cells were
observed to be densely distributed in the outer layer of the
tumor island (Figure 64), with some clustered in the central
region of the tumor parenchyma. Interestingly, we found
that the distribution patterns of the CD45" population and
the NF-200+ fibers were similar to each other, specifically,
the regions with dense fibers such as the outer perimeter
and associated vessels contained clusters of CD45" cells
(Figure 64,B,C). In the 3D image of multiple-labeled IF
staining, the CD45" cells were located like beads on a string
running with the nerve fibers (Figure 6D,E). These results
indicated the nerve fibers were located in different regions
of the tumor, often in association with CD45" immune cells.

Discussion

The use of immune checkpoint therapies for the treatment
of advanced cancers relies upon two strategies, namely, the
inhibition of tumor cell proliferation and the promotion
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of T cell infiltration at tumor sites. In the present study,
we firstly demonstrated that a combined sympathetic
and CTLA-4 blockade is able to inhibit tumor growth
melanoma-bearing mice, in a manner linked with CD8"
T cell infiltration. Meanwhile, all B1-, f2- and B3-AR
were found to be expressed in human PBMCs, activated
T cells, monocytes, and monocyte-induced dendritic
cells. B2-AR was expressed in most CD4" T cells with
increased frequency in activated CD8" T cells. Moreover,
norepinephrine constrained CD4" and CD8" T cell
proliferation to some extent, and p2-AR antagonists could
reverse impaired CD4" but not CD8" cell proliferation.
This suggested that a combination of SNS and CTLA-
4 inhibitors could be more beneficial to melanoma
progression and might enhance the infiltration of T cells at
the tumor site.

Therapeutic targeting of immune checkpoints is a means
of modulating anti-tumor immunity, offering clinically
valuable approaches to combating cancers. Checkpoint
inhibitors, including antibodies against CT'LA-4, PD-1, and
PD-L1, can achieve long-lasting tumor regression, with a
subset of patients achieving lasting remission. In the present
study, we found that tumor size is negatively correlated
with infiltrating CD45°CD3" and CD45°CD3°CD8" T
cell populations, indicating that, without the infiltration
of CD8" T cells, the tumor would grow more rapidly.
Meanwhile, early anti-CTLA-4 treatment has shown better
and more stable inhibition of tumor growth compared with
the early or late anti-PD-1 groups. And increased CD3"
and CD8" T cells positive for CD45 was shown in the anti-
CTL4 group which is consistent with previous studies (24).
These results indicated that early administration of anti-
CTLA-4 resulted in improved inhibition of tumor growth
as well as enhancement of infiltrating cytotoxic T cell at the
tumor site, leading us to choose anti-CTLA-4 antibodies
to investigate the effects of combinational therapy. On the
other hand, half of the mice treated with anti-PD-1 (days
1, 4 and 7) showed inhibition of tumor growth along with
more infiltration of CD8" T cells, while the other half did
not. As the sample size was limited in this study, we hope to
further confirm the findings in the future.

Chronic stress has been shown in epidemiological
reports to correlate with outcomes in cancer patients (25).
Chronic stress and depression are common in cancer
patients owing to the incurable nature of the disease and the
serious side-effects of chemotherapy and radiotherapy (26).
Women with higher rates of stress in their lives are at a high
risk of breast cancer development (27). Behavioral stress
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Figure 6 The distribution of CD45" immune cells and nerve fibers in the tumor site. (A,B,C) Representative IF images labeled with anti-

NF-200 (green) and anti-CD45 (red) in the outer perimeter of tumor island (A), the region in close association with the vasculature (B)

and the center region of tumor parenchyma (C). (D,E) Representative 3-dimensional IF images labeled with anti-NF-200 (green) and anti-

CD#45 (red) in the central region of the tumor parenchyma. Scale bars, 20 pm. NF-200, neurofilament 200; IF, immunofluorescent.

in animals has also been shown experimentally to worsen
disease including prostate, ovarian, breast, and pancreatic
cancer (28-32). Epidemiological reports, however, show
that B-adrenergic antagonist treatment is linked to
alleviating these cancers (33-38). In the present study, we

found that chemical sympathetic blockade using 60HDA
could inhibit tumor growth (Figure 3D) but was unable to
alter the infiltration of CD8" and CD4" T cells, whereas
combinatorial sympathetic and CTLA-4 blockade could
both inhibit melanoma growth and enhance CD8" T cell
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numbers, indicating that the sympathetic inhibitor not only
inhibits the tumor growth which is consistent with previous
studies but also assists CD8" cells’ survival and migration
into the tumor after rescue by anti-CTLA-4 antibodies
(Figure 3). Further studies using B-AR antagonists and anti-
CTLA-4 agents in tumor-bearing mice should carried out
to confirm the sympathetic signaling targets on the tumor
immune micro-environment.

After confirmation of the synergistic effect of the
anti-CTLA-4 antibodies and sympathetic inhibitors, we
attempted to identify the detailed pathways involved.
It is known that the activation of SNS leverages
neurotransmitters, neuropeptides, and/or hormones
to modulate key cancer-associated pathways related to
immunity, cell death, and oncogenesis (14). In the present
study, we focused on the sympathetic regulation of tumor-
associated immune micro-environment. Firstly, we
demonstrated that p1-, B2-, and B3-ARs were expressed
in human PBMCs, activated T cells, monocytes, and
monocyte-induced dendritic cells. Of the three receptors,
inhibitors of the B2-AR have been identified as beneficial
for cancer patients, thus we further assessed f2-AR levels
in the activated T cell populations, and found that it was
expressed in most CD4" T cells with increased expression
in activated CD8" T cells (Figure 4), indicating that p2-AR
signaling may regulate T cell biology after NE secretion
from the sympathetic nerve terminal.

Many reports have explored the link between the
autonomic nervous system (ANS) and immunity, but only
in the past decade has it been shown that stress and the
ANS influence tumor-associated immunity and thereby
promote tumor growth, progression, and metastasis
(5,35,39). There are several candidates for the SNS
regulation of tumors, including macrophages, NK cells, and
T cells which express different types of ARs. Macrophages
have been previously considered as key players in
mediating inflammation which promotes metastasis. For
instance, B-adrenergic activation can induce the production
of chemokines including chemokine (C-C Motif)
ligand 2 (CCL2) and macrophage colony-stimulating
factor (M-CSF), driving macrophage recruitment into
tumors (15). Here, however, we concentrated on the effects
of sympathetic neurotransmitters on the proliferation
of activated T cells via NE/B2-AR signaling. Both the
proliferation of activated CD4" and CD8" cells (Figure 5)
were inhibited to some extent by NE at the range of
10-7 to 10-9 which is at the dose range of NE in human
tissues and circulation. This inhibition of proliferation was
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reversed by the B2-AR specific antagonist in CD4" T cells
but not in CD8" T cells. In Figure 3, the administration
of 60HDA alone also has little effect on the CD8" T
cell population. These results conflicted with the in vivo
findings that the sympathetic inhibitor could increase CD4"
but not CD8" T cell infiltration. There are several possible
reasons for this discrepancy: firstly, CD8" migration from
nearby lymph nodes may be enhanced by the sympathetic
inhibitor, secondly, a possible anti-apoptotic effect of the
sympathetic inhibitor on the surviving infiltrating CD8" T
cells, and, thirdly, while NE is capable of inhibiting CD4"
T cells via B2-AR signaling, the inhibition of NE in the
proliferation of CD8" T cells may occur via alternate AR
signaling.

The SNS regulates the tumor microenvironment
primarily through either direct organ innervation and
NE release from nerve terminals or via the HPA axis,
through which the body detects stress leading to activation
of the axis that, in turn. leads to hormone release and/
or sympathetic innervation, ultimately leading to adrenal
glucocorticoid or adrenaline production to modulate
physiological and immunological responses (40,41). The
ANS innervates many tumors directly, offering a means
of interaction with the CNS. Experimental data have
documented that neurotrophic factors including neural
growth factor (42), brain-derived neural factor (43), and
glial-derived neural factor (44) can be secreted by certain
tumor and or stromal cells. These factors can, in turn, lead
to active nerve fiber branching. The type of innervation
that occurs depends on the nerve sources in the local
microenvironment, though autonomic nerves including
sympathetic and parasympathetic nerves predominate (13).
SNS fibers typically infiltrate the outer perimeter of a
growing tumor extending from proximal tissues, and in this
study, we identified fibers within tumors and vasculature as
well as fibers radiating into the tumor parenchyma. These
fibers appear to be NF-200-positive but TH-negative.
Further studies are needed to clarify the nature of these
nerves, the NE and AR content, localization, and source in
the tumor region. Interestingly, we found that CD45" cells
were located like beads on a string running alongside the
nerve fibers. The localization and functional relationships
between the subsets of immune cells, i.e., the T cells, and
the infiltrating nerves warrants further study.

Conclusions

To conclude, we have demonstrated that a combined
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SNS and CTLA-4 blockade can inhibit tumor expansion
in murine melanoma models accompanied by increased
infiltration of CD8" T cells. It is possible that sympathetic
blockade via AR signaling assists CD8" T cells survival and
migration into the tumor after rescue by anti-CTLA-4
antibodies is responsible for the observed synergistic effect
of the combinatorial therapy, offering a potentially valuable
target for the future development of therapies targeting
immune checkpoints.
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