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Abstract
The induction of antitumor effector T cells in the tumor microenvironment is a crucial 
event for cancer immunotherapy. Neurokinin receptor 2 (NK2R), a G protein-coupled 
receptor for neurokinin A (NKA), regulates diverse physiological functions. However, 
the precise role of NKA–NK2R signaling in antitumor immunity is unclear. Here, we 
found that an IFN-γ–STAT1 cascade augmented NK2R expression in CD8+ T cells, and 
NK2R-mediated NKA signaling was involved in inducing antitumor effector T cells in 
vivo. The administration of a synthetic analog of double-stranded RNA, polyinosinic–
polycytidylic acid (poly I:C), into a liver cancer mouse model induced type I and type II 
IFNs and significantly suppressed the tumorigenesis of Hepa1-6 liver cancer cells in a 
STAT1-dependent manner. The reduction in tumor growth was diminished by the de-
pletion of CD8+ T cells. IFN-γ stimulation significantly induced NK2R and tachykinin 
precursor 1 (encodes NKA) gene expression in CD8+ T cells. NKA stimulation com-
bined with anti-CD3 monoclonal antibody (mAb) treatment significantly augmented 
IFN-γ and granzyme B production by CD8+ T cells compared with the anti-CD3 mAb 
alone in vitro. ERK1/2 phosphorylation and IκBα degradation in activated CD8+ T cells 
were suppressed under NK2R deficiency. Finally, we confirmed that tumor growth 
was significantly increased in NK2R-deficient mice compared with that in wild-type 
mice, and the antitumor effects of poly I:C were abolished by NK2R absence. These 
findings suggest that IFN-γ–STAT1-mediated NK2R expression is involved in the in-
duction of antitumor effector T cells in the tumor microenvironment, which contrib-
utes to the suppression of cancer cell tumorigenesis in vivo. In this study, we revealed 
that IFN-γ–STAT1-mediated NK2R expression is involved in the induction of antitu-
mor effector CD8+ T cells in the tumor microenvironment, which contributes to sup-
pressing the tumorigenesis of liver cancer cells in vivo.
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1  |  INTRODUC TION

In recent years, cancer immunotherapies, such as immune check-
point inhibition and adoptive transfer of chimeric antigen receptor 
T cells, have been developed and contributed to improving the prog-
nosis of cancer patients.1 Generally, the induction and activation of 
tumor-specific killer T cells and their introduction into the tumor mi-
croenvironment are the most important issues for effective cancer 
immunotherapy.2 Many papers have reported that cancer patients 
with reduced killer T cells in the tumor microenvironment, so-called 
“cold tumors,” show decreased antitumor effects of cancer immuno-
therapy.3 Therefore, to improve the effectiveness of cancer immuno-
therapy, various methods, such as the removal of immunosuppressive 
cells and administration of immune adjuvants, have been attempted 
to introduce effector T cells into the tumor microenvironment.

Excitatory transmitters, such as substance P and NKA belong-
ing to the tachykinin family, are widely distributed within the central 
and peripheral nervous systems. Although tachykinins were initially 
considered neurotransmitters, several articles have reported the ex-
pression of their receptors NK1R and NK2R in nonneural tissues, 
including endothelial cells, fibroblasts, smooth muscle cells, in-
flammatory cells, and various types of cancer cells, suggesting that 
tachykinins function between the nervous system and other organs, 
including tumor tissues.4–7

A previous study has reported that IFN-γ or lipopolysaccharide 
stimulation induced NKA and NK2R expression in murine den-
dritic cells in a STAT1-dependent manner, and the enhanced NK2R 
expression-mediated NKA signaling augmented the induction of oval-
bumin antigen-specific CD4+ T cells and CD8+ T cells.8 Furthermore, 
we revealed that IFN-α, IFN-β, or polyinosinic–polycytidylic acid 
(poly I:C) treatment induced NK1R and NK2R expression in human 
monocyte-derived dendritic cells in a STAT1-dependent manner, and 
NK1R/NK2R-mediated neuropeptide signaling contributed to the 
activation of allergen-specific T cells, which might be involved in the 
pathology of severe asthma.9 In our recent research, we revealed 
that IFN-α/β-mediated NK2R expression was related to the malig-
nancy of colon cancer cells.10 However, the precise effects of IFN–
STAT1-mediated NKA–NK2R signaling on the induction of antitumor 
effector cells in the tumor microenvironment are unclear.

Hepatocellular carcinoma (HCC), a common liver cancer world-
wide, has a high recurrence rate after surgery and is the second-
leading cause of cancer-related deaths globally.11,12 The elucidation 
of the precise mechanisms involved is required for the development 
of more effective treatments for patients with HCC. Recently, sev-
eral excellent therapeutic effects of immune checkpoint inhibitors 
in the standard treatment of HCC patients have been reported.13,14 
The activation of JAK/STAT1 signaling inhibits the proliferation of 
liver cancers and enhances antitumor effects.15,16 Previous studies 

have demonstrated that STAT1 deficiency in the tumor-bearing host 
augmented the tumorigenesis of HCC by decreasing the introduc-
tion of antitumor effector cells.17–19 Our recent study revealed the 
excellent antitumor effects of the combined administration of an 
anti-programmed death-ligand 1 (PD-L1) antibody with diacylglyc-
erol kinase alpha (DGKα) inhibition, which is a promising cancer 
therapeutic target.20 Furthermore, in this study, we confirmed that 
IFN-γ-producing antitumor effector T cells are efficiently introduced 
into the tumor microenvironment.

In the present study, we found that IFN-γ stimulation induced 
NK2R gene expression in CD8+ T cells in a STAT1-dependent man-
ner and confirmed that NK2R-deficient CD8+ T cells exhibited 
decreased production of IFN-γ and granzyme B. Furthermore, we 
found that tumor growth was significantly increased and that the 
infiltration of CD8+ T cells in tumor tissues was reduced under 
NK2R-deficient conditions. In this paper, we report that the IFN–
STAT–NK2R axis provides a promising target in the induction of an-
titumor immunity in tumor microenvironments.

2  |  MATERIAL S AND METHODS

2.1  |  Antibodies, cytokines, and chemicals

Fluorescent dye-conjugated anti-CD45 (30-F11), anti-CD4 (GK1.5), 
anti-CD8 (53–6.7), anti-NK1.1 (PK136), anti-CD11c (HL3), anti-IFN-γ 
(XMG1.2), anti-granzyme B (QA16A02), anti-CD62L (MEL-14), and 
anti-CD44 (IM7) monoclonal antibodies (mAbs) were purchased 
from BioLegend or BD Biosciences. Purified anti-mouse CD3e (145-
2C11) and purified anti-mouse CD28 (37.51) mAbs were obtained 
from BioLegend or BD Biosciences. mAbs for CD8 depletion (clone 
53.6.7) and NK1.1 depletion (clone PK136) were purchased from 
Bio X Cell. Microbeads conjugated with anti-CD8 (53–6.7) mAb 
were purchased from BD Biosciences. Recombinant murine IFN-γ 
was purchased from PeproTech EC. 7-AAD Viability Dye was pur-
chased from BECKMAN COULTER. Rabbit CD4 (D7D2Z) (#25229) 
and CD8α (D4W2Z) (#98941) mAbs for immunohistochemistry were 
obtained from Cell Signaling Technology. Rabbit mAbs for western 
blotting, including p44/42 mitogen-activated protein kinase (MAPK) 
(Erk1/2) (137F5) (#4695), phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204) (D13.14.4 E) (#4370), IκBα (C-21) (sc371), and horserad-
ish peroxidase (HRP)-conjugated anti-rabbit IgG (#7074), were ob-
tained from Cell Signaling Technology. The mouse α-tubulin (DM1A) 
(115 M4796) mAb and HRP-conjugated anti-mouse IgG (ab97023) 
for western blotting were obtained from Abcam. Poly I:C was pur-
chased from InvivoGen. ISOGEN RNA extraction reagent was pur-
chased from Nippon Gene. The NK2R selective agonist (neurokinin 
A) was purchased from Peptide Institute, Inc.
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2.2  |  Mice and cell lines

Wild-type C57BL/6 and BALB/c mice were obtained from Charles 
River Japan (Kanagawa, Japan). STAT1-deficient (Stat1−/−) mice 
were kindly provided by Dr. R. Schreiber (Washington University 
School of Medicine). Sperm from C57BL/6-background NK2R-
deficient (Tacr2−/−) mice was obtained from the KOMP Repository, 
University of California (Davis, CA, USA), and in vitro fertilization 
was performed at the Central Institute for Experimental Animals 
(Kawasaki, Kanagawa, Japan). All mice were maintained in specific 
pathogen-free conditions and used at 8–12 weeks of age. All mouse 
experiments were approved by the Animal Ethics Committee of 
Hokkaido University (19-0036, 21-0026) and conducted in accord-
ance with the recommendations in the Guide for the Care and Use 
of Laboratory Animals of the University. The murine liver cancer 
cell line Hepa1-6 (ATCC® CRL-1830™) was obtained from the ATTC 
(Manassas, VA, USA). The murine colon cancer cell line CT26 (CRL-
2638) and OVA-expressing T lymphoblasts EG7-OVA (CRL-2113) 
were obtained from the ATTC (VA, USA).

2.3  |  Cell culture

Hepa1-6 cells were maintained in DMEM (Wako Pure Chemical 
Industries) supplemented with 10% FBS (Nichirei Bioscience Inc., 
Tokyo, Japan), 200 U/mL penicillin, 100 μg/mL streptomycin, and 
10 mM HEPES (Sigma-Aldrich Japan) at 37°C in a humidified atmos-
phere containing 5% CO2. CT26 cells were maintained in RPMI-1640 
medium (Wako Pure Chemical Industries, Osaka, Japan) supple-
mented with 10% FBS, 200 U/mL penicillin, 100 μg/mL streptomycin, 
10 mM HEPES, and 0.05 mmol/L 2-mercaptoethanol (Sigma-Aldrich) 
at 37°C in a humidified atmosphere containing 5% CO2. EG7-OVA 
cells were maintained in RPMI-1640 medium (Wako Pure Industries, 
Ltd.) supplemented with 10% FBS, 200 U/mL penicillin, 100 μg/
mL streptomycin, 10 mM HEPES, 0.05 mmol/L 2-mercaptoethanol 
(Sigma-Aldrich) and 100 μg/mL G418 (Wako Pure Industries, Ltd.) at 
37°C in a humidified atmosphere containing 5% CO2. All cell lines 
were tested to rule out the presence of mycoplasma contamination.

2.4  |  Tumor-bearing mouse model

mCherry-transfected Hepa1-6 murine liver cancer cells (1 × 106) 
were inoculated intrasplenically into C57BL/6 wild-type, Stat1−/−, 
or Tacr2−/− mice, as described previously.20 mCherry-positive cells 
were then visualized using an in vivo imaging system (IVIS Spectrum, 
Xenogen) and Living Image® Software (Caliper Life Sciences) 
14 days after inoculation (day 14). In some experiments, GFP-
transfected CT26 murine colon cancer cells (2 × 105) were inoculated 
intrasplenically into wild-type or Tacr2−/− BALB/c mice, as described 
previously.21

Liver tissues from mice were serially sectioned and stained with 
H&E. The tumorigenesis or metastatic surface was calculated as the 
total surface occupied by tumorigenesis or metastasis divided by the 

total area of the liver using ImageJ software. Tumorigenesis images 
of Hepa1-6-mCherry+ tumors or metastatic colonization images of 
CT26-GFP+ tumors in livers were evaluated using epi-fluorescence 
on an IVIS Spectrum ex vivo imaging system (Xenogen) on day 14. 
Livers and spleens were removed immediately after the mice were 
euthanized, and collected livers were submerged in PBS on ice. 
mCherry-labeled Hepa1-6 cells were fluorescently imaged (640/570 
em/ex filters). GFP-labeled CT26 cells were fluorescently imaged 
(540/465 em/ex filters). The conditions were as follows: exposure 
time = 10 s, lamp level = high, binning = small, and F/Stop = 2. The 
signal intensity of the tumor burden was expressed as total radi-
ant efficiency (p/s/cm2/sr)/(μW/cm2). Images were analyzed using 
Living Image 4.0 software. The anti-CD8 mAb, anti-NK1.1, or con-
trol IgG (200 μg/mouse) was injected intraperitoneally into wild-
type C57BL/6 mice on day −1, day 4, and day 9. Poly I:C (10  μg/
mouse) or control PBS was injected intraperitoneally into wild-type, 
Stat1−/−, or Tacr2−/− C57BL/6 mice on day 5 and then every 3 days 
thereafter. EG7-OVA T lymphoblasts (1 × 106) were inoculated intra-
dermally into wild-type or Tacr2−/− C57BL/6 mice. At 14 days after 
the inoculation, tumor volumes were calculated using the following 
formula: volume (mm3) = π/6 × length [mm] × width [mm] × height 
[mm]. Tumor tissues collected from the mice were digested with 
collagenase (1 mg/mL, Sigma) as previously described.20,21 Tumor-
infiltrating OVA-antigen-specific CD8+ T cells in CD45+7AAD− cells 
were evaluated using flow cytometry with T-Select H-2Kb OVA 
Tetramer-SIINFEKL-PE (Medical & Biological Laboratories Co., Ltd.).

2.5  |  Immunohistochemistry

Tumor tissues obtained from Hepa1-6 tumor-bearing wild-type, 
Stat1−/−, or Tacr2−/− C57BL/6 mice on day 14 were fixed in 4% 
paraformaldehyde-containing PBS and then embedded in paraf-
fin. After deparaffinization, antigen retrievals for CD4 and CD8 
were performed with a reagent kit (pH  9.0) (415211; Nichirei 
Bioscience, Tokyo, Japan) at 95°C for 10 min and a proteinase K 
solution (S3004; Dako, Hamburg, Germany) at room tempera-
ture for 5  min. Endogenous peroxidase activity was blocked by 
incubation with 3% hydrogen peroxide at room temperature for 
10 min. After washing with TBS, sections were treated with CD4 
(D7D2Z) (#25229) and CD8α (D4W2Z) (#98941) mAbs overnight 
at 4°C. Sections for CD4 and CD8α were incubated with Histofine 
Simple Stain alone, MAX PO (R) (424144; Nichirei Bioscience) at 
room temperature for 30 min or rabbit anti-hamster IgG (6215-
01; Southern Biotechnology Associates) at room temperature 
for 30 min, Histofine Simple Stain, MAX PO (R) (424144; Nichirei 
Bioscience) at room temperature for 30 min, TSA PLUS Biotin KIT 
(NEL749A001; PerkinElmer, Waltham, MA, USA) at room tem-
perature for 5 min, and VECTASTAIN Elite ABC Reagent (PK6100; 
Vector Laboratories) at room temperature for 30 min. Protein 
expression was visualized using 3–3′-diaminobenzidine-4HCL at 
room temperature for 5  min. All sections were counterstained 
with Mayer's hematoxylin. The signal strength in tumor tissues 
was calculated using ImageJ software.
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2.6  |  Flow cytometry

Hepa1-6 murine liver cancer cells (1 × 106) were intrasplenically 
injected into wild-type, Stat1−/−, or Tacr2−/− C57BL/6 mice. Tumor 
tissues, spleen, and periportal lymph nodes were obtained from 
livers on day 14. The retrieved tissues were minced using scis-
sors and treated with collagenase solution (1  mg/mL, Sigma) as 
previously described.20,21 Cell suspensions were treated with 
anti-CD16/CD32 mAb to Fc receptors for 15 min and stained 
with 7AAD and fluorescent dye-conjugated anti-CD45, CD4, 
CD8α, NK1.1, or CD11c mAbs. The signals were detected using 
a FACSCanto™ II flow cytometry system (BD Biosciences). The 
surface expression level of CD4 or CD8 in 7AAD-negative CD45-
expressing cells was analyzed using FlowJo™ software (Tree Star 
Inc., Ashland, OR, USA). In some experiments, the percentage of 
CD4+ T, CD8+ T, NK1.1+ NK, or CD11c+ cells in 7AAD-negative 
CD45-expressing cells and intracellular granzyme B expression 
levels of CD4+ T or CD8+ T cells were evaluated by flow cytometry 
as previously described.20,21 The change in MFI (∆MFI) (specific 
marker MFI − isotype control MFI) was calculated.

2.7  |  Intracellular staining

For the detection of cytoplasmic granzyme B, pERK, and IκB expres-
sion, spleen cells, or CD8+ T cells sorted from the spleen of nor-
mal wild-type, Stat1−/−, or Tacr2−/− C57BL/6 mice were fixed in BD 
Cytofix/Cytoperm (BD Bioscience) solution after cell surface stain-
ing with 7-AAD alone or combined with anti-CD45 mAb and anti-
CD8 mAb. Intracellular staining was performed in BD Perm/Wash 
buffer containing anti-granzyme B mAb or PerFix EXPOSE buffer 
3 (Beckman Coulter) containing anti-pERK mAb or anti-IκB mAb. 
Expression levels were evaluated using a FACSCanto™ II system 
(BD Bioscience) and analyzed using FlowJo™ software (Tree Star). 
Corresponding isotype controls were also used.

2.8  |  ELISA

Spleen cells or CD8+ T cells sorted from the spleen tissues of nor-
mal wild-type, Stat1−/−, or Tacr2−/− C57BL/6 mice were stimulated 
with or without anti-CD3 and anti-CD28 mAbs (50 ng/mL) for 24 h. 
IFN-γ or interleukin (IL)-2 levels in the supernatant were determined 
using OptEIA™ Mouse IFN-γ or OptEIA™ Mouse IL-2 ELISA kits (BD 
Biosciences) in accordance with the manufacturer's instructions.

2.9  |  Western blotting

CD8+ T cells (1 × 107) obtained from the spleen tissues of wild-type or 
Tacr2−/− C57BL/6 mice were stimulated with anti-CD3 and anti-CD28 
mAbs (50 ng/mL) for 20 min, and total and phosphorylated ERK, IκB, 

and α-tubulin levels in cell lysates were detected by western blotting. 
Cells were lysed using RIPA buffer (Thermo) (Tris HCl 25 mM [pH 7.6], 
NaCl 150 mM, 1% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, 
protease inhibitor cocktail [Sigma-Aldrich], and phosphatase inhibitor 
cocktail [Nacalai Tesque]). Proteins were then diluted in RIPA buffer 
and 3× Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA), incu-
bated at 95°C for 5 min, resolved by e-PAGEL (E-T1020L) gel electro-
phoresis (ATTO), transferred to a polyvinylidene difluoride membrane, 
and blocked in Blocking ONE-P (Nacalai Tesque) for 1 h at room tem-
perature. Membranes were then incubated with antibodies (phospho-
ERK 1:1000, IκBα 1:1000, α-tubulin 1:1000) at 4°C overnight, followed 
by HRP-conjugated anti-rabbit IgG (1:5000) or HRP-conjugated anti-
mouse IgG (1:5000) secondary antibody at room temperature for 1 h. 
The protein bands were visualized using an ImageQuant™ LAS 4000 
mini system (Bio-Sciences) and ImageQuant™ LAS 4000 software 
(Bio-Sciences) and analyzed and quantified using ImageJ software. 
The membranes were reprobed after removing bound antibodies 
using Western Blot Stripping Buffer (TaKaRa).

2.10  |  PCR analysis

CD8+ T cells isolated from the spleen of wild-type and Stat1−/− or 
Tacr2−/− C57BL/6 mice were treated with anti-CD3 mAb (50 ng/mL) 
and anti-CD28 mAb (50 ng/mL) for 12 h. Total RNA was extracted 
from spleen cells or CD8+ T cells after stimulation using ISOGEN 
(Nippon Gene, Tokyo, Japan; #311-07361) in accordance with the 
manufacturer's instructions. RNA concentration was measured using 
a NanoDrop spectrophotometer (Thermo Fisher Scientific, #ND-
1000). First-strand cDNA was synthesized using 1 mg of total RNA 
with ReverTra Ace® qPCR RT Master Mix (Toyobo, Osaka, Japan) 
and then amplified on a thermal cycler (GeneAmp PCR System 9700, 
Applied Biosystems, Waltham, Massachusetts, USA). Template DNA 
was used for a final PCR reaction volume of 10 μL. The murine gene 
expression levels of NK1R (Tacr1), NK2R (Tacr2), tachykinin precursor 
1 (Tac1), STAT1 (Stat1), IFN-γ, granzyme B, and β-actin (Actb) were am-
plified and detected using FastStart SYBR Green Master (Roche) and 
StepOnePlus™ (Applied Biosystems). The primer sequences used in this 
study were as follows: Tac1 (left: 5′-ggcactggaaatgatctgg-3′, right: 5′
-aatctttctcaaattctcaccttca-3′); Tacr1 (left: 5′-ggatggacaaggtttgcag-3′, 
right: 5′-tgacaaaaactagaagcggatg-3′); Tacr2 (left: 5′-gcaggtc​
tacctggcactct-3′, right: 5′-ggaatccagagcgaaacct-3′); Stat1 (left: 
5′-tgagatgtcccggatagtgg-3′, right: 5′-cgccagagagaaattcgtgt-3′); 
Ifna (left: 5′-tcaagccatccttgtgctaa-3′, right: 5′-gtcttttgatgtgaaga
ggttcaa-3′); Ifnb (left: 5′-ctggcttccatcatgaacaa-3′, right: 5′-agag​
ggctgtggtggagaa-3′) Ifng (left: 5′-atctggaggaactggcaaaa-3′, right: 
5′-ttcaagacttcaaagagtctgagg-3′); gzmb (left: 5′-tgctgctc​actgt-
gaaggaa-3′, right: 5′-ttaccatagggataacttgctg-3′) and Actb (left: 
5′-aaggccaaccgtgaaaagat-3′, right: 5′-gtggta​cgaccagaggcatac-3′). 
Sample signals were normalized to the reference gene Actb using the 
ΔΔCt method: ΔCt = ΔCtsample − ΔCtreference. Percentages relative to the 
control sample were then calculated for each sample.
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2.11  |  Statistical analysis

In vitro experiments were repeated two to four times. In vivo ex-
periments (4–10  mice/group) were performed two to three times 
independently. Means and SDs were calculated for each dataset. 
Significant differences were determined using two-tailed Student's 
t-tests or Tukey's honestly significant difference (HSD) test. A p-
value < 0.05 was considered significant. Data were analyzed using 
Microsoft (R) Excel for Mac (version 16.61.1) or JMP statistical soft-
ware for Windows (version 16.1.0; SAS Institute Inc).

3  |  RESULTS

3.1  |  Poly I:C administration induces type I and 
type II IFNs and CD8+ T cells are involved in the 
suppression of the tumorigenesis of liver cancer cells 
in vivo

First, we established a liver cancer model by intrasplenic injection 
with Hepa1-6 murine liver cancer cells into wild-type C57BL/6 
mice. Five days after inoculation, Hepa1-6-bearing mice were ad-
ministered poly I:C, a Toll-like receptor 3 (TLR3) ligand, every 3 days 
(Figure 1A). Poly I:C treatment significantly enhanced Ifna, Ifnb, and 
Ifng gene expression levels in spleen cells (Figure 1B) and reduced 
the tumorigenesis of liver cancer cells in the liver (Figure 1C,D). We 
found that CD4+ T cell and CD8+ T cell infiltration in the tumor mass, 
but not the total liver, was significantly increased by the adminis-
tration of poly I:C (Figure 1E,F). The poly I:C treatment significantly 
induced granzyme B-expressing CD8+ T cells in both liver and spleen 
of Hepa1-6-bearing liver cancer model, although those for CD4+ T 
cells were not altered (Figure S1). Furthermore, we confirmed that 
the depletion of CD8+ T cells or NK1.1+ NK cells from liver cancer 
model mice significantly abolished the antitumor effect of poly I:C 
treatment (Figure 1G,H and S2). These data suggested that poly I:C 

treatment induces antitumor CD8+ T cells as well as NK1.1+ NK cells 
to eliminate liver cancer cells in vivo.

3.2  |  STAT1 is crucial for the induction and 
activation of antitumor effector T cells in vivo

Next, we investigated the effect of STAT1, a transcriptional ac-
tivator and downstream factor of IFN signaling, on the induction 
of antitumor immunity and tumorigenesis of liver cancer cells in 
vivo. The tumorigenesis of liver cancer cells was significantly aug-
mented in STAT1-deficient (Stat1−/−) mice compared with that in 
wild-type (Stat1+/+) mice (Figure 2A,B). Then, we examined the ac-
cumulation of CD4+ T cells and CD8+ T cells in liver cancer-bearing 
mice. We found that the frequency of tumor-infiltrating CD4+ T 
cells and CD8+ T cells was significantly reduced in the liver of 
Stat1−/− mice compared with that in Stat1+/+ mice (Figure  2C,D). 
Moreover, we confirmed that poly I:C treatment did not have an-
titumor effects in the liver of Stat1−/− mice (Figure  2E,F). These 
data suggest that the activation of STAT1-mediated signaling is re-
quired for the induction of antitumor effector T cells in the tumor 
microenvironment.

3.3  |  IFN-γ  induces NK2R expression in a STAT1-
dependent manner, and NK2R-mediated NKA 
signaling augments the immune responses of CD8+ T 
cells in vitro

To elucidate the mechanism underlying the induction of antitu-
mor effector cells through the IFN–STAT1 axis, we performed the 
following in vitro experiments. We found that IFN-γ but not IL-2 
production by STAT1-deficient spleen cells was reduced compared 
with the levels in wild-type cells after anti-CD3 mAb and anti-CD28 
mAb stimulation (Figure  3A). In this experiment, we confirmed 

F I G U R E  1  Poly I:C administration promotes the infiltration of antitumor CD8+ cells into tumor microenvironments and suppresses the 
tumorigenesis of liver cancer cells in vivo. mCherry-transfected Hepa1-6 murine liver cancer cells (1 × 106) were intrasplenically injected 
into wild-type C57BL/6 mice (day 0). Poly I:C (10 μg/mouse) or control PBS was injected intraperitoneally into wild-type C57BL/6 mice on 
day 5 and then every 3 days thereafter. (A) Experimental scheme is shown. (B) Relative gene expression levels of Ifna, Ifnb, and Ifng relative 
to Actb in spleen cells from Hepa1-6 tumor-bearing wild-type C57BL/6 mice on day 14 were evaluated, and means and SDs are indicated 
(n = 6–8 mice/group, more than two independent experiments). *p < 0.05 by Student's t-test. (C) Tumorigenesis of Hepa1-6 cells in the liver 
was evaluated using an imaging system on day 14. Representative images are shown. Photon flux ratios were evaluated from the images 
(n = 6–8 mice/group, more than three independent experiments). Means and SDs are shown. *p < 0.05 by Student's t-test. (D) H&E staining 
of liver tissue was performed 14 days after inoculation. Representative micrographs are shown (n = 4 mice/group). Bars, 500 μm. Ratios of 
tumor area relative to total liver tissue area were calculated by ImageJ software. Means and SDs are shown. *p < 0.05 by Student's t-test. 
(E) Immunohistochemistry was performed to evaluate CD4+ and CD8+ cells in the tumor microenvironment on day 14. Representative 
micrographs are shown (the zoomed areas are ×6 magnification; n = 4 mice/group). Bars, 100 μm. Integrated density of cell signal strength 
was calculated by ImageJ software. Means and SDs are shown. *p < 0.05 by Student's t-test. (F) CD4+ and CD8+ cells obtained from the 
livers on day 14 were evaluated by flow cytometry. Representative images are shown. Percentages of CD4+ and CD8+ cells among total 
7AAD−CD45+ cells were calculated (n = 4 mice/group, two independent experiments), and means and SDs are shown. * p < 0.05 by Student's 
t-test. (G, H) Anti-CD8 antibodies or control IgG were injected into wild-type and poly I:C-treated Hepa1-6-bearing mice on days −1, 4, and 
9. Tumorigenesis of Hepa1-6 cells in the liver was evaluated using an imaging system and H&E staining on day 14 (n = 8–10 mice/group, two 
independent experiments). Representative images and means with SDs for photon flux or tumor area percentages are shown. *p < 0.05 by 
Student's t-test.
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that the induction of IFN-γ+CD8+ T cells was significantly reduced 
in STAT1-deficient spleen cells compared with wild-type cells 
after CD3 and CD28 stimulation, although the frequency of the 
CD62LlowCD44hiCD8+ T cells was augmented and CD62LhiCD44hi 
CD8+ T cells were decreased in the STAT1-deficient spleen cells 
compared with the wild-type cells (Figure S3). Furthermore, STAT1 

deficiency significantly reduced granzyme B production by anti-
CD3 mAb- and anti-CD28 mAb-stimulated CD8+ T cells in spleen 
cells (Figure 3B). To identify the target molecules of STAT1, CD8+ 
T cells were isolated from Stat1+/+ and Stat1−/− mice and stimulated 
with IFN-γ. In this study, we revealed that NK2R (Tacr2), prepro-
tachykinin (Tac1) encoding substance P and NKA neuropeptides, 
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and STAT1 (Stat1) gene expression levels were enhanced in CD8+ 
T cells in a STAT1-dependent manner (Figure 3C). Although a de-
creasing trend in NK1R (Tacr1) was observed, it did not reach sta-
tistical significance. These results suggest that NK2R expression 
might be related to the antitumor effector function of CD8+ T cells. 

To address the involvement of NK2R-mediated NKA signaling in 
the cytokine production and cytotoxicity of CD8+ T cells, CD8+ T 
cells were stimulated with an NKA ligand together with anti-CD3 
antibodies in vitro. IFN-γ and granzyme B but not IL-2 produc-
tion by anti-CD3 mAb-stimulated CD8+ T cells were significantly 

F I G U R E  2  STAT1 is crucial for the induction of antitumor effector cells in vivo. mCherry-transfected Hepa1-6 murine liver cancer cells 
(1 × 106) were intrasplenically injected into wild-type (Stat1+/+) and STAT1-deficient (Stat1−/−) C57BL/6 mice (day 0). (A) Tumorigenesis 
of mCherry-expressing Hepa1-6 cells in the liver was evaluated using an imaging system on day 14. Representative images are shown. 
Photon flux was evaluated from the images (n = 6–9 mice/group, more than three independent experiments). Means and SDs are shown. 
*p < 0.05 by Student's t-test. (B) H&E staining of liver tissues was performed 14 days after inoculation. Representative micrographs are 
shown (n = 4 mice/group). Bars, 500 μm. Ratios of tumor area relative to total liver tissue area were calculated by ImageJ software. Means 
and SDs are shown. *p < 0.05 by Student's t-test. (C) Immunohistochemistry was performed to evaluate CD4+ and CD8+ cells in the tumor 
microenvironment on day 14. Representative micrographs are shown (the zoomed areas are ×6 magnification; n = 2 mice/group). Bars, 
100 μm. Integrated density of cell signal strength was calculated by ImageJ software. Means and SDs are shown. *p < 0.05 by Student's 
t-test. (D) CD4+ and CD8+ cells obtained from the livers on day 14 were evaluated by flow cytometry. Representative images are shown. 
Percentages of CD4+ and CD8+ cells among total 7AAD−CD45+ cells were calculated. Means and SDs are shown (n = 4 mice/group, two 
independent experiments). *p < 0.05 by Student's t-test. (E, F) Poly I:C or the vehicle control was injected into Hepa1-6-bearing Stat1−/− mice 
on days 5, 8, and 11. Tumorigenesis of Hepa1-6 cells in the liver was evaluated using an imaging system and H&E staining on day 14 (n = 7 or 
8 mice/group, three independent experiments). Representative images and means with SDs for photon flux or tumor area percentages are 
shown. *p < 0.05 by Student's t-test.
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F I G U R E  3  Neurokinin-2 receptor (NK2R) is involved in the activation of type 1 immune responses in a STAT1-dependent manner in vitro. 
Spleen cells of wild-type (Stat1+/+) and STAT1-deficient (Stat1−/−) C57BL/6 mice were treated with anti-CD3 and CD28 mAbs for 24 h. (A) IL-2 
and IFN-γ production levels were evaluated by ELISAs. Mean and SDs (n = 4/group) are shown. *p < 0.05 by Tukey's HSD test. (B) Granzyme 
B production levels in CD8+ T cells in the spleen were determined by flow cytometry. Representative images are shown. ΔMFIs against each 
isotype control were calculated, and the means and SDs are shown (n = 4/group, cumulative results from three independent experiments). 
*p < 0.05 by Tukey's HSD test. (C) CD8+ T cells isolated from the spleen of wild-type (Stat1+/+) and STAT1-deficient (Stat1−/−) C57BL/6 mice 
were stimulated with IFN-γ for 12 h. Gene expression levels of NK1R (Tacr1), NK2R (Tacr2), tachykinin precursor 1 (Tac1), and STAT1 (Stat1) 
were determined by quantitative PCR. Means and SDs are shown (n = 4 mice/group, two independent experiments). *p < 0.05 by Student's 
t-test. (D, E) CD8+ T cells isolated from the spleen of wild-type C57BL/6 mice were stimulated with anti-CD3 mAb in the presence of an 
NK2R selective agonist (NKA, 1 μM) or vehicle control for 24 h. IL-2 and IFN-γ production levels were evaluated by ELISAs. Mean and SDs 
(n = 4/group) are shown. *p < 0.05 by Tukey's HSD test. Granzyme B production levels in CD8+ T cells were determined by flow cytometry. 
Representative images are shown. ΔMFIs against each isotype control were calculated, and the means and SDs are shown (n = 4/group, 
cumulative results from two independent experiments). *p < 0.05 by Tukey's HSD test.
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augmented by the addition of the NKA ligand in vitro (Figure 3D,E). 
The gene expression levels of IFN-γ and granzyme B in CD8+ T cells 
were significantly enhanced by anti-CD3 mAb stimulation com-
bined with the NKA ligand (Figure S4). These findings suggest that 
NK2R-mediated NKA signaling might be involved in antitumor im-
mune responses through NK2R expression in CD8+ T cells.

3.4  |  STAT1-mediated NK2R expression is involved 
in the induction of effector CD8+ T cells through the 
activation of ERK1/2 and NF-κB signaling pathways

We further investigated the effect of NK2R expression in CD8+ T 
cells on their function as antitumor effector cells in vitro. CD8+ T 
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cells from Tacr2+/+ and Tacr2−/− mice were stimulated with anti-CD3 
and anti-CD28 antibodies. The production of IFN-γ but not IL-2 from 
NK2R-deficient CD8+ T cells was significantly lower than that in wild-
type CD8+ T cells (Figure 4A). In this experiment, we confirmed that 
the frequency of CD62LlowCD44hiCD8+ T cells and induction of IFN-
γ+ CD8+ T cells were significantly reduced and CD62LhiCD44hiCD8+ 
T cells were significantly increased in NK2R-deficient spleen cells 
compared with wild-type cells after the CD3 and CD28 stimulation 
(Figure S5). Furthermore, granzyme B production by anti-CD3 mAb- 
and anti-CD28 mAb-stimulated NK2R-deficient CD8+ T cells was 
significantly reduced compared with that in wild-type CD8+ T cells 
(Figure 4B). The gene expression levels of IFN-γ and granzyme B in 
anti-CD3 mAb-stimulated CD8+ T cells were significantly reduced 
under NK2R deficiency (Figure S6). These data suggest that STAT1-
dependent NK2R expression might be related to the induction and 
maintenance of antitumor killer T cells.

Then, we investigated the involvement of NK2R in the TCR-
mediated signaling pathways that activate CD8+ T cells. The phos-
phorylation level of ERK1/2 was augmented in CD8+ T cells isolated 
from Tacr2+/+ but not Tacr2−/− mice after stimulation with anti-CD3 
and anti-CD28 antibodies (Figure  4C,D). Furthermore, the protein 
level of IκB was unchanged in Tacr2−/− CD8+ T cells after stimula-
tion with anti-CD3 and anti-CD28 antibodies but reduced in Tacr2+/+ 
CD8+ T cells (Figure 4C,D). These findings suggest that stimulation 
via TCRs and costimulatory molecules on CD8+ T cells induces IFN-γ 
production, and IFN-γ-dependent STAT1 activation enhances NK2R 
expression levels. Subsequently, NK2R-mediated NKA signaling fur-
ther augments IFN-γ and granzyme B production by effector T cells 
through the activation of the ERK1/2 and NF-κB signaling pathways 
(Figure 4E).

3.5  |  NK2R is involved in the induction of 
antitumor immunity to eliminate liver cancer cells 
in vivo

We then investigated the effect of NK2R on the tumorigenesis of 
liver cancer cells in liver tissues. To this end, we intrasplenically in-
oculated Hepa1-6 murine liver cancer cells into wild-type (Tacr2+/+) 
C57BL/6 mice and NK2R-deficient (Tacr2−/−) mice. We noted that 

the tumorigenesis of Hepa1-6 cells was significantly augmented in 
Tacr2−/− mice compared with that in Tacr2+/+ mice (Figure  5A,B). 
Moreover, we found that tumor-infiltrating CD4+ T and CD8+ T 
cells were significantly reduced in Tacr2−/− mice (Figure  5C). The 
infiltration degrees of CD4+ T, CD8+ T, NK1.1+, and CD11c+ cells 
into Hepa1-6-bearing liver tissues and the frequency of CD4+ T 
cells in the spleen were significantly reduced in Tacr2−/− mice com-
pared with those in Tacr2+/+ mice (Figures 5D and S7A), although 
the frequency of CD8+ T, NK1.1+, and CD11c+ cells in the spleen 
and CD4+ T, CD8+ T, NK1.1+, and CD11c+ cells in the periportal 
lymph nodes was not altered (Figure S7B,C). We found that tumor 
growth of OVA-expressing EG7 cells was enhanced in the NK2R-
deficient mice compared with the wild-type mice (Figure S8A) and 
further revealed that the induction of OVA-antigen-specific CD8+ 
T cells was significantly reduced in the NK2R-deficient mice inocu-
lated with OVA-expressing EG7 cells compared with the wild-type 
mice (Figure S8B). In this study, we confirmed that the metastatic 
colonization of colon cancer cells in the liver was significantly aug-
mented by NK2R deficiency (Figure S9A,B). In this metastatic liver 
cancer model, the infiltration of CD4+ T and CD8+ T cells into the 
tumor tissues of Tacr2−/− mice was reduced compared with that in 
Tacr2+/+ mice (Figure S9C). These data suggest that NK2R activa-
tion is involved in the induction of antigen-specific antitumor effec-
tor T cells to eliminate cancer cells in liver tissues in vivo. Finally, we 
evaluated the antitumor effect of poly I:C in Tacr2+/+ and Tacr2−/− 
mice. Poly I:C injection did not significantly alter the reduced tu-
morigenesis in poly I:C-treated NK2R-deficient mice (Figure 5E,F). 
These data suggest that IFN-γ, NK2R, and CD8+ T cells are involved 
in the reduced tumorigenesis of liver cancer cells following poly I:C 
administration.

4  |  DISCUSSION

Tachykinins act through G protein-coupled receptors (GPCRs) 
in the peripheral and central nervous systems to control various 
physiological functions.22–24 NKA, a ligand of NK2R, is known 
to control several vital responses, such as airway contraction, 
vasodilatation, and vascular permeability.25–27 In this study, we 
found that the Tac1 gene, coding NKA, was induced in CD8+ T 

F I G U R E  4  STAT1-mediated NK2R expression is involved in the induction of antitumor killer T cells through the activation of ERK and 
NF-κB signaling pathways. CD8+ T cells isolated from the spleen of wild-type (Tacr2+/+) and NK2R-deficient (Tacr2−/−) C57BL/6 mice were 
treated with anti-CD3 and CD28 mAbs for 24 h. (A) IL-2 and IFN-γ production levels were evaluated by ELISAs. Mean and SDs (n = 4/
group) are shown. *p < 0.05 by Tukey's HSD test. (B) Granzyme B production levels in CD8+ T cells in the spleen were determined by flow 
cytometry. Representative images are shown. ΔMFIs against each isotype control were calculated, and the means and SDs are shown (n = 4/
group, cumulative results from two independent experiments). *p < 0.05 by Tukey's HSD test. (C) CD8+ T cells isolated from the spleen of 
Tacr2+/+ and Tacr2−/− mice were stimulated with anti-CD3 and CD28 mAbs for 20 min. Expression levels of phosphorylated ERK (pERK1/2) 
and total ERK1/2 or total IκB and α-Tubulin were determined by western blotting. Representative images and the relative expression levels 
of pERK1/2 and IκB are shown. (D) CD8+ T cells isolated from the spleen of Tacr2+/+ and Tacr2−/− mice were stimulated with anti-CD3 and 
CD28 mAbs for 20 min. Expression levels of p-ERK1/2 and IκB were evaluated by flow cytometry. ΔMFIs against each isotype control were 
calculated, and means and SDs shown (n = 4 mice/group, two independent experiments). *p < 0.05 by Student t-test. (E) Proposed model of 
the present study.
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cells after IFN-γ stimulation in a STAT1-dependent manner. Our 
previous study revealed that poly I:C administration into CT26 
tumor-bearing mice induced Tac1 gene expression in dendritic 
cells and cancer cells in the tumor microenvironment.10 Based on 
these findings, we speculated that NKA might be produced by 

CD8+ T cells, dendritic cells, and cancer cells in addition to cells 
of the sensory nervous system in the tumor microenvironment. 
Previous studies indicated that NK2R expression was observed in 
neurons,28 macrophages,29 dendritic cells,8,9 and cancer cells.5,10 
We reported that NKA and NK2R expression were increased in 

F I G U R E  5  NK2R is related to the induction of antitumor effector cells in poly I:C-treated liver cancer-bearing mice in vivo. mCherry-
transfected Hepa1-6 murine liver cancer cells (1 × 106) were intrasplenically injected into wild-type (Tacr2+/+) and NK2R-deficient (Tacr2−/−) 
C57BL/6 mice (day 0). (A) Tumorigenesis of mCherry-expressing Hepa1-6 cells in the liver was evaluated using an imaging system on day 
14. Representative images are shown. Photon flux was evaluated from the images (n = 6–9 mice/group, more than three independent 
experiments). Means and SDs are shown. *p < 0.05 by Student's t-test. (B) H&E staining of liver tissues was performed 14 days after 
inoculation. Representative micrographs are shown (n = 4 mice/group). Bars, 500 μm. Ratios of tumor area relative to total liver tissue area 
were calculated by ImageJ software. Means and SDs are shown. *p < 0.05 by Student's t-test. (C) Immunohistochemistry was performed to 
evaluate CD4+ and CD8+ cells in the tumor microenvironment on day 14. Representative micrographs are shown (the zoomed areas are 6× 
magnification; n = 4 sections/group). Bars, 100 μm. Integrated density of cell signal strength was calculated by ImageJ software. Means and 
SDs are shown. *p < 0.05 by Student's t-test. (D) CD4+ and CD8+ cells obtained from the livers on day 14 were evaluated by flow cytometry. 
Representative images are shown. Percentages of CD4+ and CD8+ cells among total 7AAD−CD45+ cells were calculated. Means and SDs are 
shown (n = 4 mice/group, two independent experiments). *p < 0.05 by Student's t-test. (E, F) Poly I:C or the vehicle control was injected into 
Hepa1-6-bearing Tacr2−/− mice on days 5, 8, and 11. Tumorigenesis of Hepa1-6 cells in the liver was evaluated using an imaging system and 
H&E staining on day 14 (n = 7 or 8 mice/group, three independent experiments). Representative images and means with SDs for photon flux 
or tumor area percentages are shown. *p < 0.05 by Student's t-test.



    |  1827SHEN et al.

dendritic cells in a STAT1-dependent manner, and the enhanced 
NK2R expression-mediated NKA signaling augmented the induc-
tion of antigen-specific CD4+ T cells and CD8+ T cells.8,9 However, 
the roles of NK2R expression in antitumor immunity in tumor-
bearing hosts are unclear. In this study, we revealed that IFN-γ 
augmented NK2R expression levels in CD8+ T cells in a STAT1-
dependent manner, and NKA stimulation induced IFN-γ and gran-
zyme B production by CD8+ T cells involved in the activation of 
ERK1/2 and NF-kB cascades. Furthermore, we confirmed that the 
STAT1–NK2R axis was associated with the infiltration of CD8+ 
T cells into the tumor tissues of a liver cancer-bearing model. 
Accordingly, we speculated that NK2R-mediated NKA signaling 
was involved in antitumor immune responses in vivo.

Here, we revealed that NKA stimulation enhanced the produc-
tion levels of IFN-γ and granzyme B in CD8+ T cells. NK2R and NK1R 
belong to the rhodopsin-like family 1 of GPCRs, which plays a crucial 
role in intracellular signaling.7,30 GPCR ligand-mediated activation 
of ERK1/2 and NF-κB is involved in multiple cellular physiological 
functions.31–33 A previous study showed that NK1R-mediated sig-
naling enhanced the viability of TCR-activated CD8+ T cells by ac-
tivating the NF-κB signaling pathway.34 In this study, we found that 
the phosphorylation of ERK1/2 was augmented in wild-type but not 
in NK2R-deficient CD8+ T cells, and the protein level of IκB was un-
changed in NK2R-deficient CD8+ T cells but reduced in wild-type 
CD8+ T cells after TCR stimulation. From these data, we speculate 
that the IFN–STAT1–NK2R axis is involved in the induction of anti-
tumor effector CD8+ T cells through the activation of ERK1/2 and 
NF-κB signaling pathways.

The introduction of effector T cells into the tumor microenvi-
ronment is crucial for effective cancer immunotherapy. The TLR3 
ligand poly I:C induces STAT1 phosphorylation in T cells, dendritic 
cells, and macrophages35–37 and is a powerful agent to induce an-
titumor immunity by increasing the production of type I and type 
II IFNs in tumor-bearing hosts.37,38 In this study, we confirmed that 
the administration of poly I:C promoted the infiltration of antitu-
mor effector T cells in the tumor tissues of a liver cancer model 
and significantly suppressed tumorigenesis in a STAT1-dependent 
manner. Furthermore, we found that the infiltration of CD8+ T 
cells in tumor tissues was significantly reduced, and the tumori-
genesis of liver cancer cells was augmented under NK2R-deficient 
conditions. Moreover, the antitumor effect of poly I:C treatment 
was abrogated by the absence of NK2R in vivo. Prior to this study, 
we confirmed that in vivo administration of poly I:C induced IFN-α 
and IFN-β production by CD11c+ dendritic cells in the tumor mi-
croenvironment.10 Previous papers have demonstrated that type 
I IFNs act directly on CD8+ T cells to allow significant clonal ex-
pansion and to induce IFN-γ-producing effector cells in vivo.39,40 
Moreover, crucial roles of MDA5 and TLR3 have been indicated in 
poly I:C-mediated activation of antitumor effector NK cells accom-
panied by IFN-γ production.41,42 In this study, we confirmed the 
involvement of NK cells in the antitumor effect of poly I:C treat-
ment on the liver cancer-bearing model. These data suggest that 

IFN-α/β- or TLR3/MDA5-mediated IFN-γ productions by CD8+ 
T cells or NK cells may contribute to the autocrine or paracrine 
NK2R expression of CD8+ T cells in vivo. From these findings, we 
speculate that both type I and type II IFN–STAT1-mediated NK2R 
expression is involved in the induction of antitumor effector CD8+ 
T cells in the tumor microenvironment to suppress the tumorigen-
esis of liver cancer cells in vivo. In this study, we could not con-
firm the effect of NK2R expression in CD8+ T cells on antitumor 
immunity by adoptive transfer experiments transferring NK2R-
deficient or sufficient CD8+ T cells into immune-deficient mice. 
We will conduct these experiments in the near future.

HCC has a poor prognosis and is the most common primary liver 
cancer, accounting for ~90% of cases.43 HCC can be treated by sur-
gery, liver transplantation, chemotherapy, and liver-directed ther-
apy; however, options for unresectable HCC are limited. Although 
some systemic drugs (atezolizumab plus bevacizumab, sorafenib, 
lenvatinib, regorafenib, cabozantinib, and ramucirumab) have been 
approved for advanced HCC, HCC is considered chemoresistant, 
and systemic chemotherapy is not routinely used.12,44 In addition, 
patients with advanced HCC often have underlying liver disease, 
which is associated with poor tolerance to systemic chemotherapy. 
Therefore, for unresectable HCC patients, more effective treat-
ments with fewer side effects are needed. Recently, several ex-
cellent therapeutic effects of immune checkpoint inhibitors in the 
standard treatment of HCC patients have been reported.13,14 Our 
recent study revealed that DGKα blockade augmented antitumor ef-
fects in a liver cancer model, in which IFN-γ-producing CD8+ T cells 
accumulated in tumor tissues in vivo.20 Furthermore, we confirmed 
that DGKα blockade enhanced the antitumor efficacy of immune 
checkpoint inhibition therapy using an anti-PD-L1 antibody. On the 
basis of these findings, we speculated that IFN-γ production is a cru-
cial event in the induction of antitumor immunity to eradicate liver 
cancer cells in the tumor microenvironment.

Taken together, we concluded that IFN-γ–STAT1-mediated NK2R 
expression is involved in the induction of antitumor effector CD8+ T 
cells in a tumor microenvironment, which contributes to suppressing 
the tumorigenesis of cancer cells in vivo.
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