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cancer growth by affecting the Th17/Treg balance
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Background: Cluster of differentiation 4 (CD4") T cells plays a prominent role in eliminating cancer cells.
The balance between T helper (Th)17 and regulatory T (Treg) cells is crucial for optimal immune response
and protection against cancer. Growth hormone secretagogue receptor la (GHSR1a), a member of the
G protein-coupled protein receptor superfamily, plays a critical role in immune cell function. The aim of our
study is to investigate the role of GHSR1a in CD4" T cell differentiation and lung cancer progression.
Methods: A subcutaneous lung cancer model was used to examine the role of GHSRI1a in controlling
tumor growth. Lewis lung carcinoma (LLC) cells were subcutaneously implanted into Ghsrl14”~ mice and
wild-type (WT) mice. The ratio of Th17 and Treg in the draining lymph node of Ghsrla”™ mice and WT
tumor-bearing mice was detected by fluorescence-activated cell sorting (FACS). The effect of GHSR1a
deficiency on Th17 and Treg cell differentiation was examined using an in vitro differentiation assay. The
phosphorylation of mammalian target of rapamycin (mTOR), signal transducer, and activator of transcription
(STAT)3 and STAT'S signaling was detected with Western blot.

Results: We found that the ablation of GHSRI1a resulted in impaired anti-tumor immunity to control
lung cancer growth in vivo. We also demonstrated that the deficiency of GHSR1a promoted a shift in
the Th17/Treg balance toward enhanced Treg differentiation and inhibited Th17 differentiation both
in vivo and in vitro, which suggests that GHSR1a regulates T cell lineage choices between Th17 and Treg
cell commitment in the tumor microenvironment. Mechanistically, the deficiency of GHSR1a resulted in
reduced phosphorylation in mTOR and STAT3, and increased phosphorylation in STATS.

Conclusions: Our findings showed the important role of GHSR1a in CD4" T cell differentiation in the
context of the lung cancer microenvironment. This research provides a novel molecular target and insights

into interventions for the prevention and treatment of lung cancer.
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Introduction

Lung cancer has lengthily been considered a
nonimmunogenic disease, however the immune response
has recently recognized to have an important role in
tumor development and progression (1). In addition to
risk factors, such as smoking cigarettes, immune cells in
the tumor microenvironment have also been identified
as indispensable participants in lung cancer growth (2).
Cluster of differentiation 4 (CD4") T cells are essential
for optimal anti-tumor immunity. CD4" T cells recognize
tumor antigen presented by professional antigen-presenting
cells (APC), support the activation and proliferation of
CD8" T cell and their differentiation into memory CD8"
T cells and also regulate innate immunity in the tumor
microenvironment (3,4).

Research has shown the T helper (Th)17/regulatory T
(Treg) cell axis is dysregulated in lung cancer (5,6), which
suggests that Th17/Treg balance may represent a promising
target for lung cancer therapy. Notably, the relationship
between Treg and Th17 cells appears to be close and
highly complex. Both Treg and Th17 cells develop
from the same precursor-naive CD4" T cells. The Th17
subtype is characterized by the production of cytokines
IL-17A and IL-17F, and the differentiation of Thl17 cells
is dictated by the master transcription factor retinoid-
related orphan nuclear receptor yt (RORyt) (7). The Treg
cells produce inhibitory cytokines, such as TGF-f, IL-10,
and their differentiation is controlled by master regulator
forkhead box P3 (Foxp3) cells. Pro-inflammatory cytokines,
such as interleukin (IL)-6 and IL.-23, could skew the balance
toward Th17 differentiation over Treg development (8),
while transforming growth factor-p (T'GF-B) and IL-2 could
induce the polarization of Treg (9). Recent studies suggest
that energy metabolism also tunes the differentiation of
Treg and Th17 cells. The mammalian target of rapamycin
(mTOR) has emerged as an important regulator of the
differentiation of Treg and Th17 cells (10). The inhibition
of mTOR has been reported to expand Treg and inhibit the
differentiation of Th17 cells.

Growth hormone secretagogue receptor la (GHSR1a),
a member of the G protein-coupled protein receptor
superfamily, is the receptor for ghrelin, a 28 amino-acid
peptide hormone, which was originally isolated from the
stomach (11). GHSR1a is ubiquitously expressed in various
tissues and cell types, including T cells (12). A number of
studies have demonstrated that aside from its effects on
food intake, glucose homeostasis, pancreas function, and
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cardiovascular function, GHSR1a also plays a critical role in
the regulation of immune cell function (13,14). Activation
of GHS-R1a by ghrelin results in enhanced proliferation
and reduced apoptosis of CD4" T cells, reduced frequencies
of Treg cells, and decreased expression of inhibitory
co-receptors under sepsis condition (15-17). In lung
cancer, GHSR1a has been associated to neuroendocrine
differentiation (18). However, the role of GHSR1a in lung
cancer microenvironment remains unknown.

The aim of our study is to investigate the role of
GHSRI1a in CD4" T cell differentiation and lung cancer
progression. We found that GHSR1a deficiency resulted
in enhanced Treg cell differentiation but diminished
Th17 differentiation in the tumor microenvironment
and attenuated anti-tumor immunity. This effect might
be attributed to the decreased activation of the mTOR
signaling pathway. Our findings shed light on the
mechanism of GHSR1a as a master regulator of Th17/Treg
balance and anti-tumor immunity in the context of the lung
cancer microenvironment.

We present the following article in accordance with the
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-5727).

Methods
T-cell subset isolation

Lymphocytes were isolated from the spleens of C57BL/6
mice and naive T cells (CD4'CD62L"CD44°CD25") were
sorted using fluorescence-activated cell sorting (FACS). In
brief, after being washed twice with phosphate-buffered
saline (PBS) supplemented with 2 mM edetate disodium
(EDTA) and 0.5% Bovine serum albumin (BSA), the
cells were re-suspended in the buffer, mixed well with
antibodies, and incubated at 4 °C for 1 hour. After staining,
the cells were sorted on a FACStar Plus instrument (Becton
Dickinson, USA). The sorting purities were >95%.

Induction of Th17/Treg differentiation in vitro

A total of 1x10° CD4" T cells were seeded in 24 well
plates containing plate-bound anti-CD3 (1 pg/mL,
BD Pharmagen, USA) and anti-CD28 (1 pg/mL, BD
Pharmagen, USA) antibodies, and cultured with 1 mL
RPMI 1640 medium containing 10% fetal bovine serum
(FBS). For the induction of the Th17 cell, the cultures were
supplemented with TGF-p (5 ng/mL, Pepro Tech) and
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IL-6 20 ng/mL, Pepro Tech) and IL-23 (20 ng/mL, Pepro
"Tech). For Treg induction, cultures were supplemented with
TGF-p (5 ng/mL, Pepro Tech), and IL-2 (20 ng/mL, Pepro
Tech). Four days after induction, the cells were collected.
The differentiation of the Th17 cells and Treg cells were
examined with flow cytometry assay, quantitative reverse
transcription-polymerase chain reaction (QRT-PCR), and
enzyme linked immunosorbent assay (ELISA).

Flow cytometry analysis

For the analysis of the Treg cells, the cells were stained with
surface marker o chain of the high-affinity IL-2 receptor
(CD25) in PBS containing 1% BSA and anti-CD25
antibody (eBioscience, USA). Foxp3 staining was then
performed in accordance with the manufacturer’s
instructions (eBioscience, USA). For the analysis of the
Th17 cells, the cells were stimulated with leukocyte
activation cocktail (BD Pharmagen, USA) for 6 hours, and
the cells were then collected and re-suspended in a fixation/
permeabilization solution (BD Pharmagen, USA), and
stained with anti-IL-17A antibody (BD Pharmagen, USA).

RNA extraction and real-time RT-PCR
The total RNA of the cells was extracted with TRIzol

reagent (Invitrogen, USA) in accordance with the
manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized using a reverse transcriptase kit (Takara,
China). The levels of messenger RNA (mRNA) were
determined using SYBR Green Real-time PCR master mix
(Takara, China) on a 7900HT qRT-PCR machine (Applied
Biosystems, USA). The relative mRNA levels were analyzed
using the AACt method.

Western blot analysis

The cells were washed with PBS and lysed in a
radioimmunoprecipitation assay lysis buffer with protease
and phosphatase inhibitors. Protein concentration was
measured using a bicinchoninic acid assay protein assay kit
(Tiangen Biotech, China). Proteins were separated with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gels, and transferred onto a polyvinylidene fluoride
(PVDF) membrane for immunoblotting. The membranes
were blocked in 5% non-fat milk in Tris-buffered saline
(TBS) containing 0.1% Tween 20 at room temperature for
1 h, and then incubated with primary antibodies at 4 °C
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overnight. After washing, the membranes were incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibody. The Enhanced Chemiluminescence Substrate
Kit (Thermo Fisher Scientific, USA) was used for the

chemiluminescent detection.

ELISA analysis

The supernatants of cell cultures were collected. ELISA was
performed using a mouse IL-17A and IL-10 quantifying kit
(eBioscience, USA) in accordance with the manufacturer’s
instructions.

Animal studies

Wild-type (WT) and Ghsrla” C57/BL6 mice were
obtained from the Shanghai Animal Model Center.
Experiments were conducted using female C57/BL6 mice
aged 6-8 weeks, weighted 18-20 g. A total of 1x10° Lewis
lung carcinoma (LLC) cells in 100 pL. PBS were implanted
by subcutaneous injection into the flanks of the Ghsrla™"
and WT CS57/BL6 mice (5 mice per group). Tumor
growth was monitored for 4 weeks. Tumor formation
was monitored every other day from day 7 up to 21 days
post inoculation. The volumes of tumors were estimated
using the following equation: V = (length x width®)/2.
Tumors were weighed and imaged after surgical removal.
The study was approved by the Animal Care Committee
of the Shanghai Pulmonary Hospital (No. K19-100Y), in
compliance with Shanghai Pulmonary Hospital institutional
guidelines for the care and use of animals. A protocol was
prepared before the study without registration.

Statistical analyses

All data are shown as mean = standard deviation (SD). The
data analyses were performed with the Student’s #-test or
a one-way analysis of variance test. Significant differences
were accepted when P values were <0.05. All statistical
analyses were calculated and plotted using GraphPad Prism
version 7.0 (GraphPad Software, Canada).

Results

Ablation of GHSR1a compromised immunity to control
tumor growth in the lung cancer mice model

We first investigated the role of GHSR1a in controlling
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Figure 1 GHSRIa deficiency promoted tumor growth in vivo. Ghsrla”™ and WT mice were subcutaneously implanted with 1x10° LLC

cells. Three weeks after the implantation with the LLC cells, the mice were sacrificed, and the tumors were weighed. (A) Time course of

tumor growth in the Ghsrla”™ and WT mice. The values were expressed as mean = SD, **P<0.01. The X-axis (time) denotes days, and the

Y-axis (volume) denotes mm’. (B) Images of tumors resected from the mice. (C) Weight of the resected tumors. The values were expressed

as mean = SD, *P<0.05. GHSR1a, growth hormone secretagogue receptor la; WT, wild-type; LLC, Lewis lung carcinoma; SD,standard

deviation.

tumor growth using a subcutaneous tumor model. The
LLC cells were subcutaneously implanted into the Ghsrla™"
mice and WT mice. Four weeks after inoculation, the mice
were sacrificed. The tumors in the Ghsrla”™ mice were
larger in size (see Figure 1A4,1B) and weight (see Figure 1C)
than those of the WT mice, which indicated that GHSR1a

deficiency attenuated immunity to control tumor growth.

Ablation of GHSR1a inhibited Th17 differentiation, but
promoted Treg cell generation both in vivo and in vitro

We then analyzed the phenotypes of T cells in draining
lymph nodes in the Ghsrla”™ and WT mice, and found
that the proportion of Treg cells was increased while
that of Th17 cells decreased in the Ghsrla”™ mice (see
Figure 24,2B). Thus, the GHSR1a deficiency skewed
the THI17/Treg balance toward a Treg bias in the tumor
microenvironment.

We further tested the effect of GHSR1a deficiency on
the differentiation of Th17 and Treg cells in vitro. IL6 and
TGFP were added to induce Th17, and IL2 and TGFp
were added to induce Treg. As Figure 34,3B shows, the
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IL-17° T cell number was significantly reduced, while
the Foxp3+T cell number in Ghsrla” CD4" T cells was
significantly increased. The ablation of GHSR1a promoted
Foxp3 expression and decreased RORyt expression (see
Figure 3C). These data demonstrated that GHSR1a
deficiency inhibited the differentiation of Th17 cells, but
augmented Treg differentiation in vitro.

GHSRI1a regulates Th17/Treg balance through mTOR
signaling

Next, we sought to determine the underlying mechanism
for the potentiated differentiation of Treg cells and reduced
Th17 cells in GHSR-deficient CD4" T cells. mTOR has
been shown to play a critical role in the lineage choices
between Th17 and Treg cells (19). Previous studies have
shown that GHSR1a regulates the activity of mTOR
(20,21). To determine whether mTOR was involved in the
loss of balance caused by the deficiency of GHSR1a, the
phosphorylation of mTOR was measured using a Western
blot. As Figure 44 shows, the phosphorylation of mTOR
was decreased in Ghsrla™™ T cells, indicating that the
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Figure 2 GHSRIa deficiency prohibited the induction of Th17 cells while promoting Treg cells differentiation in the draining of lymph
nodes. (A) Representative FACS plots of the percentages of Th17 cells and CD25"Foxp3™ Treg in CD4" T cells from the draining
lymph nodes. (B) A statistical graph of the FACS results. The values were expressed as mean + SD, *P<0.05. GHSR1a, growth hormone
secretagogue receptor la; Th17, T helper 17; FACS, fluorescence-activated cell sorting; CD25, cluster of differentiation 25; Foxp3, forkhead

box P3; Treg, regulatory T; SD, standard deviation.

ablation of GHSR might inhibit the differentiation of Th17
cells and promote Treg differentiation through the mTOR
signaling pathway. The activation of signal transducer and
activator of transcription (STAT)3 and STATS is critical to
the differentiation of Th17 and Tregs, respectively (22,23).
mTOR has been shown to cross-talk with STAT and play
a role in the differentiation of CD4" T cells. Thus, we also
examined the phosphorylation of STAT3 and STATS in
Ghsrla” and WT T cells. As Figure 44 shows, a lower
phosphorylation level of STAT3 was observed in Ghsrla™”
T cells than WT cells, while the phosphorylation of STATS
was markedly higher in Ghsrla” T cells than WT cells (see
Figure 44). Thus, GHSR1a might tune the differentiation
of Th17/Treg cells through the mTOR signaling pathway
and cross-talk with STAT3 and STATS.

To investigate whether a GHSR1a-regulated Th17/
Treg balance is mMTOR-dependent, rapamycin was used
to block mTOR signaling, the mRNA expression levels

© Annals of Translational Medicine. All rights reserved.

of RORyt and IL-17A were examined by qRT-PCR. As
Figure 4B shows, RORyt mRNA expression was upregulated
while Foxp3 was downregulated upon ghrelin stimulation.
Conversely, the inhibition of mTOR signaling by rapamycin
reversed the effect. These findings suggest that mTOR
signaling is dependent on the GHSR1a-mediated regulation
of RORyt and Foxp3 expression, and contribute to our
understanding of how GHSR1a affects the expression of
RORyt and Foxp3, and thus the balance between Th17 and
Treg.

Discussion

Research has revealed that Th17 and Treg cells play critical
roles in the development and progression of lung cancer. It
has been established that Treg cells primarily act to dampen
immune responses to tumor-antigen; however, the role of
Th17 cells in tumor immunity remains controversial. Th17

Ann Transl Med 2021;9(22):1696 | https://dx.doi.org/10.21037/atm-21-5727
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was analyzed with Western blot. (B) The mRINA levels of RORyt and Foxp3 were analyzed with qRT-PCR. The values were expressed

as mean = SD, *P<0.05. mTOR, mammalian target of rapamycin; STAT, signal transducer and activator of transcription; GHSRIa,

growth hormone secretagogue receptor la; Th17, T helper 17; Treg, regulatory T; CD4, cluster of differentiation 4; WT, wild-type;
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cells induce anti-tumor immunity in some experimental
regimens, but actually promote tumor development and
progression in others (24,25). Th17 cells display plasticity
during differentiation and maintenance. They can originate
from Treg cells and also convert into Treg cells (26-28).
Additionally, intermediate cells co-expressing RORyt and
Foxp3 may also arise (29). The imbalance between Th17
and Treg cells may lead to the development and progression
of lung cancer. Further, the Th17/Treg ratio has been
shown to be negatively correlated with the TNM stages of
lung cancer (30-32). Thus, it is of critical importance that
novel approaches be developed to restore the Th17/Treg
balance to boost an anticancer response.

GHSR is widely expressed in various cell types,
including T lymphocytes (12). The GHSR expression level
is significantly upregulated upon T cell activation, and
GHSR can translocate to the lipid raft region of T cells,
activating downstream signaling pathways, and thereby
regulating the expression of inflammatory factors (33).

© Annals of Translational Medicine. All rights reserved.

Thus, GHSR appears to play a key role in regulating T cell
function (33). However, the role of GHSR in regulating
T cell differentiation remains unknown. GHSR, which
plays an important role in energy homeostasis, has been
reported to regulate the activity of mTOR, the sensor of
energy status. Given that the bioenergetic demands of
Th17 and Treg cells differ (34), some key players in energy
metabolism may be a potential target for regulating the
immune response and therapeutic interventions for cancer.
In the present study, we demonstrated that the ablation
of GHSR1a impaired anti-tumor immunity to control
lung cancer growth i vivo. We also found that a deficiency
of GHSRI1a promotes a shift in the Th17/Treg balance
toward enhanced Treg differentiation both iz vivo and
in vitro, which suggests that GHSR1a plays a key role in
regulating T cell lineage choices between Th17 and Treg
cell commitment in the tumor microenvironment. mTOR,
which is a central regulator of cellular energy metabolism,
has been shown to play a key role in the lineage choices

Ann Transl Med 2021;9(22):1696 | https://dx.doi.org/10.21037/atm-21-5727
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between Th17 and Treg cells (19). mT'OR inhibition with
rapamycin results in the diminished differentiation of Th17
cells but in increase in Treg generation (35,36). We found
that GHSRI1a deficiency significantly attenuated mTOR
phosphorylation, which indicates that GHSR1a plays a role
in regulating mTOR activity during T cell differentiation.
mTOR has been shown to cross-talk with STAT signaling
to regulate immune cell fate and function (37,38). STAT3
is a critical transcriptional factor that has been reported
to promote Th17 cell differentiation by regulating
the expression of RORyt and IL-17 production (22).
Conversely, STAT'S has been reported to play a prominent
role in promoting and maintaining Foxp3 expression
and Treg cell differentiation (39). We showed that
GHSRI1a regulates Th17/Treg balance by modulating the
phosphorylation of mMTOR and subsequent phosphorylation
of STAT3 and STATS. GHSRI1a positivity modulates the
activity of STAT3 and negatively regulates STAT'S, and thus
affects the reciprocal differentiation of the Treg and Th17
cells via the activation of mTOR signaling.

Interestingly, we observed that GHSR1a had contrasting
effects on CD4" T cell differentiation with ghrelin, which
was previously described as being anti-inflammatory and
inhibiting the differentiation of Th17 cells (40). Two
possibilities could account for this discrepancy. First, other
as yet unidentified GHSR1a ligands may exist aside from
ghrelin that play a role in CD4" T cell differentiation.
Second, ghrelin/GHSRI1a signaling may exert a differential
effect on CD4" T cell differentiation in different
immunological contexts. Further investigations need to be
conducted to fully characterize the mechanism of GHSR1a
in regulating Th17/Treg balance, and its clinical relevance
in lung cancer development and progression.

Conclusions

In summary, the present study demonstrated that GHSR1a
deficiency significantly attenuated anti-tumor immunity
in our subcutaneous lung cancer mice model, and revealed
the important role of GHSR1a in controlling the delicate
balance between Th17 and Treg cells in the tumor
microenvironment. We further showed that this effect was
dependent on the mTOR signaling pathway. This study
advanced our knowledge of the effects of GHSR1a signaling
on anti-tumor immunity. Thus, GHSR1a may represent
an important target for the development of therapeutic
strategies for lung cancer.

© Annals of Translational Medicine. All rights reserved.
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