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1 | BACKGROUND

Abstract

Background: Dysfunction of CD8" T cells in the tumor microenvironment
(TME) contributes to tumor immune escape and immunotherapy tolerance.
The effects of hormones such as leptin, steroid hormones, and glucocorticoids
on T cell function have been reported previously. However, the mechanism
underlying thyroid-stimulating hormone (TSH)/thyroid-stimulating hormone
receptor (TSHR) signaling in CD8* T cell exhaustion and tumor immune eva-
sion remain poorly understood. This study was aimed at investigating the effects
of TSH/TSHR signaling on the function of CD8" T cells and immune evasion in
colorectal cancer (CRC).

Methods: TSHR expression levels in CD8" T cells were assessed with
immunofluorescence and flow cytometry. Functional investigations involved
manipulation of TSHR expression in cellular and mouse models to study its
role in CD8' T cells. Mechanistic insights were mainly gained through RNA-
sequencing, Western blotting, chromatin immunoprecipitation and luciferase
activity assay. Immunofluorescence, flow cytometry and Western blotting were
used to investigate the source of TSH and TSHR in CRC tissues.

Results: TSHR was highly expressed in cancer cells and CD8* T cells in CRC
tissues. TSH/TSHR signaling was identified as the intrinsic pathway promoting
CD8' T cell exhaustion. Conditional deletion of TSHR in CD8" tumor-
infiltrating lymphocytes (TILs) improved effector differentiation and suppressed
the expression of immune checkpoint receptors such as programmed cell death
1(PD-1) and hepatitis A virus cellular receptor 2 (HAVCR2 or TIM3) through the
protein kinase A (PKA)/cAMP-response element binding protein (CREB) signal-
ing pathway. CRC cells secreted TSHR via exosomes to increase the TSHR level
in CD8* T cells, resulting in immunosuppression in the TME. Myeloid-derived
suppressor cells (MDSCs) was the main source of TSH within the TME. Low
expression of TSHR in CRC was a predictor of immunotherapy response.
Conclusions: The present findings highlighted the role of endogenous
TSH/TSHR signaling in CD8" T cell exhaustion and immune evasion in CRC.
TSHR may be suitable as a predictive and therapeutic biomarker in CRC
immunotherapy.

KEYWORDS
Thyroid stimulating hormone, Thyroid stimulating hormone receptor, Colorectal carcinoma,
CD8* T cell exhaustion, Immune evasion

sion even after the tumor is controlled [1]. ICB therapy
achieves clearance of tumor cells by restoring the func-

Immune checkpoint blockade (ICB) therapy in colorectal
cancer (CRC) is indicated in patients with gene mismatch
repair or a highly unstable microsatellite type. However,
these patients account for only approximately 5% of the
population with advanced CRC, and programmed cell
death 1 (PD-1)/programmed cell death 1 ligand 1 (PD-L1)
blockade therapy is only effective in 30%-50% of cases
[1]. In addition, some patients experience disease progres-

tion of depleted CD8" T cells. Thus, it is important to
explore the molecular mechanism of CD8* T cell exhaus-
tion in the tumor microenvironment (TME) to identify
novel immunotherapeutic targets and improve the effect
of tumor immunotherapy.

Loss of effector CD8* T cell function in the TME was
caused mainly by long-term high-intensity tumor antigen
stimulation and the effect of various immunosuppressive
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factors [2]. CD8" T cell exhaustion not only decreased
the tumor clearance capacity, but also led to an immuno-
suppressive state in the TME [3, 4]. Tumor cells and
immunosuppressive cells in the TME secreted many active
substances (exosomes [5], microRNAs [6], hormones [7])
that directly affected the function of CD8' T cells, thus
promoting tumor immune escape. The effects of hormones
(leptin, lipocalin, insulin, steroid hormones, and glucocor-
ticoids) on T cell function had been reported previously
[7]. For example, glucocorticoid signaling played a role in
the antitumor response of CD8* T cells [8]. However, the
effects of TSH/TSHR signaling pathway on CD8* T cell
function have not been reported.

TSH is synthesized primarily in the distal pituitary and
thyroid nodules, and several types of extrapituitary cells
are sources of TSH [9, 10]. Once released by the cells, TSH
binds to TSHR in the cell membrane, activating TSHR and
associated signaling cascades. TSHR mRNA and protein
were expressed in other human and animal extrathyroidal
tissues, including neural tissues, immune cells, ocular
muscle, bone, adipocytes, erythrocytes, ovaries, and so on.
The expression and functional roles of TSHR had been
reported in a variety of nonthyroidal cancer tissues, includ-
ing melanoma [11], glioma [12], lung [13], breast [14],
ovarian [15], and hepatocellular carcinomas [16]; however,
the expression of TSHR in CRC has not been reported.
TSH could be synthesized in the subvillous crypt region
and localized epithelial regions of the mouse small intes-
tine, and TSH staining was increased in the epithelial
cells of virus-infected regions during acute rotavirus infec-
tion, indicating that TSH might be involved in intestinal
immune regulation [9, 17-19].

Here, we evaluated the TSHR expression in CD8t T
cells in CRC tissues. Subsequently, the roles of TSHR in
CD8* T cell were explored through in vitro and in vivo
assays. We further investigated the mechanism underlying
TSHR-induced CD8* T cell exhaustion and CRC immune
invasion. Finally, we investigated the reasons for the high
expression of TSHR in CD8* T cells and the source of TSH
in the TME.

2 | METHODS AND MATERIALS

2.1 | Cells

CRC cell lines (MC38, CMT93, CT26, SW480, RKO, and
LoVo), a human normal intestinal epithelial cell line
(NCM460), T cell lines (Jurkat T, EL4 and 293T), and a
macrophage cell line (THP-1), were originally obtained
from the American Type Culture Collection (ATCC, Man-
assas, VA, USA). These cell lines were confirmed by
short tandem repeat profiling in August 2019. MC38 and

293T cells were maintained in Dulbecco’s modified eagle’s
medium high glucose (DMEM; Gibco, Grand Island, NY,
USA), and other cells were maintained in roswell park
memorial institute-1640 (RPMI-1640; Gibco) medium sup-
plemented with 10% fetal bovine serum (FBS; ExCell Bio,
Suzhou, Jiangsu, China) and 1% penicillin-streptomycin
(Biosharp, Hefei, Anhui, China). Cells were cultured at
37°C in a humidified atmosphere containing 95% air and
5% CO,.

Mouse CD8" T cells or CD4™" T cells were isolated from
the spleen and lymph nodes of C57BL/6 mice (Guang-
dong Medical Laboratory Animal Center, Guangzhou,
Guangdong, China) with an EasySep Mouse Naive CD8*
T Cell Isolation Kit (Stemcell Technologies, Cambridge,
MA, USA) or EasySep™ Mouse CD4* T Cell Isolation Kit
(Stemcell Technologies).

For generation of effector T lymphocytes, 1 x 10° CD8* T
cells were seeded per well of a 24 well plate and stimulated
for 48 h with 2 pyg/mL anti-CD3 (Clone 145-2Cl11, BD Bio-
sciences, San Jose, CA, USA) and anti-CD28 (Clone 37.51,
BD Biosciences). Then, Interleukin-2 (IL-2; Peprotech,
Cranbury, NJ, USA) was used to induce differentiation for
3 days in the presence of 0.5 mIU/mL mouse TSH (mTSH;
R&D Systems, Minneapolis, MN, USA).

For generation of exhausted cells, CD8' T cells were
isolated and stimulated with 2 ug/mL anti-CD3 and anti-
CD28, After 48 h, cells were treated with IL-2 for another
72h. On day 5, CD8* T cells were stimulated with 2 pg/mL
anti-CD3 and anti-CD28 in the presence of 0.5 mIU/mL
mTSH. High expression of exhaustion markers (PD-1 and
TIM3) were considered to indicate exhausted CD8* T cells.

2.2 | Patients and clinical specimens
Paraffin-embedded CRC and para-tumor tissues were
obtained from the tissue bank of the Department of
Pathology, Nanfang Hospital, Southern Medical University
(Guangzhou, Guangdong, China) that had been clinically
diagnosed as colorectal adenocarcinoma between January
2012 and June 2017. Samples were collected CRC cases after
surgery and TNM stage was based on the 8th Edition Col-
orectal Cancer Stage Classification released by American
Joint Committee on Cancer (AJCC). Those without con-
current other malignancies and neoadjuvant chemoradia-
tion therapy were included, whereas those with multiple
primary CRC or hereditary CRC were excluded. Written
informed consent was obtained from all patients.
Peripheral blood mononuclear cell (PBMCs) were
obtained from healthy subjects in the Health Management
Center of Nanfang Hospital, and lymphocytes were iso-
lated by Ficoll (Thermo Fisher Scientific, Waltham, MA,
USA) through density gradient centrifugation (400 X g,
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20°C, 40 min), The study was approved by the Clinical
Research Ethics Committee of Southern Medical Univer-
sity under authorization approval No: NFEC-2024-127.
CRC immunotherapy included intravenous injection
of anti-PD-1 antibodies, including Nivolumab (360 mg,
Bristol-Myers Squibb, Princeton, NJ, USA), Sintilimab
(200 mg, Innovent, Suzhou, Jiangsu, China), Camre-
lizumab (200 mg, Suncadia Biopharmaceuticals, Suzhou,
Jiangsu, China), Toripalimab (240 mg, Junshi Biosciences,
Shanghai, China) and Pembrolizumab (200 mg, Merck,
Darmstadt, Hessen, Germany) before and after surgery.
Immunotherapy was performed every 3 weeks for 6
months or longer, and a computed tomography (CT) exam-
ination was performed after three treatments. The effect
of immunotherapy was evaluated by measuring the size
of the primary lesion or metastasis. Partial response (PR)
means tumor volume reduction >30%; stable disease (SD)
means tumor volume reduction <20% or increase <20%;
PR and SD mean the tumor responds to immunother-
apy; progressive disease (PD) means tumor lesion increase
>20%, and tumors are not sensitive to immunotherapy.

2.3 | Animal models

Wild-type C57BL/6 and BALB/c nude mice were pur-
chased from the Guangdong Medical Laboratory Ani-
mal Center, TSHR™ mice (06467) was originally pur-
chased from Cyagen Biosciences (Guangzhou, Guang-
dong, China), CD4Cre mice (022071, JAX, Bar, ME, USA),
and OT-1 T cell receptor (TCR) transgenic mice (003831,
JAX) were originally purchased from the Jackson Labora-
tory (Bar, ME, USA). TSHRICD4Cre mice were obtained
by crossing CD4Cre mice with TSHRYT mice, The off-
spring were tail-clipped to validate the genotypes by PCR.
Because CD4*" and CD8" T cells are originated from
precursor T cells that undergo positive selection and nega-
tive selection during development, TSHRYCD4Cre mice
had knockout of TSHR in both CD4" and CD8" T cells.
All mice used in this study were maintained under spe-
cific pathogen-free conditions. For all animal experiments,
mice were randomly allocated to specific groups (six mice
per group) matched for age and sex. Animal experiments
were approved by the Ethics Committee on the Use and
Care of Animals of Southern Medical University (No.
00301532).

MC38 or CMT93 cells were washed with phosphate
buffered saline (PBS; Corning, NY, USA) and filtered
through a 70 pum strainer. Before tumor cell inoculation,
age- and sex-matched mice (5-6 weeks) were shaved, and
then 1 x 10° MC38 or CMT93 cells were subcutaneously
injected into the dorsal part of the mice. Tumor size was
measured every 2 or 3 days and calculated as length X
width?/2.

Mice were euthanized by injected overdose barbitu-
rates in accordance with the American Veterinary Medical
Association (AVMA) Guidelines when the tumor size was
>1500 mm? for ethical considerations.

2.4 | Immunohistochemistry(IHC)
Paraffin-embedded tissue blocks were cut into 2.5 um
sections and transferred to glass slides. Sections were
immersed in 3% hydrogen peroxide to block endogenous
peroxidase activity and incubated with primary antibod-
ies overnight at 4°C, TSHR (1:200, GTX33561, GeneTex,
Irvine, CA, USA) and TSH beta (1:200, 66750-1-Ig, Protein-
tech, Rosemont, NJ, USA) antibodies were used for IHC
staining, followed by goat anti-IgG horseradish peroxidase
(HRP; ZSGB-Bio, Beijing, China) antibody for 1 h at room
temperature. The expression of TSHR and TSH beta was
visualized with 3,3-diaminobenzidine tetrahydrochloride
(DAB; ZSGB-Bio) and counterstaining with hematoxylin.

The degree of THC staining was reviewed and scored
independently by two pathologists. The intensity of stain-
ing was graded according to the following criteria: 0 (no
staining), 1 (weak staining = light yellow), 2 (moderate
staining = yellow brown), and 3 (strong staining = brown).
The proportion of tumor cells or stromal cells was scored
as follows: 1 (<25% positive tumor/stromal cells), 2 (25%-
50% positive tumor/stromal cells), 3 (51%-75% positive
tumor/stromal cells), and 4 (>75% positive tumor/stromal
cells). The THC score was calculated as the staining inten-
sity score X the proportion of positive tumor or stromal
cells. The cutoff for high or low expression of the indicated
molecule was determined on the basis of median score.
Optimal cutoff values were identified, and a staining index
>8 was used to define tumors with high TSHR expression,
whereas an index <7 was used to define tumors with low
TSHR expression.

2.5 | Immunofluorescence

Human tissue samples and mouse tumor tissues were
embedded in paraffin and sectioned longitudinally at 2 pm.
Tissue sections were dewaxed and rehydrated, and anti-
gens were retrieved with ethylenediaminetetraacetic acid
(EDTA,; Sigma, St Louis, MO, USA) in a pressure cooker.
Sections were incubated in 3% H,0, for 30 min to block
endogenous peroxidase activity. The slides were blocked
with goat serum and then incubated with primary anti-
bodies overnight at 4°C, followed by goat anti-IgG HRP
antibody. Opal Fluorophore Working Solution (Akoya Bio-
sciences, Marlborough, MA, USA) was pipetted onto each
slide, and the slides were incubated at room temperature
for 30 min. The slides were placed in a microwave for 4
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min at 100% power, blocked with goat serum (ZSGB-Bio),
and then incubated with the following antibodies: goat
anti-IgG HRP antibody and Opal Fluorophore Working
Solution. 4’,6-diamidino-2-phenylindole (DAPI; Thermo
Fisher Scientific) Working Solution was applied for 5
min at room temperature in a humidity chamber, and
coverslips were applied with mounting medium.

Quantification of TSHR or TSH in CD8* T or myeloid-
derived suppressor cells (MDSCs) was performed using
ZEN software (Zeiss, Oberkochen, Baden-Wiirttemberg,
Germany). Five 200x magnification images were obtained
for each section, and after circling the target cells, the
average fluorescence value was calculated as fluorescence
intensity/area.

Antibodies in the following were used: TSHR (1:200,
GTX33561, Genetex), TSH (1:200, 66750-1-Ig, Proteintech),
CDS8 (1:500, 66868-1-1g, Proteintech), CD4 (1:500, ab133616,
Abcam, Cambridge, Cambs, UK), CD11b (1:200, 48893, Cell
Signaling Technology, Boston, MA, USA), CD33 (1:200,
ab199432, Abcam), CD19 (1:200, ab134114, Abcam), CD68
(1:200, ab955, Abcam), CD1lc (1:200, ab52632, Abcam),
CD66b (1:200, 305102, Biolegend, San Diego, CA, USA),
CD14 (1:200, ab183322, Abcam).

2.6 | Flow cytometry

Cells were stained with live/dead cell staining (Fixable
Aqua Dead Cell Stain Kit, Life Tech, Waltham, MA, USA),
and anti-mouse CD16/32 antibody (Biolegend) was used
to block nonspecific binding with Fc receptors before
all surface staining. For cell surface staining, cells were
washed with staining buffer (1% FBS in PBS) and incu-
bated with the indicated antibodies on ice for 30 min.
Cells were washed two additional times with staining
buffer, fixed in 1% paraformaldehyde in PBS, and analyzed
with a BD LSR-Fortessa (BD Biosciences). For intracellu-
lar cytokine staining, cells were stimulated with phorbol
12-myristatel3-acetate (PMA; 50 ng/mL, Sigma) and iono-
mycin (500 ng/mL, Sigma) for 6 h in the presence of Golgi-
plug (BD Bioscience) at 37°C for the last 4 h. Cells were
then subjected to live/dead cell staining (Thermo Fisher
Scientific), fixed/permeabilized with a Cytofifix/Cytoperm
kit (BD Bioscience), and stained with antibodies against
the indicated cytokines.

To determine the expression of TSHR, cells were
stained with the respective primary antibodies followed
by allophycocyanin (APC)-conjugated anti-rabbit IgG
(Life Tech).

The following fluorescent dye-labeled antibodies were
used in this study: APC anti-human PD-1 (1:200, MIH4,
BD Biosciences), PE anti-human TIM3 (1:200, F38-2E2,
Biolegend), APC anti-human tumor necrosis factor «

(TNF «; 1:200, Mabll, Biolegend), PE anti-mouse TIM3
(1:200, B8.2C12, Biolegend), APC-anti-mouse PD-1 (1:200,
RMPI1-30, Biolegend), PerCP/Cyanine5.5 anti-mouse CD45
(1:200, 30-F11, Biolegend), BV510 anti-mouse CD45 (1:200,
S18009F, Biolegend), FITC anti-mouse CD8a (1:200, 53-6.7,
Biolegend), PE-Cy7 anti-mouse interferon y (IFN y; 1:200,
XMG1.2, Biolegend), PE anti-mouse/human CD44 Anti-
body (1:200, IM7, Biolegend), PerCP anti-mouse CD62L
(1:200, MEL-14, Biolegend). APC-Cy7 anti-mouse F4/80
(1:200, QA17A29, Biolegend), PE anti-mouse Ly6G (1:200,
S19018G, Biolegend), PE-Cy7 anti-mouse Grl (1:200, RB6-
8C5, Biolegend), FITC anti-mouse CDI11b (1:200, M1/70,
Biolegend), BV421 anti-mouse CD19 (1:200, 6D5, Biole-
gend), BV605 anti-mouse CD3 (1:200, 17A2, Biolegend),
PerCP/Cyanine5.5 anti-mouse Ly6C (1:200, HK1.4, Biole-
gend), BV421 anti-mouse CD1lc (1:200, N418, Biolegend),
PE anti-mouse MHC II (1:200, M5/114.5.2, Biolegend).

2.7 | Western blotting

Tissue and cell lysates were prepared in RIPA buffer (Key-
GEN BioTECH). The homogenate was centrifuged at 4°C
for 15min at 13,000 X g, and the supernatant was col-
lected and quantified with the Bradford Protein Assays
(KeyGEN BioTECH). The lysates were separated on 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene fluoride
membranes (PVDF; Millipore, Billerica, MA, USA), The
membranes were blocked with 5% skimmed milk for 1 h
and then incubated with primary antibodies overnight at
4°C.

Antibodies in the following were used: TSHR (1:1,000,
A6781, Abclonal, Wuhan, Hubei, China), PD-1 (1:1,000,
86163, Cell Signaling Technology), cytotoxic T lymphocyte-
associated antigen-4 (CTLA4; 1:1,000, sc-376016, Santa
Cruz, Dallas, TX, USA), beta-Actin (1:10,000, 66009-1-Ig,
Proteintech), TSH (1:500, sc-365801, Santa Cruz), cCAMP-
response element binding protein (CREB; 1:1,000, 9197,
Cell Signaling Technology), phosphorylated-CREB (p-
CREB; 1:500, ab220798, Abcam), protein kinase B (AKT;
1:500, ab38449, Abcam), phosphorylated-protein kinase
B (p-AKT; 1:1,000, 3192,Abcam), extracellular regulated
protein kinases (ERK; 1:1,000, 4370, Cell Signaling Tech-
nology), phosphorylated-extracellular regulated protein
kinases (p-ERK; 1:1,000, 3192, Cell Signaling Technology),
and CD63 (1:1,000, 25682-2-AP, Proteintech).

2.8 | RT-PCR

Total RNA was extracted from cells using the TRIzol
reagent (TaKaRa, Otsu, Shiga, Japan) according to the
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manufacturer’s instructions. Reverse transcription was
performed using PrimeScript™ RT Master Mix for general
genes (TaKaRa). Real-time PCR was performed under con-
ditions of 95°C for 3 min, and 45 cycles of 95°C for 5 s and
60°C for 30 s, with SYBR Green PCR Master Mix (TaKaRa)
on an Applied Biosystems 7500 Fast Real-Time RCR Sys-
tem (Biosystems, Foster City, CA, USA). Relative mRNA
levels were calculated with the 222t method. The primer
sequences were listed in Supplementary Table S1.

2.9 | Transfection and infection

293T cells were seeded and grown overnight to approxi-
mately 70% confluence at the time of transfection. Short
hairpin RNA of TSHR vectors (shTSHR; Umine-Bio,
Guangzhou, Guangdong, China), TSHR-overexpressing
plasmids (TSHR-oe; Umine-Bio), GFP-Ctrl (GFP-Ctrl plas-
mids contains a CD28 response element that locates
GFP to the cell membrane), and GFP-TSHR plasmids
(Genecopoeia, Beijing, China) together with the lentiviral
packaging vectors PAX2 and pMD2.G were transfected into
293T cells using Lipofectamine 3000 according to standard
procedures.

Viral particles were collected and filtered after trans-
fection for 48h. For infection, lentiviral supernatant was
added to cultured cells with 10 ug/mL Polybrene (Sigma-
Aldrich). After incubation for 24 h, infected cells were
selected for 3 to 5 days with puromycin (Beyotime, Shang-
hai, China).

For plasmid transient transfection, 293T cells were trans-
fected with CREB-overexpressing plasmids (Umine-Bio)
using reduced-serum medium (Opti-MEM, Gibco) and
lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) for
6h.

2.10 | Tumor-infiltrating lymphocyte
(TIL) isolation and analysis

Tumor tissues were dissected, cut into pieces and digested
in RPMI 1640 medium containing collagenase VI (210
U/mL, Thermo Fisher Scientific), DNase I (100 U/mL,
Thermo Fisher Scientific) and hyaluronidase (0.5 mg/mL,
Thermo Fisher Scientific) for 30 min at 37°C. The dissoci-
ated cells were passed through a 70 pm strainer. Then, the
supernatant was transferred to a new tube and centrifuged
at 1,000 X g for 10 min at 4°C. The cells were resuspended
for density gradient centrifugation with 40% Percoll and
70% Percoll. The interphase of the gradient was harvested
and centrifuged at 1,000 X g for 5 min at 4°C. The iso-
lated TILs were then used in subsequent experiments. To
measure the cytokine production of isolated TILs, the cells

were stimulated with 50 ng/mL PMA, 1 umol/L ionomycin,
and 5 ug/mL GolgiPlug for 4 h at 37°C.

2.11 | Measurement of the cytotoxicity of
cytotoxic T lymphocytes (CTLs)

OT-1 mouse splenocytes were harvested and homoge-
nized using sterile techniques. Red blood cells were then
lysed with red blood cell lysis buffer (Biosharp) for 5
min at room temperature. The splenocytes were pel-
leted, resuspended at 1 X 10%/mL in RPMI-1640 medium
supplemented with 10% FBS, 1% penicillin-streptomycin
and 2-mercaptoethanol and treated with 10 nmol/L
Ovalbumin,s;.,4 peptide (OVAjs7.264; Thermo Fisher Sci-
entific) and 10 ng/mL IL-2 for 3 days. Then the cells were
cultured in fresh medium containing 10 ng/mL IL-2 for 2
more days to do the subsequent experiment.

To measure the cytotoxicity of CTLs, EL4 cells were
pulsed with 10 nmol/L OVA,s7.564 for 30 min at 37°C.
Then, the antigen-pulsed EL4 cells were washed with PBS
and labeled with 1 umol/L CellTracker Deep Red (CTDR;
Thermo Fisher Scientific) in serum-free medium for 15 min
at 37°C in the dark. Meanwhile, EL4 cells were labeled
with 0.5 umol/L carboxyfluorescein diacetate succinimidyl
ester (CFSE; Selleck, Shanghai, China) in PBS for 10 min
at room temperature in the dark. After washing EL4 cells
with PBS three times, CTDR-labeled and CFSE-labeled
EL4 cells were mixed at a ratio of 1:1 in RPMI 1640 sup-
plemented with 2% FBS. CTLs were added to the plate at
the indicated ratio. After 4 h, the cytotoxic efficiency was
measured by quantifying the value of one minus the ratio
of the CTDR-labeled/CFSE-labeled EL4 cells.

2.12 | Human CD8" T cell culture

CDS8™ T cells were isolated from human PBMC, and stim-
ulated with 2 ug/mL anti-CD3 and anti-CD28 in a 24-well
plate. On day 5, CD8* T cells were stimulated with 2 ug/mL
anti-CD3 and anti-CD28 (Peprotech) in the presence of 0.5
mIU/mL human TSH (hTSH; R&D Systems). The expres-
sion of PD-1 and TIM3, as well as IFNy or TNFa was
detected by flow cytometry (Becton Dickinson, Bergen
County, NJ, USA).

2.13 | Invitro inhibition of PKA with H89
and blockade protein kinase C (PKC) with
G0O6983

Mouse CD8* T cells or Jurkat T cells were pretreated
with vehicle control, the PKA inhibitor H89 (30 nmol/L,
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HY-15979, MedChemExpress, Monmouth Junction, NJ,
USA), or the PKC inhibitor GO6983 (100 nmol/L, HY-
13689, MedChemExpress) for 1 h, then treated with TSH
as indicated for 24 h. The cell lysates were subjected
to Western blotting to detect the amounts of PD-1 and
CTLAA4.

2.14 | Chromatin
Immunoprecipitation-Quantitative
Polymerase Chain Reaction (ChIP-qPCR)

ChIP assays were performed using the SimpleChIP Plus
Sonication Chromatin IP Kit (Cell Signaling Technology)
following the manufacturer’s guidelines. Briefly, Jurkat
T and CD8* T cells were fixed with formaldehyde to
crosslink DNA and protein and sonicated to yield 150-
bp to 900-bp fragments. The protein-DNA complexes
were precipitated using the normal rabbit IgG antibody
and polyclonal antibodies. For each immunoprecipita-
tion, 10ug of antibody were added to the lysate and
incubated overnight at 4°C with rotation. Then, 30 uL
of protein G magnetic beads were added and incubated
at 4°C for 2h with rotation. Precipitin G beads were
precipitated and washed sequentially with low-salt and
high-salt wash buffer. The protein-DNA complex was
reversed at 65°C overnight followed by DNA purifica-
tion. Enrichment of the DNA sequences was detected
using qPCR. The data were normalized and analyzed using
the percent input method as follows: Percent Input =
29x2(C [T] 2%Input Sample—C [T] IP Sample) C [T] = Threshold
cycle of PCR.

2.15 | Luciferase activity assay

The 3’ untranslated regions (UTR) segments of the
PD-1 and TIM3 genes were amplified by polymerase
chain reaction (PCR) and inserted into the vector. Co-
transfections of PD-I and TIM3 3’ UTR plasmids with
CREB-overexpressing plasmids into cells was performed
with Lipofectamine 2000. Luciferase activity was mea-
sured 48h after transfection with a Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA).

2.16 | Orthotopic tumor formation

In the orthotopic primary tumor model, a midline incision
was made in the abdomen, and the cecum was gently exte-
riorized onto gauze impregnated with saline. MC38 cells
were injected into the cecal wall of mice with a 30-gauge
needle (Braun, Melsungen, Germany) in 5 uL volume (2 X

10* cells). The cecum was returned to the abdominal cavity,
and the incision was closed.

2.17 | Invivo depletion of CD8" or CD4" T
cells or MDSCs

For CD8* T cell depletion, Tshr-WT and Tshr-KO mice
were administered 200 pg of monoclonal anti-mouse CD8
antibody (BioXCell, West Lebanon, NH, USA) or normal
rat IgG (BioXCell) through the intraperitoneal route 7
days after tumor inoculation and three times per week.
For CD4" T cell depletion, Tshr-WT and Tshr-KO mice
were administered 200 pg anti-mouse CD4 antibody (BioX-
Cell) or normal rat IgG through the intraperitoneal route
7days after tumor inoculation and two times per week.
For MDSC depletion, mice were administered 200 pg anti-
mouse ly6G antibody (BioXCell) or normal rat IgG through
the intraperitoneal route on days -3, 0, 3, 6, 9, 12 after tumor
implantation.

2.18 | Anti-PD-1 treatment

MC38/shTSHR cells were inoculated into the flank of
C57BL/6 mice. On days 7, 10, 13 and 16 after tumor inoc-
ulation, the mice were treated with anti-PD-1 (200 pg per
mouse) or isotype control (BioXcell) intraperitoneal Injec-
tion (i.p). Seventeen days after tumor inoculation, the
effect of anti-PD-1 on tumor growth was analyzed.

2.19 | Exosome isolation,
characterization, and treatment

Exosomes were purified from CRC-derived conditioned
medium by ultracentrifugation. CRC cells were cultured
in 1640 medium supplemented with 10% FBS. The fetal
bovine serum was depleted of exosomes by ultracentrifu-
gation at 110,000 X g overnight at 4°C prior to use. Condi-
tioned medium was collected after 48 h and centrifuged at
500 x g for 10 min at 4°C, followed by 16,800 X g for 30 min
at 4°C. The supernatants were passed through a 0.45 um
filter (Millipore) and ultracentrifuged at 110,000 x g for 70
min at 4°C. The exosome pellets were washed with PBS,
followed by a second ultracentrifugation at 110,000 X g for
70 min at 4°C and then resuspended in PBS. The amount
of exosomes were measured with a Bicinchoninic Acid pro-
tein assay kit (BCA; KeyGEN BioTECH, Nanjing, Jiangsu,
China). For transmission electron microscopy, exosomes
were fixed with 2% paraformaldehyde and placed on 200-
mesh Formvar-coated grids. Then, the cells were stained
using 2% phosphotungstic acid for 2 min and observed on a
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transmission electron microscope (H-7500, Hitachi, Tokyo,
Japan). For exosome labeling, exosomes were fluorescently
labeled with Paul Karl Horan 67 (PKH67; Sigma). Labeled
exosomes were washed in 10 mL of PBS, collected by ultra-
centrifugation, and resuspended in PBS. For cell treatment,
2 ug of exosomes were incubated with 2 x 10° recipient cells
for 24 h.

To capture the process of cellular internalization of
CDS8™ T cells, we co-incubated GFP-TSHR-containing exo-
somes with CD8* T cells for 1, 3, 6, 12 or 24 h. Flow cytom-
etry was performed to observe the endocytosis of GFP-
TSHR-containing exosomes by CD8™ T cells. To investigate
the pathway of uptake of GFP-TSHR-containing exosomes
by CD8* T cells, 10 pg/mL of the clathrin-mediated endo-
cytosis inhibitor chlorpromazine (CPZ; Macklin, Shang-
hai, China), 500 pmol/L of the caveolin-mediated endo-
cytosis inhibitor methyl-3-cyclodextrin (MBCD; Macklin)
and 1 mmol/L of the macropinocytosis inhibitor amiloride
(Macklin) were added to exhausted CD8™" T cells. After 2 h,
GFP-TSHR-containing exosomes were added, and the cells
were cultured for 4 h. Next, the cells were harvested and
the GFP was detected by flow cytometry.

2.20 |
release

Blockade exosome biogenesis or

For in vivo experiments, GW4869 (MedChemExpress),
an inhibitor of exosome biogenesis/release, was injected
(25pug/g) intraperitoneally on days 8, 10, 12, 14, 16 after
tumor inoculation. For in vitro experiments, GW4869 was
added to the cell culture medium at a final concentration
of 20 nmol/L for 48 h before exosome collection.

2.21 | Preparation of human peripheral
neutrophils

To investigate whether GFP-TSHR-containing exosomes
affected other cell types such as neutrophils, we isolated
neutrophils from peripheral anticoagulated blood samples
through density gradient centrifugation. Red blood cells
were removed with lysis buffer. Total neutrophils were
suspended in complete RPMI-1640 medium supplemented
with 10% FBS and 1% penicillin-streptomycin, and seeded
on 24-well plates.

2.22 | Invitro stimulation of THP-1 cells
with exosomes

THP-1 cells were cultured in RPMI-1640 medium supple-
mented with 10% FBS and 1% penicillin-streptomycin. The
cells were differentiated into MO macrophages by incubat-

ing with 50 ng/mL PMA for 48 h. For M2 polarization, MO
macrophages were stimulated with 20 ng/mL IL-4 (Pepro-
tech) for 48 h with GFP-Ctrl or GFP-TSHR-containing
exosomes (10 ug/mL). After stimulation, the cells were col-
lected and the RNA expression levels of CD206, ARG1 and
TGF 3 were measured.

2.23 | Enzyme-linked Immunosorbent
Assay (ELISA)

Neutrophils promote tumor progression by forming neu-
trophil extracellular traps (NETs). Myeloperoxidase (MPO)
is a major component of NETs. To investigate whether
GFP-TSHR-containing exosomes affected neutrophil func-
tion, neutrophils were cultured in complete 1640 medium
supplemented with 10% FBS, 1% penicillin-streptomycin
and stimulated with vehicle or exosomes (10 ug/mL) for
12 h. After stimulation, the supernatant was collected,
and MPO levels were measured with a commercial ELISA
kit (SEA601Mu, Cloud-Clone, Wuhan, Hubei, China).The
protein expression of TSH in serum and tumor tissue was
measured with a mouse ELISA kit (CEA463Mu, Cloud-
Clone) according to the manufacturer’s instructions.

2.24 | Monocyte-derived MDSC culture
Bone marrow cells were isolated from mouse femurs
and were suspended in complete DMEM supplemented
with 10% FBS and 20ng/mL granulocyte-macrophage
colony-stimulating factor (GM-CSF; Peprotech). On day
4, non-adherent cells were discarded and adherent cells
were further cultured for 3 days with fresh medium sup-
plemented with 20 ng/mL GM-CSF. On day 7, adherent
cells confirmed to be Gr-1*CDI11b* were considered to be
mature MDSCs.

2.25 | Co-culture of CD8* T cells and

MDSCs

For MDSC-T cell co-culture, MDSCs differentiated under
the above conditions were seeded together with CD8*
T cells from spleen of Tshr-WT or Tshr-KO mice in
the presence of IL-2, After 48 h, the cells were collected
by centrifugation (300 X g, 4°C, 5min), stained and
immunophenotyped by flow cytometry.

2.26 | Bioinformatics analysis

Correlations between TSHR expression and T cell exhaus-
tion signature genes (HAVCR2, PDCDI(Programmed cell
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death 1), and CTLA4) were calculated with Spearman cor-
relations on The Tumor Immune Estimation Resource
(TIMER) website (http://timer.cistrome.org). The TIMER
2.0 website used gene expression data downloaded from
the corresponding GDC portal (https://gdc.cancer.gov/
about data/publications/panimmune; n = 10,496, 33 can-
cer types).

Gene Ontology (GO) enrichment analysis was per-
formed to determine functional annotations of differ-
entially expressed genes (DEGs), including biological
processes, cellular components and molecular functions,
using the clusterProfiler R package (v4.0.0). Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis was
also further performed to identify the enriched pathways
among these DEGs. The threshold of significance was
defined as P value < 0.05 for both GO and KEGG analyses.

2.27 | RNA-sequencing (RNA-seq) and
data analysis

Total RNA was extracted using a TRIzol reagent kit
according to the manufacturer’s protocol. RNA quality
was assessed on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and confirmed using
RNase-free agarose gel electrophoresis. After total RNA
was extracted, eukaryotic mRNA was enriched using oligo
(dT) beads, whereas prokaryotic mRNA was enriched by
removing rRNA with a Ribo-Zero™ Magnetic Kit (Epi-
center, Madison, WI, USA). Then, the enriched mRNA
was fragmented into short fragments using fragmentation
buffer and reverse transcribed into cDNA using random
primers. Second-strand cDNA was synthesized using DNA
polymerase I, RNase H, deoxy-ribonucleoside triphos-
phate (ANTP), and buffer. The cDNA fragments were
purified with a QiaQuick PCR extraction kit (Qiagen, Dus-
seldorf, Germany), end repaired, treated with A base, and
ligated to Illumina sequencing adapters. The ligation prod-
ucts were size selected by agarose gel electrophoresis, PCR
amplified, and sequenced using Illumina NovaSeq6000 by
Gene Denovo Biotechnology Co (Guangzhou, Guangdong,
China).

2.28 | Prediction of CREB target gene

We obtained the CREB target gene from the website:
http://natural.salk.edu/CREB/, CREB regulates cellular
gene expression by binding to a conserved CRE that occurs
either as a palindrome (TGACGTCA) or half site (CGT-
CATGACG). A comprehensive scan of the human genome
revealed 10,447 full CREs and 740,390 half CREs.

2.29 | Statistical analysis

Statistical analyses were performed using GraphPad Prism
(v9) software. Data are presented by descriptive statis-
tics such as mean + standard error of mean (SEM). Data
distribution was assumed to be normal with the one sam-
ple Kolmogorov-Smirnov test, but this was not formally
tested. Data collection and analysis were not performed
in a blinded manner to the conditions of the experi-
ments. For continuous endpoints, such as flow cytometry
data or gPCR data, a Student’s t-test or paired t-test was
used to compare two independent or matched condi-
tions/groups, and one-way analysis of variance (ANOVA)
models were used to compare three or more independent
conditions/groups. P < 0.05 was considered statistically
significant.

3 | RESULTS

3.1 | TSHR expression was elevated in
CDS8" T cells in CRC

To investigate the expression pattern of TSHR protein in
CRC, we performed IHC in clinical samples of human
CRC tissues and paired adjacent normal tissues. Tumor
cells and tumor stromal cells showed high TSHR expres-
sion, whereas epithelial cells and stromal cells in nor-
mal intestinal epithelia did not (Figure 1A-B). We also
found higher TSHR expression in CRC tissues compared
with paired adjacent normal tissues by using TCGA-CRC
dataset GSE21510 (Supplementary Figure S1A). The results
of clinicopathological analysis showed that high TSHR
expression was related to advanced TNM stage, lymph
node metastasis, and distant metastasis (Supplementary
Table S2), suggesting that TSHR might influence CRC pro-
gression. Logistic regression analysis showed that the high
TSHR expression was associated with microsatellite sta-
bility (MSS) and high TNM stage (Supplementary Table
S3).

The TIMER 2.0 database showed that TSHR expres-
sion was positively correlated with the expression of T cell
exhaustion signature genes, including HAVCR2 (TIM3),
PDCD1 (PD-1), and CTLA4 (Figure 1C). Because these
immunosuppressive molecules were mainly expressed on
exhausted T cells in tumor tissues [20], we examined the
expression of TSHR in CD4% and CD8* T cells in CRC
tissues. Interestingly, TSHR protein was highly expressed
in CD8" but not in CD4* T cells (Figure 1D-E). More-
over, macrophages and neutrophils showed low expression
of TSHR, whereas monocytes, B cells, dendritic cells
(DCs), fibroblasts did not express TSHR in CRC tissues
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FIGURE 1 TSHR expression was increased in CD8* TILs from CRC. (A) Human normal colorectal (n = 68) or tumor sections (n = 68)
were stained with anti-TSHR antibody by immunohistochemistry. (B) Statistics of immunohistochemical scores between normal colorectal
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(Supplementary Figure S1B). Although the TSHR protein
expression was moderate in CD8" T cells from normal
intestinal tissue, it was lower than that in CD8* TILs
(Figure 1E-F). Meanwhile, we analyzed TSHR protein
expression in CD8" T cells from normal lymph nodes,
which mainly contain naive and effector CD8' T cells.
TSHR protein expression was almost undetectable in CD8™"
T cells from normal lymph nodes compared with that in
CD8™* TILs (Figure 1E-F).

In agreement with the expression pattern in human
CD8™* TILs, TSHR protein expression was higher in CD8*
TILs from mouse CRC subcutaneous tumors than in
CD4* T cells from mouse CRC subcutaneous tumors and
in CD8% T cells from mouse spleen and lymph nodes
(Figure 1G-H). As reported previously, PD-1"TIM3~CD8*
T cells exhibit full effector function, PD-1*TIM3~CD8* T
cells exhibit partial dysfunction, and PD-1*TIM3*CD8* T
cells exhibit severe dysfunction [21]. Among CD8* TILs,
PD-1*TIM3+CD8* TIL subsets showed high expression of
the TSHR protein compared with the PD-1"TIM3~ and
PD-1*TIM3~CDS8" TIL subsets (Figure 1I). Collectively,
these results indicated that increased TSHR expression was
associated with a dysfunctional phenotype in exhausted
CD8* T cells.

3.2 | TSH/TSHR signaling promoted
functional exhaustion of CD8* T cells

To further explore the potential roles of TSHR in CD8* T
cells, we generated Tshr conditional knockout mice (Tshr-
KO mice) and confirmed the efficient deletion of TSHR
in CD8* T cells and CD4™" T cells (Supplementary Figure
S2A-B). T cells in the Tshr-KO mice developed normally
in the thymus (Supplementary Figure S2C) and displayed
similar activation states in the spleen and lymph nodes
(Supplementary Figure S2D-I). In vitro cultured CD8* T
cells exhibited effector phenotypes after acute TCR activa-
tion and developed exhaustion after TCR reactivation [8].
We observed low expression of checkpoint receptors and

high production of proinflammatory cytokines in effector
CD8*' T cells, which were not affected by Tshr knock-
out (Supplementary Figure S3A-B). Nonetheless, loss of
TSHR decreased the expression of the immunosuppressive
molecules PD-1 and TIM3 and facilitated the production of
the cytokines TNFa and IFNy in exhausted CD8' T cells
(Figure 2A-B), but not in exhausted CD4* T cells (Supple-
mentary Figure S3C-D). Loss of TSHR also did not affect
T cell proliferation (Supplementary Figure S3E), suggest-
ing that TSHR was a regulator of CD8* T cell exhaustion
and dysfunction. Conversely, overexpression of TSHR in
murine CD8" T cells increased both the mRNA and pro-
tein levels of the checkpoint receptors PD-1 and CTLA4
(Supplementary Figure S3F-G).

In agreement with the observations in Tshr-KO CD8* T
cells, mTSH or hTSH treatment increased the protein lev-
els of the checkpoint receptors PD-1 and CTLA4 in CD8*
T cells or Jurkat T cells (Supplementary Figure S3H-I).
mTSH treatment significantly promoted the expression of
PD-1 and TIM3 and inhibited the production of the proin-
flammatory cytokines TNFa and IFNy in exhausted CD8*
T cells (Figure 2C-D), but not in effector CD8* T cells (Sup-
plementary Figure S3J-K). In addition to the findings in
murine CD8* T cells, repeated activation of CD8* T cells
from human PBMCs in the presence of hTSH markedly
inhibited the production of TNFa and IFNy (Figure 2E)
as well as elevated PD-1 and TIM3 expression (Figure 2F),
thereby highlighting the evolutionarily conserved func-
tion of TSH/TSHR signaling in promoting CD8* T cell
exhaustion. Together, these data indicated that activa-
tion of TSH/TSHR signaling contributed to the functional
exhaustion of CD8* T cells.

3.3 | TSH/TSHR signaling promoted
CD8" T cell exhaustion through the
PKA/CREB signaling pathway

To systemically identify the target genes of TSH/TSHR sig-
naling in CD8* T cells, we performed RNA-seq analysis

and tumor sections. (C) Correlation of TSHR mRNA with checkpoint receptors in colon adenocarcinoma patients using TIMER 2.0. (D)
Immunofluorescence analysis of the expression of TSHR in CD4" and CD8* T cells of human CRC tumor. (E) The MFI of TSHR in CD4* and
CD8" T cells (n = 30), human CRC tissue samples (n = 60) and paired normal adjacent tissue samples (n = 60), and CD8" T cells. (F)
Representative immunofluorescence image of TSHRTCD8™ T cells in human CRC tissue samples (n = 54), paired normal adjacent tissue

samples (n = 54) and lymph nodes (n = 12). (G-I) TSHR expression in TILs harvested from mice bearing MC38 colon carcinoma.

Representative histograms of TSHR expression and summary MFI data in the indicated CD8* TIL populations (n = 5). Data are pooled from

at least two independent experiments. Abbreviations: TSHR, thyroid stimulating hormone receptor; TIMER, Tumor Immune Estimation
Resource; IHC, immunohistochemistry; HAVCR2, hepatitis A virus cellular receptor 2; PDCDI, Programmed cell death protein 1; CTLA4,
cytotoxic T lymphocyte-associated antigen-4; LAG3, Lymphocyte Activation Gene-3; TIGIT, T-cell immunoglobulin and ITIM domain; TILs,

tumor-infiltrating lymphocytes; CRC, colorectal cancer; MFI, mean fluorescence intensity; LN, lymph node; Iso, isotype control; SPL, spleen;

PD-1, programmed cell death 1; TIM3, T cell immunoglobulin domain and mucin domain-3; ns, not significant.
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FIGURE 2 TSH/TSHR signaling promoted functional exhaustion of CD8* T cells. (A-B) Murine (Tshr-WT and Tshr-KO) naive CD8* T
cells were repeatedly activated with anti-CD3 and anti-CD28 antibodies. (A) Representative flow cytometry data and summary plots of the
frequency and MFI of the indicated checkpoint receptors (n = 3). (B) Representative flow cytometry data and summary plots of the frequency
and MFI of the indicated cytokines following polyclonal activation (n = 3). (C-F) Murine and human naive CD8* T cells were repeatedly
activated (anti-CD3/28) in the presence or absence of mTSH and hTSH. (C, F) Representative flow cytometry data and summary plots of the
frequency and MFI of the indicated checkpoint receptors (n = 3 or 4). (D-E) Representative flow cytometry data and summary plots of the
frequency and MFI of the indicated cytokines following polyclonal activation (n = 3 or 4). Data are pooled from at least two independent
experiments. Abbreviations: TSH, thyroid stimulating hormone; TSHR, thyroid stimulating hormone receptor; MFI, mean fluorescence
intensity; mTSH, murine thyroid stimulating hormone; hTSH, human thyroid stimulating hormone; Ctrl, control; Tshr-WT, Tshr-wildtype;
Tshr-KO, Tshr-knockout; PD-1, programmed cell death 1; TIM3, T cell immunoglobulin domain and mucin domain-3; TNF«, tumor necrosis
factor a; IFNy, Interferon y; ns, not significant.
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comparing Tshr-KO and Tshr-WT murine CD8* T cells. A
total of 573 and 846 DEGs were significantly up-regulated
and down-regulated, respectively, in Tshr-KO CD8" T cells
compared with Tshr-WT CD8*" T cells (Figure 3A). Of
these, 354 DGEs regulated by TSH/TSHR signaling were
relevant to the T cell effector and exhaustion signature.
More than 26% (151/573) of the up-regulated genes in Tshr-
KO CD8" T cells overlapped with the genes expressed by
the effector PD-1"TIM3~CDS8" T cells, whereas approxi-
mately 24% (203/846) of the down-regulated genes over-
lapped with the exhausted PD-1TTIM3*CD8* T cells
(Supplementary Figure S4A-D). Many of the up-regulated
genes encoded proinflammatory cytokine, including II-2
and Tnf, whereas classical T cell exhaustion-associated
genes (II-10, Ctla4, Pdcdl, Havcr2) showed marked down-
regulation (Figure 3B). We also confirmed that the mRNA
levels of those exhaustion-associated genes were regulated
by TSH/TSHR signaling on the basis of real-time PCR
(Figure 3C-D).

TSH/TSHR exerts its action through various signal-
ing cascades, such as the cyclic adenosine monophos-
phate (cAMP)/PKA, protein kinase C/extracellular signal-
regulated kinase (PKC/ERK) and phosphatidylinositol-
3-hydroxykinase/protein kinase B (PI3K/AKT) signaling
pathways, in different types of cells [22]. The phosphory-
lation of CREB substantially increased immediately after
TSH treatment in both primary CD8' T cells and Jurkat
cells (Figure 3E, Supplementary Figure S4E). Although
TSH treatment induced the instantaneous phosphoryla-
tion of ERK in Jurkat cells, it had little effect on the
phosphorylation of ERK and AKT in murine CD8* T
cells (Figure 3E). Moreover, Tshr-KO CD8* T cells showed
diminished CREB phosphorylation levels under quies-
cent conditions and did not respond to TSH treatment
(Figure 3F), indicating that TSH-induced phosphorylation
of CREB in CD8" T cells was TSHR-dependent. We next
investigated whether TSH induced immunosuppressive
molecules via PKA/CREB signaling and found that TSH-
induced expression of PD-1 and CTLA4 was abolished by a
PKA inhibitor (H89), but not by a PKC inhibitor (GO6983)
in primary CD8" T cells and Jurkat cells (Figure 3G,
Supplementary Figure S4F). These results confirmed that
TSH/TSHR signaling activated the PKA/CREB pathway to
regulate the expression of immunosuppressive molecules
in CD8* T cells.

Phosphorylated CREB translocates to the nucleus and
interacts with a number of coactivators to regulate gene
transcription [23]. To determine whether TSH/PKA/CREB
signaling directly regulates the expression of checkpoint
receptors, we searched the target gene database of CREB
and found that CREB binds directly to PDCDI, HAVCR2,
CTLA4, lymphocyte activation gene 3 (LAG3), and IL-
10. The results of ChIP-qPCR confirmed that CREB

bound directly to the promoter regions of PD-1 and TIM3
(Figure 3H), and CREB occupancy on the promoters
of PD-1 and TIM3 increased in the presence of mTSH
stimulation (Figure 3I). To further verify the regulation
model, we cloned the well-studied functional promoter
of human PD-1 (-2kb) and TIM3 (-2kb) with a luciferase
reporter, and tested the activity of those cis-regulatory ele-
ments in response to TSH/CREB signaling. In line with
the ChIP-qPCR results, both CREB overexpression and
hTSH treatment transactivated PD-1 and TIM3 expression
(Figure 3J-K). These results suggested that TSH/TSHR sig-
naling promoted PD-1 and TIM3 transcription through the
PKA/CREB pathway in CD8* T cells.

3.4 | TSHR deficiency in CD8" T cells
increased antitumor activity

We next examined the importance of TSH/TSHR signal-
ing in antitumor immunity. OT-1 mice-derived CD8* T
cells were differentiated into CTLs with or without TSH
and then co-cultured with OVA,s;.,44 loaded EL4 cells.
The killing efficiency of CTLs was significantly dimin-
ished in the presence of TSH, particularly when CTLs were
more abundant than target cells (Supplementary Figure
S5A). However, mTSH treatment had little effect on the
regulation of tumor growth in the MC38 cell subcuta-
neous inoculation model (Supplementary Figure S5B-C).
This finding might be due to the opposite function of
TSH/TSHR signaling in other types of cells in the TME,
thus counteracting the anti-tumor effects of CD8* T cells.
Using an orthotopic tumor formation assay with MC38
cells, we found that Tshr-KO mice had diminished ortho-
topic tumor volumes (Figure 4A-D), whereas this effect
was abolished after depletion of CD8" T cells (Supple-
mentary Figure S5D-G). Moreover, we subcutaneously
implanted either MC38 or CMT93 CRC cells into Tshr-WT
and Tshr-KO mice and found that Tshr-KO mice exhib-
ited inhibited tumor growth (Figure 4E-J). Loss of Tshr
in T cells also restricted tumor progression of subcuta-
neous MC38 tumor even when CD4" T cells were depleted
(Supplementary Figure S5H-K), thus indicating that the
antitumor activity of TSHR was CD4* T cell-independent.
Moreover, the TSH concentration in the blood of Tshr-KO
mice did not significantly differ from that in Tshr-WT mice
(Supplementary Figure S5L).

Immunofluorescence and flow cytometry analyses
showed that the frequency and spatial distribution of
CD8* TILs in the TME were similar (Figure 4K and
Supplementary Figure S5M), thereby suggesting that the
recruitment or proliferation of CD8" TILs was indepen-
dent of TSH/TSHR signaling. The infiltration of CD4*
T cells, neutrophils, monocytes and macrophages also
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FIGURE 3 TSH/TSHR signaling promoted CD8" T cell exhaustion through the PKA/CREB signaling pathway. (A) Volcano plots
showed the gene expression difference between Tshr-WT and Tshr-KO CD8™" T cells. (B) Heatmap showed the gene expression difference
between Tshr-WT and Tshr-KO CD8* T cells. (C) RT-PCR analysis of immunosuppressive receptor expression in Tshr-WT and Tshr-KO CD8*
T cells. (D) mRNA expression of the immunosuppressive receptors in CD8* T cells, treated with vehicle or mTSH. (E) Mouse CD8* T cells
were treated with mTSH for the indicated time intervals. The treated cells were lysed, and immunoblotting was used to detect phosphorylated
CREB, AKT, ERK as well as their corresponding total protein levels. (F) Mouse Tshr-WT and Tshr-KO CD8" T cells were treated with mTSH
for the indicated time intervals. The treated cells were lysed, and immunoblotting was used to detect phosphorylated CREB as well as the
corresponding total protein levels. (G) Mouse CD8" T cells were pretreated with vehicle control or the PKA inhibitor H89 or the PKC
inhibitor GO6983 for 1 h, followed by treatment with mTSH as indicated for 24 h. The cell lysates were subjected to Western blotting to detect
the amounts of PD-1 and CTLA4. (H-I) The chromatin immunoprecipitate obtained in the ChIP assay was quantified by real-time PCR. (J-K)
Luciferase activity in 293T cells transfected with PD-1 or TIM3 luciferase reporters. Cells were treated with hTSH after 4 h. Firefly luciferase
activity was measured 48 h after transfection and is presented relative to constitutive Renilla luciferase activity. Data are pooled from at least
two independent experiments. Abbreviations: TSH, thyroid stimulating hormone; Tshr-WT, Tshr-wildtype; Tshr-KO, Tshr-knockout; RT-PCR,
reverse transcription-polymerase chain reaction; TSHR, thyroid stimulating hormone receptor; hTSH, human thyroid stimulating hormone;
mTSH, murine thyroid stimulating hormone; CREB, CAMP-response element binding protein; p-CERB, phospho CAMP -response element
binding protein; p-AKT, phospho-protein kinase B; AKT, protein kinase B; p-ERK, phospho-extracellular regulated protein kinases; ERK,
extracellular regulated protein kinases; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PD-1, programmed cell death 1; CTLA4,
cytotoxic T lymphocyte-associated antigen-4; TIM3, T cell immunoglobulin domain and mucin domain-3; PKA, protein kinase A; PKC,
protein kinase C; ChIP-qPCR, chromatin immunoprecipitation-quantitative polymerase chain reaction; ns, not significant.
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FIGURE 4 TSHR deficiency in CD8" T cells increased the antitumor activity. (A-D) Colorectal cancer orthotopic tumor models were
established in Tshr-WT and Tshr-KO mice. (A) Representative images of orthotopic tumors in the two groups. (B) Live small animal
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remained unchanged in the subcutaneous tumors of
Tshr-KO mice (Supplementary Figure S5N-Q). In line
with the In vitro results, CD8" TILs from Tshr-KO mice
showed a markedly elevated ability to produce inflam-
matory cytokines TNFa and IFNy (Figure 4L), while the
expression of the checkpoint receptors PD-1 and TIM3 was
dramatically diminished (Figure 4M). In addition, PD-1
and TIM3 were down-regulated in non-CD8' T cells in
the TME of Tshr-KO mice (Figure 4N-0), indicating that
blocking TSHR signaling in CD8" T cells was sufficient to
shape the immunosuppressive TME.

3.5 | TSHR in CRC cells inhibited
antitumor immunity via CD8" T cells

Given the high protein expression of TSHR in CRC cells
(Figure 1A-B, 1E-F), we wondered whether TSHR in CRC
cells might affect tumor growth. Knockdown (KD) of
TSHR had no significant effect on the proliferation of
MC38 cells In vitro (Supplementary Figure S6A-B) or
tumor growth in subcutaneous models in nude mice
(Figure 5A-C). TSHR overexpression also had no signif-
icant effect on tumor growth in subcutaneous models
in nude mice (Supplementary Figure S6C-D). However,
TSHR-KD in MC38 cells significantly inhibited tumor
growth in subcutaneous models in syngeneic immuno-
competent C57BL/6 mice (Figure 5D-F), suggesting that
TSHR in CRC decreased the antitumor effect through
the immune microenvironment. When CD8* T cells were
depleted in C57BL/6 mice, TSHR-KD had no signifi-
cant effect on tumor growth in subcutaneous models
(Figure 5G-I), thus indicating that TSHR in CRC cells
inhibited antitumor immunity via CD8" T cells. Inter-
estingly, although knockdown of TSHR in CRC cells
did not change the number of CD8" TILs (Supple-
mentary Figure S6E-F), it significantly decreased the
expression of the immunosuppressive molecules PD-1 and
Tim3 and promoted the production of TNFa and IFNy
(Figure 5J-K). Taken together, these results suggested that

TSHR in CRC cells also promoted the functional failure
of CD8* TILs, resembling the function of TSHR in CD8*
T cells.

3.6 | CRC cells delivered the TSHR
protein to CD8" TILs through exosomes

The similar expression pattern and homologous function
of THSR in CD8* T cells and CRC cells prompted us to
explore the relationship between the two kinds of cells. The
expression level of TSHR was markedly higher in tumor
cells than in CD8* TILs (Figure 1E-F), and the expression
of TSHR in CD8™* TILs was positively correlated with that
in tumor cells (Figure 5L). TSHR-KD in CRC cells down-
regulated the expression of TSHR in CD8" TILs in vivo
(Figure 5M), suggesting a potential flow of TSHR protein
from tumor cells to CD8* TILs. Furthermore, TSHR pro-
tein was detected in the culture supernatant of normal
intestinal epithelium and tumor cells, and was present at
higher levels in the culture supernatant of CRC cells (Sup-
plementary Figure S7A). The culture supernatant of CRC
cells increased the expression of TSHR in T cells In vitro
(Supplementary Figure S7B), thereby indicating that CRC
cells may secrete TSHR protein to accumulate in CD8*
TILs.

Exosomes are small extracellular vesicles secreted by
cells to communicate with other cells, and they are
involved in regulating the TME. The TSHR protein was
present in the exosomes from MC38 cells, and its levels
were decreased in the exosomes from TSHR-KD MC38
cells (Figure 5N), suggesting that the TSHR protein was
secreted via exosomes. For dynamic tracking of TSHR pro-
tein, the GFP-CD28 (GFP-Ctrl) fusion protein expressed
on the cell membrane, and GFP-TSHR fusion protein were
overexpressed in CRC cells (Supplementary Figure S7C).
Ectopic overexpression of GFP-TSHR had little effect on
exosome formation (Supplementary Figure S7D-E). The
GFP-TSHR fusion protein, but not GFP-Ctrl, was enriched
in the exosomes (Figure 50-P) and secreted into the

fluorescence images of the tumor model in the two groups. (C) Comparison of the MFI of orthotopic tumors between groups. (D) HE staining
analyses of tumor tissues in each group. (E-J) CMT93 or MC38 cells were implanted into Tshr-WT and Tshr-KO mice. (E, H) Representative
tumor images for the two groups. (F, I) Growth curves of tumors for both groups. (G, J) Comparison of tumor weight between groups. (K-M)
TILs were harvested from Tshr-WT and Tshr-KO mice bearing MC38 cells at intermediate stages of tumor progression (n = 5). (K)
Representative flow cytometry data and summary plot of the frequency of CD8* T cells (n = 5). (L) Representative flow cytometry data and

summary plot of the frequency and MFI of the indicated cytokines following polyclonal activation of CD8* TILs (n = 5). (M) Representative

flow cytometry data and summary plot of the frequency of checkpoint receptor-expressing CD8* TILs (n = 5). (N-O) Immunofluorescence
analysis of the expression of checkpoint receptors in CRC subcutaneous tumors in mice (n = 5). Data are pooled from at least two
independent experiments. Abbreviations: TSHR, thyroid stimulating hormone receptor; Tshr-WT, Tshr-wildtype; Tshr-KO, Tshr-knockout;
TNFa, tumor necrosis factor o; IFNy, Interferon y; PD-1, programmed cell death 1; TIM3, T cell immunoglobulin domain and mucin

domain-3; HE, hematoxylin-eosin staining; TILs, cytotoxic T lymphocytes; MFI, mean fluorescence intensity; ns, not significant.
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FIGURE 5 TSHR in CRC cells inhibited antitumor immunity via CD8" T cells. (A-F) MC38 cells were implanted into nude BALB/c and
C57BL/6 mice. (A, D) Representative tumor images for two groups. (B, E) Comparison of tumor weight between groups. (C, F) Growth curves
of tumors in both groups. (G-I) Tumor growth curves of MC38-shCtrl or MC38-shTSHR cells with isotype or anti-CD8« antibody therapy. (G)
Representative tumor images in the four groups. (H) Growth curves of tumors for each group. (I) Comparison of tumor weight between
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culture supernatant (Supplementary Figure S7F). Addi-
tion of exosomes from CRC cells with GFP-TSHR led to
the translocation of GFP-TSHR in exosomes to the cell
membrane of CD8* T cells or Jurkat cells (Figure 5Q-R,
Supplementary Figure S7G-H), and this effect peaked at 3
h and stabilized after 6 h in CD8" T cells (Supplementary
Figure S71), thus providing direct evidence that the TSHR
protein secreted by CRC cells via exosomes was taken up by
CD8™ T cells. On the basis of these results, we investigated
the delivery pathway of GFP-TSHR-containing exosomes
in CD8* T cells in the presence of endocytosis inhibitors.
The results showed that the GFP-TSHR-containing exo-
somes proceeded with clathrin-mediated endocytosis and
caveolae-mediated endocytosis, but not macropinocytosis
(Supplementary Figure S7J-K).

However, because Tshr-KO CD8* T cells took up the
same amount of GFP-TSHR-containing exosomes as Tshr-
WT CD8* T cells (Supplementary Figure S7L), tumor
cell exosomes did not restore the TSHR expression level
of Tshr-KO CD8" T cells (Supplementary Figure S7M).
Low TSHR expression was also found in tumor-infiltrating
CD8* T cells from Tshr KO mice (Supplementary Figure
S7N). In agreement with the immunofluorescence results
(Supplementary Figure S1B), GFP-TSHR-containing exo-
somes could also translocate to the cell membrane of
macrophages and neutrophils, but did not affect their func-
tions (Supplementary Figure S8). These results suggested
that CRC cells delivered the TSHR protein to CD8* TILs
through exosomes.

3.7 | TSHR desensitized tumors to PD-1
blockade therapy

We investigated the effects of TSHR exosomes on CD8*
T cell function. The TSHR protein level increased in
CD8* T cells treated with MC38 exosomes, and expres-

sion of PD-1 and CTLA4 was also induced (Figure 6A).
Tshr-KO CD8' T cells showed re-expression of TSHR
(Figure 6B) and subsequently respond to TSH stimulation
(Figure 6C, Supplementary Figure S9A) after the treat-
ment of MC38 exosomes. Inhibition of exosome secretion
did not affect TSHR expression in MC38 cells (Supple-
mentary Figure S9B), but CD8" T cells took up less
TSHR-containing exosomes (Supplementary Figure S9C).
Furthermore, TSHR-KD restrained subcutaneous MC38
tumor growth, and this effect was abolished by GW4869
(Figure 6D-G). TSHR expression was also diminished
in CD8" TILs after GW4869 treatment (Supplementary
Figure S9D-E). Thus these data indicated that TSHR in
CRC cells regulated antitumor immunity via exosomes.
Because ICB reverses the terminal exhaustion in T cells,
we examined the expression of TSHR in tissue samples
from 50 CRC immunotherapy cases. The expression of
TSHR in the PR + SD group was lower than that in
the PD group (Figure 6H). Although ICB therapy for
CRC is suitable for patients with gene mismatch repair
or high microsatellite instability (MSI-H), this group of
patients accounts for approximately 5% of the population
with advanced CRC, and many patients with MSS receive
immunotherapy. TSHR expression was lower in the PR +
SD group than that in the PD group in 28 cases of MSS
(Figure 6I). Therefore, the expression of TSHR in CRC
patients may serve as a marker to evaluate the efficacy of
immunotherapy.

Finally, we tested whether TSH/TSHR signaling affected
the response to ICB in mice. We treated C57BL/6 mice
bearing TSHR-WT MC38 and TSHR-KD MC38 tumors
with anti-PD-1 antibody. The results showed that TSHR-
KD MC38 tumors were sensitized to anti-PD-1 antibody
treatment, with some TSHR-KD MC38 tumors nearly com-
pletely diminished (Figure 6J-M). Together, these data
suggested robust sensitization to PD-1 blocking therapy by
decreasing TSHR levels in the TME.

groups. (J-K) TILs were harvested from mice bearing MC38 cells at intermediate stages of tumor progression. Representative flow cytometry
data and summary plot of the frequency of checkpoint receptor and the indicated cytokines in CD8* TILs (n = 4). (L) Spearman’s rank
correlation plot for TSHR in CD8* T cells with CRC cells using immunofluorescence intensity (n = 30). (M) TILs were harvested from mice

bearing MC38-shCtrl or MC38-shTSHR cells. Representative flow cytometry data and summary plots of MFI of TSHR expressing in CD8+
TILs are shown. (N) Immunoblot detection of TSHR in purified exosomes from the shCtrl and shTSHR MC38 cells. (O) Immunoblot
detection of GFP in purified exosomes from GFP-Ctrl and GFP-TSHR LoVo cells. (P) FACS analysis and quantification of the percentage of
GFP positive exosomes from LoVo cell lines. (Q) Co-localization of GFP fluorescence and PKH67 lipid dye in CD8* T cells after adding
PKH67-labeled exosomes derived from GFP-Ctrl and GFP-TSHR LoVo cells. (R) Flow cytometry detection of GFP fluorescence intensity in
CD8" T cells after addition of exosomes from GFP-Ctrl and GFP-TSHR LoVo cells. Data are pooled from at least two independent
experiments. Abbreviations: TSHR, thyroid stimulating hormone receptor; shCtrl, short hairpin RNA of Control; shTSHR, short hairpin RNA
of TSHR; CRC, colorectal cancer; TNFa, tumor necrosis factor c; IFNy, Interferon y; PD-1, programmed cell death 1; TIM3, T cell
immunoglobulin domain and mucin domain-3; TILSs, cytotoxic T lymphocytes; MFI, mean fluorescence intensity; GFP-Ctrl, green fluorescent
protein-Control; GFP-TSHR, green fluorescent protein-thyroid stimulating hormone receptor; FACS, Fluorescence activated Cell Sorting;

CY3-EV, Cyanine 3-exosome; PKH67, paul karl horan 67; ns, not significant.
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FIGURE 6 TSHR desensitized tumors to PD-1 blockade therapy. (A) Immunoblot detection of the expression of TSHR, PD-1 and CTLA4
in CD8* T cells after adding exosomes from MC38/TSHR-oe cells. (B) Immunoblot detection of the expression of TSHR in Tshr-KO CD8* T
cells treated with MC38 cell-derived exosomes. (C) Tshr-KO CD8" T cells were re-stimulated with anti-CD3 and anti-CD28 in the presence or
absence of TSH for 24 h after the addition of MC38 cell-derived exosomes. Flow cytometry analysis of the indicated proteins from Tshr-KO
CD8™ T cells. (D) Ilustration of treatment of MC38 tumor-bearing C57BL/6 mice with DMSO or GW4869. (E) Representative tumor images in
the four groups. (F) Growth curves of tumors for each group. (G) Comparison of tumor weight between groups. (H-I) Immunohistochemical
staining of human colorectal tumor sections with anti-TSHR antibody (n = 50 or 28). (J) Illustration of treatment of MC38 tumor-bearing
C57BL/6 mice with IgG or anti-PD-1 antibody. (K) Tumor growth curves for each group. (L) Representative tumor pictures for the four groups.
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3.8 | TSH released by MDSCs promoted
the immunosuppressive phenotype of CD8*
TILs

Although the anterior pituitary is the primary source
of TSH, TSH could also be produced by other types of
cells, including T cells, B cells, splenic DCs, bone mar-
row hematopoietic cells, and intestinal epithelial cells.
The expression level of TSH was higher in CRC tumor
tissue than in the normal intestinal epithelium, and sim-
ilar results were also obtained from the TCGA datasets
GSE21510 and GSE87211 (Figure 7A-B, Supplementary
Figure SIOA-B). Although TSH protein was expressed in
CRC cells, the secreted TSH protein was not detected in the
culture supernatant (Supplementary Figure S10C), sug-
gesting stromal cells as the main source of TSH in the
TME.

To identify the cell types responsible for TSH production
in the TME, we detected the expression of TSH in differ-
ent immune cell types by immunofluorescence in human
CRC tissues. TSH was nearly undetectable in macrophages
(CD68* cells), B cells (CD197" cells), T cells (CD3™" cells),
DCs (CDllc* cells), neutrophils (CD66b™ cells) and mono-
cytes (CD147" cells) (Supplementary Figure S10D). Unex-
pectedly, TSH was highly expressed in MDSCs, which were
marked by CD33 and CDIlb in human (Figure 7C-D).
Similar results were obtained by flow cytometry (Sup-
plementary Figure SIOE). TSH expression was higher in
MDSCs from CRC than in those from the normal intesti-
nal mucosa (Figure 7C-D), and secreted TSH protein was
detected in the culture supernatant of MDSCs (Figure 7E).
These results indicated that MDSCs were the primary
source of TSH in the TME.

To explore whether TSH/TSHR signaling is essential
to the immunosuppressive function of MDSCs, we co-
cultured differentiated MDSCs with CD8* T cells from
Tshr-WT and Tshr-KO mice. MDSCs upregulated the
expression of TIM3 and PD-1 in Tshr-WT CD8* T cells,
whereas they had no such effect in Tshr-KO CDS8™*
T cells (Figure 7F-G). As reported previously, anti-Grl
antibody eliminated MDSCs in vivo [24]. Depletion of
MDSCs by an anti-Grl antibody abolished the function of
TSHR-KD restrained subcutaneous MC38 tumor growth
(Figure 7H-K). In conclusion, these data suggested that
MDSCs induced CD8' T cell dysfunction and antitumor
immunity through TSH/TSHR signaling in the TME.

4 | DISCUSSION

Here, we identified a novel mechanism of CD8* T cell
function exhaustion in the CRC microenvironment. We
found that CRC cells up-regulated TSHR expression in
CD8* T cells by secreting TSHR, which bound to TSH
produced by tumor-associated MDSCs and activated the
TSH/TSHR signaling pathway to induce effector differenti-
ation and dysfunction in CD8" TILs. TSH/TSHR signaling
induced PD-1 and TIM3 transcription by promoting the
binding of CREB to the PD-1 and TIM3 promoter regions,
thus revealing the mechanism by which TSH/TSHR sig-
naling suppresses the immune response. Activation of
TSHR signaling was associated with failure to respond
to ICB in CRC patients and could predict the treatment
outcome in patients with MSS-type CRC.

The expression and functional role of TSHR have been
reported in various nonthyroidal adenocarcinoma tissues,
including melanoma, glioma, lung, breast, ovarian, and
liver cancers. However, there are no studies of TSHR in
CRC. TSH could be synthesized in the subvillous crypt
region and local areas of the epithelium in the mouse small
intestine. During acute rotavirus infection, TSH staining
was markedly increased in epithelial cells, especially in the
virus-infected region, suggesting that TSH was involved
in intestinal immune regulation, although the underlying
mechanism remains unknown. In this study, we found that
TSH/TSHR signaling promoted immune evasion in CRC
by inducing the function exhaustion of CD8" T cells.

The TSH/TSHR pathway mainly functions through the
PKA/CREB, PKC/ERK, and PI3K/AKT signaling path-
ways in tumor cells, whereas cAMP could promote the
binding of CREB to the promoter region of CTLA4 and
IL10 to promote the transcription of CTLA4 and IL1O
[25-27]. cAMP could also induce the expression of TIM3 in
T cells [28], although the underlying mechanism remains
unclear. We found that TSH/TSHR signaling activated the
cAMP/PKA signaling pathway in T cells, promoted CREB
phosphorylation, enhanced CREB binding to the PD-1 and
TIM3 promoter regions, and increased the transcriptional
levels of PD-1 and TIM3. Consistent with the results in the
literature, the results of RNA sequencing indicated that
TSHR signaling affects the expression of CTLA4 and IL10.
These findings suggest that the transcription factor CREB
can activate the expression of multiple anti-inflammatory
factors and suppress T cell function.

(M) Comparison of tumor weight between groups. Data are pooled from at least two independent experiments. Abbreviations: TSHR, thyroid
stimulating hormone receptor; TSHR-oe, TSHR-overexpress; Tshr-KO, Tshr-knockout; PD1, programmed cell death 1; CTLA4, cytotoxic T
lymphocyte-associated antigen-4; TSH, thyroid stimulating hormone; shCtrl, short hairpin RNA of Control; shTSHR, short hairpin RNA of
TSHR; MSS, microsatellite stability; Iso, isotype control; anti-PD-1, anti-programmed cell death 1; THC, immunohistochemistry; ns, not

significant.
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in the four groups. (K) Comparison of tumor weight between groups. Data are pooled from at least two independent experiments.

Abbreviations: TSH, thyroid stimulating hormone; IHC, immunohistochemistry; MDSCs, myeloid-derived suppressor cells; TILs, cytotoxic T
lymphocytes; CRC, colorectal cancer; MFI, mean fluorescence intensity; Tshr-KO, Tshr-knockout; TIM3, T cell immunoglobulin domain and
mucin domain-3; PD-1, programmed cell death 1; Iso, isotype control; IL6, interleukin 6; GM-CSF, granulocyte-macrophage

colony-stimulating factor; SDS-PAGE, SDS polyacrylamide gels; WCL, whole cell protein; CM, conditioned medium; shCtrl, short hairpin

RNA of control; shTSHR, short hairpin RNA of TSHR; ns, not significant.

Tumor cells secrete various molecules that affect the
function of T cells in the microenvironment (exosomes,
microRNAs, and inflammatory factors, among others),
whereas exosomes secreted by tumor cells play an essen-
tial role in the formation of the tumor immunosuppressive
microenvironment. Exosomal PD-L1 from the tumor sup-
presses T-cell activation in the draining lymph node [29].
The present data indicated that CRC cells secreted TSHR
into the tumor microenvironment, CD8" T cells took up
TSHR secreted by CRC cells, and TSHR expression in TIL-
CD8*' T cells was decreased when TSHR was knocked
down in CRC cells. Thyroid cancer cells expressed high
levels of TSHR and secreted TSHR into the microenviron-
ment via the exosomal pathway. We speculated that CRC
cells may also transfer TSHR to CD8" T cells through the
exosomal pathway, resulting in high expression of TSHR in
CD8™* T cells.

This study focused on the effect of endogenous TSH in
the TME. However, whether exogenous factors influence
the progression of CRC remains unclear. Current CRC
screening guidelines do not consider thyroid dysfunction
as a risk factor for disease progression. The results of a
recent study show that untreated hypothyroidism (TSH >
4 mg/dl) is associated with a mildly elevated risk of CRC
[30]. Although thyroid hormone replacement therapy has
been found to have a protective effect against CRC risk [31],
this finding does not contradict our results. During thyroid
replacement therapy, negative feedback suppresses TSH
secretion when the blood thyroid hormone concentration
reaches a certain level, thus decreasing the risk of CRC.
The present findings provide guidance for patients treated
with checkpoint blockade. In particular, TSHR expression
was identified as an important indicator to predict the effi-
cacy of immunotherapy in patients with MSS-type CRC
due to the poor effect of immunotherapy. Because of the
lack of TSHR-specific inhibitors and TSHR antibodies in
mice, we were not able to validate the effect of TSHR with
PD-1 treatment.

5 | CONCLUSIONS

Herein, we found that local TSH/TSHR signaling pro-
moted the exhaustion of CD8* T cells and immune evasion

in CRC through the PKA/CREB signaling pathway. CRC
cells secreted TSHR via extracellular vesicles, thereby
increasing TSHR levels in CD8" T cells and resulting in
immunosuppression in the TME. MDSCs were the main
source of TSH within the TME. Most importantly, TSHR
insensitized tumors to PD-1 blockade therapy and TSHR
expression was correlated with failure to respond to ICB in
CRC patients.
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