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e macrophages, and plays a critical role in regulating inflammatory response. Our previous work has shown
Bile a;i ds: its role in promoting the progression of non-small cell lung cancer (NSCLC), yet the mechanism remains
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associated macrophages (TAMs) and suppresses antitumor immunity in NSCLC via involving TAMs-
mediated CD8" T cell suppression. Mechanistically, we demonstrate that TGRS promotes TAMs into
protumorigenic M2-like phenotypes via activating cAMP-STAT3/STAT6 signaling. Induction of cAMP
production restores M2-like phenotypes in TGR5-deficient macrophages. In NSCLC tissues from human
patients, the expression of TGRS is associated with the infiltration of TAMs. The co-expression of TGRS
and high TAMs infiltration are associated with the prognosis and overall survival of NSCLC patients.
Together, this study provides molecular mechanisms for the protumor function of TGRS in NSCLC, high-
lighting its potential as a target for TAMs-centric immunotherapy in NSCLC.
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1. Introduction

Non-small cell lung cancer (NSCLC), which accounts for 85% of all
lung cancers, continues to be the cardinal cause of fatal malignancies
despite recent advances in diagnosis and treatment' . In recent years,
the tumor microenvironment (TME) has emerged as an important role
in tumor development and has become a new direction for cancer
treatment”. Tumor-associated macrophages (TAMs) are found abun-
dantly and considered to be pivotal components of immunosuppressive
cells in the TME®. TAMs activation is complex and exhibits different
phenotypes in tumor process’. Generally, macrophages at early stages
of tumor initiation show a M1 phenotype which exert anti-tumor ac-
tivities’, while pro-tumorigenic TAMs are educated by tumor cells to
acquire an immunosuppressive phenotype to promote tumor growth,
via secretion of multiple anti-inflammatory factors or directly inhibit-
ing the cytotoxic function of CD8" T cells, and thereby lead to the
evasion of immune surveillance®. Therefore, TAMs are considered an
attractive target for therapeutic intervention with their plastic pro-
tumorigenic and anti-tumorigenic functions’. Various preclinical
studies have demonstrated that inhibiting the recruitment of macro-
phages or reprogramming their phenotype to limit M2 polarization can
inhibit tumor development and improve treatment response'®~ . High
infiltration of M2-polarized macrophages in the primary tumor in-
dicates unfavorable prognosis in NSCLC patients'®. Therefore,
reversing the M2 polarization of TAMs in tumors could be considered a
potential therapeutic strategy, and identification of novel molecules
able to interfere with macrophage may reveal new targets for TAM-
centric anti-tumor immunotherapy.

TGRS (also known as GPBARI), a cell membrane G protein-
coupled receptor specific to bile acid, has an important role in bile
acids synthesis, glucose metabolism and energy homeostasis'”. TGR5
is expressed in macrophages and TGRS agonist attenuates inflamma-
tion factor release in atherosclerosis'®, experimental autoimmune
encephalomyelitis'” and inflammatory bowel diseases'®'”. Besides,
TGRS activation in macrophages co-cultured with CD4" T cells
inhibited Th1 and Th17 polarization in Vogt-Koyanagi-Harada dis-
ease””. All these indicated that TGR5 in macrophage plays a role in
regulating inflammatory response. Accumulating evidence indicated
the potential role of TGR5 in cancer, either in a tumor promoting®'** or
tumor suppressive fashion®, as dependent on the biological context
and tissue lineage. Our previous study showed that overexpression of
TGRS promoted NSCLC cell proliferation and tumor growth, and was
positively correlated with an advanced clinical stage in NSCLC pa-
tients. Interestingly, we also observed that TGRS was expressed in
TAMs in NSCLC tissues®, indicating its potential role in TAMs-
associated TME regulation in NSCLC. We thus hypothesize TGRS
promote tumor growth in NSCLC via reprogramming TAMs.

In the present study, we aimed to investigate the mechanisms
of TGRS in promoting NSCLC progression. Using Tgr5-knockout
mice, we discover that TGRS is required for M2 polarization of
TAMs and suppresses antitumor immunity in NSCLC. Our results
provide new evidence highlighting the role of TGRS in the
microenvironment in NSCLC.

2. Material and methods

2.1.  Patients and tissue samples

Two hundred primary NSCLC tissues, along with the available
clinicpathological information and survival statistics, were
collected from the Department of Pathology in Ren Ji hospital,

School of Medicine, Shanghai Jiao Tong University (Shanghai,
China). All included patients signed informed consent forms, and
all related procedures were performed with approval from the
Ethical Review Boards of Ren Ji Hospital. Correlations between
TGRS and TAM infiltration (CD68™") or M2-like TAMs (CD206™
TAMs) were analyzed in 1032 patients online (https://www.
cbioportal.org) using The Cancer Genome Atlas (TCGA, Pan-
Cancer Atlas) database.

2.2.  Mice and tumor models

Wildtype (WT) and TGRS knockout (Tgr5 ~/~) mice on a C57BL/
6J background were generated and obtained from Bioray Labo-
ratories (Shanghai, China). Animal studies were approved and
conducted following the guidelines of the Experimental Animal
Ethics Committee of Shanghai Jiao Tong University (Shanghai,
China). For subcutaneous tumor models, Lewis lung carcinoma
(LLC) cells were subcutaneously injected into the right flanks of
WT and Tgr57/ ~ mice (female, 6—8 weeks). Tgr57/ ~ mice were
identified by PCR analysis of genomic DNA from tail snips and
confirmed by using the primers 5'-GATAATGTGCTGTCCC-
CACC-3’ and 5-AGCTGACCCAGGTGAGGAAC-3'. Tumor
growth curves were recorded every three days. At the termination
of the experiment, tumor tissues were isolated for further exper-
iments. For the experiment with bone marrow-derived macro-
phages (BMDMs), C57BL/6J mice were depleted of macrophages
by intraperitoneal injection of clodronate liposomes (200 pL/
mouse; YEASEN, Shanghai, China) 48 h prior to inoculations. All
macrophage-depleted C57BL/6] mice were then injected subcu-
taneously with a mixture of LLC cells plus macrophages derived
from WT or Tgr5 '~ mice. After implantation, the diameter of the
tumors was recorded. Mice were sacrificed at the end of the ex-
periments and tumor-infiltrating lymphocytes were analyzed as
described in our previous study””. The antibodies used for flow
cytometry are described in Supporting Information Table S1.

2.3.  Reagents, primers and antibodies

TGRS antagonist SBI 115 was purchased from MedChemExpress
(Monmouth Junction, NJ, USA) and forskolin (adenylate cyclase
activator to increase cAMP) was purchased from Selleck Chem-
icals (Houston, TX, USA). All antibodies used are listed in Table
S1 and specific primer sequences are listed in Supporting Infor-
mation Table S2. cAMP and IL-10 were detected with the cAMP
Parameter Assay Kit and Mouse IL-10 Quantikine ELISA Kit
(R&D Systems, Minneapolis, MN, USA).

2.4. Cell lines and tumor conditioned medium preparation

The NSCLC cell lines H1299, HCC4006, A549, PC-9, and LLC,
as well as the human monocyte cell lines U937 and THP-1 were
obtained from the American Type Culture Collection (Maryland,
USA) and cultured according to the instructions provided by the
manufacturer. All cell lines were authenticated based on STR
fingerprinting and used within 20—30 passages. Human
U937 cells and THP-1 were differentiated into macrophages by
treatment with PMA (200 nmol/L, Sigma—Aldrich, Taufkirchen,
Germany) for 48 h. Cancer cell lines were cultured in complete
medium, and the medium was replaced by serum-free medium
when cell density reached about 80%. After 24 h, new conditioned
medium (CM) was harvested, centrifuged in 500xg for 5 min,
filtrated by 0.22 pm filters, and restored at —80 °C.
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2.5.  Mouse primary cells extraction and stimulation

Bone marrow cells from WT and Tgr5 '~ female mice were
prepared as described previously?® and cultured in Iscove’s
modified Dulbecco’s medium (Gibco, Grand Island, NY, USA)
containing 10% FBS and 50 ng/mL. M-CSF (PeproTech, NJ, USA)
for 7 days to obtain BMDMs. To induce M2 differentiated mac-
rophages, BMDMs were cultured with IL4/IL13 (20 ng/mL,
PeproTech) for 48 h. To obtain TAMs, tumor CM was added into
cultured medium in 1/2 volume for 48 h.

2.6.  Immunohistochemical (IHC) staining and analysis

IHC staining was performed as previously described®*. The anti-
bodies used are listed in Table S1. Five representative fields from
each section were assessed by two experienced pathologists. The
final IHC score of TGRS was obtained by multiplying the intensity
and percentage scores. To analyze the number of TAMs, CD68-
positive cells in tumor regions were counted manually and
expressed as cells per field. Positively stained cells that were
smaller than the size of circulating T cells (10 um) were excluded
from counting. The expression levels of TGRS were classified for
statistical analysis as follows: < 6, low expression; > 6, high
expression. The number of CD68-positive cells in lung tissue was
defined as low (< 80 per field) or high (> 80 per field).

2.7.  Invitro phagocytosis assays

For the phagocytosis assay, different phenotype macrophages were
plated into low-attachment 96-wells plates and then co-culture
with CFSE-labelled LLC cells. After 2 h, all cells were collected
and stained on ice for 30 min with F4/80, then analyzed by flow
cytometry. Phagocytosis efficiency was determined as the per-
centage of F4/80™ cells containing CFSE-derived fluorescence.

2.8.  Tumor cell proliferation and migration assay

LLC cells were plated onto a 96-wells plate with 2 x 107 cells/
well. After overnight starvation and incubation with different CM
from BMDMs for indicated time, cell proliferation was quantified
by using the sulforhodamine B assay. The cell migration assay
was performed in a Transwell Boyden chamber (Corning Costar,
USA). LLC cells (2 x 10° cells/well) were seeded into the top
chamber, and the bottom chamber was filled with different
polarized macrophages. After 12 h incubation, the inserts were
stained with crystal violet, and the unmigrated cells were
removed. The invasion assay was performed similarly to the
migration assay, except the top chambers were coated with
Matrigel (BD Bioscience, Franklin, NJ, USA). Images were ob-
tained using an OLYMPUS (Japan) inverted microscope at
200 x magnification.

2.9. CDS8™ T cell suppression assay

Mouse CD8™ T cells were isolated from C57BL/6J mice using a
mouse CD8™ T cell isolation kit (Stem Cell Technologies, Van-
couver, Canada). Then, CD8" T cells were stimulated with «CD3/
aCD28 and IL-2 (PeproTech) and cocultured with different
phenotype macrophages for 72 h, CD8™ T cells were treated with
eBioscience™ Cell Stimulation Cocktail (Invitrogen, Carlsbad,

CA, USA) for 4 h and then collected and analyzed for CD8* T
cell proliferation and functional marker expression by flow
cytometry.

2.10.  Statistical analysis

The statistical significance of the differences was tested using
analysis of variance (ANOVA) or Student’s t-tests. Survival data
were analyzed by the Kaplan—Meier method (log-rank test).
Correlational analysis was conducted using chi-square test. A P-
value less than 0.05 was regarded as statistically significant. All
statistical analyses were performed in SPSS v17.0 (IBM, USA)
and GraphPad Software (La Jolla, CA, USA).

3. Results

3.1. TGRS deficiency in mice suppresses LLC tumor growth and
the polarization of TAMs to M2-like phenotype

To investigate the role of TGRS in the tumor microenvironment,
LLC cells were subcutaneously inoculated in WT and Tgr5-defi-
cient mice in parallel. Genotype of mice were confirmed by PCR
analysis and TGRS was markedly lower in the primary BMDMs of
Tgr57/ ~ mice (Supporting Information Fig. SIA and S1B). We
found that LLC tumor growth in Tgr5~'~ mice was significantly
slower than those in WT mice (Fig. 1A and B). We then examined
the immune cell infiltration in LLC tumors. Compared to the tu-
mors from WT mice, those from Tgr5 '~ mice exhibited a
decreased TAMs infiltration, while the frequencies of total he-
matopoietic cells, including CD11b, DC, CD3e, CD4" Tand CD8*
T cells, showed no difference (Fig. 1C and D). Further analysis
revealed that TGRS deficiency caused a decrease in CD206" TAM
cells (Fig. 1E), but an increase in M1/M2 ratio and IFN-y"CD8" T
cells frequency as compared to LLC-WT mice (Fig. 1F and G),
indicative of the attenuation of M?2-like immunosuppressive
phenotype of TAMs in Tgr5~'~ mice. We also found the ratio of
monocytes in blood declined in Tgr57/7 mice, but the difference
was not significant (Fig. S1C). Moreover, Tgr5 '~ mice showed a
decreased level of IL-10 in blood serum (Fig. S1D), but the in-
flammatory factors such as IL-6, TNF-a and IFN-y were not
obviously changed (data not shown). These results suggest that the
restrained polarization of TAMs to M2-like phenotype may
contribute to the inhibition of tumor growth in Tgr5~'~ mice.

3.2. TGRS deficiency in macrophages restrains the polarization
to M2-like phenotypes

We next confirmed the impact of TGRS deficiency on macrophage
in vitro. Firstly, BMDMs from Tgr5~'~ mice (Tgr5~'~ BMDMs)
or WT mice (WT-BMDMs) were stimulated with IL-4 and IL-13.
As compared with the WT-BMDMs, we found that ARG-1 and IL-
10, the classical M2 markers, were obviously reduced in Tgr5 —/=
BMDMs. Consistent with this result, the proportion of CD206™
M2 macrophages was reduced in Tgr5~'~ BMDMs (Fig. 2A and
B). These results indicate that TGRS was indispensable for M2
polarization of macrophage. To better reflect the impact of TGRS
in the tumor microenvironment, WT-BMDMs were cultured with
CM collected from LLC cell culture (LLC-CM), which resulted in
an induction of TGRS expression at both mRNA and protein levels
in TAMs (Fig. 2C). Similar results were obtained using CM from
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Figure 1 TGRS deficiency in mice suppresses LLC tumor growth and the polarization of TAMs to M2-like phenotype. Eight-week-old female

wildtype (WT) (n = 7) and TGRS knockout (Tgr57/7) (n = 7) mice were subcutaneously implanted with LLC cells of 2 x 10° (n = 7). Mice
were sacrificed 21 days later. (A) Tumor growth curve. (B) Tumor weights. (C)—(G) Flow cytometric analysis of immune subsets in the tumor.
The infiltration of (C) CD11b", DC, CD3e, CD4" T cells and CD8" T cells and (D) TAMs (CD11b" F4/80") were fluorescent stained and
analyzed by flow cytometry. Expression of (E) M2-like TAMs (CD11b" F4/80" CD206™), (F) M1 (CD11b" F4/80" CD86")/M2 ratio and (G)
IFN-y" CD8" T cells were determined by flow cytometry. Data are represented as mean =+ standard error of mean (SEM). P values were
determined by two-tailed Student’s ¢ test, respectively. *P < 0.05, **P < 0.01; ns, not significant, compared with the WT group.

different human tumor cell culture (Fig. 2D). Further, we
compared the phenotypes of BMDMs from WT and Tgr5 ™'~ mice.
Tgr5~'~ BMDMs cultured with LLC-CM exhibited a significantly
increased M1-related genes expression (Fig. 2E) and suppressed
M2-related genes expression (Fig. 2F) compared with the coun-
terpart from WT mice. Flow cytometric analysis further confirmed
that Tgr5~'~ macrophages presented a reduced of M2 polariza-
tion, as indicated by the increased CD86 expression and the
decreased CD206 expression (Fig. 2G and H). Meanwhile, we also
examined the impact of TGRS deficiency on macrophage differ-
entiation. TGRS appeared not required for macrophage differen-
tiation, as the percent of F4/80-positive matured macrophage
induced from bone marrow hematopoietic stem cells and bone
marrow Ly6C-positive macrophage precursor cells barely changed
in Tgr5-deficient mice compared with those from the WT control
mice (Fig. SIE and S1F). The proliferation of BMDMs also
showed no difference between Tgr5~'~ and WT groups
(Fig. S1G).

To explore whether TGRS plays a similar role in human macro-
phages, TGRS expression in human U937 cells was depleted using
siRNAs (Supporting Information Fig. S2A) followed by stimulation
with CM from A549 and H1299. As expected, the expression of M1
markers were upregulated in TGRS5-silenced U937 cells (Fig. S2B
and S2C), yet IL-10 and ARG-1, markers of human M2-like macro-
phage, decreased significantly in the TGRS interference group (Fig.
S2D and S2E). Consistently, TGRS5-overexpressing THP-1
impaired CM-induced M1 polarization but increased M2 mark
expression (Fig. S2F—S2J). These results substantiate an important
role of TGRS in promoting M2 polarization of TAMs.

3.3. TGRS deficiency enhances macrophage phagocytosis and
decreases tumor-promoting properties

Macrophages can directly phagocytose tumor cells and acquire a
phenotype that displays cytotoxic properties. However, TAMs act as
“protumoral macrophages” that largely contribute to promote tumor
cell survival, proliferation, and dissemination in TME. We next
assessed whether TGRS could affect phagocytosis of macrophages
for tumor cells. CFSE-labeled LLC cells were co-cultured with WT-
or Tgr5~'~ BMDMs, respectively. M2 macrophage from Tgr5 '~
mice exhibited increased phagocytosis of LLC cells compared with
those from the WT mice (Fig. 3A). Similar results were also observed
in LLC-CM-treated BMDMs. Tgr5~'~ BMDMs exposed to LLC-
CM showed an increased phagocytosis of macrophages compared
from WT-BMDMs, from 3.72% to 8.53% (Fig. 3B). We next exam-
ined the effect of TGRS on macrophage-mediated tumor cell prolif-
eration and migration. CM from WT macrophage increased the
proliferation of LLC cells, while the proliferation ability of LLC cells
treated with CM from Tgr5 '~ macrophage was decreased compared
with that of WT-BMDMs (Fig. 3C and D). We also investigated the
effects of TGRS on the migration and invasion of LLC cells. As
shown in Fig. 3E and F, the presence of M2 macrophages and CM-
treated macrophages obviously stimulated the migration of co-
cultured LLC cells. However, Tgr5 '~ BMDMs blocked lung
tumor cell migration and invasion. Similarly, TGRS5-silenced
U937 cells showed attenuated effects on the promotion of
H1299 cell migration, while TGRS overexpressed THP-1 cells pro-
moted significant cancer cell migration (Fig. S2K and S2L). Taken
together, these results indicate that Tgr5~'~ macrophage exhibited



TGRS deficiency activates antitumor immunity in NSCLC

791

A . ARG-1 s IL-10
260 2
3 Wr T o
2 = Tgr5" s
40 & 5
< S
= 20 Kk X
£ W E
e i W 2
z 0l = 3
g Control 1L41L13 @ Control IL4/IL13
['4
5 TGR5
C @ 257 7
o\ I
Go(\\.( G\l\ % 2.0
(KDa) 0 15
Tors > 5 3
Actn [ >s5 £ o5
§ ooy
& OQ(\“O C,\I\
= s 5 iNOS
‘% 20 % 20
[ 1%
o o
%15 315
210 £ 10
14 ['4
€5 £ 5
[0 o
2 =
&0 ks
[0) [0]
x ['4
G WT Tgr5*
1051 3.4Y 2.1% o CD86
10 g ﬁ |:| L_cé’ 80 WT
3 ¢ T¢ f5'/‘ ek
| 0 f S0 ™'Y
@[-10° 8
x| 1°35% [i58% £ 40
104 ‘ %5 T
gede o [s)
100 ¢ = 20
0 | @
-10° | o
7 (D 0 = I_ T
-10%010%10%105-1020 1010410° Q. Control CM

CD86

Figure 2

B WT CD206

107 2.4% 5 800 .

109 & = Tgr5- T
oo | o 6000 x>
2% 0K
3|
110y "74.8% || 63.7% @ 4800

104 -

|+ = 2000
o Rl ]S
194 B
-10010°10110210°010°10*10° Control IL4/IL13
CD206
=
D 28 TGR5
[0 *%
S o NoP 56
¥ QU L 8
O7 x¢ x x¥x (KDa) <Z( 4 Lo *
TGR5[ S B e S S| > 33 X,
SAC————
S TN 090
0} S 2. %
¥ & S8
F F7¥
F 5 ARG-1 5 IL-10

S 6 S8

%) wr 27 wr T

g 50l = Tor5" _ geo{ ™ Tor5"

x x

[} [}

S 4 sS4

T £

[0) 30 Fekk o) 10 e

2 2 Ai

® 0l= %0

© Control CM © Control Cl

© i
H wT Tgrs*

1053.34% 141%

o) g i 2000 GR206

g0l 1500
10 —
w1077 200 |167.2% < 1000
109 s o
10 | Y P 500
0
10 6 B0 T+ o~ 105 10 10100 Control

CD206

TGRS deficiency in macrophages restrains the polarization to M2-like phenotypes. (A) Bone marrow derived macrophages (BMDMs)

from WT and Tgr5 '~ mice were treated with or without IL4/IL13 for 6 h. The expression of ARG-1 and IL-10 was measured by qPCR. (B)
BMDMs were cultured in the presence of IL4/IL13 for 48 h. The percentage and mean fluorescence intensity of M2 macrophages (F4/
807CD206") was determined by flow cytometry. (C) BMDMs were cultured with conditioned medium (CM) from LLC cells for 48 h (Western
blot, left panel) and 6 h (qQPCR, right panel), the expression of TGRS was detection. (D) The expression of TGR5 in PMA-treated U937 mac-
rophages incubated with CM from PC-9, H1299, A549 and HCC4006 cells for Western blot (48 h) and Q-PCR (6 h). WT and Tgr5~'~ BMDMs
were cocultured with LLC-CM for 6 h, mRNA expression of genes related to (E) inflammatory or (F) immunosuppressive macrophage polari-
zation was detected by qPCR, with -actin as control. (G) CD86 and (H) CD206 expression was measured by flow cytometry (48 h). Data are
represented as mean + standard deviation (SD) (n = 3). P values were determined by two-tailed Student’s ¢ test. *P < 0.05, **P < 0.01, ***P <

0.001, compared with the WT group.

enhanced macrophage phagocytosis and decreased macrophage-
mediated tumor cell proliferation and migration.

3.4. TGRS deficiency restrains TAM-mediated CD8" T cell
suppression

TAMs has the suppressive impact on T-cell proliferation and its
associated antitumor activity. Thus, we co-cultured M2 macro-
phage or CM-treated macrophage with CD8" T cells and evalu-
ated the immunomodulatory effects of TGRS in macrophages. We
found that CD8" T cells co-cultured with M2 macrophages
derived from Tgr5~'~ mice induced an increased ratio of activated
CD8* T cells over total CD8™ T cells. The increase in CD8* T
cells positive for either granzyme B, IFN-y or TNF-« as compared
with those in WT control further substantiated this notion
(Fig. 4A—C). Similar results were obtained from CD8™ T cells co-

cultured with tumor CM-treated macrophage derived from Tgr5~/
~ mice. There was an obvious upregulation of typical cytotoxic
cytokines in CD8" T cells following co-culture with CM-treated
Tgr5~'~ macrophage (Fig. 4D—F). However, under the same
conditions, the CD8" T-cell proliferation was similar between
these two groups (Supporting Information Fig. S3). These data
show that Tgr5~'~ macrophages restrained TAM-mediated CD8*
T cell immune suppressive function, further revealing a crucial
role of TGRS on induction of immunosuppressive TAM rather
than a direct impact on CD8" T cell per se.

3.5.  Pharmacological inhibition of TGRS decreases
macrophage M2 polarization and activation

To further confirm the role of TGRS in macrophage M2-like po-
larization and its immunomodulatory impact, we applied a
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Figure 3

TGRS deficiency enhances macrophage phagocytosis and decreases tumor-promoting properties. BMDMs (1 X 10°) from WT and

Tgr5~'~ mice stimulated with IL-4/IL-13 or LLC CM for 48 h and then co-cultured with CESE-labeled LLC (2 x 10°) for 2 h. Phagocytosis of
(A) M2 macrophages or (B) CM-macrophages assessed with flow cytometry. (C)—(F) The effect of TGRS on macrophage-mediated tumor cell
proliferation and migration. BMDMs from WT and Tgr5_/ ~ mice were stimulated with IL-4/IL-13 or LLC-CM for 48 h, and the CM of
macrophage was collected. LLC cells were cultured with (C) M2-CM or (D)TAM-CM. Cell proliferation was determined by using the SRB assay
at different time points. LLC cells migrated (E) or invaded (F) into the lower chamber were evaluated by Transwell assay. Representative images
were shown. Data are represented as mean £+ SD (n = 3). P values were determined by two-tailed Student’s ¢ test. *P < 0.05, **P < 0.01,

*#%kP < 0.001, compared with the WT group. Scale bar = 50 um.

selective inhibitor for TGRS, known as SBI 115. BMDMs were
pretreated with SBI 115 for 2 h and then stimulated with LLC-
CM. We found that SBI 115 treatment significantly decreased the
upregulation of M2 markers, accompanied by the increased
expression of M1 marker (Fig. 5A). We further cultured PMA-
U937 in CM collected from human cell lines, A549 and H1299.
Similarly, we found that M1 surface markers, either ILI-8 or
iNOS, were upregulated, while M2 surface markers, including
ARG-1 and IL-10, were downregulated in SBI 115-treated groups
(Fig. 5B and C). We also examined the effect of TGRS inhibitor
on the phagocytic capacity of macrophages. As expected, inhibi-
tion of TGRS by SBI 115 resulted in increased tumor phagocytic
capacity of CM-treated BMDMs (Fig. 5D) and M2-like

macrophages (Supporting Information Fig. S4A). In addition,
SBI 115 also strongly inhibited CM-macrophages induced LLC
cell migration and invasion (Fig. 5E) in a dose-dependent manner.
Similar results were also obtained in the M2 macrophages
(Fig. S4B). We cultured CD8" T cells with LLC CM-educated
BMDMs pretreated with or without SBI 115, and found that
SBI 115 treatment dramatically increased the ratio of granzyme B
expression in CD8" T cells (Fig. 5E). In addition, the expression
of TNF-« or IFN-y in CD8™ T cells were obviously upregulated
after co-culture with SBI 115-treated M2-macrophages (Fig. S4C).
Thus, pharmacological inhibition of TGRS effectively attenuated
M2 macrophages polarization in the TME and promoted an
antitumor immune response.
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3.6. TGRS induces macrophage M2 polarization via activating
cAMP-STAT3/STATG signaling

Next, we asked how TGRS reprogramed “protumor” TAMs phe-
notypes. TGRS is a G-protein-coupled bile acid receptor that
transmits bile acid signaling via the intracellular cAMP signaling
pathway, leading to reduced lipopolysaccharide-mediated cyto-
kine production’’. Meanwhile, the activation of cAMP was re-
ported to increase M2 macrophagezg. We hence measured the
production of cAMP and found that WT-BMDMs treated with
1L4/IL13 or LLC-CM showed an increase in cAMP level, which
was decreased in Tgr5~'~ BMDMs cells (Fig. 6A). Likewise, SBI
115 treatment also inhibited cAMP production in BMDMs
(Fig. 6B). We also examined the most known signaling molecules
involved in macrophage activation, including CREB, STAT6,
STAT3, SOCS, AKT and ERK. Despite a marginal influence in
SOCS, p-AKT and p-ERK, the phosphorylation of CREB, STAT6
and STAT3 were all remarkably decreased in Tgr5~'~ macrophage
stimulated with IL4/IL13 or LLC-CM (Fig. 6C). This finding was
recapitulated using SBI 115 treatment (Fig. 6D). These results
show the decreased cAMP—STAT3/STAT6 signaling axis in
TGRS deficient macrophages. To test whether the decreased
cAMP accounts for the STAT3/STAT6 signaling and the associ-
ated M2-like phenotype of macrophage, we pretreated macro-
phages with forskolin, an adenylyl cyclase activator that can
effective increased cAMP production both in Tgr5~~ and WT

macrophages (Supporting Information Fig. SSA—S5D). Next, we
found the elevation of intracellular cAMP partially rescued the
decrease in p-STAT3 and p-STAT6 levels caused by TGRS defi-
ciency in macrophages (Fig. 6E, Fig. SS5E and S5F). Importantly,
forskolin also restored the levels of ARG-1 and IL-10 in Tgr5~'~
macrophages (Fig. 6F—H), and the suppressed LLC cell prolif-
eration and migration ability caused by TGRS deficiency BMDMs
were also restored by the pretreatment with forskolin (Fig.
S5G—S5H). These results together suggest that TGRS induced
macrophage M2 polarization via activating cAMP—STAT3/
STAT6.

As a membrane receptor for bile acids, TGRS can be activated
by a wide range of ligands, including all known bile acids. To
clarify whether peripheral bile acid affects the regulatory effect of
TGRS on macrophage polarization, BMDMs from Tgr5 ™'~ mice
or WT mice were stimulated with different dosage of cheno-
deoxycholic acid (CDCA), and we found that the mRNA
expression levels of M1 macrophage signature genes, including
IL-6 and iNOS, were obviously down-regulated in a dose-
dependent manner (Supporting Information Fig. S6A and S6B).
In contrast, the expression of M2 macrophage-associated genes
(IL-10 and ARG-1) were significantly upregulated upon CDCA
stimulation (Fig. S6C and S6D). Importantly, the impact of CDCA
was abolished in Tgr5~'~ BMDMs. Likewise, CDCA treatment
increased the induction of anti-inflammatory genes in WT BMDM
by LLC-CM but failed to do the same in Tgr5~'~ BMDM (Fig.
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Figure S Pharmacological inhibition of TGR5 decreases macrophage M2 polarization and activation. (A)—(C) TGRS inhibition suppresses M2
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Granzyme B (GzmB) was assessed with flow cytometry. Data are represented as mean + SD (n = 3). P values were determined by two-tailed
Student’s ¢ test. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the control. Scale bar = 50 um.

S6E and S6F), indicating that CDCA induced macrophage
phenotype shift and promoted M2 polarization in a TGRS-
dependent manner in NSCLC.

3.7. Tgr5~~ BMDM inhibits LLC tumor growth and enhances
antitumor immunity

Given the role of TGRS in reprograming TAMs and restraining
TAM-mediated tumor-promoting effects, we sought to investigate
whether Tgr5~'~ BMDMs would reshape TME and exhibit anti-
tumor effect in vivo. To this end, Tgr5~'~ or WT BMDMs were
mixed with LLC cells and then inoculated into C57BL/6] mice
with pre-depletion of macrophages. LLC xenograft containing
Tgr5~'~ macrophage displayed a slow tumor growth compared
with the those mixed with WT macrophage (Fig. 7A and B). Next,
we investigated whether Tgr5 '~ macrophage also influenced
TAMs turnover and infiltration of other immune cell sub-
populations, especially CD8" T cells in TME. Analysis of tumor
infiltrating immune cells showed that the frequency of total he-
matopoietic cells (CD45™) did not differ between the two groups.

TAMs had a decrease tendency in Tgr5 '~ macrophage co-
cultured LLC group, but it did not reach statistical significance
(Fig. 7C and D). In contrast, the proportion of CD86" M1 mac-
rophages was increased with the markedly decrease of CD206™"
M2 macrophages infiltration (Fig. 7E and F). These results suggest
that TGRS remodeled TAM from tumor-promoting M2-like phe-
notypes into “antitumor” M]l-like phenotypes. Along with the
phenotypic transformation of TAMs, tumors bearing Tgr5 '~
macrophage exhibited obviously elevated MHC II expression on
DC (Fig. 7G) and proportions of IFN-y* CD4™ T cells (Fig. 7H),
indicating the increase DC activation and Thl-dominant re-
sponses. Meanwhile, IFN-y"CD8" T cells (Fig. 7I) and granzyme
BTCD8" T cells (Fig. 7)) were also expanded in Tgr5~'~
macrophage group, with reduced PD-1"CD8™" T cells population
(Fig. 7K), although it did not affect the CD8" T cells infiltration
(Supporting Information Fig. S7A). In addition, IHC analysis also
confirmed less CD206 in Tgr5™'~ group (Fig. S7B). All these
findings demonstrated that Tgr5~'~ BMDM remodeled the
immunosuppressive TME to enhance antitumor immunity in
TME.
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Figure 6

TGRS induces macrophage M2 polarization via activating cAMP—STAT3/STAT6 signaling. (A) WT and Tgr5’/’ BMDMs were

stimulated with IL4/IL13 (left panel) or LLC-CM (right panel) for 2 h, and cAMP production was assessed. (B) BMDMs from C57BL/6J mice
were pretreated with SBI-115 (10 umol/L) in the presence of 1L4/IL13 (left panel) or LLC-CM (right panel) for 2 h, cells were lysed and cAMP
measured according to the manufacturers kit instructions. (C) WT and TgrS’/ ~ BMDMs were stimulated with IL4/IL13 (left panel) or LLC-CM
(right panel) for the indicated times, and then cell lysates were subjected to SDS-PAGE and immunoblotted to detect the indicated proteins. (D)
BMDMs were pretreated with SBI-115 (10 umol/L) in the presence of IL4/IL13 (left panel) or LLC-CM (right panel) for the indicated times. (E)
Tgr5’/ ~ or WT BMDMs were treated with forskolin (50 pmol/L) in the presence of LLC-CM for 30 min, and cells were lysed and subjected to
SDS-PAGE for immunoblotting for p-STAT3 and p-STAT6. (F) and (G) WT and Tgr5 '~ macrophages were pretreated with forskolin, followed
by treatment with IL4/IL13 for 6 h, ARG-1 and IL-10 expression was measured. (H) BMDMs were pretreated with SBI-115 (10 pmol/L) and
forskolin in the presence of IL4/IL13 or LLC-CM for 48 h, and the expression of IL10 were measured by ELISA. Data are represented as
mean £+ SD (n = 3). P values were determined by one-way analysis of variance (ANOVA). *P < 0.05; **P < 0.01; ***P < 0.001.

3.8.  Concurrent TGRS expression and TAMs infiltration predicts
poor prognosis and shorter OS in NSCLC

Considering the important regulatory role of TGRS in TAMs and
immune suppression in murine models, we further explored its
prognostic value in NSCLC patients. First, we examined the
correlation between TGRS expression and TAMs signature in

NSCLC clinical specimens. Our data show that the expression of
CD68, the biomarker of TAMs, was obviously higher in the
TGRS5-high tumor sites than in the TGR5-low tumor sites (Fig. 8A
and B). Correlation analysis revealed a statistically significant
positive correlation between TGRS and TAMs infiltration in
NSCLC samples (Table 1). These results were further confirmed
by extended analyses of the TCGA database, similarly supporting
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that TGRS high-expression was associated with high TAM
(CD68™) infiltration, especially M2-like TAM (CD206 ") infiltra-
tion in both LUSC and LUAD (Fig. 8C and D). Next, we inves-
tigated the prognostic impact of TGRS and TAM:s infiltration and
revealed that patients concurrent with TGRS5-high and high TAMs
infiltration predicated a poor prognosis, with shorter 5-year-sur-
vival rate, as compared with patients with “TGRS5-high, low-
infiltration-TAMs” or “TGR5-low, low-infiltration-TAMS” tumor
in NSCLC (Fig. 8E). Meanwhile, we found TGRS was also pos-
itive in stromal cells that are mainly consisted of macrophages and
if these samples were re-graded by TGRS positive in stromal cells,
we found that elevated amounts of CD68P**'"**TGR5P**!¥® stro-
mal cells infiltration implicated significantly shorter survival time
of patients than those expressing CD68P*!"™*TGR5"€*1"® stromal
cells (Supporting Information Fig. S8A and S8B). Above data
indicate that TGRS5-high tumors with high TAMs were associated
with poor prognosis in lung cancer.

4. Discussion

TAMs are a major component of the TME and show considerable
functional and phenotypic plasticity in response to different
stimuli. In most cancers, their presence tends to be a negative
prognostic indicator, as TAMs in established tumors are generally
skewed toward the protumorigenic M2 phenotype, promoting
tumor progression and suppressing anti-tumor immune
response' *°. Therefore, TAMs have been considered an impor-
tant target for anti-tumor immunotherapy. In this work, we reveal
an important regulatory role of TGRS in TAMs in NSCLC, in
which TGRS plays a key role in eliciting macrophage immuno-
suppressive phenotype and inhibiting antitumor immune response
in TME. Therefore, we identify TGRS as a promising target in
TAMs targeting antitumor immunotherapy in NSCLC.

TGRS is a bile acid receptor and exerts a potent anti-
inflammatory effect of macrophage in various inflammatory-
related diseases. Our data indicate that TGRS was not only
required in typical M2 polarization of macrophages but also
facilitated cancer cell-induced immunosuppressive phenotype of
macrophage in TME (Fig. 2 and Fig. S2). Additionally, TGRS
knockdown or inhibition in macrophage led to more abundant pro-
inflammatory subtype of macrophages (Figs. 2 and 5). Previous
studies have shown the potential pharmacological intervention of
TGRS for the treatment of inflammatory disorders'®*°~32. In this
study, we focused on exploring the participation of TGRS in
reprograming TAMs and thereby promoting immune suppression
in NSCLC. In addition to the suppressed tumor growth, our study
found Tgr5™'~ mice exhibited a decrease in TAM and CD206"
TAM but an increase in IFN-y* CD8" T as compared to LLC-WT
mice, suggesting that TGRS exerted an immunosuppressive effect
in the tumor microenvironment (Fig. 1). Moreover, our in vitro
results demonstrated that TGRS was not only promoted TAMs
polarization into a protumoral state but also altered macrophages
tumor phagocytosis and blocked macrophage-mediated cancer cell
migration and invasion (Fig. 3, and Fig. S2). In addition, Tgr5 —/=
macrophage suppressed tumor progression and enhanced anti-
tumor immunity in vivo, characterized by a dramatic reduction in
tumor-infiltrating M2-like TAMs, increased infiltration of anti-
tumor lymphoid cell populations, such as mature DC cells and
CD4™ effector T cells, as well as activated CD8" T cells (Fig. 7).
This result was in line with previous studies showing that

reprogramming TAMSs could overcome TAMs-induced immuno-
suppression and tumor growth™~*. As mentioned above, the
tumor immune microenvironment determined the response to
various immunotherapeutic approaches™. Reprogramming cells in
the immune compartment, such as immunosuppressive TAMs,
may overcome microenvironment-induced drug resistance and
enhance antitumor immunity”>***’. TGR5 may be a viable target
for enhancing immunotherapies. However, further investigation of
combination strategy is needed to confirm this hypothesis.

Our previous studies have found that TGRS in cancer cell
involved in cell proliferation both in vitro and in vivo and TGRS
knockdown induced cell cycle arrest at G1/S phase and blocked
cell cycle progression in NSCLC?*. Another study also showed
that bile acids increase cell proliferation of gastric cancer cells
via activation of TGRS receptors and Gqa and Gai-3 proteins™.
Moreover, Li et al.”® indicated that mortalin may be a downstream
component regulated by TGRS, and TGRS promoted chol-
angiocarcinoma cell proliferation partially by interacting with
mortalin. In contrast to patients with gastric, cholangiocarcinoma
and lung cancer, the binding of bile acids to TGRS induced c-Jun-
N terminal kinase (JNK) activation and enhanced apoptosis in
hepatocytes’. However, TGR5 seems to have a less effect on the
proliferation and survival of TAMs (Fig. S1). Similar to our re-
sults, Perino et al.”” also found that blood differentiation counts of
Tgr5~'~ mice did not have any significant effect caused by loss of
TGRS in monocytes or other leukocytes. These findings indicate
that the different roles of TGRS in regulating cell proliferation
might highly cell type-dependent and context-dependent manner
in cancer.

How TGRS is activated in vivo in cancer patients also aroused
our interest. We have previously showed that serum levels of
DCA, CDCA and UDCA in NSCLC patients were higher than
those of the healthy subjects®*, suggesting that blood bile acid
could activate TGRS. We further find CDCA induced-macrophage
phenotype shift was TGRS-dependent and CDCA treatment
increased LLC-CM-induced the expression of anti-inflammatory
genes (Fig. S6). Thus, we speculate that the increased blood bile
acid in NSCLC patients, especially CDCA, attenuated M1 polar-
ization and increased M2 polarization in a TGRS-dependent
manner in NSCLC. Another unanswered question is why TGRS
expression was induced by CM from tumor cell culture. Xiong
et al.** demonstrated that viral infection or IFN-8 treatment
upregulates TGRS expression in an IFN/STATI1-dependent
manner, which can be recognized as an interferon-stimulated
gene (ISG). Several studies also showed the transcription of
TGR5 was increased in microglia treated with LPS*'. Based on
these insights, we speculate that lung cancer cells can produce a
large amount of secreted proteins such as IFN-g into the CM to
induce the expression of TGRS. This hypothesis needs validation
in further work.

The second messenger cAMP is stimulated by a variety of
extracellular stimuli through GPCRs*?. TGR5 has been reported to
trigger the cAMP-dependent pathway involved in bile acid-
induced NLRP3 inflammasome inhibition*’ , reducing macro-
phage inflammation and lipid loading'® and regulating nuclear
factor-kB P65 activation in Crohn’s disease'’. Moreover, cAMP
has a synergistic effect with IL-4 on STAT6 expression and may
serve as a co-factor in macrophage reprogramming. In the present
study, we further confirmed that cAMP was involved in TGRS-
mediated TAMs differentiation in the TME. Most known
signaling molecules involved in M2 macrophage function, such as
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Figure 8 Concurrent TGRS expression and infiltration of TAMs predict poor prognosis and shorter OS in NSCLC. IHC staining was performed
to determine the correlation between TGRS expression and TAMs infiltration in 200 NSCLC lung tissues. (A) Representative immunostaining
images of TGR5 and TAM (CD68™") infiltration in NSCLC samples are shown at low (30x) and high (200 x) magnifications (scale bar, 50 pum).
(B) TGR5-high tumors (7 = 109) are associated with increased TAM (CD68 ™) infiltration compared with TGR5-low tumors (2 = 91, P < 0.001,
Mann—Whitney U test). Correlation between TGRS (GPBARI1) expression and CD68 (C) and CD206 (D) in 1032 patients from the TCGA
database. LUSC, lung squamous cell carcinoma; LUAD, lung adenocarcinoma; P values and R values were calculated based on Pearson’s
correlation analysis. (E) Kaplan—Meier survival curves of TGR5-low/CD68-low (n = 67), TGR5-low/CD68-high (n = 24), TGR5-high/CD68-
low (n = 31), and TGR5-high/CD68-high (n = 78) NSCLC patients (TGR5-high/CD68-high vs. TGR5-low/CD68-low, P = 0.0037; TGRS5-high/
CD68-high vs. TGR5-high/CD68-low, P = 0.02, log-rank test). *P < 0.05, **P <0.01.

Table 1 Correlation analysis between TGRS and CD68

expression in NSCLC. 44—46

progression . Accordingly, increasing STAT3 and STAT6

NSCLC CD68 Correlation P value expression in TAMs resulted in impaired cytotoxic T lymphocyte
samples Low High coefficient activation, decreasing immunotherapy efficacy’’. STAT3 and
TGRS low 7 o 045 <0.001° S};FAT6 Ela}:[ f/ﬁg involved in the mechanism by which TGRS re-
TGRS high 31 78 shapes the :

To date, numerous studies have showed that the localization

Data were analyzed using the x> test.

the phosphorylation of CREB, STAT3 and STAT6 were remark-
ably decreased in Tgr5~'~ macrophage stimulated with IL4/IL13
or LLC-CM. Moreover, induction of cAMP production restored
M2-like phenotypes in Tgr5-deficient macrophage. Our results
indicate that TGRS deficiency in TAMs restrains macrophage
polarization towards M2-like protumor phenotypes via diminish-
ing cAMP—STAT3/STATG6 signaling (Fig. 6). Abundant literature
has revealed that STAT3 and STAT6 are highly activated in tumor
macrophages and have been shown to promote lung cancer

and density of TAMs are associated with poor clinical outcome in
lung cancer and are independent prognostic markers in NSCLC
patients*®. Our study discovered high TGR5 expression associated
with high TAMs infiltration predicts the poor prognosis in
NSCLC. TGRS high-expression was associated with high TAM
(CD68™), especially M2-like TAM in NSCLC. Moreover, the
TGRS5-high tumors concurred with a high TAM had a poor
prognosis, with shorter 5-year-OS rate in NSCLC (Fig. 8).

Together, this study provides molecular mechanisms for the
protumor function of TGRS in NSCLC, highlighting its potential
as a target for TAM-centric immunotherapy in NSCLC.
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5. Conclusions

Our results indicate the important regulatory role of TGRS in
TAMs. It facilitates macrophage immunosuppressive phenotype,
inhibits antitumor immune response and promotes tumor pro-
gression in NSCLC. Therefore, TGRS is a promising drug target
for TAM-centric anti-tumor immunotherapy in NSCLC, which
might potentially benefit the population refractory to immune
checkpoint blockade (ICB) therapeutics.
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