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Abstract

Therapies targeting immune checkpoints
have shown great clinical potential in a
subset of patients with cancer but may be
hampered by a failure to reverse the immu-
nosuppressive tumor microenvironment
(TME). As themost abundant immune cells
in TME, tumor-associated macrophages
(TAM) play nonredundant roles in restrict-
ing antitumor immunity. The leucine-rich
repeat-containingG-protein–coupled recep-
tor 4 (Lgr4, also known as Gpr48) has been
associated with multiple physiologic and
pathologic functions. Lgr4 and its ligands
R-spondin 1–4 have been shown to pro-
mote the growth and metastasis of tumor
cells. However, whether Lgr4 can promote
tumor progression by regulating the func-
tion of immune cells in the tumor micro-
environment remains largely unknown.
Here, we demonstrate that Lgr4 promotes
macrophageM2polarization throughRspo/
Lgr4/Erk/Stat3 signaling.Notably, urethane-
induced lung carcinogenesis, Lewis lung
carcinoma (LLC), and B16F10 melano-
ma tumors were all markedly reduced
in Lgr4fl/flLyz2cre/þ mice, characterized by
fewer protumoral M2 TAMs and increased CD8þ T lymphocyte infiltration in the TME. Furthermore, LLC tumor growth
was greatly depressed when Rspo/Lgr4/Erk/Stat3 signaling was blocked with either the LGR4 extracellular domain or an
anti-Rspo1 antibody. Importantly, blocking Rspo-Lgr4 signaling overcame LLC resistance to anti-PD-1 therapy and
improved the efficacy of PD-1 immunotherapy against B16F10 melanoma, indicating vital roles of Rspo-Lgr4 in host
antitumor immunity and a potential therapeutic target in cancer immunotherapy.

Significance: This study identifies a novel receptor as a critical switch in TAM polarization whose inhibition sensitizes
checkpoint therapy–resistant lung cancer to anti-PD-1 therapy.
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Rspo-Lgr4 promotes tumor growth and restricts CD8+ T-cell−mediated antitumor immunity
by switching macrophage polarization.
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Introduction
Cancer immunotherapy has shown marvelous efficacy in trials

targeting negative immune checkpoint regulators including
CTLA-4 and PD-1 (1); however, only a small subset of patients
respond to these treatments that specifically target T cells. Tumor-
associated macrophages (TAM), which constitute the major leu-
kocytic infiltrate found within the stroma of many tumor types,
along with the other tumor-associated components of innate
immunity, appear unaffected by current negative immune check-
point approaches. Notably, TAMs are highly plastic and tightly
regulated by specific tumor-derived chemokines and cytokines
that polarize macrophages to a proinflammatory "M1" or immu-
nosuppressive "M2" phenotype, the later can be further divided
into M2a, M2b, M2c, and M2d subtypes based on the applied
stimuli and the induced transcriptional changes (2). Most TAMs
express markers of the M2 state, suggesting that factors in the
tumor microenvironment reprogram infiltrating macrophages
toward a "protumor" phenotype. A high density of TAMs is
frequently associatedwith aworse prognosis inmost solid tumors
(3), and M2-polarized TAMs play key roles in tumor immune
evasion (4). Accumulating preclinical and clinical observations
demonstrated that modulate macrophage polarization in the
TME may represent an additional approach for cancer treat-
ment, either alone or in combination with immune checkpoint
therapies (5–8). Approaches targeting TAMs, such as mAbs or
small-molecule inhibitors against CSF1R (6), Class IIa histone
deacetylase (HDAC; ref. 9), CD40 (10), or PI3K g isoform (5, 8)
have exhibited unexpected therapeutic benefits in either pre-
clinical or clinical settings, largely owning to their ability to
remodulate the tumor microenvironment via switching TAMs
functional states. Given that immune checkpoint blockade
(ICB) anticancer therapies are currently effective in only a
fraction of patients, and primarily function through activation
of T-cell responses, we hypothesized that activating the innate
immune response through targeting TAMs would augment the
efficacy and broaden the target patient population of immune
checkpoint blockade approaches.

The Leucine-rich repeat-containing G protein-coupled receptor
4 (Lgr4, also called GPR48) is a member of the glycoprotein
hormone receptor subfamily (11). The N-terminal extracellular
domain (ECD) of Lgr4 contains 17 leucine-rich repeats and has
been recognized as the binding site for the Lgr4 ligands R-spondin
1–4, which enhance Wnt/b-catenin signaling (12–14). Intrigu-
ingly, Lgr4 is one of the few GPCRs upregulated during macro-
phage M2-type polarization, suggesting a potential role in regu-
lating macrophage-mediated immune responses (15). Our
previous study showed that Lgr4 is involved in TLR2/4-associated
pattern recognition and innate immunity to bacterial infection
(16). Meanwhile, Lgr4 also plays important roles in regulation of
tumor growth (17, 18), organ development (19–21) and stem cell
functions (22). While Lgr4-deficient mice showed characteristics
of excessive activation of osteoclasts (23) and enhanced energy
expenditure in adipocytes (24) that reduce the risk of obesity
according to previous reports, the function of Lgr4 in the tumor
immune microenvironment has not been elucidated. Here, we
demonstrated that Lgr4 deficiency strikingly attenuated M2 prop-
erties of tumor-associatedmacrophages and recruitedmoreCD8þ

T cells to inhibit the formation and progression of tumors in
mouse lung cancer and melanoma models. Blocking Rspo-Lgr4
signaling by Lgr4 ECD or an antibody to Rspo1 restricted the

growth of both LLC tumors and B16F10 melanomas through
reversingM2-likemacrophage polarization and facilitating CD8þ

T-cell–mediated antitumor immunity. More importantly, block-
ing Rspo-Lgr4 signaling by administering LGR4 ECD and Rspo1
antibody overcame resistance to PD-1 blockade therapy in LLC
andmelanomamodels in vivo, suggesting a promising alternative
strategy in improving the clinical efficacy of immune checkpoint
therapy. In conclusion, we identified Lgr4 as a critical switch in
TAMs polarization and a potentially good drug target for cancer
immune therapy.

Materials and Methods
Antibodies and reagents

Primary antibodies for Stat6 (# 9362), p-Stat6 (# 9361), Akt
(# 4691), p-NF-kBp65/RelA (# 3033), and p-Erk inhibitorU0126
(# 9903) were from Cell Signaling Technology. Antibodies for
c-myc (sc-788) was purchased from Santa Cruz Biotechnology
and anti-mouse Stat3 (BS1335) and p-Stat3 (BS4180) antibodies
were purchased from Bioworld. Antibodies for both phosphor-
ylated and nonphosphorylated proteins were diluted in PBS
containing 5% FBS and 0.1% sodium azide (NaN3). APC-conju-
gated rat anti-mouse F4/80 (123116), PE-conjugated rat anti-
mouse CD206 (141706), FITC-conjugated rat anti-mouseCD206
(141704), APC-conjugated anti-mouse GzmB (372204), FITC-
conjugated anti-mouse TNFa (506304), and PE-conjugated rat
anti-mouse MHCII (107608) polyclonal antibody were from
BioLegend. PE-conjugated rat anti-mouse Ly6G (12-9668-80),
Alexa Fluor 488–conjugated rat anti-mouse Ly6C (53-5932-82),
Rat anti-mouse CD8 (14–0081-82), Rat anti-mouse CD4 (14-
0041-82) mAbs were from eBioscience. FITC-conjugated rat anti-
mouse IFNg (562019) and FITC-conjugated rat anti-mouse IL12
(560564) mAbs were from BD Biosciences.

Mice and tumor induction
Lgr4-null mice were generated in a gene-trap screen (11) and

were genotyped using the primer pairs as follows. The sequence of
forward primer in common: 50 AAGCACTTGATGGTCAGACTA-
CATGC 30, the reverse primer 1: 50 AAAAGCCACATTCAAATCT-
TAGTAACC 30 for the wild-type and the reverse primer 2: 50

GGTCTTTGAGCACCAGAGGACATC 30 for the mutant. The size
of the amplification products of wild-type and mutant alleles are
450 bp and 750 bp, respectively. Lgr4�/� mice were backcrossed
to theC57BL/6 strain for at least 7 generations. Lgr4þ/þ andLgr4�/�

littermates were used in all subsequent experiments. Transgenic
C57BL/6 mice Lgr4fl/flLyz2þ/þand Lgr4fl/flLyz2cre/þ mice were
obtained fromExperimental Animal Centre of East ChinaNormal
University and are described in ref. 25. Mice were housed in a
temperature- (21 � 1�C) and humidity- (55 � 10%) controlled
room with a 12-hour light:12-hour dark cycle. Urethane-induced
mouse lung cancer tumorigenesis was performed as described
previously (25). Briefly, mice were treated twice (day 1 and day
10) with urethane (1 g/kg) dissolved in PBS by intraperitoneal
injection at 6–8 weeks of age. Lung tumors from mice induced
with carcinogen were harvested at 3 months. For tumor challenge
experiments, approximately 6-week-old Lgr4fl/flLyz2þ/þ, and
Lgr4fl/flLyz2cre/þ mice were grouped and anesthetized with sodi-
um pentobarbital dissolved in PBS (50 mg per gram of body
weight). Then, 2.5� 105 luciferase-LLC cells or B16 F10 cells were
injected subcutaneously into the back of age and gender matched
C57BL/6 mice. Mice bearing LLC tumors were subjected to the
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In Vivo Imaging System for the fluorescence detection following
substrate (D-luciferin) injection and anesthetized with isoflurane.
Data were analyzed with the LivingImage software. All animal
experiments conformed to the regulations drafted by the Associ-
ation forAssessment andAccreditationof LaboratoryAnimalCare
in Shanghai and were approved by the East China Normal
University Center for Animal Research (M20150401).

Tumor treatment experiments
For in vivo cancer therapy, LLC tumor–bearing mice with

approximate tumor size (wild-type C57BL/6 mice aged 6–8
weeks) were treated subcutaneously daily with LGR4-ECD pro-
tein (10 or 20 mg/mouse/day), anti-mouse R-spondin 1 mAb
(20 mg/mouse/day, R&D Systems) and BLZ945 (200 mg/kg
body weight/day, Selleck Chemicals), respectively. Tumor vol-
ume and survival of the mice were measured following one
week of therapy, and tumors were dissected at the time point of
35 days and were sent for flow cytometry or IHC analysis. For
the combined treatment utilizing Lgr4/Rspo blocking agents
with anti-PD-1 antibody against LLC lung cancer and B16F10
melanoma, LLC cells (2.5 � 105 cells/mouse) or B16F10 cells
(2 � 105 cells/mouse) were injected subcutaneously into
C57BL/6 mice at age approximately 8 weeks. On day 9,
tumor-bearing mice with similar tumor size were randomly
divided into 7 or 4 groups (n ¼ 9–10) and received PBS, control
IgG, LGR4-ECD, anti-R-spondin1 antibody, anti-PD-1 anti-
body, LGR4-ECD plus anti-PD-1 antibody or anti-R-spondin1
antibody plus anti-PD-1 antibody administration, respectively.
All agents were delivered every 2 days. LGR4-ECD and anti-R-
spondin1 antibody were injected at dose of 20 mg /mouse/day
subcutaneously and anti-PD-1 antibody (RMP1-14, BioXCell,
200 mg per injection) was injected intraperitoneally. The tumor
size and survival were measured subsequently from day 7 and
flow cytometry analysis of infiltrated immune cells was con-
ducted at the time point of 35 days. For the Stat3 rescue
experiment, Lgr4fl/flLyz2þ/þ and Lgr4fl/flLyz2cre/þ mice were
anesthetized with sodium pentobarbital dissolved in PBS (50
mg/kg) and subcutaneously injected with LLC cells (5 � 105

cells/mouse). On day 7, tumor-bearing mice were subcutane-
ously injected with or without colivelin peptide (1 mg/g body
weight per day for 5 days). Tumors were dissected and measured
on day 15. Food and water were available ad libitum and all
animal experiments conformed to the regulations drafted by the
Association for Assessment and Accreditation of Laboratory
Animal Care in Shanghai and were approved by the East China
Normal University Center for Animal Research (M20150401).

Cell preparation and culture
LLC, B16F10, THP-1, andRAW264.7 cellswere purchased from

the ATCC. Cells were cultured according to the procedures sup-
plied by ATCC online. All cell lines were routinely verified to be
Mycoplasma-free using the MycAwayTM -Color One-Step Myco-
plasma Detection Kit (Yeasen Bio-technol); the most recent
date of testing was January 1, 2018. All cell lines were used within
10 passages following thawing in all experiments. Primary
bone marrow–derived macrophages (BMM) were prepared as
described previously (26). In brief,micewere sacrificed by cervical
dislocation, femurs and tibia were isolated and flushed with fresh
Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomy-
cin. Cells were adjusted to a density of 5� 106/mL and plated and

cultured in completeDMEM supplementedwith 15% (v/v) L929-
conditioned medium for 5 days. For cell stimulation, RAW 264.7
cells and BMM cells were cultured in the presence of 50 ng/mL
recombinant mouse IL4 (R&D Systems) for 2 hours (for immu-
noblotting or total RNA extraction) or 24 hours (for flow cyto-
metry analysis). For the Lgr4 interference assay, RAW 264.7 cells
stably transfected with plasmids encoding shRNA targeting
mouse Lgr4 and control nontargeted plasmids were generated
by our own lab as described previously (16) and cultured in the
presence of 2 mg/mL of puromycin. The RAW264.7 cell line stably
expressing Lgr4 was generated by transfecting with pcDNA3.1(þ)
containing the Lgr4 coding sequence and cultured in the presence
of G418 (200 ng/mL). LGR4 knockdown THP-1 cells were gen-
erated by transfecting THP-1 cells with siRNAs mixed with Lipo-
fectamine 2000 targeting the CDS region of human LGR4mRNA.
LLC cells stably expressing Firefly Luciferase were established by
transfecting the LLC cells with pcDNA3.1-lucþ plasmids. Trans-
fected cells were cultured in completed RPMI1640 (Gibco) in the
presence of 200 ng/mL G418. Cell proliferation tests were per-
formed with the Cell Counting Kit-8 (Beyotime) according to the
manufacturer's instructions.

Isolation of tumor-infiltrating cells
Mouse tumor-associated macrophages and CD8þ T cells were

isolated and purified from tumor samples using the Mouse APC
Positive Selection Kit or CD8þ T Cell Isolation Kit (STEMCELL
Technologies) following the manufacturer's instructions. Briefly,
mouse tumor samples were minced with scissors before incuba-
tion with 10 U/mL Collagenase I (Gibco), 400 U/mL Collagenase
IV (Gibco), and 30 U/mL DNase I in RPMI medium for 30
minutes at 37�C. Tumor samples were homogenized by repeated
pipetting and filtered through a 40-mm nylon filter (BD Bios-
ciences) in RPMI medium supplemented with 10% FBS to gen-
erate single-cell suspensions. Cell suspensions were washed twice
with complete RPMI and purified on a Ficoll gradient to eliminate
dead cells. TAMs were prestained with APC-anti-mouse F4/80
antibody and then be separated bymouse APC-positive selection.
CD8þ T cells were isolated with mouse CD8a-positive selection
kit. TAMs were cultured in DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 mg/mL streptomycin.CD8þ T cells
were cultured in RPMI medium supplemented with 10% FBS,
30 U/mL recombinant mouse IL2 (R&D Systems), 100 U/mL
penicillin, and 100 mg/mL streptomycin and were activated by
anti-mouse CD28/CD3 antibody (Gibco).

Flow cytometry analysis
Cultured and stimulated BMMs were stained (40 minutes,

4�C) with APC-conjugated rat anti-mouse F4/80, PE-conjugat-
ed rat anti-mouse CD206, or PE-conjugated rat anti-mouse
MHCII polyclonal antibody. Intracellular staining of mouse
IL12 and TNFa, IFNg , and GzmB in tumor-infiltrating cells was
determined as following: tumors were excised from the host
mice, minced, and digested with 0.25% trypsin (Gibco) to
obtain single-cell suspensions. Cells were fixed and permeated
with Fixation and Permeabilization Solution (BD Biosciences)
overnight, washed three times, and stained with FITC-conju-
gated rat anti-mouse IFNg , APC-conjugated rat anti-mouse
GzmB, FITC-conjugated rat anti-mouse TNFa, or FITC-conju-
gated Rat anti-mouse IL12 mAbs for 1 hour in the dark at 4�C,
then subjected to flow cytometry. Data were analyzed with
FlowJo software (Treestar).
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Coinjection of macrophages and LLC cells
BMMs (1 � 105) from Lgr4þ/þ and Lgr4�/� mice were mixed

with 5 � 105 LLC cells in 200-mL PBS and were coinjected
subcutaneously into wild-type, 6- to 8-week-old C57BL/6 mice.
Tumor sizewasmeasured from thefifth day after injection. Tumor
volumes were measured with a caliper (length � width2/2).
Fifteen days postinjection, tumors were dissociated and submit-
ted to IHC and FACS analysis.

RNA extraction and quantitative real-time RT-PCR
Total RNA was isolated with TRIzol (TAKARA), and reverse

transcription was performed with ReverTra Ace (Toyobo)
according to the manufacturer's instructions. For quantitative
PCR, cDNA fragments were amplified by Realtime PCR
Master Mix (TAKARA). To determine the relative induction
of mRNA in response to various stimuli, the mRNA expres-
sion level of each gene was normalized to the expression
level of b-actin (DCt ¼ Ctgene of interest � Ctb�actin

) and reported as

relative mRNA expression (DDCt ¼ 2
�ðDCt sample

�DCt control Þ) or
fold change.

Western blot analysis
BMM cells were cultured for 24 hours in medium with

L929-conditioned medium and then were stimulated with IL4
and R-spondin1, respectively, for 1 hour. Cells were collected
and lysed with lysis buffer (20 mmol/L Tris-HCl, pH 7.5, 150
mmol/L NaCl, 1 mmol/L EDTA and 1% (v/v) Nonidet P-40)
containing cOmplete Mini Protease Inhibitor Cocktail (Roche).
Cell lysates were separated by standard SDS-PAGE and ana-
lyzed by immunoblotting.

IHC
For immunofluorescence, 6-mm–thick tumor sections were

fixed in paraffin, subjected to antigen retrieval, and preincu-
bated with the goat serum. Sections were incubated with the
primary antibody or fluorescence group–conjugated antibody
of interest overnight at 4�C. The corresponding secondary
antibodies were used at 1:10,000 dilution and incubated for
1 hour at room temperature. Slides were mounted in ProLong
Gold Mounting Medium containing DAPI (Invitrogen), and the
tissue sections were visualized under a microscope (Leica
Microsystems).

Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.0.

Levels of significance for comparison between samples were
determined by the unpaired two-tailed Student t test distribution
(mean comparision with one factor), one-way or two-way
ANOVA (for groups with two or more factors). Results are shown
as mean � SD or mean � SEM. P � 0.05 was considered to be
statistically significant.

Results
Rspo/Lgr4 facilitates M2 macrophage polarization

To characterize the potential of Lgr4 in TAMs, we checked
whether the expression level of Lgr4 is affected by polarization
to an M2-like state, as most TAMs are M2 macrophages. We
demonstrated that Lgr4 is remarkably upregulated in IL4-
induced M2 macrophages (Fig. 1A). To determine the role of
Lgr4 in M2-like macrophage polarization, we treated wild-type

and Lgr4-deficient BMMs with or without IL4 and showed
that expression of Arg1, CD206, and Ym1 (classical markers
for M2-like macrophages) were all significantly reduced in
Lgr4-deficient BMMs (Fig. 1B–D). Furthermore, FACS analysis
of F4/80þCD206þ macrophages also confirmed the reduced
M2 polarization in Lgr4-deficient BMMs (Fig. 1E and F). How-
ever, Lgr4 does not appear to be required for macrophage
differentiation, as the percent of F4/80-positive matured mac-
rophage induced from bone marrow hematopoietic stem
cells and bone marrow Ly6C-positive macrophage precursor
cells were little changed in Lgr4-deficient mice compared with
those from the wild-type control mice (Supplementary Fig. S1A
and S1B). Consistently, shRNA knockdown of Lgr4 in the
mouse macrophage-like cell line RAW 264.7 strictly impaired
IL4-induced M2 polarization (Supplementary Fig. S1C–S1E),
whereas Lgr4-overexpressing RAW 264.7 cells had heightened
IL4 responsiveness (Supplementary Fig. S1F–S1H), indicating
that Lgr4 is required in the typical M2 polarization of macro-
phages. To explore whether LGR4 plays a similar role in
human macrophages, we inhibited LGR4 expression in human
THP-1 cells through LGR4-specific siRNAs (Supplementary Fig.
S1I and S1J) followed by stimulating with recombinant human
IL4. As expected, expression of MRC1 and ARG1, markers of
human M2 macrophage, decreased significantly in the LGR4
knockdown THP-1 cells (Supplementary Fig. S1K and S1L).
Whereas, the expression of M1 markers were upregulated in
Lgr4�/� BMMs and downregulated in Lgr4 overexpressed
RAW264.7 cells (Supplementary Fig. S2A–S2H).

TAMs are the major immune component in various cancers
and are pleiotropic in the tumor microenvironment. Stimuli
such as cytokines, growth factors, and tumor-derived secretions
generally polarize TAMs toward a protumoral M2-type profile.
Herein we used conditioned medium (CM) supplemented
with the culture supernatant of Lewis lung cancer (LLC) cells
to mimic the lung cancer context, in which BMMs were acti-
vated and polarized. We observed that LLC CM administration
could distinctly upregulate M2 markers such as Arg1, CD206,
and IL10 in Lgr4þ/þ BMMs. However, the effect of LLC CM on
M2 macrophage polarization was greatly alleviated in Lgr4�/�

BMMs (Fig. 1G–I). To test the effect of Lgr4 activation on
macrophage polarization, we treated BMMs with the Lgr4
ligand R-spondin-1 (Rspo-1) in the presence of recombinant
mouse macrophage colony-stimulating factor (M-CSF). FACS
analysis showed that M-CSF polarized about 50% of wild-type
BMMs into F4/80þCD206þ M2 cells, and the effect was
enhanced when Lgr4 was activated with Rspo-1. Most impor-
tantly, M2 polarization of Lgr4�/� BMMs was nearly abolished
even in the presence of both M-CSF and Rspo-1 (Fig. 1J and K).
We therefore speculated that Lgr4-deficient BMMs may con-
tribute to the progress of tumorigenesis. Accordingly, we sub-
cutaneously inoculated wild-type C57BL/6 mice with LLCs
mixed with either Lgr4þ/þ or Lgr4�/� BMMs (1:1 ratio) and
observed that LLCs coinjected with Lgr4�/� BMMs resulted in
significantly retarded tumor growth (Fig. 1L and M), which is
consistent with impaired M2 TAMs and enhanced antitumor
immunity (6, 8, 9).

Lgr4-deficient macrophages restrain tumor progression of lung
cancer

Lgr4 is demonstrated to be associated with the emergence,
metastasis, and initiation of a variety of cancers (27).
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Nevertheless, in addition to tumor cells themselves, nearby
mesenchymal cells such as TAMs also play critical roles in
tumorigenesis. Interestingly, we found that LGR4 was well
colocalized with TAM marker CD68 in human breast cancer
specimens (Supplementary Fig. S3A). To explore how Lgr4
function in macrophages affects tumor formation, we estab-
lished two different tumor models in macrophage-specific Lgr4
knockout mice, whose genotype is Lgr4fl/flLyz2cre/þ (termed
Lyz2cre/þ in short, and the control Lgr4fl/flLyz2þ/þ mice are
denoted Lyz2þ/þ) as we described previously (25). In the
urethane-induced lung carcinogenesis model (Fig. 2A), we
observed substantially regressed tumor formation (Fig. 2B)

and extended survival (Fig. 2C) in urethane-treated Lyz2cre/þ

mice as compared with Lyz2þ/þ mice, suggesting that Lgr4
functions in macrophages to play a crucial role in promoting
tumor development. In addition, in the LLC inoculation model
(Fig. 2D), LLC cells with luciferase were subcutaneously
injected into either Lyz2þ/þ or Lyz2cre/þ mice, followed by the
assessment of tumor development by bioimaging postinocu-
lation. As shown in (Fig. 2E and F), tumor growth was markedly
restrained in Lyz2cre/þ mice, accompanied by a corresponding
extension of survival (Fig. 2G), demonstrating that Lgr4-
deficient macrophages depress tumor progression in mouse
lung cancer models.

Figure 1.

Rspo/Lgr4 facilitates M2 polarization of BMMs in vitro and in tumor microenvironment–mimicking conditions. A, BMMs were activated with 50 ng/mL mouse
recombinant IL4 for 24 hours; Lgr4 mRNA was measured by quantitative PCR. B–D, Expression of Arg1 (B), CD206 (C), and Ym1 (D) in Lgr4þ/þ and Lgr4�/�

BMMs was measured by quantitative PCR. Cells were treated with or without IL4 (50 ng/mL) for 2 hours. Expression was normalized to that of b-actin.
E and F, Lgr4þ/þ and Lgr4�/� BMMs were cultured in the presence of IL4 (50 ng/mL) for 24 hours, and the percentage of M2 macrophages (F4/80þ CD206þ) and
delta mean fluorescence intensity was determined by flow cytometry. Percentages are shown as numbers in quadrants. G–I, Expression of Arg1 (G),
CD206 (H), and IL10 (I) in Lgr4þ/þ and Lgr4�/� BMMs that were cultured in LLC CM (20% of the final culture medium) for 24 hours. J and K, The percentage
of M2 macrophages (F4/80þ CD206þ) of Lgr4þ/þ and Lgr4�/� BMMs that were stimulated with or without Rspo-1 (1 mg/mL) in the presence of M-CSF
(60 ng/mL) and delta mean fluorescence intensity was determined by flow cytometry. L, The 5 � 105 LLC cells mixed with or without 1 � 105 BMMs were
injected subcutaneously into wild-type C57BL/6 mice. Tumors were dissected 15 days after inoculation and were photographed. M, Volumes of tumor were
compared at 15 days after tumor inoculation. Columns, means; bars, SD; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (n ¼ 3 or 5).
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Lgr4 depletion reshapes TAMs' polarization and improves
CD8þ T-cell–mediated antitumor immunity

To investigate the mechanisms by which Lgr4 depletion
impaired tumor progression, we examined whether Lgr4 regulat-
ed TAMs polarization in the tumor microenvironment of mouse
lung cancer models. Given that T lymphocytes serve as the most
crucial and direct tumoricidal effector cells, we simultaneously
stained CD206þ M2 TAMs, CD4þ, and CD8þ T cells in tumor
tissues via immunofluorescence as described previously (28).
Accordingly, significantly fewer CD206þ M2 macrophages and
enhanced numbers of CD8þ T cells were observed in Lyz2cre/þ

mice in the urethane-induced lung cancer model when compared
with Lyz2þ/þ mice, yet the numbers of CD4þ T cells were little
changed (Fig. 3A and B). Moreover, decreased CD206 expression
was found in lungs from Lyz2cre/þ tumor-bearing mice (Fig. 3C
andD), supporting regulation ofM2macrophage polarization by
Lgr4. To determine whether an antitumor immune response was
triggered, we subsequently investigated the expression of tumor-
icidal cytokines IFNg , TNFa in infiltrating CD8þ T cells, and
immunosuppressive factors Arginase 1 (Arg1) and IL10 in the
isolated TAMs. In contrast to Lyz2þ/þmice, the expression of IFNg
and TNFawas drastically increased in CD8þ T cells from Lyz2cre/þ

mice (Fig. 3E and F), while the expression of Arg1 and IL10 in
isolated TAMs wasmarkedly decreased (Fig. 3G andH). Likewise,

in the LLC transplantation model, intratumoral leukocyte infil-
tration in tumors from Lyz2cre/þ mice were characterized by a
dramatic decrease in CD206þ M2-like TAMs and an increase in
CD8þ T cells although infiltration of the total F4/80þ macro-
phages were little change (Fig. 3I and J; Supplementary Fig. S3B
and S3C), supporting the possibility that Lgr4 inhibition may
potentiate T-cell antitumor activity.We further isolated infiltrating
TAMs and CD8þ T cells by FACS and found that the IL12high and
TNFahigh populations of F4/80þ TAMs was significantly elevated
in Lyz2cre/þ tumors in the LLC transplantation model (Fig. 3K).
Meanwhile, activated CD8þ T cells expressing high levels of IFNg
and granzyme B (GzmB) were also significantly increased in
Lyz2cre/þ tumors (Fig. 3L and M). To further verify our observa-
tions in different cancers, we subsequently examined tumor
formation of B16 melanoma cells in Lyz2cre/þ mice and found
that melanoma tumor growth was also significantly inhibited
and the survival of mice was extended in these conditional Lgr4
knockout mice (Fig. 4A–C). Notably, similar alterations of
tumor microenvironment were found in the B16F10 inocula-
tion model (Fig. 4D–F), suggesting that Lg4-deficient macro-
phages could effectively inhibit tumor progression through
reshaping the tumor microenvironment by both inhibiting
protumoral M2 macrophage polarization and increasing T-cell
antitumor responses.

Figure 2.

Lgr4 conditional knockout mice restrain tumor progression in both urethane-induced and LLC-inoculated lung cancer models. A, Schedule of urethane-
induced lung cancermodel. Micewere treatedwith urethane (1 g/kg) dissolved in PBS by intraperitoneal injection at day 1 and day 10, respectively. Lung tumors from
mice induced with carcinogen were harvested at 3 months. (n¼ 6 per group). B, Quantitation of urethane-induced lung cancer tumor size in Lyz2þ/þ and Lyz2cre/þ

mice. Data are shown as mean� SEM from two independent experiments (n¼ 6–8). C, Lyz2þ/þ and Lyz2cre/þmice were treated with urethane and survival of each
groupwas recordedandanalyzed.n¼ 10, Log-rank (Mantel–Cox) test.D,The 2.5� 105 luciferase-LLC cellswere injected subcutaneously into the backof eachmouse.
Tumors were measured and harvested at day 10 and day 14 (n ¼ 5 per group). E and F, In vivo imaging of mice on day 10 was conducted following intraperitoneal
administration of substrate (D-luciferin). Representative fluorescence images are shown (E) and were quantified (F). G, The survival of the tumor-bearing mice
was documented. Median of dots or columns, means; bars, SD; ��� , P < 0.001 (n ¼ 3).
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Blockade of Rspo/Lgr4 axis inhibits LLC tumor growth by
enhancing antitumor immunity

To determine whether the Rspo-Lgr4 signaling axis could serve
as an antitumor drug target, we validated that Lgr4 ligands R-
spondin (1–4) were all highly expressed in the LLC and B16F10
cells compared with mouse normal lung and skin, respectively
(Fig. 5A and B). We subsequently examined the effect of Rspo/
Lgr4 inhibition on LLC tumor growth (Fig. 5C). Soluble LGR4
extracellular domain (LGR4-ECD) was previously shown to suc-
cessfully inhibit Lgr4 signaling both in vitro and in vivo (25).

So we simultaneously explored the antitumor efficacy of
Rspo-Lgr4 blockade by using LGR4-ECD or Rspo1 neutralizing
antibody, with the CSF1R kinase receptor inhibitor BLZ945 as
the positive control, a compound that has been reported to be
pharmacologically available in treating mouse glioblastoma by
reprogramming TAMs (6). We found that LLC tumor size was
reduced by LGR4-ECD in a dose-dependent manner (Fig. 5D).
Similarly, Rspo-Lgr4 blockade in parallel with CSF1R inhibi-
tion all led to the significantly decrease tumor growth (Fig. 5E),
and the survival of mice under any treatment was all prolonged

Figure 3.

Lgr4 depletion in macrophages reshapes the tumor microenvironment by diminishing TAMs M2 polarization and improving CD8þ T-cell antitumor immunity. A,
Infiltrating immune cells in urethane-induced tumors of Lyz2þ/þ and Lyz2cre/þ mice were stained with antibodies against CD206 (M2), CD4, and CD8. Nuclei were
stained by DAPI. Scale bars, 100 mm. B, Tumors were dissected and digested to obtain single-cell suspensions; infiltrating CD206þ, CD4þ, and CD8þ cells were
fluorescent stained and analyzed by flow cytometry, with CD45þ cells gated for total leukocytes. n ¼ 6. C, Expression of CD206 in tumors induced by urethane
in Lyz2þ/þ and Lyzcre/þ mice were determined by IHC staining. Scale bars, 200 mm. D, The CD206þ cells were counted by ImageJ and the percentage of them
was presented as mean of total 5 fields. Magnification, 10 � 40. Urethane-induced tumors were dissected and digested to generate single-cell suspensions;
infiltrating TAMs were premarked with APC-anti-mouse F4/80 antibody and were subsequently separated by mouse APC-positive selection. And CD8þ T cells were
isolated with mouse CD8a-positive selection kit. Antitumor cytokines IFNg (E), TNFa in isolated CD8þ T cells (F), as well as protumor factors Arg1 (G) and IL10 (H) in
isolated TAMswere detected in urethane-induced tumor-bearing Lyz2þ/þ and Lyz2cre/þmice. I, Infiltrating immune cells in LLC tumors at day 35 fromLyz2þ/þ and Lyzcre/þ

miceweredetectedwithantibodies againstCD206(M2)andCD8.NucleiwerestainedbyDAPI. Scalebars, 100mm.J,Single-cell suspensionsofLLCtumorswerefluorescent
stained for CD206 and CD8 and were analyzed by flow cytometry, with CD45þ cells gated for total leukocytes. n ¼ 5. K, Flow cytometry analysis of IL12 and
TNFa-expressing cells (shown in circles) of the LLC tumors from Lyz2þ/þ and Lyzcre/þ tumor-bearing mice. L–N, Augmented activation of cytotoxic
T cells from Lyzcre/þ tumor-bearing mice, with upregulation of IFNg (L) and GzmB (M). Columns, means; bars, SD; �� , P < 0.01; ��� , P < 0.001; n.s., no significant
difference.
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(Fig. 5F–H). Consistent with our in vivo Lgr4 knockout data, the
number of F4/80þCD206þ tumor-associated M2 macrophages
was reduced substantially by all of the treatments (Fig. 5I and
J). Furthermore, infiltration of CD8þ T-cell in the tumor was
enhanced by each treatment as well (Fig. 5K and L). Notably,
the therapeutic benefits are independent of toxicity to the
tumor cells or M2 macrophages, as the proliferation of LLCs
and BMMs were little changed by LGR4-ECD, Rspo1 antibody
and BLZ945 (Supplementary Fig. S4A–S4F).

Rspo/Lgr4 blockade overcomes resistance to anti-PD-1
immunotherapy

To appraise the potential of targeting Rspo-Lgr4 to activate
innate antitumor responses and thereby complement the antitu-
mor effects of T-cell ICB, we tested a combined therapy of Rspo-
Lgr4 blockade with anti-PD-1 therapy in the LLC and the B16F10
melanoma models. The LLC model was chosen, in part, because
it is resistant to anti-PD-1 alone (8), and therefore models
the patient population subgroup for which PD-1 therapy is

Figure 4.

Restrained tumor growth in B16F10 melanoma-bearing Lgr4 conditional knockout mice. A, B16 cells were injected subcutaneously into Lyz2þ/þ and Lyz2cre/þ mice
(5� 105 cells/mouse). Tumorswere dissected 15 days after inoculation andwere photographed. Tumor volume (B) andmouse survival (C)were recorded.D,Sections
of B16 tumors at day 35 from Lyz2þ/þ and Lyz2cre/þ mice were immunofluorescence stained with antibodies against CD206, CD4, and CD8. Nuclei were
stained by DAPI. Scale bars, 100 mm. E, B16F10 tumorswere dissected and digested to obtain single-cell suspensions; infiltrating CD206þ, CD4þ and CD8þ cells were
fluorescent stained and set to flow cytometry analysis, with CD45þ cells gated for total leukocytes. n ¼ 5. F, Enhanced activation of cytotoxic T cells from
Lyzcre/þ tumor-bearing mice, with upregulation of TNFa, IFNg , and GzmB. Data show mean � SEM of three independent experiments. Columns, means; bars, SD;
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; n.s., no significant difference.
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Figure 5.

Blockade of Rspo/Lgr4 axis inhibited LLC tumorgrowthby enhancing antitumor immunity.A andB,Expression of Lgr4 ligandR-spondin (1–4) in LLC cells andB16F10
cells relative to that of their counterpart normal tissues, that is, lung and skin. C, Experimental design for cancer therapy by blocking Lgr4. Mice were injected
subcutaneously with 5 � 105 LLC cells and dosed in the contralateral flank subcutaneously once per day with indicated agents from day 2 for a total of
5 days.D, LLC tumor growthover the time course ofmice treatedwith indicated concentrations of LGR4ECD. PBS served as negative control (n¼8 each group).E–H,
LLC tumor volume and survival of mice treated with LGR4-ECD (20 mg/mouse; F), anti-mouse R-spondin 1 antibody (20 mg/mouse; G), or CSF1R inhibitor
BLZ945 (200mg/kgbodyweight;H). PBS, rat anti-mouse IgG, anddiluted dimethyl sulfoxide (DMSO) served as corresponding negative controls. (n¼ 10 per group).
Tumors of mice from C were dissected and digested to obtain single-cell suspensions; infiltrating immune cells were stained and analyzed by flow cytometry.
Representative results and statistics of M2 TAMs (F4/80þCD206þ; I and J) and CD8þ T cells are shown (n ¼ 6; K and L). Columns, means; bars, SD; � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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ineffective. The administration schedule is shown in (Fig. 6A).
Expectedly, we found that LLC tumors were resistant to anti-PD-1
but not LGR4-ECD therapy. However, combined anti-PD-1 anti-
body with LGR4-ECD administration gave rise to a more intense

response with greatly reduced tumor volume and prolonged
survival, demonstrating better efficacy than the monotherapy
with LGR4-ECD (Fig. 6B and C). This implies that Rspo/Lgr4
blockade results in resensitizing LLC to anti-PD-1 therapy.

Figure 6.

Rspo/Lgr4 blockade confers sensitivity to PD-1 inhibition therapy upon LLC cells and improves PD-1 therapeutic efficacy to B16F10 melanoma. A, Experimental
schedule for LLC cancer therapy by combining Lgr4 blockade and PD-1 inhibition. Mice were injected subcutaneously with 2.5 � 105 LLC cells and dosed
in the contralateral flank subcutaneously every 2 days with indicated agents from day 7 for a total of 18 days. n ¼ 10 in each group. B, Rspo-Lgr4 blocking with
LGR4-ECD sensitized LLC tumors to anti-PD-1 therapy, and tumor progress was greatly inhibited by the combined administration of LGR4-ECD and PD-1 mAb.
C, Extended survival of mice treated with LGR4-ECD alone or combined with PD-1 mAb. D–F, Tumors were dissected and digested to obtain single-cell suspensions;
infiltrating immune cells were stained and analyzed by flow cytometry. Statistics of M1 TAMs (F4/80þMHCIIþ; D), M2 TAMs (F4/80þCD206þ; E), and CD8þ T
cells (F) are shown. Ratios are relative to CD45þ percent. G, Experimental schedule for mouse melanoma cancer therapy by combining Lgr4 blocking
and PD-1 inhibition. Mice were injected subcutaneously with 1 � 105 B16F10 cells and dosed in the contralateral flank subcutaneously every 2 days with
indicated agents from day 5 for a total of 15 days. n ¼ 10 each group. B16F10 tumor growth over the time course with LGR4-ECD (H), anti-Rspondin1 antibody,
and anti-PD-1 antibody alone or combined (I) is shown. PBS and nonspecific IgG served as negative control (n ¼ 9 each group). Survival of mice treated with
LGR4-ECD (J), anti-Rspondin1 antibody, and anti-PD-1 antibody alone or combined (K). Columns, means; bars, SD; � , P < 0.05; ��, P < 0.01; ���, P < 0.001.
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Consistent with our previous observations, the ratio of M2-
activated macrophages among CD45þ infiltrating leukocytes
was decreased in mice receiving Rspo-Lgr4 blockade, with or
without anti-PD-1 antibody treatment (Fig. 6D). Likewise, the
presence of F4/80þMHC-IIþ M1-like TAMs and CD8þ T cells
was remarkably increased (Fig. 6E and F). These observations
indicate that manipulating TAM polarization with Rspo/Lgr4
blockade may pave new avenues for the treatment of cancers
that are resistant to checkpoint blockade therapy. Similarly, we
blocked Rspo/Lgr4 with LGR4-ECD or anti-Rspo-1 antibody
in the B16F10 melanoma model (Fig. 6G). Indeed, tumors
were significantly restrained by either Rspo/Lgr4 blockade or
anti-PD-1 therapy and corresponding survival of mice treated
was extended. Interestingly, Rspo/Lgr4 blockade in part syner-
gized with anti-PD-1 therapy in inhibiting tumor progression
(Fig. 6H and I) and extending mouse survival (Fig. 6J and K),
suggesting improved efficacy of anti-PD-1 immunotherapy
against B16F10 melanoma. In concordance with our observa-
tions in the LLC model, LGR4-ECD and anti-Rspo1 antibody
therapeutically enhanced antitumor immunity by decreasing
the numbers of F4/80þCD206þ M2-like TAMs (Supplementary
Fig. S5A and S5B) and potentiating the ratio of both IFNgþ

(Supplementary Fig. S5C and S5D) and granzyme Bþ (GzmB)
(Supplementary Fig. S5E and S5F) tumor-infiltrating CD8þ T
cells, suggesting that Rspo-Lgr4 blockade improve the thera-
peutic efficacy of checkpoint inhibition immunotherapy
against lung cancer and melanoma.

Rspo/Lgr4 promotes macrophage M2 polarization through
activating Erk/Stat3 pathway

To investigate the mechanism associated with Lgr4-facilitated
TAMs polarization, we treated Lgr4 wild-type and deficient BMMs
with IL4 and analyzed potential downstream targets. As shown in
(Fig. 7A), most known signaling molecules involved in macro-
phage polarization such as Stat6, c-Myc, PPAR-g , Akt, and NFkB
were little influenced by Lgr4 deficiency. However, Stat3 phos-
phorylation at serine 727 was impaired dramatically in Lgr4-
deficient BMMs stimulated with IL4 or IL6 (Fig. 7B and C).
Treatment with R-spondin-1 induced a similar activation of Stat3,
accompanied by Extracellular signal regulated protein kinase
(Erk) activation, in wild-type BMMs; however, R-spondin-1–
induced Erk and Stat3 activation was markedly eliminated in
Lgr4-deficient BMMs (Fig. 7D), suggesting a key role of the Rspo-
Lgr4/Stat3 axis inmacrophage polarization. We also treated wild-
type BMMs with the Erk1/2-specific inhibitor U0126 in the
presence of Rspo1 and found a simultaneous inhibition of both
activated Erk1/2 and Stat3 (Fig. 7E). Furthermore, activation of
Stat3 was remarkably decreased in urethane-induced lung carci-
noma (Fig. 7F and G), validating the role of the Rspo-Lgr4/Stat3
axis in tumorigenesis. In addition, Lgr4 deficiency–reduced tumor
growth in the LLC tumor model were rescued by treatment with
the Stat3-specific activator colivelin (Fig. 7H; ref. 29), demon-
strating that Rspo-Lgr4/Stat3 plays a predominant role in medi-
ating Lgr4-regulated TAM polarization that is crucial for tumor
progression.

Discussion
A key feature of macrophages is their plasticity and ability to

"tailor" their responses according to environmental stimuli
(30). However, tumors "hijack" this property to subvert TAMs

into supporting tumor progression and spread by means of
several mechanisms, which are correlated with poor prognosis
for most solid tumors (31). Thus, inhibiting the survival (32),
infiltration (33) and protumoral functions (34) of TAMs have
become promising avenues of attack to block tumor formation
and progression. Here we demonstrate that the Rspo-Lgr4 axis
functions as a novel pathway driving M2-like macrophage
polarization through noncanonical Stat3 signaling, and that
this pathway promoted lung cancer as well as melanoma
progression in mouse tumor models. Accordingly, blocking
the Rspo-Lgr4 axis by LGR4-ECD or an anti-Rspo1 antibody
impaired tumor growth in vivo, while treatment together with
an anti-PD-1 antibody gave rise to an enhanced antitumor
effect, further confirming Rspo-Lgr4 as a promising therapeutic
target in cancer immunotherapy. Most strikingly, blocking
Rspo-Lgr4 signaling overcame the resistance of LLC cells to
anti-PD1 treatment, implying a potential approach of targeting
Lgr4 to enhance ICB therapies currently in use.

The functional phenotype of TAMs is shaped by different
signals from tumor and host cells and the tumor microenviron-
ment. These functional determinants (including hypoxia, cyto-
kines, and cancer metabolic products such as lactic acid) endow
tumor-resident macrophages with protumor properties through
promoting M2 polarization (35). Interestingly, RSPO family
members are highly expressed in multiple malignancies, includ-
ing ovarian, pancreatic, colon, breast, and lung cancer (36).
Therapeutic targeting of tumor stem cell properties through
RSPO3 is a clinically relevant approach for colorectal cancer
treatment (37). Furthermore, R-spondin-1 augments chemora-
dioprotection through induction of intestinal stem cells (38).
Here we demonstrate that the Rspo-Lgr4 axis, which is highly
expressed in most tumor tissues, is also involved in TAMs polar-
ization. Cancer cell–induced TAM polarization was reduced sub-
stantially in Lgr4-deficient macrophages. Also, treating BMMs
with Rspo1 polarized them to a M2-like state. All these data
suggest that the Rspo-Lgr4 axis functions as a novel mediator of
TAMs polarization into a protumoral state, which gives this axis
great potential as a therapeutic target in macrophage-targeting
strategies.

Stat3, which transduces signals from numerous oncogenic
proteins and pathways, is an important activator of many genes
that are crucial for cancer cell–induced immunosuppression (39).
Accordingly, phospho-Stat3 levels correlated with the tumor-
promoting behavior of TAMs in pancreatic ductal adenocarcino-
ma (40). Increasing Stat3 activity in macrophages resulted in
impaired antigen-specific T-cell responses (41). Thus, targeting
Stat3 signaling in TAMs could benefit bothmacrophage-mediated
innate and T-cell–mediated adaptive antitumor immune
responses in the tumor microenvironment. Intriguingly, the
expression of Lgr4 was highly induced by Stat3 in osteosarcoma
cells (42). Here our data suggest that the Rspo-Lgr4 axis activates
Stat3 signaling in TAMs to aggravate M2-like polarization, and
promoting tumor progression through sustaining an immuno-
suppressive environment. In this study, we demonstrate that in a
pathway distinct from IL10/IL6 activated Stat3 signaling through
cytokine receptors, Janus family kinases (JAK), and SRC tyrosine
kinases, the Rspo-Lgr4 axis potentiates Erk/Stat3 signaling possi-
bly through recruiting IQGAP1 and MEK1/2 to constitute a
signaling complex (43).

Although CD8þ T cells play a central role in antitumor
immunity, their activity is restricted in most tumor
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microenvironments (44). Thus, ICB therapies have displayed a
potential to control cancer by disinhibiting T-cell–mediated
antitumor immunity in various cancers (44). Unfortunately,
a large number of patients present with or develop resistance
to ICB therapy. Growing evidence suggests that high infiltration
of immune-suppressive myeloid cells such as TAMs and mye-
loid-derived suppressor cells correlates with poor prognosis
and ICB resistance (45, 46). These observations suggest a need
for a precision medicine approach modifying the immunother-
apeutic combination is modified to overcome such resistance
mechanisms. Interestingly, Lgr4 deficiency only in macro-

phages is able to activate both macrophage-mediated innate
and T-cell–mediated adaptive antitumor immune responses,
indicating a great potential of Lgr4 inhibition to overcome
resistance to checkpoint blockade therapy. Our results intro-
duce opportunities for new combination strategies using Rspo-
Lgr4 inhibition to overcome resistance to ICB in patients
with high levels of TAMs. Taken together, our study demon-
strates that the Rspo-Lgr4 axis is a key pathway maintaining
protumoral TAMs that plays a critical role in lung tumor
progression and therefore has great potential as a target in
cancer immunotherapy.

Figure 7.

Rspo/Lgr4 promotesmacrophageM2 polarization through activating the Erk/Stat3 pathway.A, Lgr4þ/þ and Lgr4�/�BMMswere stimulatedwith IL4 (50 ng/mL) for
1 hour, followed by lysis. Lysateswere subjected to SDS-PAGE and immunoblotted for proteins associatedwithM2macrophage polarization.B, Lgr4þ/þ and Lgr4�/�

BMMs were stimulated with IL4 (50 ng/mL) for the indicated time points, cells were lysed and subjected to SDS-PAGE, expression of Stat3 and p-Stat3
(ser727) were examined. C, Lgr4þ/þ and Lgr4�/� BMMs were treated with recombinant mouse IL6 (50 ng/mL) for 1 hour and cell lysates were subjected to
SDS-PAGE and immunoblotting.D,Activation of Erk and Stat3 (Ser727) in Lgr4þ/þ and Lgr4�/�BMMs stimulatedwith 500 ng/mL R-spondin 1 for the indicated time
points. E, Wild-type BMMs were treated with 1 mmol/L U0126 in the presence of 500 ng/mL R-spondin1 for 1 h, cells were lysed and sent to SDS-PAGE for
immunoblotting of p-Erk and p-Stat3, with total Erk and Stat3 as input control. IHC staining (F) and quantitation (G) of p-Stat3 (Ser727) in urethane-induced tumors
from Lyz2þ/þ and Lyz2cre/þ mice. n ¼ 6 each group, harvested 3 months after urethane administration. Scale bars, 100 mm. H, Tumor volume of Lyz2þ/þ

and Lyz2cre/þ LLC tumor-bearing mice. Mice were subcutaneously injected with LLC cells (5 � 105 cells/mouse). On day 7, tumor-bearing mice were
subcutaneously injected with or without colivelin peptide (1 mg/g body weight per day for 5 days). Tumors were dissected and measured on day 15. Columns
or median of dots, means; bars, SD; �� , P < 0.01 (n ¼ 6). n.s., no significant difference.
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