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Abstract
Background: Several clinical studies have uncovered a negative correlation
between baseline tumor burden and the efficacy of immune checkpoint inhibitor
(ICI) treatment. This study aimed to uncover the specific mechanisms underly-
ing the difference in sensitivity to ICI treatment between tumorswith high (HTB)
and low (LTB) tumor burden.
Methods: For in vivo studies, several mouse models of subcutaneous tumors
were established, and transcriptome sequencing, immunohistochemistry, and
flow cytometry assays were used to detect the immune status in these subcuta-
neous tumors. For in vitro experiments, co-culture models, cytokine antibody
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arrays, western blotting, flow cytometry, and enzyme-linked immunosorbent
assays were used to explore the underlying molecular mechanisms
Results:We found that MC38 or B16 subcutaneous tumors from the HTB group
did not show any response to anti-programmed cell death protein-1 (PD-1) ther-
apy. Through flow cytometry assays, we found that the infiltration with CD8+ T
cells was significantly decreasedwhereasM2-likemacrophages were enriched in
subcutaneous tumors of HTB groups compared with those of LTB group. These
changes were not affected by the initial number of injected tumor cells or tumor
age, nor could they be reversed by surgical tumor reduction. Intraperitoneal
colony-stimulating factor 1 receptor (CSF-1R) inhibitor PLX3397 injection at dif-
ferent time points of tumor growth only had an effect when administered in the
early tumor stage to maintain the “heat” of the tumor microenvironment dur-
ing the process of tumor growth, thereby achieving a response to ICI treatment
when the tumor grew to a large size. Mechanistically, we found that insulin-like
growth factor binding protein 2 (IGFBP2) expression levelswere significantly ele-
vated in HTB tumor tissues. IGFBP2 promoted the programmed death-ligand 1
(PD-L1) expression in M2-like macrophages by activating signal transducer and
activator of transcription 3 (STAT3), and PD-L1+M2-likemacrophages exerted an
immunosuppressive effect by inhibiting the proliferation and activation of CD8+

T cells in a PD-L1-dependent fashion.
Conclusions: This study suggested that the low efficacy of ICI treatment in
HTB tumors is mainly attributed to the intratumoral accumulation of PD-L1+

M2-like macrophages via the IGFBP2-STAT3-PD-L1 signaling pathway and their
substantial inhibitory effects on T cell proliferation and activation.

KEYWORDS
CD8+ T cell, IGFBP2, immune checkpoint inhibitor, macrophage, PD-L1, STAT3, tumor
burden, tumor immune microenvironment

1 BACKGROUND

In recent decades, cancer immunotherapy, especially
immune checkpoint inhibitors (ICIs), has opened a new
chapter in cancer treatment [1]. Compared to traditional
cancer therapies, ICIs enable cytotoxic T cells to over-
come immunosuppression and activate their cytotoxic
effects on tumor cells by disrupting the interactions
between the ligand-receptor pairings of immune check-
point molecules, such as programmed cell death protein 1
(PD-1) and its receptor programmed death-ligand 1 (PD-L1)
[2]. Although profound and durable therapeutic responses
to ICIs have been reported in various malignancies, a sub-
stantial fraction of tumors, especially “cold tumors”, which
are characterized by insufficient T-cell infiltration and low
immunogenicity, remain poorly responsive to ICI therapy
[3]. Therefore, better screenings for patients with such low
immunotherapy responses and a better understanding of

themechanisms underlying ICI resistance in such patients
would help to develop effective immunotherapy sensiti-
zation strategies and expand the population suitable for
immunotherapy.
To date, baseline tumor burden has been shown in

several malignancies to be a predictive and prognos-
tic biomarker for patients receiving ICI treatment. A
smaller tumor burden usually indicates a better ther-
apeutic response to ICI treatment and longer overall
or progression-free survival [4–7]. However, the spe-
cific mechanisms underlying such a negative correlation
between tumor size and ICI sensitivity are still unclear.
A few studies have indicated that differences in tumor
microenvironment (TME) characteristics exist between
tumors with high tumor burden (HTB) and those with low
tumor burden (LTB), but the findings are inconclusive. For
example, in patients with diffuse large B lymphoma, HTB
was associated with decreased infiltration of Ki-67+ T cells
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in either the solid tumor tissue or circulating blood [8].
By contrast, in tissue samples of ductal breast cancer, the
infiltration of cytotoxic T lymphocytes was significantly
increased in tumor tissue with large size [9]. Similarly, at
the preclinical level, the intratumoral abundance of CD8+
T cells was significantly diminished in a murine model of
renal adenocarcinoma as the tumors progressed in size,
but was found to be increased in large vs. small lesions
in CT26 tumors [10]. Therefore, the correlation between
tumor size and immunophenotypemay vary among differ-
ent tumor types and requires more studies to elucidate this
connection.
In this study, we aimed to explore whether differences in

TMEcharacteristics are responsible for different sensitivity
of HTB and LTB tumors to ICI treatment in colon cancer
and melanoma. Additionally, we intended to explore the
specific mechanisms for the formation of a tumor burden-
related immunophenotype.

2 MATERIALS ANDMETHODS

2.1 Clinical specimens and datasets

This study was approved by the Nanfang Hospital Ethics
Review Board (Guangzhou, Guangdong, China). The
informed consent was signed by every patient before we
got the tissue specimen. The tissue sample cohort in this
study consists of two types: (1) Radical resection cohort:
The cohort included colorectal cancer patients with indi-
cations for radical resection at different T stages. A total
of 51 paraffin-embedded samples from patients with colon
cancer who underwent radical tumor resection were col-
lected between January 2012 and January 2018. According
to the medium tumor size, patients were divided into
an LTB (n = 26; average TB = 13.00 cm3) and HTB
(n = 25; average TB = 88.11 cm3) group. (2) Colorec-
tal liver metastases cohort: This cohort included patients
who had been histologically diagnosed with clorectal liver
metastases at NanfangHospital, SouthernMedical Univer-
sity (Guangzhou, Guangdong, China). And these patients
must have livermetastases of sufficient size to biopsy. In 20
patients with colon cancer, needle biopsy samples of liver
metastases were collected.
We also analyzed the differences in immune cell infiltra-

tion in the TME of patients with HTB and LTB in the colon
cancer (COAD) and melanoma (SKCM) cohorts from The
Cancer Genome Atlas (TCGA) databases (https://portal.
gdc.cancer.gov/). The estim ated proportion of immune
cells in the TME of each sample of the TCGA-COAD
and TCGA-SKCM cohorts were retrieved from the study
by Thorsson et al. [11]. The information on TNM stag-
ing, a classification method proposed by the International

Anti-cancer Association (UICC) based on the scope of the
tumor lesions, of eligible TCGA-COAD and TCGA-SKCM
samples was downloaded from the UCSC Xena web-
site (https://xenabrowser.net/) [12]. Patients were grouped
into HTB and LTB groups respectively according to the
T category of the TNM staging system. Patients with
T stage of T0 or T1 stage were assigned to the LTB
group, whereas those with T4 stage were allocated to the
HTB group.

2.2 Cell lines and cell culture

The colon cancer cell line MC38, melanoma cell line
B16, and mouse macrophage cell line RAW264.7 were
purchased from Jennio Biotech Co. Ltd. (Guangzhou,
Guangdong, China). MC38 colon cancer cell line was cul-
tured in 1640 Roswell Park Memorial Institute (RPMI;
Gibco, NY, Grand Island, USA) supplemented with 10%
fetal bovine serum (FBS; Hyclone, Thermo Scientific,
Logan, UT, USA). B16 melanoma cell line was cultured
in Dulbecco’s modified Eagle medium (DMEM; Hyclone)
supplemented with 10% FBS. All cells were incubated
in a humidified atmosphere with 5%CO2 and 37◦C. All
cell lines were authenticated by the short tandem repeat
profiling at January 27, 2015.

2.3 Mouse model construction

All animal procedures were approved by the NanfangHos-
pital Animal Ethics Committee (Guangzhou, Guangdong,
China; Application No.: NFYY-2017-0926). C57BL/6J mice
were purchased fromGuangdongMedical LaboratoryAni-
mal Center (SCXK 2013-0002, Guangzhou, Guangdong,
China). They were housed at 25◦C, and humidity was 50%-
60%. The light cycle consisted of light for 12 h and dark for
12 h. In this study humane endpoints were used includ-
ing: moribund were humanely euthanized. Based on the
animal use protocol, we used two criteria to identify the
moribund animals: (1) mice that showed signs of desease
like difficulty breathing, eating, or drinking; (2) a mouse
loses ≥15% body weight in 4 days. The mice were eutha-
nized after deep anesthesia. The total number ofmice used
in this study is 156: anti-PD-1 treatment mouse model (5
mice per groups), mouse used for RNA-sequencing (5mice
per groups), various tumor burden mouse model (3 mice
per groups), surgery mouse model (12 mice per groups),
PLX3397 combinedwith anti-PD-1 treatmentmousemodel
(3 mice per groups), IGFBP2-neutralizing treatment (3
mice per groups), mouse used for cytokine antibody array
(1 mice per groups), mouse used for cell extraction (20
mice).
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MC38 cells or B16 cells were inoculated subcutaneously
into 4-week-old female mice to generate the mouse model.
MC38 cells or B16 cells were subcutaneously injected on
the left (2.0 × 106 cells) and right (5 × 105 cells) sides (hind
limb) of the same mouse. The tumor dimensions were
measured with vernier calipers.Tumor volumes were cal-
culated using the equation Volume = (length × width2)/2.
In order to clarify the impact of surgical tumor reduction
on the tumor microenvironment, we surgically removed a
portion of the tumor on the left side on the 14th day after
subcutaneous tumor implantation to ensure that the size
of the tumors on both sides was consistent. The tumors
were partially resected through a longitudinal skin incision
along themajor axis of the tumor. On days 14, 16, 18, and 21,
CD3+ CD8+ T cells of subcutaneous tumors were detected
by flow cytometry.
For drug treatment assays,micewere randomly assigned

to (without blinding) different treatment groups and
received intraperitoneally different drugs or antibodies
according to the specific experimental purpose: (1) for anti-
PD-1 or IgG treatment group, the anti-PD-1 (10 mg/kg) or
IgG (10 mg/kg) was intraperitoneal injected into mice on
day 14, 17, 20, 23; (2) for PLX3397 (d7) combined anti-PD-1
treatment group, the PLX3397 (40 mg/kg) was adminis-
tered orally to mice on day 7 and day 9, anti-PD-1 (10
mg/kg) was intraperitoneal injected into mice on day 21,
23, 25; (3) for PLX3397 (d13) combined anti-PD-1 treatment
group, the PLX3397 (40 mg/kg) was administered orally
to mice on day 13 and day 15, anti-PD-1 (10 mg/kg) was
intraperitoneal injected into mice on day 17, 19, 21; (4)
for IGFBP2-neutralizing treatment group, anti-IGFBP2 (10
mg/kg) was intraperitoneal injected into mice on day 7;
(5) for saline + IgG treatment group, saline (100 μL) was
administered orally to mice on day 7 and day 9, IgG (10
mg/kg) was intraperitoneal injected into mice on day 17,
19, 21; (6) for saline + anti-PD-1 treatment group, saline
(100 μL) was administered orally to mice on day 7 and day
9, anti-PD-1 (10 mg/kg) was intraperitoneal injected into
mice on day 17, 19, 21.The tumor volume was measured
with vernier caliper every 3 days. At the end of the exper-
iment, mice were euthanized, and the tumor xenografts
were immediately dissected to detect CD3+ CD8+ T cells
or macrophages of subcutaneous tumors.

2.4 Reagents

Anti-PD-1 antibody (BE0146, 10 mg/kg) and anti-IGFBP2
antibody (AF797-SP, 10mg/kg) were purchased fromBioX-
Cell (Beijing, China) for intraperitoneal injection. FLLL32
(1226895-15-3, 5 μmol/L) and HJC0152 (S8561, 5 μmol/L)
were purchased fromSelleckChemicals (Shanghai, China)
for inhibiting the phosphorylation of STAT3. IGFBP2
enzyme-linked immunosorbent assay (ELISA) (F5217-A)

was purchased from Jiangsu Yutong (Changzhou, Jiangsu,
China) to detect the IGFBP2 content between tumor tissue
culture supernatants. Annexin V-FITC/PI apoptosis detec-
tion Kit (CA1020) was purchased from Solarbio (Beijing,
China) to test the proportion of apoptotic RAW264.7 after
exposure to tissue culture supernatants. Mouse cytokine
antibody array C1 (AAM-CYT-1000-2) was purchased from
RayBiotech (Atlanta, Georgia, USA) for detecting the
cytokines content between mouse LTB and HTB MC38
subcutaneous tumors environments. Detailed informa-
tion on other reagents and antibodies in this work are
described in Supplementary Table S1 and Supplementary
Table S2.

2.5 Immunohistochemistry (IHC)
staining

IHCwas routinely performed, as previously described [13],
on 4-mm sections of formalin-fixed paraffin-embedded
(FFPE) tissues. Paraffin sections were heated at 65◦C for 4
h. Tumor tissue sections were deparaffinized and hydrated
through an alcohol gradient to water. The sections were
subjected to microwave antigen retrieval in 0.01 μmol/L
citrate buffer (pH = 6.0; Zeye Biotech, Shanghai, China)
for 10 min. Then, endogenous peroxidase activity was
blocked with 3% hydrogen peroxide (Zeye Biotech, Shang-
hai, China) for 10 min. After incubating with 5% bovine
serum albumin (20 μL, Macklin, Shanghai, China) for
1 h at room temperature, sections were incubated with
anti-mouse CD8 (1:50, 66868-1, Proteintech, Rosemont,
IL, USA) overnight at 4◦C. Subsequently, sections were
incubated with rabbit anti-mouse CD8 antibody (1:200,
ab217344, Abcam, Cambridge, MA, USA) for 1 h at 37◦C.
Sections were afterward incubated following the instruc-
tions of a DAB substrate kit (G1212, Servicebio, Wuhan,
Hubei, China). Then, the sections were counterstained
with hematoxylin (20 μL, aladdin, Shanghai, China),
dehydrated (70%, 80%, 90%, 95%, 100%, 100% ethanol,
Macklin, Shanghai, China), and mounted. Integrated opti-
cal density values for CD8 protein were calculated using
Image-Pro Plus 6.0 (MEDIA CYBERNETICS, Rockville,
Maryland, USA).

2.6 Extraction of tissue lymphocytes
and macrophages

For the extraction of tumor-infiltrating lymphocytes,
subcutaneous tumors were digested with collagenase I
(1 mg/mL, A004194, Sangon Biotech, Shanghai, China).
Cells were isolated using a lymphocyte separation
medium (MLSM1092, MultiSciences, Hangzhou, Zhe-
jiang, China). Cells were washed twice and suspended in
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phosphate-buffered saline (PBS). Purified tumor-
infiltrating lymphocytes were used for flow cytometry.
For the extraction of spleen CD8+ T cells, spleens

were digested with collagenase I (1 mg/mL) and isolated
using a lymphocyte separationmedium (1:1,Multisciences,
Hangzhou, Zhejiang Province, China). Cells were washed
twice and suspended in PBS. Single-cell suspensions of the
harvested lymphocytes were treated with theMouse CD8+
TCell EnrichmentKit (8804-6822,Miltenyi, BergischGlad-
bach, Rheinisch-Bergischer Kreis, Germany). Purified
spleen CD8+ T cells were used for co-culture experiments.
For the extraction of tumor-infiltrating macrophages,

subcutaneous tumor tissues were digested with col-
lagenase I (1 mg/mL), and cells were isolated using a
monocyte separation medium (P3970, Solarbio). Cells
were cultured in DMEM supplemented with 10% FBS at
5% CO2, 37 ◦C for 3 h. Nonadherent cells were removed,
and the adherent cells were cultured continuously or used
for flow cytometry.
Peritoneal macrophages (mac-P) were harvested from 4-

week-old female C57BL/6J mice. Mice were euthanized,
the abdomen was sterilized, and 3 mL PBS was intraperi-
toneally injected. The abdomen was gently massaged
for 5 min. Ascites cells were collected by centrifugation
(3000 rpm, 10min) and cultured in DMEM supplemented
with 10% FBS at 5% CO2, 37◦C for 3 h. Nonadherent
cells were removed, and the adherent cells were cultured
continuously.

2.7 Preparation of conditioned medium
and supernatant-stimulated macrophages

LTB and HTB subcutaneous tumor tissues were cut into
small pieces of equal volume. Tumor pieces were placed
into 1 mL DMEM at 4◦C for 24 h. The supernatant
was harvested and centrifuged (1000 rpm, 5min). Then,
the conditioned medium was prepared in the following
proportion: control medium (50% complete medium +

50% serum-free medium), LTB subcutaneous tumor tis-
sue culture supernatants (LTCS, 50% complete medium
+ 50% MC38 or B16 LTB subcutaneous tumor tissue cul-
ture supernatants), and HTB subcutaneous tumor tissue
culture supernatants (HTCS, 50% complete medium +

50% MC38 or B16 HTB subcutaneous tumor tissue cul-
ture supernatants). To generate supernatant-stimulated
macrophages, peritoneal macrophages (mac-Ps) were cul-
tured with control medium, LTCS, or HTCS for 24 h, then
used for flow cytometry or co-culture experiments.

2.8 Co-culture system

Purified spleen CD8+ T cells (1 × 105 cells/well in 96-
well plates) and supernatant-stimulated macrophages (0.5
× 105 cells/well in 96-well plates) were co-cultured in
1640 RPMI supplemented with 10% FBS, recombinant
mouse interleukin-2 (rmIL-2, 2 ng/mL, P00198, Solar-
bio), and CD3/CD28 antibody (2 μL per 8 × 104 cells,
ThermoFisher, Wilmington, Massachusetts, USA) with or
without anti-PD-L1 antibody (5 μg/mL, BE0101, BioX-
Cell, Beijing, China) for 5 days. Then, the CD8+ T cells
were washed twice and suspended in PBS. The cells were
analyzed by flow cytometry.

2.9 Flow cytometry

For analyses of tumor-infiltrating CD8+ T cells, single-cell
suspensions of the harvestedmouse lymphocyteswere pre-
pared and stained with a cocktail of antibodies against
the following surface markers: CD45 (1:100; AM04505-
100, MultiSciences, Hangzhou, Zhejiang, China), CD3
(1:100; 69-0032-82, eBioscience, San Diego, California,
USA), and CD8a (1:100; 56-0081-82, eBioscience). For anal-
yses of M2 macrophages, single-cell suspensions of the
harvestedmacrophages were incubated with CD11b (1:100;
AH011B01-100, MultiSciences), CD11c (1:100; AM011C05-
100, MultiSciences), CD206 (1:100; 25-2061-80, Multi-
Sciences), F4/80 (1:100; AM048004-100, MultiSciences),
and PD-L1 (1:100; AM27407-20, MultiSciences). For anal-
yses of co-cultured system CD8+ T cells, cells were incu-
bated with CD45 (1:100, AM04505-100, MultiSciences),
CD3 (1:100), and CD8a (1:100) and subsequently with
Ki-67 (1:100; 12-5698-80, MultiSciences) after treatment
with the Fixation/Permeabilization Kit (GAS003/2, Mul-
tiSciences). After incubation with antibodies at 4◦C for
30 min, 1 × 106 cells per sample were washed twice
and suspended in PBS. The cells were subsequently ana-
lyzed by flow cytometry (BD Bioscience, Lake Franklin
New Jersey, USA).
For apoptosis analyses, mac-Ps were cultured with con-

trol medium, LTCS, or HTCS for 24 h and harvested.
Cells were washed twice with PBS and stained using the
Annexin V-FITC Apoptosis Detection Kit (CA1020, Solar-
bio). A total of 1 × 106 cells per sample were washed
twice and suspended in PBS. The cells were analyzed
by flow cytometry. Raw data were analyzed through the
FlowJo_V10 software (BD Bioscience, Lake Franklin, New
Jersey, USA).
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2.10 RNA-sequencing (RNA-seq)
analysis of MC38 subcutaneous tumor cells

Total RNA in the tissue samples was extracted using Trizol
(Invitrogen, Carlsbad, CA, USA). The mRNA was isolated
and purified from the total RNAusing Oligo (dT)magnetic
beads (Beyotime, Shanghai, China). First-strand Illumina-
barcoded libraries were generated using the NEB RNA
Ultra Directional kit (NEB, Ipswich, Massachusetts, USA)
according to the manufacturer’s instructions. Sequencing
was performed using BGIseq500 platform (BGI, Shen-
zhen, Guangdong, China). Data were aligned to mouse
reference genome NCBI_GCF_000001635.26_GRCm38.p6
(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/
635/GCF_000001635.26_GRCm38.p6/) using Bowtie2
(https://github.com/BenLangmead/bowtie2).

2.11 RNA-seq data processing and
analysis

We used the R package limma to transform the count
data of transcriptome sequencing using the voom algo-
rithm and obtained the differentially expressed genes
between HTB and LTB tumor tissues based on the voom-
transformed transcriptome data. Gene set enrichment
analysis was used to estimate the pathway activation
level based on the gene set files of the Gene Ontology
(GO) database with the online enrichment tool “KOBAS”
(http://kobas.cbi.pku.edu.cn/genelist/) [14]. Brifely, we
input high-expression and low-expression gene symbol
of the HTB group into the corresponding input box on
the web page (http://kobas.cbi.pku.edu.cn/genelist/),
selected “species” as “human” and “enriched database”
as the “Gene Ontology” to download the output
result.

2.12 Mouse cytokine antibody array

Cytokines from LTB and HTB MC38 or B16 subcutaneous
tumors were detected using the AAM-CYT-1000-2 mouse
cytokine antibody array (RayBiotech, Norcross, Georgia,
USA). Briefly, samples were added to the incubation well
and incubate overnight at 4◦C with shaking. Membrane
was washed with shaking at room temperature, then seal-
ing solutionwas added and incubated at room temperature
for 2 hours. 1 mL detection solution C and 1mL detection
solution D were mixed. 500 μL C/D mixture was added
onto each membrane. Membranes were shaken slowly for
2 minutes and removed the mixture. The original data
obtained from the scans were background-corrected and
normalized between chips using Raybiotech software (Ray

Biotech, Norcross, Georgia„ USA). Differential proteins
were screened using fold change (expression difference
multiple) under the following selection conditions: (1) fold
change ≤ 0.83 or fold change ≥ 1.2; (2) mean signal value
per group > 150.

2.13 ELISA

The IGFBP2 levels in subcutaneous tumors were detected
using the IGFBP2 ELISA assay kit (F5217-A, Jiangsu
Yutong) according to the manufacturer’s instructions.
Briefly, the subcutaneous tumor lysis solution was added
to 96-well plates and incubated with the antibody from the
kit. After washing nonadherent antibodies away, reaction
reagents were added, and the absorbance was measured
at 450 nm by spectrophotometry (SPECTRO, Kleve, Ger-
many).

2.14 Western blotting

Total proteins from peritoneal macrophages, MC38 or B16
cells were extracted using RIPA lysis buffer (Macklin,
Shanghai, China) combined with protease and phos-
phatase inhibitors (Beyotime, Shanghai, China). Then,
Sodium Dodecyl Sulfate-polyacrylamide gel electrophore-
sis was applied to estimate and equalize protein quanti-
ties. Polyvinylidene fluoridemembranes (Merckmillipore,
Darmstadt, Germany) with the transferred proteins were
incubated with primary antibodies at 4◦C overnight and
fluorophore-conjugated goat anti-rabbit (FDR007, Fdbio
science, Shanghai, China) or anti-mouse secondary anti-
bodies (FDM007, Fdbio science) for 1 h, then scanned
using an Odyssey Infrared Imaging System (LI-COR; Lin-
coln, NE, USA).The following primary antibodies were
used for western blotting: rabbit anti-signal transducer
and activator of transcription 3 (STAT3) (1:1000, 4904T,
Cell Signaling Technology, Danvers, MA, USA), anti-
phosphorylated-STAT3 (Y705) (1:1000, 9145T, Cell Sig-
naling Technology), and mouse anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (1:5000, 5174, Cell
Signaling Technology).

2.15 Statistical analyses

All statistical analyses were performed using R software
(version 4.0.5), GraphPad Prism software (version 8.0.1;
GraphPad Software, San Diego, California, USA), and Sta-
tistical Package for the Social Science (SPSS) software
(version 26.0; IBM SPSS, Chicago, IL, USA). Quantitative
data are shown as the mean ± standard deviation. The
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WEN et al. 7

statistical significance of comparisons between two groups
was estimated using Student’s t-tests and Mann-Whitney
U tests for normally distributed variables and nonnor-
mally distributed variables, respectively. For comparisons
of more than two groups, Kruskal-Wallis (nonparametric)
and one-way ANOVA (parametric) tests were used when
appropriate. Fisher’s exact test was used to compare the
difference in categorical data. P < 0.05 were considered
significant.

3 RESULTS

3.1 High baseline tumor burden is
correlated with an “immune-desert”
phenotype in clinical tumor samples

First, we compared the immune infiltration of tumor tis-
sues between HTB and LTB groups in the TCGA-COAD
and TCGA-SKCM cohorts. Patients were grouped into
HTB and LTB groups respectively according the strat-
egy we mentioned in the Methods part. As shown in
Figure 1A-B, we found that in both patients with colon
cancer and those with melanoma, the relative expres-
sion levels of signatures of tumor-infiltrating lymphocytes
regional fraction and lymphocytes in the HTB group were
significantly lower than those in the LTB group, indi-
cating that the TME characteristics of HTB tumors were
closely linked to an immune-desert phenotype. To fur-
ther verify these results, we collected postoperative tissues
from 51 patients with colon cancer and needle biopsy
samples of liver metastasis from 20 patients with colon
cancer for IHC staining. Using the medium tumor size
as the threshold, the 51 patients with colon cancer were
divided into 26 with LTB and 25 with HTB, with an aver-
age tumor volume of 13.00 cm3 in the LTB group and
88.11 cm3 in the HTB group. IHC staining showed that
the number of CD8+ T cells in the HTB group was sig-
nificantly lower than that in the LTB group (Figure 1C).
Similar results were observed in the needle biopsy sam-
ples of liver metastases from patients with colon cancer,
the population of CD8+ T cells in a larger metastatic
tumor was lower than that in a smaller metastatic tumor
(Figure 1D). These results suggested that the TME of
HTB tumors features as an “immune-desert” phenotype,
which was characterized by obviously reduced intratu-
moral infiltration of CD8+ T cells. However, whether this
affects the efficacy of ICIs through a transformation of
the TME, as well as the specific mechanisms remain to
be explored.

3.2 High baseline tumor burden is
correlated with the “immune-desert”
phenotype and low efficacy of anti-PD-1
treatment in mouse subcutaneous tumor
models

To further confirm the relationship between tumor bur-
den, immunophenotype, and therapeutic efficacy of ICIs,
we established HTB and LTB subcutaneous tumor mouse
models using 2 × 106 or 5 × 105 tumor cells (MC38 cells or
B16 cells), respectively, and randomly divided these mice
into an anti-PD-1 treatment group and an Immunoglobulin
G (IgG) control group (Figure 2A, Supplementary Figure
S1A-B). Consistent with the results of clinical studies, in
both MC38 (Figure 2B-D) and B16 (Figure 2E-G) tumor-
bearing mice, the tumor growth in the LTB group was
significantly inhibited by anti-PD-1 treatment, whereas
tumors in the HTB group did not show any response to
anti-PD-1 treatment. To investigate the specificmechanism
by which HTB weakens the efficacy of ICIs, we obtained
the MC38 subcutaneous tumors from the HTB and the
LTB groups for RNA-seq. A total of 108 significantly
upregulated genes and 667 significantly downregulated
genes in HTB tumors were identified (Figure 2H). The
GO enrichment analysis showed that the genes upreg-
ulated in HTB tumors were mainly enriched in items
related to tumor proliferation and metastasis-related path-
ways, such as extracellular matrix regulation and angio-
genesis; whereas genes downregulated in HTB tumors
were enriched in immune-related pathways (Figure 2I),
including innate and adaptive immune responses. Con-
sistent with the findings of the GO enrichment anal-
ysis, a decreased number of CD8+ T cells was also
observed in HTB tumors of both MC38 and B16 models
(Figure 2J-K). Taken together, these results suggest that
the HTB was correlated with the “immune-desert” pheno-
type and poor ICI efficacy in mouse subcutaneous tumor
models.

3.3 The high baseline tumor
burden-related “immune-desert”
phenotype is neither caused by tumor age
nor by the morphological factor of tumor
size

Next, we tried to determine whether the tumor age or
the morphological factor of tumor size contributed to the
development of the “immune-desert” phenotype in HTB
tumors. A total of 30 mice were randomly divided into
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8 WEN et al.

F IGURE 1 HTB is associated with the decreased amount of CD8+ T cells in TME, (A-B) Box plots show the scores of immune signatures
in the TCGA-COAD (A) and TCGA-SKCM (B) cohorts. Boxes represent 25%-75% of values, lines in boxes represent median values, whiskers
represent 1.5 interquartile ranges, and black dots represent outliers, (C) IHC staining showed the amount of CD8+ T cells in colon cancer
postoperative tissues (LTB, n = 26; HTB, n = 25; scale bar = 100 μm), (D) IHC staining revealed the population of CD8+ T cells in the needle
biopsy samples of liver metastases from patients with colon cancer (LTB, n = 10; HTB, n = 10; scale bar = 100 μm). ns, not significant; *, P <
0.05; **, P < 0.01; ***, P < 0.001. Abbreviations: HTB, high tumor burden; TME, tumor microenvironment; LTB, low tumor burden; TCGA,
The Cancer Genome Atlas; IHC, immunohistochemistry; IOD, integrated option density.

5 MC38 groups and 5 B16 groups to generate different types
of HTB and LTB subcutaneous tumor models (Figure 3A,
Supplementary Figure S2A-B). In group 1, mice received
subcutaneous injections of 5 × 105 cells on the left side
for two weeks, which was marked as “single side, two
weeks, LTB (SS2W-L)”; in group 2, mice received sub-
cutaneous injections of 2.0 × 106 cells on the left side
for two weeks which was marked as “single side, two
weeks, HTB (SS2W-H)”; in group 3, mice received subcu-
taneous injections of 5 × 105 cells on the left side for three
weeks which was marked as “single side, three weeks,
HTB (SS3W-H)”; in group 4, mice received subcutaneous
injections of 5 × 105 cells on both left and right sides simul-
taneously, which was marked as “two sides, two weeks,
LTB1 (TS2W-L1)” and “two sides, twoweeks, LTB2 (TS2W-
L2)” respectively; in group 5, mice received subcutaneous
injections of 5 × 105 cells on the left side for two weeks
and on the right side for three weeks simultaneously,
which was marked as “two sides, two weeks, LTB3 (TS2W-
L3)” and “two sides, three weeks, HTB2 (TS3W-H)”,

respectively. As shown in Figure 3B-C, in both MC38 and
B16 models, compared to the SS2W-L group, the infil-
tration abundance of CD8+ T cells in the SS2W-H and
SS3W-H groupswas significantly decreased, whereas there
was no significant difference in theCD8+ T-cell infiltration
level between the SS2W-H group and the SS3W-H group,
suggesting that the formation of an HTB-related immuno-
suppressive TMEwas independent of the initial tumor cell
number and the time of tumor growth. In the group of
mice receiving bilateral subcutaneous tumor implantation,
although the total tumor burden increased, the propor-
tion of CD8+ T cells in TS2W-L1 and TS2W-L2 tissues was
not significantly different from that in the SS2W-L group,
suggesting that the TME characteristic of each individ-
ual tumor tissue was determined by its own size rather
than the total tumor burden the mice bore. Furthermore,
the comparison between TS2W-L3 and TS3W-H showed
that the proportion of CD8+ T cells in TS3W-H tissue was
also significantly lower than that in TS2W-L3 tissue in the
same mouse, indicating that the decrease in CD8+ T-cell
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WEN et al. 9

F IGURE 2 HTB attenuates the efficacy of ICIs and may transform TME. (A) Schematic diagram of LTB and HTB animal model
construction for anti-PD-1 treatment. Mice were injected with IgG (n = 5) or anti-PD-1 antibody (10 mg/kg, intraperitoneal injection, n = 5)
every three days from day 14, (B) Subcutaneous tumor of MC38 group mice on day 26, (C) Relative tumor growth curve of MC38 group mice (n
= 5), (D) Relative subcutaneous tumor volume of MC38 group mice on day 26, (E) Subcutaneous tumor of B16 group mice on day 26 (n = 5),
(F) Relative tumor growth curve of B16 group mice, (G) Relative subcutaneous tumor volume of B16 group mice on day 26, (H) There are 775
genes significantly changed in HTB colon cancer compared to LTB colon cancer. The results were determined by RNA-seq and shown by the
volcano plot. 108 genes were highly expressed in HTB group, and 667 genes were low expressed, (I) GO Enrichment analysis showed that the
immune relevant biological process is strongly correlated with tumor burden, (J) The population of CD8+ T cells in MC38 subcutaneous
tumor is less in HTB group than in LTB group (scale bar = 100 μm), (K) The amount of CD8+ T cells in B16 subcutaneous tumor is less in
HTB group than in LTB group (scale bar = 100 μm). ns, not significant; ***, P < 0.001. Abbreviations: HTB, high tumor burden; ICI, immune
checkpoint inhibitor; lgp, -log10(p-value); TME, tumor microenvironment; LTB, low tumor burden; PD-1, programmed cell death protein 1;
RNA-seq, RNA sequencing; GO, gene ontology.
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10 WEN et al.

F IGURE 3 The HTB-related “immune-desert” phenotype is neither caused by tumor age nor by the morphological factor of tumor size,
(A) Schematic diagram of various tumor burden animal model construction. MC38 cells or B16 cells were used to construct SS2W-L (5 × 105

cells, subcutaneous growth for 2 weeks), SS2W-H (2.0 × 106 cells, subcutaneous growth for 2 weeks), SS3W-H (5 × 105 cells, subcutaneous
growth for 3 weeks), TS2W-L1 & TS2W-L2 (TS2W-L1: 5 × 105 cells, subcutaneous growth for 2 weeks on left side. TS2W-L2: 5 × 105 cells,
subcutaneous growth for 2 weeks on right side), TS2W-L3 & TS3W-H (TS2W-L3: 5 × 105 cells, subcutaneous growth for 2 weeks on left side.
TS3W-H: 5 × 105 cells, subcutaneous growth for 3 weeks on right side), Surgery & Non-surgery (Surgery: 2.0 × 106 cells, subcutaneous growth
for 2 weeks, tumor reduction surgery was performed on day 14. Non-surgery: 2.0 × 106 cells, subcutaneous growth for 2 weeks, without tumor
reduction surgery on day 14.) mice models, (B) Proportion of CD3+ CD8+ T cell in indicated MC38 subcutaneous tumors group detected by
flow cytometry (n = 3), (C) Proportion of CD3+ CD8+ T cell in indicated B16 subcutaneous tumors group detected by flow cytometry (n = 3),
(D) Schematic diagram of surgery mice model construction. MC38 cells were injected subcutaneously on the left (2.0 × 106 cells) and right (5
× 105 cells) sides of the same mouse. In order to make the tumor volume on both sides equal, tumor reduction surgery was performed on the
left subcutaneous tumor on day 14. The intratumoral quantity of CD8+ T cells on days 14 (before surgery), 16, 18, and 21 were detected by flow
cytometry (n = 3), (E) Proportion of CD3+ CD8+ T cell in subcutaneous tumor on day 14 detected by flow cytometry (n = 3), (F) Proportion of
CD3+ CD8+ T cell in subcutaneous tumor on day 16 detected by flow cytometry (n = 3), (G) Proportion of CD3+ CD8+ T cell in subcutaneous
tumor on day 18 detected by flow cytometry (n = 3), (H) Proportion of CD3+ CD8+ T cell in subcutaneous tumor on day 21 detected by flow
cytometry (n = 3). ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Abbreviations: HTB, high tumor burden; LTB, low tumor burden;
SS, single side were injected subcutaneously; TS, two side were injected subcutaneously.

infiltration was dynamically realized along with the pro-
gression in tumor size. Finally, to assess the role of the
morphological factor of tumor size on the TME, we gener-
ated a debulking surgery model using MC38 colon cancer
cells; mice initially received subcutaneous injections of 2.0
× 106 cells on the left side and 5 × 105 cells on the right
side (Figure 3A andD). After 14 days,we surgically reduced
the mass on the left side of the mouse (HTB tumor) to a
size similar to the mass on the right side (LTB tumor) and
then detected the intratumoral quantity of CD8+ T cells on

days 14 (before surgery), 16, 18, and 21 (Figure 3E-H, Sup-
plementary Figure S2C). Interestingly, for left-side tumors,
we found that the levels of intratumoral CD8+ T cells did
not significantly vary among the four time points before
and after surgical tumor reduction, whereas the CD8+ T-
cell infiltration in the TME of right-side tumors gradually
decreased from the day 14 to a level similar to that of the
surgical intervention group on the day 21 (Figure 3E-H,
Supplementary Figure S2D). Overall, the stable infil-
tration level of intratumoral CD8+ T cells at different
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WEN et al. 11

postoperative time points indicated that the immunosup-
pressive microenvironment of HTB tumors is not caused
by the morphological factor of tumor size.

3.4 M2-like macrophages accumulation
fosters an “immune-desert” phenotype and
impedes the anti-PD-1 response in
high-burden tumors

Since both tumor age and tumor size were not the
cause of the immunosuppressive TME in HTB tumors,
we speculated that the HTB-associated immunopheno-
type might be regulated by biological factors in tumor
tissues. We noticed in the analysis of clinical specimens
of the TCGA database that in addition to lymphocytes,
only M2 macrophage abundance was significantly upreg-
ulated in the HTB group of patients with colon cancer
or melanoma (Figure 1A-B). Therefore, we hypothesized
that compared to macrophages in LTB tumors, more
macrophages infiltrating in HTB tumors would display
an M2-like phenotype, and these M2-like HTB-associated
macrophagesmight act as the culprit in inhibiting the infil-
tration of CD8+ T cells and preventing the response to PD-1
blockade. To test this hypothesis, we first used flow cytom-
etry to detect the proportion of CD206+ macrophages
(M2-like macrophages [15]) in subcutaneous tumors of dif-
ferent groups of mice, as shown in Figure 3A. Consistent
with the analysis results of the clinical TCGA samples, the
amount of CD206+ macrophages in the TME among dif-
ferent groups showed a completely opposite trend to that
of CD8+ T cells; CD206+ macrophage infiltration was sig-
nificantly elevated in the SS2W-H, SS3W-H, and TS3W-H
groups as compared to SS2W-L, TS2W-L1, TS2W-L2, and
TS2W-L3 tumors (Figure 4A-B). To further clarify the role
of macrophages, we treated mice with CSF-1R inhibitor
PLX3397, an Food and Drug Administration-approved
small-molecule drug that shows remarkable selectivity to
block colony-stimulating factor 1 receptor (CSF1Rs) on
tumor-infiltrating macrophages, to explore the alteration
of CD8+ T-cell infiltration in HTB subcutaneous tumors
after inhibiting polarization, cellular proliferation, and
chemotaxis of intratumoral macrophages. Mice initially
received subcutaneous injections of 2 × 106 B16 melanoma
cells or MC38 colon cancer cells and were then divided
into four treatment groups (Figure 4C): saline + IgG, PLX
(d7)+ anti-PD-1, PLX (d13)+ anti-PD-1, and saline + anti-
PD-1. PLX (d7) and PLX (d13) were defined as an injection
of PLX3397 on days 7 and 13, respectively, after subcuta-
neous tumor implantation. In the saline + IgG, PLX(d13)
+ anti-PD-1, and saline + anti-PD-1 groups, mice received
intraperitoneal injection of the anti-PD-1 or IgG on day
17 after subcutaneous tumorigenesis. However, as PLX

(d7) treatment slowed the tumor growth, we set the time
point of intraperitoneal anti-PD-1 injection in the PLX(d7)
+ anti-PD-1 group to day 21 after subcutaneous tumor
inoculation to ensure that the baseline tumor burden of
subcutaneous tumors in the PLX (d7) + anti-PD-1 group
was similar to that in other groups before PD-1 treatment.
The tumor volume and growth curves of all treatment

groups are shown in Figure 4D and Supplementary Figure
S3A, and the infiltration levels of intratumoral CD8+ T
cells are presented in Figure 4E. The results showed that,
compared with other groups, the proportion of CD8+ T
cells in the TME of the PLX (d7) + anti-PD-1 group on the
day when the anti-PD-1 treatment began was significantly
higher, while there was no significant difference in intra-
tumoral CD8+ T-cell infiltration levels among the saline+
IgG, PLX (d13)+ anti-PD-1, and saline+ anti-PD-1 groups.
In terms of macrophages, F4/80+ cells were dramatically
decreased in the subcutaneous tumor tissues obtained
from both PLX(d7) + anti-PD-1 and PLX(d13) + anti-PD-
1 groups (Supplementary Figure S3B). Moreover, we found
that anti-PD-1 significantly retarded tumor growth in the
PLX(d7)+ anti-PD-1 group but not in the PLX(d13)+ anti-
PD-1 group (Supplementary Figure S3A). Similar results
were observed in B16models (Figure 4F-G, Supplementary
Figure S3C-D). Taken together, these results indicated that
the inhibitory effect of M2-like macrophages on CD8+ T-
cell accumulation is incessant while the tumor progresses
in size. Only when PLX3397 had been administered in the
early stage, it could play a role in maintaining the “heat”
of the TME during the process of tumor growth and thus
achieve a response to ICI treatment when the tumor grew
to a large size.

3.5 PD-L1+ M2-like macrophages
induced by soluble factors dampen T cell
function in the microenvironment of
high-burden tumors

Next, we intended to explore the mechanism underlying
M2-like macrophage accumulation and mutual exclusion
between M2-like macrophages and CD8+ T cells in HTB
tumors. To simulate the complex conditions under which
macrophages grow in TMEs with different tumor bur-
dens, we prepared tissue supernatants of SS2W-H and
SS2W-L tumors (HTCS and LTCS) as described in the
“Materials and Methods” section. We mixed 50% com-
plete medium and 50% serum-free medium to get control
medium, then we configured LTCS and HTCS by mix-
ing 50% complete medium whith 50% SS2W-L or SS2W-H
subcutaneous tumor tissue culture supernatants, next
exposed mac-Ps to LTCS and HTCS, respectively. Using
flow cytometry, we found that compared to the control
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12 WEN et al.

F IGURE 4 M2-like macrophages accumulation fosters the “immune-desert” phenotype and impedes the anti-PD-1 response in
high-burden tumors, (A) Proportion of M2-like macrophages in each MC38 subcutaneous tumors group of Figure 3A detected by flow
cytometry (n = 3), (B) Proportion of M2-like macrophages in each B16 subcutaneous tumors group of Figure 3A detected by flow cytometry (n
= 3), (C) Schematic diagram of mice treated with PLX3397 (40 mg/kg) and anti-PD-1 antibody (10 mg/kg), (D) Subcutaneous tumor and
relative tumor volume of each MC38 group on day 27 (n = 3), (E) Before ICI treatment began, proportion of CD3+ CD8+ T cell in MC38
subcutaneous tumors of 4 groups were detected by flow cytometry, (F) Subcutaneous tumor and relative tumor volume of each B16 group on
day 27 (n = 3), (G) Before ICI treatment began, proportion of CD3+ CD8+ T cell in B16 subcutaneous tumors of 4 groups were detected by flow
cytometry. ns, not significant; *, P < 0.05;, **, P < 0.01; ***, P < 0.001. Abbreviations: HTB, high tumor burden; TME, tumor
microenvironment; LTB, low tumor burden; PLX, PLX3397; PD-1, programmed cell death protein 1.

and LTCS treatment groups, macrophage apoptosis was
significantly inhibited by HTCS treatment (Figure 5A-B)
while the proportion of CD206+ macrophages was sig-
nificantly increased (Figure 5C-D). We also noted that
HTCS significantly increased by approximately 3 times
the proportion of PD-L1+ cell subsets among CD206+

macrophages (Figure 5E-F). These results indicated that
soluble factors in the TME of HTB tumors were conducive
to macrophage survival and their transformation into an
M2-like phenotype.
M2-like macrophages can exert inhibitory effects on

T cells in various ways, including secretion of inhibitory
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WEN et al. 13

F IGURE 5 HTB promotes the formation of PD-L1+ M2 macrophages, (A) Flow cytometry revealed the proportion of apoptotic Mac-Ps
after exposure to control medium (CM, 50% complete medium + 50% serum free medium) or LTB MC38 subcutaneous tumor tissue culture
supernatants (LTCS) or HTB MC38 subcutaneous tumor tissue culture supernatants (HTCS) for 24 hours (n = 3), (B) Flow cytometry revealed
the proportion of apoptotic Mac-Ps after exposure to control medium (CM) or LTB B16 subcutaneous tumor tissue culture supernatants
(LTCS) or HTB B16 subcutaneous tumor tissue culture supernatants (HTCS) for 24 h (n = 3), (C) Flow cytometry revealed the proportion of
M2 Mac-Ps after exposure to CM or MC38 subcutaneous tumor tissue culture supernatants for 24 h (n = 3), (D) Flow cytometry revealed the
proportion of M2 Mac-Ps after exposure to CM or B16 subcutaneous tumor tissue culture supernatants for 24 h (n = 3), (E) Flow cytometry
revealed the proportion of PD-L1+ M2Mac-Ps after exposure to CM or MC38 subcutaneous tumor tissue culture supernatants for 24 h (n = 3),
(F) Flow cytometry revealed the proportion of PD-L1+ M2Mac-Ps after exposure to CM or B16 subcutaneous tumor tissue culture
supernatants for 24 h (n = 3). ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Abbreviations: LTB, low tumor burden; HTB, high
tumor burden; PD-L1, programmed death-ligand 1; mac-P, peritoneal macrophage; CM, control medium; LTCS, low tumor burden
subcutaneous tumor tissue culture supernatants (50% complete medium + 50% MC38 or B16 low tumor burden subcutaneous tumor tissue
culture supernatants); HTCS, high tumor burden subcutaneous tumor tissue culture supernatants (50% complete medium + 50% MC38 or
B16 high tumor burden subcutaneous tumor tissue culture supernatants).

factors, metabolic competition, or expression of inhibitory
effector molecules [16–18]. In view of the high PD-
L1 expression on HTB-associated macrophages, we
speculated that the mutual exclusion between M2-like
macrophages and CD8+ T cells in HTB tumors might
be mediated by the PD-1/PD-L1 axis. Two macrophage-
peripheral T cell co-culture models were developed
(Figure 6A). In the first model, we co-cultured CD8+ T

cells with mac-Ps, mac-LTBs (macrophages from SS2W-L
subcutaneous tumors), and mac-HTBs (macrophages
from SS2W-H subcutaneous tumors), respectively. In
the second model, the mac-Ps would first be exposed to
the control medium, LTCS, or HTCS for 24 h and then
co-cultured with CD8+ T cells as described for the first
model. Anti-PD-L1 was added to supernatants ofmac-HTB
& CD8+ T cell co-culture system or HTCS-exposed mac-P
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14 WEN et al.

F IGURE 6 HTB-associated PD-L1+ M2-like macrophages inhibited CD8+ T cells through PD-1/PD-L1, (A) Schematic diagram of
co-cultured system of macrophages and T cells. In the first model, we co-cultured CD8+ T cells with control macrophages (mac-Ps, from
tumor free mice), LTB MC38 subcutaneous tumor-infiltrating macrophages (mac-LTB), and HTB MC38 subcutaneous tumor-infiltrating
macrophages (mac-HTB), respectively. In the second model, the mac-Ps would first be exposed to the control medium, LTCS, or HTCS for 24
h and then co-cultured with CD8+ T cells as described for the first model. Anti-PD-L1 was added to supernatants of mac-HTB & CD8+ T cell
and HTCS-exposed mac-Ps & CD8+ T cell co-culture systems, (B) Purified peripheral CD8+ T cells were co-cultured with control
macrophages (mac-Ps) or mac-LTB or mac-HTB 2:1 for 5 days with or without anti-PD-L1 antibody (5 μg/mL). Ki-67+ CD8+ T cells were
detected by flow cytometry (n = 3), (C) Purified peripheral CD8+ T cells were co-cultured with mac-Ps or mac-LTB or mac-HTB from B16
subcutaneous tumor 2:1 for 5 days with or without anti-PD-L1 antibody (5 μg/mL). Ki-67+ CD8+ T cells were detected by flow cytometry (n =
3), (D) Purified peripheral CD8+ T cells were co-cultured with mac-Ps which stimulated with medium (50% complete medium + 50% serum
free medium) or MC38 subcutaneous tumor tissue culture supernatants 2:1 for 5 days with or without anti-PD-L1 antibody (5 μg/mL). Ki-67+

CD8+ T cells were detected by flow cytometry (n = 3), (E) Purified peripheral CD8+ T cells were co-cultured with mac-Ps which stimulated
with medium or B16 subcutaneous tumor tissue culture supernatants 2:1 for 5 days with or without anti-PD-L1 antibody (5 μg/mL). Ki-67+

CD8+ T cells were detected by flow cytometry (n = 3). ns, not significant; **, P < 0.01; ***, P < 0.001. Abbreviations: LTB, low tumor burden;
HTB, high tumor burden; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; mac-P, peritoneal macrophage; mac-T,
tumor-infiltrating macrophage; mac-LTB, macrophage from low tumor burden subcutaneous tumor; mac-HTB, macrophage from high tumor
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WEN et al. 15

& CD8+ T cell co-culture system to explore the role of the
PD-1/PD-L1 axis in the reduction of CD8+ T cell numbers
induced by HTB-associated PD-L1+M2-like macrophages.
Among different co-culture groups in the firstmodel, we

found that compared to mac-Ps and mac-LTBs, mac-HTBs
significantly inhibited the proliferation and activation of
CD8+ T cells as represented by the proportions of Ki-67+
CD8+ T cells and IFN-γ+ CD8+ T cells, respectively, and
these inhibitory effects of mac-HTBs could be reversed
by anti-PD-L1 treatment (Figure 6B-C, Supplementary
Figure S4A-B). Similarly, the HTCS-exposed macrophages
showed the same inhibitory effect on the proliferation
and activation of CD8+ T cells as mac-HTBs, and block-
ing PD-L1 was also able to restore the proliferation and
IFN-γ expression of CD8+ T cells (Figure 6D-E). Overall,
these findings indicate that HTB-associated macrophages
induced the “immune-desert” phenotype through the
PD-1/PD-L1 axis.
Interestingly, in addition to T cells, we found that the

expression of PD-L1 in MC38 and B16 cells was also signif-
icantly upregulated in co-cultures with mac-HTBs rather
than mac-LTBs (Supplementary Figure S5A), suggesting
that mac-HTB could also indirectly induce immunosup-
pressor microenvironment by regulating tumor cells.

3.6 The IGFBP2-STAT3-PD-L1 axis
induces PD-L1+ M2-like macrophages in
high-burden tumors

To detect which cytokine activates and induces PD-L1
expression on macrophages, we first screened cytokines
in both SS2W-L and SS2W-H B16 tumor models using a
commercial mouse cytokine antibody array (Supplemen-
tary Figure S6A-B). Based on high-throughput detection,
we identified a series of cytokines upregulated in the
microenvironment of HTB tumors, including pro-MMP-
9, bFGF, MMP-2, IGFBP-2, TIMP-2, MCSF, and PF4.
Among the top 6 differentially expressed cytokines (pro-
MMP-9, MMP-2, IGFBP-2, TIMP-2, PF4, and MCSF), we
found that only IGFBP2 was able to remarkably induce
mac-Ps into PD-L1+ CD206+ macrophages (Figure 7A,
Supplementary Figure S6C) and was also upregulated
in HTCS from both MC38 and B16 models (Figure 7B).
Moreover, IGFBP2-neutralizing antibody (anti-IGFBP2)
blockedM2-like polarization of intratumoralmacrophages
in SS2W-H subcutaneous tumors in vivo (Figure 7C-D)
and in mac-Ps cultured in HTCS in vitro (Supplementary

Figure S6D). Next, we examined the effects of IGFBP2-
activated macrophages on CD8+ T cells. For the in
vitro model, mac-Ps were preactivated by IGFBP2 for 24
h and co-cultured with CD8+ T cells. IGFBP2-induced
macrophages effectively suppressed CD8+ T cells prolifer-
ation, and blockade of PD-L1 efficiently prevented T cell
suppression mediated by such macrophages (Figure 7E).
In accordance with the results of the in vitro studies, anti-
IGFBP2 injection at an early tumor age promoted the
infiltration of intratumoral CD8+ T cells when MC38 and
B16 subcutaneous tumors grew into large size as com-
pared to tumor-bearing mice injected with IgG control
(Figure 7F-G). Based on this result, we concluded thatHTB
mainly promotes the formation of the “immune-desert”
phenotype through PD-L1+M2-like macrophages induced
by IGFBP2. Previous studies on the effects of IGFBP2 on
macrophages are limited. Only one study reported that
IGFBP2 can activate STAT3 leading to an immunosup-
pressive TME infiltrated with M2-type macrophages in
pancreatic duct cancer [19]. Consistent with this report,
we also found the phosphorylation degrees of STAT3 in
IGFBP2 and HTCS-stimulated mac-Ps were significantly
stronger than those in the corresponding control groups
(Supplementary Figure S6E-F). The HTCS-related STAT3
phosphorylation could be further blocked by anti-IGFBP2,
whereas the IGFBP2-stimulated STAT3 phosphorylation
could be further blocked by STAT3 inhibitors (FLLL32
or HJC0152) (Supplementary Figure S6F-G). Moreover,
abolishing the phosphorylation of STAT3 with small -
molecule inhibitors effectively suppressed the formation of
PD-L1+M2-likemacrophages induced by IGFBP2 orHTCS
(Figure 7H, Supplementary Figure S6D). Taken together,
these results suggest that the accumulation of PD-L1+M2-
likemacrophages inHTB tumors occurredmainly through
the IGFBP2-STAT3 pathway (Figure 8).

4 DISCUSSION

Although the correlations between high baseline tumor
burden and poorer response to various immunotherapies
for diverse malignancies have been borne out in sev-
eral clinical studies, the underlying mechanisms are still
unclear. In this study, by constructing a series of subcu-
taneous tumor models with different tumor burdens, we
not only confirmed that HTB tumors did not respond to
ICI treatment and showed an “immune-desert” pheno-
type, which was characterized by diminished CD8+ T-cell

burden subcutaneous tumor; LTCS, low tumor burden subcutaneous tumor tissue culture supernatants (50% complete medium + 50% MC38
or B16 low tumor burden subcutaneous tumor tissue culture supernatants); HTCS, high tumor burden subcutaneous tumor tissue culture
supernatants (50% complete medium + 50% MC38 or B16 high tumor burden subcutaneous tumor tissue culture supernatants); rhIL-2,
recombinant human interleukin-2.
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16 WEN et al.

F IGURE 7 HTB induces PD-L1+ M2-like macrophages through IGFBP2-STAT3 axis, (A) Mac-Ps were stimulated with or without
IGFBP2 (10 ng/mL) for 24 h. PD-L1+ M2 mac-Ps were detected by flow cytometry (n = 3), (B) ELISA detected IGFBP2 content between
SS2W-L and SS2W-H MC38 or B16 subcutaneous tumor conditioned medium (n = 3), (C) Flow cytometry revealed that IGFBP2-neutralizing
antibody (anti-IGFBP2, 10 mg/kg, intraperitoneal injection on day 7) blocked M2-like polarization of intratumoral macrophages in HTBMC38
subcutaneous tumors in vivo (n = 3), (D) Flow cytometry revealed that IGFBP2-neutralizing antibody (10 mg/kg, intraperitoneal injection on
day 7) blocked M2-like polarization of intratumoral macrophages in HTB B16 subcutaneous tumors in vivo (n = 3), (E) Mac-Ps were
preactivated by IGFBP2 for 24 h, co-cultured with CD8+ T cells with or without anti-PD-L1 antibody (5 μg/mL). Flow cytometry revealed that
IGFBP2-induced mac-Ps inhibit CD8+ T cells through PD-1/PD-L1 (n = 3), (F) Flow cytometry revealed that anti-IGFBP2 injection at an early
tumor age (day 7) promoted the infiltration of intratumoral CD8+ T cells when MC38 subcutaneous tumors grew into HTB (n = 3), (G) Flow
cytometry revealed that anti-IGFBP2 injection at an early tumor age (day 7) promoted the infiltration of intratumoral CD8+ T cells when B16
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WEN et al. 17

infiltration and suppression of immune-related pathways,
but also uncovered for the first time that the formation
of anHTB-associated immunosuppressive TMEwas deter-
mined by the tumor size of each tumor rather than tumor
age and total tumor volume. More interestingly, we found
that physical shrinkage of subcutaneous tumors in the
HTB group did not effectively augment the intratumoral
abundance of CD8+ T-cells, which suggests that the cor-
relation between tumor burden and immune status is
independent of the morphological factor of tumor bur-
den and the palliative surgical reduction of tumors with
large sizes may not be able to remodel the immunosup-
pressive TME that already had formed. To date, no studies
have directly compared the immune microenvironment of
residual tumor tissues before and after palliative surgery.
However, some research indicated that residual tumor tis-
sues after incomplete radiofrequency ablation (one of the
methods for physical tumor reduction) of large primary
or metastatic tumors of the liver also exhibited low T cell
infiltration and resistance to PD-1 blockage [20–22], which
supports our findings.
As one of the important components of the TME,

macrophages play crucial roles in regulating anti-tumor
immunity [16, 18, 23]. After recruitment into tumor tissue,
macrophages can be polarized into an M2-like phenotype
by tumor cells and are mainly responsible for creating
an immunosuppressive TME that is more suitable for
tumor cell evasion of immune surveillance, proliferation,
and metastasis [16-18, 23]. In the current study, we also
uncovered that the intratumoral accumulation of M2-like
macrophages and the mutual exclusion between M2-like
macrophages and CD8+ T cells were the main reasons
contributing to the formation of an immunosuppressive
TME and ICI resistance related to HTB tumors. Moreover,
by performing co-culture experiments, we demonstrated
that the inhibitory effects of HTB-associated macrophages
on the proliferation and activation of CD8+ T cells
occurred directly by activating the PD-1/PD-L1 axis. How-
ever, besides direct effects, macrophages can also exert
their inhibitory effects on T-cells indirectly by regulating
various other cellular components in the TME. For exam-
ple, regulatory T cells (Tregs) always act as accomplices
for macrophages in maintaining a suppressive immune
microenvironment, and macrophages can promote Treg
function in a bidirectional interaction. Although we did
not observe in the TCGA database analysis an increase
in Treg infiltration in the clinical samples of the HTB

groups in both TCGA-COAD and TCGA-SKCM cohorts,
whether macrophages and Tregs can also cooperate in
HTB tumors still needs to be confirmed by future in vivo
and in vitro studies. PD-L1 expression on the tumor cells
quantified using IHC assays (termed as the tumor pro-
portion score, TPS) is currently the basis for screening
patients suitable for ICI treatment in most clinical tri-
als [24]. Although a higher TPS is linked with a higher
likelihood of responsiveness to anti-PD-1/PD-L1 therapy, a
substantial percentage of patients with high PD-L1 expres-
sion do not respond to ICI treatment [24], exposing the fact
that PD-L1 expression may represent more intricate signa-
tures in human cancers. Previously, Wei et al. [25] reported
that M2-like macrophages could induce the expression of
PD-L1 on the surface of tumor cells and endow the latter
with capabilities of supporting angiogenesis, metastasis,
and resistance to conventional chemotherapy and anti-PD-
1-mediated T-cell cytotoxicity. Based on these findings, we
think that PD-L1+ cancer cells generated by HTB-related
macrophages may be another reason why HTB tumors do
not respond to PD-1 monoclonal antibody therapy.
The clear role of M2-like macrophages in imped-

ing PD-1 immunotherapy has led to an interest in
developing therapeutic strategies targeting the accumu-
lation of macrophages or inhibiting their M2 polar-
ization for immunotherapy sensitization [26]. Current
macrophage-targeting strategies includeCSF-1R inhibitors
[27], Chimeric Antigen Receptor (CAR) T cells [28], and
composite nanoparticles [29], among others. However, all
thesemethods have had limited success in clinical trials. In
this study, we found that the CSF-1R inhibitors PLX3397
must be used to clear macrophages when the tumor is
small so that the tumor can respond to ICI treatment when
it grows into an HTB tumor and the level of intratumoral
T cells is comparable to that in the TME of LTB tumors.
Based on this finding, we propose that the inhibitory effect
ofM2-likemacrophages on the intratumoral accumulation
of CD8+ T cells exists when the tumor size is still small
and such effect is incessant during tumor size progression
and is constantly amplified with the increase in M2-like
macrophage infiltration. We believe that this finding may
partly explain why therapies targeting macrophages tend
to be effective inmousemodels (mainly usedwhen tumors
are small in most preclinical studies [30]) but not in real
clinical practice.
Soluble cytokines are considered to be important medi-

ators regulating cell-cell interaction and reshaping the

subcutaneous tumors grew into HTB (n = 3), (H) Flow cytometry revealed that IGFBP2 induces PD-L1+ M2 mac-Ps through STAT3. Mac-Ps
were stimulated with complete medium or IGFBP2 (10 ng/mL) or IGFBP2 & FLLL32 (5 μmol/L) or IGFBP2 & HJC0152 (5 μmol/L) for 24
hours. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Abbreviations: LTB, low tumor burden; HTB, high tumor burden; mac-P, peritoneal
macrophage; mac-T, tumor-infiltrating macrophage; PD-L1, programmed death-ligand 1; IGFBP2, insulin-like growth factor binding protein
2; PD-1, programmed cell death 1; STAT3, signal transducer and activator of transcription 3.
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18 WEN et al.

F IGURE 8 Working model of this study, HTB-associated macrophages promote an immunosuppressive microenvironment and restrain
the efficacy of ICIs through IGFBP2-STAT3-PD-L1 signaling pathway. Abbreviations: LTB, low tumor burden; HTB, high tumor burden;
IGFBP2, insulin-like growth factor binding protein 2; STAT3, signal transducer and activator of transcription 3; PD-L1, programmed
death-ligand 1; IFNγ, interferon gamma; ICI, immune checkpoint inhibitor.

immune microenvironment. For example, the recruit-
ment of macrophages by tumor cells can be accomplished
by secreting chemokine ligand 2 (CCL2) [31], and the
remodeling of the TME by M2-like macrophages is also
inseparable from the secretion of transforming growth
factor β (TGF-β), interleukin 10, and other immunosup-
pressive cytokines [31]. In this study, we reported for the
first time that IGFBP2 is a key cytokine mediating the
formation of an HTB-related immunosuppressive TME.
The content of IGFBP2 in HTB tumors was significantly
higher than that in LTB tumors, and IGFBP2 promoted
the formation of PD-L1+ M2-like macrophages in vitro.
Moreover, the use of anti-IGFBP2 reduced the level of PD-
L1+ M2 polarization in vivo. In addition, we confirmed
that the IGFBP2–STAT3 axis, which has been validated in
several studies[19, 32], also participated in the accumu-
lation of PD-L1+ M2-like macrophages in HTB tumors.
IGFBP2 is found to be highly expressed in many cancers,
and its overexpression is associated with worse prognoses
in various malignancies [33]. Although IGFBP2 was iden-
tified as a modulator of the IGF system, it exerts several
pro-tumorigenic activities independently of IGF by reg-
ulating various signal transductions pathways, including
cancer cell migration, invasion, proliferation, vascular for-
mation, and epithelial-mesenchymal transition [25–28],
and thus may act as a master regulator of a complex
oncogenic network. Although our study established an
association between IGFBP2 and HTB-related immuno-
suppression, the specific mechanism for the upregulation

of IGFBP2 in HTB tumors is still unknown. Some studies
reported that hypoxia could upregulate IGFBP2 expres-
sion [34], and the hypoxia-responsive element sequences
located in the IGFBP2 promoter region can directly bind to
the hypoxia-inducible factor 1α (HIF-1α) [35]. Since HTB
tumors have higher hypoxia levels than LTB tumors [36],
we hypothesized that IGFBP2 enrichment in HTB tissues
may be attributed to elevated HIF-1α transcriptional acti-
vation, which needs to be further investigated. Moreover,
as IGFBP2 can be secreted by various cell types, including
cancer-associated fibroblasts, tumor cells, and mesenchy-
mal stem cells, it would be important to clarify which cells
secrete IGFBP2 into the TMEofHTB tumors to understand
in more detail on IGFBP2-mediated cell interactions.

5 CONCLUSIONS

In this study, we found that high baseline tumor burden
was strongly associated with an immunosuppressive TME
and low efficacy of ICI treatment. The PD-L1+ M2-like
macrophages accumulated in HTB tumors through the
IGFBP2-STAT3-PD-L1 pathway exhibited clear inhibitory
effects on CD8+ T cell proliferation and activation. Based
on our results, we propose that baseline tumor burden
may play a significant role in realizing individualized
immunotherapy that ICI treatment is more suitable for
patients with low baseline tumor burden. However, for
patients with HTB tumors, effective strategies to improve
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the efficacy of immunotherapies still warrent further
investigation.
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