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ABSTRACT

Background Although immune checkpoint blockade
(ICB) therapy has shown remarkable benefits in cancers, a
subset of patients with cancer exhibits unresponsiveness
or develop acquired resistance due to the existence of
abundant immunosuppressive cells. Tumor-associated
macrophages (TAMs), as the dominant immunosuppressive
population, impede the antitumor immune response;
however, the underlying mechanisms have not been fully
elucidated yet.

Methods Single-cell RNA sequencing analysis was
performed to portray macrophage landscape and revealed
the underlying mechanism of component 1q (C1q)* TAMs.
Malignant pleural effusion (MPE) of human and mouse
was used to explore the phenotypes and functions of C1g*
TAMs.

Results C1g* TAMs highly expressed multiple inhibitory
molecules and their high infiltration was significantly
correlated with poor prognosis. C1gq™ TAMs promote MPE
immunosuppression through impairing the antitumor
effects of CD8" T cells. Mechanistically, C1q* TAMs
enhance fatty acid binding protein 5 (FABP5)-mediated
fatty acid metabolism, which activate transcription factor
peroxisome proliferator-activated receptor-gamma,
increasing the gene expression of inhibitory molecules.

A high-fat diet increases the expression of inhibitory
molecules in C1g* TAMs and the immunosuppression

of MPE microenvironment, whereas a low-fat diet
ameliorates these effects. Moreover, FABP5 inhibition
represses the expression of inhibitory molecules in TAMs
and tumor progression, while enhancing the efficacy of ICB
therapy in MPE and lung cancer.

Conclusions C1q* TAMs impede antitumor effects

of CD8" T cells promoting MPE immunosuppression.
Targeting C1q* TAMSs effectively alleviates the
immunosuppression and enhances the efficacy of ICB
therapy. C1g™ TAMs subset has great potential to be a
therapeutic target for cancer immunotherapy.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Several studies based on single-cell RNA sequenc-
ing have identified the component 1q (C1g)* mac-
rophage subset in various types of cancer. Most of
the studies have revealed the potential immunosup-
pressive function of C1g* macrophages. However,
there is a lack of experimental evidence regarding
the function of C1g+macrophagesand their action
mechanisms remain elusive.

WHAT THIS STUDY ADDS

= C1qg" macrophages highly express multiple inhibito-
ry molecules and suppress the antitumor activities
of CD8" T cells in malignant pleural effusion. C1q*
macrophages exert an immunosuppressive func-
tion through fatty acid binding protein 5 (FABP5)-
mediated reprogramming of fatty acid metabolism.
FABP5 inhibition significantly alleviates the immu-
nosuppressive tumor microenvironment and en-
hances the efficacy of immune checkpoint blockade
therapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The functions and mechanisms of C1q* macro-
phages in various tumor types warrant further in-
vestigation. C1q has a potential to be a target for
cancer immunotherapy.

tumor-infiltrating T cells have demonstrated
unprecedented  benefits in  advanced
malignant tumors, including lung cancer,
melanoma, renal cancer, and Hodgkin’s
diseases.'™ However, a significant proportion
of patients with cancer remain unresponsive
to ICB therapy or develop acquired resis-
tance.” ICB resistance primarily arises from

and Technology, Wuhan, China - BAGKGROUND aberrant antigen presentation and signaling
Correspondence to ReFent advan'ces in tumor 1mmun0th.er— Pathways, inhibition by the tumor microen-
Dr Qiong Zhou; apies, especially immune checkpoint vironment (TME), as well as activation of
zhougiongtj@126.com blockade (ICB), aiming to reinvigorate inhibitory immune checkpoints.5 Notably,

Zhang S, et al. J Immunother Cancer 2023;11:¢007441. doi:10.1136/jitc-2023-007441 1

BM)


http://bmjopen.bmj.com/
http://orcid.org/0000-0002-7671-4339
http://orcid.org/0000-0002-3120-3017
http://dx.doi.org/10.1136/jitc-2023-007441
http://dx.doi.org/10.1136/jitc-2023-007441
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2023-007441&domain=pdf&date_stamp=2023-08-19

myeloid cells play a critical role in promoting immuno-
suppression within the TME, including facilitating tumor
immune escape and tumor-infiltrating T-cell anergy.®®
Tumor-associated macrophages (TAMs) as abundant
components of myeloid cells within the TME are recog-
nized as the dominant population suppressing the
function of tumorkilling T cells.® TAMs highly express
immune inhibitory molecules, including programmed
cell death-ligand 1 (PD-L1), recognized by inhibitory
receptors on T cells, thus inhibiting T-cell activation and
inducing their exhaustion.” TAMs also overexpress inhib-
itory receptors, such as programmed cell death-1 (PD-1),
activated by PD-L1 on tumor cells, curbing the ability of
antigen presentation and phagocytosis of macrophages.'’
In addition, TAMs can secrete immunomodulatory cyto-
kines including interleukin-10 (IL-10) and transforming
growth factor-B (TGF-B) to restrain T-cell function.
Therefore, depleting or reprogramming the immunosup-
pressive TAMs is a promising strategy to ameliorate drug
resistance in tumor immunotherapy.’ ® Nevertheless,
the phenotypic and functional characteristics of TAM
subsets remain elusive, and the underlying mechanisms
by which TAMs exert immunosuppressive effects are not
completely understood. It has provided impetus to search
for novel co-inhibitory molecules on TAMs, which could
be exploited to enhance the response of patients with
cancer to immunotherapeutic agents.

It is widely recognized that TAMs are considerably
plastic and heterogeneous, encompassing both immu-
nostimulatory and immunosuppressive subsets which
can mutually transform under specific conditions within
the TME.® ™* For a long time, macrophages have been
divided into pro-inflammatory M1 or tumor-promoting
M2 subsets. However, growing evidence indicates that
the dichotomy is too simplistic and it is more appropriate
to classify macrophages into distinct subpopulations
based on specific molecular markers.” The emergence
of single-cell RNA sequencing (scRNA-seq) technolo-
gies has enabled the identification of efficient markers
that define different cell subsets and the exploration
of potential functions of cell subpopulations within the
TME." Recently, increasing studies based on scRNA-seq
analysis have identified a distinct subset of TAMs that
expresses complement component 1q (Clq) in various
types of cancer, including colon cancers, clear cell renal
carcinoma, hepatocellular carcinoma and pancreatic
ductal adenocarcinoma, correlating with worse prognosis
and enabling to become a potential target for immuno-
therapy.'*"® Clq as a tumor-promoting factor has been
recently observed in the TME, but a more comprehensive
understanding of the function and action mechanisms
for C1q" TAM is still lacking.'?

Malignant pleural effusion (MPE) is a prevalent and
debilitating complication of advanced malignancies,
heralding a fatal prognosis and a limited life expec-
tancy.”' ** As a prototypical “cold tumor”, MPE is char-
acterized by the enrichment of immunosuppressive
cell populations, including TAMs, myeloid derived

suppressor cells (MDSC), and T-regulatory cells (Tregs).”!
Making “cold” MPE “hot” exhibits great potential as an
effective strategy for MPE immunotherapy. TAMs are
one of the most abundant components in MPE, contrib-
uting to immunomodulation and immunotherapy resis-
tance.” Targeting protumor TAMs is expected to alleviate
immunosuppression and improve the outcomes of MPE
patients. Here, we implemented scRNA-seq to identify a
distinct macrophage subset in MPE, Clq" macrophage
subset, which highly expresses multiple immune inhibi-
tory molecules. In MPE, a high degree of infiltration by
Clq" TAMs correlated with tumor progression and poor
prognosis. We found that C1q" TAMs impaired the tumor-
killing function of CD8" T cells. C1q" TAMs exhibited
enhanced fatty acid metabolism through upregulating
the expression of fatty acid binding protein 5 (FABP5),
which subsequently activated peroxisome proliferator-
activated receptor-gamma (PPAR-y). PPAR-yincreased the
gene transcription of inhibitory molecules in C1q" TAMs,
thereby promoting MPE immunosuppression. In addi-
tion, FABP5 inhibition suppressed C1q" TAMs-mediated
immunosuppression and tumor progression, while
enhancing anti-PD-1 therapy efficacy in MPE and lung
cancer. These results suggest that C1q" TAMs subset is a
potential therapeutic target for cancer immunotherapy.

MATERIAL AND METHODS

Cell lines

LLC (CRL-1642) is a Lewis lung carcinoma cell line from
American Type Culture Collection (ATCC). LLC-LUC
(ATCC, CRL-1642-LUC2) is a luciferase-expressing LLC
cell line. Cells were cultured in Dulbecco’s Modified
Eagle’s Medium containing 10% heat-inactivated fetal
bovine serum (FBS). Cells were grown at 37°Cin 5% CO,.

Patients and MPE collection

Sixty MPE specimens were obtained from patients who
were diagnosed as lung cancer at the Department of
Respiratory and Critical Care Medicine of the Union
Hospital of Tong Medical College (Wuhan, China)
between March 2019 and March 2021. The untreated
MPE specimens were collected and detected immediately.
Cytological and pathological diagnoses were confirmed.
All specimens were obtained with appropriate informed
consent from the patients and approved by Wuhan Union
Hospital ethics committee. Clinicopathological infor-
mation is presented in table 1. All of the patients were
regularly followed-up, and the overall survival time was
determined from the date of diagnosis until either death
or a period of 2years.

Moue models and treatments

C57BL/6] mice were purchased from the Beijing Vital
River Experimental Animal Technology (Beijing, China).
To establish MPE model, sex-matched C57BL/6 mice
(4-5 weeks old, 16-18g) were injected intrapleurally with
2x10° LLC-LUC in 100mL of phosphate buffer saline

2

Zhang S, et al. J Immunother Cancer 2023;11:€007441. doi:10.1136/jitc-2023-007441



3

Open access

Table 1 Clinicopathological features of 60 MPE patients and the infiltration levels of C1g* TAMs

Parameters Group Cases Ciq* TAMs low Ciqg* TAMs high P value

Gender Male 30 14 16 1
Female 30 14 16

Age <60 24 14 10 0.139
>60 36 14 22

Tumor type Adenocarcinoma 50 23 27 0.766
Squamous carcinoma 7 3 4
Small cell lung cancer 3 2 1

Smoke Yes 13 6 7 0.967
No 47 22 25

MPE volume Low 6 4 2 0.495
Medium 18 9 9
High 36 15 21

Pathological stage IVa 35 18 17 0.382
IVb 25 10 15

Tumor burden Low 39 26 13 <0.0001
High 21 2 19

Total 60 28 32

P<0.05 represents statistical significance; 2 test.

C1q, component 1g; MPE, malignant pleural effusion; TAM, tumor-associated macrophage .

(PBS) after anesthetized by 0.5% pentobarbital sodium.
Five days after inoculation with LLC-LUC cells, mice were
observed by bioluminescence imaging to ensure that
MPE models were established successfully and uniformly.
Mice were then randomized to four groups (10 mice/
group), including control, SBFI-26, anti-PD-1 mono-
clonal antibody (mAb), and SBFI-26 and anti-PD-1 mAb
groups. Mice were treated by intraperitoneal injection
with anti-PD-1 mAb (10mg/kg) and/or SBFI-26 (1 mg/
kg) three times at 2-day intervals. For diet treatment,
MPE mice were randomized to five groups, including RD
(mice with regular diet), RD+SBFI-26 (mice with regular
diet and SBFI-26), HFD (mice with high-fat diet, 45%
fat), HFD+SBFI-26 (mice with high-fat diet and SBFI-
26) and HFDR, (mice with high-fat diet and low-fat diet
recovery after 5days, 4.3% fat). The survival time of MPE
mice without treatment is approximately 14 days. There-
fore, MPE specimens were collected and the volume was
measured at 14th day. The survival status of MPE mice was
observed daily until a fatal outcome for all animals

To establish the subcutaneous xenograft LLC model,
1x10° LLC cells in 100mL of PBS were subcutaneously
injected in the right flank of each mouse. Sevendays
after LLC inoculation, mice were randomized to four
groups, including control, SBFI-26, anti-PD-1 mAb, and
SBFI-26 and anti-PD-1 mAb groups. Mice were treated
by intraperitoneal injection with anti-PD-1 mAb (10 mg/
kg) and/or SBFI-26 (1 mg/kg) four times at 2-day inter-
vals. The length (L) and width (W) of each tumor were
measured using a vernier caliper every 2 days for 20 days,
and the tumor size (V) was assessed with the formula

V:(LXWQ) /2. The survival status of mice was observed
daily, and mice were sacrificed when the tumor volume
reached 1500 mm®.

Bioluminescence imaging

MPE mice were intraperitoneally injected with D-luciferin
(150mg/kg in PBS) on being anesthetized with 0.5%
pentobarbital sodium. After 15min, mice were imaged
by the Bruker In Vivo FX PRO Imager. The luminescent
images were acquired with 3min exposure time, and the
reflectance images were acquired with 0.175s exposure
time. Bruker MI SE software was used to analyze total
photon flux.

Isolation of immune cells from human and mouse specimens
The cell suspensions of human and mouse MPE and
blood were collected by centrifugation and subsequent
filtration using a 70 mm nylon cell strainer. Immune cells
were separated by Lymphoprep. Mouse tumor tissue
was cut into small pieces and then digested with colla-
genase IV (1mg/mL) and DNase I (0.25mg/mL) at
37°C for 60min. Splenic cell suspensions were prepared
by grinding the mouse spleens using 40 mm nylon cell
strainer. After being separated by Lymphoprep, immune
cells were collected.

Flow cytometry and cell sorting

Immune cells were resuspended in a staining buffer
and incubated with Fc block (BioLegend) for 10min.
Then surface antibodies were added and stained for
30min at 4°C in the dark. Cells were permeabilized by
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Fixation/Permeabilization Concentrate and Fixation/
Perm Diluent (eBioscience) at a ratio of 1:3 for 30 min
at 4°C in the dark, and then washed twice with diluted
1xPermeabilization Buffer. Subsequently, intracellular
antibodies were added and stained for 30min at 4°C in
the dark. Finally, cells were fixed by Fixation Buffer and
analyzed by flow cytometer (BD). To detect cytokines
secreted by CD8" T cells, cells were stimulated with cell
activation cocktail (BioLegend) for 4-6hours and then
were performed the above staining.

For magnetic-activated cell sorting (MACS) of CD8" T
cells, CD8" T cells were purified using mouse or human
CD8" T-cell isolation kit (STEMCELL). TAMs of human
MPE were isolated using CD14 positive selection kit. C1q"
TAMs (major histocompatibility complex class II (MHC-
I1) /human leukocyte antigen-DR (HLA-DR)"CX3CR1")
and Clq- TAMs (MHCII/HLA-DR"CX3CR1") were
isolated from MPE using fluorescence-activated cell
sorting (FACS) by BD FACSAria II Cell Sorter. The panels
were listed in online supplemental table S1, all antibodies
and reagents were itemized in online supplemental table
S2.

Co-culture assay for macrophages and T cells

Human and mouse CD8" T cells were isolated by MACS
and were cultured in Roswell Park Memorial Institute
(RPMI)-1640 medium containing 10% FBS and activated
by anti-CD3 (2mg/mL) and anti-CD28 antibodies (5mg/
mL) for 72hours. Human and mouse Clq" and Clq~
TAMs were sorted by FACS, and were cultured with acti-
vated CD8" T cells (TAMs: CD8" T ratio=2:1) for 72hours.
In the end, the cytokines secreted by CD8" T cells and
exhausted molecules were detected by flow cytometry.

Proliferation assay

CD8" T cells were isolated from peripheral blood of
healthy donors and were preactivated by anti-CD3 (2mg/
mL) and anti-CD28 antibodies (5 mg/mL). For the prolif-
eration assay, CD8" T cells were labeled with carboxyflu-
orescein succinimidyl ester (CFSE, BD) in a dilution of
1:1000 according to the manufacturer’s instructions.
Subsequently, the cells were co-cultured with C1q” TAMs,
Clq™ TAMs, or SBFI-26 treated Cl1q" TAMs. After 4days
of co-culture, CD8" T cells were collected and the expres-
sion of CFSE was measured by flow cytometry.

Ex vivo pHrodo green Escherichia coli phagocytosis assay
Isolated immune cells of MPE were incubated with 100 pL.
pHrodo green Escherichia coli bioparticles (Invitrogen) in
1mL medium for 2hour at 37°C. Then cells were washed
twice with PBS and stained with macrophage antibodies.
The phagocytosis assay was analyzed by flow cytometry.
TAMs that were fluorescein Iliothiocyanate (FITC)-
positive were considered to be phagocytosing.

Lipid content measurement

BODIPY 493/503 stain was used to measure cellular
lipid content. After corresponding treatments, cells
were stained for 15min with BODIPY 493/503 at room

temperature in PBS, and examined promptly using flow
cytometry or confocal microscopy (Nikon).

Immunofluorescence

For immunofluorescence staining, human and mouse
TAMs were sorted from MPE and were seeded in 24-well
culture plates with cell climbing slices. Then the cells were
fixed with 4% paraformaldehyde solution for 15min.
After washing with PBS, cells were permeabilized with
2mL 0.2-0.5% Triton X-100 (in PBS) for 10 min. Subse-
quently, blocking cells with 2% bovine serum albumin
(BSA) for 30 min, cells were washed three times with PBS
and added with primary antibodies at room temperature
for 1 hour (or overnight at 4°C). After washing three times
with PBS, cells were added with secondary antibodies and
incubated at room temperature for 30 min. Finally, cell
climbing slices were added with an antifade solution with
4,6-diamino-2-phenyl indole (DAPI) and observed using
confocal microscopy (Nikon).

Chromatin immunoprecipitation

1x10” TAMs were isolated from human MPE by MACS.
Chromatin immunoprecipitation (ChIP) assays were
performed with an enzymatic ChIP Kit (Cell Signaling
Technology) according to the manufacturer’s protocol.
Anti-PPAR-y (1:500, ProteinTech) antibody and normal
IgG were used for ChIP. Genes that contain PPAR-
v-binding elements were subsequently confirmed by
quantitative PCR (qPCR). The sites of PPAR-y binds to
promoters of inhibitory molecules (triggering receptor
expressed by myeloid cells-2 (TREMZ2), T-cell immuno-
globulin-3 (Tim-3), signal regulatory protein o (SIRPo.),
PD-1, PD-L1) were predicted by JASPAR (http://jaspar.
genereg.net). The primers were synthesized by Tsingke
Biotech (Beijing, China) and the sequences were listed in
online supplemental table S3.

Luciferase reporter assay

Luciferase activity was measured with the Dual Luciferase
Reporter Assay Kit (Vazyme, Nanjing, China) according
to the manufacturer’s protocols. DNA fragments of inhib-
itory molecules (TREM2, Tim-3, SIRPa, PD-1, PD-L1)
messenger RNA were cloned into the pMIR-REPORT
vector to construct firefly luciferase reporters. TAMs were
isolated from human MPE by MACS. The firefly luciferase
reporter plasmids and renilla luciferase reporter vectors
were co-transfected to TAMs to detect luciferase activi-
ties. Subsequently, the firefly luciferase reporter plasmids
and PPAR-y-overexpression plasmids were co-transfected
to TAMs using Lipofectamine 3000. Dual-Luciferase
Reporter Assay system (Promega, Madison, Wisconsin,
USA) was used to measure the luciferase activities.

Western blotting

TAMs were isolated and then lysed in a radioimmuno-
precipitation assay (RIPA) buffer with protease inhibitors
and phosphatase inhibitor cocktails on ice for 30min.
The liquid was centrifuged and the supernatant (TAM
protein) was collected. Protein was quantified using
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the BCA Protein Assay Kit (Beyotime Biotechnology,
Shanghai, China). Equal amount of protein was mixed
with a 1x loading buffer and placed in a metal bath at
100°C for 10min. Subsequently, they were separated in
a sodium dodecyl sulfate (SDS)-polyacrylamide gel and
transferred to a polyvinylidene difluoride membrane on
ice. The membrane was blocked with 5% skim milk in
tris-buffered saline with 0.05% Tween 20 (tris buffered
saline with tween, TBST) at room temperature for 1 hour
and incubated with primary antibody overnight at 4°C.
Next, they were washed three times with TBST at room
temperature for 15min each time and incubated with
secondary antibody at room temperature for 1 hour. After
washing with TBST, chemiluminescent substrate solution
(Vazyme, Nanjing, China) was added, and the images
were captured using UVP chemiluminescence imaging
system (Upland, California, USA).

Real-time quantitative PCR (RT-qRCR)

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen), and RNA concentration was determined
using NanoDrop (NanoDrop Technologies, USA).
Purified RNA was reverse-transcribed into complemen-
tary DNA using HiScript qRT-PCR SuperMix (Vazyme,
Nanjing, China) in accordance with the manufacturer’s
instructions. The RT-qPCR reaction was performed using
AceQ qPCR SYBR Green Master Mix (Vazyme) and the
ABI 7500 real-time PCR system were used to measure the
expression of target genes. Relative gene expression levels
were calculated using the 27 method. The primers
were synthesized by Tsingke Biotech (Beijing, China) and
the sequences are listed in online supplemental table S4.

Immunohistochemistry

Mouse tumor tissues were fixed and paraffin embedded.
On that day, they were sectioned, dewaxed and rehy-
drated. After being blocked with 1% BSA, the slides were
incubated with primary antibody overnight at 4°C. They
were then incubated with secondary antibody for 1 hour
at room temperature. After washing with PBS, the slides
were incubated with Streptomyces antibiotin-peroxidase
solution for 15min at room temperature and were
then added with diaminobenzidine for 3min at room
temperature.

Single-cell RNA-seq analysis

scRNA-seq analysis of Clq" TAMs was based on our
previous MPE scRNA-seq data (PRJNA970083). Seven
MPE specimens of patients with untreated lung cancer
were collected,and CD45"immune cellswere subsequently
isolated using MACS for scRNA-seq. The scRNA-seq data
were preprocessed to filter the low-quality cells according
to the previous study.”” '°** The primary analyses were
accomplished with the Seurat R package (V.4.2.0). The
data was normalized using a scaling factor of 10,000 and
the top 2000 variable genes were identified through the
FindVariableFeatures function for subsequent principal
component analysis. The first 30 principal components

were used in the FindNeighbors algorithm, while the clus-
ters were determined by the FindClusters function. The
identified clusters were visualized using the t-distributed
stochastic neighbor embedding method. Differentially
expressed genes (DEGs) of the clusters were identified
by the FindAllMarkers function. Enrichment analysis was
performed using the clusterProfiler package (V.4.2.0)
and gene set variation analysis (GSVA) package (V.1.42.0)
based on the gene sets in the MSigDB database. Cell-
PhoneDB (V.2.1.5) was used to analyze cell-cell interac-
tions between different cell types.

Publicly available scRNA-seq data of non-small cell
lung cancer (NSCLC), kidney renal clear cell carcinoma
(KIRC), and colorectal cancer (CRC) were separately
downloaded from Gene Expression Omnibus (GEO)
database (GSE127465, GSE207493, GSE146771). The
Cancer Genome Atlas (TCGA) RNAseq data and clinical
data were downloaded by the TCGAbiolinks R package
(V.2.25.3). Based on the average expression levels of C1q"
TAM signatures (C1QA, C1QB, C1QC, GPNMB, PLTP,
MACRO, TREM2, APOE, APOCI, SPP1, FABP5) normal-
ized with the expression of PTPRC, the abundance of
Clq" TAM subset was inferred and patients were classi-
fied into low and high groups. Survival (V.3.4.0) and
survminer (V.0.4.9) packages were used for analysis and
visualization.

Statistical analysis

Statistical analyses were performed using Prism V.8
(GraphPad Software). Statistical significance was deter-
mined using two-tailed Student’s t-test, one-way analysis
of variance, or Pearson correlation coefficient. Survival
time was calculated using the Kaplan-Meier method and
analyzed using the log-rank test. Data were presented as
the mean+SD. P value<0.05 was used to indicate signifi-
cance. P values are indicated as follows: *p<0.05, ¥*p<0.01,
##%p<0.001, and **#¥p<0.0001. ns., no significance.

RESULTS

C1q* macrophage subset detected by scRNA-seq correlates
with poor prognosis of MPE patients

Considering the phenotypic heterogeneity of macro-
phages, scRNA-seq analysis was performed to portray
macrophage landscape in MPE. CD45" immune cells
from seven MPE specimens of patients with untreated
lung cancer were isolated using MACS for scRNA-seq.
Based on gene signatures, three subsets of macrophages
and dendritic cells were identified among myeloid cells,
including Clq" macrophages with high expression of
CIQA, C1QB, and C1QC (figure 1A,B and online supple-
mental table S5). Clq is a component of the comple-
ment Cl complex, which serves as a promoter for the
classical activation pathway of the complement system
in an innate immune system. In the TME, Clq+ macro-
phage has recently been identified as a protumor subset
without in-depth study. According to scRNA-seq anal-
ysis, Clq was predominantly expressed on macrophages
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Figure 1 C1g" macrophage subset detected by scRNA-seq correlates with poor prognosis of MPE patients. (A-D) Seven
MPE specimens of patients with untreated lung cancer were collected, and CD45" immune cells were isolated using magnetic-
activated cell sorting for scRNA-seq. A t-distributed stochastic neighbor embedding (t-SNE) plot based on scRNA-seq
revealed six clusters of myeloid cells, comprising three subsets of macrophages and three subsets of dendritic cells (A). Heat
map of gene signatures for macrophage subsets (B). Expression levels of C1QA, C1QB, and C1QC genes in t-SNE space

(C). Expression levels of C1QA, C1QB, and C1QC genes in distinct myeloid subsets (D). (E) Immunofluorescence staining
revealed co-localization of C1q and CD68" macrophages in both human and mouse MPE. Red, CD68; green, C1q; and blue,
DAPI for nucleus. Scale bar 10pm. (F) The percentages of C1g* TAMs (CD45" CD68" C1g*) in human MPE and C1g" monocytes
(CD45* CD14" C1q*) in corresponding peripheral blood were quantified by flow cytometry (n=6). (G) The percentages of C1q*
macrophages (CD45* F4/80" CD11b* C1g™*) in mouse MPE and corresponding spleen, as well as C1g" monocytes (CD45"
Ly6C* C1qg") in corresponding peripheral blood, were quantified by flow cytometry (n=5). (H) MPE patients were stratified into
high tumor burden group (HTB, tumor cells >30%, n=12) and low tumor burden group (LTB, tumor cells <30%, n=6). The
percentages of C1g* TAMs in both groups were determined by flow cytometry analysis. (I) Correlation between C1g* TAMs
and survival in MPE was analyzed using Kaplan-Meier analysis (n=28-32). The median survival time of C1q* TAMs"" was 19
months, while the median survival time of C1g* TAMs"9" was 10 months. (J and K) The MPE mouse model was established
using LLC cells. Correlation analyses were conducted to investigate the relationship between the proportion of C1q* TAMs and
time (I, n=18), as well as the proportion of C1g* TAMs and MPE volume (J, n=26). Data shown in (E-K) are representative of at
least three independent experiments (mean+SD). Statistical analysis was performed using paired two-tailed Student’s t-test
(F), unpaired two-tailed Student’s t-test (G, H), log-rank test (l), or Pearson correlation coefficient (J, K). *p<0.05, **p<0.001,
****pn<0.0001. C1q, component 1q; cDC, conventional dendritic cells; DAPI, 2- (4-Amidinophenyl)-6-indolecarbamidine
dihydrochloride; IL, interleukin; LLC, Lewis lung cancer cells; MPE, malignant pleural effusion; pDC, plasmacytoid dendritic
cells; scRNA-seq, single-cell RNA sequencing; TAM, tumor-associated macrophage.
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in human MPE (figure 1C,D). We demonstrated that
Clq was highly expressed on macrophages in human
and mouse MPE rather than peripheral blood or spleen
(figure 1E-G). Similarly, C1q" TAMs were also observed
in the other types of cancers, such as NSCLC, KIRC,
and CRC based on scRNA-seq (online supplemental
figure S1A). As revealed by Single-cell Analysis from the
Tumor Immune Single-cell Hub database, Clq is mainly
expressed on TAMs in lung cancer, particularly the M2
type (online supplemental figure S1B). The expression
of Clq on CD68" macrophages was further confirmed in
human lung cancer tissues (online supplemental figure
S1C). Moreover, the percentage of C1q" TAMs in MPE
was higher in patients with high tumor burden (tumor
cells >30%) (figure 1H), leading to a poor prognosis
(figure 1I). Apart from MPE, C1q" TAMs can also serve as
a prognostic marker for multiple types of cancer. A high
infiltration of C1q" TAMs was found to be significantly
associated with worse prognosis of patients in lung adeno-
carcinoma, KIRC, and rectum adenocarcinoma (online
supplemental figure SID). In mice, the proportion of
Clq" macrophages/monocytes in MPE increased over
time, while it decreased in spleen and peripheral blood
(figures 1], 2A and B). Furthermore, MPE volume of mice
increased with the proportion of C1q" TAMs (figure 1K).
These results indicate that a high level of Cl1q" TAMs
infiltration in the TME is associated with poor prognosis
and can serve as a prognostic indicator for patients with
cancer.

C1q* TAMs are characterized by high expression levels of
immune inhibitory molecules

To determine the phenotype of C1q" TAMs, scRNA-seq was
performed to identify the DEGs between C1q" TAMs and
Clq™ TAMs. Due to the presence of multiple molecules
related to immunosuppression and metabolism in the
DEGs, we classified them into three clusters: macrophage
markers, inhibitory markers, and metabolism-related
markers (figure 2A,B). We demonstrated that C1q" TAMs
from human MPE exhibited higher expression levels of
macrophage markers, including HLA-DR (an MHC-II
molecule in human), colony stimulating factor 1 receptor
(CSFIR), and MS4A4A; as well as tumor-promoting mole-
cules CD163, CD206 (also named as MRC1 or mannose
receptor C-type 1), C-X3-C motif chemokine receptor
1 (CX3CR1); and also immunosuppressive molecules
TREM2, Tim-3, SIRPa, PD-1, and PD-L1 compared with
Clq” TAMs using flow cytometry (figure 2C-H). In addi-
tion, Clq in TAMs co-expressed with CD163 and CD206
(online supplemental figures S2G,H). In accordance with
human MPE, C1q" TAMs in mouse MPE also exhibited
higher expression of MHC-II, CD206, CX3CR1, as well
as immunosuppressive molecules TREM2, Tim-3, SIRPa,
PD-1, and PD-L1 (figure 2I, J, E and F) compared with
Clq~ TAMs. Moreover, the co-expression of TREM?2
and Tim-3 with Clq was observed on TAMs in mice
(online supplemental figure S2I). Similar with previous
studies,' ' ® these results provide further evidence that

C1q" TAMs highly express multiple tumor-promoting and
immunosuppressive molecules in MPE.

C1q* TAMs impair the antitumor responses of CD8" T cells
Previous studies have indicated the immunomodula-
tory phenotype and predicted the potential function
of Clq+ TAMs; however, limited experimental evidence
is currently available to substantiate their roles in the
TME. To elucidate the functions of C1q" TAMs in MPE,
we assessed their capacity to secrete immunosuppres-
sive cytokines and phagocytose, as well as their impact
on effector cells. As shown in figure 3A-D, Cl1q" TAMs
expressed higher levels of IL-10 and TGF- in both
human and mouse MPE compared with Clq~ TAMs.
It has been reported that TAMs can induce immuno-
suppression in the TME by secreting IL-10 and TGF-f,
which leads to the suppression of CD8" T-cell cytotox-
icity.%_28 In addition, Dong et al have revealed that the
interplay between C1q" TAMs and CD8" T cells is medi-
ated by the CXCL10-CXCRS$ axis based on scRNA-seq.”
We also demonstrated potential interaction between
Clq" TAMs and CD8" effector T cells by scRNA-seq of
MPE (online supplemental figure S3). Therefore, we
established a co-culture system of Clq*/Clq_ TAMs and
CD8" T cells to investigate the impact of C1q" TAMs on
CD8" T-cell function (figure 3E). A recent study has
demonstrated that MHC-II can be serve as a signature
distinctive gene to discriminate mouse Clq" and Clq~
TAMs, and using both MCH-II and CX3CRI enables to
separate the two subsets.”” Thus, the two subsets of TAMs
were sorted by FACS based on their surface markers
(HLA-DR/MHGC-II and CX3CR1), distinguishing Clq"
TAMs (HLA-DR/MHC-II'CX3CRI1") from Clq~ TAMs
(HLA-DR/MHC-IT"CX3CR1") (HLA-DR for human,
MHC-II for mouse) using TAMs from MPE (online
supplemental figures S4A and B). Flow cytometry anal-
ysis confirmed that HLA-DR/MHGC-II" CX3CR1" TAMs
(Clq" TAMs) expressed much higher levels of Clq
than HLA-DR/MHC-II" CX3CR1™ TAMs (Clq~ TAMs)
(figures 3F and 4C). Human CD8" T cells were isolated
from peripheral blood of healthy donors, while mouse
CD8" T cells were isolated from spleen tissues. Co-cul-
turing with C1q" TAMs suppressed the expression of
interferon (IFN)-y, tumor necrosis factor-o, granzyme
B, perforin and the proliferation of CDS8" T cells, while
increasing the expression of exhaustion molecules PD-1
and T cell immunoglobulin and ITIM domains (TIGIT)
compared with co-culture with Cl1q~ TAMs (figures 3G-K
and 4D,E). Furthermore, an ex vivo phagocytosis assay
was performed using pHrodo-labeled E. coli bioparti-
cles, which revealed that C1q" TAMs in both human and
mouse MPE exhibited a heightened degree of phago-
cytic activity towards the E. coli bioparticles compared
with Cl1q~ TAMs (online supplemental figures SbA-D).
Collectively, our results underpin that Clq+ TAMs impair
the tumor-killing ability of CD8" T cells and induce their
functional exhaustion.
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Figure 2 C1q* TAMs are characterized by the higher expression levels of immune inhibitory molecules. (A and B) Differentially
expressed genes (A, volcano plots) were identified between C1q* and C1g™ macrophages, including macrophage markers,
inhibitory markers and metabolism-related genes (B, heatmap). (C and D) Tumor-infiltrating immune cells were isolated from
human MPE, and the macrophage markers of C1g* TAMs were determined by flow cytometry analysis, including the expression
levels of HLA-DR, CSF1R and MS4A4A (n=4-9). (E-H) Tumor-infiltrating immune cells were isolated from human MPE; M2-

like markers (CD163, CD206, CX3CR1) and inhibitory molecules (TREM2, Tim-3, SIRPa, PD-1, PD-L1) were detected by flow
cytometry (n=5-10). (I and J) Tumor-infiltrating immune cells were isolated from mouse MPE; M2-like markers (MHC-Il, CD206,
CX3CRT1; H) and inhibitory molecules (TREM2, Tim-3, SIRPa, PD-1, PD-L1; I) were detected by flow cytometry (n=8-13). Data
shown in (C-J) are representative of at least three independent experiments (mean+SD). Statistical analysis was performed
using paired two-tailed Student’s t-test (D, F, H-J). *p<0.05, **p<0.001, ***p<0.0001. CSF1R, colony stimulating factor 1
receptor; CX3CR1, C-X3-C motif chemokine receptor 1; C1qg, component 1q; IL, interleukin; HLA, human leukocyte antigen;
MHC, major histocompatibility complex; MPE, malignant pleural effusion; PD-1, programmed cell death-1; PD-L1, programmed
cell death-ligand 1; SIRP«, signal regulatory protein o;; TAM, tumor-associated macrophage; Tim-3, T-cell immunoglobulin-3;
TREM2, triggering receptor expressed by myeloid cells-2.
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Figure 3 C1qg" TAMs impair the antitumor responses of CD8" T cells. (A-D) Tumor-infiltrating immune cells were isolated

from human MPE (A-B) and mouse MPE (C-D); The expression of IL-10 and TGF-f in TAMs were analyzed using flow
cytometry (n=4-8). (E) Schematic diagram of a co-culture system involving macrophages and CD8* T cells (macrophages:
CD8" T cells=2:1) was drawn by FigDraw (www.figdraw.com; ID: IYYPP2af53). (F) The efficiency of fluorescence-activated

cell sorting (FACS) for C1g* TAMs in human MPE was confirmed by the expression of C1qg. (G and H) C1g" and C1q~ TAMs
were isolated from human MPE by FACS, CD8* T cells were isolated from peripheral blood of healthy donors by magnetic-
activated cell sorting (MACS). The tumor-killing activities (IFN-y, TNF-a,, granzyme B and perforin) and exhaustion-related
molecules (PD-1, TIGIT) of CD8" T cells were analyzed by flow cytometry after co-culturing with TAMs for 72 hours (n=4-5).
(land J) C1g* and C1g~ TAMs were isolated from MPE mice by FACS, and CD8" T cells were isolated from mouse spleen by
MACS; tumor-killing activities (IFN-y, TNF-o, granzyme B and perforin) and exhaustion-related molecules (PD-1, TIGIT) of CD8*
T cells were determined by flow cytometry after co-cultured with TAMs for 72 hours (n=4-5). (K) C1g* and C1g™ TAMs were
isolated from human MPE by FACS, CD8* T cells were isolated from peripheral blood of healthy donors by MACS. CFSE assay
was performed to detect the proliferation of CD8'T cells after co-cultured with TAMs (n=3). Data shown in (A-D), (F-K) are
representative of at least three independent experiments (mean+SD). Statistical analysis was performed using paired two-tailed
Student’s t-test (B, D, G-K). *P<0.05, **p<0.01, **p<0.001, ***p<0.0001, ns: not statistically significant. C1q, component 1q;
CFSE,carboxyfluorescein succinimidyl ester; HLA, human leukocyte antigen; IFN, interferon; IL, interleukin; MPE, malignant

pleural effusion; PD-1, programmed cell death-1; TAM, tumor-associated macrophage; TGF-f, transforming growth factor-f3;
TIGIT, T cell immunoglobulin and ITIM domains; TNF, tumor necrosis factor.
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Figure 4 C1qg*" TAMs determine the immunosuppressive phenotypes by programming lipid metabolism. (A) Gene set variation
analysis (GSVA) identified the differentially expressed signaling pathways enriched in C1g* TAMs compared with C1q™ TAMs.

(B and C) Gene-set enrichment analysis was performed on gene sets of fatty acid metabolism (B) and PPAR signaling pathway
(C). NES, Normalized Enrichment Score. Positive NES indicate higher expression in C1q* TAMs. (D) Fatty acid accumulation
was assessed by BODIPY 493/503 stain using flow cytometry (n=8). (E) Representative images of BODIPY staining in TAMs

of human MPE, scale bar 50 um. (F) Dot plot of differentially expressed genes related to lipid metabolism. (G) The expression

of FABP5 and PPARG (PPAR-y) extracted from the single-cell sequencing data. (H) The relative expression levels of FABP5

and PPARG genes were measured by qRCR in sorted C1g* TAMs and C1q™ TAMs isolated from human MPE (n=4-5).

(I) Representative images of C1q and FABP5 staining in TAMs of human MPE. Red: FABP5; green: C1q; and blue: DAPI for
nucleus. Scale bar 20 um. (J) The protein expression levels of C1qg, FABP5, and PPAR-y in sorted C1q* TAMs and C1q™ TAMs
isolated from human MPE by FACS were measured by western blotting. (K) The relative expression levels of TREM2, Tim-3,
SIRPa, PD-1 and PD-L1 genes in sorted C1g* TAMs and C1q~ TAMs isolated from human MPE by FACS were measured by
gRCR (n=3). (L) The binding of PPAR-y to the promoter regions of TREM2, Tim-3, SIRPa, PD-1 and PD-L1 was determined by
chromatin immunoprecipitation-PCR in TAMs from human MPE (n=3-5). (M) Effects of PPAR-y on the transcriptional regulation
of TREM2, Tim-3, SIRPa, PD-1 and PD-L1 were measured by luciferase assays in TAMs from human MPE (n=4). Data shown in
(D-E), (H-M) are representative of at least three independent experiments (mean+SD). Statistical analysis was performed using
paired two-tailed Student’s t-test (E) or unpaired two-tailed Student’s t-test (H, K, L, M). **p<0.01, **p<0.001, ***p<0.0001.
C1q, component 1qg; DAPI, 4,6-diamino-2-phenyl indole; FABPS5, fatty acid binding protein 5; FACS, fluorescence-activated cell
sorting; MHC, major histo compatibility complex; MPE, malignant pleural effusion; mRNA, messenger RNA; PD-1, programmed
cell death-1; PD-L1, programmed cell death-ligand 1; PPAR-vy, peroxisome proliferator-activated receptor-y; qPCR, quantitative
PCR; SIRPa, signal regulatory protein o; SLC,solute carriers; TAM, tumor-associated macrophage; TCR, T cell receptor; Tim-3,
T-cell immunoglobulin-3; TREM2, triggering receptor expressed by myeloid cells-2.
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Figure 5 FABPS5 regulates the immunosuppressive activities of C1g* TAMs. TAMs were sorted from human MPE and were
treated with 100 uM SBFI-26 (an FABPS5 inhibitor) or 0.1% DMSO for 72 hours. (A) Fatty acid accumulation was assessed by
BODIPY 493/503 stain using flow cytometry (n=7). (B) The protein expression level of PPAR-y in TAMs from human MPE was
measured by western blotting. (C) The relative expression levels of TREM2, Tim-3, SIRPa, PD-1 and PD-L1 genes in TAMs from
human MPE were measured by gRCR (n=4). (D and E) Immune inhibitory molecules (TREM2, Tim-3, SIRPc, PD-1, PD-L1) in
C1g* TAMs were detected by flow cytometry (n=4-7). (F and G) M2-like markers (CD163, CD206, CX3CR1) in C1g" TAMs were
detected by flow cytometry (n=4-5). (H and I) The expression of IL-10 and TGF-3 were detected by flow cytometry (n=3-4).
(J-L) CD8* T cells were isolated from peripheral blood of healthy donors and co-cultured with C1q* TAMs of human MPE
treated with SBFI-26 or DMSO for 72 hours. The tumor-killing activities (J), exhaustion-related molecules (K), and proliferation
(L) of CD8" T cells were assessed by flow cytometry (n=3). Data shown in (A-L) are representative of at least three independent
experiments (mean+SD). Statistical analysis was performed using unpaired two-tailed Student’s t-test. “p<0.05, **p<0.01,
***p<0.001. C1g, component 1g; CX3CR1, C-X3-C motif chemokine receptor 1; DMSO, Dimethyl sulfoxide; IFN, interferon; IL,
interleukin; FABPS5, fatty acid binding protein 5; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; MFI, mean fluorescent
intensity; MPE, malignant pleural effusion; mRNA, messenger RNA; PD-1, programmed cell death-1; PD-L1, programmed cell
death-ligand 1; PPAR-y, peroxisome proliferator-activated receptor-y; gPCR, quantitative PCR; SIRPq, signal regulatory protein
o; TAM, tumor-associated macrophage; TGF-, transforming growth factor §; TIGIT, T cell immunoglobulin and ITIM domains;
Tim-3, T-cell immunoglobulin-3; TNF, tumor necrosis factor; TREM2, triggering receptor expressed by myeloid cells-2.
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Figure 6 High-fat diet facilitates C1g* TAMs-mediated immunosuppression in MPE. (A-D) Schematic diagram of MPE

mouse model was drawn by FigDraw (www.figdraw.com; ID: IYYPP2af53). The MPE mice were randomly assigned to five
groups. RD, mice with a regular diet; RD+SBFI-26, mice with a regular diet and SBFI-26; HFD, mice with a high-fat diet (45%
fat); HFD+SBFI-26, mice with a high-fat diet and SBFI-26; HFDR, mice with a high-fat diet and then low-fat diet (4.3% fat)
recovery (A). Body weight (n=6) (B), MPE volume (n=9) (C) and Kaplan-Meier survival plot (n=10) (D) were observed. (E-M)
Tumor-infiltrating immune cells were isolated from mouse MPE. The percentages of TAMs in immune cells (E), TREM2, Tim-

3, SIRPa, PD-1, PD-L1 (F), C1q (G), CD206 and CX3CR1 (H) in TAMs, CD8/CD4 (1), PD-1" and TIGIT* CD8" T cells (J), IFN-vy*
CD8* and IFN-y* CD4" T cells (K), Treg (CD45*CD3*CD4*CD25*CD1277, (L) and MDSC (CD45*CD11b*Gr1", (L) were analyzed
by flow cytometry (n=4-10). Data shown in (B—M) are representative of at least three mice (mean+SD). Statistical analysis was
performed using one-way analysis of variance followed by Tukey’s post hoc test (C, E-L) or log-rank test (D). *P<0.05, **p<0.01,
***p<0.001, ***p<0.0001, ns: not statistically significant. C1q, component 1g; CX3CR1, C-X3-C motif chemokine receptor

1; HFD, high-fat diet; HFDR, high-fat diet recovery; IFN, interferon; LLC, Lewis lung cancer cells; MDSC, myeloid derived
suppressor cells; MPE, malignant pleural effusion; PD-1, programmed cell death-1; PD-L1, programmed cell death-ligand 1;
RD, regular diet; SIRPa, signal regulatory protein o; TAM, tumor-associated macrophage; TIGIT, T cell immunoglobulin and ITIM
domains; Tim-3, T-cell immunoglobulin-3; Tregs, T-regulatory cells;TREM2, triggering receptor expressed by myeloid cells-2.

C1q* TAMs determine the immunosuppressive phenotypes by
programming fatty acid metabolism
To explain the immunosuppressive function of Clq"
TAMs, we used GSVA to enrich the differentially expressed

signaling pathways between C1q" TAMs and C1q~ TAMs.
The result showed a significant difference in the fatty
acid metabolism pathway and PPAR signaling pathway
(figure 4A), which were predicted to be activated in C1q"

12

Zhang S, et al. J Immunother Cancer 2023;11:€007441. doi:10.1136/jitc-2023-007441


www.figdraw.com

TAMs through gene-set enrichment analysis (figure 4B
and C). Consistently, fatty acid metabolism pathway and
PPAR signaling pathway were also upregulated in NSCLC,
KIRC, and CRC (online supplemental figures S6A-C). To
confirm the activation of fatty acid metabolism pathway,
a BODIPY 493/503-labeled fatty acid probe was used
to detect fatty acid accumulation using flow cytometry
and immunofluorescence; our findings were consistent
with the scRNA-seq analysis (figure 4D,E, online supple-
mental figure S7A). To further determine the molec-
ular mechanisms regulating the fatty acid metabolism
pathway, DEGs involved in this pathway were identified
by scRNA-seq, including significantly upregulated FABP5
and PPARG (PPAR-y) in Clq" TAMs (figure 4F). FABP5,
a lipid chaperone protein expressed in macrophages,
binds with long-chain fatty acids and other hydrophobic
ligands to regulate the uptake, transport, and metabo-
lism of fatty acid.*” *” PPAR-y induces fatty acid oxidation,
thereby mediating M2-type macrophage polarization
and promoting their immunosuppression function.* *'
A study has demonstrated that FABP5 can bind to PPAR
and subsequently activate the downstream genes of
PPAR family.” Therefore, we speculated that FABP5 and
PPAR-y might be involved in regulating the immunosup-
pressive effects of Clq" TAMs. Consistently, scRNA-seq
analysis showed significantly high expression of FABP5
and PPARG genes in Clq" TAMs and these were also
confirmed by qPCR (figure 4G,H, online supplemental
figure S7B, C). Moreover, FABP5 co-expressed with
Clq in TAMs of human MPE (figure 4I). In vitro results
confirmed that C1q" TAMs expressed higher levels of
FABP5, PPAR-y, and immune inhibitory molecule genes
(TREM2, Tim-3, SIRPa, PD-1, PD-L1) compared with
Clq” TAMs (figure 4] K, online supplemental figure S7D
and E). To verify the interaction between transcription
factor PPAR-y and immune inhibitory molecules, ChIP
and luciferase reporter assay were performed; results
demonstrated that PPAR-y was capable of binding to the
promoter regions of TREM2, Tim-3, SIRPa, PD-1, PD-L1
(figure 4L,M). Together, these data suggest that Clq"
TAMs enhance fatty acid metabolism by upregulating
FABP5, which activates PPAR-y and promotes the tran-
scription of immune inhibitory molecules.

FABP5 regulates the immunosuppressive activities of C1q*
TAMs

To confirm the regulatory role of FABP5 in the immuno-
suppressive function of C1q" TAMs, we treated TAMs with
SBFI-26, an FABP5 inhibitor.”® SBFI-26 reduced fatty acid
accumulation and downregulated the expression levels
of PPAR-y as well as immune inhibitory molecule genes
(TREM2, Tim-3, SIRPa, PD-1, PD-LL1) in human and
mouse TAMs (figure 5A—C, online supplemental figure
S7F-H). In addition, FABP5 inhibition significantly
downregulated the expression of immune inhibitory
molecules, tumor-promoting molecules (CD163, CD206,
CX3CRI1), and immunomodulatory cytokines (IL-10,
TGF-B) in C1q" TAMs, but slightly or not decreased their

expression in Clq- TAMs (figure 5D-I, online supple-
mental figure S8A-C). SBFI-26 also inhibited the impaired
tumor-killing capacity, functional exhaustion, and prolif-
erative inhibition of CD8" T cells induced by Cl1q" TAMs
(figure 5J-L). These results indicate that FABP5 regu-
lates the immunosuppressive function of C1q" TAMs by
upregulating multiple immune inhibitory molecules and
immunomodulatory cytokines, thereby contributing to
the CD8" T-cell dysfunction.

High-fat diet facilitates C1q* TAMs-mediated
immunosuppression in MPE

As FABP5-mediated fatty acid metabolism induced Clq"
TAMs-mediated immunosuppression, we proceeded to
investigate the impact of high/low-fat diet and FABP5
inhibition on TAMs and MPE immunosuppression. We
found that MPE mice fed with a high-fat diet exhibited
an increase in body weight, while those on a low-fat diet
showed recovery of their body weight (figure 6A,B).
High-fatdiet (HFD) resulted in an increase in MPE volume
and a decrease in survival time of MPE mice; while SBFI-26
treatment and low-fat diet recovery after HFD (HFDR) led
to a reduction in MPE volume and prolonged the survival
time (RD: 14 days, RD+SBFI-26: 18.5 days, HFD: 13 days,
HFD+SBFI-26: 18 days, HFDR: 16 days) (figure 6C,D).
Moreover, the proportion of TAMs, immunosuppressive
molecules (TREM2, Tim-3, SIRPo, PD-1, PD-L1), Clq,
and tumor-promoting molecules (CD206, CX3CR1) in
TAMs was found to increase in HFD group but decrease
in SBFI-26 and HFDR groups (figure 6E-H). To reveal the
impact of dietary intervention and FABP5 inhibition on
MPE microenvironment, we detected the proportion of
CDS8" T lymphocytes, effector CD8" T cells (CD8'TFN-y"),
Thl cells (CD4'TFN-y"), exhausted CD8" T cells, Tregs
(CD4°CD25°CD1277), and MDSC (CD11b"Grl") infiltra-
tion in mouse MPE. The results indicated that an HFD
resulted in a reduction of the CD8"/CD4" T-cell ratio as
well as the percentages of effector CD8" T cells and Th1
cells, an increase in the percentages of PD-1"CD8" T cells,
TIGIT'CD8" T cells, Tregs and MDSGC; on the contrary,
the opposite results were observed in SBFI-26 and HFDR
groups (figure 6I-M). Collectively, HFD facilitates C1q"
TAMs and MPE microenvironment induced immuno-
suppression, while a low-fat diet and FABP5 inhibition
partially alleviate MPE immunosuppression, offering
potential therapeutic strategies for MPE treatment.

FABPS5 inhibition alleviates immunosuppression and
potentiates response to ICB therapy

Overwhelming evidence suggests that combination of TAMs-
targeted therapy and ICB therapy enhances response to ICB
and produces synergetic effects in cancer treatment.’® There-
fore, our focus lies in exploring the potential of C1q" TAMs-
targeted therapy in combination with ICB for MPE and lung
cancer immunotherapy. We found that both SBFI-26 and
anti-PD-1 treatments significantly delayed MPE progression,
reduced MPE volume and pleural tumor size, and prolonged
survival time (PBS: 14 days, o-PD-1: 20.5 days, SBFI-26: 18.5
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days, o-PD-1+ SBFI-26: 23 days) in MPE mice; the combined
therapy exhibited a synergetic effect (figure 7A-E). In addi-
tion, SBFI-26 and anti-PD-1 treatments inhibited the expres-
sion ofimmunosuppressive molecules (TREM2, Tim-3,SIRPa,
PD-1, PD-L1) and Clq in TAMs; decreased the infiltration of
TAMs, exhausted CD8" T cells (PD-1'CD8" T, TIGIT 'CD8"
T), Tregs and MDSC; and increased the proportion of CD8"/
CD4" T cells, effector CD8" T cells (IFN-y* CD8'T), and Th1
cells (IFN-y" CD4" T); the combined therapy also exhibited
superior efficacy in MPE (figure 7F-N). In pleural tumors of
MPE mice, SBFI-26 and anti-PD-1 therapies reduced the infil-
tration of TAMs, M2-type TAMs and Tregs, while increasing
the infiltration of CD8" T cells (figure 70).

Consistent with MPE, Clq" TAMs-targeted therapy
demonstrated favorable outcomes in mouse subcuta-
neous model with lung cancer. SBFI-26 and anti-PD-1
treatments significantly reduced tumor size and weight,
as well as delayed tumor progression; the combined
therapy exhibited superior antitumor effects (online
supplemental figures SOA-D). Moreover, both treatments
downregulated the expression levels of immunosuppres-
sive molecules and Clq in TAMs, reduced the proportion
of TAMs, Tregs and MDSC, increased the proportion of
CDS8"/CD4" T cells, effector CD8" T cells, and Th1 cells
in lung cancer. Consistently, the combined therapy also
exhibited a synergetic effect (online supplemental figures
S9E-L). Overall, these data indicate thatinhibiting FABP5
can inhibit TAMs infiltration, retard the progression of
MPE and lung cancer, partially rescue immunosuppres-
sion in the TME, and improve the efficacy of ICB.

DISCUSSION
The function and action mechanism of TAM subsets,
particularly C1q" TAMs, have remained elusive. In this
study, we discovered that C1q" TAMs were enriched in
MPE with high expression levels of immunosuppres-
sive molecules and were associated with poor prognosis
in MPE patients. Furthermore, Clq" TAMs impaired
the tumor-killing capacity of CD8" T cells by promoting
FABP5-mediated fatty acid metabolism, which contributed
to the upregulation of immunosuppressive molecules.
Based on scRNA-seq analysis of MPE, three subsets
of macrophages have been identified among myeloid
cells, including FCN17, IL-1B", and Clq" macrophages.
FCN1" macrophages highly express genes associated with
pro-inflammatory monocytes and are recognized as the
precursors of TAM development.'® ' IL-1B is a well-known
marker of M1 macrophages and the IL-1B-producing
macrophages exert a pro-inflammatory role.” While
Clq" macrophages have been identified as a marker
of poor prognosis for patients with cancer, correlating
with TME immunosuppression.’® Therefore, our study
focused on immunosuppressive Clq" macrophages to
reveal their function and action mechanism, with the aim
of exploring their potential as a novel target for cancer
immunotherapy. In our study, C1q" TAMs constituted a
proportion of 0—40% within the total population of TAMs

in MPE. The percentage of C1q" TAMs in total TAMs was
positively associated with tumor burden in MPE. As a
result, the limited infiltration of tumor cells in MPE spec-
imens for scRNA-=seq led to a low count of C1q" TAMs.
Although various studies have employed different defi-
nitions for C1q" TAMs based on scRNA-seq, the majority
of these studies revealed the co-expression of CIQ,
TREM?2 and apolipoprotein E (APOE)."* '*% Zhang et al
have reported the co-expression of C1Q, HLA-DR, and
MARCO in colon cancerw; Zilionis et al have indicated
the co-expression of C1Q and MRCI in lung cancer®;
Dong et al have revealed the high expression of CX3CRI1
in Clq" TAMs.” In our study, we found that C1q" TAMs
highly expressed several macrophage markers (SPPI1,
MARCO, MS4A4A, CD163, MRC1, CX3CR1, CSFIR,
FOLR2 and APOE) and inhibitory molecules (TREM2,
Tim-3, SIRPa, PD-1, PD-L1), implying an immunosup-
pressive effect in MPE. TREMZ2, a protumorigenic marker
expressed on the surface of tumor infiltrating macro-
phage, is associated with non-response to ICB therapy
via unknown mechanisms.” ¥ Tim-$ is expressed in T
cells and myeloid cells, such as dendritic cells and macro-
phages, and is expected to be a target for tumor therapy.
Tim-3 inhibits antitumor immunity by mediating T-cell
depletion, and blocking Tim-3 pathway promotes the
production of IFN-y by T cells and enhances the anti-
tumor function.” CD47, the ligand of SIRP, is expressed
in normal cells and functions as a “don’t eat me” signal to
prevent the host cells from being phagocytic and cleared
by SIRPo-expressing macrophages. In numerous types of
cancer, tumor cells evade immune surveillance by upreg-
ulating CD47 expression to avoid phagocytosis by macro-
phages. Inhibition of CD47-SIRPa. axis can enhance
phagocytic activity and antigen uptake of macrophage.™
Thus, C1q" TAMs exhibit a potent immunosuppressive
phenotype, suggesting a tumor-promoting role in MPE.
However, several studies have identified Clq" TAMs
with distinct functions. Most studies support that Clq"
TAMs correlate with CD8" T-cell dysfunction and tumor
progression; only one study indicates that C1q" TAMs may
recruit or activate T cells based on scRNA-seq analysis of
colon cancer.””7% Consistent with most studies, we found
that C1q" TAMs restrained the antitumor effects of CD8"
T cells by upregulating the expression levels of inhibitory
molecules, resulting in MPE progression and poor prog-
nosis. This functional heterogeneity may be attributed to
distinct TME; further experiments are warranted to be
conducted to determine the function in other malignan-
cies. Consistent with the research of Dong et al, MCH-II
and CX3CR1 molecules were used as markers to segregate
Clq" and Clq” TAMs.”” CX3CR1, as the marker of tissue
resident macrophages, distinguishes them from bone
marrow-derived macrophages. Studies have indicated that
CX3CRI" macrophages exhibit M2-like phenotypes in
TME thus promoting tumorigenesis.”’ * Both scRNA-seq
analysis of human MPE and mouse lung cancer have
revealed the high expression of CX3CRI1 and HLA-DR
(MHCHI in mice) in C1q" TAMs. Therefore, we selected
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Figure 7 Fatty acid binding protein 5 inhibition alleviates immunosuppression and potentiates response to immune checkpoint
blockade therapy. (A-E) Schematic diagram of MPE mouse model was drawn by FigDraw (www.figdraw.com; ID: IYYPP2af53).
The MPE mice were randomly assigned to four groups: mice with PBS, mice with anti-PD-1 antibody (a-PD-1), mice with
SBFI-26, mice with a-PD-1 and SBFI-26 (A). (B) Representative in vivo bioluminescence images of the growth of mice MPE
(n=4). (C) Representative images of mouse MPE and pleural cavity tumors in different groups. MPE volume (D) and Kaplan-
Meier survival plot of MPE mice (E) were observed (n=10). (F-N) Tumor-infiltrating immune cells were isolated from mouse
MPE. The percentages of TAMs in immune cells (F), TREM2, Tim-3, SIRPa, PD-1, PD-L1 (G and H, and C1q (l) in TAMs, CD8/
CD4 (J), IFN-y*CD8" and IFN-y"CD4" T cells (K), PD-1" and TIGIT* CD8" T cells (L), Treg (M) and MDSC (N) were analyzed by
flow cytometry (n=3-6). (O) Paraffin-embedded sections of pleural cavity tumors were analyzed by CD68, CD206, Foxp3 and
CD8 staining. Data shown in (B—0) are representative of at least three mice (mean+SD). Statistical analysis was performed
using one-way analysis of variance followed by Tukey’s post hoc test (C, E-K) or log-rank test (D, F, H-M). *P<0.05, **p<0.01,
***p<0.001, ***p<0.0001, ns: not statistically significant. C1q, component 1q; IFN, interferon; LLC, Lewis lung cancer cells;
MDSC, myeloid derived suppressor cells; MPE, malignant pleural effusion; PBS, phosphate buffer saline; PD-1, programmed
cell death-1; PD-L1, programmed cell death-ligand 1; SIRPq, signal regulatory protein o; TAM, tumor-associated macrophage;
TIGIT, T cell immunoglobulin and ITIM domains; Tim-3, T-cell immunoglobulin-3; Tregs, T-regulatory cells; TREM2, triggering
receptor expressed by myeloid cells-2.
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these two molecules to separate Clq" and Clq~ TAMs
after experimental validation. Moreover, we observed that
Clq" TAMs expressed higher levels of IL-10 and TGF-f in
MPE. IL-10 and TGF-B have been documented to inhibit
CD8" T=cell cytotoxicity, and the blockade of IL-10 and
TGF-B can potentiate antitumor immune response of T
cells.**™ In this study, there is a limit that Clq" TAMs
may modulate T-cell function dependent on immunosup-
pressive cytokines IL-10 and TGF-3, which will be further
explored. In addition, C1q" TAMs can affect the function
of CD4" T cells. In CRC, Clq" TAMs interact with T-cell
subsets by CXCL10-CXCR3 axis, suggesting the potential
role in the recruitment of CD4" T cells and activation of
the Th1 response.'” The impact of C1q" TAMs on CD4" T
cells warrants further investigation.

A study has reported that the expression of PD-1 on
TAMs inhibits their phagocytosis against colon cancer
cells.'"” Despite high expression of PD-1, Clq" TAMs
showed more potent phagocytic capacity in MPE. Consid-
ering that macrophages uptake antigens through phago-
cytosis, pinocytosis, or opsonization and subsequently
present them to T cells,” and given the high expres-
sion of HLA-DR in Cl1q" TAMs, we speculated that Cl1q"
TAMs could enhance their phagocytic ability to promote
antigen presentation to CD8" T cells. This would result in
persistent immune activation leading to cellular exhaus-
tion. Consistently, our study demonstrated that Clq"
TAMs indeed inhibited the antitumor effects and induced
functional exhaustion of CD8" T cells in MPE. Neverthe-
less, besides upregulating immune inhibitory molecules,
it remains unclear whether and how the antigen presenta-
tion of C1q" TAMs contributes to CD8" T-cell dysfunction,
necessitating further investigation in the future.

To reveal the underlying mechanism by which
Clq" TAMs with high expression of inhibitory mole-
cules impede antitumor response of CD8" T cells, we
conducted scRNA-seq analysis to identify DEGs and
enriched signaling pathways between Clq"~ TAMs
and Clq~ TAMs. Notably, the fatty acid metabolism
pathway with an increased expression level of FABP5
was significantly upregulated in Clq" TAMs. Consid-
ering that tumor-promoting TAMs preferentially use
mitochondria-dependent fatty acid oxidation as their
energy supply,” we hypothesize that Clq" TAMs may
exert immunosuppressive effects by FABP5-mediated
fatty acid metabolic reprogramming. In addition, the
PPAR signaling pathway was also upregulated in Clq"
TAMs with high expression level of PPAR-y, which
can be activated by FABP5.%’ It is well-established that
fatty acid oxidation upregulation in TAMs depends
on the transcription factor PPAR-y, which upregu-
lates the expression of its target genes and is vital for
protumor TAMs polarization.” Studies have reported
that PPAR-y can upregulate the expression of PD-LI in
CRC cells,44 and M2 markers (Argl, Ym1, and Fizz1) in
macrophages*” by binding to and activating DNA-motifs
similar to cognate PPAR-y responsive elements located
in the promoter regions of PD-L1, Argl, Ym1, and Fizzl

genes, suggesting that high expression of inhibitory
molecules in C1q" TAMs may attribute to PPAR-y upreg-
ulation. Therefore, we proposed that C1q* TAMs could
enhance fatty acid metabolism to promote MPE immu-
nosuppression through FABP5 upregulation, which acti-
vates PPAR-y and increases the expression of inhibitory
molecules in Clq+ TAMs. Encouragingly, the in vitro
results were consistent with the hypothesis. Whereas, it
appears that Clq does not directly regulate the expres-
sion of FABP5. Our study in vitro observed a significant
increase in Clq expression levels on lactate treatment,
while FABP5 expression remained unchanged. Further
investigation will be conducted to explore the interac-
tion between Clq and FABP5, as well as the factors that
induce the upregulation of FABP5 in C1q" TAMs.

The upregulation of fatty acid metabolism provides
survival advantages for the tumor to resist antitumor
treatments, and contributes to an immunosuppressive
TME which promotes immune escaping of tumor cells.*’
Similarly, fatty acid metabolism of C1q" TAMs was upreg-
ulated to promote MPE immunosuppression. Due to the
protumor effect of fatty acid in several cancer types,47 ¥ we
wonder whether diets with varying fat content can impact
TAM phenotype and then MPE microenvironment. Our
results show that an HFD enhances TAMs-mediated
immunosuppression in MPE and reduces the efficacy of
FABP5 inhibition; while a low-fat diet partially amelio-
rates the immunosuppression induced by an HFD. These
findings imply that an HFD exacerbates MPE immuno-
suppression and is detrimental to MPE treatment. More-
over, FABP5 inhibition can enhance the efficacy of ICB
treatment in MPE and lung cancer, indicating Clq+ TAMs
can be harnessed as a therapeutic target in combination
with ICB therapy for antitumor immunotherapy.

Nonetheless, it remains elusive whether the secretory
protein Clq exerts a direct impact on the TME. Clq,
mainly produced by macrophages, is associated with
poor prognosis in multiple cancers.”* As the initiating
protein of the complement cascade, C1q promotes tumor
progression instead of inducing tumor cell death in some
cancer types.” It could be attributed to immunosuppres-
sive TME and T-cell exhaustion triggered by C5-mediated
chronic inflammation, which is caused by low expres-
sion of terminal pathway components in tumor and the
limited formation of membrane attack complex.'® " 2
Besides promoting tumor progression via the comple-
ment cascade, Clq may inhibit the response of tumor-
infiltration CD8" T cells to antigen stimulation, inducing
their functional exhaustion.”® Our study unveils the
mechanism that C1q" TAMs upregulate the expression of
inhibitory molecules to promote immunosuppression in
MPE, but the direct effects of Clq on the TME remain
unknown and need to be further investigated. Addition-
ally, the mechanisms by which Clqg-triggered activation
of complement cascade facilitates tumor progression
remain incompletely understood and deserve in-depth
exploration.
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