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ABSTRACT
Background Myeloid- derived suppressor cells (MDSCs) 
are crucial mediators of tumor- associated immune 
suppression. Targeting the accumulation and activation 
of MDSCs has been recognized as a promising approach 
to enhance the effectiveness of immunotherapies for 
different types of cancer.
Methods The MC38 and B16 tumor- bearing mouse 
models were established to investigate the role of Fgl2 
during tumor progression. Fgl2 and FcγRIIB- deficient 
mice, adoptive cell transfer, RNA- sequencing and flow 
cytometry analysis were used to assess the role of Fgl2 on 
immunosuppressive activity and differentiation of MDSCs.
Results Here, we show that fibrinogen- like protein 2 
(Fgl2) regulates the differentiation and immunosuppressive 
functions of MDSCs. The absence of Fgl2 leads to 
an increase in antitumor CD8+ T- cell responses and 
a decrease in granulocytic MDSC accumulation. 
The regulation mechanism involves Fgl2 modulating 
cholesterol metabolism, which promotes the accumulation 
of MDSCs and immunosuppression through the production 
of reactive oxygen species and activation of XBP1 
signaling. Inhibition of Fgl2 or cholesterol metabolism in 
MDSCs reduces their immunosuppressive activity and 
enhances differentiation. Targeting Fgl2 could potentially 
enhance the therapeutic efficacy of anti- PD- 1 antibody in 
immunotherapy.
Conclusion These results suggest that Fgl2 plays a role in 
promoting immune suppression by modulating cholesterol 
metabolism and targeting Fgl2 combined with PD- 1 
checkpoint blockade provides a promising therapeutic 
strategy for antitumor therapy.

INTRODUCTION
The tumor microenvironment (TME) is a 
complex environment consisting of tumor cells, 
immune cells, secreted factors, the extracel-
lular matrix, and metabolic molecules.1 Several 
studies have shown that TME plays a crucial role 
in tumorigenesis, metastasis, and response to 
immunotherapy and chemotherapy.2 The TME 
is characterized by the infiltration of various 
immune suppressor cells, such as regulatory 
T- cells (Tregs), tumor- associated macrophages 

(TAMs), and myeloid- derived suppressor cells 
(MDSCs).3 MDSCs are a group of heteroge-
neous immature myeloid cells that play a crucial 
role in immunosuppression within the TME.4 
Within the TME, cytokines, such as granulocyte- 
macrophage colony- stimulating factor (GM- 
CSF) and IL- 6, stimulate the differentiation 
of MDSCs from multipotent hematopoietic 
progenitor cells (HPCs) by activating the STAT3 
and STAT5 pathways.5 6 Following the release of 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Fibrinogen- like protein 2 (Fgl2) is a member of the 
fibrinogen family and plays immunosuppressive ef-
fects on both innate and adaptive immunity. FGL2 
inhibited CD103+ DC differentiation by suppressing 
NF-κB, STAT1/5, and p38 activation.

 ⇒ Although Fgl2 has been reported to play a role in 
promoting tumor progression in various types 
of cancer, the expression and function of Fgl2 in 
myeloid- derived suppressor cells (MDSCs) remains 
largely unknown.

WHAT THIS STUDY ADDS
 ⇒ Fgl2 regulates the activity and function of tumor- 
infiltrating CD8+ T cells, thereby controlling anti-
tumor immunity. Depleting Fgl2 can slow tumor 
growth by reducing the immunosuppressive activity 
of MDSCs.

 ⇒ Fgl2 promotes XBP1 signaling and cholesterol pro-
duction in MDSCs, which affects their differentiation 
and immunosuppressive functions.

 ⇒ Fgl2- mediated reactive oxygen species generation 
promotes lipid peroxidation and constitutive XBP1 
activation in MDSCs.

 ⇒ Combining checkpoint blockade with Fgl2 inhibition 
may lead to more effective antitumor effects in vivo.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Fgl2 promotes the generation and immune suppres-
sive effects of MDSCs via cholesterol metabolism 
and XBP1 signaling, which suggests an immuno-
therapeutic target for cancer therapy.
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inflammatory cytokines and factors, such as toll- like receptor 
ligands and prostaglandin E2 (PGE2), MDSCs are activated 
and expanded through the STAT1 and NF-κB pathways.4 7

MDSCs can be divided into two subgroups: granulocytic 
MDSCs (G- MDSCs) and monocytic MDSCs (M- MDSCs). 
Both subgroups can suppress immune responses in the 
TME through various mechanisms.4 MDSCs express high 
levels of immunosuppressive molecules such as Arginase 
1 (Arg- 1), inducible nitric oxide synthase (iNOS), reactive 
oxygen species (ROS), and Programmed death ligand 1 
(PD- L1), which inhibit the activation of CD4+ and CD8+ T 
cells.8 Additionally, MDSCs secrete cytokines such as IL- 10 
and TGFβ, which promote the induction of other immune 
inhibitory populations such as TAMs and Tregs.9 Research 
has shown that the accumulation and activation of MDSCs 
are associated with tumor progression and metastasis in 
various types of tumors.10 Therefore, targeting the immu-
nosuppressive function of MDSCs or promoting their differ-
entiation into dendritic cells (DCs) and macrophages could 
offer new opportunities for enhancing the effectiveness of 
immunotherapy.4

Fibrinogen- like protein 2 (Fgl2) is a member of the 
fibrinogen family and has been found to have immuno-
suppressive effects on both innate and adaptive immu-
nity.11 Previous studies have shown that Fgl2 binds to 
its receptor Fc gamma receptor IIB (FcγRIIB), which 
prevents the maturation of CD103+ DCs and B cell 
function, as well as the mediation of CD8+ T cell apop-
tosis.12 13 Increasing evidence suggests that Fgl2 plays a 
role in promoting tumor progression in various types of 
cancers, such as gliomas, breast cancer, lung cancer, and 
hepatocellular carcinoma.11 14 15 However, the expression 
and function of Fgl2 in MDSCs remains largely unknown.

This study aimed to explore the role of Fgl2 in the 
immunosuppressive activity of MDSCs in the TME and its 
potential as a therapeutic target for cancer treatment.

METHODS
Human samples and databases
Peripheral blood samples were collected from healthy adult 
volunteers and patients with colorectal cancer (CRC) at 
Chongqing University Cancer Hospital in China. The exper-
iments were conducted in compliance with local, national, 
and international regulations. All patients provided written 
informed consent in accordance with the Declaration of 
Helsinki before enrollment in the study. Mononuclear cells 
were freshly isolated from peripheral blood using lympho-
cyte separation medium. All available RNA- seq data of 
patients with CRC (n=597) were retrieved from cBioPortal 
(http://www.cbioportal.org).

Cell lines and treatment
Murine MC38 and B16F10 cells were purchased from the 
Type Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China) in 2020. All cell lines were examined as 
Mycoplasma- free using the MycAwayTM- Color One- Step 
Mycoplasma Detection Kit (Yeasen Biotechnology), and the 

most recent date of testing was April 8, 2022. The cells were 
authenticated and certified by ChengDu Nuohe Biotech 
(Sichuan, China). Mouse Breast Carcinoma Cells 4T1 were 
from Beyotime (Cat. No. C7218, Shanghai, China). The 
cells were cultured in Dulbecco's modified eagle medium 
(DMEM) with high glucose supplemented with 10% Fetal 
Bovine Serum (FBS) and 100 U/mL penicillin/strepto-
mycin. To obtain bone marrow (BM)- derived MDSCs, Gr- 1+ 
BM cells were separated from 8 to 10 week wild- type (WT) 
or knockout (KO) mice using BD anti- mouse Gr- 1 particles 
(Cat. No. 558111, BD Biosciences). The harvested cells were 
cultured in RPMI1640 medium containing 10% FBS supple-
mented with 20 ng/mL GM- CSF (Cat. No. 315- 03, Pepro-
Tech) and IL- 6 (Cat. No. 216- 16, PeproTech) for 3 days to 
obtain MDSCs. For BM differentiation assays, BM cells from 
8 to 10 week WT mice were cultured in RPMI1640 medium 
containing 10% FBS supplemented with 20 ng/mL GM- CSF 
and IL- 6 for 3 days. For some assays, BM cells were treated 
with crosslinked Mouse IgG, Fgl2 (20 ng/mL, Cat. No. 10691- 
FL, R&D Systems), cholesterol (0.75 µg/mL, Sigma- Aldrich), 
tert- Butyl hydroperoxide solution (TBH, 300 µM, Sigma), 
vitamin E (60 µM; Cat. No. HY- N0683, MedChemExpress) 
and hydralazine (100 µg/mL; Cat. No. HY- B0464A, MedChe-
mExpress) supplemented with GM- CSF and IL- 6 for 3 days.

Animals and tumor models
Six- week- old C57BL/6 (WT) and nude mice were 
obtained from the Animal Institute of the Academy of 
Medical Sciences (Beijing, China). Fgl2−/− (KO) mice 
were kindly provided by S. Smiley (The Trudeau Institute, 
New York, USA), FcγRIIb−/− mice were obtained from J.S. 
Verbeek (Leiden University Medical Center, The Neth-
erlands). Six- week- old BALB/c mice were purchased 
from Beijing Vital River Laboratory Animal Technology 
(China). The mice were maintained in a controlled envi-
ronment, free from specific pathogens, and subjected to 
a 12- hour light cycle. They were fed a regular chow diet 
at the Chongqing University Cancer Hospital. For animal 
experiments, 6–8 week- old female mice were randomly 
assigned to different groups, MC38, B16F10 or 4T1 cells 
were subcutaneously implanted into C57BL/6, BALB/c 
or nude mice. The tumor size was measured using cali-
pers every 3–4 days. The tumor volume was calculated as 
follows: V= (length×width2)×0.5. For in vivo treatment 
with anti- CD8 antibody (200 µg, Cat. No. BE0117, BioX-
cell) and an anti- Fgl2 antibody (100 µg/kg, Cat. No. 
FGL22- A, Alpha Diagnostic International), anti- PD- L1 
antibody (200 µg, Cat. No. BE0101, BioXcell), treatment 
was administered intraperitoneally every 3 days starting at 
tumors of approximately 100 mm3 until the mice were 
sacrificed. The BM reconstitution assay was performed 
as previously described.16 The ethics Committee of 
the Chongqing University Cancer Hospital in China 
approved all animal experiments (Chongqing, China, 
CZLS202107- A). These experiments were conducted in 
accordance with the national and international guide-
lines for the care and use of laboratory animals. The 
Animal Care and Use Committee (IACUC) of Chongqing 
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University Cancer Hospital approved this study, which 
complied with the Declaration of Helsinki.

Seahorse analyses
BM- derived MDSCs were subjected to Seahorse analyses 
using the Seahorse XF Cell Mito Stress Test Kit (Cat. No. 
103010- 100, Agilent) as previously described.17

Flow cytometry (FCM)
Single- cell suspension samples isolated from the tumor, 
spleen, and BM were collected and preincubated in PBS 
containing 2% FBS for at least 20 min on ice. The cells 
were then labeled with the indicated antibodies (1:100) 
for 30 min. Dead cells were excluded using a Fixable 
Viability Dye Efluor 780 (Cat. No. 65- 0865- 14; eBiosci-
ence). The panel of antibodies used in these experi-
ments included CD8α (Cat. No. 100706), IFN-γ (Cat. No. 
505810), granzyme B (GzmB; Cat. No. 515403), Tim- 3 
(Cat. No. 134008), CD3 (Cat. No. 100206), CD4 (Cat. 
No. 100412), CD11b (Cat. No. 101208), Gr- 1 (Cat. No. 
108426), Ly6G (Cat. No. 127626), Ly6C (Cat. No. 128008), 
CD11c (Cat. No. 117308), MHC II (Cat. No. 107616), 
F4/80 (Cat. No. 123116), CD19 (Cat. No. 115512), PD- L1 
(Cat. No. 124308), CD45.1 (Cat. No. 110708), CD45.2 
(Cat. No. 109814), Sca- 1 (Cat. No. 108106), c- kit (Cat. 
No. 105808), CD16/32 (Cat. No. 101331), CD34 (Cat. 
No. 119310) and CD33 (Cat. No. 303414), HLA- DR (Cat. 
No. 307610), all from Biolegend (San Diego, California, 
USA). Lineage (Cat. No. 561317) and XBP1s (Cat. No. 
562642) were purchased from BD Pharmingen. For 
intracellular staining of Fgl2 (Cat. No. H00010875- M01, 
Novus), Foxp3 (Cat. No. 14- 5773- 82, eBioscience), ARG1 
(Cat. No. 42284, GeneTex) and iNOS (Cat. No. MA5- 
17139, Thermo), Phospho- STAT3 (Cat. No. 9145, CST) 
cells were stained with surface markers, fixed, and perme-
abilized using the Foxp3/Transcription Factor Staining 
Kit (Cat. No. 00- 5523- 00, eBioscience), followed by intra-
cellular antibody staining. The proliferation and func-
tional assays of CD8+ T cells were performed as described 
previously.16 Cells were then collected by trypsinization 
and washed twice with PBS followed by re- suspending 
in 500 µL of PBS. The 5，6- carboxyfluorescein diace-
tate，succinimidyl ester (CFSE) probe was obtained from 
Dojindo (Cat. No. C309). Lipid peroxidation detection 
was performed using C11- BODIPY581/591 (Cat. No. D3861, 
Invitrogen) according to the manufacturer’s protocols. 
Cellular cholesterol detection was performed using the 
Cholesterol Cell- Based Detection Assay kit (Cat. No. 
10009779, Cayman). FCM was performed on BD FACS 
Canto II platforms, and the results were analyzed with 
FlowJo software V.10.0.7 (TreeStar). MDSCs separated 
from MC38 tumor tissues was performed using the BD 
FACSAria II instrument (BD Biosciences). The purity of 
all populations was >95%.

Lipidomics analyses
Individual lipid species from WT and Fgl2- KO MDSCs 
were extracted,and lipidomic analysis was performed 

by Applied Protein Technology Company as previously 
described.18

Transfection assays
Lentivectors containing Fgl2 shRNAs or Fgl2 over-
expression fragment lentiviral were obtained from 
GeneChem (Shanghai, China). MC38 cells were plated 
in 12- well plates and transduced with lentiviral parti-
cles at multiplicity of infection (MOI) of 100 with 5 µg/
mL Polybrene (GenePharma). The cells were screened 
by puromycin and used for further experiments. For 
MDSC transfection assays, three pLKD- CMV- mcherry- 2A 
containing shRNAs targeting Xbp1, Hmgcr or LV11- 
CMV- MCS- hPGK- mCherry- Puro lentivectors containing 
Fgl2- overexpression fragment were obtained from Gene-
Pharma (Shanghai, China). Gr1+ cells were sorted from 
mouse BM and plated at 1×106 cells/mL in 12- well plates. 
Then, the cells were transduced with lentiviral particles 
at MOI of 100 with 5 µg/mL Polybrene (GenePharma). 
Cells were cultured for 3 days after transfection, the 
mCherry fluorescence was observed under an inverted 
fluorescence microscope. Cells were harvested and used 
for further experiments.

Quantitative real-time PCR (qPCR)
Total RNA was extracted from the cells using RNAiso Plus 
(Cat. No. 9108Q, Takara), and the RNA concentration was 
measured using a NanoDrop 2000 (Thermo Scientific). 
Total RNA (1 µg of total RNA) was converted into comple-
mentary DNA (cDNA) using the PrimeScript RT- PCR Kit 
(Cat. No. RR014A, Takara). qPCR was performed using 
the TB Green Fast qPCR Mix Kit (Cat. No. RR430A, 
Takara). All qPCR experiments were repeated at least 
thrice. All primer sequences were obtained from Prim-
erBank (https://pga.mgh.harvard.edu/primerbank/).

RNA sequencing library construction
Total RNA was extracted from WT and Fgl2−/− MDSCs 
isolated from shFgl2 MC38 tumor- bearing mice. The 
RNA- seq library for these RNA samples was constructed 
according to a strand- specific RNA sequencing library 
preparation protocol. The mRNA transcripts were 
enriched by two rounds of poly- (A+) selection with 
Dynabeads oligo- (dT) 25 (Invitrogen) before library 
construction. The prepared libraries were sequenced on 
an Illumina NovaSeq 6000 platform.

Western blotting
Cells were lysed using RIPA lysis buffer, and the lysates 
were incubated on ice for 30 min and centrifuged at 
13,000×g at 4°C for 15 min before the supernatant was 
collected. Western blot analysis was performed as previ-
ously described.16 The primary antibodies included Fgl2 
(1:1000; Cat. No. H00010875- M01, Novus) and β-actin 
(1:1000; Cat. No. A1978, Sigma- Aldrich).

Statistical analysis
Statistical methods and n values are indicated in the 
figure legends. All results were confirmed in at least 
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three independent experiments and are expressed as 
the mean±SD. For comparison of two groups, unpaired 
two- tailed Student’s t- test or one- way or two- way analysis 
of variance (ANOVA) with Sidak multiple comparisons 
test were used to calculate statistical significance using 
GraphPad Prism software (V.8.0). For survival analysis, 
the Kaplan- Meier method was used, and differences in 
survival curves were analyzed using the log- rank test. P 
value <0.05 was considered statistically significant.

Data availability
The full RNA- seq dataset was uploaded to the NCBI 
Sequence Read Archive (SRA) database (accession code: 
PRJNA980623).

RESULTS
Fgl2 controls CD8+ T cell-dependent antitumor growth in 
immunocompetent mice
To investigate the role of Fgl2 in tumor growth, we 
generated Fgl2 knockdown (shFgl2) MC38 tumor cells 
and inoculated them into C57BL/6 mice. The results 
showed that Fgl2 knockdown tumor cells exhibited 
significantly slower tumor growth and prolonged survival 
than control tumors (figure 1A and online supplemental 
figure S1A,B). However, Fgl2 knockdown failed to limit 
MC38 tumor growth in immunodeficient nude mice 
(figure 1B). In contrast, Fgl2 overexpression or Fgl2 treat-
ment significantly promoted tumor growth in C57BL/6 
mice (figure 1C and online supplemental figure figure 
S1C,D). Notably, no significant differences in cell prolif-
eration or cell cycle were observed between shCtrl and 
shFgl2 MC38 cells (online supplemental figure S1E,F). 
These results support our hypothesis that Fgl2 alters the 
immune response in the TME rather than affecting the 
tumor cell itself.

Figure 1 Fgl2 facilitates tumor growth by suppressing the infiltration of CD8+ T cells in the TME. (A, B) A total of 1×106 shCtrl 
or shFgl2 transduced MC38 tumor cells were subcutaneously injected into C57BL/6 mice (A) or nude mice (B), and tumor 
growth was monitored every three or 4 days (n=5). (C) C57BL/6 mice were injected subcutaneously with empty vehicle (Veh) 
or Fgl2 overexpressed (Fgl2 OV) MC38 tumor cells and tumor volumes were measured. (D–H) C57BL/6 mice were injected 
subcutaneously with sh- Ctrl, sh- Fgl2, Veh, or Fgl2 OV MC38 tumor cells, and representative flow staining of CD8+ T cells (D), 
IFNγ+ (E), GzmB+ (F), PD- 1+ (G) and Tim- 3+ (H) CD8+ T cells in tumor xenografts of the indicated groups (n=5). (I) C57BL/6 mice 
were injected subcutaneously with shCtrl or shFgl2 MC38 tumor cells with IgG or CD8 depleting antibodies, tumor volumes 
were measured (n=5). **p<0.01; ***p<0.001; ns, no significant difference. Two- tailed unpaired Student’s t- test (B–H) and one- 
way analysis of variance with Tukey multiple comparison (A, I) were performed. Fgl2, fibrinogen- like protein 2; TME, tumor 
microenvironment.

https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081


5Wu L, et al. J Immunother Cancer 2023;11:e008081. doi:10.1136/jitc-2023-008081

Open access

Next, we analyzed the effect of Fgl2 on tumor growth 
with respect to T cells. The percentage of tumor- 
infiltrating CD8+ T cells in the TME was examined, 
and we found that Fgl2 knockdown increased CD8+ T 
cell infiltration, whereas Fgl2 overexpression limited 
it (figure 1D). Additionally, Fgl2 knockdown led to an 
increase in IFNγ-producing and GzmB- producing CD8+ T 
cells and a decrease in exhausted PD- 1+ and Tim- 3+ T cells 
(figure 1E–H). In contrast, Fgl2 overexpression in MC38 
tumor cells inhibits CD8+ T cell activation and function 
(figure 1E and F). Strikingly, we found that the antitumor 
response mediated by Fgl2 knockdown was completely 
eliminated by the depletion of CD8+ T cells (figure 1I), 
indicating that Fgl2 regulates the activity and function of 
tumor- infiltrating CD8+ T cells, thereby controlling anti-
tumor immunity.

Deficiency of Fgl2 impairs MDSC infiltration and 
tumorigenesis
In the TME, Fgl2 is expressed by tumor cells and various 
immune cells, including macrophages, DCs, and Tregs.19 
To investigate the role of Fgl2 in CD8+ T cell- dependent 
tumor control, we injected shFgl2 MC38 tumor cells 
subcutaneously into both WT and Fgl2-/- mice. We 
observed a similar level of tumor inhibition in Fgl2-/- mice 
compared with that in WT mice (figure 2A). Tumors from 
Fgl2-/- mice exhibited higher levels of immune infiltrates, 
specifically CD8+ cytotoxic T cells (figure 2B and C), indi-
cating an enhanced immunosurveillance response in the 
absence of Fgl2. Fgl2 deficiency reduced the frequencies 
of CD11b+Gr- 1+ MDSCs in MC38 tumor- bearing mice 
(figure 2D). Further analysis revealed that the subset of 
G- MDSCs was significantly decreased in KO mice, while 
the proportion of M- MDSC subpopulation remained less 
changed. This indicates that the decreased proportion of 
MDSCs in KO mice was primarily due to a decrease in 
G- MDSCs (figure 2E and F and supplemental figure S2A). 
Accordingly, there was increased infiltration of DCs and 
M1 polarized TAMs in tumors from Fgl2-/- mice (online 
supplemental figure S2A- E). Next, we sought to investi-
gate the impact of Fgl2 deficiency in tumor cells on the 
TME of transplanted tumors. Consistent with our expec-
tations, we found that the absence of Fgl2 in MC38 tumor 
cells resulted in a reduction of tumor- infiltrating G- MDSCs 
and enhanced antitumor immune response (online 
supplemental figure S2F,G). Similarly, the percentage of 
G- MDSCs in B16F10 tumors from Fgl2-/- mice was signifi-
cantly lower than that in WT tumors (online supplemental 
figure S2H,I). MDSCs play a major immunosuppressive 
roles in antitumor immune responses and can differ-
entiate into macrophages and DCs.20 The decrease in 
tumor- infiltrating MDSCs observed in Fgl2- deficient mice 
suggests that alterations in MDSCs may contribute to the 
retardation of tumor growth. Interestingly, there were no 
significant changes in iNOS and Arg- 1 levels in G- MDSCs 
from WT and KO mice (figure 2G and online supple-
mental figure S2J). However, MDSCs from Fgl2-/- tumor- 
bearing mice showed decreased activation and expansion 

markers, including PD- L1, Stat3 and ROS (figure 2H–J). 
In addition, when Fgl2- KO G- MDSCs were co- cultivated, 
there was a significant increase in the proportion of IFNγ 
and GzmB producing CD8+ T cells compared with co- cul-
tivation with WT G- MDSCs (figure 2K and L). Fgl2- KO 
G- MDSCs demonstrated less effectiveness in suppressing 
anti- CD3 and anti- CD28- induced CD8+T cell proliferation 
compared with G- MDSCs with normal Fgl2 (figure 2M). 
These results indicate that depleting Fgl2 can slow tumor 
growth by reducing the accumulation and immunosup-
pressive activity of MDSCs.

Fgl2 promotes MDSC differentiation from HPCs in the TME
We next investigated whether Fgl2 plays a role in MDSC 
chemotaxis by examining the difference in chemotaxis- 
related genes between WT and Fgl2- deficient mice. The 
results showed no significant difference in the expression 
levels of these genes, indicating that decreased MDSCs 
in tumors may not be due to increased cell chemo-
taxis (online supplemental figure S3A). However, Fgl2 
deficiency resulted in a systemic decrease in CD11b+ 
Gr1+ populations and CD11b+ Ly6G+ subset in the BM, 
peripheral blood, and spleen as the tumor progressed 
(figure 3A–D and online supplemental figure S3B,C). 
Consistent with these findings, the absence of Fgl2 in 
BM cells led to a reduction in the proportion of granu-
locyte/macrophage progenitors (GMPs) in the popula-
tion of HPCs (figure 3E), which are responsible for the 
expansion of MDSCs.2 21 22 To test the hypothesis that 
Fgl2 may promote the differentiation of MDSCs from 
HPCs, BM cells were cultured with Fgl2 supplementation 
for MDSC induction, and the differentiation of MDSCs 
was measured. The results showed an increase in the 
proportion of G- MDSCs after Fgl2 treatment (figure 3F 
and online supplemental figure S3D). Conversely, Fgl2- 
deficient BM cells yielded reduced numbers of G- MDSCs 
and an increase in the presence of macrophages and DCs 
than WT BM, suggesting that Fgl2 may be responsible 
for the generation of G- MDSCs (figure 3G and online 
supplemental figure S3E). Previous studies have shown 
that FcγRIIB is a receptor of Fgl2,13 to determine whether 
Fgl2- mediated MDSC differentiation was dependent on 
FcγRIIB, WT and FcγRIIB-/- BM cells were stimulated 
with Fgl2 during MDSC induction. The addition of Fgl2 
increased the proportion of G- MDSCs among WT BM 
cells, but not among FcγRIIB-/- BM cells (figure 3H–J). 
Importantly, the administration of cross- linked IgG did 
not have any effect on the expansion of MDSC popula-
tions (online supplemental figure S3F). This suggests 
that Fgl2 is involved in the differentiation of HPCs in a 
manner that depends on FcγRIIB.

To assess the impact of Fgl2 on MDSC differentiation 
in vivo, we conducted a co- adoptive transfer of both WT 
and Fgl2-/- BM cells into congenic hosts (online supple-
mental figure S3G). The frequencies of MDSCs, macro-
phages, and DCs in the tumor were measured on day 
21 post- transplantation. We observed that tumor growth 
was inhibited in KO→KO BM chimeric mice compared 
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Figure 2 Fgl2 deficiency inhibited the expansion and immunosuppressive activity of MDSCs. (A) C57BL/6 (WT) or Fgl2-/-

 (KO) mice were subcutaneously injected with 106 shFgl2 MC38 tumor cells. Tumor growth was monitored at indicated time 
points (n=5). (B, C) WT or KO mice were sacrificed on day 14 post- xenograft of shFgl2 MC38 cells, and the frequency of CD4+ 
and CD8+ T cells (B) and IFN-γ-producing CD8+ T cells (C) in tumors was analyzed by FCM. Data are representative of three 
independent experiments, n=5. (D–F) The frequency of CD11b+Gr1+ MDSCs (D), G- MDSC and M- MDSC subpopulations (E), 
absolute number of MDSCs (F) from WT and KO shFgl2 MC38 tumor tissues were determined. (G–J) Arg1 (G), PD- L1 (H), 
p- Stat3 (Tyr705) (I) and DCF- DA (J) expression in G- MDSCs and M- MDSCs from WT and KO shFgl2 MC38 tumor tissues 
were determined using FCM (n = 5). (K, L) CD8+ T lymphocytes were obtained from the spleen of naïve mice and were then 
co- cultured with WT/ KO MDSCs that were sorted from shFgl2 MC38 tumor tissues, in a ratio of 2:1. After 48 hours, the 
frequencies of IFN-γ+ (K) and GzmB+ (L) T cells were determined using FCM (n=5). (M) CD8+ T- cell proliferation suppression 
assay. CFSE- labeled CD8+ T lymphocytes from the spleen of naive mice were stimulated with anti- CD3 and anti- CD28 
antibodies. These cells were then co- cultured with G- MDSCs sorted from shFgl2 MC38 tumor tissues of WT and KO mice, at a 
ratio of 2:1, for a duration of 3 days. Anti- CD3 and anti- CD28 induced proliferation of CD8+ T cells were measured by FCM; n=5. 
Data are expressed as mean±SD. *p<0.05, **p<0.01, ***p<0.001 ns, no significant difference, by two- tailed unpaired Student’s 
t- test. Fgl2, fibrinogen- like protein 2; FCM, flow cytometry; KO, knockout; G- MDSCs, granulocytic myeloid- derived suppressor 
cells; MDSCs, myeloid- derived suppressor cells; M- MDSCs, monocytic myeloid- derived suppressor cells; WT, wild- type.
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with WT→KO BM chimeric mice (figure 3K). There was 
a noticeable decrease in the number of G- MDSCs, but 
there was a significant increase in the presence of CD8+ 
T lymphocytes, macrophages, and DCs in the Fgl2-/- BM 
transferred mice (figure 3K and L and online supple-
mental figure S3H- K). This suggests that Fgl2- deficient 
BM cells have a reduced ability to differentiate into 
G- MDSCs. Furthermore, we found that G- MDSCs collected 
from tumor tissue of WT→KO BM chimeric mice were 
more effective in suppressing CD8+ T cell proliferation 
(figure 3M). These MDSCs expressed significantly higher 

levels of Fgl2, PD- L1, and ROS compared with those from 
KO→KO BM chimeric mice in the TME (figure 3N and O 
and online supplemental figure S3H). Therefore, these 
findings indicate that Fgl2 promotes GMP differentiation 
towards the granulocytic lineage, leading to the develop-
ment of G- MDSCs.23

Fgl2 promotes HPC differentiation into MDSCs via cholesterol 
metabolism
Tumor- infiltrating MDSCs undergo metabolic reprogram-
ming to adapt the oxygen- limited and nutrient- limited 

Figure 3 Fgl2 contributes to MDSC generation in the tumor- bearing mice. (A–D) The percentages of CD11b+Gr1+, 
CD11b+Ly6G+, and CD11b+Ly6C+ cells in BM (A, B), peripheral blood (C), and spleen (D) from WT and KO shFgl2 MC38 tumor- 
bearing mice were detected, n=5. (E) The percentages of GMP (Lin-Sca- 1-C- kit+CD16/32+CD34+), common myeloid progenitor 
(CMP; Lin-Sca- 1-C- kit+CD16/32intCD34+), and megakaryocyte/erythrocyte progenitor (MEP; Lin-Sca- 1-C- kit-CD16/32-CD34-) 
subpopulations in HPCs from WT and KO tumor- bearing mice, n=5. (F) WT BMs were treated with GM- CSF (20 ng/mL) and 
IL- 6 (20 ng/mL) in the presence of IgG or Fgl2 (20 ng/mL), and the ratio of MDSCs, DCs, and macrophages was analyzed after 
3 days (n=4). (G) WT and KO BMs were treated with GM- CSF (20 ng/mL) and IL- 6 (20 ng/mL) for 3 days, and the MDSCs, DCs, 
and macrophage ratios were assessed (n=4). (H–J) WT and FcγRIIb KO BMs were treated with GM- CSF/IL- 6 (20 ng/mL) to 
induce MDSC differentiation for 3 days in the presence IgG (1.0 µg/mL) or Fgl2 (20 ng/mL). Then, cells were harvested, MDSCs 
(H), macrophages (I) and DCs (J) were assessed, n=5. (K, L) Fgl2-/- recipient mice were irradiated and received WT or Fgl2-/- BM 
cells for the BM reconstitution experiment. Two weeks after BM chimera reconstitution, the mice were injected subcutaneously 
with 106 shFgl2 MC38 cells. Tumor growth was monitored at indicated time points (K). The frequency of tumor- infiltrating G- 
MDSCs and M- MDSCs (L) were assessed (n=5). (M–O) CFSE- labeled CD8+ T cells were co- cultured with G- MDSCs sorted from 
tumors of BM chimeric mice for 3 days. The proliferation of CD8+ T cells was measured by FCM; (M, n=5). PD- L1 expression 
(N) and ROS (O) levels in G- MDSCs and M- MDSCs in tumors from BM chimeric mice were assessed (n=5). Data are expressed 
as mean±SD. *p<0.05; **p<0.01; ***p<0.001; ns, no significant difference, by two- tailed unpaired Student’s t- test. BM, bone 
marrow; DCs, dendritic cells; FCM, flow cytometry; Fgl2, fibrinogen- like protein 2; G- MDSCs, granulocytic myeloid- derived 
suppressor cells; KO, knockout; M- MDSCs, monocytic myeloid- derived suppressor cells; ROS, reactive oxygen species; WT, 
wild- type.
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TME.24 Recent studies have shown that lipid metabolism 
is altered in MDSCs, which plays a crucial role in their 
differentiation and suppressive and protumorigenic func-
tions.25 Therefore, we postulated that the differentiation 
and immunosuppressive capabilities of MDSCs medi-
ated by Fgl2 are reliant on lipid metabolism. Indeed, 
we observed a decrease in intracellular lipid droplets in 
Fgl2- deficient tumors infiltrating MDSCs (figure 4A). 
Additionally, FCM analysis revealed a significant increase 
in the number of mitochondria in Fgl2-/- MDSCs, particu-
larly in the m- MDSC subset (figure 4B and online supple-
mental figure S4A,B). Consistently, Fgl2-/- MDSCs had a 
higher mitochondrial oxygen consumption rate (OCR) 
and spare respiratory capacity (SRC) than WT MDSCs, 
indicating an increase in fatty acid oxidation (FAO) 
(figure 4C). Subsequently, we conducted qPCR analysis to 

examine the expression of genes related to lipid metabo-
lism in both WT and Fgl2-/- MDSCs. The results revealed 
that the expression of genes related to fatty acid oxida-
tion (Cpt1a, Hadh) and fatty acid transport (Cd36 and 
Fabp4) was increased, whereas genes associated with 
fatty acid synthesis (Fasn, Acsl1, Acaca, Scd1, Dgat1) and 
lipolysis (Lpl, Lipe, Abhd5) were decreased. Interestingly, 
the mRNA levels of genes involved in cholesterol biosyn-
thesis, including 3- hydroxy- 3- methylglutaryl- CoA synthase 
1 (Hmgcs1), HMG- CoA reductase (Hmgcr), and Srebf- 1/2, 
were significantly reduced (figure 4D).

In line with the above results, cholesterol level and total 
cholesterol content were reduced in tumor- infiltrated 
MDSCs from Fgl2-/- mice (figure 4E–H). Lipidomic anal-
ysis also confirmed that Fgl2- deficient MDSCs showed 
decreased cholesterol and cholesterol ester content 

Figure 4 Fgl2 promotes differentiation and immunosuppression function of MDSCs via cholesterol metabolism. (A) Bodipy 
493/503 staining of WT and Fgl2- KO MDSCs from shFgl2 MC38 tumors; n=5. (B) MitoGreen staining of WT and Fgl2- KO 
MDSCs. (C) Oxygen consumption rate (OCR) and spare respiratory capacity (SRC) of WT and Fgl2- KO MDSCs were measured 
using a Seahorse XFe 96 analyzer (n=3). (D) The expression of key genes involved in FAO, fatty acid synthesis (FAS), fatty acid 
transport, lipolysis, and cholesterol metabolism is displayed in a heat map. (E) Lipidomic analysis of WT and Fgl2- KO MDSCs. 
(F–H) Filipin III staining of MDSCs (F), Filipin III staining of G- MDSCs and M- MDSCs in CD11b+ cells (G) and cholesterol content 
of MDSCs (H) from WT and Fgl2- KO shFgl2 MC38 tumors, n=5. (I, J) BM cells isolated from the femurs of WT mouse were 
cultured in RPMI1640 medium with 20 ng/mL GM- CSF and 20 ng/mL IL- 6 for 3 days. Then, cells were treated with 0.75 mg/
mL cholesterol for 48 hours, the percentage of MDSCs (I), G- MDSCs and M- MDSCs in CD11b+ cells (J) were determined by 
FCM. (K) G- MDSCs sorted from spleen of MC38 tumor- bearing mice were cultured in RPMI1640 medium with vehicle (Veh, 
0.1% ethanol) or 0.75 µg/mL cholesterol for 48 hours. MDSCs were then co- cultured with CD8+ T cells, Anti- CD3 and anti- CD28 
induced proliferation of CD8+ T cells were measured by FCM; n=5. (L, M) MDSCs isolated from spleen of MC38 tumor- bearing 
mice were cultured in medium with 0.75 µg/mL cholesterol for 24 hours, ROS (L) and PD- L1 (M) expression levels in G- MDSCs 
and M- MDSCs were assessed. (N–P) Gr- 1+ cells from the WT mice BM were transfected with control virus (sh- Ctrl) or virus 
expressing shRNA against Hmgcr (sh- Hmgcr), in the presence of 20 nM GM- CSF for 3 days, the cholesterol content of MDSCs 
(N), ROS (O) and PD- L1 (P) expression in G- MDSCs and M- MDSCs were analyzed using FCM; n=5. Data are expressed as 
mean±SD. *p<0.05; **p<0.01; ***p<0.001; ns, no significant difference, by two- tailed unpaired Student’s t- test. FAO, fatty acid 
oxidation; Fgl2, fibrinogen- like protein 2; G- MDSCs, granulocytic myeloid- derived suppressor cells; KO, knockout; M- MDSCs, 
monocytic myeloid- derived suppressor cells; ROS, reactive oxygen species; WT, wild- type.
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(figure 4E). We next investigated whether altered choles-
terol metabolism was responsible for Fgl2 mediated the 
differentiation and immunosuppression of MDSCs. The 
results showed MDSCs had higher levels of cholesterol 
than HPCs (online supplemental figure S4C,D). In addi-
tion, administration of cholesterol promoted BM cell 
differentiation into G- MDSCs, while decreasing their 
differentiation into mature cells (online supplemental 
figure S4E- H). A co- culture assay revealed that G- MDSCs 
treated with cholesterol exhibited enhanced suppressive 
function compared with MDSCs treated with the control 
(figure 4K). This finding was supported by an increase in 
the levels of signature MDSC molecules, PD- L1 and ROS, 
following cholesterol treatment (figure 4L and M). Subse-
quently, we explored the functional role of HMGCR, a 
cholesterol biosynthesis rate- limiting enzyme, in MDSC 
activation (online supplemental figure S4I). As antic-
ipated, knockdown of Hmgcr resulted in a reduction in 
cholesterol levels as well as the expression of PD- L1 and 
ROS in MDSCs (figure 4N–P). These findings suggest that 
Fgl2- mediated differentiation and immunosuppression of 
MDSCs is attributed to increased cholesterol metabolism.

Fgl2 promotes cholesterol biosynthesis through XBP1 
signaling
To address the molecular mechanisms underlying the 
effect of Fgl2 on cholesterol metabolism in tumor- 
infiltrating MDSCs, we conducted RNA- seq analysis. Our 
results revealed that Fgl2-/- MDSCs exhibited differential 
expression of 806 downregulated and 818 upregulated 
genes compared with WT MDSCs (figure 5A). These 
genes were enriched in cell leukocyte differentiation 
and activation pathways, which supports the notion that 
Fgl2 plays a vital role in regulating the differentiation 
and immunosuppressive functions of MDSCs (figure 5B 
and online supplemental figure S5A,B). Interestingly, 
the molecular function analysis revealed that these differ-
entially expressed genes were closely associated with 
unfolded protein binding (online supplemental figure 
S5C). As the endoplasmic reticulum (ER) is inherently 
linked to protein folding and lipid biosynthesis,26 we 
hypothesized that Fgl2 could potentially induce ER stress 
in tumor- infiltrating MDSCs.

As expected, we found that Fgl2- deficient MDSCs 
showed downregulation of the unfolded protein response 
(UPR) or ER stress signal member Xbp1 (figure 5C–E). 
In addition, the expression of Xbp1s was increased in 
tumor- infiltrating MDSCs compared with splenic- MDSCs 
or Gr1+ BM cells, accompanied by increased Fgl2 and 
cholesterol synthesis- related gene expression (figure 5F; 
online supplemental figure S5D,E). Moreover, FcγRIIB-

/- MDSCs also exhibited decreased expression of Xbp1s 
and cholesterol synthesis- related genes (figure 5G), 
indicating that sustained Xbp1 activation in tumor- 
infiltrating MDSCs probably partly due to Fgl2- FcγRIIB 
signaling. To determine the impact of Xbp1 activation on 
cholesterol metabolism in MDSCs, we examined whether 
Xbp1 knockdown impacted cholesterol biosynthesis and 

MDSC differentiation. The findings showed that XBP1 
knockdown resulted in fewer immature G- MDSCs but 
more mature macrophages and DCs than the control 
group (figure 5H). We also found that Xbp1 knockdown 
showed a reduction of cholesterol content compared 
with that from shCtrl MDSCs (figure 5I). Accordingly, we 
also observed reduced expression of ROS and PD- L1 in 
Xbp1- knockdown MDSCs (figure 5J and K). These results 
suggested that Fgl2 promotes Xbp1 signaling and choles-
terol production in MDSCs, which affects their differenti-
ation and immunosuppressive functions.

Fgl2 promotes lipid peroxidation to activate XBP1 in MDSCs
Previous studies have demonstrated that the abnormal 
buildup of peroxidized lipids within cells plays a crucial 
role in the activation of XBP1.27 28 Therefore, we inves-
tigated whether Fgl2 in MDSCs contributes to lipid 
peroxidation, leading to Xbp1 activation. To test this, 
we examined the levels of lipid peroxidation in MDSCs 
with and without Fgl2. Our results showed that MC38 
tumor- infiltrating MDSCs lacking Fgl2 had lower levels of 
intracellular peroxidation lipids compared with MDSCs 
with Fgl2 (figure 6A). Furthermore, tumor- infiltrating 
MDSCs had significantly higher levels of intracellular 
peroxidation lipids compared with MDSCs isolated from 
the spleen of the same host or naïve Gr+ cells from the 
BM (figure 6B). On the other hand, overexpression of 
Fgl2 in MDSCs increased levels of lipid peroxidation and 
promoted Xbp1 activation (figure 6C and D and online 
supplemental figure S6A).

Excessive ROS production has been extensively docu-
mented to be responsible for intracellular lipid oxida-
tion.28 In line with this, MDSCs lacking Fgl2 demonstrated 
a decrease in ROS production (figure 2J). The expres-
sion of signature genes involved in ROS production, such 
as myeloperoxidase and NADPH oxidase 2 (NOX- 2), 
were also found to be decreased in Fgl2- deficient cells 
(figure 6E and F). Additionally, we observed a significant 
increase in antioxidant enzyme glutathione peroxidase 4 
(GPX4), catalase and Sod1 transcripts in Fgl2- deficient 
MDSCs (figure 6F and online supplemental figure S6B). 
Furthermore, both Fgl2 overexpression and treatment 
with the ROS generator TBH resulted in enhanced 
ROS generation, lipid peroxidation, and Xbp1 activa-
tion in MDSCs (figure 6G–I and online supplemental 
figure S6C). Subsequently, we explored the impact of 
ROS- scavenging agents on Xbp1 activation in MDSCs. 
Treatment with the antioxidant vitamin E or the lipid 
peroxidation scavenging agent hydralazine markedly 
decreased Xbp1 expression in MDSCs (figure 6J–L). 
These findings suggest that Fgl2- mediated ROS genera-
tion promotes lipid peroxidation and constitutive Xbp1 
activation in MDSCs.

Inhibition of the Fgl2 enhances antitumor immune responses
To determine whether Fgl2 promotes ER stress and 
MDSC generation in vivo, we administered an anti- Fgl2 
neutralizing antibody to tumor- bearing mice (figure 7A). 

https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081
https://dx.doi.org/10.1136/jitc-2023-008081


10 Wu L, et al. J Immunother Cancer 2023;11:e008081. doi:10.1136/jitc-2023-008081

Open access 

Figure 5 Fgl2 induces cholesterol production in MDSCs via XBP1 signaling. (A, B) Volcano plots (A) and GO analysis (B) of 
differentially expressed genes in MDSCs from WT or Fgl2 KO mice 14 days post- grafting of shFgl2 MC38 tumor cells (adjusted 
p≤0.01 and fold change (FC) ≥2), n=3. (C) Heatmap of differentially expressed genes involved in the UPR/ER stress pathway 
(n=3). (D) Intracellular Xbp1s expression in MDSCs from WT or Fgl2 KO tumor- bearing mice. (E) Heatmap of differentially 
expressed genes in Xbp1 signaling in WT or Fgl2 KO MDSCs, n=3. (F) Xbp1s expression in CD11b+Gr- 1+ cells from the BM, 
spleen (Spl), and tumor (Tum) of MC38 tumor- bearing mice was analyzed. G) CD11b+Gr- 1+ cells from WT and FcγRIIB KO MC38 
tumor tissues were sorted, ER stress and cholesterol metabolism related genes expression were measured (n=3). (H) Gr- 1+ cells 
from the BM were transfected with sh- Ctrl or sh- Xbp1 lentiviral for 3 days, and the MDSCs, G- MDSCs, M- MDSCs, macrophage, 
and DC ratios in BM cells were analyzed using FCM; n=5. (I) Filipin III staining of sh- Ctrl or sh- Xbp1 MDSCs, n=5. (J, K) DCF- DA 
staining (J) and PD- L1 (K) expression in sh- Ctrl or sh- Xbp1G- MDSCs were analyzed; n=5. Data are expressed as mean±SD. 
*p<0.05; **p<0.01; ***p<0.001; ns, no significant difference, by two- tailed unpaired Student’s t- test. BM, bone marrow; DC, 
dendritic cell; Fgl2, fibrinogen- like protein 2; G- MDSCs, granulocytic myeloid- derived suppressor cells; KO, knockout; M- 
MDSCs, monocytic myeloid- derived suppressor cells; WT, wild- type.
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Our results showed that the administration of Fgl2 
neutralizing antibody suppressed MC38 tumor growth 
and prolonged survival compared with control mice 
(figure 7B). Moreover, Fgl2 neutralizing antibody treat-
ment led to a decrease in G- MDSCs and an increase in 
the proportion of CD8+ T cells (figure 7C–E and online 
supplemental figure S7A,B). Additionally, anti- Fgl2 treat-
ment increased the percentage of macrophages and 
DCs in tumors (figure 7F and G). MDSCs from anti- Fgl2 
treated MC38 tumors exhibited a reduction in cholesterol 
content compared with control tumors (figure 7H). The 
4T1 breast tumor model, known for its high infiltration 
of MDSCs in the TME,29–32 was also used in our study. As 
expected, we observed a comparable level of tumor inhi-
bition in the group of mice treated with anti- Fgl2 (online 
supplemental figure S7C). Additionally, we noticed a 
decrease in the infiltration of G- MDSCs in the tumors 
of mice treated with anti- Fgl2 antibody (online supple-
mental figure S7D,E). These findings indicate that Fgl2 
induces ER stress and cholesterol production, potentially 
contributing to the expansion and activation of MDSCs.

We then explored whether blocking Fgl2 enhances 
the effectiveness of immune checkpoint inhibitors. 
The combination of anti- Fgl2 and anti- PD- 1 antibodies 
resulted in a greater reduction in the tumor volume in 

mice with tumors (figure 7I). The proportion of MDSCs 
in the tumors was further reduced and CD8+ T- cell activa-
tion was enhanced (figure 7J–M). These findings suggest 
that combining checkpoint blockade with Fgl2 inhibition 
may lead to more effective antitumor effects in vivo.

In line with these observations, TCGA analysis revealed 
a positive correlation between FGL2 and CD33, PD- 1, PD- 
L1 and XBP1 expression (online supplemental figure 
S7H). Additionally, we observed increased Fgl2 expres-
sion in MDSCs from the peripheral blood of patients 
with CRC (online supplemental figure S7G,H). These 
findings suggested that Fgl2 regulates the differentiation 
and immunosuppressive function of MDSCs through ER 
stress and cholesterol production (figure 7N and online 
supplemental figure S7I).

DISCUSSION
MDSCs are a group of immature myeloid cells with 
immunosuppressive activity and play a crucial role in 
suppressing the antitumor immune response.33 Depleting 
MDSCs through neutralizing antibodies or functional 
inhibition can lead to an improvement in antitumor 
T- cell responses.34 In our study, we observed tumor- 
derived or microenvironment- derived Fgl2 promoted 

Figure 6 Fgl2 promotes ROS production, lipid peroxidation and XBP1 activation in MDSCs. (A) Lipid peroxidation levels 
in MDSCs from WT or Fgl2 KO mice post- grafting the shFgl2 MC38 tumor cells 14 days, n=5. (B) Lipid peroxidation levels 
in CD11b+Gr- 1+ cells from naïve mice BM, Spl and MC38 tumor were analyzed by FCM, n=5. (C, D) Gr- 1+ cells were sorted 
from naïve mice BM and transfected with control or Fgl2- overexpression lentiviral for 3 days, lipid peroxidation levels (C) and 
Xbp1s expression (D) in CD11b+Gr- 1+ cells were measured (n=5). (E) Enrichment plot of the ROS pathway for the comparison 
between Fgl2 KO and WT MDSCs from shFgl2 MC38 tumor- bearing mice. (F) The mRNA expression of genes involved in the 
ROS pathway in WT and Fgl2 KO MDSCs from MC38 tumor were quantified by RT- qPCR (n=3). (G–I) Gr- 1+ cells from mice BM 
were transfected with Fgl2- overexpression lentiviral for 3 days, BM- derived MDSCs were treated with TBH (300 µM) for 24 hours, 
ROS production (G), lipid peroxidation levels (H) and Xbp1s expression (I) in CD11b+Gr- 1+ cells were measured. (J) BM- 
derived MDSCs were treated with vitamin E (VitE; 60 µM) and hydralazine (Hydral; 100 µg/mL) for 24 hours, Xbp1s expression 
in CD11b+Gr- 1+ cells were determined. Data are expressed as mean±SD. *p<0.05; **p<0.01, ***p<0.001; ns, no significant 
difference, by two- tailed unpaired Student’s t- test. BM, bone marrow; Fgl2, Fibrinogen- like protein 2; KO, knockout; MDSCs, 
myeloid- derived suppressor cells; ROS, reactive oxygen species.
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tumor progression in a CD8+ T cell- dependent manner. 
Fgl2 deficiency reduced MDSC accumulation and 
increased CD8+ T cell percentages in tumors. The lack 
of Fgl2 in the TME inhibits MDSC immunosuppressive 
activity and promotes MDSC differentiation into mature 
macrophages and DCs. Fgl2 promotes the generation of 
ROS and lipid peroxidation, thereby activating the XBP1 
signaling pathway in MDSCs. The activation of XBP1 
signaling increases the expression of genes related to 
cholesterol metabolism, resulting in the expansion and 
immunosuppressive properties of MDSCs. Blocking Fgl2 
signaling results in decreased cholesterol production, 
leading to reduced expansion and activation of MDSCs. 
These findings suggested that Fgl2 plays a crucial role in 
determining the differentiation and immunosuppressive 
functions of MDSCs.

The TME is a unique environment characterized by 
a lack of nutrients, low oxygen levels, high acidity, and 

weakened immune system.35 To survive and grow within 
this environment, tumor cells have adapted by repro-
gramming their metabolism to support their prolifer-
ation and differentiation despite the lack of nutrients 
and hypoxic conditions.17 To compete for the nutrients 
and oxygen in the TME, immune cells force to adapt 
their metabolism. Metabolic reprogramming is essential 
for the maintenance of immunosuppressive and protu-
morigenic functions of MDSCs in the TME.4 A recent 
study has revealed that MDSCs upregulate FAO as their 
primary energy source to support their immunosup-
pressive activities.36 Inhibition of FAO causes a delay in 
MDSC suppression and tumor growth.4 Our present data 
suggested that MDSCs deficient in Fgl2 showed increased 
FAO, but decreased expression of FAS and genes related 
to cholesterol biosynthesis. Interestingly, our study 
indicated that MDSCs had higher levels of cholesterol 
than HPCs, administration of cholesterol promoted 

Figure 7 Inhibition of Fgl2 signaling improves the antitumor effect of immune checkpoint inhibitors. (A–H) MC38 tumor cells 
were injected subcutaneously into C57BL/6 mice, the mice were administered 100 µg anti- FGL2 (αFGL2) or IgG every 3 days 
after the tumor size reached 100 mm3. Tumor growth (A), survival of MC38 tumor- bearing mice (B, n=9–10), percentage of CD4+ 
and CD8+ T cells (C), MDSCs (D), absolute number of G- MDSC and M- MDSC cells (E), macrophages (F) and DCs (G) in tumors, 
Filipin III staining of MDSCs (H), n=5. (I–M) WT mice were subcutaneously injected with MC38 tumor cells. Tumor- bearing mice 
were injected with IgG, anti- Fgl2 (αFgl2), anti- PD- L1 (αPD- L1), or a combination of ɑFGL2 and anti- PD- L1 (αF+P). Tumor growth 
was monitored (I), and the percentages of CD8+ T cells (J), MDSCs (K), CD8+ T cells producing IFN-γ (L) and GzmB (M) in the 
tumor tissues were analyzed by FCM (n=5). (N) Fgl2 promotes the generation and immune suppressive effects of MDSCs via 
cholesterol metabolism and XBP1 signaling. Data are expressed as mean±SD. *p<0.05; **p<0.01; ***p<0.001; ns, no significant 
difference, by two- tailed unpaired Student’s t- test (A, C–H), log- rank (Mantel- Cox) test (B), one- way or two- way analysis of 
variance with Sidak multiple comparisons test was used to evaluate statistical significance (I–M). FCM, flow cytometry; Fgl2, 
fibrinogen- like protein 2; G- MDSCs, granulocytic myeloid- derived suppressor cell; KO, knockout; MDSCs, myeloid- derived 
suppressor cells; M- MDSC, monocytic myeloid- derived suppressor cell; WT, wild- type.
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the accumulation and immunosuppressive functions of 
G- MDSCs. Previous studies have reported that treatment 
with cholesterol significantly increased the percentage of 
MDSCs, upregulated the phosphorylation level of STAT3, 
and enhanced intracellular ROS in MDSCs.37–39 In line 
with these findings, our study demonstrated that MDSCs 
treated with cholesterol exhibited heightened immuno-
suppressive properties, and cholesterol also facilitated the 
expansion of G- MDSCs. These results suggested that Fgl2 
reprograms cholesterol metabolism to support the accu-
mulation and immunosuppressive functions of MDSCs in 
the TME.

Activation of ER stress has been identified as a preva-
lent feature of tumor- infiltrating MDSCs in vivo.40 This 
stress response helps MDSCs survive in the harsh TME, 
characterized by nutrient deprivation, hypoxia, and 
acidosis.4 Notably, MDSCs also exploit the ER stress 
response to acquire an immunosuppressive phenotype.41 
For example, in tumor- bearing mice, thapsigargin, an ER 
stressor, enhances the accumulation and immunosup-
pressive activity of MDSCs.40 The IRE1α-XBP1 pathway 
is the most evolutionarily conserved branch of ER 
stress.42 Previous studies have shown that activation XBP1 
signaling promotes the expression of multiple genes that 
control lipid metabolism, including FASN, HMGCR, and 
HMGCS.37 43 In addition, increased XBP1 levels in DCs 
can lead to abnormal lipid accumulation and decreased 
immunostimulatory activity, which in turn promotes 
ovarian cancer progression.28 Our study revealed that 
Fgl2 induces XBP1 activation and cholesterol biosyn-
thesis in MDSCs through ROS- mediated lipid peroxida-
tion. Targeting XBP1 signaling in MDSCs promotes their 
differentiation into macrophages and DCs and reduces 
their immunosuppressive activity, thereby delaying tumor 
growth.44

Literature have provided evidence that Fgl2 enhances 
the production of mitochondrial ROS in macrophages.44 45 
ROS is primarily generated by the NADPH oxidase NOX- 2 
in MDSCs.46 Consistent with these findings, our study 
revealed that MDSCs lacking Fgl2 exhibited lower levels 
of intracellular ROS and NOX- 2 expression within 
the TME. Interestingly, we also observed a significant 
increase in the transcripts of antioxidant enzymes GPX4, 
catalase, and Sod1 in Fgl2- deficient MDSCs. Another 
recently published article demonstrated that Fgl2 may 
selectively localize to mitochondria, where it interacts 
with mitochondrial HSP90, thereby impeding the inter-
action between HSP90 and its target protein Akt.45 Conse-
quently, Fgl2 inhibits Akt phosphorylation and induces 
mitochondrial dysfunction in macrophages. Considering 
that FcγRIIB serves as a receptor for Fgl2, it is plausible 
to speculate that Fgl2 may bind to the surface of MDSCs 
through FcγRIIB. Subsequently, Fgl2 is endocytosed into 
the cell and localizes to the mitochondria, leading to 
alterations in mitochondrial membrane permeability and 
ROS generation.47 Therefore, our results shed light on 
the role of Fgl2 in promoting mitochondrial dysfunction 
and ROS production in MDSCs.

In summary, the present study revealed that Fgl2 plays 
a significant role in the activation and differentiation 
of MDSCs by activating XBP1 signaling and cholesterol 
metabolism. Fgl2 acts as a mediator of XBP1 signaling 
and cholesterol metabolism in the TME, promoting 
ROS- mediated lipid peroxidation and the activation of 
XBP1 signaling in MDSCs. By targeting Fgl2 or choles-
terol synthesis, the accumulation and immunosuppres-
sive activity of MDSCs can be inhibited. These results 
suggest that Fgl2 could be a potential therapeutic target 
for immunotherapy, and inhibiting Fgl2 could enhance 
the antitumor response of the anti- PD- 1 antibody.
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