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ABSTRACT
Background  Ovarian cancer is the deadliest type of 
malignant gynecological tumor. Polymorphonuclear 
myeloid-derived suppressor cells (PMN-MDSCs) are 
involved ovarian cancer and are closely related to adverse 
outcomes. However, the immunosuppressive mechanism 
of PMN-MDSCs remains elusive.
Methods  The types and numbers of ANKRD22-expressing 
cells were investigated by bioinformatics analysis and 
immunohistochemical staining. Ankrd22-/- C57BL/6 mice 
were constructed with CRISPR-Cas9 technology. Mouse 
PMN-MDSCs were obtained from bone marrow (BM)-
derived CD11b+Ly6G+Ly6Clow cells sorted by fluorescence-
activated cell sorting with treatment of GM-CSF and IL-6, 
and the immunosuppressive activity of PMN-MDSCs 
was evaluated by flow cytometry (FCM) and ELISA. The 
expression level of CCR2 and the exogenous glucose 
uptake capacity were determined by FCM. RT-qPCR was 
used to detect ANKRD22 expression in CD11b+HLA-DR-

CD14-CD15+ cells from human ovarian cancer tissues, and 
the correlations of ANKRD22 expression with the clinical 
characteristics and prognosis of patients were evaluated 
by the χ2 test.
Results  We identified a novel protein involved in 
regulating the immunosuppressive ability of PMN-
MDSCs, ANKRD22. Ankrd22 expression was high 
in mouse CD11b+Ly6G+Ly6Clow cells and could be 
significantly downregulated after exposure to a 
simulated microenvironmental stimulus. Knockout of 
Ankrd22 increased the expression level of CCR2 of 
CD11b+Ly6G+Ly6Clow cells and the immunosuppressive 
activity of PMN-MDSCs. BM-derived CD11b+Ly6G+Ly6Clow 
cells of Ankrd22-/- mice significantly promoted the 
proliferation of ovarian cancer cells in tumor xenograft 
mouse models. Mechanistically, RNA sequencing showed 
that Wdfy1 expression was obviously increased in 
Ankrd22-knockout BM-derived CD11b+Ly6G+ Ly6Clow cells 
and that ectopic expression of Wdfy1 increased the levels 
of Arg1, Inos, Ido and Pdl1 in Ankrd22+/+ PMN-MDSCs 
derived from BM-derived CD11b+Ly6G+Ly6Clow cells. 
Surprisingly, an ANKRD22-activating candidate small-
molecule compound attenuated the immunosuppressive 
activity of Ankrd22+/+ PMN-MDSCs. Finally, we found that 
low ANKRD22 levels in CD11b+HLA-DR-CD14-CD15+ cells 
derived from primary ovarian tissues were associated with 
a more advanced International Federation of Gynecology 

and Obstetrics stage, a higher recurrence rate, and a 
higher neutrophil-to-lymphocyte ratio.
Conclusions  These results suggest that ANKRD22 is a 
potential novel target for reversing the immunosuppressive 
effects of PMN-MDSCs.

INTRODUCTION
Ovarian cancer is the deadliest gynecolog-
ical cancer, and it seriously threatens the 
life and health of women.1 Cytoreductive 
surgery and chemotherapy are the most 
common treatments for ovarian cancer. The 
5-year survival rate of patients with early-stage 
ovarian cancer can reach 90%, but the 3-year 
recurrence rate after routine treatment for 
advanced ovarian cancer is nearly 70%.2 
Tumor reduction surgery is the cornerstone 
of ovarian cancer treatment, and the optimal 
goal of tumor reduction surgery for advanced 
ovarian cancer is to achieve no visible tumor 
cell residue. Additionally, chemotherapy 
combined with surgery is an effective treat-
ment for ovarian cancer.3 However, recurrent 
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and refractory ovarian cancer does not respond well to 
this strategy. Notably, targeted therapies such as anti-
vascular endothelial growth factor (VEGF) antibodies, 
including bevacizumab, and poly-polymerase inhibitors, 
including olaparib, can be used for maintenance therapy 
in patients with ovarian cancer.3 Some studies have shown 
that the efficacy of single-agent immunotherapy targeting 
programmed cell death protein 1/programmed cell 
death ligand 1 (PD-1/PD-L1) or cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) can reach 10%–15%.4 5 
Similar to that of other types of tumors, the ovarian tumor 
immune microenvironment (TIME) is formed by ovarian 
cancer cells, immune cells, mesenchymal cells, cytokines 
and their related metabolites, and disorder of the TIME 
accompanies the occurrence, progression and metas-
tasis of ovarian cancer. Several studies have shown that 
the presence of an immunosuppressive microenviron-
ment weakens the effect of immunotherapy on ovarian 
cancer,6–8 which suggests that the local immune micro-
environment varies greatly across patients and that 
eliminating or reversing the inhibitory immune micro-
environment may be the key to improve curative effects 
in patients with ovarian cancer. However, the mechanism 
underlying the formation of the immunosuppressive 
tumor microenvironment remains poorly understood. 
Elucidating the mechanism underlying the formation of 
the immunosuppressive microenvironment in ovarian 
cancer is necessary to remodel the tumor microenviron-
ment to effectively prevent and treat tumors.

Immune cells are the core cells in the TIME and play 
roles throughout the process of tumor evolution. Immu-
nosuppressive cells represent an important category of 
immune cells, and they play a key role in mediating the 
immune escape and malignant proliferation of tumor 
cells.4 Myeloid-derived suppressor cells (MDSCs) are 
the main immunosuppressive cells that mediate tumor 
immune evasion in the TIME.6 One study showed that 
TIME-related cytokines, such as tumor necrosis factor 
(TNF)-α, S100A8/9, granulocyte-macrophage/macro-
phage colony-stimulating factor (GM/M-CSF), VEGF, 
prostaglandin E2 (PGE2) and IL (interleukin)-6, have the 
ability to activate the JAK/STAT3, PI3K/AKT/mTOR, 
RAS/MAPK and NF-κB pathways in bone marrow (BM) 
progenitors to promote their proliferation and differenti-
ation into MDSCs.6–8 MDSCs have strong immunosuppres-
sive potential by secreting immunosuppressive molecules, 
such as arginase-1 (Arg-1), inducible nitric oxide synthase 
(iNOS) and indoleamine 2,3-dioxygenase (IDO), which 
competitively inhibit the activity of T cells and deplete 
these cells.7 Furthermore, MDSCs can mediate T-cell 
apoptosis or improve T-cell transformation into regula-
tory T cells (Tregs) by directly interacting with the T-cell 
receptor (TCR) expressed on T cells.9 Polymorphonu-
clear myeloid-derived suppressor cells (PMN-MDSCs) 
are closely related to the occurrence and development 
of ovarian cancer. Cui et al10 found that MDSCs inhibited 
T-cell activation and enhanced gene expression, ovarian 
cancer stem cell sphere formation and metastasis. MDSCs 

localized in the TIME secrete PGE2 to activate intracel-
lular miRNA101 or the CSF2/STAT3 pathway in ovarian 
cancer cells, resulting in the acquisition of stemness char-
acteristics and increased expression of PD-L1 in ovarian 
cancer cells and supporting immune escape by ovarian 
cancer cells.9 10 Targeting PMN-MDSCs can improve the 
effect of immunotherapy on ovarian cancer, but the 
mechanism regulating the immunosuppressive activity 
of PMN-MDSCs in ovarian cancer needs to be further 
clarified.

MDSCs can be divided into PMN-MDSCs and monocytic 
myeloid-derived suppressor cells (M-MDSCs) according 
to morphology. PMN-MDSCs are the main subset of 
MDSCs that infiltrate the TIME, and mouse PMN-MDSCs 
can be identified by the phenotype CD11b+Ly6G+Ly-
6Clow, while human PMN-MDSCs can be identified by the 
phenotype CD11b+CD14-CD15+/CD66b+11; these surface 
markers are similar to those of neutrophils. PMN-MDSCs 
and M-MDSCs have different functional and biological 
characteristics under various pathological conditions.12 
However, while PMN-MDSCs, not M-MDSCs, are the main 
population that downregulates T-cell immune activity, the 
mechanism by which the immunosuppressive activity of 
PMN-MDSCs in the ovarian TIME is regulated needs to 
be further clarified.

In our previous studies, we identified a novel mito-
chondrial membrane protein, ankyrin-repeat domain-
containing protein 22 (ANKRD22),13 and found that 
ANKRD22 could decrease macrophage activity in a non-
polarized manner.14 The BioGPS database also showed 
that MDSCs express ANKRD22. However, the function of 
ANKRD22 in MDSCs remains unclear. Therefore, in this 
study, we investigated the effect of ANKRD22 expression 
on the immunosuppressive activity of PMN-MDSCs and 
found that the TIME could downregulate the expres-
sion level of ANKRD22 in CD11b+Ly6G+Ly6Clow cells and 
that the immunosuppressive activity of PMN-MDSCs with 
downregulated ANKRD22 was significantly enhanced. 
Our study suggests that ANKRD22 may be a potential 
target for reversing the immunosuppressive activity of 
PMN-MDSCs in the ovarian cancer TIME.

MATERIALS AND METHODS
Animals
The research group commissioned Cyagen Biosciences 
(Guangzhou, China) to construct Ankrd22 -/- C57BL/6 
mice using CRISPR-Cas9 technology. The efficiency 
of Ankrd22 gene knockout in C57BL/6 mice was veri-
fied, and the primers used to verify Ankrd22 knockout 
were as follows: 5'-GCTGCC CTAAAGTCTTTCCTTC-
CCC-3' (forward) and 5'-​GGGA​GTAT​CGCC​ATTG​AAGC​
TATCT-3' (reverse). The PCR conditions included 
annealing at 57°C to produce a fragment with a size of 383 
bp. Matched Ankrd22+/+ C57BL/6 mice were purchased 
from the Shanghai Experimental Animal Resource 
Center of the Chinese Academy of Sciences (Shanghai, 
China). BM cells were harvested from female mice aged 
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6–8 weeks, and tumors were transplanted from female 
mice aged 4–5 weeks. All animals were bred and raised 
at the Experimental Animal Research Center of Zhejiang 
Chinese Medicine University. The ambient temperature 
of specific pathogen free (SPF) facility in animal center 
was maintained at 25°C±3°C, a humidity of 30%–70%, 
and a 12-hour alternating light and dark cycle. The mice 
were fed standard laboratory food and water.

Study population
This study included 20 newly diagnosed patients with 
ovarian cancer and 7 patients without ovarian cancer.
1.	 The inclusion criteria were as follows: (1) Ovarian can-

cer patients group: female with stable vital signs, aged 
≥18 years old, voluntarily signed informed consent, ini-
tially diagnosed and confirmed with ovarian cancer by 
the gynecological oncologist and pathologist. (2) Non-
ovarian cancer control group: female with stable vital 
signs, aged ≥18 years old, voluntarily signed informed 
consent, diagnosed by gynecological oncologists as 
ovarian disease requiring surgery and confirmed by 
pathologists as benign ovarian lesions, patients with 
non-ovarian cancer.

2.	 The exclusion criteria were as follows: Female with 
unstable vital signs (eg, concomitant myocarditis, di-
abetes or autoimmune disease), aged＜18 years old, 
unwilling to sign the informed consent, diagnosed by 
gynecological oncologists as ovarian disease but not re-
quiring surgery.

Clinical characteristics
The clinical and pathological data of the patients included 
in this study mainly included age, tumor type, histological 
type, International Federation of Gynecology and Obstet-
rics (FIGO) stage, grade, lymph node metastasis, ascites, 
and recurrence.
1.	 Patients with ovarian cancer were 42–74 years old, with 

a median age of 58 years old. Patients with non-ovarian 
cancer control were 30–64 years old, with a median age 
of 48 years old.

2.	 Tumor type (ovarian cancer and non-ovarian cancer): 
We classified patients with ovarian cancer diagnosed by 
the gynecological oncologist and pathologist accord-
ing to the patient’s clinical manifestations and post-
operative pathology into the ovarian cancer group. 
Because of the difficulty in obtaining adjacent tissues 
of ovarian cancer, we included patients diagnosed by 
gynecological oncologists with ovarian disease (such 
as ovarian cysts or chocolate cysts) and confirmed by 
pathologists that the postoperative pathological tissue 
type was benign lesion not ovarian tumor type in the 
non-ovarian cancer group.

3.	 Histological type (epithelial and nonepithelial): 
Epithelial ovarian carcinoma, including serous car-
cinoma, mucinous carcinoma and endometrioid 
carcinoma, is the most common histological type. 
Nonepithelial ovarian cancers include germ cell tu-
mors and sex cord stromal tumors.

The clinicopathological features of the patients were 
listed in online supplemental table 1, and the correlation 
between different ANKRD22 expression levels and clinico-
pathological features of patients with ovarian cancer was 
analyzed according to the expression level of ANKRD22.

Specimens
1.	 Human specimens: Peripheral blood and ovarian tissue 

were collected from patients. The collected blood was 
anticoagulated with EDTA-K2 before surgery, and the 
tumor tissue was divided into three parts: one-third was 
stored in the fresh tissue preservation solution, which 
is a special organ preservation fluid for flow cytome-
try (FCM) (Lianke Biotechnology, Hangzhou, China), 
one-third was stored in 4% paraformaldehyde/forma-
lin (Haoyang Biological Manufacture, Tianjin, China), 
and one-third was stored in the −80°C freezer.

2.	 Animal specimens: The peripheral blood, tumor tis-
sue, BM and spleen were collected from mice. Blood 
collected from the mice via the ocular vein was placed 
in 4% sodium citrate anticoagulant. The tumor tissue 
was divided into three parts: one-third was stored in a 
fresh tissue preservation solution, one-third was stored 
in 4% paraformaldehyde/formalin, and one-third was 
stored in a −80°C freezer. Single-cell suspensions were 
obtained by rinsing the BM with 2 mL of Dulbecco’s 
Modified Eagle’s medium (DMEM) (Corning, New 
York, USA).

Preparation of single-cell suspensions from mouse peripheral 
blood and tumor tissues
(1) CD11b+Ly6G+Ly6Clow cells obtained from mouse BM: 
The femurs and tibias of female C57BL/6 mice were 
harvested under aseptic conditions, and DMEM medium 
was used to wash the mouse BM with a 2 mL aseptic 
syringe. After passing the BM cells through a 40 µm filter 
membrane, a single-cell suspension was prepared. (2) 
CD11b+Ly6G+Ly6Clow cells obtained from mouse tumor 
tissues: Subcutaneous tumor tissues were harvested from 
mice and washed with phosphate-buffered saline (PBS, 
Jinuo Biotech, Hangzhou, China), and the surrounding 
necrotic tissues were trimmed. The tumor tissue was cut 
and placed in a 5 ml volume of a tissue digestion solution 
(0.5 mg/mL of type IV collagenase (Sigma, Saint Louis, 
Missouri, USA) and 1 mg/mL hyaluronidase in serum-
free DMEM (Sigma)). The mouse tissue was shaken at 
37°C and 180 rpm for 1–2 hours, and the tissue was mixed 
every 60 min. The digested tissue mixture was filtered 
through a 40 µm filter membrane to prepare a single-cell 
suspension from the mouse tissue. (3) CD11b+Ly6G+Ly-
6Clow cells obtained from mouse peripheral blood: The 
peripheral blood of C57BL/6 female mice was collected 
via the ocular vein under sterile conditions and placed 
in 4% sodium citrate anticoagulant, and each anticoag-
ulant tube was slowly moved up and down several times. 
According to the instructions of a peripheral blood mono-
cyte isolation kit for mice (Haoyang Biological Manufac-
ture), Ficoll-Hypaque density gradient centrifugation was 

https://dx.doi.org/10.1136/jitc-2022-005527
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performed at 2000 rpm for 10 min, and the lower white 
cell layer was collected after centrifugation to prepare a 
single-cell suspension of mouse peripheral blood mono-
nuclear cells (PBMCs). (4) Neutrophils obtained from 
mouse peripheral blood: Peripheral blood was obtained 
from Ankrd22+/+ and Ankrd22-/- C57BL/6 mice in 4% 
sodium citrate anticoagulant. According to the instruc-
tions of a mouse peripheral blood neutrophil isolation 
kit (Haoyang Biological Manufacture), neutrophils were 
isolated from the peripheral blood of Ankrd22+/+ and 
Ankrd22-/- C57BL/6 mice.

Preparation of single-cell suspensions from human peripheral 
blood and tumor tissues
(1) Acquisition of CD11b+HLA-DR-CD14-CD15+ cells 
from human peripheral blood: 5–10 mL peripheral 
blood from 20 patients with ovarian cancer and 7 female 
volunteers aged 18 years or older without ovarian cancer 
was collected into EDTA-K2 anticoagulant tubes, and 
the anticoagulant tubes were slowly rolled up and down. 
According to the instructions of a human PBMC isolation 
kit (Haoyang Biological Manufacture), Ficoll-Hypaque 
density gradient centrifugation was performed at 
2000 rpm for 10 min to extract the lower white cell layer, 
which was a single-cell suspension of human PBMCs. (2) 
CD11b+HLA-DR- CD14-CD15+ cells obtained from human 
ovarian cancer and non-ovarian cancer tissues: Ovarian 
cancer or non-ovarian cancer tissue was collected and 
washed with PBS, and the necrotic tissue was trimmed. 
Tumor tissues were cut and placed in a 5 ml volume of 
a tissue digestion solution containing 0.5 mg/mL type 
IV collagenase (Sigma) and 1 mg/mL hyaluronidase 
(Sigma) in serum-free DMEM. A single-cell suspension 
was prepared from human ovarian tissue via shaking and 
digestion at 180 rpm and 37°C for 90 min, followed by 
filtration through a 40 µm filter membrane.

Fluorescence-activated cell sorting or FCM
Single-cell suspensions were obtained from human ovarian 
tissue or peripheral blood and from mouse BM, tumor 
tissue or peripheral blood obtained as described above. 
Then, the suspensions were centrifuged at 2000 rpm for 
10 min. The cell pellets were blocked on ice with PBS 
buffer containing 2% FBS for 15 min. After centrifuga-
tion at 2000 rpm for 10 min, the cells were suspended in 
a buffer containing primary antibodies and incubated on 
ice for 30 min in the dark. After removal of any unbound 
antibodies with a 5 ml volume of complete DMEM, the 
cell pellets were collected by centrifugation at 2000 rpm 
for 10 min. Adding 5 mL of red blood cell lysis buffer 
(Haoyang Biological Manufacture) to the cell pellet and 
leave it for 10 min at room temperature in the dark, and 
then the cells were centrifuged at 2000 rpm for 10 min. 
After the cells were washed with PBS, they were counted 
and resuspended in a 100 µL flow tube with a filter for 
FCM (DxFLEX flow cytometry, Beckman Coulter, Brea, 
California, USA) analysis or fluorescence-activated cell 

sorting (FACS) (Aria SORP flow sorter, BD Biosciences, 
Franklin Lakes, New Jersey, USA) sorting.
1.	 The antibodies used for mouse BM-derived cells 

and their subpopulations were anti-human/mouse 
CD11b-Allophycocyanin (APC) (BioLegend, San 
Diego, California, USA), anti-mouse Ly6G-fluorescein 
isothiocyanate (FITC) (BioLegend), anti-mouse 
Ly6C-Phycoerythrin (PE) (BioLegend) and anti-
mouse Gr-1-APC-cyanine 7 (Cy7) (BioLegend). 
Antibodies that activate T cells are anti-mouse CD3 
antibody (BioLegend) and anti-mouse CD28 anti-
body (BioLegend). Mouse MDSCs were identified as 
CD11b+GR-1+ cells, mouse PMN-MDSCs were identi-
fied as CD11b+Ly6G+Ly6Clow cells, and M-MDSCs were 
identified as CD11b+Ly6G-Ly6Chigh cells. The purity 
of CD11b+Ly6G+Ly6Clow cells is up to 97.7% and the 
CD11b+Ly6G-Ly6Chigh cells is up to 98.1% (online sup-
plemental file 1).

2.	 The antibodies used for human CD11b+HLA-DR-

CD14-CD15+ cells and their subpopulations were anti-
human/mouse CD11b-APC (BioLegend), anti-human 
HLA-DR-PE (BioLegend), anti-human CD14-APC-
Cy7 (BioLegend) and anti-human CD15-peridinin 
chlorophyll protein (PerCP) (BioLegend). Human 
PMN-MDSCs were identified as CD11b+HLA-DR-CD14-

CD15+ cells. The surface marker phenotype of human 
M-MDSCs was CD11b+HLA-DR- CD14+CD15-.

3.	 The antibodies used for sorting B cells, macrophages 
and plasma cells were anti-mouse CD19-PerCP/Cy5.5 
(BioLegend), anti-mouse F4/80-PE (BioLegend) and 
anti-mouse CD138-APC (BioLegend). Cells were sort-
ed for subsequent experiments.

Preparation and labeling of single-cell suspensions of the 
mouse spleen
Mouse spleens were harvested under aseptic conditions, 
washed with PBS and then cut into pieces in DMEM. 
After the cell suspensions were filtered through a 40 µm 
membrane, mouse spleen single-cell suspensions were 
prepared. Spleen lymphocytes were obtained according to 
the instructions of the mouse spleen lymphocyte isolation 
kit (Haoyang Biological Manufacture) and centrifuged at 
2000 rpm for 10 min. The cell pellets were washed twice 
with PBS. Mouse splenic lymphocytes were labeled with 
carboxyfluorescein diacetate succinimidyl ester (CFSE) 
(BioLegend). 1.0–10×107 cells splenic lymphocytes were 
resuspended in 5 µM concentration CFSE working solu-
tion. The suspension was protected from light and incu-
bated at 37°C for 20 min. DMEM with 10% FBS was added 
to terminate staining. After centrifugation at 2000 rpm 
for 10 min, the cells were resuspended in preheated cell 
culture medium and incubated in the cell incubator for 
subsequent experiments. Splenic lymphocytes labeled 
with CFSE were used in subsequent experiments.

Cell culture
(1) Cell lines. ID8 mouse ovarian cancer cells were donated 
by Professor Dong Chen (Institute of Immunology, 

https://dx.doi.org/10.1136/jitc-2022-005527
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Tsinghua University), and B16F10 mouse melanoma cells 
were purchased from the Cell Bank of the Shanghai Branch 
of the Chinese Academy of Sciences. Cells were cultured in 
high-glucose DMEM (Corning) supplemented with 10% 
FBS (Corning) and 1% penicillin-streptomycin (Haoyang 
Biological Manufacture). All cells were cultured in a 37°C, 
5% CO2 cell incubator. (2) Activated T cells. We collected 
WT mouse spleen-derived T cells and labeled with CFSE. 
Then, these T cells were activated by anti-CD3 and anti-CD28 
antibodies (BioLegend). (3) Assessment of the immunosup-
pressive ability of BM-derived CD11b+Ly6G+Ly6 Clow cells. WT 
mice BM-derived CD11b+Ly6G+Ly6Clow cells with or without 
100 ng/mL mouse GM-CSF (Novoprotein, Shanghai, 
China) and 100 ng/mL mouse IL-6 (Novoprotein) stimu-
lation cocultured with activated T cells for 96 hours. The 
FITC signal intensity of T cells was detected by FCM and the 
concentration of IL-2 in the supernatants was determined by 
a commercial ELISA kit (Proteintech, Wuhan, China). (4) 
Establishment of the primary PMN-MDSCs culture system in 
vitro. Primary mouse BM-derived CD11b+Ly6G+Ly6Clow cells 
obtained by the method described above were cultured with 
100 ng/mL GM-CSF (Novoprotein) and 100 ng/mL IL-6 
(Novoprotein) and used in subsequent experiments.

Construction of a subcutaneous transplanted tumor mouse 
model
(1) A subcutaneous tumor model was established in 
C57BL/6 mice with ID8 cells and primary BM-derived 
CD11b+Ly6G+Ly6Clow cells. 5×106 mouse ID8 cells were 
mixed with 10×106 cells CD11b+Ly6G+Ly6Clow cells, which 
were extracted from the BM of Ankrd22+/+ or Ankrd22-

/- C57BL/6 mice, respectively. Total 200 µL/mouse 
cells were mixed in Matrigel (Corning). ID8 cells and 
CD11b+Ly6G+Ly6Clow cells with or without treatment 
of ANKRD22-activating compound in vitro were mixed 
with Matrigel and injected into the axilla of C57BL/6 
mice. (2) A subcutaneous tumor induction model was 
established with a mixed suspension of mouse periph-
eral blood derived neutrophils and ID8 cells. We obtain 
the neutrophils according to the instructions of a mouse 
peripheral blood neutrophil isolation kit, mixing ID8 
cells and mouse neutrophils from C57BL/6 periphral 
blood as the above method in C57BL/6 mice.

After the above subcutaneous tumor mouse models were 
established, the formation of subcutaneous tumors in mice 
was observed every week from the date of tumorigenesis. 
After the subcutaneous tumors formed, tumor growth was 
recorded, and a tumor growth curve was generated. When 
the subcutaneous tumors grew to approximately 1.5 cm 
or grew until the 8th week, the tumors were collected and 
weighed. The tumor tissue was preserved in a special organ 
preservation fluid for FCM (Lianke Biotechnology) and then 
prepared as a single-cell suspension immediately.

Construction, production and infection procedures for the 
recombinant lentivirus
Construction and production of the recombinant lenti-
virus expressing Ankrd22 and Mlixp was performed by 

GenePharma Corporation (Shanghai, China). Cell infec-
tion with recombinant lentivirus was carried out according 
to the company’s operating procedures. Before lentiviral 
infection, primary PMN-MDSCs were cultured in six-well 
plates. 5 µg/mL polybrene (Sigma) and an appropriate 
amount of virus were added to the cells. After incuba-
tion for 48 hours, the cells were collected, washed once 
and resuspended in PBS. The FITC signal was detected 
for Ankrd22-overexpressing cells, while the PE signal 
was detected for MLIXP-overexpressing PMN-MDSCs. 
The infection efficiency was also verified by fluorescence 
microscopy.

Detect the immunosuppressive ability of PMN-MDSCs
(1) Detection of cytokines in PMN-MDSCs: After the 
above-labeled PMN-MDSCs were immobilized with 
surface antibodies, the cells were cultured in DMEM 
containing 100 ng/mL GM-CSF+100 ng/mL IL-6 and 
81.0 nM phorbol 12-myristate13-acetate (PMA, Sigma) 
at 37°C and 5% CO2 for 4–6 hours. The cell pellets were 
collected after centrifugation at 2000 rpm for 10 min. 
The cells were resuspended in a buffer containing anti-
bodies specific for intracellular FCM and incubated on 
ice for 30 min in the dark. After neutralizing with 5 mL 
of complete DMEM and centrifuging at 2000 rpm for 
10 min to remove any unbound antibody, the cell pellets 
were collected. After the cells were washed with PBS, 
they were counted and resuspended in a 300 µL flow 
tube for analysis. The antibodies used for the detection 
were anti-Arg-1 antibody (CST, Danvers, Massachusetts, 
USA), FITC-conjugated antibody (Jackson ImmunoRe-
search Laboratories, West Grove, Pennsylvania, USA), 
PE-conjugated antibody (CST), PE anti-NOS2 (iNOS) 
antibody (BioLegend), and Alexa Fluor 647 anti-IDO1 
(BioLegend). (2) Detecting the effect of PMN-MDSCs 
on T cells: Mouse BM-derived CD11b+Ly6G+Ly6Clow 
cells treated with 100 ng/mL GM-CSF and 100 ng/mL 
IL-6 were cocultured with CFSE-labeled mouse splenic 
lymphocytes stimulated by CD3 and CD28 (Biolegend) 
antibodies for 96 hours, and collecting cell and the super-
natant for (1) detection of the proliferation number of T 
cells: Splenic lymphocytes labeled with CFSE (Biolegend) 
were counted and resuspended in a 300 µL flow tube. The 
FITC signal was detected to determine T cells prolifer-
ating; (2) detection of the immune activity of T cells: The 
supernatants of splenic T-cell and PMN-MDSCs cocultures 
were collected for subsequent ELISA to determine the 
concentration of IL-2 (Proteintech) secreted by T cells.

Effects of a simulated tumor microenvironment on Ankrd22 
expression
According to the above method, BM-derived 
CD11b+Ly6G+Ly6Clow cells of Ankrd22+/+ C57BL/6 mice 
were plated in 24-well plates and exposed to various simu-
lated tumor microenvironments. (1) Hypoxia: cells were 
exposed to 0.5% O2 for 24 hours, and then the cells were 
collected. (2) Glucose deficiency: cells were cultured in 
glucose deprivation environment for 24 hours, and then 
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the cells were collected. (3) Reactive oxygen species 
(ROS): Different concentrations of H2O2 (Sangon Bioen-
gineering, Shanghai, China) were added to the medium 
to achieve final concentrations of 100 µM, 200 µM and 
500 µM for 24 hours, and a well without H2O2 was used 
as the control group. Then, the cells were collected. (4) 
Transforming growth factor-β (TGF-β): Mouse TGF-β 
(Novoprotein) was added to the medium to achieve a 
final concentration of 5 ng/mL or 10 ng/mL, and cells 
not treated with TGF-β were used as the control group. 
The cells were cultured for 48 hours and then collected. 
(5) Interferon-γ (IFN-γ): Mouse IFN-γ (Novoprotein) was 
added to the medium to achieve a final concentration of 
50 ng/mL or 100 ng/mL, and cells not treated with IFN-γ 
were used as the control group. The cells were cultured 
for 48 hours and then collected. (6) Senescence micro-
environment: In brief, 5 µg/mL or 10 µg/mL Irinotecan 
hydrochloride trihydrate (CPT-11) (Pfizer, New York, 
USA) was added to the culture medium, and cells not 
treated with CPT-11 were used as the control group. The 
cells were cultured for 24 hours and then collected. (7) 
Lactic acid: Lactic acid was added to the culture medium 
at 10 mM, 20 mM or 30 mM, and cells not treated with 
lactic acid were used as the control group. The cells 
were cultured for 24 hours and then collected. Cells were 
collected by centrifugation, and RNA was extracted for 
subsequent experiments.

RNA extraction, reverse transcription and RT-qPCR
(1) Total RNA was extracted from cells using TRIzol 
reagent (Macherey-Nagel, Dueren, Germany). The 
extracted RNA was reverse transcribed into cDNA using 
the PrimeScript RT Reagent Kit (TaKaRa Bio, Kyoto, 
Japan) according to the manufacturer’s instructions. (1) 
RT-qPCR was performed on a CFX96 Connect system 
(Bio-Rad, Hercules, California, USA) using the TaqMan 
probe method and a Premix Ex Taq kit (TaKaRa Bio, 
Kyoto, Japan). The primers and probes were synthe-
sized by Shanghai Sangon Bioengineering Company 
(Shanghai, China).
The primer and probe sequences were designed as 
follows:

Name of primer or 
probe Primer or probe sequence (5’−3’)

Human-ANKRD22 
upstream primer

5’-​CCAGCTTGGACTTCTAGGGA-3’

Human-ANKRD22 
downstream primer

5’-​GGCAGATGGGCTCAGAGTAT-3’

Human-ANKRD22 
probe

5’-Fam-​TCCC​ATGC​TGGT​CCTT​
CACAGG-Tamra-3’

Human-TUBB 
upstream primer

5’-​AGGAGGTCGATGAGCAGATG-3’

Human-TUBB 
downstream primer

5’-​TTGCCAATGAAGGTGACTGC-3’

Human-TUBB probe 5’-Fam-​TGTG​ACAT​CCCA​CCTC​
GTGGCC-Tamra-3’

Name of primer or 
probe Primer or probe sequence (5’−3’)

Mouse-Ankrd22 
upstream primer

5’-​CCAAGGCCTTCATCTCTCCA-3’

Mouse-Ankrd22 
downstream primer

5’-​GGCCAAGTCTTCAGAGGGAT-3’

Mouse-Ankrd22 
probe

5’-Fam-​AGGA​CCCA​TTGC​TCAC​GTTG​
GAATCT-Tamra-3’

Mouse-Tubb 
upstream primer

5’-​CAGCAGATGTTCGATGCCAA-3’

Mouse-Tubb 
downstream primer

5’-​GCTCGTCCACCTCCTTCATA-3’

Mouse-Tubb probe 5’-Fam-​
CTGCCTGTGACCCGCGCCAC-
Tamra-3’

Fam: 5 (6)-Carboxyfluorescein; Tamra: 5 (6)-Carboxyte
tramethylrhodamine.

(2) Mouse genes were identified by standard PCR. 
Amplification was carried out on a Life Express TC-96 
system (Bio-ER, Hangzhou, China) using a Prime STARHS 
DNA polymerase kit (TaKaRa Bio, Kyoto, Japan). The 
annealing temperature was 57°C, and a 383 bp fragment 
was synthesized. The products were used for subsequent 
DNA electrophoresis.
The primer sequences were as follows:

Name of primer Primer sequence (5’−3’)

Mouse-Ankrd22 upstream 
primer

5’-​GGGA​GTAT​CGCC​ATTG​
AAGC​TATCT-3’

Mouse-Ankrd22 downstream 
primer

5’-​GCTG​CCCT​AAAG​TCTT​
TCCTTCC-3’

Luminex chip cytokine assay
CD11b+Ly6G+Ly6Clow cells derived from the BM of 
Ankrd22+/+ or Ankrd22-/- mice were isolated by FACS 
and cultured in complete DMEM containing 100 ng/
mL GM-CSF and 100 ng/mL IL-6 in a 0.5% O2 anoxic 
environment for 24 hours, with normoxic culture used 
as a control. The cell supernatants were collected, stored 
on dry ice, and sent to Shanghai Huaying Biological 
Company (Shanghai, China) for detection. According 
to the instructions of a Luminex Array detection kit 
(Bioplex Pro Mouse Cytokine; Bio-Rad), which is a stan-
dard assay for detecting 385 mouse cytokines, the beads 
and samples were added to a 96-well plate and incubated 
at room temperature in the dark for 30 min. After washing 
three times, 25 µL samples of the mixtures were added 
to each well for antibody detection, and the plate was 
incubated at room temperature protected from light for 
2 hours. After washing three times, a 50 µL streptavidin-
phyoglobinin was added to each well and incubated at 
room temperature for 10 min. Finally, after washing, 
the signal was detected with a Bioplex MAGPIX system 
(Bio-Rad), and the concentration of each cytokine was 
calculated.
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RNA sequencing of CD11b+Ly6G+Ly6Clow cells
Three samples of BM-derived CD11b+Ly6G+Ly6Clow cells 
from Ankrd22-/- or Ankrd22+/+ mice were obtained by FACS, 
and the cell pellets contained more than 1×107 cells. After 
two washes with PBS, 1 mL TRIzol reagent (Macherey-
Nagel, Dueren, Germany) was added to extract total RNA 
from the cells. The extracted RNA was sent to Hangzhou 
Lianchuan Biotechnology (Hangzhou, China) for RNA 
sequencing, and the sequencing data were analyzed in R 
software.

Western blotting
Cell pellets were collected, washed twice with PBS, and 
treated with a mixture of protease inhibitors Cocktail 
(Sigma), 100×proteinase inhibitor (Servicebio, Wuhan, 
China) and RIPA lysis buffer (Yeasen, Shanghai, China). 
The cells were lysed on ice for 30 min and centrifuged at 
13 000 rpm for 5 min. The supernatant was collected, and 
a 1/2 vol of loading buffer was added and boiled at 100°C 
for 5 min. SDS-PAGE was performed, and the proteins 
were transferred to a nitrocellulose membrane (Sarto-
rius Stedim, Gottingen, Germany) at a current of 260 
mA for 120 min. At room temperature, the membrane 
was blocked in a fast protein-free protein blocking solu-
tion (Boster, Wuhan, China) for 15 min and then washed 
twice with 50 mM Tris-HCl saline buffer containing 0.5% 
Tween-20 (TBST, pH 7.5) (Sangon Bioengineering). The 
original antibody was diluted to the appropriate concen-
tration of Western blotting (Boster). The membrane was 
incubated with primary antibody and gently shaken at 
4°C overnight. TBST was used to wash the membrane 5 
times for 3 min each time, and the secondary antibody 
was diluted to the appropriate dilution (Boster). Then, 
the secondary antibody was incubated for 1 hour in TBST 
with gentle shaking at room temperature. After incuba-
tion, the membrane was washed with TBST 5 times for 
3 min each and incubated in an enhanced chemilumi-
nescence solution (Yeasen) for 1–3 min. Images were 
captured on a western blot scanner (Li-Cor Biosciences, 
Lincoln, Nebraska, USA). The primary antibodies used 
were as follows: rabbit anti-human β-actin (CST), rabbit 
anti-human β-tubulin (CST), and house-made mouse 
anti-human ANKRD22 (clone number: 1A8).13 The 
secondary antibody used was a horseradish peroxidase-
labeled goat secondary antibody (Jackson ImmunoRe-
search Laboratories).

Histological examination
Immunohistochemical (IHC) staining was performed 
according to standard protocols. Sections of mouse or 
human ovarian tissue were incubated at 60°C for 30 min, 
dewaxed in xylene and hydrated with a series of graded 
alcohol solutions. The tissue sections were incubated in 
pH9.0, 10 mM EDTA-Tris buffer (Maxim, Fuzhou, China) 
at 95°C for 15 min for antigen repair. After cooling to 
room temperature, the tissue sections were blocked 
with 3% H2O2 for 10 min. After washing with TBST, the 
sections were incubated with anti-ANKRD22 (1:150) at 

room temperature for 1 hour. The tissue sections were 
washed with TBST 3 times and incubated with biotinylated 
streptavidin-horseradish peroxidase (SAP) second anti-
body complex (Maxim) for 30 min at room temperature. 
After being washed with TBST 3 times, 1–2 drops of diam-
inobenzidine (DAB) (Maxim) substrate solution were 
added and incubated for 5 min at room temperature. 
The reaction was terminated with running water, and the 
sections were counterstained with hematoxylin (Maxim).

Statistical analysis
All outcomes for continuous variables are expressed as 
the mean±SD. Unpaired two-sided Student’s t-tests were 
used to compare two independent samples. Data were 
analyzed using SPSS V.23.0 statistical software (IBM). A 
p<0.05 was defined as statistically significant. Results of 
statistical analysis were plotted using GraphPad Prism 
V.7.0 software (San Diego, California, USA).

RESULTS
ANKRD22 was highly expressed in CD11b+Ly6G+Ly6Clow cells
To explore the cell types expressing ANKRD22 and the 
levels of ANKRD22 expression in ovarian cancer tissues, 
we used IHC to examine ANKRD22 expression. We found 
that ovarian cancer cells did not express ANKRD22, but 
tumor stromal cells did (figure 1A). The Human Protein 
Atlas (HPA) database showed similar changes; the expres-
sion of ANKRD22 in normal ovarian tissue was very low, 
approximately 0.3 normalized transcripts per million 
(nTPM), and ovarian cancer cells indeed showed no 
ANKRD22 expression (www.proteinatlas.org). Since 
immune-associated cells in the tumor stroma are a major 
component during the formation of the immunosup-
pressive TIME, we investigated the expression levels of 
ANKRD22 in different immune cells. First, the BioGPS 
database showed that the expression level of ANKRD22 
in human myeloid cells and their precursors, neutro-
phils and monocytes was high (figure 1B) (www.biogps.​
org/#goto=genereport&id=52024). Second, RT-qPCR 
showed that Ankrd22 expression was the highest in mouse 
BM-derived CD11b+Ly6G+Ly6Clow cells than monocytes 
and macrophages, while Ankrd22 was low in B cells and 
plasma cells (figure  1C). Third, the tumor-immune 
system interaction database showed that the expression 
level of ANKRD22 in the ovarian cancer microenviron-
ment was proportional to the abundance of invading 
MDSCs (figure 1D) (http://cis.hku.hk/TISIDB/browse.​
php?gene=ANKRD22), which implied that MDSCs might 
express ANKRD22. To this end, we isolated BM-derived 
CD11b+Ly6G+Ly6Clow cells from C57BL/6 mice, and 
RT-qPCR results showed that the expression of Ankrd22 
in these cells was significantly higher than that derived 
from the normal spleen or peripheral blood (figure 1E). 
Finally, we separated BM-derived CD11b+Ly6G+Ly6Clow 
and CD11b+Ly6G-Ly6Chigh cells by FACS and found that 
BM-derived CD11b+ Ly6G+Ly6Clow cells expressed higher 
levels of Ankrd22 than CD11b+Ly6G-Ly6Chigh cells and 

www.proteinatlas.org
www.biogps.org/#goto=genereport&id=52024
www.biogps.org/#goto=genereport&id=52024
http://cis.hku.hk/TISIDB/browse.php?gene=ANKRD22
http://cis.hku.hk/TISIDB/browse.php?gene=ANKRD22
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Figure 1  ANKRD22 was highly expressed in CD11b+Ly6G+Ly6 Clow cells. (A) IHC staining of ovarian cancer and normal 
ovarian tissues from our center showed that no ANKRD22 expression was observed in normal ovarian cells or ovarian tumor 
cells, while ANKRD22 was expressed in the normal stroma and cancerous ovarian stromal tissues. Scale bars are 200 µm 
and 50 µm. (B). The BioGPS database showed the expression level of ANKRD22 in different immune cells (n=262) and human 
bone marrow cells at different stages (n=745); myeloid cells and their precursors, neutrophils, monocytes may express 
ANKRD22 at a high level. (C). FACS combined with RT-qPCR showed that Ankrd22 expression was the highest in mouse BM-
derived CD11b+Ly6G+Ly6Clow cells than monocytes and macrophages, while Ankrd22 was almost undetectable in B cells and 
plasma cells. (D). The proportion of infiltrating immune cells in human ovarian cancer tissue increased to different degrees. 
The above data were provided by the lymphocyte infiltration module of the TISIDB. (E). The expression level of Ankrd22 in 
CD11b+Ly6G+Ly6Clow cells from the bone marrow, spleen or peripheral blood of the wild-type C57BL/6 mice was detected 
by RT-qPCR. n=3, *p<0.05, ***p<0.001. Two-sample Student’s t-test. (F). BM-derived CD11b+Ly6G+Ly6Clow cells and BM-
derived CD11b+Ly6G-Ly6Chigh cells were sorted by FACS, and the expression level of Ankrd22 in these cells was detected 
by RT-qPCR, respectively. n=3, ***p<0.001. Two-sample Student’s t-test. BM, bone marrow; BMC, bone marrow cells; FACS, 
fluorescenceactivated cell sorting; IHC, immunohistochemical; TISIDB, Tumor-Immune System Interaction Database.
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BM cells by RT-qPCR (figure 1F). These studies suggest 
that CD11b+Ly6G+Ly6Clow cells have high expression of 
ANKRD22. However, how the TIME impacts the expres-
sion of ANKRD22 in CD11b+Ly6G+Ly6Clow cells and 
how CD11b+Ly6G+Ly6Clow cells with different levels of 
ANKRD22 affect the malignant biological behavior of 
ovarian cancer remain unknown.

The tumor microenvironment affected the expression of 
Ankrd22 in BM-derived CD11b+Ly6G+Ly6Clow cells
To verify the effect of the tumor microenvironment 
on Ankrd22 expression in CD11b+Ly6G+ Ly6Clow cells, 
we simulated the tumor microenvironment in vitro 
and examined changes in the Ankrd22 expression level 
in CD11b+Ly6G+Ly6Clow cells derived from the BM of 

wild-type (WT) Ankrd22+/+ C57BL/6 mice under different 
stimuli. FACS was performed to sort mouse BM-derived 
CD11b+Ly6G+Ly6Clow cells, and FCM showed the sorting 
efficiency of CD11b+Ly6G+Ly6Clow cells (online supple-
mental figure 1). RT-qPCR showed that hypoxia, glucose 
deficiency, lactic acid accumulation, TGF-β, IFN-γ, ROS 
and induced senescence significantly downregulated 
the expression of Ankrd22 in CD11b+Ly6G+Ly6Clow cells 
(figure 2A). Evaluation of CD11b+Ly6G+Ly6Clow cells from 
the BM also showed that the expression level of Ankrd22 
in tumor-bearing mice was significantly lower than 
those cells from control mice, and local tumor-derived 
CD11b+Ly6G+Ly6Clow cells have lower levels of Ankrd22 
expression than BM-derived CD11b+Ly6G+Ly6Clow cells 

Figure 2  The tumor microenvironment affected the expression of Ankrd22 in BM-derived CD11b+Ly6G+Ly6 Clow cells. (A) 
RT-qPCR was used to detect the expression level of Ankrd22 in CD11b+Ly6G+Ly6Clow cells cultured under hypoxia, glucose 
deprivation, lactic acid accumulation, TGF-β, IFN-γ, ROS and CPT-11 inducing senescence，n=3, **p<0.01, ***p<0.001. 
(B) A subcutaneous ovarian cancer model was established in C57BL/6 mice. BM-derived CD11b+Ly6G+Ly6Clow cells and 
subcutaneous tumor tissues derived CD11b+Ly6G+Ly6Clow cells were sorted by FACS from tumor-bearing mice after 8 weeks, 
and the Ankrd22 expression level in CD11b+Ly6G+Ly6Clow cells was detected by RT-qPCR. CD11b+Ly6G+Ly6Clow cells from 
the bone marrow of wild-type mice were used as a control. *p<0.05, ***p<0.001. Two-sample Student’s t-test. (C) Ovarian 
tissues were collected from patients with and without ovarian cancer undergoing ovarian tissue excision. CD11b+HLA-DR-

CD14-CD15+ cells were sorted by FACS after digestion, and the expression level of ANKRD22 were detected by RT-qPCR 
(n=6 for non-ovarian cancer and n=20 for ovarian cancer). ***p<0.001, two-sample Student’s t-test. BM, bone marrow; FACS, 
fluorescenceactivated cell sorting.

https://dx.doi.org/10.1136/jitc-2022-005527
https://dx.doi.org/10.1136/jitc-2022-005527
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(figure  2B). Similar changes were also observed in 
CD11b+HLA-DR-CD14-CD15+ cells derived from fresh 
tumor tissue of patients with ovarian cancer (figure 2C). 
These studies suggest that the tumor microenvironment 
can downregulate Ankrd22 expression in CD11b+Ly6G+Ly-
6Clow cells.

Knockout of Ankrd22 enhanced the immunosuppressive 
activity of PMN-MDSCs
To investigate the effect of Ankrd22 expression on 
the immunosuppressive activity of PMN-MDSCs, we 
constructed Ankrd22-knockout C57BL/6 mice (KO mice) 
with CRISPR-Cas9 technology (figure 3A). FACS was used 
to isolate BM-derived CD11b+Ly6G+Ly6Clow cells from 
KO mice, and PCR analysis showed that Ankrd22 was 
completely knocked out in CD11b+Ly6G+Ly6Clow cells 
(figure 3B). These results suggested that this mouse model 
could be used for subsequent experimental studies.

Since PMN-MDSCs and neutrophils both have a 
CD11b+Ly6G+Ly6Clow phenotype, there is no character-
istic molecular marker to distinguish them, and in accor-
dance with the HPA database, mature neutrophils in 
human peripheral blood also express ANKRD22 at a high 
level (figure 3C). To determine whether the BM-derived 
CD11b+Ly6G+Ly6Clow cells could activate their immuno-
suppressive activity, CD11b+Ly6G+Ly6Clow cells derived 
from the BM of WT or KO mice were treated with GM-CSF 
and IL-6 and then cocultured with CFSE-labeled T cells 
derived from splenic immune cells. FCM and ELISA were 
used to detect the inhibitory effects of these BM-derived 
cells on T-cell proliferation and IL-2 secretion. The results 
showed that these BM-derived CD11b+Ly6G+Ly6Clow cells 
from WT or KO mice under GM-CSF and IL-6 stimulation 
significantly inhibited the proliferation and IL-2 secre-
tion of T cells and that the effects of CD11b+Ly6G+Ly6Clow 
cells derived from KO mouse BM on T cells were more 
obvious (figure  3D–F, online supplemental figure 2). 
These studies suggested that BM-derived CD11b+Ly6G+ 
Ly6Clow cells under GM-CSF and IL-6 stimulation exhib-
ited characteristics consistent with PMN-MDSCs and that 
silencing Ankrd22 enhanced the immunosuppressive 
activity of these PMN-MDSCs.

Knockout of Ankrd22 promoted the proliferation of ovarian 
cancer cells through enhanced immunosuppressive activity of 
PMN-MDSCs in transplanted tumor mouse models
The above study implied that BM-derived CD11b+Ly6G+Ly-
6Clow cells under GM-CSF and IL-6 stimulation had 
PMN-MDSCs characteristics and relatively strong immu-
nosuppressive activity in vitro. We wondered whether 
similar phenomena could be observed in a transplanted 
tumor mouse model. To investigate this, CD11b+Ly6G+Ly-
6Clow cells were isolated from the BM of KO and WT 
C57BL/6 mice via FACS, and then these cells were mixed 
with mouse ID8 ovarian cancer cells in Matrigel for subcu-
taneous transplanted tumor experiments in C57BL/6 
mice. The results showed that CD11b+Ly6G+ Ly6Clow 
cells from Ankrd22-/- mice promoted ovarian cancer cell 

proliferation more strongly than their WT counterparts 
(figure  4A). Similar results were observed in a trans-
planted melanoma tumor mouse model (data not shown). 
However, no significant difference in subcutaneous onco-
genicity was found when mouse ID8 ovarian cancer cells 
were mixed with neutrophils from the peripheral blood 
of KO and WT mice (figure 4B). These results suggested 
that BM-derived CD11b+Ly6G+Ly6Clow cells from Ankrd22-

/- mice could promote the proliferation of ovarian cancer 
cells in vivo.

To investigate the mechanism underlying the promotion 
of ovarian cancer cell proliferation by CD11b+Ly6G+Ly-
6Clow cells from Ankrd22-/- mice, we detected the expres-
sion levels of PMN-MDSCs-related immunosuppressive 
molecules, such as Arg-1, iNOS and IDO, in subcuta-
neous tumor tissues from tumor-bearing C57BL/6 mice. 
Compared with the control group, the Ankrd22-knockout 
group showed significantly increased expression levels of 
Arg-1, iNOS and IDO in CD11b+Ly6G+Ly6Clow cells from 
the tumor tissues (figure 4C). Moreover, the expression 
levels of PD-L1 in CD11b+Ly6G+Ly6Clow cells derived 
from the BM, spleen, peripheral blood and subcuta-
neous tumor tissues of C57BL/6 mice were also signifi-
cantly increased (figure  4D). Furthermore, we found 
that CD11b+Ly6G+Ly6Clow cells from mice tumor tissues 
could suppress T cell proliferation without additional 
stimulation with GM-CSF and IL-6, while BM-derived 
CD11b+Ly6G+Ly6Clow cells did not show any suppressive 
activity without previous treatment with GM-CSF and 
IL-6 (figure 4E,F, online supplemental figure 3). Glucose 
uptake ability was also significantly enhanced in PMN-
MDSCsAnkrd22-/- induced by GM-CSF and IL-6 (figure 4G–I). 
These results suggested that TIME promoted the transi-
tion from CD11b+Ly6G+Ly6Clow cells to PMN-MDSCs and 
silencing Ankrd22 could enhance the immunosuppressive 
activity of PMN-MDSCs by increasing the expression of 
immunosuppressive molecules.

The immunosuppressive activity of PMN-MDSCsAnkrd22-/- was 
enhanced by WDFY1
To explore the molecular mechanism by which Ankrd22 
deletion regulates the function of PMN-MDSCs, we 
compared changes in RNA transcription levels between 
BM-derived CD11b+Ly6G+ Ly6Clow cells between Ankrd22-

/- and Ankrd22+/+ mice by RNA sequencing. The results 
showed that Ccr2 and Tnfrsf14 expression was signifi-
cantly upregulated in the KO group compared with the 
WT group, while Pf4 and Ccr7 expression was significantly 
downregulated (figure  5A). Additionally, we detected 
the cytokines secreted by PMN-MDSCs under hypoxia 
with a cytokine chip assay. We found that MIP-2 and 
MIP-3α expression was significantly upregulated in the 
culture supernatant of PMN-MDSCsAnkrd22-/- compared 
with that of PMN-MDSCsAnkrd22+/+ under normoxia and 
that IL-22, TGF-β and DKK-3 expression was significantly 
upregulated under hypoxia (figure 5B). Furthermore, to 
explore the affect of ANKRD22 deficiency on the expres-
sion of Arg-1, iNOS, IDO and PD-L1 in PMN-MDSCs, we 

https://dx.doi.org/10.1136/jitc-2022-005527
https://dx.doi.org/10.1136/jitc-2022-005527
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Figure 3  Knockout of Ankrd22 enhanced the immunosuppressive activity of PMN-MDSCs. (A) Diagram of the construction 
of the Ankrd22-knockout C57BL/6 mouse model. (B). Bone marrow was collected from KO mice and WT mice to prepare 
single-cell suspensions, and then CD11b+Ly6G+Ly6Clow cells were sorted by FACS. PCR and agarose gel electrophoresis 
were used to detect Ankrd22. M: marker. n=3. Ankrd22 in gastric epithelial cells was used as a positive control. (C). The HPA 
database showed the expression level of ANKRD22 among human blood and immune cells based on flow sorted. Human 
peripheral blood neutrophils and mononuclear cells were extracted following the instruction of human peripheral blood 
neutrophil/mononuclear cell isolation kit, and the expression of ANKRD22 was measured by RT-qPCR and western blotting. 
The lysate of the ANKRD22-overexpressing (OE) 293 T cells as a positive control. n=3, **p<0.01. Two-sample Student’s t-test. 
(D, E) FCM was used to detect the percentage of proliferating CFSE-labeled T cells after coculture with CD11b+Ly6G+Ly6Clow 
cells which were treated with 100 ng/mL GM-CSF and 100 ng/mL IL-6 for 96 hours. CFSE fluorescence intensity of T cells 
were showed. n=3, **p<0.01. Two-sample Student’s t-test. (F). The content of IL-2 in the supernatant of cocultured cells was 
detected by ELISA. n=3, **p<0.01. Two-sample Student’s t-test. CFSE, carboxyfluorescein diacetate succinimidyl ester; FACS, 
fluorescenceactivated cell sorting; FCM, flow cytometry; HPA, Human Protein Atlas; PMN-MDSCs, polymorphonuclear myeloid-
derived suppressor cells; WT, wild type.
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Figure 4  Knockout (KO) of Ankrd22 promoted the proliferation of ovarian cancer cells by enhancing the immunosuppressive 
ability of polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) in transplanted tumor mouse models. (A) 5×106 
ID8 cells/mouse mixed with 10×106 BM-derived CD11b+Ly6G+Ly6Clow cells from Ankrd22+/+ or Ankrd22-/- C57BL/6 mice, 
were suspended in Matrigel and injected into the axilla of WT C57BL/6 mice. Tumor diameters were measured with a Vernier 
caliper once a week for 8 weeks. The growth of subcutaneous tumors in mice was recorded. At the end of the experiment, 
the subcutaneous tumor weight was determined. n=4, **p<0.01, ***p<0.001. Two-sample Student’s t-test. (B). 5×106 ID8 cells/ 
mouse were mixed with 10×106 neutrophils from mouse peripheral blood and injected into the axilla of WT C57BL/6 mice. 
Tumor diameters were measured with a Vernier caliper once a week for 8 weeks. The growth of subcutaneous tumors in mice 
was recorded. At the end of the experiment, the subcutaneous tumor weight was determined. n=4, NS: p>0.05. Two-sample 
Student’s t-test. (C). Subcutaneous tumor tissues were collected from KO and WT mice, and intracellular Arg-1, iNOS and 
IDO on CD11b+ Ly6G+Ly6Clow cells were detected by flow cytometry (FCM) after stimulation with 81.0 nM PMA and 1.34 µM 
ionomycin. n=4, *p<0.05, **p<0.01, ***p<0.001. (D) FCM was used to detect PD-L1 on CD11b+Ly6G+Ly6Clow cells derived from 
the bone marrow, spleen, peripheral blood or subcutaneous tumor tissues of the tumor-bearing mice in WT and KO groups. 
***p<0.001. Two-sample Student’s t-test. (E.) FCM was used to detect the percentage of proliferating carboxyfluorescein 
diacetate succinimidyl este (CFSE)-labeled T cells after coculture with CD11b+Ly6G+Ly6Clow cells from mice tumor tissues 
without treatment of 100 ng/mL GM-CSF and 100 ng/mL IL-6 for 96 hours. CFSE fluorescence intensity of T cells were showed. 
n=3, **p<0.01. Two-sample Student’s t-test. (F). The content of IL-2 in the supernatant of cocultured cells was detected by 
ELISA. n=3, **p<0.01. Two-sample Student’s t-test. (G–I). CD11b+Ly6G+ Ly6Clow cells from the tumor-bearing mice were cultured 
with DMEM containing 2-NBDG under 100 ng/mL GM-CSF and 100 ng/mL IL-6 stimulation for 7 days. The intensity of green 
fluorescence in the PMN-MDSCs was detected by immunofluorescence microscopy. The FCM results show the percentage of 
PMN-MDSCs with FITC fluorescence. n=3, ***p<0.001. BM, bone marrow; FITC, fluorescein isothiocyanate.
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compared differential mRNA expression in BM-derived 
CD11b+Ly6G+ Ly6Clow cells from Ankrd22-/- mice with 
that from Ankrd22+/+ mice, and RNA sequencing showed 
that the expressions of Wdfy1 and Mlxip were signifi-
cantly increased in BM-derived CD11b+Ly6G+Ly6Clow 
cells from Ankrd22-/-mice than that from Ankrd22+/+ mice 
(figure  5C). RT-qPCR indicated that the expression of 
Arg1, Inos, Ido and Pdl1 was significantly increased when 
PMN-MDSCs cells were successfully transfected with 
a Wdfy1-overexpressing plasmid (figure  5D). Notably, 

overexpression of MLXIP promoted glycolysis in PMN-
MDSCs (figure  5E). These studies suggested that the 
immunosuppressive activity of PMN-MDSCsAnkrd22-/- was 
enhanced by WDFY1 and MLXIP.

An ANKRD22 agonist reversed the immunosuppressive activity 
of PMN-MDSCs
The above studies confirmed that silencing ANKRD22 
could promote the immunosuppressive activity of 
PMN-MDSCs, so we wondered whether upregulation of 

Figure 5  The immunosuppressive activity of polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs)Ankrd22-/- 
was enhanced by Wdfy1. (A) RNA sequencing. Bone marrow (BM)-derived CD11b+Ly6G+Ly6Clow cells from Ankrd22-/- and 
Ankrd22+/+ mice which sorted by fluorescenceactivated cell sorting (FACS) were checked. The heatmap shows mainly changed 
genes between these two groups, n=3. (B). BM-derived CD11b+Ly6G+Ly6Clow cells from Ankrd22-/- and Ankrd22+/+ mice were 
cultured with 100 ng/mL GM-CSF and 100 ng/mL IL-6, and the cell supernatants were collected for cytokine chip analysis after 
normoxic or hypoxic culture for 24 hours. The heatmap shows changes in the expression of cytokines in the supernatants of 
PMN-MDSCsAnkrd22-/- and PMN-MDSCsAnkrd22+/+. n=3. (C). Heatmap analysis. RNA sequencing showed that the expression of the 
transcription factors Wdfy1 and Mlxip was significantly upregulated in BM-derived CD11b+Ly6G+Ly6Clow cells from Ankrd22-/- 
mice. (D). PMN-MDSCs from wild-type (WT) mice were transfected with Wdfy1 and maintained with 100 ng/mL GM-CSF and 
100 ng/mL IL-6, and then immunosuppressive molecules, such as Arg1, Ido, Inos and Pdl1, in the PMN-MDSCs were detected 
by RT-qPCR. n=3, *p<0.05，***p<0.001. Two-sample Student’s t-test. (E). BM-derived CD11b+Ly6G+ Ly6Clow cells from WT 
mice cultured with 100 ng/mL GM-CSF and 100 ng/mL IL-6 and 2-NBDG was infected with lentivirus overexpressing Mlxip. The 
ratio of 2-NBDG in the PMN-MDSCs was detected by flow cytometry (FCM) and the graph showed the exogenous glucose 
uptake ability of PMN-MDSCs. n=3, **p<0.01. Two-sample Student’s t-test. OE, overexpression.
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ANKRD22 in PMN-MDSCs could reverse this effect. To 
this end, we first identified a candidate small-molecule 
compound that could interact with ANKRD22 through 
3D modeling and virtual screening (figure 6A). In vitro 
experiments showed that the lead compound could 
enhance the expression of ANKRD22 and increase the 
intracellular Ca2+ concentration (figure  6B,C). Further-
more, WT mice BM-derived CD11b+Ly6G+Ly6Clow cells 
stimulated with GM-CSF and IL-6 were cocultured with 
CFSE-labeled splenic T cells. FCM showed that either 
addition of candidate ANKRD22-activating compounds 
or overexpression of Ankrd22 in these CD11b+Ly6G+Ly-
6Clow cells significantly reduced the abilities of these 
cells to inhibit T-cell proliferation and IL-2 secretion 
(figure 6D,E).The FCM results showed that Arg-1, iNOS, 
IDO and PD-L1 levels were reduced after PMN-MDSCs 
were treated with the ANKRD22 agonist (figure 6F, online 
supplemental figure 4). Further, the ANKRD22 agonist 
weakened the inhibitory function of PMN-MDSCs on ID8 
ovarian cancer cell proliferation in WT C57BL/6 mice 
(online supplemental figure 4). These results suggest that 
the ANKRD22 agonist can reverse the immunosuppres-
sive function of PMN-MDSCs.

Ankrd22 knockout increased the expression of CCR2 to 
promote the recruitment of CD11b+Ly6G+Ly6Clow cells 
to ovarian cancer tissue and were linked to the clinical 
prognosis of ovarian cancer
Studies have shown that CCR2 plays an important role 
in the chemotaxis of immune cells. Does ANKRD22 play 
a role in promoting the chemotaxis of PMN-MDSCs to 
ovarian cancer tissues? To explore whether the expres-
sion of Ankrd22 affects the expression level of CCR2 on 
CD11b+Ly6G+Ly6Clow cells, BM-derived CD11b+Ly6G+Ly-
6Clow cells of Ankrd22+/+ and Ankrd22-/- mice were sorted. 
After being mixed with ID8 ovarian cancer cells, the cells 
were subcutaneously transplanted into C57BL/6 mice 
and then collected 8 weeks later. FCM detection showed 
that the expression of CCR2 on CD11b+Ly6G+Ly6Clow cells 
derived from the BM, spleen, peripheral blood or subcu-
taneous tumor tissue was significantly increased in the KO 
group (figure 7A,B). These results suggested that silence of 
Ankrd22 could upregulate the expression of CCR2 on the 
surface of CD11b+Ly6G+Ly6Clow cells of the tumor-bearing 
mice and promote the chemotaxis of CD11b+Ly6G+Ly-
6Clow cells to the local ovarian cancer microenvironment. 
Finally, to analyze the correlation between the number of 
PMN-MDSCs and the clinical prognosis of ovarian cancer, 
CD11b+HLA-DR-CD14-CD15+ cells were sorted from 
fresh ovarian cancer tissues by FACS, and then RT-qPCR 
was used to detect ANKRD22 expression. Patients with 
ovarian cancer were divided into a high-expression group 
and a low-expression group according to their ANKRD22 
expression level, and the clinical characteristics of the 
patients were collected to conduct a correlation analysis. 
The results showed that low expression of ANKRD22 in 
CD11b+HLA-DR-CD14-CD15+ cells derived from ovarian 
cancer tissue was associated with a more advanced FIGO 

stage, a higher recurrence rate (table  1), and a higher 
neutrophil-to-lymphocyte ratio (NLR) (figure 7C). These 
results suggest that patients with low ANKRD22 expres-
sion in CD11b+HLA-DR-CD14-CD15+ cells derived from 
ovarian tissue have a poorer prognosis.

DISCUSSION
Our study shows that ANKRD22 is highly expressed in 
CD11b+Ly6G+Ly6Clow cells. The tumor microenvironment 
can downregulate the expression of Ankrd22 in BM-de-
rived CD11b+Ly6G+Ly6Clow cells and promote the conver-
sion from CD11b+Ly6G+Ly6Clow cells to PMN-MDSCs. 
Based on an Ankrd22 knockout mouse model, Ankrd22 
knockout enhanced the chemotaxis of CD11b+Ly6G+Ly-
6Clow cells to ovarian cancer tissues by increasing the 
expression of CCR2. At the same time, after Ankrd22 was 
knocked out, the immunosuppressive activity of PMN-
MDSCs was increased, leading to the formation of an 
immunosuppressive tumor microenvironment, which 
ultimately promoted the progression of ovarian cancer.

ANKRD22 is an ankyrin (ANK) domain repeat protein 
that is located at chromosome 10q23.31 and is involved in 
the genesis and development of a variety of tumor cells.13 
ANKRD22 expression increased in basal breast cancer, 
non-small cell lung cancer and colon cancer cells but 
decreased in prostate cancer, and these changes affect 
tumor progression and prognosis.13–17 Our previous 
study found that the TIME promoted the expression of 
ANKRD22 in colorectal cancer cells through the p38/
MAX pathway, and ANKRD22 restored the stem cell 
characteristics of colorectal cancer cells by promoting 
glycolysis and lipid metabolism reprogramming.13 To 
investigate which immune cells expressed ANKRD22, 
we searched BioGPS and HPA and found that in addi-
tion to gastric epithelial cells,14 myeloid cells and their 
precursors, neutrophils, monocytes, B cells, plasma cells, 
and other cell types may also express ANKRD22 at a high 
level. Finally, we sorted the above cells according to the 
cell surface cluster of differentiation (CD). Through 
RT-qPCR, we found that the expression level of Ankrd22 
was high in CD11b+Ly6G+Ly6Clow cells obtained from the 
mouse BM, while Ankrd22 in B cells and plasma cells was 
low.

CD11b+Ly6G+Ly6Clow cells include PMN-MDSCs and 
neutrophils.18 However, PMN-MDSCs and neutrophils 
still lack effective molecular markers for identification. 
Although Lectin-like oxidized low density lipoprotein 
receptor 1 (LOX-1) can be used as a marker to distin-
guish human PMN-MDSCs from neutrophils, identifi-
cation markers for mouse-derived PMN-MDSCs are still 
lacking.19 The ‘gold standard’ for distinguishing PMN-
MDSCs from neutrophils is the ability to inhibit the 
immune activity of T cells.18 In vitro, GM-CSF and IL-6 can 
activate mice BM-derived naive CD11b+Ly6G+Ly6Clow cells 
into PMN-MDSCs to gain the immune inhibitory capacity. 
To confirm whether mouse BM-derived CD11b+Ly6G+Ly-
6Clow cells have PMN-MDSC characteristics, we used FACS 

https://dx.doi.org/10.1136/jitc-2022-005527
https://dx.doi.org/10.1136/jitc-2022-005527
https://dx.doi.org/10.1136/jitc-2022-005527
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Figure 6  An ANKRD22 agonist reversed the immunosuppressive activity of polymorphonuclear myeloid-derived suppressor 
cells (PMN-MDSCs). (A) Schematic diagram of ANKRD22-activating small-molecule compounds. (B) Human THP-1 cells were 
cocultured with agonist at concentrations of 0, 0.1, 0.5, 1, 5 and 10 µM for 24 hours. The mean fluorescence intensity of Ca2+ 
was measured to evaluate whether the small-molecule compound was effective. (C) Colorectal cancer LS-174T cells were 
cocultured with agonists at concentrations of 0, 0.1, 0.5, 1, 5 and 10 µM for 24 hours. The expression level of ANKRD22 was 
detected by western blotting. (D) BM-derived CD11b+Ly6G+Ly6Clow cells from wild-type (WT) mice, stimulated with 100 ng/mL 
GM-CSF and 100 ng/mL IL-6 (PMN-MDSCsAnkrd22+/+), were cocultured with actived carboxyfluorescein diacetate succinimidyl 
ester (CFSE)-labeled spleen-derived T cells in the presence of 1.0 µM ANKRD22-activating small-molecule compound for 
96 hours. DMSO was added to the FCM culture medium as a control. Flow cytometry (FCM) showed the effect of PMN-MDSCs 
on T-cell proliferation after addition of the activating small-molecule compound. ELISA was used to detect IL-2 concentration 
(pg/mL) in the supernatant of PMN-MDSCs cocultured with T cells. n=3, ***p<0.001. Two-sample Student’s t-test. (E) PMN-
MDSCsAnkrd22+/+ were infected with recombinant lentivirus overexpressing Ankrd22. FCM shows the effect of PMN-MDSCs 
on T-cell proliferation after infection. ELISA was used to detect the IL-2 concentration in the cell supernatant of PMN-MDSCs 
cocultured with T cells. n=3, **p<0.01, ***p<0.001. Two-sample Student’s t-test. (F) PMN-MDSCs were treated with an 
ANKRD22 agonist for 72 hours in vitro, and the results showed that the levels of Arg-1, iNOS, IDO and PD-L1 were reduced in 
PMN-MDSCs which were with ANKRD22 agonist. n=3, *p<0.05, **p<0.01, ***p<0.001. Two-sample Student’s t-test. BM, bone 
marrow.
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Figure 7  ANKRD22 knockout increases CCR2 expression and affects the clinical characteristics and prognosis of ovarian 
cancer. (A, B) BM-derived CD11b+Ly6G+Ly6Clow cells from Ankrd22-/- and Ankrd22+/+ mice were mixed with ID8 cells to 
construct the tumor-bearing mouse model on WT mice. After tumor formation in mice, the BM, spleen, peripheral blood 
and subcutaneous tumor tissues were collected to isolate CD11b+Ly6G+Ly6Clow cells by fluorescenceactivated cell sorting 
(FACS), and the expression of CCR2 was determined by flow cytometry (FCM). n=3, ***p<0.001. Two-sample Student’s t-test. 
(C) According to the expression level of ANKRD22, patients with ovarian cancer were divided into a high-expression group and 
a low-expression group, and the numbers of neutrophils, monocytes, platelets and lymphocytes in the peripheral blood were 
determined. (A) Neutrophil-to-lymphocyte ratio (NLR), n=20, **p<0.01; (B) Monocyte-to-lymphocyte ratio (MLR), n=20, *p<0.05; 
(C) Platelet-to-lymphocyte ratio (PLR), n=20, *p<0.05. Two-sample Student’s t-test. BM, bone marrow; WT, wild type.
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to separate mouse BM-derived CD11b+Ly6G+Ly6Clow cells 
cultured with GM-CSF+IL-6 and tested their ability to 
promote T cell proliferation and induce T-cell release of 
IL-2. In addition, we evaluated whether mouse BM-de-
rived CD11b+Ly6G+Ly6Clow cells had immunosuppres-
sive activity by inoculating them with ovarian cancer cells 
for tumorigenesis experiments in immunocompetent 
mice to observe the tumor growth. The results showed 
that BM-derived CD11b+Ly6G+Ly6Clow cells could signifi-
cantly inhibit the proliferation of T cells and the release 
of IL-2 by T cells under GM-CSF+IL-6 stimulation and 
could significantly enhance the tumorigenicity of ovarian 
cancer cells in vivo. However, neutrophils isolated from 
mouse peripheral blood did not have the above inhibi-
tory capacity, suggesting that CD11b+Ly6G+Ly6Clow cells 
derived from mouse BM have the characteristics of 

PMN-MDSCs after GM-CSF and IL-6 stimulation. Further-
more, we observed the effect of tumor microenvironment 
stimulation on Ankrd22 expression in mouse BM-derived 
CD11b+Ly6G+Ly6Clow cells. In contrast to observations 
in colorectal cancer cells, Ankrd22 expression in mouse 
BM-derived CD11b+Ly6G+Ly6Clow cells was significantly 
lower than that in the control group after exposure to 
different tumor microenvironment stimulus, GM-CS-
F+IL-6 and coculture with ID8 ovarian cancer cells, 
suggesting that mouse BM-derived CD11b+Ly6G+Ly6Clow 
cells may not rely on the p38/MAX pathway to regulate 
the expression of Ankrd22.

An increasing number of studies have shown that 
PMN-MDSCs exert their immunosuppressive effects by 
enhancing the expression of Arg-1, iNOS and IDO.20–22 
In our study, we found that Ankrd22 knockout increased 
the expression of immunosuppressive molecules of 
PMN-MDSCs, such as Arg-1, iNOS, IDO, and PD-L1. The 
potential ANKRD22 agonist could reverse this increase, 
suggesting that the expression of immunosuppressive 
molecules of PMN-MDSCs, Arg-1, iNOS, IDO and PD-L1, 
was related to Anrkd22. To clarify how ANKRD22 regu-
lates the immunosuppressive function of PMN-MDSCs, we 
referred to our previous research showing that ANKRD22 
is an important molecule involved in cell glycolysis 
and lipid metabolism.13 In this study, we compared the 
changes in the transcription factor expression profiles 
of Ankrd22 knockout and non-Ankrd22 knockout 
CD11b+Ly6G+Ly6Clow cells. We found that Zfp382, Limd1, 
Mlxip, Wdfy1, and other factors were significantly upreg-
ulated in Ankrd22 knockout CD11b+Ly6G+Ly6Clow cells. 
A comprehensive analysis of the literature suggests that 
WDFY1 and MLXIP may be related to the immunosup-
pressive function and disordered energy metabolism of 
PMN-MDSCs.23–25 Therefore, we used a specific plasmid 
targeting Wdfy1 overexpression in non-Ankrd22 knockout 
PMN-MDSCs derived from mouse BM. RT-qPCR showed 
that WDFY1 overexpression increased the expression of 
Arg1, Inos, Ido and Pdl1 in PMN-MDSCs, suggesting that 
Wdfy1 may be the target of Ankrd22 in the inhibition of 
PMN-MDSCs. WDFY1 encodes a phosphatidylinositol 
3-phosphate binding protein, which contains a FYVE zinc 
finger domain and multiple WD40 repeat domains.23 
WDFY1 can mediate the interaction between Toll-like 
receptor 3 (TLR3) or Toll-like receptor 4 (TLR4) and 
TICAM1 and positively regulate signaling pathways medi-
ated by TLR3 and TLR4, thus promoting the activation 
of the TLR3/4 ligand-induced transcription factors IRF3 
and NF-κB. Activation of the TLR3/4-NF-κB pathway has 
been proven to promote the expression of IDO.26 Stanton 
et al also found that the WDFY1 protein can participate 
in autophagy through VEGF-C/NRP-2.23 In addition, 
MLXIP and MLX form heterodimers, which activate the 
transcription of target genes by binding DNA and partic-
ipate in the regulation of cellular glycometabolism and 
lipid metabolism. MLXIP is also a metabolic sensor of the 
c-Myc pathway.24 MLXIP restricts oxidative phosphoryla-
tion by reducing the activity of pyruvate dehydrogenase, 

Table 1  The correlation between different ANKRD22 
expression levels andclinicopathological features of patients 
with ovarian cancer

Characteristics
All 
patients

ANKRD22 
Expression P 

valueLow High

No 20 7 13

Age (years) 0.630

 � <55 9 3 6

 � ≥55 11 4 7

Pathological type 0.374

 � Non-epithelial 9 2 7

 � Epithelial 11 5 6

Diffentiation 0.651

 � Poor differentiated 7 3 4

 � Well differentiated 13 4 9

NLR 0.044

 � <2.14 7 0 7

 � ≥2.14 13 7 6

MLR

 � <0.24 5 2 3

 � ≥0.24 15 5 10

PLR 0.114

 � <146.11 5 0 5

 � ≥146.11 15 7 8

Recurred 0.031

 � Yes 5 4 1

 � No 15 3 12

FIGO stage 0.044

 � I–III 7 0 7

 � IV 13 7 6

FIGO, International Federation of Gynecology and Obstetrics; 
MLR, monocyte-to-lymphocyte ratio; NLR, neutrophil-
tolymphocyte ratio; PLR, platelet-to-lymphocyte ratio.
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thus sensing metabolic pressure in B-ALL cells.24 Deple-
tion of MLXIP reduces the transformation ability of B-ALL 
cells in vitro and decreases their malignancy potential in 
vivo.24 Our study showed that Ankrd22 knockout in PMN-
MDSCs enhanced the uptake of exogenous glucose, while 
overexpression of MLXIP in non-Ankrd22 knockout PMN-
MDSCs also promoted the uptake of exogenous glucose, 
suggesting that MLX transcription factor family members 
may be targets of ANKRD22. However, how MLXIP-
mediated changes in the energy metabolism of PMN-
MDSCs enhance their immunosuppressive function, 
and how ANKRD22 interacts with MLXIP and WDFY1 
to mediate the differentiation of PMN-MDSCs and the 
acquisition of their immunosuppressive function needs 
further study. Although Ankrd22 knockout enhanced 
the immunosuppressive activity of PMN-MDSCs, we 
found that systemic Ankrd22 knockout did not affect the 
mortality of mice or increase infection rates or tumorige-
nicity, suggesting that another regulatory mechanism is 
involved in immune status.

Finally, we also found that Ankrd22 knockout increased 
the expression of CCR2 in CD11b+Ly6G+Ly6Clow cells, 
which increased the chemotaxis of CD11b+Ly6G+Ly-
6Clow cells to local tumor tissue. Studies have shown that 
multiple chemokines are expressed in ovarian cancer 
and other cancer TIMEs, and these chemokines can 
recruit MDSCs to promote the formation of an immu-
nosuppressive microenvironment.27 28 CCL2/CCR2 is 
an important molecular mechanism underlying the 
chemotaxis of MDSCs to local tumor sites.29 A CCR2 
antagonist inhibited the infiltration of TAMs and MDSCs 
and delayed the growth of tumors in a mouse tumori-
genesis model.30 Incomplete radiofrequency ablation 
(iRFA) of liver cancer can cause chronic inflammation 
in the body, and residual liver cancer cells secrete CCL2, 
which induces TAMs and MDSCs to accumulate in local 
tumors and weakens the effect of anti-PD-1 treatment.31 
Based on the important role of the CCL2/CCR2 axis in 
the development and differentiation of MDSCs, Flores-
Toro et al32 established a mouse model of glioblastoma 
and found that the combination of anti-CCR2 and anti-
PD-1 therapy could reduce the number of MDSCs in the 
local TIME but increase the number of tumor-infiltrating 
lymphocytes and IFN-γ expression, which prolonged the 
median survival time of tumor-bearing mice. Although 
we observed that Ankrd22 knockout also promotes the 
chemotaxis of CD11b+Ly6G+Ly6Clow cells to ovarian 
cancer tissues through CCL2/CCR2, how Ankrd22 knock-
down increases CCR2 expression of CD11b+Ly6G+Ly6Clow 
cells, especially the relationship between MLXIP and 
WDFY1, remains to be further clarified.

In conclusion, Ankrd22 knockout increases the chemo-
taxis and immunosuppressive activity of PMN-MDSCs 
in local tumors and indirectly promotes the growth of 
ovarian cancer cells by inducing the formation of an 
immunosuppressive microenvironment. Thus, ANKRD22 
is a potential drug target to reverse the immunosuppres-
sive activity of PMN-MDSCs.
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