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Abstract 

Nasopharyngeal carcinoma (NPC) is a malignant tumor of epithelial origin in head and neck with high incidence 
rate in South China, Southeast Asia and North Africa. The intervention of tumor-associated macrophages (Mφs) 
(TAMs)-mediated immunosuppression is a potential therapeutic strategy against tumor metastasis, but the exact 
mechanisms of TAM-mediated immunosuppression in nasopharyngeal carcinoma are unclear. Furthermore, how TAM 
affects the occurrence and development of nasopharyngeal carcinoma through metabolism is rarely involved. In this 
work, we revealed that NPC cells promoted M2-type Mφ polarization and elevated itaconic acid (ITA) release. Also, 
TAMs facilitated NPC cell proliferation, migration, and invasion through immune response gene 1 (IRG1)-catalyzed ITA 
production. Then, IRG1-mediated ITA production in TAMs repressed the killing of  CD8+ T cells, induced M2-type polari-
zation of TAMs, and reduced the phagocytosis of TAMs. Moreover, we demonstrated ITA played a tumor immunosup-
pressive role by binding and dampening ten-eleven translocation-2 (TET2) expression. Finally, we proved that ITA 
promotes NPC growth by facilitating immune escape in  CD34+ hematopoietic stem cell humanized mice. In Conclu-
sion, TAM-derived ITA facilitated NPC progression by enhancing immune escape through targeting TET2, highlighting 
that interfering with the metabolic pathway of ITA may be a potential strategy for NPC treatment.
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Introduction
Nasopharyngeal carcinoma (NPC) is a group of malig-
nant tumors originating from the epithelial cells of the 
nasopharyngeal mucosa, with highly invasive and meta-
static properties [1]. Statistically, over 130,000 new cases 
of NPC are diagnosed worldwide each year, and approxi-
mately 70% of the patients are in advanced stages with 
distant metastasis at the time of initial diagnosis, posing 
a great threat to human health [2]. Tumor microenvi-
ronment (TME) provides the conditions for the process 
of tumor genesis and growth, and it is also the venue in 
which the body’s immune system plays a battle with the 
tumor [3]. TME can induce an immunosuppressive effect 
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by suppressing T-cell anti-tumor immunity, prompting 
tumor cell immune escape, thus leading to tumor metas-
tasis [4].

Tumor-associated macrophages (Mφs) (TAMs), the 
most numerous immune cells in the TME, play a criti-
cal regulatory function in tumor malignant progression 
[5]. Tumor-regulating effects of TAMs rely on their het-
erogeneity. One of them, M1-type TAMs amplify the 
immune response by secreting pro-inflammatory factors, 
thereby exerting a tumor-suppressive effect [6]. While 
M2-type TAMs mainly mediate the immunosuppressive 
effect through the secretion of anti-inflammatory factors, 
thereby playing a pro-tumorigenic effect [7]. Moreover, 
TAM can secrete various types of immunosuppressive 
enzymes to restrain the immune response of cytotoxic T 
lymphocytes (CTLs) [8]. Therefore, the intervention of 
TAM-mediated immunosuppression is a potential thera-
peutic strategy against tumor metastasis, but the exact 
mechanisms of TAM-mediated immunosuppression are 
unclear [9].

Itaconic acid (ITA) is a vital effector molecule within 
the endogenous immune system, and the immune 
response gene 1 (IRG1) protein links metabolism to 
immunity by catalyzing ITA production [10]. Mφs syn-
thesize and secrete ITA in response to stress, and the 
synthesized ITA exerts an anti-inflammatory effect by 
inhibiting the production of pro-inflammatory cytokines, 
so it may exert an immunosuppressive effect. Zhao 
et  al. uncovered that IRG1-mediated ITA production in 
Mφs possesses a tumor-promoting effect [11]. Moreo-
ver, IRG1-induced ITA promotes tumorigenesis by the 
exhaustion of  CD8+ T cells [12, 13]. Currently, there are 
few studies investigating the effect of ITA in NPC and the 
mechanisms associated with it.

Therefore, we demonstrated that NPC cells promote 
M2-type Mφ polarization and ITA production. Also, 
TAMs facilitated NPC cell proliferation, migration, and 
invasion through IRG1-catalyzed ITA production. More-
over, IRG1-catalyzed ITA production promoted M2-type 
polarization of TAMs as well as reduced  CD8+ T cell kill-
ing by interacting and repressing ten-eleven transloca-
tion-2 (TET2). Importantly, the promoting effect of ITA 
on NPC was dependent on immunosuppression. There-
fore, this study supports that targeting the metabolic 
pathways that produce ITA may be a potential strategy 
for the treatment of NPC.

Methods and materials
Cell culture
Human nasopharyngeal epithelial cells NP69SV40T 
(NECs) (Catalog No. CL-0804; Pricella, Wuhan, China) 
were cultured in a cell-specific medium (Catalog No. 
CM-0804; Pricella). Human NPC cell lines HNE2 

(Catalog No. IM-H434; Immocell, Xiamen, China) and 
HK-1 (Catalog No. CC0708; Cellcook, Guangzhou, 
China) were cultured in Dulbecco’s modified eagle 
medium (Thermo, Waltham, MA, USA) or Roswell Park 
Memorial Institute (RPMI)-1640 medium (Sigma, St. 
Louis, MO, USA) supplemented with 10% fetal bovine 
serum (FBS, Thermo) and 1% penicillin-streptomycin 
(P/S, Pricella), respectively. Human THP-1 mono-
cytes (Catalog No. CL-0233; Pricella) were cultured 
in RPMI-1640 supplemented with 10% FBS, 0.05mM 
β-mercaptoethanol (Sigma), and 1% P/S. All cells were 
incubated in a 37  °C incubator (Thermo) with 5%  CO2 
environment.

Mφ polarization
To induce M0-type Mφs, about 1 ×  106 THP-1 mono-
cytes were stimulated with phorbol 12-myristate 
13-acetate (PMA, 185 ng/mL, Sigma) for 6 hours. To 
induce M2-type polarization, THP-1 monocyte-derived 
M0-type Mφs were subjected to interleukin (IL)-4 (20 
ng/mL, Sigma) and IL-13 (20 ng/mL, Sigma) stimulation 
for 48 h.

Cell transfection
THP-1 monocytes were transfected with different 
small interfering RNAs (siRNAs) (si-NC, si-IRG1#1, si-
IRG1#2, si-IRG1#3, si-TET2#1, si-TET2#2, or si-TET2#3) 
(GenePharma, Shanghai, China) using the HiPerFect 
Transfection Reagent (Qiagen, Hilden, Germany) in an 
Opti-MEM serum-free medium. Transfected cells were 
cultured in the appropriate medium for 24 h.

Cell co‑culture
To analyze the influence of HK-1 cells on the polariza-
tion of Mφs, M0 type Mφs obtained by stimulating THP1 
cells with PMA were used for co-culture. The experiment 
was divided into the following 4 groups: control (mono-
cultured M0-type Mφs), M2 stimulation (mono-cultured 
M0-type Mφs stimulated with IL-4 and IL-13), NEC co-
culture (M0-type Mφs co-cultured with NECs), and NPC 
co-culture (M0-type Mφs co-cultured with HK-1 cells). A 
non-contact co-culture  transwell® system (Catalog No. 
3450, Corning, USA) was employed to construct a co-
culture system of NPC cells or NECs and Mφ.

To investigate whether IRG1-induced ITA produc-
tion in TAMs mediates NPC cell malignant behaviors, 
the experiment was divided into the following 5 groups: 
control, ITA, TAM-si-NC, TAM-si-IRG1, and TAM-si-
IRG1 + ITA groups. The ITA solution (5 mM) (Abmole, 
Shanghai, China) was prepared by dissolving 5  mg of 
ITA in 7.6864 mL of double-distilled water. For the con-
trol group, NPC cells (about 1 ×  104/compartment) were 
seeded into the upper compartments and cultured with 
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a normal medium added with phosphate-buffered saline 
(PBS). For the ITA group, NPC cells (about 1 ×  104/com-
partment) were seeded into the upper compartments and 
stimulated with ITA (125 µM). For the TAM-si-NC and 
TAM-si-IRG1 groups, the upper compartments were cul-
tured the same as the control group, but the lower com-
partments were cultured with TAMs transfected with 
si-NC or si-IRG1. For the TAM-si-IRG1 + ITA group, the 
upper compartments were cultured as in the ITA group, 
but the lower compartments were cultured as in the 
TAM-si-IRG1 group. The amount of PBS was the same 
as ITA.

For analysis of the function of TET2, M0-type Mφs 
were divided into the following groups: control, ITA, si-
TET2, and si-TET2 + ITA groups. For the control group, 
PBS-treated NPC cells were co-cultured with M0-type 
Mφs. For the ITA group, ITA-stimulated NPC cells were 
co-cultured with M0-type Mφs. For the si-TET2 group, 
PBS-treated NPC cells were co-cultured with si-TET2-
transfected M0-type Mφs. For the si-TET2 + ITA group, 
ITA-stimulated NPC cells were co-cultured with si-
TET2-transfected M0-type Mφs. Flow cytometry assay.

Harvested Mφs were made into single-cell suspensions 
by trypsin digestion. After washing, Mφs were stained 
with CD206 APC (Catalog No. 141714, Biolegend, San 
Diego, California, USA) on ice away from light accord-
ing to the manufacturer’s instructions. Flow cytometry 
analysis was performed on a BD FACSCanto II system 
(BD Biosciences, Frank, New Jersey, USA) and data were 
analyzed with FlowJo v10 software (FlowJo, Ashland, OR, 
USA).

Western blot
Proteins were isolated using RIPA buffer (Catalog No. 
P0013C, Beyotime, Shanghai, China), and the samples 
were quantified using the BCA kit (Catalog No. 23227). 
Equal amounts of total protein were separated and trans-
ferred to PVDF membranes. The membrane was blocked 
with 5% nonfat milk, followed by incubation overnight 
at 4  °C with antibodies against CD206 (Catalog No. 
FNab09812, Fine Biotech Co., Ltd, Wuhan, China), argi-
nase-1 (Arg-1) (Catalog No. PA1783, Boster, Wuhan, 
China), IRG1 (Catalog No. 17805 S, Cell Signaling Tech-
nology, USA), β-actin (Catalog No. FNab00869, Fine 
Biotech Co., Ltd), and TET2 (Catalog No. orb537560, 
Biorbyt, Wuhan, China). After incubation with second-
ary antibodies, an ECL kit (Tanon, Shanghai, China) was 
utilized for the detection of protein bands.

Enzyme‑linked immunosorbent assay (ELISA)
The levels of IL-6, IL-10, and vascular endothelial 
growth factor (VEGF) in different culture media were 

estimated by the corresponding reagent kit as described 
by the manufacturer. Information on the kits used for this 
experiment is shown in Table 1.

Gas chromatography‑mass spectrometry (GC‑MS)
The levels of ITA in cell culture supernatant samples were 
measured according to a previous report [14]. Extracellu-
lar metabolites were extracted using the ice-cold metha-
nol/water plus internal standard mixture (5:1, v/v). For 
quantification, GC-MS measurements were performed 
in selected ion monitoring mode on an Agilent 7890  A 
GC coupled to an Agilent 5975 C inert XL Mass Selective 
Detector (Agilent Technologies, Santa Clara, California, 
USA) using the following masses: m/z 301.2; 343.2; 358.2 
(dwell times: 60 ms).

Reverse transcription‑quantitative PCR (RT‑qPCR)
Total RNA was extracted using Trizol (Catalog No. 
15596-026, Ambion, Austin, Texas, USA). Total RNA 
(2 µg) was reverse transcribed using the Primescript™ RT 
reagent kit (Catalog No. RR047A, Takala, Dalian, China). 
The reaction of qPCR was executed with the TB  Green® 
Premix Ex Taq™ II (Catalog No. RR820A, Takara). Rela-
tive mRNA levels were computed by the  2−ΔΔCt method 
[15]. Sequences for all primers are provided in Table 2.

Colony formation assay
NPC cells were co-cultured with TAMs for 14 days. Fixa-
tion in 4% paraformaldehyde (Solarbio, Beijing, China) 
and then staining with 0.1% crystal violet (Solarbio) was 
performed on colonies. Images were photographed and 

Table 1 Information on the kits used for ELISA

Items Manufacturer Catalog No.

IL-6 Thermo Fisher Scientific EH2IL6

IL-10 Sino Biological, Inc. KIT10947A

VEGF Sino Biological, Inc. SEK10008

IFN-γ MyBioSource.com MBS262163

Table 2 The sequences of all primers utilized for RT-qPCR

Genes Sequences

IRG1 Forward CCA CAG CCA GCA GGT CAA TA

Reverse TAA GGC TTT CCA CCG TGT CC

TET2 Forward ACA AAT GAC AGC ACA ACC GC

Reverse GGG TGT GGA TGG GTG GTA AG

GAPDH Forward GAG AGT GTT TCC TCG TCC CG

Reverse ACT GTG CCG TTG AAT TTG CC
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counted per four fields under an Olympus BX51 micro-
scope (Olympus, Tokyo, Japan).

Wound healing assay
NPC cells were plated in the upper compartments. After 
24 h, a scraped cell-free area was made using a micropi-
pette tip (200 µL) and serum-free medium was added, 
and the lower compartments were seeded with TAMs. 
Wound closure was observed and photographed at 0 and 
24 h, followed by analyzing using the ImageJ software.

Transwell invasion assay
The upper compartment was added with 100 µL of 
Matrigel (BD Biosciences) and incubated for 4 hours at 
37 °C. NPC cells (1 ×  104 cells) resuspended in 200 µL of 
serum-free medium were seeded in the upper compart-
ments, and the upper compartments were seeded with 
TAMs. After 24 h, the migrated cells were fixed with 4% 
paraformaldehyde and stained with 0.5% crystal violet. 
The cells were pictured by a microscope and counted 
using ImageJ.

T‑cell functional assay
CD8+ T cells were generated from the spleen of OT-I 
mice using the EasySep™ mouse  CD8+ T-cell isola-
tion kit (Catalog No. 19853, STEMCELL, USA), fol-
lowed by stimulating with anti-CD28 (5 mg/mL, Catalog 
No. BE0015-1, Bioxcell, Beijing, China) and anti-CD3 
(0.5 mg/mL, Catalog No. BE0001-1, Bioxcell) pre-coated 
plates for 2 days and maintained in RPMI-1640 medium 
with 2-mercaptoethanol (50 mM, Catalog No. M6250, 
Sigma) and 1% ITS (50 mM, Catalog No. I3146, Sigma). 
T cells were expanded with IL-2 (0.4 ng/mL, Catalog No. 
402-ML-020, R&D Syetems, Minnesota, USA). SIIN-
FEKL peptide (Catalog No. HY-P1489, MCE, USA) was 
overexpressed in NPC cells in order to work as target 
cells.

For the T cell killing assay, NPC cells expressing SIIN-
FEKL were co-cultured with  CD8+ T treated with dif-
ferent conditioned medium (CM) from control, ITA, 
TAM-si-NC, TAM-si-IRG1, and TAM-si-IRG1 + ITA 
groups and allowed to growth for 2 days. For apoptosis 
analysis, NPC cells were double-stained with annexin 

V-FITC and propidium iodide (Catalog No. C1062L, 
Beyotime) according to the manufacturer’s instructions, 
and staining was detected using a BD FACSCanto II sys-
tem flow cytometer (BD Biosciences).

For the production of luciferase reporter cells, 293T 
cells were co-transfected with pHIV-luc-zsgreen (Cata-
log No. 39196, Addgene, Massachusetts, USA), psPAX2 
(Catalog No. 12260, Addgene), and pMD2.G (Catalog 
No. 12259, Addgene) plasmids. Seventy-two hours later, 
lentivirus was collected and filtered (0.45 mM filter). 
Lentivirus with pHIV-luc-zsgreen was utilized for the 
infection of SIINFEKL-expressing NPC cells. For analyz-
ing the killing of T cells, the medium was removed after 
co-culturing target cells with T cells. Target cells were 
incubated individually in the blank group. D-luciferin 
(150  mg/mL, Sigma) was then added and incubated for 
10  min. Measurement of luciferase activity was per-
formed by a FLUOstar OPTIMA microplate reader 
(BMG LABTECH, Germany). Calculation of T cell killing 
capacity was as follows: cell lysis (%) = (value blank-value 
detection)/value blank.

For the detection of interferon-gamma (IFN-γ) levels in 
supernatants, the ELISA MAX standard set mouse IFN-γ 
kit (Catalog No. MBS262163, MyBiosource Inc., Cali-
fornia, USA) was used in accordance with the operating 
procedures.

Mφ phagocytosis
For the phagocytosis analysis, Mφs in control, TAM-si-
NC, TAM-si-IRG1, and TAM-si-IRG1 + ITA groups were 
cultured for 24 h, followed by incubation with NPC cells 
labeled with MitoTracker Deep Red for 10 min. The con-
trol group was set up with the mono-culture of M0-type 
Mφs, and the other groups were consistent with the co-
cultures described above. After washing, the fluores-
cent fractions within the Mφs were quantified by flow 
cytometry.

Animal experiments
All animal experiments were performed on 4-6-week-
old mice (Gem Pharmatech (Nanjing, China), including 
huHSC-NCG (n = 24) and BALB/c (n = 12) mice. Mice 
were maintained under specific pathogen-free conditions 

(See figure on next page.)
Fig. 1 NPC cells evoked M2-type polarization of Mφs and facilitated ITA release from Mφs. A Schematic diagram illustrating cell 
mono- and co-culture systems. B The proportion of M2-polarized cells in control (mono-culture of THP-1 monocytes), M2 stimulation (THP-1 
monocytes stimulated with IL-4 plus IL-13), NEC co-culture (THP-1 monocytes co-cultured with NECs), and NPC co-culture (THP-1 monocytes 
co-cultured with HK-1 cells) groups was detected by flow cytometry analysis. C Protein levels of Arg-1 and CD206 in THP-1 monocytes with different 
culture systems as described above. D-F ELISA detection of TAMs-associated cytokines (IL-6, IL-10, and VEGF) in cell supernatants derived 
from different THP-1 monocyte culture systems. G Concentration of ITA in cell supernatants derived from different THP-1 monocyte culture systems 
was detected by GC-MS. Data are expressed as means ± SEM and analyzed by one-way ANOVA (***P < 0.001, **P < 0.01, and *P < 0.05 vs. control; ns, 
no significance; ###P < 0.001, ##P < 0.01, and #P < 0.05 vs. M2 stimulation)
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Fig. 1 (See legend on previous page.)
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a 12-hour light/dark cycle, room temperature of 23 ± 2 °C, 
and humidity of 30–70%. All procedures were approved 
by the Laboratory Animal Welfare and Ethics Committee 
of the Third Xiangya Hospital, Central South University.

For subcutaneous xenograft experiments in huHSC-
NCG mice, HK-1 cells (1 ×  106 cells) were implanted in 
the right flank of huHSC-NCG mice. Fifteen days after 
the injection, huHSC-NCG mice were treated accord-
ing to the following groupings: control (vehicle + iso-
type), ITA (ITA + isotype), anti-programmed cell death 
ligand-1 (PD-L1) (vehicle + anti-PD-L1), and ITA + anti-
PD-L1 (n = 6 mice/group). Mice received intraperito-
neal injections of vector/ITA and isotype/anti-PD-L1 
treatments alternating daily. Mice were treated with 
50 mg/kg ITA, and PBS was used as vehicle control. The 
isotype control (Catalog No. BE0089, Bioxcell) and anti-
PD-L1 (Catalog No. BE0146 l, Bioxcell) were conducted 
(100  µg/mouse). For subcutaneous-tumor xenograft 
models in BALB/c mice, HK-1 cells (1 ×  106 cells) were 
implanted in their right flank (n = 6 mice/group). Fifteen 
days after the injection, mice were treated based on the 
following groupings: control (vehicle) and ITA. Tumor 
sizes were measured every 4 days from day 12. Volume 
estimation was made according to the formula: 1/2 × 
(length×width2). After 50 days of cells inoculation, all 
mice were sacrificed and tumor tissues were collected 
for further analysis.

Immunofluorescence (IF) assay
Tissue samples were blocked with 5% bovine serum 
albumin for 30 minutes at room temperature, followed 
by overnight incubation at 4°C with the primary anti-
body. The fluorescence-conjugated secondary antibody 
was then incubated for 1 hour at room temperature in 
the dark. The primary antibodies included anti-F4/80 
(Catalog No. FNab02922, Fine Biotech Co., Ltd) and 
anti-CD163 (Catalog No. A72933, EpiGentek, USA) anti-
bodies. Visualization of cell nuclei was performed using 
4’-6-diamidino-2-phenylindole(Beyotime). Confocal 
microscope (LSM710, Zeiss, Jena, Germany) was utilized 
for the acquisition of fluorescence images.

Immunohistochemistry (IHC)
Paraffin-embedded slides were deparaffinized, rehydrated 
and then subjected to antigen retrieval. Endogenous per-
oxidase was then executed using 3%  H2O2 solution. Fol-
lowing blocking with 10% goat serum, the tissues were 
incubated with a primary antibody against CD8 (Catalog 
No. LS-C414175, LSBio, USA) at 4°C overnight. After 
incubation with a biotin-conjugated secondary antibody, 
the immunoreactive protein was detected by 3,3’-diamin-
obenzidine staining. Images of representative areas were 
taken using a microscope.

Dot‑blot assay
M0-type Mφs were treated with low, medium, and high 
concentrations of ITA, respectively. The collected cells 
were subjected to genomic DNA extraction by a genomic 
DNA purification kit (Catalog No. K0512, Thermo). The 
extracted DNA (1 µg) was mixed with 6 × SSC (200 µL), 
followed by denaturation at 100  °C for 10  min. Spots 
were transferred to nitrocellulose membranes and dried. 
5hmC (Catalog No. 39769, Active Motif, Carlsbad, CA) 
levels in cells were analyzed using standard protein blot 
analysis.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism software. Generally, a two-tailed t-test was utilized 
for the comparison of between 2 groups, and a one-way 
analysis of variance with Tukey’s post hoc test was used 
for multiple comparisons. The data from at least triplicate 
independent experiments were are expressed as standard 
error of the mean (SEM). P < 0.05 was considered statisti-
cally significant.

Results
NPC cells evoked M2‑type Mφ polarization and promoted 
ITA release from Mφs
To explore the crosstalk between NPC cells and TAMs, 
we co-cultured Mφs and HK-1 cells for 48  h. M2-type 
Mφs were induced by stimulation of THP-1 monocytes 

Fig. 2 TAMs affected HK-1 cell malignant behaviors by regulating IRG1-mediated ITA production. (A-F) M2-type Mφs were used to imitate TAM 
models in vitro. A and B The knockdown efficiency of IRG1 in THP-1 monocytes by si-IRG1#1, si-IRG2#2 or si-IRG1#3 was verified by RT-qPCR 
and western blot. Data are expressed as means ± SEM and analyzed by one-way ANOVA (***P < 0.001, **P < 0.01, and *P < 0.05 vs. si-NC; ns, 
no significance). C-D The viability, colony formation, migration, and invasion of NPC cells in control (HK-1 cells stimulated with PBS), ITA (HK-1 
cells stimulated with ITA), TAM-si-NC (HK-1 cells co-cultured with TAM-si-NC and stimulated with PBS), TAM-si-IRG1 (HK-1 cells co-cultured 
with TAM-si-IRG1 and stimulated with PBS), TAM-si-IRG1 + ITA (HK-1 cells co-cultured with TAM-si-IRG1 and stimulated with ITA) groups were 
estimated by CCK-8, colony formation, wound-healing, and transwell invasion assays. Data are expressed as means ± SEM and analyzed by one-way 
ANOVA (***P < 0.001, **P < 0.01, and *P < 0.05)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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with IL-4 plus IL-13, as illustrated in Fig.  1A and B. 
Interestingly, co-culture with NPC cells resulted in a 
significant increase in the number of  CD206+ cells com-
pared to mono-cultured THP-1 monocytes, but THP-1 
monocytes co-cultured with NEC cells did not have 
these changes (Fig. 1A and B). As expected, protein lev-
els of the M2-type markers Arg-1 and CD206 were sig-
nificantly elevated after stimulation with IL-4 plus IL-13 
or co-culture with NPC cells, whereas IL-4 plus IL-13 
stimulation resulted in higher protein levels of Arg-1 
and CD206 than co-culture with NPC cells (Fig.  1C). 
Similarly, the levels of cytokines IL-6, IL-10, and VEGF in 
supernatants derived from THP-1 monocytes stimulated 
with IL-4 plus IL-13 or co-cultured with NPC cells were 
higher compared to mono-cultured THP-1 monocytes 
(Fig.  1D-F). Because activated Mφs produce the unique 
small-molecule metabolite ITA that has a tumor-promot-
ing effect, we measured the concentration of ITA in cell 
supernatants by GC-MS. The results showed that IL-4 
plus IL-13 stimulation and co-culture with NPC cells 
caused an overt increase in the concentration of ITA rela-
tive to mono-cultured THP-1 monocytes. Collectively, 
these results manifested that HK-1 cells induced M2-type 
Mφ polarization and contributed to the release of ITA 
from Mφs.

TAMs facilitated NPC cell malignant behaviors by regulating 
IRG1‑mediated ITA levels
Since TAMs and M2-type Mφs share significant phe-
notypic and functional similarities, M2-type Mφs with 
immunosuppressive specificity are frequently used as 
models to investigate the action of TAMs. Researchers 
have demonstrated that IRG1-encoded aconitate decar-
boxylase 1 catalyzes ITA production [16]. Therefore, we 
further investigated whether IRG1-mediated production 
of ITA in TAMs affects HK-1 cell malignant behaviors. 
The importance of IRG1-mediated production of ITA 
in TAMs was discussed by the loss-of-function strategy. 
The knockdown efficiency of each siRNA was validated 
by RT-qPCR and western blot, as exhibited in Fig.  2A 
and B. As a note, the si-IRG1#2 with the best knockdown 
efficiency was employed for subsequent functional vali-
dation. We discovered that both ITA and TAMs elevated 

HK-1 cell viability and contributed to the colony forma-
tion, migrating, and invading capacities of HK-1 cells, 
whereas these effects mediated by TAMs were under-
cut upon IRG1 knockdown. Importantly, ITA partly 
overthrow the inhibiting effects of IRG1-knockdown 
TAMs on HK-1 cell proliferation, migration, and inva-
sion (Fig. 2C-F). The above experiments were performed 
with the NPC cell line HNE2 for further validation. The 
same results were observed in HNE2 cells, that was, 
TAMs promoted colony formation, migration, and inva-
sion of HNE2 cells by regulating IRG1-mediated ITA 
production (Supplementary Fig. 1A-C). Taken altogether, 
these outcomes manifested that TAMs regulated IRG1-
mediated production of ITA to affect NPC cell malignant 
behaviors.

IRG1‑mediated ITA regulated the M2‑type polarization 
and phagocytosis of TAMs
Subsequently, we co-cultured M0-type Mφs and HK-1 
cells to analyze the influence of ITA on the M2-type 
polarization of TAMs. In terms of  CD206+ TAMs, the 
percentage of  CD206+ TAMs was higher in the TAM-si-
NC group compared with the control group (M0-type), 
but IRG1 silencing decreased the percentage of  CD206+ 
TAMs. Also, IRG1 silencing-mediated decrease in the 
percentage of  CD206+ TAMs was overthrown after 
ITA supplementation (Fig. 3A). Moreover, the levels of 
IL-6, IL-10, and VEGF released from TAMs were mark-
edly elevated after co-culture with HK-1 cells. Under 
the same culture conditions, knockdown of IRG1 in 
TAMs reversed the increase in cytokine levels described 
above, while IRG1 inhibition-mediated effects were 
eliminated following ITA addition (Fig.  3B-D). Next, 
we analyzed the phagocytic function of TAMs. Treated 
TAMs were co-cultured with new HK-1 cells labeled 
with mitoTracker deep red. Flow cytometry results 
showed that phagocytosis of TAMs was inhibited 
after co-culture with HK-1 cells, but the above-con-
strained phagocytosis was restored after IRG1 knock-
down. As expected, IRG1 knockdown-mediated effects 
on the improvement of phagocytosis of TAMs were 
overridden after ITA addition (Fig.  3E). The above 
results regarding the effect of ITA on the M2-type 

(See figure on next page.)
Fig. 3 IRG1-mediated ITA promoted the M2-type polarization and decreased the phagocytosis of TAMs. A Flow cytometry analysis 
of the percentage of  CD206+ TAMs in control (M0-type Mφs), TAM-si-NC (PBS-treated HK-1 cells co-cultured with TAM-si-NC), TAM-si-IRG1 
(PBS-treated HK-1 cells co-cultured with TAM-si-IRG1), and TAM-si-IRG1 + ITA (ITA-treated HK-1 cells co-cultured with TAM-si-IRG1) groups. 
B-D ELISA detection of the levels of IL-6, IL-10, and VEGF released from TAMs. E Flow cytometry determination of the phagocytosis of treated 
TAMs for re-co-cultured HK-1 cells. F Flow cytometry analysis of the percentage of  CD206+ TAMs in control (M0-type Mφs), TAM-si-NC (HNE2 cells 
co-cultured with TAM-si-NC + PBS), TAM-si-IRG1 (HNE2 cells co-cultured with TAM-si-IRG1 + PBS), and TAM-si-IRG1 + ITA (HNE2 cells co-cultured 
with TAM-si-IRG1 + ITA) groups. G-I The levels of IL-6, IL-10, and VEGF released from TAMs were measured. J Flow cytometry determination 
of the phagocytosis of treated TAMs. Data are expressed as means ± SEM and analyzed by one-way ANOVA (***P < 0.001, **P < 0.01, and *P < 0.05)
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polarization and phagocytic capacity of TAMs were 
subsequently confirmed by co-culturing M0-type Mφs 
with HNE2 cells. Consistently, we observed that IRG1 

knockdown-mediated inhibition in M2-type polariza-
tion and promotion in phagocytic capacity of TAMs 
were restored upon the addition of ITA (Fig. 3F-J). All 

Fig. 3 (See legend on previous page.)
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results manifested that IRG1-mediated ITA facilitated 
the M2-type polarization of TAMs and restrained the 
phagocytosis of TAMs.

IRG1‑mediated ITA decreased the killing of CD8+ T cells
To estimate the function of ITA on cytotoxic T cell kill-
ing, we isolated  CD8+ T cells from the spleens of OT-1 
mice and co-cultured them with SIINFEKL-present-
ing HK-1 cells by CM from different culture systems. 
The results showed that incubation with CM from the 
ITA group did not affect the apoptosis of SIINFEKL-
presenting HK-1 cells co-cultured with  CD8+ T cells 
compared with their incubation with CM from the con-
trol group. However, an overt reduction was observed 
after incubation with CM from the TAM-si-NC group, 
whereas this decreased apoptotic rate was reversed fol-
lowing IRG1 knockdown. Importantly, the influence 
mediated by IRG1 knockdown was overturned after 
ITA addition (Fig.  4A). Furthermore, the fluorescence 
intensity in the cell supernatants of HK-1 cells with 
luciferase genes in the ITA group did not change dif-
ferentially versus the control group. However, the fluo-
rescence intensity in the cell supernatants of HK-1 cells 
in the TAM-si-NC group was lower in comparison 
with the control group, but the reduced fluorescence 
intensity was restored after IRG1 knockdown. Interest-
ingly, ITA supplementation eliminated the IRG1 knock-
down-mediated effects (Fig.  4B). We also detected 
the release of INF-γ from  CD8+ T cells. As shown in 
Fig.  4C, the trend variations in the concentration of 
INF-γ in the different groups were consistent with the 
apoptotic status of the HK-1 cells and the lysis of HK-1 
cells transfected with fluorescent genes. We subse-
quently validated the above results with the NPC cell 
line HNE2. Figure  4D-F showed that IRG1-mediated 
ITA restrained the cytotoxicity of  CD8+ T cells toward 
HNE2 cells. These results clustered together suggested 
that IRG1-mediated ITA suppressed the cytotoxicity of 
 CD8+ T cells toward NPCs.

ITA exerted a tumor‑promoting role in NPC by mediating 
immune escape
After determining the promoting effect of ITA on the 
malignant behaviors of NPC cells in  vitro, we explored 
the effect of the combination of ITA with an anti-PD-1 
antibody on the growth of subcutaneous xenograft 
tumors in  CD34+ hematopoietic stem cell humanized 
mice (Fig. 5A). The results exhibited that ITA treatment 
resulted in a larger tumor volume. On the contrary, 
administration of an anti-PD-L1 antibody had an inhibi-
tory effect on tumor growth. However, tumors derived 
from the ITA + anti-PD-L1 antibody group were smaller 
than the ITA group but larger than the anti-PD-1 anti-
body group (Fig.  5B and C). IF detection of M2-type 
TAMs in tumor tissues showed that the ITA group had 
the highest number of M2-type TAMs, followed by the 
ITA + anti-PD-L1 and control groups that had little dif-
ference in the number of M2-type TAMs. As expected, 
the anti-PD-L1 group had the lowest number of M2-type 
TAMs (Fig. 5D). The reversal of the above order was the 
trend in the number of M1-type TAMs (Fig. 5D). In addi-
tion, the ranking of the percentage of  CD8+T-positive 
in tumor tissues in the above subgroups was as follows: 
ITA < control < ITA + anti-PD-L1 < anti-PD-L1 (Fig.  5E). 
We further verified whether ITA exerts pro-cancer 
effects through the immune system by administering ITA 
to BALB/c nude mice (Fig. 6A). The outcomes exhibited 
that administering ITA did not result in a marked altera-
tion in tumor volume of immune-deficient BALB/c mice 
compared with the control group (Fig. 6B and C). These 
results manifested that ITA played a pro-cancer role in 
NPC by promoting tumor immune escape.

ITA played a tumor immunosuppressive role by dampening 
TET2 expression
Given that ITA can attenuate the pro-inflammatory 
response of Mφs by inhibiting TET2 [17], we next fur-
ther explored whether TET2 is regulated by ITA in the 
pro-carcinogenic effects of NPC. Based on the fact 
that TET2 is a DNA demethylase that promotes tumor 

Fig. 4 IRG1-mediated ITA repressed the killing of  CD8+T cells.  CD8+ T cells were isolated from the spleens of OT-1 mice and co-cultured 
with SIINFEKL-presenting NPC cells in CM. A Flow cytometry analysis of the apoptosis of SIINFEKL-presenting HK-1 cells in control (HK-1 cells treated 
with PBS), ITA (HK-1 cells stimulated with ITA), TAM-si-NC (PBS-treated HK-1 cells co-cultured with TAM-si-NC), TAM-si-IRG1 (PBS-treated HK-1 cells 
co-cultured with TAM-si-IRG1), and TAM-si-IRG1 + ITA (ITA-stimulated HK-1 cells co-cultured with TAM-si-IRG1) groups. B The percentage of lysed 
SIINFEKL-presenting HK-1 cells with luciferase genes was assessed depending on the fluorescence intensity. C ELISA measurement of the levels 
of INF-γ released from  CD8+ T cells. D Flow cytometry analysis of the apoptosis of SIINFEKL-presenting HNE2 cells co-cultured with  CD8+ T cells 
in control (HNE2 cells stimulated with PBS), ITA (HNE2 cells stimulated with ITA), TAM-si-NC (PBS-treated HNE2 cells co-cultured with TAM-si-NC), 
TAM-si-IRG1 (PBS-treated HNE2 cells co-cultured with TAM-si-IRG1), and TAM-si-IRG1 + ITA (ITA-treated HNE2 cells co-cultured with TAM-si-IRG1) 
groups. E Assessment of the percentage of lysed HNE2 cells containing the luciferase gene was performed by analyzing the fluorescence intensity. 
F ELISA measurement of the levels of INF-γ released from  CD8+ T cells. Data are expressed as means ± SEM and analyzed by one-way ANOVA 
(***P < 0.001, **P < 0.01, and *P < 0.05)

(See figure on next page.)
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immunity and improves the efficiency of immunother-
apy, we first detected the effect of ITA on 5hmC levels 
in M0-type Mφs. Dot blot images displayed that 5hmC 

levels were inhibited by ITA in a dose-dependent manner 
(Fig. 7A). To investigate whether TET2 takes part in the 
pro-carcinogenic effects of ITA, we knocked down TET2 

Fig. 4 (See legend on previous page.)
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in THP-1 monocytes. A significant reduction in TET2 
mRNA and protein levels was observed in THP-1 mono-
cytes following si-TET2#1, si-TET2#2, or si-TET2#3 
transfection (Fig. 7B and C). Furthermore, ITA promoted 
M2-type TAM polarization, but TET2 knockdown 
repressed M2-type TAM polarization, however, the co-
action of TET2 knockdown and ITA elevated M2-type 
TAM polarization relative to TET2 knockdown alone, 
manifesting that ITA not only acts with TET2 but also 
participates in M2-type TAM polarization through other 
pathways (Fig. 7D). Moreover, ITA stimulation increased 
the levels of IL-6, IL-10, and VEGF in M0-type TAM 
Mφs, yet ITA did not affect the levels of these cytokines 
in TET2-knockdown M0-type TAM Mφs (Fig.  7E-G). 
Furthermore, we further analyzed whether ITA medi-
ates the phagocytosis of TAMs and the killing function of 
 CD8+T cells via TET2. ITA decreased the phagocytosis of 
TAMs, but it had little effect on TAM phagocytosis in the 
presence of TET2 knockdown (Fig. 7H). In addition, the 
apoptosis of HK-1 cells co-cultured with  CD8+T cells was 
weakened after incubation with CM from the ITA and si-
TET2 groups. Moreover, differential changes in HK-1 cell 
apoptosis in the si-TET2 and si-TET2 + ITA groups were 
not significant (Fig. 7I). Also, incubation with CM from 
the ITA and si-TET2 groups decreased  CD8+T cell killing 
and the release of INF-γ. However, there was no signifi-
cant change in  CD8+T cell killing and INF-γ release in 
the si-TET2 group compared to the si-TET2 + ITA group 
(Fig. 7J and K). Collectively, ITA played a tumor immu-
nosuppressive role via TET2.

Discussion
As the major infiltrating cell sub-population in TME, 
the significant role of TAMs in tumor progression has 
attracted great attention [18]. Recently, a variety of 
immunotherapies targeting TAMs have brought benefits 
to tumor patients, but they also have certain limitations, 
such as poor compatibility with other immunotherapies 
[19, 20]. Therefore, exploring the molecular mechanisms 
associated with TAMs is crucial for the development of 
new immunotherapeutic strategies for NPC. This study 
uncovered that TAM-derived ITA impaired the killing 
of  CD8+ T cells and decreased phagocytosis of TAMs via 
TET2, thus promoting NPC cell proliferation, migration, 
and invasion (Fig. 8).

Since the functional and phenotypic characteristics of 
TAMs are closer to those of M2-type Mφs, TAMs mainly 
refer to M2-type Mφs rather than M1-type Mφs [21]. 
The recruitment and functional polarization of TAMs in 
the TME is an extremely complex process that is regu-
lated by various cytokines and environmental factors 
[22]. Tumor cells can recruit circulating monocytes and 
enhance their ability to polarize toward M2-type TAMs 
[23]. ITA is a metabolic product of Mφs, it has been 
revealed to play different roles in different diseases by 
promoting M2-type Mφ polarization [24–26]. Ni et  al. 
reported that ITA inhibits extracellular matrix degen-
eration and inflammation in mouse osteoarthritis models 
by facilitating M2-type Mφ polarization, thus lessening 
osteoarthritis [25]. Here, we identified that HK-1 cells 
can induce M2-type polarization of M0-type Mφs as well 
as promote ITA release from Mφs, suggesting that HK-1 
cells may promote M2-type Mφ polarization by inducing 
ITA production.

IRG1-mediated production and accumulation of ITA 
is an important negative regulatory point in the modula-
tion of Mφ inflammation, which inhibits the inflamma-
tory response and regulates disease progression through 
multiple mechanisms [27, 28]. Recent studies have found 
that IRG1-induced ITA inhibits succinate dehydroge-
nase (SDH) expression and activity, thereby blocking 
succinate-mediated inflammatory responses [29] and 
preventing reverse electron transfer-generated reactive 
oxygen species to decrease inflammatory responses [30]. 
In tumors, inactivation of SDH and fenugreek hydratase 
causes accumulation of succinate and fenugreek in the 
cytosol, leading to inhibition of the proline hydroxylase 
family, thereby enhancing tumor cell glycolysis and mak-
ing cells resistant to apoptotic signals [31]. Furthermore, 
targeting IRG1 can revert TAM-mediated immunosup-
pression and augment immunotherapy for cancer [16]. 
Also, ITA derived from myeloids facilitates tumor growth 
through repressing the cytotoxicity of  CD8+T cells [11]. 
Herein, ITA addition weakened the inhibitory effects 
of IRG1-knockdown TAMs on NPC cell proliferation, 
migration, and invasion. Also, the promoting effects of 
IRG1-knockdown TAMs on the cytotoxicity of  CD8+T 
cells and the decreased M2-type TAM polarization of 
IRG1-knockdown TAMs and the elevated phagocyto-
sis of IRG1-knockdown TAMs were reversed after ITA 

(See figure on next page.)
Fig. 5 ITA promoted the growth of subcutaneous xenograft tumors by mediating immune escape. A Schematic diagram of animal 
experiments  (CD34+ hematopoietic stem cell humanized mice) (n = 6). B The growth curves of subcutaneous xenograft tumors. C Photographs 
of the subcutaneous tumors. D IF analysis of the percentage of infiltrated F4/80 + Mφs and  CD163+ Mφs in subcutaneous xenograft tumors. E IHC 
assessment of the expression of CD8 in subcutaneous xenograft tumors. Data are expressed as means ± SEM and analyzed by one-way ANOVA 
(***P < 0.001, **P < 0.01, and *P < 0.05)
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Fig. 5 (See legend on previous page.)
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addition. Furthermore, ITA promoted the growth of 
subcutaneous xenograft tumors and enhanced M2-type 
TAM polarization in  CD34+ hematopoietic stem cell 
humanized mice, but the anti-PD-L1 antibody had the 
opposite effect. However, the tumor-promoting of ITA 
was impaired after administration with anti-PD-L1 anti-
body. Notably, administration of ITA did not result in 
significant changes in tumor volume of immune-deficient 
BALB/c mice compared to the control group. Similarly, 
several studies suggested that elements that depend on 
immune escape to work, play little role in immune-defi-
cient mice [32–34]. These results manifested that ITA 

facilitates tumor growth by fostering immune escape 
under immuno-normal conditions.

TET2 is a member of the TET gene family, and TET2 
catalyzes the conversion of 5mC to 5hmC in DNA, result-
ing in DNA demethylation [35]. TET2, a potential tumor-
repressive gene, is involved in the epigenetic regulation 
of methylation or demethylation of early hematopoietic-
related genes [36]. Mutation or knockdown of TET2 drives 
tumorigenesis in several hematological and solid cancers, 
such as renal cell carcinoma [37] and acute myeloid leu-
kemia [38]. A recent study showed that ITA can interact 
with TET2 to suppress lipopolysaccharide -induced gene 
expression in Mφs by binding to and inhibiting TET2 

Fig. 6 The pro-carcinogenic effects of ITA were attenuated in nude mice lacking an immune system. A Tumor growth of HK-1 cell-bearing BALB/c 
nude mice (n = 6). B The tumor growth curve of subcutaneous NPC. C Typical animal in vivo imaging pictures. Data are expressed as means ± SEM 
and analyzed by unpaired t-test (*P < 0.05)

(See figure on next page.)
Fig. 7 ITA played a tumor immunosuppressive role by interacting with TET2. A Dot blot images showed 5hmC levels in M0-type Mφs treated 
with different concentrations of ITA. B and C Validation of the interference efficiency of si-TET2#1, si-TET2#2, and si-TET2#3 on TET2 in THP-1 
monocytes. D Measurement of the percentage of  CD206+ TAMs in control (PBS-treated HK-1 cells co-cultured with TAM-si-NC), ITA (ITA-treated HK-1 
cells co-cultured with TAM-si-NC), si-TET2 (PBS-treated HK-1 cells co-cultured with TAM-si-TET2), and si-TET2 + ITA (ITA-treated HK-1 cells co-cultured 
with TAM-si-TET2) groups. E-G Analysis of the levels of IL-6, IL-10, and VEGF released from TAMs at different groups. H The phagocytosis of TAMs 
was determined by flow cytometry. I Effect of  CD8+T cells on HK-1 cell apoptosis. J The killing of  CD8+T cells was determined by the assessment 
of fluorescence intensity. K The release of INF-γ from  CD8+ T cells. Data are expressed as means ± SEM and analyzed by one-way ANOVA 
(***P < 0.001, **P < 0.01, and *P < 0.05)
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Fig. 7 (See legend on previous page.)
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expression [17]. Here, the levels of 5hmC were repressed 
in M0-type Mφs by ITA in a dose-dependent manner, 
implying that ITA suppresses the expression of TET2. 
Furthermore, ITA promoted M2-type TAM polarization, 
repressed the phagocytosis of TAMs, reduced the killing 
of  CD8+ T cells, but had little effect on the above met-
rics after TET2 knockdown, manifesting that ITA played 
a tumor-promoting action by repressing TET2 expression. 
Additionally, ITA exerts its effects not only through TET2, 
and the mechanism by which ITA works through other 
targets needs to be further explored. Unfortunately, we 
have not performed associated assays with clinical sam-
ples, which is a direction for future exploration.

In conclusion, TAMs-derived ITA promotes NPC 
progression by facilitating immune escape by inhibiting 
TET2 expression, indicating that targeting the metabolic 
pathways that produce ITA may be a possible means of 
interfering with this tumor.
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