
RESEARCH ARTICLE

AIM2 fosters lung adenocarcinoma immune escape by modulating PD-L1 expression 
in tumor-associated macrophages via JAK/STAT3
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ABSTRACT
This work was devised to discuss the effect of AIM2 on the immunosuppression of LUAD tumors, as well 
as its molecular mechanism. An allograft mouse model was built. Mouse macrophages were isolated and 
collected. The infiltration level of Mø and expression of M1 Mø, M2 Mø markers, and PD-L1 were assayed 
by IHC and flow cytometry. Expression levels of M1 Mø and M2 Mø marker genes and PD-L1 were 
detected by qPCR. The expression of proteins linked with JAK/STAT3 was tested by western blot. 
CD8+T cells and NK cells were activated in vitro and co-cultured with mouse macrophages, and their 
cytotoxicity was detected by LDH method. The proportion of CD206+PD-L1+ cells and the activation and 
proliferation of CD8+T cells were assayed by flow cytometry. Multicolor immunofluorescence was utilized 
to assay the co-localization of proteins. AIM2 demonstrated a high expression in LUAD, exhibiting 
a conspicuous positive correlation with the expression of the M2 Mø markers as well as PD-L1. 
Expression of M1 markers was upregulated after knockdown of AIM2, while M2 markers expression 
and PD-L1 were downregulated, and the colocalization of proteins linked with PD-L1 and M2 Mø was 
decreased. The infiltration and cytotoxicity of CD8+T cells and NK cells increased after silencing AIM2. 
After the knockdown of AIM2, which was enriched in the JAK/STAT3 pathway, the phosphorylation levels 
of JAK1, JAK2, and STAT3 were reduced, the immune infiltration level of CD8+T cells increased, and the 
co-localization level of PD-L1 and PD-1 dropped. The activity and proliferation level of CD8+T cells were 
increased with the reduced PD-1 expression. AIM2 fosters M2 Mø polarization and PD-L1 expression via 
the JAK/STAT3 pathway. Moreover, AIM2 promotes the immune escape of LUAD via the PD-1/PD-L1 axis. 
Our work may blaze a trail for the clinical treatment of LUAD.
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Introduction

Lung cancer is the major cause of cancer-related mortality world-
wide. Lung adenocarcinoma (LUAD) is the most prevalent type 
covering around 50% of all lung cancers.1 In spite of the ameliora-
tions in diagnosis and treatment, the 5-year survival in individuals 
with LUAD is far from satisfactory (<20%).2 Based on immune 
checkpoints, like programmed cell death 1 (PD-1) and 

programmed cell death ligand 1 (PD-L1), immunotherapies have 
blazed a trail for treating LUAD recently.3 However, immune 
escape during treatment challenges clinical treatment. The more 
stable expression of PD-L1 was previously observed in tumor- 
associated macrophages (TAM) than in tumor cells, and in the 
tumor microenvironment (TME), TAM is the main source of PD- 
L1 expression.4 Unfortunately, the regulatory factors of PD-L1 
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toward TAM in LUAD remain obscure. Therefore, this work dived 
into the function of PD-L1 in TAM polarization and shed light on 
the clinical treatment of LUAD.

TAM is differentiated from monocytes derived from bone mar-
row into peripheral blood.5 By stimulation of different microenvir-
onments, macrophages (Mø) differentiate into classically activated 
(M1) and selectively activated (M2) subtypes.6 Mediated by the 
dominance of STAT3 and STAT6, the activation of M2 Mø polar-
ization triggers immunosuppression and fosters tumor 
progression,7 and immunosuppressive factors released by M2 Mø 
repress T cell function and metabolism.4 As pivotal tumor suppres-
sor cells in tumor immunity, CD8+T cells induce tumor cell apop-
tosis by making physical contact with malignant tumor cells and 
activating their intracellular signals.3 Abnormal expression of some 
genes has been ascertained by current studies to repress the immune 
infiltration of CD8+T, thus leading to tumor immune escape. For 
example, CD155 is overexpressed in colorectal cancer (CRC), 
which can reduce the proportion of cytokines secreted by CD8+ 

cells.8 LncRNA NEAT1 boosts anti-tumor activity of CD8+T cells 
toward hepatocellular carcinoma by modulating miR-155/Tim-3.9 

However, the molecular mechanism leading to decreased immune 
infiltration of CD8+T cells in LUAD remains obscure. In addition, 
recent studies have reported the link between AIM2 and Mø- 
mediated inflammatory response,10 but whether AIM2 can affect 
LUAD tumor immune escape via M2 Mø remains unknown. 
Hence, this work dived into the mechanism of AIM2 in the polar-
ization of M2 Mø, and offered a fresh therapeutic target for the 
immunotherapy of LUAD.

AIM2 belongs to the interferon (IFN)-induced PYHIN protein 
family.11 AIM2 was first found in innate immune cells, like Mø and 
dendritic cells (DCs), with the function of sensing pathogen-linked 
cytosol dsDNA derived from the living host, recruiting other 
inflammatory components like ASC and caspase-1, and inducing 
caspase-dependent inflammasome formation.12,13 Interestingly, 
AIM2 has been ascertained a dual role in tumors.14 AIM2 was 
initially thought to be a tumor suppressor gene. For example, 
AIM2 represses Gli1 expression via the SMO-independent pathway 
and hinders CRC cells to proliferate and migrate in a Gli1- 
dependent manner.15 Additionally, AIM2 plays an oncogenic role 
in some cancers, such as breast cancer. Knockdown of AIM2 can 
significantly reduce the resistance of breast cancer cells to 
dihydroartemisinin.16 Furthermore, tumor immunomodulatory 
effects of AIM2 have also been studied. AIM2 expression in DCs 
in human melanoma is concerned with poor prognosis, and it plays 
an immunosuppressive role in TME.17 Inoculation of AIM2- 
deficient DCs can improve the efficacies of adoptive T cell therapy 
and anti-PD-L1 immunotherapy.17 In breast cancer and lym-
phoma, AIM2 is enrolled to the phagosome by FcγR signal follow-
ing antibody-dependent cytotoxicity and activates phagocytized 
tumor DNA through the destroyed phagosome membrane, subse-
quently upregulating PD-L1 and IDO and causing 
immunosuppression.18 To date, how AIM2 functions in the 
immune process of LUAD has not been elucidated. Therefore, 
this work dived into the impact of AIM2 on the immune process 
of LUAD via Mø.

We first elucidated that AIM2 fostered PD-L1 expression in 
TAM in LUAD, and found a new mechanism by which AIM2 
promoted the immune escape of LUAD. High expression of AIM2 

in LUAD promoted Mø-to-M2 phenotypic differentiation, modu-
lated TAM polarization, and upregulated PD-L1 expression via 
JAK/STAT3 signaling pathway. Subsequently, we verified the 
immunosuppressive effect of AIM2 on LUAD by regulating PD- 
1/PD-L1 in TAM through cell experiments and in vivo experiments, 
hoping to blaze a trail for the clinical immunotherapy of LUAD.

Materials and methods

Bioinformatics analysis

From The Cancer Genome Atlas (TCGA) database, mRNA 
expression data of LUAD (normal: 59, tumor: 535) as well as 
relevant clinical data files were downloaded. Differentially 
expressed mRNAs (DEmRNAs) were obtained by edgeR differ-
ential analysis (|logFC|>1, padj < 0.05). Pathway enrichment ana-
lysis of target mRNA was performed utilizing gene set enrichment 
analysis (GSEA) software. Pearson correlation analysis was imple-
mented between the target gene and PD-L1 (CD274) and M2 Mø- 
related genes.

Establishment of the allograft model

All animal studies got the approval of the Ethics Committee of 
the Affiliated Yueqing Hospital of Wenzhou Medical University 
(YQYY202300004). LA795 cells (5 × 106 cells per mouse) were 
inoculated subcutaneously into the left side of 4-week-old AIM2 
knockout mice (C57BL/6J-Aim2em1Cya) (Hangzhou Hangsi 
Biotechnology Co., LTD., China). Tumor volume was measured 
every 5 days, after 25 days, mice were euthanized and weighed. 
Resected tumor tissue was used for histological analysis.19

Macrophage isolation

Primary mouse peritoneal macrophages were obtained from the 
peritoneal exudates of mice. The peritoneal exudate cells were 
washed twice with PBS solution and adjusted to 1 × 106 cells /ml 
in DMEM cultured for 3–4 h at 37°C and 5% CO2. The non- 
adherent cells were removed by washing with warm PBS. The 
purity of macrophages was analyzed by flow cytometer, using 
a mouse macrophage marker F4/80(Abcam, UK). The adherent 
cells constituted more than 90% of F4/80 macrophages.20

In vitro T cell and NK cell activation assay

We conducted this experiment with reference to previous studies.4 

Simply put, the mouse spleen was ground with a syringe, rinsed 
with PBS, and then single-cell suspension was obtained via a 70  
μm cell filter. Erythrocytes were lysed using erythrocyte lysis 
buffer (Biosharp, China). Spleen lymphocytes were obtained by 
isolating spleen cells with BALB/c mouse spleen lymphocyte iso-
lation solution (tbdscience, China). The obtained splenic lympho-
cytes were kept in a complete RPMI 1640 medium. Next, for T cell 
activation assay, anti-CD3e (5 μg/ml; eBioscience, USA) were pre-
coated in 96-well plates at 4°C overnight. Then, Anti-CD28 (1 μg/ 
ml; eBioscience, USA) was introduced. For NK cell activation 
assay, spleen lymphocytes were stimulated with 100 U/ml IL-2 
(BD Biosciences, USA) for 24 h. The activation level was subse-
quently determined by flow cytometry.
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Cell culture

Raw264.7 cells (ATCC, USA) were kept in a complete 
Dulbecco’s modified Eagle medium (DMEM) (Gibco, USA). 
LA795 cells (BLUEFBIO, China) were kept in DMEM-H with 
10% fetal bovine serum. All cells were cultured in an incubator 
containing 5% CO2 at 37°C. After being treated with 20 ng/mL 
IL-4 (NOVUS, USA), Mø produced M2 Mø. After being trea-
ted with 50 ng/mL LPS and 20 ng/mL IFN-γ (NOVUS, USA), 
Mø produced M1 Mø.

Cell co-culture

LUAD cells were diluted to a concentration of 1.5 × 105 cells per 
milliliter in high-glucose DMEM medium. The designated pro-
portion of Mø was introduced into the RPMI 1640 medium. 
Subsequently, activated CD8+T cells and NK cells were sepa-
rately co-cultured with the processed LUAD cells in this med-
ium at an effector-to-target (E:T) ratio of 10:1, at 37°C for 4 h. 
The supernatant was then collected for subsequent experiments.

For co-culture analysis, the designated proportion of Mø 
was introduced to the medium following T cell activation. 
Besides, cells were co-cultured with or without neutralizing 
monoclonal antibodies against PD-L1 (eBioscience, USA), PD- 
1 (BioXcell, USA), or IgG isotype control. Four days later, cells 
were examined by flow cytometry.

Cytotoxicity assay

The integrity of the cell membrane was assessed using a lactate 
dehydrogenase (LDH) assay kit (Beyotime, China) to deter-
mine the cytotoxicity of CD8+ T cells and NK cells. In brief, 
cells subjected to different transfection treatments were cen-
trifuged, and 120 µL of the supernatant was collected and 
transferred to a new 96-well plate. LDH release reagent was 
used to lyse the cells, and the absorbance was measured at 490  
nm using Epoch 2 (BioTek, USA).

Cell transfection

Lipofectamine 2000 (Thermo Fisher Scientific, USA) was uti-
lized to transfect 1 μg of sh-AIM2, oe-AIM2, and correspond-
ing negative controls purchased from Ribobio into cells. AIM2 
knockdown was achieved using shRNA constructs (AIM2: 5’- 
GATCCGCAAACTATCAATCAATCAAGAGATGTTTCA-
GTAGTTAGTGTTTTACGTGGTG-3’) and the pLKO.1 
Lentivirus Particle Transduction system (Gene Chemistry, 
China). Cells in which AIM2 was stably knocked down were 
then selected with allopurinol, while empty lentiviral particles 

were used as a negative control. After 24 h, the next experi-
ment was carried out. Cells were treated with 1 μM of 
AZD1480 (Solarbio, China).

RNA extraction and quantitative real-time polymerase 
chain reaction (qPCR)

Total RNA was stemmed from cells utilizing the MicroElute Total 
RNA Kit R6831–01 (Omega Bio-tek, USA) and then reversely 
transcribed into cDNA utilizing HiScript III RT SuperMix 
(+gDNA wiper) (vazyme, China). Amplification of cDNA was 
conducted by AceQ Universal SYBR qPCR Master Mix (vazyme, 
China). Table 1 lists the primer sequences, which were all synthe-
sized by Sangon Biotech (China).

Western blot (WB)

RIPA lysis buffer was utilized to lyse cells, subsequently segre-
gated by SDS-PAGE, and transferred to PVDF membranes. 
After being sealed in skim milk (5%) powder for 1 h at room 
temperature, membranes were kept with the corresponding 
rabbit anti-primary antibodies at 4°C overnight, then washed 
and kept with secondary antibody goat anti-rabbit IgG (Abcam, 
UK) prior to detection. The primary antibodies used in the 
experiments (Arg1, p-JAK1, p-JAK2, JAK1, p-STAT3, JAK2, 
STAT3, PD-L1) were procured from Abcam (UK). Finally, the 
protein signal was tested by SuperSignal West Pico PLUS che-
miluminescence substrate (Thermo Fisher Scientific, USA).21

Immunohistochemistry (IHC) assay

Four-μm-thick sections of tumor sections were prepared and 
deparaffinized in xylene for 10 min. 3% H2O2 was utilized for 
immersing slides for 20 min to block endogenous peroxidase, and 
slides were sealed in goat serum blocking solution for half an hour. 
After being incubated with rabbit anti-primary antibodies over-
night at 4°C, slides were incubated with secondary antibody HRP- 
conjugated goat anti-rabbit IgG (Abcam, UK) for half an hour at 
room temperature. Primary antibodies used here were: F4/80, PD- 
L1, iNOS, CD206, CD8, CD49b, and CD4, all purchased from 
Abcam (UK). IHC staining was finally examined under the 
microscope.

Immunofluorescence (IF) assay

Slides of tumor tissue were deparaffinized in xylene and 
dehydrated in the graded ethanol solution. Sections were 
placed at room temperature in goat serum-blocking solution 

Table 1. qRT-PCR primers.

Gene Forward Primer Sequence 5’−3’ Reverse Primer Sequence 5’−3’

Aim2 CACACTCGACGTGGCAGATAGGAC CAGCACCGTGACAACAAGTGG
IL-12p40 ACCAGAGCAGTGAGGTCTTAGGC TGTGAAGCAGCAGGAGCGAATG
TNF-α GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG
CD86 TTTGTGATGGCCTTCCTGCT TGGAAACGTCGTACAGTTCTGT
Arg1 CATTGGCTTGCGAGACGTAGAC GCTGAAGGTCTCTTCCATCACC
IL-10 CGGGAAGACAATAACTGCACCC CGGTTAGCAGTATGTTGTCCAGC
CD206 GGGACTCTGGATTGGACTCA CCAGGCTCTGATGATGGACT
PD-L1 AAGCCTCAGCACAGCAACTTCAG TGTAGTCCGCACCACCGTAGC
β-actin TGTAGTCCGCACCACCGTAGC TGTAGTCCGCACCACCGTAGC
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for 1 h. Slides were kept overnight at 4°C with the following 
primary rabbit anti-human antibodies for multicolor IF 
staining: F4/80 (Abcam, UK), PD-L1 (Abcam, UK), CD206 
(Abcam, UK), Arg1 (Abcam, UK), and iNOS (Abcam, UK). 
The following day, slides were rinsed with phosphate- 
buffered saline (PBS) and stained with secondary antibody 
goat anti-rabbit IgG (Abcam, UK) for 1 h at room tempera-
ture. Confocal microscopy was utilized to measure multi-
color IF staining.

Flow cytometry

This experiment was conducted with reference to previous 
studies.4 Antibodies (F4/80, CD11b, CD206, and iNOS) were 
procured from Abcam (UK). Antibodies (PE-Ki-67, PE/Cy7- 
PD-L1, PE-IFN-γ, and APC-CD206) were bought from 
Biolegend (USA).

Statistical analysis

Student’s t-test was utilized to analyze the mean difference. One- 
way analysis of variance was utilized for multiple groups followed 
by multiple comparisons. All data were exhibited as mean±SD. P  
< .05 was considered to denote a significant difference. All experi-
ments were fulfilled in triplicate independently.

Results

AIM2 fosters Mø to M2-type polarization

It has been reported that AIM2 expression in the DCs of melanoma 
is linked with poor prognosis and plays an immunosuppressive role 
in melanoma microenvironment.17 However, whether AIM2 exerts 
the same immune effect in LUAD is yet obscure. Therefore, to 
verify how AIM2 affects LUAD, we assayed the expression level of 
AIM2 by bioinformatics, and AIM2 was found to be significantly 
highly expressed in LUAD tissues (Figure 1a). To elucidate how 

Figure 1. AIM2 fosters Mø to M2-type polarization. (a): AIM2 expression in LUAD tissues; (b): LUAD cell line LA795 was subcutaneously inoculated in mice (n = 5), and the 
tumor volume curve was drawn, and mice tumor images; (c): IHC was used to detect the expression of F4/80, iNOS and CD206 in LUAD tissue sections of mice treated 
with sh-AIM2; (d): The polarization of macrophages after sh-AIM2 treatment was detected by flow cytometry; (e): Bioinformatics analysis of the correlation between 
AIM2 and M2 Mø marker genes; (f-h): qPCR was used to detect the expression of AIM2, IL-12, TNF-α, CD86, Arg1, IL-10, and CD206; (i): The expression of CD8+T cells and 
NK cells in tumor tissues of mice treated with sh-AIM2 was detected by IF. * indicates P < .05.
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AIM2 affects LUAD growth, we purchased AIM2 knockout 
C57BL/6 mice (Aim2−/−) and wild-type (WT) mice. Subsequently, 
LA795 cells were subcutaneously inoculated into the mice. It was 
observed that mice in the Aim2−/− group had slower tumor growth 
than the control group (Figure 1b). Flow cytometry and IHC results 
indicated a lower level of F4/80 Mø infiltration in Aim2−/− group 
(Figure 1c,d). Of note, Aim2−/− group had a high expression of the 
classic M1-type Mø marker iNOS, while low expression of the M2 
Mø marker CD206 (Figure 1c,d). Therefore, we proposed the high 
expression of AIM2 in LUAD. Besides, AIM2 may promote Mø to 
M2-type polarization.

Next, to test this hypothesis, we identified M2-related 
genes through the literature22 and conducted Pearson ana-
lysis between M2-related genes and AIM2, indicating 
a significant positive correlation between AIM2 expression 
and M2 Mø marker genes (Figure 1e). We then isolated 
macrophages from Aim2-/- mice and WT mice and treated 
them in groups: WT+DMSO, Aim2−/−+DMSO, WT+IL-4, 
and WT+LPS+IFN-γ. As qPCR showed, the expression of 
AIM2 was tellingly downregulated in both the Aim2−/− 

group and the WT+LPS+IFN-γ group (induced to differ-
entiate into M1 Mø) compared to the WT+DMSO group. 
However, in the WT+IL-4 group (induced to differentiate 
into M2 Mø), the expression of AIM2 was significantly 

upregulated (Figure 1f). In the Aim2−/−+DMSO group and 
the WT+LPS+IFN-γ group, the expression of M1 Mø mar-
kers (IL-12, TNF-α, and CD86) was significantly upregu-
lated, while the expression of M2 Mø marker genes (IL-10, 
Arg1, and CD206) was tellingly dropped. However, the WT 
+IL-4 group showed the opposite trend (Figure 1g,h). 
Furthermore, we also detected an apparent increase in the 
expression of immune cells, CD8+T cells, and NK cells, in 
the Aim2−/− group through immunofluorescence (Figure 1i). 
The above experiments indicated that AIM2 could promote 
the Mø to M2-type polarization in LUAD.

AIM2 upregulates PD-L1 expression in M2 macrophages

We identified a notable positive association between 
AIM2 and PD-L1 expression by bioinformatics analysis 
(Figure 2a). AIM2 knockdown has previously been illu-
strated to facilitate the efficacy of anti-PD-L1 therapy.17 

Therefore, we examined the expression levels of PD-L1 in 
mouse macrophages. Through flow cytometry and ELISA, 
we discovered that the levels of PD-L1 in the Aim2-/- 

group were tellingly higher than those in the WT group 
(Figure 2b,c). Additionally, compared to the blank control 
and WT groups, we observed that the conditioned 

Figure 2. AIM2 upregulates PD-L1 expression in TAMs. (a): Bioinformatics analysis of the correlation between AIM2 and PD-L1; (b,c): The expression level of PD-L1 in WT 
and AIM2 groups was detected by flow cytometry and ELISA; (d): The cytotoxicity of CD8+T cells and NK cells to LUAD cells was detected by LDH method; (e): qPCR and 
WB were used to detect PD-L1 expression in M2 Mø; (f): Proportion of CD206+PD-L1+ cells was detected by flow cytometry; (g): Multicolor IF was used to detect the 
expression of F4/80, CD206, Arg1, and their co-localization with PD-L1. * indicates P < .05.
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medium (CM) from AIM2 knockout macrophages notably 
enhanced the cytotoxicity of CD8+T cells and NK cells 
against LUAD cells (Figure 2d). To identify how AIM2 
affects PD-L1 expression in M2 Mø, cell groups were 
subsequently constructed based on IL-4-induced M2 Mø: 
sh-NC and sh-AIM2. Based on qPCR and WB results, sh- 
AIM2 could tellingly reduce PD-L1 expression 
(Figure 2e). Moreover, sh-AIM2 treatment considerably 
decreased the ratio of CD206+PD-L1+ cells (Figure 2f). 
Finally, we detected the expression of Mø markers and 
their co-localization with PD-L1 by multicolor IF, with 
outcomes showing that the expression of Arg1, CD206, 
and F4/80 in the sh-AIM2 group was tellingly lower than 
that in the control group (Figure 2g), which was in line 
with IHC outcomes. Interestingly, PD-L1 was significantly 
co-localized with Arg1, CD206, and F4/80 in the control 
group (Figure 2g). The aforementioned investigations 
demonstrated that AIM2 possessed the capacity to notably 
enhance the upregulation of PD-L1 expression in TAMs.

AIM2 regulates M2 Mø polarization and upregulates PD- 
L1 expression via JAK/STAT3 signaling pathway

To further explore how AIM2 affected TAM polarization 
and PD-L1 expression, we first ascertained AIM2 enrich-
ment in the JAK/STAT3 signaling pathway by bioinfor-
matics analysis (Figure 3a). We then examined the 
expression of related proteins in the JAK/STAT pathway in 
AIM2-knockdown M2 Mø by WB. As expected, sh-AIM2 
treatment lowered the phosphorylation levels of JAK1, 
STAT3, and JAK2, but had no effect on total JAK1, JAK2, 
or STAT3 (Figure 3b). To test this result, we performed 
rescue assay and constructed cell groups based on M2 Mø: 
oe-NC, oe-AIM2, and oe-AIM2+ AZD1480 (AZD1480 is 
a JAK inhibitor).23 WB illustrated that oe-AIM2 could sig-
nificantly drive the phosphorylation levels of STAT3, JAK1, 
and JAK2. Further treatment with AZD1480 reversed this 
effect (Figure 3c). oe-AIM2 promoted the expression of 
PDL1 and Arg1, and AZD1480 reversed the promoting 
effect of oe-AIM2 (Figure 3d). In conclusion, AIM2 

Figure 3. AIM2 regulates TAM polarization and upregulates PD-L1 expression via the JAK/STAT3 signaling pathway. (a): GSEA analysis showed that AIM2 was enriched 
on the JAK-STAT SIGNALING PATHWAY; (b,c): The expression and phosphorylation of JAK/STAT3 pathway-related proteins in different treatment groups were detected 
by WB; (d): WB analysis of PD-L1 and Arg1 expression in different treatment groups.
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regulated M2 Mø polarization and upregulated PD-L1 
expression via JAK/STAT3 signaling pathway.

AIM2 represses the immune infiltration of CD8+T cells

To determine the cell types affected by AIM2 in tumor immune 
responses, we first evaluated CD4+T, CD8+T, and NK cell infil-
tration in tumor tissues of LUAD mice. As IHC results showed, 
sh-AIM2 treatment could significantly raise the infiltration level 
of CD8+T cells. In contrast, infiltration levels of CD4+T and NK 
cells were reduced (Figure 4a). Multicolor IF analysis of the co- 
localization of LUAD cells, Mø, M2 Mø, and PD-L1 with 
CD8+T cells revealed a notable increase in the co-localization 
of CD8 with CK19 after sh-AIM2 treatment, indicating signifi-
cant activation of CD8+T cells (Figure 4b). From the above 
findings, AIM2 could inhibit the immune infiltration of 
CD8+T cells in LUAD.

Reversal of AIM2 expression-induced immunosuppression 
in LUAD by PD-1/PD-L1 inhibitors

In TME, the binding of PD-1 and PD-L1 was to modulate 
T cell activation and repress T cell-mediated immune 
response.24,25 Next, we explored the molecular mechanism of 
AIM2 inhibiting the immune function of CD8+T cells in 
LUAD. IHC showed decreased PD-1 expression in LUAD 
tissues of mice after sh-AIM2 treatment (Figure 5a), and the 
co-localization level of PD-1 with PD-L1 was reduced 

(Figure 5b). We constructed cell groups based on M2 Mø: oe- 
NC+IgG, oe-AIM2+IgG, oe-AIM2+ anti-PD-L1, and oe-AIM2 
+ anti-PD-1, which were co-cultured with activated T cells, 
respectively. Then, the activation and proliferation levels of 
CD8+T cells were assayed by flow cytometry, with outcomes 
revealing that oe-AIM2 significantly reduced the above levels 
of CD8+T cells, which were reversed with the addition of PD-1 
or PD-L1 antibodies to the culture system (Figure 5c,d). Based 
on the above outcomes, AIM2 exerted immunosuppressive 
effects via the PD-1/PD-L1 axis.

Discussion

The therapeutic influence of LUAD is unsatisfactory due to 
a lack of effective diagnosis and treatment.26 In recent years, 
anti-tumor therapy for TME has attracted the attention of 
researchers. TAM weighs a lot in TME. M2 Mø represses the 
activation of CD8+T cells via the PD-1/PD-L1 axis, thereby 
promoting tumor cell immune escape.21,27 Here, we found for 
the first time the linkage between AIM2 and PD-L1 expression 
in LUAD Mø and demonstrated that AIM2 could foster M2 
Mø polarization.

To date, M2 Mø features in tumor development have been 
proved by numerous studies. For example, overexpression of 
miR-21 in ovarian cancer was found by An et al.28 to foster 
drug resistance and repress apoptosis of ovarian cancer cells by 
regulating M2 Mø polarization. Tu et al.29 reported that M2 Mø 
can promote breast cancer cells to proliferate and migrate. 

Figure 4. AIM2 represses the immune infiltration of CD8+T cells. (a): The infiltration of CD4+T, CD8+T, and NK cells in different treatment groups was detected by IHC; 
(b): Multicolor IF was used to detect the co-localization of LUAD cells, Mø, M2 Mø, and PD-L1 with CD8+T cells in different treatment groups.
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Additionally, the function of TAM in the process of tumor 
immune escape has been previously reported. For example, Ye 
et al.30 revealed the significantly higher expression of lncRNA 
cox-2 in M1 Mø than in M2 Mø, and knockdown of cox-2 can 
promote M2 Mø polarization to promote immune escape and 
tumor growth in hepatocellular carcinoma. Human cytomegalo-
virus IE2 protein increases the expression of M2 Mø-linked 
cytokines IL-4 and IL-13 by up-regulating the expression of 
UL122, thereby promoting Mø-mediated immune escape.31 

This work found that high AIM2 expression in LUAD Mø 
promoted PD-L1 expression to repress immune infiltration of 
CD8+T cells, thereby fostering tumor immune escape.

In accordance with the outcomes of bioinformatics analysis, 
a pronounced enrichment of AIM2 in the JAK/STAT3 signaling 
pathway was observed. Additionally, investigations into the 
relationship between AIM2 and the expression of STAT3 have 
been undertaken. IL-11 was reported to activate the transcrip-
tion factor STAT3 to promote AIM2 expression.32 The inflam-
masome AIM2 promotes intestinal homeostasis and reduces the 
risk of CRC via the IL-18/IL-22/STAT3 pathway.33 It is well 
known that miscellaneous signaling pathways exist for the post- 
transcriptional modulation of PD-L1.24,25 Of these signaling 
pathways, JAK/STAT/PI3K/AKT/MEK/ERK and SHP2/RAS/ 
RAF/MEK/ERK pathways are the most important two.34–36 

We hypothesized that AIM2 regulated PD-L1 expression in 
Mø via JAK/STAT3. To this end, we used the inhibitor 
AZD1480 to block the JAK/STAT3 pathway. Phosphorylation 

levels of JAK1, JAK2, and STAT3 were found to be tellingly 
reduced, which suggested that AIM2 upregulated PD-L1 expres-
sion in Mø and fostered M2 Mø polarization by stimulating the 
JAK/STAT3 signaling pathway. Recent studies have shown that 
the AIM2 inflammasome pathway induces macrophage polar-
ization toward an immunosuppressive phenotype by upregulat-
ing the expression of PD-L1 and indoleamine 2,3-dioxygenase 
(IDO). Blocking the AIM2 inflammasome can reduce the pro-
duction of bioactive IL-1β and reverse the macrophage pheno-
type switch induced by CAR-T therapy.37 Nonetheless, our 
research endeavors have thus far not encompassed the realms 
of chemokines and growth factors. Hence, we remain poised to 
embark on comprehensive investigations in these domains in 
the forthcoming stages.

Here, the linkage between AIM2 and PD-L1 expression in 
LUAD Mø was investigated for the first time. AIM2 was found 
to feature in promoting LUAD by modulating M2 Mø polariza-
tion and up-regulating PD-L1 expression through the JAK/ 
STAT3 signaling pathway. Afterward, CD8+T cell immune infil-
tration was repressed by PD-1/PD-L1 interaction. Hence, AIM2 
can be a feasible target for immunotherapy of LUAD, and the 
clinical immunotherapy of LUAD can be more effective by 
targeting AIM2 combined with PD-1 antibody and PD-L1 anti-
body. However, shortcomings existed, we did not collect clinical 
LUAD samples to verify the accuracy of this study, and the 
direct influence of AIM2 on the PD-1/PD-L1 axis remains an 
enigma that necessitates further elucidation. At a later stage, we 

Figure 5. Reversal of AIM2 expression-induced immunosuppression in LUAD by PD-1/PD-L1 inhibitors. (a): PD-1 expression in LUAD tissues in different treatment 
groups was detected by IHC; (b): Multicolor fluorescence detection of PD-1 and PD-L1 co-localization in different treatment groups; (c,d): Activation and proliferation of 
CD8+T cells in different treatment groups were detected by flow cytometry. *VS oe-NC+IgG; #VS oe-AIM2+IgG, */# indicates P < .05.

8 H. YE ET AL.



will continue to explore whether there are genes downstream of 
AIM2 that affect PD-L1, and verify the experimental results by 
collecting tissues. Viewed in toto, our findings suggest AIM2 be 
a prospective clinical therapeutic target for LUAD.
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