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Absent in melanoma 2 (AIM2) as an immune regulator for the regulation of tumor-associated macrophages (TAMs)
function is unclear in tumor development. Here, the AIM2 function was investigated in TAMs-mediated malig-
nant behaviors of renal carcinoma. The correlation analysis result showed that the AIM2 expression in TAMs was
negatively correlated with the percentages of M2-like polarization phenotype in human or murine renal cancer
specimens. By the cocultured assay with bone marrow-derived macrophages (BMDMs) and Renca cells, overex-
pression of AIM2 in macrophages enhanced the inflammasome activation and reversed the phenotype from M2 to
M1. Compared with BMDMs-Ctrl cocultured group, BMDMs-AIM2 cocultured group showed reduced tumor cell
proliferation and migration. The blockade of inflammasome activation by the inhibitor Ac-YVAD-CMK abrogated
AIM2-mediated M1 polarization and the inhibition of tumor cell growth. To evaluate the therapeutic efficacy of
AIM2-mediated M1 macrophages in vivo, BMDMs-AIM2 were intravenously injected into subcutaneous Renca-
tumor mice. The results showed that the infiltration of M1 TAMs was increased and tumor growth was suppressed
in BMDMs-AIM2-treated mice when compared with BMDMs-Ctrl-treat mice. Accordingly, the blockade of inflam-
masome activation reduced the anti-tumor activities of BMDMs-AIM2. Moreover, the lung metastases of renal
carcinoma were suppressed by the administration of BMDMs-AIM2 accompanied with the reduced tumor foci.
These results demonstrated that AIM2 enhanced TAMs polarization switch from anti-inflammatory M2 pheno-
typy to pro-inflammatory M1 through inflammasome signaling activation, thus exerting therapeutic intervention
in renal carcinoma models. Our results provide a possible molecular mechanism for the modulation of TAMs
polarization in tumor microenvironment and open a new potential therapeutic approach for renal cancer.

Introduction Renal carcinoma is an immunogenic tumor and represents an im-

munosuppression in patients, and its growth and metastasis is linked to

Among urinary system tumors, renal carcinoma is the most common
and lethal tumor [1]. The epidemiology indicates that renal carcinoma
accounts for about 3% of all the mortality of human malignant tumors
and grows increasingly every year [2-4]. Renal carcinoma represents
a poor prognosis, because most patients have been already examined
distal metastases at the initial diagnosis or after treatment by primary
tumor resection [5,6]. Nowadays, the development of therapies aimed
at tumor signaling pathways or immunotherapies have improved the
treatment of metastasis renal carcinoma, but there is less effective treat-
ment available [7,8]. Therefore, new therapeutic approaches urgently
need to be developed for renal carcinoma.

the impaired anti-tumor immunity [9]. Tumor-associated macrophages
(TAMs) as the important immunosuppression cells are crucial for tu-
mor growth, progression, and metastasis in a tumor microenvironment,
and also are associated with poor prognosis in several human cancers
[10,11]. Macrophages display a high plasticity, which allows them to
adapt to their phenotype in response to different environmental stim-
uli [12,13]. TAMs exist in two different states of polarization classified
as M1-like activated phenotype and an alternatively M2-like activated
phenotype. M1 macrophages are characterized by the expression of pro-
inflammatory cytokines (such as TNF-a, IL-14, IL-6, and IL-12) and in-
ducible nitric oxide synthase (iNOS) and show a protective role in tumor
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genesis by activating tumor-killing mechanisms [14]. The alternatively
activated M2 macrophages produce anti-inflammatory factors (like IL-
10 and the mannose receptor CD206), which are clearly involved in im-
mune suppression by promoting tumor growth, invasion, and metastases
[15]. TAMs differentiation and polarization by distinct mechanisms are
influenced by cancer processes, tumor microenvironment, and respon-
siveness to stimuli [16]. However, the molecular mechanisms that un-
derlie TAMs polarization in renal carcinoma remain largely debated.
Therefore, it is valuable to investigate the mechanism of TAMs-mediated
tumor cell immune escape, which facilitates to find the effective ap-
proaches for renal carcinoma treatment.

Absent in melanoma 2 (AIM2) is a cytoplasmic DNA senor and be-
longs to an IFN-inducible PYHIN proteins family (pyrin and HIN200
domain-containing proteins). AIM2 binds to double-stranded DNA (ds-
DNA) and engages the inflammasome assembly by recruiting the adap-
tor protein apoptosis-associated speck-like protein containing a caspase-
recruitment domain (ASC). The inflammasome-mediating caspase-1 ac-
tivation results in the cleavage of pro-IL-14 and pro-IL-18 to trigger the
maturation of pro-inflammatory cytokines IL-14 [17-19]. AIM2 inflam-
masome as a critical regulator of immune responses has been identi-
fied to play an important role in immune cell-mediated inflammatory
diseases in recent years [20,21]. The previous study has reported that
AIM2 promotes macrophage functional maturation in lupus nephritis
[22]. Moreover, AIM2 contributes to autoimmune disorders in the au-
toimmune model [23,24]. AIM2 as a tumor regulator is involved in
cancer cell migration, invasion, and tumor progression [25]. The over-
expression of AIM2 inhibits cancer cell proliferation in colon cancer,
breast cancer, prostate cancer, or renal cancer [26-29]. Thus, these re-
sults suggest that AIM2 plays an important role in the development and
progression of inflammatory diseases.

Yet, the multiple roles of AIM2 have been studied in infection, can-
cer, and autoimmunity [30], the function of AIM2 in TAMs differenti-
ation during the tumor microenvironment of renal carcinoma remains
poorly understood. In this study, we explored the hypothesis whether
AIM2 could inhibit the development of renal carcinoma through the re-
versal of TAMs differentiation. The results indicated that AIM2 expres-
sion in TAMs was negatively correlated with the percentages of M2-
like TAMs. The overexpression of AIM2 reversed renal carcinoma cell-
induced macrophage phenotype M2 transfer to M1. AIM2-mediated M1
could inhibit the malignant behaviors of renal carcinoma cells through
the inflammasome activation pathway, and also suppressed the tumor
growth in the primary tumor model or lung metastasis model. Our re-
sults revealed the possible molecular mechanism for the modulation of
TAMs differentiation, which involved the pathogenesis of renal cancer.
AIM2-mediated M1 might represent a novel therapeutic approach for
renal cancer treatment.

Materials and methods
Human specimens and mice

Tumor tissue specimens of renal cancer patients (n=15) who ac-
cepted curative surgery without prior treatment at the Department of
Pathology of the Affiliated Hospital of Xuzhou Medical University from
2017 to 2019 were enrolled in this study. The corresponding paracar-
cinoma tissues were as the control. This study was performed under a
protocol approved by the Institutional Review Boards of the Affiliated
Hospital of Xuzhou Medical University. All examinations involving hu-
man subjects were performed after obtaining informed patient consent.

Female BALB/c mice 6- to 8-weeks of age were obtained from Vi-
tal River Laboratory Animal Technology Co., Ltd (Beijing, China) and
housed in a specific pathogen-free room under controlled temperature
and humidity. Animal care and all experimental procedures were per-
formed in strict accordance with the Guide for the Care and Use of Med-
ical Laboratory Animals. Animal care and all experimental procedures

Translational Oncology 14 (2021) 101018

approved by the guidelines of the Laboratory Animal Ethical Committee
of Xuzhou Medical University.

Preparation of single-cell suspension

To prepare single-cell suspensions, specimen tissues were dissected
into smaller pieces and digested before being homogenized through 200-
gage mesh cell strainers to generate single-cell suspensions. The cells
were collected and then centrifuged at 750 g for 5 min. After centrifuga-
tion, the supernatant was discarded and the pellet of cells was washed
with phosphate buffered saline (PBS). Red blood cells were lysed with
the ACK lysis buffer.

Real-time PCR

Total RNA were extracted from collected samples by Trizol (Invit-
rogen, Eugene, OR, USA) and reverse-transcribed using a cDNA syn-
thesis kit (TaKaRa) according to the manufacturer’s instructions. The
expression of the genes encoding GAPDH, AIM2, iNOS, CD206, Arg-1,
IL-10, IL-12, and TNF-a was quantified by real-time PCR using 7900HT
qPCR system thermal cycler (Applied Biosystems) and SYBR Green sys-
tem (Takara Diagnostic Systems) normalized by the GAPDH expression
following the manufacturer’s protocol. The used primers were presented
in Table 1.

Cell culture

HEK293T and L929 cells were obtained from ATCC; Renca cells
were purchased from Cobioer Biosciences. These cells were cultured
in DMEM or RPMI1640 medium containing 10% fetal bovine serum
(FBS, HyClone), 100 U/mL penicillin, and 100 xg/mL streptomycin at
37°C and 5% CO2. Renca cells were cultured in RPMI1640 medium
supplemented with 10% FBS, 100 U/mL penicillin and 100 xg/mL strep-
tomycin, 2mM L-glutamine (Sigma), 0.1 mM non-essential amino acid
(Sigma), and 1 mM sodium pyruvate (Sigma) in 5% CO2 atmosphere at
37°C. All cells were authenticated by short tandem repeat profiling or
certificate of analysis, and passaged for less than 6 weeks before renewal
from frozen, early-passage stocks. All experiments were performed with
mycoplasma-free cells.

Induction of BMDMs

L929-conditioned medium was obtained from L929 cells plated in
a 10-cm dish containing 10 mL of L929 medium for 3 days to gen-
erate macrophage colony-stimulating factor. Primary bone marrow-
derived macrophages (BMDMs) were obtained from bone marrow cells
(BMCs), which were flushed from the bones of BALB/c mice and fil-
tered through nylon mesh. BMCs were differentiated into macrophages
in BMDM medium containing complete RPMI1640 medium, 20%
L929-conditioned medium, 20% FBS, and 100 U/mL penicillin, and
100 ug/mL streptomycin. Cells were cultured in a 10 cm dish at a den-
sity of 3x 10> cells/mL and maintained in 5% CO2, 37°C incubator. Six
days after initial BMC cell culture, cell surface antigen F4/80 was de-
tected by flow cytometry, the cellular differentiation reached a purity
of about 90%. Stable overexpressing BMDMs-AIM2 cells were obtained
by infection with pCDH-CMV-MCS-EF1-AIM2 lentivirus generated by
HEK293T. The same amount of vector lentivirus was used as a control.

Coculture assay

In coculture assay with macrophages and tumor cells, Renca cells
(4 x 10°/well) were added in 6-well plates containing the 2 mL medium.
Simultaneously, macrophages (BMDMs, BMDMs-Ctrl, or BMDM-AIM2)
were seeded onto the inserts of 6-well Transwell (membrane pore size
of 0.4 ym, Corning) at a density of 8 x10° cells per insert with 2ml
of media. The inserts with the macrophages were then placed into the
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Table 1
The used primers were presented.
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Forward primer

Reverse primer

GAPDH (human) ATCCCATCACCATCTTCCAG GAGTCCTTCCACGATACCAA
GAPDH (murine) ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGGTA
AIM2 (human) GGCCCAGCAGGAATCTATCA GCTTGCCTTCTTGGGTCTCA

AIM2 (murine) AGTACCGGGAAATGCTGTTGTT CCTATCTGCCACGTCGAGTGT
iNOS (murine) GAGCTCGGGTTGAAGTGGTATG GAAACTATGGAGCACAGCCACAT
CD206 (murine) TTCAGCTATTGGACGCGAGG GAATCTGACACCCAGCGGAA
Arg-1 (murine) CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
IL-10 (murine) GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

IL-12 (murine) GGAAGCACGGCAGCAGAATA AACTTGAGGGAGAAGTAGGAATGG

TNF-« (murine)

AAGCCTGTAGCCCACGTCGTA

GGCACCACTAGTTGGTTGTCTTTG

culture 6-well plate that contained the Renca cells. At different time
points after coculture, macrophages from the cocultured system were
collected for further experiment.

Real-time cell (RTCA) assay

The cell proliferation was determined using an xCELLigence RTCA SP
instrument (ACEA Biosciences). Renca cell culture media (50 uL) was
added to each well of 2 x 8-well E-Plates (ACEA Biosciences), and the
background impedance was measured and displayed as the cell index.
Then, cells (1 x 10%/well) were seeded onto an E-Plate in a volume of
150 uL (100 uL Renca cell medium plus 50 uL culture supernatant of
macrophages) and allowed to passively adhere to the electrode surface.
The E-Plate was kept at an ambient temperature inside a laminar flow
hood for 30 min and then transferred to the RTCAMP instrument inside
a cell culture incubator. Data recording was initiated immediately at 15-
min intervals for the entire duration of the experiment. Data acquisition
was resumed to monitor the cells based on the viability of attached cells,
as reflected by cell index values.

Colony formation assay

For the colony formation assay, macrophages were seeded at a
density of 8 x10° cells per insert of 6-well Transwell with 2mL of
media. Then Renca cells (1 x103 cells/well) were seeded in a 6-well
plate. Seven days after coculture, survival colonies were fixed with 4%
paraformaldehyde for 10 min and stained with the crystal violet staining
solution (Byotime Biotech) and counted under the microscope.

Cell apoptosis detection

Renca cells were collected from the coculture system and rinsed
twice with PBS at 72h post-treatment. Flow cytometry analysis of cell
apoptosis was performed using an Annexin V-FITC/PI apoptosis detec-
tion kit (BD Biosciences) according to the manufacturer’s instructions.

Cell migration assay

For the migration assay, 5x 10* Renca cells suspended in 200 uL of
serum-free medium were seeded on the upper compartment of 24-well
Transwell culture chamber (membrane pore size of 8 ym), and 2 x 10°
macrophages suspended in 600 uL of complete medium was added to
the lower compartment. After 24 h incubation at 37°C, cells were fixed
with methanol. Migrated cells on the lower side of the filter were stained
with crystal violet and counted.

Caspase-1 activity detection

Caspase-1 colorimetric activity assay kit (Solarbio Biotech) was ap-
plied to detect caspase-1 activity according to the manufacturer’s in-
structions. This assay was based on the ability of caspase-1 to change
acetyl-Tyr-Val-Ala-Asp-p-nitroaniline (Ac-YVAD-pNA) into the yellow

formazan product pNA. Briefly, the supernatant was collected from ex-
tracts and centrifuged at 12,000 g for 10 min, and detected protein con-
centration (1-3 ug/ulL) by using the Bradford method. A volume of 10-
35 ulL of supernatant was incubated with 5 yL 2 mM Ac-YVAD-pNA sub-
strate 2h at 37 °C. Then, the absorbance values of pNA were read on a
spectrophotometer at the optical density 405nm (OD,ys). The percent-
age of caspase-1 activity changes was calculated by the radio of OD 45
of the experimental wells to that of the control wells.

Immunoblot analysis

Cells were harvested and resuspended in lysis buffer. The total pro-
tein concentration was determined with a bicinchoninic acid protein
assay kit (Beyotime) according to the manufacturer’s protocol. Protein
samples were solubilized in sodium dodecyl sulfate (SDS) buffer by heat-
ing at 95°C for 10 min, and then separated on a 12% SDS polyacrylamide
gel, transferred to polyvinylidene difluoride membranes. Membranes
were blocked in 5% BSA solution and incubated with primary antibody
against AIM2 (Cell Signaling Technology), ASC (Santa Cruz Biotechnol-
ogy), Pro-Caspase-1 (Santa Cruz Biotechnology), Pro-IL-14 (Cell Signal-
ing Technology), and GAPDH (Cell Signaling Technology) overnight at
4°C. Membranes were then washed with Tris-buffered saline containing
0.1% tween-20 (TBST), and were incubated with horseradish peroxidase
linked secondary antibody (Cell Signaling Technology) for 2h at room
temperature and rinsed with TBST. Then the immunoreactive bands
were detected by chemiluminescence using the ECL (Thermo Fisher Sci-
entific). The density of the bands on the membrane were scanned and
analyzed with an Image-J analyzer.

ELISA

The protein levels of IL-18 were measured by enzyme-linked im-
munosorbent assays (ELISA) in culture supernatant according to the
manufacturer’s instructions (eBioscience).

Flow cytometry analysis

For surface staining, cells were washed and incubated with
FITC-anti-human CD14 (BioLegend), PE-anti-human CD197 (BioLe-
gend), APC-anti-human CD206 (BioLegend), or PerCP-5.5-anti-mouse
F4/80 (BioLegend), PE-anti-mouse CD11b (BioLegend), APC-anti-mouse
CD206 (BioLegend) in PBS containing 2% FBS at 4°C for 30 min. Isotype-
matched immunoglobulin served as controls. For intracellular staining,
cells were fixed with fixation buffer (BD Biosciences) for 30 min at 4°C.
The fixed cells were permeabilized with the permeabilization solution
(BD Biosciences) at room temperature for 30 min. Cells were incubated
overnight with Alexa Fluor 488-anti-mouse iNOS (eBioscience) at 4°C.
Then, labeled cells were sorted by using the Aria III cell sorter (BD Bio-
sciences) or analyzed by using BD FACSCanto II (BD Biosciences) with
FACSDiva software.
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Animal model and adoptive transfer

For the subcutaneous Renca tumor murine model, 5x10° Renca
cells were subcutaneously inoculated into each mouse. BMDMs-Crtl or
BMDMs-AIM2 (3 x 10 cells/mouse) were then intravenously injected
into tumor models at day 1, 11, and 21 after the initial inoculation for a
total of three times. Meanwhile, the inflammasome inhibitor Ac-YVAD-
CMK (10 mg/kg, Sigma-Aldrich) was administrated intraperitoneally in
treated mice. The survival status of tumor-bearing mice was monitored
daily. Tumors were measured once every week. The tumor volume was
calculated using the following formula: V (mm?) = (length x width?2)/2.
Animals were sacrificed, tumor tissues were surgically excised, and tu-
mor weight was evaluated.

For the lung metastasis model, mice were intravenously injected with
1 x 10° Renca cells in the tail vein at day 0. Mice were adoptively trans-
ferred with BMDMs-Crtl or BMDMs-AIM2 (3 x 10° cells/mouse) at day
1, day 8, and day 15. The inflammasome inhibitor was also adminis-
trated intraperitoneally in treated mice. On day 21 after tumor inocula-
tion, mice were sacrificed and lungs were removed, and the metastatic
nodules were quantified.

Pathological analysis

For routine histological analysis, murine tissues were surgically re-
sected and fixed in 4% paraformaldehyde (Sigma-Aldrich), embedded in
paraffin and cut into 4 ym sections. H&E staining was performed accord-
ing to the manufacturer’s instructions, and the sections were assessed
by a pathologist blinded to the treatment group. Pictures were acquired
with a microscope (Nikon) equipped with photo software. Original mag-
nification was x 100.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism soft-
ware. The mean values of data are presented as mean + standard er-
ror of the mean (SEM). Comparison of two groups was analyzed using
two-tailed Student’s t-test. Multiple comparisons were performed using
one-way ANOVA. The value was set as *p < 0.05, **p < 0.01, and ***p
< 0.001 to represent statistical significance.

Results

AIM2 expression was negatively correlated with M2-like TAMs from renal
cancer specimens

TAMs polarization is a critical regulator in tumor microenvironment
and directly affects multiple steps of tumor development [31]. There-
fore, polarization phenotypes of TAMs were determined in renal cancer
specimens from human or mice. As shown in Fig. 1A and 1B, the percent-
ages of CD14" TAMs were significantly increased in carcinoma tissues
when compared with para-carcinoma tissues from human renal cancer
specimens. Meanwhile, macrophage polarized phenotype was analyzed
in TAMs. The results showed that the percentages of M2-like TAMs (ex-
pressing CD147CD206%) were also higher than that of M1-like TAMs
(expressing CD14tCD197%) in human carcinoma tissues (Fig. 1B). Sim-
ilarly, the increased percentages of CD11b*F4/80" TAMs were observed
in carcinoma tissues from renal carcinoma models when compared with
para-carcinoma tissues (Fig. 1C and 1D). The percentages of M2-like
cells (expressing CD11b*F4/80*CD206%) were higher than that of M1-
like cells (expressing CD11b*F4/80"iNOS*) in TAMs from murine tu-
mor tissues (Fig. 1D). These results suggested that the TAMs infiltration
and M2-like polarization were increased in renal carcinoma tissues.

To evaluate the correlation between AIM2 and TAMs polariza-
tion, we first detected the expression levels of AIM2 in TAMs from
renal carcinoma specimens. In contrast to CD14*TAMs from human
para-carcinoma tissues, the expression levels of AIM2 were reduced
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in CD14*TAMs from human carcinoma tissues (Fig. 1E). The reduced
expression of AIM2 was also observed in CD11b*F4/80*TAMs from
murine carcinoma tissues when compared with para-carcinoma tissues
(Fig. 1F). Of note, the results of correlation analysis showed that AIM2
levels in CD14*TAMs were negatively correlated with the percentages
of CD14*TAMs (Fig. 1G), and AIM2 expression in CD11b*F4/80*TAMs
was also associated with the proportion of CD11b*F4/80" TAMs
(Fig. 1H). Moreover, AIM2 expression in TAMs also significantly corre-
lated with the proportion of M2-like TAMs (Fig. 11 and 1J). These results
indicate that the decreased AIM2 levels in TAMs were closely correlated
with the infiltration percentage of different phenotype TAMs, particu-
larly M2-like TAMs, implied that AIM2 expression might be involved in
the regulation of TAMs polarization in tumor microenvironment.

Overexpression of AIM2 in macrophages reversed renal carcinoma
cell-induced M2 phenotype transfer to M1

To investigate AIM2 function in TAMs polarization, the coculture
assay with macrophages and Renca cells was performed to mimic
the tumor microenvironment in vitro. The overexpression of AIM2 in
BMDMs (BMDMs-AIM2) was performed by lentivirus infection. The
western blot result showed that a significant upregulated expression
of AIM2 in BMDMs-AIM2 compared with BMDMs-Ctrl (Fig. 2A and
2B). Moreover, the increased expression of inflammasome components
(AIM2/Pro-caspase-1/Pro-IL-15) was observed in BMDMs-AIM2 when
compared with the control cells (Fig. 2A and 2B). Equally, caspase-1 ac-
tivity and IL-1p8 production were significantly upregulated in BMDMs-
AIM2 (Fig. 2C and 2D), which indicated that AIM2 inflammasome was
formed and activated. Previous research has revealed that inflamma-
some activation is involved in M1 macrophage polarization in innate
immune response [32]. Therefore, we detected the protein expression
levels of iNOS and CD206 genes, which were related to macrophage po-
larization phenotype. Flow cytometry results showed a slight increased
expression of iNOS and a significantly elevated expression of CD206
in BMDMs-Ctrl cocultured with Renca cells, but a significantly reduced
expression of CD206 and a high expression of iNOS in BMDMs-AIM2
cocultured with Renca cells (Fig. 2E and 2F). Furthermore, the expres-
sion levels of macrophage polarization-related genes were detected by
the real time PCR assay in macrophages from the coculture system. Com-
pared with the BMDMs-Ctrl group, the BMDMs-AIM2 group showed that
the mRNA levels of M2 phenotype markers (CD206, Arg-1, and IL-10)
were significantly decreased, but M1 phenotype markers (iNOS, IL-12,
and TNF-a) were increased (Fig. 2G). These results indicated the over-
expression of AIM2 in macrophages enhanced inflammasome activation
and reversed renal carcinoma cell-induced M2 phenotype transfer to
M1.

AIM2-mediated M1 macrophages suppressed the malignant behaviors of
renal carcinoma cells

To investigate the role of AIM2-mediated M1 macrophages in renal
carcinoma cell growth, the cell proliferation and migration were inves-
tigated by the coculture assay with macrophages and Renca cells. The
proliferation index by the RTCA assay was obviously reduced in Renca
cells treated with the culture supernatant of BMDMs-AIM2 in contrast
to BMDMs-Ctrl (Figs. 3A and 3B). Moreover, the colony formation as-
say also showed a decreased capability of colony formation of Renca
cells cocultured with BMDMs-AIM2 (Figs. 3C and 3D). The apoptosis of
Renca cells was increased in the BMDMs-AIM2 coculture group when
compared with the BMDMs-Ctrl coculture group (Figs. 3E and 3F). Con-
sistently, the reduced migration cells were seen by the Transwell assay
in BMDMs-AIM2 cocultured group, implied that the migration ability of
Renca cells was suppressed by AIM2-mediated macrophages (Figs. 4G
and 4H). These results indicated that AIM2-mediated M1 macrophages
could inhibit the malignant behaviors of renal cancer cells.
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Fig. 1. AIM2 expression in TAMs was the asso-
ciation with M2-like phenotype in renal cancer.
(A). Represents the flow cytometry analysis of
CD14+*CD197*TAMs or CD14*CD206*TAMs from
human renal carcinoma tissues or para-carcinoma
tissues. (B). The percentages of TAMs phenotype
were evaluated in (A). (C). Represents the flow
cytometry analysis of F4/80*CD11b*iNOS*TAMs
or F4/807CD11b*CD206*TAMs from carcinoma
tissues or para-carcinoma tissues of Renca tu-
mor models. (D). The percentages of TAMs phe-
notype were evaluated in (C). (E and F). AIM2
expression was detected by real time PCR in
sorted TAMs from human (E) or murine (F) re-
nal carcinoma tissues. (G). The correlation between
the levels of AIM2 expression in CD14+*TAMs
and the percent of CD14*TAMs from human re-
nal cancer specimens. Each symbol represents
the data obtained from one patient, n=15.
(H). The association between AIM2 expression
in F4/80"CD11b*TAMs and the percentages of
F4/80*CD11b*TAMs from the murine model. Each
symbol represents the data obtained from one
mouse, n=12. (I). The correlation between the lev-
els of AIM2 expression in CD14*TAMs and the
percent of CD14*CD206*TAMs from human re-
nal cancer specimens. (J). The association between
AIM2 expression in F4/80*CD11b*TAMs and the
percentages of F4/80*CD11b*CD206*TAMs from
murine model. Data are shown as means + SD. The
different significance levels were set at **p < 0.01
and ***p < 0.001.

ing the inflammasome activation, the coculture assay with Renca cells
and BMDMs-AIM2 followed with or without the downstream inflam-

matory caspase inhibitors YVAD-CMK. Compared with the control-

treated group, the inhibitor-treated group showed the reduced levels
of capspase-1 or IL-1f in cocultural supernatant (Figs. 4A and 4B), indi-
cated that the inflammasome activation was blocked in BMDMs-AIM2.
Furthermore, the decreased M1 phenotype and increased M2 pheno-
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Fig. 2. Overexpression of AIM2 in macrophages
reversed renal carcinoma cell-induced M2 phe-
notype transfer to M1. (A). The expression of
AIM2 inflammasome components were measured
by western blot in BMDMs infected with AIM2
lentivirus or control. (B). The relative expression
of AIM2, ASC, Pro-caspase-1, or Pro-IL-15 rela-
tive to GAPDH in (A). (C). At 48h after cocul-
ture of macrophages and renal carcinoma cells,
the levels of caspase-1 were measured in the cocul-
ture supernatant. (D). IL-18 levels were detected
by ELISA in the coculture supernatant. (E). Flow
cytometry analyses were performed to assess per-
centages of expressing iNOS or CD206 on BMDMs-
AIM2 or BMDMs-Ctrl from the cocultured sys-
tem. (F). The percentages of M1 or M2 phenotype
macrophages in (E). (G). At 24h after coculture,
the expression of iNOS, CD206, Arg-1, IL-10, IL-
12, and TNF-« were determined by real time PCR
in BMDMs-AIM2 or BMDMs-Ctrl. Data are repre-
sentative of three experiments and presented as
the means + SD. The different significance levels
were set at *p < 0.05, **p < 0.01, and ***p < 0.001;
ns, not significant.
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Fig. 4. AIM2-mediated M1 macrophages inhibited the growth of renal carcinoma cells through inflammasome activation. BMDMs-AIM2 or BMDMs-Ctrl was treated
with or without Ac-YVAD-MCA (50 umol/L) in the coculture assay. (A). 48h after treatment, the levels of caspase-1 were measured in coculture supernatant. (B).
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with or without inhibitor-treated macrophage culture supernatant. (F). Clone formation of Renca cells was measured in the cocultured system with or without inhibitor
treatment. (G). The apoptosis was detected by flow cytometry in Renca cells cocultured with inhibitor-treated macrophages. (H). The migration was measured in
Renca cells cocultured with inhibitor-treated macrophages. Data are from one representative experiment of three performed and presented as the mean +SD. The

different significance levels were set at **p < 0.01 and ***p < 0.001.

type were observed in BMDMs-AIM2 from inhibitor-treated the cocul-
ture group (Figs. 4C and 4D). Accordingly, the inhibition of Renca cell
proliferation was prevented in the inhibitor-treated group (Figs. 4E and
4F). As showed in Fig. 4G, the apoptosis of Renca cells was also re-
duced in the inhibitor-treated group in contrast to the control-treated
group. Furthermore, when compared with the control-treated group,
the inhibitor-treated group showed decreased suppression of Renca cell
migration (Fig. 4H). These data indicated that the inflammasome acti-
vation is required for AIM2-mediated M1 macrophages in the inhibition
of malignant behaviors of renal cancer cells.

AIM2-mediated macrophages suppressed the subcutaneous tumor growth or
lung metastasis in the renal carcinoma model

To further evaluate the therapeutic efficacy of AIM2-mediated M1
macrophages in vivo, mice bearing subcutaneous Renca tumor were in-
jected intravenously with BMDMs-AIM2 or BMDM-Ctrl; meanwhile, the
inflammasome inhibitor AC-YVAD-CMK was administrated intraperi-
toneally in treated mice. After tumor cell inoculation, tumor volumes
were measured every week. As showed in Figs. 5A and 5B, tumor growth
was significantly suppressed in the BMDM-AIM2-treated group when
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compared with the control-treated group. Accordingly, the decreased
weight of tumor and the increased inhibition rate of tumor were ob-
served in the BMDM-AIM2-treated group (Figs. 5C and 5D). Moreover,
the BMDM-AIM2-treated group showed the increased percentages of
M1 TAMs (expressing CD11b*F4/80*tiNOS*) (Fig. 5E) and the reduced
percentages of M2 TAMs (expressing CD11b*F4/80*CD206%) (Fig. 5F)
in tumor tissues. Meanwhile, we also found that the administration of
inflammasome inhibitor reduced the anti-tumor activities of BMDMs-
AIM2 accompanied with the decreased percentages of M1 TAMs in sub-
cutaneous Renca tumor mice (Figs. 6A-6F), indicated that the anti-tumor
effect of BMDMs-AIM2 depends on inflammasome activation-mediated
M1 macrophages.

To assess whether BMDMs-AIM2 could also protect mice from tumor
metastasis, lung metastasis models of renal carcinoma were established.
The lung metastasis mice were intravenously injected with BMDMs-
AIM2 followed with or without inflammasome activation inhibitor. At
day 21 after tumor inoculation, mice were sacrificed and lungs were
removed, and the visible metastases were counted. BMDMs-AIM2 treat-
ment dramatically reduced the number of lung metastases when com-
pared with BMDMs-Ctrl treatment, but the suppression of lung metas-
tases was blocked by the inflammasome inhibitor (Figs. 6A and 6B).
The protective efficacy of BMDMs-AIM2 was further confirmed by the
H&E staining of lung tissues from the lung metastasis model (Fig. 6C).

The analysis of the pathological section showed the decreased counts of
lung metastases in the BMDMs-AIM2 group (Fig. 6D). M1-like or M2-
like TAMs were analyzed by flow cytometry on day 21 after tumor in-
oculation. Increased tumor infiltrations of M1 TAMs were observed in
BMDMs-AIM2-treated mice when compared with BMDMs-Ctrl-treated
mice, while the increased percentages of M1 TAMs were suppressed by
inhibitor treatment (Figs. 6E and 6F). These results indicated that the ad-
ministration of BMDMs-AIM2 enhanced M1 TAMs infiltration and sup-
pressed tumor lung metastasis of renal carcinoma. Taken together, these
results indicated that AIM2 could enhance the macrophage polarization
switch from M2 phenotype to M1 through inflammasome signaling and
thus effectively prevent the aggravation of renal cancer (Fig. 7).

Discussion

Renal cancer is influenced by various factors in the development of
pathological stages [34]. TAMs are considered more abundant tumor-
infiltrating immune cells for fostering tumor progression [35]. Evidence
shows that a switch in macrophage phenotype from M1 to M2 could
influence the pathogenesis of tumor progression and metastasis [36,37].
Therefore, the concept was designed to repolarize TAMs from M2 to
M1, which may be effective to treat RCC by using pro-inflammatory
responses. In this study, our results showed that the overexpression of
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Fig. 7. Schematic illustration for AIM2-mediated M1 macrophages inhibited
the growth of renal cancer cells. The overexpression of AIM2 in macrophages
resulted in inflammasome signaling and promoted caspase-1 activation to pro-
duce the pro-inflammatory cytokine IL-14. These cytokines then exert promoting
effects on the switch from macrophage M2 polarization phenotype to M1. The
increased M1 macrophages inhibited the growth of renal cancer cells.

AIM2 in macrophages could switch anti-inflammatory M2 phenotypic
polarization induced by tumor cells to pro-inflammatory M1 through
inflammasome activation, thus exerting an anti-tumor effect in renal
carcinoma.

TAMs are presented in high density and different polarization in tu-
mor microenvironment of solid tumors [38,39]. Our results showed that
TAMs were significantly increased in human renal carcinoma tissues
when compared with para-carcinoma tissues. Furthermore, the percent-
ages of M2-like TAMs were higher than that of M1-like TAMs in car-
cinoma tissues. Similarly, the same results were observed in renal can-
cer models. To evaluate whether the AIM2 expression was associated
with TAMs polarization, we detected the mRNA levels of AIM2 in TAMs
from human or murine tumor tissues. AIM2 expression was reduced in
TAMs from carcinoma tissues when compared with the TAMs from para-
carcinoma tissues of human or murine specimens. TAMs predominantly
exhibit an M2-like phenotype in malignant tumors. Of note, the correla-
tion analysis results indicated that AIM2 expression was also negatively
correlated with the proportion of M2-like phenotype TAMs. These re-
sults indicate that the changed AIM2 expression might be involved in
the regulation of TAMs polarization in tumor microenvironment.

AIM2 function was not clearly understood in the differentiation of in-
filtrated TAMs from tumor microenvironment. To mimic tumor microen-
vironment, the coculture system of macrophages/Renca cell was estab-
lished in vitro. The expression levels of M2 phenotype markers (CD206)
were significantly decreased, but the levels of M1 phenotype markers
(iNOS) were increased in BMDMs-AIM2 when compared with BMDMs-
Ctrl from the coculture assay. Real-time PCR results also demonstrated
that M2 phenotype markers (CD206, Arg-1, or IL-10) were downregu-
lated, M1 phenotype markers (iNOS, IL-12, or TNF-a) were upregulated
in BMDMs-AIM2 in contrast to BMDMs-Ctrl from the coculture system.
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These results indicated that the overexpression of AIM2 in macrophages
could reverse Renca cell-induced M2 phenotype transfer to M1.

The inflammasome responds to multiple danger signals, including a
decrease in cytosolic potassium concentrations and an increase in cy-
tosolic DNA levels, dying tumor cells and bacterial products [40]. M1
macrophages mediated by AIM2 might contribute to the stimulation of
the inflammasome activation by recognizing dsDNA from dying tumor
cells. The activation of inflammasome has been reported to inhibit can-
cer cell invasion and metastasis, angiogenesis, or tumorigenesis in model
systems, which suggests that the defense of inflammasome in tumor cells
is a tumor-suppression mechanism [20,41]. Our data demonstrated that
the overexpression of AIM2 in macrophages significantly enhanced the
expression of inflammasome competence (AIM2/Pro-caspase-1/Pro-IL-
1p). Equally, caspase-1 activity and IL-14 production were significantly
upregulated in overexpressing AIM2 macrophages, which indicated that
AIM2 inflammasome was formed and activated. It is well known that
tumor cell proliferation, migration, and invasion are main processes of
metastasis, which remains the major cause of mortality in patients with
renal cancer. AIM2-mediated M1 macrophages could suppress the pro-
liferation and migration of renal carcinoma cells by enhancing the in-
flammasome activation in the cocultured system. These data indicated
that the inhibition of malignant behaviors of renal carcinoma cells by
AIM2-mediated M1 macrophages was mainly dependent on the inflam-
masome activation.

We further evaluate the therapeutic efficacy of AIM2-mediated M1
macrophages in subcutaneous Renca tumor models. The volume and
weight of tumor was decreased in BMDM-AIM2-treated group. More-
over, the increased percentages of M1 TAMs and the reduced percent-
ages of M2 TAMs were observed in BMDM-AIM2-treated group. Mean-
while, we also observed that the administration of inflammasome in-
hibitor reduced the anti-tumor activities of BMDMs-AIM2 in Renca tu-
mor mice, which indicated that the anti-tumor effect of AIM2-mediated
BMDMs depended on inflammasome activation. In the lung metasta-
sis model of renal carcinoma, BMDMs-AIM2 treatment dramatically re-
duced the number of lung metastases, but the reduction of lung metas-
tases caused a blockade in the inhibitor-treated BMDMs-AIM2 group.
The increased infiltration of M1 TAMs and reduced infiltration of M2
TAMs were observed in mice treated with the BMDMs-AIM2 group
when compared with the control group. These results indicated that
BMDMs-AIM2 enhances M1 TAMs infiltration and suppresses tumor
lung metastasis of renal carcinoma. Taken together, these data indi-
cated that BMDMs-AIM2 treatment could effectively prevent the aggra-
vation of tumor. Changing the polarized phenotype of macrophages is
able to limit TAMs immunosuppression, which seems to be a promising
approach to treat cancer. For recurrent tumor immunotherapy, targeted
therapy of TAMs might be needed to combine with other therapies (such
as immunocheckpoint inhibitors), which is required to further study in
future.

Conclusion

In conclusion, our results suggested that AIM2-mediated M1
macrophages could inhibit malignancies of renal cancer by switching
the phenotype from anti-inflammatory M2 to pro-inflammatory M1
through the enhancement of the inflammasome pathway. Our results
provide a possible molecular mechanism responsible for the modulation
of TAMs polarization in the tumor microenvironment of renal carcinoma
and open a new potential therapeutic approach for renal carcinoma.
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