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Abstract

The NLRP3 inflammasome is a critical innate immune pathway responsible for producing active interleukin (IL)-1p, which
is associated with tumor development and immunity. However, the mechanisms regulating the inflammatory microenviron-
ment, tumorigenesis and tumor immunity are unclear. Herein, we show that the NLRP3 inflammasome was over-expressed
in human HNSCC tissues and that the IL-1p concentration was increased in the peripheral blood of HNSCC patients.
Additionally, elevated NLRP3 inflammasome levels were detected in tumor tissues of 7gfbri/Pten 2cKO HNSCC mice, and
elevated IL-1p levels were detected in the peripheral blood serum, spleen, draining lymph nodes and tumor tissues. Block-
ing NLRP3 inflammasome activation using MCC950 remarkably reduced IL-1p production in an HNSCC mouse model
and reduced the numbers of myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs) and tumor-associated
macrophages (TAMs). Moreover, inhibiting NLRP3 inflammasome activation increased the numbers of CD4" and CD8"
T cells in HNSCC mice. Notably, the numbers of exhausted PD-1* and Tim3* T cells were significantly reduced. A human
HNSCC tissue microarray showed that NLRP3 inflammasome expression was correlated with the expression of CD8 and
CD4, the Treg marker Foxp3, the MDSC markers CD11b and CD33, and the TAM markers CD68 and CD163, PD-1 and
Tim3. Overall, our results demonstrate that the NLRP3 inflammasome/IL-1f pathway promotes tumorigenesis in HNSCC
and inactivation of this pathway delays tumor growth, accompanied by decreased immunosuppressive cell accumulation and
an increased number of effector T cells. Thus, inhibition of the tumor microenvironment through the NLRP3 inflammasome/
IL-1p pathway may provide a novel approach for HNSCC therapy.
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Tim3 T cell immunoglobulin mucin-3
ELISA  Enzyme-linked immunosorbent assay
Introduction

While inflammation is critical for the host innate immune
system to combat pathogens, cumulative studies have shown
that inflammation plays an important role in tumor initia-
tion and development [1, 2]. However, the mechanism of
the innate immune-derived inflammatory microenvironment
in tumor progression is still unclear. The inflammasome
is a critical innate immune pathway for the production of
active IL-1p, a key inflammatory cytokine [3], which acts
as a double-edged sword, since it not only participates in
host defense but is also related to autoimmune disease and
cancer [4]. As the most extensively studied inflammasome,
the NLRP3 (nod-like receptor protein 3) inflammasome is
composed of the NLRP3 scaffold, the adaptor apoptosis-
associated speck-like protein containing a caspase recruit-
ment domain (ASC), and caspase-1, which is responsible for
the cleavage of the pro-IL-1f and pro-IL-18 proteins into
their active forms. The abnormal secretion of IL-1p has been
implicated in a variety of autoimmune diseases and tumors
[5] and is correlated with worse survival for patients with
certain cancers [6, 7]. Currently, little is known about the
roles of the NLRP3 inflammasome and IL-1f pathway in
the inflammatory microenvironment and tumor immunity.

With approximately 48,100 new cases per year in China
and a mortality rate as high as 50% in 2015 [8], head and
neck squamous cell carcinoma (HNSCC) ranks sixth
among the most common cancers in the world [9]. Despite
our improved understanding of cancer, the 5-year survival
rate (50%) of HNSCC patients has remained relatively
unchanged in the past three decades [10]. Extensive studies
have shown that HNSCC is an immunosuppressive malig-
nancy [11] that is characterized by impaired antigen-present-
ing capacity [12], impaired NK cell function [13], a lower
number of lymphocytes and the presence of immunosup-
pressive cells [14, 15]. Recently, studies have shown that the
inflammasome and IL-1f pathway could regulate myeloid
cell recruitment and promote tumor growth and metastasis in
breast cancer [16]. However, the mechanism of how inflam-
mation affects tumor immunity in HNSCC is unclear.

The accumulation of immunosuppressive cells, includ-
ing myeloid-derived suppressor cells (MDSCs), regulatory
T cells (Tregs), and tumor-associated macrophages (TAMs),
which can impair the T cell response and result in an immu-
nosuppressive state in tumor patients, means that tumori-
genesis may occur more readily [17]. In addition, chronic
inflammation could induce immunosuppression in cancer
patients, and in this process, suppressor cell-like MDSCs,
Tregs and TAMs are induced, but immune cells, such as
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T cells and NK cells, are suppressed [18]. The knockout
of NLRP3 in mice can effectively reduce the population of
MDSCs [19] and TAMs [16]. However, the mechanism of
how inflammation affects tumor immunity is unclear. Accu-
mulating evidence has demonstrated that Tregs, MDSCs
and TAMs are related to the immunosuppressive state in
HNSCC [20, 21]. Immune checkpoint blockade therapies
have demonstrated that an endogenous immune response
can cause regression of human tumors [22]. Dysregula-
tion of programmed death-1 (PD-1) and T cell immuno-
globulin mucin-3 (Tim3) can also cause immune resistance
in HNSCC [21, 23]. Inflammasome-mediated IL-1p can
induce the recruitment of TAMs and MDSCs, which pro-
motes breast cancer development [16]. Although the NLRP3
inflammasome plays an important role in the inflammatory
microenvironment, the immune response against infections
and tumor development, the role of NLRP3 inflammasome/
IL-1p signaling in the inflammatory microenvironment and
tumor immunity remains poorly characterized in HNSCC.
In this study, we investigated NLRP3 inflammasome/IL-1f
expression in both mouse and human HNSCC, and analyzed
the relationship between the NLRP3 inflammasome, immu-
nosuppressive cell markers and the immune checkpoint pro-
teins, PD-1 and Tim3, in HNSCC patients. Moreover, we
explored the variation of HNSCC immunity in mice after
NLRP3 inactivation.

Materials and methods
Reagents

NLRP3 inhibitor MCC950 (PZ0280) was purchased from
Sigma-Aldrich (St. Louis, MO, USA), and human and mouse
IL-1p ELISA kits were purchased from Dakewe BioTech
(Beijing, China). Antibodies for immunohistochemistry,
immunofluorescence and western blotting: caspase-1, IL-1,
Foxp3, CD8, CD4, PD-1,Tim3 and SIRPa were from Cell
Signaling Technology (Boston, MA, USA); IL-18, CD11b,
and CD47 were from Abcam (Cambridge, UK); CD8, CD68
and CD33 were from Zymed (San Diego, CA, USA); ASC
and CXCL1 were from GeneTex Inc. (Irvine, CA, USA);
CD4 and Ly6G were from Service Bio (Wuhan, China);
CD11b and CCL2 were from Novus Biologicals (Littleton,
CO, USA); CD163 was from CWBiotech (Beijing, China);
NLRP3 was from Sigma-Aldrich (St. Louis, MO, USA);
and CK14 was from PROGEN (Heidelberg, Germany). All
antibodies for flow cytometry were purchased from eBiosci-
ence (San Diego, CA, USA): PE-conjugated LY6G, Foxp3,
PD-1, Tim3 and F4/80, PE-Cy7-conjugated LY6C, FITC-
conjugated CD4 and CD11b, PE-Cy5-conjugated CD8, and
APC-conjugated CD25.
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Mice

The mice used in this experiment were inducible and tis-
sue-specific HNSCC mouse models [24]; 4-8-week-old
Tgfbrl/Pten 2cKO mice (K14-Cre'™; Tgfbr11¥1°%; pPten-
flox/floxy received five consecutive days of tamoxifen gavage
to conditionally delete TgfbrI and Pten in mice head and
neck epithelia, which may cause the activation of PI3K/Akt
pathway and increased secretion of TGF-f; finally, squa-
mous cell carcinoma was formed in the head and neck of
these mice with complete penetrance and immunocompe-
tence [24]. Tgfbr1 11/ penoV1ox mice from the same lit-
ter were used as the control. All the mice were maintained
in FVBN/CD1/129/C57 mixed background. Animal studies
were approved and supervised by the Animal Care and Use
Committee of Wuhan University.

MCC950 in vivo treatment

Tgfbri/Pten 2cKO mice (n = 18) were randomly divided
into three groups after tamoxifen was induced. MCC950
was administered i.p. (10 mg/kg or 15 mg/kg) every day for
the first 3 days and every second day for the next 20 days.
Starting treatment was at day 14, after gavage and PBS was
intraperitoneally injected into mice as the negative control.
The tumor volume was calculated every day by a microm-
eter caliper. Mice were killed at day 49 after gavage, and
the spleen, blood, draining lymph nodes, and tumor were
separated and immediately preserved.

Human peripheral blood

Human blood collected from healthy donors and HNSCC
donors was collected from the Hospital of Stomatology at
Wuhan University. Research Blood Components tested each
donor’s blood for standard blood-borne pathogens prior to
the initial donation and at the time of each subsequent dona-
tion. Only blood samples negative for HIV, HTLV, HCV
and HBV were used. Written informed consent was obtained
from all participants.

Tissue microarrays

The human HNSCC tissue microarrays (TMA) used in
this study contained 64 primary HNSCC, 38 normal oral
mucosae and 12 oral epithelial dysplasia (Dys); there are
still some other categories that were not included in this
experiment. These specimens were collected from January
2008 to August 2014 in the Department of Oral and Maxillo-
facial Surgery, School and Hospital of Stomatology, Wuhan
University. The clinical stages of HNSCC were classified
according to International Union Against Cancer (UICC
2002) guidelines, and histological grading was determined

according to the scheme of the World Health Organization.
All studies obtained informed consent from patients at the
beginning of the trial and were approved by the Medical
Ethics Committee of the Hospital of Stomatology, Wuhan
University.

ELISA assays

Fresh human or mice blood and tissue homogenates (1 g tis-
sue/mL PBS) were centrifuged for 20 min at 3000 rpm for
the supernatants. IL-1p concentration in the supernatants of
human and mice samples was determined by IL-1p Enzyme-
linked immunosorbent Assay Kit (Dakewe BioTech, Beijing,
China) per the manufacturer’s instructions.

Flow cytometry

For flow cytometry, single-cell suspensions of spleen, blood,
lymph nodes and tumor were resuspended in PBS buffer (2%
FBS) and non-specific Fc was blocking for 10 min at 4 °C,
and then cells were stained with the abovementioned fluo-
rochrome-conjugated monoclonal antibodies. For the stain-
ing of non-cell surface marker Foxp3, the cell membrane
was penetrated according to the manufacturer’s instructions
(eBioscience, San Diego, CA, USA) before antibody incuba-
tion. Samples were acquired on a NovoCyte Flow Cytom-
eter (ACEA NovoCyte™, San Diego, CA, USA), and data
were analyzed by its corresponding software, NovoExpress.
Isotype-matched IgG antibody was used as a control in the
experiment.

Immunohistochemistry

For the immunohistochemistry, 4-um sections of paraffin-
embedded tissue were heated in sodium citrate solution
medium until boiling was initiated, which lasted 5 min for
antigen unmasking. Sections were incubated in 3% hydrogen
peroxide for 20 min at 37 °C to quench endogenous peroxi-
dase activity. Then, 10% normal goat serum (ZSGB-BIO,
Beijing, China) was used to block non-specific binding for
20 min at 37 °C and incubated overnight at 4 °C with spe-
cific primary antibodies at the appropriate dilutions. After
1 h, sections were incubated with corresponding second-
ary biotinylated immunoglobulin G antibody solution and
an avidin—biotin—peroxidase reagent at room temperature
and were stained with the DAB kit (Mxb Biotechnologies,
Fuzhou, China) then lightly counterstained with Mayer’s
hematoxylin (Invitrogen, Carlsbad, CA, USA). Immuno-
histochemistry of human HNSCC tissue microarrays was
performed in the same way. Each antibody was provided by
the PBS negative control group and corresponding positive
control group.
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Immunofluorescence

For the immunofluorescence, all the steps before adding flu-
orochrome conjugated secondary antibodies were the same
as those for immunohistochemistry. Sections were incu-
bated with corresponding fluorescent antibodies (DyLight
488 anti-rabbit and anti-mouse, DyLight 594 anti-rabbit and
anti-mouse; Thermo Fisher Scientific, Waltham, MA, USA)
for 1 hin the dark at 37 °C and then mounted by anti-fluores-
cence quenching medium with DPAI (Vector, Burlingame,
CA, USA). The slides were observed by a fluorescence
microscope (CLSM-310, ZEISS fluorescence microscope,
Germany) or confocal laser scanning microscope (FV300,
Olympus Life Science, Tokyo, Japan).

Western blot

Tumor tissues were harvested after mice sacrifices and lysed
by RIPA reagent (Pierce, Rockford, IL, USA), which was
pre-added with protease and phosphatase inhibitors. Then,
the protein lysates were generated after ultrasonic process-
ing and centrifugation. After denaturing in a loading buffer
(Service Bio, Wuhan, China), proteins from lysates were
resolved in 8—12% SDS—polyacrylamide gel and transferred
to polyvinylidene fluoride (PVDF) membrane (Merck Mil-
lipore, Billerica, MA, USA). Membranes were blocked with
5% skim milk for 1 h at room temperature, and incubated
overnight at 4 °C with specific primary antibodies at the
appropriate dilutions. After 1 h, membranes were incubated
with secondary HRP-conjugated antibody at room tempera-
ture; the blots were detected with an ECL kit (Advansta Inc.,
Menlo Park, CA, USA).

Scoring system and hierarchical clustering

All slides were scanned by an Aperio ScanScope CS scanner
(Aperio, San Diego, CA, USA) with background subtraction.
The histoscore quantification of each sample was analyzed
by the Aperio Quantification System (Version 9.1) [24]. For
hierarchical clustering, the histoscore of each biomarker was
converted into scaled values centered on zero (—3-0-3) in
Microsoft Excel, and then hierarchical analysis was per-
formed by the Cluster 3.0, with average linkage based on
Pearson’s correlation coefficient [25]. Java TreeView 1.1.6
was used to visualize the results [26]. Finally, the clustered
data and tissue samples were arranged on the horizontal and
vertical axes, respectively. Biomarkers with a close relation-
ship were located next to each other.

Statistical analysis

GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, CA,
USA) was applied in statistical analysis. Unpaired or paired
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t tests were adopted for data between two groups. One-way
ANOVA was used for data between multiple groups. Two-
tailed Pearson’s statistics were applied in correlation analy-
sis. Data were presented as mean + SEM, and significance
was determined as p < 0.05.

Results

NLRP3 inflammasome expression was elevated
in human HNSCC and in a mouse model of HNSCC

To determine the expression of the NLRP3 inflammasome
and IL-1p in HNSCC, we performed immunohistochemical
staining on the following human HNSCC tissue samples: 38
samples of normal oral mucosa, 12 cases of dysplasia (Dys)
and 64 cases of human HNSCC. We found increased expres-
sion of the NLRP3 inflammasome components NLRP3,
ASC, caspase-1 and IL-18 in human HNSCC compared with
the dysplastic and mucosal samples (Fig. 1a). The NLRP3
inflammasome served as the main activating platform for
IL-1B; to investigate whether a similar variation of IL-1f3
was expressed in human HNSCC, based on the analysis of
the online Oncomine® databases we found that the /L-1B
mRNA level was higher in human HNSCC tissue than in
normal mucosa in Peng, Ye and Ginos Head—Neck dataset
[27-29] (Fig. 1b and Fig. S1a). This result was also vali-
dated in the TCGA database (Fig. 1c). Moreover, our ELISA
results confirmed that the concentration of IL-1f was signifi-
cantly elevated in the peripheral blood of HNSCC patients
compared with healthy donors (HD, n = 10; HNSCC,
n = 10; Fig. 1d). In addition, a spontaneous de novo HNSCC
mouse model was adopted for in vivo experiments. Simi-
larly, NLRP3, ASC, caspase-1 and IL-18 were found to be
overexpressed in Tgfbri/Pten 2cKO HNSCC mice tumor
tissue (Fig. le), and according to an ELISA, the expression
of IL-1p was heightened in the peripheral blood, spleen,
draining lymph nodes (DLN) and tumor homogenates of
spontaneous HNSCC mice in comparison with wild-type
mice (Fig. 1f).

The inhibition of NLRP3 inflammasome activity
delayed tumorigenesis in a mouse model of HNSCC

To evaluate the roles of the NLRP3 inflammasome and
IL-1p in tumor growth, we took advantage of our sponta-
neous de novo HNSCC mouse model, which exhibits con-
stant activation of NLRP3 inflammasome/IL-1f signaling.
We examined the efficacy of chemopreventive inhibition of
NLRP3 inflammasome by the specific small molecule inhib-
itor MCC950. Tumor growth was assessed every day after
tamoxifen gavage. Indeed, the results showed that MCC950
treatment at a dose of 10 mg/kg significantly delayed the
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Fig.1 The NLRP3 inflammasome was overexpressed in both human
and mice HNSCC. a Immunohistochemical histoscore of NLRP3,
caspase-1, ASC, and IL-18 in the oral mucosa (n = 38), dysplasia
(Dys, n = 12), and head and neck squamous cell carcinoma (HNSCC,
n = 64), one-way ANOVA test. b IL1B mRNA expression levels from
Peng Head—Neck dataset (as log2 median-centered ratio) for head—
neck cancer versus its normal counterpart (¢ test, p = 4.52E—10). ¢
ILIB mRNA expression level analysis in 44 normal mucosae and

progression of tumor growth and that MCC950 treatment
at a dose of 15 mg/kg induced a better effect (*p < 0.05,
**p < 0.01; Fig. 2a). The ELISA results showed that the
level of IL-1p was significantly reduced in peripheral blood
serum, spleen, draining lymph nodes and tumor tissues after
MCC950 treatment (15 mg/kg) (Fig. 2b). In addition, the
Tgfbri/Pten 2cKO tumor-bearing mice were in a state of
immune dysregulation, in which the mice exhibited the char-
acteristics of lymphadenopathy and splenomegaly [21, 30,
31]. However, we observed that the sizes of the lymph nodes
and spleen were decreased after MCC950 treatment (Fig. 2c,

520 HNSCC tissue from TCGA dataset (¢ test, p = 0.0073). d The
concentration of IL-1f in human peripheral blood was measured by
ELISA (10 HD (healthy donor) and 10 HNSCC, 7 test, p = 0.001). e
Quantitative histoscores in NLRP3, caspase-1, ASC and IL-18 were
significantly higher in 7gfbri/Pten 2cKO mice (n = 6) than in WT
mice (n = 6), t test. f IL-1p was up-regulated in various tissues of
Tgfbrl/Pten 2cKO tumor-bearing mice (n = 6) compared with wild-
type mice (n = 6), t test. All data are presented as mean + SEM

d), which might indicate that the immunosuppressive state
of tumor-bearing mice may have been partially alleviated.

Inactivation of the NLRP3 inflammasome reduced
the number of regulatory T cells in a mouse model
of HNSCC

The presence of regulatory T cells (Tregs) is one cause
of an immunosuppressive state in tumor-bearing indi-
viduals, and these cells may be distinguished by the
specific molecular markers CD4, CD25 and Foxp3 [32].
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Fig.2 MCC950 treatment reduced the production of IL-1p and
retarded tumorigenesis in a HNSCC mouse model. a Tumor volume
was monitored after tamoxifen gavage in 7gfbri/Pten 2cKO mice. Six
mice in each group (*p < 0.05, **p < 0.01). b IL-1p levels in 2cKO
tumor-bearing mice blood, spleen, DLN, and tumor were dropped
after MCC950 treatment, one-way ANOVA test. ¢ Representative

Moreover, our previous data demonstrated that the pro-
portion of Tregs was notably increased in 7gfbril/Pten
2cKO HNSCC mice [21]. In the present study, using
flow cytometry, we found that the number of Tregs was
decreased in the group treated with MCC950 (10 and
15 mg/kg) (Fig. 3a). Nevertheless, the population of
CD4*Foxp3*CD25" cells in the spleen was significantly
reduced in the 15 mg/kg MCC950 treatment group com-
pared with the 10 mg/kg MCC950 treatment group and
the control group (Fig. 3b). In blood samples, the number
of CD4"Foxp3TCD25* cells was decreased in both the 10
and the 15 mg/kg MCC950 treatment groups (Fig. 3b).
However, we did not observe meaningful changes in the
proportion of Tregs after MCC950 treatment in the DLN
samples (Fig. 3b). Furthermore, the immunochemistry
results showed that Foxp3-positive cells in tumor tis-
sues of mice in the MCC950 treatment group (10 and
15 mg/kg) were obviously fewer in number than in the
control group (Fig. 3c, d). These results demonstrated
that a subset of Tregs in the tumor microenvironment was
decreased after MCC950 treatment in Tgfbri/Pten 2cKO
HNSCC mice.
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photos of spleen and draining lymph nodes in three groups show that
MCC950 could reduce the spleen and lymph node volume. d Spleen
index shows the significant differences (left panel, one-way ANOVA
test), and the sizes of lymph nodes were measured (right panel, one-
way ANOVA test). All data are presented as mean + SEM

Inactivation of the NLRP3 inflammasome
diminished MDSCs and TAMs in a mouse model
of HNSCC

Recently, studies have shown that MDSCs and M2
macrophages can function as negative regulators of the
antitumor immune response in HNSCC [20, 23] and
that both of these cell types appear in large numbers in
Tgfbri/Pten 2cKO HNSCC mice [21]. MDSCs can be
further divided into CD11b*LY6G LY 6C!E" monocytic
and CD11b*LY6GLY6C"" granulocytic MDSCs; these
two subsets have different functions in cancer, and almost
all tumor types have demonstrated a preferential expan-
sion of the granulocytic subset [33]. Not surprisingly,
the flow cytometry results showed that the proportion of
LY6ChE" monocytic MDSCs did not noticeably change
and accounted for only a small proportion of MDSCs
(Fig. 4a). However, the proportion of LY6G™* granulocytic
MDSCs was significantly decreased after NLRP3 inflam-
masome blockade in spleen and tumor tissues (Fig. 4b,
c¢), and we observed that the proportion of granulocytic
MDSCs was higher than that of monocytic MDSCs
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Fig.3 Inhibition of NLRP3 inflammasome decreased the popula-
tion of regular T cells in a HNSCC mouse model. a Flow cytometry
shows the population variation of CD4*CD25%Foxp3™ Tregs in the
spleen of PBS- and MCC950-treated mice. b Quantification and
statistical analysis of regular T cell ratio in CD4" cells among three

(Fig. 4a—c). In addition, immunofluorescence staining
further confirmed that MCC950 treatment could reduce
the population of CD11b*LY6G™ granulocytic MDSCs
in the tumor microenvironment (Fig. 4e, f). CCL2 and
CXCL1 are critical chemokines for the recruitment of
MDSCs and TAMs [34, 35]. Western blot analysis sup-
ported the finding that CCL2 and CXCL1 expression was
reduced, which was accompanied by a decrease in IL-1p
in mouse tumor tissues (Fig. 4d). Similarly, we noticed a
decreasing trend in TAMs after the inactivation of NLRP3,
and this tendency of reduction was more evident in the
15 mg/kg MCC950 treatment group (Fig. 5a). However,
this change was statistically significant only in the tumor
tissue (Fig. 5b). Beyond that, because the CD47-SIRP«
axis between tumor cells and immune cells is an important
molecular pattern for tumor immune escape and blocking
this signaling can enhance phagocytosis of tumor cells
[36], we performed western blot and immunofluores-
cence to examine the expression level of CD47-SIRPa
axis proteins. The results showed that MCC950 treatment
significantly decreased the expression levels of CD47 and
SIRPa in the tumor tissues of 2cKO tumor-bearing mice
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groups (data shown as mean + SEM). ¢ Representative immunohis-
tochemical staining images show the density difference of Foxp3-
positive cells in Tgfbri/Pten2cKO mice tumors of three groups; scale
bar = 50 pm; the arrow points to positive staining. d Quantification of
THC histoscore of Foxp3 (data shown as mean + SEM)

(Fig. 5¢); the immunofluorescence results also confirmed
this finding (Fig. 5d).

Blockade of the NLRP3 inflammasome increased
the number of effective CD4* and CD8™ T cells
in a mouse model of HNSCC

Our previous studies verified that 2cKO tumor-bearing
mice are in an immunosuppressive state, which is accom-
panied by a decreasing trend of CD4* and CD8" T cells
and an increasing trend of PD-1- or Tim3-exhausted T
cells compared with wild-type mice [20, 21]. Given these
findings, flow cytometry was used to detect the propor-
tional changes in those T cells after MCC950 treatment
(Fig. 6a). We found that the populations of CD4* T cells
in the DLN and CD8* T cells in the spleen were signifi-
cantly elevated when the mice were treated with 10 mg/kg
MCC950. CD4* and CD8* T cells were also significantly
increased in number in the spleen, DLN, and blood when
the mice were treated with 15 mg/kg MCC950 (*p < 0.05;
**p < 0.01; ***p < 0.001; Fig. 6a, b). In contrast, the
numbers of PD-1* CD4* T cells and Tim3" CD4* T cells
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Fig.4 Blockaded NLRP3 inflammasome activation by MCC950
could effectively reduce the recruitment of myeloid-derived sup-
pressor cells in a Tgfbri/Pten 2cKO HNSCC mouse model. a Flow
cytometry dot plots for MDSCs isolated from control and MCC950-
treated 2cKO tumor-bearing mice. b, ¢ Quantification and sta-
tistical analysis show MCC950 treatment decreased the popula-
tions of MDSCs in HNSCC mice spleen and tumor (data shown as
mean + SEM). d The expression of IL-1p and MDSCs associated

cytokines, CCL2 and CXCL1, in tumors were analyzed by western

in the spleen and DLN were reduced when the mice were
treated with 10 mg/kg MCC950, and the numbers of
PD-1* CD8* T cells in the spleen and blood and Tim3™*
CDS8™ T cells in the DLN and blood were also decreased
in the 10 mg/kg MCC950 group. Moreover, a significant
reduction in PD-1* and Tim3" T cell was observed in the
spleen, DLN, and blood in mice that were treated with
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CD11b Ly6G DAPI

blot after HNSCC mice received PBS or anti-NLRP3 activation treat-
ments. e Representative immunofluorescence microscopy images of
granulocytic MDSCs (CD11b*Ly6G™) in the control or MCC950-
treated mice tumor tissue. CD11b in red, Ly6G in green and DAPI
in blue; scale bar = 50 pm. f Quantitative analysis of CD11b- and
Ly6G-positive cells in three groups (data shown as mean + SEM). In
the histogram, Gray = control group, yellow = 10 mg/kg MCC950
group and blue = 15 mg/kg MCC950 group

15 mg/kg MCC950 (*p < 0.05; **p < 0.01; ***p < 0.001;
Fig. 6¢c, d). Furthermore, immunochemistry showed that
the numbers of CD4" and CD8* T cells were increased
in tumor tissues after MCC950 treatment (Fig. 6e, f) and
that the numbers of PD-1- and Tim3-positive cells were
remarkably reduced after MCC950 treatment compared
with the control group (Fig. 6e, f).
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Fig.5 TAMs were remarkably a
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The expression of NLRP3 inflammasome

was positively correlated with CD4, CD8, Tregs,
MDSCs, TAMs and the immune checkpoint proteins
PD-1 and Tim3 in human HNSCC

To further investigate the clinical significance of the NLRP3
inflammasome in human HNSCC, the relationships among
the NLRP3 inflammasome and Tregs, CD4, CD8, MDSCs,
TAMs and the immune checkpoint proteins PD-1 and
Tim3 were analyzed in a human HNSCC tissue array (12
oral mucosa samples, 38 dysplasia cases and 64 HNSCC
cases). By immunohistochemical analysis, we found that the
NLRP3 inflammasome was positively correlated with the

Blo'od Tur'nor

MCC950 10mg/kg MCC950 15mg/kg

douny YMWOZ UB)/L1q4D L

following: CD4 expression (p < 0.001, r = 0.3884), CDS8
expression (p < 0.01, r = 0.2752), the Treg marker Foxp3,
p < 0.001, r = 0.4081), the MDSC markers CD11b and
CD33 (p < 0.001, r = 0.3925; p < 0.001, r = 0.3535), the
TAM markers CD68 and CD163 (p = 0.001, r = 0.3514;
p < 0.01, r = 0.2934), PD-1 (p < 0.05, r = 0.2053) and
Tim3 (p < 0.001, r = 0.4209) (Fig. 7a, b). Interestingly,
the expression of the NLRP3 inflammasome components
caspase-1, ASC and IL-18 was also closely related to the
expression of those proteins (Fig. S2). Hierarchical clus-
tering analyses provided us with an intuitive understanding
of the correlation among those proteins (Fig. 7c). The data
described above verified that the NLRP3 inflammasome
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Fig.6 NLRP3 inflammasome
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was associated with effector CD4 and CD8 T cells, Tregs,
MDSCs, TAMs and the immune checkpoint proteins PD-1
and Tim3.

The NLRP3 inflammasome proteins were up-regulated
in both human HNSCC and Tgfbri/Pten 2cKO HNSCC
mice (Fig. 1). Apart from this finding, we found that
the IL-1B mRNA level was closely related to NLRP3
expression in head and neck squamous cell carcinoma by
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querying the publicly available TCGA database (Fig. S1b,
p <0.001, r = 0.3558). However, considering that the use
of MCC950 to block the activation of the NLRP3 inflam-
masome only reduced the secretion of inflammatory fac-
tors [37], consequently, the most direct effect was observed
when mice were treated with MCC950, which reduced the
secretion of IL-1p. This effect was accompanied by an
improvement in the inflammatory environment, which
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Fig.7 NLRP3 inflammasome expression pattern displays a cor-
relation with CD4, CD8, PD-1, Tim3 and Treg, MDSC and TAM
associated proteins in human HNSCC. a Serial section with immu-
nohistochemical staining of NLRP3 inflammasome components and
CD4, CD8, Fopx3, CD11b, CD33, CD68, CD163, PD-1, and Tim3
in human HNSCC tissue (tissue microarray, patient number 57);
scale bars = 50 pm. b Expression of NLRP3 was significant and posi-
tively associated with CD4 (p < 0.001, r = 0.3883), CDS8 (p < 0.01,

slowed tumor progression. As a result, we speculated that
the enhancement of antitumor immunity by MCC950 treat-
ment in this HNSCC mouse model (Tgfbrl/Pten 2cKO)
was achieved by the inhibition of NLRP3 inflammasome.

Discussion

Currently, chronic inflammation is thought to function as a
tumor promoter that leads to an immunosuppressive state
[18], and a variety of cytokines or chemokines stimulate the
production and recruitment of immunosuppressive cells [18,
38]. HNSCC is an immunosuppressive and inflammation-
related tumor type [11, 39], and the NLRP3 inflammasome

= 0.2752), Foxp3 (p < 0.001, r = 0.4081), CD11b(p < 0.001,
0.3925), CD33 (p < 0.001, r = 0.3535), CD68 (p < 0.001,
0.3514), CD163 (p < 0.01, r = 0.2934), PD-1 (p < 0.05,
r = 0.2053) and Tim3 (p < 0.001, r = 0.4209) by Spearman’s rank
correlation coefficient test and linear tendency test. ¢ Hierarchical
clustering plot of the expression patterns of these markers in HNSCC
tissue microarray, which contains 64 HNSCC, 12 dysplasia, 38
mucosae

r
r
r

is considered the widest harmful stimuli sensor of innate
immunity [40]. However, until now, the relationship between
the inflammatory microenvironment and tumor immunity
was not fully understood. Our previous study demonstrated
that NLRP3 inflammasome promotes tumorigenesis in
HNSCC [41]. In this study, we uncovered that activation
of the NLRP3 inflammasome/IL-1f pathway in human and
murine HNSCC provided an inflammatory microenviron-
ment that promoted HNSCC progression. The results show
that activation of the NLRP3 inflammasome, which was
inhibited by MCC950, led to a reduction in the secretion of
IL-1p and an accompanied delay in tumorigenesis in spon-
taneous de novo 7gfbri/Pten 2cKO HNSCC mice. Inhibition
of the NLRP3 inflammasome also diminished the infiltration

@ Springer



2056

L.Chenetal.

of immunosuppressive cells, such as Tregs, MDSCs and
TAMSs, and enhanced T cell function via an increase in
TILs and a reduction in PD-1- and Tim3-exhausted T cells.
Moreover, the expression of the NLRP3 inflammasome was
correlated with the expression of CD4, CDS, Foxp3, CD11b,
CD33, CD68, CD163, PD-1 and Tim3 according to a human
HNSCC tissue array.

The NLRP3 inflammasome is considered to be a double-
edged sword in the cancer immunity [4] and it can help the
body remove harmful pathogens but can also be activated
in a variety of tumors and promote tumor development. On
the one hand, the effect of the NLRP3 inflammasome has
tissue specificity [42, 43]; thus, interpretation of the roles
of the inflammasome in cancer development has to con-
sider tissue type. On the other hand, due to the complex-
ity of the components of the NLRP3 inflammasome, the
role of each component in the tumor is not the same: IL-1f
was reported to promote tumor growth, but the absence of
IL-18, ASC, and caspase-1 increases the probability of a
tumor in mice with gastric cancer [43—45]. In addition, the
NLRP3 inflammasome is an important component of innate
immunity and can hence sense various signals, including
those not associated with cancer cells [5]. Therefore, the
NLRP3 inflammasome indeed provides a promising target
for cancer therapy, but more studies are needed to identify
the specific molecular mechanisms of the NLRP3 inflam-
masome during cancer development and progression. IL-1f
and IL-18 are the main downstream products of the NLRP3
inflammasome; nevertheless, the role of IL-18 in tumori-
genesis is controversial. The activation of IL-18 may pro-
mote tumor development or, conversely, enhance antitumor
immunity and limit tumor growth by the activation of NK
and T cell responses [46]. It has also been reported that
tumor growth was not reduced in IL-18 KO mice but can be
reduced with the decrease in IL-1p [16], and there is abun-
dant evidence that shows that IL-1p is a tumor-promoting
cytokine [16, 47]. Given these factors, our work focused on
IL-1pB. The inflammasome is not only expressed in stromal
cells but also in cancer cells, so that these “new sensors”
within the tumor site will produce large amounts of abnor-
mal IL-1f through the activation of the NLRP3 inflamma-
some. In this report, IL-1p was found to be overexpressed
in the serum of HNSCC patients and in multiple tissues
in a mouse model of HNSCC, which suggests that IL-1§
may be a crucial component in promoting tumor growth
in HNSCC. Subsequent studies were based on a selective
small molecule inhibitor of the NLRP3 inflammasome,
MCC950, which inhibits the NLRP3 inflammasome via
the inhibition of ASC oligomerization rather than via the
reduction in NLRP3 inflammasome protein expression to
decrease the production of IL-1f [37]. Our study indicated
that the reduction of IL-1f can effectively slow down the
tumor burdened speed in HNSCC mice.

@ Springer

The multiple tumorigenic mechanisms that occur in the
Tgfbrl/Pten 2cKO HNSCC mouse model make it suitable
for the study of human HNSCC [24]. Similar to human
HNSCC, the immune system of 2cKO tumor-bearing mice
is also in an inhibited state and characterized by an accumu-
lation of MDSC, Treg and TAM subsets [21]. Studies have
found that IL-1p can increase the number of MDSCs [47],
which damages immune function in mammary and gastric
carcinomas [37], affects the number of TAMs in a mouse
model of lung cancer [48] and is related to the increase in
Tregs in melanoma [49]. Guo et al. found that the NLRP3
inflammasome/IL-1p pathway promoted tumor growth and
metastasis and may account for the recruitment of MDSCs
and TAMSs in the tumor environment in breast cancer [16].
Nevertheless, the relationship between elevated IL-1f and
the presence of immunosuppressive cells in HNSCC is not
clear. In this study, the inhibition of NLRP3 inflammasome
resulted in a sharp decline in the concentration of IL-1p
and reduced the number of immunosuppressive cells in an
HNSCC mouse model. The number of CD4*Foxp3*tCD25"
regular T cells in the blood, spleen and tumor samples were
remarkably decreased. Interestingly, we found that the num-
ber of CD11b"LY6GTLY6CY granulocytic MDSCs, rather
than CD11b*LY6G~LY6C™ " monocytic MDSCs, was obvi-
ously changed, which was consistent with a current report
that LY6C'Y granulocytic MDSCs were predominant in
tumors and that they impaired NK cells in vitro and in vivo
[50]. TAMs play an important role in the development of
neoplasia, and its infiltration is correlated with poor prog-
nosis of HNSCC patients [51]. TAMs are one of the main
producers of IL-1p, and the inflammatory environment
can also promote the recruitment of TAMs [47]. Recent
research indicated that tumor-associated macrophages pro-
mote metastasis via the NLRP3/IL-1p pathway [52]. Addi-
tionally, the chemokines CCL2 and CXCL1 are important
for the recruitment of MDSCs and TAMs [34, 53], and the
reduction of CCL2 and CXCL1 in MCC950-treated mice
also supports our results. The CD47/SIPa axis acts as a “do
not eat me” signal in malignant tumors, which may facilitate
tumor immune escape, and the inhibition of this pathway can
enhance the phagocytosis of cancer cells by macrophages
[36]. The results show that MCC950 treatment may have dif-
ferent effects on different peripheral immune organs and cir-
culation; however, the underlying mechanism is still unclear.

Recently, emerging immunotherapies based on immune
checkpoints have shown promising prospects for future can-
cer treatment. Programmed death-1 (PD-1) and T cell immu-
noglobulin mucin-3 (Tim3) are expressed on TILs, and it is
commonly recognized that the expression of PD-1 or/and
Tim3 impairs T cell function [54]; when PD-1/Tim3-positive
T cells are recognized among tumor cells, tumor escape may
occur [54]. In the present study, we found that the popula-
tions of CD4* and CD8* T cells were significantly increased
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and that the amount of PD-1- and Tim3-positive T cells were
significantly diminished when the NLRP3 inflammasome/
IL-1p pathway was inhibited. Our results indicated that after
MCCI950 treatment, the number of exhausted T cells and the
damage to T cells decreased.

In summary, we demonstrated that NLRP3 inflam-
masome/IL-1p signaling induces the inflammatory
microenvironment to promote tumorigenesis and the
development of HNSCC. NLRP3 inflammasome inhibi-
tion delayed tumor growth and reshaped the antitumor
response through a decrease in the number of immuno-
suppressive cells and an enhancement in the function of
effector T cells in the Tgfbri/Pten 2cKO HNSCC mouse
model. These data suggest that the inhibition of the tumor
microenvironment through the NLRP3 inflammasome/
IL-1p pathway may provide a novel approach for HNSCC
therapy.
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