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NLRC4. Here, we utilized a syngeneic subcutaneous murine model of B16F10 melanoma to explore the role of NLRC4 in
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inflammasome components ASC and caspase-1. Nirc4 expression was critical for cytokine and chemokine production in
tumor-associated macrophages and was necessary for the generation of protective IFN-y—producing CD4* and CD8* T
cells. Tumor progression was diminished when WT or caspase-1—deficient, but not NLRC4-deficient, macrophages were
coinjected with B16F10 tumor cells in NLRC4-deficient mice. Finally, examination of human primary melanomas revealed

the extensive presence of NLRC4* tumor-associated macrophages. In contrast, there was a paucity of NLRC4 tumor-
associated macrophages observed in human metastatic melanoma, supporting the concept that NLRC4 expression
controls tumor growth. These results reveal a critical role for NLRC4 in suppressing tumor growth in an inflammasome-
independent manner.
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Introduction

Melanomais one of the deadliest forms of skin cancer, and advanced
cases of melanoma are especially hard to treat due to limited thera-
peutic options (1, 2). Increased risk of melanoma is associated with
UV-induced mutations, inflammation, genetic predisposition, and
other causes (3-5). Inflammation in the tumor microenvironment is
driven by many factors, including the presence of the proinflamma-
tory cytokine IL-1B (6-8). A major source of IL-1B secretion occurs
through the activation of inflammasomes. Inflammasomes are mul-
tiprotein complexes that, upon activation, trigger the autocatalytic
cleavage of the cysteine protease caspase-1 (9, 10). Caspase-1 then
cleaves pro-IL-B and pro-IL-18 into their mature secreted forms.
Currently there are at least 4 defined inflammasomes: NLRPI,
NLRP3, NLRC4, and AIM2 (9, 10).

The NLRC4 inflammasome is composed of NLRC4, the
adaptor protein ASC, and caspase-1 (11, 12). Known activators of
the NLRC4 inflammasome include Gram-negative bacteria such
as Salmonella typhimurium (13), Pseudomonas aeruginosa (14, 15),
Klebsiella pneumonia (16), and Legionella pneumophila (17, 18).
More specifically, neuronal apoptosis inhibitor proteins (NAIP)
recognize flagellin (NAIP5 and NAIP6), type III secretion system
(T3SS) rod protein (NAIP2), and the T3SS needle protein (NAIP1)
from Gram-negative bacteria, leading to activation of the NLRC4
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Members of the NLR family can assemble inflammasome complexes with the adaptor protein ASC and caspase-1that

result in the activation of caspase-1and the release of IL-1p and IL-18. Although the NLRC4 inflammasome is known to

have a protective role in tumorigenesis, there is an increased appreciation for the inflammasome-independent actions of
NLRCA4. Here, we utilized a syngeneic subcutaneous murine model of BI6F10 melanoma to explore the role of NLRC4 in
tumor suppression. We found that NLRC4-deficient mice exhibited enhanced tumor growth that was independent of the
inflammasome components ASC and caspase-1. Nirc4 expression was critical for cytokine and chemokine production in
tumor-associated macrophages and was necessary for the generation of protective IFN-y-producing CD4* and CD8*

T cells. Tumor progression was diminished when WT or caspase-1-deficient, but not NLRC4-deficient, macrophages were
coinjected with B16F10 tumor cells in NLRC4-deficient mice. Finally, examination of human primary melanomas revealed the
extensive presence of NLRC4* tumor-associated macrophages. In contrast, there was a paucity of NLRC4* tumor-associated
macrophages observed in human metastatic melanoma, supporting the concept that NLRC4 expression controls tumor
growth. These results reveal a critical role for NLRC4 in suppressing tumor growth in an inflammasome-independent manner.

inflammasome (19-26). In addition to the recognition and con-
trol of bacterial pathogens, the NLRC4 inflammasome plays a
protective role in tumorigenesis in an azoxymethane and dextran
sodium sulfate colitis-associated colorectal cancer model (27).
Both NLRC4- and caspase-1-deficient mice exhibited increased
tumor burdens compared with WT mice (27). However, the role
of NLRC4 in the development and progression of other malignan-
cies, and in particular melanoma, is completely unknown. Impor-
tantly, a function for NLRC4 independent of an inflammasome
and caspase-1 has never been described.

In this study, we demonstrate a protective role for NLRC4 in a
s.c. BI6F10 melanoma model. Unexpectedly, mice deficient in the
inflammasome components ASC and caspase-1 had tumors the
same size as WT mice, suggesting that regulation of tumor growth
is dependent on NLRC4, but independent of NLRC4 inflam-
masome activation. Examination of the tumor microenvironment
showed a decrease in IFN-y-positive tumor-infiltrating CD4* and
CD8* T cells and a global alteration of the cytokine and chemo-
kine milieu in Nirc47- mice. The addition of WT or caspase-1-defi-
cent, but not NLRC4-deficient, macrophages into Nlrc47~ mice
at the time of tumor challenge led to decreased tumor growth
compared with challenge with B16F10 tumors alone. Important-
ly, we observed substantial numbers of NLRC4* tumor-associat-
ed macrophages in primary human melanomas, but not in more
advanced metastatic disease. Together, our findings demonstrate
an inflammasome-independent role for NLRC4 expression in
macrophages, which is required to generate the immune response
necessary for suppression of melanoma progression.
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Figure 1. NLRC4 protects against B16F10 tumor growth in vivo. (A-F) WT and Nlrp6~- (A), Nirp127/- (B), NIrp3- (C), and Nlrc4~- (D-F) mice were injected s.c.
with 1x 10° B16F10 cells. (A-C and E) Tumor mass was determined at 16 to 20 days after inoculation. (B) WT and Nlrc4~/- tumor areas (length x width) were
measured every 2 to 3 days. (F) Representative images of excised WT and Nirc4~/- B16F10 tumors. (A-E) Data are representative of 3 independent experiments
with n = 5 mice per group. (A-C and E) *P < 0.05, unpaired 2-tailed Student’s t test. (D) Error bars represent SEM. **P < 0.01, ****P < 0.0001, 2-way ANOVA

with Sidak’s multiple comparisons test.

Results

NLRC4 s critical for control of s.c. tumor growth. To determine whether
members of the NLR family of proteins regulate growth of s.c. tumors,
we challenged Nirp67-, Nirpl2”/~, and Nirp3”/- mice with B16F10
melanoma cells s.c. Neither Nirp67, Nlrp127-, nor Nirp37- mice had
altered tumor size compared with WT mice (Figure 1, A-C), indicat-
ing that NLRP6, NLRP12, and NLRP3 were dispensable for the con-
trol of s.c. BL6F10 tumor growth. In contrast, NLRC4-deficient mice
exhibited a marked increase in tumor size in comparison with WT
mice following s.c. challenge with B16F10 cells (Figure 1, D-F).

We next sought to determine whether expression of NLRC4
was necessary for regulation of different types of s.c. tumors or
whether the protective role of NLRC4 was specific to BI6F10 mel-
anoma. To address this question, we challenged Nirc47- and WT
mice s.c. with Lewis lung carcinoma (LLC) cells. As seen with the
B16F10 model, Nirc47~ mice had markedly increased tumor size
and mass compared with WT mice when challenged s.c. with LLC
cells (Supplemental Figure 1, A-C; supplemental material avail-
able online with this article; doi:10.1172/JCI86953DS1). These
data demonstrate a previously undescribed role for NLRC4 in
suppressing s.c. tumor growth in 2 tumor models.

Diminished NLRC4* tumor-associated macrophages in human
metastatic melanoma. To determine whether NLRC4 was present
in human primary melanoma, we performed immunohistochem-
istry on normal skin, benign melanocytic nevi, primary invasive
melanoma, and metastatic melanoma from human patients using
the macrophage marker CD163 and NLRC4. Both normal skin and
benign melanocytic nevi displayed a minimal presence of CD163*
macrophages and NLRC4" cells (Figure 2, A and B). In contrast,
primary invasive melanoma had a significantly greater density
of NLRC4* cells, which were determined to be tumor-associated
macrophages by dually staining the melanomas for CD163 and
NLRC4 (Figure 2, A and B, and Supplemental Figure 2). Examina-
Number10  October 2016
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tion of human metastatic melanoma also revealed a high density
of CD163* tumor-associated macrophages. Surprisingly, macro-
phages present in metastatic melanoma did not express signifi-
cant amounts of NLRC4 (Figure 2, A and B).

NLRCH4 acts independently of the inflammasome to modulate
s.c. tumor growth. In conjunction with ASC and caspase-1, NLRC4
forms an inflammasome complex that results in the activation of
caspase-1 (12). To date, no inflammasome-independent functions
of NLRC4 have been described. To determine whether NLRC4
inflammasome activation was critical for protection during tumor
challenge, we challenged Asc”~ and Caspl”~ mice s.c. with BI6F10
cells. Unexpectedly, Asc”~ and Caspl”~ mice had tumor mass and
area that were the same as the tumors from WT mice (Figure 3,
A-D), indicating that the inflammasome was not necessary for
tumor suppression. These results were also confirmed using the
LLC s.c. model where both Asc”~ mice (Supplemental Figure 1, D
and E) and Caspl”- mice (Supplemental Figure 1, F and G) exhib-
ited tumor growth similar to that of WT mice after LLC challenge.

Consistent with these data, we observed intact caspase-1
activation in B16F10 tumors isolated from Nlrc47~ mice as detect-
ed by the presence of the p20 cleavage product of caspase-1 by
immunoblot (Figure 3E). Taken together, these data suggest that
NLRC4-mediated protection against tumor growth is indepen-
dent of an inflammasome.

Expression of NLRC4 in hematopoietic cells is important for con-
trolling tumor growth. NLRC4 is expressed in a variety of cells,
including macrophages, dendritic cells, fibroblasts, and intesti-
nal epithelial cells, among others (28). A wide array of myeloid
and lymphoid cell types infiltrate solid tumors and affect tumor
growth (29). Additionally, there are also stromal cells that reside
in the tumor, such as cancer-associated fibroblasts, that also mod-
ulate tumor growth and angiogenesis (30). Consistent with pre-
vious studies, we found high expression of Nlrc4 in macrophages
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Figure 2. Human primary melanoma is enriched with NLRC4* macrophages. (A) Deidentified skin biopsies of normal skin (n = 3 patients), benign mela-
nocytic nevi (n = 3 patients), primary invasive melanomas (n = 3 patients), and metastatic melanomas (n = 3 patients) were stained for CD163 (brown)
and NLRC4 (brown). Images were taken with a x40 objective. (B) The densities of five 20x high-power fields (each 3.14 mm?) were determined per patient

sample. **P < 0.01; ****P < 0.0001, Mann-Whitney U test.

with lower expression in fibroblasts and CD4* and CD8* T cells
(Figure 4A), demonstrating that NLRC4 is expressed in cell types
known to affect tumor growth. Importantly, there was no detect-
able expression of Nlrc4 within B16F10 or LLC cells, indicating
that NLRC4 in the tumor cells themselves is unlikely to be modu-
lating tumor growth (Figure 4A).

As Nlrc4 was expressed in both the hematopoietic and nonhe-
matopoietic compartments, we next asked in which compartment
NLRC4 acted to regulate tumor growth through the generation of
BM chimeric mice. As expected, WT mice reconstituted with WT
BM (WT donor — WT recipient) had significantly smaller tumor
mass and area than Nlrc47~ mice reconstituted with Nlrc47- BM
(Nlrc47- donor — Nlrc47 recipient) consistent with NLRC4 play-
ing a protective role in BI6F10 tumor progression (Figure 4, B and
C). Nlrc47~ mice reconstituted with WT BM (WT donor — Nlrc47-
recipient) exhibited a similar tumor mass and area compared with
WT control mice (WT donor — WT recipient) (Figure 4, B and
C), indicating that the addition of WT BM into an Nirc47~ mouse
is sufficient to suppress B16F10 tumor growth. In contrast, WT
mice reconstituted with Nlrc47~ BM (Nlrc47~ donor — WT recip-
ient) displayed a significant increase in tumor size compared with
Nirc47- mice reconstituted with WT BM (WT donor — Nirc47~
recipient) (Figure 4, B and C).

We also observed that WT mice reconstituted with Nirc47~ BM
(Nirc47- donor — WT recipient) had smaller tumors compared
with Nirc47~ control mice (Nirc4”/~ donor — Nlrc4”/~ recipient)
(Figure 4, B and C). This suggests that the nonhematopoietic
compartment may be playing a role in modulating tumor growth
or that there may be a synergistic role between Nlrc47~ hemato-

poietic and nonhematopoietic cells that leads to enhanced tumor
growth. It may also be reasoned that WT hematopoietic cells
that are radio resistant remained in the skin after irradiation and
subsequent reconstitution with Nirc47~ BM. The presence of WT
radio-resistant cells may also result in a decrease in tumor size in
WT mice reconstituted with Nirc47~ BM compared with Nlrc47
control mice. Taken together, these data suggest that expression of
NLRC4 in a hematopoietic cell is important for controlling tumor
growth along with a possible contribution of NLRC4 from the non-
hematopoietic compartment.

Macrophage Nlrc4 expression modulates tumor cytokine and
chemokine levels. Within the tumor microenvironment, there is
an intricate network of cytokines and chemokines that affects
tumor-infiltrating cells and alters the function of cells already
present in the tumor (31, 32). To determine whether the cytokine
and chemokine milieu was different between tumors from WT
and Nlrc47~ mice, we utilized a quantitative PCR (qPCR) profile
array that examines 84 different cytokines and chemokines. We
observed a marked decrease in gene expression of a wide array
of cytokines and chemokines in tumors from Nirc47~ mice com-
pared with WT (Figure 5, A-F, and Supplemental Table 1). Of
particular interest was the decrease in Cxcl9, Cxcl10, Cxcl16, and
Ccl5 expression in tumors from Nirc47~ mice, as these chemo-
kines have been implicated as pivotal in the recruitment of effec-
tor T cells to the tumor (33-35).

We next sought to determine which cell type was responsible
for the altered cytokine and chemokine production in the tumors
from Nirc47- mice. Since NLRC4 is highly expressed in macro-
phages (Figure 4A) and in particular in tumor-associated macro-
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Figure 3. NLRC4-mediated protection against tumor growth
is independent of inflammasome activation. (A-D) WT,
Asc”~ (A and B), and Casp7”~ (C and D) mice were injected s.c.
with 1 x 10° B16F10 cells. (A and C) Tumor area was measured
every 2 to 3 days. (B and D) Tumor mass was determined at
17 to 20 days after inoculation. (A-D) Data are representative
of 3 experiments with n > 5 mice per group. (A and C) Error
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bars represent SEM. (B and D) Unpaired 2-tailed Student’s
t test. (E) B16F10 tumors from WT and Nirc4~'- mice on day
14 after inoculation were homogenized and immunoblotted
with antibodies against caspase-1and GAPDH. Each lane
represents a tumor from an individual mouse. Data are
representative of 2 independent experiments.

are also characterized by a specific transcriptional
profile, including expression of the genes arginase 1
(Argl), found in inflammatory zone (Fizz1), and mac-
rophage protein (Yl) (37, 38). Due to the decreased
production of IL-12p40 by NLRC4-deficient BMDMs
in response to classic proinflammatory stimulus and
the larger tumor size in Nlrc47~ mice, we examined

the expression of Argl, Fizzl, and YmlI in tumors from

Pro-CASP1 [ e s —

G G S—

I WT and Nirc47-mice. Surprisingly, we did not observe

any difference in Argl and Fizzl gene expression in

p20l-—-— - —

h_l—u-_l

tumors from WT and Nirc47- mice (Supplemental

GAPDH -—_-

Figure 4, A and B). However, we did observe a small
increase in Yml expression in tumors from Nlrc4”

phages in primary human melanomas (Figure 2, A and B), we sorted
F4/80*CD45.2" macrophages and CD45.2" nonhematopoietic cells
from B16F10 tumors from WT and Nlrc47~ mice. After sorting, we
examined expression of chemokines that were markedly decreased
in tumors from Nirc47- mice: Cxcl9, Cxcll0, Cxcll13, and Cxcl16.
Expression of these chemokines was reduced in tumor-infiltrating
F4/80*CD45.2" macrophages from Nlrc47~ mice compared with
those from WT (Figure 5G). However, there was no difference in
expression of these chemokines in CD45.2" cells from Nirc47- and
WT mice (Figure 5H). Thus, the decreased expression of chemo-
kines in tumors from Nirc47- mice appeared to be due to decreased
expression of these chemokines in tumor-associated macrophages.

Consistent with our findings suggesting NLRC4 deficient mac-
rophages are responsible for the impaired chemokine production
in tumors in Nilrc47- mice, BM-derived macrophages (BMDMs)
from Nlrc47- mice challenged with B16F10 whole-tumor homog-
enate in vitro had reduced chemokine expression compared with
WT BMDMs (Figure 5I). BMDMs from Nlrc47- mice also produced
diminished IL-6 and IL-12p40 in response to stimulation with
TLR2 and TLR4 agonists (Figure 5, ] and K). In contrast, Asc”"
and Caspl”- BMDMs had intact IL-6 and IL-12p40 production in
response to TLR agonists (Supplemental Figure 3, A and B). Taken
together, these data suggest that NLRC4 plays a role in cytokine and
chemokine production in response to multiple stimuli in an inflam-
masome-independent manner.

Tumor-associated macrophages produce increased levels of
suppressive cytokines and decreased levels of proinflammatory
cytokines, including IL-12 (36). Tumor-associated macrophages

jci.org  Volume126  Number10  October 2016

mice (Supplemental Figure 4C). We also examined
gene expression in F4/80*CD45.2" macrophages
isolated from tumors from WT and Nlrc47~ mice and
observed no significant differences in Argl, FizzI, and Yl expres-
sion (Supplemental Figure 4, D and E).

NLRCH4 regulates STAT3 signaling in vivo and in vitro. Other
NLRs, such as NLRP6 and NLRP12, have been established as reg-
ulators of signaling pathways, such as canonical and noncanonical
NF-kB and MAPK pathways (39-42). Furthermore, the decreased
expression of cytokines and chemokines points to a defect in
proinflammatory signaling pathways. To determine whether
NLRC4 was capable of regulating these pathways in the tumor
microenvironment, we took whole B16F10 tumor homogenates
from WT and Nilrc47~ mice and examined activation of various sig-
naling pathways via immunoblotting. Tumors from Nirc47~ mice
exhibited a decrease in STAT3 phosphorylation (Figure 6A) and
an increase in p38 phosphorylation (Figure 6B). No difference in
activation of ERK or JNK pathways (Supplemental Figure 5, A and
B) was observed. Additionally, no detectable difference in phos-
phorylation of IkBa or degradation of p100 into p52 was observed,
suggesting that canonical and noncanonical NF-kB pathways were
intact in Nirc47- mice (Supplemental Figure 5, C and D).

In addition, we examined phosphorylation of STAT3 and p38
in vitro in WT and Nirc47- BMDMs in response to stimulation with
LPS. In line with the in vivo data, we observed a decrease in STAT3
phosphorylation in Nirc47- BMDMs compared with WT BMDMs
at 6 and 7 hours after stimulation (Figure 6C). We only observed
amodest increase in phosphorylation of p38 in Nirc47- BMDMs at
60 minutes after LPS challenge (Figure 6D). Therefore, it is likely
that the increase in p38 phosphorylation in the tumors from Nlrc47
mice is due to a cell population other than macrophages.
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Figure 4. Expression of Nirc4 in hematopoietic cells is important for controlling tumor growth. (A) Expression of Nirc4 in BMDMs, fibroblasts, CD4* T
cells, CD8* T cells, B16F10, and LLC cells was determined by gPCR and represented as expression relative to Nirc4 expression in BMDMs. Data are represen-
tative of 2 independent experiments. (B and C) WT and Nlrc4”- mice were lethally irradiated and reconstituted with either WT or N/rc4~- BM (donor BM —
recipient mouse). Mice were injected s.c. with 1 x 10° B16F10 cells. (B) Tumor area was measured every 2 to 3 days. (C) Tumor mass was determined at day
19 after inoculation. (B and C) Data are representative of 2 experiments with n > 9 mice per experiment. (B) Error bars represent SEM. ##P < 0.01 (for Nlrc4™~
— WT compared with WT — WT); ***P < 0.001 and ****P < 0.0001 (for Nirc4”/- — Nirc4~- compared with WT — WT), 2-way ANOVA with Tukey's HSD
post-test for multiple comparisons. (€) *P < 0.05, **P < 0.01, unpaired 2-tailed Student’s t test.

Stimulation of Nirc47”- BMDMs with LPS resulted in decreased
production of the cytokine IL-6 compared with WT (Figure 5]).
Since IL-6 is a known activator of the STAT3 signaling pathway
(43), it was important to address whether there was an intrin-
sic defect in STAT3 signaling in Nirc47- BMDMs or whether
the decrease in IL-6 production was subsequently leading to
decreased STAT3 activation in these cells. We challenged both
WT and Nlrc47- BMDMs with recombinant IL-6 and observed
no notable differences in STAT3 phosphorylation (Figure 6E),
suggesting that the decrease in STAT3 activation in vitro is due to
decreased IL-6 production by Nlrc47~ macrophages.

We also examined activation of ERK, JNK, and canonical
and noncanonical NF-«xB pathways in vitro. In response to stim-
ulation with LPS, we observed no differences in phosphorylation
of ERK and JNK (Supplemental Figure 6, A and B) in WT and
Nlirc47- BMDMs. In contrast to in vivo data, we observed a mod-
est decrease in phosphorylation of IkBa in Nlrc4”~ BMDMs com-
pared with WT (Supplemental Figure 6C). We next examined
activation of the noncanonical NF-kB pathway in response to
TNF-o and anti-CD40 antibody in vitro; we observed no differ-
ence in activation to either stimulus in WT and Nilrc47- BMDMs
(Supplemental Figure 6D).

NLRC4-deficient mice have defective IFN-y production in the
tumor microenvironment. CD4* Thl and CD8" T cells represent a
crucial part of the antitumor immune response. In addition, IFN-y
is a key cytokine produced by T cells that is critical in controlling
tumor growth (44). Chemokines such as CXCL9, CXCL10,
CXCL16, and CCL5 play an important role in recruiting effector
T cells into the tumor (33-35); importantly, expression of these
chemokines was markedly diminished in tumors in Nlrc47~ mice
(Figure 5, A-F). To determine whether this defective production
of cytokines and chemokines affected the composition of infiltrat-
ing immune cells in the tumors of Nlrc47~ mice, we looked at the

cellular makeup of hematopoietic cells within the tumors utiliz-
ing flow cytometry. The frequency of total CD4* and CD8" T cells
within the tumors of WT and Nirc47~ mice was similar (Figure 7,
A and B). However, there were significantly decreased frequen-
cies of IFN-y-producing CD4* and CD8* T cells in the tumors of
Nlrc47- mice (Figure 7, C and D). This decrease in IFN-y produc-
tion in Nlrc4”~ mice was also confirmed by examining IFN-y gene
expression in the whole tumor via qPCR (Figure 7E). We did not
observe differences in production of other effector cytokines and
molecules such as TNF-o and granzyme B by T cells (data not
shown). These data demonstrate an impaired effector CD4* Thl
and CD8" T cell response in the tumors of Nlrc47~ mice that could
explain the enhanced tumor growth in these animals.

To determine whether the defect in IFN-y-producing CD4* and
CD8" T cells was restricted to tumor-infiltrating T cells, we exam-
ined the T cell composition of tumor-draining lymph nodes from
WT and Nlrc47- mice. We observed no differences in overall fre-
quency of CD4" T cells and CD8" T cells in the lymph nodes of WT
and Nirc47mice (Supplemental Figure 7, A and B). Importantly both
CD4" and CD8" T cells from the lymph nodes of WT and Nlrc47
mice produced similar levels of IFN-y following PMA /ionomycin
stimulation (Supplemental Figure 7, C and D). These data suggest
that T cells from Nlrc47- mice do not have an intrinsic defect or are
improperly primed in the lymph node. Hence, it is a possibility that
tumor-infiltrating effector CD4* and CD8" T cells in Nlrc47~ mice
are being suppressed in the tumor microenvironment and there-
fore producing less IFN-y. It is also possible that there is a defect in
migration of effector T cells into the tumor in Nlrc47~ mice.

We sought to further characterize the composition of infil-
trating cells in the tumor microenvironment of WT and Nlrc47
mice. We observed no difference in the frequency of F4/80* mac-
rophages, CD11c*MHCII* dendritic cells, CD11b*GR1* mono-
cytic cells (myeloid-derived suppressor cells), and Foxp3*CD4"
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Figure 5. Absence of NLRC4 in macrophages alters the tumor cytokine and chemokine milieu. (A-F) WT and Nirc4-/- mice were injected s.c. with 1 x 10°
B16F10 cells. On day 12 after inoculation, total RNA was isolated from homogenized tumors and used to determine cytokine and chemokine expression via
guantitative gPCR utilizing a PCR array. Selected genes from the array are displayed; data are pooled from 3 separate experiments (n = 3 mice per group).
(G and H) WT and Nirc4-'- mice were injected s.c. with 1 x 10° B16F10 cells; 14 days after inoculation, tumors were harvested, pooled, and FACS sorted based
on CD45.2 and F4/80 staining. RNA was isolated from CD45.2" and CD45.2°F4/80* cells and used to determine Cxcl9, Cxcl10, Cxcl13, and Cxcl16 expression
by gPCR; data are representative of 2 independent experiments with n > 5 pooled tumors per group. (I) WT and N/rc4-'- BMDMs were challenged for 9
hours with B16F10 whole tumor homogenate. Cxcl9, Cxcl10, and Cxcl13 expression was determined by gPCR. Data are pooled from 3 independent experi-
ments, and fold change in gene expression is relative to unstimulated samples. (J and K) WT and Nirc4-/- BMDMs were challenged with 50 ng/ml LPS, 50
ug/ml LTA, 100 ng/ml FSL-1, and 1 ug/ml Pam3CSK4. Twenty hours later, supernatants were collected and levels of IL-6 (J) and I1L-12p40 (K) determined by
ELISA; data are representative of 3 independent experiments. (A-F and 1) Error bars represent SEM. () and K) Error bars represent SD. (I-K) *P < 0.05,

**P < 0.01, and ***P < 0.001, unpaired 2-tailed Student’s t test.

Treg cells between tumors from WT and Nlrc47 mice (Figure 7,
F-1). However, it remains possible that, although there were no
observed differences in frequencies in these cell types, they may
be functionally defective. Together, these data suggest the failure
to contain tumor growth in Nlrc47- mice may be due in part to
the inability of effector CD4* and CD8" T cells to produce IFN-y.
Because NLRC4 is not highly expressed in T cells (Figure 4A), it
is likely that NLRC4 is acting in another cell type, such as a mac-
rophage, to suppress tumor growth and enhance T cell function.
NLRC#4 expression in macrophages is critical for controlling
tumor growth. Our findings support the hypothesis that macro-
phages deficient in NLRC4 are less inflammatory than WT mac-
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rophages and that this results in either a failure of appropriate
recruitment of adaptive immune cells or suppression of immune
cells in the tumor microenvironment. To assess whether defec-
tive macrophage function in Nlrc47- mice was responsible for
enhanced tumor growth, we challenged Nirc47~ mice s.c. with
B16F10 cells alone or B16F10 cells with WT or Nirc47- BMDMs.
Nirc47~ mice challenged with B16F10 cells and Nirc4”- BMDMs
developed tumor area and mass similar to that of mice chal-
lenged with only B16F10 cells (Figure 8, A and B). Importantly,
when Nlrc47~mice were challenged with B16F10 cellsin the pres-
ence of WT BMDMs, the resultant tumors were smaller than in
mice that received NLRC4-deficient macrophages or tumor cells
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Figure 6. NLRC4 regulates STAT3 and p38 MAPK signaling in the tumor microenvironment. (A and B) B16F10 tumors from WT and N/rc4”- mice at day
14 after inoculation were homogenized and immunoblotted for phospho-STAT3 and STAT3 (A), phospho-p38 MAPK and p38 MAPK (B), and GAPDH (A and
B). Each lane represents a tumor from an individual mouse. (A and B) Densitometry of the ratio of phosphorylated to total protein is shown. (C) WT and
Nlirc4~- BMDMs were challenged for 4, 5, 6, 7, and 8 hours with 50 ng/ml LPS. Cell lysates were immunoblotted with antibodies against phospho-STAT3,
STAT3, and GAPDH. (D) WT and Nlrc4-/- BMDMs were challenged for 15, 30, 60, and 90 minutes with 50 ng/ml LPS. Cell lysates were immunoblotted with
antibodies against phospho-p38 MAPK, p38 MAPK, and GAPDH. (E) WT and Nlrc4-- BMDMs were challenged for 5, 10, 15, 30, and 60 minutes with 10 ng/
ml recombinant IL-6. Cell lysates were immunoblotted with antibodies against phospho-STAT3, STAT3, and GAPDH. (C-E) Data are representative of 3
independent experiments. (A and B) *P < 0.05, unpaired 2-tailed Student’s t test.

alone (Figure 8, A and B). These data support the results seen  cells alone or B16F10 cells with Caspl”- BMDMs. The addition of

in the BM chimera experiments (Figure 4, B and C) and further
indicate that expression of NLRC4 in macrophages is required
for controlling tumor growth.

We found that control of B16F10 tumor growth was depen-
dent on NLRC4, but independent of the inflammasome compo-
nents ASC and caspase-1 (Figure 3). In order to determine whether
suppression of tumor growth by macrophages was also inflam-
masome independent, we injected Nlrc47~ mice s.c. with B16F10

Caspl”- BMDMs reduced B16F10 tumor area and mass (Figure 8,
Cand D), thus demonstrating that NLRC4, and not inflammasome
activation, in macrophages is required to control tumor growth.

Discussion

Our work demonstrates that NLRC4, in an inflammasome-indepen-
dent manner, plays an essential role in suppressing melanoma pro-
gression. There is an increasing appreciation for the role of NLRs and
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Figure 7. NLRC4 is required for IFN-y* tumor-infiltrating effector CD4* and CD8" T cells. (A-1) WT and Nirc4~- mice were injected s.c. with 1 x 10° B16F10
cells. (A-D and F-1) On day 14 after inoculation, tumors were made into single-cell suspensions for flow cytometry; the CD45.2* population was gated

on and the frequency of Thy1.2*CD4"* T cells (A), Thy1.2*CD8* T cells (B), F4/80* macrophages (F), CD11c*MHCII* dendritic cells (G), CD11b*GR1* monocytes
(H), and Foxp3+*CD4* regulatory T cells (1) determined. (C and D) Single-cell suspensions of tumor cells were stimulated with PMA and ionomycin, followed
by intracellular cytokine staining for IFN-y. Frequency of CD4*IFN-y* T cells (C) and CD8*IFN-y* T cells (D) was determined by flow cytometry. Data are
representative of at least 3 independent experiments with n > 3 mice per experiment. (E) IFN-y gene expression in WT and Nirc4-/- tumors on day 12 after
inoculation was determined by qPCR; data are pooled from 3 independent experiments with n =11 WT and n = 12 Nirc4”~ mice. Error bars represent SEM.

(A-1) *P < 0.05, ***P < 0.001, unpaired 2-tailed Student’s t test.

AIM?2 independent of inflammasome formation. Two recent stud-
ies highlight the role of AIM2, independent of the inflammasome,
in suppression of colorectal cancer (45, 46). Man et al. showed that
AIM2 played a role in suppressing aberrant proliferation of intestinal
stem cells and controlling dysbiosis of the intestinal microbiota (45).
Wilson et al. found AIM2 negatively regulated Akt activity, leading to
decreased tumor burden (46). Both studies, along with our findings
here, suggest that NLRC4 and AIM2 are able to modulate signaling
pathways that are critical for controlling tumor growth independent-
ly of their roles in inflammasome activation.

The tumor-suppressing activity of NLRC4 was not limited
to melanoma, but was also observed in a s.c. LLC tumor model.
NLRC4" tumor-associated macrophages were also detected in inva-

jci.org  Volume126  Number10  October 2016

sive melanoma from human patients. Evaluation of metastatic mela-
noma from human patients, suggesting advanced disease, revealed a
surprising paucity of NLRC4* tumor-associated macrophages com-
pared with primary melanoma. It is unclear whether NLRC4 expres-
sion is suppressed or not induced in metastatic disease compared
with primary invasive melanoma. Future studies will be required to
directly answer these questions. However, the collective data pre-
sented here suggest that lower levels of NLRC4 are detrimental in
controlling tumor growth. NLRC4 expression may also provide a
useful biomarker to predict outcomes of patients with melanoma.
The protective role of NLRC4 in the B16F10 melanoma
model was dependent in part on its expression within a hema-
topoietic cell that we hypothesize is most likely a macrophage,



The Journal of Clinical Investigation

RESEARCH ARTICLE

A Nirc4"
200~ B16F10 — W -2 ’
WT BMDM
a 150 +B16F10
& Nirc4* BMDM
= +B16F10
(1]
2 100+
(u]
2
2 501
ofg i
0 5
Time (days)
Nirc4"
c 150 *
B16F10 -
T of -
E 100« Casp?* BMDM
@ +BI6F10 W &
o
v
g 50+
=

12
Time (days)

9

B
*
2.01
NS *
2 15 @ o
7] o0
m
E 104 @
] L] o
§ m]
= 0.54 i = Im]
° 0
0.0 =
B16F10 B16F10+ B16F10 +
Nirc4™- WT
BMDM  BMDM
D
*
2.0-
. °
2 454 °
w
@ °
E 1.04 [
2 .-
2 0.5 A
LIPS AAA
0.0
B16F10 B16F10 +

Casp1’BMDM

Figure 8. Expression of NLRC4, and not caspase-1, in macrophages regulates B16F10 tumor growth. (A and B) N/rc4~- mice were challenged s.c. with 1 x
10° B16F10 cells alone, a mixture of 1 x 10° B16F10 cells and 5 x 10* WT BMDMs, or 1 x 10° B16F10 cells and 5 x 10* Nlrc4”- BMDMs. Tumor area was measured
every 2 to 3 days (A). Tumor mass was determined at 15 days after inoculation (B). Data are representative of 2 experiments with n = 4 mice per group

(A) or pooled from 3 independent experiments (n = 12-15 mice per group; B). (C and D) Nirc4~/- mice were challenged s.c. with 1 x 10° B16F10 cells alone or

a mixture of 1 x 10° B16F10 cells and 5 x 10* Casp7”/- BMDMs. Tumor area was measured every 2 to 3 days (C) and tumor mass was determined at 18 days
after inoculation (D). Data are representative of 2 experiments each with n = 6 mice per group (C) or pooled from 2 independent experiments (n = 12-13
mice per group; D). (A) Error bars represent SEM. *P < 0.05 and **P < 0.01 (for B16F10 plus WT BMDMs compared with B16F10 plus Nirc4- BMDMs); #P < 0.05
(for B16F10 compared with B16F10 plus WT BMDMs), 2-way ANOVA with Tukey's HSD post-test for multiple comparisons. (B and D) *P < 0.05, unpaired
2-tailed Student’s t test. (C) Error bars represent SEM. *P < 0.05, 2-way ANOVA with Sidak’s multiple comparisons test.

as the delivery of WT, but not NLRC4-deficient, macrophages
with tumor cells markedly inhibited tumor growth in Nirc47
mice. This critical role for NLRC4 in macrophages was further
supported by the defective cytokine and chemokine production
by NLRC4-deficient macrophages, both isolated from tumors
and stimulated in vitro. Evaluation of tumors from Nlrc47~ mice
revealed diminished STAT3 phosphorylation and increased p38
MAPK activation compared with tumors from WT mice. In the
tumor microenvironment, TLRs are able to activate STAT3 sig-
naling pathways, leading to subsequent inflammatory cytokine
production (47-49). We have demonstrated that NLRC4-defi-
cient macrophages have reduced production of proinflammatory
cytokines in response to TLR stimulation. Hence, the decreased
STAT3 phosphorylation in tumors from Nlrc47- mice may be due
to defective TLR signaling.

Phosphorylation of p38a has been correlated with progres-
sion of a number of human cancers, including head and neck
squamous cell carcinomas (50, 51). However, the mechanism by
which NLRC4 regulates these signaling pathways and the rele-
vance to tumor growth is still unknown. Interestingly, a number
of NLR family members, including NLRP3, NLRP6, NLRP10, and
NLRP12, have been implicated in regulating MAPK and NF-«B

pathways (39-42, 52, 53). Therefore, our finding that NLRC4 can
also affect these pathways is consistent with the broader function
for NLR members in regulating immune responses.

We found the absence of NLRC4 is associated with a failure
of CD4* and CD8* T cells to produce IFN-y. This is an important
finding, as immunotherapy for melanoma, in particular to aug-
ment the endogenous effector T cell response, has had promising
clinical outcomes (54-58). Our data suggest that signaling through
NLRC4 in macrophages helps to limit melanoma outgrowth and
may subsequently promote T cell-mediated immunity. Howev-
er, additional studies will be required to specifically determine
whether the diminished chemokine production and reduced
IFN-y-producing CD4* and CD8* T cell populations directly influ-
ence tumor growth.

In summary, our study identifies an unconventional role for
NLRC4 outside of bacterial recognition and inflammasome for-
mation. We describe NLRC4 as an important regulator of key
inflammatory signaling pathways in macrophages and demon-
strate that the absence of NLRC4 leads to markedly enhanced
tumor growth. Given the sterile nature of the tumor microenvi-
ronment, it is likely that NLRC4 is responding to an endogenous
danger-associated molecular pattern, the identity of which will be
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important to define. This may provide a therapeutic avenue that
can be used to augment host immune responses against tumors.

Methods
Mice. C57BL/6N and B6-Ly5.2/Cr (CD45.1) mice were obtained from
the National Cancer Institute mouse repository and Charles River
Laboratories. The generation of Nilrc47, Caspl”- (also deficient in
Caspll), Asc”, Nlrp3”/, Nlrp67-, and Nirpl27/- mice was previously
described (59-63). All mice were backcrossed at least 10 generations
onto a C57BL/6N background.

Cell lines. B16F10 melanoma cells (CRL-6332) and LLC cells
(CRL-1642) were obtained from ATCC. Cell lines were cultured in
DMEM supplemented with 10% heat-inactivated FCS, 2 mM L-gluta-
mine, 100 U/ml penicillin G, and 100 pg/ml streptomycin.

Histology of human melanoma. Cases were selected randomly after
approval by the Yale University Dermatopathology Tissue Committee,
with the following criteria: tissue from greater than 5 years prior to this
study, paraffin blocks containing ample material for study, and with
respect to primary melanomas, tumors with a Breslow depth greater than
1 mm. All primary invasive and metastatic melanomas were clinically
pigmented. Metastatic melanomas examined in this study were meta-
static to skin. Tissues were stained with mouse anti-human CD163 (cat-
alog MCA1853T, ABD Serotech) and rabbit anti-human IPAF (NLRC4)
antibody (catalog 3107, ProSci). On each slide, the focus of greatest
inflammation was identified, and 5 contiguous 20x high-power fields,
each with an area of 3.14 mm?, were quantified for CD163* or NLRC4*
cells. The numbers of macrophages per case were normalized to unit
area. For dual staining of primary melanomas, the EnVision G|2 Dou-
blestain System (Dako) was used to stain CD163* cells with 3,3'-diami-
nobenzidine (brown) and NLRC4"* cells with Permanent Red (red).

Tumor models. Female C57BL/6N WT or knockout mice were
injected s.c. with either 1x 105 B16F10 cells or 5 x 10° LLC cells. Tumor
growth was measured every 2 to 3 days after tumor inoculation using
digital calipers. Mice were sacrificed 15 to 20 days after inoculation
and tumors excised and weighed to determine tumor mass. For gqPCR
and flow cytometry experiments, tumors were harvested 12 to 14 days
after inoculation, when WT tumors became palpable.

For macrophage adoptive transfer experiments Nirc4”~ mice were
injected s.c. with 1 x 10° B16F10 cells alone or 1 x 10° B16F10 cells plus
either 5 x 10* WT, Nlrc47, or Caspl”~ BMDMs. BMDMs were generat-
ed as previously described (64). Tumor growth and weight were deter-
mined as described above.

BM chimera. BM chimeras were generated as previously described
(65). Briefly, CD45.1* WT or CD45.2* Nlrc47/~ mice were lethally irra-
diated with 500 Gy, followed by 450 Gy 4 hours later of whole-body
irradiation. BM was harvested from donor CD45.1* WT or CD45.2*
Nirc47- femurs. Mice were reconstituted i.v. with 5 x 10¢ cells from
donor BM. At least 5 weeks after BM transfer, mice were challenged
with B16F10 cells s.c. as described above. Percentage of chimerism
was determined by staining blood samples with anti-CD45.1 (clone
A20; eBiosciences) and anti-CD45.2 (clone 104; eBioscience) anti-
bodies for analysis by flow cytometry. Reconstitution was greater than
90% in Nlrc47~ mice reconstituted with WT BM and 92% in WT mice
reconstituted with Nlrc47~ BM.

Exvivo cell stimulations. Cells from the solid tumor or tumor-drain-
ing lymph node were incubated at 2 x 10° cells per well in a 96-well
round-bottom plate (Corning). Cells were stimulated with 50 ng/ml
Volume 126 Number 10
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PMA (Sigma-Aldrich) and 500 ng/ml ionomycin (Sigma-Aldrich) in
the presence of 5 ug/ml brefeldin A (BioLegend) in RPMI 1640 com-
plemented with 10% heat-inactivated FCS, 2mM L-glutamine, 100 U/
ml penicillin G, 100 pg/ml streptomycin, and 55 uM 2-ME (Gibco) for
6 hours at 37°C.

Flow cytometry. Single-cell suspensions of tumors were generat-
ed using a mouse tumor dissociation kit (Miltenyi Biotec) following
the manufacturer’s protocol. For extracellular staining, 2 x 10° cells
were plated in a 96-well round-bottom plate (Corning). Cells were
incubated first with Fixable Viability Dye eFluor 780 (eBioscience).
Cells were incubated in the presence of CD16/CD32 (clone 93; eBio-
science) to block Fc receptors and stained with combinations of anti-
bodies for extracellular proteins: CD4 (clone GK1.5), CD8 (clone
53-6.7), CD45.1 (clone A20), CD45.2 (clone 104), CD90.2 (clone
53-2.1), CD11b (clone M1/70), CD11c (clone N418), F4/80 (clone
BM8), Ly-6G (clone RB6-8C5) and MHCII (clone M5/114.15.2) (all
antibodies obtained from eBioscience). Cells were stained in FACS
buffer (PBS, 1% FCS, 1 mM EDTA, and 0.01% NaN,) at 4°C for 30
minutes. Cells were then fixed with IC fixation buffer (eBioscience)
for 20 minutes at room temperature. Samples were collected on a
BD LSR II flow cytometer, and data were analyzed using Flow]Jo
software (Tree Star).

For intracellular staining, cells were incubated with Foxp3/Tran-
scription Factor Fixation/Permeabilization Buffer (eBioscience)
overnight at 4°C to fix cells and then stained with anti-IFN-y (clone
XMGI1.2; eBioscience) and anti-Foxp3 (clone FJK-16s; eBioscience)
in Permeabilization Buffer for 30 minutes at room temperature. Cells
were resuspended in FACS buffer and analyzed as described above.

To sort tumor cells, cells were stained with anti-CD45.2 (clone
104) and anti-F4/80 (clone BMS) as described above. Prior to cell
sorting, Hoechst dye was added to samples to identify viable cells.
Live cells were sorted using the BD Aria I and collected and pelleted
for RNA isolation using the RNeasy Plus Micro Kit (QIAGEN) follow-
ing the manufacturer’s instructions.

Gene-expression analysis. For the RT? Mouse Cytokine and Chemo-
kine PCR array (SA Bioscience), RNA was isolated from B16F10
tumors from C57BL/6N WT or Nlrc47- mice utilizing the RNeasy
Fibrous Tissue Mini Kit (QIAGEN) following the manufacturer’s pro-
tocol. cDNA was prepared from RNA using the SuperScript III Reverse
Transcripatase Kit (Invitrogen) following the manufacturer’s protocol.
For qPCR array reactions, cDNA was mixed with RT?> SYBR Green
gPCR Mastermix (SA Bioscience), then aliquoted into the provided
PCR plate containing primer pairs for various cytokines and chemo-
kines. The array was run on a Mastercycer ep realplex (Eppendorf) fol-
lowing the PCR array protocol. qPCR array data were analyzed using
the 2 method, where ACt = (Ct gene of interest - Ct housekeeping).
Samples were normalized to the housekeeping genes Actb, B2m, Gap-
dh, Gusb, Hsp90ab].

For all other qPCR reactions, RNA was isolated using either the
RNeasy Fibrous Tissue Mini Kit (QIAGEN), the RNeasy Plus Mini Kit
(QIAGEN), or the RNeasy Micro Kit (QIAGEN) following the manu-
facturer’s instructions. cDNA was prepared from RNA as stated above.
qPCRreactions were performed using cDNA, primer pairs for the indi-
cated genes, and PerfeCta SYBR Green Fastmix (Quanta Biosciences).
qPCR data were analyzed using the 2*° method, where ACt = (Ct gene
of interest - Ct housekeeping). For in vitro experiments where BMDMs
were stimulated with B16F10 tumor homogenates, fold change in
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gene expression was calculated using the 2-24¢ method, where AACt =
[(Ct gene of interest - Ct housekeeping) stimulated - (Ct gene of inter-
est - Ct housekeeping) unstimulated] (66). Hprt or Actb was used as a
housekeeping gene.

Primer pairs for Nirc4, Hprt, and Actb were obtained from QIAGEN.
Ifng, Cxcl9, Cxcl10, Cxcl13, and Cxcll6 primer pairs were all from Ori-
gene. Primer pairs for Argl, Fizzl, and Yml were obtained from Integrat-
ed DNA Technologies using previously described sequences (67).

In vitro stimulation of BMDMs. BMDMs were simulated with 50
ng/ml LPS, 50 ug/ml LTA, 100 ng/ml FSL-1, and 1 pg/ml Pam3CSK4
(Invivogen). After 20 hours, supernatants were collected and levels of
IL-6 and IL-12p40 were determined via ELISA. Antibody pairs for ELI-
SA were obtained from eBioscience. For chemokine gene expression
analysis, BMDMs were stimulated for 9 hours with 100 pl of whole
B16F10 tumors excised from WT mice and homogenized in PBS.
Chemokine expression was determined via qQPCR as stated above.

For immunoblot analysis BMDMs were stimulated with either 50
ng/ml LPS (Invivogen), 10 ng/ml recombinant murine IL-6 (Pepro-
Tech), 20 ng/ml TNF-0, 100 ng/ml TNF-a, or 10 g/ml anti-CD40 anti-
body for the indicated time points. Cells were lysed using RIPA buffer
(Cell Signaling) supplemented with PMSF and used for immunoblotting.

Immunoblotting. Tumor lysates were prepared by homogenizing
whole tumors in RIPA buffer (Cell Signaling) supplemented with
PMSF using a Tissue-Tearor (BioSpec Products), and cell lysates
were prepared as stated above. Tumor or cell lysates were separat-
ed on a NuPAGE gel followed by transfer to a PVDF membrane.
Membranes were blocked in 5% nonfat milk and then incubated
with primary antibody overnight at 4°C. Primary antibodies includ-
ed the following: phospho-IkBa (catalog 2859), IkBa (catalog 4812),
phospho-p38 MAPK (catalog 4511), p38 MAPK (catalog 8690), phos-
pho-p44/42 MAPK (Erk1/2) (catalog 4370), p44,/42 MAPK (Erk1/2)
(catalog 4695), phospho-SAPK/JNK (catalog 4668), SAPK/JNK
(catalog 9252), phospho-Stat3 (catalog 9131), Stat3 (catalog 9132),
NF-kB2 p100/p52 (catalog 4882) (Cell Signaling), caspase-1 p20
(catalog AG-20B-0042-C100; Adipogen) and GAPDH (catalog
CB1001; EMD Millipore). Following washing, membranes were then
incubated with HRP-tagged secondary antibodies, anti-mouse IgG
(1706516; Bio-Rad), or anti-rabbit IgG (NA934; GE Healthcare), and
developed using SuperSignal West Femto or SuperSignal West Pico
substrate (Thermo Fisher Scientific).

Statistics. Data were graphed using GraphPad Prism software. Sta-
tistical significance was determined either by unpaired 2-tailed Stu-
dent’s ¢ test, 2-way ANOVA with Tukey’s honest significant difference
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(HSD) or Sidak’s post-test for multiple comparisons, or the Mann-
Whitney U test. A Pvalue of less than 0.05 was considered significant.
Study approval. All animal studies were approved by and per-
formed according to the guidelines of the Institutional Animal Care
and Use Committee at the University of Iowa. Use of human tissue in
this study was approved by the Yale Human Investigation Committee,
as part of the Yale Dermatopathology Stored Specimen Repository.
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