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Abstract

Tumor invasion and metastases represent a complex series of molecular events that portends a poor prognosis. The
contribution of inflammatory pathways mediating this process is not well understood. Nod-like receptors (NLRs) of innate
immunity function as intracellular sensors of pathogen motifs and danger molecules. We propose a role of NLRs in tumor
surveillance and in programming tumor-infiltrating lymphocytes (TILs). In this study, we examined the downstream serine/
threonine and tyrosine kinase Rip2 in a murine model of bladder cancer. In Rip2-deficient C57BI6 mice, larger orthotopic
MB49 tumors developed with more numerous and higher incidence of metastases compared to wild-type controls. As such,
increased tumor infiltration of CD11b*Gr1" myeloid-derived suppressor cells (MDSCs) with concomitant decrease in T cells
and NK cells were observed in Rip2-deficient tumor bearing animals using orthotopic and subcutaneous tumor models.
Rip2-deficient tumors showed enhanced epithelial-to-mesenchymal transition, with elevated expression of zeb1, zeb2, twist,
and snail in the tumor microenvironment. We found that the absence of Rip2 plays an intrinsic role in fostering the
development of granulocytic MDSCs by an autocrine and paracrine effect of granulocytic colony stimulating factor (G-CSF)
expression. Our findings suggest that NLR pathways may be a novel modality to program TILs and influence tumor
metastases.
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Introduction

The context of the immune tumor microenvironment can be
predictive of tumor stage, cancer-specific survival, as well as
response to chemotherapy [1-3]. In certain malignancies, the
presence of infiltrating GD8" T lymphocytes correlates with
improved outcomes, whereas infiltrating B cells, CD4" T
lymphocytes, and negative regulators including myeloid-derived
suppression cells (MDSCs) and T regulatory cells (Tregs)
negatively correlate with survival [4]. These observations under-
score the importance in defining pathways essential to program-
ming the composition of tumor infiltrating lymphocytes (TILs), as
selective modulation of the immune tumor microenvironment
represents an emerging therapeutic modality.

Pattern recognition receptors such as the prototypic Toll-like
receptor (TLR) family and intracellular nucleotide-binding oligo-
merization domain (NOD)-like receptor (NLR) family recognize
conserved motifs on pathogens as well as endogenous molecules
released by damaged cells [5]. Activation of these signaling
pathways initiates innate and adaptive immune responses, and
may promote tissue repair and regeneration. We previously
implicated TLR3 in a murine model of prostate cancer tumor
surveillance critical in programming the infiltration of T lympho-
cytes and NK cells, while suppressing Treg expansion [6]. In
bladder cancer, the efficacy of immune modulation is highlighted
by the use of intravesical Bacillus Calmette Guerin, which
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promotes an influx of macrophages and neutrophils within the
tumor microenvironment mediated in part by TLR2 and 4 [7,8].

Receptor-interacting protein 2 (Rip2), a serine-threonine and
tyrosine kinase downstream and common to Nodl and Nod2,
activates transcription factors such as NF-xB and MAP kinases
through its kinase activity as well as through recruitment of E3
ubiquitin ligase [9-14]. Rip2-dependent pathways have emerged
as critical in sensing diverse pathogens ranging from Listeria
monocytogenes, Staphylococcus aureus, and Legionella pneumophilia to
Escherichia coli as well as in mediating inflammatory disorders such
as autoimmune encephalomyelitis [15-17]. In addition, polymor-
phisms of Nod2 have been linked with susceptibility to Crohn’s
disease, while polymorphisms of Rip2 have been linked with
systemic lupus erythematosus [18,19]. The ability of NLRs to
mediate tumor surveillance has not been investigated to date.
Here, we postulate that Rip2 may mediate bladder cancer
surveillance and explore its role using a murine orthotopic and
subcutaneous bladder cancer model. We show that tumor bearing
Rip2-deficient mice biases myeloid differentiation towards the
MDSC lineage and plays an intrinsic role in the development of
the CD11b"Ly6G*Ly6C'"® granulocytic MDSC population. Our
findings are the first to implicate Rip2 and NLRs in tumor
surveillance and their importance in programming the immune
tumor microenvironment. The NLR pathway may represent a
therapeutic opportunity in modulating cancer immunity to
prevent tumor invasion and metastasis.
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Materials and Methods

Ethics Statement

All animal work has been conducted in accordance with the
Public Health Service Policy on Human Care and Use of
Laboratory Animals and USDA Animal Welfare Act Regulations
through an approved UCLA Institutional Animal Care and Use
Committee protocol #2010-023-11C.

Mice

Rip2-deficient mice backcrossed to a C57Bl/6 background for
10 generations were genotyped as previously described [10]. Age-
matched C57Bl/6 mice (Jackson Laboratories) were used as
controls. Six- to 8-wk old female mice were used for the
experiments. Mice were housed in pathogen-free conditions
according to UCLA Animal Research Committee protocols.

Cell culture

MB49 cell lines (gift from Tim Ratliff) were derived from
carcinogen-induced urothelial cell carcinomas in C57Bl16 mice and
maintained at 37°C with 5% CO, in DMEM (Cellgro),
supplemented with 10% FBS (Omega Scientific) and 1% penicillin
and streptomycin [20].

Tumor models

For intravesical tumor implantation, female mice were sedated,
catheterized with a 24 gauge catheter (BD Biosciences), and
instilled with 10 ug of poly-L-lysine (Sigma) in 100 pl for 30
minutes before drainage and instillation of 2x10° MB49 cells in
100 ul for 60 minutes [21,22]. Mice were sacrificed 12 days
following tumor inoculation, and the bladder and internal organs
were examined. Bladder, lungs, and kidneys were fixed in formalin
or embedded in OCT for staining by H&E or immunofluores-
cence [23]. Pulmonary and renal metastases were determined
grossly and by light microscopy of H&E sections in a single
representative coronal cross section. For subcutaneous tumor
challenges, 5x10° MB49 cells were implanted subcutaneously in
the flanks of mice with tumor growth monitored every other day.
Following sacrifice of the mice 14 days following tumor
inoculation, tumors were harvested, weighed, and dissociated for
analysis.

Immunofluorescence and Immunohistochemistry
Immunofluorescence was performed on OCT-embedded frozen
tissue sections. Sections were blocked with 10% goat serum and
10% BSA in PBS for 1 hour at RT, incubated with primary
antibody overnight at 4°C, then washed and incubated with Al-
448 or Al-466 goat anti-rat secondary antibody (Invitrogen) at
1:800 dilution. Immunohistochemistry was performed on forma-
lin-fixed paraffin-embedded tumor sections. Sections were subject
to heated antigen unmasking solution for 30 minutes, quenched in
0.3% hydrogen dioxide in PBS for 15 minutes, blocked with 10%
goat serum and 10% BSA in PBS for | hour at RT, then
incubated with primary antibody overnight at 4°C, incubated with
biotinylated goat anti-rat secondary antibody at 1:800 dilution for
30 minutes at RT, and developed using the ABC kit (Vector Labs).
Slides were counterstained with hematoxylin. Sections were
mounted with Vectorshield and analyzed by fluorescence or light
microscopy (Zeiss). Antibodies include CDI11b (M1/70, R&D
Systems), CD4 (RM4-5, Biolegend), CD8 (53.6-7, R&D Systems),
CD49b (DX-5, Biolegend), Foxp3 (EJK-16s, eBioscience), Ly6G
(RB6-BC5, eBioscience), Ly6C (AL-21, BD Biosciences), E-
Cadherin (MAB7481, R&D Systems), N-cadherin (H-63, Santa
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Ciruz Biotechnology), and phospho-IkBa (Ser 32/36, #9246, Cell
Signaling).

Cytokine array
An inflammatory cytokine array comparing serum from wild-

type and Rip2-deficient mice implanted with intravesical MB49
cells was performed as described (ARY006, R&D Systems).

Flow cytometry analysis

Single-cell suspensions prepared from spleens, dissociated tumor
cells, or differentiated bone marrow cells were analyzed by flow
cytometry. Antibodies including CD4 (RM-4), CD8 (53-67),
NKI1.1 (pk-136), B220 (RA3-6B2), CD11lb (M1/70), CD45.2
(104), Grl (RB6-8C5), Ly-6G (1A8), and Ly-6C (AL21) were
obtained from BD Biosciences. Data acquisition was performed on
a FACS LSRII (BD Biosciences) and analyzed using Flow]Jo.

Bone marrow-derived myeloid differentiation

BM-derived cells were obtained by flushing femurs and tibia
from C57B1/6 wild-type and RIP2~/~ mice. Following lysis of red
blood cells with ACK buffer, the remaining cells were cultured in
DMEM supplemented with 10% FBS and 20% L1929 cell-
conditioned media. After incubation for 24 hours, non-adherent
cells were harvested and plated at 2x10° cells/mL in DMEM
supplemented with 10% fetal calf serum, 50 pM 2-mercaptoeth-
anol, 10 mM HEPES, 1 mM sodium pyruvate, 1% penicillin and
streptomycin, and supplemented using 20% L1929 with 40 ng/mL
G-CSF (Biolegend), 40 ng/mL GM-CSF (Invitrogen), or in
combination. Cultures were incubated at 37°C with 5% CO,
for 3 days. On Day 3, fresh medium with appropriate cytokines
was added. On Day 4 cultured cells were harvested for FACS.

Isolation of tumor-infiltrating immune cells

Tumor tissue was minced in PBS with sterile scissors to
approximately 1 mm pieces and digested in 0.25% collagenase IV
in DMEM supplemented with 10% FBS at 37°C with 5% CO, for
3 hours [24]. Cell suspensions were filtered through a 70 pm cell
strainer, subjected to ACK buffer for 5 minutes on ice, and then
filtered through a 20 uM cell strainer for flow cytometry. Cells
sorted using a FACS Aria (BD Biosciences) into
CD45"CD11b"Gr1", CD45*CD11b*"GR1", and CD45  frac-
tions were collected for qPCR.

Quantitative RT-PCR

Total RNA extracted from sorted cells and fresh frozen bladder
tumor as described (RNeasy Mini Kit, Qiagen) was used to
synthesize cDNA using High Capacity cDNA Reverse Transcrip-
tion Kits (Applied Biosystems). Relative gene expression was
determined using SYBR Green PCR Master Mix (Applied
Biosystems). A Bio-Rad iCycler was used to analyze the samples
while the comparative threshold cycle method was used to
calculate gene expression normalized to GAPDH as a gene
reference. Primers sets for the following genes were used:
Arginase-1, 5'-AGAGATACTTCCAACTGCCAGACT, 3'-AC-
CTGGCCTTTGTTGATGTCCCTA; iNOS, 5'-
GCTGGAAGCCACTGACACTTCG, 3’-CGAGATGGT-
CAGGGTCCCCT; 114, 5'- GTCATCCTGCTCTTCTTTC,
3’- ATGGCGTCCCTTCTCCTGT; IL-10, 5'-GCTCTTACT-
GACTGGCATGAG, 3'-CGCAGCTCTAGGAGCATGTG; IL-
12 p40, 5'- TGGTTTGCCATCGTTTTGCTG, 3'- ACAGGT-
GAGGTTCACTGTTT; IFNy, 5'- GGATGCATTCATGAG-
TATTGC, 3'- CCTTTTCCGCTTCCTGAGG; M-CSF, 5'-
AGGACCTGTTGGAGTTCCCTC, 3'- TTTCGCCCTCA-

April 2014 | Volume 9 | Issue 4 | 94793



Rip2 in MDSCs and Bladder Cancer Metastasis

WT Rip2+
30 p<0.01 @ 100 - p<0.01
015 1 p<0.03 2
w 25 b
3 £ 75
M 0 20 ]
E 0.1 % 15 B
S 2 2 50
e o 10 o
©0.05 = € 25
g # 5 3
0 R
0 WT Rip2* WT Rip2*
WT Rip2--
(72}
107 p<005 8100 | p<o0.01
;) s ‘
2 e 75 5x
g 6 ©
T = 50
o 4 3
= c 25
2 o
o
2 WT Rip2+ 20X |

WT Rip2+-

Figure 1. Increased tumor size and metastases in Rip2-deficient mice. Rip2*"* and Rip2 ™/~ mice intravesically implanted with MB49 cells and
sacrificed at 12 days were assessed for bladder tumor (A) weight, (B) histology with H&E staining at x5 and x20 magnification. C, Lungs were
examined for metastasis by number of metastatic lesions per coronal cross section, % incidence, histology with H&E staining at x10 and x40
magnification, and gross examination. D, Kidneys were examined for metastasis by number of metastatic lesions per coronal cross section, %
incidence, and histology with H&E staining at x5 and x20 magnification. Representative examples are shown. Columns, mean of 33 Rip2** and 19
Rip2~/~ mice pooled from 5 independent experiments; bars, SEM. All p values were determined by two-tailed Student’s t test, with statistically

significance defined as p<<0.05.
doi:10.1371/journal.pone.0094793.g001

CACTTGATGA; G-CSF, 5- CTCAACTTTCTGCCCA-
GAGG, 3'- AGCTGGCTTAGGCACTGTGT; GM-CSF, 5'-
GCCATCAAAGAAGCCCTGAA, 3'- GCGGGTCTGCACA-
CATGTTA; Zebl, 5-AACGGAGATTTGTCTCCCAGT, 3'-
CTGTCCAGCTTGCATCTTTTC; Zeb2, 5'-TAGCCGGTC-
CAGAAGAAATG, 3'-GGCCATCTCTTTCCTCCAGT; Snail,
5'-GCGGAAGATCTTCAACTGCAAATATTGTAAC,  3'-
GCAGTGGGAGCAGGAGAATGGCTTCTCAC; Twist, 5'-
CGGGTCATGGCTAACGTG, 3-CAGCTTGCCATCTTG-
GAGTC; and GAPDH, 5'-GACCCCTTCATTGACCTCAAC,
3-CTTCTCCATGGTGGTGAAGA

Results

To investigate the role of Rip2 in tumor surveillance, we
challenged wild-type and Rip2-deficient mice with syngeneic
MB49 cells in an orthotopic bladder cancer model. We observed
an almost two-fold increase in tumor weight in the absence of Rip2
(Fig 1A). Tumors harvested from mice of both genotypes
demonstrated evidence of invasion into the detrusor muscle by
H&E staining under light microscopy with larger tumors seen in
Rip2-deficient animals (Fig 1B). Gross and histologic examination
of internal organs revealed a greater number of metastasis in the
lungs and kidneys of Rip2-deficient mice at an approximately
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three-fold and two-fold higher incidence respectively over wild-
type controls (Fig 1C-D). No other gross metastases were observed
including in the liver.

We have previously implicated Rip2 in development of Th1 and
NK cells [10], while others reported a role in dendritic cell
infiltration [17]. To investigate the role of Rip2 in the context of
tumorigenesis, bladder tumor TILs were examined by immuno-
fluorescence and immunohistochemistry. This revealed decreased
infiltration of CD8" T lymphocytes, CD4" T lymphocytes, and
NK cells in the absence of Rip2 as predicted. Examination of
Foxp3™ cells representative of T regulatory cells, showed an
increasing trend in Rip2-deficient mice compared to wild-type
mice although it did not reach statistical significance. Interestingly,
tumors showed increased infiltration of CD11b" myeloid cells in
Rip2-deficient compared to wild-type mice, while additional
characterization of this myeloid population showed an expected
increase in the macrophage marker F4/80 and in the Gr-1
subtype Ly6G, but not subtype Ly6C in tumors from Rip2-
deficient mice (Fig 2).

To further examine the function of the tumor infiltrating
populations, we subcutaneously implanted MB49 cells to generate
larger tumors to facilitate subsequent sorting of cells. Similarly to
orthotopic tumors, subcutaneous tumors developed in Rip2-
deficient mice were of increased size compared to wild-type
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Figure 2. Loss of Rip2 alters composition of tumor infiltrating cells from Rip2-deficient mice. Infiltration of CD8, CD4, NK, CD11b, F4/80,
Ly6G, and Ly6C expressing cells as indicated, were examined by immunofluorescence, and Foxp3 by immunohistochemistry in bladder tumors from
Rip2** and Rip2 ™/~ mice intravesically implanted with MB49 cells and sacrificed at 12 days. Left panels show specific antibody staining, middle panel
shows DAPI staining, right panel shows merging of antibody and DAPI stains. Representative examples from each group of four to six mice in 4
independent experiments are shown at x40 magnification. Bar graphs enumerate mean number of cells per x40 field of 3 representative sections
from groups of four mice; bars, SD. All p values were determined by two-tailed Student’s t test, with statistically significance defined as p<<0.05.

doi:10.1371/journal.pone.0094793.g002

counterparts (Fig  3A). Dissociated tumors sorted for
CD45*NK1.1" NK cells showed decreased numbers in Rip2-
deficient compared to wild-type mice as expected (Fig 3B). The
infiltrating numbers of CD4 and CD8 cells were too small to
quantitate by flow cytometry (data not shown). Consistent with the
previous orthotopic tumors, dissociated subcutaneous tumors
sorted for surface markers CD11b* and Grl™ showed enriched
numbers of CD11b*Gr1™ cells from Rip2-deficient compared to
wild-type mice (Fig 3C). To further examine the functional
characteristics of the CD11b*Gr1" cells, we examined a panel of
genes that represent a signature of MDSCs and myeloid
subpopulations. Arginase-1 and iNOS mediate the T suppressive
effects of MDSCs [25]. IFNYy supports the differentiation towards
M1 cells, distinguished in turn by secretion of IL-12. IL-4 polarizes
myeloid precursors towards a M2 phenotype, which is strongly
associated with tumor associated MDSCs and express 1L-10 to
mediate their immune suppressive effects [26]. We show that
Rip2-deficient CD11b"Gr1™ cells expressed higher levels of
arginase-1 compared to cells from wild-type mice, with a similar
trend in iINOS expression (Fig 3D). Consistently, increased IL-10
expression in Rip2-deficient CD11b*Gr1™ cells compared to cells
from wild-type controls were observed, while no significant
differences were seen in expression of IFNy and IL-12, indicative
of M2 polarization (Fig 3D). Levels of IL-4 were undetectable in
the CD11b*Gr1™ cells (data not shown).

To examine the Rip-2-dependent systemic cues that may
influence the development of the tumor microenvironment,
cytokine levels were measured using an inflammatory cytokine
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array comparing serum from wild-type and Rip2-deficient mice
implanted with orthotopic MB49 bladder tumors. The levels of
seven cytokines from the panel comprising 40 cytokines were
found elevated in the absence of Rip2. The majority were
associated with myeloid differentiation and chemotaxis, including
G-CSF, M-CSF, IL-16, MCP-1, TREM-1, TIMP-1, and IL-la
with relative levels shown schematically [27-33] (Fig 4A). Sple-
nocytes from tumor bearing mice were analyzed to assess the
influence of these cytokine alterations, revealing no significant
differences in the numbers of GD4* and CD8" T lymphocytes,
B220" B lymphocytes, and NK1.1" cells, but increased develop-
ment of CD11b"Ly6G™ cells in Rip2-deficient compared to wild-
type mice, that represent the granulocytic MDSC population
(Fig 4B). To further examine the bladder tumor microenviron-
ment, we examined a panel of cytokines that influence the
functional polarization of macrophages as well as differentiation of
MDSC:s in the intravesical bladder tumors [34]. Increased levels of
1L-4, G-CSF, and GM-CSF were observed in bladder tumors
from Rip2-deficient compared to wild-type mice, while no
differences were detected in IFNy and M-CSF expression,
consistent with a tumor microenvironment fostering development
of the tumor associated MDSCs (Fig 4C). To discriminate between
cytokine production from tumor and surrounding stroma to the
myeloid populations, we examined G-CSF expression in the
CD45  population representing tumor and stromal cells, and
CD11b*Gr1™ population representing myeloid cells, and showed
increased G-CSF in Rip2-deficient compared to wild-type
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Figure 3. Increased tumor infiltrating granulocytic MDSCs in Rip2-deficient mice. Rip2™* and Rip2™/~ mice subcutaneously implanted
with MB49 cells for 14 days were assessed for (A) tumor weight, and sorted by flow cytometry to examine (B) CD45'NK1.1* cells, and (C)
CD45"CD11b*Gr1" and CD45*CD11b*Gr1' cells. Column, mean of four mice; bars SD. Data are representative of two independent experiments. D,
Sorted CD45"CD11b*Gr1" and CD45*CD11b*Gr1' cells in Rip2** and Rip2 ™/~ mice were examined for expression of arginase-1 and iNOS by qPCR,
while CD457CD11b"Gr1" cells in Rip2*™* and Rip2~/~ mice were examined for expression of IL10, IL-12, and IFNy by gPCR. Column, mean of two
mice; bars SD. Data are representative of three independent experiments. Representative examples are shown. All p values were determined by two-

tailed Student’s t test, with statistically significance defined as p<<0.05.
doi:10.1371/journal.pone.0094793.9003

CDI11b*Gr1™  cells, suggesting an autocrine and paracrine
regulation of MDSCis in absence of Rip2 (Fig 4D).

The MDSC population is comprised of immature myeloid cells
and myeloid cell progenitors that can differentiate into mature
macrophages, granulocytes, and dendritic cells. They are charac-
terized by T lymphocyte suppressive ability and expression of
arginase-1 and iNOS [25]. In the mouse, they can be further
distinguished into granulocytic MDSCs by expression of surface
markers CD11b"Gr1™ or CD11b"Ly6G*Ly6C' and monocytic
MDSCs by expression of markers CD11b*Gr1" or CD11b*Ly6-
G"Ly6C™ [35]. To test the intrinsic role of Rip2 in myeloid
development, naive bone marrow from wild-type and Rip2-
deficient mice were subject to i vitro differentiation using M-CSF,
G-CSF, GM-CSF, or G-CSF and GM-CSF for 4 days and
examined for expression of CDI11b, Ly6G, and Ly6C. In the
presence of G-CSF, GM-CSF, and G-CSF plus GM-CSF, the
absence of Rip2 resulted in a bias towards the CDI11b'Ly6-
G'Ly6C' granulocytic MDSC population (Fig 5A). In BM-
derived MDSCs differentiated using G-CSF or G-CSF and GM-
CSF, increased arginase-1 and iNOS expression was uniformly
observed in Rip2-deficient compared to wild-type cells, consistent
with the increased development of MDSCis (Fig 5B).

MDSCs have been implicated in promoting EMT, a process
critical in facilitating tumor invasion and subsequent tumor
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metastases [36]. A hallmark of EMT is a switch in surface
adhesion markers with the loss of E-cadherin and expression of N-
cadherin [37]. To investigate the influence of Rip2 in development
of EMT, we examined expression of adhesion markers in
intravesical tumors and observed decreased E-cadherin expression
throughout the tumor with concomitant increased N-cadherin
expression at the peripheral of the tumor in Rip2-deficient relative
to wild-type mice (Fig 6A). NF-kB activation has been implicated
in promoting EMT and thus we examined its activation in the
absence of Rip2 [38]. Consistent with prior literature, we observed
decreased canonical NF-kB activation exhibited by decreased p-
IxB expression in Rip2-deficient tumors (Fig 6B), suggesting NF-
kB independent mechanisms to account for EMT [39]. To
investigate other mechanisms promoting EMT, a panel of
transcription factors involved in EMT including zeb-1, zeb-2, snail,
and fwist were examined in tumor and stromal cells from
dissociated subcutaneous tumors depleted of CD45, with the
expression of zeb-1, z¢b-2, and snail found increased in Rip2-
deficient compared to wild-type tumor bearing mice, and
increased expression of fwist approaching statistical significance
(Fig 6C). We also examined expression of these EMT inducing
genes in lungs containing metastases from Rip2 wild-type and —
deficient mice, revealing a similar trend with statistical significance
for increased #wist expression in absence of Rip2 (Fig 6D).
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Figure 4. Biased development of granulocytic MDSCs in Rip2-deficient mice. A, Inflammatory cytokine expression in serum of Rip2*'* and
Rip2~/~ mice intravesically implanted with MB49 cells for 12 days was assessed by cytokine array analysis. Cytokines increased in Rip2 ™/~ mice are
depicted in the schematic as shown. (+) 2-5x, (++) 5-10x, (+++) >10x based on quantitation by ImageJ. Results are from duplicates and representative
of two independent experiments. B, Splenocytes from Rip2** and Rip2~/~ mice were examined for expression of CD4, CD8, B220, NK1.1, while
CD11b" cells were examined for expression of Ly6G and Ly6C by flow cytometry as indicated. Column, mean of four mice; bars SD. Data are
representative of two independent experiments. C, Total tumor from Rip2** and Rip2~/~ mice intravesically implanted with MB49 cells and sacrificed
at 12 days were examined for expression of IL4, IFNy, M-CSF, G-CSF, and GM-CSF by gPCR. Column, mean of three mice; bars SD. D, Tumors from
Rip2** and Rip2~/~ mice subcutaneously implanted with MB49 cells for 14 days were fractioned to CD45~ and CD45*CD11b*Gr1" cells and
examined for G-CSF expression by gPCR. Column, mean of three mice; bars SD. All p values were determined by two-tailed Student'’s t test, with

statistically significance defined as p<<0.05.
doi:10.1371/journal.pone.0094793.9004

Discussion

The immune composition of the tumor microenvironment can
be predictive of disease-free and overall survival. This has been
shown in the context of CD4" T lymphocytes and CD 1o dendritic
cells in axillary lymph nodes correlating with disease-free survival
in breast cancer patients [40], to tumor-infiltrating CD3" cells and
CD8" T lymphocytes in colon [1] and bladder cancer respectively
[2]. The balance of TILs may refine the predictive ability of the
immune microenvironment, as CD4°CD48"°CD8" patients
exhibited improved recurrence-free survival while the ratio of
CD8" T cells to CD68" tumor associated macrophages predicted
overall survival and response to neoadjuvant chemotherapy in
breast cancer patients [3]. Anti-tumor immunity may be
augmented by targeting negative regulators of T cell co-
stimulation as evidenced by the development of anti-CTLA4
and anti-PD1 therapeutics, and may be extended to targeting
Tregs and MDSCs [41]. This evidence suggests that active
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programming of the tumor immune microenvironment may be a
viable strategy to harness and bias immunity towards an anti-
tumor response.

We have hypothesized that the ability of PRRs to sense
contextual signals from pathogens to initiate an immune response
is paralleled by the ability of DAMPs released by cellular damage
in the tumor environment to shape tumor immunity. NLRs
including Nodl and Nod2 have been implicated in sensing various
pathogens as well as cellular stresses [42]. The role of cytosolic
PRRs, such as the NLR family in tumor surveillance is unclear.
Recently, loss of Rip2 has been implicated in development of
larger colorectal cancers in a murine model [43]. In this
manuscript, we show that NLRs through Rip2 signaling can
shape the tumor microenvironment towards tumor-infiltrating
CD8" T lymphocytes, NK cells, and suppression of MDSCs.
Similarly, in the absence of Rip2, larger orthotopic bladder tumors
developed as well as increased tumor metastases in both the lung
and kidneys.
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Figure 5. Intrinsic enhanced development of MDSC in absence of Rip2. A, Bone marrow from naive Rip2"* and Rip2~/~ mice were
differentiated by M-CSF, G-CSF, GM-CSF, and G-CSF plus GM-CSF as indicated for four days prior to flow cytometry to examine expression of Ly6G and
Ly6C in CD11b* cells (ranging from 70-90%, not shown). CD11b*LyG*Ly6C'® and CD11b*LyG'°Ly6C"™ populations for each group are shown as total
cell counts per 10° starting BM cells. B, Expression of arginase-1 and iNOS by qPCR in G-CSF and G-CSF plus GM-CSF differentiated bone marrow from

naive Rip2™* and Rip2 ™/~

mice. Column, mean of three mice; bars SD. Data are representative of two independent experiments. Representative

examples are shown. All p values were determined by two-tailed Student’s t test, with statistically significance defined as p<<0.05.

doi:10.1371/journal.pone.0094793.9005

Rip2 was initially described based on sequence homology to its
C-terminal CARD domain [44]. We developed Rip2-deficient
animals and described a role in innate immunity implicating Rip2
downstream of Nodl, and adaptive immunity mediating IFNy
responses in Thl and NK development [10]. Since then, the
importance of Rip2 in NLR signaling and macrophage function
has been validated and shown to play a critical role in innate
immune signal transduction of Nodl and Nod2 receptors [45]. In
the absence of tumor growth, we found no significant differences
in the development of all splenocytic lineages examined including
CD11b"Grl™ cells in Rip2-deficient compared to wild-type mice.
However, in the presence of tumor growth we observed increased
splenocytic CD11b*Ly6G™ cells representing granulocytic MDSCis
in the absence of Rip2 [35].

We examined the systemic macroenvironment as well as local
microenvironment levels of cytokines that were altered by the
absence of Rip2 expression. Interestingly, elevated serum
cytokines important in myeloid differentiation were found in
Rip2-deficient tumor bearing animals, with increased levels of G-
CSF and M-CSF, as well as MCP-1 and TREM-1. MCP-1 has
been implicated in higher recurrence and worse bladder cancer
prognosis by mediating tumor invasion, while TREM-1 has been
implicated in activation of Kuffner cells in hepatocellular
carcinoma [27,30]. Within the tumor microenvironment, in the
absence of Rip2, we found a cytokine signature enriched in IL-4
and G-CSF, polarizing towards a M2 phenotype as reflected in
increased production of IL-10 and arginase-1 [46]. M2 macro-
phages have been associated with tumor progression as well as
MDSC development [47].

Examining the tumor infiltration population, we found not only
increased proportion of CDI1b*GrI™ cells in Rip2-deficient
animals, but also increased expression of arginase-1 and iNOS,
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which leads to inhibition of T cells and NK cells, and suggests an
mtrinsic function of Rip2 in MDSC development. Rip2-deficient
CD11b*Gr1"™ MDSCs produced elevated levels of IL-10 which
may further inhibit T cell activity by enhancing Tregs [48]. With
the increased activation of Rip2-deficient MDSCs, we asked
whether Rip2 plays an intrinsic role in the development of
CD11b* subsets. Bone marrow-derived MDSCs using various
cytokines showed increased development of CD11b*Ly6G Ly6C"
granulocytic MDSCs in the presence of G-CSF, GM-CSF, or their
combination in Rip2-deficient compared to wild type cells, while
there was no increased development of monocytic MDSC. The
increased serum production of G-CSF as well as an intrinsic
development of granulocytic MDSCs & vitro in response to G-CSF,
suggests a mechanism for increased granulocytic MDSCs in the
absence of Rip2.

Growing evidence has attributed MDSCs in cancer progression
to immune suppression and modifying the microenvironment to
foster tumor metastasis. Increased MDSCs have been described in
cancer patients, including patients with bladder cancer [49,50].
Granulocytic MDSCs predominate in TIL populations and
suppress CD8+T cells by producing reactive oxidative species
(ROS), Argl, and iNOS [25,35]. Recent studies support the role of
granulocytic MDSCs to induce EMT in a melanoma model
mediated by the chemokine receptor expressed on MDSCis,
CXCR2 [36]. During metastasis, it is essential that cancer cells
acquire a motile phenotype that allows for tumor invasion,
extravasation into the blood stream or lymphatic channels for
dissemination, followed by tumor implantation and growth. We
noted increased tumor infiltrating MDSCs, decreased T lympho-
cytes and NK cells, and larger tumors with substantially higher
numbers and rates of pulmonary metastases. With the observed
increased metastasis in Rip2-deficient mice, we examined tumors
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Figure 6. Enhanced epithelial-to-mesenchymal transition in tumors from Rip2-deficient mice. A, Rip2"* and Rip2 ™/~ mice intravesically
implanted with MB49 cells for 12 days were assessed for E-cadherin and N-cadherin expression by immunofluorescence. Magnification of x40. Data
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examined from dissociated lungs containing metastases by qPCR. Column, mean of four mice; bars SD. All p values were determined by two-tailed

Student'’s t test, with statistically significance defined as p<<0.05.
doi:10.1371/journal.pone.0094793.9g006

for features of EMT and demonstrated cadherin switching by loss
of E-cadherin expression and gain of N-cadherin expression at the
tumor periphery. We also showed increased tumoral expression of
EMT transcription factors including zeb-1, zeb-2, and snail. NF-xB
has been implicated in enhancing EMT, so the decreased
activation in Rip2-deficient animals suggests an NF-kB-indepen-
dent mechanism [38]. We found elevated levels of TIMP-1 in
Rip2-deficient animals, which has been implicated in inducing
expression of slug, twist, zebl and zeb2 [33]. A recent report
describing down regulation of E-cadherin expression by Rip2
knockdown w2 vitro supports our findings [39]. These data support a
local-regional shift in the tumor microenvironment enhanced by
loss of Rip2 to facilitate EMT.

In humans, mutations in Nod2 are associated with Crohn’s
disease, while mutations in the Rip2 locus are linked with systemic
lupus erythematosus [18,19]. These inflammatory diseases have
been associated with susceptibility to cellular stress signals as well
as pathogens in the gut flora. Our findings showing increased
MDSCs in the absence of Rip2 appear secemingly contradictory.
However, the development of MDSCs is not clear. Potentially, the
activation of tumor associated MDSCs may be triggered in the
context of endogenous ligands exposed during tumorigenesis.
These contextual signals may differ from other endogenous or
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pathogen-related signals that bias immune activation. Endogenous
ligands expressed either from normal cells or specific to
transformed cells that mediate these contextual signals for NLRs
have yet to be identified and remain the subject of future
Investigations.

In the absence of Rip2, pathologic conditions such as the
development of cancer, lead to microenvironment alterations and
intrinsic activation of myeloid progenitors that expand the
granulocytic MDSC population. These changes may influence
EMT and development of metastases. Current therapeutic
strategies have targeted negative T' cell regulators. This includes
utilizing anti-CTLA4 and anti-PD1 antibody therapies, or
targeting MDSCs by inhibition of CSF-1R. The use of PRR
modulation may be a novel strategy to program the TIL to favor
anti-tumor immunity. This may be adopted on its own, or in
conjunction with antigen-specific targeted therapy. The differences
we have observed within the tumor microenvironment in our
models of various PRR signaling mediator knockouts suggest that
modulation of PRRs may need to be tailored to specific diseases
and disease states. Our data suggest that TILs can by further
shaped by activation of NLRs and function as immune modulators
or adjuvant therapies.
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In summary, we provide the initial evidence that intracellular
NLRs represented by Rip2 can program the immune microen-
vironment and influence tumor invasion and metastasis in a
bladder cancer model. We support a novel role of Rip2 in the
development and recruitment of granulocytic MDSCs and
highlight the contribution of MDSCs to the development of
metastases in bladder cancer. Further study will be needed to
clarify the contextual signals that trigger NLRs to mediate these
functions. This study adds credence to our hypothesis that NLRs
are critical sensors for the programming of the tumor immune
microenvironment.

References

1. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, et al. (2006) Type,
density, and location of immune cells within human colorectal tumors predict
clinical outcome. Science 313: 1960-1964.

2. Sharma P, Shen Y, Wen S, Yamada S, Jungbluth A, et al. (2007) CD8 tumor-
infiltrating lymphocytes are predictive of survival in muscle-invasive urothelial
carcinoma. Proc Natl Acad Sci U S A 104: 3967-3972.

3. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, et al. (2011)
Leukocyte complexity predicts breast cancer survival and functionally regulates
response to chemotherapy. Cancer Discov 1: 54-67.

4. Fridman WH, Pages F, Sautes-Fridman C, Galon J (2012) The immune
contexture in human tumours: impact on clinical outcome. Nat Rev Cancer 12:
298-306.

5. Iwasaki A, Medzhitov R (2010) Regulation of adaptive immunity by the innate
immune system. Science 327: 291-295.

6. Chin AI, Miyahira AK, Covarrubias A, Teague J, Guo B, et al. (2010) Toll-like
receptor 3-mediated suppression of TRAMP prostate cancer shows the critical
role of type I interferons in tumor immune surveillance. Cancer Res 70: 2595—
2603.

7. Heldwein KA, Liang MD, Andresen TK, Thomas KE, Marty AM, et al. (2003)
TLR2 and TLR4 serve distinct roles in the host immune response against
Mycobacterium bovis BCG products. J Leukoc Biol 74: 277-286.

8. Simons MP, O’Donnell MA, Griffith TS (2008) Role of neutrophils in BCG
immunotherapy for bladder cancer. Urol Oncol 26: 341-345.

9. Bertrand MJM, Lippens S, Staes A, Gilbert B, Roelandt R, et al. (2011) cIAP1/2
are direct E3 ligases conjugating diverse types of ubiquitin chains to receptor
interacting proteins kinases 1 to 4 (RIP1-4). PLoS One 6: €22356.

10. Chin AI, Dempsey PW, Bruhn K, Miller JF, Xu Y, et al. (2002) Involvement of
receptor-interacting protein 2 in innate and adaptive immune responses. Nature
416: 190-194.

11. Kobayashi K, Inohara N, Hernandez LD, Galan JE, Nufiez G, et al. (2002)
RICK/Rip2/CARDIAK mediates signalling for receptors of the innate and
adaptive immune systems. Nature 416: 194-199.

12. Nembrini C, Kisiclow J, Shamshiev AT, Tortola L, Coyle AJ, et al. (2009) The
kinase activity of Rip2 determines its stability and consequently Nodl- and
Nod2-mediated immune responses. J Biol Chem 284: 19183-19188.

13. Tigno-Aranjuez JT, Asara JM, Abbott DW (2010) Inhibition of RIP2’s tyrosine
kinase activity limits NOD2-driven cytokine responses. Genes Dev 24: 2666—
2677.

14. Park J-H, Kim Y-G, McDonald C, Kanneganti T-D, Hasegawa M, et al. (2007)
RICK/RIP2 mediates innate immune responses induced through Nodl and
Nod2 but not TLRs. J Immunol 178: 2380-2386.

15. Elinav E, Strowig T, Henao-Mejia J, Flavell R (2011) Regulation of the
antimicrobial response by NLR proteins. Immunity 34: 665-679.

16. Biswas A, Liu Y-J, Hao L, Mizoguchi A, Salzman NH, et al. (2010) Induction
and rescue of Nod2-dependent Thl-driven granulomatous inflammation of the
ileum. Proc Natl Acad Sci U S A 107: 14739-14744.

17. Shaw PJ, Barr MJ, Lukens JR, McGargill M, Chi H, et al. (2011) Signaling via
the RIP2 adaptor protein in central nervous system-infiltrating dendritic cells
promotes inflammation and autoimmunity. Immunity 34: 75-84.

18. Abbott DW, Wilkins A, Asara JM, Cantley LC (2004) The Crohn’s Disease
Protein, NOD2, Requires RIP2 in Order to Induce Ubiquitinylation of a Novel
Site on NEMO. Curr Biol 14: 2217-2227.

19. LiJ, Tian J, Ma Y, Cen H, Leng R-X, et al. (2012) Association of RIP2 gene
polymorphisms and systemic lupus erythematosus in a Chinese population.
Mutagenesis 27: 319-322.

20. Hudson MA, Ritchey JK, Catalona W], Brown EJ, Ratliff TL (1990)
Comparison of the Fibronectin-binding Ability and Antitumor Efficacy of
Various Mycobacteria. Cancer Res 50: 3843-3847.

21. Shapiro A, Kelley DR, Oakley DM, Catalona W], Ratliff TL (1984) Technical
Factors Affecting the Reproducibility of Intravesical Mouse Bladder Tumor
Implantation during Therapy with Bacillus Calmette-Guérin. Cancer Res 44:
3051-3054.

22. Soloway MS (1977) Intravescial and systemic chemotherapy of urinary bladder
cancer. Cancer Res 37: 2918-2929.

PLOS ONE | www.plosone.org

Rip2 in MDSCs and Bladder Cancer Metastasis

Acknowledgments

We thank the UCLA Translational Pathology Core Laboratory for slide
processing and the Broad Stem Cell Research Center Flow Cytometry
Core.

Author Contributions

Conceived and designed the experiments: HZ AC. Performed the
experiments: HZ AC. Analyzed the data: HZ AC. Contributed
reagents/materials/analysis tools: HZ AC. Wrote the paper: HZ AC.

23. Jessen KA, Liu SY, Tepper CG, Karrim J, McGoldrick ET, et al. (2004)
Molecular analysis of metastasis in a polyomavirus middle T mouse model: the
role of osteopontin. Breast Cancer Res 6: 157-69.

24. Kortylewski M, Kujawski M, Wang T, Wei S, Zhang S, et al. (2005) Inhibiting
Stat3 signaling in the hematopoietic system elicits multicomponent antitumor
immunity. Nat Med 11: 1314-1321.

25. Sevko A, Umansky V (2013) Myeloid-derived suppressor cells interact with
tumors in terms of myelopoiesis, tumorigenesis and immunosuppression: thick as
thieves. J Cancer 4: 3-11.

26. Sinha P, Clements VK, Bunt SK, Albelda SM, Ostrand-Rosenberg S (2007)
Cross-talk between myeloid-derived suppressor cells and macrophages subverts
tumor immunity toward a type 2 response. ] Immunol 179: 977-983.

27. Wu J, Li J, Salcedo R, Mivechi NF, Trinchieri G, et al. (2012) The
proinflammatory myeloid cell receptor TREM-1 controls Kupffer cell activation
and development of hepatocellular carcinoma. Cancer Res 72: 3977-3986.

28. Zanzinger K, Schellack C, Nausch N, Cerwenka A (2009) Regulation of
triggering receptor expressed on myeloid cells 1 expression on mouse
inflammatory monocytes. Immunology 128: 185-195.

29. Ben-Baruch A (2012) The Tumor-Promoting Flow of Cells Into, Within and
Out of the Tumor Site: Regulation by the Inflammatory Axis of TNFa and
Chemokines. Cancer Microenviron 5: 151-164.

30. Chiu H-Y, Sun K-H, Chen S-Y, Wang H-H, Lee M-Y, et al. (2012) Autocrine
CCL2 promotes cell migration and invasion via PKC activation and tyrosine
phosphorylation of paxillin in bladder cancer cells. Cytokine 59: 423-432.

31. Fridlender ZG, Sun J, Mishalian I, Singhal S, Cheng G, et al. (2012)
Transcriptomic analysis comparing tumor-associated neutrophils with granulo-
cytic myeloid-derived suppressor cells and normal neutrophils. PLoS One 7:
e31524.

32. Glass WG, Sarisky RT, Vecchio AM Del (2006) Not-so-sweet sixteen: the role of
IL-16 in infectious and immune-mediated inflammatory diseases. J Interferon
Cytokine Res 26: 511-520.

33. Jung YS, Liu X-W, Chirco R, Warner RB, Fridman R, et al. (2012) TIMP-1
induces an EMT-like phenotypic conversion in MDCK cells independent of its
MMP-inhibitory domain. PLoS One 7: ¢38773.

34. Waight J, Hu Q, Miller A, Liu S, Abrams S (2011) Tumor-derived G-CSF
facilitates neoplastic growth through a branulocytic myeloid-derived suppressor
cell-dependent mechanism. PLoS One 6.

35. Youn J-I, Nagaraj S, Collazo M, Gabrilovich DI (2008) Subsets of myeloid-
derived suppressor cells in tumor-bearing mice. J Immunol 181: 5791-5802.

36. Toh B, Wang X, Keeble J, Sim WJ, Khoo K, et al. (2011) Mesenchymal
transition and dissemination of cancer cells is driven by myeloid-derived
suppressor cells infiltrating the primary tumor. PLoS Biol 9: e1001162.

37. Berx G, van Roy F (2009) Involvement of members of the cadherin superfamily
in cancer. Cold Spring Harb Perspect Biol 1: a003129.

38. Chua HL, Bhat-Nakshatri P, Clare SE, Morimiya a, Badve S, et al. (2007) NF-
kappaB represses E-cadherin expression and enhances epithelial to mesenchy-
mal transition of mammary epithelial cells: potential involvement of ZEB-1 and
ZEB-2. Oncogene 26: 711-724.

39. Wu S, Kanda T, Nakamoto S, Imazeki F YO (2012) Knockdown of receptor-
interacting serine/threonine protein kinase-2 (RIPK2) affects EMT-associated
gene expression in human hepatoma cells. Anticancer Res 32: 3775-3783.

40. Kohrt HE, Nouri N, Nowels K, Johnson D, Holmes S, et al. (2005) Profile of
immune cells in axillary lymph nodes predicts disease-free survival in breast
cancer. PLoS Med 2: ¢284.

41. Ribas AA, Hersey PP, Midleton MR, Gogas HH, Flaherty KT, et al. (2013) New
challenges in endpoints for drug development in advanced melanoma. Clin
Cancer Res 18: 336-341.

42. Philpott DJ, Girardin SE (2010) Nod-like receptors: sentinels at host membranes.
Curr Opin Immunol 22: 428-434.

43. Couturier-Maillard A, Secher T, Rehman A, Normand S, De Arcangelis A, et
al. (2013) NOD2-mediated dysbiosis predisposes mice to transmissible colitis and
colorectal cancer. J Clin Invest 123: 700-711.

44. Inohara N, del Peso L, Koseki T, Chen S, Nufez G (1998) RICK, a novel
protein kinase containing a caspase recruitment domain, interacts with CLARP
and regulates CD95-mediated apoptosis. J Biol Chem 273: 12296-12300.

April 2014 | Volume 9 | Issue 4 | 94793



46.

47.

. Magalhaes JG, Lee J, Geddes K, Rubino S, Philpott DJ, et al. (2011) Essential

role of Rip2 in the modulation of innate and adaptive immunity triggered by
Nodl and Nod?2 ligands. Eur J Immunol 41: 1445-1455.

Liu G, Li Y, Yu ], Feng L, Hou S, et al. (2013) Targeting the shift from M1 to
M2 macrophages in experimental autoimmune encephalomyelitis mice treated
with fasudil. PLoS One 8: €54841.

Yang W-C, Ma G, Chen S-H, Pan P-Y (2013) Polarization and reprogramming
of myeloid-derived suppressor cells. ] Mol Cell Biol 5: 207-209.

PLOS ONE | www.plosone.org

10

48.

49.

50.

Rip2 in MDSCs and Bladder Cancer Metastasis

Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, et al. (2011)
Interleukin-10 signaling in regulatory T cells is required for suppression of Th17
cell-mediated inflammation. Immunity 34: 566-578.

Brandau S, Trellakis S, Bruderek K, Schmaltz D, Stellar G, et al. (2011)
Myeloid-derived suppressor cells in the peripheral blood of cancer patients
contain a subset of immature neutrophils with impaired migratory properties.
J Leukoc Biol 89: 311-317.

Eruslanov E, Neuberger M, Daurkin I, Perrin GQ, Algood C, et al. (2012)
Circulating and tumor-infiltrating myeloid cell subsets in patients with bladder
cancer. Int J Cancer 130: 1109-1119.

April 2014 | Volume 9 | Issue 4 | 94793



