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Host genetic background impacts modulation
of the TLR4 pathway by RON in tissue-associated
macrophages

Amitabha Chaudhuri’*®’, Nicholas S Wilson»®%, Becky Yang!, Andres Paler Martinez?, Jinfeng Liu?,
Catherine Zhu!, Nicole Bricker!, Suzana Couto?, Zora Modrusan®, Dorothy French*, James Cupp’
and Avi Ashkenazil

Toll-like receptors (TLRs) enable metazoans to mount effective innate immune responses to microbial and viral pathogens,

as well as to endogenous host-derived ligands. It is understood that genetic background of the host can influence TLR
responsiveness, altering susceptibility to pathogen infection, autoimmunity and cancer. Macrophage stimulatory protein (MSP),
which activates the receptor tyrosine kinase recepteur d’origine nantais (RON), promotes key macrophage functions such as
motility and phagocytic activity. MSP also acts via RON to modulate signaling by TLR4, which recognizes a range of pathogen
or endogenous host-derived molecules. Here, we show that RON exerts divergent control over TLR4 activity in macrophages
from different mouse genetic backgrounds. RON potently modulated the TLR4 response in macrophages from M2-prone FVB
mice, as compared with M1-skewed C57BI6 mice. Moreover, global expression analysis revealed that RON suppresses the
TLR4-dependent type-l interferon gene signature only in FVB macrophages. This leads to attenuated production of the potent
inflammatory mediator, tumor necrosis factor-a. Eliminating RON kinase activity markedly decreased carcinogen-mediated
tumorigenesis in M2/Th2-biased FVB mice. We propose that host genetic background influences RON function, thereby
contributing to the variability in TLR4 responsiveness in rodents and, potentially, in humans. These findings provide novel

insight into the complex interplay between genetic context and immune function.
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Toll-like receptors (TLRs) have a crucial role in enabling the innate
immune system to respond effectively to infectious agents, and to
endogenous intracellular proteins released from necrotic cells, oxida-
tively modified lipids and extracellular matrix proteins. TLRs bind to
ligands containing specific pathogen- or danger-associated molecular
patterns and transduce signals to orchestrate activation of innate
immune cells such as macrophages, dendritic cells and natural killer
cells.'® Previous studies in rodent and human models have established
that distinct genetic backgrounds can dictate differential responsiveness
to TLR activation.*® Indeed, the differences in TLR signaling outcome
between individual subjects may affect immune competence as well as
susceptibility to autoimmune disease or cancer. How genetic context
influences TLR signaling outcomes remains poorly understood.
Receptor tyrosine kinases are a family of cell surface receptors that
regulate  diverse  cellular functions, including proliferation,

differentiation, survival and motility.” Aberrant receptor tyrosine
kinase signaling, arising through genetic or epigenetic alteration,
often contributes to malignant cell transformation.®~1% The receptor
tyrosine kinase recepteur d’origine nantais (RON) is highly expressed in
several human epithelial cell malignancies.'!"'# RON is also expressed
by tissue-resident macrophages in the lung, liver and peritoneal
cavity.!>!®> The cognate ligand for RON is a macrophage-stimulatory
protein (MSP), which regulates a number of key macrophage functions
via RON including; motility, phagocytic activity and the production of
various cytokines and chemokines.'®'® Importantly, mice deficient in
RON Kkinase activity are hypersensitive to bacterial lipopolysaccharide
(LPS)—a key ligand for TLR4—suggesting that RON can sculpt innate
immune responses elicited through TLR4 activation.!*?% Studies using
tissue-resident peritoneal macrophages further show that RON
stimulation can attenuate TLR4-induced pro-inflammatory mediators

!Department of Molecular Oncology, Genentech Inc., South San Francisco, CA, USA; 2Department of Discovery Immunology, Genentech Inc., South San Francisco, CA, USA;
3Department of Bioinformatics, Genentech Inc., South San Francisco, CA, USA; 4Departments of Pathology and Antibody Engineering, Genentech Inc., South San Francisco, CA,
USA and ®Department of Molecular Biology, Genentech Inc., South San Francisco, CA, USA

Correspondence: Dr A Ashkenazi or Dr A Chaudhuri, Department of Molecular Oncology, Genentech, Inc., 1 DNA Way, South San Francisco, CA 94080, USA.

E-mail: aa@gene.com or amitc@scigenom.com
6These two authors contributed equally to this work.
7Current address: SciGenom Inc., Pleasanton, CA, USA.

8Current address: Immuno-Oncology, EMD Serono Research and Development Institute Inc., MA, USA.
Received 21 December 2012; revised 4 May 2013; accepted 20 May 2013; published online 2 July 2013


http://dx.doi.org/10.1038/icb.2013.27
mailto:aa@gene.com
mailto:amitc@scigenom.com
http://www.nature.com/icb

RON modulates TLR4 signaling outcomes in tissue-associated macrophages
A Chaudhuri et al

452

such as tumor necrosis factor-o. (TNF-a.), interleukin (IL)-12 and nitric
oxide (NO).!82021 RON activation in macrophages also increases the
expression of scavenger receptors and of the enzyme arginase-1, which
hydrolyzes arginine to urea and ornithine.!®2?

The M1/M2 paradigm provides a useful conceptual framework
for understanding macrophage function. Macrophages from geneti-
cally diverse subjects exhibit different M1 versus M2 phenotypic
characteristics. For example, it is well documented that individuals
vary in their responsiveness to LPS.23 In humans and mice, this
variability can be explained in part by polymorphism in the TLR4
gene itself.?*?> However, more complex downstream signaling
thresholds in the TLR4 pathway also may contribute to the
variation in the response to ligands such as LPS.%%¢ M2
macrophages have been implicated in supporting tissue repair, as
well as promoting tumor growth and metastasis.?’ !

The importance of M2 macrophage polarization in the host
response to pathogen or trauma-associated tissue inflammation and
tumorigenesis led us to explore how host genetic background might
impact the ability of RON to regulate TLR4 responsiveness and M2
versus M1 differentiation. To investigate this, we compared inflam-
matory outcomes in macrophages from MI-predisposed C57Bl6 or
M2-prone FVB mice.3? Our studies reveal striking divergence in the
ability of RON to regulate the TLR4 pathway that is highly dependent
on host genetic background. In addition, we identified a novel
function of RON to repress the type-I interferon (IFN) gene
signature in M2-predisposed macrophages activated through TLR4.
Translated in vivo, we show that RON kinase deficiency resulted in a
decreased susceptibility to carcinogen-induced papilloma and
fibrosarcoma development in FVB mice. Taken together, our
findings suggest that therapeutic approaches to modulate the RON
pathway in autoimmune disease and cancer may benefit from
consideration of how host genetic background can influence
immune responses.

RESULTS

RON differentially regulates TLR4 responsiveness in M2 versus
M1-predisposed macrophages

MSP suppressed the production of cytokines and chemokines by
peritoneal macrophages from outbred CD-1 mice stimulated with the
TLR4 agonist LPS.!”!® To examine the modulation of TLR4 function
by RON in different inbred genetic backgrounds, we isolated
peritoneal macrophages from MI1/Thl- (C57Bl6) or M2/Th2-
(FVB) biased mice and analyzed the output of cytokines and
chemokines in response to LPS. Irrespective of strain background,
TLR4 stimulation induced production of a range of cytokine and
chemokine factors (Supplementary Tables S1 and S2). Compared with
FVB mice, M1-prone C57Bl6 macrophages showed higher basal levels
of certain cytokines and chemokines, but all were enhanced by LPS
stimulation. Three distinct patterns emerged in TLR4-activated
macrophages co-stimulated with MSP: (1) MSP markedly suppressed
LPS-induced TNF-o and IL-12p40 in FVB macrophages but not in
C57BI6 (Figures 1a and b). (2) MSP increased LPS-induced IL-10 and
colony stimulating factor (CSF), irrespective of macrophage strain
background (Figures 1c and d). (3) Finally, cytokines, like IL-6, were
not significantly altered by RON signaling in either macrophage
background (Figure le). A complete list of MSP-regulated cytokines
and chemokines in FVB and C57Bl6 macrophages is provided as
supplementary data (Supplementary Table S3). The impact of MSP
on TLR4-mediated responsiveness was exerted at the transcriptional
level, as evidenced by monitoring mRNA levels over a time course,
and modulation was entirely dependent on intact RON kinase activity

Immunology and Cell Biology

(Supplementary Figure S1). Consistent with chemokine and cytokine
protein determinations, MSP failed to suppress TNF-o: and IL-12p40
transcript levels in LPS-stimulated C57Bl6 macrophages but markedly
enhanced CSF-2 transcription (Supplementary Figure S2). These
results confirm known aspects and uncover some novel features of
RON’s ability to impact TLR4 responsiveness in tissue-derived
macrophages. Importantly, they reveal that strain background can
significantly influence the effect of RON on the TLR4 pathway.

RON activates common downstream signaling pathways in
macrophages, irrespective of strain background

To examine if engagement of distinct signaling nodes downstream of
RON might account for the divergent regulation of the TLR4
pathway in FVB versus C57Bl6 macrophages, we analyzed the
phosphorylation of known downstream mediators: p42/44 MAPK,
AKT and STAT3.213334 In parallel, we examined phosphorylation
of p38 MAPK, a downstream event in the TLR4 signaling axis
in macrophages (Figures 2a and b).>> MSP rapidly induced
phosphorylation of p42/44 MAPK, AKT and STAT3 in
macrophages independent of strain background, although with
some apparent delay in the kinetics of STAT3 phosphorylation in
FVB-derived cells. MSP also induced rapid and transient
phosphorylation of p38 MAPK, but it had no impact on TLR4-
induced p38 MAPK phosphorylation, which occurred at later time
points. The kinase domain of RON was essential for signaling
pathways activated by MSP in FVB and C57Bl6 macrophages
(Figure 2c and data not shown). The total protein
levels of p42/44 MAPK, AKT, p38 MAPK and STAT3 did not
change significantly over the time course evaluated (data not
shown). Given the similarities in downstream RON signaling,
independent of macrophage strain background, we reasoned that
additional features of the RON signaling pathway might explain the
divergent modulation of the TLR4 pathway observed in M2-
predisposed FVB macrophages (Figure 1).

RON potently represses the TLR4-mediated IFN gene signature in
FVB macrophages

Negative feedback loops serve to control the magnitude and duration
of TLR activity, thereby preventing an excessive inflammatory
response.’ A hallmark of TLR4 signaling is activation of
nuclear factor-kB (NF-kB), IFN regulatory factor (IRF) and their
corresponding transcriptional targets.>3® To explore RON’s ability to
impact the TLR4 pathway in more detail, we performed a global gene
expression analysis in M2-prone FVB macrophages. As expected,
TLR4 activation induced many NF-kB-regulated target genes within
an hour, including IL-6, TNF-o. and NF-xBiz (Figure 3a—jy-axis
(blue)).3” Moreover, consistent with the induction of p38 MAPK
phosphorylation by MSP in FVB macrophages, several NF-kB-
regulated genes were also upregulated by MSP including
IL-6, CXCL-2 and CXCL-10. A prominent feature of the early
transcriptional response to MSP alone was the p42/44 MAPK gene
signature, highlighted by the expression of transcription factors such
as EGRI, FOS and NR4Al, and phosphatases such as DUSPI and
DUSP6 (Figure 3a—y-axis (green)). At 1h, MSP had little effect on
TLR4-mediated transcription, supporting that RON did not impact
the early phase of TLR4-induced NF-kB target genes. By 20h, LPS
had induced the expression of numerous pro-inflammatory cytokines
and chemokines associated with M1 macrophage differentiation,
such as IL-12p40 (5.3-fold), IL-1f (206-fold), IL-23x (4.8-fold) and
CXCL-10 (2.2-fold) (Figure 3b and Supplementary Tables S4-S6).
In contrast, co-treatment of cells with MSP and LPS potently skewed
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Figure 1 RON modulates TLR4-dependent cytokine production of peritoneal macrophages from FVB or C57BI6 mice. Peritoneal macrophages from FVB or
C57BI6 were stimulated with Ultrapure LPS (100 ngml~—1) or MSP (100 ngml—1) separately, or in combination. After overnight culture (20 h), conditioned
medium from treatment groups was analyzed for cytokine and chemokine production using a fluorescent-based multiplex assay: (a) TNF-o, (b) I1L-12p40,
(c) IL-10, (d) CSF-2 and (e) IL-6. Values represent the mean +s.d. of samples from at least two independent experiments analyzed in triplicates.

the transcriptional response toward an M?2-like macrophage
differentiation program, including the upregulation of genes asso-
ciated with protease pathways, tissue repair and immune suppression
(Figure 3b (lower panel) and Supplementary Table S4).3%41
Importantly, our genome-wide transcriptome profiling revealed the
previously unknown ability of MSP to attenuate TLR4-induced IFN
response genes. Indeed, of the 30 top LPS-induced transcripts down-
regulated by MSP, 14 were associated with the type-I IFN pathway
(Figure 3b (upper panel)). Regulation of the IFN pathway was verified
by quantitative PCR analysis (Supplementary Figure S3). Further, we
confirmed that repression of the type-I IFN response was entirely
dependent on intact RON kinase function (Supplementary Figure S4).
In contrast, RON signaling had a significant but weaker impact on the
type-I IFN transcriptional response in macrophages from C57Bl6 mice
at the earliest time point (8 h) (Supplementary Figure S5). Related to
these findings, there was a large kinetic delay in the TLR4-mediated
type-I IEN transcriptional response in macrophages from C57Bl6
versus FVB mice (viz, 8 h or 1h, respectively) (Supplementary Figures
S3 and S5). To further explore the effect of RON signaling on the type-
I IEN pathway, we analyzed the transcriptional response in

macrophages exposed to recombinant IFN-B. IFN-f rapidly induced
its related transcriptional mediators including STAT1/STAT2 and IRF7,
as well as downstream targets NOS2 and CXCL-10 (Figures 4a—d, and
Supplementary Figure S6A-C). Notably, transcriptional induction of
STAT1 by IFN- was more rapid following LPS exposure (Figure 4a
and Supplementary Figure S3C). Eight hours after the addition
of recombinant IFN-f3, we observed a reproducible twofold increase
in TNF-o transcript levels in FVB macrophages (Figure 4c). In
contrast, IFN-B had no effect on IL-12p40 or IL-10 transcription,
supporting the selectivity of IFN-0/f receptor-mediated TNF-o
transcriptional response in FVB macrophages (Figure 4d,
Supplementary Figure S6D).

To verify our hypothesis that TNF-o produced by TLR4-stimulated
FVB macrophages was mediated indirectly via IFN-f production, we
used a neutralizing antibody to IFN-B.*2 Antibody-pretreated
macrophages showed a significant reduction in the amount of
TNF-a produced in response to LPS, attenuating production by
50% at 20 h (Figure 4e). Conversely, the anti-IFN-B antibody had no
impact on LPS-induced IL-12p40 and IL-10 protein levels (Figure 4
and Supplementary Figure S6E). Taken together our genome-wide

Immunology and Cell Biology
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Figure 2 Signaling networks downstream of RON are conserved in
peritoneal macrophages from FVB and C57BI6 mice. Peritoneal
macrophages from wild-type FVB (a), C57/B6 (b) or from RON-KD mice (c)
were stimulated with 100ngml~1 of LPS or MSP alone, or in combination.
Macrophage lysates were analyzed at the indicated times for p38 MAPK,
p42/44 MAPK, AKT and STAT3 phosphorylation by western blotting, with
actin serving as a loading control Total p38 MAPK, p42/44 MAPK, AKT and
STAT3 levels were similar under all conditions (data not shown). Results
shown are representative of at least two independent experiments.

transcriptional analysis suggested that RON might reduce TNF-o
production by suppressing the early type-I IFN response in FVB
macrophages stimulated through TLR4.

RON signaling promotes carcinogen-induced tumorigenesis in
M2/Th2-prone FVB mice

Genetic differences between mouse strains can alter the timing and
magnitude of the inflammatory response, thereby impacting inherent
susceptibility to pathogens and cancer development.***> Further,
type-I IFNs are reported to inhibit de mnovo carcinogenesis

Immunology and Cell Biology

by promoting innate and adaptive antitumor immunity.*>*% Our
findings that RON could modulate the IFN-B pathway in FVB
macrophages led us to examine how RON kinase deficiency affects
susceptibility of M2/Th2-predisposed FVB mice to carcinogen-
induced tumorigenesis. To explore this, we used two carcinogen
models known to be dependent on pro-inflammatory pathways,
namely 7,12-dimethylbenz-(a) anthracene/12-O-tetradecanoyl phorbol-13
acetate (DMBA/TPA)-induced skin papilloma and methylcholanthrene
(MCA)-induced fibrosarcoma.*>*’ Consistent with an earlier study,*
FVB mice lacking RON kinase function displayed a marked reduction
in papilloma tumor burden as compared with wild-type controls
(Figures 5a and b). In contrast, there was no significant difference in
papilloma development between RON-KD and wild-type mice in the
C57Bl6 background (Figure 5c¢). Histological examination of cuta-
neous papillomas from RON-KD and wild-type FVB mice revealed
numerous infiltrating F4/80-expressing macrophages, consistent with
their established role in supporting tumorigenesis (Figure 5d). To
extend this finding, we evaluated tumor initiation and outgrowth in
the MCA-induced fibrosarcoma model. De novo tumor initiation was
delayed in RON-KD mice, whereas the outgrowth of established
tumors was indistinguishable in wild-type and RON-KD back-
grounds, suggesting that RON signaling is important in the early
events of fibrosarcoma development (Figure 5e and Supplementary
Figure S7A-B). To investigate this hypothesis in more detail, we
derived a tumor cell line from fibrosarcoma developed in a wild-type
FVB mouse and transplanted a high (1 x 10%) or low (5 x 10%) cell
density into naive wild-type or RON-KD recipients (Figures 5f and g).
At the high cell inoculum, tumor growth was indistinguishable in
wild-type or RON-KD mice. However, a 20-fold reduction in the
seeding cell number resulted in a significant delay in tumor initiation,
with >50% of RON-KD remaining tumor free in two independent
experiments. This difference in tumor take was completely restored
(100%) in RON-KD mice depleted of CD8" T cells (Figure 5h).
However, despite restoration of tumor engraftment in CD8 T-cell-
depleted RON-KD mice, tumor growth was significantly restricted,
supporting the finding that innate and adaptive immunity combined
to reduce tumor growth in the absence of RON signaling.

DISCUSSION

A dynamic relationship exists between the genetic background of the
host, quiescent immune system status and susceptibility to pathogenic
infection, autoimmunity and carcinogenesis.44’47’51>52 In rodents, this
relationship is highlighted by the inherent differences in the sensitivity
among inbred strains to tumor development following exposure to
the same carcinogenic insult.*> The relative susceptibility of a
given strain is a heritable trait, an observation supported by the
identification of susceptibility loci associated with pathogenic
infection and carcinogenesis. Many genetic factors act in a cell-
autonomous manner during tumor formation.*”3 However, it
remains less clear how immune signaling networks interface with
cell-autonomous genetic traits to modify cancer susceptibility.

The mechanistic details of RON signaling in malignant epithelial
cells have been previously reported.”*>> Additional studies have more
recently revealed that RON can modify macrophage responsiveness to
TLR4 stimulation.!>17-1856 Immune cells stimulated by TLR4 ligands
evoke a spectrum of cellular changes, which are highly dependent on
cell lineage and host background. For example, quiescent
macrophages exposed to LPS typically polarize toward an M1
phenotype, as characterized by production of pro-inflammatory
factors such as TNF-o, IL-12p40, type-I IFNs and reactive oxygen
and nitrogen species. However, if pre-exposed to cytokines such as
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Figure 3 Global gene expression analysis reveals the distinct RON pathway effects on TLR4 signaling outcomes. Peritoneal macrophages were isolated from
FVB mice and stimulated with or without 100ngml—! LPS, 100ngml—! MSP or the combination of both factors, for 1 or 20 h. Differentially expressed
genes are represented in the heat map provided at 1h (a) or 20h (b). Colors represent fold-change relative to unstimulated FVB macrophages. Genes
corresponding to p42/44 MAPK (green) or NF-kB (blue) pathways are indicated in (a; y-axis). Inset tables show genes upregulated (upper panel) and

downregulated (lower panel) following RON and TLR4 co-stimulation.

IL-4, they produce a different set of M2-linked mediators in response
to LPS, namely factors associated with the resolution of inflammation
or tissue repair, including IL-10, CCL2, CCL17 and TGF-B.31>7 These
observations support the notion that transcriptional regulatory
circuits downstream of TLR4 can be dynamically reprogrammed,
such that the same input results in distinct functional outcome.
Indeed, TLR4-deficient mice are more susceptible to a range of
pathogenic infections and show differential tumor susceptibility,
depending on the carcinogenic insult.®%?> Therefore, genetic
background in the context of cross talk with the TLR4 pathway
may explain certain heritable differences in vaccine responsiveness,
susceptibility to pathogens or carcinogenesis in rodents and, more
importantly, in humans.

Here, we sought to understand how host genetic background
influenced the regulatory effect of the RON pathway on TLR4
signal transduction.!”!8%3 To explore this, we compared quiescent
peritoneal macrophages from FVB with those from C57Bl6
mice, considered quintessential M2/Th2 and MI1/Thl strains,
respectively.>? In agreement with recent reports, we found that
RON signaling potently modified a number of characteristic
MIl-associated chemokine and cytokine outputs in M2-prone

FVB macrophages.'”!8%3 However, the impact of RON on TLR4
responsiveness was markedly less pronounced in macrophages
isolated from C57Bl6 mice. RON activated common signaling
features irrespective of strain background, albeit with some kinetic
differences in STAT3 phosphorylation, with the importance of this
kinetic difference requiring further evaluation. RON activation by
MSP failed to induce a significant cytokine or chemokine response,
with the exception of a limited amount of IL-6 production. However,
RON signaling in the context of TLR4 significantly modulated a
number of chemokines and cytokines. In particular, RON potently
modified a number of characteristic M1-associated chemokine and
cytokine outputs in M2-prone FVB macrophages. RON did not
appear to impact the TLR4-MyD88-dependent signaling axis, as
indicated by the lack of effect on p38 MAPK phosphorylation,
phosphorylation of the p65 subunit of NF-kB or the lack of impact
on early TLR4-induced NF-kB-regulated genes (Figures 2 and 3, and
data not shown). MSP induced p38 MAPK phosphorylation at early
time points; however, the sustained activation of p38 MAPK was
TLR4 dependent. This finding was confirmed using RON-KD
macrophages, where the early activation of p38 MAPK by RON was
abrogated. This observation supports the finding that RON and TLR4
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Figure 4 IFN-B regulates TNF-o expression in peritoneal macrophages isolated from FVB mice. Peritoneal macrophages were untreated or stimulated with
2 nm of recombinant mouse IFN-B. At the indicated time, expression of IFN pathway response genes; STATI (a), NOS2 (b), cytokines TNF-a (c) or IL-12p40
(d) production were evaluated by quantitative reverse transcriptase-PCR. Peritoneal macrophages pretreated with 6.5nm of a neutralizing antibody against
mouse IFN-B were analyzed (1, 8 or 20h) following the LPS exposure and analyzed for TNF-o (e) or IL-12p40 (f) production. Values represent the
average t s.d. samples analyzed as duplicates. Representative data shown is from one of two independent experiments.

independently act to induce p38 MAPK phosphorylation. A recent
study similarly failed to detect an effect of RON on p38 MAPK
phosphorylation in peritoneal macrophages pretreated with MSP.%
However, these conclusions appear to conflict with other studies using
tissue-derived macrophages, or a macrophage cell line stimulated with
LPS, where the authors observed an impact of RON on the NF-kB
pathway.®4%® This discrepancy may arise from these studies using
alveolar macrophages or Kupffer cells, whose response to TLR4 and/
or RON may diverge from that of peritoneal macrophages used in our
study. It is also possible that the preparations of LPS used in these
studies contained impurities, such as bacterial-derived TLR2 ligands,
which may initiate distinct signaling networks.®”

Importantly, we have identified a previously unknown link between
RON signaling and the attenuation of TLR4-induced IFN-fB gene
signature. Type-I IFNs signal through the IFN-0/B receptor and are
important mediators of innate and adaptive immunity.*368-70
Moreover, type-I IFNs together with TNF-o. are recognized as
important modulators of macrophage function, particularly for
their ability to polarize cells toward an M1 differentiation state.”!~74

Immunology and Cell Biology

The rapid kinetic repression of IFN-f by RON in FVB macrophages
prompted us to explore how this might impact other TLR4-induced
inflammatory mediators in this strain (Figure 6). In particular, we
observed an early increase in TNF-o mRNA in FVB macrophages
(1h) treated with LPS, as compared with C57BIl6 cells (8 h). Indeed,
MSP selectively repressed TNF-oo mRNA and protein levels in FVB
macrophages. This provided the hypothesis that TNF-o. was produced
indirectly through early IFN-f production. Owing to poor sensitivity,
we were unable to measure IFN-f3 protein directly from cell super-
natants (data not shown); however, we were able to confirm this
mechanism using a neutralizing anti-IFN- antibody. We therefore
propose that MSP preserves an M2 differentiation program in LPS-
stimulated macrophages from FVB but not from C57Bl6 mice
(Figure 6, schematic). Together, these differences exemplify how
genetic background can influence the RON pathway’s impact on
the kinetics and magnitude of TLR4 responses in macrophages.®”>7°
This conclusion appears consistent with the finding that IFN-f-
deficient C57Bl6 macrophages show no delay in the early kinetics of
TNF-o. production upon LPS treatment in vitro.>” Conversely, in
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Figure 5 Chemical-induced carcinogenesis is delayed in the absence of a functional RON in FVB but not in C57/BI6 mice. Wild-type or RON-KD mice
(15 animals per group) on FVB (a) or C57BI6 (c) backgrounds were treated with DMBA/PMA, as described in the Methods. The number of papillomas
appearing over time (a) and average tumor volume (b) in FVB mice are shown in comparison with tumor number in C57BI6 animals (c). Error bars represent
the meants.e.m. (d) Infiltrating F4/80-expressing macrophages within papilloma samples collected from wild-type and RON-KD mice were evaluated by
immunohistochemical analysis (see Methods). (e) The growth of de novo MCA-induced fibrosarcomas was monitored in RON wild-type and RON-KD FVB
mice. Error bars represent the meants.e.m. (f, g) A fibrosacoma cell line derived from an FVB mouse was transplanted at two cell densities (high—
5x 10e6 or low—5 x 10e4) into wild-type or RON-KD mice and monitored for growth (n=10-17 animals per group). Error bars represent the
meants.e.m. The table summarizes tumor incidence in wild-type or RON-KD mice in n=2 separate experiments. (h) Growth of fibrosarcoma cells
(5x 10e4) was evaluated in RON wild-type and RON-KD mice treated with 10mg per kg of anti-CD8 (clone 2.43) or an isotype control (rat 1gG2b)
antibody before and during fibrosarcoma-cell transplantation, as described in Methods. Error bars represent the mean*s.e.m. (n=10-17 animals per
group). The table summarizes tumor incidence in wild-type or RON-KD mice without or with CD8-T-cell depletion in n=2 separate experiments. Tumor
growth data in (f), (g) and (h) are representative of two or more independent experiments.

strains like FVB, or other Th2-predisposed backgrounds, the impact
of IFN-[B-deficiency may more markedly attenuate TNF-o production
in response to danger-associated molecular patterns or pathogen-
associated molecular patterns recognized by TLR4. Finally, although
RON signaling impacted the type-I IFN pathway in response to
LPS, additional effects of the RON TLR4 pathway are likely to be
IFN-B independent. This is highlighted by the inability of IFN-B
neutralization to affect IL-12p40 or IL-10 production. Additional
mechanisms that mediate RON’s impact on the TLR4 pathway, such
as the augmentation of MCP-1, CSF-2 and IL-10 secretion, remain to
be resolved. Interestingly, the p42/44 MAPK inhibitor PD98059
repressed CSF-2 production in RON- and TLR4-co-stimulated
macrophages, possibly implicating this signaling axis in CSF-2
production in response to TLR4 stimulation (data not shown).

In summary, we provide evidence that RON sculpts important
aspects of M1/M2 macrophage differentiation in response to TLR4
stimulation, in a manner that is highly dependent on genetic
background. FVB macrophages polarized to an M2 phenotype upon
TLR4 stimulation in the context of RON activation. In contrast,
C57/B6 macrophages maintained differentiation to an M1 state. In
the M2-prone cells, TLR4 activation in the presence of MSP led to
transcriptional upregulation of several genes associated with the
wound-healing response, including matrix metalloproteases, other
remodeling enzymes and growth factors.317>7778 The function of
macrophage invasion during tumorigenesis has been associated with
intrinsic immunosuppressive and wound-healing properties. The
negative role of macrophages in tumor initiation and progression
agrees with clinical studies that implicate macrophage invasion with
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Figure 6 Overview of the impact of the RON pathway on M1 versus M2
differentiation program in the context of TLR4 signaling. Transcript and
protein levels of IFN-B and TNF-o. were compiled from data presented in
figures, as described in the text. The IFN-B transcript level was taken from
Supplementary Figure S3A (FVB) and from Supplementary Figure S5A
(C57BI6). The TNF-a transcript level was taken from Supplementary Figure
S1A (FVB) and Supplementary Figure S2A for C57BI6 mice. The
intermediate time points for TNF-o protein levels in both backgrounds were
analyzed (data not shown). Protein or mRNA levels at each time point are
expressed as percentage of maximal expression (100%). Optimal TNF-o
expression in response to LPS in macrophages from FVB mice was highly
dependent on early induction of IFN-B. In contrast, M1/Thl predisposed
macrophages from C57BI6 mice were mostly refractory to the effects of
RON on TNF-a production and IFN-B. We propose that RON signaling in
macrophages from FVB mice preserves M2 differentiation in the presence of
TLR4 signaling, whereas C57BI6 macrophages maintain polarization toward
M1 cells in the presence of RON signaling.

poor clinical outcomes.?® Indeed, RON kinase deficiency substantially
delayed cutaneous papilloma formation and growth in FVB mice,
while having minimal effect in the apriori carcinogen-resistant
C57Bl6 background. A delay in tumor initiation was also observed
in RON-KD FVB mice in the MCA-induced fibrosarcoma model.
These results agree with the current paradigm of immuneediting,
which links with the role for type-I IFNs in mediating resistance to
tumorigenesis by promoting innate and adaptive antitumor immune
responses.**® Using a fibrosarcoma transplant model, we were able
to evaluate the contribution of innate and cellular immunity to the
delay in tumor development in RON-KD mice. Depleting CD8 T cells
reversed the marked reduction in tumor engraftment in RON-KD
FVB mice. However, CD8 T-cell-depleted RON-KD mice were still
able to restrict subcutaneous fibrosarcoma outgrowth. Therefore,
although cellular immunity clearly contributed to the ‘elimination
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phase’ during tumor engraftment, the innate immune cell response
also contributed to tumor resistance in RON-KD mice. This supports
the recent finding that macrophages provide critical effector functions
during the cancer immunoediting process.”! Taken together, our
results reveal important cross talk between the TLR4 and RON
pathways and illustrate how host genetic background can impact
immune cell responsiveness, which translates to susceptibility to
pathogenic or carcinogenic insults. These findings strengthen the
rationale for targeting the RON axis as a viable therapeutic modality,
to impact oncogenic signaling in the tumor epithelial compartment,
as well as to enhance innate and adaptive antitumor immunity.

METHODS

Animals

RON kinase-deficient FVB and C57B162° mice were obtained under license
from University of Cincinnati, Ohio, and were bred and maintained at
Genentech, Inc., under specific pathogen-free conditions. C57Bl6 or FVB
(wild-type) mice were obtained from the Jackson Laboratory. All studies were
conducted with 6- to 10-week-old animals in accordance with the Guidance
for the Care and Use of Laboratory Animals (National Institutes of Health,
Bethesda, MD, USA) and approved by Genentech Institutional Animal Care
and Use Committee.

Reagents and antibodies

The following reagents were obtained from the indicated sources: macrophage
serum-free medium (Invitrogen, Carlsbad, CA, USA), recombinant human
MSP (R&D Systems, Minneapolis, MN, USA), ultrapure LPS-EB from
Escherichia coli 0111:B4 strain (Invitrogen) endotoxin-free PBS (Invitrogen).
Antibodies for Western blot against phosphorylated p42/44 ERK, AKT, p38
and STAT3 (Cell Signaling Technology, Beverly, MA, USA) and p-actin
(Sigma, St Louis, MO, USA). All fluorescent secondary antibodies were from
Rockland Immunochemicals (Gilbertsville, PA, USA). Anti-F4/80 (clone BM8),
anti-CD45 (clone 104) and anti-CD11b (clone M1/70) were used to confirm
macrophage purity, and in combination with anti-RON (clone Phage 4) to
evaluate RON surface expression. Immune populations were analyzed using a
FACScan or LSR II (Becton Dickinson, Franklin Lakes, NJ, USA) using 7AAD
to exclude dead cells.

Cells

Quiescent peritoneal macrophages were isolated by peritoneal lavage using
10 ml of macrophage serum-free medium, as previously described.”® For each
experiment, peritoneal macrophages of each genetic background were pooled
from 20-25 mice. Cells were immediately washed in serum-free media and
were plated in six-well plates at a density of 2 x 10° cells per well. Cells were
allowed to adhere for 4h and non-adherent cells were removed by washing
with macrophage serum-free medium twice. Macrophage purity was routinely
evaluated at greater than 85% by flow cytometry (data not shown).

RNA extraction and microarray analysis

Total macrophage RNA was made using a Qiagen RNA-plus RNA extraction
kit (Qiagen, Valencia, CA, USA). Genomic DNA was removed using a DNA
elimination kit from Ambion (Invitrogen). Quantity and quality of total RNA
samples were determined using a ND-1000 spectrophotometer (Thermo
Scientific, Wilmington, DE) and Bioanalyzer 2100 (Agilent Technologies, Palo
Alto, CA, USA), respectively. The method for preparation of Cy-dye-labeled
cRNA and array hybridization was provided by Agilent Technologies. In brief,
total RNA sample was converted to double-stranded cDNA and then to
Cy-dye-labeled cRNA using an Agilent’s Quick Amp Labeling Kit. The labeled
cRNA was purified using the RNeasy mini kit (Qiagen, San Diego, CA, USA).
cRNA yield and Cy-dye incorporation were determined using the ND-1000
spectrophotometer (Thermo Scientific). An amount of 750 ng of the labeled
cRNA was fragmented and hybridized to the Agilent’s Whole Mouse Genome
4 x 44K arrays as described in the manufacturer’s hybridization kit. All samples
were labeled with Cy5 and hybridized against Cy3-labeled universal mouse
reference (Stratagene, La Jolla, CA, USA). Following hybridization, the arrays



were washed, dried and scanned on Agilent’s DNA microarray scanner.
Agilent’s Feature Extraction software 9.5 was used to analyze acquired array
images.

Gene expression quantification by reverse transcriptase-PCR

Gene expression profiles were determined using custom 96-well PCR arrays
from SABiosciences (Qiagen). The following genes were included: IFN-f1,
IRF1, IRF3, IRF7, STAT1, STAT2, STAT3, CXCL-10, NOS2, TNF-o, IL-12p40,
IL-10, CSF-2 and GAPDH (along with three internal controls to normalize
plate-to-plate variations). An amount of 2pug total RNA was reverse tran-
scribed using the SABiosciences RT kit (Qiagen) and expression was quantified
using SYBR green Supermix using ABI 7500 (Life Technologies, Grand Island,
NY, USA).

Western blot analysis

Peritoneal macrophages were treated with 100ngml~! LPS or 100ngml~!
MSP alone or in combination, and, at different time points, cells were washed
once with cold PBS and lysed for 15min in x 1 lysis buffer (Cell Signaling
Technology) containing protease and phosphatase inhibitors (Sigma-Aldrich,
Valencia, CA, USA). Clarified cell lysates were resolved on a 4-16% SDS
polyacrylamide gel and transferred to nitrocellulose. Membranes were blocked
and probed with appropriate antibodies. Proteins were detected by fluores-
cence-labeled antibodies using the LI-COR scanner (LI-COR Biosciences,
Lincoln, NE, USA).

Measurement of cytokines and chemokines

Cytokines and chemokines secreted in the conditioned media were quantified
using the mouse Group-I 23-plex panel (Bio-Rad Laboratories, Hercules, CA,
USA) according to the manufacturer’s protocol. Selected cytokines and
chemokines were quantified by ELISA (R&D Systems) according to the
manufacturer’s protocol.

Carcinogenesis models

Skin carcinogenesis: a dorsal area of mouse skin was shaved 24 h before the
application of 100 nmole DMBA dissolved in 50 pl acetone using a micropipette.
After 7 days, 40nmole 12-0-TPA (Sigma-Aldrich) was applied to each
mouse using a micropipette. TPA application was continued twice a week
until papillomas started appearing. The papillomas were counted every week
until the end of the study. Fibrosarcoma tumor initiation: FVB (wild-type) or
FVB.RON-KD mice were inoculated subcutaneously in the hind flank with
100 pg of methylcholanthrene (MCA; Sigma-Aldrich) in 0.1 ml of corn oil
(Sigma-Aldrich), as previously described.3® Mice were assessed weekly for
tumor development from 30 days after MCA treatment. Transplantable tumor
cell model: a fibrosarcoma tumor cell line was derived from an MCA-induced
sarcoma as previously described.3’ Cells were suspended in 200 ul PBS and
injected subcutaneously into mice. Mice were monitored twice in a week for
tumor growth. For CD8 T-cell depletion experiments; 10mg per kg of
anti-CD8 (clone 2.43 were delivered by intraperitoneal injection on days
—7, —4, —1, +2 and + 5 during fibrosarcoma tumor cell engraftment.

Analysis of macrophage infiltration in papillomas by
immunohistochemistry

Immunohistochemical analysis was performed on 5-pum-thick formalin-fixed,
paraffin-embedded tissue sections mounted on glass slides. Macrophage
staining was performed using anti-F4/80 (clone BM8).
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