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Abstract: The advent of immune checkpoint blockade as a new strategy for immunotherapy has
changed the outlook for many aggressive cancers. Although complete tumor eradication is
attainable in some cases, durable‘clinical responses are observed only in a small fraction of
patients, underlining urgent need for improvement. We previously showed that RON, a receptor
tyrosine kinase expressed in. macrophages, suppresses antitumor immune responses, and
facilitates progression and metastasis of breast cancer. Here, we investigated the molecular
changes that occur downstream of RON activation in macrophages, and whether inhibition of
RON€an cooperate with checkpoint immunotherapy to eradicate tumors. Activation of RON by
its ligand, MSP, altered the gene expression profile of macrophages drastically and upregulated
surface levels of CD80 and PD-L1, ligands for T-cell checkpoint receptors CTLA-4 and PD-1.

Genetic deletion or pharmacological inhibition of RON in combination with anti-CTLA-4, but
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not with anti-PD-1, resulted in improved clinical responses against orthotopically transplanted
tumors compared to single-agent treatment groups, resulting in complete tumor eradication in
46% of the animals. Positive responses to therapy were associated with higher levels of T-cell
activation markers and tumor-infiltrating lymphocytes. Importantly, co-inhibition of RON, and
anti-CTLA-4 was also effective in clearing metastatic breast cancer cells in lungs, “resulting in
clinical responses in nearly 60% of the mice. These findings suggest that RON ‘inhibitien can be

a novel approach to potentiate responses to checkpoint immunotherapy in.breast cancer.

Keywords: Immunotherapy, breast cancer, metastasis, RON «receptor tyrosine kinase, anti-

CTLA-4, anti-PD-1, MMTV-PyMT

Introduction

The ability of tumors to evade the immune system is achieved through a variety of
mechanisms. Engagement of co-inhibitory T-cell receptors, also known as checkpoint molecules,
is a common event in tumor immunoevasion. Two well-studied checkpoint receptors on T-cell
surfaces are CTLA-4.and\PD-1, for which clinically approved inhibitors are now available.!?
CTLA-4 and PD=1 can.bind to CD80/CD86 and PD-L1/L2, respectively, to counteract activation
signals initiated by‘the T-cell receptor (TCR). Blocking immune checkpoints with “checkpoint
inhibitor?,therapy was shown to be a powerful approach to release T cell inhibition in preclinical
models and is now approved by the FDA for the treatment of certain cancers.>* In some cases,
long-term durable responses and complete remissions are achieved with checkpoint inhibition,

but only a fraction of patients mount a productive anti-tumor immune response and benefit from



the treatment. To this end, numerous approaches have been proposed to potentiate responses to
immunotherapy including combination treatment with various immune-modulating drugs, or co-
treatment with chemotherapy or radiotherapy.”” A better understanding of the context in which
checkpoint inhibitors are successful, and new strategies to make them more effective, are needed

to fully realize the potential of these promising new drugs.

Breast cancer is the most common form of invasive cancer in women, and_Itis the second
leading cause of cancer-related deaths.® Although the emergence ©f targeted therapies has
resulted in improved clinical outcomes overall, more than 40,000,people succumb to this disease
every year in the U.S. alone, highlighting an urgent need for developing better treatments. It is
now appreciated that the immune system playstimportant xoles in determining breast cancer
outcomes.” Bolstered by the success of checkpeint inhibitors in other types of cancer, numerous
immunotherapy trials have been launched for “hormone receptor-positive and triple-negative
subtypes of breast cancer. Preliminary.results in trials involving inhibitors of PD-1 or its ligand
PD-L1 suggest that some breast cancer patients can benefit from checkpoint immunotherapy,

although response rates were only 10-20%.0*3

In preclinical studies, immune-competent transgenic mouse models recapitulate many
key featureS of ‘human cancers and are most appropriate for immunotherapy experiments. The
MMTV-PYMT  transgenic mouse is a well-studied experimental model in which the
Polyomavirus Middle T (PyMT) oncogene is expressed under the control of the tissue-restricted
MMTYV promoter in an immunocompetent background. MMTV-PyMT mice develop mammary

tumors with high penetrance and mimic the molecular features of hormone receptor-negative



breast adenocarcinomas.** This model has been instrumental for studying tumor-host interactions
and anti-tumor immune responses.”*® The MMTV-PyMT model has been used to test CTLA-4
or PD-1 checkpoint inhibition in combination with other therapeutic approaches such as
irradiation or inhibition of the tyrosine kinase Ax1.”®! In these studies, combination approaches
provided clinical benefit, whereas single-treatment with checkpoint inhibitors. was not
efficacious. These data suggest the utility of the PyMT model in discovering synergistic

immunotherapeutic drug combinations.

RON (also known as Macrophage Stimulating-1 Recepter, MST1R) is an understudied
receptor tyrosine kinase that shares similar structure with its'well-studied relative c-MET.?> RON
is expressed in resident tissue macrophages, anddn tumof cells of various origins.?** RON can
be activated by aberrant overexpression or Qysbinding the active form of its ligand, macrophage
stimulating protein (MSP), a constitutively secreted pro-protein found in serum. In tumor cells,
overexpression of RON results in proliferation, migration, and a more aggressive phenotype.”> %
Particularly, overexpression'@fRON in breast tumors is associated with increased metastasis and
poor clinical outcomes.’*?® [mmacrophages, activation of RON by MSP results in attenuation of
immune responses®® ** Previously, we and others have shown that host RON signaling
negatively regulatesantitumor immunity in mouse models of cancer.***** Importantly, host
RON was critical for conversion of micrometastatic lesions into overt clinical metastases, a step
that is/thought to be rate-limiting in the deadly metastatic cascade.®* Inhibition of RON activity

with a MET/RON dual kinase inhibitor BMS777607 (also known an ASLAN002)*® also blocked

metastatic outgrowth in a manner that was dependent on CD8+ T cells.*



BMS777607/ASLANO02 has been in clinical trials and exhibited a good tolerability profile and

demonstrated biological effects on RON-mediated activities.*”*°

Based on the known immunosuppressive role of RON in tumor models, we posited that
RON inhibition might provide a novel therapeutic modality in combination with cheekpoint
blockade in cancer. In this study, we discovered control of checkpoint ligand molecules by“RON,
and determined that inhibition of RON functions in combination with £heckpeint inhibitor

immunotherapy to attain better clinical responses.

Results

MSP-RON signaling activates an immunomodulatory gene expression

signature

Within the immune system, RON eXxpression is restricted to macrophages, where it regulates
inflammatory phenotypes,?3>"*,but a comprehensive understanding of the consequences of
RON activation is lackings70 elucidate specific changes in gene expression downstream of
MSP-RON signalinguin“macrophages, we performed RNA sequencing (RNAseq) analysis on
magnetically-sorted naive F4/80+ resident peritoneal macrophages from wild-type (WT) mice or
syngengicymice that lack the RON tyrosine kinase domain (RON TK-/-),*° after 7 hours of
treatment with recombinant MSP. As expected, RON TK-/- macrophages did not respond to
MSP treatment and displayed gene expression that was very similar to untreated WT

macrophages. Biological replicates of MSP-treated WT macrophages clustered together and



exhibited a distinct gene expression signature, as shown by the RNAseq sample distance matrix
(Fig 1a). With a threshold of a 2-fold change and FDR <0.01, 2934 genes were found to be
differentially expressed in MSP-treated WT macrophages in comparison with MSP-treated RON
TK-/- macrophages (1193 upregulated, 1741 downregulated). With a 4-fold change threshold
(and FDR @<0.01), this number was reduced to 823 differentially expressed ‘genes (396
upregulated, 427 downregulated) (Fig 1b). Pathway enrichment analysis revealed that-many of
these differentially expressed genes belonged to immune cell trafficking, and inflammatory
response pathways (Fig Sla,b). When MSP-treated RON TK-/- macrophages were compared
with untreated WT macrophages, the gene expression patteraywasylargely similar, confirming

that our results were dependent on the intact kinase domain,of RON (Fig 1a and S1c).

Macrophage polarization is conceptually' divided into proinflammatory (M1) and
immunomodulatory (M2) phenotypes.*,RON activation has previously been reported to skew
macrophages to the M2 phenotype and\attentiate inflammation.*> When we compared expression
levels of differentially regulated genes in our study with previously published datasets
corresponding to defined'M1'versus M2 states,** we found that RON activation did not strictly
correlate with either the M1ior M2 state (Fig S2). However, we found that RON activity was
associated with an overall immunosuppressive state. For example, macrophage genes known to
be upregulated by the inflammatory stimulus lipopolysaccharide (LPS)** were downregulated in
the presence of MSP stimulation (Fig S3a,b). Differentially expressed genes in our study were
mostly in agreement with findings reported by Chaudhuri et al., who used microarray technology
to investigate gene expression changes in macrophages 20 hours after MSP treatment®! (Fig S4).

In sum, data gathered to date suggest that MSP-RON signaling is not a simple molecular switch



for an M2 macrophage state. Rather, it activates a complex immunomodulatory gene expression
signature that ultimately suppresses CD8+ T cell activity to facilitate tumor progression and

metastasis. >3+

MSP-RON upregulates CD80 and PD-L1 expression throughy/MAPK

signaling

In the course of our analysis, we noted that MSP-RON signaling resulted in upregulation of
several immune checkpoint ligand mRNAs, with CD80 and PD4L1 being the most differentially
expressed (9.7- and 3.6-fold, respectively; Fig 1c). We analyzed protein levels of CD80 and PD-
L1, as well as the related ligands PD-L2 and{€D86,/with- flow cytometry (Fig S5). MSP-
treatment resulted in significant upregulation, of\ surface levels of PD-L1 and CD80 on
macrophages, whereas PD-L2 remained,unchanged and CD86 was downregulated (Fig 1d,e).
MSP-RON-mediated upregulation_of CD80 and PD-L1 was blocked when either of two RON-

selective kinase inhibitors, BMS777607 or merestinib (LY2801653),%°*° were added (Fig 1f).

To investigatesthewkinetics and biological requirements for CD80 and PD-L1 protein
upregulation downstream of MSP-RON, we performed a time-course analysis of MSP-treated
macrophages. Upregulation of CD80 was evident by 6 hours, while increases in PD-L1 were not
detectedwuntil 12 hours after treatment (Fig 2a). Short-term treatment of the macrophages with
inhibitors of transcription or translation (actinomycin D or cycloheximide, respectively) prior to
MSP stimulation completely abrogated MSP-mediated upregulation of CD80 and PD-L1 (Fig

2a). Since RON can signal through both MAPK and PI3K pathways to control gene



expression, 23

we tested the activity of, and the requirement for, these two signaling nodes in
the regulation of CD80 and PD-L1. Western blot analysis of MSP-treated macrophages revealed
phosphorylated forms of ERK and AKT as surrogates of MAPK and PI3K pathway activation,
respectively (Fig 2b). MSP-RON driven phosphorylation of ERK and AKT was blocked when
MEKZ1/2 or PI3K inhibitors were added to the culture (Fig 2b). MAPK pathway. inhibitors
abrogated the upregulation of both CD80 and PD-L1, whereas PI3K inhibition was only-effective

to fully block the upregulation of CD80 (Fig 2c).

Activation of JAK-STAT signaling has been shown te, upregulate PD-L1 and CD80
expression in various cell types including cancer cells<4and macrophages.*®*® We assessed
induction of STATL1/3/5 phosphorylation in MSP-treatedymacrophages in the presence of
MEK1/2 or JAK inhibitors. Upon MSP stimulation, weydetected higher levels of STATL1 serine-
727 phosphorylation, a residue knowhyto be a‘direct target of MAPK signaling® (Fig 2d).
Phosphorylation of Ser727 was unaffected by JAK inhibition, but was reduced to background
levels in the presence of MEK&/2 inhibitor. MSP-stimulation did not activate phosphorylation of
STATI1-Tyr701, STAT3:Tyr705, and STAT5-Tyr694 residues, which are phosphorylated by
JAK kinases® and \were relatively faint (Fig 2d). We then assessed whether inhibition of JAK
and/or MEK1/2 could block MSP-mediated upregulation of CD80 and PD-L1 in macrophages in
culture. Interestingly, either the MEK inhibitor or the JAK inhibitor reduced the PD-L1
upregulation to near background levels, whereas the JAK inhibitor had a statistically significant
but smaller effect on CD80 and CD86 regulation (Fig 2e). These data suggest that both JAK-

mediated tyrosine phosphorylation and MAPK-mediated serine phosphorylation of STAT



proteins may contribute to regulation of checkpoint ligands downstream of MSP/RON — but only

the MAPK-mediated effects are a direct effect of RON activation.

Inhibition of RON cooperates with anti-CTLA4 to boost antitumor

immunity

We previously demonstrated that host RON signaling suppresses CD8+ T-cell responses against
breast cancer cells, resulting in metastatic progression in mice.>* The abilityaof RON signaling to
upregulate CD80 and PD-L1, amongst a large collection of othefiimmunosuppressive molecules,
led us to hypothesize that inhibition of RON might cooperate with approved checkpoint
inhibitors such as anti-CTLA-4 (aCTLA-4) and anti-PD+1(aPD-1) to enhance anti-tumor

responses. We utilized our previously desefibed MMTV-PyMT model*®3*

to investigate this
question. However, to be able to track antigen-specific CD8+ T-cell responses we also
engineered the tumor cells to_express.a model antigen: a fragment of Lymphocytic
Choriomeningitis Virus (LCMV). nucleoprotein that produces an immunodominant MHC-I
associated peptide, NP148 (RRQASGVYM) in FVB hosts®%; hereafter referred to as PyMT-NP
tumor cells. We canfirmed “immunodominance of NP118 in FVB hosts by flow cytometric

analysis of IFNL] production in peripheral blood CD8+ T-cells from LCMV-infected mice (Fig

S6).

We first studied the effects of Ron inhibition and immunotherapy on established tumors
growing in the mammary fat pad. We transplanted PyMT-NP cells orthotopically into the

mammary fat pad and waited until tumors reached 100 mm? before randomizing mice into four



experimental groups: vehicle (DMSO), RON inhibitor (BMS777607/ASLANO002; hereafter
referred to as RONi), aCTLA-4, and RONi+aCTLA-4 combination treatment. Treatments were
applied for three weekly cycles in which RONi was administered orally five days of the week,
and aCTLA-4 immunotherapy was delivered intraperitoneally on a bi-weekly schedule,, The
presence of NP118 did not cause problems with tumor growth in immunocompetent hosts, as
evidenced by aggressive tumor growth in vehicle-treated mice (Fig 3a, black lines). Response to
therapy was assessed using two metrics: tumor growth rate and the number and proportion of

mice experiencing clinical benefit (complete or partial response to treatment; see Methods).

Mirroring findings in the clinic,**

some subjects %(mice) did not respond to
immunotherapy at all, while others experienced slower tumar,growth or eradication of the tumor
altogether. RON inhibition alone (RONi single agent) did not result in appreciable clinical
benefit, and it did not significantly reduee tumor growth rate compared to the vehicle group (Fig
3a-c). Treatment with aCTLA-4 as @&, single agent was more effective in controlling tumor
growth, and it resulted in 46%of the mice having clinical benefit. 23% of the mice in aCTLA-4
single agent-treatment group-experienced eradication of the tumor (i.e., complete response).
Strikingly, combiningsthe RON inhibitor and aCTLA-4 therapy doubled the frequency of
complete responders to 46% and provided clinical benefit in 92% of the animals (Fig 3a-c).
Mareover,ithe combination-treated group demonstrated tumor shrinkage in most mice, while the
aCTLA-4 single agent-treated group exhibited positive tumor growth rate as a whole, albeit at a
significantly lower magnitude than vehicle or RONi single agent treated groups (Fig 3c and

S7a). We also tested whether RONi could cooperate with aPD-1 treatment in the same model.

Treatment with aPD-1 as a single agent was mostly ineffective at reducing PyMT-NP tumor
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growth, and combining RONi with aPD-1 did not result in any enhancement of tumor control

(Fig 3b,c and S7a,b).

To investigate the generality of RONi-mediated potentiation of aCTLA-4
immunotherapy, we utilized the MC38 colon adenocarcinoma model in the C57BL/6wgenetic
background.”*** In this model, single agent RONi or aCTLA-4 treatment .did, not=affect
subcutaneous tumor growth (Fig S8a-c). However, while tumor shrinkage/was not, observed in
any of the mice, combination of RONi and aCTLA-4 significantly reduced.the tumor growth rate
(Fig S8c), suggesting RON inhibition can potentiate immunotherapy responses in other types of

cancers.

It should be noted that BMS777607/ASLANOQO02 can also inhibit MET and a few other
kinases, and/or could potentially affect tumor,.gfewth by acting on tumor cells directly.® To
definitively determine whether the antitumor responses in combination with aCTLA-4 were
specifically due to blockade of hast RON"signaling, we transplanted PyMT-NP cells (containing

340 and followed the same treatment

wild-type RON) into syngeneic RON TK-/- recipients
schedule. Treatment of RON TK-/- mice with vehicle did not have a significant effect on tumor
growth, which was consistent with our data in WT recipients treated with RONi (Fig 3d-f).
However, the single’agent aCTLA-4 immunotherapy in RON TK-/- hosts exhibited a remarkable
clinicalyresponse, mirroring our findings with RONi+aCTLA-4 combination treatment in WT
hosts'(Fig 3d-f and S7a-c). Further supporting the role of host RON as the target of RONi in

these experiments, we noted that treatment of RON TK-/- mice with the combination of

RONi+aCTLA-4 did not have any more effect than RON TK-/- mice treated with aCTLA-4
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alone. These findings indicate that the RONi BMS777607/ASLANOQ02 functions through

blocking host RON kinase to cooperate with aCTLA-4 immunotherapy.

Therapeutic efficacy in RONi+aCTLA-4 treated mice is associated

with improved CD8+ T-cell responses

To investigate the immune landscape of mice in each treatment group, we analyzed secondary
lymphoid organs and tumor-infiltrating lymphocytes. The frequency of#CD8+ T cells in the
spleen was significantly higher in mice treated with RONi+aCTLA-4 compared with vehicle or
single treatment groups (Fig 4a and S9). Within the CD8+ population, the proportion of PD-1
expressing cells was also higher, suggesting that the cells'were antigen-experienced. Percentages
of activated PD-1(+)CD62L (low) CD4+ and CD8+ T-cells were also greater in mice treated with
RONi+aCTLA-4 (Fig 4b,c and S9). ‘At the experimental endpoint (day 24 post-treatment),
intratumoral CD8+ T-cell infiltration was analyzed by immunofluorescence in cases where there
was tumor remaining to analyze. Despite lack of data from the best responders due to tumor
eradication, we found that intratumoral CD8+ T cell infiltration was significantly elevated when
the animals were treated¢with, aCTLA-4 single therapy or with RONi+aCTLA-4 combination
therapy (Fig 4d and S10). The frequency of intratumoral CD8+ cells trended higher in the
combination treated-mice compared to aCTLA-4 single treatment, although this difference was
not ‘statistically significant, perhaps due to the inability to acquire data from complete
responders. It is important to note that highest CD8+ cell infiltration was observed in mice that

responded to therapy in both treatment groups; there were two mice in the aCTLA-4 group that
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had very high CD8+ T cell infiltration into the tumors. These mice had partial responses (Fig

4d).

Cytotoxic T-cells eliminate tumor cells through perforin/granzyme B-mediated, lysis.”®
Intracellular staining for perforin also revealed significantly higher levels of perforin+,€R8+\I-
cells in spleens of mice treated with RONi+aCTLA-4 (Fig 4e and S11). The proportion of
perforin-expressing cells within the splenic CD8+ compartment inversely correlated with tumor
size at the endpoint in the treatment groups (Fig 4f), particularly insthe RONi+aCTLA-4
combination treatment group. PMA-ionomycin restimulation ofssplenocytes also revealed more
TNFJ-producing CD8+ T cells in the combination treatmentigroup (Fig 4g). Importantly,
tumor-infiltrating CD8+ T-cells from mice treated,with RONi+aCTLA4 displayed higher levels
of antigen-specific IFN[] production fallewing. restimulation with the NP118 peptide,
demonstrating enhanced anti-tumor immune responses (Fig 4h). These findings demonstrate that
efficacious RONi+aCTLA-4 combination therapy correlates with improved anti-tumor T cell

responses in mice.

Inhibition of RON. .cooperates with aCTLA-4 immunotherapy to

prevent métastatic outgrowth
Metastasis. IS the deadliest feature of aggressive cancers, due to drug resistance of metastatic
tumors. Many tumors have spawned micrometastases to other organs before the primary tumor is

diagnosed. These micrometastases can then grow into overt metastatic disease at distant sites,>

and adjuvant chemotherapy is intended to eliminate microscopically seeded cells. Distant
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recurrence rates for breast cancer are still between 20-30%,>

indicating the need for better
therapies to kill previously seeded micrometastases. Our previous work revealed that host RON
signaling suppressed anti-tumor CD8+ T-cell responses, allowing metastatic outgrowth of seeded
tumor cells, but RON inhibitor therapy did not completely prevent outgrowth.** Our present
results prompted us to examine the combination of RONi and aCTLA-4 in the ‘micrometastatic
setting as a potential therapeutic regimen for adjuvant therapy. MMTV-PyMT tumor cells'were
injected via the lateral tail vein into wild-type or RON TK-/- hosts to seed Breast cancer cells in
the lungs. Again, RON TK-/- hosts were used to control for off-target effects of RONI, and as a
test for complete loss of host RON tyrosine Kkinases“activity: To model established
micrometastatic disease, tumor cells were allowed to grow for, seven days before starting drug
treatment. Mice were euthanized after three weekly cycles:.of treatment with RONi and aCTLA-4
as single agents or in combination. At the ‘endpeint, analysis of the clinical response was
performed by assessing tumor burdendin the lungs and by quantifying the number of mice that

had visible metastatic lesions versusthose that had no apparent macrometastases. Histology was

then performed to determine,theiextent of tumor clearance.

Wild-type animals inithe vehicle treatment group exhibited aggressive metastatic tumor
growth, with 100% of mice having overt metastasis in which approximately 40% of the lung area
was _covered with tumors (Fig 5a-c and S12a). Single-agent RONi treatment did not result in
complete tumor clearance in any of the mice (Fig 5a,b and S12b). The metastatic tumor area
was lower with RONi treatment, but this difference did not reach statistical significance (Fig 5b;
p=0.0555). Unlike our findings in the orthotopic tumor transplantation model, aCTLA-4

immunotherapy did not provide a significant clinical benefit in wild-type animals over the
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vehicle control, with only 1/12 (8%) of mice protected from metastasis (Fig 5a-c and S12c). In
contrast, although combining RONi and aCTLA-4 was not sufficient to completely eliminate
metastases in any of the wild-type animals, it significantly reduced the area occupied by
metastases (Fig 5a-c and S12d). To assess the effect of complete RON kinase loss of funetion in
this setting, and to control for any off-target effects of RONI, we carried out similar experiments
with RON TK-/- host animals. Similar to our findings in wild-type mice treated with RONT; lack
of host RON signaling alone (RON TK-/- hosts treated with vehicle control), was not enough to
provide tumor clearance, although it reduced metastatic area signifieantly (Fig 5a-c and S12e).
This observation is consistent with our previously publishedsresults;>* Importantly, treatment of
RON TK-/- animals with RONi did not make a significant difference, indicating that off-target
effects are not a concern in this model (Fig 5a-c andy,S12f). Strikingly, treatment of RON TK-/-
mice with aCTLA-4 (dual inhibition of RON and CTLA-4) resulted in 42% of mice experiencing
complete clearance of macrometastases, and, significantly lowered tumor burden in the remaining
mice, to under 2% of lung area (Fig'5a-c and S11g). Upon histological analysis, we could find
occasional micrometastases,in seme of these animals (see Fig S13 for representative images),
suggesting that, although dualdnhibition of RON and CTLA-4 led to remarkable tumor control in
most mice, some“of thestumor cells were not killed. As expected, combination treatment with
RONi and aCTLA=4 in RON TK-/- hosts did not significantly enhance responses compared to

aCTLA-4single-agent treatment in RON TK-/- mice (Fig 5a-c and S12h).

We proceeded to analyze systemic and local immune responses in these mice via flow
cytometry and immunofluorescence. Similar to our findings in the orthotopic tumor experiments,

intracellular staining of CD8+ splenocytes revealed the highest frequencies of perforin
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expression in RON TK-/- mice treated with aCTLA-4 (or with RONi+aCTLA-4) (Fig 5d), which
correlated with tumor eradication (Fig 5a-c). Wild-type and RON TK-/- mice treated with
vehicle had similar frequencies of activated, PD-1 expressing CD62L(low) splenic CD4+ and
CD8+ T cells (Fig Sl4a,b). However, treatment with aCTLA-4 immunotherapy alone, or
RONi+aCTLA-4, resulted in significantly elevated levels of PD-1(+)CD62L(low) CD4 and
CD8+ splenocytes (Fig S14a,b). Interestingly, combination therapy in RON TK-/- mice resulted
in slightly higher levels of these populations, suggesting potential off-target or on-target non-
RON effects of BMS777607 inhibitor in the immune system (Fig S14a,b).that did not improve
tumor control (Fig 5a-c). When we analyzed the infiltration"of CD8# cells into the metastatic
nodules (despite lack of data from the best responders‘due taycomplete tumor eradication), we
observed the higher levels of infiltration when the,mice”were treated with RONi+aCTLA-4
combination therapy (Fig 5e,f). The highest levelstof CD8+ cell infiltration was observed in
RON TK-/- animals treated with aCTLA-4 alone, or in combination with RON inhibitor. As
expected, RON inhibitor did not provide an advantage over aCTLA-4 single therapy in these
mice, suggesting off-target.effects of RON inhibitor is not a concern in this model. To determine
whether aCTLA-4 immunetherapy was working through effects on T cells as expected, we
performed a similar experimental metastasis study using NOD-SCID mice, which lack functional
T and B cells. As'expected, aCTLA-4 was ineffective in these mice, and combination of aCTLA-
4 with"RON inhibitor did not provide a significant therapeutic advantage over RON inhibitor
single-therapy (Fig S15a,b). In summary, combining the RON inhibitor BMS777607 with
aCTLA-4 immunotherapy in the PyMT model of aggressive breast cancer resulted in remarkable

control of metastatic breast tumor growth in the adjuvant setting.
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Discussion

The considerable excitement around success with cancer immunotherapy centers on activating a
dynamic and adaptable immune response against heterogeneous and rapidly evolving tumors, in
order to provide a sustained positive clinical outcome. Indeed, patients who benefit from immune
checkpoint inhibitor therapy often have long-term benefit and even cures,salthough™ they
represent only a small fraction of treated patients. Significant effort«is currently focused on
improving responses to immunotherapy through combining various treatment approaches.’
Combining two immune checkpoint inhibitors, ipilimumab (2aCTLA=4) and nivolumab (aPD-1),
was approved by the FDA for the frontline treatment of melanema in 2015. Unfortunately, grade
3 and 4 treatment-related adverse events were observed in 55% of patients, twice as frequently
compared to single-treatment arms. These dataiemphasize that discovering cooperating immune
pathways that can be safely modulated to previde synergistic clinical benefit will be a key step in

improving immunotherapy qutcomes:

In this study, we show: that RON, a non-essential receptor tyrosine kinase with potent
immunosuppressive. functions; induces an immunomodulatory gene expression signature in
macrophages upon ligand-mediated activation. Among many differentially upregulated genes
were several immune checkpoint ligands, including PD-L1 and CD80, both of which required
MAPRK signaling for expression downstream of RON. Pharmacological inhibition of RON with
BMS777607/ASLANO002, or complete loss of host RON signaling through genetic means,
improved clinical responses to aCTLA-4 therapy in an immunocompetent mouse model of breast

cancer. Combining RON inhibition with aCTLA-4 immunotherapy provided clinical benefit for
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primary tumors in 92% of the animals (46% complete response), and was significantly better at
preventing progression from micrometastatic to macrometastatic disease in the adjuvant setting.
This was especially true when complete loss of RON kinase activity is achieved (RON TK-/-
model + aCTLA-4), where there were remarkable effects on clearance of metastases. Positive
clinical outcomes in RONi+aCTLA-4 treated animals were associated with higher frequencies of
splenic and intratumoral CD8+ T-cells and higher effector cytokine production,by these cells,
suggesting improvements in tumor-specific immune activation. Importantly, RON inhibition also
improved response to aCTLA-4 therapy in a separate colon cancerymodel; suggesting that our

findings are not limited to a single model or to breast cancer.

RON’s role in upregulating checkpoint ligands in"a MAPK-dependent manner raises an
interesting possibility of combining checkpoint,blockade with MEK inhibitors that are approved
or currently in clinical trials. The MAPK signaling pathway is a key regulator of cell growth and
survival, and it is overactivated in nearly*30% of human cancers®®. Two MEK inhibitors,

trametinib and cobimetinib®%°

, are currently approved for the treatment of melanoma and more
than 10 other MEK1/2 inhibitors are in various stages of clinical testing across a spectrum of
cancer types including’breast, cancer®’. In addition to its cell-intrinsic protumorigenic effects,
MAPK signaling has also been implicated in the upregulation of checkpoint ligands such as PD-
L1523, Therefore, combination of immunotherapy with MEK1/2 inhibitors has great potential to
blockddoth tumor-intrinsic and immune-mediated protumorigenic effects of the MAPK signaling

6485 several

pathway. Although MAPK signaling is important for early steps of T cell activation
studies have shown that MEK inhibitors reprogram the tumor microenvironment and potentiate

responses to checkpoint immunotherapy.®®®® In these studies, tumor growth was reduced by the
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combination of MEK inhibitors and various forms of immunotherapy, but tumors were not
completely eradicated. It would be interesting to test whether RON and MEK inhibitors can

cooperate to provide a better therapeutic outcome in the context of checkpoint immunotherapy.

Our findings reveal that MSP-RON signaling not only upregulates PD-L1gsbut also
upregulates CD80 while downregulating CD86. CD80 and CD86 can each bind, t0, CTLA-4 to
suppress T cell activation® or bind to CD28 to stimulate T cell activation/® These contrasting
effects warrant further investigation into the mechanism of how RONwminhibitors provide a
therapeutic benefit when combined with aCTLA-4 immunotherapy. ©ne possible explanation
may lie in the fact that CD80 is the preferred molecule over,CD86 in suppressing T cell
responses. Although both CD80 and CD86 cantbind to CTLA-4, they have distinct binding
characteristics and biological effects on T célls.”* GD80 was shown to have a higher affinity to
CTLA-4, when compared to CD86."%% Usingtin vivo models, others have shown that the
molecular signals delivered by CD80,and /CD86 are not necessarily redundant. For instance,
CDB80 expressed in leukemieecells was found to suppress T cell immunity while CD86 was
unable to do so.” Similarly,’\CD80, but not CD86, was found to induce allograft tolerance,
demonstrating that/CD86 cannot replace all biological functions of CD80.”*™ The profound
upregulation of CD80 downstream of MSP-RON signaling, therefore, may potently drive CTLA-
4 mediated immunosuppression even when its other known ligand, CD86, is concomitantly
downregulated. Further, blocking RON would prevent upregulation of CD80 and PD-L1, and
downregulation of CD86, potentially allowing CD86 to perform its co-stimulatory function to

activate T cells in the presence of anti-CTLA-4 immunotherapy. Our ongoing studies focus on
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further delineating the mechanisms of MSP-RON mediated immunosuppression and this

possibility will be formally investigated in our future studies.

Our results are largely consistent with previous investigations utilizing immune
checkpoint therapy in the PyMT breast cancer model. Two other studies showed no_effects,of
aPD-1 therapy on PyMT tumor growth.”®?! However, in these reports, aCTLA=Z\single“agent
treatment was also shown to be ineffective in controlling tumor growth, unlike ourtesults, which
showed 50% clinical benefit. This difference may be due to variations'in_the treatment regimens
and/or the utilization of models of different genetic backgrounds, (C57BL/6 mice as opposed to
FVB mice used in this study). The latter possibility is espeeially intriguing since it was
previously reported that host genetic makeup cantaffect tissue associated macrophage responses
and antitumor immunity.* In this context, eValuating new immune-targeting therapies in various

mouse models is essential for informingiclinical development of new compounds and biologics.

Currently, several clinical trials ‘are underway that aim to elucidate clinical safety and
efficacy of immune-checkpoint,inhibition in breast cancer. At least 15 of these trials involve
aCTLA-4, and more_than 50 others involve inhibition of aPD-1 as single agents or in
combination withyother treatment approaches (www.clinicaltrials.gov). Importantly, the RON-
selective tyrosine.kinase inhibitor used in this study, BMS777607 (also known as ASLANO002),
has completed a Phase | trial with a good tolerability profile in patients with advanced solid
tumors. Analysis of serum samples from patients treated with this RON inhibitor in the Phase |
study revealed reduced levels of bone turnover markers, which is a surrogate for RON-dependent

activity in osteoclasts®. These results suggest that therapeutic doses of BMS777607/ASLAN002
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can be achieved without significant side effects, and support further clinical investigations in

various cancer settings, now to include combination studies with aCTLA-4.

The mechanism by which host RON signaling regulates antitumor immunity still has not been
fully elucidated. In the immune system, RON expression is restricted to terminally-differentiated
macrophages. RON is reported to be expressed by resident macrophages in the bone, peritoneal
cavity, and the lungs, and also in tumor-associated macrophages (TAMS).>*\TAMs were
reported to suppress anti-tumor CD8+ T-cell responses in a mouse model.ef prostate cancer via
RON signaling.® On the other hand, RON can also attenuate inflammatory responses in alveolar
macrophages and protect mice from mortality following lung injury,™ suggesting potent control
of the immune responses in a localized manner. Supporting this view, local expression of MSP
by Dbreast cancer cells has been shown “to recruit TAMs and polarize them into an
immunosuppressive phenotype, resultifig, in enhanced tumor growth in mice.”® Therefore, while
mechanisms of action have not been fully elucidated due to our inability to selectively inhibit or
knockout RON in specific macrophage populations (e.g., TAMSs vs. resident lung macrophages),
it is clear that inhibition,0f RON has strong potential in the cancer setting through its dual roles
in tumor cells and {in thetumor microenvironment.**** In particular, the present study shows
that targeting RON{signaling in combination with anti-CTLA-4 immunotherapy may slow or

prevent breast tumor growth, including the emergence of metastatic disease.
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Materials and Methods

Mice and Tumors

All animal procedures were carried out in accordance with the University of Utah Institutional
Animal Care and Use Committee approval. RON TK-/- mice in FVB backgroundwere described
previously.”’ 4-6 week old wild-type (FVB) and FVB RON TK-/- female'mice were used in
immunotherapy experiments. For macrophage studies, 6-8 week old'wild=type (FVB) and FVB
RON TK-/- female mice were used. Tumor cells were derived from'spontaneous tumors arising
in transgenic FVB MMTV-PyMT mice, and were engineered'to express mouse MSP and the
NP118 immunodominant peptide through, retroviral transduction and subsequent positive
selection with 5 pg/ml puromycin (PyMT-NP eells). Tumor cells were cultured in DME:F12
medium (Gibco, Invitrogen) supplemented with fetal bovine serum (10%) (Gibco, Invitrogen),
insulin-transferrin-selenium:ethanolamine (1x) (Gibco, Invitrogen), recombinant murine EGF
(20 ng/ml) (Invitrogen), hydrocortisone (1 pg/ml) (Sigma), penicillin-streptomycin-gentamycin

(Gibco, Invitrogen)(1X)foria maximum of 4 days using previously described methods'®*

prior
to injection into mice:"MC38 colon carcinoma cells were purchased from Kerafast (Boston,
USA), and maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing high glucose
and  GlutaMAX (Gibco), supplemented with heat-inactivated fetal bovine serum (10%),

nonessential amino acids (0.1 mM), sodium pyruvate (1 mM), penicillin/streptomycin (100

U/ml), gentamycin (50 mg/ml) and HEPES (10 mM).
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Macrophage isolation and analysis

F4/80+ peritoneal macrophages were magnetically sorted (Miltenyi Biotec, GmbH) from
peritoneal lavage fluid from female wildtype and RON TK-/- mice, into chilled tubes pre:ceated
with 5% FBS in PBS overnight. For RNAseq experiments, 750,000 F4/80+ macrophages per
well were cultured in 24 well-plates in 500 uL of DMEM medium supplemented with10% FBS
and penicillin/streptomycin (Gibco). RON signaling was activated by thesaddition of 100 ng/mL
recombinant human MSP (R&D Systems). After 7 hours of culturesin MSP- or vehicle-
containing medium, total RNA was isolated using the RNeasy, Mini Kit (Qiagen, MD, USA)
according to manufacturer’s protocol. RNA quality wasymeasured by using the TapeStation
system (Agilent, CA, USA). RNAseq library preparation®was performed with polyA selection
(TruSeq stranded mRNA library preparation, kit; Illumina) prior to 50-cycle single-end
sequencing on the lllumina HiSeq 2500 seguencing platform. Sequence reads were mapped to
the mouse genome, and DESeq2 algorithm’’ was used to assess differentially-expressed genes.
Differentially-expressed genes th.our study were compared with published gene sets by using
Gene Set EnrichmentwAnalysis (http://www.broad.mit.edu/gsea/).”® Pathway enrichment was

assessed by using Ingenuity Pathway Analysis software (IPA, Qiagen, MD, USA).

For,assessment of checkpoint ligand protein regulation, macrophages were stimulated
with 200 ng/mL MSP for 24 hours. To test the requirement for RON kinase activity in this
setting, cells were pre-incubated with 1uM BMS777607 or merestinib (LY2801653) (Selleck
Chem) for 1 hour prior to addition of MSP. To test the requirement for transcription or

translation in ligand upregulation, cells were preincubated with actinomycin D (1 pg/mL) or
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cycloheximide (10 pg/mL) 30 minutes prior to addition of MSP and cells were collected for flow
cytometry analysis at time points between 0 and 24 hours later. To assess effects of MAPK and
PI3K activity downstream of MSP/RON, cells were lysed with Pierce IP buffer (Thermo Fisher)
15 minutes after stimulation with 100 ng/mL MSP. Western blot analysis was performed,with
antibodies specific for pAKT, panAKT, pERK1/2, panERK1/2 and GAPDH (2:1000 primary
antibody dilution, 1:5000 HRP-conjugated secondary antibody dilution) “(Cell “Signaling
Technology). Antibodies recognizing phosphorylated forms or pan STAT1/3/5 were used at
1:250 and 1:500, respectively. To test the involvement of wvariousssignaling pathways
downstream of RON, inhibitors BKM120 (PI3Ki), PD0325901 (MEK1/2i), and SCH772984
(ERK1/2i) were each added at 0.5 uM. Ruxolitinib (JAK)was,used at a final concentration of 1
uM. Cells were pre-conditioned with inhibitors for L, hour prior to stimulation with 100 ng/mL

MSP for Western blot and flow cytometric analysis.

Flow cytometry and-histology

For macrophage experiments, cells were isolated from tissue culture plates by treating with 5
mM EDTA in PBS#(pH 7.4) for 20 minutes at 37°C and by vigorous pipetting. For
immunotherapy. experiments, splenocytes were prepared directly from mice by physical
dissociation via pressing between two microscope slides followed by red blood cell lysis with
ammenium-chloride-potassium (ACK) buffer and filtering through a 100 um nylon mesh filter.
Tumors at the endpoint were collected, minced with razor blades, and then digested with 1
mg/mL collagenase 1V (Sigma) for 1 hour at 37°C. After enzymatic digestion, tumor-infiltrating

lymphocytes were isolated by centrifugation in a 44%-56% discontinuous Percoll gradient with
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no brakes. Contaminating red blood cells were lysed with ACK buffer and samples were filtered
through a 100 um nylon mesh filter. Surface antigens were stained with fluorophore-conjugated
antibodies on ice, in PBS supplemented with 2% FBS and 0.01% sodium azide. Intracellular
antigens were stained after 4 hours of re-stimulation with PMA (50 ng/mL) and lonomyciny(250
ng/mL), or with NP118 (0.1 uM), in the presence of brefeldin A (Cytofix/Cytoperm Kit, BD
Biosciences). Stained cells were analyzed using a LSRFortessa cytometer (BD Biosciences,
USA) and FlowJo software (TreeStar, USA). Prior to staining with_fluerophore-conjugated
antibodies, samples were treated with aCD16/32 Fc-blocking antibedies, to'reduce non-specific
binding. Antibodies were purchased from BD Pharmingen andeBioseience (Thermo Fisher) and
were used at 1:400 dilution: CD8a (53.67)-PE-Cy7, CD4(GK1L.5)-eFluor450, PD-1 (RMP1-30)-
APC, CD62L (MEL-14)-Brilliant Violet 510;.CD11b+(M1/70)-eFluor506, F4/80 (BM8)-
eFluor450, PD-L1 (MIH5)-PE-Cy7, PD-L2 (T 25)-PE, CD80 (16-10A1)-PerCp-Cy5.5, CD86
(GL1)-eFluord50, TNFa(MP6-XT22)4PerCp-eFluor710, IFNy (XMG1.2)-APC-Cy7, Perforin-
PE (eBioOMAK-D), Fixable Viability Dye eFluor506/eFluor780. During analysis, cellular
debris was excluded by gating ferward scatter vs side scatter parameters, followed by gating on
live, single cells andslineage-specific subpopulations. Frequencies of cell populations were

compared using‘the Student’s T-test or with one-way ANOVA, where applicable.

Tumor-infiltrating CD8+ cells were assessed by immunofluorescence microscopy of
tumaorssections after 48-hour fixation in formalin-free zinc fixative (BD Biosciences). Tumor
tissue mircoarrays (TMA) were generated by punching paraffin-embedded tumor blocks with a
1.5 mm hollow needle at intact tumor core (excluding necrotic areas and non-tumorous tissues as

determined by a prior hematoxylin/eosin staining). Two representative regions from each tumor
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sample were selected to be transferred to recipient paraffin blocks as a TMA, unless the tumor
was too small to be sampled twice. TMA blocks were then sectioned into 3 pm-thick sections.
TMA sections were deparaffinized with CitriSolve solution, rehydrated with serial dilutions of
ethanol, followed by heat-inactivated epitope retrieval (HIER) with 10mM Sodium Citrate, pH
6.0. Non-specific blocking was performed by incubating the section with 5% bovine serum
albumin and 10% goat serum, together with FcR blocking reagent (Miltenyi Biotec, GmbH).
After the blocking, the sections were incubated with 1:400 CD8a primary antibody (clone
4SM16) (eBioscience, Thermo Fisher) overnight at 4°C followed‘by corresponding secondary
antibody conjugated with Alexa Fluor 488 fluorophore. Autofluoreseence blocking was obtained
by immersing the slide in 0.1% Sudan black. Samples were, counterstained with DAPI and
mounted with 80% glycerol. Image acquisitiontwas performed with an inverted wide-field
microscope (ECLIPSE Ti-E, Nikon) integratedwith*an Andor Clara CCD camera, and the entire
TMA punches were analyzed using/Imagel-based FIJI software. CD8+ cells were counted
manually and quantified per number of DAPI+ nuclei in non-necrotic areas. Quantification of
tumor infiltrating CD8+ T.cells, in experimental metastasis experiments was performed on 4
samples randomly selected,from each treatment group, except in cases where treatment was so
effective that @any remaining tumor had to be specifically searched for and selected for
quantification. Lungs were processed and stained similar to primary tumors and 5 separate tumor
fields-of=vision containing the infiltrated CD8+ T cells were imaged via Leica SP8 white light
laser ‘confocal microscope at 20x magnification. Computer-assisted quantification of CD8+

signal was performed by setting a common threshold for all the images by using Fiji software.”
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aCTLA-4 and aPD-1 Immunotherapy

20,000 PyMT-NP cells were transplanted unilaterally into the fourth inguinal mammary fat pads
of 4-6 week old mice. When the tumor reached 100 mm?®, mice were randomized to the following
four groups in a rolling enrollment: 1) Vehicle (DMSO); 2) RONi (BMS777607; 50 mg/kg
orally; 5 days on and 2 days off per weekly cycle); 3) aCTLA-4_(9D9; 10 mg/kg
intraperitoneally; twice per weekly cycle), and 4) RONi+aCTLA4 eombination (same dose
regimens). In applicable experiments, 4 mg/kg aPD-1 (4H2) was delivered.intraperitoneally three
times a week until the experimental end-point. Tumors werg palpated and measured every other
day with digital calipers. Treatments continued for 4 cyelesy or until the tumor reached the
IACUC-approved ethical endpoint of 3000 mm?. Mice wefe generally sacrificed on the 24™ day
of treatment. Tumor burden at the endpoint wasiassessed in individual mice using two metrics: 1)
clinical response classification (complete response/partial response/refractory), and 2) tumor
growth rate. For the first metric, “complete response” was defined as eradication of tumor at the
endpoint. “Partial Response,was.defined to be up to 300% increase in tumor size compared to
the start of treatment*(this‘group includes partial responders with some tumor shrinkage, stable
disease, and mice with=slow-growing tumors). “Refractory disease” was defined as any tumor
exhibiting more, than 300% increase in size. In the vehicle-treated group, the average increase in
tumor Sizeywas 2316% (£291%). To calculate the change in tumor growth rate, exponential
tumor growth curves were log2-transformed to obtain linear tumor growth versus time. The slope

of the linear regression was calculated for each mouse individually (ALog2(tumor size) / Adays
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of treatment) and averaged. Statistical differences were assessed by using one-way ANOVA and

Tukey’s multiple comparison correction.

For experiments with the MC38 colon carcinoma model, 100,000 cells were injected
subcutaneously into 5-8 week old C57BL/6 mice. RON inhibitor and aCTLA-4 treatment Wwas
initiated when the tumor became palpable (~7 days post-injection) using the same treatment
regimen as in PyMT experiments. Treatment continued for 2 weekly cycles and mice were
euthanized at day 14. Tumor growth rate was calculated using the samesmethods as in PyMT
experiments, and statistical analysis was performed by using ene-way ANOVA and Tukey’s

multiple comparison correction.

For metastasis studies, we modeled the adjuvant therapy setting by seeding tumor cells in
the lung, waiting 7 days, and then initiating treatment. Mice were injected with 100,000 MMTV-
PyMT cells suspended in HBSS via the“lateral tail vein. After 7 days, treatment was initiated
using the same doses and schedules ‘that were used for the treatment of orthotopically
transplanted tumors. Mice were, euthanized on day 32 and lungs were harvested and fixed in
formalin-free zinc fixative. Photographs of the metastatic lungs were taken and images were
imported to Image Jfor guantification. Metastatic tumor area was quantified as a ratio of normal

lung usingsimage.J.software.
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Figure 1. MSP-RON signaling activates an immunomodulatory gene expression signature
in macrophages.
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A. RNA sequencing.wasyperformed on F4/80 positive-sorted peritoneal macrophages treated
with MSP for 7 hours«n=3)."Euclidian distance matrix shows distinct clustering of MSP-treated
wild-type (WT)*macrophages. MSP-treated (+) and untreated (-) RON TK-/- macrophages
exhibited similar gene expression profiles. In this plot, darker color indicates higher similarity
between samples=Color key and overlaid histogram indicates the frequency of observations at a
given Euclidian distance value. B. Numbers of differentially-expressed genes as determined by
differentyfold-change thresholds. Gene sets were obtained by comparing MSP-treated WT
macrophages with MSP-treated RON TK-/- macrophages (FDR g-value <0.01). C. Changes in
MRNA expression levels of selected immune costimulatory and coinhibitory ligands. Linear fold
change was calculated in MSP-treated WT macrophages compared to MSP-treated RON TK-/-
macrophages. p-values were obtained with Benjamini-Hochberg multiple testing correction. ND:
not detected. D. Representative flow cytometry histograms of WT and RON TK-/- peritoneal
macrophages after 24 hours of treatment with (+) MSP or with vehicle control, (-)MSP.
Histograms were pre-gated on CD11b(hi) F4/80(hi) RON(+) resident macrophages (see Fig S5
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for representative flow cytometry data). Dashed lines indicate the fluorescence values at the
population peak in MSP-stimulated WT samples. E. Quantification of mean fluorescence
intensity (MFI) of indicated markers in WT or RON TK-/- macrophages (n=5 for both) with and
without MSP treatment by flow cytometry. F. Flow cytometric analysis of expression levels of
PD-L1 and CD80 in MSP-treated macrophages with or without Ron-selective kinase inhibitors
BMS777607 and merestinib (LY2801653). Two-tailed t-test was used to compare staining
intensity. (ns) p>0.05, (*) p<0.05, (**) p<0.01, (***) p<0.001, (****) p<0.0001
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Figure 2. MSP-RON signaling upregulates PD-L1 and CD80 molecules on macrophage
surfaces in a MAPK-dependent manner.
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A. Time-course flow cytometric analysis of mean fluorescence intensity (MFI) of PD-L1 and
CD80 on macrophages (+) or(-)'MSP, and in the presence or absence of actinomycin D (ActD)
or cycloheximide (CHX) (n=3). Two-way ANOVA with Tukey’s correction was used to
compare differences: B.'\Western blot analysis of macrophages 15 minutes after treatment with or
without MSP in_the presence or absence of MAPK and PI3K pathway inhibitors, PD0325901
(MEKZ1/2i) and BKM120 (PI3Ki). C. Flow cytometric analysis of surface levels of PD-L1 and
CD80 on macrophages treated with MSP for 24 hours in the presence or absence of BKM120
(PI3Ki), PD0325901 (MEK1/2i), or SCH772984 (ERK1/2i) (n=3). One-way ANOVA with
Tukey’s correetion was used to compare staining intensity. (ns) p>0.05, (*) p<0.05, (**) p<0.01,
(**%) p<0.001, (****) p<0.0001
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Figure 3. Pharmacological inhibition or genetic ablation of RON cooperates with aCTLA4,
but not with aPD1, to control breast cancer progression in mice.

Parzsnt of miica E;
SHEREE
Turnar growth rste
Alog{zlee) Adaya

A. Growth curves of orthotopically transplanted PyMT-NP tumors in wild type (WT) mice
following treatment with_wehicle _control (black; n=30); RONi alone (green; n=17); aCTLA-4
alone (blue; n=13); or RONi+aCTLA-4 (red; n=13). Each line represents tumor growth in an
individual mouse. The=vehicle-treated group is overlaid on each graph for comparison purposes.
All treatment was initiated when the tumors reached 100 mm? in size (day 0). The dashed line
indicates the partial ‘response cutoff of 300% increase in tumor size (two tumor doublings).
Color-coded arrows/indicate average percent change in tumor size at the endpoint (day 24) B.
Percent of mice,in"each treatment group categorized as refractory to treatment or showing partial
or.complete response. Statistical analysis was performed via Fisher’s exact test, comparing the
numberstef_refractory tumors and tumors with clinical benefit (complete response and partial
respanse combined). Tumor growth curves for aPD-1 experiments are shown in Fig S7b (aPD-1,;
n=14) (RONi+aPD-1; n=16) C. Change in tumor growth rates with treatment, compared between
groups using one-way ANOVA and Tukey’s correction. Log-transformed growth curves for each
mouse are shown in Fig S7a,c. D. Growth curves of orthotopically transplanted PyMT-NP
tumors in RON TK-/- hosts: WT vehicle (black; n=4); RON TK-/- vehicle (green; n=12); RON
TK-/- aCTLA-4 (blue; n=13); RON TK-/- RONi+aCTLA-4 (red; n=12). Mice were treated as in
panel A. E. Percent of mice in each RON TK-/- treatment group categorized as in panel B. F.
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Change in the growth rate of tumors following treatment in RON TK-/- hosts. Log-transformed
growth curves for each mouse are shown in Fig S7d. (ns) p>0.05, (*) p<0.05, (**) p<0.01, (***)
p<0.001, (****) p<0.0001
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Figure 4. RONi+aCTLA4 therapeutic efficacy is associated with improved CD8+ T-cell
responses.
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A. Flow cytometric analysis of CD8+4I cell frequency in spleens at the experimental endpoint,
shown for each treatment group. CD8+.cells were pre-gated on single live cells; complete flow
cytometry plots are shown in Fig S8. B-C. Frequency of PD1-expressing CD62L(low) cells
within the splenic CD8+ (B) and«€D4#+¢(C) T-cell compartments. D. Immunofluorescence
analysis of CD8+ cells within tumors/that remained after treatment. The percentage of CD8+
cells within the tumor was calculated-as a ratio to DAPI+ cells. Data points represent individual
mice. Unfilled points represent tumors that responded to therapy and black filled points depict
refractory cases as shown.in Figure 3. Representative images of immunofluorescence are shown
in Fig S9. E. Frequeney of perforin-expressing CD8+ T-cells in spleens at the experimental
endpoint, shown for.each treatment group. F. Correlation plots showing log2-transformed tumor
size versus perforin#CD8+ splenocyte frequency at the endpoint. G. Frequency of TNF+
expressing.splenic CD8+ cells following restimulation with PMA and ionomycin. H. Frequency
of IFNO# tumor-infiltrating CD8+ T-cells following restimulation with the tumor-specific
NP118 peptide! Data in G and H were normalized to unstimulated controls for each mouse, and
flow, cytometry plots and gating for intracellular stains are shown in Fig S10. Statistical
comparisons were performed with one-way ANOVA with Tukey’s correction. (ns) p>0.05, (*)
p=<0.05, (**) p<0.01, (***) p<0.001, (****) p<0.0001.
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Figure 5. Pharmacologic inhibition or genetic ablation of host RON cooperates with
aCTLA-4 immunotherapy to block the metastatic growth of breast cancer cells.
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A. Representative images of fixed lungs from mice treated with three weekly cycles of vehicle,
RONI, and/or aCTLA4(n=12 per group). Micrometastatic cells were allowed to grow for 7 days
prior to treatment initiation to model adjuvant therapy. Yellow arrows show metastatic tumors on
the red background of the lung. Images from each mouse are shown in Fig S11a-h. B. Analysis
ofthe,percentdung area covered by macrometastatic colonies in wild-type (WT; black bars) and
RON TK-/=rhosts (gray bars). C. Frequency of mice exhibiting overt metastasis in lungs (black
bars) versus no visible tumors (white bars). Statistical analyses were done using Fisher’s exact
test. D. Frequency of perforin+ CD8+ splenic T-cells in each treatment group. E. Representative
images of lung metastatic tumor-infiltrating CD8+ T cells (green) overlaid with the nuclear
DAPI staining (blue). White lines outline the margin of the metastatic nodule in the lung
sections. Scale bar indicates 25 pum in length. F. Quantification of metastatic tumor-infiltrating
CD8+ T cells. 4 mice per each treatment group and 5 fields of vision per each mouse were
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analyzed. Amount of CD8+ cell infiltration is reported as the frequency of nucleated cells within
the metastatic nodule. Statistical analyses were performed using one-way ANOVA with Tukey’s
correction. (ns) p>0.05, (*) p<0.05, (**) p<0.01, (***) p<0.001, (****) p<0.0001
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