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Abstract

Expression of the TAM (TYRO3, AXL, MER) family of
receptor tyrosine kinases (RTK) has been associated with
cancer progression, metastasis, and drug resistance. In
immune cells, TAM RTKs can dampen inflammation in
favor of homeostatic wound-healing responses, thus poten-
tially contributing to the evasion of cancer cells from
immune surveillance. Here we characterize the small-mol-
ecule RXDX-106 as a selective and potent pan-TAM RTK
inhibitor with slow dissociation kinetics and significant
antitumor activity in multiple syngeneic tumor models.
Expression of AXL and MER on both immune and tumor
cells increased during tumor progression. Tumor growth
inhibition (TGI) following treatment with RXDX-106 was
observed in wild-type mice and was abrogated in immuno-
deficient mice, suggesting that the antitumor activity of
RXDX-106 is, in part, due to the presence of immune cells.
RXDX-106–mediated TGI was associated with increased
tumor-infiltrating leukocytes, M1-polarized intratumoral

macrophages, and activation of natural killer cells. RXDX-
106 proportionally increased intratumoral CD8þ T cells and
T-cell function as indicated by both IFNg production and
LCK phosphorylation (pY393). RXDX-106 exhibited its
effects via direct actions on TAM RTKs expressed on intra-
tumoral macrophages and dendritic cells, leading to indirect
activation of other immune cells in the tumor. RXDX-106
also potentiated the effects of an immune checkpoint inhib-
itor, a-PD-1 Ab, resulting in enhanced antitumor efficacy
and survival. Collectively, these results demonstrate the
capacity of RXDX-106 to inhibit tumor growth and progres-
sion and suggest it may serve as an effective therapy against
multiple tumor types.

Significance: The pan-TAM small-molecule kinase inhibi-
tor RXDX-106 activates both innate and adaptive immunity to
inhibit tumor growth and progression, indicating its clinical
potential to treat a wide variety of cancers.

Introduction
Immune checkpoints can block cell expansion/activation,

abrogate the immune response, and initiate return to homeosta-
sis, but tumors have pathologically coopted these pathways to
restrict effective antitumor responses (1). Targeted inhibition of
these negative regulatory checkpoints has emerged as viable and

promising immunotherapies for cancer (2). Antibodies that block
CTLA-4, PD-1, or PD-L1 show clinical efficacy by boosting CD4þ

Th cells or by restoring activity of exhausted CD8þ T cells,
respectively (3, 4). Nevertheless, the response rate to checkpoint
blockade remains �30% for many cancers, in part, due to the
suppressive milieu in the tumor microenvironment (TME) stem-
ming from suppressive innate immune cells, including myeloid-
derived suppressor cells (MDSC; ref. 5),M2-likemacrophages (6),
dysfunctional dendritic cells (DC; ref. 7), and natural killer (NK)
cells (8). Presumably, therapies that activate/polarize the innate
immune system could synergize with checkpoint inhibitors to
boost antitumor effects of the adaptive immune system (9).

One group of checkpointmolecules that regulate innate immu-
nity are the TAM RTKs–TYRO3, AXL, andMER, which are broadly
expressed on several immune cell lineages, including macro-
phages, DCs, and NK cells (10). With their ligands, GAS6 and
PROS1, TAM RTKs help to resolve inflammatory signals and
participate in wound healing. In Mertk�/� mice, inefficient clear-
ance of apoptotic cells by monocyte-derived and epithelial cells,
a process dependent on MER activation by GAS6 or PROS1
complexed with externalized phosphatidylserine (PtdSer) on
apoptotic bodies (11, 12), leads to aberrant accumulation of
apoptotic material, instigating inflammation. MER also sup-
presses the M1macrophage/pro-inflammatory cytokine response
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while enhancing the M2macrophage/anti-inflammatory produc-
tion (13–15). On antigen-presenting cells (APC), Toll-like recep-
tor (TLR) signaling upregulates AXL, which complexes with the
type-I interferon receptor (IFNAR1), eliciting negative feedback
on further TLR signaling (16). In addition, activated CD8þ T cells
upregulate PROS1 and externalize PtdSer; this complex, in turn,
stimulates TAM receptors on APCs, reducing APC activity (17).
Furthermore, TAM triple knockout mice (TAM TKO), although
gestationally viable, develop chronic inflammation and systemic
autoimmunity, multiple organ defects, and massive lymphopro-
liferative disease due to overactivation of the innate immune
system and failure to clear apoptotic debris, leading to engage-
ment of the adaptive immune response (18).

Abnormal overexpression of TAM RTKs and/or GAS6 has been
documented in a wide range of malignancies (14, 19, 20). In
contrast to its perceived inhibition of immune cell signaling, TAM
receptor activation in tumor cells promotes survival and tumor-
igenicity (21, 22). In the TME, where resources such as oxygen and
nutrients are scarce, TAMRTKsignalingmaybe critical inproviding
survival cues (20, 23), while promoting chemoresistance, colony-
forming potential, invasion/motility, and induction of epithelial-
to-mesenchymal transition (EMT; refs. 14, 20, 21, 24). Thus, TAM
RTKs may both dampen inflammation and activate/promote
cancer cell progression, encouraging development of therapeutic
agents that inhibit TAM receptors for cancer immunotherapy.

The frequent observation of �2 TAM RTKs coexpressed on
immune cells (25) and the normal phenotype of single- or
double-TAM knockout mice in contrast to the autoinflammatory
and autoimmune phenotype of the TAM TKO (18), suggests a
redundancy in TAM receptor activity in innate immune cells.
Indeed, in response to selective TAM RTK agents (i.e., anti-
AXL–specific inhibition), cancer cells upregulate other TAM RTK
family members as a mechanism of resistance (26). In this report,
we document the characterization of RXDX-106, a novel small-
molecule inhibitor of all three TAM RTKs. RXDX-106 blocked
TAM RTKs on both tumor and immune cells, both in vitro and
in vivo. This activity reduced tumor progression, even in tumor
cells that do not respond to TAM RTK inhibition, suggesting that
RXDX-106 activated antitumor immunity. Indeed, RXDX-106
directly activated macrophages, leading to activation of NK and
T cells, restoring tumor immunity. These results confirm the
negative checkpoint activity of TAMs in tumor immunity and
support the use of RXDX-106 to tip the immune rheostat in favor
of an effective antitumor immune response.

Materials and Methods
Cell lines and reagents

Cell lines were purchased from Kerafast (MC38), Sigma-
Aldrich (EMT-6), ATCC (CT26, NIH3T3), or DSMZ (Ba/F3),
respectively, and maintained at �passage 10. Cell line authenti-
cation and pathogen testing was performed to confirm cell line
identities and pathogen-free status (includingMycoplasma testing;
IDEXX BioResearch). Micronized anhydrous free RXDX-106
(CEP-40783) was synthesized at Base Micro Technologies. Anti-
bodies and qPCR primers utilized are listed in Supplementary
Tables S1–S4.

In vivo studies
RXDX-106 in vivooral dosing solutionwasmade by suspending

RXDX-106 in equal parts Oleic Acid (Thermo Fisher Scientific)
and PEG400 (Sigma-Aldrich) at a concentration of 1 or 3mg/mL,

and animals were dosed orally every day. Female C57BL/6,
BALB/c, athymic nude, BALB/c nude, SCID Beige, and CD45.1
C57BL/6 mice between 6 and 7 weeks of age were ordered from
Charles River. C57BL/6 MMTV-PyMT (PyMT) female mice were
bred in-house [University of California, San Diego (UCSD), San
Diego, CA]. CD45.1.2 C57BL/6 mice were a kind gift from Dr.
John Chang (University of California, SanDiego, SanDiego, CA).
Bones from Axl�/�Mertk�/� (AM) double knockout (AMdKO)
micewere a kind gift fromDr. Greg Lemke (Salk Institute, La Jolla,
CA). Animal experiments were conducted in accordance with
guidelines established by the Explora Biolabs Institutional Ani-
mal Care Use Committee (IACUC; Ignyta ACUP# EB15-050).

Cells (1 � 106 cells/mouse, unless otherwise indicated) were
implanted subcutaneously on the right flank of each mouse.
Tumor-bearing mice were randomized and treated orally every
day with vehicle or RXDX-106 at 30 mg/kg or at indicated doses.
For studies with NIH3T3 cells expressing TYRO3, AXL, and MER,
SCID/Beige animals were inoculated and treated on the indicated
day with RXDX-106 orally every day when mean tumor volume
reached approximately 140, 60, and 150 mm3, respectively.

For TGI combination studies with anti-PD-1 antibody, MC38
and CT26 cells were implanted subcutaneously in the right flank
of C57BL/6 and BALB/cmice, respectively.Micewere randomized
and treated when tumors reached 130mm3. Animals were treated
with 30 mg/kg RXDX-106 (orally every day) � antibodies (intra-
peritoneally, two times/week; 10mg/kg anti-PD-1 antibody or rat
IgG2a antibodies). Survival was monitored for a maximum dura-
tionof 60daysor until tumor volume reached2,000mm3. Isotype
antibody had no effect on tumor growth. For immunophenotyp-
ing and RNA-seq combination study, animals were treated for 7
days with either vehicle or RXDX-106 (orally every day) � anti-
bodies (anti-PD-1 antibody or rat IgG2a antibodies (10 mg/kg)
intraperitoneally 2�/week. PyMT mice were treated orally every
day with vehicle or RXDX-106 at 30 mg/kg at tumor onset.

Generation of bone marrow chimeric mice
Eight-week-old female CD45.1micewere irradiatedwith 1,000

cGy and intravenously injected with 5 � 106 bone marrow (BM)
cells fromWT CD45.2 or AMdKOCD45.2, respectively. For some
experiments, CD45.1mice were intravenously injected with bone
marrow cells from WT CD45.1.2 and AMdKO CD45.2 at a 1:1
ratio. Proper reconstitution was tested by FACS analysis of cheek
blood after 6 weeks.

In vivo proliferation determined by BrdU incorporation
Mice were subcutaneously inoculated with 1 � 105 MC38/

mouse and treated with 30 mg/kg RXDX-106 (or vehicle) for 1
week after tumors reached a size of 400 mm3. Forty-eight and 24
hours before harvest, mice were intraperitoneally injected with 1
mg of BrdU/mouse (eBioscience). Tumor-draining lymph nodes
(LN) and tumors were harvested and single-cell suspensions were
stained for BrdU expression after DNase treatment according to
the manufacturer's protocol. Samples were analyzed by FACS.
Differences shown are not significant. Animals were housed in the
UCSD Animal Care Facility, and all experiments were conducted
in accordance with guidelines established by the UCSD IACUC
(protocol #S06201).

Immunophenotypical analysis
For immunophenotyping, MC38 tumor-bearing mice were

dosed orally every day with vehicle or RXDX-106 for 7 days or
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as indicated. Dissociated tumor cells were washed with PBS,
stained with Fixable Viability Stain 780 (BD Biosciences) for
30 minutes at 4�C, and washed with FACS staining buffer. Cells
were blocked with Mouse FcR Blocking Reagent (Miltenyi Biotec)
prior to staining, and then cells were stained with antibodies for
30minutes at 4�C.Afterwashingwith FACSbuffer, cellswerefixed
with 1% paraformaldehyde. For intracellular staining of FoxP3
and IFNg , Foxp3/Transcription Factor Staining Buffer Set
(eBioscience) was used following themanufacturer's instructions.
For detection of intracellular phospho-TAM, tumors were collect-
ed anddissociatedwith 1mmol/LNa3VO4.Cellswerefirst stained
for surface markers, permeabilized with BD Cytofix/Cytoperm,
and stained with phospho-TAM antibodies. Samples were
acquired on BD FACS Celesta flow cytometer (BD Biosciences)
and data analyzed with FlowJo software.

Statistical analysis
Statistical analysis was done either by ANOVA or two-tailed t

test using GraphPad Prism (version 6.07; GraphPad Software,
Inc.). �, P (t test) or FDR <0.05; ��, P or FDR <0.01; ���, P or FDR
<0.001; ����, P or FDR <0.0001.

Results
RXDX-106 is a pan-TAM RTK small-molecule inhibitor

The overexpression of multiple TAM receptors has been impli-
cated in driving tumor growth and metastasis across multiple
cancer types (14, 27). In addition, there is evidence of coexpres-
sion and functional redundancy of the receptors on immune cell
types includingmacrophages, NK, and T cells (28–30). Hence, we
developed RXDX-106, a small molecule, ATP-competitive inhib-
itor that targets all three TAM receptors. RXDX-106 bound to the
kinase domains corresponding to TYRO3, AXL, and MER with an
IC50 of 3.50, 0.69, and 1.89 nmol/L, respectively (Fig. 1A). In a
broader activity-based kinase screen, we found that RXDX-106 is
highly selective for the TAM RTKs with additional activity against
the highly related c-MET/RON families (Supplementary Fig. S1A).
Notably, RXDX-106 had slow dissociation kinetics indicative of a
type II mode of inhibition (31) and remained bound to the TAM
RTK targets at least 5-fold longer than other TAM RTK inhibitors
tested (Supplementary Fig. S1B and S1C), suggesting more dura-
ble in vivo pharmacodynamics (32).

To corroborate the biochemical assays, target engagement of
RXDX-106 was measured in NIH3T3 cells expressing human
TYRO3, AXL, orMER. Receptor activation and signal transduction
were dose-dependently inhibited by RXDX-106 with low nano-
molar cellular IC50s (Fig. 1B). Similarly, in a Ba/F3 cell line
dependent on the ectopic expression of human AXL expression
for cellular survival upon IL3 withdrawal, RXDX-106 inhibited
cellular proliferation and viability with an IC50 of 0.31 nmol/L
(Supplementary Fig. S1D). RXDX-106 also inhibited mouse TAM
RTKs. In bone marrow–derived or peritoneal macrophages polar-
izedwith polyI:C or dexamethasone to express either AXL orMER,
respectively, we observed dose-dependent inhibition of GAS6-
dependent cellular signaling and inhibition of TAM RTK–depen-
dent phagocytosis, a known readout for TAM RTK function
(Supplementary Fig. S1E and S1F; refs. 30, 33).

We next investigated RXDX-106 efficacy in vivo using a classic
transformation assay with NIH3T3 cells transduced with human
TYRO3, AXL, or MER, allowing them to form tumors in mice (19,
34, 35). Mice implanted with NIH3T3_TYRO3, AXL, or MER cell

lines treated with RXDX-106 showed rapid tumor regression,
demonstrating in vivo efficacy of RXDX-106 (Fig. 1C). In a more
physiologic in vivo setting, RXDX-106 inhibited the growth of
primarymousemammary tumors drivenbyoncogenic expression
of themiddle T antigen from polyoma virus (PyMT) inmammary
tissues, although the differences were not significant due to
control group variability (Supplementary Fig. S1G).

RXDX-106 efficacy is mediated by immunomodulatory
function

TAM RTKs play key roles in both survival of tumor cells and in
negative regulationof immune cell function. Todeterminewheth-
er RXDX-106 exerts its actions by targeting TAM RTKs directly on
tumor cells or via immune cells, we compared the TGI of RXDX-
106 in immunocompetent versus immunodeficient mice in three
syngeneic mouse models. RXDX-106 significantly promoted TGI
in the immunocompetent mice, whereas the effect in immuno-
deficient mice was not significant. Specifically, the TGI in the
MC38 model was 61% (P ¼ 0.016) in C57BL/6 versus 22% in
athymic nude mice at day 18 (Fig. 2A). TGI in the Renca model
was 60% (P < 0.0001) in BALB/c versus 19% in BALB/c nude
mice at day 21 (Fig. 2B). The TGI in the EMT-6 model was 74%
(P¼ 0.023) in BALB/c versus 17% in BALB/c nude mice at day 15
(Fig. 2C).

To investigate the effect of RXDX-106 on immune cells in the
TME, MC38 tumor–bearing mice were treated with 1, 3, 10, 30,
and 60 mg/kg RXDX-106 for 7 days (Fig. 2D, top), and CD45þ

TILs were measured by flow cytometry. A significant dose-depen-
dent increase in TILs was observed with RXDX-106 (Fig. 2E),
suggesting that RXDX-106 increased immune cell recruitment,
survival, or proliferation in the TME. In addition, in a timecourse
assay (Fig. 2D, bottom), this increase in immune cell infiltration
was significant by day 5 (Fig. 2F) and at the transcript level by day
3 post-RXDX-106 as indicated by an increase inPtprc (CD45) gene
expression in the TME by RNA-seq that continued through day 9
(Fig. 2G). Notably, genes induced in the TME posttreatment with
RXDX-106were almost exclusively involved in immune function,
as demonstrated by an unbiased global gene ontology analysis
(GO) in which 16 of the top 20 gene pathways induced by RXDX-
106 were immune-related (Fig. 2H; Supplementary Table S5).
To further elucidate the significance of the immune system in
mediating RXDX-106–induced TGI and to investigate the impact
of other kinases inhibited by RXDX-106 (Supplementary
Fig. S1A), we generated bone marrow chimeric mice by irradia-
tion and reconstitution with bone marrow from either WT or
Axl�/�Mertk�/� double-knockout mice (hereafter WT BM or
AMdKO BM) and transplanted them with MC38 cells (Fig. 2I).
Reconstitution was >90% in all mice. We found no difference in
tumor growth betweenWTandAMdKOBMmice at the basal state
(Fig. 2J). In line with publications on AMdKO mice (18), we
observed a hyperactivation of some immune cells in the spleen of
AMdKO BM mice, represented by more MHCIIhi macrophages
and CD44þCD4þ and CD8þ T cells (Fig. 2K). However, this
hyperactivation did not transfer to the TME, in part, explaining
why there was no TGI in MC38-challenged AMdKO BMmice. We
also observed no difference in the number ofMDSCs in the tumor
(Supplementary Fig. S5E). Importantly, RXDX-106 was not able
to inhibit tumor growth in the AMdKOBMmice (in contrast with
WT BM mice; ref. Fig. 2J), suggesting that not only is its effect on
TGI immune-mediated, but also that it solely acts on AXL and
MER on immune cells. TYRO3, c-MET, RON, or other kinases that
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RXDX-106 can inhibit (Supplementary Fig. S1A) do not seem to
play a significant role in RXDX-106–mediated TGI.

RXDX-106 directly affects TAM RTK signaling in vivo on
immune cells

Our data thus far suggest that RXDX-106 requires immune cells
in vivo to mediate antitumor responses. Because TAMs are
expressed on both tumor and immune cells, we sought to inves-
tigate whether RXDX-106 could directly kill tumor cells, leading
indirectly to immune cell activation. We therefore examined the
effect of RXDX-106 on tumor cell viability in vitro. Fig. 3A shows
that RXDX-106 was more than 100-fold less potent (IC50 ¼ 2.67
mmol/L) than staurosporine in killing MC38 cells, with an IC50

that is 1,000� higher than the IC50 to block in vitro TAM RTK
kinase activity (Fig. 1B). Proliferation of tumor cells in vivo, as
measured by Ki67, was also not affected by RXDX-106 (Fig. 3B;
Supplementary Fig. S2A), suggesting that RXDX-106's antitumor
effect was mediated by an immune response instead of direct
antiproliferative activity on the cancer cell.

We next examined the expression of TAMRTKs on tumor versus
immune cells in vivo. During tumor progression, an increase in cell
surface MER was observed on both tumor cells and tumor-
associated macrophages (TAMj; CD11bhiLy6GloLy6CloF4/80hi)
by flow cytometry, with a more significant increase observed on
TAMj (Fig. 3C; Supplementary Fig. S2B). This increase in expres-
sion was specific for TAMj, because it was not seen on mMDSCs

and gMDSCs (36). A further increase in overall MER levels in the
TME was observed in tumor samples of RXDX-106–treated ani-
mals (Fig. 3D),most likely due to drug-mediated increases in TILs
as RNA-seq analysis of F4/80þ, CD49bþ, and CD90.2þ-depleted
tumor samples did not have increases in Mertk gene expression
with RXDX-106 and only the CD45þ population had detectable
MER expression by Western blot analysis (Supplementary Fig.
S2C and S2D). Similarly, a dose-dependent increase inMertk gene
expression was observed by RNA-seq analysis of whole tumors, in
agreement with RXDX-106–mediated increases in MER-expres-
sing TILs (Supplementary Fig. S2E). Notably, despite these
increases in TAM RTK expression, a striking decrease in AXL and
MER but not TYRO3 phosphorylation was observed, demonstrat-
ing the potent inhibitory effect of RXDX-106 in the TME (Fig. 3E
and F). Inhibition of TAM RTKs by RXDX-106 occurred on both
theMC38 tumor cells andTAMj, as demonstrated by adecrease in
phosphorylated TAM RTKs (pY779) in both MHCIIhi and
MHCIIlo macrophage populations and on tumor cells (Fig. 3G;
Supplementary Fig. S2F).

RXDX-106 increases innate immune responses to mediate
antitumor effects

To further elucidate the cell types activated by RXDX-106 in the
TME, immunophenotyping was performed on MC38 TILs from
animals treated for 7 days with vehicle or RXDX-106 once mean
tumor size reached 400 mm3 (Supplementary Fig. S3A; Fig. 4A).

Figure 1.

RXDX-106 is a pan-TAM RTK inhibitor with durable target inhibition. A, Top, LanthaScreen equilibrium binding was performed and biochemical binding IC50 for
TYRO3, AXL, and MER was determined. (bottom). Table shows calculated biochemical parameters for RXDX-106 as determined by LanthaScreen Kinase:
aBinding and bRadiometric Kinase Activity Assay and cDissociation Assay. dDetermination limited to 4-hours due to signal decay. B, In vitro inhibition in NIH3T3
cells expressing human TAM RTKs. C, RXDX-106mediates tumor regression in SCID/Beige mice harboring NIH3T3_TYRO3, AXL, or MER tumors, respectively.
n¼ 10 mice/group.
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Figure 2.

RXDX-106 induces immune-mediated antitumor activity. MC38 (A), Renca (B), EMT6 tumor models in immunocompetent (top) or immunodeficient (bottom)
mice (C). Treatment started post-randomization when tumor size reached approximately 200mm3 (MC38) or 120mm3 (Renca and EMT6). D, Schematic
illustrating in vivo dosing/sample collection for dose escalation (top) or timecourse (bottom), respectively. Black arrows, dosing; red arrows, sample collection
2 hours post-dosing; UT, sample collection prior to treatment. E, CD45þ population in MC38-tumor-bearing animals treated with 1, 3, 10, 30, or 60mg/kg of
RXDX-106 for 7 days. F and G,Whole tumor global gene and protein modulations by flow cytometry (F) and RNA-seq (G) in MC38 tumor-bearing animals treated
for 3, 5, 7, or 9 dayswith 30 mg/kg RXDX-106. H, GO enrichment analysis with�log10 P values of top 20 GO terms enriched for differentially expressed genes
(defined as log2 FC >1, FDR <0.01, and FPKM >1 in�2 mice) at day 5. Red bars, immune-related pathways; n¼ 10. I and J, Lethally irradiated CD45.1 mice
transplanted with BM from CD45.2WT or AMdKOwere challenged with MC38 and tumor growth monitored post-treatment. K, Percentages of MHCIIhi

macrophages and DCs;CD69þ of NK cells; CD44þ of CD4þ and CD8þ T cells in the spleens and tumors; n¼ 5. Data are mean� SEM. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001; ���� , P < 0.0001.
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Figure 3.

RXDX-106 directly affects TAM RTKs on immune cells in vivo.A, In vitro cell viability assay in MC38 cells treated with RXDX-106 or staurosporine for 72 hours.
B–G, Tumors fromMC38 tumor-bearing mice were collected and analyzed for RXDX-106 effects on tumor cell proliferation and TAM RTK activation as illustrated
in Fig. 2D (bottom). B, In vivo effect of RXDX-106 on tumor cell proliferation (CD45�Ki67þ) by flow cytometry. C, TAM RTK expression on MC38 tumors (CD45�),
TAMj-CD11bhiLy6GloLy6CloF4/80hi, mMDSCs-CD11bhiLy6GloLy6Chi, and gMDSCs/Neutrophils-CD11bhiLy6GhiLy6Clo during tumor progression. Statistical analysis
relative to day 3.D and E, Ex vivo analysis of TAM RTK protein expression (D) and TAM RTK activation (E) in MC38 TME. F and G, Phosphorylation status of TAM
RTKs in MC38 tumors 7-day posttreatment assessed in parallel byWestern blot analysis (F) and flow cytometry (G). Data are mean� SEM; n¼ 8–10. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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Consistent with previous experiments (Fig. 2), RXDX-106 signif-
icantly mediated TGI (Fig. 4B) and increased TILs (Vehicle:
21.32% vs. RXDX-106: 38.41% in total live cells, P <
0.0001; Fig. 4C), with a striking increase in the percentage of
macrophages (vehicle: 7.43% vs. RXDX-106:16.78% in total live,
P < 0.0001; Fig. 4D). In addition, there was a dramatic increase in
MHCIIhi (M1-like) macrophages (vehicle: 18.45% vs. RXDX-106:
38.88% in macrophages, P < 0.0001; Fig. 4E) and a significant
decrease in MHCIIlo(M2-like) macrophages (vehicle: 16.15% vs.
RXDX-106: 5.78% inmacrophages, P < 0.0001; Fig. 4F), resulting
in overall polarization of macrophages to anM1-like/antitumori-
genic phenotype (Fig. 4G).

In addition to an increase in MHCIIhi macrophages, there was
also a significant increase in NK cells in the TME (Fig. 4H). Ex vivo
reactivation of NK cells in tumors with IL12/IL18/anti-NK1.1 Ab
revealed significant activation of NK cells by RXDX-106 as dem-
onstrated by increased IFNgþ NK cells from 67.8% (vehicle) to
76.0% (RXDX-106; P¼ 0.047; Fig. 4I). These phenotypic changes
were also reflected at the transcriptional level, as transcripts
associated with macrophages (F4/80þ) and NK cells (CD49bþ)
were enriched in dissociated tumors. Moreover, in macrophages,
RXDX-106 decreasedM2-related genes, Arg1, Fizz1, and Ym-1 and
increased MHCII-related genes, Ciita and H2-Ab, and Siglec1
(Fig. 4J). In NK cells, the activation genes Tnfa, Cd69, Klrg1, Il2ra,
Ifng, and Zbtb32 were increased by RXDX-106 (Fig. 4K). In
addition, VEGF transcript and protein were significantly reduced
in a dose-dependent manner throughout the study (day 3–9
posttreatment; Supplementary Fig. S3B–S3D), further indicating
innate immunemodulation. No significant changes in MDSCs or
neutrophils were observed in the TME by RXDX-106 (Supple-
mentary Fig. S3E). Finally, activation of innate cells correlated
with activation of adaptive immunity, because in the same experi-
ments, IFNg production by CD8þ and CD4þ T cells was increased
post-RXDX-106 treatment (Fig. 4L–N). In addition, increases in
TNFa, FasL, IFNg , and GranzymeB in tumor cell lysates and
increases in PD-1 on CD8þ T cells were observed with RXDX-
106 (Supplementary Fig. S4A–S4E). These cytokine modulations
and changes in overall immune cell numbers were largely unde-
tectable in peripheral blood, indicating that the effects, mediated
by RXDX-106, were limited to the TME (Supplementary Fig. S4F).

RXDX-106 enhances adaptive immune response via cell-
extrinsic mechanisms

In addition to their role in modulating the innate immune
response, TAM RTKs can also modulate activity of adaptive
immune cells like T cells (37, 38). Therefore, we examined the
effect of RXDX-106 on the adaptive immune response. Mice were
inoculated withMC38 cells such that the growth rate of the tumor
was slower relative to Fig. 4 (Fig. 5A and B). We found that RXDX-
106 significantly induced the accumulation of CD8þ but not total
CD4þ cells or Tregs in the tumor (Fig. 5C–E). The increase in
CD8þ cells (P¼ 0.0036) was likely due to enhanced proliferation
because we found increased Ki-67þCD8þ T cells after RXDX-106
treatment (P ¼ 0.0065; Fig. 5F). PD-1 expression and LCK
phosphorylation (pY393) were both enhanced compared with
vehicle treatment (Fig. 5G and H), suggesting that there might be
increased signal transduction via the TCR.

To further determine the cell type directly affected by RXDX-
106 and to better assess cell-intrinsic roles for TAM RTKs, we
generatedmixed bonemarrow chimericmice reconstitutedwith a
1:1 mixture of bone marrow from WT:Axl�/�Mertk�/� (AMdKO)

mice and treated them with RXDX-106 for 1 week after MC38
tumor establishment (Fig. 5I and J; Supplementary Fig. S5A). We
reasoned that comparing KO with WT cells would inform us
whether the inhibitor activated any immune cell type directly, in
which case, the impact of RXDX-106would be to activateWT cells
and have no impact on KO cells. We first examined the reconsti-
tution of WT and AMdKO cells in the tumor in the absence of
RXDX-106. Fig. 5K shows that AMdKO macrophages and DCs
reconstituted the tumor (but not the LN) better than WT macro-
phages and DCs, indicating a clear cell-intrinsic activity for TAM
RTKs on myeloid cells in the absence of RXDX-106. Notably, this
did not occur with T orNK cells, suggesting that TAMRTKs did not
have basal activity in these cell types. Notably, RXDX-106
increased recruitment of T and NK cells into the tumor from
bothWT and AMdKObackgrounds and increased proliferation of
both WT and KO CD8þ T cells, indicating that those cell types
could be activated indirectly by RXDX-106 (Fig. 5L). RXDX-106
likely cannot directly affect T cells because it did not have a
significant impact in in vitro T-cell proliferation cultures (Supple-
mentary Fig. S5B and S5C). Interestingly, in the mixed bone
marrow chimera setting, MHCII was increased in both AMdKO
and WT DCs and macrophages, suggesting that RXDX-106 also
had cell-extrinsic effects on the myeloid lineage (in addition to
cell-intrinsic role of TAM RTKs at the basal level in these cells). In
contrast, this increase inMHCII was not observed inmacrophages
and DCs from mice reconstituted with complete bone marrow
from AMdKO (Fig. 2I; Supplementary Fig. S5D), showing that
RXDX-106 directly affected at least these cell types. These also
suggest that RXDX-106 affects antigen presentation in the TME,
which might be one reason for increased T-cell proliferation and
TGI. Altogether, we conclude that RXDX-106 acts directly on WT
macrophages and DCs in the chimeric setting, resulting in addi-
tional indirect effects onKO immune cells, includingmyeloid and
lymphoid lineages.

RXDX-106 in combination with adaptive immune checkpoint
inhibitors

We observed that RXDX-106 led to TGI by activation of both
innate and adaptive cells, but the response remains partial (typ-
ically <60%). Notably, we found that PD-1 expression on CD8þ

cells was markedly increased (Fig. 5G; Supplementary Fig. S4E).
Therefore, we evaluated the antitumor activity of RXDX-106 in
combination with an anti-PD-1Ab in MC38 (Fig. 6A and B) and
CT26 (Fig. 6C and D) syngeneic mouse models. In the MC38
model, animals treated with RXDX-106 alone or anti-PD-1Ab
displayed similar TGI (TGI ¼ 56% and 66% at day 17,
respectively; Fig. 6A), but when given in combination, signifi-
cantly enhanced TGI was observed (TGI¼ 86%).Median survival
was also enhanced from 17 days (vehicle), to 24, 24, and 28 days
for vehicle þ anti-PD-1Ab, RXDX-106 alone, and combination,
respectively (Fig. 6B,P¼ 0.003, 0.003, and <0.0001, respectively).
Similarly, in the CT26 model, RXDX-106 alone and anti-PD-1Ab
displayed similar TGI (TGI ¼ 44% and 43% at day 25,
respectively; Fig. 6C), although combination of RXDX-106 and
anti-PD-1Ab showed significantly enhanced TGI (76%). In addi-
tion, survival was significantly enhanced. Median survival of
vehicle, vehicle þ anti-PD-1Ab, RXDX-106 alone, and combina-
tion were 25, 28, 28, and 36.5 days, respectively (Fig. 6D).

To dissect how the combination treatment increased overall
survival, RNA-seq analysis was performed in the MC38model on
whole tumors 7 days posttreatment with vehicle or RXDX-106 �
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Figure 4.

RXDX-106 modulates the innate immune response and induces antitumoral immune response. A and B, Treatment began when average MC38 tumor size
reached 400mm3 (day 11), and immunophenotyping was performed on day 18 (24 hours posttreatment). C–K, Tumor-infiltrating leukocytes (TILs-CD45þ; C),
TAMj-CD11bhiLy6GloLy6CloF4/80hi (D), MHCIIhi macrophages (M1-like; E), MHCIIlo macrophages (M2-like; F), M1/M2 ratio (G), tumor-infiltrating NK-NK1.1þ

CD335þ (H), intracellular IFNg expression by NK cells�IL12/IL18/anti-NK1.1Ab re-stimulation (I), F4/80þmacrophages (J), and CD49bþNK cells (K) were
enriched from RXDX-106–treated, MC38-derived tumors. RT-qPCR analysis was performed 7 days posttreatment. Fold changes (blue, up; red, down) were
normalized to a control gene (18S rRNA) and are expressed relative to vehicle; n¼ 5 mice/group. L andM, Intracellular IFNg expression in CD8þ (L) or CD4þ (M)
T cells derived fromMC38-dissociated tumors� anti-CD3e/CD28Ab. N, ELISA of IFNg secretion in dissociated tumors� anti-CD3e/CD28Ab restimulation for
3 days; n¼ 8-10. Data are mean� SEM; n¼ 8–10. �, P < 0.05; ��� , P < 0.001; ���� , P < 0.0001.
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Figure 5.

RXDX-106 indirectly enhances adaptive immune responses by affecting innate immune cells. MC38 cells were inoculated at 1� 105 cells/mouse so that tumor
growth occurred over a longer time period. A and B, Treatment beganwhen average tumor size reached 400mm3/day 16, and immunophenotyping was
performed on day 23 (24 hours post-treatment). C–G, Tumor-infiltrating CD8þ (C), CD4þ (D), Treg- (CD25þFoxP3þ) (E), Ki67þCD8þ cells (F), PD-1 (G)
expression on CD8þ T cells; n¼ 10. H,Western blot analysis of whole tumors containing tumor and immune cells. I and J, Irradiated CD45.1 WTmice were
reconstituted with a 1:1 mixture of CD45.1.2 WT cells:CD45.2 AMdKO cells, challenged with MC38, and treated. Mice were intraperitoneally injected with
1 mg/mouse BrdU 48 and 24 hours before harvest. K, Ratios of AMdKO:WT in LNs and tumors. L, Percentages of MHCIIhi macrophages and DCs, NK, CD4þ, and
CD8þ T cells of CD45þ and BrdU incorporation of CD8þ T cells in the tumors; n¼ 7. Data are mean� SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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Figure 6.

RXDX-106 potentiates adaptive checkpoint inhibitors in multiple syngeneic models. In vivo efficacy of RXDX-106 in combination with anti-PD-1 antibody in
MC38 (A and B) and CT26 (C and D) models (TGI:A and C; Survival: B and D; TGI–ANOVA; Survival–Mantel Cox test). E and F, Heat maps representing gene level
expression of general immune cell markers (E) and genes implicated in M1/MHCIIhi or M2macrophage phenotypes (F) modulated relative to untreated controls,
at a significance level of FDR <0.01 and log2 FC >1. n¼ 8–10 mice/group. Data are representative of two independent experiments. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001; ���� , P < 0.0001.
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anti-PD-1 antibody. Depicted are heatmaps representing gene-
level expression of individual genes that transcribe general
immune cell markers (Fig. 6E), and genes previously implicated
in M1/MHCII high or M2 macrophage phenotypes (Fig. 6F;
refs. 39, 40). Unbiased analysis of all animals showed combina-
tion of RXDX-106 and anti-PD-1Ab increased T- and NK-cell–
related genes including genes indicating activation, such as Tbx21,
Stat4, Ifng, Klrk1 compared with single-agent treatments. Among
genes expressed inmacrophages, MHCII-related genes,Cd86, and
Ccl8 were increased and M2 macrophage–related genes, such as
Arg1 and Vegfa, were decreased in combination group. The
increases in immune activation and macrophage polarization
observed previously in either the RXDX-106 alone and anti-
PD-1Ab–treated groups was further enhanced in combination
(Supplementary Table S6), supporting the hypothesis that RXDX-
106 would act cooperatively with an adaptive checkpoint
inhibitor.

Discussion
The TAM RTKs are emerging targets for cancer therapy as

traditional oncodrivers and in immuno-oncology as key negative
regulators of the innate immune response. Upregulation of TAM
RTKs on cancer cells has been well documented, particularly as a
mechanism of resistance to both chemotoxic agents and other
TKIs and in the maintenance of EMT (14, 41, 42). Furthermore,
recent evidence suggests compensatory upregulation of TAM RTK
family members (i.e., MER) in response to selective TAM RTK
inhibition such as with AXL-specific inhibitors (BGB324; ref. 26)
and suggests that selective TAM RTK inhibition relative to pan-
TAM RTK inhibition may have limited clinical benefit. Notably,
the expression of TAM RTKs and c-MET in syngeneic tumor cell
lines is often quite low (Supplementary Fig. S6A–S6D). In the
context of the immune system, TAMRTKs are widely expressed on
macrophages, DCs, MDSCs, NK, and T cells (16, 28, 43), and can
inhibit tumor immunity. Here we demonstrate that expression of
AXL andMERon immune and tumor cells increased during tumor
progression, supporting development of RXDX-106 as a pan-TAM
RTK inhibitor for cancer immunotherapy.

In anactivity-based kinase screen,we found that RXDX-106was
highly specific for TAM RTKs with additional activity against
c-MET/RON kinase families. Although off-target activity against
LCK was observed in the in vitro biochemical assay, we did not
observe any evidence of in vivo inhibition. In fact, tumor-bearing
mice treatedwithRXDX-106had increased LCKphosphorylation/
activation (pY393), leading to increased T-cell activation in vivo,
trending toward increased proliferation. When compared with
other TAM inhibitors currently tested in preclinical or clinical
settings, RXDX-106 had slower dissociation kinetics relative to
BGB324 (AXL-specific), cabozantinib (c-MET/AXL), ormerestinib
(MST1R, FLT3, AXL,MERTK, TEK, ROS1, NTRK1/2/3, andDDR1/
2, and MKNK1/2), which may translate to more durable target
engagement and in vivo efficacy.

TAM RTK single, double, and triple knockout mice have been
generated and are completely viable with no obvious develop-
mental defects (18). However, the receptors play key homeostatic
roles in the clearance of>109 apoptotic cells daily andparticularly,
Mertk�/� and TAM TKOmice progressively develop a plethora of
phenotypes due to the inability of specialized phagocytes like
Sertoli and RPE cells in the testes and eye, respectively, to clear
PtdSer-expressing apoptotic cells/debris (11, 44, 45). RXDX-106

inhibited AXL and MER-dependent phagocytosis in vitro and
in vivo, but we did not observe accumulation of apoptotic neu-
trophils in peripheral blood or indications of global autoimmu-
nity (Supplementary Fig. S4F). In addition, tumor growth in WT
mice transplanted with AMdKO BM cells was not decreased
compared with mice transplanted with WT BM cells and the
hyperactivation of immune cells was not seen in the TME, indi-
cating that the intrinsic hyperactivated immune system of those
mice was insufficient to inhibit tumor growth.

In addition to their role in phagocytosis, TAM RTKs function to
negatively regulate the magnitude and duration of the innate
immune response. In response to pathogens, AXL is upregulated
and activated downstream of the TLR where it coopts IFNAR1 to
induce SOCS1/3 signaling (16). The importance of the TAMRTKs
in regulating the immune response is exemplified by the broad-
spectrum autoimmunity observed in the TAM TKO mice, which
have increased autoantibodies, enlarged lymph nodes, and
splenomegaly (18). In addition, TAM RTKs on NK cells may
promote tumor growth and metastasis via negatively regulating
NK-mediated antitumor response, a process that requires both the
kinase activity and Cbl-mediated internalization (28). In this
report, we demonstrate that RXDX-106 significantly increased
infiltration of immune cells into tumors (TIL) and augmented
both innate and adaptive immune responses. Using bonemarrow
chimeric mice reconstituted with a mixture of WT and AMdKO
cells, we found that RXDX-106 directly activated macrophages
and DCs (derived from WT BM) but also indirectly activated
macrophages, DCs, NK cells, CD4þ and CD8þ T cells (derived
from AMdKO BM). This indirect activation likely resulted from
increased antigen presentation and polarization of the innate
response toward an M1-like state. We also showed that the
global activation of immunity by RXDX-106 required AXL and
MER because we did not observe these effects in RXDX-106–
treated AMdKO BMmacrophages and DCs in nonchimeric bone
marrow–reconstituted animals (that lacked WT cells that could
respond to RXDX-106).

Recent reports suggest that c-MET can also play a role in
mitigating the immune response due to its expression on neu-
trophils in the context of adoptive T-cell transfer immunothera-
py (46). Although RXDX-106 is 7-fold more potent against the
TAM RTK family, we cannot rule out the possibility that RXDX-
106 may exert a minimal immunomodulatory effect through
c-MET. However, it is unlikely because we observed no TGI after
RXDX-106 treatment in mice transplanted with AMdKO BM that
still express c-MET. In addition, we did not observe changes in
neutrophil number in either the TME or peripheral blood (Sup-
plementary Fig. S4F), and only minimal expression of c-MET on
tumor cells was observed in cell lines utilized. Because RXDX-106
did not decrease tumor growth inmice that had AMdKO immune
cells, we conclude that its antitumor activity is solely mediated by
AXL and MER on immune cells, not by TYRO3 or another kinase.
It is unclear whether AXL, MER, or both need to be inhibited for
our effects. Other studies have found that inhibiting MER alone
usingUNC2025 led to tumor regression but did not fully examine
effects on immunity (47–49), in part, due to use of xenograft
models. BGB324, a specific AXL inhibitor in clinical trials, has also
demonstrated efficacy in the treatment of various cancers and also
shows immune-activating activity (50, 51).

In the TME, RXDX-106 suppressed both transcript and protein
levels of VEGF. In the TME,macrophages,MDSCs, and tumor cells
are considered to be the major sources of VEGF. We believe that
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RXDX-106 reducedVEGFproduction by tumor cells, at least as the
inciting event because: (i) reduction of VEGF protein in tumors
was observed at a lower dose (1 mg/kg) and at an earlier time
point (day 3) compared with the induction of M1 polarization of
macrophages by RXDX-106 (>30mg/kg and at day 5–9); (ii) there
was no noticeable change in the MDSCs in tumors of RXDX-106
treated mice (Supplementary Fig. S3E); and (iii) Transcripts for
Vegf in macrophages were not changed. Nevertheless, M2-like
TAMj are known to produce more VEGF than M1-like macro-
phages (52). Moreover, the interaction between tumor cells and
macrophages has been reported to increase VEGF production (53,
54), which in turn also recruits macrophage progenitors that can
then differentiate into M2-like macrophages that produce more
VEGF (55), creating a positive feedback loop (53, 54). Further
studies are required to delineate how TAM RTKs control expres-
sion of VEGF in cancer and immune cells.

We also found that RXDX-106 treatment increased T-cell acti-
vation (increased ex vivo IFNg production) and increased %CD8þ

cells. These effects were T-cell–extrinsic because RXDX-106 was
able to act on AMdKO T cells in bone marrow chimeras, possibly
by acting onWT innate immune cells that in turn activate CD8þ T
cells. To our knowledge, these studies are the first to demonstrate
the role of TAM RTKs in regulating T-cell activity. Whether TAM
RTK expression on T cells has additional direct functions still
needs to be determined. Interestingly, a previous study from
Carrera-Silva and colleagues showed that activated T cells upre-
gulate PROS1 and concomitantly externalize PtdSer. This com-
plex binds to TAM RTKs on APCs and suppresses their activi-
ty (17). It is unknownwhether this complex is also seen in tumor-
infiltrating T cells or whether T cells can present TAM RTK ligands
to other T cells.

Using two syngeneic models, RXDX-106 and anti-PD-1 had
similar effects but had more significant effects in combination.
These results suggest merit in investigating combinations with
other immune checkpoint inhibitors and identification of precise
mechanisms of action governing observed potentiation.

In summary, RXDX-106 can restore and enhance immune
function by modulating the local immune-suppressive TME. The

unique mechanisms of activating both innate and adaptive
immunity, and regulating cross-talk between immune and tumor
cells, support clinical evaluation of RXDX-106 as an immuno-
modulatory agent for the treatment of a variety of cancers.
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