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ABSTRACT
◥

The multi-receptor tyrosine kinase inhibitor XL092 has been
developed to inhibit the activity of oncogenic targets, including
MET, VEGFR2, and the TAM family of kinases TYRO3, AXL and
MER. Presented here is a preclinical evaluation of XL092. XL092
causes a significant decrease in tumor MET and AXL phosphor-
ylation (P < 0.01) in murine Hs 746T xenograft models relative to
vehicle, and a 96% inhibition of VEGFR2 phosphorylation in
murine lungs. Dose-dependent tumor growth inhibition with
XL092 was observed in various murine xenograft models, with
dose-dependent tumor regression seen in the NCI-H441 model.
Tumor growth inhibition was enhanced with the combination of
XL092 with anti-PD-1, anti-programmed death ligand-1 (PD-L1),
or anti-CTLA-4 compared with any of these agents alone in the

MC38 murine syngeneic model and with anti-PD-1 in the CT26
colorectal cancer survival model. In vivo, XL092 promoted a
decrease in the tumor microvasculature and significant increases
of peripheral CD4þT cells and B cells and decreases inmyeloid cells
versus vehicle. Significant increases in CD8þ T cells were also
observed with XL092 plus anti-PD-1 or anti-PD-L1 versus
vehicle. In addition, XL092 promoted M2 to M1 repolarization
of macrophages in vitro and inhibited primary human macro-
phage efferocytosis in a dose-dependent manner. In summary,
XL092 was shown to have significant antitumor and immuno-
modulatory activity in animal models both alone and in com-
bination with immune checkpoint inhibitors, supporting its
evaluation in clinical trials.

Introduction
MET, VEGFR2, and the TAM family of kinases (TYRO3, AXL, and

MER) play important roles in tumorigenesis (1–10). MET and TAM
kinases are widely expressed in numerous cancer types (1, 2), and are
associated with the promotion of tumor angiogenesis and cancer cell
growth, survival, invasion, and metastasis (1, 3, 4). VEGFR2 signaling
stimulates endothelial cell proliferation and tumor angiogenesis,
which facilitates tumor growth and metastasis (10). Because of the
role of these kinases in tumor biology, a number of small-molecule
inhibitors against these targets have been developed for the treatment
of cancer, including themulti-receptor tyrosine kinase (RTK) inhibitor
cabozantinib (11).

MET, VEGFR, and TAM kinases are also involved in immune cell
modulation (1, 5, 6, 12–17). MET activation increases programmed
death ligand-1 (PD-L1) expression on tumor cells and promotes
immune-suppressive neutrophil mobilization (1, 12, 13). VEGFR
activation promotes an immune-suppressive environment by increas-
ing the activity of regulatory T cells and myeloid-derived suppressor
cells, reducing tumor lymphocyte infiltration, and inhibiting the
maturation of dendritic cells into antigen-presenting cells (APC;
refs. 16, 17). The TAM kinases are broadly expressed on immune cell
lineages within the tumor microenvironment, with their activation

promoting an anti-inflammatory and immune-suppressive environ-
ment (5, 6). TAM kinase activation also decreases recruitment of
cytotoxic T cells and tumor MHC class I expression (14, 15), polarizes
macrophages toward an M2 anti-inflammatory phenotype (1), and
promotes efferocytosis, the process by which apoptotic cellular mate-
rial is internalized, thereby preventing an inflammatory response (9).
Cabozantinib, an inhibitor of these kinases, has shown significant
clinical activity when combined with immune checkpoint inhibitors
(ICI; refs. 18–21).

XL092 is a novel small-molecule RTK inhibitor whose targets
include MET, VEGFR2, and the TAM kinases TYRO3, AXL, and
MER. Presented in this article is the preclinical characterization
of XL092, including its ability to inhibit cellular RTK activity;
reduce tumor growth in vivo, both alone and in combination with
ICIs; inhibit angiogenesis; and promote an immune-permissive
environment.

Materials and Methods
Compounds and reagents

XL092 (Fig. 1A) was synthesized at Exelixis and WuXi AppTec,
as described in WO2019148044A1 (Compound # 8; ref. 22). For
in vitro assays, 10 mmol/L XL092 was prepared from dry powder
in sterile DMSO, dissolved by vortexing and sonicating, and
serially diluted in the appropriate assay media, with the final
DMSO concentration ≤ 0.4%. For in vivo studies, XL092 formula-
tions were freshly prepared prior to dosing via oral gavage using
5%/45%/50% ETOH/PEG400/H2O as a vehicle for most studies.
For MDA-MB-231 xenograft studies, XL092 was formulated using
Solutol (BASF).

Antibodies
For IHC, antibodies used were from Cell Signaling Techno-

logy for CD31 (#77699S) and for CD8 (#98941S). For
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immunoprecipitation performed for Western blot analysis, anti-
bodies used were from R&D Systems [Goat-anti-mouse antibody,
VEGFR2 (#AF644) and AXL (#AF154)]. For Western blot anal-
ysis, antibodies used were from Cell Signaling Technology
[VEGFR2 (#9698), pAXL (#5724), and cMET (#4560S)], Thermo
Fisher Scientific [pVEGFR2 (#44-1047G) and pMET (#44-88G)]
and Abcam [AXL (#ab215205)].

For flow cytometry, antibodies used for surface staining were:
PD-L1 (MIH5;ThermoFisher Scientific), PD-1 (29F.1A12; BioLegend),
CD3 (145-2C11; BioLegend), CD11b (M1/70; BioLegend), CD45
(30-F11; BioLegend), CD8 (53-6.7; BioLegend), NKp46 (29A1.4;
BioLegend), CD4 (RM4-5; BioLegend), Ly6G (1A8; BioLegend),
CD11c (N418; Thermo Fisher Scientific), F4/80 (T45-2342; BD
Biosciences), Ly6C (AL-21; BD Biosciences), MHC II (M5/114.15.2;
BD Biosciences), CD19 (6D5; BioLegend), and CD25 (PC61; BioLegend).
For intracellular staining, the antibodies used were: Arginase 1
(A1exF5; Thermo Fisher Scientific), Foxp3 (FJK-16s; eBioscience),
Ki67 (Sola15; eBioscience), IFN (XMG1.2; BioLegend), and granzyme
B (GB11; BioLegend).

Cell lines
Cell lines were purchased from ATCC (PC-3, Hs 746T, A-172,

NCI-H441, SNU-5, CT26), Thermo Fisher Scientific (293A), AcceGen
(MDA-MB-231), and NCI-DCTD Repository (MC38). Primary
human umbilical vein endothelial cells (HUVEC) were purchased
from Lonza.

For in vitro studies, human PC-3 (prostate), Hs 746T (gastric),
A-172 (brain), NCI-H441 (lung), SNU-5 (gastric), and 293A (kid-
ney) cell lines were passaged for less than 3 months and maintained
in DMEM, containing 10% FBS, 1% penicillin-streptomycin, 1%
nonessential amino acids, and 2 mmol/L GlutaMax (Gibco). The
human MDA-MB-231 (breast) cell line was maintained in L-15
medium containing 10% FBS and 1% penicillin-streptomycin. The
murine MC38 (colon) cell line was cultured in DMEM containing
10% FBS, 100 units/mL penicillin G sodium, 100 mg/mL strepto-
mycin sulfate, 25 mg/mL gentamicin, and 2 mmol/L glutamine. All
cells lines were incubated at 37�C in a humidified, 5% CO2

atmosphere and grown until 80%–90% confluent for experiments.
Primary HUVEC were passaged for less than 1 month and main-
tained in endothelial cell basal medium-2 (EBM-2, Lonza) contain-
ing supplements (EGM-2 BulletKit media, Lonza) and 1% penicil-
lin-streptomycin. HUVEC were incubated at 37�C in a humidified,
5% CO2 atmosphere and grown until 70%–80% confluent for
experiments.

All cell lines used for in vivo studies were grown in tissue culture
flasks in a humidified incubator (37�C, 5% CO2). SNU-5 cells were
maintained in Iscove’s Modified Dulbecco’s Medium (IMDM) con-
taining 20%FBS, 0.15% sodiumbicarbonate, 100 units/mLpenicillinG
sodium, 100 mg/mL streptomycin sulfate, 25 mg/mL gentamicin, and 2
mmol/L glutamine. Hs 746T cells weremaintained inDMEMcontain-
ing 10% FBS. MDA-MB-231 and NCI-H441 cells were maintained
according to ATCC-recommended culture protocols in L-15 and
RPMI1640, respectively, with 10% FBS. MC38 murine cells
were cultured in DMEM containing 10% FBS, 100 units/mL penicillin
G sodium, 100 mg/mL streptomycin sulfate, 25 mg/mL gentamicin,
and 2 mmol/L glutamine. CT26 cells were cultured in RPMI1640
supplemented with 10% FBS. In vitro experiments were performed
within 25 passages for cancer cell lines and eight passages for HUVEC
after thawing, while in vivo studies were performed within four
passages after thawing. All cells were confirmed to be Mycoplasma
negative by PCR (IDEXX).

Kinase inhibition assays
Kinase activity inhibition with XL092 was investigated using the

HTRF-KinEASE-TK assay platform from Cisbio. Reactions were
performed in 384-well white, solid bottom, nonbinding surface
plates. Compound was diluted in DMSO and then further diluted
in buffer to maintain a constant percent DMSO in the kinase
reaction. The assay was performed according to manufacturer’s
instructions with the exception that the enzyme was added last.
The fluorescence resonance energy transfer reaction was allowed
to incubate for 60 minutes at room temperature and emission at
620 and 665 nm was read on the PHERAstar FSX plate reader (BMG
Labtech). ATP competition studies were conducted by determining
IC50 values for XL092 using increasing ATP concentrations for
MET, VEGFR2, AXL, and MER. Dose–response analysis was per-
formed at ATP concentrations proximal to the Km for the respective
kinase. Nine to 11 different inhibitor concentrations were used in
384-well microtiter plate KinEASE experiments evaluating the
function of each kinase.

Kinase profiling was performed using the 33P-Phosphoryl trans-
fer radiometric kinase assay by the KinaseProfiler service of Eurofins
PharmaDiscovery ServicesUK Limited (as described in KinaseProfiler
Assay Protocol Guide Eurofins version 83.1). The KinaseProfiler
assay measured kinase catalytic activity using recombinant proteins
consisting of the active kinase domain. Dose–response experiments
were performed using nine compound concentrations in a 96-well
microtiter plate. For each assay, all compounds were prepared to
a 50� final assay concentration (50 mmol/L) in 100% DMSO,
then diluted in half-log series with the final top concentration
at 1 mmol/L. This working stock of the compound was added to
the assay well as the first component in the reaction, followed by
the remaining components. The positive control wells (100%
kinase activity) contained all components of the reaction including
2% DMSO (control for solvent effects), except for the compound of
interest. Blank wells contained all components of the reaction, with
the reference inhibitor, staurosporine. This reference compound
was used to abolish kinase activity and generated the 0% kinase
activity baseline.

Inhibition of receptor phosphorylation
Receptor phosphorylation of MET was assessed in both PC-3 and

Hs 746T cells. Receptor phosphorylation of VEGFR2, AXL, MER,
and TYRO3 was assessed in HUVEC and A-172, MERTK-transfected
293A (Genecopoeia, EX-Z8208-M02), and TYRO3-transfected 293A
(Genecopoeia, EX-Z8208-M02) cells, respectively. Cells were serum-
starved for 3–24 hours, incubated for 1 hour in serum-free medium
with serially diluted XL092, and cells without constitutively active
receptor were stimulated with human hepatocyte growth factor
(PC-3), human Gas6 (A-172), or human VEGF165 (HUVEC). For
MET assays in PC-3, cells were stimulated for 10 minutes with
recombinant human hepatocyte growth factor (100 ng/mL, R&D
Systems). ForAXLassays inA-172, cellswere stimulated for 15minutes
with recombinant human Gas6 (1 mg/mL, R&D Systems), and for
VEGFR2 assays in HUVEC, cells were stimulated for 5 minutes with
recombinant humanVEGF165 (100 ng/mL,R&DSystems). Following
treatment, cells were lysed with cold lysis buffer [20 mmol/L Tris,
137 mmol/L sodium chloride, 2 mmol/L Ethylenediaminetetraa-
cetic acid, 10% glycerol, 1% NP-40 alternative, 1 mmol/L activated
sodium orthovanadate, 1 mmol/L PefaBloc SC (Sigma-Aldrich),
protease/phosphatase inhibitor tablet (Thermo Fisher Scientific)].

Lysates from stimulated cells, clarified by centrifugation, were
analyzed in the PathScan phospho-Met (panTyr) Sandwich ELISA
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(Cell Signaling Technology), the human phospho-AXL DuoSet IC
ELISA (R&D Systems), the human phospho-VEGFR2 DuoSet IC
ELISA (R&D Systems), the human phospho-MER DuoSet IC ELISA
(R&DSystems), or the human phospho-TYRO3 ELISA (Cell Signaling
Technology). Assays were performed according to manufacturer’s
instructions.

Cellular proliferation
Cells were grown in base medium (NCI-H441: RPMI1640;

MDA-MB-231: L-15; SNU-5: IMDM; HUVEC: F-12K) þ 10%
FBS þ 1% penicillin-streptomycin (complete media) at 5% CO2

and 37�C. For the assay, cells were seeded (NCI-H441: 6,000 cells/well;
MDA-MB-231: 5,000 cells/well; SNU-5: 7,500 cells/well; HUVEC:
1,500 cells/well) in 50 mL of the above complete media/well in
triplicate, except for HUVEC cells which were plated in EGM2
BulletKit media (Lonza) containing VEGF among other endothelial
growth supplements. Cells were plated in 384-well, black, clear
bottom microplates (Corning) and incubated at 5% CO2 and 37�C
overnight. Cells were then treated with serial dilutions of XL092 and
incubated for an additional 48 hours.

The Cell Proliferation ELISA, BrdU Chemiluminescent Kit (Sigma-
Aldrich) was then used to analyze proliferation according to manu-
facturer’s recommendations. Briefly, 10 mL of 0.5x BrdU labeling
solution was added to each well and plates were incubated at 37�C
for 2 hours. Labeling medium was then replaced with 75 mL of
FixDenat solution and incubated at room temperature for 30 minutes.
Medium was then removed by direct aspiration except for SNU-5 cell
plates, where plates were spun at 300 � g for 10 minutes prior to
medium removal. After fixation, the FixDenat solution was removed
via vacuum aspiration and 30 mL anti-BrdU-POD working solution
was added to each well, followed by incubation at room tempe-
rature for 90 minutes. FixDenat solution was removed following
centrifugation, followed by the plates beingwashed 3�with 75mL/well
washing solution, allowing 5 minutes of incubation between
washes. Following centrifugation and wash removal, 30 mL/well
substrate solution was added to plates. Plates were read on the
Perkin Elmer Envision Multimode Plate Reader and data were
analyzed in ActivityBase version 9.5 (IBDS).

Immunoprecipitation andWestern blot analysis of MET andAXL
phosphorylation in vivo

Following euthanasia, SNU-5 and NCI-H441 tumors were har-
vested, minced, and resuspended in ice-cold radioimmunopre-
cipitation assay buffer containing protease/phosphatase inhibitors.
Tumors were homogenized, centrifuged (14,000 rpm, 10 minutes,
4�C), and supernatants were stored at �80�C. Lysate protein
concentrations were determined using the bicinchoninic acid
method, pooled into 200 mg aliquots for each group, and incubated
overnight at 4�C with rabbit anti-MET coupled to magnetic
Sepharose-Protein A beads. Beads were then washed with lysis
buffer, resuspended in 2x sample buffer, and boiled for 5 minutes
at 95�C. Lysates were run on 4%–12% Bis-Tris gels, transferred to
nitrocellulose membranes, blocked for 1 hour, and then incubated
with primary antibodies for phospho- and total-MET overnight
at 4�C. Membranes were then washed and incubated with corre-
sponding secondary antibodies, and analyzed using an Odyssey
CLx imager (LI-COR). Immunoblot signals were measured using
LI-COR Image Studio software, and quantitation was determined
by normalizing phosphorylation signals to total, nonphosphory-
lated signals and then calculating percent inhibition compared
with vehicle-treated control signals. Hs 746T tumors were pro-

cessed similarly, but lysates were additionally probed for AXL
phosphorylation and quantified using Jess Western blot (Protein
Simple).

VEGFR2 pharmacodynamic analysis
Hs 746T tumor-bearing mice were administered 10 mg of recom-

binant human VEGF (hVEGF) intravenously 3.5 hours after single
oral doses of XL092 at 30 and 100 mg/kg or vehicle and 30 minutes
prior to sacrifice. Lung tissue was harvested, homogenized, and
immunoprecipitated overnight using an anti-VEGFR2 antibody
coupled to magnetic Sepharose-Protein A beads. Western analysis
was performed using primary antibodies for phospho- and total-
VEGFR2 and corresponding secondary antibodies and analyzed
using the Odyssey CLx imager (LI-COR), as described above.

In vivo xenograft and syngeneic tumor models
Six to 7 weeks old male NCr nu/nu mice were obtained from

Beijing Vital River Laboratory Animal Technology Co., Ltd, and
used for NCI-H441 pharmacodynamic and pharmacokinetic stud-
ies. Eight to 12 weeks old female CB.17-SCID mice were obtained
from Charles River Laboratories and used for SNU-5 and Hs 746T
xenograft studies. Six to 8 weeks old female NSG mice were
obtained from Jackson Laboratories and used for MDA-MB-231
studies. Nine-week-old female C57BL/6 mice were obtained from
Charles River Laboratories and used for MC38 syngeneic efficacy
studies. Six to 8 weeks old female BALB/c mice were obtained from
Charles River Laboratories and used for CT26 syngeneic efficacy
studies.

The cell lines and tumor models selected were relevant to the main
inhibitory targets of XL092, including those associated with high levels
of MET activity or tumor angiogenesis via VEGFR2. These include
NCI-H441 [expresses significant levels of phosphorylated MET (23)],
SNU-5 [MET amplification with gains of gene copy number (24)],
Hs 746T [MET amplification with gains of gene copy number (24)
and a MET D exon 14 skipping mutation (25)], and MDA-MB-231
[tumor angiogenesis model (26)].

For inoculations, cell lines were trypsinized, washed, counted,
and resuspended in cold PBS. Following rear-flank inoculations,
body weights and tumor volume were measured at least twice
weekly, with mice randomized prior to dosing once the mean tumor
volume reached approximately 120 mm3 for MDA-MB-231 inocu-
lations, approximately 90 mm3 for SNU-5, approximately 100 mm3

for NCI-H441, approximately 110 mm3 for MC38, approximately
200 mm3 for Hs 746T, and approximately 90 mm3 for CT26. All
measurements were recorded using Studylog software version 4.2.

For the in vivo tumor phosphorylation studies in the NCI-H441
and SNU-5 xenograft models, mice received by oral gavage once
daily XL092 (3 or 10 mg/kg) or vehicle for 14 days. For the in vivo
tumor phosphorylation study in the Hs 746T xenograft model, mice
were administered 10 mg of recombinant hVEGF (R&D Systems)
intravenously 3.5 hours after single oral doses of XL092 at 30 and
100 mg/kg or vehicle and 30 minutes prior to sacrifice. hVEGF was
reconstituted at 100 mg/mL in sterile PBS containing at least 0.1%
human or bovine serum albumin. Lung tissue was evaluated for
VEGFR2 phosphorylation and tumor tissue for MET and AXL
phosphorylation. In a separate study using the Hs 746T xenograft
model, mice were treated with a single oral dose of XL092 (up to
100 mg/kg) with plasma XL092 and tumor target phosphorylation
measured after 4 hours, with the mice treated at the 100 mg/kg dose
also evaluated every 12 hours up to 48 hours. For evaluating tumor
target phosphorylation, mice received 10 mg of recombinant hVEGF
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intravenously 30 minutes prior to sacrifice. For the in vivo models
where antitumor activity of XL092 was assessed, mice received
XL092 or vehicle by oral gavage once daily at doses ranging from 1
to 60 mg/kg, with doses and study time length dependent on the
tumor model.

For XL092 and anti-PD-1 antibody combination studies, mice
with syngeneic MC38 tumors were treated with XL092 (3 mg/kg,
orally once a day), anti-PD-1 antibody (5 mg/kg, twice a week for
2 weeks, i.p.), XL092 plus anti-PD-1 antibody, or vehicle for 35 days.
For XL092 and anti-PD-L1 antibody combination studies, mice
with MC38 tumors were treated with XL092 (3 mg/kg, orally once a
day), anti-PD-L1 antibody (5 mg/kg, twice a week for 2 weeks, i.p.),
XL092 plus anti-PD-L1 antibody, or vehicle for 28 days. For XL092
and anti-CTL-associated antigen (CTLA)-4 antibody combination
studies, mice with MC38 tumors were treated with XL092 (3 mg/kg,
orally once a day), anti-CTLA-4 antibody (5 mg/kg, day 1; 2.5 mg/kg
days 4 and 7; i.p.), XL092 plus anti-CTLA-4 antibody, or vehicle
for 26 days. Doses used for XL092 and the ICIs in the combina-
tion studies were the same as their dosing used as single agents.
Anti-PD-1 antibody (clone RMP1-14, Bio X Cell), anti-PD-L1 anti-
body (clone 10F.9G2, Bio X Cell), and anti-CTLA-4 antibody (clone
9H10, Bio X Cell) were diluted in sterile PBS prior to dosing
(5 mg/kg).

In the CT26 syngeneic tumor model for Kaplan–Meier analysis of
survival, mice were treated daily with XL092 (30 mg/kg, orally once a
day) for 34 days, with or without anti-PD-1 antibody (10 mg/kg, every
3–4 days for 5 weeks i.p.), or vehicle. In this model, animals were
sacrificed if tumor volumes reached 2,500 mm3.

Tumor growth inhibition (TGI) was assessed using the formula
TGI¼ [(Vc1�Vc0)� (Vt1�Vt0)/(Vc1�Vc0)]� 100%; Vc1 and Vt1
are the mean tumor volumes of control and treated groups at time
of tumor extraction, while Vc0 and Vt0 are the corresponding mean
tumor volumes at the start of dosing.

Animal welfare and regulatory compliance
All animal studies detailed herein were conducted in compliance

with relevant Institutional Animal Care and Use Committee
procedures, adhered to current American Association for Accred-
itation of Laboratory Animal Care recommendations for animal
care and use, and were approved by the Exelixis and selected
contract research organizations’ Institutional Animal Care and Use
Committees.

Plasma protein binding analysis
Plasma protein binding was measured using rapid equilibrium

dialysis against PBS buffer in triplicate at a compound concentration
of 10 mmol/L and an incubation time of 16 hours.

Pharmacokinetic analysis
For drug exposure assessment, blood samples were obtained

using lateral tail vein bleeds at specific timepoints following XL092
administration. Other tissues were collected and either snap-frozen
in liquid nitrogen or fixed in 10% formalin. Measurements of XL092
concentrations in plasma samples were obtained using LC/MS-MS.

IHC
For IHC analysis of endothelial cell proliferation, MC38 tumor-

bearingmice were treated for 5 days with XL092 at 3, 10, and 30mg/kg
orally once a day or vehicle. For IHC analysis of immune cell
infiltration, MC38 tumor-bearing mice were treated with XL092 at
10 mg/kg orally once a day for 7 days, anti-PD-L1 at 5 mg/kg i.p. on

days 1, 2, 4, 6, the combination of XL092 plus anti-PD-L1, or vehicle.
One hour after the last dose, tumors were harvested, processed, and
probed for the markers CD31 (endothelial cell proliferation) or CD8
(immune cell infiltration). Evenly distributed regions from individual
tumors were chosen for quantification of IHC markers.

Ten regions of interest (ROI) per tumor were annotated using
Qupath software by the pathologist. Necrotic areas within the tumor
and peritumoral connective tissue were excluded. Each ROI was
0.5 mm2. Vascular density was determined by number of vessels per
0.5 mm2, which was manually counted by the pathologist. The mean
vascular density of 10 ROIs was used in the analysis. Twelve tumors
per treatment group were evaluated unless they were either too small
or had extensive necrotic regions.

Flow cytometry
Five to 6 weeks old C57BL/6 female mice were inoculated subcu-

taneously with 1 � 106 syngeneic MC38 colon carcinoma cells. After
tumors reached approximately 200 mm3, mice were randomized into
treatment groups and dosed orally with 10 or 30 mg/kg XL092 once a
day, anti-PD-1 or anti-PD-L1 antibody (5mg/kg, i.p., days 1, 2, 4, 6), or
the combination of XL092 plus anti-PD-1 or anti-PD-L1 antibody for
7 days, or vehicle. Single-cell suspensions of mouse tumor and spleen
were prepared with gentle mechanical disruption using a Tumor
Dissociation kit and gentleMACS Dissociator (Miltenyi Biotec). Sur-
face staining was performed with antibodies against PD-L1, PD-1,
CD3, CD11b, CD45, CD8, NKp46, CD4, Ly6G, CD11c, F4/80, Ly6C,
MHC II, CD19, and CD25. After surface staining, cells were either
fixed and permeabilized with FoxP3/Transcription Factor Staining
Buffer Set (eBiosciences) according tomanufacturer’s instructions and
stained with antibodies against Foxp3, Ki67, IFNg , and granzyme B or
fixed and permeabilized with Intracellular Fixation/Permeabilization
Buffer Set (eBiosciences) according tomanufacturer’s instructions and
stained with antibody against Arginase 1. Live/dead cells were deter-
mined using BD Horizon Fixed Viability Stain 780 (#565388, BD
Biosciences). Sample data were collected on a Cytek Northern Lights
flow cytometer (Cytek Biosciences) and analyzed using FlowJo soft-
ware version 10.6.

Macrophage repolarization
For the preparation of M2 macrophages, human CD14þ mono-

cytes (StemExpress) were differentiated into M2 macrophages
by culturing 1.0 � 106 cells/mL in CellXVivo Human M2 Macro-
phage Differentiation Kit (R&D Systems) at 37�C in a humidified,
5% CO2 atmosphere for 6 days according to the manufacturer’s
instructions. After differentiation, cells were washed once in fresh
RPMI complete media containing 10% FBS, 1% penicillin-strepto-
mycin, 1% nonessential amino acids, and 2 mmol/L GlutaMax,
and cryopreserved at �80�C in RPMI complete media containing
5% of DMSO.

For the repolarization assay, frozen M2 macrophages were
thawed and seeded at 2.0 � 105 cells/well in a 96-well tissue culture
plates in CellXVivo Human M2 Macrophage Differentiation Medi-
um (R&D Systems). XL092 at 2, 4, and 6 mmol/L concentrations
were tested in triplicate for each donor to determine the dose
response in this assay. XL092 was added to the cells, followed by
incubation at 37�C in a humidified, 5% CO2 atmosphere for 7 days,
with medium refreshment and XL092 replenishment on day 4. For
flow cytometric analysis of M1 versus M2 macrophages, macro-
phages were phenotypically characterized by staining the cells
with anti-CD163 APC antibody (BioLegend, 333610) and 7-Amino
Actinomycin D (7-AAD) Viability Staining Solution (BioLegend)
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after Fc block (BD Biosciences). Percentages of CD163-positive
(M2) and CD163-negative (M1) macrophages were derived from
7-AAD–negative cell populations, with forward and side light-
scatter characteristics for viable single cells. For fold change deter-
minations for macrophage repolarization, a total of 5 donors were
assessed. M1/M2 ratio was calculated by dividing the percentage of
viable CD163-negative (M1) cells by the percentage of viable CD163-
positive (M2) cells. DMSO-treated group was used as a control to
calculate theM1/M2 ratio fold change. Flow cytometry was performed
using a Cytek Northern Lights flow cytometer (Cytek Biosciences) and
data analysis was performed using FlowJo software.

Macrophage efferocytosis live cell imaging
M2 macrophages were thawed and seeded at 1.0 � 104 cells/well

into 96-well plates for 24 hours in complete RPMI containing
25 ng/mL M-CSF. M2 macrophages were then treated with DMSO
or XL092, serially diluted to produce a 10-point dose curve in
triplicate, and incubated at 37�C overnight. Jurkat cells were treat-
ed with 1 mmol/L camptothecin (Sigma-Aldrich) overnight to
induce apoptosis, labeled with pHrodo Red kit (Sartorius) accord-
ing to manufacturer’s instructions, and 5.0 � 104 cells were added
to each well of treated macrophages. Four 10x images per well were
captured using an IncuCyte S3 (Sartorius) every hour for 6 hours
and efferocytosis was calculated by measuring total red signal
and subtracting background autofluorescence following manufac-
turer’s instructions.

Statistical analysis
For kinase assays using the HTRF-KinEASE-TK assay platform,

Prism 8.0 (GraphPad) was used for curve fitting and to calculate IC50

values by nonlinear regression analysis. For this, the four-parameter
equation: Y ¼ Bottom þ (Top-Bottom)/(1þ10((logIC50 � X)�HillSlope))
was used, where Y is the observed signal, X is the inhibitor con-
centration, top and bottom are the upper and lower plateaus in the
units of the Y axis, and HillSlope describes the steepness of the
family of curves. To evaluate the apparent Ki values for XL092,
the IC50 values of XL092 were plotted as a function of ATP con-
centration. Using the Cheng and Prusoff equation (27), the y
intercept of a linear regression of the data is an estimate of the
apparent Ki. Ki ¼ IC50/(1 þ ([ligand]/KD)). For kinase profiling
assays, IC50 values were calculated by nonlinear regression analysis
using the sigmoidal dose–response (variable slope) curve fit on
XLFit version 5.3 (IBDS).

For IC50 determinations for cellular phosphorylation assays, a range
of 8 to 10 different XL092 concentrations was used to determine the
IC50 values in multiple cell-based ELISAs. IC50 values were calculated
by nonlinear regression analysis using a four-parameter logistic equa-
tion: Y ¼ min þ (max – min)/(1 þ [10logEC50/X]N), where Y is the
observed signal, X is the concentration of XL092, min is the assay
background signal in presence of DMSO alone or a reference inhibitor
compound, max is the signal in the presence of DMSO alone or growth
factorþDMSO, IC50 is the concentration of XL092 at 50% inhibition,
andN represents the empirical HillSlope as a measure of cooperativity
where typically N should approximate unity. Curve fitting was per-
formed using the Levenberg–Marquardt algorithm in ActivityBase
version 9.5 (IDBS).

For in vivo tumor data, statistical significance was measured using
nonparametric Mann–Whitney U test. For macrophage efferocytosis
assays, AUC of total red fluorescence from 0 to 6 hours was calculated
for each well in Prism 8.1 (GraphPad). IC50 values were calculated by
nonlinear regression analysis using a four-parameter logistic curve fit
in Prism 8.1.

Data availability
The data generated in this study are available within the article and

its Supplementary Data.

Results
XL092 inhibits RTK activity and cell proliferation

The kinase inhibitory activity of XL092 against several RTK targets
was evaluated in biochemical assays and in cellular models. In bio-
chemical assays, XL092 potently inhibited MET, AXL, MER, and
VEGFR2 (Table 1; Supplementary Table S1). In profiling a panel of
405 protein kinases at a single concentration of 1 mmol/L, XL092
exhibited ≥ 70% inhibition of additional RTKs and TKs (Supplemen-
tary Table S2). XL092 IC50 values of approximately 50 nmol/L and
below were found for a representative panel of these sensitive kinases
(Supplementary Table S3). No activity was observed against serine
or threonine kinases.

XL092 was also shown to inhibit kinase activity and proliferation of
tumor and normal cells grown under basal or growth factor–
stimulated conditions. XL092 inhibited autophosphorylation of MET
(PC-3 and Hs 746T cells), AXL (A-172 cells), VEGFR2 (HUVEC),
MER (transfected 293A cells), and TYRO3 (transfected 293A cells)
with IC50 values ranging from 1.6 nmol/L (VEGFR2) to 306 nmol/L

Table 1. XL092 inhibits human kinase enzymatic activity and cellular kinase activity.

Cellular kinase activity inhibition

Kinase
Kinase inhibition,
IC50 � SEM (nmol/L) Cell line/ligand (Na)

Cellular IC50 �
SD (nmol/L)

MET 3.0 � 0.27 PC-3/HGF (382) 11.9 � 1.55
Hs 746T/none (10) 25.4 � 1.32

VEGFR2 15.0 � 0.95 HUVEC/VEGF165 (382) 1.57 � 1.52
AXL 5.8 � 0.38 A-172/GAS6 (218) 3.89 � 1.61
MER 0.6 � 0.054 293A/none (291) 6.01 � 1.56
TYRO3 NA 293A/none (20) 306 � 1.37

Note: For enzymatic assays, IC50 was evaluated at 10 mmol/L ATP. Cellular assayswere conducted in serum-free conditions. For cellular assays, IC50 was determined
by ELISA methods.
Abbreviations: HUVEC, human umbilical vein endothelial cell; NA, not available; SD, standard deviation; SEM, standard error of the mean.
aNumber of experimental replicates.
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(TYRO3; Table 1). XL092 reduced the proliferation of several human
tumor cell lines, including SNU-5 cells (IC50, 98.9 nmol/L), which
harbor an amplification of theMET gene (28), andHUVEC cells (IC50,
10.4 nmol/L) (Supplementary Fig. S1).

XL092 inhibits MET, AXL, and VEGFR2 phosphorylation in vivo
The kinase inhibitory activity of XL092 was investigated in

various murine xenogeneic tumor models and in mice lungs.
Administration of XL092 to mice with NCI-H441 tumors caused
a dose-dependent decrease in tumor MET phosphorylation
(Fig. 1B). In this model, plasma concentrations of XL092 in the
range of 2.4 to 9.7 mmol/L resulted in 60%–82% inhibition of MET
phosphorylation (Supplementary Table S4). Mouse plasma protein
binding for XL092 was 99.7%. Similarly, administration of XL092
caused a dose-dependent decrease in the phosphorylation of MET
in SNU-5 tumors in vivo (Fig. 1C). Plasma concentrations of XL092
in the range of 1.9–7.6 mmol/L resulted in 26%–67% inhibition of
MET phosphorylation in the SNU-5 xenografts (Supplementary
Table S4).

Inhibition of VEGFR2 activation in lung tissue (a tissue
with significant levels of VEGFR2) was observed in Hs 746T
tumor-bearing mice, with complete abolishment of pVEGFR2
at 30 mg/kg (Fig. 1D). XL092 was also found to robustly inhi-
bit the phosphorylation of MET and AXL in Hs 746T
tumors (Fig. 1E). Plasma concentrations of XL092 were 20 and
63 mmol/L for the 30 and 100 mg/kg once a day doses (Supple-
mentary Table S4), respectively. This inhibition of MET, AXL,
and VEGFR2 phosphorylation was observed with XL092 4 hours
after dose (Supplementary Fig. S2A). Furthermore, the inhibition
of phosphorylation of these kinases in this model after a single
dose of 100 mg/kg XL092 lasted for approximately 24 hours
(Supplementary Fig. S2B).

XL092 inhibits tumor growth in vivo in a dose-dependent
manner

The potency of XL092 in reducing tumor growth was evaluated in
four different human xenograft murine models using the NCI-H441,
Hs 746T, SNU-5, and MDA-MB-231 cell lines. Daily XL092 dosing

Figure 1.

XL092 inhibits MET, AXL, and VEGFR2 activation in vivo. A, Structure of XL092. pMET/MET levels were evaluated in NCI-H441 (B) and SNU-5 (C) tumors from mice
treated with either 3 (red) or 10 (blue) mg/kg XL092 or vehicle (black) orally daily for 14 days (n¼ 10, pooled for each treatment group). D, pVEGFR2 and VEGFR2
levels were evaluated in hVEGF-treated Hs 746T tumor-bearing mouse lung tissue following single oral doses of 30 or 100 mg/kg XL092 (n ¼ 5, pooled for each
treatment group) or vehicle (n¼ 6, pooled). E,Mean pMET/MET and pAXL/AXL ratios� SEMweremeasured in Hs 746T tumor-bearingmice treatedwith single oral
doses of either 30 or 100mg/kgXL092 or vehicle (n¼6 for each treatment group). Significance valueswere determined using a nonparametricMann–WhitneyU test
with significance levels indicated using �� , P < 0.01.
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resulted in significant TGI with dose dependency seen for the
NCI-H441, Hs 746T, and SNU-5 tumor models (Fig. 2; Table 2). For
the NCI-H441 tumor model, dose-dependent tumor regression
was also observed. For all models, plasma concentrations of XL092
generally increased proportionally with increasing doses. Mouse
plasma protein binding for XL092 was 99.7%. Analyses of plasma
exposure samples from SNU-5 xenograft-bearing animals indicated
a 94.7% TGI when XL092 reached a concentration of approxi-
mately 7.6 mmol/L at 4 hours after dose after 14 days of dosing. No

significant body weight loss or adverse effects were observed with
treatment (Supplementary Fig. S3A–S3D).

Enhanced TGI with XL092 in combination with ICIs
XL092 was evaluated in combination with anti-PD-1, anti-PD-L1,

or anti-CTLA-4 treatment in the MC38 murine syngeneic model
(Fig. 3). Single-agent treatment with XL092 and anti-PD-1 resulted
in significant TGI compared with vehicle, with greater inhibition
observed with XL092 plus anti-PD-1 (Fig. 3A). Similar results were
observed for the combination of XL092 plus anti-PD-L1 (Fig. 3B)
and XL092 plus anti-CTLA-4 (Fig. 3C). No significant body weight
loss or adverse effects were observed with treatment (Supplementary
Fig. S3E–S3G)

In the less-sensitive CT26 colorectal cancer survival model,
greater survival was observed for XL092 plus anti-PD-1 than for
either of the single agents alone (Supplementary Fig. S4). The
majority of mice that received the combination treatment (90%
for 30 mg/kg XL092 and anti-PD-1 combination) survived to the
end of the 34-day dosing regimen. In comparison, survival was
markedly lower for the single-agent treatments (20% for 30 mg/kg
XL092 and 50% for anti-PD-1). No adverse effects or significant
weight loss were observed in any of the treatment groups through-
out the duration of these experiments.

XL092 disrupts tumor vasculature
The antiangiogenic activity of XL092 was evaluated in a MC38

murine tumor model. Visually, a decrease in the number of blood
vessels throughout the tumors was observed with XL092 treatment
versus vehicle, and quantification indicated a decrease in tumor
microvasculature after 7 days of treatment (Fig. 4).

Figure 2.

XL092 exhibits antitumor activity in multiple xenograft models. Tumor-bearing mice NCI-H441 (A), Hs 746T (B), SNU-5 (C), and MDA-MB-231 (D) were dosed
with XL092 or vehicle orally once daily as indicated in Table 2. Mean tumor volume � SEM (n ¼ 10) presented. Significance values represent % TGI levels, and
were determined using a nonparametric Mann–Whitney U test, with significance levels indicated using �, P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.

Table 2. TGI and XL092 dose exposure across four xenograft
models.

Tumor model

Dose
(mg/kg/day),
duration (days)

Tumor
growth
inhibition

Tumor
regression
(%) P

NCI-H441 1, 21 68.3 – –

NCI-H441 3, 21 – 5.6 0.0115
NCI-H441 10, 21 – 67.7 <0.0001
NCI-H441 30, 21 – 72.1 <0.0001
NCI-H441 60, 21 – 86.1 <0.0001
Hs 746T 1, 12 10.1 – –

Hs 746T 3, 12 35.6 – 0.0015
Hs 746T 10, 12 70.2 – <0.0001
Hs 746T 30, 12 94.9 – <0.0001
SNU-5 3, 14 54.2 – 0.0052
SNU-5 10, 14 94.7 – <0.0001
MDA-MB-231 3, 14 73.6 – 0.0003
MDA-MB-231 10, 14 78.6 – 0.0002

Preclinical Characterization of XL092

AACRJournals.org Mol Cancer Ther; 22(2) February 2023 185



XL092 treatment of MC38 syngeneic tumor-bearing mice is
associated with a conversion to an immune-permissive tumor
microenvironment

Because of the enhanced tumor growth inhibitory activity
of the combination therapy, we explored potential underlying
immunomodulating mechanisms of XL092. With XL092 there
was a dose-dependent increase in peripheral CD4þ T cells and
B cells and a dose-dependent decrease in myeloid cells after 7 days
of treatment in the MC38 syngeneic tumor model (Fig. 5A). At
30 mg/kg XL092, significant increases in peripheral CD4þ T cells
(P < 0.05) and B cells (P < 0.0001) and significant decreases in
peripheral myeloid cells (P < 0.0001) relative to vehicle were
noted. With either 5 mg/kg anti-PD-1 or anti-PD-L1 antibody,
significant increases in peripheral B cells (P < 0.01) and decreases
in peripheral myeloid cells (P < 0.01) relative to vehicle were
observed (Fig. 5A). No significant increase in CD8þ T cells was
found with the single agents. Although similar findings as with
XL092 were seen with the combination of 30 mg/kg XL092 plus
either anti-PD-1 or anti-PD-L1 antibody, of note these combina-
tions also resulted in significant increases in peripheral CD8þ

T cells (P < 0.05) relative to vehicle. Changes in tumor CD8þ T-cell

infiltration was also evaluated with an increase in tumor CD8þ

T cells observed with the combination of XL092 (10 mg/kg) plus
anti-PD-1 antibody (5 mg/kg) but not with the individual agents
(Fig. 5B).

XL092 repolarizes primary human macrophages from an M2
immune-suppressive to an M1 immune-permissive phenotype
and inhibits primary human macrophage efferocytosis

The effect of XL092 onmacrophage repolarization from anM2 to an
M1 phenotype was evaluated. Dose-responsive effects of XL092 on
repolarization of macrophages from an M2 to an M1 phenotype were
observed in primary human CD14þ monocyte-derived M2 macro-
phages (Supplementary Fig. S5). XL092 downregulated CD163 expres-
sion in M2 macrophages from 5 independent donors, resulting in
dose-dependent increases in theM1 (CD163-negative) toM2 (CD163-
positive) ratio.

Primary human macrophage efferocytosis of apoptotic Jurkat cells
with XL092 was evaluated. In a dose-dependent manner, XL092
inhibited efferocytosis in primary human macrophages derived from
5 independent donors (IC50 range, 43–181 nmol/L; Supplementary
Table S5).

Figure 3.

Enhanced activity of XL092 plus ICI compared with single agents in MC38 syngeneic tumor model. Study design and tumor growth results in MC38
tumor-bearing mice treated with XL092 alone and in combination with ICI: anti-PD-1 (A), anti-PD-L1 (B), anti-CTLA-4 (C). Symbols represent mean tumor
volume � SEM (n ¼ 10). BIW, twice a week. IP, intraperitoneal. PO, oral. QD, once a day.
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Discussion
XL092 demonstrated potent inhibition of MET, AXL, MER,

and VEGFR2. Robust inhibition of these kinases by XL092 was also
observed in various human cell lines and in various human tumor
xenograft models in mice.

Dose-dependent TGI byXL092was also demonstrated using several
different murine xenograft or syngeneic models of human breast,
gastric, lung, and colon cancer, with TGI reaching ≥ 70% after 14 days
of daily 10 mg/kg treatments. Importantly, XL092 plasma concentra-
tions corresponded well with the inhibition of MET, AXL, and
VEGFR2 activity and tumor growth.

The potential for combination treatment of XL092 with ICI
therapy was evaluated utilizing the MC38 syngeneic tumor model.
Combination treatment of XL092 plus anti-PD-1, anti PD-L1, or
anti-CTLA-4 antibody resulted in greater TGI compared with any
of these agents alone. Combination treatment of XL092 plus anti-
PD-1 in the CT26 tumor model also resulted in improved survival
over time, with the percentage of mice alive at the end of the
experiment greater than that of single-agent treatment. Throughout
these studies, no decreases in body weight or other signs of overt
toxicity were observed, suggesting that XL092 was tolerable in
preclinical mouse models.

In addition to kinase inhibition, potential mechanisms were iden-
tified for TGI with XL092 and enhanced growth inhibition when used
in combination with ICIs, including the promotion of an immune-
permissive tumor environment and inhibition of angiogenesis. Given
the high degree of expression of TAM kinases on a wide range of
immune cell subtypes that promote tumor immunity, includingT cells,
natural killer cells, macrophages, myeloid-derived suppressor cells,
and dendritic cells, the inhibition of their activity is of great interest for
fostering an immune-permissive tumormicroenvironment (6, 29, 30).
XL092 treatment in vivo resulted in significant increases in peripheral
CD4þ T cells and B cells and significant decreases in peripheral
myeloid cells. These changes were enhanced in combination with
either anti-PD-1 or anti-PD-L1, along with the significant increase in
peripheral CD8þ T cells, which was not observed upon single-agent
treatment with XL092 or the ICIs. Furthermore, increased tumor
accumulation of CD8þ T cells was observed with the combination of
XL092 plus anti-PD-1.

XL092 also induced a dose-dependent repolarization of macro-
phages from the M2 anti-inflammatory phenotype toward the proin-
flammatory M1 phenotype, as well as a dose-dependent inhibition of
macrophage efferocytosis activity in vitro. Repolarization of macro-
phages toward an M1 phenotype and inhibition of macrophage
efferocytosis have both been identified as potential strategies for

Figure 4.

Preliminary evaluation of XL092 effect
on tumor angiogenesis in vivo. MC38
tumor-bearing mice were treated
with a range of XL092 doses (orally,
once a day) for 5 days, and tumors
were analyzed for the presence of
tumor microvessels by CD31 staining.
A, Paraffin-embedded tumor tissue
stained with the blood vessel marker
CD31 (blue arrows). B, Density score
of blood vessels across conditions.
Horizontal bars represent mean values
for n ¼ 3 tumors per condition.
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targeting macrophage activities associated with tumor growth and
survival (31, 32).

Both the MET and VEGFR signaling pathways are dysregulated
in many tumor types, resulting in enhanced tumor angiogenesis and
tumor cell proliferation and invasion (33, 34). By targeting multiple
and redundant pathways involved in tumor growth and/or angio-
genesis, including VEGFR, MET, and AXL, XL092 may provide
multi-modal and complementary antitumor activity. A decrease in
tumor vessel density was observed following exposure to XL092,
although the sample size was small. The activity of VEGFR2, an
integral mediator of both normal and tumor blood vessel formation,
was also shown to be greatly inhibited with XL092.

XL092 has a kinase inhibitory profile that overlaps with
cabozantinib, an RTK inhibitor with significant clinical activity
as a single agent in a variety of tumors (35–39) and when combined
with ICIs (18–21). Cabozantinib has a manageable safety profile
but a relatively long plasma half-life of approximately 99 hours
that results in drug accumulation during initial dosing and extends
the washout period on cessation of dosing, which may complicate
adverse event management (40). For XL092, preliminary pharma-
cokinetic data from an ongoing phase I trial (NCT03845166)
reported a relatively short half-life of approximately 24 hours in
humans to support once daily dosing (41), and a study in rats
reported a half-life of approximately 7 hours (22).

Supplemental studies are needed to help further inform the
clinical development of XL092, including direct comparisons of
XL092 to cabozantinib with regard to target profile, pharmacoki-
netics, and pharmacodynamics, as well as activity in specific tumor
types. Studies also should aim to further delineate the effects of
XL092 on specific immune cell subsets and whether these effects
contribute differently to the antitumor response when used in ICI-
combination regimens in various cancer types. Supplemental stud-
ies are also needed to more fully characterize the antiangiogenic
activity of XL092. Consideration should be given to the role tumor-
associated macrophages have in the angiogenic process and hence
tumor growth and survival. Tumor-associated macrophages pro-
duce a number of proangiogenic factors, such as VEGFA, placental
growth factor, TNF, IL6, IL1b, CXCL8, and FGF 2 (42–44). By
targeting TAM kinases, VEGFR, and MET signaling activity,
decreasing efferocytosis, and shifting macrophages to an M1 polar-
ization state, XL092 may consequently reduce the macrophage-
associated role in angiogenesis. Future studies should also evaluate
the immunomodulatory activity of XL092 with respect to VEGFR
and MET.

In summary, XL092 is a novel RTK inhibitor which potently
inhibits MET, AXL, MER, and VEGFR2; and has significant anti-
tumor activity in animal models both alone and in combination
with ICIs. In this preclinical evaluation, XL092 was shown to reduce
angiogenesis and tumor cell proliferation and survival, and to

promote an immune-permissive tumor microenvironment, in-
cluding the repolarization of macrophages from an M2 immune-
suppressive to an M1 immune-permissive phenotype and the
inhibition of efferocytosis. These findings support the continued
evaluation of XL092 in clinical studies.
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