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Abstract

Objectives. AXL-mediated activation of aberrant tyrosine kinase
drives various oncogenic processes and facilitates an
immunosuppressive microenvironment. We evaluated the anti-
tumor and anti-metastatic activities of SKI-G-801, a small-molecule
inhibitor of AXL, alone and in combination with anti-PD-1
therapy. Methods. In vitro pAXL inhibition by SKI-G-801 was
performed in both human and mouse cancer cell lines.
Immunocompetent mouse models of tumor were established to
measure anti-metastatic potential of SKI-G-801. Furthermore, SKI-
G-801, anti-PD-1 or their combination was administered as an
adjuvant or neoadjuvant in the 4T1 tumor model to assess their
potential for clinical application. Results. SKI-G-801 robustly
inhibited pAXL expression in various cell lines. SKI-G-801 alone or
in combination with anti-PD-1 potently inhibited metastasis in
B16F10 melanoma, CT26 colon and 4T1 breast models. SKI-G-801
inhibited the growth of B16F10 and 4T1 tumor-bearing mice but
not immune-deficient mice. An antibody depletion assay revealed
that CD8+ T cells significantly contributed to SKI-G-801-mediated
survival. Anti-PD-1 and combination group were observed the
increased CD8+Ki67+ and effector T cells and M1 macrophage and
decreased M2 macrophage, and granulocytic myeloid-derived
suppressor cell (G-MDSC) compared to the control group. The
neoadjuvant combination of SKI-G-801 and anti-PD-1 therapy
achieved superior survival benefits by inducing more profound T-
cell responses in the 4T1 syngeneic mouse model. Conclusion. SKI-
G-801 significantly suppressed tumor metastasis and growth by
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enhancing anti-tumor immune responses. Our results suggest that
SKI-G-801 has the potential to overcome anti-PD-1 therapy
resistance and allow more patients to benefit from anti-PD-1
therapy.

Keywords: AXL, immunotherapy, kinase inhibitor, metastasis, small
molecule

INTRODUCTION

AXL participates in many signal transduction
cascades after being stimulated by growth arrest-
specific gene 6 (GAS6). Overexpression and
activation of AXL are associated with cell growth,1

survival2,3 and differentiation.4 Notably, AXL is
frequently overexpressed in human cancers,
including lung cancer,5,6 breast cancer7,8 and renal
cell carcinoma,9,10 and aberrant AXL expression
predicts poor prognosis.11,12

Distant metastasis is a major cause of death in
cancer patients despite recent advances in
adjuvant and neoadjuvant strategies to constrain
tumors to their primary site.13,14 AXL promotes
metastasis via inducing epithelial–mesenchymal
transition (EMT),15,16 upregulating the expression
of metalloproteinases and cell motility proteins17

and downregulating E-cadherin expression.18

Accordingly, genetic ablation and chemical
inhibition of AXL significantly decrease tumor
metastasis in vivo, suggesting that AXL is a
promising therapeutic target for inhibiting cancer
metastasis and dissemination.19

AXL is abundantly expressed in various immune
cells, including natural killer (NK) cells, dendritic
cells (DCs) and macrophages.1,20,21 Recent studies
have suggested multifaceted roles of AXL in anti-
tumor immune responses. AXL performs essential
functions in the removal of apoptotic cells by
antigen-presenting cells (APCs),22 as depicted by
autoimmune phenotypes with defected removal of
apoptotic cells in AXL knockout mice.7 AXL
inhibition may enhance anti-tumor immune
responses via promoting antigen presentation by
macrophages, decreasing anti-inflammatory
cytokine secretion and enforcing T-cell recruitment
and killing activity. AXL activation also induces
programmed death-ligand 1 (PD-L1) expression in
conjunction with the PI3K pathway,23 and a
previous analysis underscored AXL as one of the
top-ranked genes upregulated in anti-programmed
cell death protein 1 (PD-1) therapy-resistant
tumors.24 Collectively, this evidence suggests that

AXL inhibition is a promising strategy to enhance
anti-tumor immune responses and the efficacy of
immune checkpoint blockades.

Here, we comprehensively examined the
therapeutic potential of SKI-G-801, a small-
molecule AXL inhibitor, as a mono- and
combination therapy with an anti-PD-1 agent in
suppressing tumor growth and metastasis, as well
as in promoting effective anti-tumor T-cell
responses in various syngeneic mouse models.

RESULTS

SKI-G-801 is a novel, highly selective, small-
molecule AXL inhibitor

A novel small-molecule AXL kinase inhibitor, SKI-
G-801 (G-749 HCl salt, Figure 1a), was synthesised
using a structure-based drug design. The
pyridopyrimidine moiety of SKI-G-801 binds to the
hinge residues Phe 622 (F622) and Met 623 (M623)
through hydrogen bonding. The tertiary amine
nitrogen of the methylpiperidin ring forms a
hydrogen bond with Asp 627 (D627) carbonyl
oxygen (Figure 1a). Computational modelling
predicted that SKI-G-801 would bind to the ATP-
binding pocket of AXL kinase. To investigate the
kinase profile of SKI-G-801, we performed a
kinome profiling assay against 282 kinases using
the Millipore kinase profiler (Supplementary
figure 1a). The levels of kinase inhibition at
100 nM SKI-G-801, tested in duplicate, were
compared with those of the DMSO control (0%
inhibition). The average values were plotted to
represent the human kinome phylogenetic tree
using TREEspot from DiscoveRx. SKI-G-801
displayed a high kinase selectivity profile, based
on the inhibition of 10 of the 282 kinases tested
with > 85% cut-off value (Supplementary
figure 1a). Notably, SKI-G-801 showed potent
activity against AXL kinase, with 91% inhibition.
However, SKI-G-801 did not show an inhibitory
effect on other kinase in vitro (Supplementary
figure 1b).

2022 | Vol. 11 | e1364

Page 2

ª 2022 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc

AXL inhibitor SKI-G-801 potentiates anti-PD-1 therapy C-B Synn et al.



BALB/c mice were orally administered SKI-G-801
(10 mg kg�1), and the plasma concentration of
the drug was analysed to evaluate the
pharmacokinetics. SKI-G-801 was rapidly absorbed
with a maximum plasma concentration (Cmax) of
251.0 ng mL�1 and time to Cmax (Tmax) of 2 h
(Supplementary table 1). Next, we tested the
tissue distribution of SKI-G-801 using [14C] labelled
SKI-G-801. SKI-G-801 was broadly distributed in all
tissues tested in male and female SD rats. Based

on the tissue/plasma ratio, the tissue distribution
was particularly enriched in the lungs (61.0-fold to
93.6-fold), small intestine (25.8-fold to 177.1-fold)
and liver (113.3-fold to 142.5-fold) (Supplementary
table 2).

Two human breast cancer cell lines (MDA-MB-
231 and Hs578T) were treated with increasing
concentrations of SKI-G-801 (0.3, 1.0 and 3.0 lM),
and immunoblotting was performed. Notably, SKI-
G-801 decreased the phosphorylation of AXL in a
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Figure 1. SKI-G-801 is a novel AXL kinase inhibitor. (a) Crystal structure of SKI-G-801 in AXL kinase domain (left). Chemical structure of SKI-G-

801 (right). (b) Western blot analysis of pAXL inhibition by SKI-G-801 and R428 in MDA-MB-231 and Hs578T cells. The experiment was repeated

twice. (c) MDA-MB-231 cells were incubated with either SKI-G-801 or R428 at the indicated concentrations for 48 h, followed by an invasion

assay. The experiment was repeated twice. (d) B16F10 cells (1 9 106 cells per mouse, n = 3 per group, derived from two independent

experiments) were injected intravenously. SKI-G-801 (30 mg kg�1 day�1) was administered from day �1 to day +14. The mice were sacrificed to

evaluate the metastasis. (e) CT26-luciferase cells (1 9 104 cells per mouse, n = 5 per group, derived from two independent experiments) were

implanted into the intraperitoneal cavity. SKI-G-801 (30 mg kg�1, once a day) was administered from day �1 to day +15. Luciferase expression

was determined on days 0, 3, 6, 9, 12 and 15 using the Xenogen in vivo imaging system.
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concentration-dependent manner (Figure 1b). As
expected, SKI-G-801 treatment attenuated the
migration and invasion of both cell lines
(Figure 1c). Similar results were observed in two
AXL-overexpressing human lung cancer cells
(Supplementary figure 2). SKI-G-801 also showed
more prolonged AXL inhibition (Supplementary
figure 3) and less ATP dependency (Supplementary
table 3) than R428, another selective small-molecule
AXL inhibitor.

Collectively, these results suggest that SKI-G-801
is a potent and selective AXL kinase inhibitor with
a favorable preclinical pharmacokinetic profile
and broad tissue distribution, which makes it
suitable for treating solid tumors.

SKI-G-801 inhibits lung and peritoneal
metastasis in murine models

We hypothesised that SKI-G-801 inhibits
metastasis by suppressing AXL signalling. To test
our hypothesis, we used two metastatic murine
models generating by utilising B16F10 melanoma
and luciferase-transfected CT26 colon carcinoma
cells.

C57BL/6 and BALB/c mice were engrafted with
B16F10 cells (intravenous) and luciferase-
expressing CT26 cells (intraperitoneal),
respectively, and then administered SKI-G-801
(30 mg kg�1) after 24 h. Lung metastases of
B16F10 melanoma cells, shown as black dots in
the lung parenchyma, were significantly reduced
by SKI-G-801 treatment (Figure 1d). Metastases to
other organs, including the mesenteric lymph
nodes, liver and kidneys, were also completely
ameliorated by SKI-G-801, compared to the
vehicle (data not shown). In addition, SKI-G-801
treatment drastically reduced luminescence
intensity in the peritoneal cavity, compared to the
vehicle (Figure 1e). The mice treated with the
vehicle began to die on day 9 after CT26-
luciferase cell engraftment, whereas a significantly
higher proportion of SKI-G-801-treated mice
survived during the treatment period (Figure 1e).

Combination of SKI-G-801 with anti-PD-1
synergistically inhibits spontaneous 4T1
lung metastasis

Immune checkpoint inhibitors (ICIs) targeting the
programmed cell death protein 1 (PD-1)/
programmed cell death-ligand 1 (PD-L1) have
shown impressive results in multiple cancer types.

However, only a minority of patients respond to
ICIs.25 Therefore, we next examined whether the
combination treatment of SKI-G-801 and anti-PD1
cooperatively inhibited tumor growth and
metastasis compared to either monotherapy. The
4T1 tumor is highly metastatic in vivo and is
frequently used as a spontaneous metastasis
model.26

Previously, 4T1 cell lines were confirmed to
exhibit a basal level of AXL expression and
suppressive pAXL signalling by SKI-G-801
(Figure 2a). In addition, pAXL expression in 4T1
tumors was measured at 2, 8 and 24 h after SKI-G-
801 treatment (Figure 2b). The 4T1 breast cancer
cells (1 9 106 cells) were engrafted subcutaneously
into BALB/c female mice (7 weeks of age).27 When
the tumor sizes reached approximately 500 mm3,
the mice were treated with either the vehicle, anti-
PD-1 (10 mg kg�1, twice a week), SKI-G-801
(30 mg kg�1, once a day) or a combination of anti-
PD-1 and SKI-G-801. Mice were sacrificed on day
27, and lung metastasis was evaluated by counting
metastatic nodules. Representative images of lung
sections from the four treatment arms are shown
in Figure 2c. Compared to the vehicle, anti-PD-1
alone did not reduce lung metastasis (Figure 2d,
left). Remarkably, SKI-G-801 alone or in
combination with anti-PD-1 significantly decreased
lung metastases compared to the vehicle or anti-
PD-1 alone (Figure 2d, left). Combination
treatment ameliorated lung metastasis compared
to SKI-G-801 single treatment. Interestingly, the
inhibitory effects of the combination treatment on
lung metastasis correlated with the proportion of
immune cells in the tumor microenvironment
(TME) of primary tumors. Flow cytometry results
showed that the proportion of IFN-c-expressing
CD8+ T cells, an important immune cell type that
influences the anti-tumor effect, was significantly
higher in the combination group than in the other
groups (Figure 2e). Furthermore, the proportion of
CCR7-expressing central memory T cells was also
significantly more in the combination group
(Figure 2e). Central memory T cells play a vital
anti-cancer role by differentiating into effector T
cells when challenged with an antigen and have
increased self-renewal capacity.28

In addition, the proportion of dendritic cells
(DCs) in the TME, and expression of CD80/CD86,
the costimulatory signal for T-cell activation
expressed in DCs, were significantly increased in
the combination group compared to the vehicle or
anti-PD-1 alone group (Figure 2e). The
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Figure 2. Combination of SKI-G-801 and anti-PD-1 synergistically inhibits spontaneous lung metastasis in the 4T1 model. (a) Western blot

analysis for pAXL inhibition by SKI-G-801 in 4T1 cells. Experiments were repeated twice. (b) pAXL were measured in 4T1 tumor-bearing

syngeneic mice. Mice were treated with SKI-G-801 10 mg kg�1 (upper) and 30 mg kg�1 (lower) for up to 24 h. (c) Representative images of

H&E-stained lung tissue demonstrating lung metastases are shown. (d) Total number of metastatic nodules was counted, and tumor area in lung

tissue was measured. Lung and percentage of tumor area were calculated with ImageJ (n = 4 or 6 per group, derived from two independent

experiments). (e) The proportions of IFN-c-expressing cytotoxic T cells (CD3+CD8+IFN-c+) and central memory CD8+ T cells (CD3+CD8+CCR7+),

measured by flow cytometry, were significantly increased in the combination group compared to other treatment groups. The dendritic cells

(DCs) population (F4/80�CD11c+H2+) and CD80 expression on DCs are shown. Values are indicated as means � SEM, and P-values were

calculated using the Student’s t-test; *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001. Flow cytometry analysis was done once.
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combination therapy exerted stronger effects on
DCs than those by SKI-G-801 alone. SKI-G-801
alone and its combination with anti-PD-1 yielded
similar growth inhibitory effects on the primary
tumors (Supplementary figure 4). However, the
proportion of infiltrating NK cells, which were
reported to have an important role in AXL-
mediated anti-metastasis,20 to lung was
significantly increased in combination group
(Supplementary figure 5). These results suggested
that AXL inhibition had more significant
therapeutic impact and immunity can alter
metastatic response, but may not directly inhibit
the primary tumor. This prompted us to evaluate
the influence of immunity in anti-metastatic
response.

Anti-tumor effects of SKI-G-801 require
CD8+ T cells

Despite the lack of synergy effects of combination
therapy on primary tumor growth (Supplementary
figure 4), its inhibitory effects of SKI-G-801 on
metastasis in vivo were evident (Figures 1d and e
and 2c). These findings led us to hypothesise that
the anti-metastatic effects of SKI-G-801 were
immune-mediated.

Compared to the significant inhibitory effects of
SKI-G-801 on the growth of B16F10 and 4T1
tumors in the immunocompetent mice, no such
effect was observed in the nude mice (Figure 3a).
Next, we performed depletion experiments to
determine the phenotype of effector cells
mediating the anti-tumor activity of SKI-G-801 by
injecting anti-CD8, anti-CD4 and NK-depleting anti-
NK 1.1 antibodies in SKI-G-801-treated 4T1 tumor-
bearing immunocompetent mice (Figure 3b).
Survival was not compromised following treatment
with anti-CD4 or anti-NK 1.1 antibodies, compared
to the IgG control. However, treatment with anti-
CD8 antibody significantly decreased survival
compared to other groups (P < 0.01), which
strongly supports our hypothesis that CD8+ T cells
contribute significantly to the anti-tumor activity
of SKI-G-801.

For further testing, we selected a model of non-
immunogenic tumor, syngeneic CT26 lung cancer,
to test the direct anti-tumor effect of SKI-G-801
alone or in combination with anti-PD-1. After
subcutaneous inoculation with CT26 tumor cells,
mice were treated with anti-PD-1, SKI-G-801
(15 mg kg�1, once a day) and combination
treatment for 18 days. Both anti-PD-1- and SKI-G-

801-treated groups exhibited similar anti-tumor
effects (Figure 4a). Compared to the 4T1
metastatic breast cancer model (Supplementary
figure 4), the anti-cancer efficacy to inhibit
primary tumor growth was significantly improved.
Combination treatment showed significant
efficacy on tumor growth, tumor growth
inhibition (TGI) (Figure 4b, 4 of 9 in 90% TGI) and
survival (Figure 4c, 33% animals survived till the
end of experiment).

Next, we investigated the changes in the
intratumoral leukocyte population following each
treatment. Compared to the vehicle, SKI-G-801 or
anti-PD-1 treatment, significant increases were
observed in the populations of CD8+KI67+

cytotoxic T (Tc) cells and CD3+CD45RO�CCR7�

effector Tc cells following combination treatment
with SKI-G-801 and anti-PD-1. The proportion of
CD3+CD45RO�CCR7+ effector memory cells
increased in SKI-G-801-treated group (Figure 4d,
upper panel), although no substantial change was
observed in the CD4+CD25+FoxP3+ T-cell
population (data not shown). Combination
treatment also correlated with a significant
increase in M1 macrophages and a decrease in M2
macrophages (Figure 4d, lower). Interestingly,
granulocyte-like myeloid-derived suppressor cells,
which inhibit immune reactions and stimulate
tumor metastasis, were also significantly
decreased in both SKI-G-801 alone and
combination treatment (Figure 4d, lower).
Moreover, tumor infiltered NK cells were observed
in the necrotic region of the tumor-harbouring
animals subjected to SKI-G-801 alone or
combination treatment (Supplementary figure 6).

Neoadjuvant combination of anti-PD-1 and
SKI-G-801 treatment significantly increased
survival in 4T1 tumors

Neoadjuvant and adjuvant therapies are often
used to treat various solid tumors, including
breast cancer. Recently, the use of ICIs for the
neoadjuvant or adjuvant treatment of patients
with surgically resected solid tumors has
demonstrated efficacy and improved relapse-free
survival or overall survival.29

Based on SKI-G-801-mediated enhancement of
anti-tumor immunity (Figures 3 and 4), we
hypothesised a potential synergy between SKI-G-
801 and anti-PD-1 in the neoadjuvant or adjuvant
setting. To test this hypothesis, 4T1 tumor-
harbouring animals were treated for 6 days with
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experiment). Survival was determined by either death or high tumor volume (= 2500 mm3). Significance was determined by the log-rank test;

**P ≤ 0.01.
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Figure 4. SKI-G-801 inhibits CT26 tumor growth by promoting anti-tumor immunity. (a) Tumor growth was measured after mono- or

combination therapy [anti-PD-1 (10 mg kg�1, intraperitoneal injection, biweekly), SKI-G-801 (30 mg kg�1, orally, once a day), SKI-G-801 + anti-

PD-1] (n = 9 per group, derived from one independent experiment). Values are indicated as means � SEM, and P-values were calculated using

the Student’s t-test; *P ≤ 0.05 and ***P ≤ 0.001. (b) Tumor growth inhibition (TGI) was measured at day 17; in combination group, 4 of 9 mice

showed > 90% of TGI. (c) Survival rate was monitored in each group till the end of experiment. Survival was determined by either death or high

tumor volume (= 2500 mm3). Significance was determined by the log-rank test; *P ≤ 0.05 and **P ≤ 0.01. (d) Immune cell population was

analysed by flow cytometry. The gating strategy is shown (Supplementary figure 7). Significantly increased number of proliferating CD8+ Tc cells,
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group showed significant increase compared to vehicle group. G-MDSCs in both SKI-G-801 single and combination group decreased significantly

compared to the vehicle group. Values are indicated as means � SEM, and P-values were calculated using the Student’s t-test; *P ≤ 0.05,
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a vehicle, anti-PD-1, SKI-G-801 or a combination
(n = 4 or 5 per group) either before or after
surgical resection, and survival was monitored for
50 days (Figure 5a and b). Notably, among all
treatments, the neoadjuvant combination of SKI-
G-801 and anti-PD-1 treatment significantly
increased animal survival, compared to the vehicle
(P = 0.0017), with 2 of 5 mice cured in this group
(Figure 5b, neoadjuvant group). No other
treatment completely prevented relapse. These
results also indicated that neoadjuvant anti-PD-1
alone, but not adjuvant anti-PD-1 alone, also
significantly increased survival compared to the
vehicle, which is consistent with a previous
report.28 Furthermore, mice treated with the
neoadjuvant combination tended to survive
longer than those treated with adjuvant
combination (P = 0.0694).

Next, in neoadjuvant treatment groups, we
performed multispectral immunohistochemistry
(IHC) using Vectra Polaris for comprehensive
immune profiling of surgically resected 4T1
tumors (n = 3 per group). Vectra Polaris imaging
showed increased infiltration of CD3+ T cells upon
treatment with the neoadjuvant combination
(Figure 5c). An increase in PD-L1+ cells in tumors
was also observed following treatment with SKI-
G-801 alone or in combination with anti-PD-1
(Figure 5c), providing evidence for combination
with anti-PD-1 therapy.

Taken together, these results suggest that
combined treatment with anti-PD-1 and SKI-G-801
suppresses tumor relapse following surgery,
especially when the regimen is administered as a
neoadjuvant instead of as an adjuvant treatment,
and these effects are achieved via enhancing CD8+

T cell-mediated anti-tumor immunity.

DISCUSSION

This study reports the robust anti-tumor and anti-
metastatic activity of a novel AXL inhibitor, SKI-G-
801, in multiple syngeneic tumor models. Notably,
the suppression of metastasis by SKI-G-801
appears to depend on the anti-tumor immune
response, which can be enhanced in combination
with anti-PD-1 therapy. The therapeutic potential
of SKI-G-801 was more enhanced as neoadjuvant
therapy in a 4T1 triple-negative breast cancer
mouse model, which has been garnering
increasing interest in clinical oncology.

Previous studies have consistently reported the
suppression of metastasis and chemoresistance in

tumor mouse models because of AXL depletion by
shRNA or CRISPR knockout.30 Accordingly,
multiple AXL inhibitors have been active for their
use in clinical settings.20 In a biochemical assay,
SKI-G-801 demonstrated potent inhibitory activity
against AXL. SKI-G-801 effectively suppressed AXL
phosphorylation with concomitant down-
regulation of vimentin expression and
upregulation of E-cadherin expression in drug-
resistant lung adenocarcinoma cell lines.
Consistent with earlier reports,15 the SKI-G-801-
mediated reversal of EMT suppressed tumor cell
migration and invasion.

Consistent with these biochemical and in vitro
results, we observed significant anti-metastatic
effects in murine models of B16F10 lung
metastasis and CT26 peritoneal metastasis.
Notably, compared to the vehicle treatment, SKI-
G-801 treatment ameliorated metastasis to the
lungs and other organs including the mesenteric
lymph nodes, liver and kidneys in the B16F10
murine model. The effective suppression of
micrometastasis to multiple organs could be partly
explained by the broad tissue distribution of SKI-
G-801 as observed in the pharmacokinetic analysis.

In addition to regulating metastasis, AXL
signalling plays crucial roles in the
immunosuppressive TME by suppressing toll-like
receptor-mediated pro-inflammatory responses of
APCs and decreasing the anti-tumor activity of NK
cells.21,30 Intriguingly, the significant anti-tumor
activity of SKI-G-801 was noted in
immunocompetent mice, but not in
immunodeficient nude mice, which was abolished
by treatment with the anti-CD8 antibody. These
results strongly indicate that the therapeutic
effects of SKI-G-801 are mediated by CD8+ T cells.
SKI-G-801 treatment significantly increased
cytotoxic and memory CD8+ T cells and activated
antigen-presenting DCs and macrophages as well
as T-cell costimulatory functions in 4T1 and CT26
murine models, further validating the SKI-G-801-
mediated enhancement of anti-tumor immune
response. Although an increase in NK cell count
was detected post-treatment, depletion of NK
cells did not impact therapeutic efficacy in the
4T1 murine models. Combined AXL and PD-1
inhibition revealed anti-tumor synergy in the
suppression of metastases, but not in suppressing
primary tumor growth in 4T1 breast cancer
model.31 Although the lack of synergy in delaying
primary tumor growth is disappointing, we
believe that potent inhibition of metastases with
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combined SKI-G-801 and anti-PD-1 treatment is
still important because most patients with solid
tumors die of metastatic disease rather than from
the primary tumor. Indeed, the combination
treatment of SKI-G-801 and anti-PD-1 tended to
be more effective in reducing lung metastases
than monotreatment. Although these findings
require further validation, we hypothesise that
the anti-tumor immune responses observed in the
primary tumors may contribute to the disruption
of the premetastatic microenvironment required
for disseminating tumor cells to distant sites.32

Recent landmark clinical trials have underscored
the potential clinical efficacy of adjuvant or
neoadjuvant ICIs in patients with operable solid
tumors.33–35 In these studies, neoadjuvant ICIs
induced substantial pathological responses and
expansion of tumor-resident T cells, thereby
contributing to improved survival in high-risk
operable patients. Consistent with these studies, we
also demonstrated that treatment with neoadjuvant
anti-PD-1, but not adjuvant anti-PD-1, significantly
increased survival compared to the vehicle treatment
in the 4T1 triple-negative breast cancer model.
Importantly, neoadjuvant therapeutic efficacy,
compared with adjuvant therapeutic efficacy,
showed that anti-PD-1 agent was potentiated by SKI-
G-801 addition, which was reflected in CD8+ T cell-
mediated anti-tumor immunity. This suggests that
the combined inhibition of AXL and PD-1 pathways
may improve the survival of patients following
surgical resection of the primary tumor.

In conclusion, our results demonstrated that
SKI-G-801 is a novel AXL inhibitor that potently
suppresses tumor metastasis via a CD8+ T cell-
mediated immunological mechanism. The
combination of SKI-G-801 with anti-PD-1 therapy,
particularly as neoadjuvant treatment, exhibited
robust synergy to eradicate distant metastases
following primary tumor resection in a mouse
model of spontaneously metastatic breast cancer.
Based on these results, further clinical evaluation
of SKI-G-801 in combination with anti-PD-1 is
strongly warranted in locoregionally advanced
cancers that are surgically resected but have a
high risk of recurrence.

METHODS

Kinase assay

A biochemical assay for AXL was performed, and a kinase
profile was established according to the half-maximal

inhibitory concentration (IC50) profiler assay (Millipore, UK)
and the kinase profiler protocol (Millipore, UK),
respectively. The IC50 was calculated using nonlinear
regression analysis using GraphPad Prism 6.0 (GraphPad
Software, CA, USA).

Pharmacokinetics (PK)

SKI-G-801 was administered orally to male ICR mice at
10 mg kg�1. Blood was collected from the abdominal vein
into a heparin-containing collection tube at 0.25, 0.5, 1, 2,
4, 8, 11 and 24 h after administration. Plasma was stored at
�80°C until further analysis. The plasma concentration of
SKI-G-801 was measured using liquid chromatography–mass
spectrometry (LC-MS).

Human cell lines

MDA-MB-231 (ATCC HTB-26, RRID: CVCL_0062) and Hs578T
(ATCC HTB-126, RRID: CVCL_0332) cells were purchased
from the American Type Culture Collection (ATCC). Two
drug-resistant lung adenocarcinoma cell lines, HCC78-CR
(crizotinib resistant) and PC9-GR (gefitinib resistant), were
generated by consistent treatment with 1 lM crizotinib and
gefitinib.

Western blot

Cells were treated with the vehicle control or SKI-G-801 for
4 h and then lysed in radioimmunoprecipitation assay
buffer (25 mM Tris–HCl, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate and 0.1% SDS) supplemented with a
protease and phosphatase inhibitor cocktail (Thermo
Scientific, MA, USA). Equivalent amounts of protein were
separated using the NuPAGE 4–12% Bis–Tris Gel System
(Invitrogen) and then transferred to polyvinylidene
difluoride membranes. Membranes were probed with anti-
phospho-AXL (Y702) (1:1000, CTS, #5724; Cell Signaling
Technology, MA, USA), anti-phospho-AXL (Y779) (1:1000;
R&D, AF2228; R&D Systems, NE, USA), anti-phospho-FLT3
(Y842) (1:1000, CTS, #4577; Cell Signaling Technology), anti-
phospho-H3 (S28) (1:1000, CTS, #9713; Cell Signaling
Technology) or anti-phospho-KDR (Y1175) (1:1000, CTS,
#2478; Cell Signaling Technology) antibodies and then
stripped with Restore Western Blot Stripping Buffer
(Thermo Scientific). The membranes were then probed
again with anti-AXL (1:1000, CTS, #8661; Cell Signaling
Technology), anti-H3 (1:1000, CTS, #3638; Cell Signaling
Technology), anti-FLT3 (1:1000, CTS, #3462; Cell Signaling
Technology) or anti-actin (1:1000, #MAB1501; Sigma-
Aldrich) antibodies. The reactive bands were visualised
using enhanced chemiluminescence. Band intensities were
quantified using ImageJ software (US National Institutes of
Health, MD, USA).

Invasion and cell proliferation assays

Cells were grown in Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% foetal bovine serum. The
extracellular matrix (ECM) gel was thawed overnight at 4°C
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and kept on ice. A Millicell� insert plate (Millicell� Cell
Culture Inserts, Millipore, Germany) was chilled to 4°C and
kept on ice. Next, 100 µL diluted ECM gel was added to the
upper compartment of the Millicell� insert. The insert and
ECM gel were incubated at 37°C for 2 h until the ECM gel
solidified. 1 9 105 cells were loaded onto the insert and
treated with SKI-G-801 or the vehicle for 18 h. After
treatment, cells on the upper side were obtained using a
cotton swab and fixed with 5% glutaraldehyde for 10 min.
Then, 1% crystal violet in 2% ethanol was used to stain the
insert. Images of the stained cells were captured under a
microscope.

Experimental animal and metastasis models

Female BALB/c and C57BL/6 mice were purchased from
Orient Bio (Seongnam, Korea). The mice were maintained
under pathogen-free conditions (room temperature, 40–
60% humidity) at the Avison BioMedical Research Centre at
Yonsei University, according to specific pathogen-free
guidelines of The Institutional Animal Care and Use
Committee (IACUC) (ethics number: 2018-0063). Four cell
lines, 4T1 (KCB 200967YJ, RRID: CVCL_0125), B16F10 (KCLB
80008, RRID: CVCL_0159), LLC2 (ATCC CRL-1642, RRID:
CVCL_4358) and CT26 (KCB 201207YJ, RRID: CVCL_7254)
were used for inducing tumorigenesis in the experimental
animals. A 4T1 spontaneous metastasis model was
generated in BALB/c mice. Briefly, the mice were injected
with 1 9 106 4T1 cells by subcutaneous injection. After
14 days, lung and tumor tissues were collected, and lung
metastasis was observed by microscopic observation. A
B16F10 lung metastasis model was generated in C57BL/6
mice by intravenous injection, and the CT26 peritoneal
metastasis model was produced in BALB/c mice by
intraperitoneal injection. The mice were sacrificed after
14 days. The CT26 tumor model was generated by
subcutaneous injection of 1 9 106 CT26 cells. The CT26 and
4T1 solid tumors were measured using a 3D tumor scanner,
TM900 (Peria, Belgium). Lung metastasis nodules were
measured and counted by whole-slide image analysis. In
vivo experiments included anti-PD-1 antibody (Cat #
BE0146; Bioxcell, NH, USA).

Haematoxylin and eosin staining and
immunohistochemistry analysis

Metastatic organs and primary tumors were fixed overnight
in 10% formalin solution. Fixed samples were directly
dehydrated and embedded in paraffin, and 4-lm-thick
sections were cut, mounted on slides, stained with
haematoxylin and eosin (H&E) and observed using an
electronic microscope. Data were captured, processed and
analysed using LEICA Bond RX (Leica Biosystems, Leica
Microsystems Inc., IL, USA).

For IHC, sections were stained using anti-CD3 (ab16669;
Abcam, Cambridge, UK), anti-PD-L1 (AF1019; R&D Systems,
Minneapolis, MN, USA), anti-NCR1 (ab214468; Abcam,
Cambridge, MA, USA) and streptavidin–HRP system (Dako,
Carpinteria, CA, USA). CD3+ TIL and PD-L1+ cells were
analysed using the Vectra Polaris system (PerkinElmer,
Akron, OH, USA).

Flow cytometry

Experimental mice were sacrificed, and tumor tissues were
collected for single-cell dissociation. The tumor-infiltrating
immune cell population was measured by flow cytometry.
The T-cell population was identified using anti-CD45
(304032; BioLegend, CA, USA), anti-CD3 (100320;
BioLegend), anti-CD4 (100526; BioLegend), anti-CD8
(100750; BioLegend), anti-FoxP3 (12-5773-82; eBioscience,
MA, USA), anti-CD25 (102049; BioLegend) and anti-PD-1
(135218; BioLegend) antibodies. Dendritic cells were
identified using anti-H2 (33A15443; Invitrogen), anti-CD11c
(117343; BioLegend), anti-CD80 (47-4801-82; eBioscience)
and anti-CD86 (104729; BioLegend) antibodies. M1 and M2
macrophages were identified using anti-F4/80 (47-4801-82;
eBioscience), anti-CD206 (17-2061-80; eBioscience), anti-
CD11c, anti-CD80 and anti-CD86 antibodies. MDSCs were
identified using anti-CD11b (101216; BioLegend) and anti-
Ly-6G (127606; BioLegend) antibodies, whereas NK cells
were identified using anti-CD49b antibody (108906;
BioLegend). For staining, the standard intra-nucleus
staining protocol provided with the BioLegend kit was used
(424401; BioLegend). All antibody-stained tumor-dissociated
cells were detected on an LSR2 flow cytometer (BD
Bioscience, NJ, USA) and analysed using FlowJo software
(FlowJo LLC, OR, USA).

Statistical analysis

Data were analysed statistically using GraphPad Prism 9
(GraphPad Software). The significance in independent
groups was calculated by the Student’s t-test. Data were
expressed as means � SEM, respectively. Overall survivals
were analysed by the log-rank test (Kaplan–Meier), and
endpoint of survival was determined as either death or
euthanised at high tumor volume (= 2500 mm3). In
Figure 5, mice that died during or within 1 week of surgery
were excluded. *P < 0.05, **P < 0.01 or ***P < 0.001 was
considered statistically significant.
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