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Abstract

Activation of the receptor tyrosine kinase Axl is associated with poor outcomes in pancreatic 

cancer (PDA), where it coordinately mediates immune evasion and drug resistance. Here we 

demonstrate that the selective Axl kinase inhibitor BGB324 targets the tumor-immune interface to 

blunt the aggressive traits of PDA cells in vitro and enhance gemcitibine efficacy in vivo. Axl 

signaling stimulates the TBK1-NFκB pathway and innate immune suppression in the tumor 

microenvironment. In tumor cells, BGB324 treatment drove epithelial differentiation, expression 

of nucleoside transporters affecting gemcitabine response and an immune stimulatory 

microenvironment. Our results establish a preclinical mechanistic rationale for the clinical 

development of Axl inhibitors to improve the treatment of PDA patients.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is an aggressive human malignancy with a 5-year 

survival rate of ~7% and a median survival of approximately 6 months (1). Despite all 

available treatment options, patient survival has not significantly changed in 20 years. PDA 
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frequently recurs with metastatic disease in the liver, lung, and/or peritoneal cavity. 

Currently, gemcitabine alone or in combination with nab-paclitaxel is the standard of care 

but these regimes provide only modest therapeutic benefit (2). New therapeutic agents that 

target tumor cell pathways associated with chemoresistance are needed as pancreatic cancer 

is expected to become the second-leading cause of cancer-related death in the United States 

by 2030 (1).

A prominent chemoresistance strategy exploited by tumor cells is epithelial plasticity (3). 

Tumor cells activate cellular plasticity related to epithelial-to-mesenchymal transition (EMT) 

in response to inflammation, nutrient/oxygen deprivation and cellular stress. EMT provides 

access to a range of tumor cell phenotypes including changes in gene expression, 

morphological alterations and resistance to cytotoxic therapy (4). Epithelial plasticity is 

associated with tumor cell evasion of immune surveillance (5). The immune system is a key 

component of chemotherapy responses and many chemotherapeutic agents, including 

gemcitabine, directly affect the immune landscape of tumors (6). For example, gemcitabine 

has been reported to decrease circulating myeloid-derived suppressor cells and support an 

immune stimulatory phenotype in tumor macrophages (6). Hence, chemotherapeutic 

resistance mechanisms comprise both tumor intrinsic and immune suppressive features. 

Identification of key signaling pathways that drive epithelial plasticity and reduce immune 

surveillance could reveal new therapeutic targets that augment chemotherapeutic efficacy.

Receptor tyrosine kinases (RTKs) are a class of therapeutic targets that have led to 

successful treatments for a variety of cancers. Axl is a member of the TAM (Tyro3, Axl, 

MerTK) subfamily of RTKs that participates in various cellular processes, including cell 

survival, proliferation and migration, epithelial plasticity and the regulation of innate 

immune responses (7). Axl is expressed by a broad range of malignant tumor types where its 

activity is associated with a more aggressive, drug resistant, and mesenchymal phenotype 

(8). Growth arrest specific factor 6 (Gas6), a member of the vitamin K-dependent protein 

family, is the ligand for Axl (9). However, there is evidence that Axl can be activated in 

alternative ligand-independent manners (10). The Gas6-Axl pathway is estimated to be 

active in 70% of human PDA (11), where it is associated with an adverse clinical prognosis 

(12). Further, preclinical in vivo studies have demonstrated that silencing Axl gene 

expression in PDA tumor cells blocks tumor cell invasion and enhances animal survival (13). 

Additionally, we recently demonstrated that pharmacologic inhibition of Gas6 activity 

impaired pancreatic tumor growth and metastatic spread in an Axl-dependent manner (14). 

Axl, which is also expressed by innate immune cells, including natural killer (NK) cells (15) 

and tumor-associated macrophages (16), has been implicated in immune suppression (17). 

Thus, systemic Axl inhibition may enhance the efficacy of cancer therapy through multiple 

mechanisms.

BGB324 is a first-in-class, highly selective, Axl tyrosine kinase inhibitor, currently in phase 

II clinical trials for multiple cancers. Several reports demonstrate that BGB324 displays Axl-

specific anti-tumor and anti-metastatic activity in murine models of breast and lung cancer 

(18). In this study, we show that BGB324 combined with gemcitabine was efficacious in 

robust models of PDA, including patient-derived xenografts (PDX), and in syngenic and 

genetic models of PDA. BGB324 inhibited Axl in human and murine pancreatic tumor cell 
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lines in vitro where it reduced the growth, motility, and migration of PDA cells. Moreover, 

Axl inhibition reduced the activity of the innate immune kinase and Ras-effector, tank-

binding kinase 1 (TBK1), altered the immune cytokine landscape, and reduced tumor-

associated macrophage levels in immune competent models of PDA. These novel findings 

provide strong evidence that BGB324 may be a promising therapeutic option for the 

treatment of PDA.

MATERIALS AND METHODS

Study Design

The overall objective of this study was to determine whether Axl inhibition with the small-

molecule BGB324 could sensitize well-established mouse models of PDA (KIC, Pan02 and 

PDX) to chemotherapy and determine if Axl inhibition altered the immune landscape of 

PDA. Western blot, immunocytochemistry, cell migration, colony formation and MTS assay 

were performed to assess the signaling and biological effects of BGB324 in mouse and 

human PDA cell lines. In vitro analyses were performed three independent times. Western 

blot, immunofluorescence and immunohistochemistry studies were performed to assess the 

effect of BGB324 on tumor cells and immune cells in tissues from PDA mouse models. 

Analysis of tumor tissue was performed at least two independent times, with some markers 

or analyses performed by different people multiple times. ELISA-based Milliplex were 

conducted to assess the effect of BGB324 on chemokine and cytokine expression in tissues 

from PDA mouse models. For PDA mouse models, mice were randomized to each 

experimental arm and treatment group. Mice were weighed twice weekly and sacrificed 

when they were moribund or had >20% weight loss. For each experiment, sample size is 

provided in the figure legend.

Cell Lines

Human pancreatic cancer cell lines (AsPC-1, Panc-1, Capan-1, and Mia PaCa-2) were 

obtained from ATCC (Manassas, Virginia), and a murine cell line Pan02 was obtained from 

the Developmental Therapeutics Program at the National Cancer Institute at Frederick, 

Maryland. KPC-M09 cells were derived from KPC PDA mice as described in the 

supplementary methods. All cell lines were cultured in DMEM (Invitrogen) or RPMI 

(Invitrogen) containing 10% FBS and maintained in a humidified atmosphere with 5% CO2 

at 37°C. The human cell lines were DNA fingerprinted for provenance using the Power-Plex 

1.2 kit (Promega) and confirmed to be the same as the DNA fingerprint library maintained 

by ATCC. All cell lines were confirmed to be free of mycoplasma (e-Myco kit, Boca 

Scientific) before use.

Animal Studies

Genetically engineered mouse model: KrasLSL-G12D; Cdkn2afl/fl; Ptf1aCre/+ (KIC) mice 

were generated as previously described (19). At 7 weeks of age (day 49 of life), male and 

female mice were randomized to receive vehicle (0.5% [w/w] hydroxypropyl 

methylcellulose/0.1% [w/w] Tween 80 in water, control, PO BID), BGB324 (50 mg/kg PO 

BID), gemcitabine (25 mg/kg IP twice/week), or gemcitabine + BGB324. Mice were 
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weighed twice weekly and sacrificed when they were moribund or had >20% weight loss. 

Tissues were fixed in 10% formalin or snap-frozen in liquid nitrogen for further studies.

Syngenic model: Female 4- to 6-week-old C57BL/6 mice were obtained from an on-campus 

supplier. Pan02 cells (5 x 105) were injected orthotopically as described (19). Tumor 

implantation was confirmed by sonography. Seventeen days after tumor cell implantation, 

mice were randomized to receive therapy. Treatment groups were the same as described 

above; however, BGB324 was dosed at 100 mg/kg BID. Mice were weighed twice weekly 

and sacrificed when they were moribund or had >20% weight loss. Tissues were fixed in 

10% formalin or snap-frozen in liquid nitrogen for further studies.

PDX models: Three human pancreatic cancer patient-derived xenografts (Panc 163, Panc 

281 and Panc 265) from the ‘PanXenoBank’ established at Johns Hopkins University 

(Baltimore, MD) were used for study. Panc 163 and Panc 281 tumors were subcutaneously 

implanted and Panc 265 tumors were orthotopically implanted in 6-week old male nu/nu 
athymic mice (Harlan). Subcutaneous tumor volumes were measured twice weekly by 

digital caliper measurements. Orthotopic tumor establishment in the pancreas was assessed 

initially by transabdominal palpations and confirmed by an ultrasound scan (Vevo 660 

VisualSonics, Toronto, ON, Canada). Mice with tumor volume of 150–200 mm3 were 

selected and randomly allocated into treatment arms mentioned above with BGB324 at 50 

mg/kg BID. Mice were sacrificed after 6 or 4 weeks of therapy in the subcutaneous or 

orthotopic models, respectively. Upon autopsy, mice in the orthotopic experiment were 

screened visually for metastatic lesions in the spleen, small intestine, kidneys, liver, lungs 

and lymph nodes using a 2.5X lens. Tumor volumes were calculated using the following 

formula: V = (a X b2)/2, where “a” is the largest dimension and “b” the smallest.

Histology and Tissue Analysis

Formalin-fixed tissues were embedded in paraffin and cut in 5 μm sections. Sections were 

evaluated by H&E and immunohistochemical analysis using antibodies specific for vimentin 

(Cell Signaling, 5741), endomucin (Santa Cruz, 65495), E-cadherin (Cell Signaling, 3195), 

phospho-histone H3 (Millipore, 06-570), cleaved caspase-3 (Cell Signaling, 9664), 

equilibrative nucleoside transporter 1 (ENT1, Abcam, AB135756), F4/80 (Novus, 

NBP2-12506), Arginase 1 (Arg1, Santa Cruz, sc-18351). Negative controls included 

omission of primary antibody. Immunofluorescence evaluation was conducted as described 

(19). Fluorescent images were captured with a Photometrics CoolSNAP HQ camera using 

NIS Elements AR 2.3 Software (Nikon). Color images were obtained with a Nikon Eclipse 

E600 microscope using a Niko Digital Dx1200me camera and ACT1 software (Universal 

Imaging Corporation). Pictures were analyzed using NIS Elements (Nikon).

Statistical Analysis

Data are reported as means ± SD. Statistical analyses of KIC and Pan02 mouse model 

survival data were performed using analysis of variance (ANOVA) with Mantel-Cox test of 

significance difference using GraphPad Prism software (GraphPad Prism version 4.00 for 

Windows; GraphPad Software; www.graphpad.com). Statistical analysis of 
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immunofluorescence and immunohistorchemistry was performed by t test using GraphPad 

Prism. For all analyses, P < 0.05 was considered significant.

Additional methods are described in the supplementary material.

Study Approval

All animals were housed in a pathogen-free facility with 24-hour access to food and water. 

Experiments were approved by, and conducted in accordance with, the Institutional Animal 

Care and Use Committee at the University of Texas Southwestern Medical Center (Dallas, 

Texas) or Johns Hopkins School of Medicine (Baltimore, Maryland), which are compliant 

with the guidelines proposed by the NIH Guide for the Care and Use of Laboratory Animals.

RESULTS

Resistance to chemotherapy impedes durable clinical responses in patients diagnosed with 

PDA. We considered that a selective anti-Axl therapy might increase the efficacy of the 

deoxcytidine analog, gemcitabine. We employed BGB324, a potent, clinical stage Axl-

selective small molecule inhibitor with a 15-fold greater inhibitory efficacy for Axl when 

compared to 133 tyrosine and serine/threonine kinases. BGB324 treatment inhibited basal 

phosphorylated Axl (pAxl) levels (Figs. 1A–1D) as well as downstream Axl signaling in 

AsPC-1 cells in a concentration-dependent manner (Fig. 1A), reduced Gas6-stimulated pAxl 

levels and downstream Axl signaling in Panc-1 cells (Figs 1B), and inhibited antibody-

mediated activation of Axl (20) in a murine PDA cell line (Pan02) (Fig. 1C). BGB324 also 

reduced cell migration (Fig. 1E) and colony formation (Fig. 1F) in established human and 

primary mouse PDA cell lines at clinically achievable doses (21).

To further investigate the anti-proliferative effect of Axl inhibition, we examined the effect 

of BGB324 in 6 human and 3 mouse PDA cell lines in vitro by MTS assay (Fig. 1G). 

BGB324 reduced cell number in a dose-dependent manner with IC50 values ranging from 1–

4.0 μM. Axl has been implicated in chemotherapy resistance and Axl inhibition has been 

shown to enhance the efficacy of various chemotherapeutic agents across a spectrum of 

malignancies (10,22). In light of these findings, we tested whether BGB324 at 0.5 μM, a 

clinically achievable dose, enhanced the response of Pan02, ASPC-1, and MiaPaca2 cells to 

gemcitabine. Notably, BGB324 reduced the in vitro IC50 value of gemcitabine a modest 3-

fold in all cell lines (Fig. 1H).

In contrast to the modest sensitization of gemcitabine by BGB324 in vitro, we observed a 

dramatic effect of this therapeutic combination on overall survival in vivo in mice bearing 

large advanced PDA tumors, reflective of the typical clinical presentation of PDA. KIC 
(KrasLSL-G12D; Cdkn2alox/lox; Ptf1aCre/+) mice were treated with vehicle (n = 30), BGB324 

(50 mg/kg; n = 10), gemcitabine (25 mg/kg; n = 15), or the combination of BGB324 + 

gemcitabine (n = 18) until animals were moribund. Therapy was initiated at 7 weeks of age 

(d49) when mice displayed advanced disease (Supplementary Fig. 1). Mice that received 

vehicle had a median survival of 61.5 days, while treatment with BGB324 or gemcitabine 

only modestly extended the median survival to 65 and 69 days, respectively (P value of 0.03 

and <0.001 vs. controls). However, combination therapy significantly improved survival to a 
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median of 83.5 days (P value < 0.0001 vs. control; P value < 0.05 vs. gemcitabine alone) 

(Fig. 2A).

Given our in vitro data demonstrating the high expression of Axl in the Pan02 cell line (14), 

we evaluated the effect of gemcitabine and BGB324 in Pan02 tumors in vivo. C57BL/6 mice 

were injected orthotopically with Pan02 cells and treated as indicated above with late-stage 

therapy initiated at day 17 post tumor cell injection (TCI), 6 days prior to initial morbidity in 

the control group. Similar to the KIC model (Fig. 2A), the combination of BGB324 and 

gemcitabine significantly increased survival (Fig. 2B). All vehicle and single-agent 

(BGB324 or gemcitabine) treated animals succumbed to disease progression by 44 days post 

TCI; however, 6/9 animals treated with the combination remained alive 48 days post TCI (P 
< 0.0001 vs. controls or gemcitabine) (Fig. 2B).

We next conducted transcriptome analysis in PDX models of PDA (Fig. 2C). Panc265, a 

human PDX resistant to gemcitabine therapy, and highly aggressive in the orthotopic setting 

(23,24), had the highest expression of Axl (Supplementary Fig. 2). This is consistent with 

prior studies demonstrating that Axl contributes to chemotherapy resistance (25). To 

determine the in vivo efficacy of Axl inhibition with BGB324, we treated established (200 

mm3) subcutaneous PDX tumors (Panc163 and 281, Supplementary Fig. 2) with vehicle, 

BGB324, gemcitabine, or the combination. Xenograft growth was significantly attenuated 

by combination therapy (Fig. 2D). In an orthotopic setting, primary Panc265 tumor growth 

was also effectively controlled by combination therapy. Notably, BGB324 alone or in 

combination with gemcitabine was remarkably effective in preventing the development of 

metastasis to different organs and lymph nodes when compared to gemcitabine alone (Fig. 

2E). In fact, there was a significant difference in metastasis rate between the BGB324 and 

control groups (metastases rate: 8.33% vs. 78.57%, p = 0.001; Fisher’s exact test) and 

between the BGB324 and gemcitabine groups (metastases rate: 8.33% vs. 58.33%, p = 

0.001; Fisher’s exact test). However, there was no significant difference between the 

BGB324 and combination groups (metastases rate: 8.33% vs. 10.71%, p = 0.999). We also 

compared the rates of metastasis between different treatment groups, adjusting for different 

organs using the multivariable exact logistic regression method. It shows a significant 

difference between BGB324 and control groups (adjusted p <0.0001), and between BGB324 

and gemcitabine groups (adjusted p <0.0001), but no significant difference between 

BGB324 and combination groups (adjusted p =0.999).

We found that Axl inhibition in combination with gemcitabine increased tumor cell 

apoptosis (increased cleaved-caspase3), decreased tumor cell proliferation (decreased p-

histone H3), and reduced microvessel density (decreased endomucin) in genetic KIC and 

syngenic Pan02 tumors (Fig. 3A and Supplementary Fig. 3). The effect of BGB324 

treatment on KIC tumors was consistent with the effects on Axl signaling in vitro, as 

BGB324 treatment substantially suppressed Akt activation in tumors (Fig. 3B). Combination 

therapy also reduced activation of S6, Erk1/2, and p38 in KIC tumors, further supporting the 

effect of Axl inhibition on signaling pathways associated with tumor cell survival and 

proliferation (Fig. 3B).
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Axl has been shown to maintain epithelial plasticity (14,26), which contributes to metastasis 

and chemotherapy resistance (27). Thus, we assessed tumor sections in this study for 

epithelial (E-cadherin) and mesenchymal (vimentin) markers by immunofluorescence. 

Consistent with our prior studies (14), we found that untreated KIC and Pan02 tumors 

displayed a robust mesenchymal-like phenotype; however, treatment with BGB324 

promoted a differentiated epithelial tumor cell phenotype (Fig. 3A and Supplementary Fig. 

3). Notably, this shift was not observed in the tissue of gemcitabine-treated animals. 

Inhibition or prevention of epithelial plasticity has been shown to sensitize PDA GEMM 

tumors to gemcitabine chemotherapy through the increased expression of equilibrative 

nucleoside transporter (ENT1) (28). Similarly, we found inhibition of epithelial plasticity 

with BGB324 in combination with gemcitabine stimulated expression of ENT1 in KIC 
tumor tissues (Fig. 3C). Hence BGB324 effectively targets a central drug resistance 

mechanism in PDA.

Axl is expressed by various classes of innate immune cells, such as NK cells and tumor-

associated macrophages, and participates in efferocytosis, an immune suppressive 

mechanism (17). Thus, Axl has been implicated as a potential driver of immune suppression 

in the tumor microenvironment (15,29,30). To determine if Axl inhibition altered the innate 

immune landscape of PDA, we first assessed the levels of immune-related cytokines and 

chemokines after Axl inhibition in the KIC GEMM of PDA (Supplementary Table 1). We 

found that BGB324 suppressed the levels of CCL11, IL-7, IL-1β, and IL-6 (Fig. 4A), which 

can activate MDSCs and strongly inhibit anti-tumor reactivity of dendritic cells, 

macrophages, T cells, and NK cells (31). The TBK1/NF-κB pathway is a key signaling 

pathway in innate immune cells and tumor cells that can stimulate cytokine expression and 

decrease dendritic cell activity (32). Therefore, we assessed the level of TBK1 signaling in 

KIC tumors treated with BGB324. BGB324 potently inhibited the activation of TBK1 and 

its downstream targets p65 and IRF3 in KIC tumor lysates (Fig. 4B and Supplementary Fig. 

4). We further validated that BGB324 suppressed TBK1/NF-κB activation in AsPC-1 and 

Panc-1 cells (Figs. 4C and 4D). These data indicate that the inhibition of Axl can alter the 

composition of chemokines and cytokines in the PDA tumor environment potentially 

through the blockade of TBK1/NF-κB signaling.

We also evaluated the infiltration of macrophages into KIC tumors treated with BGB324. 

BGB324 therapy in KIC mice resulted in reduced tumor associated F4/80+ macrophages 

(Fig. 4E and Supplementary Fig. 5). Further, expression of Arginase-1 was also reduced in 

KIC tumors after treatment with BGB324 alone or in combination with gemcitabine (Fig. 

4E). In vitro studies with IL-4-stimulated primary mouse bone marrow-derived macrophages 

confirmed that BGB324 treatment can decrease the expression of Arginase-1 in M2-skewed 

macrophages (Supplementary Fig. 6). We also analyzed the myeloid cell compartment of 

subcutaneous KPC-M09 tumors after 2 weeks of monotherapy with BGB324 (Fig. 4F and 

Supplementary Fig. 7). KPC-M09 is a cell line derived from a KPC (KrasLSL-G12D; 
Trp53LSL-R172; Ptf1aCre/+) primary tumor. Therapy with BGB324 for 2 weeks had no effect 

on primary subcutaneous tumor growth (data not shown) or CD11b+ cell numbers associated 

with the tumor (Supplementary Fig. 7). However, BGB324 did reduce monocytic MDSC 

(M-MDSC), PDL1+ M-MDSC, tumor associated macrophages (TAMs) and Arg1+ TAMs 

consistent with the results in KIC and Pan02 tumors.
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DISCUSSION

Axl activity has been linked to the progression of PDA (11–13). We demonstrated that 

BGB324 effectively inhibits Axl activation and Axl-induced signaling in PDA cells in vitro 
and in vivo. Axl inhibition with BGB324 reduced colony formation and migration of PDA 

cells and resulted in modest improvements in the efficacy of gemcitabine in vitro. However, 

the combination of BGB324 and gemcitabine provided striking efficacy in multiple murine 

models of PDA. Axl inhibition in vivo was associated with an increase of epithelial 

differentiated tumor cells and an altered immune landscape. These phenotypic changes in 

the tumor microenvironment after Axl inhibition are consistent with known functions of Axl, 

namely epithelial plasticity and immune suppression. Our studies support that 

pharmacologic inhibition of Axl is achievable with BGB324 and provides substantial benefit 

in combination with standard therapy in preclinical models of PDA.

The combination of BGB324 and gemcitabine significantly prolonged survival in murine 

models of advanced PDA and reduced tumor burden in endpoint assays using three different 

PDX models. In each survival experiment, control-treated animals succumbed to disease 

burden only days after therapy began. Further, gemcitabine therapy offered minimal to no 

therapeutic advantage; in contrast, combination therapy significantly prolonged mouse 

survival by weeks. Additionally, metastatic burden was reduced in an aggressive orthotopic 

PDX that is poorly responsive to gemcitabine. These studies are highly supportive of Axl 

activity in tumor and stromal cells contributing to PDA progression. However, additional 

studies are required regarding the signaling consequences of Axl inhibition. Our prior 

investigation demonstrated that Gas6-induced Axl signaling on tumor cells is critical for the 

metastatic spread of Axl-expressing PDA tumor cells (14); yet non-ligand-induced Axl 

activation has been observed in multiple cell and tumor systems (33). It is anticipated that 

the inhibition of Axl with a small molecular weight compound such as BGB324 will disrupt 

ligand-independent and -dependent Axl activation but this has not been investigated 

rigorously. Further, the signaling mediators directly downstream of Axl are unclear. 

Identification of the signal cascade induced by Axl under different conditions will likely 

require the elucidation of the critical tyrosine phosphorylation events on Axl, which are also 

unclear at the present time. Thus, while we showed that Axl inhibition with BGB324 

reduces the phosphorylation of Akt and TBK1 and subsequent downstream kinases, the 

connection of Axl to Akt and TBK1 is not well-defined. Additionally, the connection of Axl 

to downstream signal mediators is likely to depend on the cell type and oncogenotype of that 

cell.

Induction of epithelial plasticity is associated with tumor progression (34), chemoresistance 

(35–37), and immune suppression (7,17,29,30,38). Our data showing that BGB324 can 

reduce tumor progression, increase chemosensitivity, and alter the immune landscape are 

consistent with observations regarding Axl inhibition by other groups using multiple tumor 

model systems (18,22,39,40). For example, Ben-Batalla et al. (41) have recently shown that 

BGB324 can inhibit the growth of chronic myeloid leukemia cells that are resistant to BCR-

ABL targeted therapies. Del Pozzo Martin et al. (42) and Gjerdrum et al. (26) demonstrated 

that Axl was required for EMT-mediated breast cancer metastasis. Kimani et al. (34) showed 

that inhibition of Gas6-induced TAM activation with novel inhibitors reduces 
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tumorigenicity. Kasikara et al. (29) found that TAM receptors promote Akt-dependent 

chemoresistance and PD-L1 expression via ligand-dependent sensing of externalized 

phosphatidylserine. Finally, a recent study by Kariolis et al. (43) employed a decoy Axl 

receptor strategy and found potent inhibition of the progression of 4T1, OVCAR8, and 

SKOV3 tumors. In that study, they compared the efficacy of their Axl receptor decoy to 

BGB324 in the treatment of 4T1-bearing animals. Unfortunately, they dosed animals at 12.5 

mg/kg BID, a dose that is ~4x lower than required for efficacy; thus the results are not an 

accurate representation of the efficacy of BGB324.

Our data highlight that Axl can activate TBK1, a previously unappreciated aspect of Axl 

signaling. TBK1 is an innate immune kinase and Ras effector that is downstream of Ral G 

protein activation (44). TBK1 has been linked to the survival of mutant Kras-expressing 

cells (45) and can directly activate Akt (46). It is plausible that Axl stimulation of Ras results 

in Ral-mediated activation of TBK1 in PDA cells. TBK1 is also a critical mediator of innate 

immune signals that result in interferon type I production and expression of interferon-

regulated genes (47). Further, TBK1 has recently been shown to limit the maturation of 

dendritic cells. Xiao et al. (32) found that the conditional deletion of TBK1 from dendritic 

cells resulted in T cell activation, the promotion of autoimmunity, and enhanced T cell-

mediated tumor immunity. We examined the phosphorylation of TBK1 given the changes in 

cytokines observed in KIC and Pan02 tumors after Axl inhibition, as TBK1 activity has been 

linked to cytokine expression previously (48,49). Our results suggest that TBK1 activity 

downstream of Axl is important for tumor cell survival and potentially tumor cell phenotype. 

Additionally, our studies suggest that the inhibition of Axl may indirectly limit TBK1 

activity in immune cells, which might have significant implications regarding the 

combination of Axl inhibition and immune checkpoint blockade. This is supported in part by 

our observations that Axl inhibition with BGB324 reduced the expression of Arginase-1, a 

key player in immunosuppression (50,51), in tumors and isolated macrophages. However, 

given that the connection between Axl and TBK1 is yet to be defined molecularly, the 

contribution of TBK1 inhibition to the changes in cytokines and tumor associated myeloid 

cells after Axl inhibition requires additional validation.

Resistance to chemotherapy remains the major challenge in the treatment of pancreatic 

cancer. Tumor-intrinsic and suppressive immune mechanisms contribute to chemotherapy 

failure (52). Our study offers preclinical validation that combination therapy with an Axl 

inhibitor targets key resistance mechanisms and thus may offer a therapeutic strategy to 

improve patient responses to gemcitabine, the standard regimen for the treatment of PDA. 

BGB324 is currently in phase II clinical trials as a single agent and in combination with 

targeted-, chemo-, and immunotherapy (AML, NCT02488408; NSCLC, NCT02424617, 

NCT02922777; melanoma, NCT02872259). Our study introduces a rationale for a new 

therapeutic approach to enhance the efficacy of standard therapy in PDA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BGB324 inhibits Axl activity in pancreatic cancer cells in vitro
A) AsPC-1 cells were serum starved in 1% FBS in media overnight and subsequently treated 

with increasing concentrations of BGB324 (BGB) for 30 minutes. Cell lysates were probed 

by Western blotting for the indicated targets. B) Panc-1 cells were serum starved overnight 

as above and subsequently stimulated with DMSO (0.02%) in media (Cntl), Gas6 (200 

ng/ml) or Gas6 + BGB324 (2 μM) for 30 minutes followed by Western blot analysis for the 

indicated targets. C) Pan02 cells were serum starved overnight and subsequently treated with 

DMSO (0.02%) in media, BGB324 alone (2 μM), AF854 (2.5 nM), an Axl antibody that can 

stimulate Axl activation (20), or AF854 + BGB324 for 30 minutes. Axl was 
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immunoprecipitated followed by probing for phospho-tyrosine (p-Tyr) and total Axl (upper 

two rows). Total cell lysates were also probed for the indicated targets. D) Phosphorylated 

Axl was detected in AsPC-1 and Panc-1 by immunocytochemistry. AsPC-1 cells were serum 

starved overnight as above (Control) then treated with BGB324 (2 μM) for 30 minutes. 

Panc-1 cells were serum starved and treated with Gas6 (200 ng/ml) or Gas6 + BGB324 (2 

μM). AsPC-1 and Panc-1 cells were fixed permeabilized, stained with anti-phospho-Axl, and 

subsequently developed by immunofluorescence. Images were analyzed using Elements 

software; quantification of % area fraction is shown. Data are displayed as mean ± SD and 

represent 5 images per cell line. *P < 0.05; **P < 0.01; ***P < 0.005. E) The effect of 

BGB324 on cell migration was assessed by a “scratch” assay. Monolayers of the indicated 

cells were wounded with a pipet tip. The cells were incubated in serum-free media +/− 

BGB324 at the indicated concentrations. Wound closure was monitored at 10, 20, and 30 

hours and is reported as % wound closure. F) Colony formation for Pan02, KIC1, and 3 

human PDA cell lines grown in normal growth media +/− BGB324 at the indicated doses for 

14 days. Mean + SD colonies/hpf are shown. G) Cell growth assays were performed in a 96 

well format for 5 days using MTS. Drug sensitivity curves for BGB324 are displayed. H) 
IC50 as determined by MTS assay for gemcitabine alone, gemcitabine+BGB324, and fold 

reduction in presence of BGB324 are displayed.
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Figure 2. Axl inhibition in mice with advanced PDA improves survival
KIC mice (A) and Pan02 tumor-bearing mice (B) were enrolled in a survival study and 

randomized to vehicle (0.5% [w/w] hydroxypropyl methylcellulose/0.1% [w/w] Tween 80 in 

water, control, PO BID), BGB324 (50 mg/kg PO BID), gemcitabine (25 mg/kg IP twice a 

week), and gemcitabine + BGB324. Therapy was initiated at day 49 (KIC) or day 17 post 

tumor cell injection (Pan02) and maintained until sacrifice. C) In vivo assessment of 

treatment response of subcutaneously (SC) implanted pancreatic PDX. Panc 281 and Panc 

163 were implanted SC on the flanks of athymic mice (n = 8–10/group). When tumors were 

established, mice were treated with vehicle (control, PO BID), BGB324 (50 mg/kg PO 

BID), gemcitabine (25 mg/kg IP twice a week), or the combination. Effects on tumor growth 

are shown after 4 weeks of treatment. D) Panc 265 was orthotopically implanted into nu/nu 

athymic mice. After tumor establishment, mice were treated as in (C) (n = 6–7/group). Total 

gross metastasis was determined by evaluation of liver, diaphragm, GI lymph nodes, and 

lung at the time of sacrifice. BGB324 alone or in combination with gemcitabine significantly 

reduced the rate of metastasis (p=0.001 vs control, Fisher’s exact test)
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Figure 3. BGB324 in combination with gemcitabine inhibits cell survival and epithelial plasticity
A) Tumor tissue from KIC mice treated with BGB324 +/− gemcitabine was evaluated by 

immunofluorescence for cleaved-caspase 3, phospho-histone-3, endomucin, E-cadherin, and 

vimentin. Images were analyzed using Elements software; quantification of % area fraction 

is shown. Data are displayed as mean ± SD and represent 5 images per tumor with 4 animals 

per group analyzed. *P < 0.05; **P < 0.01; ***P < 0.005; by ANOVA with Tukey’s MCT. 

B) Lysates of tumors from KIC animals treated with BGB324 +/− gemcitabine were probed 

for the indicated targets by Western blotting. C) Tumor tissue from KIC animals treated with 

BGB324 +/− gemcitabine was evaluated by immunohistochemistry for the expression level 

of equilibrative nucleoside transporter 1 (ENT1). Quantification of % area fraction is shown. 

Scale bar, 100 μM.
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Figure 4. Inhibition of Axl with BGB324 alters the immune landscape of PDA
A) Tumor lysates from KIC mice treated with vehicle (Cntl), gemcitabine (Gem), BGB324 

(BGB) or the combination (Combo) were analyzed for cytokine context by Milliplex assay. 

The levels of Ccl11, Il-7, Il-1β, and Il-6 are shown as mean ± SD (n = 2/group). B) Tumor 

lysates from KIC animals treated as above were probed for the level of active TBK1 and NF-

κB by Western blotting for the indicated targets. C, D) The effect of Axl on TBK1 signaling 

was probed in AsPC-1 (C) and Panc-1 (D) cells by Western blot analysis. AsPC-1 cells were 

serum starved overnight and subsequently treated with increasing concentrations of BGB324 

for 30 minutes. Panc-1 cells were serum starved and subsequently stimulated with control 

(0.02% DMSO in media), Gas6 (200 ng/ml), or Gas6 + BGB324 (2 μM) for 30 minutes. 

Tumor cell lysates were probed for phosphorylated TBK1 and downstream targets. E) 
Tumor tissue from KIC mice treated with BGB324 +/− gemcitabine were evaluated by 

immunofluorescence for macrophage (F4/80) and Arginase 1 (Arg1) and counterstained 

with DAPI. Images were analyzed using Elements software; quantification of % area 

fraction is shown. Data are displayed as mean ± SD and represent 5 images per tumor with 4 

animals per group analyzed. **P < 0.01; ***P < 0.005; ****P < 0.001; by ANOVA with 

Tukey’s MCT. F) Flow cytometry of KPC-M09 subcutaneous tumors treated with vehicle 

(control) or BGB324 (50 mg/kg, PO, BID) for two weeks as described in the supplementary 

methods. BGB324 reduced monocytic MDSCs (CD11b+ Ly6G- Ly6C+), PD-L1+ M-
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MDSCs, tumor associated macrophages (TAMs, CD11b+ Ly6G- Ly6C- F4/80+ CD11c+ 

MHCII+) and Arg1+ TAMs. *, P < 0.05; **, P < 0.01 by t-test.
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