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Abstract

Purpose—Resistance to vascular endothelial growth factor receptor (VEGFR) inhibitors is a
major obstacle in the treatment of non-small cell lung cancer (NSCLC). We investigated the
cellular mechanisms mediating resistance of NSCLCs to VEGFR tyrosine kinase inhibitors.

Experimental Design—We generated murine models of human NSCLC and performed
targeted inhibition studies with the VEGFR TKiIs cediranib and vandetanib. We used species-
specific hybridization of microarrays to compare cancer (human) and stromal (mouse) cell
transcriptomes of TKI-sensitive and -resistant tumors. We measured tumor microvascular density
and vessel tortuosity to characterize the effects of therapy on the tumor vascular bed. Circulating
cytokine and angiogenic factor levels in patients enrolled in VEGFR TKI trials were correlated
with clinical outcomes.

Results—Murine xenograft models of human lung adenocarcinoma were initially sensitive to
VEGFR TKiIs, but developed resistance to treatment. Species-specific microarray analysis
identified increased expression of stromal-derived hepatocyte growth factor (HGF) as a candidate
mediator of TKI resistance and its receptor, c-MET, was activated in cancer cells and tumor-
associated stroma. A transient increase in hypoxia-regulated molecules in the initial response
phase was followed by adaptive changes resulting in a more tortuous vasculature. Forced HGF
expression in cancer cells reduced tumor sensitivity to VEGFR TKIs and produced tumors with
tortuous blood vessels. Dual VEGFR/c-MET signaling inhibition delayed the onset of the resistant
phenotype and prevented the vascular morphology alterations. In cancer patients receiving
VEGFR TKIs, high pretreatment HGF plasma levels correlated with poorer survival.

Conclusions—HGF/c-MET pathway mediates VEGFR inhibitor-resistance and vascular
remodeling in NSCLC.

Keywords
angiogenesis; NSCLC models; VEGFR TKIs; therapeutic resistance

Introduction

Most efforts to inhibit angiogenesis as a means to control tumor growth have focused on the
vascular endothelial growth factor/receptor (VEGF/R) signaling pathway (1-3).
Bevacizumab (BV), a recombinant humanized monoclonal antibody that binds to circulating
VEGF and inhibits its function, prolongs both progression-free survival (PFS) and overall
survival (OS) of patients with advanced/metastatic non-small cell lung cancer (NSCLC)
when it is administered in combination with chemotherapy (4). However, the clinical
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benefits of anti-VEGF therapies in NSCLC are modest and many lung cancers are either
intrinsically refractory to therapy or eventually acquire resistance following continued
administration (5-7). Therapeutic resistance is also a limitation of VEGFR tyrosine kinase
inhibitors (TKIs), which target the catalytic domain of VEGFR. Indeed, VEGFR TKIs have
not demonstrated an improvement in OS either as monotherapy (8, 9) or in combination with
chemotherapy (10-12) in NSCLC patients. Previous investigations led to the identification of
several mechanisms that allow tumors to progress on therapies that target the VEGF protein
(13-15). More recent studies have concentrated on an improved understanding of the
mechanisms underlying tumor resistance to VEGFR TKIs in order to develop more effective
anti-angiogenic therapies.

Accumulating evidence indicates that both cancer cells and stromal cells play a significant
role in mediating therapeutic resistance to agents that target the tumor vasculature (16-23).
Anti-VEGF therapies are known to reduce oxygen delivery to tumors and the resulting
hypoxia stimulates cancer cells and stromal cells to increase their expression of alternative
angiogenic proteins (24). Previously, we demonstrated that acquired resistance of
experimental murine models of human NSCLC to BV was due, in large part, to upregulation
of epidermal growth factor receptor (EGFR) and fibroblast growth factor receptor (FGFR)
on tumor-associated stromal cells (13, 25). Antibody blockade of VEGFR1 and VEGFR2
signaling in experimental pancreatic islet tumors also prompted cancer cells and tumor-
associated endothelial cells to increase their synthesis and secretion of FGF-related proteins
(21). In our studies, we also noted that acquired resistance to BV was associated with a
normalized revascularization phenotype in which tumor blood vessels were covered with
pericytes that expressed activated EGFR. Moreover, we found that dual EGFR/VEGF
pathway inhibition significantly delayed emergence of resistant phenotype. However, less
information is known regarding the cellular and molecular mechanisms that mediate the
resistance of NSCLC to VEGFR TKis.

To begin to address this issue, herein we examined the efficacy of two VEGFR TKiIs,
cediranib (CED; AZD2171, AstraZeneca) (26) and vandetanib (VAN; ZD6474, Caprelsa™,
AstraZeneca) (27), in murine models of human NSCLC. We applied species-specific gene
expression profiling analysis to NSCLC tumors that were sensitive and resistant to TKIs in
order to identify the origin of candidate signaling pathways that may be responsible for the
drug-tolerant phenotype. We validated the findings in our models and then assessed their
contribution to the human disease in patients with NSCLC and metastatic renal cell
carcinoma (mRCC) that were enrolled in clinical trials evaluating VEGFR TKIs.

Materials and Methods

In Vivo Studies

Male athymic nude mice (NCI-nu) were purchased from the National Cancer Institute
(NCI). The mice were maintained in facilities approved by the American Association for
Accreditation of Laboratory Care (AAALAC) and according to institutional guidelines.
H1975 and A549 NSCLC cells (2x108 cells) were injected subcutaneously (sc) into 6-week-
old male mice and when tumor size reached ~270 mm?3 animals were randomized to the
following treatment groups: vehicle [phosphate buffered saline; PBS] orally (po) daily; VAN
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50 mg/kg po daily; or CED 6 mg/kg po daily. Parallel short-term treatment studies (14 days)
were conducted in H1975 tumors when the tumor volume average reached ~350 mm3. The
tumor volume average in treated versus control group calculated at the final tumor
evaluation was used as index to assess the antitumor activity of CED and VAN. Tumors were
considered resistant when their volume tripled when compared to pretreatment volume and
PFS was defined as the time from treatment initiation until the tumor volume tripled.
Animals were euthanized when tumor burden was reached (progression) or for morbidity,
according to the animal's protocol guidelines. We defined the progression vehicle control as
the vehicle (PBS)-treated animals that are the control group for the long-term treatment
experiment and sensitive vehicle control as the vehicle treated animals for the short-term
experiment (14 days). Tumors were excised and processed for immunostaining studies and a
portion of each tumor was also snap-frozen in liquid nitrogen. Hematoxylin and Eosin
staining was used to confirm the presence of tumor.

Orthotopic lung tumors were produced by implanting H441 lung adenocarcinoma cells (1 x
10%) in 50 pl HBSS containing 50 pg growth factor-reduced Matrigel (BD Bioscience) into
the left lungs of 6-week-old nude mice, as previously described (13, 28). We euthanized
eight mice three weeks after implanting the cancer cells in order to determine the kinetics of
tumor growth. Animals were treated with either vehicle (PBS) 100 ul po daily or VAN 50
mg/kg po daily and euthanized when moribund.

For HGF stable transfection /n vivo studies, HCC827-vector, -HGF.20, H1975-vector, or -
HGF.24 cancer cells (2x108 cells) were implanted sc into 6-week-old male mice. Treatment
was initiated when tumor volumes reached ~300 mm3. Cabozantinib (XL184) 30 mg/kg and
BV 10 mg/kg were administered po daily and into peritoneal space (ip) twice a week,
respectively. Control mice were treated with PBS administered po daily and ip twice weekly.
PFS was defined as time from treatment initiation to tumor volume doubling.

Gene Expression Profiling: Sample Preparation and Analysis

Total RNA was extracted from snap-frozen tissues using min/ana™ miRNA Isolation Kit
(Ambion), according to manufacturer's protocol. Biotin-labeled cRNA samples for
hybridization were prepared using the Illumina Total Prep RNA amplification kit (Ambion).
One microgram of total RNA was used for the synthesis of cDNA, followed by amplification
and biotin labeling. Next, 1.5 pg of biotinylated cRNAs were hybridized to human WG-6
v3.0 and mouse WG-6 v2.0 Expression BeadChips (Illumina) for analysis of tumor (human)
and stromal (mouse) transcriptomes, respectively. Previous testing of the human and murine
microarray platforms determined that they provide sufficient specificity to discriminate
expression of mouse and human genes when mRNA from both species is mixed together and
that they maintain the necessary sensitivity to detect the expression of species-specific genes
even when they only represent 10% of mMRNA in the mixture (29). Signals were developed
by Amersham fluorolink streptavidin-Cy3 (GE Health Care Bio-Sciences). Gene expression
data were collected using the Illumina bead array reader confocal scanner (BeadStation
500GXDW). Quantile normalization was performed on the average signal intensity values of
the probes. The normalized expression data were logarithm transformed (base 2) for further
analysis. To reveal significant genes within all treatment groups, a linear regression model
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was fitted and specific contrasts were tested for significance for each probe using the R
package /imma (30). The comparisons made in our study were: CED-resistant vs. CED-
sensitive tumors (“CED prog. vs. CED sens.”) and VAN-resistant vs. VAN-sensitive tumors
(“VAN prog. vs. VAN sens.”) for both human and mouse samples. To determine
significance, a beta-uniform model was applied to adjust for multiple comparisons (31). We
chose a false discovery rate (FDR) of 0.1 to identify any genes that were significantly
modulated. Comparisons between specific treatment groups were performed using the same
FDR, with an additional fold change cutoff (>1.5-fold). Finally, we applied the method to
specific gene lists consisting of genes known to be associated with angiogenesis, hypoxia,
and lymphangiogenesis (32). The gene expression data are deposited in GEO-NCBI
database under the accession number GSE64472.

Phase Il and Phase Il Study Designs and Plasma Analysis

In this retrospective analysis, we obtained data from three multicenter clinical trials. The
first study was a phase Il randomized clinical study evaluating VAN alone, carboplatin and
paclitaxel, or the combination of VAN plus carboplatin and paclitaxel in patients with
advanced/metastatic NSCLC in the first line setting (12). The second study was a
randomized study evaluating VAN or erlotinib in patients with refractory NSCLC (8). The
third study consisted of an open-label phase 2 trial evaluating pazopanib in patients with
metastatic renal cell carcinoma (RCC) (33, 34). Details and results of all three trials have
been published previously. Clinical protocols and informed consent documents were
approved by participating local institution's review boards and the trials were undertaken in
accordance with the International Conference on Harmonisation Guidelines for Good
Clinical Practice and the amended Declaration of Helsinki. All patients provided written
informed consent before study entry. Blood samples were collected prior to treatment,
processed, stored and analyzed for HGF concentration as detailed (see Supplementary
Materials and Methods for details).

Biostatistics and Standard Methods

Results

Statistical and bioinformatics methods, reagents, cancer cells and cell culture conditions,
quantitative real-time PCR, immunostaining, HGF stable transfection and vascular
morphology analysis are described in Supplementary Materials and Methods.

NSCLC Xenografts Acquire Resistance to VEGFR TKiIs

We evaluated the efficacy of CED and VAN in NSCLC xenograft models. H1975 or A549
NSCLC tumor-bearing animals were treated with vehicle, CED, or VAN until mice were
euthanized due to tumor burden (progression). The individual tumor growth curves of
H1975 and A549 xenografts that received vehicle and CED are shown in Figure S1A and B,
respectively. The individual tumor growth curves of vehicle and VAN treatment are shown in
Figure S1A (H1975) and Figure S1B (A549) and in our prior published studies (13). After
initial tumor shrinkage, three H1975 xenografts and two A549 xenografts acquired
resistance to CED long-term treatment. In H1975 xenografts 2 animals acquired resistance
to VAN after 148 days of treatment; in A549 xenografts 1 animal acquired resistance to
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VAN after 102 days of treatment (13). The grey arrows indicate the resistant xenograft-
bearing animals and when they were euthanized due to tumor burden. We obtained tumor
tissues from xenograft-bearing animals that were responding to therapy by treating H1975
tumors with CED or VAN for a period of 14 days (short-term treatment). Animals were
euthanized after 2 weeks of treatment or earlier, if necessary, due to tumor burden or
morbidity. H1975 xenografts treated with CED or VAN were smaller than controls at 14
days (CED induced an 84% tumor growth reduction vs. vehicle; VAN induced a 69% tumor
growth reduction vs. vehicle, Figure S1C). The control group has been previously shown
(13). These findings suggest that the response of H1975 and A549 NSCLC xenografts model
the acquired resistance that takes place in the clinic in which tumors are initially sensitive to
VEGFR inhibition, but develop resistance following prolonged treatment.

Angiogenic Genes are Upregulated in Stromal Cell and Cancer Cell Compartments in
VEGFR TKI-resistant NSCLC Xenografts

To identify candidate angiogenic factors that may mediate acquired resistance to VEGFR
TKIs, we performed species-specific (human: cancer cells; mouse: tumor stroma) gene
expression profiling on CED- and VAN-sensitive H1975 tumors (short-term treatment) and
to tumors that progressed after prolonged treatment. This analysis revealed that seven
stromal (mouse) angiogenic genes were significantly modulated in both VAN- and CED-
resistant tumors when compared with VAN- and CED-sensitive tumors (Figure 1A). The
heatmaps depicting the expression of these seven commonly modulated stromal angiogenic
genes are shown in Figures 1B and C. In tumors that progressed while receiving VAN,
stromal Rps7, Eng, Nos3, Hgf, and Cxc/1 genes were upregulated, and Rp/37and Apy genes
were downregulated (Figure 1B, Table S1). In tumors that progressed while receiving CED,
stromal Hgf, Cxcl1, Nos3, and Eng genes were upregulated, whereas Rpos7, Npy, and Rpl37
genes were downregulated (Figure 1C, Table S2).

Fourteen cancer cell (human) angiogenic genes were differentially expressed and shared by
tumors that progressed while receiving VAN or CED treatments compared with VAN- and
CED-sensitive tumors (Figure S2 A-C, Tables S3 and S4). This group of shared angiogenic
genes included /L6 and HIF3A. HIF3A encodes an adaptor protein in transforming growth
factor beta signaling modulation of angiogenesis and cell cycle progression, which were
upregulated in both sets of resistant tumors. CASPZ, an enzyme and member of the caspase
family that plays a role in apoptosis, was downregulated in VAN- and CED-resistant tumors.

HGF/c-MET Axis is Overexpressed and Activated in NSCLC Murine Models of VEGFR TKI

Resistance

Stromal HGF gene expression was upregulated in both VAN- and CED-resistant tumors and
other investigators have reported alterations in HGF signaling in tumors resistant to
antiangiogenic agents (35). Therefore, we performed additional experiments to determine
the contribution of HGF to VEGFR resistance in our models. First, we validated HGF and c-
MET at the protein level in H1975 tumors by immunostaining. The HGF staining area was
significantly smaller in CED- or VAN-sensitive tumors compared with control tumors;
however, HGF expression increased dramatically in tumors that acquired resistance to CED
and VAN treatments (Figures 1D and E). Total c-MET expression levels were significantly
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increased in resistant tumors when compared to CED- or VAN- sensitive tumors (Figures 2A
and B). We observed higher expression of the activated form of c-MET (p-MET) in VAN-
resistant vs. VAN-sensitive tumors in both cancer cell and stromal compartments (Figure
S3). We also noted that p-MET expression localized to tumor-associated endothelium of
H1975 VAN-resistant tumors, but not to endothelial cells of VAN-sensitive and control
tumors (Figure 2C). These findings indicate that HGF/c-MET pathway is upregulated in
both cancer cells and stromal cells of VEGFR TKI resistant tumors.

Given that the organ microenvironment plays a significant role in determining a cancer cells
responsiveness to treatment (5), we examined the contribution of c-MET signaling to the
VEGFR TKI resistant phenotype in an orthotopic model of lung adenocarcinoma (13). We
analyzed H441 orthotopic tumors that were treated with either vehicle or VAN until
progression and found that cancer cell (human) c-MET mRNA expression levels, as well as
total c-MET staining area, significantly increased in VAN-resistant tumors compared with
controls (Figure 2 D-F).

VEGFR-Inhibitor Resistance is HGF-Dependent

To determine whether HGF/c-MET signaling is sufficient to confer resistance of NSCLC to
the VEGFR TKiIs, we transfected HCC827 and H1975 human lung adenocarcinoma cells
(36) with the human HGF gene (Figure S4A and B). The resulting HCC827-vector, H1975-
vector, and HGF-overexpressing (HCC827-HGF.20 and H1975-HGF.24) cells were
implanted into nude mice and once tumors were established, the animals were treated with
VEGF/R inhibitors. In HCC827-vector and —~HGF.20 xenografts, CED decreased tumor
growth after 28 days of treatment compared with vehicle (CED vs. vehicle -vector P=
0.057; CED vs. vehicle -HGF.20 £=0.015); however, reduced sensitivity to therapy was
noted in tumors overexpressing HGF and treated with both CED and BV compared with
vector-controls receiving the same treatments (CED HGF.20 vs. CED vector-control; P=
0.023; BV HGF.20 vs. BV vector-control 2= 0.035, Figure 3A). These results indicate that
high HGF expression may render tumors less sensitive to VEGF/R pathway inhibitors.

Combined VEGFR2/c-MET Targeting Inhibits Tumor Growth and Prolongs Survival in
Murine Models of NSCLC

To determine the therapeutic efficacy of combined inhibition of VEGFR2 and c-MET
signaling, we treated mice bearing established H1975-vector and -HGF.24 tumors with BV,
CED, or VAN alone or in combination with cabozantinib (XL184), a c-MET and VEGFR2
TKI (37). H1975-vector xenografts were sensitive to BV, CED, VAN and XL184 treatments
and the combinations BV + XL184 or VAN + XL184 had a more profound antitumor effect
than each agent monotherapy (Figure 3B). Combination treatment with BV or VAN plus
XL184 also significantly prolonged the median PFS compared with each agent alone (Figure
3D and F). H1975-HGF.24 tumors were relatively less sensitive to VEGFR inhibitors than
vector controls (Figure 3C). XL184 combined with BV, CED, or VAN inhibited tumor
growth of HGF.24 xenografts more than any single agent (Figure 3C). Combined treatments
resulted in a trend to significantly longer PFS than mice receiving BV, VAN or XL 184 alone
(Figure 3G and I). Combination with CED plus XL184 was slightly more effective
compared with each single agent in HGF-overexpressor tumors (Figure 3H) and compared
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with CED plus XL184 in HGF-vector tumors (Figure 3E). These findings suggest that dual
VEGFR2/c-MET axis blockade delays tumor growth of NSCLCs that overexpress HGF.

HGF Overexpression Increases Vessel Tortuosity and Combined VEGFR2/c-MET Targeting
Normalizes the Tumor-Associated Vasculature in NSCLC Xenografts

To determine the effects of therapy on the tumor vascular bed, we measured the
microvascular density (MVD) of VEGFR TKI-treated H1975 tumors and determined that
MVD was significantly reduced in CED- and VAN-sensitive tumors (Figure 4A and B, left).
However, the MVD of resistant tumors (progression) actually increased compared with
vehicle-treated and VEGFR TKI-sensitive tumors (Figure 4B, right) and the blood vessels
perfusing the resistant tumors were more tortuous and disorganized (Figure 4C).

Next, we determined the effect of HGF on tumor vessels by comparing the tumor
vasculature patterns of H1975-HGF.24 tumors and vector controls. There were no significant
differences in the MVD between vehicle-treated H1975-vector tumors and HGF.24 tumors
(Figure 5A and B). However, we noted that the vessel tortuosity was significantly increased
in vehicle-treated HGF-overexpressing tumors (P < 0.05; Figure 5C). In H1975-vector
xenografts, the administration of CED, VAN, XL184, and VAN + XL184 treatments
significantly decreased MVD compared with vehicle (P < 0.05; Figure 5D, left), whereas in
vehicle-treated HGF.24 xenografts no MVD changes were observed. Both CED and VAN
treatments induced revascularization in HGF-overexpressing tumors (Figure 5D, right). Dual
VEGFR2/c-MET inhibition with XL184 or CED + XL184 reduced the MVD in HGF.24
xenografts compared with CED or VAN alone (P< 0.05, Figure 5D). Vessels supplying
vehicle-treated HGF.24 xenografts were more tortuous and disorganized than the blood
vessels of vehicle-treated vector xenografts (P = 0.01; Figure 5C and E), and c-MET
blockade alone or in combination with VEGFR inhibition significantly reduced vessel
tortuosity (P < 0.05; Figure 5E) of HGF overexpressing tumors.

Intratumoral Hypoxia Increases in NSCLC Tumors Following VEGFR Inhibition

The studies above indicate that administration of VEGFR TKIs significantly reduces the
vascular surface area of H1975 tumors. To determine any functional consequences of the
reduced MVD, we quantified levels of the hypoxic biomarker carbonic anhydrase 1X
(CAIX) in experimental H1975 tumors. We noted that CAIX levels significantly increased in
H1975 tumors that were sensitive to VAN when compared with vehicle-treated tumors (P=
0.02; Figure S5A and B) and remained elevated once tumors acquired resistance to VAN
treatment.

Collectively, these data suggest that short-term administration of VEGFR TKIs inhibits
tumor angiogenesis in VEGFR TKI-sensitive tumors. The reduction in tumor microvascular
surface area then leads to declining oxygen tensions in the tumor microenvironment
resulting in upregulation and activation of proangiogenic pathways, such as the HGF/c-MET
axis, that restores tumor progression.
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High Baseline Circulating HGF Levels Are Associated with Poor Outcomes in Patients with
NSCLC and metastatic Renal Cell Carcinoma (mRCC)

Next, we validated our preclinical findings in samples from patients with NSCLC and RCC
enrolled in clinical trials evaluating VEGFR TKIs. We analyzed levels of circulating HGF in
patients from three clinical studies and compared PFS among groups (8, 12, 33). The first
study was a phase Il randomized study of patients with advanced NSCLC treated with VAN
alone, VAN plus carboplatin and paclitaxel (VCP), or CP alone (control group) (12). After
controlling for sex and smoking status in all groups, we determined that elevated plasma
HGF was predictive of reduced PFS benefit for VAN versus CP (P for interaction = 0.036,
Figure 6A and B). Table S5 shows median PFS by treatment arm for patients with low and
high baseline plasma HGF levels. Among patients who received VAN, low baseline plasma
HGF levels were associated with superior PFS versus high baseline levels (hazard ratio [HR]
= 1.437 per 2-fold increase, 95% confidence interval [CI] = 1.038-1.988, A= 0.029).
However, among patients treated with CP alone, those with low baseline plasma HGF had
equivalent or inferior PFS compared with patients with high plasma HGF levels (Figure 6A
and B).

The second study was a phase 11 trial evaluating the efficacy of VAN versus erlotinib (E) in
unselected patients with advanced NSCLC who had progressed after receiving one to two
prior chemotherapy regimens (8). We performed an exploratory analysis for 623 patients
treated with VAN (300 mg po daily) and 617 patients treated with E (150 mg po daily) by
HGF status; patients were defined as positive if their pretreatment (baseline) HGF levels
were greater than or equal to the median value at baseline, negative if their pretreatment
HGF levels did not meet the criteria for positive, and unknown if they did not have a
baseline HGF value. Patients with positive HGF levels experienced slightly poorer outcomes
in response to VAN vs. E treatment (median PFS: 7.7 vs. 7.6 weeks, respectively; events/
number of patients: 93/99 vs. 88/93, HR 1.1 (95% CI 0.82, 1.49; Table S6). However,
positive patients receiving VAN had a significantly poorer PFS compared with negative
patients treated with VAN (median PFS: 7.7 vs. 11.7 weeks, respectively; events/number of
patients: 93/99 vs. 88/96, = 0.0042), as shown in Figure 6C and Table S6. No significant
differences in PFS were noted in patients receiving E by HGF status (P = 0.079; Figure 6D).
These findings confirm the predictive role of HGF as biomarker of resistance to treatment
with VAN in NSCLC.

We then questioned whether our findings could be applied to patients treated with VEGFR
inhibitors in other malignancies. In a separate open-label, single-arm phase |1 study
(VEG102616, NTC00244764), pazopanib (Votrient, GlaxoSmithKline), a multi VEGFR
TKI, had significant clinical activity in mRCC patients, demonstrating an overall RR of
35%, a disease control rate (ORs + SD) of 80%, and median PFS of 52 weeks (33). Analysis
of pretreatment plasma samples revealed that low (relative to median) plasma HGF levels
correlated with increased tumor shrinkage (34). Cox regression analysis demonstrated a
significant association between low baseline plasma HGF and increased PFS (low plasma
HGF levels [n = 108], median PFS = 53 weeks; high plasma HGF levels [n = 108], median
PFS = 28 weeks; P=0.016; Figure S6). These results indicate that HGF has a role of
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predictive biomarker of resistance to treatment with VEGFR TKiIs in solid tumors other than
NSCLC.

Discussion

Biologic agents targeting the VEGF pathway have produced significant clinical benefit in
some cancers, including those that originate in the lung. However, therapeutic responses are
usually short-lived and resistance inevitably emerges. Several investigations concluded that
both cancer cells and tumor-associated stromal cells can play critical roles in determining
the sensitivity of a tumor to therapy (5, 13, 22, 25, 38). Nevertheless, elucidating the
molecular mechanisms underlying NSCLC progression and its resistance to anti-
angiogenesis therapies has proved challenging. NSCLC is an extremely heterogeneous
disease (39) and the fact that there are several classes of anti-angiogenic therapies, each
possessing a different mechanism of action, adds to the complexity. Recently, we identified
the mechanisms that mediate resistance of experimental NSCLC tumors to BV. However,
less information is known regarding the mechanisms involved in the evolution of tumor
resistance to therapies that bind to catalytic site of VEGFR. Here, we show that continued
administration of the VEGFR TKIs CED and VAN to mice harboring established human
lung cancers results in upregulation and activation of HGF/c-MET signaling networks in
both the cancer cell and stromal cell compartments, which allows tumors to become
refractory to therapy after an initial phase of response. Target cells for the stromal-derived
HGF include the tumor-associated endothelial cells, which respond to the HGF signal by
forming tortuous vascular networks. Combined inhibition of VEGFR and HGF receptor
pathways prevents the vascular alterations and, moreover, delays the onset of therapeutic
resistance in our models. In addition, our clinical analyses suggest that HGF is a predictive
biomarker of VEGFR TKI resistance in that cancer patients with low baseline plasma
concentrations of HGF are more likely to benefit from VEGFR TKIs compared with patients
with high HGF concentrations, who have a poorer PFS in multiple clinical trials.

We were able to identify stromal-derived HGF as a mediator of VEGFR TKI resistance by
performing cross species-specific hybridization of microarrays on VEGFR TKI-treated
tumors and comparing the patterns of gene expression of tumors that were sensitive to short-
term VEGFR TKI treatment with tumors that were resistant to prolonged therapy. We
elected to use 14 days as our time point for short-term treatment because H1975 tumors
were responding to therapy at this time, but were still sufficiently large enough for analyses.
Time-matched comparisons between resistant and responding tumors were prohibited
because the sensitive tumors were too small to characterize and, in some cases, not
detectable. In addition, the emergence of the resistant phenotype was sporadic and this
prevented us from selecting one set time point for comparisons of resistant and sensitive
tumors.

HGF is a plasminogen-like protein that mediates its effects by binding to the receptor
tyrosine kinase encoded by the MET proto-oncogene (40, 41), referred to as c-MET, or
hepatocyte growth factor receptor. c-MET is preferentially expressed in epithelial tissues and
its phosphorylation activates transduction of a number of intracellular signaling pathways,
including RAS/RAF, PI3K/AKT, and STAT3 (42, 43). Thus, phosphorylation of c-MET can

Clin Cancer Res. Author manuscript; available in PMC 2018 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cascone et al.

Page 11

activate programs that signal for cell survival, cell mobility, invasion, angiogenesis,
epithelial-to-mesenchymal transition (EMT) (44), and metastasis (45). HGF and c-MET are
also localized at sites of pathological angiogenesis and are a potent endothelial mitogens
(46-48). Indeed, we found that tumors treated with short-term VEGFR TKIs had reduced
levels of c-MET compared with sensitive tumors, while c-MET was upregulated in tumors
that progressed on long-term treatment. Ligand-induced activation of receptor tyrosine
kinases (RTKs), including VEGFR1-3, PDGFR-B, RET and EGFR, has been shown to
increase HIF-1a expression in neuroblastoma models, and pharmacological inhibition of
RTK activity can abrogate HIF-1a expression in cancer cells (49). We have shown that
EGFR-mutant NSCLC cells, such as H1975 cells, express higher levels of c-MET and p-
MET when compared with EGFR wild-type cells, and that EGFR inhibition in EGFR-
mutant NSCLC models reduces c-MET expression and activation through a HIF-1a-
dependent mechanism (50). We recently extended this finding to show that VEGFR TKIs,
including VAN and CED, can modulate HIF-1a. and c-MET in other subsets of NSCLC
(51). Hence, there may be two opposing influences on c-MET levels via HIF-1a pathway: a
short-term decrease in RTK-driven HIF-1a and c-MET levels in tumor cells, and a longer-
term upregulation of c-MET, potentially in response to tumor hypoxia induced by the
antiangiogenic effect of the drugs. This is consistent with our prior publications using the
same NSCLC models and studies from others showing eventual induction of hypoxia after
antiangiogenic therapy administered over time (52). c-MET is also enriched on dividing
endothelial cells and is a marker of the angiogenic phenotype (48). The tumor vascular bed
of H1975 tumors that were treated with short-term TKI therapy was reduced in comparison
to vehicle-treated tumors and this contributed, at least partially, to the reduction in total c-
MET expression. As tumors are exposed to long-term RTK inhibition and acquire resistance,
we observed an increase in tumor MVD and upregulation and activation of the HGF/c-MET
axis, as compared with VEGFR TKI-sensitive tumors.

VEGF blockade has been shown to normalize the tumor vasculature by reducing interstitial
pressure, thereby increasing perfusion, oxygenation, and drug delivery (53). However, there
is some evidence that suggests these events are short-lived due to the excessive vessel
pruning, which triggers hypoxia and prompts cancer cells to utilize alternative pathways for
rapid tumor regrowth and rebound vascularization (54). Indeed, in other tumor models,
antiangiogenic therapy was found to produce sustained hypoxia and impaired tumor vascular
function, despite moderate vessel maturation (52). These findings support our observation
that tumor hypoxia levels, as determined by CAIX staining on tumor tissues, increased in
tumors that were sensitive to VEGFR TKIs compared with vehicle-treated tumors and
remained elevated in the phase of acquired resistance to long-term anti-angiogenic therapy.
The tumor blood vessels supporting the CED and VAN resistant tumors were significantly
more tortuous than vessels supplying tumors that were sensitive to TKI therapy. This finding
is in contrast to our earlier report on NSCLC tumors that become resistant to BV following a
prolonged period of antibody administration had a less tortuous vasculature (13). Indeed, we
found that tumors that had acquired resistance to BV had a normalized tumor vasculature in
that the tumor-associated blood vessels were covered in pericytes.

In addition to its effects on tumor and microvascular endothelial cells, HGF/c-MET
signaling has also been implicated as central regulator of the drug-tolerant phenotype. In
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melanoma, HGF was found to play a role in mediating resistance to BRAF inhibition by
activating MAPK and PI3K/AKT signaling through the c-MET receptor (55). In that cell-
based study, stromal cells were the source of HGF secretion and resistance could be
overcome by dual targeting of RAF and either HGF or c-MET. In a similar type of study,
MET amplification was found to activate ERBB3/PI3K/AKT signaling in EGFR mutant
lung cancers and to enable the cancer cells to become resistance to EGFR TKIs (36). In
another cell-based system, fibroblast-derived HGF was found to mediate EGFR TKI
resistance in triple-negative breast cancer cells (56). Our observation that stromal HGF was
upregulated in TKI-resistant tumors is in agreement with recent reports identifying the
HGF/c-MET axis as an alternative mediator of resistance to sunitinib in preclinical tumor
models (35). In our report, the strength of our technical approach using species-specific
hybridization of microarrays on resistant and sensitive tumors lies in the ability to delineate
whether the cancer cell or stromal cell compartment (or both) is being modified by the
therapeutic intervention. Dual VEGFR/c-MET pathway blockade delayed resistance
compared with single signaling inhibition and reduced vessel sprouting. In animal models of
spontaneous pancreatic neuroendocrine tumors VEGF blockade promoted tumor invasion
and metastasis, which could be inhibited by concurrent c-MET blockade (57). We
acknowledge that as it is the case with other multityrosine kinase inhibitors, off-target effect
of VAN and CED must be taken in consideration when interpreting the improved efficacy
observed in our /n vivo models with the combinations of VEGF/R inhibitors BV, CED or
VAN plus XL184. However, our contention that the HGF/c-MET pathway contributes to
VEGF/R inhibitor-resistance is supported by the use of the HGF overexpressor models and
our clinical findings. Our findings suggest that hypoxia-induced upregulation of the stromal
HGF/c-MET axis may promote tumor growth and vascular changes observed in VEGFR
TKI-resistant tumors through signaling activation in stromal cells. These observations
reinforce the notion that the tumor-associated stroma plays an important—and in some cases
dominant—role in NSCLC models of resistance to angiogenesis inhibitors.

Finally, we assessed the clinical relevance of our preclinical findings in patients with
advanced/metastatic and refractory NSCLC treated with VAN, and patients with metastatic
RCC treated with pazopanib. Prior studies suggest that broad plasma CAF profiling may be
used to identify prognostic and predictive markers in cancer patients (58-64). We measured
serum levels in patients with advanced/metastatic and refractory NSCLC treated with VAN,
and patients with metastatic RCC treated with the multi TKI pazopanib and identified a
predictive role for circulating HGF as a marker of poor clinical benefit in mRCC and
NSCLC patients treated with VEGFR TKiIs in three independent clinical trials (8, 12, 33,
34). Furthermore, our group has previously reported that high pretreatment levels of
circulating HGF are associated with shorter PFS compared with placebo (32-1 weeks vs.
13-0 weeks; HR 0-46 [0-32-0:67] A= 0.010) in a phase 3 randomized study evaluating
pazopanib in metastatic mRCC (65).

Our data suggest that NSCLC patients with high circulating HGF levels may derive little
benefit from the administration of VEGFR TKIs targeting the tumor microenvironment.
These findings strengthen our preclinical results and lend credibility to our experimental
approach for identifying mechanisms of resistance in NSCLC. Consistent with our
preclinical observation, circulating HGF levels increase prior to disease progression in
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colorectal cancer patients treated with the combination of chemotherapy and anti-angiogenic
therapy (66).

Taken together, our results indicate that HGF/c-MET signaling activation may represent a
common mechanism of acquired resistance to VEGFR TKIs and may predict poor clinical
outcome in patients treated with VEGFR inhibitors. As such, patients with high circulating
HGF levels may derive poor relative benefit from VEGFR TKIs targeting the tumor
microenvironment, in which both circulating host- and tumor-derived factors may affect
therapeutic response. Dual VEGFR and HGF/c-MET targeting may represent a reasonable
approach to improve patient outcomes.
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Statement of Translational Relevance

VEGFR inhibitors such as the TKIs vandetanib and cediranib have been shown to
improve progression-free survival and response rates, respectively, in patients with
NSCLC. However, most lung tumors are either indifferent to these agents or eventually
acquire resistance following their continued administration. Here, we used species-
specific transcriptomic profiling to identify cancer cell- and stromal-specific alterations
associated with resistance to VEGFR TKIls. We identified the HGF/c-MET pathway as a
mediator of resistance and vascular remodeling in xenograft models of human NSCLC.
Dual VEGFR/c-MET pathway inhibition delayed the onset of the resistant phenotype and
prevented resistance-associated sprouting revascularization. This study has direct clinical
implications and suggests that combined VEGFR and c-MET blockade may provide
superior therapeutic benefit for the treatment of NSCLC. Elevated circulating levels of
HGF were associated with a poorer outcome in cancer patients treated with VEGFR TKiIs
from three separate clinical trials.
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Figure 1. VEGFR TKI resistance is associated with increased stromal HGF in H1975 xenografts
A. Venn diagram of stromal (mouse) angiogenic genes significantly modulated in H1975

tumors with acquired resistance (prog) to VAN (red) or CED (blue) versus VAN- or CED-
sensitive tumors (14 days of treatment). B, C. Heatmaps showing 7 common stromal
angiogenic genes significantly modulated in both (B) H1975 VAN—-prog. vs. —sens. tumors
and (C) H1975 CED-prog. vs. —sens. tumors. When there are more than one significant
probe for a gene, the mean of the expression values across the probes were used for the heat
maps in B, C. D. Representative immunofluorescent staining for CD31 (red), HGF (green),
and DAPI (blue) in confocal microscopy (x200) of H1975 tumors treated with vehicle, CED,
or VAN for 14 days (sensitive) or until progression; n=2-4 samples/group. E. Quantification
of HGF+ staining (% HGF-fluorescent area: green/blue fluorescence) in H1975 tumors (=5
microscopic fields/sample) treated with vehicle, CED, or VAN. Data graphed as percentage
+ SEM. Pvalues are from ¢test. In panels D and E, vehicle-treated samples were pooled for
this analysis from both vehicle short-term and long-term groups.
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Figure 2. c-MET is overexpressed and activated in VEGFR TKI-resistant NSCLC murine
models

A. Representative IHC staining (x200) and B. Quantification of total c-MET in H1975
tumors treated with vehicle, CED, or VAN. Data graphed as mean score (overall intensity) +
SEM. C. Representative IHC images (x200 top; x400 bottom) for phosphorylated c-MET
(p-MET) in H1975 tumors treated with vehicle (n=3), VAN for 14 days (n=3), or until
progression (n=2). At least 3 photomicrographs were collected per sample. Data graphed as
mean score £ SEM. Pvalues are from #test. The black arrows indicate the localization of
positive p-MET staining on tumor-associated endothelium. D. Quantitative reverse-
transcriptase PCR shows human c-MET mRNA expression levels in H441 orthotopic tumors
treated with vehicle or VAN until progression (n=4/group). Data are normalized relative to
MRNA levels in vehicle-treated samples and graphed as mRNA relative levels + SEM. P
values are from ftest. E. Representative IHC staining (x100) for c-MET in H441 orthotopic
tumors treated with vehicle or VAN until progression (=5 photomicrographs/sample, n=4-5/
group). F. Quantification of the c-MET immunostaining in H441 tumors treated with vehicle
or VAN until progression (=3 core fields/sample quantified). Data shown as mean score +
SEM. Pvalues are from ¢test.

Clin Cancer Res. Author manuscript; available in PMC 2018 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Cascone et al.

Page 21

A. HCC827 xenografts B. H1975 HGF vector xenografts C. H1975 HGF .24 xenografts
1000- W Vehicle 2000 2000
oy W CED P=0.035 e e
E Oev £ 1500 E_Tsoo
£ £ : =
g Ll 5 1000 3 1000 +
3 ¢ 3 £ %k % K kK % %
° = 5
> g s00 g s
- 3 3
9 = =
g o 0
- ‘A EEERE $12gz3333
5 % % 2 $ £ % % =
t HGFR.20 * + x PR
vector & @ g z @ E

H1975 HGF-vector xenografts H1975 HGF.24 xenografts

D. PFS:BV+XL184 E. PFS:CED+XL184 F, PFS:VAN+XL184 @, PFS:BV+XL184 H.PFS:CED+XL184 I, PFS:VAN+XL184

I

Prabability of PFS
Probability of PFS
Probability of PFS
I
Probability of PFS
[
Probability of PFS

. Probability of PF3

' 'Tilme:[ﬁagrsl:l - Time (Days) : ' Time (Days} © Time (Days) " Time(Days) Time (Days)

Figure 3. Ectopic HGF overexpression reduces sensitivity of NSCLC xenografts to VEGF/R
inhibitors and dual VEGFR2/c-MET blockade prolongs PFS of NSCLC murine models

A. Mean tumor volume differences (+ SEM) following BV and CED 28-day treatment in
HCC827-vector and -HGF.20 xenografts (at 28 day point: vector xenografts n=3-4/group;
HGF.20 xenografts: n=5/group). Pis from Mann-Whitney test. B, C. Tumor growth
inhibition following 17 days of treatment with BV, CED, VAN, or XL184 alone or in
combination in (B) H1975-vector (n=4-7/group) and (C) -HGF.24 xenografts (n=7-10/
group). Data graphed as mean tumor volume at day 17 of treatment + SEM. * £< 0.05 in the
indicated treatment group vs. vehicle; T A< 0.05 in BV + XL184 vs. BV and in VAN +
XL184 vs. VAN in vectors, and in BV + XL184 vs. BV in HGF.24 xenografts; + £< 0.05 in
BV + XL184 vs. XL184, CED + XL184 vs. XL184 and VAN + XL184 vs. XL184. Pvalues
are from Mann-Whitney test. D-/. Kaplan-Meier curves show probability of PFS (time to
tumor doubling) of mice bearing H1975 vector control tumors (D, E and F) or H1975-HGF.
24 overexpressor tumors (G-1) treated with vehicle, BV, CED, VAN, and cabozantinib
(XL184) or combination treatments. H1975 vector xenografts: overall < 0.0001; BV +
XL184 vs. BV, P=0.015 (D); BV + XL184 vs. XL184, £0.024 (D); CED + XL184 vs.
CED, P=0.73 (E); CED + XL184 vs. XL184, £=0.95 (E); VAN + XL184 vs. VAN, P=
0.017 (F); VAN + XL184 vs. XL184, P=0.033 (F). H1975 HGF.24 xenografts: overall P=
0.004; BV + XL184 vs. BV, P=0.062 (G); BV + XL184 vs. XL184, P=0.23 (G); CED +
XL184 vs. CED P=0.64 (H); CED + XL184 vs. XL184 £=0.074 (H); VAN + XL184 vs.
VAN P=0.064 (I); VAN + XL184 vs. XL184, P=0.19 (I). The Pvalues are from log-rank
test.
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Figure 4. Tumor vasculature morphology is altered in NSCLC xenograft models that are
sensitive or resistant to VEGFR TKIs

A. Representative photomicrographs (x100) of CD31+ tumor vessels (red) in H1975
xenografts treated with vehicle, CED, or VAN for 14 days or until progression (=5
microscopic fields/sample). B, C. Quantification of MVD (B) and vessel tortuosity (C)
based on CD31-stained tumor sections (=5 microscopic fields/sample at x200 for MVD and
=5 microphotographs/sample at x100 for vessel tortuosity) in H1975 xenografts treated with
vehicle, CED, or VAN for 14 days or until progression (n=2-4/group). Data shown as mean
+ SEM. P values are from a ftest.
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Figure 5. Altered patterns of tumor vasculature are HGF-dependent in NSCLC models of
VEGFR TKI resistance

A. Representative IF staining (x100) of CD31* (red) and nuclei (blue), B. MVD and C.
vessel tortuosity quantification in H1975-vector and -HGF.24 xenografts treated with vehicle
for 17 days, which was the time point by when all the animals in vehicle group had been
euthanized. D. MVD and E. vessel tortuosity quantification in H1975-vector and -HGF.24
xenografts treated with vehicle, CED, VAN, or XL184 alone or in combination. In all panels
data shown as mean + SEM. Pvalues are from ¢test. In HGF-vectors: *£< 0.05 in indicated
group vs. vehicle; T£<0.05 in indicated group vs. CED; P < 0.05 in indicated group vs.
VAN. In HGF.24 xenografts: *~ < 0.05 in vehicle vs. HGF-vector vehicle group, and in
indicated group vs. vehicle; T£< 0.05 in indicated group vs. CED; $£< 0.05 in indicated
group vs. VAN. £ < 0.05 in indicated group vs. XL184 (n=6-10/group).
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Chemotherapy (CP) in phase Il 007 study of NSCLC
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Plasma HGF levels predict poor outcome in NSCLC patients treated with VEGFR

A, B. Kaplan-Meier (KM) plots showing PFS probability according to baseline plasma HGF
levels in NSCLC patients treated with CP or VAN. The Pinteraction compares the risk of
progression (HR) in patients with high plasma HGF levels between CP and VAN arms. C, D.
KM plots showing PFS probability according to baseline plasma HGF levels in NSCLC
patients treated with VAN or E in the phase 111 of NSCLC. CP: carboplatin and paclitaxel, E:
erlotinib. Pis from log-rank test.
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