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Summary

The vascular endothelial growth factor (VEGF)/VEGFR and hepatocyte growth factor (HGF)/c-MET signaling pathways
act synergistically to promote angiogenesis. Studies indicate VEGF inhibition leads to increased levels of phosphorylated
c-MET, bypassing VEGF-mediated angiogenesis and leading to chemoresistance. We conducted a phase 1 clinical trial with
32 patients with refractory solid tumors to evaluate the safety, pharmacokinetics, and pharmacodynamics of combinations of
VEGF-targeting pazopanib and the putative c-MET inhibitor ARQ197 (tivantinib) at 5 dose levels (DLs). Patients either took
pazopanib and tivantinib from treatment initiation (escalation phase) or pazopanib alone for 7 days, with paired tumor sampling,
prior to starting combination treatment (expansion phase). Hypertension was the most common adverse event. No more than
1 dose limiting toxicity (DLT) occurred at any DL, so the maximum tolerated dose (MTD) was not determined; DL5 (800 mg
pazopanib daily and 360 mg tivantinib BID) was used during the expansion phase. Twenty of 31 evaluable patients achieved
stable disease lasting up to 22 cycles. Circulating VEGF, VEGFR2, HGF, and c-MET levels were assessed, and only VEGF
levels increased. Tumor c-MET levels (total and phosphorylated) were determined in paired biopsies before and after 7 days of
pazopanib treatment. Total intact c-MET decreased in 6 of 7 biopsy pairs, in contrast to previously reported c-MET elevation
in response to VEGF inhibition. These results are discussed in the context of our previously reported analysis of epithelial-
mesenchymal transition in these tumors.
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Introduction

Angiogenesis is associated with tumor growth and metas-
tasis. Hypoxic conditions in rapidly growing tumors induce
pro-angiogenic factors such as vascular endothelial growth
factor (VEGF) and the receptor tyrosine kinase c-MET via
hypoxia-inducible factor (HIF)-1a [1, 2]. High levels of
VEGEF receptor (VEGFR), VEGF, c-MET, and the c-MET
ligand hepatocyte growth factor (HGF) are associated with
poor prognosis and tumor aggressiveness [3—6]. The VEGF
and HGF signaling pathways synergistically mediate
angiogenesis and transcriptional activation following
simultaneous exposure to both ligands [7-9].

Upregulation of c-MET levels in response to anti-VEGF
antibody treatment indicates interplay between the two
pathways in preclinical models [10]. Itatani and colleagues
reviewed the changes observed in other angiogenic path-
ways that occur during anti-VEGF treatment [11], includ-
ing increased c-MET phosphorylation in mouse glio-
blastoma models [12]. Therefore, combination therapies
targeting both HGF/c-MET and VEGF/VEGFR signaling
may be useful in overcoming resistance to long-term anti-
angiogenic treatment [10, 13].

Under hypoxic conditions in preclinical studies, HIF-1a
also regulates a range of epithelial-mesenchymal transi-
tion (EMT)-inducing factors, including Snaill [14-16],
TCF3 and ZFHX1A/B [17], SIP1 [15], LOX [18], and
TWIST [19]. This indicates that hypoxia associated with
anti-angiogenic therapy may trigger EMT in human car-
cinomas. Non-angiogenic autocrine VEGF signaling also
appears to contribute to aggressive behavior in tumor cells
by enhancing nuclear localization of Snaill [20, 21], thus
driving EMT [16], but it is unclear how this mechanism is
affected by anti-angiogenic therapy.

Pazopanib is a potent, FDA-approved tyrosine kinase
inhibitor [22] that targets VEGFR1, VEGFR2, and
VEGFR3, as well as PDGFR-a, PDGFR-, and c-KIT,
which are all components of angiogenesis-associated
signaling pathways aberrantly activated in carcinogen-
esis [23-25]. Pazopanib therapy is associated with inter-
and intra-patient variability in its pharmacokinetics [26].
Pazopanib is both a substrate and inhibitor of CYP3A4,
although no association between CYP3A4 polymor-
phisms and differential metabolism has been demonstrated
[27-30]. Tivantinib, initially reported to act as a c-MET
inhibitor, has been found to exert antitumor activity through
the inhibition of microtubule assembly [31, 32]. CYP2C19
polymorphisms have been shown to cause approximately
twofold differences in tivantinib’s AUC between poor
metabolizers and extensive metabolizers [33].

This phase 1 study was designed to test whether the
combination of pazopanib and tivantinib could inhibit
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angiogenesis by inhibiting two distinct signaling path-
ways. This objective was complicated by off-target effects
of tivantinib reported after the escalation phase had begun.
Therefore, the study was amended so that the pharmaco-
dynamic consequences of single-agent pazopanib treat-
ment could be explored through quantitation of total and
phosphorylated ¢c-MET in paired tumor biopsies; lon-
gitudinal analyses of plasma levels of circulating HGF,
¢-MET, VEGFR2, and VEGF were examined during pazo-
panib + tivantinib combination treatment. Safety, pharma-
cokinetics, and clinical outcomes were also assessed.

Patients and methods
Eligibility criteria

Patients > 18 years old were eligible if they had a patho-
logically confirmed solid tumor that had progressed follow-
ing at least one line of prior therapy or had no acceptable
standard therapies. Patients enrolled in the expansion cohort
were required to have malignancies where prior reports
suggested a potential oncogenic role for c-MET signaling
[34], to have disease amenable to biopsy, and to be willing
to undergo pre-and post-treatment biopsies. All previous
anticancer therapies should have been completed at least
4 weeks prior to enrollment. Patients were required to have
an Eastern Cooperative Oncology Group (ECOG) perfor-
mance status < 1 and adequate organ and marrow function
defined as an absolute neutrophil count > 1,500/uL, plate-
lets > 100,000/pL, total bilirubin < 1.5 X the upper limit of
normal (ULN), aspartate aminotransferase and/or alanine
aminotransferase < 2.5 X ULN, and creatinine < 1.5 X ULN,
and urine protein/creatinine ratio <1 or 24-h urine pro-
tein <1 g. Well-controlled blood pressure (BP), defined as
a BP not greater than 140 mm Hg (systolic) and 90 mm Hg
(diastolic) was also required for eligibility. Initiation or
adjustment of BP medication was permitted prior to study
entry if the average of 3 BP readings at a visit prior to
enrollment was more than 140/90 mm Hg. Patients were
excluded if they had an uncontrolled intercurrent illness,
were pregnant or lactating, or had received treatment for
brain metastases within the past 3 months. Prior c-MET
inhibitor therapy or anti-angiogenic therapy was allowed in
the escalation cohort but not in the expansion cohort; prior
anti-angiogenic therapy should have been completed at least
3 months prior to enrollment. This trial was approved by
the NCI Institutional Review Board; protocol design and
conduct followed all applicable regulations, guidances, and
local policies. Written informed consent was obtained from
all participants.
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Study design

This was an open-label phase 1 study of pazopanib
and tivantinib in patients with advanced malignancies
(NCT01468922). The Division of Cancer Treatment and
Diagnosis, NCI, supplied pazopanib and tivantinib under
Collaborative Research and Development Agreements with
GlaxoSmithKline and Arqule, respectively. Pazopanib was
administered orally daily without food (at least 1 h before
or 2 h after eating); tivantinib was administered orally with
food twice daily approximately every 12 h. Five dose levels
(DLs) were evaluated using a standard 3 + 3 dose escalation
design. Higher DLs were not opened until the last patient in
the previous cohort had completed one cycle. The maximum
tolerated dose (MTD) was defined as the highest dose level
at which no more than 1 of 6 patients experienced a dose-
limiting toxicity (DLT). Once the escalation phase was com-
plete, patients enrolled on the expansion phase were treated
with pazopanib alone (at the pazopanib MTD) for one week
before beginning combination treatment on day 8.

Safety assessments

Adverse events were graded according to NCI Common Tox-
icity Criteria version 3.0. Patients were considered evaluable
for toxicity for the purpose of dose escalation decisions if
they either 1) experienced a DLT or 2) received at least 80% of
the planned 28-day course of treatment in one cycle of ther-
apy and were followed for one full cycle. DLT was defined
as an adverse event that occurred in the first cycle, was felt
to be related to the study drugs, and fulfilled one of the fol-
lowing criteria: grade 3 or greater non-hematologic toxicity
(except grade 3 nausea/vomiting and diarrhea without maxi-
mal symptomatic treatment or grade 3 creatinine and elec-
trolyte abnormalities that corrected to grade 1 or baseline
within 24 h); grade 4 neutropenia lasting > 3 days or febrile
neutropenia; grade 4 thrombocytopenia; QTc prolongation
to>500 ms on at least two separate EKGs; a >2-week
delay in starting the next cycle due to toxicity; a significant
elevation in liver test, defined as AST or ALT > 8 x ULN
or AST or ALT >3 X ULN with concurrent bilirubin eleva-
tion > 2 X ULN; grade > 3 bleeding in any site or grade >?2
pulmonary hemorrhage; or grade 4 venous thrombosis, pul-
monary embolism, or any grade of arterial thrombosis. Any
degree of anemia, leukopenia in the absence of neutropenia,
or lymphopenia were not considered dose limiting. Doses
of study drugs were held for DLTs, and toxicities had to
resolve to grade <2 before receiving further dosing on study
at the next lowest dose level. Treatment could be delayed
for a maximum of 2 weeks to allow resolution of toxicities.
If toxicities did not resolve as defined above, patients were
taken off study treatment.

Pharmacokinetics

Blood samples for PK analysis were collected on cycle 1 day
1 (hereafter, cycle x day y is denoted as CxDy) before drug
administration and 1, 2, 4, 6, and 12 h after administration of
pazopanib (the 12-h time point was collected before the sec-
ond dose of tivantinib), and at C1D15 and C2D1 before drug
administration and 1, 2, 4, and 6 h after administration of
pazopanib. All blood samples were centrifuged at 1500 x g
at 4 °C for 10 min, and the resulting plasma was stored
at<-70 °C until analysis. Plasma pazopanib and tivantinib
levels were analyzed by Non-Compartmental Analysis using
Phoenix/WinNonLin V6.4.

Soluble biomarkers

Blood samples for analysis of soluble markers were collected
on C1D1 pre-dose and 2, 4, and 6 h post-pazopanib dose,
and on C1D15 and C2D1 prior to drug administration. Solu-
ble c-MET ectodomain and HGF protein content in plasma
were measured using a two-site electrochemiluminescent
immunoassay developed for use with a Meso Scale Discov-
ery Sector S600 plate reader as described previously [35].
Antibodies for capture (c-MET, BAF-358; HGF, MAB-
694) and detection (c-MET, AF-276; HGF, AF-294) were
from R&D Systems (Minneapolis, MN). Detection anti-
bodies were tagged with a ruthenium chelate (Sulfo-Tag,
Meso Scale Discovery, Gaithersburg, MD) following the
manufacturer’s instructions. Purified recombinant proteins
(c-MET ectodomain-Ig fusion protein [358-MT], HGF [294-
HG], R&D Systems) were used to construct standard curves
from which plasma content values were derived. Assays for
VEGFA (K151UVK) and soluble VEGFR2 (K151BOC)
were obtained from Meso Scale Discovery and performed
according to the manufacturer’s instructions.

Total and phosphorylated c-MET in tumor biopsies

Paired tumor biopsies (18-gauge core needle biopsies, 2
cores) were obtained from one patient in the dose escalation
phase and all patients on the expansion cohort at baseline
(pre-treatment) and on C1D8 after pazopanib treatment, but
before the first dose of tivantinib. Biopsies were placed in pre-
chilled cryogenic vials, frozen within 2 min of collection, and
stored <-80 °C. Total and phosphorylated c-MET levels were
determined using an immunoassay as previously described
[35]. Multiplex immunofluorescence was performed on for-
malin-fixed, paraffin-embedded (FFPE) tumor tissues; 10 pg/
mL mouse monoclonal DIG-conjugated anti-pY 1235-MET
clone 23111 [35], 2.5 pg/mL AF488-conjugated rabbit mono-
clonal anti-MET (clone D1C2, Cell Signaling Technology,
#8494), and 1 pg/mL antibody to Na™/K* ATPase directly
conjugated to AF647 (clone EP1845Y, ab76020) were used as
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primary antibodies, followed by 10 ug/mL mouse anti-DIG-
Cy3 (Jackson Immunoresearch, West Grove, PA) as a second-
ary antibody. Image acquisition and analysis were performed
on an Aperio Slide Scanner and Definiens Software (Tissue
Studio and Developer) [36].

Results
Demographics

Thirty-two patients with solid tumors were enrolled in the
study (Supplementary Table S1). One male patient did not
meet eligibility criteria and was released from the study;
thus, 31 patients completed at least one cycle on the study.
The median age was 54 years. Treated patients had received
a median of 4 prior therapies (range: 0—13).

Safety

Adverse events (AEs) observed at all DLs are listed in Supple-
mentary Table S2. One patient experienced grade 3lympho-
penia at DL1; all other grade 3 or 4 AEs occurred at DL4 or
DLS5. All grade 4 AEs occurred at DLS and were related to
immune suppression, including febrileneutropenia (n =2),
leukopenia (n=2), lymphopenia (n= 1), neutropenia (n=2),
and sepsis (n=2). Grade 3 AEs included those related to

Fig.1 Cycles completed by
each patient. Participants 9, 13,
and 15 required dose reductions
and completed additional cycles
at lower dose levels as indicated
by multi-colored bars

Patient
N
w

immune suppression,elevated liver enzymes, and hyper-
tension. Hypertension was the most common AE (grade 2:
n=15 across all DLs; grade 3: n=3, only at DL4-5). The MTD
was not determined,as no more than 1 DLT occurred at any
DL. Therefore, DL5 (800 mg of pazopanib once daily and
360 mg of tivantinib twice daily) was used for the expan-
sion phase.

Three patients (9, 13, and 15) required dose reductions.
One of these patients (patient 9) dropped from DL3 to
DL2 due to hypertension after cycle 3, then remained on
DL2 through cycle 18 (Fig. 1). The other dose reductions
(patients 13 and 15) were due to blood count suppression
(leukopenia, lymphopenia, and neutropenia). Patient 15
dropped from DL4 to DL3 after cycle 2, staying at DL3
through cycle 4; patient 13 started at DL4 and had dose
reductions after cycles 1 and 2, ultimately staying at DL2
through cycle 4.

Clinical outcomes

Patients were treated with the pazopanib + tivantinib com-
bination for 1 to 22 cycles (Fig. 1). Five patients (patients
1,2,5,9, and 19) had a best response of stable disease
for > 10 cycles; an additional 10 patients had >4 cycles
of stable disease. Of the five patients with stable disease
for > 10 cycles, three (patients 1, 2, and 5) started at DL 1
or DL2; another patient (patient 9) started at DL3 and

Pazopanib Tivantinib
(mg) (mg)
I DL1 400 120

B DL2 600 120
DL3 600 240
DL4 800 240

M DL5 800 360
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was changed to DL2 after 3 cycles and remained at DL2
through cycle 18. Only patient 19 started at DL3 or higher
and remained at the initial dose with stable disease for > 10
cycles. No patient exhibited an objective response to treat-
ment. Enrolled patients presented with many different
tumor types (Supplementary Table S3). Low numbers of
each tumor type precluded any interpretation of responses
based on histology; however, it is noted that the two long-
est courses of treatment (22 and 18 cycles, patients 2 and
9, respectively) were in the only two patients with alveo-
lar soft part sarcoma (ASPS), a disease characterized by
increased expression of MET [37].

Pharmacokinetics

There was no accumulation of either agent between days
1 and 15 (Supplementary Tables S4 [pazopanib] and S5
[tivantinib]). AUC values for pazopanib at 600 mg or
800 mg doses (DL2 through DLS5) did not increase between
these time points (P=0.54 and 0.27 at 600 mg and 800 mg,
respectively, Supplementary Table S4). There was no sig-
nificant increase in pazopanib exposure with dose escalation
from 600 to 800 mg (P=0.43 and 0.60 on day 1 and day 15,
respectively). Given the narrow dose escalation range, any
resulting changes in pazopanib exposure may have been too
subtle for detection. Additionally, the sampling schedule did
not allow full characterization of the elimination kinetics of
pazopanib or tivantinib.

Mean AUC values indicate that tivantinib exposure did
not increase between 120 mg doses (DL1 and DL2) and
240 mg doses (DL3 and DL4) on days 1 and 15 (P=0.33
and 0.52, respectively, Supplementary Table S5). However,
tivantinib AUC values were significantly lower on day 15
than on day 1 at the 360 mg dose (DL 5, 11,497 + 8041 heng/
mL versus 3083 +1740 heng/mL, P=0.031); C_,
did not change significantly between these time points
(1589 +978 ng/mL on day 1 versus 934 + 387 ng/mL on
day 15, P=0.16).

Circulating VEGF levels following combination
treatment

VEGEF levels increased across all DLs by C2D1 (Fig. 2) in
escalation phase patients (patients 1-22). Due to wide dis-
tributions, differences from baseline did not achieve statis-
tical significance at any time point by unpaired Student’s
t-test (assuming unequal variance), although VEGF levels
on C1D15 and C2D1 were closest to doing so (P=0.073
and 0.060, respectively). Circulating c-MET, VEGFR, and
HGEF concentrations showed little change at any time point
(Fig. 2).
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Fig.2 Circulating HGF/c-MET/VEGFR2/VEGF levels on CI1D1,
C1D15, and C2D1, shown as the percent of each biomarker’s pre-
treatment level. Mean normalized values and standard deviations are
shown for patients 1 through 22 who received both pazopanib and
tivantinib from day 1

Tumor c-MET levels following pazopanib treatment

Intact and phosphorylated c-MET were measured in
paired biopsy samples from 9 patients (1 at DL1, 8 at
DLS5) before treatment and after 7 days of treatment with
pazopanib; intact c-MET signals from 7 of these patients
were above the lower limit of quantitation (LLQ). Two
patients’ biopsies (patient 28 with ovarian carcinoma
and patient 30 with esophageal carcinoma) had sig-
nal above the LLQ for c-MET phosphorylated at either
Y 1234/1235 or pY 1356 in both biopsies. Absolute lev-
els of intact c-MET decreased in 6 of 7 patients’ tumors
between C1D1 and C1D8 (Fig. 3A); pY1234/1235-MET
and pY 1356-MET decreased in biopsies from patients 28
and 30 (Fig. 3B). The percent of intact c-MET phosphoryl-
ated at Y1356 was consistent in both patients at both time
points, while the percentage of c-MET phosphorylated
at Y1234/1235 decreased in patient 28 and increased in
patient 30 (Fig. 3C). Low levels of total c-MET in biopsies
from other patients limited quantitation of phospho-MET
in these samples. Immunofluorescence staining of FFPE
tissue was performed to evaluate whether MET and phos-
pho-MET signals derived from tumor or stroma (Fig. 4).
Phospho-MET analyses in these experiments were per-
formed with an antibody specific to pY1235-MET rather
than the pY1234/1235-MET antibody used in the analyses
of lysed biopsy cores, and the phospho-MET signal was
unambiguously traced to the tumor cells.
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Fig.3 Total and phosphorylated

¢-MET levels in tumors. (A) 1000
Levels of intact c-MET were S Intact c-MET H Day 1
determined in tumor biop- ® o 100 m Day 8
sies from 7 patients on C1D1 £ §
and C1DS, after pazopanib § g 10
administration. The asterisk for ;= l I
patient 29 denotes that the intact © 1 .-
¢c-MET level on C1D8 was 1 25 26 28 29* 30 32
below the lower limit of quanti- Patient
tation (LLQ, 1.50 fmol/mg). (B)
Site gﬁjﬁi?ga{’fl‘jii“ggﬁag‘s B oo , PY1234/1235 c-MET pY1356 c-MET
for 2 patients (levels above LLQ s ]
on both days). Phosphorylated = o 100 5
¢c-MET levels for patients 1, 25, = £ E
26, and 29 were below the LLQ § 8 10 1 m Day 1
(1.50 to 7.81 fmol/mg) at both 8 i= m Day 8
time points. (C) Percent phos- ]
phorylation at both phospho- 1-
rylation sites was determined
for patients 28 (ovarian cancer) Patient
and 30 (esophageal cancer) c
< %07 pY1234/1235 c-MET pY1356 c-MET
S 50 4
©
> 40+
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'§ 30 1 W Day 1
g 207 M Day 8
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Discussion

This trial evaluated the pharmacodynamic effects of pazo-
panib alone and the pazopanib + tivantinib combination.
Pharmacokinetics and circulating VEGF, VEGFR2, HGF,
and MET levels were evaluated in patients taking the com-
bination of pazopanib and tivantinib; tumor pharmaco-
dynamic responses were assessed in patients receiving
only pazopanib for 7 days prior to initiating combination
therapy. Safety and clinical outcomes were assessed in all
patients.

Our results are consistent with previously reported vari-
ability in pazopanib pharmacokinetics [26]. This variability
has been linked to pH-dependent absorption affected by the
timing of doses relative to meals and its high protein binding
affinity (greater than 99.9% in some patients), leaving the
small unbound fraction susceptible to large relative changes
due to interpatient variability [38—40]. A steady-state trough
concentration threshold of 20.5 pg/mL has been associated
with improved progression-free survival and higher preva-
lence of adverse events, including hypertension [41, 42].
While many patients achieved this threshold (Supplementary
Table S4), pazopanib did not accumulate in plasma between
C1D1 and C1D15.
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Analysis of circulating biomarker levels showed con-
sistent and sustained increases in VEGF levels after treat-
ment, while HGF, c-MET, and VEGFR2 levels remained
near baseline values (Fig. 2). Pazopanib inhibits all three
VEGFR isoforms [43], but only VEGFR2 was measured
as it has been identified as the primary VEGF receptor for
endothelial proliferation [44]. The possibility remains that
levels of other VEGFR isoforms fluctuated in response to
pazopanib or to changing levels of the circulating ligand.
Similar fluctuations were not observed with circulating
c-MET, while intact c-MET levels in paired tumor biopsies
did not increase as in previous studies [10, 13]. Activation
of ¢c-MET transcription has been reported in response to
hypoxic tumor conditions in cultured cell lines derived from
tumor samples [45]. Increased percent c-MET phosphoryla-
tion at either Y1234/1235 or Y1356 was observed in one
out of two patients with detectable phospho-signal in this
study (patient 30, esophageal carcinoma). Decreased total
c-MET levels in 6 of 7 patients suggest another compensa-
tory mechanism(s) may be involved in tumor responses.

Detailed analyses of how anti-angiogenic treatments
affect epithelial-mesenchymal phenotype are necessary both
for dissecting the interplay between EMT and angiogenesis
in promoting cancer progression and for determining the
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Fig.4 Total MET and pY1235- A
MET localization. (A) Patient
tumors were stained for total
MET (green), pY1235-MET
(red), plasma membrane marker
Na*/K*-ATPase (magenta),

and DAPI (blue). (B) High-
magnification fluorescence
images showing staining for
total MET, pY 1235-MET, and
Na*/K*"-ATPase, and masked
images showing regions of Na*/
K*-ATPase colocalized with
pY1235-MET (gold) within the
plasma membrane mask (light
blue)

Total MET

best clinical treatment course based on tumor EMT pro-
filing. To this end, we developed a tool for measuring the
epithelial-mesenchymal phenotype of tumors by simultane-
ously quantifying the epithelial marker E-cadherin (E) and
the mesenchymal marker vimentin (V), called the EMT-IFA
[46]. Paired biopsies from seven evaluable patients revealed
that 4 patients (patients 25, 26, 28, and 29) had a significant
shift toward a mesenchymal phenotype following 7 days of
pazopanib treatment, as assessed by the log10(V/E) ratio
and relative changes in the total numbers of tumor cells
with E +-only, V + -only, and mixed V + E + phenotypes
[46]. Total intact c-MET, pY1234/1235-MET and pY 1356-
MET decreased from day 1 to day 8 in patients 28 (ovarian
carcinoma) and 30 (esophageal carcinoma). The percentage
of c-MET phosphorylated at Y1356 remained consistent in
both patients, while the percent of c-MET phosphorylated at
Y 1234/1235 decreased in patient 28 and increased in patient
30. Biopsies from patient 28 showed a shift toward a mesen-
chymal phenotype by EMT-IFA analysis; no such shift was
observed in biopsies from patient 30 [46]. Three patients’

Plasma
Membrane

pY1235-MET

Plasma
Membrane

tumors (25, 26, and 29, with renal cell carcinoma, unspeci-
fied carcinoma, and non-small cell lung carcinoma, respec-
tively) showed an EMT shift without having quantifiable
levels of phospho-MET. Total intact c-MET levels decreased
in patients 25 and 29, while intact c-MET increased in
patient 26. Tumors from patients 23 (chondrosarcoma) and
24 (myoepithelial adenocarcinoma of the parotid gland) did
not show evidence of EMT; intact c-MET levels in these
tumors were below the LLQ. A relationship between MET
activation and epithelial-mesenchymal phenotype changes
could not be identified from these data.

No patient evaluated for EMT status remained on study
for longer than 4 cycles (Fig. 1). Patients whose biopsies
showed evidence of a mesenchymal shift (patients 25, 26,
28, and 29) progressed after 2.5 + 1.7 cycles (range: 1-4
cycles). Biopsies from patients 23, 24, and 30 did not show
evidence of EMT; these patients progressed after 2.0+ 1.0
cycles (range: 1-3 cycles). The durations of these treat-
ment courses were not significantly different (P =0.68 by
unpaired, two-tailed t-test). Only 7 of 31 evaluable patients
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remained on study for 5 or more cycles and none of these
patients were evaluated for EMT.

Two patients with ASPS had the longest courses
on study at 22 cycles (patient 2 at DL1) and 18 cycles
(patient 9, 3 cycles at DL3 followed by 15 cycles at DL2).
Although ASPS is an indolent disease, both patients had
objective evidence of disease progression on cediranib
prior to enrolling onto the current study; patient 9 had
also taken two additional regimens (ifosfamide + doxo-
rubicin and sunitinib). Prolonged periods of stable dis-
ease following progression on other regimens suggest a
potential benefit of this treatment combination for patients
with ASPS. This trial enrolled patients with many differ-
ent tumor histologies, limiting analyses of outcomes and
pharmacodynamics in any one tumor type.

The question of how a combination of anti-angiogenic
agents targeting different signaling pathways would affect
EMT, and potentially influence drug resistance, remains unan-
swered, in part because tivantinib is not an authentic inhibitor
of c-MET. Circulating VEGF levels increased across all DLs,
possibly contributing to the induction of EMT in 4 out of 7
tumor biopsy pairs [20, 21, 46], while levels of other circulat-
ing analytes remained more stable. Intact c-MET decreased in
6 or 7 biopsy pairs, although changes in phospho-MET were
only quantifiable in 2 patients. No relationship between EMT
status and clinical outcome was identified given the number
of cycles completed by these patients. Further exploration of
tumor responses to anti-angiogenic therapies via EMT-IFA
analysis could provide insight into how to optimize the course
of treatment for individual patients.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10637-021-01138-x.
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