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Abstract: Targeted therapies have been a mainstay of the renal cell carcinoma (RCC])
treatment paradigm for the better part of two decades. Multikinase inhibitors of the vascular
endothelial growth factor receptor tyrosine kinases (VEGF-TKIs) comprise nearly all targeted
therapies in RCC, having been prospectively tested through large, multi-institutional phase
[l trials. Tivozanib is a VEGF-TKI with high selectivity for VEGF receptors 1-3. Tivozanib has
been under investigation for nearly 15 years, with a robust portfolio of preclinical and clinical
data. This review seeks to characterize tivozanib within the context of RCC by highlighting
preclinical and early clinical trials alongside the phase Ill trials in RCC, TIVO-1, and TIVO-3.
We also aim to explore further trials of tivozanib, whether in combination with other agents
and/or in differing disease settings, while providing insight into the utility of tivozanib as a

clinical tool for the management of RCC.
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Introduction

The vascular endothelial growth factor receptor
(VEGFR) family represents an important target for
therapies in multiple diseases, including renal cell
carcinoma (RCC). The receptor tyrosine-kinases,
VEGFRI1-3, are implicated in both tumor-mediated
angiogenesis and lymphogenesis.!3> VEGF tyros-
ine kinase inhibitors (VEGF-TKIs) have shown
substantial clinical efficacy in the treatment of
advanced RCC over the past 15years.*7 VEGF-
TKIs are approved as first-line therapy and beyond
for the treatment of RCC and National Compre-
hensive Cancer Network guidelines indicate the
utility of VEGF-TKIs for a variety of clinical
scenarios across all lines of therapy.8

In 2015, following the results of CheckMate-025,
nivolumab, an anti-PD-1 immune checkpoint
inhibitor, was approved for VEGF-TKI-refractory
RCQC, initiating the rise of immunotherapy in the
treatment landscape.® This paradigm was furthered
by the approval of a combination of nivolumab
plus ipilimumab (an anti-CTLA-4 checkpoint
inhibitor) as a first-line approach for metastatic
RCC following the CheckMate-214 study.!® Even

as immune checkpoint inhibition proliferates in the
RCC treatment algorithm following these studies,
VEGF-TKIs still play an important role in both the
front-line and refractory disease settings for locally
advanced and metastatic RCC.

Tivozanib is a VEGF-TKI that has been exten-
sively studied in the context of solid tumors and
in advanced RCC through preclinical data and
clinical trials. The current review aims to high-
light important characteristics of the compound
including its chemistry and pharmacokinetics, to
summarize important clinical trial results and reg-
ulatory decisions regarding tivozanib, and finally
provide a commentary on the role tivozanib may
play in the clinical management of RCC.

Compound characteristics and

preclinical data

Tivozanib (C,,H,,CIN,O5; molecular weight,
454.9 g/mol), also known as AV-951, KRN951, and
tivozanib hydrochloride monohydrate, is an oral
VEGF-TKI specific for VEGFR1-3.1! Tivozanib
maintains structural and functional similarity to
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Figure 1. (a) Two-dimensional chemical structure of tivozanib; (b) mechanism of action for tivozanib.
VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.

other VEGF-TKIs, implicating its role in mitigating
angiogenesis and lymphogenesis (Figure 1).
Importantly, as distinguished from other VEGF-
TKIs, tivozanib has been shown to have inhibitory
effects at nanomolar concentrations, with an IC,,
(the concentration necessary to inhibit 50% of activ-
ity) of 30nM for VEGFRI1, 6.5nM for VEGFR2,
and 15nM for VEGFR3. The compound is unique
in being highly specific for VEGFRI1-3, with
minimal residual effects on c-KIT and PDGFR-f.
In preclinical human tumor xenografts of lung,
breast, colon, ovarian, pancreas, and prostate can-
cer, tivozanib displayed antitumor activity. Delayed
contrast MRI in rodent studies revealed reductions
in tumor vascular hyperpermeability related to the
antitumor effects of tivozanib.!?

Further preclinical work utilized a peritoneal dis-
seminated tumor rodent model to assess tivozanib’s
antitumor and antiangiogenic effects.!? Treatment
with tivozanib at 4 days post-tumor transplant inhib-
ited tumor-induced angiogenesis and the develop-
ment of tumor metastases while treatment at 14
days post-tumor transplant resulted in the regres-
sion of newly formed vasculature and malignant
sites. Continuous treatment of tumor-burdened
rats resulted in prolonged survival. The results of
these studies led to the development of a phase I
clinical trial to investigate the activity, safety, and
efficacy of tivozanib in solid tumors.

Phase | clinical trial
A phase I study commenced in 2004 to investigate
tivozanib in advanced solid tumors (Figure 2).14

The primary outcome assessed in the study was
safety through maximum tolerated dose and dose-
limiting toxicities. Other outcomes of the study
included the pharmacokinetics of single and mul-
tiple doses, biomarker analysis of tumor through
contrast-enhanced MRI (CE-MRI), and tivoza-
nib’s antitumor activity. The study required that
patients have an Eastern Cooperative Oncology
Group (ECOGQG) performance status of <2, esti-
mated life expectancy of greater than 3 months, and
a cytologically or histologically confirmed solid
tumor. Patients were excluded if they had received
systemic or radiotherapy within 28 days of the first
scheduled dose of tivozanib or if they had signifi-
cant comorbidities.

In total, 41 patients were enrolled on to the study.
The most common malignancies in the study
were colorectal cancer (r=10), RCC (n=9), and
pancreatic cancer (r=6). Other cancer types with
more than one patient enrolled on trial were non-
small cell lung cancer, esophageal cancer, mela-
noma, and hepatocellular carcinoma. Dosing of
tivozanib was started at 2.0mg for 28days fol-
lowed by 14 days off. Seven patients received this
dose, with dose-limiting toxicities in the first cycle
including grade 3 proteinuria and grade 3 ataxia.
A second cohort investigated dosing at 1.0mg,
enrolling six patients with no dose-limiting toxici-
ties. An intermediate cohort of 1.5 mg was estab-
lished, enrolling six patients. Uncontrollable
hypertension was the only dose-limiting toxicity
experienced in this cohort. Therefore, 1.5 mg was
defined as the maximum tolerated dose and an
expansion cohort of 10 additional patients,
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Figure 2. Timeline of clinical investigation and regulatory approvals for tivozanib in renal cell carcinoma.
ASCO GU, American Society of Clinical Oncology Genitourinary Cancers; EMA, European Medicines Agency; FDA, Food and

Drug Administration; RCC, renal cell carcinoma.

followed by 12 more patients, were enrolled to
further assess for safety. Adverse events (AEs)
experienced in the expansion cohort included
transaminase elevation, uncontrollable hyperten-
sion, fatigue, and dyspnea.

Pharmacokinetic analysis determined the mean
half-life of tivozanib was 4.7 days and pharmaco-
dynamic studies displayed an increase in serum
VEGF-A and a decrease in serum VEGFR2, both
in a dose-dependent manner. CE-MRI was limited
to only eight study participants, but a trend toward
decreased vascularization was identified, suggest-
ing antiangiogenic effects. Two patients with RCC
experienced a partial response to therapy (one con-
firmed, one unconfirmed), and nine patients across
disease types maintained stable disease over at
least three cycles. This early phase trial provided
data supporting the safety and efficacy of tivozanib
as a clinical agent, providing a rationale and foun-
dation for subsequent phase III trials.

Phase lll clinical trials and regulatory
responses

TIVO-1
The first phase III clinical trial investigating
tivozanib in RCC was TIVO-1 (NCT01030783)

(Figure 3).15 Opened in 2009, TIVO-1 was an
open-label, randomized study comparing tivoza-
nib with sorafenib in the context of metastatic or
recurrent disease and O0-1 prior therapies.
Tivozanib was administered 1.5mg orally daily for
3 weeks on, 1 week off over continuous 4-week
cycles. Sorafenib was administered at 400mg
orally twice daily. Key inclusion criteria included
pathologically confirmed disease with a clear cell
component, previous nephrectomy (partial or radi-
cal), and an ECOG performance status of 0-1.
Key exclusion criteria included the previous receipt
of any VEGF- or mTOR-directed agents, central
nervous system (CNS) metastases, or other signifi-
cant comorbidities. TIVO-1 was designed with a
primary endpoint of progression-free survival
(PFS). Secondary endpoints included overall sur-
vival (OS) and objective response rate (ORR). The
study took place across 76 centers in 15 countries.

In total, 516 patients received at least one dose of
treatment. A total of 259 patients were randomly
assigned to receive tivozanib and 257 received
sorafenib. The study met its primary endpoint
with an improvement in PFS from 11.9 months
with tivozanib compared with 9.1 months with
sorafenib (HR, 0.797; C10.639-0.993; p=0.042).
Response rate, too, favored tivozanib with a con-
firmed ORR of 33.1% for tivozanib versus 23.3%
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Primary Endpoint:

Progression Free Survival

Secondary Endpoints:

Randomized Phase-lll Trial

Key Inclusion Criteria:
Recurrent or metastatic RCC

Tivozanib 1.5 mg daily
3 weeks on 1 week off
Continuous 4-week cycles

Overall Survival
Objective Response Rate
Duration of Response
Safety and Tolerability

N=259 Kidney-Specific Symptoms

Prior nephrectomy
Confirmed RCC with clear cell component
Measurable disease by RECIST criteria
0-1 previous lines of therapy

Health-Related Quality of Life
Pharmacokinetics

ECOG status of 0-1

Key Exclusion Criteria:
Any prior VEGF pathway-directed therapy
Any prior mTOR pathway-directed therapy

Sorafenib 400 mg twice daily
Continuous 4-week cycles

Tivozanib 1.5 mg daily
3 weeks on 1 week off
Continuous 4-week cycles

S
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Figure 3. Study design schema for TIVO-1, including the cross-over protocol from sorafenib to tivozanib after

disease progression.

CNS, central nervous system; ECOG, Eastern Cooperative Oncology Group; mTOR, mammalian target of rapamycin, RCC,
renal cell carcinoma; RECIST, response evaluation criteria in solid tumors; VEGF, vascular endothelial growth factor.

for sorafenib (p=0.014) based on blinded inde-
pendent radiological review.

Survival, however, followed an opposing trend. In
total, 242 deaths occurred by the data cut-off,
with 118 deaths in the tivozanib arm and 101 in
the sorafenib arm. Sorafenib demonstrated a
longer OS with 29.3months compared with
28.8 months on tivozanib (HR, 1.245; CI 0.954—
1.624; p=0.105). However, following initial dis-
ease progression, 63% of patients on the sorafenib
arm received an additional targeted therapy com-
pared with only 13% on the tivozanib arm. A total
of 158 out of 162 (96%) patients who went on to
receive a next-line therapy after sorafenib received
tivozanib. This was due in part to the structure of
the study, wherein patients who developed pro-
gressive disease on the sorafenib arm could cross-
over to receive tivozanib as part of a separate
protocol (INCT01076010). This design and dif-
ferences in next-line use of targeted therapy
agents confounded OS results in this study.

The safety profiles of the two agents were similar.
Only 4% and 5% of patients discontinued ther-
apy due to treatment-related AEs on the tivozanib
and sorafenib arms, respectively. Dose reductions
due to AEs occurred for 43% of patients receiving
sorafenib and 14% of patients receiving tivozanib.
Common AEs encountered more frequently with

tivozanib compared with sorafenib included
hypertension (44% versus 34%, respectively) and
dysphonia (21% wversus 5%, respectively). AEs
more frequently implicated with sorafenib use
compared with tivozanib included hand-foot syn-
drome (54% versus 14%, respectively) and diar-
rhea (33% wersus 23%, respectively).

In response to the results of TIVO-1, the
European Medicines Agency (EMA) approved
tivozanib for the first-line treatment of advanced
RCC given the study’s ability to meet the primary
endpoint of prolonged PFS. The EMA approved
tivozanib in 2017 as a first- and second-line inter-
vention for RCC under the context of additional
monitoring for safety and efficacy.!® The US
Food and Drug Administration (FDA), however,
was deterred by the OS results, and rejected tivo-
zanib’s front-line approval in 2013 following an
overwhelming 13-1 vote in opposition from the
FDA’s advisory committee.1?

TIVO-3

Following the FDA’s decision to deny approval
for tivozanib in the front-line setting, a new phase
IIT trial was designed to investigate tivozanib’s
effects on metastatic RCC refractory to targeted
therapy, immune checkpoint inhibitors, and/or
other agents. TIVO-3 (NCT02627963) was an
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open-label, randomized study comparing tivoza-
nib with sorafenib in the third- and fourth-line set-
tings for metastatic RCC.!8 Inclusion criteria for
TIVO-3 included histologically or cytologically
confirmed RCC with a clear cell component, an
ECOG performance status of 0 or 1, and meta-
static RCC that failed two or three prior regimens,
including at least one VEGF-TKI other than tivo-
zanib or sorafenib. Exclusion criteria included
prior treatment with tivozanib or sorafenib, greater
than three previous lines of therapy, or CNS
metastases. The trial was designed with a primary
endpoint of PFS and OS as a key secondary
endpoint.

Through study recruitment, 350 patients were
enrolled on to TIVO-3 with an equal distribution
of 175 patients assigned to both the tivozanib and
sorafenib arms. Patients were stratified for rand-
omization by International Metastatic Renal Cell
Carcinoma Database Consortium (IMDC) risk
category (favorable, intermediate, or poor) and
previous therapy. There were three categories for
previous therapy: two anti-VEGF agents, one
anti-VEGF agent and one immune checkpoint
inhibitor (anti-PD-1/PD-L1), or one anti-VEGF
agent and any other systemic therapy (such as
anti-mTOR agents). For patients who had
received three previous lines of therapy, only the
two most recent agents were considered.

The primary endpoint of PFS was once again met,
with tivozanib demonstrating a prolonged PFS of
5.6months compared with sorafenib’s 3.9 months
(HR, 0.73; C1 0.56-0.94; p=0.016) by independent
review. In a subgroup analysis, patients with good-
risk disease by IMDC criteria experienced greater
PFS with tivozanib (11.1months) versus sorafenib
(6.0months) (HR, 0.46; CI 7.4-14.6; p=0.01),
while for patients with IMDC poor-risk disease, the
PFS of sorafenib (3.7months) outperformed that of
tivozanib (2.1months) (HR, 1.15; CI 1.8-3.5).
When stratified by previous therapeutic agents,
patients who had received previous checkpoint inhi-
bition had a greater PFS on tivozanib (7.3 months)
than on sorafenib (5.1 months) (HR, 0.55; CI 0.23—
0.94; p=0.028). A similar trend was seen in patients
who had received two previous anti-VEGF agents,
with PFS on tivozanib (5.5months) outperforming
sorafenib (3.7 months) (HR, 0.58).

As with TIVO-1, OS played a divisive role in the
results of this study. Upon presentation of interim
data at the 2019 American Society of Clinical
Oncology Genitourinary Cancers Symposium

(ASCO GU), a median OS of 16.4months with
tivozanib was outpaced by a median OS of
19.7months with sorafenib (HR, 1.12; CI 0.84—
1.51; p=0.44).1° However, at the analysis of data 2
years after final patient enrollment, the OS survival
trend was flipped in favor of tivozanib. The tivoza-
nib arm reported a median OS of 16.4months ver-
sus 19.6months in the sorafenib arm (HR, 0.99; CI
0.76-1.29; p=0.95).18 In addition, 20 patients on
tivozanib remained progression free versus only two
patients on sorafenib at the time of data cut-off and
an ORR of 18% with tivozanib versus 8% with
sorafenib (p=0.017) was reported.

Future directions

Combinations in RCC

Combination therapies of anti-VEGF molecules
and immune checkpoint inhibitors have grown at a
rapid rate in RCC. Most notably, the combina-
tions of bevacizumab/atezolizumab, axitinib/pem-
brolizumab, and axitinib/avelumab have all
recently been reported in the context of phase III
clinical trials for advanced RCC, with the latter
two receiving FDA approval for treatment-naive
patients in early 2019.21-23 An ongoing trial is
investigating the combination of axitinib/
nivolumab in the VEGF-TKI-refractory setting
(NCTO03172754), while a planned phase III trial
of cabozantinib/atezolizumab will study the role of
combination therapy post-checkpoint inhibition.
Tivozanib is currently being studied in combina-
tion with nivolumab, an anti-PD-1 immune check-
point inhibitor, through a phase Ib/II study for the
treatment of metastatic RCC (NCT03136627) in
the first- or second-line setting (Table 1).2¢ The
initial phase of the study implemented a 3 + 3
dose-escalation design to determine the maximum
tolerated dose. This was followed by an expansion
cohort of up to 25 patients at the maximum toler-
ated dose to evaluate safety, tolerability, and anti-
tumor efficacy of the combination. Data presented
at the European Society for Medical Oncology
(ESMO) Congress 2019 reported a PFS of
18.9months, ORR of 56%, and a disease control
rate of 96% in the maximum tolerated dose cohort
for the combination of tivozanib + nivolumab.
Plans for a phase III randomized study investigat-
ing this combination are being discussed following
the results presented at ESMO 2019.

A phase Ib study was developed to test the
combination of tivozanib with temsirolimus, an
mTOR inhibitor, in an open-label, nonrandomized,
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single group design (NCT00563147).25 In this
study, patients received tivozanib in one of three
doses, 0.5 mg, 1.0 mg, or 1.5mg daily
(3 weeks on, 1 week off), and temsirolimus in an
intravenous dosing of 15 mg or 25 mg weekly. The
study was structured in a standard 3 + 3 dose-
escalation design with a subsequent expansion
cohort. Among the 27 patients treated on protocol,
the combination of tivozanib and temsirolimus was
relatively well tolerated, with AEs including fatigue
and thrombocytopenia. Partial responses occurred
in 23% of the cohort and stable disease in 68%.
Even with the relative clinical success of the combi-
nation, pharmacokinetics did not support an inter-
action between the two therapies.

Tivozanib in other disease settings

Tivozanib may have potential for use in other can-
cers beyond RCC. Recent and ongoing trials have
begun to investigate tivozanib in both hepatocel-
lular carcinoma and ovarian cancer. The combi-
nation of tivozanib and durvalumab, an anti-PD-1
immunotherapy, is being studied in untreated,
advanced hepatocellular carcinoma through a
phase I/Il dose-escalation and cohort expansion
study (NCT03970616). Tivozanib is also being
studied in a single-arm phase II trial in the context
of recurrent, platinum-resistant ovarian cancer,
fallopian tube cancer, or primary peritoneal can-
cer (NCT01853644). In this study, 30 patients
were treated, with a median PFS of 4 months and
median OS of 8 months and limited AEs, demon-
strating compound activity without substantial
toxicities, while exploratory tumor analyses are
still ongoing.2® Tivozanib has also been clinically
studied through phase I and II clinical trials as
both monotherapy and in combinations in sar-
coma, glioblastoma, breast cancer, and colorectal
and other advanced gastrointestinal cancers.27-32
The development of phase III clinical trials using
tivozanib as an experimental regimen, either as
monotherapy or in combination, is a necessary
step in better understanding the compound’s
potential therapeutic role across cancer types.

Clinical insight

The clinical development of tivozanib in RCC is
highly contingent on survival data from the most
recent phase III evaluation of the drug (TIVO-3).
If the hazard ratio of less than 1.0 is maintained,
one can foresee utilization of tivozanib in patients
with heavily pretreated disease. Current clinical
trials largely address patients who are undergoing

first- and second-line therapy. Combinations of
VEGF and immunotherapy regimens are currently
relevant only to the first-line setting, and although
a handful of trials have emerged for second-line
therapy, there are almost no studies available to
patients (outside of phase I investigations) that
address third- and fourth-line therapy. Tivozanib
could potentially fill this void. The excellent toler-
ability profile of the agent makes it suitable for
patients with heavily pretreated disease who may
have some degree of clinical deterioration. At the
authors’ institution, the current standard of care
reflects initial therapy with nivolumab and ipili-
mumab in most patients, followed by therapy with
cabozantinib. After failure of these agents or simi-
larly sequenced therapies, tivozanib would repre-
sent a very reasonable third-line agent.

If the data for the combination of tivozanib with
immunotherapy continue to show the current bal-
ance of efficacy and safety, one could ultimately
envision studies that move tivozanib to earlier ther-
apeutic settings. Having said that, with multiple
front-line studies already matured, the regimen
may at best become confined to second-line treat-
ment. In the relatively saturated landscape of first-
and second-line therapy for advanced RCC,
carving a niche will be quite challenging.
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