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Abstract Clear cell renal cell carcinoma (RCC) is character-
ized by inactivation of the von Hippel-Lindau (VHL) tumor
suppressor gene. VHL loss drives tumor angiogenesis and
accounts for the clinical activity of VEGF receptor
(VEGFR) tyrosine kinase inhibitors (TKIs), the first-line stan-
dard of care for advanced RCC.Within the last year, three new
second-line treatments have received FDA approval for use
after anti-angiogenic therapy: the immune checkpoint inhibi-
tor nivolumab, the TKI cabozantinib, and the combination of
the TKI lenvatinib and the mTOR inhibitor everolimus.
Cabozantinib inhibits VEGFRs, MET, and AXL, kinases that
promote tumorigenesis, angiogenesis, metastasis, and drug
resistance. Compared with everolimus, cabozantinib has
shown statistically significant improvements in the three key
efficacy endpoints of overall survival, progression-free surviv-
al, and objective response rate in patients with RCC who were
previously treated with a VEGFRTKI. Herein, we summarize

the translational research and clinical development that led to
approval of cabozantinib as second-line therapy in RCC.
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Introduction

Renal cell carcinoma (RCC), the most common form of
kidney cancer, comprises several malignancies that arise
from renal tubular epithelial cells; clear cell RCC is the most
common histological subtype accounting for 80–90% of
cases [1]. The yearly incidence of RCC is roughly 300,000
worldwide and more than 50,000 in the USA [2, 3]. The
disease occurs twice as frequently in men as in women.
Approximately 70% of RCC cases are diagnosed in patients
≥50 years of age, with a median age of 64 years at diagnosis
[2, 4]. Risk factors for the development of RCC include
smoking and obesity [5–7]. RCC cases are almost always
sporadic ( ~96%) but can be familial ( ~4%) and are often
linked to specific gene mutations [8].

When diagnosed at an early stage (>50% of cases), patients
with RCC have a favorable prognosis following nephrectomy
with a 5-year survival rate of 81% for stage I disease [9–11].
However, 10–30% of patients with early-stage disease will
experience tumor recurrence following resection [12–14],
and 20–30% of patients present with stage IV metastatic dis-
ease [15]. For advanced disease, systemic therapy is the foun-
dation of treatment, but long-term prognosis is poor with a 5-
year survival rate of approximately 12% during the period
2004–2010 [10, 11].

The most common genetic lesion in both the familial and
sporadic forms of clear cell RCC is inactivation of the von
Hippel-Lindau (VHL) tumor suppressor gene [16]. VHL
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disruption results in highly angiogenic and vascularized tu-
mors [17]. Thus, development of systemic treatments has fo-
cused on the angiogenic axis. A number of targeted therapies
have been approved for use in RCC, including tyrosine kinase
inhibitors (TKIs) with anti-angiogenic activity (sunitinib,
pazopanib, sorafenib, and axitinib), the VEGF-targeted mono-
clonal antibody bevacizumab, and the mTOR inhibitors
everolimus and temsirolimus [11]. In the past, immunotherapy
with high-dose interleukin-2 played an important role in the
treatment of patients with metastatic clear cell RCC who have
excellent performance status and normal organ function, but
due to its inherent toxicity and the availability of alternative
systemic therapies, its use now is declining [11].

In the past year, three new second-line treatments for RCC
have been approved by the FDA—the immune checkpoint
inhibitor nivolumab [18••], the TKI lenvatinib in combination
with the mTOR inhibitor everolimus [19••, 20], and the TKI
cabozantinib, which is the focus of this review [21••, 22••].

Cabozantinib is an orally bioavailable TKI which targets
VEGF receptors (VEGFRs), MET, AXL, and other receptor
tyrosine kinases involved in tumor development and progres-
sion through angiogenesis, anti-apoptosis, invasiveness, me-
tastasis, and drug resistance [23]. Cabozantinib has been eval-
uated in a number of solid tumors including medullary thyroid
cancer, castration-resistant prostate cancer, and non-small cell
lung cancer [24–28]. In a randomized phase 3 trial for pro-
gressive metastatic medullary thyroid cancer, cabozantinib
treatment significantly improved progression-free survival
(PFS) and objective response rate (ORR) compared with pla-
cebo leading to regulatory approval in this indication [28].
Recently, cabozantinib demonstrated improvements in PFS,
ORR, and overall survival compared with everolimus in pa-
tients with advanced RCC who had received prior anti-
angiogenic therapy [21••, 22••]. Herein, we provide an over-
view of the clinical development of cabozantinib in RCC,
from translational research through the pivotal phase 3 trial
that supported its regulatory approval.

Disease Mechanism and Drug Resistance in RCC

The VHL tumor suppressor is inactivated by mutation or
epigenetic silencing in ~80% of sporadic clear cell RCC
cases [29]. VHL deficiency in RCC drives angiogenesis,
local invasion, and metastasis by activating the hypoxia-
inducible factor (HIF)-regulated hypoxic response [17,
29]. At low oxygen concentrations, the transcription fac-
tors HIF1α/HIF2α induce expression of hypoxic response
genes including angiogenic factors such as VEGF and
PDGF, pro-invasive proteins that promote the epithelial-
mesenchymal transition, and enzymes that support anaer-
obic metabolism. Under normoxia, VHL targets HIF1α/
HIF2α for ubiquitin-dependent degradation by the

proteasome. However, loss of VHL function leads to sta-
bilization of HIF transcription factors and constitutive ex-
pression of their target genes (Fig. 1). In VHL-deficient
tumor cells and endothelial cells, HIF2α rather than
HIF1α is the main positive regulator of tumorigenesis
and angiogenesis [29]. Activation of VEGFR signaling
as a result of VHL deficiency underlies the clinical activ-
ity of anti-angiogenic agents in RCC.

VHL inactivation in RCC also induces overexpression
and activation of the receptor tyrosine kinases MET and
AXL [30–33]. MET protein expression is higher in all
RCC subtypes compared with adjacent normal tissue, and
higherMETexpression correlates with shorter survival time
in clear cell RCC [34]. Likewise, AXL mRNA is
overexpressed in RCC tumors, and low AXL mRNA levels
correlate with longer survival [35].

Aberrant MET activation promotes tumor growth, anti-
apoptosis, angiogenesis, invasion, and metastasis [36, 37].
At the cellular level, METand its cognate ligand hepatocyte
growth factor (HGF) promote proliferation, survival, motil-
ity, and invasion. MET is essential for embryogenesis and
tissue regeneration.During development,METregulates tis-
sue morphogenesis by inducing the epithelial-mesenchymal
transition, a complex cellular reprogramming process which
results in loss of cell-cell contacts, enhanced motility, and
invasion. Activation of HGF/METsignaling in the endothe-
lium induces branchingmorphogenesis and angiogenesis. In
the malignant setting, dysregulation of these physiological
processes drives both tumorigenesis and late-stage tumor
progression.

AXL signaling is also implicated in tumor growth and sur-
vival [38, 39]. Activation of AXL by its cognate ligand GAS6
promotes cell proliferation, migration, and protection from
apoptosis; in many contexts, AXL functions in concert with
other receptors to amplify downstream signaling pathways.

Despite the success of anti-angiogenic agents in treating
RCC, a fraction of patients do not respond to systemic
therapy, and responding patients eventually progress and
succumb to their disease. Resistance to VEGF-targeted
therapy is mediated by upregulation of alternative angio-
genic and invasive pathways, including MET and AXL
[40–45] (Fig. 1). Chronic sunitinib treatment of RCC cell
lines activates MET and AXL signaling, induces the
epithelial-mesenchymal transition, and enhances cell mi-
gration, invasion, and angiogenesis [42, 43]. Likewise,
sunitinib-resistant xenograft tumors display activated
MET and AXL signaling and increased growth rates rela-
t i v e t o s un i t i n i b - s e n s i t i v e con t r o l s [ 42 , 44 ] .
Mechanistically, sunitinib resistance in RCC can be medi-
ated by competing non-coding RNAs that upregulate MET
and AXL expression. Moreover, sunitinib resistance can be
disseminated to sensitive cells by exosomes that transmit
these regulatory RNAs [44].
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Preclinical Rationale and Early Clinical Trials

Recently published preclinical studies provide support for
targeting VEGFR, MET, and AXL for RCC treatment in both
first- and second-line settings. VHL-deficient tumor cell lines
and patient-derived xenografts provide models for first-line
therapy. In VHL-negative xenograft models, treatment with
the VEGFR-selective inhibitor axitinib reduces tumor growth
and prolongs survival, whereas treatment with crizotinib,
which inhibits MET but not VEGFR, is much less effective.
However, the combination of axitinib and crizotinib is

significantly more effective than either treatment alone [45].
As described earlier, induced sunitinib resistance serves as a
model for second-line therapy following anti-angiogenic
agents. Targeting VEGFR, MET, and AXL is effective in this
setting, as cabozantinib treatment of sunitinib-resistant xeno-
graft tumors causes growth inhibition and regression [42].
Likewise, co-treatment with MET inhibitors or MET/AXL
dual inhibitors overcomes resistance to VEGFR TKIs in xe-
nograft models [44, 45].

Cabozantinib was first evaluated in patients with RCC in a
phase 1b trial that also examined a potential drug-drug

Endothelial Cell

VHL-deficient 

Tumor Cell

HGF

GAS6

AXL

MET

HI

HIF Target Genes

VEGF

VEGFR

GAS6

HGF

AXL

MET

Hypoxic

Endothelial Cell

VHL-deficient 

Tumor Cell

HGF

GAS6

AXL

MET

VEGF

VEGFR
VEGFR TKI

GAS6

HGF

AXL

MET

HI

HIF Target Genes

HI

HIF Target Genes

a

b
Fig. 1 a.Activation of VEGFR,MET, and AXL signaling in RCC. VHL
inactivation promotes stabilization of HIFα transcription factors and
induces expression of hypoxic response genes, including VEGF, MET,
and AXL. VEGF acts on endothelial cells to promote angiogenesis, and
activation of MET and AXL signaling supports tumor growth, survival,
invasion, and metastasis. b. Role of MET and AXL in resistance to
VEGFR inhibitors. Resistance to VEGFR inhibitors results from

upregulation of alternative angiogenic pathways, including MET and
AXL. Increased expression of MET and AXL is due in part to
induction of hypoxic response genes resulting from reduced
angiogenesis. MET, AXL, and VEGF expression in tumor cells is also
further upregulated in response to VEGFR inhibition. HGF hepatocyte
growth factor, HIF hypoxia-inducible factor, RCC renal cell carcinoma,
TKI tyrosine kinase inhibitor, VEGFRVEGF receptor
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interaction with the CYP2C8 substrate rosiglitazone [46]. The
starting dose of cabozantinib was 140 mg orally once per day.
Among 25 RCC patients enrolled, 88% had received at least
one prior therapy targeting the VEGF pathway. Cabozantinib
demonstrated preliminary antitumor activity in the RCC co-
hort with an ORR of 28% (all partial responses), median PFS
of 12.9 months, and median overall survival of 15.0 months.
Dose reductions were employed in 80% of patients resulting
in a median average daily dose of 75.5 mg, and the most
common final daily dose was 60 mg.

METEOR—Phase 3 Pivotal Study of Cabozantinib
in RCC

Given the evidence from preclinical and early clinical studies,
a randomized phase 3 trial (METEOR)was conducted to com-
pare the efficacy and safety of cabozantinib with standard-of-
care everolimus in patients with advanced RCCwhose disease
had progressed during or after prior VEGFR TKI therapy
[21••, 22••]. Eligibility requirements included age ≥18 years,
RCC with a clear cell histology component, measurable dis-
ease per Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.1 [47], and Karnofsky performance status
≥70%. Patients who had received previous mTOR inhibitor
therapy were ineligible.

METEOR employed a trial-within-a trial design to pro-
vide adequate power for assessment of both the primary
endpoint of PFS and the secondary endpoint of overall
survival. The study was designed to enroll 650 patients,
with a planned primary analysis of PFS in the first 375
randomized patients (the primary PFS population) after
259 events and a secondary analysis of overall survival in
all 650 patients after 408 events. A total of 658 patients
(the intent-to-treat [ITT] population) were randomized to
receive open-label treatment with cabozantinib (N = 330)
or everolimus (N = 328). Randomization was stratified by
number of prior VEGFR TKIs and Memorial Sloan
Kettering Cancer Center (MSKCC) risk groups [48].
Cabozantinib was initiated at 60 mg once daily, and evero-
limus was initiated at 10 mg once daily. The protocol spec-
ified dose interruptions or reductions as needed to manage
treatment-emergent adverse events (AEs). Crossover be-
tween treatment arms was not allowed.

Baseline characteristics were balanced with the majority of
patients (71%) having received only one prior VEGFR TKI.
The most common prior therapies were sunitinib (63%) and
pazopanib (43%). Notably, 31 patients (5%) had received pri-
or nivolumab treatment. Bone metastases were reported in
22% of patients at baseline and visceral metastases in 74%.
Most patients were categorized as having favorable (46%) or
intermediate risk (42%) by MSKCC prognostic criteria.

At a data cut-off point of May 22, 2015 for the primary
analysis, the minimum follow-up time was 11 months for the
primary PFS population (N = 187 for cabozantinib and
N = 188 for everolimus). The trial met its primary end-
point—cabozantinib treatment significantly improved PFS
compared with everolimus with a median PFS of 7.4 versus
3.8 months (hazard ratio (HR) = 0.58, 95% confidence inter-
val (CI) 0.45–0.75; p < 0.001). [21••] The PFS results were
consistent in the ITT population with a median of 7.4 versus
3.9 months (HR = 0.51; 95% CI 0.41–0.62; p < 0.0001).
Assessment of response in the ITT population by an indepen-
dent radiology review committee showed an ORR of 17% for
cabozantinib versus 3% for everolimus (p < 0.0001), all partial
responses per RECIST v1.1. Stable disease was reported as
the best overall response in 65% of cabozantinib-treated pa-
tients and 62% of everolimus-treated patients. Progressive
disease was the best overall response in 12% of
cabozantinib-treated patients and 27% of everolimus-treated
patients. ORR as determined by investigators was 24% for
cabozantinib and 4% for everolimus. At a second data cut-
off of December 31, 2015, an information fraction of 78%
was available for analysis of overall survival with a minimum
follow-up of 13 months. Cabozantinib demonstrated a 34%
reduction in the rate of death compared with everolimus, with
a median overall survival of 21.4 versus 16.5 months
(HR = 0.66, 95% CI 0.53–0.83; p = 0.00026). Efficacy out-
comes for the ITT population in the METEOR trial are sum-
marized in Table 1.

Bone metastases are associated with poor outcomes in a
number of solid tumors including RCC [49, 50]. MET, one
of the targets of cabozantinib, is thought to play a role in
modulating the activity of osteoblasts and osteoclasts, and
preclinical data show that cabozantinib is active in bone me-
tastasis models [24, 51, 52]. Subgroup analyses of the
METEOR study population showed marked improvement
for patients with bone metastases treated with cabozantinib
versus everolimus for both PFS (HR = 0.33; 95% CI 0.21–
0.51) and overall survival (HR = 0.54; 95% CI 0.34–0.84)
[22••]. Furthermore, the rate of skeletal-related events was
16% for the cabozantinib arm versus 34% for the everolimus
arm among those with a history of skeletal-related events at
baseline [53].

Given the number of available treatments for RCC, opti-
mizing the sequence of targeted therapies has become a rele-
vant issue. In the METEOR study, the benefit of cabozantinib
was maintained regardless of the prior therapy received by the
patient. Cabozantinib demonstrated improvements over
everolimus for PFS and overall survival across multiple sub-
groups, including those defined by number of prior VEGFR
TKIs (1 or ≥2), by duration of treatment with first VEGFR
TKI (≤6 or >6 months), by prior treatment with sunitinib or
pazopanib as the only VEGFR TKI, and by prior treatment
with a PD-1/PD-L1 checkpoint inhibitor [22••, 54].
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Safety analyses of all-causality treatment-emergent AEs
showed that 21% of patients receiving cabozantinib experi-
enced a grade 1/2 AE versus 32% for those receiving everoli-
mus at the December cut-off, the grade 3 AE rate was 63
versus 52%, and the grade 4 AE rate was 8% in both treatment
arms [22••]. The most common grade 3 AEs experienced by
patients in the cabozantinib group were hypertension (15 vs
4% in the everolimus group), diarrhea (13 vs 2%), fatigue (11
vs 7%), and palmar-plantar erythrodysesthesia syndrome (8 vs
1%). The most common grade 4 event in the cabozantinib arm
was hypomagnesemia (3% versus none in the everolimus
arm), with all other grade 4 events <1%. Dose reductions were
utilized to manage AEs in 62% of patients in the cabozantinib
arm and 25% of patients in the everolimus arm. Treatment-
related deaths were rare in both arms—one death in the
cabozantinib arm (not otherwise specified by the investigator)
and two in the everolimus arm (one due to aspergillus infec-
tion and one due to aspiration pneumonia).

In brief, cabozantinib treatment significantly improved all
three key efficacy endpoints of overall survival, PFS, and
ORR compared with everolimus in the METEOR trial with
an acceptable safety profile. Furthermore, the improvements
in overall survival and PFS associated with cabozantinib
remained consistent across subgroups of patients, including
established prognostic risk groups (i.e., MSKCC) [22••] as
well as other pre-specified patient subgroups such as those
defined by bone metastases or prior therapy [53, 54].

Current Landscape and Future Directions

Within the last year, the immune checkpoint inhibitor
nivolumab and the combination of lenvatinib plus everolimus
also received FDA approval as second-line RCC treatments
after anti-angiogenic therapy. In a phase 3 randomized trial
comparing nivolumab with everolimus, nivolumab treatment
improved overall survival (HR = 0.73; 95% CI 0.60–0.89;
p = 0.0018) and improved ORR, but did not improve PFS
[18••, 55]. In a phase 2 randomized trial, lenvatinib plus evero-
limus demonstrated improved PFS (HR = 0.37; 95% CI 0.22–
0.62, per investigators) and improved ORR relative to evero-
limus monotherapy [56]. For overall survival, the HR for
lenvatinib plus everolimus compared with everolimus was
0.67 (95% CI 0.42–1.08) [56].

The recent FDA approvals of nivolumab, cabozantinib, and
lenvatinib plus everolimus have substantially expanded the
available treatment options for patients with previously-
treated RCC, and have altered the therapeutic landscape.
Given these developments, the National Comprehensive
Cancer Network (NCCN) Guidelines for Kidney Cancer
(Version 3.2016) provided the following category 1 recom-
mendations which are based on “high-level evidence where
there is uniform NCCN consensus that the intervention is
appropriate” [11]: For advanced RCC with predominant
clear-cell histology, category 1 recommendations for first-
line therapy are sunitinib, bevacizumab plus interferon-α,

Table 1 Efficacy outcomes in
intent-to-treat population of
METEOR trial [21••, 22••]

Outcome Cabozantinib

(N = 330)

Everolimus

(N = 328)

Hazard ratio

(95% CI)

p value

Overall survival,a months

Median 21.4 16.5 0.66 (0.53–0.83) 0.00026

95% CI 18.7–NE 14.7–18.8

Progression-free survival per IRC,b months

Median 7.4 3.9 0.51 (0.41–0.62) <0.0001

95% CI 6.6–9.1 3.7–5.1

Objective response per IRCb,c

ORR, % (95% CI)d 17 (13–22) 3 (2–6) <0.0001

Stable disease, % 65 62

Progressive disease, % 12 27

Objective response per investigatorb,c

ORR, % (95% CI)d 24 (19–29) 4 (2–7) <0.0001

Stable disease, % 63 63

Progressive disease, % 9 27

CI confidence interval, IRC independent radiology review committee, NE not estimable,ORR objective response
rate
a December 31, 2015 cutoff date
bMay 22, 2015 cutoff date
c The sum of responses is less than 100% because there were patients with not evaluable or missing assessments in
both arms
d Responses were all confirmed partial responses
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pazopanib, and temsirolimus (for poor prognosis patients).
For subsequent treatment after anti-angiogenic therapy, cate-
gory 1 recommendations are axitinib, cabozantinib,
nivolumab, and everolimus. Cabozantinib and nivolumab
are preferred over everolimus based on the results of phase 3
trials which demonstrated improved overall survival.

While these advances have increased treatment options for
patients, they also raise questions such as how to treat specific
patient populations and how to sequence therapies. The avail-
ability of drugs with different mechanisms of action (VEGF-
targeted agents, spectrum-selective TKIs that target VEGFRs,
mTOR inhibitors, and immune checkpoint inhibitors) pro-
vides multiple options for second-line and later-line therapies.
To further expand available therapies, approved second-line
agents are being evaluated in the first-line setting, and regi-
mens combining agents with different molecular mechanisms
are being explored.

Cabozantinib is currently being evaluated for RCC treat-
ment in three additional clinical settings: first-line therapy
versus sunitinib, combination therapy with immune check-
point inhibitors, and treatment of papillary RCC. In the ran-
domized phase 2 CABOSUN trial (NCT01835158),
cabozantinib demonstrated a statistically significant improve-
ment in PFS and ORR versus sunitinib in previously untreated
intermediate or poor risk patients with advanced clear cell
RCC [57]. In a phase 1b trial, the combination of cabozantinib
and nivolumab with or without ipilimumab is being assessed
in patients with metastatic genitourinary tumors, including
RCC (NCT02496208) [58]. The primary objectives of this
trial are evaluation of the tolerability of the combinations,
identification of any dose-limiting toxicities, and determina-
tion of the recommended phase 2 doses for the combinations.
Secondary objectives include assessing the effect of the com-
binations on ORR, PFS, and overall survival. MET is also a
potential target in non-clear-cell RCC because it is mutated in
type I papillary RCC and overexpressed in both papillary sub-
types [59, 60]. Based on this biological rationale, a random-
ized phase 2 trial was recently initiated in metastatic papillary
RCC to compare the efficacy of TKIs that target VEGFRs,
MET, or VEGFRs plusMET (sunitinib, crizotinib, savolitinib,
and cabozantinib) (NCT02761057) [61]. PFS is the primary
endpoint of the trial, and ORR, overall survival, and safety are
the secondary outcomes.

Conclusion

Cabozantinib is a new standard of care for patients with ad-
vanced RCC following anti-angiogenic therapy. In the
METEOR trial, cabozantinib demonstrated statistically signif-
icant improvements compared with everolimus in the three
key efficacy endpoints of overall survival, PFS, and ORR.
Treatment benefit was maintained across multiple patient

subgroups including risk category, nature of prior therapy,
and extent of tumor burden. Ongoing clinical trials have the
potential to expand the clinical utility of cabozantinib in ad-
vanced RCC to first-line therapy or treatment of non-clear-cell
RCC.
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