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 Introduction 

 It is estimated that close to 61,000 new cases of kidney 
and renal pelvis cancer will be diagnosed in the USA in 
2011, and 13,000 patients will succumb to the disease  [1] . 
Their incidence has risen by 2–3% every year since the 
early 1990s, many cases being discovered serendipitously 
due to the increased use of CT scans. Of the renal malig-
nancies, 92% are renal cell carcinoma (RCC). Renal carci-
nomas, which are adenocarcinomas of the renal tubular 
epithelium, can be further distinguished into clear cell 
carcinoma (accounting for 70–80% of all RCCs), papillary 
carcinoma (10–15%), chromophobe renal carcinoma and 
collecting duct carcinoma (6% or less, collectively)  [2] . Sur-
gery (radical or partial nephrectomy) remains the main-
stay of treatment for RCC. Unfortunately, about one third 
of patients who undergo surgical resection for localized 
disease have recurrence  [1] . Prior to 2005, patients with lo-
cally invasive or metastatic disease received immunomod-
ulatory therapy with modest survival benefit, at the ex-
pense of considerable toxicity. Since then, six targeted 
agents, bevacizumab, sorafenib, sunitinib, pazopanib, 
temsirolimus and everolimus, have been approved by the 
US Food and Drug Administration (FDA) for the treat-
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 Abstract 

 Antiangiogenic therapy has shown promise in the treatment 

of patients with renal cell carcinoma (RCC). Two classes of 

antiangiogenic drugs, the anti-vascular endothelial growth 

factor antibody bevacizumab and the tyrosine kinase inhib-

itors sorafenib, sunitinib and pazopanib, have shown effica-

cy in patients with RCC and are approved by the US Food and 

Drug Administration for treatment of this cancer. In practice, 

the clinical benefit of antiangiogenic drugs in RCC has been 

heterogeneous, and in patients who do respond, benefits 

are modest and/or short-lived. To improve efficacy, combi-

nation targeted therapy has been attempted, but with either 

very limited additional efficacy or nontolerable toxicities. 

Recent advances in the molecular understanding of tumor 

angiogenesis and mechanism of resistance, along with the 

rapid development of targeted drug discovery, have made it 

possible to further explore novel combination therapy for 

RCC. 
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ment of advanced RCC. In general, these agents have high-
er efficacy against clear cell than non-clear cell histologies.

  Antiangiogenic therapy has shown promise in the 
treatment of patients with metastatic RCC (mRCC). This 
novel class of drugs was designed to inhibit the vascular 
endothelial growth factor (VEGF) pathway, as VEGF is 
the most prevalent and dominant proangiogenic growth 
factor in the tumor microenvironment  [3–6] . FDA-ap-
proved agents that directly target the VEGF pathway in-
clude the anti-VEGF antibody bevacizumab and the mul-
titargeted tyrosine kinase inhibitors (TKIs) sunitinib, 
sorafenib and pazopanib, which inhibit VEGF receptors 
along with other receptor tyrosine kinases  [7–12] . Al-
though these drugs have shown improvement in overall 
survival (OS) in advanced RCC, durable responses are 
rare, and resistance to treatment is usually seen after a 
median of 6–15 months  [5] . Therefore, novel approaches 
are desperately needed.

  We review clinical trial results, discuss the mechanism 
of resistance to antiangiogenic therapy and suggest novel 
combinations with antiangiogenic drugs for the treat-
ment of advanced RCC or mRCC.

  Current Evidence of Combination Targeted Therapy 

in Advanced RCC 

 Bevacizumab has been extensively tested in combina-
tion with a myriad of targeted and nontargeted therapies 
for the treatment of mRCC; however, despite a number of 
important victories, successful treatment using this agent 
as part of a combination regimen has been largely under-
whelming. It was first found to have significant clinical 
benefit by Yang et al.  [13]  when used as monotherapy. Un-
til the advent of targeted therapy for RCC within the last 
decade, interferon- �  (IFN- � ) was one of the few options 
for treatment of patients with advanced RCC. However, 
its efficacy was marginal at best and its effects usually 
short-lived. In the last few years, two landmark studies 
have elucidated the potential clinical benefits of combin-
ing IFN- �  and bevacizumab. Escudier et al.  [14]  conduct-
ed a randomized, double-blind, phase III trial comparing 
bevacizumab plus IFN- �  to IFN- �  monotherapy. Six 
hundred and forty-one previously untreated patients re-
ceived bevacizumab 10 mg/kg every 2 weeks plus 9 mil-
lion units of IFN- �  subcutaneously 3 times a week or
placebo plus IFN- �  at an equivalent dosage. The median
duration of progression-free survival (PFS) was substan-
tially prolonged in the combination arm when compared 
to IFN- �  alone (10.2 vs. 5.4 months)  [14] . In a similar ran-

domized phase III clinical trial, the Cancer and Leuke-
mia Group B 90206 trial, 732 patients were randomly as-
signed to receive bevacizumab plus IFN- �  or IFN- �  
monotherapy  [15, 16] . The primary endpoint was OS, and 
secondary endpoints were PFS and the objective response 
rate (ORR). Although the primary endpoint of OS did not 
reach predefined criteria for statistical significance, there 
were statistically significant increases in median PFS (8.5 
months for the combination arm and 5.2 months for IFN-
 �  alone) and the ORR (25.5 vs. 13.1%)  [15, 16] .

  The combination of bevacizumab and sorafenib in the 
treatment of mRCC has been explored in two phase I tri-
als. Azad et al.  [17]  randomized 39 patients with advanced 
solid malignancies into 2 cohorts that received bevaci-
zumab 5 mg/kg every 2 weeks plus sorafenib 200 mg 
twice daily (dose level 1; n = 33) or bevacizumab 10 mg/
kg every 2 weeks with an equal dose of sorafenib (dose 
level 2; n = 6). Dose level 1 was found to be the maximum 
tolerated dose (MTD) since higher doses caused signifi-
cant proteinuria and thrombocytopenia. Although this 
study did not include patients with RCC exclusively (only 
8% of patients), all patients with RCC demonstrated ei-
ther a partial response (PR) or stable disease (SD)  [17] . In 
their phase I trial, Sosman et al.  [18]  went on to confirm 
the clinical activity of this combination in mRCC. Co-
horts of at least 6 patients were enrolled to define the 
MTD and dose-limiting toxicity of bevacizumab (initial 
dose 5 mg/kg every 2 weeks) and sorafenib 200 mg twice 
daily (with modification based on observed toxicities) on 
28-day cycles. The MTD was determined to be sorafenib 
200 mg p.o. daily and bevacizumab 5 mg/kg i.v. every 2 
weeks. Twenty-one of 46 patients (46%) had a PR accord-
ing to the Response Evaluation Criteria In Solid Tumors. 
Additionally, 23 patients had SD. Median time to pro-
gression was 11.2 months. This landmark study opened 
the door for the ongoing BeST trial  [18] .

  The mammalian target of rapamycin (mTOR) inhibi-
tor everolimus has also been tested in combination with 
bevacizumab for the treatment of advanced clear cell 
RCC. A group of 50 untreated and 30 previously treated 
patients were given bevacizumab 10 mg/kg i.v. every 2 
weeks and everolimus 10 mg daily. The combination 
showed activity in both groups, with median PFS of 9.1 
months for the treatment-naïve patients and 7.1 months 
for those who had previously received treatment  [19] . 
Currently, there are several phase II and III trials testing 
the efficacy of this combination in mRCC.

  However, as monumental as bevacizumab has been in 
the management of mRCC, to date the great majority of 
combination regimens including this agent have been un-
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successful in providing significant and durable clinical 
benefit. Two trials tested the efficacy and toxicity of be-
vacizumab and sunitinib in the treatment of mRCC. In a 
small case series reported by Medioni et al.  [20] , 7 patients 
who had progressed through sunitinib monotherapy 
were treated with bevacizumab 10 mg/kg every 2 weeks 
and sunitinib 25–50 mg daily in a 4-week-on/2-week-off 
cycle. Two patients had a PR, 4 had SD and the remaining 
patient had disease progression. After a median follow-
up of 17.2 months, median PFS was 8.5 months and OS 
was 15.1 months  [20] . A slightly larger trial by Feldman 
et al.  [21]  randomized 3 cohorts of 3–6 patients (n = 25) 
to treatment with escalating doses of daily oral sunitinib 
in a 4-week-on/2-week-off cycle and fixed doses of beva-
cizumab (10 mg/kg) intravenously once every 2 weeks. 
Despite 1 patient achieving a complete response, 12 (48%) 
a PR and 9 (36%) SD, chronic therapy at the determined 
MTD resulted in intolerable toxicities, and further trials 
utilizing this combination were not pursued  [21] . Any 
hope of this drug combination ever being used clinically 
in mRCC was shattered after Rini et al.  [22]  confirmed 
the unacceptably high incidence of thrombotic microan-
giopathy when this particular drug combination is used.

  The combination of bevacizumab and erlotinib proved 
equally unfruitful. In a phase II trial, 63 patients were 
treated with 10 mg/kg bevacizumab every 2 weeks plus 
erlotinib 150 mg daily  [23] . After an 8-week evaluation 
period, patients who responded continued to receive the 
drug combination until disease progression. Twenty-five 
percent of patients had an objective response, 61% of pa-
tients had SD and only 14% of patients had disease pro-
gression after the initial evaluation period. Median PFS 
was 11 months, 1-year PFS was 43% and OS at 18 months 
was 60%. Despite these promising results, a subsequent 
study attempted to replicate this benefit by comparing 
bevacizumab and erlotinib versus bevacizumab mono-
therapy. One hundred and four patients received bevaci-
zumab (10 mg/kg every 2 weeks) in combination with 
either erlotinib (150 mg daily) or placebo. Although the 
combination was well tolerated, it did not seem to provide 
additional clinical benefit when compared to bevacizu-
mab alone (median PFS was 9.9 months for the combina-
tion and 8.5 months for bevacizumab monotherapy; haz-
ard ratio 0.86)  [24] . This combination was found to be 
equally ineffective in a phase I/II trial that used bevaci-
zumab, erlotinib and imatinib  [25] . In addition to dis-
playing significant toxicity (most commonly grade 3/4 
diarrhea, rash and fatigue), the combination did not en-
hance clinical benefit when compared to the bevacizu-
mab/erlotinib-only combination. Because of these nega-

tive results, this combination has been abandoned for 
RCC altogether.

  Similarly, bevacizumab has been combined with an-
other mTOR inhibitor, temsirolimus. In an open-label, 
phase II study, Escudier et al.  [26]  administered bevaci-
zumab and temsirolimus, sunitinib alone or bevacizu-
mab and IFN- �  to 171 randomly assigned patients. Re-
cently, preliminary results from the TORAVA trial as-
sessing the safety profile and efficacy of bevacizumab and 
temsirolimus indicated that this combination likely does 
not provide additive efficacy while demonstrating worse 
toxicity than expected  [26] . Nevertheless, the final word 
will come once ongoing phase II and III trials are com-
pleted. Until then, bevacizumab will only continue to be 
used in combination with IFN- �  for the treatment of 
good- or intermediate-risk clear cell renal carcinoma 
 [27] . Further trials are pending that will potentially ex-
pand the use of bevacizumab for mRCC.

  In the last few years, the TKI sunitinib has carved its 
way to become the standard choice as first-line mono-
therapy in clear cell carcinoma in good- to intermediate-
risk RCC, in addition to being used as second-line thera-
py for clear cell RCC that has failed cytokine therapy or 
tumors of non-clear cell histology  [27] . Sunitinib ob-
tained US FDA approval as a first-line drug for the treat-
ment of mRCC after a randomized phase III study proved 
it was significantly superior to standard IFN- �  therapy. 
Seven hundred and fifty treatment-naïve patients were 
randomly assigned to the sunitinib arm (50 mg orally, 
4-week-on/2-week-off dose schedule) or the IFN- �  arm 
(9 million units subcutaneously, 3 times weekly)  [28, 29] . 
Median OS was prolonged with sunitinib (26.4 vs. 21.8 
months), and PFS with sunitinib was 11 months, while 
with IFN- �  it was only 5 months. ORR was also increased 
about fourfold (47% for sunitinib vs. 12% for IFN- � ), ef-
fectively demonstrating sunitinib’s advantage over IFN-
 �  in terms of OS, PFS and ORR. In 2009, Escudier et al. 
 [30]  reported that sunitinib at 37.5 mg/day also provides 
significant gains in terms of median PFS and OS (8.2 and 
19.8 months, respectively) in patients with cytokine-re-
fractory mRCC, concluding that this dosing schedule of-
fered an alternative to patients who develop significant 
adverse effects on standard dosing. However, this same 
group later amended their conclusion by stating that de-
spite sharing similar ORR, OS and adverse event profiles, 
continuous dosing showed a trend toward inferior time 
to progression, making this schedule less desirable  [31] .

  Sunitinib and everolimus were combined in a phase I 
trial reported by Kroog et al.  [32] . Cohorts of 3–6 patients 
with mRCC were given sunitinib at 37.5 mg daily or 50 
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mg on a 4-week-on/2-week-off dosing schedule, and 
everolimus was administered either daily (2.5 or 5 mg) or 
weekly. Of the multiple cohorts, the combination of suni-
tinib 37.5 mg daily and everolimus 20 mg weekly was 
found to have the greatest efficacy with the lowest toxic-
ity. However, efficacy was not one of the primary out-
comes of this study, so further testing needs to be done 
before this combination can be deemed effective. The 
combination of sunitinib and temsirolimus has also been 
tested in the treatment of advanced RCC. In a dose-de-

termining phase I study by Patel et al.  [33] , the combi-
nation of these drugs was administered to successive
cohorts of 3–6 patients. Unfortunately, the study was 
stopped early due to dose-limiting toxicities. This combi-
nation is not currently in clinical use for RCC.

  Harzstark et al.  [34]  conducted a phase I study of 
sorafenib and everolimus in mRCC. Twenty patients were 
divided into 3 cohorts with increasing medication dose 
levels (dose level 1 consisted of sorafenib 400 mg twice a 
day and everolimus 2.5 mg daily; dose level 2 was sorafenib 

Table 1.  Combination therapy trials for RCC

Agents Phase ORR, %/PFS, months/
OS, months

Comments Reference

Bevacizumab + IFN III 70/10.2/NM AVOREN trial Escudier et al. [14]

III 13.11/13.21/NS CALGB 90206 trial Rini et al. [16]

Bevacizumab + erlotinib II 25/11/– Hainsworth et al. [23]

II NS/NS/20 no clinical benefit found Bukowski et al. [24]

Bevacizumab + erlotinib +
imatinib

I/II 17/8.9/17.2 combination unacceptably toxic Hainsworth et al. [25]

Bevacizumab + everolimus II 30 (23)2/9.1 (7.1)2/21.3
(14.5)2

Hainsworth et al. [19]

Bevacizumab + temsirolimus II 25/43.23/– TORAVA trial Escudier et al. [26]

Bevacizumab + sorafenib I efficacy not assessed included several solid tumor types,
n = 3 for RCC

Azad et al. [17]

I 46/18/– n = 47 Sosman et al. [18]

Bevacizumab + sunitinib – 29/8.5/15.1 case series, n = 7 Medioni et al. [20]

I 52/11/not reached high discontinuation rate due to toxicity Feldman et al. [21]

Sunitinib + IFN I 12/11.9 (TTP)/– toxic as combination; 4-week-on/2-week-
off schedule as effective as single agent

Motzer et al. [62]

Sunitinib + temsirolimus I efficacy not assessed n = 3; this combination not recommended Patel et al. [33]

Sunitinib + everolimus I efficacy not assessed n = 19; combination recommended for 
phase II trials

Kroog et al. [32]

Sorafenib + IFN II 19/7/17 AE common to IFN limit this 
combination

Ryan et al. [63]

II 33/10/– activity in treatment-naïve and 
cytokine-treated patients

Gollob et al. [64]

Sorafenib + everolimus I 25/–/– best response in patients without prior 
systemic treatment

Harzstark et al. [34]

Sorafenib + IL-2 II 27.3/NS/– ROSORC trial, open-label Procopio et al. [65]

N S = No statistically significant difference between groups; NM = not matured; TTP = time to progression; CALGB = Cancer and 
Leukemia Group B; AE = adverse events. 

1 In subset with grade ≥2 hypertension. 2 Previously treated patients. 3 Non-progression rate at 48 weeks.
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400 mg twice a day and everolimus 5 mg daily, and dose 
level 3 was sorafenib 200 mg twice a day and everolimus 
10 mg daily; cycle length for all levels was 4 weeks). Dose-
limiting toxicities were seen with both of the higher dose 
levels; therefore, dose level 2 was established as the MTD. 
Of the 14 patients randomized to the two higher dose lev-
els, 8 (57%) had SD and another 3 (21%) had a PR. The 
authors concluded that the combination of sorafenib and 
everolimus was associated with acceptable toxicity with 
evidence of antitumor activity in RCC  [34] . A few clinical 
trials are currently ongoing to determine the MTD, ORR 
and optimal dosing.

  A comprehensive review of targeted therapies in ad-
vanced RCC would not be complete without mention of 
the VEGF and platelet-derived growth factor (PDGF) re-
ceptor inhibitors pazopanib, axitinib and tivozanib (AV-
951). Pazopanib is the latest targeted drug to be approved 
by the US FDA for the treatment of mRCC. In 2010, Hut-
son et al.  [35]  published the results of a phase II random-

ized discontinuation trial that was later revised to an 
open-label study. It included a combination of 225 treat-
ment-naïve patients (69%) and patients who had received 
prior treatment with either a cytokine- or bevacizumab-
based regimen (31%). Patients received pazopanib 800 mg 
daily. The ORR was 35% with a median duration of re-
sponse of 68 weeks, and PFS was 52 weeks. Report of this 
study was closely followed by a phase III, randomized, 
placebo-controlled study that directly evaluated the ef-
ficacy and safety of pazopanib in treatment-naïve and 
prior cytokine-treated patients  [12] . PFS was significant-
ly prolonged in the pazopanib arm compared to the pla-
cebo arm (9.2 vs. 4.2 months), with the difference in PFS 
even more marked in the treatment-naïve patients (11.2 
vs. 2.8 months). Axitinib, which has yet to be approved 
for the treatment of mRCC, showed promise as second-
line therapy  [34]  and is actively being tested in phase III 
trials. The oral small-molecule TKI tivozanib also showed 
promising efficacy and acceptable safety and tolerability, 

Table 2.  Grade 3/4 side effects observed with combination therapy for RCC

Agents (number of patients) Side effect (percentage affected) Reference

Bevacizumab + IFN (362) hypertension (11)
asthenia (37)
anorexia (17)
proteinuria (15)

Rini et al. [16]

Bevacizumab + everolimus (80) proteinuria (26)
stomatitis/mucositis (15)
asthenia (12)

Hainsworth et al. 
[19]

Bevacizumab + temsirolimus (88) specific information on adverse events not reported; 
however, grade 3 and 4 events were observed in 34% 
of patients, and treatment in this cohort was stopped 
prematurely for reasons other than progression in 
43%

Escudier et al. 
[26]

Bevacizumab + sorafenib (47) grade 3/4 toxicities included HFS and rash (with
bevacizumab 5 mg/kg/sorafenib 200 mg twice daily
or greater); HTN (bevacizumab 10 mg/kg)

Sosman et al. 
[18]

Bevacizumab + sunitinib (26) fatigue, hemorrhage, hyponatremia, HFS (10–20)
thrombocytopenia, elevated lipase (20–30)
proteinuria, hypertension (>30)

Feldman et al. 
[21]

Sunitinib + temsirolimus (3) rash, cellulitis, thrombocytopenia, gout (all 33) Patel et al. [33]

Sunitinib + everolimus (19) not all data reported; however, 5/11  patients (45%) 
suffered from mucositis and/or thrombocytopenia

Kroog et al. [32]

Sorafenib + everolimus (20) diarrhea, asthenia, rash (10)
hypophosphatemia (45)

Harzstark et al. 
[34]

I ncluded are only those combinations containing agents approved for treatment of mRCC. HFS = Hand-foot 
syndrome; HTN = hypertension.
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as reported by Nosov et al.  [36] . We are eagerly awaiting 
confirmation of these results and whether we will be add-
ing these novel agents to our armamentarium against
this difficult-to-treat malignancy.

  These findings on combination targeted therapy in 
advanced RCC are summarized in  table 1 .

  Toxicities Associated with Combination Therapy for 

RCC 

 Despite being deemed ‘targeted therapies’, most if not 
all of the agents currently approved for the treatment of 
mRCC can have significant side effects. In contrast to 
systemic chemotherapy dose determination, which is 
largely based on MTD, targeted therapy dosing is based 
on safety assessments during phase I trials and is then 
modified in subsequent, more advanced-phase trials to 
provide maximal clinical activity  [17] . Much of what we 
know about the safety profile and toxicities of these 
drugs has been elucidated from trials in which these 
agents were used as monotherapy. Hypertension, hand-
foot syndrome and hematologic abnormalities are known 
grade 3 and 4 side effects of the TKIs sunitinib and 
sorafenib. mTOR inhibitors temsirolimus and everoli-
mus exhibit metabolic side effects like hypertriglyceride-
mia and hyperglycemia, in addition to asthenia, stoma-
titis and hematologic abnormalities. Bevacizumab has 
been associated with proteinuria, bleeding and hyper-
tension as well as more serious complications including 
bowel perforation and thromboembolic events (when 
combined with other chemotherapeutic agents). It is 
therefore not surprising that when these drugs are used 
in combination, their toxicities can be compounded or 
enhanced ( table 2 ).

  Rationale for Development of More Effective 

Antiangiogenic Therapy in RCC 

 The traditional strategy to design combination thera-
py in clinical trials is to empirically combine agents with 
proven clinical efficacy. This strategy has been successful 
in deriving effective combination treatment. With the 
wealth of data available from molecular studies on tumor 
angiogenesis, we can now rationalize novel combinations 
which can readily be tested in preclinical models and 
then clinical trials.

  Treatment with the currently available antiangiogenic 
agents, including sunitinib, sorafenib, pazopanib, ax-
itinib or bevacizumab, would disrupt endothelial tubes 
and/or pericytes through the inhibition of VEGF/VEGF 
receptor (VEGFR) and PDGF/PDGF receptor (PDGFR) 
signaling pathways, respectively. Pericytes are vascular 

Table 3.  HIF inhibitors currently in clinical trials

Agent Target Phase/status

AFP464 AhR I/R

Carboxyamidotriazole CCB in VEGF I, II/ANR, C

SU5416 c-MET I/ANR, C

Alvocidib (flavopiridol) cyclin-dependent 
kinase

II/C

Decitabine cytosine
nucleoside/DNMT

I/ANR, C1

XL-647 EGFR I/C

Lonafarnib farnesyl-OH-
transferase

II/C

Valproic acid HDAC I/C, R1

MS-275 HDAC I/C

Belinostat HDAC I/C, R1

Tributyrin HDAC I/C

Trastuzumab Her2/neu I/C1

Vandetanib Her2/neu; EGFR I, II/ANR, C, R

Romidepsin (FK228) HDAC II/C1

Vorinostat (SAHA) HDAC I/R1

Panobinostat (LBH589) HDAC I/R1

Tanespimycin HSP I, II/ANR, C, EBI, 
NYR

Taxoprexin microtubules II/C

Docetaxel microtubules II/C, T1

Ixabepilone microtubules I, II/C1

Patupilone microtubules II/C

XL-765 mTOR I/R

Temsirolimus mTOR I, II/NYR, R1

Everolimus mTOR I, II, III/R1

Pazopanib multitarget TKI I/R1

Imatinib PDGFR; cKIT I, II/ANR, C, T1

Bortezomib proteasome I, II/ANR, C1

EZN-2968 RNA I/R

PX-12 thioredoxin I, II/C

Topotecan topoisomerase I, II

Vatalanib VEGF I, II/ANR, C, R

A hR = Aryl hydrocarbon receptor  ; CCB = calcium channel 
blocker; c-MET = c-MET proto-oncogene; DNMT = DNA meth-
yltransferase; HDAC = histone deacetylase; HSP = heat shock pro-
tein; ANR = active not recruiting; C = completed; EBI = enroll-
ment by invitation; NYR = not yet recruiting; R = recruiting; T = 
terminated. 

1 FDA approved.
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smooth muscle cells that provide structural support and 
stabilization for sprouting endothelial tubes during vas-
cular development. These support cells are responsible 
for sustaining tumor angiogenesis via paracrine produc-
tion of VEGF. During tumor angiogenesis, cancer cells 
and endothelial cells synthesize and secrete PDGF- � , 
which acts in a paracrine fashion, stimulating pericytes 
to express VEGF. Due to their function in the propaga-
tion of tumor angiogenesis, pericytes serve as an impor-
tant therapeutic target in the treatment of highly vascular 
cancers. Inhibiting both pericytes and endothelial cells 

would thus lead to a more significant antiangiogenic ef-
fect than inhibiting endothelial cells alone. As such, se-
lection of clinically available agents with the most potent 
antiangiogenic effect would involve disrupting both the 
VEGF/VEGFR and PDGF/PDGFR pathways. This would 
include agents like sunitinib, pazopanib and axitinib.

  Despite maximal inhibition of VEGF/VEGFR and 
PDGF/PDGFR pathways, resistance reliably develops due 
to a process known as ‘reactive resistance’  [37] . Effective 
antiangiogenic therapy works by creating a hypoxic con-
dition devoid of nutrients for sustained cellular growth/
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  Fig. 1.  Diagram depicting the tumor microenvironment and mechanism of known HIF inhibitors. HIF- �  is 
overexpressed in cancer cells and stromal cells, thus promoting tumor angiogenesis by inducing the production 
of VEGF and other proangiogenic factors. HIF inhibitors work by disrupting HIF- �  protein synthesis, stability 
or transcriptional activity. PHD = Prolyl hydroxylase; pVHL = von Hippel-Lindau protein; HDAC = histone 
deacetylase; p300 = transcriptional coactivator p300; EGFR = epidermal growth factor receptor; EGLN = Egl-
Nine gene; FIH-1 = factor inhibiting HIF-1.   
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survival. However, intratumoral hypoxia leads to the in-
duction of compensatory pathways that mediate resis-
tance at the levels of the tumor blood vessels, microenvi-
ronment and tumor epithelial cells  [38, 39] . In preclinical 
models, hypoxia-inducible factor (HIF)-1 �  and HIF-2 �  
have been shown to be major mediators of reactive resis-
tance  [40, 41] . HIF-1 �  and HIF-2 �  induction would lead 
to the modulation of more than 200 genes important for 
inducing tumor angiogenesis, cancer cell growth/surviv-
al and energy metabolism, thus mediating resistance  [42, 
43] . In addition to mediating reactive resistance, HIF-1 �  
and HIF-2 �  also mediate primary resistance due to their 
induction through dysregulated growth signaling by in-
flammatory mediators, growth factors and mutations in 
cancer genes  [44–53] . As in many other solid tumors, 
overexpression of HIF-1 �  and HIF-2 �  has been shown to 
occur in RCC and may mediate resistance to therapy  [54] .

  Thus, combining agents that inhibit HIF-1 �  and HIF-
2 �  with effective antiangiogenic agents, such as suni-
tinib, pazopanib or axitinib, would counteract reactive 
resistance and other driving forces of carcinogenesis.
In a preclinical tumor model, we and others previously 
showed that combining antiangiogenic therapy with HIF 
inhibition is an effective therapeutic strategy  [41, 55] .

  To date, high-throughput small-compound screens 
and mechanistic studies have identified several classes of 
anticancer agents that disrupt HIF-1 �  function, includ-
ing inhibition of the transcriptional activity, protein syn-

thesis and stability of HIF-1 �   [56–59] . Based on partial 
structural and functional similarities between HIF-1 �  
and HIF-2 � , it is possible that many of the already identi-
fied HIF-1 �  inhibitors would also inhibit HIF-2 � . In ad-
dition, systematic efforts are currently ongoing to iden-
tify compounds that are effective at inhibiting both HIF-
1 �  and HIF-2 �  for cancer treatment  [60, 61] . Many of 
these HIF inhibitors are currently in clinical develop-
ment, and two compounds (the mTOR inhibitors evero-
limus and temsirolimus) were recently approved for clin-
ical use ( table 3 ;  fig. 1 ).

  As we have discussed, everolimus and temsirolimus 
have been empirically combined with anti-VEGF agents, 
with significant toxicities ( table 2 ). Further experimenta-
tion will be needed to determine the extent of target in-
hibition in these trials. For other HIF inhibitors, appro-
priate dosing and sequencing in combination with inhib-
itors of the VEGF/VEGFR and PDGFR/PDGFR pathways 
can be expeditiously tested in preclinical models and 
small phase I/II clinical trials. Selected promising combi-
nations can then be tested for efficacy in large random-
ized trials.
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