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Over the last few years, significant progress in the management of 
metastatic renal cell carcinoma (RCC) has been made. Although currently 
US FDA-approved therapies have shown dramatic efficacy, none of these 
have led to complete and durable responses. In addition to their complex 
side-effect profile, all patients eventually developed progressive disease and 
ultimately succumbed to their disease. Multiple clinical trials have addressed 
the importance of sequential therapy in RCC; however, none of them have 
built molecular correlative studies that would allow us to define the process 
of resistant disease. Emerging preclinical data demonstrate that VEGF 
remains an important driver in the resistance setting. Newer pathways such 
as the Tie2/ANG-2 pathway also appear to contribute to the resistant process. 
Future clinical trials will incorporate some of these concepts with the goal of 
providing a more rational selection of sequential therapies in metastatic RCC.

Keywords: RCC • renal cell carcinoma • resistance disease • second-line therapy 
• VEGF

Modern understanding of the molecular biology of clear cell renal cell carci-
noma (RCC) has established the role of the VEGF pathway and its inhibition 
as a primary therapeutic target. Consequently, the management of RCC has 
undergone a transformation in the past decade. Metastatic RCC (mRCC) has 
witnessed the greatest change, with the advent of VEGF and mTOR targeting 
agents. Unfortunately, as is the case with most other cancers and new agents, 
the inevitable progression of disease signaling the emergence of resistance to the 
treatment has become the next challenge in treatment of mRCC. To date, there 
is not a clear understanding of the true mechanism of resistance, yet several 
clinical trials evaluating sequential therapy have either been completed or are 
underway. Although clinically relevant, none of these trials have been designed to 
address the most important question in the disease: how resistance emerges and 
how can one overcome it [1–5]? Future clinical trials require a thoughtful design 
process that incorporates biologic end points. Such a design will allow a better 
understanding of the management of RCC patients after they have received and 
failed primary VEGF therapy. This review provides an update on some of the 
proposed mechanisms behind the development of resistant disease and discusses 
recent preclinical and experimental development of novel next-generation agents 
that might be able to overcome this process and translate into a clinical benefit 
to RCC patients.

Existing biologic rationale for current agents
The pathogenesis of RCC was elucidated by the discovery of the VHL gene from 
studies of familial VHL syndrome [6]. Angiogenesis is a critical component of 
tumor growth and metastasis, and central to this is VEGF. Solid tumors are 
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frequently hypoxic and this correlates with clinical 
course and outcome [7]. The main pathway regulating 
gene induction in response to hypoxia is controlled by 
transcription factors HIF-1a and -2a [8–10], which are, 
in turn, regulated by ubiquitin-mediated proteolysis 
and are targeted for destruction by the pVHL in nor-
moxia and stabilized under hypoxia [11–14]. In sporadic 
clear cell RCC, VHL gene loss of heterozygosity has 
been shown in 84–98% of cases and mutation in the 
remaining allele has been observed in approximately 
50% of the cases [15]. Mutations in the VHL gene, as 
in sporadic renal cancer and VHL syndrome, result 
in expression of HIF-1a and -2a in normoxia and 
induction of hypoxia-responsive genes that play a 
significant role in migration, proliferation, tumor 
angiogenesis and progression, most notably VEGF, 
PDGF [16] and TGF-a [17]. Existing agents capable of 
targeting VEGF exert their function through dif-
ferent mechanisms, including direct inhibition of 
VEGF as a ligand, as is the case of the recombinant 
human monoclonal antibody bevacizumab, which 
binds and neutralizes all biologically active isoforms 
of VEGF [18–21]. Oral tyrosine kinase inhibitors, such 
as sorafenib, sunitinib, pazopanib and the newly US 
FDA-approved agent axitinib, exert their function by 
inhibiting the phosphorylation of VEGF receptor [22–

35]. These agents also inhibit other receptors involved in 
tumor growth and proliferation. The off-target effects 
observed with these are in fact responsible for some of 
the adverse events (AEs) observed with many of these 
agents.

Clinical definition of resistance to VEGF inhibitors
The current standard of care is continuous treatment 
with VEGF-targeted agents until progression of dis-
ease or unacceptable toxicity. Given that there are 
other agents available in the treatment of mRCC, it 
is reasonable to consider progression of disease on an 
adequate treatment regimen as evidence of resistance. 
In this case, there is a ‘fundamental’ shift to alterna-
tive tumor-promoting pathways that require a change 
in agents and maybe a change in target. Currently, 
the most commonly used method is the Response 
Evaluation Criteria In Solid Tumors (RECIST criteria), 
although given the necrosis caused by VEGF-targeting 
agents, solely relying on size may be inadequate and 
other functional imaging techniques may prove more 
useful [36]. As such, any increase in size >20% in the 
sum of measurable lesions, appearance of new lesions, 
or an unequivocal progression in non-measurable 
disease, would constitute progression of disease and 
therefore resistance to therapy. It is important to note 
that the development of resistance to VEGF-targeting 
agents is consistently preceded by the restoration of 

blood flow on perfusion scans, as well as infiltration 
of the necrotic tumor remnant by endothelial cells [37]. 
However, until these tools are more widely available 
in clinical practice, RECIST criteria remains the most 
common approach to determine presence of resistant 
disease in clinical practice.

However, it is important to recognize that drug 
intolerance does not make a patient resistant to a 
particular agent. This is in fact one of the major 
challenges when interpreting data in the second-/
third-line setting as these individuals are often 
enrolled in trials that are evaluating subsequent 
systemic therapy. Other cases where resistant disease 
might not represent a true change in the biology of 
the disease includes cases of reduced absorbance or 
increased clearance.

Mechanisms of VEGF inhibitor resistance
Mechanisms of resistance to VEGF inhibitors can be 
divided into two conceptual models: adaptive (eva-
sive) or intrinsic (adaptive) [38]. The categories and 
mechanisms under each category are discussed in 
more detail in the following paragraphs (Figure 1).

 ■ Adaptive mechanisms of resistance
This category includes mechanisms that involve a 
tumor response to the presence of antiangiogenic 
agents, namely, VEGF inhibitors. It is hypothesized 
that tumors acquire means to functionally evade the 
VEGF-inhibitor effects and go through ‘angiogenic 
escape’. Potential mechanisms are discussed below.

Gene mutation: a critical component of the pathway
Although this is a common mechanism of drug 
resistance in some cancers [39–42], mutation is thought 
to be an unlikely explanation for resistance to VEGF 
inhibitors. The argument against this hypothesis is 
that the receptor that needs to undergo a mutational 
change resides in the endothelium of the tumor 
vasculature and multiple mutations with similar 
end results are needed to confer resistance to VEGF 
inhibitors in the primary tumor and metastatic sites; 
an extremely unlikely occorunce.

Experimental models lend support by showing that 
resistance to sorafenib is reversed if tumor cells are 
implanted. Mutations are not expected to reverse to 
normally functioning genes [43].

Emergence of alternative proangiogenic 
mechanisms
Xenograft models of tumor perfusion and VEGF 
inhibitors show that while on VEGF inhibitors, 
certain areas of the tumor microvasculature undergo 
necrosis that is detectable by perfusion scanning. As 



Figure 1. Mechanisms of VEGF inhibitor resistance.   
Reproduced from [1].

Overcoming VEGF resistance in renal cancer: biologic & therapeutic implications Review: Clinical Trial Outcomes

future science group Clin. Invest. (2012) 2(6) 617

discussed above, development of resistance is heralded 
by restoration of the perfusion. This supports the 
hypothesis that an alternative mechanism supports the 
growth of microvasculature [37]. 

In a mouse model of a pancreatic neuroendocrine 
tumor, investigators demonstrated that tumor growth is 
transiently inhibited by blocking the VEGF receptor-2 
and the resistance coincides with increased levels 
of mRNA for FGF1 among others; FGF2, ephrin 
A1, A2 and ANG-1. This resistance was delayed by 
the introduction of an FGF trap suppressing the 
FGF signaling mechanism, providing evidence for 
alternative angiogenic regulators [44,45]. Of interest is 
the fact that IFN-a has been reported to have basic 
FGF-inhibiting activity [46].

Upregulation of HIF1-a 
A conceivable mechanism of resistance is upregulation 
of the HIF-1a pathway leading to increased levels of 
circulating VEGF and PDGF overcoming the receptor 

blockade. Although no molecular evidence directly 
supports a role for this mechanism, indirect evidence 
from clinical trials, which have used a subsequent 
VEGF inhibitor after tumor progression on first-line 
therapy with a VEGF inhibitor [32–34,47], lend some 
support to the fact that even after development of 
resistance, the tumors, at least in part, depend on 
VEGF and therefore may respond to a different VEGF 
inhibitor.

IL-8
A xenograft model that mimicked clinical resistance to 
sunitinib was shown to have a higher microvessel density 
in sunitinib-resistant tumors. This can be interpreted 
as an escape from antiangiogenic agents. This escape 
was found to coincide with increased secretion of IL-8 
from tumors into the plasma. In this experimental 
model, administration of an IL-8-neutralizing antibody 
resensitized tumors to sunitinib [48]. 

In patients who were refractory to sunitinib 



www.future-science.com future science group618

Review: Clinical Trial Outcomes  Sadeghi & Garcia

treatment, IL-8 expression was elevated in clear 
cell RCC tumors, supporting the concept that IL-8 
levels might predict clinical response to sunitinib 
[48]. Similar findings were noted in models of other 
cancers, giving further support to the role of IL-8 in 
angiogenesis [49].

PGF
PGF is a VEGF homolog. It has been shown that levels 
of PGF increase after treatment with bevacizumab 
as well as VEGF tyrosine kinase inhibitors [26,50,51]. 
This is an indicator that antiangiogenic escape may 
also be linked to PGF, although, it is important to 
underline the questionable relevance of this particular 
mechanism as sunitinib is also an inhibitor of PGF. 

Angiopoietin pathway 
The Tie2/ANG-2 axis is a powerful pathway, perhaps 
as important as the VEGF pathway. Its inhibition 
has been shown to suppress tumor growth. It is also 
indirectly involved in secretion of VEGF, through 
matrix metalloproteinases (MMPs). Furthermore, 
similar to PGF, its levels increase in the plasma of 
patients treated with sunitinib and is correlated with 
tumor resistance. Theoretically, inhibition of ANG-
2, either at the time of resistance or in the first-line, 
could be an important target.

A Phase II clinical trial of AMG 386, an inhibitor 
of angiogenesis through sequestration of ANG-1 
and -2, in combination with sorafenib in previously 
untreated mRCC patients (clear cell), did not improve 
PFS compared with sorafenib plus placebo. Increased 
objective-response rate and the observed reduction in 
tumor burden are suggestive of an antitumor effect 
of AMG 386 in mRCC [52]. The role of this pathway 
is still not clear.   

Pericytes & the PDGF receptor
Pericy tes are recruited by newly formed 
microvasculature and decrease the sensitivity of the 
newly formed endothelial cells to VEGF inhibitors. 
Animal models have demonstrated that dual 
inhibition of endothelial cells by VEGF inhibitors and 
pericytes by PDGF receptor inhibitors may increase 
efficacy, therefore implicating PDGF receptor as a 
potential mechanism of resistance to VEGF inhibitors 
[53–55].

 ■ Intrinsic resistance
This group includes tumors that do not respond 
to VEGF inhibitors whatsoever. Clinically, these 
are patients who progressed either clinically or 
radiographically, soon after initiating first-line 
VEGF therapy. It is likely that in these patients, their 

tumors are driven by completely different pathways to 
VEGF or mTOR.  It is unclear whether this category 
has any clinical relevance, but it has been shown to 
exist in at least one mouse model [56]. Adequacy of 
treatment and aggressiveness of the tumor are among 
the factors that make determination of a primary 
resistance to VEGF inhibitors difficult to discern. 

Strategies to overcome resistance
Although current clinical trials are primarily focussed 
on clinical end points, multiple trial designs can help 
elucidate possible pathways of resistance. Adding a 
second agent at the time of clinical/radiographic 
failure or initiating combination therapy to delay the 
process of resistant disease are some of the simple 
strategies currently undergoing exploration. To date, 
we have learned that although attractive, combination 
strategies such as bevacizumab plus temsirolimus 
increased side effects in a significant manner and 
did not appear to improve clinical efficacy when 
compared with single agent therapy [57]. Perhaps the 
most elementary of all would be to clearly define who 
is truly resistant to front-line therapy, that is, only 
those patients with a fundamental shift in the biology 
of their tumor, rather than those with physiological 
changes related to pharmacodynamics and kinetics 
of drug delivery and metabolism. Further exploration 
of existing and newly proposed mechanisms will 
continue to be the source of major research efforts in 
years to come. To that end, using frameworks such 
as personalized RNA interference to enhance the 
delivery of individualized cytotoxic and targeted 
therapeutics to investigate the biomarkers of response 
and resistance to targeted therapies will allow effective 
collaboration among the investigators in the field [58].

Future perspective
With the continued surge of novel agents in mRCC, 
a better understanding of the biology responsible 
for the development of resistant disease is of utmost 
importance. In the era of personalized medicine, 
understanding this process would allow for a rational 
selection of therapy for patients with progressive 
disease after primary VEGF-targeted therapy. 
Emerging hypotheses should be further explored 
and incorporated in clinical trials design. To date, 
efforts to delay resistance by using combination 
therapies have resulted in significant AEs. Therefore, 
a monotherapy given in a sequential manner using 
biology of resistant disease might become an optimal 
strategy to maintain control of a ‘chronic disease’ 
while minimizing AEs and maintaining the quality 
of life of patients. 

Additional trials aimed at defining which agent 
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Executive summary

Existing agents in renal cell carcinoma
 ■ A dramatic change in the treatment paradigm of advanced renal cell carcinoma has occurred with the availability of at least seven 
agents that target either VEGF or mTOR signaling.

Disease resistance 
 ■ All renal cell carcinoma patients eventually develop progressive disease and require subsequent therapy.
 ■ Sequential therapy with either a VEGF or mTOR inhibitor is an appropriate strategy in the second-line setting.
 ■ Clinical resistance appears to be different to biological resistance. Thus, a true biologic definition of VEGF-resistant disease is 
needed.

 ■ Multiple pathways outside VEGF and mTOR have been identified as potential contributors in the VEGF-resistance process.

Strategies to overcome resistant disease
 ■ Various clinical trials evaluating sequential and combination therapy are currently underway.
 ■ A consensus definition for resistant disease is desperately needed.

is best have become less attractive as most of the 
existing agents shared similar efficacy and side-
effect profiles and none of them has led to durable 
complete responses. Perhaps understanding the 
appropriate sequence that can provide patients the 
best quality of life during therapy would be a more 
relevant question. Several trials are in fact already 
addressing such questions. Biologically, we will 

be pushed to define biomarkers that can be used, 
not only for treatment selection, but also to define 
treatment outcome. Existing trials have failed to 
demonstrate the ‘sort-of-expected’ association 
between tumor biology and treatment efficacy. 
To this end, primary and metastatic tissue will be 
essential to correlate with serum/plasma markers in 
future clinical studies. Such trials should consider 

utilizing biologic rather than traditional 
clinical end points for clinical trial 
design.

Financial & competing interests 
disclosure
J Garcia has received payment for consultancy, 
teaching and speaking services from Pfizer, 
Novartis and GlaxoSmithKline and for consul-
tancy from Amgen. Pfizer, Novartis and 
GlaxoSmithKline have also provided research 
funding to the Cleveland Clinic Taussig Cancer 
Institute. The authors have no other relevant 
affiliations or financial involvement with any 
organization or entity with a financial interest 
in or financial conflict with the subject matter 
or materials discussed in the manuscript apart 
from those disclosed. No writing assistance was 
utilized in the production of this manuscript.

References
1 Rini BI, Atkins MB. Resistance to targeted 

therapy in renal-cell carcinoma. Lancet 
Oncol. 10(10), 992–1000 (2009).

2 Tamaskar I, Dhillon J, Pili R. Resistance to 
angiogenesis inhibitors in renal cell 
carcinoma. Clin. Adv. Hematol. Oncol. 9(2), 
101–110 (2011).

3 Rajandram R, Bennett NC, Morais C, 
Johnson DW, Gobe GC. Renal cell 

carcinoma: resistance to therapy, role of 
apoptosis, and the prognostic and 
therapeutic target potential of TRAF 
proteins. Med. Hypotheses 78(2), 330–336 
(2012).

4 Ebos JM, Lee CR, Kerbel RS. Tumor and 
host-mediated pathways of resistance and 
disease progression in response to 
antiangiogenic therapy. Clin. Cancer Res. 
15(16), 5020–5025 (2009).

5 Bhatt RS, Wang X, Zhang L et al. Renal 
cancer resistance to antiangiogenic therapy  
is delayed by restoration of angiostatic 
signaling. Mol. Cancer Ther. 9(10), 
2793–2802 (2010).

6 Clifford SC, Prowse AH, Affara NA, 
Buys CH, Maher ER. Inactivation of the von 
Hippel-Lindau (VHL) tumour suppressor 
gene and allelic losses at chromosome arm 
3p in primary renal cell carcinoma: 
evidence for a VHL-independent pathway in 
clear cell renal tumourigenesis. Genes 
Chromosomes Cancer 22(3), 200–209 (1998).

7 Eltzschig HK, Carmeliet P. Hypoxia and 
inflammation. N. Engl. J. Med. 364(7), 
656–665 (2011).

8 Wenger RH, Gassmann M. Oxygen(es) and 
the hypoxia-inducible factor-1. Biol. Chem. 
378(7), 609–616 (1997).

9 Blancher C, Harris AL. The molecular basis 
of the hypoxia response pathway: tumour 
hypoxia as a therapy target. Cancer 

Metastasis Rev. 17(2), 187–194 (1998).

10 Semenza GL. Regulation of mammalian O2 
homeostasis by hypoxia-inducible factor 1. 
Annu. Rev. Cell Dev. Biol. 15, 551–578 
(1999).

11 Salceda S, Caro J. Hypoxia-inducible factor 
1a (HIF-1a) protein is rapidly degraded by 
the ubiquitin-proteasome system under 
normoxic conditions. Its stabilization by 
hypoxia depends on redox-induced changes. 
J. Biol. Chem. 272(36), 22642–22647 (1997).

12 Huang LE, Gu J, Schau M, Bunn HF. 
Regulation of hypoxia-inducible factor 1a is 
mediated by an O2-dependent degradation 
domain via the ubiquitin-proteasome 
pathway. Proc. Natl Acad. Sci. USA 95(14), 
7987–7992 (1998).

13 Maxwell PH, Wiesener MS, Chang GW 
et al. The tumour suppressor protein VHL 
targets hypoxia-inducible factors for 
oxygen-dependent proteolysis. Nature 
399(6733), 271–275 (1999).

14 Sutter CH, Laughner E, Semenza GL. 
Hypoxia-inducible factor 1a protein 
expression is controlled by oxygen-regulated 
ubiquitination that is disrupted by deletions 
and missense mutations. Proc. Natl Acad. 
Sci. USA 97(9), 4748–4753 (2000).

15 Rini BI, Rathmell WK. Biological aspects  
and binding strategies of vascular 
endothelial growth factor in renal cell 
carcinoma.  



www.future-science.com future science group620

Review: Clinical Trial Outcomes  Sadeghi & Garcia

Clin. Cancer Res. 13(2), 741s–746s (2007).

16 Kourembanas S, Hannan RL, Faller DV. 
Oxygen tension regulates the expression of 
the platelet-derived growth factor-B chain 
gene in human endothelial cells. J. Clin. 
Invest. 86(2), 670–674 (1990).

17 De Paulsen N, Brychzy A, Fournier MC 
et al. Role of transforming growth factor-a 
in von Hippel-Lindau (VHL)(-/-) clear cell 
renal carcinoma cell proliferation: a possible 
mechanism coupling VHL tumor suppressor 
inactivation and tumorigenesis. Proc. Natl 
Acad. Sci. USA 98(4), 1387–1392 (2001).

18 Presta LG, Chen H, O’Connor SJ et al. 
Humanization of an antivascular 
endothelial growth factor monoclonal 
antibody for the therapy of solid tumors and 
other disorders. Cancer Res. 57(20), 4593–
4599 (1997).

19 Escudier B, Pluzanska A, Koralewski P et al. 
Bevacizumab plus interferon alfa-2a for 
treatment of metastatic renal cell carcinoma: 
a randomised, double-blind Phase III trial. 
Lancet 370(9605), 2103–2111 (2007).

20 Rini BI, Halabi S, Rosenberg JE et al. 
Phase III trial of bevacizumab plus interferon 
alfa versus interferon alfa monotherapy in 
patients with metastatic renal cell carcinoma: 
final results of CALGB 90206. J. Clin. Oncol. 
28(13), 2137–2143 (2010).

21 Rini BI, Halabi S, Rosenberg JE et al. 
Bevacizumab plus interferon alfa compared 
with interferon alfa monotherapy in patients 
with metastatic renal cell carcinoma: CALGB 
90206. J. Clin. Oncol. 26(33), 5422–5428 
(2008).

22 Wilhelm SM, Carter C, Tang L et al. BAY 
43–9006 exhibits broad spectrum oral 
antitumor activity and targets the RAF/
MEK/ERK pathway and receptor tyrosine 
kinases involved in tumor progression and 
angiogenesis. Cancer Res. 64(19), 7099–7109 
(2004).

23 Escudier B, Eisen T, Stadler WM et al. 
Sorafenib in advanced clear-cell renal-cell 
carcinoma. N. Engl. J. Med. 356(2), 125–134 
(2007).

24 Escudier B, Szczylik C, Hutson TE et al. 
Randomized Phase II trial of first-line 
treatment with sorafenib versus interferon 
alfa-2a in patients with metastatic renal cell 
carcinoma. J. Clin. Oncol. 27(8), 1280–1289 
(2009).

25 Mendel DB, Laird AD, Xin X et al. In vivo 
antitumor activity of SU11248, a novel 
tyrosine kinase inhibitor targeting vascular 
endothelial growth factor and platelet-
derived growth factor receptors: 
determination of a pharmacokinetic/

pharmacodynamic relationship. Clin. Cancer 
Res. 9(1), 327–337 (2003).

26 Motzer RJ, Michaelson MD, Redman BG 
et al. Activity of SU11248, a multitargeted 
inhibitor of vascular endothelial growth 
factor receptor and platelet-derived growth 
factor receptor, in patients with metastatic 
renal cell carcinoma. J. Clin. Oncol. 24(1), 
16–24 (2006).

27 Motzer RJ, Rini BI, Bukowski RM et al. 
Sunitinib in patients with metastatic renal 
cell carcinoma. JAMA 295(21), 2516–2524 
(2006).

28 Motzer RJ, Hutson TE, Tomczak P et al. 
Sunitinib versus interferon alfa in metastatic 
renal-cell carcinoma. N. Engl. J. Med. 356(2), 
115–124 (2007).

29 Escudier B, Roigas J, Gillessen S et al. Phase II 
study of sunitinib administered in a 
continuous once-daily dosing regimen in 
patients with cytokine-refractory metastatic 
renal cell carcinoma. J. Clin. Oncol. 27(25), 
4068–4075 (2009).

30 Motzer RJ, Hutson TE, Olsen MR et al. 
Randomized Phase II multicenter study of 
the efficacy and safety of sunitinib on the 4/2 
versus continuous dosing schedule as first-
line therapy of metastatic renal cell 
carcinoma. Renal EFFECT Trial. J. Clin. 
Oncol. 29(Suppl 7) Abstr. LBA308 (2011).

31 Sternberg CN, Davis ID, Mardiak J et al. 
Pazopanib in locally advanced or metastatic 
renal cell carcinoma: results of a 
randomized Phase III trial. J. Clin. Oncol. 
28(6), 1061–1068 (2010).

32 Rini BI, Michaelson MD, Rosenberg JE 
et al. Antitumor activity and biomarker 
ana lysis of sunitinib in patients with 
bevacizumab-refractory metastatic renal 
cell carcinoma. J. Clin. Oncol. 26(22), 
3743–3748 (2008).

33 Rini BI, Wilding G, Hudes G et al. Phase II 
study of axitinib in sorafenib-refractory 
metastatic renal cell carcinoma. J. Clin. 
Oncol. 27(27), 4462–4468 (2009).

34 Shepard DR, Rini BI, Garcia JA et al. 
A multicenter prospective trial of sorafenib 
in patients (pts) with metastatic clear cell 
renal cell carcinoma (mccRCC) refractory to 
prior sunitinib or bevacizumab. ASCO 
Meeting Abstracts 26(Suppl 15), 5123 (2008).

35 Rini Bi, Escudier B, Tomczak P et al. 
Comparative effectiveness of axitinib versus 
sorafenib in advanced renal cell carcinoma 
(AXIS): a randomised Phase III trial. Lancet 
378(9807), 1931–1939 (2011).

36 Desar IM, Van Herpen CM, Van 
Laarhoven HW et al. Beyond RECIST: 

molecular and functional imaging 
techniques for evaluation of response to 
targeted therapy. Cancer Treat. Rev. 35(4), 
309–321 (2009).

37 Sabir A, Schor-Bardach R, Wilcox CJ et al. 
Perfusion MDCT enables early detection of 
therapeutic response to antiangiogenic 
therapy. Am. J. Roentgenol. 191(1), 133–139 
(2008).

38 Bergers G, Hanahan D. Modes of resistance 
to antiangiogenic therapy. Nat. Rev. Cancer 
8(8), 592–603 (2008).

39 Kobayashi S, Boggon TJ, Dayaram T et al. 
EGFR mutation and resistance of non-small-
cell lung cancer to gefitinib. N. Engl. J. Med. 
352(8), 786–792 (2005).

40 O’Hare T, Eide CA, Deininger MW.  
Bcr-Abl kinase domain mutations, drug 
resistance, and the road to a cure for chronic 
myeloid leukemia. Blood 110(7), 2242–2249 
(2007).

41 Pao W, Miller VA, Politi Ka et al. Acquired 
resistance of lung adenocarcinomas to 
gefitinib or erlotinib is associated with a 
second mutation in the EGFR kinase 
domain. PLoS Med. 2(3), e73 (2005).

42 Shah NP, Nicoll JM, Nagar B et al. Multiple 
BCR-ABL kinase domain mutations confer 
polyclonal resistance to the tyrosine kinase 
inhibitor imatinib (STI571) in chronic phase 
and blast crisis chronic myeloid leukemia. 
Cancer Cell 2(2), 117–125 (2002).

43 Panka D, Kumar M, Schor-Bardach R et al. 
Mechanism of acquired resistance to 
sorafenib in RCC. Presented at: 99th AACR 
Anual Meeting. San Diago, CA, USA, 12–16 
April 2008.

44 Casanovas O, Hicklin DJ, Bergers G, 
Hanahan D. Drug resistance by evasion of 
antiangiogenic targeting of VEGF signaling 
in late-stage pancreatic islet tumors. Cancer 
Cell 8(4), 299–309 (2005).

45 Allen E, Walters I, Hanahan D. Brivanib, an 
FGF/VEGF inhibitor, is differentially active 
1st vs 2nd line against mouse PNET tumors 
developing evasive/adaptive resistance to 
VEGF inhibition. Clin. Cancer Res. (2011).

46 Slaton JW, Perrotte P, Inoue K, Dinney CP, 
Fidler IJ. Interferon-a-mediated down-
regulation of angiogenesis-related genes and 
therapy of bladder cancer are dependent on 
optimization of biological dose and 
schedule. Clin. Cancer Res. 5(10), 2726–2734 
(1999).

47 Tannir N, Wong Y, Kollmannsberger C et al. 
Phase II trial of ABT-869 in advanced renal 
cell cancer (RCC) after sunitinib failure. 
Efficacy and safety results. ASCO Meeting 



Overcoming VEGF resistance in renal cancer: biologic & therapeutic implications Review: Clinical Trial Outcomes

future science group Clin. Invest. (2012) 2(6) 621

Abstracts 27(Suppl 15), 5036 (2009).

48 Huang D, Ding Y, Zhou M et al. 
Interleukin-8 mediates resistance to 
antiangiogenic agent sunitinib in renal cell 
carcinoma. Cancer Res. 70(3), 1063–1071 
(2010).

49 Mizukami Y, Jo WS, Duerr EM et al. 
Induction of interleukin-8 preserves the 
angiogenic response in HIF-1a-deficient 
colon cancer cells. Nat. Med. 11(9), 992–997 
(2005).

50 Batchelor TT, Sorensen AG, Di Tomaso E 
et al. AZD2171, a pan-VEGF receptor 
tyrosine kinase inhibitor, normalizes tumor 
vasculature and alleviates edema in 
glioblastoma patients. Cancer Cell 11(1), 
83–95 (2007).

51 Xu L, Jain RK. Down-regulation of placenta 
growth factor by promoter 
hypermethylation in human lung and colon 
carcinoma. Mol. Cancer Res. 5(9), 873–880 
(2007).

52 Rini BI, Szczylik C, Tannir NM et al. AMG 
386 in combination with sorafenib in 
patients (pts) with metastatic renal cell 
cancer (mRCC). A randomized, double-
blind, placebo-controlled, Phase II study. 
ASCO Meeting Abstracts 29(Suppl 7), 309 
(2011).

53 Bergers G, Song S, Meyer-Morse N, 
Bergsland E, Hanahan D. Benefits of 
targeting both pericytes and endothelial 
cells in the tumor vasculature with kinase 
inhibitors. J. Clin. Invest. 111(9), 1287–1295 
(2003).

54 Erber R, Thurnher A, Katsen Ad et al. 
Combined inhibition of VEGF and PDGF 
signaling enforces tumor vessel regression 
by interfering with pericyte-mediated 
endothelial cell survival mechanisms. 
FASEB J. 18(2), 338–340 (2004).

55 Yao X, Qian CN, Zhang ZF et al. Two 
distinct types of blood vessels in clear cell 
renal cell carcinoma have contrasting 
prognostic implications. Clin. Cancer Res. 
13(1), 161–169 (2007).

56 Shojaei F, Wu X, Malik AK et al. Tumor 
refractoriness to anti-VEGF treatment is 
mediated by CD11b+Gr1+ myeloid cells. 
Nat. Biotechnol. 25(8), 911–920 (2007).

57 Negrier S, Gravis G, Perol D et al. 
Temsirolimus and bevacizumab, or 
sunitinib, or interferon Z and bevacizumab 
for patients with advanced renal cell 
carcinoma (TORAVA): a randomised Phase 
II trial. Lancet Oncol. 12(7), 673–680 (2011).

58 Swanton C, Larkin JM, Gerlinger M et al. 
Predictive biomarker discovery through the 
parallel integration of clinical trial and 
functional genomics datasets. Genome Med. 
2(8), 53 (2010).


