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tion through loss of SETD2 methyltransferase func-
tion driven by three distinct, regionally separated 
mutations on a background of ubiquitous loss of 
the other SETD2 allele on chromosome 3p.

Convergent evolution was observed for the 
X-chromosome–encoded histone H3K4 demeth-
ylase KDM5C, harboring disruptive mutations in 
R1 through R3, R5, and R8 through R9 (missense 

and frameshift deletion) and a splice-site mutation 
in the metastases (Fig. 2B and 2C).

mTOR Functional Intratumor Heterogeneity
The mammalian target of rapamycin (mTOR) ki-
nase carried a kinase-domain missense mutation 
(L2431P) in all primary tumor regions except R4. 
All tumor regions harboring mTOR (L2431P) had 
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Background
Intratumor heterogeneity may foster tumor evolution and adaptation and hinder 
personalized-medicine strategies that depend on results from single tumor-biopsy 
samples.

Methods
To examine intratumor heterogeneity, we performed exome sequencing, chromosome 
aberration analysis, and ploidy profiling on multiple spatially separated samples ob-
tained from primary renal carcinomas and associated metastatic sites. We character-
ized the consequences of intratumor heterogeneity using immunohistochemical analy-
sis, mutation functional analysis, and profiling of messenger RNA expression.

Results
Phylogenetic reconstruction revealed branched evolutionary tumor growth, with 63 to 
69% of all somatic mutations not detectable across every tumor region. Intratumor 
heterogeneity was observed for a mutation within an autoinhibitory domain of the 
mammalian target of rapamycin (mTOR) kinase, correlating with S6 and 4EBP 
phosphorylation in vivo and constitutive activation of mTOR kinase activity in vitro. 
Mutational intratumor heterogeneity was seen for multiple tumor-suppressor genes 
converging on loss of function; SETD2, PTEN, and KDM5C underwent multiple dis-
tinct and spatially separated inactivating mutations within a single tumor, suggesting 
convergent phenotypic evolution. Gene-expression signatures of good and poor prog-
nosis were detected in different regions of the same tumor. Allelic composition and 
ploidy profiling analysis revealed extensive intratumor heterogeneity, with 26 of 30 tu-
mor samples from four tumors harboring divergent allelic-imbalance profiles and with 
ploidy heterogeneity in two of four tumors.

Conclusions
Intratumor heterogeneity can lead to underestimation of the tumor genomics landscape 
portrayed from single tumor-biopsy samples and may present major challenges to 
personalized-medicine and biomarker development. Intratumor heterogeneity, asso-
ciated with heterogeneous protein function, may foster tumor adaptation and thera-
peutic failure through Darwinian selection. (Funded by the Medical Research Council 
and others.)
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may not be as extensive, with the same cellular pathways often repeat-
edly affected9,20–24. Nevertheless, the impact of a given mutation will 
depend on the position and relative importance of the affected protein 
within the signalling pathway. An emerging theme from recent studies is 
that histone-modifying genes are recurrently mutated1,9,22,25, suggesting 
that altered chromatin regulation could be a common phenotype in a 
range of tumours. Another unifying feature of many genetically diverse 
malignancies is genomic instability — the same pattern of instability 
can occur through various distinct routes. For instance, deregulation 
of the G1–S transition, which is observed in almost all cancers, can 
be achieved through multiple means, simultaneously overriding cel-
lular senescence, promoting proliferation and destabilizing the genome 
through DNA replication stress26–28.

Despite the evidence for functional convergence, it will nevertheless 
be challenging to identify biomarkers to define phenotypically similar, 
yet genetically diverse, lesions to guide treatment. In addition, the task 
of identifying and validating biomarkers may be complicated further 
by intratumour heterogeneity (See Review by Siu and colleagues on 
page 355).

Intratumour heterogeneity and tumour evolution
Within tumours, diversity occurs in the expression of protein biomark-
ers10, and at multiple and different genetic29,30 and epigenetic30,31 levels. 
This diversity might complicate our ability to resolve the full spectrum 
of cancer pathway aberrations and confound biomarker validation 
through tumour sampling bias. 

Genetically distinct subclonal populations of cells arise through inter-
cellular genetic variation, followed by selective outgrowth of clones that 
have a phenotypic advantage within a given tumour micro-environ-
mental context32–34. Fluctuations in subclonal architecture can occur, 
for example, in the context of disease progression (such as metastasis, 
see Review by Klein on page 365) or drug treatment1,6,21,35–37. A clonal 
sweep, whereby a new clone takes over the entire population, replacing 
ancestral clones, will result in a homogeneous cell population. During 
linear evolution, if a new clone fails to outcompete its predecessor, or 

predecessors, a degree of heterogeneity will be observed38. Branched 
tumour evolution, in which distinct subclones evolve in parallel, how-
ever, will result in extensive subclonal diversity3. 

A tumour’s subclonal architecture can be reconstructed from 
sequencing approaches22,36,39–41 or multiplex fluorescence in situ hybridi-
zation (FISH)2, providing insight into cancer evolution. Branched evolu-
tion has now been documented in a range of tumour types, including 
adenoma-to-carcinoma transition of the colon42, childhood acute lym-
phoblastic leukaemia (ALL)2, chronic lymphoblastic leukaemia (CLL)1, 
pancreatic cancer35 and breast cancer39,41. In cases of ALL that exhibit 
branched evolutionary trajectories, heterogeneity has been observed 
between leukaemia-propagating cells2. This has important implica-
tions for cancer stem-cell models because it suggests that each subclonal 
branch was probably sustained by genetically distinct leukaemia-prop-
agating cells2. It is conceivable that genetically heterogeneous subclonal 
lineages in solid tumours could also be maintained by distinct stem cells 
(See Review by Meacham and Morrison on page 328).

Branched evolutionary trajectories with spatial separation of tumour 
subclones (Fig. 1) have also been described. In clear-cell renal cell car-
cinoma, sequencing multiple biopsies from the same primary tumour 
revealed spatially separated subclones, harbouring heterogeneous 
somatic mutations and copy-number events40. Likewise, multiregion 
sampling in glioblastoma documented heterogeneous copy number 
events between different regions of the same tumour43. Evidence for 
clonal diversity between primary and metastatic sites has also been 
demonstrated in breast cancer36, pancreatic cancer21,35 and medulloblas-
toma44. Intratumour heterogeneity of spatially separated subclones, at 
the DNA copy-number level, may be so profound that the copy number 
profiles of single tumour biopsies may more closely resemble those of 
tumours from different patients than those of adjacent biopsies of the 
same tumour45.

At metastatic sites, the new micro-environment, together with the 
selection pressures imposed by the process of metastasis itself, offer a 
plausible explanation for genetic differences between metastatic and 
primary sites46 (see Perspective by Klein on page 365). However, it is 

Figure 1 | Intertumour and intratumour heterogeneity. Genetic and 
phenotypic variation are observed between tumours of different tissue 
and cell types, as well as between individuals with the same tumour type 
(intertumour heterogeneity). Within a tumour, subclonal diversity may be 
observed (intratumour heterogeneity). Subclones may intermingle (as shown by 
subclones 1 and 2) or be spatially separated (as shown by subclone 3). Separation 
between subclones could reflect physical barriers such as blood vessels or 
micro-environmental changes. Tumour subclones may show differential gene 
expression due to both genetic and epigenetic heterogeneity.  Within a subclonal 

population of tumour cells — shown here as a tumour section, hybridized to 
two fluorescent probes for the centromeres of two chromosomes (chromosome 
2, red; chromosome 18, green) with DNA (blue) — there is intercellular genetic 
and non-genetic variation of, for example, chromosome copy number, somatic 
point mutations or epigenetic modifications that results in phenotypic diversity. 
Intercellular genetic heterogeneity is exacerbated by genomic instability, and 
may foster the emergence of tumour subclones. Genomic instability and tumour 
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Extensive genetic and phenotypic variation exist not only between 
tumours (intertumour heterogeneity) but also within individual 
tumours (intratumour heterogeneity; Fig. 1). In tumours, popu-

lations of genetically distinct subclones can intermingle or be spatially 
separated, and this subclonal architecture varies dynamically throughout 
the disease course1,2. Inter- and intratumour heterogeneity have signifi-
cant implications for the choice of biomarkers to guide clinical decision-
making in cancer medicine (see Siu and colleagues on page 355).

Genomic instability is a prominent source of genetic diversity within 
tumours, generating a diverse cell population that can be subject to 
selection in a given micro-environmental (see Review by Junttila and de 
Sauvage on page 346) or therapeutic context3–5. Genomic instability can 
arise through various routes, leaving distinct genomic footprints and 
differentially affecting tumour evolution and patient outcome. Different 
instability mechanisms can operate over the course of tumour develop-
ment, and may be influenced by exposure to cancer drugs6,7. However, 
genomic instability might also be an attractive therapeutic target8.

In this Review we summarize the evidence for genetic and phenotypic 
variation both within and between tumours, and discuss how this might 
affect tumour biology, drug response and patient outcome. We focus 
on the role of genomic instability in generating inter- and intratumour 
heterogeneity, and review the array of instability mechanisms observed 
in cancer and their contribution to tumour evolution. 

Heterogeneity between different tumour types
It has long been appreciated that there are both genetic and functional 
differences between tumours. Tumours that originate from different tis-
sues and cell types vary in terms of their genomic landscapes, prognosis 
and their response to cytotoxic therapies, probably resulting from the 
fact that the genetic events of transformation interact with cell-intrinsic 
biological properties. Reflecting this, the site of origin of the primary 
tumour frequently determines treatment decisions. However, consider-
able variation in terms of genomic aberrations, aggressiveness and drug 
sensitivity is also observed between tumours that originate from the 
same tissue and cell type9–11.

Mutational frequencies of oncogenes and tumour suppressors vary 
between tumours of different tissues, probably reflecting the impor-
tance of distinct signalling pathways within specific tissues or cellular 
contexts. Mutations in the tumour suppressor gene APC, for instance, 

are common in gastrointestinal malignances such as colorectal cancer, 
probably owing to the importance of WNT-signalling pathways in intes-
tinal epithelial homeostasis12. The specific cell type of origin can also 
profoundly influence tumour genetics and biology; for example, endo-
crine and exocrine pancreatic tumours exhibit considerable divergence 
in their mutational spectra and clinical behaviour13. Intrinsic differences 
between cell types may affect therapeutic response; the ability of cancer 
cells to undergo apoptosis in response to DNA-damaging agents seems 
to be substantially influenced by the cell type of origin14. Furthermore, 
drugs that target the mutant BRAF(V600E) oncoprotein seem to be less 
efficient in colorectal cancer cells than in melanoma cells15. This could 
be attributable to feedback upregulation of epidermal growth factor 
receptor (EGFR) after BRAF(V600E) inhibition in epithelial colorec-
tal cancer cells but not in melanoma cells, which are derived from the 
neural crest and have lower basal EGFR expression15. 

The clinical challenge that intertumour variation presents can be 
met to some extent by classifying tumours into subgroups. These may 
predict, for example, patient outcome or drug sensitivity on the basis of 
mutations, copy number changes, protein or RNA expression profiles, 
or patterns of genomic instability10,16,17. For example, breast cancers are 
routinely classified according to expression of hormone receptors as well 
as amplification of the gene HER2 (also known as ERBB2) and expres-
sion of its protein10. Similarly, the discovery that around 10% of lung 
cancers harbour EGFR-activating mutations has led to the use of small 
molecule EGFR inhibitors in the treatment of this disease18. 

However, recent advances in next-generation sequencing have 
revealed greater than expected inter- and intratumour genetic het-
erogeneity — very few mutations were observed in more than 5–10% 
of tumours of a particular tissue type9. In addition, within a cohort 
of tumours, the same gene may be affected by point mutation, DNA 
methylation, copy number alteration, or a combination of the three, 
underscoring the need for integrative approaches to analysing somatic 
aberrations in the cancer genome. Efforts to define tumour subgroups 
based on specific mutations may be confounded by epistasis, which 
involves the action of one gene on another. For example, in acute mye-
loid leukaemia (AML), NPM1  mutations confer a favourable prognosis 
only in the presence of a co-occurring IDH1  or IDH2 mutation19.  

Although genetic heterogeneity between tumours is known to be 
widespread, it has long been appreciated that phenotypic heterogeneity 

Recent studies have revealed extensive genetic diversity both between and within tumours. This heterogeneity affects 
key cancer pathways, driving phenotypic variation, and poses a significant challenge to personalized cancer medicine. A 
major cause of genetic heterogeneity in cancer is genomic instability. This instability leads to an increased mutation rate 
and can shape the evolution of the cancer genome through a plethora of mechanisms. By understanding these mecha-
nisms we can gain insight into the common pathways of tumour evolution that could support the development of future 
therapeutic strategies.
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tumours (intratumour heterogeneity; Fig. 1). In tumours, popu-

lations of genetically distinct subclones can intermingle or be spatially 
separated, and this subclonal architecture varies dynamically throughout 
the disease course1,2. Inter- and intratumour heterogeneity have signifi-
cant implications for the choice of biomarkers to guide clinical decision-
making in cancer medicine (see Siu and colleagues on page 355).

Genomic instability is a prominent source of genetic diversity within 
tumours, generating a diverse cell population that can be subject to 
selection in a given micro-environmental (see Review by Junttila and de 
Sauvage on page 346) or therapeutic context3–5. Genomic instability can 
arise through various routes, leaving distinct genomic footprints and 
differentially affecting tumour evolution and patient outcome. Different 
instability mechanisms can operate over the course of tumour develop-
ment, and may be influenced by exposure to cancer drugs6,7. However, 
genomic instability might also be an attractive therapeutic target8.

In this Review we summarize the evidence for genetic and phenotypic 
variation both within and between tumours, and discuss how this might 
affect tumour biology, drug response and patient outcome. We focus 
on the role of genomic instability in generating inter- and intratumour 
heterogeneity, and review the array of instability mechanisms observed 
in cancer and their contribution to tumour evolution. 

Heterogeneity between different tumour types
It has long been appreciated that there are both genetic and functional 
differences between tumours. Tumours that originate from different tis-
sues and cell types vary in terms of their genomic landscapes, prognosis 
and their response to cytotoxic therapies, probably resulting from the 
fact that the genetic events of transformation interact with cell-intrinsic 
biological properties. Reflecting this, the site of origin of the primary 
tumour frequently determines treatment decisions. However, consider-
able variation in terms of genomic aberrations, aggressiveness and drug 
sensitivity is also observed between tumours that originate from the 
same tissue and cell type9–11.

Mutational frequencies of oncogenes and tumour suppressors vary 
between tumours of different tissues, probably reflecting the impor-
tance of distinct signalling pathways within specific tissues or cellular 
contexts. Mutations in the tumour suppressor gene APC, for instance, 

are common in gastrointestinal malignances such as colorectal cancer, 
probably owing to the importance of WNT-signalling pathways in intes-
tinal epithelial homeostasis12. The specific cell type of origin can also 
profoundly influence tumour genetics and biology; for example, endo-
crine and exocrine pancreatic tumours exhibit considerable divergence 
in their mutational spectra and clinical behaviour13. Intrinsic differences 
between cell types may affect therapeutic response; the ability of cancer 
cells to undergo apoptosis in response to DNA-damaging agents seems 
to be substantially influenced by the cell type of origin14. Furthermore, 
drugs that target the mutant BRAF(V600E) oncoprotein seem to be less 
efficient in colorectal cancer cells than in melanoma cells15. This could 
be attributable to feedback upregulation of epidermal growth factor 
receptor (EGFR) after BRAF(V600E) inhibition in epithelial colorec-
tal cancer cells but not in melanoma cells, which are derived from the 
neural crest and have lower basal EGFR expression15. 

The clinical challenge that intertumour variation presents can be 
met to some extent by classifying tumours into subgroups. These may 
predict, for example, patient outcome or drug sensitivity on the basis of 
mutations, copy number changes, protein or RNA expression profiles, 
or patterns of genomic instability10,16,17. For example, breast cancers are 
routinely classified according to expression of hormone receptors as well 
as amplification of the gene HER2 (also known as ERBB2) and expres-
sion of its protein10. Similarly, the discovery that around 10% of lung 
cancers harbour EGFR-activating mutations has led to the use of small 
molecule EGFR inhibitors in the treatment of this disease18. 

However, recent advances in next-generation sequencing have 
revealed greater than expected inter- and intratumour genetic het-
erogeneity — very few mutations were observed in more than 5–10% 
of tumours of a particular tissue type9. In addition, within a cohort 
of tumours, the same gene may be affected by point mutation, DNA 
methylation, copy number alteration, or a combination of the three, 
underscoring the need for integrative approaches to analysing somatic 
aberrations in the cancer genome. Efforts to define tumour subgroups 
based on specific mutations may be confounded by epistasis, which 
involves the action of one gene on another. For example, in acute mye-
loid leukaemia (AML), NPM1  mutations confer a favourable prognosis 
only in the presence of a co-occurring IDH1  or IDH2 mutation19.  

Although genetic heterogeneity between tumours is known to be 
widespread, it has long been appreciated that phenotypic heterogeneity 

Recent studies have revealed extensive genetic diversity both between and within tumours. This heterogeneity affects 
key cancer pathways, driving phenotypic variation, and poses a significant challenge to personalized cancer medicine. A 
major cause of genetic heterogeneity in cancer is genomic instability. This instability leads to an increased mutation rate 
and can shape the evolution of the cancer genome through a plethora of mechanisms. By understanding these mecha-
nisms we can gain insight into the common pathways of tumour evolution that could support the development of future 
therapeutic strategies.
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Evidence for first-line VEGF- and mTOR-targeted therapies in
patients with mRCC

Clinical evidence supporting the use of the orally administered
VEGFr-TKIs sunitinib, sorafenib, and pazopanib, the humanized
monoclonal VEGF antibody bevacizumab and the mTOR inhibitor
temsirolimus in patients with mRCC has been previously re-
viewed.5 In a phase 3 trial, temsirolimus demonstrated increased
PFS and overall survival (OS) compared with interferon-a (IFN-a)
alone in treatment-naive patients with mRCC with poor prognosis
(PFS, 3.8 months vs 1.9 months; OS, 10.9 months vs 7.3 months for
temsirolimus and IFN-a, respectively).6 Based on these results,
temsirolimus is the recommended first-line therapy for this patient
population; however, for the majority of patients with mRCC,
VEGF-targeted therapies are generally prescribed in the first-line
setting.7–10 In a randomized, phase 3 trial, median PFS was signif-
icantly longer for sunitinib versus IFN-a (11 months vs 5 months;
P < .001) in patients with mRCC who had not received prior treat-
ment.11,12 Similarly, bevacizumab, in combination with IFN-a, led
to a significantly longer PFS compared with IFN-a plus placebo
(10.4 months vs 5.5 months; P < .001) in a randomized phase 3 trial
(AVOREN).13 The VEGFr-TKI sorafenib was compared with IFN-a as
first-line therapy in a phase 2 trial, and no significant difference
was observed in PFS between the 2 groups (5.7 months vs
5.6 months, respectively), though sorafenib-treated patients did
report better quality of life and tolerability than those receiving
IFN-a.14 Sorafenib has also been evaluated in a randomized phase
3 study in cytokine-refractory patients with clear cell mRCC. In this
setting, sorafenib afforded a median PFS of 5.5 months, compared
with 2.8 months with placebo (P < .001).15 Pazopanib was
evaluated in a randomized, double-blind, phase 3 trial of 233
treatment-naive patients and 202 cytokine-refractory patients.16

Median PFS of patients receiving first-line pazopanib was
11.1 months, compared with 2.8 months with placebo
(P < .001).16 Among cytokine-pretreated patients receiving pazopa-
nib, median PFS was 7.4 months compared with 4.2 months with
placebo (P < .001).16 Although VEGF-targeted agents offer signifi-
cant improvement over cytokine therapy, resistance and disease

progression eventually occur in the majority of patients. An under-
standing of potential resistance mechanisms and knowledge of
currently available clinical data in patients refractory to initial
VEGF-targeted therapy is critical to inform decisions regarding
subsequent treatment.

Mechanisms of resistance to VEGFr-TKI treatment

In most patients, resistance to first-line VEGFr-TKI therapy
develops within 6–11 months of starting treatment.11,15 Several
preclinical studies provide insight into possible mechanisms of
resistance to VEGFr-TKIs, including the reemergence of tumor-
associated vasculature, the potential to reverse VEGF-targeted
resistance, and the contribution of proangiogenic factors.17–19 In
a mouse model of pancreatic islet carcinogenesis, a function-block-
ing antibody to VEGFr2 was used to model phenotypic resistance
to VEGFr. This resistance involved reemergence of tumor-associ-
ated vasculature associated with VEGF-independent, hypoxia-
mediated induction of proangiogenic factors, including members
of the fibroblast growth factor (FGF) family, suggesting this as a
possible mechanism for VEGFr-TKI resistance.20 In an in vitro study
using CAKI1 and 786-0 (renal carcinoma) cells exposed to stepwise
increasing doses of sunitinib or sorafenib for >6 months, resistance
to sunitinib and/or sorafenib was frequently associated with acti-
vation of AKT.21 In a separate study, Hammers and colleagues
grafted skin metastases from a patient with clear cell RCC who
had become resistant to sunitinib subcutaneously in athymic nude
mice.22 Surprisingly, these established xenografts regained sensi-
tivity and responded to subsequent treatment with sunitinib. His-
tologic comparison of the original skin tumor with the xenografts
suggested that a reversible epithelial-to-mesenchymal transition
may be partially responsible for acquired resistance to sunitinib.22

The phenomenon of reversible VEGFr resistance has also been
investigated by Zhang et al., who demonstrated that, on reimplan-
tation into treatment-naive mice, sorafenib-resistant RCC tumors
regained sensitivity to sorafenib.19 The authors hypothesized that
acquired resistance to VEGFr inhibitors in RCC is partially mediated

Fig. 1. Signaling pathways and therapeutic targets in renal cell carcinoma. 4EBP1, eukaryotic translation initiation factor 4E-binding protein 1; EGF, epidermal growth factor;
EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor 2; HIF, hypoxia-inducible factor; IGF, insulin-like growth factor; IGF-1R, insulin-like growth
factor receptor; mTOR, mammalian target of rapamycin; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; PI3K, phosphoinositide3-
kinase; PTEN, phosphatase and tensin homolog; S6K, S6 kinase; VEGF, vascular endothelial growth factor; VEGFr, vascular endothelial growth factor receptor; VHL, von
Hippel-Lindau.
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Pivotal	phase	III	study:	TIVO-1	(AV-951-09-301)
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TIVO-1 (patient characteristics)
Tivozanib	(n=260) Sorafenib	(n=	257)

Characteristic No. % No. %

ECOG	performance	score
0			 116 45% 139 54%
1	 144 55% 118 46%

MSKCC	prognostic	group
Favourable	 70 27% 87 34%

Intermediate	 173 67% 160 62%

Poor	 17 7% 10 4%
Prior	systemic	therapy	for	metastatic	RCC

0	 181 70% 181 70%
1 78 30% 76 30%

Prior	systemic	therapy	by	setting
Metastatic	 49 19% 55 21%
Adjuvant	 23 9% 22 9%

Other	 13 5% 9 4%

Motzer	RJ,	Nosov	D,	Eisen	T	et	al.	J	Clin	Oncol	2013;31(30):3791-9.		
ECOG:	Eastern	Cooperative	Oncology	Group;	MSKCC:	Memorial	Sloan-Kettering	Cancer	Center;	RCC:	Renal	cell	carcinoma			



TIVO-1 PFS (treatment naive patients) 
Intention	to	treat	population,	PFS	by	independent	radiology	review

TIVO-1	met	the	end-point	of	improved	PFS	versus	sorafenib	in	patients	with	
no	prior	treatment	for	metastatic	disease		

Tivozanib	(n=181) Sorafenib	(n=181)

Median	PFS 12.7	months	 9.1	months	

95%	CI 9.1-15.0 7.3-10.8

Hazard	ratio:	0.756	
95%	CI:	0.580	–	0.985,	p=0.037
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TIVO-1 Response

Tivozanib	(n=260) Sorafenib	(n=257)

n % n %

CR 3 1.2% 2 0.8%

PR 83 31.9% 58 22.6%

SD 134 51.5% 168 65.4%

PD 34 13.1% 19 7.4%

Not	evaluable	 6 2.3% 10 3.9%

ORR 86 33.1% 60 23.3%

ORR	was	significantly	higher	with	tivozanib	compared	with	sorafenib	
33.1%	versus	23.3%,	p=0.014	

Consistent	outcomes	across	secondary	end-points	support	for	efficacy	of	tivozanib

Motzer	RJ,	Nosov	D,	Eisen	T	et	al.	J	Clin	Oncol	2013;31(30):3791-9.	
CR:	Complete	response;	PR:	Partial	response;	SD:	Stable	disease;	PD:	Progressive	disease;	ORR:	Overall	response	rate				



Median	OS	was	not	reached		
Two-year	survival	was	73%	in	the	tivozanib	arm	and	60%	in	the	sorafenib	arm,	with	a	
trend	towards	improved	OS	in	the	tivozanib	arm	(HR:	0.503,	p=0.195)

1. Motzer	R,	Eisen	T,	Hutson	TE	et	al.		Poster	presented	at	American	Society	of	Clinical	Oncology	Genitourinary	Symposium	2013;	
Orlando,	Florida

TIVO-1:	If	next	line	treatment	balanced,	OS	trend	favours	tivozanib	
North	America	and	Western	Europe	cohort	(n=40)
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A B S T R A C T

Purpose
Blockade of the programmed death-1 inhibitory cell-surface molecule on immune cells using the
fully human immunoglobulin G4 antibody nivolumab mediates tumor regression in a portion of
patients with advanced treatment-refractory solid tumors. We report clinical activity, survival, and
long-term safety in patients with advanced renal cell carcinoma (RCC) treated with nivolumab in a
phase I study with expansion cohorts.

Patients and Methods
A total of 34 patients with previously treated advanced RCC, enrolled between 2008 and 2012, received
intravenous nivolumab (1 or 10 mg/kg) in an outpatient setting once every two weeks for up to 96 weeks
and were observed for survival and duration of response after treatment discontinuation.

Results
Ten patients (29%) achieved objective responses (according to RECIST [version 1.0]), with median
response duration of 12.9 months; nine additional patients (27%) demonstrated stable disease lasting ! 24
weeks. Three of five patients who stopped treatment while in response continued to respond for ! 45
weeks. Median overall survival in all patients (71% with two to five prior systemic therapies) was 22.4
months; 1-, 2-, and 3-year survival rates were 71%, 48%, and 44%, respectively. Grade 3 to 4
treatment-related adverse events occurred in 18% of patients; all were reversible.

Conclusion
Patients with advanced treatment-refractory RCC treated with nivolumab demonstrated durable
responses that in some responders persisted after drug discontinuation. Overall survival is
encouraging, and toxicities were generally manageable. Ongoing randomized clinical trials will
further assess the impact of nivolumab on overall survival in patients with advanced RCC.

J Clin Oncol 33:2013-2020. © 2015 by American Society of Clinical Oncology

INTRODUCTION

An improved understanding of renal cell carcinoma
(RCC) biology has led to major advances in the
treatment of patients with metastatic disease.1-4 Al-
though agents that target the vascular endothelial
growth factor (VEGF) and mammalian target of
rapamycin (mTOR) pathways prolong progression-
free and likely overall survival, resistance invariably
develops, often within the first year of therapy.1 For
two decades, the clinical experience with high-dose
interleukin-2 (IL-2) has provided proof of principle
that immunotherapy can produce durable post-
treatment responses in a small percentage of patients

with RCC.5 However, the toxicity and limited effi-
cacy of high-dose IL-2 have restricted its application.
Developing agents that can induce a high propor-
tion of durable tumor responses with acceptable
toxicity profiles remains an unmet need for this pa-
tient population.

The inhibitory mechanisms that govern the in-
teraction between an evolving tumor and the host
immune response provide one explanation for
why immunotherapies frequently fail to produce
clinically relevant responses. A critical regulator of
tumor-induced immune suppression is the pro-
grammed death-1 (PD-1) pathway.6 Many human
solidtumors, including a proportion of RCC, express
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A B S T R A C T

Purpose
Nivolumab is a fully human immunoglobulin G4 programmed death–1 immune checkpoint inhibitor
antibody that restores T-cell immune activity. This phase II trial assessed the antitumor activity,
dose-response relationship, and safety of nivolumab in patients with metastatic renal cell
carcinoma (mRCC).

Patients and Methods
Patients with clear-cell mRCC previously treated with agents targeting the vascular endothelial
growth factor pathway were randomly assigned (blinded ratio of 1:1:1) to nivolumab 0.3, 2, or 10
mg/kg intravenously once every 3 weeks. The primary objective was to evaluate the dose-
response relationship as measured by progression-free survival (PFS); secondary end points
included objective response rate (ORR), overall survival (OS), and safety.

Results
A total of 168 patients were randomly assigned to the nivolumab 0.3- (n ! 60), 2- (n ! 54), and 10-mg/kg
(n ! 54) cohorts. One hundred eighteen patients (70%) had received more than one prior systemic
regimen. Median PFS was 2.7, 4.0, and 4.2 months, respectively (P ! .9). Respective ORRs were 20%,
22%, and 20%. Median OS was 18.2 months (80% CI, 16.2 to 24.0 months), 25.5 months (80% CI, 19.8
to 28.8 months), and 24.7 months (80% CI, 15.3 to 26.0 months), respectively. The most common
treatment-related adverse event (AE) was fatigue (24%, 22%, and 35%, respectively). Nineteen patients
(11%) experienced grade 3 to 4 treatment-related AEs.

Conclusion
Nivolumab demonstrated antitumor activity with a manageable safety profile across the three
doses studied in mRCC. No dose-response relationship was detected as measured by PFS. These
efficacy and safety results in mRCC support study in the phase III setting.

J Clin Oncol 33:1430-1437. © 2014 by American Society of Clinical Oncology

INTRODUCTION

An understanding of the mechanisms involved in
the pathogenesis of renal cell carcinoma (RCC)
led to development of treatment options that in-
hibit vascular endothelial growth factor (VEGF)–
mediated signaling or the mammalian target of
rapamycin pathway.1,2 Although these treatment
options have demonstrated progression-free sur-
vival (PFS) benefit, most patients with metastatic
RCC (mRCC) eventually experience progression,1-3

underscoring the need for treatment options with
novel mechanisms of action that could potentially
result in improved efficacy and a survival advantage.

Multiple resistance mechanisms, including
systemic dysfunction in T-cell signaling4-7 and
exploitation of immune checkpoints,8 evolve in

tumors, helping them evade specific immune
responses despite the presentation of tumor anti-
gens to the immune system.8 Recent understand-
ing of these host-tumor immune interactions has
given rise to novel antibodies directed against im-
mune checkpoint proteins.9 ,10

Nivolumab is a fully human immunoglobulin
(Ig) G4 programmed death (PD) –1 immune check-
point inhibitor antibody that selectively blocks the
interaction between PD-1 and its ligands PD-L1 and
PD-L2—a mechanism that normally leads to down-
regulation of cellular immune response.11-13 By in-
hibiting this interaction, nivolumab can enhance
T-cell function in vitro, which may result in antitu-
mor activity.14 In a phase I study that included pa-
tients with mRCC, nivolumab demonstrated
objective responses and a manageable safety profile;
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disease or withdrew consent. In clinically stable patients, treatment could
continue beyond initial disease progression pending subsequent confirmation
of progression, consistent with proposed immune response criteria.21 Patients
with stable disease or an ongoing objective response (complete or partial) at
the end of treatment were observed for up to 1 year and were offered the option
of re-treatment for 1 additional year if disease progressed.

Clinical and laboratory safety assessments were conducted in all treated
patients at regular intervals during therapy and up to 70 days after last drug
administration. Adverse event severity was graded based on the National
Cancer Institute Common Terminology Criteria for Adverse Events (version
3.0).22 Immune-mediated adverse events with potential immunologic etiologies
that might require more frequent monitoring or possible intervention with im-
mune suppression or hormone replacement therapies were identified based on a
prespecified list of Medical Dictionary for Regulatory Activities terms.

Participants
Eligibility criteria have been previously described.14 Patients had received

at least one, but not more than five, prior systemic cancer therapies. Those with
a history of autoimmune disease, prior therapy with T-cell modulating anti-
bodies (eg, anti–PD-1, anti–PD-L1, anticytotoxic T-lymphocyte–associated
antigen 4 [CTLA-4]), conditions requiring immunosuppression, or chronic
infections were excluded.

Statistical Analyses
Tumor measurements were collected by investigators, and individual

best responses were centrally assessed by the sponsor per modified RECIST
(version 1.0) criteria.23 Objective response and stable disease rates were esti-
mated with CIs using the Clopper-Pearson method.24 Time-to-event end
points, including progression-free survival, overall survival, survival rates, and
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Fig 1. Characteristics of tumor regression in patients with renal cell carcinoma receiving nivolumab therapy. (A) Maximum reduction or minimum increase in sum
of target lesion measurements compared with baseline in all treated patients with on-treatment tumor measurements (n ! 32). Bar colors indicate nivolumab dose
cohorts 1 or 10 mg/kg. Graph shows best individual change during study. Tumors were assessed after each cycle per RECIST (version 1.0) guidelines. Baseline tumor
measurements were standardized to zero, and tumor burden was measured as sum of longest diameters of target lesions. Horizontal line at 20% indicates threshold
for defining progressive disease according to RECIST; horizontal line at "30% indicates threshold for defining objective response (partial tumor regression) in absence
of new lesions or nontarget disease progression according to RECIST. Objective responses were observed at both dose levels (1 and 10 mg/kg). Unconventional
response patterns that did not meet RECIST criteria (eg, persistent reduction in target lesions in presence of new lesions, regression after initial progression) were
observed in three patients (9%; indicated by asterisks). Response kinetics in patients receiving nivolumab (B) 1 or (C) 10 mg/kg. Baseline tumor measurements were
standardized to zero. Tumor burden was measured as sum of longest diameters of target lesions. (B) Asterisk indicates off-scale value of 144%. Gold triangles indicate
first occurrence of new lesion. (B, C) Vertical line at 96 weeks demonstrates maximum duration of planned continuous nivolumab therapy; horizontal line at "30%
marks threshold for defining objective response (partial tumor regression) according to RECIST, and horizontal line at #20% indicates the threshold for defining
progressive disease. Blue curves indicate unconventional immune-related response patterns that did not meet RECIST criteria in (B) one patient at 1-mg/kg dose and
(C) two patients at 10-mg/kg dose. Objective responses, unconventional responses, and stable disease persisted after treatment discontinuation in some patients.
According to RECIST criteria, 56% of patients (19 of 34) achieved objective response or disease stabilization exceeding 24 weeks (Table 2). (D) Durability of tumor
regressions. Ten (29%) of 34 patients had objective tumor regressions, including five (28%) of 18 patients receiving nivolumab 1 mg/kg and five (31%) of 16 patients
receiving 10 mg/kg. Blue bars indicate time to and duration of response during treatment; gold bars indicate response duration after treatment discontinuation; open
circles indicate first evidence of objective response; arrows indicate ongoing response at time of analysis. Vertical line at 96 weeks indicates maximum duration of
planned continuous nivolumab therapy. Reasons for treatment discontinuation with ongoing response included investigator-assessed complete response, attainment
of maximum treatment duration, adverse events, investigator discretion, and withdrawal of patient consent.
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Efficacy
Median PFS was 2.7 months (80% CI, 1.9 to 3.0 months),

4.0 months (80% CI, 2.8 to 4.2 months), and 4.2 months (80% CI, 2.8
to 5.5 months) for the 0.3-, 2-, and 10-mg/kg groups, respectively
(Table 2; Fig 2A), and no dose-response relationship for PFS was
detected (stratified trend test P ! .9). When immune-response PFS
was assessed as an exploratory end point, median immune-response
PFS was 4.3 months (80% CI, 2.8 to 6.9 months), 5.4 months
(80% CI, 4.2 to 7.1 months), and 6.9 months (80% CI, 4.4 to 8.5
months) in the 0.3-, 2-, and 10-mg/kg treatment groups, respectively
(test for trend P ! .6; Appendix Table A2, online only).

ORR was 20% (n ! 12), 22% (n ! 12), and 20% (n ! 11) in the
0.3-, 2-, and 10-mg/kg groups, respectively (exact Cochran-Armitage
trend test P ! 1.0; Table 2). Median time to achieving an objective
response was 2.8 months (range, 1.3 to 5.6 months) in the 0.3-mg/kg
group (n ! 12), 3.0 months (range, 1.4 to 6.9 months) in the 2-mg/kg
group (n ! 12), and 2.8 months (range, 1.2 to 10 months) in the
10-mg/kg group (n ! 11). Median duration of response was not
reached (NR) in the 0.3-mg/kg (80% CI, NR to NR) and 2-mg/kg

groups (80% CI, 4.2 months to NR) and 22.3 months (80% CI, 4.8
months to NR) in the 10-mg/kg group. Of patients who responded to
treatment, 75% (nine of 12) in the 0.3-mg/kg group, 50% (six of 12) in
the 2-mg/kg group, and 45% (five of 11) in the 10-mg/kg group were
ongoing responders (Fig 3). Forty percent (14 of 35) were responding
at 24 months from start of study therapy (of the remainder, 14 had
stopped responding, and seven were ongoing responders who had not
yet reached the 24-month mark).

Median OS was 18.2 months (80% CI, 16.2 to 24.0 months), 25.5
months (80% CI, 19.8 to 28.8 months), and 24.7 months (80% CI,
15.3 to 26.0 months) in the 0.3-, 2-, and 10-mg/kg groups, respectively
(Fig 2B), with a minimum follow-up of 24 months. HRs for OS in the
2- and 10-mg/kg groups compared with the 0.3-mg/kg group were 0.8
(80% CI, 0.6 to 1.1) and 0.9 (80% CI, 0.6 to 1.2), respectively. OS
analyses by MSKCC risk group and by number of prior therapies are
shown in Figures 4A and 4B.

Treatment Administered and Safety
Median number of doses received was 6.0 (range, one to 29), 7.5

(range, one to 32), and 8.0 (range, one to 31) in the 0.3-, 2-, and
10-mg/kg groups, respectively. Dose delay occurred in 41% (n ! 24),
43% (n ! 23), and 39% (n ! 21) of patients, respectively.

The percentage of patients treated beyond progression (patients
with at least one nivolumab dose received " 6 weeks after date of
RECIST [version 1.1] progression) was 17% (n!10) in the 0.3-mg/kg
group, 22% (n ! 12) in the 2-mg/kg group, and 26% (n ! 14) in the
10-mg/kg group. Median number of doses received after progression
was 4.5, 7.5, and 8.5 in the 0.3-, 2-, and 10-mg/kg treatment groups,
respectively. In some patients who continued treatment beyond initial
progression, sustained reductions and/or stabilization in the size of
target lesions were observed (Appendix Fig A1, online only).

Most of the 167 patients (n ! 122; 73%) experienced treatment-
related AEs (any grade); 19 (11%) experienced a grade 3 to 4 event
(Table 3). Incidence of treatment-related AEs of any grade was similar
across dose arms: 75%, 67%, and 78% in the 0.3-, 2-, and 10-mg/kg
groups, respectively. Grade 3 to 4 events occurred in 5%, 17%, and
13% of patients in the 0.3-, 2-, and 10-mg/kg groups, respectively.
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Nivolumab 2 mg/kg
Nivolumab 10 mg/kg

Pr
og

re
ss

io
n-

Fr
ee

 S
ur

vi
va

l
(p

ro
ba

bi
lit

y)

Time (months)
No. at risk
Nivolumab 0.3 mg/kg   60   24   17   13   12   11   3   0   0
Nivolumab 2 mg/kg   54   27   15   9   7   6   1   0   0
Nivolumab 10 mg/kg   54   30   18   10   8   7   3   1   0
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Nivolumab 0.3 mg/kg   60   56   50   41   37   35   31   27   24   13   0   0
Nivolumab 2 mg/kg   54   52   45   42   38   35   32   28   26   12   0   0
Nivolumab 10 mg/kg   54   50   47   45   38   32   29   29   26   8   1   0
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Fig 2. (A) Progression-free and (B) overall survival by treatment arm (randomly
assigned patients). Tick marks represent censored observations.
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Fig 3. Duration of response in patients who achieved objective response by
dose treatment arm. Based on data cutoff date of March 5, 2014.
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Responserate und PFS in der Favorable Risk Group



Rationale für I/O-TKI Kombination

Tumorzelle

Myeloid-derived 
suppressor cell 
(MDSC)

CD8+  
T Zelle

Regulatorische  
T Zelle (Treg)

Abnormale Angiogenese 
durch VEGF

verminderte Akkumulation von MDSC 
Reduktion inflammatorischer Signale 
gesteigerte Immunaktivität / Antigenpräsentation (CD8+ / CD45+ ) 
verminderte Angiogenese und Metastasierung

Figure adapted from: Kerkar S, Restifo N. Cancer Res. 2012;72(13):3125-3130.  
References: 1. Facciabene A, et al. Cancer Res. 2012;72(9):2162-2171.



Rationale für I/O-TKI Kombination

CPI TKI CPI+TKI

Ribas et al, Clin Cancer Res 2012; Hanahan et al, Cell 2011

CPI + TKI: 
additiv oder synergistisch? 
ORR / PFS: vielversprechend 
dauerhaft? 
substanzieller OS Effekt? 
Rezidivfreiheit? CR? 



JAVELIN 
Renal 101

Avelumab + Axitinib vs. Sunitinib 
First line in advanced RCC 

presented by R. Motzer @ ESMO 2018;  

Avelumab: anti PD-L1  
Avelumab + Axitinib: Phase 1b: ORR 58%



JAVELIN 
Renal 101

Avelumab + Axitinib vs. Sunitinib 
First line in advanced RCC 

per investigator PD-L1 + Group (n=560) Overall Population (N=886)

Avelumab	+	Axitinib	
(n=270)

Sunitinib		
(n=290)

Avelumab	+	Axitinib	
(n=442)

Sunitinib		
(n=444)

median	PFS 13.3	mon 8.2	mon 12.5	mon 8.4	mon

HR 0.51		
(95%CI:	0.39,0.65)

p<.0001 0.64		
(95%CI:	0.52,0.77)

p<.0001

presented by R. Motzer @ ESMO 2018;  



JAVELIN 
Renal 101

Avelumab + Axitinib vs. Sunitinib 
First line in advanced RCC 

per ICR PD-L1 + Group (n=560) Overall Population (N=886)
Avelumab	+	Axitinib	

(n=270)
Sunitinib		
(n=290)

Avelumab	+	Axitinib	
(n=442)

Sunitinib		
(n=444)

ORR	% 55 26 51 26

Best	response	%

CR 4 2 3 2

PR 51 23 48 24

SD 27 43 30 46

PD 11 22 12 19

NE 4 7 6 8

ongoing	response	 73 65 70 71

per investigator
ORR	% 62 30 56 30

Best	response	%

CR 4 3 3 2

PR 58 27 53 28
presented by R. Motzer @ ESMO 2018;  



JAVELIN 
Renal 101

Avelumab + Axitinib vs. Sunitinib 
First line in advanced RCC 

PFS 
Subgroup

HR
Overall	

population
0.69

PD	L1		
group

positive	
negative

0.63	
0.80

prior		
nephrectomy

yes	
no

0.67	
0.75

IMDC	risk
favorable	
intermediate	
poor

0.54	
0.74	
0.57

MSKCC	risk
favorable	
intermediate	
poor

0.65	
0.72	
0.50

0.2 1.41.0
favours Avelumab + Axitinib favours Sunitinibpresented by R. Motzer @ ESMO 2018;  



JAVELIN 
Renal 101

Avelumab + Axitinib vs. Sunitinib 
First line in advanced RCC 

ADVERSE EVENTS overall
Avelumab	+	Axitinib	

(n=434)

Sunitinib		

(n=439)
All	Grades Grade	3	(4) All	Grades Grade	3	(4)

All	TRAE% 95 51(4) 96 48(7)

Diarrhea 54 5(0) 45 3(0)

Hypertension 48 24(0) 32 15(0)

Fatigue 36 3(0) 36 4(0)

Discountinuation	% 4 8

Death	% 1 <1

presented by R. Motzer @ ESMO 2018;  



JAVELIN 
Renal 101

Avelumab + Axitinib vs. Sunitinib 
First line in advanced RCC 

ADVERSE EVENTS immune related
All	Grades Grade	3	(4)

All	immune	TRAE% 36 8(1)

Hypothyroidism 21 <1(0)

Liver	function 5 4(<1)
Adrenal	insufficiency 2 1(0)
Diarrhea 2 1(0)

Acute	kidney	injury 1 1(0)

Colitis 1 1(0)

Hepatotoxicity 1 1(0)

presented by R. Motzer @ ESMO 2018;  



RESPONSE RATEN FIRST LINE THERAPIEOPTIONEN  
metastasiertes ccRCC (alle Risikogruppen)
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  Avelumab 
+ Axitinib ?



Was wir gelernt haben…

Tivozanib: wirksamer VEGF TKI mit günstigem Nebenwirkungsprofil 

IPI + NIVO:  OS Benefit in der First Line 
IPI + NIVO:  Standard of care bei intermediate/high risk mRCC 

   VEGF TKI:   immunmodulatorische Effekte  

JAVELIN Renal 101:    Avelumab + Axitinib first line 
                                      PFS/ORR Benefit (PDL1 / Risiko unabhängig) 


