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Abstract
Resistance to anti-angiogenic therapy can occur via several potential mechanisms. Unexpectedly, recent studies
showed that short-term inhibition of either VEGF or VEGFR enhanced tumour invasiveness and metastatic
spread in preclinical models. In an effort to evaluate the translational relevance of these findings, we examined
the consequences of long-term anti-VEGF monoclonal antibody therapy in several well-validated genetically
engineered mouse tumour models of either neuroendocrine or epithelial origin. Anti-VEGF therapy decreased
tumour burden and increased overall survival, either as a single agent or in combination with chemotherapy, in
all four models examined. Importantly, neither short- nor long-term exposure to anti-VEGF therapy altered the
incidence of metastasis in any of these autochthonous models, consistent with retrospective analyses of clinical
trials. In contrast, we observed that sunitinib treatment recapitulated previously reported effects on tumour
invasiveness and metastasis in a pancreatic neuroendocrine tumour (PNET) model. Consistent with these results,
sunitinib treatment resulted in an up-regulation of the hypoxia marker GLUT1 in PNETs, whereas anti-VEGF
did not. These results indicate that anti-VEGF mediates anti-tumour effects and therapeutic benefits without a
paradoxical increase in metastasis. Moreover, these data underscore the concept that drugs targeting VEGF ligands
and receptors may affect tumour metastasis in a context-dependent manner and are mechanistically distinct from
one another.
Copyright © 2012 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Anti-angiogenic agents represent a class of drugs
that target the tumour vasculature and can be suc-
cessfully combined with other anti-cancer therapies
[2,3]. Targeting vascular endothelial growth factor A
(VEGF) or its tyrosine kinase receptors (VEGFR-1 and
VEGFR-2) is the strategic basis of all anti-angiogenic
drugs currently approved to treat cancer and intraocular
neovascular disorders, with several additional clinical
trials with similar agents under way [4,5]. The anti-
VEGF monoclonal antibody bevacizumab (Avastin

®
)

was the first anti-angiogenic cancer drug approved
by the US FDA [6], followed by the approval of
five small-molecule receptor tyrosine kinase inhibitors
(RTKIs; sunitinib, sorafenib, pazopanib, vandetanib

and axitinib) that inhibit signalling through VEGFRs
and a variety of other RTKs [7]. All of these anti-
angiogenic agents have shown therapeutic success in
a wide variety of tumour types, albeit often in com-
bination with chemotherapy. However, not all cancer
patients benefit from such therapies and some who
show benefit initially can develop resistance to these
drugs [8]. Over the last few years, several mechanisms
of inherent refractoriness or acquired resistance to anti-
angiogenic therapies have been described, including
factors elaborated by tumour-infiltrating myeloid cells
or fibroblasts [9–13].
Recent preclinical findings have raised an interest-

ing conundrum observed in some instances of anti-
angiogenic therapy: three studies in multiple mouse
models found that while targeted inhibition of VEGF
signalling effectively treated the primary cancer, it
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also resulted in a more invasive tumour morphol-
ogy and increased frequencies of metastatic lesions
[14–16]. These phenomena appeared irreversible, in
that discontinuation of treatment did not alter the
observed occurrences of metastasis [15]. The initial
studies were carried out using two VEGFR-2 inhibitors
as single agents, namely the small-molecule RTKI
sunitinib/SU11 248 (Sutent

®
) and the monoclonal anti-

body DC101 [14,15]; a more recent set of experiments
employed a polyclonal goat anti-VEGF antibody [16].
Altogether, these reports broadly implied that clini-
cal application of all anti-angiogenic therapies could
potentiate an increase in metastasis despite attenua-
tion of primary tumour growth [8,17]. Consequently,
such an increased frequency of metastasis could com-
promise therapeutically derived progression-free sur-
vival (PFS) and/or overall survival (OS) benefits, and
ultimately contribute to resistance to anti-angiogenic
treatment. However, none of these preclinical stud-
ies examined metastatic incidence following long-term
anti-angiogenic treatment. Rather, the examinations of
metastatic incidence were limited to short-term treat-
ment settings, which are difficult to extrapolate and
compare with clinical endpoints such as PFS and OS.
We set out to ask whether short- or long-term

bevacizumab therapy altered the incidence of tumour
invasion and metastasis in multiple genetically engi-
neered mouse tumour models (GEMMs). To address
this question, we used a well-characterized mono-
clonal anti-VEGF antibody, named B20-4.1.1 (here-
inafter referred to as ‘anti-VEGF’), which binds murine
VEGF with an affinity similar to that of bevacizumab
for human VEGF and is suitable for long-term stud-
ies in immune-competent mice [1]. We examined four
different GEMMs with varied metastatic potential and
responses to anti-VEGF. Where relevant to the clini-
cal setting, we also assessed anti-VEGF in combina-
tion with chemotherapy. GEMMs are an advantageous
platform to interrogate agents that target the tumour
microenvironment, as all the cellular components of the
spontaneous cancers co-evolve within the appropriate
organ throughout neoplastic progression, closely mim-
icking the multi-step process of human carcinogenesis
[18–20]. We have previously shown that two mutant
Kras-driven models of human pancreatic ductal ade-
nocarcinoma (PDAC) and non-small cell lung cancer
(NSCLC, adenocarcinoma subtype) can serve as good
models for assessing therapeutic response to standard-
of-care chemotherapies in combination with targeted
agents, including anti-VEGF [1]. Here, in addition to
these two epithelial cancer models, we also investi-
gated the consequences of anti-VEGF therapy upon
tumour invasion and metastasis in two neuroendocrine
tumour models driven by simultaneous Rb and p53
inactivation: a SV40 large T-antigen-driven transgenic
pancreatic neuroendocrine tumour (PNET) model that
phenocopies the prototype Rip-Tag model [21], and a
previously described conditional model for small cell
lung carcinoma (SCLC) [22].

Materials and methods

Animal experiments
We obtained mice from the following institutions:
KrasLSL−G12D from Tyler Jacks (Massachusetts Insti-
tute of Technology); p53f rt/f rt and RIP-TβAg from
Exelixis Inc.; p16/p19f l/f l and Rbf l/f l from Anton
Berns (NKI, The Netherlands); and Pdx1-Cre from
Andy Lowy (University of Ohio). For the lung can-
cer models, KrasLSL−G12D ; p53f rt/f rt and Rbf l/f l;
p53f rt/f rt mice were infected at 7–9 weeks of age
with 5e6 or 1e7 infectious units, respectively, of
recombinant, replication-deficient adenovirus serotype
5 expressing the FLPe and Cre recombinases, as
described [1]. The animals were dosed and monitored
according to guidelines from the Institutional Animal
Care and Use Committee (IACUC) at Genentech Inc.
All chosen dosing regimens (see Supplementary mate-
rials and methods) were well tolerated in the GEMMs.

Results

Anti-VEGF monotherapy in the RIP-TβAg PNET
model is efficacious and, unlike sunitinib, does
not increase metastasis
To understand the effects of anti-VEGF in a GEMM
comparable to the widely used Rip-Tag model, we eval-
uated and compared the consequences of B20-4.1.1
monoclonal antibody treatment to sunitinib therapy
in a similar model of pancreatic insulinoma model
named RIP-TβAg (Supplementary Figure S1A–H). As
previously reported, long-term anti-VEGF treatment
resulted in a significant OS benefit in this model [23]
(Figure 1A). To compare our experiments with previ-
ous reports [15], we evaluated efficacy after 21 days
of anti-VEGF or sunitinib treatment in 11–12 week-
old, late-stage tumour-bearing mice, ie a regression
trial [24]. As expected, both anti-VEGF and suni-
tinib treatment resulted in marked decreases in pan-
creatic tumour burden and tumour vascular den-
sity relative to controls (Figure 1B, C, Supplementary
Figure 1I) [14,16]. Intriguingly, we observed differen-
tial treatment effects on the number of solid PNET
tumours; relative to controls, anti-VEGF treatment
reduced the number of grossly detectable tumours per
pancreas, whereas sunitinib treatment increased their
number (Supplementary Figure 1J). Moreover, suni-
tinib treatment uniquely resulted in increased tumour
hypoxia, as assessed via the immunohistochemical
marker glucose transporter 1 (GLUT1) (Figure 1D,
Supplementary Figure 1K). Interestingly, we did not
observe differences in another hypoxia marker, car-
bonic anhydrase 9 (CA9), neither did we see up-
regulation of cMET expression, as reported by Sennino
et al (Supplementary Figure 1K) following treatment
with either drug.
We next evaluated the effects of anti-VEGF and

sunitinib on tumour invasion, using a histological
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Figure 1. Anti-VEGF versus sunitinib monotherapy treatment effects in the RIP-TβAg model of pancreatic insulinoma. Kaplan–Meier plots
showing overall survival (OS) in control (black) and anti-VEGF (A, red)-treated mice; ∗p < 0.05, log-rank (A). Tumour volume in control
(black), anti-VEGF (A, red) and sunitinib (S, green)-treated mice at 21 days of treatment. Each dot represents the total tumour burden in
an individual mouse, with the mean values ± standard error of the mean (SEM) depicted. The number of mice examined is indicated below
each set. Statistical significance was assessed using pairwise contrasts based on the Tukey HSD (studentized range) method; ∗∗p < 0.005
(B). Microvascular density in a subset of tumours and mice from (B). The number of individual tumours analysed is indicated below
each set and came from five independent control-, anti-VEGF- or sunitinib-treated mice. Each dot represents vascular area/tumour area,
with mean values ± SEM depicted. Statistical significance was assessed using pairwise contrasts based on the Tukey HSD (studentized
range) method; ∗p < 0.05, ∗∗p < 0.005 (C). Quantitative analysis of GLUT1 expression in a subset of tumours and mice from (B). The
total number of tumours analysed is indicated below each cohort and came from three independent mice/cohort. Each dot represents
the percentage of cells within a given lesion that were positive for membranous GLUT1 expression; mean values ± SEM are depicted.
Statistical significance was assessed using a one-tailed unpaired Student’s t-test; ∗∗p < 0.005, ∗∗∗p < 0.0005 (D). Quantification of PNET
stage and grade (IA, IC1, and IC2) frequency as a function of short-term (21 days) treatment with control (black bars), anti-VEGF (A, red
bars) or sunitinib (S, green bars). The frequency of each lesion stage and grade was first calculated for individual mice and then averaged
across their respective treatment cohort; mean values ± SEM are depicted. The numbers of mice, total number of lesions as well as
each lesion stage and grade, and average numbers of lesions per mouse analysed per treatment cohort are summarized in Supplementary
Figure 1M. Statistical significance was assessed using a cumulative link mixed model fitted with the Laplace approximation; ∗∗p < 0.005,
∗∗∗p < 0.0005 (E). Representative H&E- and insulin IHC-stained photomicrographs of metastatic PNET in the regional lymph node (RLN)
and liver (LV) (F). Frequency of RLN and LV metastases observed upon gross necropsy (macro) and histological analysis (micro) in mice from
(B–F). The frequency of LV metastases, as well as all metastases in the sunitinib-treated cohort, is significantly different from the other two
cohorts according to a χ2 test; ∗p < 0.05, ∗∗p < 0.005 (G). Mice were dosed with anti-ragweed control or anti-VEGF/B20-4.1.1 antibody
intraperitoneally (i.p.), 5 mg/kg, once a week; sunitinib was dosed orally (p.o.), 40 mg/kg qd (daily). PNET, pancreatic neuro-endocrine
tumour; IA, islet adenoma; IC1, micro-invasive carcinoma; IC2, macro-invasive carcinoma.
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grading scheme for PNETs as previously described
[25] (Figure 1E, Supplementary Figure 1L, M). We
observed a small but statistically significant increase
only in the occurrence of infrequent macro-invasive
carcinomas (IC2s) in the anti-VEGF-treated cohort. In
contrast, sunitinib treatment resulted in a clear and
statistically significant shift in the distribution of both
solid tumour stage and grade, ie decreased numbers of
relatively benign adenomas (IAs) and micro-invasive
carcinomas (IC1s), with a corresponding increase in
IC2s. Concordant with these data, we observed no
differences in the incidence of lymph node (LN) and
liver (LV) metastases in the anti-VEGF treatment group
relative to controls, whereas sunitinib treatment caused
increased numbers of both LN and LV metastases
(Figure 1F, G).

Anti-VEGF monotherapy or combination treatment
with chemotherapy does not increase tumour
invasiveness or metastatic potential in a SCLC
GEMM
Next, we assessed the effects of anti-VEGF treatment
in a second neuroendocrine tumour type, small cell
lung cancer, also driven by Rb and p53 tumour sup-
pressor inactivation [26]. In contrast to PNET, human
SCLC and the corresponding Rbf l/f l ; p53f rt/f rt

GEMM tumours exhibit extensive and multiple re-
gional and distant metastases [22,27]. We first carried
out an in-depth characterization of disease progres-
sion in this Rbf l/f l ; p53f rt/f rt model (Supplementary
Figure 2A–G). Based on this assessment, preclinical
trials were initiated on mice with advanced/extensive-
stage disease at 32–35 weeks postinfection (wpi).
Long-term anti-VEGF monotherapy is minimally effi-
cacious in this GEMM and did not significantly impact
primary tumour burden at 4 weeks (Figure 2A, Supple-
mentary Figure 2H), although a non-significant trend
towards an OS benefit relative to control was observed
(Figure 2B). Since patients with SCLC are treated
with aggressive chemotherapy, and clinical trials test-
ing combinations with bevacizumab are under way
[28–30], we also assessed the long-term response of
this model to a standard combination of carboplatin
and irinotecan/CPT-11, with and without anti-VEGF.
Chemotherapy treatment resulted in significant tumour
growth inhibition and, while the addition of anti-VEGF
did not significantly further enhance tumour shrink-
age, we observed a remarkable combinatorial effect
on OS (Figure 2A, B, Supplementary Figure 2H). We
then examined long-term treatment effects on tumour
invasiveness by histologically scoring neoplastic lesion
stage and grade [22], and found a decrease in the
average frequency of advanced/late-stage carcinomas
(LS-SCLC) in both anti-VEGF-containing regimens
(Supplementary Figure 2I–J; 10–20 week interval).
Next, we evaluated the incidence of metastases;
the likelihood of metastasis to an organ was esti-
mated using gross observations from mice necrop-
sied when moribund or immediately post-mortem.

Grossly observed metastases were confirmed histo-
logically when possible [regional/mediastinal lymph
nodes (RLNs) were often not retained in archived sam-
ples], and there was a complete correlation between
both types of observations in this model. Anti-VEGF
treatment alone or in combination with chemotherapy
resulted in a trend towards decreased metastatic fre-
quency to any organ (Supplementary Figure 2K, L).
These data (Supplementary Figure 2M) were then used
to estimate time-indexed, regimen-specific probabili-
ties that an organ would remain metastasis-free and
summarized as a ‘time to metastasis scale factor’
for the two primary sites, the RLNs (Figure 2C) and
LV (Figure 2D). We found no significant differences
in the relative probability of observing metastasis to
either organ in all treatment cohorts as compared to
control, with one exception—the likelihood of both
sites remaining free of metastases was significantly
increased in the combination group. Finally, we exam-
ined the consequences of short-term, 14 day treatment
with single-agent anti-VEGF therapy on the number,
appearance and frequency of neoplastic lesion stage
and grade as well as metastases (Figure 2E–G, Sup-
plementary Figure 2N) and found no significant dif-
ferences between the control and anti-VEGF-treated
cohorts for any of these metrics.

Metastasis in a mutant Kras-driven PDAC GEMM
is unaffected by anti-VEGF mono- or combination
therapy
We next evaluated anti-VEGF effects in the
KrasLSL−G12D ; p16/p19 f l/f l ; Pdx1-Cre mouse model
of PDAC [31]. As described previously, we performed
late-stage preclinical trials in these mice and used non-
invasive ultrasound imaging to follow tumour growth
[1]. This model is refractory to anti-VEGF monother-
apy but shows a bi-modal response to the combina-
tion with standard-of-care gemcitabine chemotherapy,
as measured by primary tumour burden and OS [1]
(Figure 3A, B, Supplementary Figure 3A). We did not
carry out a quantitative analysis of tumour invasion,
as the invasive ductal adenocarcinomas in this model
present with mixed differentiation levels, thereby pre-
cluding a systematic grading assessment (Supplemen-
tary Figure 3B). Importantly, we did not observe any
alterations in this mixed tumour morphology within
any of the treatment cohorts, as evaluated by both
haematoxylin and eosin (H&E) staining and the pan-
creatic ductal epithelial marker cytokeratin 19 (Sup-
plementary Figure 3C). Similar to human PDAC, the
mouse model manifests extensive regional and dis-
tant metastases, some of which were grossly apparent
but many were only detectable microscopically [31].
Following a comprehensive histological analysis of
short- and long-term treatment effects on the two most
frequent sites of metastasis, the RLNs and the LV, we
found that neither of the single or combination regi-
mens demonstrated any significant changes in the prob-
ability or frequency of metastases to these two sites
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(and others) relative to controls (Figure 3C–F, Sup-
plementary Figure 3D, E). While we observed a small,
albeit insignificant, trend towards a decreased time to
metastasis scale factor with anti-VEGF monotherapy
relative to controls, these data are difficult to interpret
in the absence of a clear OS difference between the two
groups. However, the defined, short-term, 7 day time
point analysis clearly showed that neither anti-VEGF or
gemcitabine, nor the combination, significantly altered
metastasis to RLNs or the LV as compared to controls
(Figure 3F).

Anti-VEGF mono- or combination therapy does
not increase tumour invasiveness or metastatic
potential in a NSCLC GEMM
Next, we tested the KrasLSL−G12D ; p53f rt/f rt mouse
model of NSCLC, where treatment with anti-VEGF
mono- and combination therapy with carboplatin sig-
nificantly affected tumour growth inhibition and OS
benefit relative to controls [1] (Figure 4A, B, Sup-
plementary Figure 4A). Here, we also compared the
effects of anti-VEGF treatment discontinuation after
14 days with continuous therapy; 14 days is suffi-
cient time to observe an effect on tumour burden by
micro-CT imaging. We found that the 14 day treatment
still demonstrated significant tumour growth inhibition
after 6 weeks and resulted in a survival benefit similar
to carboplatin treatment. We then assessed long-term
treatment effects on tumour invasiveness by scoring the
average frequency of neoplastic lesion stage and
grade [32,33] (Supplementary Figure 4B, C). Anti-
VEGF-containing regimens exhibited increased aver-
age frequencies of earlier stage lesions (AAH and
adenomas), with a concomitant reduction in more
advanced lesions (low-grade and/or high-grade ade-
nocarcinomas). When we evaluated metastases, we
observed no increase in frequencies of mice with
metastases to any organ (Supplementary Figure 4D, E)
or any significant differences between treatment groups
versus control in the probability analyses for RLN and
LV metastases (Figure 4C, D, Supplementary Figure 4F).
We were unable to calculate a time to metastasis scale
factor for RLNs in the carboplatin treatment group
because we did not observe any metastases in the
limited number of mice available (data not shown)
and for LV metastases in the anti-VEGF discontinu-
ous cohort due to tissue availability. Similar to the
long-term treatment results, short-term (14 day) ther-
apy with anti-VEGF-containing regimens significantly
reduced tumour growth rates, demonstrated the same
shift towards earlier stage lesions (albeit the trend did
not reach statistical significance) and did not change the
frequency of metastases (Figure 4E–G, Supplementary
Figure 4G, H).
Since sunitinib has/is currently being examined in

various NSCLC clinical trials, we independently com-
pared anti-VEGF and sunitinib short-term treatments
in this GEMM. In contrast to anti-VEGF monotherapy,
sunitinib treatment (using the same dose and drug stock

as in the PNET model) did not significantly impact
tumour growth, lesion stage and grade distribution, the
occurrence of metastases or the micro-vascular density
in any neoplastic stage (Supplementary Figure 4I–O).
We also examined anti-VEGF and sunitinib treatment
effects on tumour hypoxia, cMET expression and vas-
cular pericyte coverage (Supplementary Figure 4P–S).
With both anti-angiogenics, we saw an observable
increase in the hypoxia marker CA9, but no differ-
ences in cMET expression. Sunitinib also resulted in
a subtle dissociation between pericytes and tumour
endothelium.

Anti-VEGF mono- and combination therapy applied
to early-stage disease in two mutant Kras-driven
GEMMs
The preclinical trials described above interrogated a
regression setting, ie treatment of late-stage disease.
We next performed a series of prevention experiments
to examine whether anti-VEGF therapy could impact
early-stage disease. We hypothesized that this experi-
ment may model certain aspects of the adjuvant setting
in both human PDAC, where 15–20% of patients have
resectable disease [34], and in NSCLC, where stage
I–IIIa tumours are surgically excised [35]; however,
primary, pre-malignant and/or non-detectable lesions
could still remain post-resection.
To achieve this in PDAC mice, we began treat-

ment at ∼5 weeks of age, when mice typically har-
bour pancreatic intra-epithelial neoplasia (PanIN) but
no ultrasound-detectable solid tumours [1,31]. In con-
trast to late-stage treatment, anti-VEGF mono-therapy
resulted in a modest, albeit insignificant, OS bene-
fit relative to controls, comparable to that derived
from gemcitabine (Figure 5A). However, the combi-
nation resulted in an additive and significant OS ben-
efit. Next, we assessed metastatic incidence in the
RLNs and LV and found no significant differences
in the probability of observing micro-metastases to
either organ in any examinable treatment group; rather,
we observed a trend towards an increase in the time
required to detect RLN metastases in the combina-
tion group (Figure 5B, C, Supplementary Figure 5A).
Note that we could not calculate a probability factor for
the LV in the gemcitabine cohort because we did not
observe any micro-metastases in the limited number of
mice available (data not shown).
To model prevention in the NSCLC GEMM, we

treated mice starting at 2 wpi, when only AAH lesions
were evident, for up to 14 weeks (16 wpi), which is
when mice have advanced disease and were enrolled
for regression studies. Anti-VEGF mono- and combi-
nation therapy with carboplatin caused a dramatic inhi-
bition of tumour growth compared to either control or
carboplatin-treated mice, with minimal if any increase
in tumour burden over the 4 week imaging inter-
val (Figure 6A, Supplementary Figure 6A). Interest-
ingly, carboplatin alone did not impact tumour growth
in either the prevention (Figure 6A) or regression
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Figure 3. Anti-VEGF treatment effects on efficacy, overall survival and metastasis in a genetically engineered mouse model of PDAC,
regression setting. Daily fold-change in tumour burden, as measured by high-resolution ultrasound imaging for each treatment cohort
[control (black), anti-VEGF (A, red), gemcitabine (G, blue)] and the combination of anti-VEGF plus gemcitabine (AG, purple). Data are
shown as mean ±95% confidence intervals; ∗∗∗p < 0.0005 (A). Kaplan–Meier plots showing OS in treatment cohorts described in (A);
∗p < 0.05, log-rank (B). Note: subsets of mice in (A) and (B) are reproduced with permission from [1]. Weibull scale factors estimated by
modelling the probability of remaining free of metastases to the RLN (C) or LV (D) for the long-term treatment cohorts shown in (A, B).
The number of mice examined per treatment cohort is indicated below each point. Data are shown as mean ±95% confidence intervals.
No statistically significant differences were observed between groups. Representative H&E- and CK19 IHC-stained photomicrographs of
metastatic PDAC in the RLN and LV (E). Frequency of RLN and LV micrometastases observed histologically at 7 days of treatment. No
significant differences were found between any treatment groups for metastatic frequency to a given tissue (F). Mice were dosed with
anti-ragweed control or anti-VEGF/B20-4.1.1 antibody i.p., 5 mg/kg, twice weekly; gemcitabine was dosed i.p., 100 mg/kg, q3d × 4. PDAC,
pancreatic ductal adenocarcinoma.
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Figure 4. Anti-VEGF treatment effects on primary tumour burden, overall survival and metastasis in a genetically engineered mouse model
of NSCLC, regression setting. Weekly fold-change in tumour burden, as measured by micro-CT, for each treatment cohort: control (black),
anti-VEGF (A, red), carboplatin (C, blue) and the combination of anti-VEGF plus carboplatin (AC, purple). Anti-VEGF monotherapy was
applied using two distinct regimens: short-term/discontinuous for 2 weeks or long-term continuous therapy. Data are shown as mean
±95% confidence interval; ∗∗∗p < 0.0005 (A). Kaplan–Meier plots showing OS in treatment cohorts described in (A); ∗p < 0.05, log-rank
(B). Note: subsets of mice in (A) and (B) are reproduced with permission from [1]. Weibull scale factors estimated by modelling the
probability of remaining free of metastases to the RLN (C) or LV (D) for the long-term treatment cohorts shown in (A, B). The number of
mice examined per treatment cohort is indicated below each point. Data are shown as mean ±95% confidence intervals. No statistically
significant differences were observed between groups. Quantification of NSCLC lesion stage and grade (AAH, Ad, LG-AdC, and HG-AdC)
frequency as a function of short-term (14 days) treatment with control (black bars), anti-VEGF (A, red bars), carboplatin (C, grey bars) or
the combination (AC, blue bars). The frequency of each lesion stage and grade was first calculated for individual mice and then averaged
across their respective treatment cohort; mean values ± SEM are depicted. The numbers of mice, total number of lesions as well as
each lesion stage and grade, and average numbers of lesions per mouse analysed per treatment cohort are summarized in Supplementary
Figure 4R. Statistical significance was assessed using a cumulative link mixed model fitted with the Laplace approximation. None of the
observations were significantly different from one another; however, anti-VEGF + carboplatin (AC) resulted in a trend towards a decreased
frequency of AdCs, with a concomitant increase in the frequency of earlier stage AAHs and Ads (E). Representative H&E- and Pro-SPC
IHC-stained photomicrographs of metastatic NSCLC in the RLN and LV (F). Frequency of RLN and LV metastases observed upon gross
necropsy (macro) and histological analysis (micro) in mice from the short-term treatment experiment from (E, F). No significant differences
were found between any treatment groups for metastatic frequency to a given tissue or total metastatic incidence to any organ (G). Mice
were dosed with anti-ragweed control or anti-VEGF/B20-4.1.1 antibody, i.p. 5 mg/kg, twice weekly; carboplatin was dosed i.p. 25 mg/kg,
qd × 5 (all studies). NSCLC, non-small cell lung cancer; Micro-CT, micro-computed tomography; AAH, atypical adenomatous hyperplasia;
Ad, adenoma; LG-AdC, low-grade adenocarcinoma; HG-AdC, high-grade adenocarcinoma; LNs, lymph nodes.
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Figure 5. Anti-VEGF treatment effects on overall survival and metastasis in a genetically engineered mouse model of PDAC, prevention
setting. Kaplan–Meier plots showing OS for each treatment cohort: control (black), anti-VEGF (A, red), gemcitabine (G, blue) and the
combination of anti-VEGF plus gemcitabine (AG, purple); ∗p < 0.05, log-rank (A). Weibull scale factors estimated by modelling the
probability of remaining free of metastases to the RLN (B) or LV (C) for the long-term treatment cohorts shown in (A). The number of
mice examined per treatment cohort is indicated below each point. Data are shown as mean ±95% confidence intervals. No statistically
significant differences were observed between groups. Dosing regimens were equivalent to those listed in the legend to Figure 3.

(Figure 4A) setting. We then histologically quantitated
the stages and grades of lesions present within the lungs
[32,33] and found that anti-VEGF-containing regimens
showed reduced numbers of lung lesions per mouse
and a trend towards a decreased frequency of HG-AdC,
with a concomitant increased frequency of earlier-stage
AAH (Figure 6B, Supplementary Figure 6B). Finally,
the animals showed rare, if any, lesions in the RLNs
and LV and no significant differences between any of
the groups (Figure 6C).

Discussion

Targeted therapies aimed at the VEGF signalling
pathway are the only anti-angiogenic drugs currently
approved for cancer treatment. Given the thousands of
patients treated and the numerous clinical trials under
way, it is important to understand the benefits and
risks involved when using these agents [8,36]. Since
VEGF can also act as a permeability factor and regulate
vasodilation, it is understandable that VEGF inhibi-
tion in humans can result in risks associated with these
mechanisms. However, the association with increased
tumour invasion and metastasis remains controversial.
Indeed, a significant number of studies over the last two

decades have shown that VEGF inhibitors frequently
suppress invasion and metastasis as well as primary
tumour growth [12]. A known exception is glioblas-
toma multiforme, where it was shown that treat-
ment with an anti-VEGF antibody increased animal
survival but simultaneously resulted in more diffuse
disease, owing to nests of migrating tumour cells co-
opting nearby vessels [37]. Intriguingly, recent studies
have emphasized some unique aspects of glioblastoma
angiogenesis; glioblastoma stem-like cells were shown
to differentiate into functional vascular endothelium
[38,39].
The debate regarding a broader effect of VEGF path-

way inhibitors on tumour invasion and metastasis has
been fuelled by three recent studies, which reported
that treatment with two anti-angiogenic agents target-
ing VEGFR-2 impeded primary tumour growth but
concomitantly increased tumour invasiveness and, in
some cases, metastasis [14–16]. The earlier two stud-
ies interrogated the small molecule RTKI sunitinib; one
also examined the monoclonal antibody DC101, which
blocks VEGFR-2 signalling, while the other carried out
parallel studies with sorafenib and SU10 944. More
recently, Sennino et al reported increases in tumour
invasion and metastasis following anti-VEGF antibody
treatment in a PNET model, and the abrogation of those
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Figure 6. Anti-VEGF treatment effects on primary tumour growth and progression as well as metastasis in a genetically engineered
mouse model of NSCLC, prevention setting. Weekly fold-change in tumour burden, as measured by micro-CT for each treatment cohort
between 10 weeks (12 wpi) and ∼12–14 weeks (14–16 wpi) post-study start: control (black), anti-VEGF (A, red), carboplatin (C, blue)
and the combination of anti-VEGF plus carboplatin (AC, purple). Data are shown as mean ±95% confidence intervals; ∗∗p < 0.005 (A).
Quantification of NSCLC lesion stage and grade (AAH, Ad, LG-AdC and HG-AdC) frequency from the mice in (A) as a function of long-term
(∼12–14 weeks) treatment with control (black bars), anti-VEGF (A, red bars), carboplatin (C, grey bars) or the combination (AC, blue bars).
The frequency of each lesion stage and grade was first calculated for individual mice and then averaged across their respective treatment
cohort; mean values ± SEM are depicted. The numbers of mice, total number of lesions as well as each lesion stage and grade, and average
numbers of lesions per mouse analysed per treatment cohort are summarized in Supplementary Figure 6B. Statistical significance was
assessed using a cumulative link mixed model fitted with the Laplace approximation. None of the observations were significantly different
from one another (B). Frequency of RLN and LV metastases observed upon gross necropsy (macro) and histological analysis (micro) in
mice from (A, B). No significant differences were found between any treatment groups for metastatic frequency to a given tissue or total
metastatic incidence to any organ (C). Dosing regimens were equivalent to those listed in the legend to Figure 4.

treatment effects upon combination treatment with
anti-VEGF and small molecules targeting cMET [16].
Importantly, this study used a non-species-matched
goat polyclonal antibody in the immune-competent
Rip-Tag model, raising the concern that at least some

of the observed effects are complicated by cellular
immune responses directed against cross-species anti-
body–antigen complexes, which cannot be simulated
with non-binding controls. Moreover, it remains to be
determined whether endotoxin levels in the antibody
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preparations/lots utilized may have contributed to their
observed phenotypes. Despite extensive literature to
the contrary, all three papers conveyed the idea that
enhanced invasion and metastasis are general responses
to all VEGF pathway inhibitors [17]. Given the broad
interest in these topics among basic scientists and clin-
icians, we and Chung et al (submitted) re-examined
this issue using an anti-VEGF monoclonal antibody
previously validated as a murine surrogate for beva-
cizumab [1]. In addition to anti-VEGF monotherapy,
we assessed the effects of therapeutically relevant com-
bination regimens.
In the work described here, we analysed four

different, well-validated GEMMs of cancer treated
both short- and long-term with an anti-VEGF mono-
clonal antibody. We chose only high-bar, spontaneous
tumour models, with the hypothesis that these would
best inform the effects of anti-angiogenic therapy on
native tumour vasculature. We performed an extensive
and rigorous analysis of anti-VEGF effects in these
GEMMs and found that anti-VEGF monotherapy was
efficacious in two of the four models. Additionally, we
found that while anti-VEGF induced a small increase
in the incidence of IC2s in the RIP-TβAg model, it
did not significantly alter the frequency of invasive
disease in the two other GEMMs (SCLC or NSCLC)
in which this could be assessed. Indeed, anti-VEGF
mono- and combination therapy mediated a decreased
trend towards more invasive lung lesions. Importantly,
we did not observe a significant increase in metastatic
incidence in any of the diverse, autochthonous tumour
models following short- or long-term anti-VEGF
mono- or combination therapy, either in advanced
or early-stage disease. This is particularly notable in
the PDAC GEMM, where a recent study examining
two mutant Kras pancreatic cancer models showed
that metastatic spread occurred very early during
PDAC tumour progression and could be exacerbated
by inflammatory agents [40]. Our data show that, in
contrast, extended anti-VEGF therapy at these early
stages of disease progression did not impact time to
metastasis. The data from both the prevention and
regression settings also indicate that, at least in the
GEMMs tested, anti-VEGF dosing was tolerated for
relatively long intervals, which is encouraging in light
of recent clinical findings supporting the possible use
of continued bevacizumab in the maintenance setting
[41].
How can we explain the differences between the

effects of anti-VEGF and RTKIs on tumour metasta-
sis? To have appropriate bases for comparison between
different agents, we undertook similar experiments as
previously reported [15,16]. We were unable to repro-
duce the effects of anti-VEGF as reported by Sen-
nino et al, but essentially recapitulated the previously
reported effects of sunitinib on tumour burden, inva-
siveness and metastasis in a similar PNET model, with
a corresponding increase in tumour hypoxia assessed
by GLUT1 expression. Furthermore, the small increase
in macro-invasive lesions resulting from anti-VEGF

monoclonal therapy in our PNET model was distinct
from the marked changes induced by sunitinib treat-
ment and, more importantly, did not correlate with
increased hypoxia or metastasis. It is worth noting that
the baseline incidence of metastasis differs between our
RIP-TβAg model and the RIP-Tag PNET model, as
reported by both Paez-Ribes et al and Sennino et al.
The RIP-TβAg model shows rare metastases at late
stages, similar to previous reports documenting the
incidence of metastasis in RIP-Tag [42,43]. Therefore,
there appears to have been a drift in the RIP-Tag model
over time and across different laboratories, evidenced
by differences in observed metastases as well as median
survival [15,16,44,45]. How these acquired changes
may influence the response to various anti-angiogenics
is currently unclear and warrants further investigation.
Considering the recent approval of sunitinib for the
treatment of human PNET patients [46], a retrospec-
tive analysis of metastasis patterns in sunitinib-treated
PNET patients would clearly be of interest to the medi-
cal and research communities. In contrast to the PNET
model, sunitinib treatment was not efficacious in the
NSCLC GEMM at the same clinically relevant dose
[14,15] and did not impact the neoplastic vasculature,
disease invasiveness and metastatic incidence in this
model. These data are interesting in light of the lack of
clinical efficacy demonstrated with sorafenib in com-
bination with chemotherapy in human NSCLC, espe-
cially given the significant overlap between the target
kinase spectra of these two molecules (a similar Phase
III clinical trial with sunitinib is under way) [47].
Several studies have now shown that kinase in-

hibitors in the same class as sunitinib target pericytes
supporting the vasculature, due to their ability to inhibit
PDGFR-β signalling [48], and can also up-regulate
cMET expression; both of these processes may result in
increased metastasis [16,49,50]. Consistent with these
findings, Chung et al (submitted) have demonstrated
that, in contrast to anti-VEGF, various RTKIs alter
vessel integrity in normal endothelium and promote
extravasation, seeding and survival of intravenously
injected tumour cells within the lung niche. Thus, in the
case of RTKIs that target VEGFR-2, published work
and our findings support the hypothesis that morpho-
logical alterations in tumours do correlate with changes
in the tumour vasculature and an increased incidence
of metastasis. However, our results with anti-VEGF,
particularly in the PNET model, caution that this is not
a universal phenomenon and that changes in tumour
grade can be decoupled from alterations in the inci-
dence of metastases. Importantly, to the best of our
knowledge, no clinical study has yet found convincing
evidence that therapy with FDA-approved, anti-VEGF
pathway agents induces a more invasive appearance
in human tumours, with the possible exception of a
subset of glioblastoma multiforme [37]. Indeed, sev-
eral of the studies cited here, as well as our work,
have demonstrated that anti-angiogenic treatment can
change how tumour cells interact with the surrounding
milieu. This phenomenon is not unique to this class
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of drugs, as chemotherapy and other targeted therapies
have both been shown to mediate metastasis in cer-
tain preclinical models/contexts [8,51]. In contrast, the
recent observations that bevacizumab treatment may
provide a greater benefit for advanced ovarian cancer
patients at high risk for disease progression underscores
the importance of context for examining the conse-
quences of anti-angiogenic therapies [52].
The experiments and results described herein consist

of a comprehensive evaluation of anti-VEGF effects
on primary tumour growth, progression, invasiveness,
metastasis to different sites and overall survival in
a spectrum of well-validated GEMMs. These results
unequivocally demonstrate that anti-VEGF monoclonal
antibody therapy can be sustained without deleterious
consequences in a variety of translationally relevant
settings and treatment combinations. This work, along
with that of Chung et al (submitted), also demonstrates
that there are clear differences between the mechanisms
by which anti-VEGF monoclonal antibody therapy and
small-molecule RTKIs mediate their anti-angiogenic
and anti-tumour effects. Based on the evidence pre-
sented here and in other studies, it seems rather unlikely
that the acquisition of an invasive or metastatic pheno-
type in response to anti-VEGF treatment plays a major
role in mediating resistance, which could ultimately
limit therapeutic effectiveness.
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