
A combination of low-dose bevacizumab and
imatinib enhances vascular normalisation
without inducing extracellular matrix deposition
L M Schiffmann1,2,3, M Brunold4, M Liwschitz5, V Goede6, S Loges7, M Wroblewski7, A Quaas3,8, H Alakus2,3,
D Stippel2,3, C J Bruns2,3, M Hallek3,9, H Kashkar1,3, U T Hacker*,10,11 and O Coutelle1,3,9,11

1Cologne Excellence Cluster on Cellular Stress Responses in Aging-Associated Diseases (CECAD), Centre for Molecular Medicine
Cologne (CMMC) and Institute for Medical Microbiology, Immunology and Hygiene, University of Cologne, CECAD Research
Centre, Joseph-Stelzmann-Street 26, 50931 Cologne, Germany; 2Department of General, Visceral and Cancer Surgery, University
of Cologne, Kerpener Street 62, 50937 Cologne, Germany; 3Center for Integrated Oncology (CIO) Cologne-Bonn, Kerpener Street
62, Cologne 50924, Germany; 4Department of Internal Medicine III, St Vinzenz Hospital, Merheimer Street 221-223, 50733
Cologne, Germany; 5Department of Psychiatry, Psychotherapy and Psychosomatic Medicine, Evangelisches Krankenhaus Bergisch
Gladbach, Ferrenbergstr 24, 51465 Bergisch Gladbach, Germany; 6Department for Geriatric Medicine, St Marien Hospital,
Kunibertskloster 11-13, 50668 Cologne, Germany; 7Department of Tumor Biology, Center of Experimental Medicine, University
Medical Center Hamburg-Eppendorf, Hamburg, Germany; 8Institute for Pathology, University of Cologne, Kerpener Street 62,
50937 Cologne, Germany; 9Department I of Internal Medicine, University of Cologne, Kerpener Street 62, 50924 Cologne,
Germany and 10University Medicine Leipzig, University Cancer Center Leipzig (UCCL), Liebigstr 20, 04103 Leipzig, Germany

Background: Vascular endothelial growth factor (VEGF)-targeting drugs normalise the tumour vasculature and improve access for
chemotherapy. However, excessive VEGF inhibition fails to improve clinical outcome, and successive treatment cycles lead to
incremental extracellular matrix (ECM) deposition, which limits perfusion and drug delivery. We show here, that low-dose VEGF
inhibition augmented with PDGF-R inhibition leads to superior vascular normalisation without incremental ECM deposition thus
maintaining access for therapy.

Methods: Collagen IV expression was analysed in response to VEGF inhibition in liver metastasis of colorectal cancer (CRC)
patients, in syngeneic (Panc02) and xenograft tumours of human colorectal cancer cells (LS174T). The xenograft tumours were
treated with low (0.5mg kg� 1 body weight) or high (5mg kg� 1 body weight) doses of the anti-VEGF antibody bevacizumab with
or without the tyrosine kinase inhibitor imatinib. Changes in tumour growth, and vascular parameters, including microvessel
density, pericyte coverage, leakiness, hypoxia, perfusion, fraction of vessels with an open lumen, and type IV collagen deposition
were compared.

Results: ECM deposition was increased after standard VEGF inhibition in patients and tumour models. In contrast, treatment with
low-dose bevacizumab and imatinib produced similar growth inhibition without inducing detrimental collagen IV deposition,
leading to superior vascular normalisation, reduced leakiness, improved oxygenation, more open vessels that permit perfusion
and access for therapy.

Conclusions: Low-dose bevacizumab augmented by imatinib selects a mature, highly normalised and well perfused tumour
vasculature without inducing incremental ECM deposition that normally limits the effectiveness of VEGF targeting drugs.
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Since the introduction of the Vascular Endothelial Growth Factor
(VEGF)-antibody bevacizumab (Hurwitz et al, 2004), antiangio-
genic drugs targeting the VEGF pathway are an integral treatment
component for a number of solid tumour entities (Meadows and
Hurwitz, 2012). The permanent oversupply of pro-angiogenic
factors secreted by tumour and stromal cells induces pathological
changes in vessel structure and functionality. As a result, tumour
vessels are typically more immature, dysfunctional and leaky
compared with their normal blood vessels counterparts. This leads
to a raised interstitial fluid pressure (IFP), which reduces perfusion
and induces hypoxia, which further stimulates the tumour
microenvironment to release more pro-angiogenic cytokines
(Jain, 2014).

The elevated IFP in tumours represents a major obstacle
for the delivery of anticancer drugs (Heldin et al, 2004).
However, pharmacological inhibition of the VEGF pathway
can reverse many of these changes both in preclinical models
and in cancer patients (Willett et al, 2004; Winkler et al, 2004;
Huang et al, 2013). Mechanistically, VEGF inhibitors are
thought to ‘normalise’ the tumour vasculature and lower the
IFP by preferentially eliminating immature, leaky blood vessels.
Given that normalisation is a requirement for efficient access
of chemotherapy (Tong et al, 2004), in a large number of
tumour entities, VEGF inhibitors have been most successfully
deployed in combination with chemotherapy (Meadows and
Hurwitz, 2012).

Another parameter affecting the IFP, which has been linked to
tumour progression and metastasis, is the extracellular matrix
(ECM) content of tumours (Gilkes et al, 2014). Increased ECM
mass is associated with poor drug delivery and has been shown to
hinder macromolecules such as immunotherapy from penetrating
into the tumour centre (Netti et al, 2000). Conversely, depletion of
ECM can improve the delivery of macromolecules and chemother-
apy (Brown et al, 2003). Importantly, VEGF withdrawal itself has
recently been associated with increased deposition of ECM in
malignant tumours (Aguilera et al, 2014). While VEGF inhibition
induces the regression of vascular endothelial cells, ECM
components such as basement membranes and pericytes accumu-
late and provide a scaffold for rapid tumour vessel regrowth
when the VEGF blockade is interrupted or ineffective (Mancuso
et al, 2006).

We have recently demonstrated that such incremental matrix
deposition can be avoided by minimizing the dose of the VEGF
inhibitor bevacizumab in combination with blocking Ang-2-
driven angiogenesis in experimental tumour models (Coutelle
et al, 2015). The clinical data also indicate that anti-VEGF
therapy could adversely affect patient outcome. For example,
administration of bevacizumab at 15mg kg� 1 in non-small cell
lung cancer patients was associated with reduced perfusion and
uptake of chemotherapy (Van der Veldt et al, 2012). Further-
more, in colorectal cancer patients higher bevacizumab doses
(10mg kg� 1 vs 5mg kg� 1) in combination with chemotherapy
were found to be less efficient with respect to clinical outcome
(Kabbinavar et al, 2003). Yet surprisingly, little attention has
been paid to dose reductions of antiangiogenic therapy in clinical
practice.

The data from preclinical studies in murine tumour models
indicated that inhibition of the platelet-derived growth factor
(PDGF) axis can synergize with VEGF blockade (Bergers et al,
2003; Erber et al, 2004). Anti-PDGF therapy has been shown to
reduce tumour IFP both as monotherapy (Pietras et al, 2001) and
in combination with VEGF blockade (Klosowska-Wardega et al,
2009), translating into improved drug uptake in experimental
tumours (Pietras et al, 2002). Notably, synergistic effects on
tumour growth have been reported for dual inhibition of VEGF
and PDGF in particular, under conditions of submaximal VEGF
blockade (Kuhnert et al, 2008).

The tyrosine kinase inhibitor imatinib targets the PDGF-
Receptor (PDGF-R) signalling axis (Iqbal and Iqbal, 2014) and
Abl-kinase, and has proven antiangiogenic efficacy in mouse
tumour models as monotherapy or in combination with VEGF
inhibition. Imatinib treatment increased drug delivery by lowering
the IFP (Pietras et al, 2003; Falcon et al, 2011). In addition,
imatinib showed anti-fibrotic effects in mouse models of lung
fibrosis (Abdollahi et al, 2005) and breast cancer (Gioni et al,
2008). Here we use low-dose VEGF inhibition augmented with
PDGF-R inhibition in a xenograft mouse model to show that this
combination leads to superior vascular normalisation without
incurring incremental ECM deposition that normally limits the
effectiveness of VEGF targeting drugs.

MATERIALS AND METHODS

Animal tumour models. LS174T human colorectal cancer cells
were cultivated as described (Coutelle et al, 2015). Xenograft
tumours (LS174T) were generated by subcutaneous injecting of
cells (3� 106) into the flank region of 6–8-week-old female Balb/
cA nude mice (Charles River, Sulzfeld, Germany). Tumour growth
was monitored every other day. After palpable tumour develop-
ment, mice were randomized into groups of 6 animals each and
treatment was initiated. Mice received twice weekly intraperitoneal
injections of anti-human VEGF antibody bevacizumab (Roche
Pharma, Basel, Switzerland) at 5mg kg� 1 (B100) or 0.5mg kg� 1

body weight (B10) or imatinib mesylate (LC Laboratories, Woburn,
MA, USA), dissolved in water (daily intraperitoneally at 70mgkg� 1

body weight), or combinations thereof: B100/Ima or B10/Ima.
Tumour volume was calculated as length�width2� p/6.

A syngeneic subcutaneous mouse tumour model was genera-
ted by injection of 5� 105 murine pancreatic cancer cells
(Panc02) into the flank region of 7-week-old female C57Bl/6J
mice. After palpable tumour formation, animals were rando-
mised to receive 20mg kg� 1 DC101 or vehicle i.p. 3 times per
week for 14 days. Panc02 cells were cultivated in RPMI 1640
medium (10% FCS, 2mM L-glutamine, 100Uml� 1 penicillin,
100mgml� 1 streptomycin).

Ethics statement. All mouse studies were performed in accor-
dance with the German animal protection law as approved by local
government authorities. Animals were housed in the animal care
facility of the University of Cologne or the University Medical
Center Hamburg-Eppendorf under standard pathogen-free condi-
tions with a 12 h light/dark schedule and provided with food and
water ad libitum.

Patient samples. Liver metastases were collected at the University
Hospital of Cologne with written informed consent from patients
with metastatic colorectal cancer concurring with the Declaration
of Helsinki. Prior to undergoing surgical resection of liver
metastases, the patients had received either chemotherapy plus
bevacizumab or chemotherapy alone.

Immunohistochemistry. Murine tumour tissue samples were
snap-frozen and prepared for microscopical analyses as
described (Coutelle et al, 2015). As primary antibody for staining
of endothelial cells, pericytes and type IV collagen, rat
monoclonal anti-mouse CD31 antibody (PEACAM-1; 1 : 50;
clone MEC 13.3, BD Pharmingen, Heidelberg, Germany), Cy3-
conjugated mouse monoclonal anti-a-smooth muscle actin
antibody (1 : 100; a-smooth-muscle-actin (a-SMA) clone 1 A4,
Sigma-Aldrich, Munich, Germany), rabbit anti-mouse NG2
antibody (1 : 200; Millipore, Darmstadt, Germany) and rabbit
polyclonal anti-type IV collagen antibody (1 : 100; Clone ab6586,
Abcam, Cambridge, UK) were used, respectively. The CD31
antibody was detected by Alexa Fluor 488-conjugated polyclonal
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goat anti-rat antibody and the NG2 and collagen IV antibody
were detected by Alexa Fluor 594-conjugated goat anti-rabbit
antibody (1 : 500; Molecular Probes, Eugene, OR, USA). Immu-
nohistochemical staining of human paraffin-embedded tumour
sections was performed using the BOND MAX from Leica
(Wetzlar, Germany) according to the protocol of the manufac-
turers. As a primary antibody Collagen IV clone CIV 22 mouse
monoclonal, Dako (M0785; Glostrup, Denmark) at a dilution of
1 : 50 was used.

Vascular leakiness, hypoxia and perfusion studies. To assess vessel
leakiness FITC-dextran (MW 2000kDa; Sigma-Aldrich) was used,
while for hypoxia studies pimonidazole hydrochloride (Artimmune
Analytic GmbH, Kelkheim, Germany) was applied as previously
described in detail (Coutelle et al, 2015).

The formation of pimonidazole adducts in hypoxic tumour
areas was detected with a FITC monoclonal anti-pimonidazole
antibody (1 : 50; clone 4.3.11.3, Artimmune Analytic GmbH).
Hoechst 33342 (Sigma-Aldrich) was injected into the tail vein to
assess the effect of drug treatment on tumour vessel perfusion as
described previously (Coutelle et al, 2015).

Image acquisition and analysis. The MVD representing the
number of vessels examined in � 100 images of tumour sections
on 5–10 microscopic images per tumour was quantified as
previously described (Coutelle et al, 2015). Vessel size was
measured using ImageJ software (U.S. National Institutes of
Health, Bathesda, Maryland, USA, http://imagej.nih.gov/ij/) in 50
vessels per tumour from representative images of at least three
different tumours per group. a-SMA pericyte coverage (PC) was
quantified from 10–12 mm-thick z stacks of individual linear vessel
stretches with a diameter of at least 6 mm in tumour vascular
hotspots at � 600 magnification from sections stained for
CD31 and a-SMA as previously described in detail using ImageJ
(Coutelle et al, 2015). NG2 PC was estimated using the ImageJ
co-localisation plugin. PC represents the amount of co-localisation
of CD31 and PDGFR-b relative to the overall CD31 area density
(in � 100 images). Vessel leakiness was analysed in � 100 images
of tumours of FITC-dextran-injected mice and the fraction of leaky
vessels was determined as previously described.

For oxygen diffusion studies, � 40 multi-image alignments
(MIA) of tumour sections from pimonidazole injected mice with
CD31 co-staining were generated. The minimal Feret diameter
(‘halo diameter’) of oxygenated areas around vessels (identified
by negative pimonidazole immunoreactivity) was determined
with ImageJ software, expressing oxygen perfusion as described.
The hypoxic tumour fraction was calculated as the percentage of
pimonidazole immunoreactivity per whole tumour section, using
ImageJ. Non-viable/necrotic tumour areas were identified
visually as lacking the proliferation marker Ki67 and showing
non- specific or absent staining for 40,6-Diamidin-2-phenylindol
(DAPI) and manually outlined for quantification using Adobe
Photoshop (Adobe Systems Incorporated, San Jose, CA, USA).

The fraction of blood vessels with an open lumen was
determined from 5–10 microscopic images of tumour sections at
� 100 magnification from at least three tumours per group. The
fraction of open lumen vessels per overall vessel count was
calculated. Tumour perfusion with Hoechst-33342 was detected
in � 100 images of tumour sections from 3–7 tumours per
group. Hoechst immunoreactivity was analysed with ImageJ.
Hoechst penetration in closed vs open lumen vessels was
quantified by calculating the tissue penetration distance from
the vessel margin at different imageJ threshold levels. Relative
type IV collagen deposition was estimated by calculating the area
density of type IV collagen immunoreactivity per counted vessel
(MVD).

Statistical analysis. All results are expressed as average±standard
error of the mean (s.e.m.). Differences between experimental
groups were analysed by unpaired Student’s t-test or one-way
ANOVA for tumour growth curves. Pp0.05 was considered as
statistically significant.

RESULTS

We employed a xenograft tumour model of VEGF-expressing
human colorectal cancer cells (LS174T) to evaluate tumour
growth in response to PDGF-R blockade in the presence of
different degrees of VEGF inhibition by using the VEGF
antibody bevacizumab at 5mg kg� 1 (B100) or 0.5mg kg� 1

(B10). PDGF-R was inhibited by the tyrosine kinase inhibitor
imatinib either alone (Ima), or in combination with high or low
levels of VEGF inhibition (B100/Ima, B10/Ima). VEGF inhibi-
tion even at low doses (B10) reduced tumour growth by 50%,
whereas tumour growth was not significantly affected by PDGF-
R inhibition alone (Ima) compared to the vehicle-treated
controls. In contrast, dual inhibition with B10/Ima clearly
showed synergistic inhibitory effects with tumour growth being
reduced to just 20% of the controls. A similar level of tumour
reduction was otherwise achieved only by applying 10-fold
higher doses of either VEGF inhibition (B100) alone or in
combination with imatinib (B100/Ima). These findings suggest
synergistic effects of imatinib and low-dose bevacizumab
(Figure 1A).

Attenuation of tumour growth was accompanied by corre-
sponding changes in the microvascular density (MVD). Whereas
PDGF-R inhibition alone (Ima) had little impact on tumour
vascularity, low-dose VEGF inhibition (B10) produced a
significant reduction in MVD by 55% compared to controls.
The MVD was reduced even further to just 25% of the controls
by dual inhibition with B10/Ima. Comparable levels of reduction
in MVD were achieved only by applying 10-fold higher doses of
VEGF inhibition (B100) alone or in combination with PDGF-R
blockade (B100/Ima; Figure 1B and C). Analysis of the blood
vessel size and distribution showed that large diameter vessels
(4400 mm) were significantly overrepresented in the dual
targeting groups B10/Ima and B100/Ima, and to a lesser degree
in B10 and B100 groups (Figure 1D) when compared to controls
or imatinib treated tumours.

Together, these findings show a remarkable degree of synergism
in terms of tumour growth control and vessel reduction for low-
dose VEGF inhibition in combination with PDGF-R inhibition
(B10/Ima). The data also imply that changes in vessel morphology
occur under treatment (Figure 1).

Anti-angiogenic therapy is thought to preferentially eliminate
structurally immature leaky blood vessels with poor functionality
leading to a lower IFP, which in the clinical setting translates into
improved access for conventional chemotherapy. Following
antiangiogenic therapy, the remaining mature blood vessels are
typically well covered by stabilising pericytes. To assess the
maturation state, endothelial cells (CD31) and pericytes (a-SMA)
were stained in tumour sections. Blood vessels of control tumours
showed an intermediate level of SMA pericyte coverage (54%)
similar to the previously published data (Dang et al, 2008).
Compared with controls, no significant change in pericyte coverage
was observed upon inhibition of either VEGF (B10, B100) or
PDGF-R (Ima) alone. In sharp contrast, when PDGF-R and VEGF
inhibition were combined, the pericyte coverage increased
significantly: B100/Ima (69%), B10/Ima (74%; Figure 2A). Similar
results were obtained when the coverage of NG2-positive pericytes
was assessed (Supplementary Figure S1). These findings indicate a
selection bias towards a more mature vascular phenotype after dual
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inhibition. To confirm this, we evaluated vascular integrity by
assessing the permeability of the tumour vessels by injecting
fluorescent high molecular weight dextran into the tail vein of
tumour bearing mice. Nearly all of the blood vessels were leaking
dextran in the untreated control tumours, or those subjected to
monotherapy with Ima or B10. The fraction of leaky vessels was
moderately reduced in the B100 (78%) and B100/Ima (71%)
groups. In contrast, however, the B10/Ima group showed dextran
extravasation in only 37% of the vessels, confirming a strong
selection bias towards mature vessels with intact vascular barrier
function. In conclusion, dual inhibition with low-dose bevacizu-
mab and imatinib (B10/Ima) promoted a level of vascular
normalisation in the tumours that was not otherwise achievable
by VEGF inhibition even at the higher doses typically applied in
the clinical setting (Figure 2B).

Given the improvements in barrier function in the B10/Ima-
treated tumour vasculature, we next investigated if these changes
also promoted oxygen penetration into the tumour tissue. To this
end, the hypoxic tumour areas were visualised with FITC-
labelled monoclonal anti-pimonidazole antibody. The distance
from the centre of individual blood vessel to the hypoxic rim
surrounding them was measured for multiple vessels in each
treatment group. Remarkably, local tissue oxygenation was
significantly increased in the B10/Ima-treated tumours but not
in any of the other treatment groups. The distance from the
blood vessel centre to the surrounding hypoxic rim nearly
doubled in the B10/Ima tumours compared to the B100 and
B100/Ima groups (Figure 3A and B). Furthermore, despite a
similar reduction in MVD and similar level of tumour hypoxia,
the area of necrosis remained significantly lower in the B10/Ima
group. This is consistent with the improved barrier function of

the vessels, leading to increased perfusion depth and reduced
tissue necrosis (Figure 3C and D). Furthermore, the fraction of
open lumen vessels was significantly increased in the B10/Ima
group compared with untreated control tumours. The fraction of
decompressed (open) vessels nearly doubled in the B10/Ima or
imatinib only treatment (Ima) group, whereas VEGF inhibition
alone had no significant impact on the fraction of open blood
vessels (Figure 4A). To explore if the increase in open lumen
vessels was also associated with better access of the fluorescent
dye Hoechst-H33342 (H33342)–an established surrogate marker
for the delivery of chemotherapy (Morgan et al, 1989)–we
intravenously injected H33342 into tumour-bearing mice.
Indeed, H33342 penetration was significantly better in open
than compressed vessels (Figure 4C). H33342 perfusion adjusted
for vessel density was best in the B10/Ima tumours (Figure 4B).

Increased ECM deposition is thought to lead to elevated
mechanical intra-tumoural compression (Jain et al, 2014). As a key
ECM component, the type IV collagen immunoreactivity increased
dramatically in response to VEGF inhibition: more than two-fold
after B10 and more than three-fold after B100 treatment compared
to controls (Supplementary Figure S2D and E). Remarkably, the
increase in ECM deposition associated with VEGF inhibition could
largely be avoided in the B10/Ima group. Although imatinib
treatment alone had no effect on type IV collagen deposition, dual
inhibition reduced type IV collagen deposition by 50% in the B10/
Ima group–comparable to untreated controls (Supplementary
Figure S2D and E). Together, our findings suggest, that intra-
tumoural matrix deposition can be effectively reduced by low-dose
VEGF inhibition in combination with PDGF-R blockade and that
the reduced intra-tumoural pressure leads to more open vessels
(Figure 4A) and better access for therapeutics (Figure 4B).
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histological tumour sections after 18 days of treatment. Overall, the reduction in MVD in the treatment groups mirrors their growth kinetics. Vessel
size distribution is shifted towards larger vessels in the B10/Ima group. Magnification: � 100. Symbols above individual bars indicate statistical
significance vs the control group. Symbols above brackets indicate the statistical significance between these groups; *Pp0.05, **Pp0.01, n.s. not
significant (P40.05), statistical significance between xenograft growth curves was determined by ANOVA followed by Bonferroni post hoc test.
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To further substantiate these findings, we carried out a time
course analysis of type IV collagen deposition on days 10, 14 and
18 of treatment. The B100 and B100/Ima groups already showed
more than twice as much type IV collagen deposition as controls
during early treatment stages (day 10), which increased even
further by day 18. In contrast collagen IV deposition in the B10/
Ima group started from a much lower early level and continued to
decline to the level found in the controls by day 18 of treatment.
These data suggest that low-dose VEGF inhibition in combination
with imatinib not only limits the initial deposition of type IV
collagen but importantly prevents its incremental accumulation
during successive treatment cycles of VEGF inhibition thus
keeping the tumour accessible for therapy (Figure 5A). To exclude
the possibility that type IV collagen deposition following VEGF
inhibition is due to the selected xenograft tumour model or the
specific anti-VEGF antibody (bevacizumab), we also analysed type
IV collagen in resected liver metastasis of colorectal cancer patients
(n¼ 6) who were preoperatively treated with conventional
chemotherapy in combination with or without bevacizumab. In
addition, we analysed collagen IV in a second syngenic mouse
pancreatic carcinoma model (Panc02) after treatment with DC101,

an antibody directed specifically against murine VEGF-receptor 2.
Our analyses show a significant increase in intratumoural type IV
collagen following VEGF inhibition, both in the liver metastasis of
colorectal cancer patients as well as the Panc02 tumour model
(Figure 5B and Supplementary Figure S2A–C). These data provide
compelling evidence that VEGF blockade promotes a dose-
dependent collagen IV deposition in murine tumour models that
can be effectively prevented by a combination of low-dose VEGF
inhibition and PDGFR inhibition with important clinical implica-
tions in colorectal cancer patients.

DISCUSSION

Vascular endothelial growth factor-targeting drugs preferentially
eliminate immature tumour vessels, leading to a reduction in the
IFP, improved perfusion and access for therapeutics. However,
there is a narrow therapeutic window beyond which excessive
VEGF inhibition will result in insufficient perfusion and drug
delivery, hypoxia, necrosis and rebound angiogenesis. Clinical
evidence supports the concept of the therapeutic window.
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Nevertheless, little attention has been paid to the impact of
different levels of VEGF inhibition despite clinical data showing
that increasing doses of VEGF inhibition fail to improve clinical
outcome (Kabbinavar et al, 2003). Furthermore, effective long term
control over tumour growth, requires repeated cycles of
chemotherapy and VEGF inhibition, leading to incremental
deposition of extracellular matrix components after each treatment
cycle. As the work of Mancuso has shown, tumour vessel
regression following VEGF inhibition leaves empty sleeves of
basement membranes and pericytes that facilitate rapid tumour
revascularisation (Mancuso et al, 2006). These accumulating ECM
components also contribute to a raised IFP that limits efficient
drug delivery, and ultimately drug resistance.

Although multiple tyrosine kinase inhibitors (TKI) such as
sunitinib, targeting both VEGF and PDGF-R, have previously been
shown to contribute to a lower IFP, higher intra-tumoural blood
flow and increased delivery of anti-cancer drugs (Bergers et al,
2003; Erber et al, 2004; Czabanka et al, 2009; Klosowska-Wardega
et al, 2009) in clinical trials sunitinib failed to improve outcome in
metastatic colorectal cancer patients both as monotherapy (Saltz
et al, 2007) or in combination with chemotherapy (Carrato et al,
2013; Hecht et al, 2015). Considering that the fixed ratio of
affinities for the respective receptor targets VEGFR and PDGF-R
might be suboptimal to achieve overall efficiency, we here used
bevacizumab and imatinib to independently control the degree of
VEGF and PDGF-inhibition in a xenograft tumour model. Our

observation that dual anti-VEGF therapy and PDGF-R inhibition
normalises tumour vasculature is not new and corroborates
previous reports (Czabanka et al, 2009; Klosowska-Wardega
et al, 2009). However, the present study adds to these findings
by demonstrating that low-dose VEGF blockade is superior
to high-dose VEGF blockade when combined with PDGF-R
inhibition in terms of vascular normalisation and ECM matrix
deposition. Importantly compared to high doses of VEGF
inhibition (B100 and B100/Ima) the combination of B10/Ima
selects for a more mature vessel phenotype with improved barrier
function and an increase of local tissue oxygenation (Figures 2 and 3).
VEGF inhibition has previously been shown to contribute to the
accumulation of ECM and to exert pro-fibrotic properties in vitro
and in vivo (Kang and Johnson, 2003; Zhang et al, 2015). For
example, loss or reduction of VEGF expression in mouse models of
pulmonary and renal disease was associated with increased fibrosis
in the lung (Stockmann et al, 2010) and renal interstitial fibrosis
(Kang and Johnson, 2003). In line with these reports, our data
confirm that type IV collagen deposition is increased in response to
VEGF inhibition (B100) (Figure 5A). We here show for the first
time that this increase in ECM deposition can be avoided by
applying the combination of low-dose bevacizumab and imatinib.
Critically, this ECM reduction is achieved without compromising
vascular normalisation and is accompanied by physical evidence of
vascular decompression as illustrated by an increased fraction of
blood vessels with an open lumen (Figure 4). Indeed, vascular
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decompression has previously been reported in response to
significantly reduced intra-tumoural collagen content (Chauhan
et al, 2013). From a therapeutic perspective, it is important to note
that the degree of decompression correlates with increased
Hoechst-H33342 perfusion (Figure 4B and C), an established
surrogate marker for the delivery of chemotherapy (Morgan et al,
1989). Furthermore, the benefit in terms of reduced ECM
deposition in the B10/Ima vs B100 treatment group continues to
get bigger with successive treatment cycles as our time course
analysis shows (Figure 5A). Finally, the deposition of ECM,
including type IV collagen in response to VEGF inhibition occurs
independently of the tumour model and specific type of VEGF
inhibitor used and clearly has physiological relevance. Our data
demonstrate that in liver metastases of colorectal cancer patients
who received previous bevacizumab-containing treatment type IV
collagen deposition was significantly upregulated compared with
those that had received chemotherapy only (Figure 5B). This
observation highlights the clinical relevance of our preclinical data

and encourages further investigation into the potential impact of
bevacizumab induced stromal changes in patients.

Given that collagen deposition after VEGF withdrawal repre-
sents an important obstacle to effective and long-term therapy, it
will be important to further elucidate the interaction between
PDGF-R and VEGFR inhibition. Work by Greenberg et al
(Greenberg et al, 2008) indicates that in pericytes PDGF-R
signalling is inhibited by activated VEGFR through the formation
of an inhibitory receptor complex. Conceivably, high (but not
low)-dose VEGF inhibition would leave PDGF-R signalling in
pericytes unopposed, leading to excessive type IV collagen
basement membrane deposition. Whether the Abl-kinase inhibit-
ing activity of imatinib also contributes to the anti-fibrotic effects
of this drug combination remains speculative (Aono et al, 2005;
Gioni et al, 2008; Akhmetshina et al, 2009).

In summary, the present study provides evidence that reduced
doses of anti-VEGF therapy in combination with imatinib can
achieve superior levels of vascular normalisation without inducing
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ECM deposition, which is typically observed after VEGF inhibi-
tion. Our findings have potential implications for the judicial
dosing of VEGF-targeting drugs and their clinical combination
with PDGF-R inhibitors, and further highlight the need for
radiologic, histologic or serum biomarkers to monitor and
individually adjust antiangiogenic therapy.
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