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Abstract

Current treatment for metastatic disease targets angiogenesis. With the increasing data demonstrating that cancer
cells do not entirely rely on angiogenesis but hijack the existing vasculature through mechanisms such as co-
option of existing blood vessels, identification of targets has become of utmost importance. Our study looks at the
vasculature of chemona€ıve and treated colorectal carcinoma liver metastases (CRCLMs) to obtain a basic under-
standing of the microvessel density, type of vasculature (mature versus immature), and correlation with histopath-
ological growth patterns that demonstrate unique patterns of angiogenesis. We performed immunohistochemistry
on chemona€ıve sections of desmoplastic histopathological growth pattern (DHGP) and replacement histopathologi-
cal growth patterns (RHGP) lesions with CD31 [endothelial cell (EC) marker] and CD34/Ki67 double staining, which
denotes proliferating ECs. The CD31 stains demonstrated a lower microvascular CD31 1ve capillary density in the
DHGP versus RHGP lesions; and integrating both immunostains with CD34/Ki67 staining on serial sections revealed
proliferating vessels in DHGP lesions and co-option of mature existing blood vessels in RHGP lesions. Interestingly,
upon treatment with chemotherapy and bevacizumab, the RHGP lesions showed no necrosis whereas the DHGP
lesions had almost 100% necrosis of the cancer cells and in most cases there was a single layer of viable cancer
cells, just under or within the desmoplastic ring. The survival of these cells may be directly related to spatial loca-
tion and possibly a different microenvironment, which may involve adhesion to different extracellular matrix com-
ponents and/or different oxygen/nutrient availability. This remains to be elucidated. We provide evidence that
DHGP CRCLMs obtain their blood supply via sprouting angiogenesis whereas RHGP lesions obtain their blood sup-
ply via co-option of existing vasculature. Furthermore current treatment regimens do not affect RHGP lesions and
although they kill the majority of the cancer cells in DHGP lesions, there are cells surviving within or adjacent to
the desmoplastic ring which could potentially give rise to a growing lesion.
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Introduction

Colorectal carcinoma (CRC) remains the second
leading cause of cancer death in the western world
[1]. Over 50% of CRC patients develop liver metas-
tases (LM) and 90% will die from metastatic disease
[2]. Surgical resection of colorectal carcinoma liver
metastases (CRCLMs) remains the only therapy
resulting in 5-year survival rates of up to 50% and

offers the possibility of a cure [3]. Unfortunately,
only 20% of the patients with CRCLM are eligible
for liver resection. For the remaining 80% of patients
with unresectable CRCLM, treatment goals include
achieving disease control, prolonging survival, and
palliation of symptoms.
One of the well-defined hallmarks of cancer is the

capacity to promote new blood vessel formation, a
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process called angiogenesis [4]. However, this con-
cept has been recently challenged as increasing evi-
dence demonstrates that tumours are able to progress
without angiogenesis by exploiting pre-existing ves-
sels, using co-option [5]. Importantly, vessel co-
option has been implicated in mediating resistance to
anti-angiogenics [anti-vascular endothelial growth
factor (VEGF)] in preclinical models of glioblastoma
[6], hepatocellular carcinoma [7], melanoma brain
metastases [8], lung metastases [9] and glioblastoma
patients [10,11] and is also supported by our work in
patients with CRCLM [12]. The first angiogenic
inhibitor to be approved by the U.S. Food and Drug
Administration was an anti-VEGF humanized mono-
clonal antibody (Bevacizumab: Bev), in combination
with chemotherapy and was demonstrated to increase
overall survival (OS) in first line treatment of meta-
static colorectal cancer [2]. Trials with bevacizumab
in combination with modern chemotherapy (FOL-
FOX and FOLFIRI) have been able to show
increased progression-free survival but no difference
in OS. Furthermore, clinical trials assessing the bene-
fit of adjuvant therapy demonstrated disease progres-
sion in the majority of patients.
As evidence accumulates that vessel co-option is

important in tumour progression [5], it becomes
important to fully characterize the vascularization of
cancer cells. The liver vascular architecture is unique,
characterized by a sinusoidal network of vessels. The
sinusoids are lined with fenestrated endothelium that
has no basement membrane (space of Disse) and
stands off from the underlying hepatocytes allowing
space for the plasma to interact with the hepatocytes
and hepatic stellate cells (the pericytes of the liver)
[13].
Vermeulen et al describe three distinct histopatho-

logical growth patterns (HGPs) in CRCLM, each
associated with distinct patterns of angiogenesis,
recruitment and activation of host cells, and local
invasion and growth [14]. They have been designated
(1) the desmoplastic HGP (DHGP) characterized by
a desmoplastic stroma at the interface of the metasta-
ses and liver parenchyma and no direct contact
between the tumour cells and the hepatocytes; (2) the
pushing HGP (PHGP) where liver cell plates are
pushed aside by the growing tumour and run in par-
allel with the circumference of the metastases at the
tumour-liver parenchyma interface and (3) the
replacement HGP (RHGP) where tumour cells are
replacing parenchymal cells in the liver plates. These
HGPs can be assessed reproducibly on an H&E sec-
tion according to international guidelines [15].
Although these HGPs have been identified as early
as 1987 and infiltrative tumours were shown to have

a worse prognosis [16], the biological explanation for
the existence of the different HGPs remains unknown
although some hypotheses have been put forward
[15,17,18]. We have recently reported [12] in
CRCLMs resected from patients that: (a) vessel co-
option was the predominant mechanism of vasculari-
zation in approximately 40% of the lesions we exam-
ined, (b) metastases that utilize vessel co-option
responded poorly to chemotherapy1 bevacizumab,
(c) vessel co-option was more prevalent in patients
who progressed following treatment with chemother-
apy1 bevacizumab, and (d) patients with metastases
that utilized vessel co-option obtained less clinical
benefit from chemotherapy1 bevacizumab in terms
of OS.
A number of studies [14,19] have evaluated the

vascularity in CRCLMs from patients who received
neo-adjuvant chemotherapy with or without bevacizu-
mab and related these findings to the HGP of the
LM. These studies however were focused on investi-
gating the effect of treatment on viability and vascu-
larization of LMs and did not characterize the type
of vasculature (immature versus mature vessels) and
the effect of treatment. The present study undertook
to characterize and quantify the mechanisms of vas-
cularity of CRCLM lesions, stratified by HGP and
the effect of current treatment regimens.

Materials and methods

Standard protocol approvals, registrations, and
patient consent

The study was done in accordance with the guide-
lines approved by McGill University Health Centre
(MUHC) Institutional Review Board (IRB). Prior
written informed consent was obtained from all the
subjects to participate in the study (protocol: SDR-
11-066).

Clinical data

This study included a total of 50 lesions from 50
patients. Resections were performed between Novem-
ber 2011 and July 2014. Clinical data were collected
for each patient through the locally established hospi-
tal database and medical records. Included within the
data are demographics, primary and metastatic dis-
ease characteristics, relevant laboratory results, chem-
otherapy and comorbidities. The median age of
diagnosis was 63 (range 31–81) years. Rectal carci-
noma accounted for 34% of the cases. Approximately
two-thirds (64%) of the patients had synchronous
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liver metastasis (developed metastasis within a year

of diagnosing the primary tumour). Twenty lesions

(11 DHGP and 9 RHGP) were chemona€ıve, 10

lesions (5 DHGP and 5 RHGP) received chemother-

apy, and 20 lesions (10 DHGP and 10 RHGP)

received chemotherapy1 bevacizumab, with an aver-

age of seven cycles (range 3–28). Estimated 1 and 3-
year OS is 100 and 82.6%, respectively. Twenty-

seven (54%) patients had recurrence in the liver, with

estimated 1 and 3-year disease-free survival 49.9 and

44.4%, respectively (26.5 months mean follow up

duration).

Tissue sample acquisition

Informed consent was obtained from all patients through

the MUHC Liver Disease Biobank (LDB: MUHC

research ethics board approved protocol). Surgical speci-

mens were procured and released to the Biobank immedi-

ately after the pathologist’s confirmation of carcinoma

and surgical margins. All mouse LM samples (splenic

injections of Lewis Lung, MC38, CT26 into their synge-

neic mouse strain) were a kind gift from Dr. Pnina Brodt

and their generation described elsewhere [20].

Immunohistochemical staining

Formalin-fixed paraffin-embedded (FFPE) human

CRCLM resected blocks and mouse livers with meta-

static disease (blocks provided by Dr. Pnina Brodt)

were used for this study. Serial sections 4-lm thick

were cut from each FFPE block, mounted on charged

glass slides (Superfrost Plus; Fisher Scientific, Wal-

tham, MA, USA), and baked at 60 8C for 1 h prior to

staining. Hematoxylin and eosin (H&E)-stained sec-

tions were prepared from all cases for an initial histo-

pathological assessment.
Immunohistochemical (IHC) staining was performed

using the Ventana BenchMark LT fully automated

machine (Ventana Medical System Inc. AZ, USA) and

stained for CD31(1:10; Monoclonal Mouse Anti-Human

CD31, clone JC70A, Dako);VEGFA (prediluted; Mono-

clonal Rabbit Anti-Human VEGFA, clone SP28,

Abcam), alpha SMA1 (1:100; Monoclonal Mouse Anti-

Human Smooth Muscle Actin, Clone 1A4, Dako), and

the combination of Ki67 (1:400; Rabbit Anti-Human

Ki67; Thermofisher) and CD34 (1:100; Monoclonal

Mouse Anti-Human CD34, clone QBEnd-10, Dako)

using extended antigen retrieval (CC1 buffer).

Histopathological analysis and scoring

Histopathology scoring of the growth patterns was

performed using the consensus guidelines [15]. All

slides were scanned at 403 magnification using the
Aperio AT Turbo system.
We evaluated microvascular density (MVD) in all

lesions by staining with CD31, an endothelial cell
(EC) marker that stains all ECs, both proliferating
and those found in the sinusoidal blood vessels.
Images were viewed using the Aperio ImageScope
ver.11.2.0.780 software program for scoring analysis
and assessment of signals. The positivity [Total num-
ber of positive pixels divided by total number of pix-
els: (NTotal – Nn)/(NTotal)] was assessed with an
Aperio ScanScope (Aperio Technologies Inc., Vista,
CA), ImageScope software, and an optimized algo-
rithm (positive pixel count V9, Aperio, Inc.). Inde-
pendent scoring by two people showed very high
concordance for final CD31 scoring and classification
(kappa statistic5 0.941). The presence and distribu-
tion of the number of vessels was performed by ana-
lyzing four different regions, representing the central
tumour (CT), peripheral tumour (PT), adjacent nor-
mal liver (AN), and distal normal. We randomly
selected three areas for each region (supplementary
material, Figure S1). We scored serial sections
stained with VEGFA in a similar way to CD31 stain-
ing and quantitation.
To evaluate the type of vessels, we performed dou-

ble staining using CD34 and Ki67. This allowed us
to identify proliferating cells and by combining this
with CD34 we could quantitate new vessels and not
the existing ECs in the sinusoidal blood vessels, as
CD34 does not stain liver sinusoidal ECs. In addi-
tion, we stained with alpha-SMA1 to identify mature
vessels, which express this antigen, compared to
immature (proliferating vessels) that lack this stain-
ing. It has been demonstrated that co-opted sinusoidal
blood vessels become CD34 positive when they are
more central in the metastasis with RHGP [21].
Therefore we focused on the interface to evaluate
proliferating vessels that stained positive for both
CD34 and Ki67. In order to quantitate proliferating
tumour cells, we used the Aperio Nuclear V9 Algo-
rithm, which measures area and intensity of nuclear
staining. The number of proliferating cells in addition
to the intensity of staining was quantitated.
Our analysis was performed on chemona€ıve, chem-

otherapy only, and chemotherapy1 bevacizumab-
treated lesions. It is important to note that the chemo-
therapy1 bevacizumab DHGP lesions had very few
to no viable tumour cells (supplementary material,
Table S1) and therefore we could not quantitate the
central or PT vascularity. For this reason, we quanti-
tated the vascularity within the desmoplastic ring to
characterize the type of vessels present and under-
stand the effect of treatment.
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Statistical analysis

Statistical analysis was performed with a two-tailed

Fisher’s exact test or a two-tailed Student’s t-test.
P values of <0.05 were considered to be significant.

Results

Microvessel density in CRCLM is associated with
HGP

Microvessel density was evaluated by the positivity index

of CD31-immunostained CRCLM tissue sections using the

image analysis software ImageScope. Representative

images of the CD31-immunostained CRCLM are given in
Figure 1. In the RHGP CRCLMs, a high density of blood

vessels can be observed, especially at the interface of the
metastasis with the adjacent liver tissue (Figure 1B,D,F and
supplementarymaterial, Figure S2). At this interface, capil-
laries in the RHGP metastases are often in continuum with
the sinusoidal blood vessels of the liver parenchyma which
indicates vessel co-option as a means of vascularization
(high-magnification insets of Figure 1B,D,F). In CRCLM
with a DHGP, there is no morphological evidence that the
capillaries connect to sinusoidal blood vessels of the adja-
cent liver. Instead, the capillaries in the DHGPLM connect
to blood vessels of the arteriole-type, indicative of sprouting
angiogenesis as ameans of tumour vascularization.
Although different areas were selected for scoring

(supplementary material, Figure S1), in order to
assess MVD, the averages of all areas were taken
and represented in Figure 2. Independent of whether

Figure 1. Microvessel density of desmoplastic histopathological growth pattern (DHGP) versus replacement histopathological growth
pattern (RHGP) using CD31 Ab. Tumour sections were stained with an antibody detecting CD31, an endothelial cell marker. Represen-
tative low-magnification images of CD31 stained lesions are shown from each of the groups analyzed. Two insets are shown for each
image at high magnification indicating adjacent liver staining and peripheral tumour staining. (A, C, E) DHGP lesions stained with
CD31 (red): (B, D, F) RHGP lesions stained with CD31 (red). Top panels (A, B) represent chemona€ıve samples; Middle panels (C, D)
represent chemotherapy-treated samples; Bottom panels (E, F) represent chemotherapy1 Bev-treated samples.
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systemic treatment was given prior to resection,
MVD was always significantly higher in CRCLMs
with RHGP when compared with DHGP CRCLMs
(Figure 2).
It should be noted that MVD was measured in viable

tumour areas. Although there was a noticeable reduc-
tion in viable tumour cells in the group of DHGP
metastases treated with chemotherapy (supplementary
material, Table S1), MVD was not different when the
untreated DHGP CRCLMs were compared with DHGP
CRCLMs with chemotherapy prior to resection (Figure
2). There was, however, a significantly lower MVD in
the group of DHGP CRCLMs that underwent combina-
tion treatment with chemotherapy and bevacizumab.
This may indicate that bevacizumab is very effective at
targeting angiogenesis in these lesions (supplementary
material, Table S1) upon response to treatment.
In the DHGP CRCLMs with necrosis, surviving

carcinoma cells were found to be present under the
desmoplastic rim, which was not affected by treat-
ment. In some cases, small RHGP areas of viable
tumour grew out of these desmoplastic metastases
into the liver parenchyma (Figure 3B1 and B2).
The group of RHGP metastases treated with chemo-

therapy before resection had a significantly lower
MVD than the group of chemona€ıve RHGP CRCLMs.
MVD in the chemotherapy1 bevacizumab group did
not significantly differ from MVD in the other groups.

Moreover, no differences in the amount of necrosis
were noticed when comparing the three groups of
RHGP CRCLMs (supplementary material, Table S1).

DHGP lesions have a greater dependency on
angiogenesis and RHGP lesions use co-option
(continuity with sinusoidal network)

To assess if the vessels observed were mature (resting) or
immature (proliferating), we stained serial sections with
CD34/Ki67 and alpha-SMA1 (Figure 4). In the early
stage of angiogenesis, the formation of new vessels has
no external layer of perivascular cells and is therefore
negative for alpha-SMA1. Figure 5 demonstrates the dif-
ferences in the number of proliferating (CD341/Ki671)
blood vessels in the CRCLMs. Clearly, in chemona€ıve
samples the DHGP metastases have a significantly
(p> 0.0005) higher number of proliferating blood vessels
than the RHGP lesions. Once the lesions are treated, we
see a significant decrease in proliferating vessels in the
DHGP lesions (p> 0.0005), however the RHGP lesions
are not significantly different between the treatment
groups. Since there were very few viable cells in the
chemotherapy1 bevacizumab-treated DHGP lesions, we
could not grade the number of proliferating vessels.
When assessing the type of vessels present after

treatment, the DHGP lesions have a significantly
(p< 0.05) reduced number of proliferating blood ves-
sels (Figures 4C,E and 5) after chemotherapy. The
absence of proliferating and resting vessels after

Figure 2. Quantitation of microvessel density using CD31 IHC.
Quantification of CD311 staining (three areas per tissue type:
tumour versus normal) was performed using Aperio software
and positive pixels were quantified and are expressed as percent
positive pixels 310 (mean1 SD). Both DHGP and RHGP had the
following sample sizes: Chemonaive samples: n5 10, Chemo-
therapy samples: n5 5, Chemotherapy1Bev samples: n5 7.
Bev5 bevacizumab.

Figure 3. Replacement histopathological growth pattern (RHGP)
lesions emerging from desmoplastic histopathological growth pat-
tern (DHGP) lesions. Serial sections were stained with hematoxylin
and eosin to visualize tissue architecture. (A–C) Three CRCLM
DHGP lesions treated with Chemotherapy1Bev. Representative
low magnifications (A1, B1, C1) and high magnifications (A2, B2,
C2) are shown for designated areas. CRCLM5 colorectal carci-
noma liver metastasis; Bev5 bevacizumab.
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treatment with chemotherapy1 bevacizumab of

DHGP lesions is due to the lack of viable tumour

cells present after treatment and therefore cannot be

assessed.
Current standard of care treats CRCLM patients with

chemotherapy1 bevacizumab. Since bevacizumab blocks

the effect of VEGF-A, we stained all lesions with VEGF-A

and assessed the expression between the two HGPs. Since

DHGP lesions respond to treatment, one would expect that

these lesions would express higher levels of VEGF-A. This

was not the case. Upon staining chemona€ıve samples with

VEGFA, we observed no difference in expression (supple-

mentary material, Figure S2A, B). Upon treatment, we also

observed no difference in VEGF-A staining between the
twoHGPs (supplementarymaterial, Figure S2C, D).

Syngeneic animal models of liver metastasis do
not represent the diverse histopathological types
of human liver lesions

We often compare human tissue samples with animal

model samples. However, to effectively use these mod-

els, we must ensure that they resemble the human

tissue. For this reason, we have characterized the vas-
culature of LM lesions from different metastatic animal
models. It is anticipated that this approach can reveal
new mechanistic understanding of basic cancer biology
and be complementary to translational application of
discoveries aimed at drug screening, target identifica-
tion, and biomarker discovery.
When assessing H&E slides of liver lesions from

the splenic injections of Lewis Lung, MC38 and
CT26 cell lines into syngeneic mice, we identified
the following growth patterns, respectively: 100%
RHGP, 70% RHGP/30% PHGP, and 80% RHGP/
20% PHGP (Figure 6A–C). To date, none of the liver
metastatic models examined represent the DHGP
unless we genetically modify the line as we have
done in our previous work [12].

Discussion

The importance of MVD in CRC has been controver-
sial. Correlation between a high MVD and a poor
prognosis has been observed in several studies

Figure 4. Identification of vessel type based on immunohistochemical staining. Chemona€ıve samples demonstrating mature, and
immature (proliferating) vessels. Serial sections of both RHGP and DHGP lesions are presented stained for CD31 (panels A, D, G);
alpha-SMA1 (panels B, E, H); CD34 (red: endothelial cells); and Ki67 (brown: cell proliferation: (panels C, F, I). For the DHGP lesion, a
higher magnification is shown demonstrating the different types of vessel. (A, D) DHGP lesions stained with CD31 (red); (G) RHGP
lesion stained with CD31 (red): (B, E) DHGP lesions stained with alpha-SMA1 (red); (H) RHGP lesions stained with alpha-SMA1 (red);
(C, F) DHGP lesions costained with CD34/Ki67 (red/brown); (I) RHGP lesions costained with CD34/Ki67 (red/brown).
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[21–23] while a single study described that a high
MVD correlated with a superior survival [24]. How-
ever, in those studies the MVDs of the CRCLMs
were not investigated in detail in relation to lesions
that responded to treatment and those that did not.
Our data demonstrate that stratification of lesions
based on HGP clearly shows that RHGP lesions have
a higher density of vasculature than DHGP lesions,
consisting of mainly nonproliferating vessels covered
by pericytes. In contrast, there are significantly more
proliferating vessels in DHGP than in RHGP lesions.
Furthermore in chemotherapy 1 bevacizumab treated
lesions there is only a minimal reduction in the num-
ber of vessels in RHGP lesions but there is a dramatic
reduction of vessels in the DHGP lesions, which dem-
onstrates the effectiveness of angiogenic inhibitors
(AI) on DHGP lesions compared to RHGP lesions.
Our findings demonstrate that, although lesions

respond differently to AIs [12] and can thus be strati-
fied by HGP to describe this response, the lesion
adopting its vasculature via co-option and not angio-
genesis possibly drives the “resistance” as seen by (i)
the absence of proliferating vessels in treated sam-
ples; (ii) the presence of tumour cells just under the
desmoplastic ring and within the ring after treatment

in the absence of proliferating vessels; and (iii) the
outgrowth of tumour cells taking on a RHGP in
treated samples. As RHGP lesions grow, the majority
of the tumour cells are fed through the “endogenous”
vasculature, via the sinusoidal capillary network,
demonstrating that an invasive growth pattern that
facilitates vessel co-option (RHGP) is an important
and clinically relevant mechanism of resistance to
anti-angiogenic therapy in CRCLM.
After analysis of 250 CRCLM cases, we have

observed that patients who present with multiple
lesions will have either all DHGP lesions, all RHGP
lesions or, in about 10% of cases, two types of
lesion, one DHGP and one RHGP (data not shown).
This raises the question of what treatment would be
best for these patients. Clearly, since OS is worse in
RHGP patients [25] then treatment that would benefit
the lesion with the worse outcome should be used.
Identifying targets that could treat both HGPs remain
to be elucidated.
Based on these findings, we can understand why

AI effectively treats DHGPs, with their proliferating
vessels, and have no or a minor effect on RHGPs,

Figure 5. Quantification of vessel type based on CD34/Ki67
immunohistochemistry. Quantification of mature vessels was
performed manually by counting the number of vessels that
were CD341 only. Proliferating vessels were quantitated man-
ually by counting the number of vessels that were CD341/
Ki671. All analysis was done using three areas within the
tumour and three areas within the normal tissue by two inde-
pendent people. Both DHGP and RHGP had the following sample
sizes: Chemonaive samples: n5 10, Chemotherapy samples:
n5 5, Chemotherapy1 Bev samples: n5 7. Bev5 bevacizumab.

Figure 6. Characterization of mouse models of liver metastasis
(Lewis Lung, MC-38 and CT-26 cell lines). Representative low-
magnification images of H&E stained lesions are shown from
each of the groups analyzed. Two insets are shown for each
image at high magnification indicating adjacent liver and
peripheral tumour.
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composed of mature vessels. Surprisingly, both
lesions demonstrate similar levels of VEGF-A, the
target for the AI bevacizumab, staining primarily
tumour cells. We speculate, based on the data, that
the lack of effectiveness when RHGP lesions are
treated with AIs could be from the stabilization of
the vasculature, reducing leakiness and thus the
chemotherapy flows through the sinusoids and has no
delay time in the tumour to effectively kill the cells.
This could suggest that if we increase leakiness we
can more effectively deliver chemotherapy or any
other drug and thus one could postulate that treating
lesions with angiogenic enhancers would theoretically
increase the leakiness and not affect the vasculature
of the background liver since these are mature ves-
sels and not affected by these enhancers.
Our data further show that even in lesions that are

driven by angiogenesis, a subset of tumour cells sur-
vives after treatment, which utilize co-option (as seen
by the absence of proliferating vessels in DHGP
lesions treated with chemotherapy1 bevacizumab,
Figure 5), and if these lesions are not resected will
grow. Adjuvant therapy using chemotherapy alone
would therefore be more beneficial as the lesions left
behind are driven by co-option and adding bevacizu-
mab would have no advantage. Indeed this is the
case in clinical trials where addition of bevacizumab
to adjuvant chemotherapy plus systemic therapy after
liver resection did not increase recurrence-free sur-
vival (RFS) or OS [26], with median RFS
(p5 0.375) and OS (p5 0.251) similar in bevacizu-
mab and no bevacizumab arms. Furthermore the
combination with bevacizumab appeared to increase
biliary toxicity. Studies have also suggested that neo-
adjuvant chemotherapy can be used to assess the
responsiveness of the tumour to chemotherapy, as the
initial response to chemotherapy is strongly predic-
tive of a favorable long-term outcome [25]. Further-
more, this would explain why a higher OS is
achieved in patients who are treated and resected
compared to patients who are treated and not resected
[12]. Additional reasons why there has been some
disappointment in the efficacy of translation of pre-
clinical results to clinical trials include: (1) a lack of
appropriate preclinical tumour models and (2) a lack
of endpoints of treatment and surrogate markers of
response to anti-angiogenic therapy. The data pre-
sented on the metastatic animal models show that
these models represent RHGP. However one must
keep in mind that the mouse lesions are more aggres-
sive, encompassing a large area of the liver and inter-
estingly do not demonstrate the same level of
inflammation or immune cells as the human samples.
This suggests that the extrapolation of animal model

results to human trials must be done with caution and

cognizant of these shortcomings.
Histopathological features will allow us to monitor

tumour type and response; however, this can only be

performed on resected specimens. Dynamic imaging

of tumour characteristics in response to treatment

would be of significant clinical and translational

value. The future lies in developing both imaging

modalities and liquid biopsy biomarkers that will

best identify the extent of effective and functional

blood flow within a tumour vascular network and the

impact of treatment on the dynamic blood supply of

a tumour. By establishing these methodologies, we

can then translate end-points of therapeutic response

to a drug more accurately.
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SUPPLEMENTARY MATERIAL ONLINE

Figure S1. Areas selected for scoring for desmoplastic histopathological growth pattern (DHGP) and replacement histopathological growth

pattern (RHGP) lesions. For each lesion, we selected the following areas and annotated three areas in each: (1) Central tumour (CT: blue); (2)

Peripheral tumour (PT: red); (3) Adjacent normal liver (AN: green); and (4) Distal normal liver (DN: yellow)

Figure S2. VEGF-A staining of colorectal carcinoma liver metastases (DHGP versus RHGP lesions). Tumour sections were stained with an

antibody detecting VEGF-A (red). Representative low-magnification images are shown from each of the groups analyzed. Two insets are

shown for each image at high magnification indicating adjacent liver staining and peripheral tumour staining. (A, C) DHGP lesions: (B, D)

RHGP lesions. Top panels (A, B) represent chemona€ıve samples; Bottom panels (C, D) represent chemotherapy1Bev-treated samples.

Bev5 bevacizumab

Table S1. Histopathological characterization of colorectal carcinoma liver metastases. Serial sections were stained with H&E to visualize tis-

sue architecture. Viable cells, inflammation grade and necrosis are represented as percentage of total lesion. Differentiation was classified as

Undifferentiated (UN) and Differentiated (D). DHGP, desmoplastic histopathological growth pattern; RHGP, replacement histopathological

growth pattern (RHGP)
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