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ABSTRACT: Colorectal cancer (CRC) is the third most common cancer worldwide and accounts for 10% of all new cancer diagnoses. Angiogenesis

is a tightly regulated process that is mediated by a group of angiogenic factors such as vascular endothelial growth factor and its receptors. Given the

widespread use of antiangiogenic agents in CRC, there has been considerable interest in the development of methods to identify novel markers that can

predict outcome in the treatment of this disease with angiogenesis inhibitors. Multiple biomarkers are in various phases of development and include

tissue, serum, and imaging biomarkers. The complexity of the angiogenesis pathway and the overlap between the various angiogenic factors present a

significant challenge to biomarker discovery. In our review, we discuss the angiogenesis pathway and the most promising evolving concepts in biomarker

discovery, as well as highlight the landmark studies that identify subgroups of patients with CRC who may preferentially benefit from angiogenesis

inhibitors.
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Introduction
Colorectal cancer (CRC) is the third most common cancer
worldwide and accounts for 10% of all new cancer diagnoses.!
Twenty percent of patients diagnosed with CRC are, unfor-
tunately, found to have metastatic disease at presentation.
Furthermore, ~30% of patients who are diagnosed with early-
stage CRC sooner or later develop metastatic disease.??

Although the median overall survival (OS) of patients
diagnosed with metastatic CRC (mCRC) has improved from
nine months to >30 months over the past decade, the five-year
OS remains at 5%-15%. The poor outcome of patients with
mCRC calls for the development of new therapeutic options in
addition to further refinement of current treatment strategies.*¢

The growth and proliferation of mCRC depends essen-
tially on two signaling pathways: the vascular endothelial
growth factor (VEGF) and the epidermal growth factor
receptor (EGFR) pathways. Fortunately, therapeutic agents
have been developed to target each of these pathways; their
activity is well established and they have been incorporated
into routine cancer treatment worldwide. In the United States,
60%-70% of patients with mCRC will receive these agents
during the course of their treatment.”

Anti-VEGF agents, such as bevacizumab, ziv-aflibercept,
regorafenib, and ramucirumab, have all shown eflicacy in

the treatment of mCRC and are currently approved by the
United States Food and Drug Administration (FDA) for use
in mCRC. Since the introduction of antiangiogenic agents,
there has been significant interest in the identification of clin-
ical and molecular markers to help predict which subgroup
of patients will benefit from inhibition of the angiogenesis
pathway.?11

Herein, we review the process of angiogenesis, paying
particular attention to the discovery and use of serum, tissue,
and imaging biomarkers that can potentially be used to pre-
dict patient tumor response to antiangiogenic agents (Fig. 1).

Angiogenesis Pathways

Angiogenesis is a complex process by which new blood vessels
are formed from endothelial precursor. It is a critical step in
cancer progression and is considered one of the hallmarks of
cancer. This process is mediated through a group of ligands
and receptors that work in tight regulation.!>!3 A group of
glycoproteins, including the VEGFs (VEGF-A, VEGF-B,
VEGF-C, and VEGF-D) and the placental growth factor
(PIGF), act as effectors of angiogenesis.*"'7 These factors
interact with three VEGF receptors (VEGFR-1, VEGFR-2,
and VEGFR-3) and two neuropilin co-receptors (NRP1
and NRP2).18-20 The VEGF-A gene consists of eight exons
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Figure 1. A schematic of the angiogenesis pathway, angiogenesis inhibitors, and the most promising biomarker techniques.

Notes: A: Aflibercept; B: bevacizumab.

Abbreviations: CTCs, circulating tumor cells; ctDNA, circulating tumor DNA; ctRNA, circulating tRNA; mRNA, microRNA; R, regorafenib;

Ram, ramucirumab; VEGF, vascular endothelial growth factor.

with splice variants forming different isoforms, namely,
VEGFA121, VEGFA165, VEGFA189, and VEGFA209;
VEGFA165 is the most biologically active of these isoforms.?!

The VEGFRs are tyrosine kinase receptors that are
primarily located in the vascular endothelial cells.'?%23 The
binding of VEGF-A to VEGFR-2 is believed to be the most
important activator of angiogenesis.!>?#?> This binding initi-
ates a cascade of signals that result in endothelial cell prolifera-
tion and migration, increased vascular permeability, alteration

of gene expression, and activation of the Ras pathway.*26:27

The role of VEGFR-1 on the other hand is more complex
and not fully understood. A soluble form of VEGFR-1 can
act as a decoy receptor and prevent VEGF-A from binding to
VEGFR-2, which, in turn, prevents signaling pathway activa-
tion. However, there is also evidence that VEGFR-1 plays an
important role in the development of angiogenesis.?8 The third
receptor VEGFR-3 is involved in lymphangiogenesis and does
not bind to VEGF-A.

'The neuropilins (NRP1 and NRP2) are implicated in cell
guidance and increased binding of VEGF and its signaling
receptors.!

Several other factors have functions that overlap with
VEGF-A, including the PIGEF, fibroblast growth factor
(FGF), VEGF-C, VEGF-D, angiopoietin, hypoxia-inducible
factor (HIF)-1o and HIF-2q., integrin, and platelet-derived
growth factor.}*%

The overlap between these factors and VEGEF, and the
multiple isoforms and splice variant forms of VEGF, makes
assessment of individual angiogenesis pathway activation or
inhibition outcomes, and thus biomarker discovery, particu-
29,30

larly challenging.

Biomarkers of Angiogenesis

Tissue-based biomarkers.

Tissue vascular endothelial growrh factor. The use of tissue
VEGEF as a predictive marker has been evaluated in several
studies with conflicting results.?8* Some studies indicate
potential value for VEGF in the prediction of prognosis for
patients with mCRC. For example, Tsai et al compared pre-
and posttreatment VEGEF expression by immunohistochemis-
try in 57 patients with mCRC who underwent treatment with
5-fluorouracil (5-FU) and irinotecan (FOLFIRI regimen)
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combined with bevacizumab; results indicated that decreased
peritherapeutic, low posttreatment, VEGF expressions were
significant predictors of response to therapy and six-month
progression-free survival (PFS).%

On the other hand, Jubb et al evaluated 312 tissue sam-
ples from 813 patients enrolled in a phase III trial of irinote-
can and 5-FU with or without bevacizumab. Epithelial and
stromal VEGEF levels, assayed by in situ hybridization, were
not found to be predictive of therapy outcomes.*®

These results are confusing and highlight the need for
further studies to determine the value of assaying tissue
VEGF as a predictive marker.

Genetic polymorphims. At least 12 studies were con-
ducted to evaluate the predictive value of VEGF poly-
morphisms in patients who were receiving treatment with
bevacizumab-based regimens.3’

Formica et al conducted a prospective study to evaluate the
predictive value of VEGF gene polymorphisms in 40 patients
with mCRC who received bevacizumab-containing first-line
chemotherapy.’® The study demonstrated that the VEGF-
1154G>A polymorphism was associated with improved OS
and PFS. Similarly, VEGF405C>1 was associated with a
significant improvement in OS. This observation was further
confirmed by Gerger et al who also suggested that germline
variants in VEGF-dependent and -independent angiogenesis
genes can predict survival and tumor response in patients with
mCRC treated with first-line bevacizumab and oxaliplatin-
based chemotherapy.®’

To further explore the role of genetic polymorphisms
in predicting response to angiogenesis inhibitors, investiga-
tors evaluated the role of multigene signatures as a predictive
tool. Zhang et al analyzed the expression levels of VEGFA,
VEGFR1, and VEGFR2 genes in two independent colon
cancer datasets and suggested that patients whose tumors
expressed all these three genes at a low level had a signifi-
cantly longer mean disease-free survival (DFS; 101 months,
95% confidence interval [CI], 86-116) than patients whose
tumors expressed all three genes at high levels (72 months,
95% CI, 54-90). Therefore, the expression of this three-
gene signature (VEGFA, VEGFRI1, and VEGFR2) was
reported to represent robust prognostic indicator in this
patient population.*

Furthermore, Zhang et al assessed the ability of this
three-gene signature to predict response to bevacizumab in
a cohort of colon cancer patients (7 = 14) who had received
bevacizumab treatment and for whom clinical response data
were available. They found that 71% of patients who did not
respond to bevacizumab expressed the three-gene signature at
a low level, whereas none of those who responded exhibited
a low-level signature (¥? test, P = 0.02).% These findings are
promising but require further validation in larger prospective
trials.

Other genetic polymorphisms are being investigated and
include polymorphisms in NRP1.%7

Overall this is an intriguing area of research, but the role
of genetic polymorphisms in the prediction of disease outcome
should be further validated in larger prospective trials.

Circulating biomarkers.

Serum vascular endothelial growth factor. Analysis of bio-
markers in serum represents an attractive strategy for research
studies due to ease of specimen acquisition allowing for serial
measurements of any biomarker of interest. Circulating VEGF
levels are reported to be relevant in the prediction of out-
comes of patients with solid tumors. These levels are thought
to reflect VEGF-dependent tumor-mediated angiogenesis.*!
However, the predictive value of baseline VEGF and/or
changes in VEGF levels during or after treatment with beva-
cizumab remain a matter of debate.

An exploratory analysis by Duda et al evaluated VEGF,
PIGEF, and soluble VEGFR-1 in plasma from patients receiv-
ing bevacizumab combination treatment and suggested that
soluble VEGFR-1 may predict response and toxicity to neo-
adjuvant bevacizumab-based chemotherapy.*?

The importance of baseline levels of VEGF and soluble
VEGFR-2 (sVEGFR-2) as prognostic and predictive bio-
markers was evaluated in two phase III studies evaluating
the role of cediranib, an experimental angiogenesis inhibi-
tor, in mCRC: the HORIZON 1I study randomized 860
patients to receive FOLFOX or XELOX with (n = 502)
or without (# = 358) cediranib. Similarly, the HORIZON
IIT study randomized 1422 patients to receive modified
FOLFOX-6 (mFOLFOX-6) with cediranib (z = 709) or
bevacizumab (z = 713).* High baseline VEGF was associ-
ated with a worse PFS in both the HORIZON 1II (hazard
ratio [HR], 1.41; 95% CI, 1.21-1.65) and the HORIZON
III (HR, 1.20; 95% CI, 1.04-1.38) studies, and a worse OS
in the HORIZON II study (HR, 1.35; 95% CI, 1.12-1.63).
However, sVEGFR2 did not predict PFS in either study
(HR, 0.99; 95% CI, 0.85-1.15 [HORIZON 1II] and HR,
0.98; 95% CI, 0.86-1.13 [HORIZON III]). Similarly,
sVEGFR2 did not predict OS in HORIZON II (HR, 0.92;
95% CI, 0.77-1.10) or HORIZON III (HR, 0.92; 95%
CI, 0.77-1.10).

Bates et al also evaluated the predictive value of VEGF ...,
a VEGF splice isoform that binds bevacizumab. High VEGF
» appeared to predict resistance to bevacizumab therapy but this
observation was not statistically significant,* and further work
is necessary to ascertain a true link between the two.

Although of interest, the findings highlighted in this sec-
tion have not been uniformly confirmed. Therefore, this area
of research remains a work in progress and further studies are
needed to clarify the role of circulating VEGF as a predictive
marker.

Circulating tumor cells and free nucleic acid. Cir-
culating tumor cells (CTCs) and free nucleic acid (CTNA)
detection in peripheral blood represents an attractive strat-
egy for diagnosis and response assessment in patients with
CRC, as well as to predict patient prognosis and therapeutic
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outcomes (Table 1).* The most widely used CTC enumera-
tion platform, Cell Search™ (Veridex LLC), is currently
approved by the FDA for clinical use in CRC, breast cancer,
and prostate cancer. Investigators have also become increas-
ingly interested in the detection of CTNA (DNA or RNA)
to reflect the presence of CTCs. Diehl et al*® demonstrated
that for every 100 g of tumor, 3.3 g of tumor DNA could
enter the blood stream. Circulating tumor DNA may give
insight into genetic and epigenetic alterations, as well as being
useful for diagnosis and prediction of response to therapy.
Early evidence suggests that CT'C may have both prognostic
and predictive values in patients with mCRC.* High CTC
counts (=3 CTC/7.5 mL) were associated with worse PFS
and OS and were predictive of a worse outcome following all
treatment types administered in the study. It is worth not-
ing that ~50% of patients in this study had received bevaci-

148

zumab. Interestingly, Rahbari et al*® also demonstrated that

CTC detection correlated with circulating angiogenic factors
and was associated with lower levels of EGF and FGF. This
observation suggests that CT'Cs may prove to be valuable in
predicting response to antiangiogenesis agents but is currently
hypothesis generating at best.

This technology is promising but continues to have sev-
eral limitations. The median CTC detection rate is 35%* and
CellSearch technology requires subjective CTC verification,
not permitting single cell analysis.* Nevertheless, CTCs rep-
resent a promising biomarker for the prediction of treatment
response in patients with cancer.

MicroRNA. MicroRNA (miRNA) is a class of small,
single-stranded, noncoding RNA that can regulate the
expression of multiple genes at the posttranscriptional level.
They are thus involved in various cellular functions, includ-
ing proliferation, apoptosis, regulation of embryonic stem cell
development, and cancer cell invasion.’® Recent studies have
shown that miRNAs in the circulation are remarkably stable.
'This finding allows them to be robust and reliable biomark-
ers of cancer therapy.” Investigators have demonstrated that
miRNAs can modulate tumor angiogenesis through target-
ing pro-/antiangiogenic factors, including RTK signaling
protein, HIF, VEGF, and EGF (Table 2). The involvement
of miRNA in tumor angiogenesis has generated interest in

Table 1. Clinical utility of circulating tumor cells and tumor nucleic acid.

ASSAY CLINICAL UTILITY REFERENCE
Prognostic 47,71,72
CTC
Predictive (ALDH1, survivin, MRP5) 73
ctDNA Prognostic 73
ctRNA Prognostic 74

Notes: Prognostic: biomarker that provides information on the likely course
of the disease in an untreated patient; predictive: biomarker that can be used
to identify subgroups of patients who are most likely to respond to a given
treatment.

Abbreviations: CTCs, circulating tumor cells; ctDNA, circulating tumor DNA;
ctRNA, circulating tRNA.

Table 2. Examples of miRNAs that regulate various angiogenesis
proteins.

TARGET miRNA REFERENCE
RTK miRNA-145 75-78

HIF miRNA-22, 107 79,80
VEGF miRNA-192 81

TSP-1 miRNA-182, 194 82,83

ROS miRNA 186, 216B, 337-3p, 760 84

EGF miRNA-121 85

Abbreviations: RTK, receptor tyrosine kinase; HIF, hypoxia-inducible growth
factor; VEGF, vascular endothelial growth factor; TSP-1, thrombospondin-1;
ROS, reactive oxygen species; EGF, endothelial growth factor.

exploring their utility as predictive biomarkers. miRNA-126
is one of the most studied miRNAs in mCRC.>* It is thought
to play an important role in the regulation of angiogenesis.
High expression of miRNA-126 is associated with increased
VEGF-A signaling in endothelial cells and therefore was
thought to be a promising biomarker for antiangiogenic
therapy. Hansen et al evaluated miRNA-126 as a predic-
tive marker of outcomes in patients enrolled in the NOR-
DIC ACT 1 trial.*? This phase 3 study evaluated the use of
maintenance bevacizumab and erlotinib in patients who had
stable disease or a clinical response following six months of
oxaliplatin- or irinotecan-based chemotherapy plus bevaci-
zumab. High tumor expression of miRNA-126 was signifi-
cantly related to longer PFS (HR, 0.49; 95% CI, 0.29-0.84;
P =0.009). However, miRNA-126 did not seem to predict
response rate in this study. There is still significant interest
in evaluating the role of miRNAs as predictive biomarkers in
CRC but their use is currently limited to the research setting.

Other angiogenesis markers. Kopetz et al investi-
gated the efficacy of FOLFIRI (fluorouracil, leucovorin, and
irinotecan) and bevacizumab in 43 patients with previously
untreated mCRC. In an attempt to find potential circulating
biomarkers of treatment response and therapeutic resistance,
this phase II study assessed the levels of 37 different cytokines
and circulating angiogenic factors (CAFs) in patient plasma
using multi-bead and enzyme-linked immunosorbent assays.
Levels were evaluated at baseline, during treatment, and at
the time of disease progression (PD).>* Elevated interleukin
8 (IL-8) levels at baseline were associated with a shorter PFS
(11 vs. 15.1 months, P = 0.03). Furthermore, the levels of sev-
eral CAFs already associated with angiogenesis and myeloid
recruitment were increased prior to radiographic evidence of
PD compared with baseline levels. These factors included basic
FGF (P = 0.046), hepatocyte growth factor (P = 0.046), stro-
mal-derived factor-1 (P= 0.04), and macrophage chemoattrac-
tant protein-3 (P < 0.001). These data suggest that an increase
in the levels of certain pro-angiogenic cytokines and myeloid

recruitment factors may I'CpI'CSCIlt a mechanism of resistance.53

Also in 2010, Goede et al** demonstrated that
angiopietin-2, a key regulator of vascular remodeling in
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conjunction with VEGE, is potentially predictive of response
rate, PF'S, and OS.

Another potential biomarker of bevacizumab treat-
ment outcome is CD133. Pohl et al assayed tumor tissue for
germline variations on the 3"UTR-region of the CD133 gene
(rs2240688, rs3130, and rs2286455) in 91 patients treated
with FOLFOX or FOLFIRI plus bevacizumab. Patients who
carried the CC allele in rs2286455 and rs3130 or the combina-
tion of the CT with either CT or T'T experienced longer PFS
(16.5 vs. 8.4 months; P=0.010).> These results are intriguing,
but need to be validated in larger studies if these markers are
to be proven of true predictive rather than prognostic value.

In order to identify serum biomarkers that may predict
the clinical outcomes of regorafenib, an analysis of samples
obtained from the CORRECT trial was conducted.’® The
study, unfortunately, did not reveal any biomarkers that were
predictive of clinical outcomes. In univariate analysis, high
concentration of soluble TIE-1 was associated with improved
OS, but not PFS, compared with a low concentration. In
multivariable analysis, this association was, however, not
statistically significant. Biomarkers such as IL-8 and PIGF
demonstrated a potential prognostic value but neither marker
seemed to play a role in predictive treatment response in
patients treated with regorafenib.

Baseline levels of IL-8 and PIGF were found to have
prognostic value for OS, although only IL-8 was also prog-
nostic for PFS. Neither factor was predictive of OS or PFS.

In summary, the CORRECT trial biomarker analysis
did not reveal any biomarkers that were predictive of clinical
outcomes.

There is growing evidence to suggest that baseline and
posttreatment circulating endothelial cell (CEC) and endo-
thelial progenitor cell number and viability can predict
response to antiangiogenic treatment. Willet et al demon-
strated a decrease in the blood concentration of viable CECs

7 compared with

on day 12 of bevacizumab administration,’
baseline, suggesting a possible response to treatment.

Also, in another study, a reduced percentage of viable
CECs posttreatment significantly correlated with patho-
logic complete response (P < 0.05) in 32 patients with locally
advanced rectal cancer receiving neoadjuvant bevacizumab in
combination with standard chemoradiation therapy.*®

Taken together, these data indicate that select biomarkers
appear promising, but their potential utility has to be further
evaluated in well-designed prospective studies.

Imaging biomarkers. Recent developments in imaging
technologies have led to significant improvements in the man-
agement of patients with CRC. Diagnostic techniques, such
as diffusion-weighted imaging (DWI), fluorodeoxyglucose
positron emission tomography (FDG-PET), and dynamic
contrast-enhanced magnetic resonance imaging (DCE-
MRI), are transitioning from bench-to-bedside and appear to
be useful in providing insights into tumor biology and possibly
response to treatment.*”~¢!

Functional imaging allows investigators to map the dis-
tribution of tumor mass and surrounding tissues corrected for
injected dose and patient weight. FDG-PET provides infor-
mation on tumor cell viability after treatment, and it has been
shown that metabolic changes in response to treatment occur
before any structurally detectable change (eg, tumor shrink-
age). In the neoadjuvant setting, serial FDG-PET examina-
tions may assist treatment planning. It is thought to be an
important marker in rectal cancer due to the fact that sequen-
tial FDG-PET after neoadjuvant chemoradiation can predict
response to therapy and has been shown to be an independent
predictor of DFS and OS.6%63

Whole-body DWI is being explored in mCRC but there
is currently no evidence to suggest that this technique can
replace PET/CT.%* DWT has been shown to be feasible as an
early marker of treatment response because cell death and vas-
cular alterations typically occur before tumor size changes.®

Another potential prognostic biomarker in mCRC is the
dynamic contrast-enhanced C'T (DCE-CT) or perfusion CT.
'This technology uses quantitative vascular parameters such as
blood flow (BF), blood volume, and mean transient time. Goh
et al reported that tumor BF was significantly lower in pri-
mary tumors of patients who ultimately developed metastatic
disease,® whereas Hayano et al®” found that low BF of tumors
correlated with poorer outcomes and tumor progression. In
terms of the role of DCE-CT as a predictive biomarker for
chemoradiation, the data are controversial; Bellomi et al®®
suggested that low perfusion values at baseline were associ-
ated with a poorer response, whereas Sahani et al® reported
the contrary.

Similarly, DCE-MRI is a functional imaging modality
that is being investigated as an imaging biomarker. This is an
imaging modality that may be useful as a predictive marker
in patients receiving angiogenesis inhibitors.”” It evaluates the
extravasation of paramagnetic contrast agents, follows their
uptake, and changes in signal intensity over time. Preliminary
evidence suggests that contrast-enhanced imaging may be a
useful tool to predict patient treatment response to angiogen-
esis inhibitors.

Although none of these imaging technologies have
entered routine clinical practice yet, they highlight impor-
tant scientific concepts. It is conceivable that one or more
imaging markers will enter clinical practice in the not too
distant future.

Conclusion
The poor outcome of mCRC, as well as the widespread use
of antiangiogenic agents, has prompted the need for reliable
measures to predict response to treatment. Given the com-
plexity of the angiogenesis pathway, the discovery of biomark-
ers that predict angiogenesis inhibitor-related outcomes has
been challenging.

Circulating and tissue biomarkers show promising
potential as predictive biomarkers. Additionally, functional
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imaging is emerging as a superior tool with to predict response
to treatment with antiangiogenic agents. Although several
studies have produced encouraging results, definitive data is
lacking. Large-scale studies are needed to confirm that prom-
ising biomarkers are truly predictive rather than just prognos-
tic in patients with mCRC. In the absence of biomarkers, the
decision to treat patients with angiogenesis inhibitors remains
a clinical decision based on the perceived balance between the
benefit and toxicities of antiangiogenic agents.
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