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Abstract

Background: Circulating angiogenic factors are altered in patients with mCRC receiving bevacizumab. Evaluation of
alterations in levels of VEGF ligands may provide insights into possible resistance mechanisms.

Methods: PIGF, VEGF-A, VEGF-C, and VEGF-D were measured from two cohorts of patients. Sequential plasma
samples were obtained from a discovery cohort of 42 patients treated with chemotherapy and bevacizumab. A
validation cohort included plasma samples from a cross-sectional of 403 patients prior to chemotherapy, or after
progression on a regimen with or without bevacizumab.

Results: In the discovery cohort, VEGF-C was increased prior to progression and at progression (+49% and +95%,
respectively, p<0.01), consistent with previously reported elevations in PIGF. Levels of VEGF-D were increased
(+23%) at progression (p=0.05). In the validation cohort, samples obtained from patients after progression on a
regimen with bevacizumab had higher levels of PIGF and VEGF-D (+43% and +6%, p=0.02, p=0.01, respectively)
compared to untreated patients, but failed to validate the increase in VEGF-C seen in the first cohort. Patients who
progressed on chemotherapy with bevacizumab had significantly elevated levels of PIGF (+88%) but not VEGF-C
and VEGF-D compared to patients treated with chemotherapy alone. Elevations of PIGF and VEGF-D appeared
transient and returned to baseline with a half-life of 6 weeks.

Conclusions: Increases in PIGF and VEGF-D were observed after progression on chemotherapy with bevacizumab.
These changes appear to be reversible after discontinuing therapy. These ligands are associated with resistance to
bevacizumab-containing chemotherapy in mCRC, but causation remains to be established.
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Introduction secondary event in multistage carcinogenesis [2-5]. Vascular
endothelial growth factor-A (VEGF-A) is a key growth factor for

Angiogenesis is an essential process for both tumor growth endothelial cells in patients with CRC [6,7]. The addition of the

and metastatic spread of disease [1,2]. During tumorigenesis,
the balance of proangiogenic factors, growth factors, and
cytokines that regulate angiogenesis is disrupted and the
“angiogenic switch” is increasingly recognized as a rate-limiting
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monoclonal antibody, bevacizumab, has improved the overall
survival of patients with mCRC [8,9].

Despite the clinical benefit provided by bevacizumab, it is
also well-recognized that many patients have re-established
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angiogenesis despite continued VEGF-A blockade [10].
Preclinical work has suggested that alternate proangiogenic
factors may modulate sensitivity to anti-VEGF-A therapy and
allow regrowth of tumor-associated vasculature [11-13].
Members of the VEGF signaling family aside from VEGF-A
have been implicated in angiogenesis, including placental
growth factor (PIGF), VEGF-C, and VEGF-D [14,15]. However,
the role of alternate VEGF ligands in angiogenesis remains
controversial. Some data in the literature report that PIGF
enhances pathological angiogenesis by initiating a cross-talk
between VEGFR-1 and VEGFR-2, but other studies have failed
to confirm these findings [16-19]. VEGF-C has been
associated with angiogenesis in breast cancer and has been
shown to synergize with basic fibroblast growth factor and
VEGF-A to induce angiogenesis, but another study has
suggested that VEGF-C induces blood vessel changes without
evidence of new angiogenesis [20-22]. There is less data on
the role of VEGF-D and angiogenesis, but a study of patients
with  CRC found that lower expression of VEGF-D was
associated with greater benefit from treatment with
bevacizumab [23].

Cytokine and angiogenic factors (CAFs) are modulated in
patients with mCRC after receiving bevacizumab-containing
chemotherapy [24,25]. In one study of bevacizumab in rectal
cancer, bevacizumab monotherapy significantly increased
plasma PIGF as well as free VEGF-A [25]. Cytokine analysis in
a single-arm phase Il study with FOLFIRI and bevacizumab
demonstrated that alternate proangiogenic cytokines are
modulated by chemotherapy and bevacizumab and increases
were seen before disease progression in a subset of patients
[24]. However, this study did not fully evaluate alternate VEGF
ligands nor allow separation of the separate effects of the
cytotoxic chemotherapy and bevacizumab. The primary
objective of this study, therefore, is to determine alterations in
the alternate VEGF ligands, including PIGF, VEGF-C and
VEGF-D, in patients receiving bevacizumab-containing
chemotherapy.
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Methods

All research involving human participants was approved by
the Institutional Review Board of the University of Texas MD
Anderson Cancer Center. All participants provided their written
informed consent to participate in this study. The ethics
committee of the University of Texas MD Anderson Cancer
Center approved this consent procedure. Two cohorts were
evaluated during this study (Figure 1). The discovery cohort
was developed from plasma acquired from 42 patients with
mCRC treated on a phase Il clinical trial with FOLFIRI and
bevacizumab [24]. Venous blood was drawn into EDTA tubes
and immediately processed for plasma at baseline, before each
cycle of chemotherapy (including a sample 2 weeks after
single-agent bevacizumab in the first cycle), after first
restaging, and at the time of progression. Plasma collection
included serial centrifugation to deplete platelets, which have
otherwise been shown to affect free cytokine levels. On
retrospective review of computed tomography imaging, we
identified the plasma sample associated with the best
radiographic response for all patients. This sample (henceforth
denoted as “before progression”) represented a point before
the development of progressive disease.

The discovery cohort was derived from plasma obtained from
42 patients with mCRC treated on a single-arm phase Il study
with FOLFIRI and bevacizumab. Plasma was obtained at
baseline, immediately before each cycle of chemotherapy, and
at the time of progression. The validation cohort utilized a
cross-section of patients with mCRC who underwent a one-
time plasma collection between 2002 and 2008.

The validation cohort utilized a cross-section of patients with
mCRC who underwent a one-time plasma collection between
2002 and 2008. A single blood sample from 784 patients with
mCRC was obtained upon first visit to our center. The blood
was collected in EDTA tubes and underwent centrifugation at
2800rpm for 10 minutes at -22°C followed by aliquoting of the
plasma into 0.5mL cryovials and storage at -80°C. Samples
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were collected with repeated centrifugation to deplete platelets
prior to freezing. All treatment histories were reviewed for prior
treatment regimens, prior treatment duration, time from last
chemotherapy or bevacizumab to plasma sample collection,
and number of metastatic disease sites. Patients were
separated into 3 groups based on the treatment history at the
time of plasma sampling: patients prior to receiving any
treatment for their cancer (Group A), patients progressing on
chemotherapy without bevacizumab (Group B), and patients
progressing on a chemotherapy regimen that included
bevacizumab (Group C).

Matched pairs of samples were identified to allow
comparison of Groups A and C, and separate pairs identified to
compare Groups B and C. In order to control for disease
burden and prior therapy, patient samples were matched for
number of metastatic disease sites (Groups A, B, C), prior
chemotherapy duration, and time from last chemotherapy dose
to sample collection (Groups B, C). Matching was done in R
using the Optmatch routine, resulting in 169 pairs for Groups A
and C, and 65 pairs for Groups B and C [26].

Plasma samples were thawed in parallel and assayed in
duplicate. Samples were placed randomly onto plates, keeping
paired samples on the same plate. For each individual sample,
the coefficient of variance (CV%) was calculated, with a repeat
analysis if the CV% was greater than 25%. Levels of cytokines,
including VEGF-A and PIGF were measured by multiplex bead
assay (BioRad Pro Human Cytokine 23- and 27-plex Assay).
Levels of VEGF-C and VEGF-D were measured by enzyme-
linked immunosorbent assays (R&D Systems Human VEGF-C
Immunoassay Catalog #DVEC00, R&D Systems Human
VEGF-D Immunoassay Catalog #DVEDO0O) and analyzed in
duplicate with no more than one prior freeze-thaw cycle [27].

Comparisons were performed using the two-sided,
nonparametric Wilcoxon paired test, with p<0.05 significance.
Spearman rank correlation coefficients were computed to
assess the correlation between the time from last
chemotherapy dose to sample collection and specific cytokine
levels. Data were plotted using vioplot package in R [28]. Data
was fit to a single-phase log decay to identify half-life of the
elevations. Correlation among cytokine levels were assessed
by Pearson correlation coefficients computed on the log-
transformed cytokine values. To evaluate whether VEGF-A,
VEGF-C, VEGF-D, or PIGF were prognostic, evaluable patients
in the no prior therapy group within the validation cohort were
split into two cohorts based on their median cytokine levels and
analyzed using univariate analysis (Kaplan-Meier) and
multivariate analysis (Cox-regression). All computations were
carried out using SAS (SAS institute, Cary, NC).

Results

Paired plasma samples were obtained for 42 patients in the
discovery cohort, and 403 patients in the validation cohort.
Patient characteristics are shown in Table 1. For the validation
cohort, samples were obtained a median of 3 weeks after
treatment with a regimen with chemotherapy alone or
chemotherapy with bevacizumab. Samples were well matched
for the pre-specified variables.
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VEGF-D, and PIGF Are Increased at the Time of
Progression of Chemotherapy with Bevacizumab

Following treatment with FOLFIRI + bevacizumab in the
discovery cohort, VEGF-C was increased prior to progression
and at the time of progression (+49% from baseline [p=0.045]
and +94% [p=0.004], respectively) (Table 2 and Figure 2).
These findings were similar to previously reported changes
from this cohort in PIGF [24]. Levels of VEGF-D were
increased at the time of progression (+23%, p=0.04), but in
contrast to VEGF-C, levels of VEGF-D were not increased prior
to progression (-1%, p=0.84).

In order to validate findings in the discovery cohort, we
compared changes in VEGF ligands from untreated patients
and matched patients previously treated with chemotherapy
and bevacizumab (Table 3). Consistent with the discovery
cohort, the chemotherapy with bevacizumab group had higher
levels of PIGF (+32%, p<0.0001). Likewise, levels of VEGF-D
were elevated in patients previously treated with chemotherapy
and bevacizumab, although the magnitude of increase was
lower than that seen in the first cohort (+6%, p=0.018). The
elevation in VEGF-C levels seen in the discovery cohort was
not replicated in the validation cohort, which instead
demonstrated lower levels of VEGF-C (-36%, p<0.0001) in
patients previously treated with chemotherapy and
bevacizumab.

We also evaluated levels of VEGF-A in untreated patients
and patients receiving chemotherapy without bevacizumab. In
the untreated group, the median level of VEGF-A was
760pg/mL (SD 1474pg/mL), and in the chemotherapy without
bevacizumab group, the median level of VEGF-A was
534pg/mL (SD 599pg/mL). In the chemotherapy with
bevacizumab group, VEGF-A levels were significantly higher
with a median of 1740pg/mL (SD 3702pg/mL), but
interpretation of the levels of VEGF-A in the chemotherapy with
bevacizumab group are confounded due to the presence of
bevacizumab-bound VEGF-A.

Increased PIGF Is Attributed to Bevacizumab Treatment
Because the design of the discovery cohort could not
distinguish the separate impact of chemotherapy and
bevacizumab, we compared patients who had received
chemotherapy alone with patients who had received prior
bevacizumab and chemotherapy. Compared to the
chemotherapy without bevacizumab group, the chemotherapy
with bevacizumab group had significantly elevated levels of
PIGF (+72%, p<0.0001). However, there was no difference in
VEGF-C (+5%, p=0.64) and VEGF-D (+7%, p=0.18) in patients
receiving chemotherapy alone and patients receiving prior
chemotherapy and bevacizumab. If this finding is confirmed, it
would suggest that any changes in VEGF-C and VEGF-D may
be due to the impact of the disease progression and prior
chemotherapy and not a direct result of bevacizumab.

VEGF-A is correlated with progression-free survival
and overall survival

To evaluate whether VEGF-A, VEGF-C, VEGF-D, or PIGF
were prognostic, evaluable patients in the no prior therapy
group within the validation cohort were split into two cohorts
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Table 1. Characteristics of patients included in the study.

Alternate VEGF Ligands in CRC

Discovery cohortValidation Cohort

No chemotherapy

Chemotherapy w/ Bev Chemotherapy w/o Bev Chemotherapy w/Bev

(Group A) (Group C) (Group B) (Group C)

Number of samples 179 169 169 65 65
Number of Patients 42 169 169 65 65
Age, years (median) 57 58 53 53 53
Male (%) 43% 58% 62% 57% 62%
Primary Disease Site (%)
Rectum 14% 13% 15% 23% 20%
Colon 86% 87% 85% 77% 80%
Adenocarcinoma Histology (%)
Moderately Differentiated 86 88 98 95 100
Poorly Differentiated 14 12 2 5 0
Number of metastatic sites (avg) 1.7 1.7 1.7 14 1.4
Duration of prior chemotherapy (months) N/A N/A 6 5 6
Prior Chemotherapy Received
5-Fluorouracil/Capecitabine (%) 0 0 100 100 100
Oxaliplatin-Based (%) 0 0 89 40 88
Irinotecan-Based (%) 0 0 58 43 45
Bevacizumab (%) 0 0 100 0 100
EGFR-inhibitor (%) 0 0 26 6 15
Last chemotherapy to sample collection

N/A N/A N/A 35 29
(days)
Average LDH 1372 1129 821 616 821
Median Platelet Count N/A 333 222 238 229

doi: 10.1371/journal.pone.0077117.t001

Table 2. Alternate VEGF Ligand Cytokine Levels.

DISCOVERY COHORT

Baseline Post-Bevacizumab Post-FOLFIRI+B

1st Restaging

Prior to Progression Progression

mean  median mean median % mean median %

mean median % mean

median % mean median %

Parameter(pg/mL) (pg/mL)(pg/mL) (pg/mL)baseline (pg/mL)(pg/mL) baseline (pg/mL) (pg/mL) baseline (pg/mL) (pg/mL) baseline (pg/mL) (pg/mL) baseline

PIGF 12.6 12.4 17.4 20.6 166% 23.0 232 187%
VEGF-C 1020.3 936.6 1026.6 8915 95% 947.3 850.0 91%
VEGF-D 238.2 2405 2445 2431 101% 247.7 2385 99%

1002.7 991.7 106%

N/A N/A 29.9 29 234% 216 20.4 165%
14619 1393.3 149% 17489 18133 194%
304.1 126% 2327 2491 104% 3315 295 123%

doi: 10.1371/journal.pone.0077117.t002

based on their median cytokine levels. Baseline levels of
VEGF-C, VEGF-D, and PIGF were not correlated with clinical
outcomes. However, on univariate analysis low VEGF-A was
associated with a longer progression-free (p=0.001) and overall
survival (p=0.013), as has been previously demonstrated
(Figure 3) [29]. This correlation was not statistically significant
on multivariate analysis. There was no correlation between the
level of any VEGF ligand and subsequent clinical outcomes in
patients previously treated with or without bevacizumab (Figure
3).
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Elevations in PIGF and VEGF-D after chemotherapy are
transient

The Spearman correlation method was applied to determine
the correlation between the time of final chemotherapy
administration to sample collection and specific cytokine levels
in the validation cohort. Levels of PIGF and VEGF-D negatively
correlated with the time from last bevacizumab administration
to plasma collection (p<0.0001) suggesting that elevations in
these cytokines were transient and not maintained after
removal of bevacizumab containing chemotherapy (Figure 4).
No such correlation was seen in patients treated with
chemotherapy alone. In order to determine the half-life of the
elevations, the data was fit to a single-phase log decay curve.
The half-life for PIGF was found to be 1.6 months (95%CI
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Figure 2. Levels of alternate VEGF ligands in cohort 1 and cohort 2. Error bars represent standard error of the
mean. Following treatment with FOLFIRI and bevacizumab in the discovery cohort, VEGF-C was increased prior to progression
and at the time of progression. These findings were similar to previously reported changes from this cohort in PIGF. Levels of
VEGF-D were increased at the time of progression, but in contrast to VEGF-C, levels of VEGF-D were not increased prior to
progression. In the validation cohort, PIGF was elevated in patients previously receiving chemotherapy and bevacizumab. VEGF-D
was also minimally elevated in patients previously receiving chemotherapy and bevacizumab, but elevations in VEGF-C seen in the
discovery cohort were not replicated in the validation cohort.

doi: 10.1371/journal.pone.0077117.g002
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Table 3. Validation Cohort.

Alternate VEGF Ligands in CRC

VALIDATION COHORT
No Chemotherapy (Group A)

mean %

Chemotherapy with Bev (Group C)

Chemotherapy without

Chemotherapy with Bev (Group C
Bev (Group B) Py ¢ e

mean

median mean median % compared mean median % compared median % compared
Parameter (pg/mL compared (pg/mL
(pg/mL) (pg/mL)  (pg/mL) to GroupA (pg/mL) (pg/mL) to Group C (pg/mL)  to Group B
) to Group C )
PIGF 36.9 34 70% 54.2 48.7 143% 31.9 33.1 53.13% 63.7 62.3 188.22%
VEGF-C 1138 889.6 136% 751.4 652.7 73% 770.3 586 95.55% 737.6 613.3 104.66%
VEGF-D 326.5 308.5 95% 363.6 325.7 106% 374.6 354.1 93.31% 404.8 379.5 107.17%

doi: 10.1371/journal.pone.0077117.t003

1.4-1.9), and the half-life for VEGF-D was found to be 1.5
months (95%CI 1.2-2.0).

Correlation of VEGF ligands with alternate cytokines

Prior studies have not evaluated the correlation of VEGF
family members with each other or alternate angiogenic and
inflammatory cytokines. To explore these relationships, we
utilized the second untreated patient cohort to evaluate
cytokines that were correlated with one or more of the VEGF
ligand family members. We found that several cytokines were
highly correlated with VEGF-A, VEGF-C, and PIGF (Figure 5).
Interestingly, VEGF-D showed very little correlation with other
cytokines. PDGF-BB was highly correlated with VEGF-A,
VEGF-C, and PIGF and IFN-y correlated with both VEGF-A
and VEGF-C. VEGF-A and VEGF-C were also highly
correlated with each other, but there was no significant
correlation between the other VEGF ligands.

Discussion

This study represents a large evaluation of alternate VEGF
ligands after progression on anti-VEGF therapy and
chemotherapy in a prospective cohort and retrospective cohort
of patients with mCRC. The analysis of these specific cytokines
demonstrates that alternate VEGF ligands are modulated by
bevacizumab and chemotherapy. PIGF has previously been
shown to be elevated prior to progression and at the time of
progression on a bevacizumab regimen [24,25]. In a larger
retrospective cohort, these elevations in PIGF were seen after
chemotherapy and bevacizumab but not after chemotherapy
alone, suggesting that changes seen in PIGF are specific to
those patients receiving bevacizumab. PIGF levels in plasma
and tumors correlate with tumor stage, vascularity, recurrence,
metastasis, and survival in various tumors [30,31] and has also
been shown to increase cell sensitivity to VEGF-A [32]. Results
from a randomized Phase Ill trial of ziv-aflibercept (a dual-
inhibitor of PIGF and VEGF-A) in patients that have progressed
on prior chemotherapy demonstrate that continued blockade of
VEGF family members is beneficial for patients with acquired
resistance to bevacizumab, although further studies will be
required to separate the relative contributions of PIGF and
VEGF-A inhibition. In human tumor cell lines inhibited by anti-
PIGF antibodies, one study found that the efficacy of anti-PIGF

PLOS ONE | www.plosone.org

strongly correlated with VEGFR-1 expression in tumor cells but
not with antiangiogenesis [33].

Levels of VEGF-C were elevated in the prospective cohort
prior to progression and at the time of progression in patients
progressing on a bevacizumab regimen. However, this
elevation was unable to be confirmed in our larger
retrospective cohort. Furthermore, there was no difference
seen between patients receiving chemotherapy alone and
patients receiving chemotherapy and bevacizumab. It is
unclear why the elevation in VEGF-C was unable to be
confirmed. Repeated freeze-thaw and extended room
temperature exposure did not substantially alter VEGF-C
levels. Although platelets were depleted by centrifugation, there
may be potential for some leakage of these cytokines from
platelet reservoirs during processing. The heterogeneous
patient population represents a possible limitation in the
validation cohort. It is also possible that the elevations seen in
VEGF-C in the prospective cohort may consist in more
transient elevations that aren’t detectable at a mean of 4 weeks
post-bevacizumab in the second cohort. Given that the half-life
of bevacizumab is 20 days, this may have also influenced the
results seen for VEGF-C.

Modest elevations were seen in VEGF-D in patients
progressing on a bevacizumab regimen. This elevation was
confirmed in the retrospective cohort, but the magnitude of the
elevation is of unclear biological significance. There was no
statistically significant difference between patients receiving
chemotherapy only and patients receiving chemotherapy with
bevacizumab, although the magnitude of the increase was
similar. It should also be noted that levels of VEGF-D were very
tightly regulated with low inter-patient variability. In contrast,
levels of VEGF-C had greater variation within the population,
with approximately 4 fold higher standard deviation. This may
suggest that slight variations in VEGF-D may lead to larger
biologic effects, but further study will need to be performed in
order to evaluate the biologic effect of changes in VEGF-D.

Within the retrospective cohort, we found that levels of PIGF
and VEGF-D were negatively correlated with the time from last
bevacizumab dose to sample collection. This suggests that
changes in PIGF and VEGF-D at the time of radiographic
progression are temporary following discontinuation of
bevacizumab. Importantly, there was no temporal change in
PIGF and VEGF-D in patients treated with chemotherapy only.
These findings have a clear implication regarding the timing of
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Figure 3. Progression-free survival and Overall Survival in high and low VEGF-A and PIGF. To evaluate whether VEGF-A,
VEGF-C, VEGF-D, or PIGF were prognostic, evaluable patients in the untreated group were split into two cohorts based on their
median cytokine levels. VEGF-C, VEGF-D, and PIGF were not correlated with clinical outcomes. However, VEGF-A was associated
with longer progression-free and overall survival. There was no correlation between the level of any VEGF ligand and the
subsequent clinical outcomes in patients previously treated with or without bevacizumab.

doi: 10.1371/journal.pone.0077117.g003
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method was applied to determine the correlation between the time to last chemotherapy dose to sample collection and specific
cytokine levels. Levels of PIGF and VEGF-D were negatively correlated with the time from last bevacizumab dose to sample
collection (p<0.0001) suggesting that elevations in these cytokines were transient and not maintained after removal of bevacizumab

containing chemotherapy. No decay in VEGF-C was observed.
doi: 10.1371/journal.pone.0077117.g004

therapeutic agents that target alternate VEGF ligands. Treating
patients with agents directed against alternate VEGF ligands at
the time of bevacizumab resistance or prior to radiographic
progression may yield the greatest therapeutic efficacy as the
levels of alternate VEGF ligands would be highest at that time.
While the cytokine responses to bevacizumab are transient, it
is unclear if this response represents a permanent renewing of
angiogenesis that can be exploited with novel therapies. Future
clinical studies may attempt to investigate the timing of the
addition of these agents in coordination with plasma cytokine
levels.

Prior studies have not evaluated the correlation of VEGF
family members with each other or alternate angiogenic and
inflammatory cytokines. Our results suggest that VEGF-A,
VEGF-C, VEGF-D, and PIGF are not part of the same
angiogenic response and are instead correlated with levels of
alternate angiogenic cytokines. Elevations in alternate VEGF
ligands are not evidence that these ligands cause restoration of
angiogenesis and clinical resistance. Similarly, our data also

PLOS ONE | www.plosone.org

raise the hypothesis that the elevations in alternate VEGF
ligands appear to be associated with a larger collection of
circulating angiogenic factors that may be collectively involved
in re-establishing angiogenesis. These associations are
important to delineate in future studies, as the complexities of
angiogenesis suggest that many of these cytokines and
chemokines work in concert to produce a microenvironment
supportive for neovascularization. Oral tyrosine kinases have
been developed with broad activity against a variety of tyrosine
kinases, including regorafenib which has recently shown
survival benefit in refractory CRC patients [34].

This study has several limitations. Because plasma was
taken from patients at only one time point in the validation
cohort, serial measurements of plasma CAFs were unable to
be studied. The length of prior treatment was also
heterogeneous in both groups B and C, though samples were
matched for treatment duration as well as time from last
chemotherapy dose to sample collection to account for this
discrepancy. It is possible that varying schedules of
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== Denotes high correlation (defined by a Pearson correlation coefficient > 0.45)
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Figure 5. Correlation of alternate VEGF ligands with alternate angiogenic and inflammatory cytokines. Several cytokines
were highly correlated with VEGF-A, VEGF-C, and PIGF. VEGF-D showed very little correlation with other cytokines. PDGF-BB was
highly correlated with VEGF-A, VEGF-C, and PIGF and IFN-y correlated with both VEGF-A and VEGF-C. VEGF-A and VEGF-C
were also highly correlated with each other, but there was no significant correlation between the other VEGF ligands.

doi: 10.1371/journal.pone.0077117.g005

bevacizumab were used in the validation cohort which may
differ than the strict protocol-based regimen of bevacizumab in
the discovery cohort. It is also unclear how well circulating
levels of VEGF ligands actually reflect the tumor
microenvironment. There is evidence to suggest that
antiangiogenic therapies may elicit a host response rather than
a malignant cell response that contributes to therapeutic
resistance [35]. It is also difficult to determine what magnitude
of change in cytokine levels would be necessary to evoke a
biologic response. VEGF receptors have also been shown to
play an important role in tumors treated with anti-VEGF
therapy, as a recent study has shown that a locus in VEGFR1
correlates with increased VEGFR1 expression and poor

PLOS ONE | www.plosone.org

outcome with bevacizumab treatment [36]. Finally, this study
shows an association of alternate ligands with bevacizumab
resistance, but is unable to show a true causative resistance
mechanism. Further study will be needed in either preclinical
models or in the setting of a clinical trial to answer these critical
questions.

VEGEF ligands other than VEGF itself are associated with
bevacizumab-containing chemotherapy resistance in
metastatic CRC. Further preclinical work may help elucidate
which angiogenic factors can be targeted in order to suppress
tumor angiogenesis. Further study will also be required to
determine if these changes are causative for antiangiogenic
resistance. With the recent availability of two new agents
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targeting VEGF signaling, translational studies will be critical to
identify the best setting to utilize anti-angiogenic therapies.

Author Contributions

Conceived and designed the experiments: CHL HT CE MJO
JM LE JH SK. Performed the experiments: CHL HT ZJ MM JH

References

1.

Folkman J (1990) What Is the Evidence That Tumors Are Angiogenesis
Dependent? J Natl Cancer Inst 82: 4-7. doi:10.1093/jnci/82.1.4.
PubMed: 1688381.

. Hanahan D, Folkman J (1996) Patterns and Emerging Mechanisms of

the Angiogenic Switch during Tumorigenesis. Cell 86: 353-364. doi:
10.1016/S0092-8674(00)80108-7. PubMed: 8756718.

. Hicklin DJ, Ellis LM (2005) Role of the Vascular Endothelial Growth

Factor Pathway in Tumor Growth and Angiogenesis. J Clin Oncol 23:
1011-1027. PubMed: 15585754.

. Hanahan D, Weinberg RA (2000) The Hallmarks of Cancer. Cell 100:

57-70. doi:10.1016/S0092-8674(00)81683-9. PubMed: 10647931.

. Bergers G, Hanahan D (2008) Modes of resistance to anti-angiogenic

therapy. Nat Rev Cancer 8: 592-603. doi:10.1038/nrc2442. PubMed:
18650835.

. Ferrara N, Gerber H-P, LeCouter J (2003) The biology of VEGF and its

receptors. Nat Med 9: 669-676. doi:10.1038/nm0603-669. PubMed:
12778165.

. Hanrahan V, Currie MJ, Gunningham SP, Morrin HR, Scott PAE et al.

(2003) The angiogenic switch for vascular endothelial growth factor
(VEGF)-A, VEGF-B, VEGF-C, and VEGF-D in the adenoma-carcinoma
sequence during colorectal cancer progression. J Pathol 200: 183-194.
doi:10.1002/path.1339. PubMed: 12754739.

. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J et

al. (2004) Bevacizumab plus Irinotecan, Fluorouracil, and Leucovorin
for Metastatic Colorectal Cancer. N Engl J Med 350: 2335-2342. doi:
10.1056/NEJM0a032691. PubMed: 15175435.

. Saltz LB, Clarke S, Diaz-Rubio E, Scheithauer W, Figer A et al. (2008)

Bevacizumab in Combination With Oxaliplatin-Based Chemotherapy As
First-Line Therapy in Metastatic Colorectal Cancer: A Randomized
Phase Il Study. J Clin Oncol 26: 2013-2019. doi:10.1200/JCO.
2007.14.9930. PubMed: 18421054.

. Ellis LM, Hicklin DJ (2008) Pathways Mediating Resistance to Vascular

Endothelial Growth Factor-Targeted Therapy. Clin Cancer Res 14:
6371-6375. doi:10.1158/1078-0432.CCR-07-5287. PubMed: 18927275.

. Casanovas O, Hicklin DJ, Bergers G, Hanahan D (2005) Drug

resistance by evasion of antiangiogenic targeting of VEGF signaling in
late-stage pancreatic islet tumors. Cancer Cell 8: 299-309. doi:10.1016/
j.ccr.2005.09.005. PubMed: 16226705.

. Batchelor TT, Sorensen AG, di Tomaso E, Zhang W-T, Duda Dan G et

al. (2007) AZD2171, a Pan-VEGF Receptor Tyrosine Kinase Inhibitor,
Normalizes Tumor Vasculature and Alleviates Edema in Glioblastoma
Patients. Cancer Cell 11: 83-95. doi:10.1016/j.ccr.2006.11.021.
PubMed: 17222792,

. Kerbel RS (2005) Therapeutic implications of intrinsic or induced

angiogenic growth factor redundancy in tumors revealed. Cancer Cell
8:269-271. doi:10.1016/j.ccr.2005.09.016. PubMed: 16226701.

. Cao R, Eriksson A, Kubo H, Alitalo K, Cao Y et al. (2004) Comparative

Evaluation of FGF-2-, VEGF-A-, and VEGF-C—~Induced Angiogenesis,
Lymphangiogenesis, Vascular Fenestrations, and Permeability. Circ
Res 94: 664-670. doi:10.1161/01.RES.0000118600.91698.BB.
PubMed: 14739162.

. Hindryckx P, Waeytens A, Laukens D, Peeters H, Van Huysse J et al.

(2010) Absence of placental growth factor blocks dextran sodium
sulfate-induced colonic mucosal angiogenesis, increases mucosal
hypoxia and aggravates acute colonic injury. Lab Invest 90: 566-576.
doi:10.1038/labinvest.2010.37. PubMed: 20142801.

. Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V et al.

(2001) Synergism between vascular endothelial growth factor and
placental growth factor contributes to angiogenesis and plasma
extravasation in pathological conditions. Nat Med 7: 575-583. doi:
10.1038/87904. PubMed: 11329059.

. Autiero M, Waltenberger J, Communi D, Kranz A, Moons L et al. (2003)

Role of PIGF in the intra- and intermolecular cross talk between the
VEGF receptors Flt1 and Flk1. Nat Med 9: 936-943. doi:10.1038/
nm884. PubMed: 12796773.

PLOS ONE | www.plosone.org

10

SK.

Alternate VEGF Ligands in CRC

Analyzed the data: CHL EL JM SK. Contributed reagents/

materials/analysis tools: HT ZJ MM JM JH SK. Wrote the
manuscript: CHL HT ZJ MM MJO EL CE JM LE JH SK.

20.

21.

22.

23.

24.

25.

26.

27.

28.
. Broll R, Erdmann H, Duchrow M, Oevermann E, Schwandner O et al.

30.

31.

32.

33.

. Eriksson A, Cao R, Pawliuk R, Berg S-M, Tsang M et al. (2002)

Placenta Growth Factor-1 antagonizes VEGF-induced angiogenesis
and tumor growth by the formation of functionally inactive PIGF-1/
VEGF heterodimers. Cancer Cell 1: 99-108. doi:10.1016/
S1535-6108(02)00028-4. PubMed: 12086892.

. Bjorndahl M, Cao R, Eriksson A, Cao Y (2004) Blockage of VEGF-

Induced Angiogenesis by Preventing VEGF Secretion. Circ Res 94:
1443-1450.  doi:10.1161/01.RES.0000129194.61747.bf.  PubMed:
15192038.

Valtola R, Salven P, Heikkilda P, Taipale J, Joensuu H et al. (1999)
VEGFR-3 and Its Ligand VEGF-C Are Associated with Angiogenesis in
Breast Cancer. Am J Pathol 154: 1381-1390. doi:10.1016/
S0002-9440(10)65392-8. PubMed: 10329591.

Pepper MS, Mandriota SJ, Jeltsch M, Kumar V, Alitalo K (1998)
Vascular endothelial growth factor (VEGF)-C synergizes with basic
fibroblast growth factor and VEGF in the induction of angiogenesis in
vitro and alters endothelial cell extracellular proteolytic activity. J Cell
Physiol 177: 439-452. doi:10.1002/(SICI)1097-4652(199812)177:3.
PubMed: 9808152.

Saaristo A, Veikkola T, Enholm B, HYTONEN M, Arola J et al. (2002)
Adenoviral VEGF-C overexpression induces blood vessel enlargement,
tortuosity, and leakiness but no sprouting angiogenesis in the skin or
mucous membranes. FASEB J 16: 1041-1049. doi:10.1096/fj.
01-1042com. PubMed: 12087065.

Weickhardt A, Williams D, Lee C, Simes J, Murone C et al. (2011)
Vascular endothelial growth factors (VEGF) and VEGF receptor
expression as predictive biomarkers for benefit with bevacizumab in
metastatic colorectal cancer (MCRC): Analysis of the phase Il MAX
study. J Clin Oncol 29.

Kopetz S, Hoff PM, Morris JS, Wolff RA, Eng C et al. (2009) Phase I
Trial of Infusional Fluorouracil, Irinotecan, and Bevacizumab for
Metastatic Colorectal Cancer: Efficacy and Circulating Angiogenic
Biomarkers Associated With Therapeutic Resistance. J Clin Oncol
JCO0.2009: 2024.8252. PubMed: 20008624

Willett CG, Duda DG, di Tomaso E, Boucher Y, Ancukiewicz M et al.
(2009) Efficacy, Safety, and Biomarkers of Neoadjuvant Bevacizumab,
Radiation Therapy, and Fluorouracil in Rectal Cancer: A
Multidisciplinary Phase Il Study. J Clin Oncol 27: 3020-3026. doi:
10.1200/JC0.2008.21.1771. PubMed: 19470921.

Hansen B, Klopfer S (2006) Optimal full matching and related designs
via network flows. JCGS 15: 609-627.

Hanrahan EO, Lin HY, Kim ES, Yan S, Du DZ et al. (2009) Distinct
Patterns of Cytokine and Angiogenic Factor Modulation and Markers of
Benefit for Vandetanib and/or Chemotherapy in Patients With Non-
Small-Cell Lung Cancer. J Clin Oncol 28: 193-201. PubMed: 19949019.
Adler D (2005) Vioplot: violin plot.

(2001) Vascular endothelial growth factor (VEGF) — a valuable serum
tumour marker in patients with colorectal cancer? Eur J Surg Oncol
(EJSO) 27: 37-42. doi:10.1053/ejs0.2000.1052.

Matsumoto K, Suzuki K, Koike H, Okamura K, Tsuchiya K et al. (2003)
Prognostic significance of plasma placental growth factor levels in renal
cell cancer: an association with clinical characteristics and vascular
endothelial growth factor levels. Anticancer Res 23: 4953-4958.
PubMed: 14981951.

Parr C, Watkins G, Boulton M, Cai J, Jiang WG (2005) Placenta growth
factor is over-expressed and has prognostic value in human breast
cancer. Eur J Cancer 41: 2819-2827. doi:10.1016/j.ejca.2005.07.022.
PubMed: 16275058.

Ribatti D (2008) The discovery of the placental growth factor and its
role in angiogenesis: a historical review. Angiogenesis 11: 215-221.
doi:10.1007/s10456-008-9114-4. PubMed: 18568405.

Yao J, Wu X, Zhuang G, Kasman IM, Vogt T et al. (2011) Expression of
a functional VEGFR-1 in tumor cells is a major determinant of anti-PIGF
antibodies efficacy. Proceedings of the National Academy of Sciences.

October 2013 | Volume 8 | Issue 10 | e77117


http://dx.doi.org/10.1093/jnci/82.1.4
http://www.ncbi.nlm.nih.gov/pubmed/1688381
http://dx.doi.org/10.1016/S0092-8674(00)80108-7
http://www.ncbi.nlm.nih.gov/pubmed/8756718
http://www.ncbi.nlm.nih.gov/pubmed/15585754
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://www.ncbi.nlm.nih.gov/pubmed/10647931
http://dx.doi.org/10.1038/nrc2442
http://www.ncbi.nlm.nih.gov/pubmed/18650835
http://dx.doi.org/10.1038/nm0603-669
http://www.ncbi.nlm.nih.gov/pubmed/12778165
http://dx.doi.org/10.1002/path.1339
http://www.ncbi.nlm.nih.gov/pubmed/12754739
http://dx.doi.org/10.1056/NEJMoa032691
http://www.ncbi.nlm.nih.gov/pubmed/15175435
http://dx.doi.org/10.1200/JCO.2007.14.9930
http://dx.doi.org/10.1200/JCO.2007.14.9930
http://www.ncbi.nlm.nih.gov/pubmed/18421054
http://dx.doi.org/10.1158/1078-0432.CCR-07-5287
http://www.ncbi.nlm.nih.gov/pubmed/18927275
http://dx.doi.org/10.1016/j.ccr.2005.09.005
http://dx.doi.org/10.1016/j.ccr.2005.09.005
http://www.ncbi.nlm.nih.gov/pubmed/16226705
http://dx.doi.org/10.1016/j.ccr.2006.11.021
http://www.ncbi.nlm.nih.gov/pubmed/17222792
http://dx.doi.org/10.1016/j.ccr.2005.09.016
http://www.ncbi.nlm.nih.gov/pubmed/16226701
http://doi:10.1161/01.res.0000118600.91698.bb
http://www.ncbi.nlm.nih.gov/pubmed/14739162
http://dx.doi.org/10.1038/labinvest.2010.37
http://www.ncbi.nlm.nih.gov/pubmed/20142801
http://dx.doi.org/10.1038/87904
http://www.ncbi.nlm.nih.gov/pubmed/11329059
http://dx.doi.org/10.1038/nm884
http://dx.doi.org/10.1038/nm884
http://www.ncbi.nlm.nih.gov/pubmed/12796773
http://dx.doi.org/10.1016/S1535-6108(02)00028-4
http://dx.doi.org/10.1016/S1535-6108(02)00028-4
http://www.ncbi.nlm.nih.gov/pubmed/12086892
http://doi:10.1161/01.res.0000129194.61747.bf
http://www.ncbi.nlm.nih.gov/pubmed/15192038
http://dx.doi.org/10.1016/S0002-9440(10)65392-8
http://dx.doi.org/10.1016/S0002-9440(10)65392-8
http://www.ncbi.nlm.nih.gov/pubmed/10329591
http://dx.doi.org/10.1002/(SICI)1097-4652(199812)177:3
http://www.ncbi.nlm.nih.gov/pubmed/9808152
http://dx.doi.org/10.1096/fj.01-1042com
http://dx.doi.org/10.1096/fj.01-1042com
http://www.ncbi.nlm.nih.gov/pubmed/12087065
http://www.ncbi.nlm.nih.gov/pubmed/8252
http://dx.doi.org/10.1200/JCO.2008.21.1771
http://www.ncbi.nlm.nih.gov/pubmed/19470921
http://www.ncbi.nlm.nih.gov/pubmed/19949019
http://dx.doi.org/10.1053/ejso.2000.1052
http://www.ncbi.nlm.nih.gov/pubmed/14981951
http://dx.doi.org/10.1016/j.ejca.2005.07.022
http://www.ncbi.nlm.nih.gov/pubmed/16275058
http://dx.doi.org/10.1007/s10456-008-9114-4
http://www.ncbi.nlm.nih.gov/pubmed/18568405

34.

35.

Grothey A, Sobrero A, Siena S, Falcone A, Ychou M et al. (2012)
Results of a phase Il randomized, double-blind, placebo-controlled,
multicenter trial (CORRECT) of regorafenib plus best supportive care
(BSC) versus placebo plus BSC in patients (pts) with metastatic
colorectal cancer (mMCRC) who have progressed after standard
therapies. J Clin Oncol 30.

Bagley RG, Ren Y, Weber W, Yao M, Kurtzberg L et al. (2011)
Placental Growth Factor Upregulation Is a Host Response to

PLOS ONE | www.plosone.org

11

36.

Alternate VEGF Ligands in CRC

Antiangiogenic Therapy. Clin Cancer Res 17: 976-988. doi:
10.1158/1078-0432.CCR-10-2687. PubMed: 21343374.

Lambrechts D, Claes B, Delmar P, Reumers J, Mazzone M et al.
(2012) VEGF pathway genetic variants as biomarkers of treatment
outcome with bevacizumab: an analysis of data from the AViTA and
AVOREN randomised trials. Lancet Oncol 13: 724-733. doi:10.1016/
S1470-2045(12)70231-0. PubMed: 22608783.

October 2013 | Volume 8 | Issue 10 | e77117


http://dx.doi.org/10.1158/1078-0432.CCR-10-2687
http://www.ncbi.nlm.nih.gov/pubmed/21343374
http://dx.doi.org/10.1016/S1470-2045(12)70231-0
http://dx.doi.org/10.1016/S1470-2045(12)70231-0
http://www.ncbi.nlm.nih.gov/pubmed/22608783

	The Association of Alternate VEGF Ligands with Resistance to Anti-VEGF Therapy in Metastatic Colorectal Cancer
	Introduction
	Methods
	Results
	VEGF-D, and PlGF Are Increased at the Time of Progression of Chemotherapy with Bevacizumab
	Increased PlGF Is Attributed to Bevacizumab Treatment
	VEGF-A is correlated with progression-free survival and overall survival
	Elevations in PlGF and VEGF-D after chemotherapy are transient
	Correlation of VEGF ligands with alternate cytokines

	Discussion
	Author Contributions
	References


