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Simple Summary: Targeting angiogenesis, the formation of new blood vessels, is an integral part of
many cancer treatments, including colorectal cancer. The overall clinical benefit is well documented
but modest. It has been an ongoing task for the last decade to isolate patient and tumor characteristics instrumental in identifying the subgroups to truly benefit; so far with limited success. The
introduction of immunotherapy has opened a new era for anti-angiogenic treatment, as these two
therapeutic strategies seem to work in synergy. This review will highlight the clinical achievements
of anti-angiogenic treatment of colorectal cancer since 2004 and elaborate on the perspectives of
combining it with immunotherapy.
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Abstract: Since the late 1990s, therapy for metastatic colorectal cancer (mCRC) has changed considerably, and the combination of doublet or triplet chemotherapy and a targeted agent are now
routinely used. The targeting of angiogenesis, the development of new blood vessels, represents a
key element in the overall treatment strategy. Since the approval in 2004 of the first anti-angiogenetic
drug, multiple agents have been approved and others are currently under investigation. We present
an overview of the recent literature on approved systemic treatment of mCRC, with a focus on
anti-angiogenic drugs, and current treatment approaches, and elaborate on the future role of angiogenesis in colorectal cancer as seen from a clinical perspective. The treatment of mCRC, in general,
has changed from “one strategy fits all” to a more personalized approach. This is, however, not
entirely the case for anti-angiogenetic treatments, partly due to a lack of validated biomarkers. The
anti-angiogenetic standard treatment at the present primarily includes monoclonal antibodies. The
therapeutic field of angiogenesis, however, has received increased interest after the introduction of
newer combinations. These approaches will likely change the current treatment strategy, once again,
to the overall benefit of patients.
Keywords: Angiogenesis; colorectal cancer; monoclonal antibodies; small molecule tyrosine kinase inhibitors
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1. Introduction
1.1. Colorectal Cancer
Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Worldwide, 1.8 million new patients are diagnosed each year with colorectal cancer
(CRC). Approximately half of the patients will be diagnosed with metastatic CRC (mCRC),
at either the time of diagnosis (synchronous) or due to later recurrence (metachronous) [1].
Almost half the number of new cases, 0.86 million, die each year.
1.2. Treatment Overview
For several years, the armamentarium of standard treatment for patients with mCRC
have included combination chemotherapy with either 5-FU, oxaliplatin, irinotecan, or two
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classes of targeted therapies [2,3]. These therapies inhibit the signaling pathways related
to the epidermal growth factor (EGF) and vascular endothelial growth factor (VEGF)
receptors. The monoclonal antibodies cetuximab and panitumumab, targeting the EGF
receptor (EGFR) and bevacizumab, targeting the VEGF-A ligand, are the most commonly
used in the field of mCRC.
It is well known that the benefit of anti-EGFR is restricted to around 40% of the patients
who are RAS and BRAF wild type (wt) [2,3]. The common treatment approach has changed
from single agent chemotherapy to a doublet regimen, or occasionally triplet chemotherapy
regimen, often in combination with bevacizumab, cetuximab, or panitumumab based
on the RAS mutational status. Typically, anti-EGFR therapy improves major efficacy
parameters (response rate, PFS and OS) when added to doublet regimens like 5-FU +
irinotecan (FOLFIRI) or 5-FU + oxaliplatin (FOLFOX) but results were more equivocal
when bevacizumab was added to modern infusional doublet regimens (Table 1). Nerveless,
the optimal combination of chemotherapy and targeted therapy for first line therapy have
been debated for many years. Three randomized trials have directly compared efficacy
of EGFR inhibitors and bevacizumab in patients with RASwt mCRC, but with a very
heterogeneous picture and no well-founded conclusion. Prior studies have shown that leftsided mCRC are dependent on EGFR related pathways and when investigators from the
major cooperative groups pooled data in patients with left-sided tumors, it became evident,
and the efficacy data became much more homogenous, showing a clear advantage of EGFR
inhibitors with higher overall response rates (ORR) and prolonged overall survival (OS)
in patients with left-sided primaries [4,5]. However, there is currently no solid evidence
indicating that RAS mutations should render anti-VEGF-A therapy obsolete in the setting
of mCRC.
Table 1. Principal trials comparing first line combination chemotherapy with or without bevacizumab in unselected patients
with metastatic colorectal cancer (mCRC).
Author, Year [Ref.]
Trial Name (Subgroup)

Regimen

N

RR
(%)

p

PFS
(mo)

HR
(95%CI)

OS
(mo)

HR
(95%CI)

5.2

0.46
Significant
0.66
NS

13.8

0.63
Significant
1.17
NS

First line
Kabbinavar, 2003 [6]
AVF0780g

Hurwitz, 2004 [7]
AVF2107g
Kabbinavar, 2005 [8]
AVF2192g
Guan, 2011 [9]
ARTIST
Stathopoulos, 2010 [10]
Cunningham, 2013 [11]
AVEX
Tebbutt, 2010 [12]
MAX

5FU
5FU + bevacizumab
5 mg/kg
5FU + bevacizumab
10 mg/kg
IFL + placebo
IFL + bevacizumab
5FU + placebo
5FU + bevacizumab
IFL
IFL + bevacizumab
FLIRI
FLIRI +
bevacizumab
Capecitabine
Capecitabine +
bevacizumab
Capecitabine
Capecitabine +
bevacizumab
Capecitabine +
MMC +
bevacizumab

36

17

35

40

33

24

411
402
105
104
64
139
108

35
45
15
26
17
35
35

114

37

140

10

140

19

156

30

157

38

158

46

p = 0.03
p = 0.43

9.0
7.2

p = 0.004
p = 0.06
p = 0.01
NS

6.2
10.6
5.5
9.2
4.2
8.3
–

0.54
Significant
0.50
0.34–0.73
0.44
0.31–0.63
NS

–
p = 0.04

5.1
9.1

p = 0.16
p = 0.006

5.7
8.5
8.4

21.5
16.1
15.6
20.3
12.9
16.6
13.4
18.7
25.0

0.66
Significant
0.79
0.56–1.10
0.62
0.41–0.95
NS

20.0
0·53
0.41–0.69

16.8

0.63
0.50–0.79
0.59
0.47–0.75

18.9

20.7

18.9
16.4

0·79
0.57–1.09
0.88
0.68–1.13
0.94
0.73–1.21
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Table 1. Cont.
Author, Year [Ref.]
Trial Name (Subgroup)
Saltz, 2008 [13]
NO 16966
Passardi, 2015 [14]
ITACa

N

RR
(%)

701

38

699

38

194

50

176

51

Regimen
FOLFOX/CapOx +
placebo
FOLFOX/CapOx +
bevacizumab
FOLFOX/FOLFIRI
FOLFOX/FOLFIRI +
bevacizumab

p

NS

PFS
(mo)

HR
(95%CI)

OS
(mo)

HR
(95%CI)

8.0

0·83
0.72–0.93

19.9

0·89
0.76–1.03

9.2
NS

8.4
9.6

21.3
0.86
0.70–1.07

21.3
20.8

1.13
0.89–1.43

Abbreviations: RR = response rate, PFS = progression free survival, HR = hazard ratio, OS = overall survival, CI = confidence interval, IFL
= weekly bolus regimen with irinotecan, 5FU, and leucovorin; FLIRI = bolus regimen with irinotecan, 5FU, and leucovorin adminiatered
every three weeks.

A number of randomized studies, pioneered by Dr. Falcone’s group, have evaluated
triplet chemotherapy (FOLFOXIRI) in patients unselected by the RAS mutational status.
The FOLFOXIRI regimen does have a significant toxicity-profile, thus requiring patients
to exhibit a good performance status. Consequently, patients included in the FOLFOXIRI
trials are more often younger or more often in performance status 0 than usually in clinical
trials. Two Italian phase III trials [15,16] showed that triplet chemotherapy was more
effective than a doublet (either FOLFIRI or FOLFOX) in terms of ORR, PFS and OS. In the
TRIBE–study, bevacizumab was added to both the triplet and the doublet combinations,
and thus we can only conclude that a triplet chemotherapy can be safely combined with
bevacizumab but whether bevacizumab adds to the efficacy of a triplet cannot be concluded
from these studies [16]. In the randomized phase II OLIVIA trial [17], in which mCRC
patients with liver-limited disease were included, a triplet chemotherapy with bevacizumab
produced a very impressing ORR of 81%. Consistently, a high response rate of at least 60%
was observed in all studies that evaluated FOLFOXIRI with or without bevacizumab [3].
1.3. Angiogenesis
Basically, the term vasculogenesis describes the process of the initial endothelial
differentiation of angioblasts during embryogenesis [18], whereas angiogenesis refers to
the formation of new blood vessels from existing endothelial cells [19]. The regulation of
the angiogenic process is a complex balance between stimulating and inhibiting stimuli.
The VEGF system consists of six ligands and three receptors (VEGFR). The VEGF-A ligand
is the most important. It is secreted by multiple cell types including the malignant cells
and stimulates endothelial cell (EC) differentiation, migration, growth and survival [20].
The receptor that is primarily responsible for transmitting this VEGF-A-mediated signal
in the EC is VEGFR-2, whereas the role of VEGFR-1 probably is more regulatory and
inhibitory [21]. The autonomic growth pattern that characterizes malignant neoplasms are
contributing to the fact that malignant tumors are often hypoxic to varying degrees. This
hypoxia leads to increased transcription of a large number of genes, including VEGF-A,
with the common purpose of ensuring a more adequate oxygenation of the tumor [22]. It
is the so-called hypoxia-inducible factors (HIF) that are the cause of this gene regulation.
The three members are formed from the oxygen-sensitive subunits (HIF-1α, HIF-2α and
HIF-3α) and the non-oxygen-sensitive HIF-1β subunit [23]. During hypoxia, HIF-1α (the
best described) stabilizes and translocate to the cell nucleus to form the activated HIF-1
complex together with HIF-1β.
1.4. Anti-angiogenetics
The therapeutics targeting angiogenesis are divided into two main groups: the monoclonal antibodies (mAbs) and the small molecules, tyrosine kinase inhibitors (TKIs). The
mAbs exert their action by either directly binding VEGF-A or blocking the extracellular
binding domain of the corresponding receptor. Bevacizumab (Avastin® ) binds to all isoforms of VEGF-A and aflibercept (Zaltrap® ) a soluble decoy receptor binds VEGF, thereby
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preventing activation of their endogenous receptors whereas ramucirumab (Cyramza® )
binds with high affinity to the VEGFR-2 extracellular domain, which prevents binding
of VEGF ligands and thereby inhibiting receptor activation. The TKIs exert their antiangiogenetic effect after internalization in the cell and binding to, and inhibiting, the kinase
domain of the various receptors involved in the angiogenetic process (tyrosine kinase,
serine/threonine kinase or dual protein kinase inhibitors).
1.5. Current Challenge
Inhibition of tumor-associated angiogenesis have been utilized for the treatment of
patients with mCRC for more than 15 years [2,3]. Since the initial approval of bevacizumab
in 2004, several other agents have been investigated within phase III trials, leading to
several additional approvals.
The obtained survival benefit from these drugs is often limited due to multiple resistance mechanisms and all attempts to individualize treatment have so far been unsuccessful.
This class of therapeutics are consequently administered to a broad and unselected patient
population constituting a social-economic challenge to the community. The adverse events
related to these treatments, although often manageable, may sometimes be severe and even
fatal. This scenario calls for the identification of predictive biomarkers or new treatments
combinations with a more favorable advantage/disadvantage ratio if this field of therapy
is to evolve even further.
2. Existing Treatment
Presently, targeting angiogenesis for the treatment of mCRC may be applied to all
treatment lines. Bevacizumab is used in combination with chemotherapy in both first and
later lines of therapy, ramucirumab and aflibercept, together with chemotherapy, is used in
the second line setting and finally regorafenib given as monotherapy is used for patients
with chemo-refractory disease. In brief, addition of an antibody targeting VEGF or VEGFR
(such a bevacizumab, aflibercept or ramucirumab) to second line treatment significantly
improved OS by a median of 1.4 to 2 months in all second line trials, independently whether
a VEGF inhibitor had been used before. In total, four second line trials have reported a gain
in OS by the addition of an antiangiogenic compound, irrespective of the various first-line
regimens [2,3].
2.1. Bevacizumab in First Line
The most widely used vascular inhibitor is bevacizumab. Bevacizumab as monotherapy has no or only very modest effect in mCRC and is most often used in combination
with chemotherapy. The first randomized trials demonstrated that bevacizumab improves
the efficacy of chemotherapy as measured by three key efficacy parameters (response
rate (RR), progression-free survival (PFS) and OS). In combination with IFL, a bolus regimen consisting of irinotecan and 5-fluorouracil (5FU), OS was extended by almost five
months to 20 months [7]. As there were only a few additional side effects at the same
time, bevacizumab with combination chemotherapy quickly became standard in most
parts of the world, and since then bevacizumab has been on the top list of the best-selling
drugs, presently with annual sales of about 7 billion USD [24]. However, due to inferior
efficacy, IFL was subsequently substituted by modern combination regimens (e.g., CapOx
(capecitabine and oxaliplatin), FOLFOX (5FU and oxaliplatin) or FOLFIRI (5FU and irinotecan)). When bevacizumab was tested in combination with CapOx or FOLFOX, gain in
efficacy was lower than expected [13]. The PFS was prolonged by a modest 1.4 months, and
surprisingly, no significant improvement in the confirmed RR (38% vs. 38%) or OS (19.9 vs.
21.3 months) was seen. In Table 1, an overview of the principal clinical trials addressing
bevacizumab in the first line treatment of mCRC is provided [6–14]. Briefly, trials testing
monotherapy or bolus combination chemotherapy regimens with bevacizumab showed
improvement in all efficacy parameters, but this is somehow in contrast to the NO16966
and the ITACa trials, where response rates and OS were not upgraded.
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2.2. Bevacizumab in Later Lines
A number of well-conducted randomized trials have documented the efficacy of
bevacizumab when combined with 5FU as monotherapy [25] or when combined with
chemotherapy after first-line treatment (even if bevacizumab was already part of first-line
treatment) (Table 2) [26–34].
Table 2. Principal randomized trials comparing second or later line chemotherapy with anti-angiogenic therapy in unselected
patients with mCRC.
Author, Year [Ref.]
Trial Name (Subgroup)

Regimen

N

RR
(%)

p

PFS
(mo)

HR
(95%CI)

OS
(mo)

∆ OS
HR

2nd line – no prior bevacizumab
Giantonio, 2007 [26]
E3200
Peeters, 2013 [27]
NCT00752570

FOLFOX
FOLFOX +
bevacizumabHD
* BevacizumabHD
FOLFIRI + placebo
FOLFIRI +
trebananibC

286

9

291

23

243
49

3
0

95

14

4.7
p < 0.0001

NR

7.3
2.7
5.2
3.5

0.61
Significant
1.23
0.81–1.86

10.8
12.9
10.2
8.8
11.9

0.75
Significant
0.90
0.53–1.54

2nd line – prior bevacizumab
Van Cutsem, 2012 [28]
VELOURA
Bennouna, 2013 [29]
ML18147
Masi, 2015 [30]
BEBYPB
Tabernero, 2015 [31]
RAISE
Hecht, 2015 [32]
SPIRITT (KRASwt)

Cohn, 2013 [33]
QUILT–2.018 (KRASmut)

FOLFIRI + placebo
FOLFIRI +
aflibercept
Chemo
Chemo +
bevacizumab
Chemo
Chemo +
bevacizumab
FOLFIRI + placebo
FOLFIRI +
ramucirumab
FOLFIRI +
bevacizumab
FOLFIRI +
panitumumab
FOLFIRI + placebo
FOLFIRI +
ganitumab
FOLFIRI +
conatumumab

614

11

612

20

411

4

409

5

92

17

92

21

536

13

536

13

91

19

91

32

9.2

52

2

4.6

52

8

51

14

p < 0.001

NS

p = 0.57

p = 0.63

NR

NR

4.7
6.9
4.1
5.7
5.0
6.8
4.5
5.7
7.7

4.5
6.5

0.76
0.66–0.87

12.1

0.68
0.59–0.78

9.8

13.5

11.2

0.70
0.52–0.95

15.5

0.79
0.70–0.90

11.7

1.01
0.68–1.50

18.0

1.01
0.61–1.66
0.69
0.41–1.14

12.0

0.45
0.29–0.72

6.7

14.1

13.3

21.4

12.4
12.3

0.82
0.71– 0.94
0.81
0.69–0.94
0.77
0.56–1.06
0.84
0.73–0.98
1.06
0.75–1.49
1.27
0.76–2.13
0.89
0.54–1.89

3rd line
Pfeiffer, 2020 [34]
EudraCT, 2016–005241–23

TAS–102
TAS–102 +
bevacizumab

47

0

46

2

NS

2.6
4.6

9.4

0.55
0.32–0.94

Abbreviations: RR = response rate, PFS = progression free survival, HR = hazard ratio, OS = overall survival, CI = confidence interval,
FOLFOX = 5-FU + oxaliplatin, FOLFIRI = 5-FU + irinotecan. NR = not reported, NS = non-significant.

A: 30% had received bevacizumab as part of first line therapy. The benefits of aflibercept with FOLFIRI were observed in subgroups of patients with or without prior bevacizumab treatment. B: BEBYP was interrupted prematurely after accrual of 184/262
planned patients. Thus, there is no doubt that bevacizumab has clinically significant
activity, but the challenge in modern oncology is to choose the right treatment for the
right patients [2,3]. Unfortunately, to date, there are no approved or generally accepted
biomarkers for predicting benefit from bevacizumab. This is in contrast to one of the other
very frequently used treatment principles in mCRC, namely the targeting of EGFR with
monoclonal antibodies (panitumumab or cetuximab), in which mutation status of RAS in
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the MAPK pathway has been proven of predictive value [2,3]. The value of RAS mutational
status in angiogenesis inhibition in CRC, on the other hand, has been more unclear. For
the past 15 years, bevacizumab has been claimed to exert its effect independently of RAS
status, but this has never been studied regularly, and some subgroup studies suggest that
its effectiveness may be limited in patients with RAS-mutated tumors [3].
Due to the knowledge on both the advantage of anti-EGFR and anti-angiogenic
therapy and supported by promising preclinical data, it was obvious to test if multiblockade with the combination of anti-angiogenic and anti-EGFR therapy could improve
survival even further. Initial clinical data supported the hypothesis as a randomized phase
II study [35] showed that the combination of irinotecan, cetuximab and bevazicumab
resulted in a higher RR and longer PFS than cetuximab and bevazicumab in patients with
pre-treated mCRC. However, despite the above-mentioned promising results on doubleblockade in preclinical models, and from early clinical data, two large phase III studies—the
CAIRO2 and the PACCE studies—failed to confirm these results (Table 3) [36–40]. Both
trials showed that addition of bevazicumab to an anti-EGFR antibody and combination
chemotherapy in chemo-naïve patients was associated with an inferior outcome compared
to an anti-EGFR antibody and combination chemotherapy alone [36,37].
Table 3. Principal randomized trials comparing first line combination chemotherapy with single or double targeted therapy.
Author, Year [Ref.]
Trial Name
(Subgroup)

Regimen

RR
(%)

N

PFS
(mo)

HR
(95%CI)

OS
(mo)

∆ OS
HR

0.92
0.70–1.22

11.4

1.27
1.06–1.52

24.5

1.43
1.11–1.83

1.11
0.65–1.90

11.7

1.19
0.79–1.79

20.5

1.36
1.04–1.77

24.5

1.22
1.04–1.43

20.3

OR

1st line
Hecht, 2009 [36]
PACCE
Hecht, JCO 2009
PACCE
Hecht, JCO 2009
PACCE (RASwt)
Tol, 2009 [37]
CAIRO2
Tol, 2009
CAIRO2 (RASwt)
Saltz, 2012 [38]
NCT00252564
Saltz, 2012
NCT00252564
(RASwt)
Berlin, 2013 [39]
NCT00636610

Infante, 2013 [40]
NCT00460603

FOLFOX + bevacizumab
FOLFOX + bevacizumab +
panitumumab
FOLFIRI + bevacizumab
FOLFIRI + bevacizumab +
panitumumab
FOLFOX + bevacizumab
FOLFOX + bevacizumab +
panitumumab
CapOx + bevacizumab
CapOx + bevacizumab +
cetuximab
CapOx + bevacizumab
CapOx + bevacizumab +
cetuximab
FOLFOX + bevacizumab
FOLF + bevacizumab +
cetuximab
FOLFOX + bevacizumab
FOLF + bevacizumab +
cetuximab
Chemo + bevacizumab +
placebo
Chemo + bevacizumab +
vismodegib
FOLFOX + bevacizumab
FOLFOX + axitinib
FOLFOX + axitinib +
bevacizumab

410

48

413

46

115

40

115

43

203

56

201

50

366

50

368

53

156

50

158

61

124

52

123

41

49

–

46

–

101

51

98

46

43
42

49
29

41

39

–

10.0

10.1
11.5
9.8

p = 0.49

10.7
9.4

p = 0.06

10.6

NS

10.5
NR

11.0

10.9

NS

9.3

NS

15.9
11.0
12.5

19.4
22.4

1.15
NS
NS

21.3

NS

18.8

NS

21.3
1.25
0.89–1.76

10.1
NS

20.7

1.89
1.30–2.75

19.5

8.8
NR

20.7

1.42
0.77–2.62

21.8

8.3
NR

19.4

–

NR

–
1.08
0.47–2.45
1.49
0.75–2.98

21.6
18.1
19.7

1.16
0.66–2.03
0.94
0.54–1.65

Abbreviations: RR = response rate, OR = odds ratio, PFS = progression free survival, HR = hazard ratio, OS = overall survival, CI =
confidence interval, FOLFOX = 5-FU + oxaliplatin, FOLFIRI = 5-FU + irinotecan, CapOx = capecitabine + oxaliplatin, FOLF = F-FU and
lecovorin. Vismodegib: Hedgehog pathway inhibitor Abbreviations: NS = non-significant, NR = not reported.
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Since tumors cannot grow to more than 2–3 mm3 without blood supply, it was also
obvious to investigate the effect of bevacizumab in the adjuvant setting. Unfortunately,
in two large randomized trials, no gain was measured in terms of OS in patients with
CRC, and in one study, there was fewer patients alive after ten years than in the control
group [41,42]. It is not entirely clear why anti-VEGF-A therapy was ineffective in the
adjuvant setting. This may be related to the fact that adjuvant treatment often targets
microscopic clusters of cells or even single cells in the circulation situations where the
tumor-related blood vessels may not be dependent on VEGF-A to the same extent as in the
metastatic setting.
Bevacizumab is in general well tolerated, however vascular-related side effects have
been seen with the most serious being gastrointestinal perforation, hemorrhage and arterial
thrombosis (in less than 1% of patients). More commonly proteinuria and hypertension. In
a meta-analysis by Zhu et al. grade three hypertension was reported in approximately 9%
of patients treated with low-dose bevazicumab and in 16% of patients receiving doses of
10 mg/kg or above [43].
2.3. Ramucirumab
In combination with FOLFIRI, second line therapy with ramucirumab did not increase
RR but significantly prolonged PFS from 4.5 to 5.7 months and OS from 11.7 to 13.3 months
following first-line treatment with fluoropyrimidine, oxaliplatin and bevacizumab [31].
2.4. Aflibercept
The anti-angiogenic fusion protein aflibercept also produce a survival advantage when
added to FOLFIRI in patients progressing on a prior oxaliplatin-containing regimen [28].
The RR was increased from 11 to 20%, PFS was prolonged from 4.7 to 6.9 months and OS
from 12.1 to 13.5 months and the benefit was observed independent of prior bevacizumab.
2.5. Tyrosine Kinase Inhibitors
The other main group of anti-angiogenic drugs—the TKIs have also been tested in
the mCRC population. Due to the targeting of multiple signalling pathways beyond the
VEGFR full dose TKI may be difficult to tolerate and often requires dose modifications,
and are most often administered as monotherapy.
More than 10,000 patients have been included in randomized phase II and III trials
investigating the TKIs. Many randomized trials were initiated soon after the turn of the
century, sometimes even without solid phase II data [44]. In broad terms, first- and secondline trials (Table 4) [45–54] tested the TKIs in combination with chemotherapy whereas TKI
monotherapy was evaluated in late line trials (Table 5) [55–63]. In general, first line trials
aimed to prolong PFS with 2–3 months and later line trials to prolong OS with 2 months.
Several different TKIs were evaluated in large, well-conducted trials including more than
1000 patients, but in general with disappointing results. A total of 2000 patients participated
in two large randomized trials comparing FU monotherapy with or without semaxinib
or comparing combination chemotherapy with or without semaxinib, but unfortunately
results from these trials have never been published.
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Table 4. Principal randomized trials comparing chemotherapy with or without tyrosine kinase inhibitor (TKI) as first or
second line therapy in unselected patients with mCRC.
Author, Year [Ref.]
Trial Name (Subgroup)

Regimen

p

PFS
(mo)

HR
(95%CI)

OS
(mo)

HR
(95%CI)

p > 0.05

7.6
7.7

0.88
0.74–1.03

20.5
21.4

1.08
0.94–1.26

8.3

0.84
0.73–0.94

18.9

0.94
0.79–1.13

RR
(%)

N

First line
Hecht, 2011 [45]
CONFIRM I
Hoff, 2012 [46]
HORIZON II

Schmoll, 2012 [47]
HORIZON III
Carrato, 2013 [48]
NCT00457691
Hecht, 2015 [49]
NCT00609622
Tabernero, 2013 [50]
RESPECT

FOLFOX + placebo
FOLFOX + vatalanib
FOLFOX/CapOx +
placebo
FOLFOX/CapOx +
cediranib
FOLFOX/CapOx +
cediranib
FOLFOX + bevacizumab
FOLFOX + cediranib
FOLFIRI + placebo
FOLFIRI + sunitinib
FOLFOX + bevacizumab
FOLFOX + sunitinib
FOLFOX + placebo
FOLFOX + sorafenib

583
585

46
42

358

50

502

51

p = 0.90

8.6

216

19.7

Terminated, 20 mg sufficient

713
709
382
386
95
96
101
97

47
46
34
32
40
43
59
44

p = 0.67
p = 0.68
p = 0.70
NR

10.3
9.9
8.4
7.8
15.4
9.3
8.7
9.1

1.10
0.97–1.25
1.10
0.89–1.34
2.37
1.15–4.85
0.88
0.64–1.23

21.3
22.8
19.8
20.3
34.1
23.7
18.1
17.6

0.95
0.82–1.10
1.17
0.94–1.47
1.47
0.91–2.3
1.13
0.79–1.61

4.2
5.6
7.8
5.8
7.2
6.9
5.7
6.4
7.6
5.3
6.1

0.63
0.48–0.83
1.28
0.85–1.95
1.17
0.77–1.76
1.27
0.77–2.11
1.04
0.55–1.96
0.73
0.53–1.01

11.9
13.1
19.6
14.3
16.8
15.7
12.9
14.1
17.1
11.7
13.8

0.82
0.63–1.06
1.39
0.92–2.09
1.00
0.66–1.50
1.36
0.82–2.24
0.69
0.37–1.27
1.01
0.71–1.44

Second line
Van Cutsem, 2011 [51]
CONFIRM II
Cunningham, 2012 [52]
HORIZON I
Bendell, 2013 [53]
NCT00615056
Sanoff, 2018 [54]
NCT01298570

FOLFOX + placebo
FOLFOX + vatalanib
FOLFOX + bevacizumab
FOLFOX + cediranib 20
FOLFOX + cediranib 30
FOLFIRI + bevacizumab
FOLFIRI + axitinib
FOLFOX + bevacizumab
FOLFOX + axitinib
FOLFIRI + placebo
FOLFIRI + regorafenib

429
426
66
71
73
51
49
35
36
61
120

–
–
27
18
20
24
24
20
19
20
29

NS
NS

NR

p = 0.21

Abbreviations: RR = response rate, PFS = progression free survival, HR = hazard ratio, OS = overall survival, CI = confidence interval,
FOLFOX = 5-FU + oxaliplatin, FOLFIRI = 5-FU + irinotecan, CapOx = capecitabine + oxaliplatin, NS = non-significant, NR = not reported.

Table 5. Principal randomized trials in which TKIs were used in third or later line therapy in patients with mCRC.
Author, Year [Ref.]
Trial

Regimen

N

RR
(%)

p

PFS
(mo)

HR
(95%CI)

OS
(mo)

∆ OS HR

1.7
1.9
1.7
3.2
2.0
2.8
1.9

0.49
0.42–0.58
0.31
0.22–0.44
0.84
0.57–1.24

5.0
6.4
6.3
8.8
6.0
9.8
7.4

0.77
0.64–0.94
0.55
0.40–0.77
0.72
0.47–1.10

Third or later line
Grothey, 2013 [55]
CORRECT
Li, 2014 [56]
CONCUR
Bekaii–Saab, 2019 [57]
ReDOS
Argiles, 2019 [58]
REARRANGE
Siu, 2013 [59]
AGITG CO.20 (KRASwt)
Li, 2013 [60]
FRESCO
Van Cutsem, 2018 [61]
LUME

Placebo
Regorafenib
Placebo
Regorafenib
Regorafenib 160
Regorafenib 80 160 mg
Regorafenib 160
Regorafenib 120
160 mg
Regorafenib 160 1w
Cetuximab
Cetuximab + brivanib
Placebo
Fruquintinib
Placebo
Nintedanib

255
505
68
136
62
54
101

0
1
0
4
–
–
–

99

–

2.0

99
374
376
138
278
382
386

–
7
14
0
5
0
0

2.0
3.4
5.0
1.8
3.7
1.4
1.5

0.19
0.045

0.004
0.01
>0.05

NS

0.72
0.62–0.84
0.26
0.21–0.34
0.58
0.49–0.69

8.6
7.1
8.1
8.8
6.6
9.3
6.0
6.4

NS

0.88
0.74–1.03
0.65
0.51–0.83
1.01
0.86–1.19
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Table 5. Cont.
Author, Year [Ref.]
Trial
Samalin, 2020 [62]
PRODIGE27 (KRASmut)
Eng, 2019 [63]
IMBlaze

Regimen

N

RR
(%)

Irinotecan
Sorafenib
Irinotecan + Sorafenib
Regorafenib
Atezolizumab
Atezolizumab +
cobimetinib

57
57
59
90
90

2
2
4
2
2

183

5

p

NS

PFS
(mo)
1.9
2.1
3.6
2.0
1.9
1.9

HR
(95%CI)
2.37
0.97–1.25
1.39 A
1.00–1.94
1.25 B
0.94–1.65

OS
(mo)
6.3
5.6
7.2
8.5
7.1
8.9

∆ OS HR
1.47
0.91–2.3
1.19 A
0.83–1.71
1.00 B
0.73–1.38

Abbreviations: RR = response rate, PFS = progression free survival, HR = hazard ratio, OS = overall survival, CI = confidence interval, NS =
non significant, (A) regorafenib vs. atezolizumab, (B) regorafenib vs. cobimetinib.

In the HORIZON II first line trial, cediranib prolonged PFS (secondary endpoint)
significantly from 8.3 to 8.6 months but without any prolongation of OS [46]. In the
CONFIRM II second line trial, vatalanib prolonged PFS (secondary endpoint) significantly
from 4.2 to 5.6 months but without any prolongation of OS [51]. Apart from these two
trials showing a modest prolongation of PFS no other trials have shown that TKI add to
the efficacy of chemotherapy by extending PFS and no randomized trial has shown an OS
benefit neither in first line, nor in second line.
In contrast to these depressing results of TKI with chemotherapy, monotherapy TKI
compared to placebo has demonstrated a significant benefit in several efficacy parameters
and for regorafenib the advantage was proven in several comparable trials. In the largest
trial, CORRECT, with 800 chemo-refractory patients with mCRC, PFS significantly was
prolonged from 1.7 to 1.9 months (HR 0.49) and OS from 5.0 to 6.4 months (HR 0.77).
Thus, despite a large number of well-conducted clinical trials, regorafenib still remains
the only TKI occasionally used in the clinical practice of mCRC (Tables 4 and 5). The
most frequent adverse reactions (ARs) in patients receiving regorafenib is fatigue, rash or
hand-foot skin reaction, diarrhea, and anorexia and often dose-reductions are required
to handle regorafenib-related adverse reactions. Several trials have shown that a lower
starting dose with gradual dose-escalation is an alternative, safe and better tolerated
approach for administration of regorafenib and this strategy should be preferred in clinical
practice [57,64].
2.6. Economy
Anti-angiogenetic therapy is used in an unselected manner, in line with the standard
chemotherapy approved for mCRC, due to the lack of validated predictive biomarkers.
One consequence is a very broad application, and most patients with mCRC are exposed,
at least once, to this class of therapy. As the overall benefit from this addition often is rather
limited, and the treatment is very expensive, this has naturally triggered speculations as to
the cost-effectiveness of this approach.
This theme is addressed in many papers. The conclusions may differ slightly depending on prices in the individual countries, and differences in the willingness-to-pay value for
a given outcome, but overall, addition of anti-angiogenetic treatment (often bevacizumab in
these calculations) to palliative chemotherapy in mCRC is not cost-effective under the current circumstances. This was also the conclusion in a publication from 2017, by Goldstein
et al., summarizing that the addition of bevacizumab to first-line chemotherapy in mCRC
failed to be cost-effective in five different countries [65]. The highest incremental costeffectiveness ratio was demonstrated for the U.S. with 571,000 USD per quality-adjusted
life years, more than three times higher than the willingness to pay threshold. Similar conclusions have been obtained for bevacizumab used as maintenance therapy in combination
with capecitabine and as a regular second line treatment as well.
With a possible expansion of the indication for the use of anti-angiogenetic treatment,
considering the potential benefit combining these therapies to immunotherapy, these
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economic considerations will once again be highly relevant as both cost and benefit will
likely change.
2.7. Biosimilars
Presently biosimilars of bevacizumab are under investigation in different clinical trials
including randomized studies comparing original bevacizumab with chemotherapy and
biosimilars with chemotherapy and in near future the results are expected. Patent and
regulatory exclusivities will protect Avastin® until at least June 2020, but maybe until
January 2022. Two biosimilar to bevacizumab have been approved for use in the European
Union, (Mvasi® by Amgen and Zirabev® by Pfizer) in 2018 and 2019, respectively, but
marketing of these two biosimilars has been delayed until relevant regulatory exclusivities
have expired [66].
2.8. Resistance Mechanisms
Like other cancer treatments, resistance to drugs targeting the angiogenetic process
will lead to disease progression. Resistance is a completely natural consequence due to the
incredibly complex regulation controlling the angiogenic process. It is difficult to differentiate between resistances to anti-angiogenic therapy in certain scenarios, such as CRC, where
these drugs are used in combination with chemotherapy. At present, we have only limited
insight into anti-angiogenic resistance mechanisms, but they can generally be divided
into mechanisms that are due to pre-existing conditions or have been acquired due to the
treatment. Examples of the former are heterogeneity in the tumor-associated blood vessels
(some are immature and vulnerable to antiangiogenic treatment, while others are not),
organ and tumor-specific differences in the regulation of angiogenesis, bioavailability of
the drug also known from resistance to chemotherapy (drug transport, tumor architecture,
vascular delivery), genetic differences between individuals that may explain differentiated
responses to treatment, differences in which factors primarily drive angiogenesis in the
primary tumor and metastases, the specific mono-targeting of ECs leaving supportive
structures such as basement membrane and pericytes for rapid regrowth [67,68]. Acquired
conditions are known for upregulation of antiapoptotic and alternative proangiogenic
factors that are upregulated as a consequence to a single target inhibition as seen with antiVEGF-A, selection of hypoxia-resistant tumor cells, alternative vascularization, co-option,
and increased tumor aggressiveness or epigenetic upregulation of antiapoptotic factors in
the target cells [69–71].
3. Scientific Rationale
3.1. Introduction
The overall rationale for targeting the process of angiogenesis is the consequence
of decades (centuries) of basic and clinical research. Angiogenesis is involved in several
physiological processes including wound healing and menstrual cycle, but angiogenesis
may as well be involved in pathophysiological conditions characterized by either insufficient or excessive blood vessel formation as seen in malignant neoplasms. Angiogenesis
plays a critical role in the continued growth of cancer because solid tumors need a blood
supply if they are to grow beyond a few millimeters. Tumor-associated blood vessels are
structurally and functionally abnormal and characterized by an irregular chaotic network
of leaky blood vessels, resulting in elevated intratumoral pressure [72]. In 1971, Judah
Folkman described tumors’ dependence on newly formed blood vessels waking the interest
in angiogenesis as a process for pharmaceutical targeting [73,74]. The factor, primarily
responsible for stimulating the formation of new blood vessels (VEGF-A) was identified in
1989 by Napoleone Ferrara [75].
3.2. Basic Tumor-associated Angiogenesis
Tumor growth beyond 2 mm3 is the main initiating event in tumor-associated angiogenesis. At this stage simple diffusion is no longer sufficient and the cancer cells with the
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longest distance to the existing blood vessels become hypoxic. This triggers the secretion
of VEGF-A from the hypoxic cells that eventually interact with ECs (through VEGFR-2) in
nearby blood vessels. This shifts the affected ECs from a dormant state to an active proliferative state, classically described as the angiogenic switch [76]. The initiated cascade of
events constitutes the degradation of the blood vessel integrity, cleavage of the extracellular
matrix, vasodilation, increased permeability, migration of ECs and the forming of so-called
sprouts. Once connected to adjacent sprouts the entire process reverses in order to stabilize
and mature the newly formed blood vessel [77]. It is during this maturation process that
VEGF-A acts as a crucial survival factor [78].
3.3. Normalization
11 of 19

The structural and functional abnormalities of tumor-associated blood vessels, as
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4.2. Anti-angiogenetic Therapy and Immunotherapy in Colorectal Cancer
This potential synergism between anti-angiogenic and immune checkpoint inhibitor
drugs has resulted in numerous clinical trials testing the combination of PD–1/PD–L1 antibodies with anti–VEGF drugs. By now, a number of randomized trials have shown re-
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4.2. Anti-angiogenetic Therapy and Immunotherapy in Colorectal Cancer
This potential synergism between anti-angiogenic and immune checkpoint inhibitor
drugs has resulted in numerous clinical trials testing the combination of PD–1/PD–L1
antibodies with anti–VEGF drugs. By now, a number of randomized trials have shown
remarkable results which have led to approvals by the FDA and/or EMA in renal cell carcinoma (axitinib plus pembrolizumab, and axitinib plus avelumab), endometrial carcinoma
(pembrolizumab plus lenvatinib), non-squamous NSCLC (bevacizumab and atezolizumab),
and hepatocellular carcinoma (bevacizumab plus atezolizumab). This broad clinical activity
suggest that a combination strategy may also be of benefit in colorectal cancer [84].
The first clinical data in CRC were presented by Bendell et al. at the ASCO–GI conference in 2015 [85]. Among 13 patients with treatment refractory disease, they demonstrated
one objective tumor response by adding bevacizumab to MPDL3280A (atezolizumab). The
following year, at the AACR 107th annual meeting, Wallin et al. presented the results from
23 patients with mCRC treated with first-line FOLFOX, bevacizumab, and atezolizumab [86].
They demonstrated promising efficacy data, with a median PFS of 14.1 months and parallel translational research argued for immune-related activity by this combination. The
corresponding papers to these two initial abstracts are so far not published.
In 2017, Yoshida et al. published the results of their pilot study (COMVI study) in
anticancer research [87]. Six patients with previously untreated mCRC were included in
a prospective single arm study. All patients received, as standard therapy, oxaliplatin
(130 mg/m2 ) on day one, capecitabine (1000 mg/m2 ) twice daily on the days 1–14, and
bevacizumab (7.5 mg/kg) on day one. To this backbone, they added cultured αβ T–
lymphocytes (>5 × 109 ) combined with interleukin–2 and anti–CD3 on day 18. Two
patients achieved a complete response, three a partial response, and one demonstrated
stable disease as the best outcome. The median progression free and overall survival was
567 and 966 days, respectively. Adverse events were mild to moderate. Although a small
pilot study, these published results, for the first time in patients with CRC, demonstrated
that combining chemotherapy and anti-angiogenesis with immune-modulating therapies
were feasible and efficacy data were promising.
An additional two abstracts were presented the following years but they did not quite
meet the initial expectations. In 2018, at the ESMO congress, Grothey et al. presented
a late-breaking abstract from cohort 2 of the MODUL trial [88]. After induction therapy
with the FOLFOX + bevacizumab regimen, 445 patients were randomized to maintenance
fluoropyrimidine and bevacizumab ± atezolizumab. The updated analyses revealed no
difference in median PFS and OS between the two strategies. Mettu et al. presented an
abstract at the poster discussion session at the same congress the following year [89]. In
this study, 133 patients with mCRC, with treatment resistant disease, were randomized to
receive capecitabine and bevacizumab plus placebo or atezolizumab as last line treatment.
The study reached its primary endpoint demonstrating a significant improvement of PFS
by the addition of atezolizumab, although the numerical difference was only one month.
The corresponding manuscripts have not been published either.
The first publication based on a commercially available immuno-therapeutic, within
this specific field in CRC, was published earlier this year, in April 2020, and revealed the
results from the dose expansion phase Ib trial REGONIVO (EPOC1603) [90]. Fukuoka et al.
included patients with gastric or CRC, 25 of each, who had progressed on a minimum
of two previous lines of palliative treatment. All the patients with CRC had previously
received anti-angiogenetic treatment, the cancer in one patient had deficient mismatch
repair (dMMR) but the remaining 24 were all proficient (microsatellite stable), and six had
RAS mutations. Patients were treated with nivolumab 3 mg/kg every two weeks and
regorafenib once daily, day 1–21, in a four-week cycle. During the dosing-finding, part
of the study regorafenib was reduced from initially 160 mg to the recommended 80 mg
at which no patients experienced dose-limiting toxicity. Among the patients with CRC
9 (36%) achieved an objective tumor response and median PFS was 7.9 months. A trend
towards better outcome for the patients with lung metastases, compared to liver metastases
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was presented, which could be due to a more immunosuppressive environment in the liver
compared to the lung. This study provided real clinical evidence of synergy between the
investigated drugs. Neither of the two would be expected to provide meaningful benefit as
singe agents in this group (except the one patient with a dMMR tumor) but combined, one
out of three responded.
These results, together with similar findings in other cancer types, have paved the
way for multiple trials assessing the clinical benefit from combining immunotherapy and
anti-angiogenetic treatment in CRC. An example is the recently published study protocol
AtezoTRIBE by Antoniotti et al. [91]. In this randomized phase II trial untreated patients
with unresectable mCRC will receive FOLFOXIRI and bevacizumab ± atezolizumab in four
months followed by maintenance 5–fluoruracil, leucovorin, bevacizumab ± atezolizumab.
The study is estimated to be completed in April 2021. A supplementary search at clinical.
trials.gov for trials in CRC combining immunotherapy with an anti-angiogenetic drug
revealed more than 20 ongoing clinical trials (Table 6). With a specific focus on CRC only,
this level of clinical activity underlines the potential impact gained by combining these two
classes of therapeutics.
Table 6. Ongoing clinical trials in metastatic colorectal cancer combining immunotherapy and anti-angiogenetic treatment.
Trial ID

Phase

Immunotherapy

Anti-Angiogenetic

Treatment

Status

NCT 04362839.
NCT 04110093
NCT 03647839
NCT 04030260
NCT 04126733
NCT 03712943
NCT 03239145
NCT 03797326
NCT 03396926
NCT 03657641
NCT 03170960
NCT 02873195
NCT 02997228
NCT 03721653
NCT 02982694
NCT 03475953
NCT 03050814
NCT 03376659
NCT 03539822
NCT 03851614
NCT 02484404

I
I/II
II
II
II
I
I
II
II
I/II
I/II
II
III
II
II
I/II
II
I/II
I
II
I/II

Ipilimumab + Nivolumab
PD–1 inhibitor 1
Nivolumab
Nivolumab
Nivolumab
Nivolumab
Pembrolizumab
Pembrolizumab
Pembrolizumab
Pembrolizumab
Atezolizumab
Atezolizumab
Atezolizumab
Atezolizumab
Atezolizumab
Avelumab
Avelumab
Durvalumab
Durvalumab
Durvalumab
Durvalumab

Regorafenib
Regorafenib
BNC105
Regorafenib
Regorafenib
Regorafenib
Trebananib
Lenvatinib
Bevacizumab
Regorafenib
Cabozantinib
Bevacizumab
Bevacizumab
Bevacizumab
Bevacizumab
Regorafenib
Bevacizumab
Bevacizumab
Cabozantinib
Cediranib
Cediranib

Last line
Last line
Last line
Last line
Last line
Last line
Last line
Last line
Last line
Last line
Last line
Last line
First line
First line
Last line
Second line
First line
Second line
Last line
Last line
Last line

Recruiting
Recruiting
Recruiting
Recruiting
Not recruiting
Recruiting
Recruiting
Recruiting
Recruiting
Recruiting
Recruiting
Not recruiting
Suspended
Recruiting
Recruiting
Recruiting
Not recruiting
Recruiting
Recruiting
Recruiting
Recruiting

1

Of investigators choice; Atezolizumab (anti-PD–L1); avelumab (anti-PD–L1); bevacizumab (anti-vascular endothelial growth factor A);
BNC105 (a vascular disrupting agent); cabozantinib (tyrosine kinase inhibitor of c–MET and vascular endothelial growth factor receptor
2); cediranib (tyrosine kinase inhibitor of vascular endothelial growth factor receptors 1–3); durvalumab (anti-PD–1); ipilimumab (antiCTLA–4); lenvatinib (tyrosine kinase inhibitor of vascular endothelial growth factor receptors 1–3); nivolumab (anti-PD–1); pembrolizumab
(anti-PD–1); regorafenib (tyrosine kinase inhibitor of TIE2 and vascular endothelial growth factor 2); trebananib (anti-angiopoietin–2).

5. Conclusions
For many years, the ability to suppress angiogenesis has been exploited in the field of
oncology. The efficiency is well documented, and the indications are constantly growing, although the impact often is rather limited, as we argue in this review. Bevacizumab is widely
used for patients with CRC, while TKI primarily have been used in other solid tumors.
Recent evidence suggests that inhibition of angiogenesis may be clinically meaningful
through several lines of treatment but lack of biomarkers limits an individualized approach.
The tumor microenvironment is anti-immune and a combination of anti-angiogenic drugs
and immunotherapy has demonstrated impressive results and may alter the therapy in the
years to come.
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A significant difference, in terms of standard clinical efficiency parameters, from
adding anti-angiogenetic treatments to the existing chemotherapy regimens, have been
documented for patients with mCRC. To what extent these differences represent a clinical
meaningful benefit is less clear. The process of angiogenesis provides a significant attribution to tumor growth for a fraction of the patients, but unfortunately, it is not identifiable
through a single molecular characteristic. This lack of patient selection currently represents
the biggest challenge in the field of anti-angiogenetic therapy. Despite this long-lasting challenge, targeting angiogenesis may constitute one of the most important avenues in modern
oncology, even after 15 years on the road. Several scenarios contribute to this optimism.
Research within the field of biomarker discovery hasn’t been more intense than
now. The introduction of the consensus molecular subtypes, combined with entities such
as improved imaging, digital pathology, in vitro testing of tumor biopsies may help to
narrow down the field of candidates for whom anti-angiogenetic therapy is crucial for
tumor control.
The introduction of new classes of therapy, with anti-angiogenetic properties, may provide additional benefit. Drugs targeting additional angiogenetic factors exemplify this. One
example is the monoclonal antibody parsatuzumab (anti–EGFL7) where clinical testing in
phase III was halted due to lack of biomarkers [92,93]. Another example may be the modulation of angiomiRs (microRNAS involved in the regulation of angiogenesis) that represent
a rather new avenue. This can constitute a mimicking function that compensates for downregulated miRNAs with a tumor-suppressor function, or anti-miRNAs that target elevated
oncogenic miRNAs. The first trial results were presented three years ago, with promising
results, but this class of therapeutics still face challenges with specific distributions.
The combination with more natural substances such as vitamin derivatives represents
another scenario where the true benefit from these drugs may be revealed even further.
Specifically, several pre-clinical studies [94–96] have argued for synergy by combining
anti-angiogenetics with vitamin–E derivatives (tocotrienol) and clinical documentation
have been provided in other cancer types [97]. Results are currently awaited within the
field of mCRC.
The biggest potential, however, lies in the combination with immunotherapies, as
highlighted in a previous section of this review and the current results and the number of
ongoing clinical trials serve as documentation for this standpoint. The combination of these
two classes of therapeutics may represent the key to unlocking immunotherapy for the
large group of patients with microsatellite stable tumors that currently do not derive benefit
from immunotherapy-only strategies. The near future will tell if this forecast holds true.
Author Contributions: All three authors reviewed the literature, drafted the manuscript, and approved the final version. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.
4.

5.

Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
Van Cutsem, E.; Cervantes, A.; Adam, R.; Sobrero, A.; Van Kriejen, J.H.; Aderka, D.; Aguilar, E.A.; Bardelli, A.; Benson, A.;
Bodoky, G.; et al. ESMO consensus guidelines for the management of patients with metastatic colorectal cancer. Ann. Oncol. 2016,
27, 1386–1422. [CrossRef] [PubMed]
Pfeiffer, P.; Köhne, C.H.; Qvortrup, C. The changing face of treatment for metastatic colorectal cancer. Expert Rev. Anticancer Ther.
2019, 19, 61–70. [CrossRef] [PubMed]
Arnold, D.; Lueza, B.; Douillard, J.Y.; Peeters, M.; Lenz, H.J.; Venook, A.; Heinemann, V.; Van Cutsem, E.; Pignon, J.P.; Tabernero,
J.; et al. Prognostic and predictive value of primary tumour side in patients with RAS wild–type metastatic colorectal cancer
treated with chemotherapy and EGFR directed antibodies in six randomized trials. Ann. Oncol. 2017, 28, 1713–1729. [CrossRef]
[PubMed]
Holch, J.W.; Ricard, I.; Stintzing, S.; Modest, D.P.; Heinemann, V. The relevance of primary tumour location in patients with
metastatic colorectal cancer: A meta–analysis of first–line clinical trials. Eur. J. Cancer 2017, 70, 87–98. [CrossRef]

Cancers 2021, 13, 1031

6.

7.

8.

9.

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.
20.
21.
22.

23.
24.
25.

26.

27.

15 of 19

Kabbinavar, F.; Hurwitz, H.I.; Fehrenbacher, L.; Meropol, N.J.; Novotny, W.F.; Lieberman, G.; Griffing, S.; Bergsland, E. Phase II,
randomized trial comparing bevacizumab plus fluorouracil (FU)/leucovorin (LV) with FU/LV alone in patients with metastatic
colorectal cancer. J. Clin. Oncol. 2003, 21, 60–65. [CrossRef]
Hurwitz, H.; Fehrenbacher, L.; Novotny, W.; Cartwright, T.; Hainsworth, J.; Heim, W.; Berlin, J.; Baron, A.; Griffing, S.; Holmgren,
E.; et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N. Engl. J. Med. 2004, 350,
2335–2342. [CrossRef]
Kabbinavar, F.F.; Schulz, J.; McCleod, M.; Patel, T.; Hamm, J.T.; Hect, J.R.; Mass, R.; Perrou, B.; Nelson, B.; Novotny, W.F. Addition
of bevacizumab to bolus fluorouracil and leucovorin in first–line metastatic colorectal cancer: Results of a randomized phase II
trial. J. Clin. Oncol. 2005, 23, 3697–3705. [CrossRef]
Guan, Z.Z.; Xu, J.M.; Luo, R.C.; Feng, F.Y.; Wang, L.W.; Shen, L.; Yu, S.Y.; Ba, Y.; Liang, J.; Wang, D.; et al. Efficacy and safety of
bevacizumab plus chemotherapy in Chinese patients with metastatic colorectal cancer: A randomized phase III artist trial. Chin.
J. Cancer 2011, 30, 682–689. [CrossRef] [PubMed]
Stathopoulos, G.P.; Batziou, C.; Trafalis, D.; Koutantos, J.; Batzios, S.; Stathopoulos, J.; Legakis, J.; Armakolas, A. Treatment of
colorectal cancer with and without bevacizumab: A phase III study. Oncology 2010, 78, 376–381. [CrossRef]
Cunningham, D.; Lang, I.; Marcuello, E.; Lorusso, V.; Ocvirk, J.; Shin, D.B.; Jonker, D.; Osborne, S.; Andre, N.; Waterkamp, D.;
et al. Bevacizumab plus capecitabine versus capecitabine alone in elderly patients with previously untreated metastatic colorectal
cancer (AVEX): An open–label, randomised phase 3 trial. Lancet Oncol. 2013, 14, 1077–1085. [CrossRef]
Tebbutt, N.C.; Wilson, K.; Gebski, V.J.; Cummins, M.M.; Zannino, D.; van Hazel, G.A.; Robinson, B.; Broad, A.; Ganju, V.; Ackland,
S.P.; et al. Capecitabine, bevacizumab, and mitomycin in first–line treatment of metastatic colorectal cancer: Results of the
Australasian Gastrointestinal Trials Group Randomized Phase III MAX Study. J. Clin. Oncol. 2010, 28, 3191–3198. [CrossRef]
[PubMed]
Saltz, L.B.; Clarke, S.; Diaz–Rubio, E.; Scheithauer, W.; Figer, A.; Wong, R.; Koski, S.; Lichinitser, M.; Yang, T.S.; Rivera, F.; et al.
Bevacizumab in Combination with Oxaliplatin–Based Chemotherapy as First–Line Therapy in Metastatic Colorectal Cancer: A
Randomized Phase III Study. J. Clin. Oncol. 2008, 26, 2013–2019. [CrossRef] [PubMed]
Passardi, A.; Nanni, O.; Tassinari, D.; Turci, D.; Cavanna, L.; Fontana, A.; Ruscelli, S.; Mucciarini, C.; Lorusso, V.; Ragazzini, A.;
et al. Effectiveness of bevacizumab added to standard chemotherapy in metastatic colorectal cancer: Final results for first–line
treatment from the ITACa randomized clinical trial. Ann. Oncol. 2015, 26, 1201–1207. [CrossRef]
Falcone, A.; Ricci, S.; Brunetti, I.; Pfanner, E.; Allegrini, G.; Barbara, C.; Crinò, L.; Benedetti, G.; Evangelista, W.; Fanchini, L.;
et al. Phase III trial of infusional fluorouracil, leucovorin, oxaliplatin, and irinotecan (FOLFOXIRI) compared with infusional
fluorouracil, leucovorin, and irinotecan (FOLFIRI) as first–line treatment for metastatic colorectal cancer: The Gruppo Oncologico
Nord Ovest. J. Clin. Oncol. 2007, 25, 1670–1676. [PubMed]
Cremolini, C.; Loupakis, F.; Antoniotti, C.; Lonardi, S.; Masi, G.; Salvatore, L.; Cortesi, E.; Tomasello, G.; Spadi, R.; Zaniboni, A.;
et al. Early tumor shrinkage and depth of response predict long–term outcome in metastatic colorectal cancer patients treated
with first–line chemotherapy plus bevacizumab: Results from phase III TRIBE trial by the Gruppo Oncologico del Nord Ovest.
Ann. Oncol. 2015, 26, 1188–1194. [CrossRef]
Gruenberger, T.; Bridgewater, J.; Chau, I.; Alfonso, P.G.; Rivoire, M.; Mudan, S.; Lasserre, S.; Hermann, F.; Waterkamp, D.; Adam,
R. Bevacizumab plus mFOLFOX–6 or FOLFOXIRI in patients with initially unresectable liver metastases from colorectal cancer:
The OLIVIA multinational randomised phase II trial. Ann. Oncol. 2015, 26, 702–708. [CrossRef]
Risau, W.; Flamme, I. Vasculogenesis. Annu. Rev. Cell. Dev. Biol. 1995, 11, 73–91. [CrossRef] [PubMed]
Carmeliet, P. Angiogenesis in health and disease. Nat. Med. 2003, 9, 653–660. [CrossRef]
Dvorak, H.F. Vascular permeability factor/vascular endothelial growth factor: A critical cytokine in tumor angiogenesis and a
potential target for diagnosis and therapy. J. Clin. Oncol. 2002, 20, 4368–4380. [CrossRef] [PubMed]
Shibuya, M. VEGFR and type–V RTK activation and signaling. Cold Spring Harb. Perspect. Biol. 2013, 5, a009092. [CrossRef]
Fang, J.; Yan, L.; Shing, Y.; Moses, M.A. HIF–1alpha–mediated up–regulation of vascular endothelial growth factor, independent
of basic fibroblast growth factor, is important in the switch to the angiogenic phenotype during early tumorigenesis. Cancer Res.
2001, 61, 5731–5735. [PubMed]
Prabhakar, N.R.; Semenza, G.L. Adaptive and maladaptive cardiorespiratory responses to continuous and intermittent hypoxia
mediated by hypoxia–inducible factors 1 and 2. Physiol. Rev. 2012, 92, 967–1003. [CrossRef] [PubMed]
Urquhart, L. Top companies and drugs by sales in 2019. Nat. Rev. Drug Discov. 2020, 19, 228. [CrossRef] [PubMed]
Baraniskin, A.; Buchberger, B.; Pox, C.; Graeven, U.; Holch, J.W.; Schmiegel, W.; Heinemann, V. Efficacy of bevacizumab in
first–line treatment of metastatic colorectal cancer: A systematic review and meta–analysis. Eur. J. Cancer 2019, 106, 37–44.
[CrossRef] [PubMed]
Giantonio, B.; Catalano, P.; Meropol, N.; O’Dwyer, P.J.; Mitchell, E.P.; Alberts, S.R.; Schwartz, M.A.; Benson, A.L., 3rd; Eastern
Cooperative Oncology Group Study E3200. Bevacizumab in combination with oxaliplatin, fluorouracil, and leucovorin (FOLFOX4)
for previously treated metastatic colorectal cancer: Results from the Eastern Cooperative Oncology Group Study E3200. J. Clin.
Oncol. 2007, 25, 1539–1544. [CrossRef]
Peeters, M.; Strickland, A.H.; Lichinitser, M.; Suresh, A.V.S.; Manikhas, G.; Shapiro, J.; Rogoski, W.; Huang, X.; Wu, B.; Warner,
R.J.; et al. A randomised, double–blind, placebo–controlled phase 2 study of trebananib (AMG 386) in combination with FOLFIRI
in patients with previously treated metastatic colorectal carcinoma. Br. J. Cancer 2013, 108, 503–511. [CrossRef]

Cancers 2021, 13, 1031

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.
45.

46.

16 of 19

Van Cutsem, E.; Tabernero, J.; Lakomy, R.; Prenen, H.; Prausová, J.; Macarulla, T.; Ruff, P.; van Hazel, G.A.; Moiseyenko, V.;
Ferry, D.; et al. Addition of aflibercept to fluorouracil, leucovorin, and irinotecan improves survival in a phase III randomized
trial in patients with metastatic colorectal cancer previously treated with an oxaliplatin–based regimen. J. Clin. Oncol. 2012, 30,
3499–3506. [CrossRef]
Bennouna, J.; Sastre, J.; Arnold, D.; Österlund, P.; Greil, R.; van Cutsem, E.; von Moos, R.; Viéitez, J.M.; Bouché, O.; Borg, C.; et al.
Continuation of bevacizumab after first progression in metastatic colorectal cancer (ML18147): A randomised phase III trial.
Lancet Oncol. 2013, 14, 29–37. [CrossRef]
Masi, G.; Salvatore, L.; Boni, L.; Loupakis, F.; Cremolini, C.; Fornaro, L.; Schirripa, M.; Cupini, S.; Barbara, C.; Safina, V.; et al.
Continuation or reintroduction of bevacizumab beyond progression to first–line therapy in metastatic colorectal cancer: Final
results of the randomized BEBYP trial. Ann. Oncol. 2015, 26, 724–730. [CrossRef]
Tabernero, J.; Yoshino, T.; Cohn, A.L.; Obermannova, R.; Bodoky, G.; Garcia–Carbonero, R.; Ciuleanu, T.E.; Portnoy, D.C.; van
Cutsem, E.; Grothey, A.; et al. Ramucirumab versus placebo in combination with second–line FOLFIRI in patients with metastatic
colorectal carcinoma that progressed during or after first–line therapy with bevacizumab, oxaliplatin, and a fluoropyrimidine
(RAISE): A randomised, doubleblind, multicentre, phase III study. Lancet Oncol. 2015, 16, 499–508.
Hecht, J.R.; Cohn, A.; Dakhil, S.; Saleh, M.; Piperdi, B.; Cline–Burkhardt, M.; Tian, Y.; Go, W.Y. SPIRITT: A Randomized,
Multicenter, Phase II Study of Panitumumab with FOLFIRI and Bevacizumab with FOLFIRI as Second–Line Treatment in Patients
with Unresectable Wild Type KRAS Metastatic Colorectal Cancer. Clin. Colorectal. Cancer 2015, 14, 72–80. [CrossRef]
Cohn, A.L.; Tabernero, J.; Maurel, J.; Nowara, E.; Sastre, J.; Chuah, B.Y.S.; Kopp, M.V.; Sakaeva, D.D.; Mitchell, E.P.; Dubey, S.; et al.
A randomized, placebo–controlled phase 2 study of ganitumab or conatumumab in combination with FOLFIRI for second–line
treatment of mutant KRAS metastatic colorectal cancer. Ann. Oncol. 2013, 24, 1777–1785. [CrossRef]
Pfeiffer, P.; Yilmaz, M.; Möller, S.; Zitnjak, D.; Krogh, M.; Petersen, L.N.; Poulsen, L.Ø.; Winther, S.B.; Thomsen, K.G.; Qvortrup, C.
TAS–102 with or without bevacizumab in patients with chemorefractory metastatic colorectal cancer: An investigator–initiated,
open–label, randomised, phase 2 trial. Lancet Oncol. 2020, 21, 412–420. [CrossRef]
Saltz, L.B.; Lenz, H.J.; Kindler, H.L.; Hochster, H.S.; Wadler, S.; Hoff, P.M.; Kemeny, N.E.; Hollywood, E.M.; Gonen, M.; Quinones,
M.; et al. Randomized phase II trial of cetuximab, bevacizumab, and irinotecan compared with cetuximab and bevacizumab
alone in irinotecan–refractory colorectal cancer: The BOND–2 study. J. Clin. Oncol. 2007, 25, 4557–4561. [CrossRef]
Hecht, J.R.; Mitchell, E.; Chidiac, T.; Scroggin, C.; Hagenstad, C.; Spigel, D.; Marshall, J.; Cohn, A.; McCollum, D.; Stella, P.; et al.
Randomized phase IIIB trial of chemotherapy, bevacizumab, and panitumumab compared with chemotherapy and bevacizumab
alone for metastatic colorectal cancer. J. Clin. Oncol. 2009, 27, 672–680. [CrossRef]
Tol, J.; Koopman, M.; Cats, A.; Rodenburg, C.J.; Creemers, G.J.M.; Schrama, J.G.; Erdkamp, F.L.G.; Vos, A.H.; van Groeningen,
C.J.; Sinnige, H.A.M.; et al. Chemotherapy, bevacizumab, and cetuximab in metastatic colorectal cancer. N. Engl. J. Med. 2009, 360,
563–572. [CrossRef]
Saltz, L.; Badarinath, S.; Dakhil, S.; Bienvenu, B.; Harker, W.G.; Birchfield, G.; Tokaz, L.K.; Barrera, D.; Conkling, P.R.; O’Rourke,
M.A.; et al. Phase III trial of cetuximab, bevacizumab, and 5–fluorouracil/leucovorin vs. FOLFOX–bevacizumab in colorectal
cancer. Clin. Colorectal. Cancer 2012, 11, 101–111. [CrossRef]
Berlin, J.; Bendell, J.C.; Hart, L.L.; Firdaus, I.; Gore, I.; Hermann, R.C.; Mulcahy, M.F.; Zalupski, M.M.; Mackey, H.M.; Yauch, R.L.;
et al. A randomized phase II trial of vismodegib versus placebo with FOLFOX or FOLFIRI and bevacizumab in patients with
previously untreated metastatic colorectal cancer. Clin. Cancer Res. 2013, 19, 258–267. [CrossRef] [PubMed]
Infante, J.R.; Reid, T.R.; Cohn, A.L.; Edenfield, W.J.; Cescon, T.P.; Hamm, J.T.; Malik, I.A.; Rado, T.A.; McGee, P.J.; Richards, D.A.;
et al. Axitinib and/or bevacizumab with modified FOLFOX–6 as first–line therapy for metastatic colorectal cancer: A randomized
phase 2 study. Cancer 2013, 119, 2555–2563. [CrossRef] [PubMed]
Allegra, C.J.; Yothers, G.; O’Connell, M.J.; Sharif, S.; Petrelli, N.J.; Colangelo, L.H.; Atkins, J.N.; Seay, T.E.; Fehrenbacher, L.;
Goldberg, R.M.; et al. Phase III trial assessing bevacizumab in stages II and III carcinoma of the colon: Results of NSABP protocol
C–08. J. Clin. Oncol. 2011, 29, 11–16. [CrossRef] [PubMed]
De Gramont, A.; Van Cutsem, E.; Schmoll, H.J.; Tabernero, J.; Clarke, S.; Moore, M.J.; Cunningham, D.; Cartwright, T.H.; Hecht,
J.R.; Rivera, F.; et al. Bevacizumab plus oxaliplatin–based chemotherapy as adjuvant treatment for colon cancer (AVANT): A
phase 3 randomised controlled trial. Lancet Oncol. 2012, 13, 1225–1233. [CrossRef]
Zhu, X.; Wu, S.; Dahut, W.L.; Parikh, R. Risks of proteinuria and hypertension with bevacizumab, an antibody against vascular
endothelial growth factor: Systematic review and meta–analysis. Am. J. Kidney Dis. 2007, 49, 186–193. [CrossRef]
Qvortrup, C.; Pfeiffer, P. Oral tyrosine kinase inhibitors targeting VEGF–receptors in patients with metastatic colorectal cancer.
Transl. Gastrointest. Cancer 2015, 4, 108–111.
Hecht, J.; Trarbach, T.; Hainsworth, J.; Major, P.; Jäger, E.; Wolff, R.A.; Lloyd–Salvant, K.; Bodoky, G.; Pendergrass, K.; Berg, W.;
et al. Randomized, placebo–controlled, phase III study of first–line oxaliplatin–based chemotherapy plus PTK787/ZK 222584, an
oral vascular endothelial growth factor receptor inhibitor, in patients with metastatic colorectal adenocarcinoma. J. Clin. Oncol.
2011, 29, 1997–2003. [CrossRef]
Hoff, P.; Hochhaus, A.; Pestalozzi, B.; Tebbutt, N.C.; Li, J.; Kim, T.W.; Koynov, K.D.; Kurteva, G.; Pintér, T.; Cheng, Y.; et al.
Cediranib plus FOLFOX/CAPOX versus placebo plus FOLFOX/CAPOX in patients with previously untreated metastatic
colorectal cancer: A randomized, double–blind, phase III study (HORIZON II). J. Clin. Oncol. 2012, 30, 3596–3603. [CrossRef]

Cancers 2021, 13, 1031

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

17 of 19

Schmoll, H.; Cunningham, D.; Sobrero, A.; Karapetis, C.S.; Rougier, P.; Koski, S.L.; Kocakova, I.; Bondarenko, I.; Bodoky, G.;
Mainwaring, P.; et al. Cediranib with mFOLFOX6 versus bevacizumab with mFOLFOX6 as first–line treatment for patients with
advanced colorectal cancer: A double–blind, randomized phase III study (HORIZON III). J. Clin. Oncol. 2012, 30, 3588–3595.
[CrossRef]
Carrato, A.; Swieboda–Sadlej, A.; Staszewska–Skurczynska, M.; Lim, R.; Roman, L.; Shparyk, Y.; Bondarenko, I.; Jonker, D.J.; Sun,
Y.; De la Cruz, J.A.; et al. Fluorouracil, leucovorin, and irinotecan plus either sunitinib or placebo in metastatic colorectal cancer:
A randomized, phase III trial. J. Clin. Oncol. 2013, 31, 1341–1347. [CrossRef]
Hecht, J.R.; Mitchell, E.P.; Yoshino, T.; Welslau, M.; Lin, X.; Maneval, E.C.; Paolini, J.; Lechuga, M.J.; Kretzschmar, A. 5–Fluorouracil,
leucovorin, and oxaliplatin (mFOLFOX6) plus sunitinib or bevacizumab as first–line treatment for metastatic colorectal cancer: A
randomized Phase IIb study. Cancer Manag. Res. 2015, 7, 165–173. [CrossRef] [PubMed]
Tabernero, J.; Garcia–Carbonero, R.; Cassidy, J.; Sobrero, A.; van Cutsem, E.; Köhne, C.H.; Tejpar, S.; Gladkov, O.; Davidenko,
I.; Salazar, R.; et al. Sorafenib in combination with oxaliplatin, leucovorin, and fluorouracil (modified FOLFOX6) as first line
treatment of metastatic colorectal cancer: The RESPECT trial. Clin. Cancer Res. 2013, 19, 2541–2550. [CrossRef]
Van Cutsem, E.; Bajetta, E.; Valle, J.; Köhne, C.H.; Hecht, J.R.; Moore, M.; Germond, C.; Berg, W.; Chen, B.L.; Jalava, T.; et al.
Randomized, placebo–controlled, phase III study of oxaliplatin, fluorouracil, and leucovorin with or without PTK787/ZK 222584
in patients with previously treated metastatic colorectal adenocarcinoma. J. Clin. Oncol. 2011, 29, 2004–2010. [CrossRef]
Cunningham, D.; Wong, R.; D’Haens, G.; Douillard, J.Y.; Roberstson, J.; Stone, A.M.; van Cutsem, E.; HORIZON I Study Group.
Cediranib with mFOLFOX6 versus bevacizumab with mFOLFOX6 in previously treated metastatic colorectal cancer. Br. J. Cancer
2013, 108, 493–502. [CrossRef]
Bendell, J.; Tournigand, C.; Swieboda–Sadlej, A.; Barone, C.; Wainberg, Z.A.; Kim, J.G.; Pericay, C.; Pastorelli, D.; Tarazi, J.;
Rosbrook, B.; et al. Axitinib or bevacizumab plus FOLFIRI or modified FOLFOX–6 after failure of first–line therapy for metastatic
colorectal cancer: A randomized phase II study. Clin. Colorectal. Cancer 2013, 12, 239–247. [CrossRef] [PubMed]
Sanoff, H.K.; Goldberg, R.M.; Ivanova, A.; O’Reilly, S.; Kasbari, S.S.; Kim, R.D.; McDermott, R.; Moore, D.T.; Zamboni, W.; Grogan,
W.; et al. Multicenter, randomized, double–blind phase 2 trial of FOLFIRI with regorafenib or placebo as second–line therapy for
metastatic colorectal cancer. Cancer 2018, 124, 3118–3126. [CrossRef] [PubMed]
Grothey, A.; Van Cutsem, E.; Sobrero, A.; Siena, S.; Falcone, A.; Ychou, M.; Humblet, Y.; Bouché, O.; Mineur, L.; Baarone, C.;
et al. Regorafenib monotherapy for previously treated metastatic colorectal cancer (CORRECT): An international, multicentre,
randomised, placebo–controlled, phase 3 trial. Lancet 2013, 381, 303–312. [CrossRef]
Li, J.; Qin, S.; Xu, R.; Yau, T.C.C.; Ma, B.; Pan, H.; Xu, J.; Bai, Y.; Chi, Y.; Wang, L.; et al. Regorafenib plus best supportive care
versus placebo plus best supportive care in Asian patients with previously treated metastatic colorectal cancer (CONCUR): A
randomised, double–blind, placebo–controlled, phase 3 trial. Lancet Oncol. 2015, 16, 619–629. [CrossRef]
Bekaii–Saab, T.S.; Ou, F.S.; Ahn, D.H.; Boland, P.M.; Ciombor, K.K.; Heying, E.N.; Dockter, T.J.; Jacobs, N.L.; Pasche, B.; Cleary,
J.M.; et al. Regorafenib dose–optimisation in patients with refractory metastatic colorectal cancer (ReDOS): A randomised,
multicentre, open–label, phase 2 study. Lancet Oncol. 2019, 20, 1070–1082. [CrossRef]
Argiles, G.; Mulet Margalef, N.; Valladares–Ayerbes, M.; Vieitez de Prado, J.; Grávalos, C.; Alfonso, P.G.; Santos, C.; Tobeña,
M.; Sastre, J.; Benavides, M.; et al. Results of REARRANGE trial: A randomized phase 2 study comparing different dosing
approaches for regorafenib (REG) during the first cycle of treatment in patients (pts) with metastatic colorectal cancer (mCRC).
Ann. Oncol. 2019, 30 (Suppl. 4), iv135. [CrossRef]
Siu, L.L.; Shapiro, J.D.; Jonker, D.J.; Karapetis, C.S.; Zalcberg, J.R.; Simes, J.; Couture, F.; Moore, M.J.; Price, T.J.; Siddiqui, J.; et al.
Phase III randomized, placebo–controlled study of cetuximab plus brivanib alaninate versus cetuximab plus placebo in patients
with metastatic, chemotherapy–refractory, wild–type K–RAS colorectal carcinoma: The NCIC Clinical Trials Group and AGITG
CO.20 Trial. J. Clin. Oncol. 2013, 31, 2477–2484.
Li, J.; Qin, S.; Xu, R.H.; Shen, L.; Xu, J.; Bai, Y.; Yang, L.; Deng, Y.; Chen, Z.D.; Zhong, H.; et al. Effect of fruquintinib vs placebo on
overall survival in patients with previously treated metastatic colorectal cancer: The FRESCO Randomized Clinical Trial. JAMA
2018, 319, 2486–2496. [CrossRef]
Van Cutsem, E.; Yoshino, T.; Lenz, H.J.; Lonardi, S.; Falcone, A.; Limón, M.L.; Saunders, M.; Sobrero, A.; Park, Y.S.; Ferreiro,
R.; et al. Nintedanib for the treatment of patients with refractory metastatic colorectal cancer (LUME–Colon 1): A phase III,
international, randomized, placebo–controlled study. Ann. Oncol. 2018, 29, 1955–1963. [CrossRef]
Samalin, E.; de la Fouchardière, C.; Thézenas, S.; Boige, V.; Senellart, H.; Guimbaud, R.; Taïb, J.; Francois, E.; Galais, M.P.; Lièvre,
A.; et al. Sorafenib Plus Irinotecan Combination in Patients With RAS–mutated Metastatic Colorectal Cancer Refractory to
Standard Combined Chemotherapies: A Multicenter, Randomized Phase 2 Trial (NEXIRI–2/PRODIGE 27). Clin. Colorectal.
Cancer 2020, 19, 301–310. [CrossRef]
Eng, C.; Kim, T.W.; Bendell, J.; Argilés, G.; Tebbutt, N.C.; Bartolomeo, M.D.; Falcone, A.; Fakih, M.; Kozloff, M.; Segal, N.H.; et al.
Atezolizumab with or without cobimetinib versus regorafenib in previously treated metastatic colorectal cancer (IMblaze370): A
multicentre, open–label, phase 3, randomised, controlled trial. Lancet Oncol. 2019, 20, 849–861. [CrossRef]
Grothey, A.; Blay, J.Y.; Pavlakis, N.; Yoshino, T.; Bruix, J. Evolving role of regorafenib for the treatment of advanced cancers.
Cancer Treat. Rev. 2020, 86, 101993. [CrossRef]
Goldstein, D.A.; Chen, Q.; Ayer, T.; Chan, K.K.W.; Virik, K.; Hammerman, A.; Brenner, B.; Flowers, C.R.; Hall, P.S. Bevacizumab
for Metastatic Colorectal Cancer: A Global Cost–Effectiveness Analysis. Oncologist 2017, 22, 694–699. [CrossRef]

Cancers 2021, 13, 1031

66.
67.

68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.

82.
83.
84.
85.

86.

87.

88.

89.

90.

18 of 19

Moorkens, E.; Vulto, A.G.; Huys, I. An overview of patents on therapeutic monoclonal antibodies in Europe: Are they a hurdle to
biosimilar market entry? MAbs 2020, 12, 1743517. [CrossRef]
Akino, T.; Hida, K.; Hida, Y.; Tsuchiya, K.; Freedman, D.; Muraki, C.; Ohga, N.; Matsuda, K.; Akiyama, K.; Harabayashi, T.; et al.
Cytogenetic abnormalities of tumor–associated endothelial cells in human malignant tumors. Am. J. Pathol. 2009, 175, 2657–2667.
[CrossRef]
Mancuso, M.R.; Davis, R.; Norberg, S.M.; O’Brien, S.; Sennino, B.; Nakahara, T.; Yao, V.J.; Inai, T.; Brooks, P.; Freimark, B.; et al.
Rapid vascular regrowth in tumors after reversal of VEGF inhibition. J. Clin. Investig. 2006, 116, 2610–2621. [CrossRef]
Bottsford–Miller, J.N.; Coleman, R.L.; Sood, A.K. Resistance and escape from antiangiogenesis therapy: Clinical implications and
future strategies. J. Clin. Oncol. 2012, 30, 4026–4034. [CrossRef]
Broxterman, H.J.; Lankelma, J.; Hoekman, K. Resistance to cytotoxic and anti–angiogenic anticancer agents: Similarities and
differences. Drug Resist. Updates 2003, 6, 111–127. [CrossRef]
Shojaei, F.; Wu, X.; Malik, A.K.; Zhong, C.; Baldwin, M.E.; Schanz, S.; Fuh, G.; Gerber, H.P.; Ferrara, N. Tumor refractoriness to
anti–VEGF treatment is mediated by CD11b+Gr1+ myeloid cells. Nat. Biotechnol. 2007, 25, 911–920. [CrossRef]
Jain, R.K. Normalization of tumor vasculature: An emerging concept in antiangiogenic therapy. Science 2005, 307, 58–62.
[CrossRef]
Folkman, J. Tumor angiogenesis: Therapeutic implications. NEJM 1971, 285, 1182–1186.
Folkman, J. What is the evidence that tumors are angiogenesis dependent? J. Natl. Cancer Inst. 1990, 82, 4–6. [CrossRef] [PubMed]
Ferrara, N.; Henzel, W.J. Pituitary follicular cells secrete a novel heparin–binding growth factor specific for vascular endothelial
cells. Biochem. Biophys. Res. Commun. 1989, 161, 851–858. [CrossRef]
Hanahan, D.; Folkman, J. Patterns and emerging mechanisms of the angiogenic switch during tumorigenesis. Cell 1996, 86,
353–364. [CrossRef]
Carmeliet, P.; Jain, R.K. Molecular mechanisms and clinical applications of angiogenesis. Nature 2011, 473, 298–307. [CrossRef]
Franco, M.; Roswall, P.; Cortez, E.; Hanahan, D.; Pietras, K. Pericytes promote endothelial cell survival through induction of
autocrine VEGF–A signaling and Bcl–w expression. Blood 2011, 118, 2906–2917. [CrossRef] [PubMed]
Ramjiawan, R.R.; Griffioen, A.W.; Duda, D.G. Anti–angiogenesis for cancer revisited: Is there a role for combinations with
immunotherapy? Angiogenesis 2017, 20, 185–204. [CrossRef] [PubMed]
Gabrilovich, D.I.; Chen, H.L.; Girgis, K.R.; Cunningham, H.T.; Meny, G.M.; Nadaf, S.; Kavanaugh, D.; Carbone, D.P. Production
of vascular endothelial growth factor by human tumors inhibits the functional maturation of dendritic cells. Nat. Med. 1996, 2,
1096–1103. [CrossRef]
Curiel, T.J.; Wei, S.; Dong, H.; Alvarez, X.; Cheng, P.; Mottram, P.; Krzysiek, R.; Knutson, K.L.; Daniel, B.; Zimmermann, M.C.
Blockade of B7–H1 improves myeloid dendritic cell–mediated antitumor immunity. Nat. Med. 2003, 9, 562–567. [CrossRef]
[PubMed]
Yi, M.; Jiao, D.; Qin, S.; Chu, Q.; Wu, K.; Li, A. Synergistic effect of immune checkpoint blockade and anti–angiogenesis in cancer
treatment. Mol. Cancer 2019, 18, 60. [CrossRef] [PubMed]
Liu, Z.; Wang, Y.; Huang, Y.; Kim, B.Y.S.; Shan, H.; Wu, D.; Jiang, W. Tumor Vasculatures: A New Target for Cancer Immunotherapy.
Trends Pharmacol. Sci. 2019, 40, 613–623. [CrossRef]
Hack, S.P.; Zhu, A.X.; Wang, Y. Augmenting anticancer immunity through combined targeting of angiogenic and PD–1/PD–L1
pathways: Challenges and opportunities. Front. Immunol. 2020, 11, 598877. [CrossRef] [PubMed]
Bendell, J.C.; Powderly, J.D.; Lieu, C.H.; Eckhardt, S.G.; Hurwitz, H.; Hochster, H.S.; Murphy, J.E.; Funke, R.P.; Rossi, C.; Wallin, J.;
et al. Safety and efficacy of MPDL3280A (anti–PD–L1) in combination with bevacizumab (bev) and/or FOLFOX in patients (pts)
with metastatic colorectal cancer (mCRC). J. Clin. Oncol. 2015, 33, 704. [CrossRef]
Wallin, J.; Pishvaian, M.J.; Hernandez, G.; Yadav, M.; Jhunjhunwala, S.; Delamarre, L.; He, X.; Powderly, J.; Lieu, C.; Eckhardt,
S.G.; et al. Clinical activity and immune correlates from a phase Ib study evaluating atezolizumab (anti–PDL1) in combination
with FOLFOX and bevacizumab (anti–VEGF) in metastatic colorectal carcinoma. Cancer Res. 2016, 76 (Suppl. 14), 2651.
Yoshida, Y.; Naito, M.; Yamada, T.; Aisu, N.; Kojima, D.; Mera, T.; Tanaka, T.; Naito, K.; Yasumoto, K.; Kamigaki, T.; et al. Clinical
Study on the Medical Value of Combination Therapy Involving Adoptive Immunotherapy and Chemotherapy for Stage IV
Colorectal Cancer (COMVI Study). Anticancer Res. 2017, 37, 3941–3946.
Grothey, A.; Tabernero, J.; Arnold, D. Fluoropyrimidine (FP) + bevacizumab (BEV) + atezolizumab vs FP/BEV in BRAF wt
metastatic colorectal cancer (mCRC): Findings from Cohort 2 of MODUL—A multicentre, randomized trial of biomarker–driven
maintenance treatment following first–line induction therapy. Ann. Oncol. 2018, 29. [CrossRef]
Mettu, N.; Twohy, E.; Ou, F.; Halfdanarson, T.R.; Lenz, H.J.; Breakstone, R.; Boland, P.M.; Crysler, O.; Wu, C.; Grothey, A.; et al.
BACCI: A phase II randomized, double–blind, multicenter, placebo–controlled study of capecitabine (C) bevacizumab (B) plus
atezolizumab (A) or placebo (P) in refractory metastatic colorectal cancer (mCRC): An ACCRU network study. Ann. Oncol. 2019,
30 (Suppl. 5), v198–v252. [CrossRef]
Fukuoka, S.; Hara, H.; Takahashi, N.; Kojima, T.; Kawazoe, A.; Asayama, M.; Yoshii, T.; Kotani, D.; Tamura, H.; Mikamoto, Y.;
et al. Regorafenib Plus Nivolumab in Patients with Advanced Gastric or Colorectal Cancer: An Open–Label, Dose–Escalation,
and Dose–Expansion Phase Ib Trial (REGONIVO, EPOC1603). J. Clin. Oncol. 2020, 38, 2053–2061. [CrossRef]

Cancers 2021, 13, 1031

91.

92.

93.

94.
95.
96.
97.

19 of 19

Antoniotti, C.; Borelli, B.; Rossini, D.; Pietrantonio, F.; Morano, F.; Salvatore, L.; Lonardi, S.; Marmorino, F.; Tamberi, S.; Corallo, S.;
et al. AtezoTRIBE: A randomised phase II study of FOLFOXIRI plus bevacizumab alone or in combination with atezolizumab as
initial therapy for patients with unresectable metastatic colorectal cancer. BMC Cancer 2020, 20, 683. [CrossRef]
Von Pawel, J.; Spigel, D.R.; Ervin, T.; Losonczy, G.; Barlesi, F.; Juhász, E.; Anderson, M.; McCall, B.; Wakshull, E.; Hegde, P.;
et al. Randomized phase II Trial of parsatuzumab (anti–EGFL7) or placebo in combination with carboplatin, paclitaxel, and
bevacizumab for first–line nonsquamous non–small cell lung cancer. Oncologist 2018, 23, 654–658. [CrossRef] [PubMed]
García–Carbonero, R.; van Cutsem, E.; Rivera, F.; Jassem, J.; Gore Jr, I.; Tebbutt, N.; Braiteh, F.; Argiles, G.; Wainberg, Z.A.; Funke,
R.; et al. Randomized phase II Trial of parsatuzumab (anti–EGFL7) or placebo in combination with FOLFOX and bevacizumab
for first–line metastatic colorectal cancer. Oncologist 2017, 22, 375-e30. [CrossRef] [PubMed]
Sailo, B.L.; Banik, K.; Padmavathi, G.; Javadi, M.; Bordoloi, D.; Kunnumakkara, A.B. Tocotrienols: The promising analogues of
vitamin E for cancer therapeutics. Pharmacol. Res. 2018, 130, 259–272. [CrossRef] [PubMed]
Inokuchi, H.; Hirokane, H.; Tsuzuki, T.; Nakagawa, K.; Igarashi, M.; Miyazawa, T. Anti–angiogenic activity of tocotrienol. Biosci.
Biotechnol. Biochem. 2003, 67, 1623–1627. [CrossRef]
Weng–Yew, W.; Selvaduray, K.R.; Ming, C.H.; Nesaretnam, K. Suppression of tumor growth by palm tocotrienols via the
attenuation of angiogenesis. Nutr. Cancer 2009, 61, 367–373. [CrossRef]
Thomsen, C.B.; Andersen, R.F.; Steffensen, K.D.; Adimi, P.; Jakobsen, A. Delta tocotrienol in recurrent ovarian cancer. A phase II
trial. Pharmacol. Res. 2019, 141, 392–396. [CrossRef]

