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Simple Summary: This review summarizes the history and current clinical applications of antiangio-
genic treatment. It specifically discusses current challenges of the treatment and opportunities for
optimization, including normalization of the tumor vasculature, modulation of milieu-dependent
heterogeneity of the vasculature, and targeting of angiocrine protein functions.

Abstract: The vasculature is a key player and regulatory component in the multicellular microen-
vironment of solid tumors and, consequently, a therapeutic target. In colorectal carcinoma (CRC),
antiangiogenic treatment was approved almost 20 years ago, but there are still no valid predictors
of response. In addition, treatment resistance has become a problem. Vascular heterogeneity and
plasticity due to species-, organ-, and milieu-dependent phenotypic and functional differences of
blood vascular cells reduced the hope of being able to apply a standard approach of antiangiogenic
therapy to all patients. In addition, the pathological vasculature in CRC is characterized by het-
erogeneous perfusion, impaired barrier function, immunosuppressive endothelial cell anergy, and
metabolic competition-induced microenvironmental stress. Only recently, angiocrine proteins have
been identified that are specifically released from vascular cells and can regulate tumor initiation
and progression in an autocrine and paracrine manner. In this review, we summarize the history
and current strategies for applying antiangiogenic treatment and discuss the associated challenges
and opportunities, including normalizing the tumor vasculature, modulating milieu-dependent
vascular heterogeneity, and targeting functions of angiocrine proteins. These new strategies could
open perspectives for future vascular-targeted and patient-tailored therapy selection in CRC.

Keywords: antiangiogenic treatment; cancer; colorectal cancer; endothelial cells; tumor
microenvironment; bevacizumab; ramucirumab; aflibercept; regorafenib; fruquintinib; angiocrine;
vasculature; vascular heterogeneity

1. History and Development of Antiangiogenic Treatment for Cancer

Colorectal cancer (CRC) is the third most common cancer and accounts for approx-
imately 10% of cancer cases worldwide [1]. CRC incidence rates remain high in highly
developed countries such as Canada and Northern Europe and are rising rapidly in many
less developed countries, particularly in Eastern Europe, Asia and South America [2]. The
established risk factors for CRC include high intake of processed meats and low intake
of fruits and vegetables, a sedentary lifestyle, obesity, smoking, and excessive alcohol
consumption [1]. The introduction of population-based screening in a growing number
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of countries likely contributed to decreasing mortality rates in some regions [2]. Since the
1990s, despite an overall downward trend, particularly in high-income countries, there has
been an increase in digestive tract cancers in adults under the age of 50 [3]. Despite these
recent observations, CRC remains significantly more common in older people. Considering
the steadily increasing global life expectancy at birth, a doubling of the incidence of CRC in
old world regions by 2035 has been predicted [2].

Although the prognosis for CRC has improved in recent decades, this disease is still
responsible for 880,000 deaths globally [2]. Approximately 15–30% of patients present
with metastases at the time of diagnosis, and more than 20% of patients with initially
localized disease will develop metastases over time [4]. These high numbers require
continued intense and relentless efforts to combat the disease. The most urgent targets
for improvement are the expansion of prescreening programs, education about a tumor-
preventing lifestyle, the availability of healthy food to the global population and improved
forms of therapy in association with specific approaches to predetermine therapy responses.

In accordance with the clinical need for improvement in treatment regimens, we will focus
here on the status of CRC therapy, specifically by analyzing the role of the vascular system as
a therapeutic target. With the appreciation of the important role of the microenvironment in
carcinogenesis approximately 15 years ago, it became clear that not only tumor cells alone
but also the interplay of tumor cells with the different cell types in the surrounding stroma
mediated by many different cytokines and growth factors is a paramount denominator of
tumor progression and therapeutic responses [5]. In this framework, it is highly remarkable
that more than 50 years ago, Judah Folkman had already recognized the importance of
the vasculature as a stromal-derived component for tumor therapy. His hypothesis was
that vessels are needed for the delivery of nutrients to tumor cells and that blocking vessel
growth into tumors may consequently reduce tumor progression [6]. In comparison to tumor
cell-directed cancer therapy, this approach is thought to have several advantages, including
(i) reduced resistance achieved by targeting genetically stable tumor vessel endothelial cells
(TECs) instead of tumor cells, where genetic instability is an important driver of resistance.
(ii) Furthermore, the endothelium is considered to be easily accessible to drugs applied
through the blood circulation. (iii) Finally, it was shown that approximately one endothelial
cell delivers nutrients to up to 100 tumor cells, and accordingly, amplification effects are
expected in endothelial cell-directed therapy [7].

These findings initiated a series of fascinating experimental approaches in animal models,
which convincingly supported the important role of the vascular system in tumor therapy. All
of these findings have been comprehensively reviewed in the literature [8,9]. Consequently,
only some of the most important results are highlighted in the following section.

One of the first requirements for antiangiogenic therapy was the availability of the
respective inhibitors. In the first step, these substances directly inhibit endothelial cell
proliferation or migration. Among these substances was fumagillin, which was first
isolated from Aspergillus fumigatus in 1949 as an antiphage agent [10,11]. Fumagillin
was shown to be an antiangiogenic agent when Folkman’s coworker revealed that it
inhibited capillary endothelial cell proliferation in Aspergillus fumigatus-contaminated cell
cultures [12]. To reduce its nonspecific toxicity, derivatives of fumagillin were synthesized,
and these substances significantly inhibited tumor growth in preclinical experimental
tumor models [12]. A further key development was based on two important points:
first, the observation that the growth of metastases dramatically increased after surgical
removal of the primary tumor in certain rodent carcinoma models; second, the hypothesis
that inhibitors of angiogenesis may be enriched in the primary tumors but trumped by
stimulators; and that this balance may be shifted distantly in the circulation when inhibitors
are more stable and stimulators are rapidly cleared [9]. These conditions specifically inhibit
angiogenesis, which is needed for distant metastasis formation in the presence of the
primary tumor. Based on these considerations, two angiogenesis inhibitors that are released
in proteolytically active primary tumors as cleavage products of other proteins were
identified. These inhibitors were named angiostatin, a cleavage product of the blood protein
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plasminogen involved in fibrolyis, and endostatin, a cleavage product of the extracellular
matrix protein collagen XVIII [13,14]. Both proteins specifically inhibited endothelial cell
proliferation but had no effect on resting endothelial cells or other cell types [9,13,14].
Moreover, endostatin and angiostatin strongly inhibited the growth of many different
tumors, including breast, colorectal and lung cancer, in different mouse models [15]. Most
importantly, for endostatin, this drug did not lead to acquired drug resistance after several
cycles of treatment or tumor regrowth during phases where treatment ceased [16]. These
results led to great euphoria and high hopes in researchers, medical doctors and patient
populations with respect to antiangiogenic cancer therapy in humans. This culminated
when The New York Times headlined these findings in 1998 and cited the codiscoverer of the
DNA structure and Nobel laureate James D. Watson with the sentence “Judah Folkman
is going to cure cancer in two years” [17]. This expression is often used to demonstrate
excitement in the field but was quickly contradicted by Watson himself, who stated that
he was misquoted and instead referred to the urgent need for clinical trials, which would
show within the year whether the substances are effective [18]. Folkman’s statements were
more focused on the actual facts when he was cited: “If you have cancer and you are a
mouse, we can take good care of you” [17]. In fact, in the effort to translate the preclinical
results to clinical therapy, severe pitfalls arose, and altogether, there was less excitement
when these substances were examined in clinical studies. It took several years until 2004
when antiangiogenic therapy was successfully applied to a human cancer, namely, CRC,
for the first time [19]. In the following paragraphs, we will specifically discuss the present
standing of antiangiogenic therapy in CRC and summarize putative reasons for therapy
failure in humans as well as putative perspectives.

2. Clinical Application of Antiangiogenic Treatment in Colorectal Cancer

The vasculature plays an essential role in CRC therapy. First, angiogenesis is the target
of antiangiogenic therapy, as explained above. Second, the vasculature also determines
the extent of surgical resection of CRC (Figure 1). Two groups of antiangiogenic drugs
are currently used to treat metastatic CRC (mCRC): monoclonal antibodies and small
molecules, specifically tyrosine kinase inhibitors (TKIs) [20] (Table 1).
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is well known to improve survival. 

Table 1. Pivotal phase III clinical trials of antiangiogenic agents in treatment of mCRC. 
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FOLFOX/FOLFIRI 2nd line 
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[23] 

RAISE Ramucirumab + FOLFIRI 
FOLFIRI 2nd line 13.3 (12.4−14.5) 
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Placebo 

refractory 6.4 (CI n.r.) 
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0.66 (0.55−0.80), 
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[26] 

mOS: median overall survival. mPFS: median progression-free survival. ORR: objective response 
rate. HR (OS): hazard ratio of overall survival. CI: confidence interval. Beva: bevacizumab. FOLFOX: 

Figure 1. The tumor-related vascular structure and hierarchy determine the surgical resection strategy
used for colorectal cancer. Surgical preparation after right hemicolectomy with complete mesocolic
excision because of cecal carcinoma (circle). Central ligation of the ileocolic vessels (artery and vein)
and the right colic artery (dashed lines) ensures resection of the regional lymph nodes, which is well
known to improve survival.
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Table 1. Pivotal phase III clinical trials of antiangiogenic agents in treatment of mCRC.

Clinical Trial Treatment Indication mOS, Months
(95%CI)

mPFS, Months
(95% CI) ORR, % HR (OS)

(95%CI) Ref.

AVF2107g Beva + IFL
Beva + placebo 1st line 20.3 (n.r.)

15.6 (n.r.)
10.6 (n.r.)
6.2 (n.r.)

44.8
34.8

0.66 (n.r.),
p < 0.001 [19]

ITACa
Beva +

FOLFOX/FOLFIRI
FOLFOX/FOLFIRI

1st line 20.8 (15.9–23.2)
21.3 (19.9–24.1)

9.6 (8.2–10.3)
8.4 (7.2–9.0)

50.6
50

1.13 (0.89–1.43),
p = 0.304 [21]

ML18147 Beva+FOLFOX/FOLFIRI
FOLFOX/FOLFIRI 2nd line 11.2 (10.4–12.2)

9.8 (8.9–10.7)
5.7 (5.2–6.2)
4.1 (3.7–4.4)

5
4

0.81 (0.69–0.94),
p = 0.0062) [22]

VELOUR Aflibercept + FOLFIRI
FOLFIRI 2nd line

13.5
(12.52–14.95)

12.6
(11.07–13.11)

6.9 (6.51–7.2)
4.67 (4.21–5.36)

19.8
11.1

0.817
(0.713–0.937), p

= 0.0032)
[23]

RAISE Ramucirumab + FOLFIRI
FOLFIRI 2nd line

13.3 (12.4–14.5)
11.7

(10.8–12–7)

5.7 (5.5–6.2)
4.5 (4.2–5.4)

13.4
12.5

0.844
(0.73–0.976), p

= 0.0219
[24]

CORRECT Regorafenib
Placebo refractory 6.4 (CI n.r.)

5.0 (CI n.r.)
1.9 (CI n.r.)
1.7 (CI n.r.)

1
0.4

0.77 (0.64–0.94),
p = 0.0052 [25]

FRESCO II Fruquintinib
Placebo 3rd/later line 7.4 (6.7–8.2)

4.8 (4.0–5.8)
3.7 (3.5–3.8)
1.8 (1.8–1.9)

5
0

0.66 (0.55–0.80),
p < 0.0001 [26]

mOS: median overall survival. mPFS: median progression-free survival. ORR: objective response rate. HR (OS):
hazard ratio of overall survival. CI: confidence interval. Beva: bevacizumab. FOLFOX: 5-fluorouracil, leucovorin,
oxaliplatin. FOLFIRI: 5-fluorouracil, leucovorin, irinotecan. IFL: irinotecan, bolus fluorouracil, leucovorin. n.r.:
not reported.

2.1. Monoclonal Antibodies

Currently, clinically used monoclonal antibodies block the VEGF-VEGFR2 axis and,
accordingly, the activation of VEGF signaling pathways. Bevacizumab, the first approved
antiangiogenic drug, binds to VEGF-A and prevents its binding to the corresponding
receptors [27]. Aflibercept is a soluble VEGF receptor that also captures VEGF before it
can bind to the respective cellular receptors. Ramucirumab binds directly to VEGFR2,
thereby inhibiting its activation [20]. All three antibodies are used globally in combination
with chemotherapy in standard second-line therapy for unresectable CRC. However, only
bevacizumab is recommended in first-line setting [4,28,29]. Toxicity and adverse effects,
including hypertension, proteinuria, hemorrhage, GI perforation, wound complications,
and thromboembolic events, are mostly modest and manageable [30–33].

2.1.1. Bevacizumab

Bevacizumab was the first antiangiogenic drug approved for clinical application,
and it is still the most widely used [27]. In mCRC, bevacizumab was established in
first and later lines of therapy in combination with chemotherapy, as monotherapy has
no relevant impact in mCRC [20]. In the first clinical trials, bevacizumab seemed to
improve the response rate (RR), progression-free survival (PFS), and overall survival
(OS) in combination with chemotherapy. Kabbinavar et al. [34] reported a dose-dependent
positive effect of bevacizumab in combination with 5-FU/leucovorin on the RR, PFS and OS
in a phase II trial in patients with mCRC. Hurwitz et al. [19] also reported better outcomes
for all three parameters for patients treated with bevacizumab in combination with bolus
5-FU/leucovorin/irinotecan than for patients treated with the same chemotherapeutic
regimen plus placebo in first-line therapy for untreated mCRC. These outcomes resulted in
the approval of bevacizumab for the first-line treatment of metastatic colorectal disease.

In the following years, different combinations of bevacizumab and chemotherapeutic
regimens were tested in many clinical trials. Although some of the studies reported
improved PFS, the OS did not improve by adding bevacizumab [21,35–38].

Bevacizumab in first-line therapy seems to improve both OS and PFS when combined
with fluoropyrimidine monotherapy, for example for patients with reduced general health,
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but only PFS when combined with commonly recommended combined chemotherapies
based on infusional 5-FU (FOLFOX, FOLFIRI) [39].

Several clinical trials have compared bevacizumab to anti-EGFR agents, such as cetux-
imab or panitumumab, in first-line therapies. Heinemann et al. compared FOLFIRI/cetuximab
versus FOLFIRI/bevacizumab as first-line treatment for patients with KRAS wild-type (wt)
mCRC in a randomized phase III trial (FIRE-3) and reported a significantly prolonged OS
in the cetuximab group (28.7 vs. 25.0 months in the bevacizumab group), although RR and
PFS did not significantly differ [40]. Venook et al. conducted a similar trial (CALGB/SWOG
80405) to test either FOLFIRI or FOLFOX plus cetuximab or bevacizumab and found no
differences in OS, PFS and RR between bevacizumab and cetuximab [41]. In the phase II
PEAK study, when comparing FOLFOX plus panitumumab or bevacizumab as first-line
therapy in patients with unresectable KRAS-wt mCRC, a prolonged OS and a similar PFS
were found for the panitumumab group with KRAS-wt exon 2 [42]. Today, it is well known
that right-sided and left-sided CRC differ clinically and molecularly, so sidedness is essen-
tial for clinical trials and therapeutic decisions. Holch et al. analyzed the primary tumor
location in relation to the response to anti-EGFR therapy versus anti-VEGFR therapy in a
meta-analysis of the three abovementioned studies (FIRE-3, CALGB/SWOG 80405, PEAK).
The authors concluded that patients with left-sided RAS-wt mCRC benefit from treatment
with an anti-EGFR antibody, whereas bevacizumab should be preferred for right-sided
mCRC [43]. Sidedness was also addressed in a retrospective subgroup analysis of the two
pivotal first-line bevacizumab trials of Hurwitz et al. (2004) [19] and Saltz et al. (2008) [37]
mentioned above. This retrospective analysis revealed that bevacizumab had an effect
independent of tumor sidedness in mCRC [44].

Currently, bevacizumab is regularly used in combination with different first-line
chemotherapies for the treatment of mCRC. Its combination with FOLFOX, FOLFIRI or
the triplet FOLFOXIRI is recommended for right-sided RAS- and BRAF-wt mCRC but
also for RAS-mut and BRAF-mut mCRC, independent of the sidedness [4,28], although its
efficacy, in particular in combination with potent chemotherapies as FOLFOX, FOLFIRI or
FOLFOXIRI is still unclear.

The efficacy of bevacizumab was also analyzed for maintenance and second-line treat-
ment. The CAIRO3 trial demonstrated capecitabine plus bevacizumab, and the AIO 0207
trial demonstrated fluoropyrimidine plus bevacizumab as preferable options for maintenance
therapy in mCRC [45]. In second-line treatment, the combination of chemotherapy and beva-
cizumab compared to chemotherapy alone improved OS and PFS in different phase III trials,
although the absolute benefit was only 1–2 months in terms of the median OS [46].

Today, bevacizumab is regularly used in combination with first- and second-line
chemotherapy as well as maintenance therapy in the treatment of mCRC. Moreover, starting
in 2023, bevacizumab has been used in last-line therapy in combination with trifluridine-
tipiracil, as the SUNLIGHT trial showed a relevant improvement in OS (10.8 versus
7.5 months) and PFS (5.6 versus 2.4 months) for patients treated with trifluridine-tipiracil
plus bevacizumab compared to those treated with trifluridine-tipiracil alone [47].

2.1.2. Ramucirumab

Ramucirumab is a human immunoglobulin G1 (IgG 1) monoclonal antibody that
blocks VEGF receptor 2 (VEGFR-2), thereby preventing its activation [24]. In the RAISE
study, a phase III clinical trial, ramucirumab was tested in a second-line setting with
FOLFIRI in patients with mCRC who had disease progression during or within six months
after first-line therapy with bevacizumab, oxaliplatin and a fluoropyrimidine. Patients
treated with ramucirumab/FOLFIRI had a significantly longer OS (13.3 months) than
patients treated with placebo/FOLFIRI (11.7 months) and a significantly longer PFS [24].
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2.1.3. Aflibercept

Aflibercept is a fusion protein of the VEGF-binding domain of VEGFR1 and VEGFR2
with an Fc fragment of a human IgG1 antibody. This protein is a high-affinity ligand trap
for VEGFA, VEGFB, and placental growth factor (PlGF), thereby preventing the binding of
these proteins to VEGFR [23]. In a phase III clinical trial, patients treated with aflibercept
in combination with FOLFIRI had significantly better OS (13.5 vs. 12.6 months) and PFS
(6.9 vs. 4.7 months) than did patients treated with FOLFIRI/placebo in second-line therapy
after previous treatment with oxaliplatin [23].

It is unclear which of the three antibodies should be preferred in the second-line
treatment of mCRC [48]. To address this question, Hashimoto et al. initiated the ongoing
prospective randomized phase II clinical trial (JCOG2004) to compare bevacizumab with
ramucirumab and aflibercept, each in combination with FOLFIRI, in second-line treatment
for unresectable CRC after first-line therapy with fluoropyrimidine and oxaliplatin [49].

2.2. Tyrosine Kinase Inhibitors

Antiangiogenic tyrosine kinase inhibitors (TKIs) are small molecules that traditionally
affect a wide range of tyrosine and serine-threonine kinases in addition to the intended
VEGFR signaling pathway [50]. Due to this low selectivity, TKIs often cause serious
toxicity, making their clinical use challenging, particularly in combination with chemother-
apy [51]. Moreover, the combination of TKIs with chemotherapy in mCRC patients has
been disappointing [20]. In monotherapy, the typical adverse effects of the TKIs regorafenib
and fruquintinib, used in mCRC therapy, include hypertension, hand-foot skin reaction,
diarrhea, fatigue and dysphonia [25,52].

2.2.1. Regorafenib

Until recently, the only TKI used in the clinical treatment of mCRC was regorafenib,
an oral multikinase inhibitor with activity against VEGFR-2, VEGFR-3, TIE-2, platelet-
derived growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), rear-
ranged during transfection (RET) and c-Kit, as well as a signal transduction inhibitor of
the RAF/MEK/ERK pathway [33]. Regorafenib had a statistically significant, but only
moderate, effect on OS (6.4 vs. 5.0 months) as monotherapy for chemorefractory patients
with mCRC compared to placebo in the phase III multicenter CORRECT trial [25].

2.2.1.1. Fruquintinib

Fruquintinib is a new antiangiogenic TKI that targets VEGFR. It is a small molecule
that is orally applied and, in contrast to regorafenib, exhibits high selectivity for VEGFR-1,
-2 and -3 [52]. Its effectiveness in mCRC was evaluated in the pivotal FRESCO trial, a
randomized, double-blinded, multicenter phase III clinical trial in China that compared
fruquintinib monotherapy versus placebo in patients with mCRC and progression after
two lines of chemotherapy without VEGFR inhibitors. Median overall survival (9.3 vs.
6.6 months) and PFS (3.7 vs. 1.8 months) were significantly better in the fruquintinib
group than in the placebo group [53]. These results led to the approval of fruquintinib
for third- or later-line therapy for mCRC in China [54]. The authors state that the results
may not be applicable to the Western population, as the standard treatment for mCRC in
China does not include anti-VEGF therapy in prior therapy lines [53]. This phenomenon
has been addressed in the global FRESCO-2 trial (NCT04322539), which included almost
700 patients from the United States, Europe, Japan and Australia [26]. The results showed a
promising effect of fruquintinib in the treatment of patients with advanced, chemotherapy-
refractory mCRC, with an OS of 7.4 months in the fruquintinib group versus 4.8 months in
the placebo group [26]. These outcomes resulted in the recent FDA approval of fruquintinib
for previously treated mCRC in November 2023.

Several additional monoclonal antibodies, a peptibody and many TKIs that target
tumor angiogenesis through multiple pathways have been tested in mCRC patients in
recent decades. Unfortunately, most of these agents showed no relevant efficacy in therapy



Cancers 2024, 16, 890 7 of 18

of mCRC or had unfavorable toxicity. An overview of some of these regimens that have
reached randomized phase II/III clinical trials but did not obtain approval for clinical
application in mCRC is given in Table 2. Notably, some of those regimens are still under
evaluation in combination with other therapies.

Table 2. Selection of antiangiogenic drugs in phase II/III trials in the last decade not receiving clinical
approval.

Drug Target Regimen Phase Indication Results in CRC Ref.

TKI

Brivanib VEGFR-2, -3,
FGFR-1, -2, -3

Brivanib/cetuximab
Placebo/cetuximab III Refractory

No improvement of OS,
significant improvement of ORR

and PFS, increased toxicity
[55]

Cediranib
VEGFR-1, -2, -3,
PDGFRβ, KIT

Cediranib/FOLFOX
Beva/FOLFOX II 2nd line No improvement of PFS or OS [56]

Cediranib/FOLFOX or CAPOX
Placebo/FOLFOX or CAPOX III 1st line Modest PFS prolongation, no

impact on OS [57]

Cediranib/FOLFOX
Beva/FOLFOX II/III 1st line

PFS and OS comparable to those
of beva, less favorable profile of

adverse events
[58]

Linifanib VEGFR-1, -2, -3,
PDGFRβ

Linifanib/FOLFOX
Beva/FOLFOX II 2nd line PFS and OS comparable to those

of beva, more adverse events [59]

Tivozanib VEGFR-1, -2, -3,
KIT, PDGFRβ

Tivozanib/FOLFOX
Beva/FOLFOX II 1st line Efficacy comparable to that of

beva [60]

Vandetanib
EGFR,

VEGFR-2, RET,
BRK, TIE-2

Vandetanib/FOLFOX
Placebo/FOLFOX II 2nd line No efficacy [61]

Vatalanib VEGFR-1, -2, -3
Vatalanib/FOLFOX
Placebo/FOLFOX III 1st line No efficacy in OS, PFS, ORR [62]

Vatalanib/FOLFOX
Placebo/FOLFOX III 2nd line Improvement of PFS, but not OS [63]

Famitinib
VEGFR-2, -3,
KIT, PDGFR,

RET

Famitinib
Placebo II 3rd or later line Prolongation of PFS, no

improvement of OS [64]

Nintedanib
VEGFR-1, -2, -3,
FGFR-1, -2, -3,
PDGFRα/β

Nintedanib/FOLFOX
Beva/FOLFOX I/II 1st line Similar PFS [65]

Nintedanib/FOLFOX
Placebo/FOLFOX II 2nd line Nonsignificant trend for

improved PFS, OS, DCR [66]

Nintedanib
Placebo III Refractory No improvement of OS, modest

increase of PFS [67]

Monoclonal antibodies

Axitinib VEGFR-1, -2, -3

Axitinib/FOLFOX
Beva/FOLFO

Axitinib/Beva/FOLFOX
II 1st line

No improvement of ORR, PFS
or OS by addition of axitinib or

combination with beva
[68]

Axitinib vs. placebo II Maintenance Significantly longer PFS with
axitinib [69]

Axitinib/FOLFOX
Beva/FOLFOX

Axitinib/FOLFIRI
Beva/FOLFIRI

II 2nd line
No improvement of PFS and OR,

but more adverse events with
axitinib

[70]

Parsatuzumab EGFL7 Parsatuzumab/FOLFOX/beva
Placebo/FOLFOX/beva II 1st line No improvement of ORR, PFS,

OS [71]

Vanucizumab VEGF-A, Ang-2 Vanucizumab/FOLFOX
Placebo/FOLFOX II 1st line No improvement of PFS,

increased toxicity [72]

Peptibody

Trebananib Ang-1, -2 Trebananib/FOLFIRI
Placebo/FOLFIRI II 2nd line No improvement of OS or PFS [73]

CRC: colorectal cancer. VEGFR: vascular endothelial growth factor receptor. FGFR: fibroblast growth factor receptor.
FOLFOX: 5-fluorouracil, leucovorin, oxaliplatin. FOLFIRI: 5-fluorouracil, leucovorin, irinotecan. OS: overall survival.
ORR: objective response rate. PDGFRβ: platelet-derived growth factor β. Beva: bevacizumab. CAPOX: capecitabine,
oxaliplatin. PFS: progression-free survival. KIT: tyrosine protein kinase KIT. EGFR: epidermal growth factor receptor.
RET: rearranged during transfection. BRK: breast tumor kinase. TIE-2: EGFL7: Ang: angiopoietin.
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3. Challenges in Antiangiogenic Treatment of CRC

To discuss the current challenges of antiangiogenic treatment in CRC, we need to
rethink the original aims of the treatment. Initially, antiangiogenic treatment was thought
to completely cut off the tumor from its blood supply to induce starvation of the tumor
cells, thereby stopping tumor growth and inducing tumor cell death and tumor regression.
However, it soon became evident that a superior therapeutic effect is observed by “normal-
ization” of the tumor vasculature [51]. In the context of tumor vessel normalization, also
defined as vessel pruning and regression, oxygenation and perfusion of the tumor improve
in association with a reduction in tumor vessel size and tortuosity [74]. This results in
the restoration of vascular maturation, increased capacity to sustain tissue pressure and
normalization of the basement membrane [75]. This approach ultimately allows improved
delivery and efficacy of chemotherapeutic drugs given in combination with antiangiogenic
treatment [74]. This concept is supported by the observation that cytotoxic therapy results
in a better outcome within the window of tumor vessel normalization than did cytotoxic
therapy before or after [76]. Unfortunately, as detailed in the previous section, antiangio-
genic treatment combined with chemotherapy causes only mild increases in survival, low
response rates and moderate efficacy [19]. Notably, even partial progression of disease
under treatment or treatment resistance occurs together with a lack of bio-markers for
stratifying patients [51,77–79]. Based on these issues, we discuss below the predominant
challenges in the antiangiogenic treatment of colorectal cancer.

3.1. Dosing and Timing of Antiangiogenic Treatment

The dosing and timing of the current treatment schedule are parameters that impact the
outcome of antiangiogenic treatment. This issue was addressed by comparing conventional
schedules of chemotherapy with the maximum tolerated dose (MTD) combined with antiangio-
genic treatment to alternative metronomic dosing schedules. Metronomic treatment regimens
are characterized by the administration of lower doses than the MTD but at a greater frequency.
The application of such metronomic schedules showed an increased clinical benefit, particularly
in the metastatic disease setting, together with the advantage of lower overall toxicity [80]. This
finding has the potential to update the current application schemes accordingly in the future.
However, it should be noted that the high frequency of drug administration is challenging for
patients, and reports of a lacking advantage of this metronomic therapy schedule also exist [81].
Moreover, overdosing is known to hamper the efficacy of antiangiogenic treatment, as it has
been reported that low-dose anti-VEGF treatment sensitizes patients more efficiently to PD-1
blockade than does the conventional dose [82].

3.2. Combination of Antiangiogenic Treatment with Alternative Drugs

Many studies currently in progress aim to overcome the limitations of antiangiogenic
treatment by combining antiangiogenic agents with alternative regimens, such as novel
immunomodulatory drugs. The most common treatment regimens are anti-VEGF ther-
apy in combination with PD-1 blockade, for example, the addition of atezolizumab (an
anti-PD-L1 antibody) to capecitabine and bevacizumab [83]. Additionally, the combination
of angiopoietin-2 (ANG2) blockade and VEGF plus immunotherapy is currently being
investigated and has shown promising results [82,84–86]. Interestingly, in this context,
triple blockade of PD-1, ANG2 and VEGF resulted in increased CTL levels and global tumor
vessel normalization, which was greatest in the triple therapy scheme [86]. Accordingly,
the combination of antiangiogenic treatment with immunomodulatory drugs has great
additional potential by overcoming milieu-dependent immunosuppressive functions and
further increasing therapeutic efficacy by fostering vessel normalization [86,87]. Notably,
efforts are also underway to optimize the combination schedules of different drugs by devel-
oping algorithms that predict optimal low-dose drug combinations to improve the outcome
of antiangiogenic treatment, and these algorithms have shown beneficial effects [85,88].
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3.3. Heterogeneity of ECs According to Vessel Type, Organ, Disease, Patient, EC Hierarchy and
Activation State

Initially, compared with tumor cells, tumor endothelial cells were believed to be a superior
therapeutic target because they are a more uniform, genetically stable and homogenous cell pop-
ulation. However, there is reasonable heterogeneity of endothelial cells in human tumor patients.
First, tumor vessels differ from normal vessels, and within a single tumor, different types of vessels
can be detected, such as blood and lymphatic vessels, arteries, veins and capillaries, together with
vessels that regulate their function and protein expression in a milieu-dependent manner (Figure 2).
Moreover, vessels may harbor different states of maturation and angiogenic activation and are
composed of different types of ECs within a single vessel. For example, the hierarchical organization
of angiogenically active vessels in tip and stalk cells with different phenotypes and functions is
well accepted [89]. Therefore, it is obvious that specific targeting of the TEC population may be
difficult. As an example of the therapeutic consequences of EC heterogeneity, it can be noted that
the normal vasculature regresses along with the tumor vasculature upon treatment, indicating
that not even TECs as a whole can be specifically targeted, not considering that different TEC
populations exist [90]. Another example is vessel-associated pericytes/mural cells that contribute
to vascular maturation and may protect vessels from antiangiogenic treatment, thereby fostering
therapeutic resistance [77]. Moreover, compensatory functions of the lymphatic vessel system
must be considered [91]. Notably, in preclinical studies, differentiating therapeutic responses with
respect to different types of vessels or EC activation states has mostly not been considered. Disease-
and patient-dependent heterogeneity of tumor endothelial cells has clearly been demonstrated by
multiregion sequencing of renal carcinoma [92], and this approach may similarly apply to CRC. The
abovementioned examples of EC heterogeneity, organ-dependent heterogeneity and the function
of TECs are considered causes of differential responses to antiangiogenic treatment [93,94]. Finally,
tumor vessel invasion may arise through different mechanisms, such as vessel co-option or vascular
mimicry, which are not necessarily dependent on active angiogenesis and, accordingly, may result in
resistance to antiangiogenic treatment approaches [95]. In conclusion, both TEC heterogeneity and
the different mechanisms through which tumor cells arrange their supply of oxygen and nutrients
cause the tumor vasculature to be a more complex target, as initially appreciated [77,78,96].Cancers 2024, 16, x FOR PEER REVIEW 11 of 20 
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vessels can be labeled using the markers CD31 or vWF. Lymphatic vessels may be stained with LYVE-1
or podoplanin. Arteries and veins can be differentiated by labeling using the artery marker ephrinB2.
This may be complemented by morphological differentiation of arteries (A) and veins (V) together with
analysis of milieu-dependent expression of vessel markers such as SPARCL1. CD31, vWF, LYVE-1 and
podoplanin panels: 25x objective; ephrinB2 and SPARCL1 panels: scale bars corresponding to 50 µm. The
vWF panel is modified from Schellerer et al., Lab Invest 2007 [97].
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3.4. Tumor Microenvironment (TME)-Dependent Plasticity of ECs Involving Angiocrine Mediators

Moreover, in recent years, it has become clear that ECs in tumors are not just passive
conduits of blood that deliver oxygen, nutrients and circulating cells or remove waste
products from tissues. Endothelial cells are part of the tumor microenvironment (TME),
which is defined by direct or indirect interactions through paracrine mediators of tumor
cells with their surrounding stromal cells. These interactions can alter the phenotypes and
functions of the involved cell populations, including TECs. It was shown that TECs in CRC
are epigenetically imprinted in a TME-dependent manner, resulting in stably maintained
differential phenotypes with an impact on patient prognosis [98].

Notably, the vasculature can release so-called “angiocrine” molecules that act on
neighboring cells, including tumor cells, which may promote or counteract tumor growth.
Tumor-supporting angiocrine activities were described for vascular-derived IL-6 in glioblas-
toma (GBM), which induces TME-dependent alternative macrophage polarization by ac-
tivating HIF-2α and arginase-1, resulting in GBM progression [99], or for TEC-derived
jagged-1, which induces B-cell lymphoma invasiveness and chemoresistance [79]. Speci-
fically, the antitumorigenic functions of angiocrine tumor vessel activities may have an
unappreciated clinical impact on the outcome of antiangiogenic therapy [100]. Thrombo-
spondin-1 is an angiocrine molecule with antitumorigenic functions that has been shown
to induce tumor dormancy in the perivascular niche in breast cancer [101]. Similarly,
in CRC, the TEC-derived matricellular protein SPARCL1 is associated with a positive
prognosis in patients and is suspected to mediate the antitumorigenic functions of tumor
vessels [99,102]. Notably, two other angiocrine mediators, ANG2 and BMP2, have recently
gained attention as novel targets because of the consideration of ANG2 inhibitors and
Tie2 activators in the ANG/Tie pathway as drug candidates [103] or BMP2 as a target in
the calcineurin/NFAT-axis [104]. These initial observations indicate that under certain
conditions, not only inhibiting but also supporting tumor vessels may be advantageous for
patients. Whether angiocrine antitumorigenic functions of tumor vessels also contribute to
the positive effects of vessel normalization strategies warrants further investigation [105].

3.5. Induction of EC Anergy

In recent years, modulation of the immune response by induction of endothelial cell
anergy has attracted increased amounts of attention. This lack of responsiveness to inflam-
matory signals termed “endothelial cell anergy” is associated with immune cell exclusion
and the downregulation of adhesion molecules such as ICAM-1/VCAM-1, which enable
tissue extravasation of immune cells [106]. The presence of EC anergy renders tumors less
responsive to immunotherapy given in combination with antiangiogenic treatment. An im-
munosuppressive function of the endothelial barrier has been reported for galectin-1-driven
T-cell exclusion in the tumor endothelium, promoting immunotherapy resistance [107].
Another molecule involved in this context is the death mediator Fas L, which is specifically
detected in the tumor vasculature and cooperatively induced by VEGF and PGE2, resulting
in a tumor endothelial death barrier that promotes immune tolerance associated with low
CD8+ T-cell levels. Immune tolerance can be pharmacologically attenuated by VEGF and
PGE2 inhibition [108]. In conclusion, the presence of EC anergy under certain conditions
in human patients results in immune tolerance, and immune cell exclusion is an issue
hampering the response to antiangiogenic therapy.

3.6. Genomic Instability of TECs

Several reports have challenged the initial assumption that TECs are genetically stable.
For example, in B-cell lymphoma patients, tumor cell-specific genetic alterations have
been detected in microvascular endothelial cells [109]. Furthermore, vascular mimicry
is presently defined as the autonomous formation of tumor vessels through tumor cells
without the presence of a tumor endothelium. Vascular mimicry may coexist with mosaic
vessels where the tumor endothelium is still partially integrated into the vessel wall [110].
Both types of tumor vasculature formation have implications for therapy by fostering
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resistance, as observed for vessels assembled by melanoma and endothelial cells [111].
Moreover, tumor cell differentiation into “endothelial-like” cells may occur and are consid-
ered an additional mode of therapeutic resistance. This was highlighted for GBM patients,
in which endothelial cell-like cells were found to transdifferentiate from GBM stem-like
cells [112–114]. Furthermore, increased aneuploidy was detected in TECs in human renal
carcinoma [115] and in mouse melanoma models with high and low metastatic poten-
tial [116]. The potential genomic instability of TECs themselves or vessel walls made of
tumor cells could be an issue as an escape and resistance mechanism limiting antiangio-
genic treatment. However, this potential mode of resistance may be less relevant for CRC
specifically. This assumption is based on the findings of a recent study in which poten-
tial genetic alterations in TECs were analyzed via systematic omics analyses in human
CRC patients. Compared with their normal colon endothelial counterparts, corresponding
PBMCs or tumor cells were found to be genetically stable from TECs isolated from these
patients [98]. Furthermore, genetic drift of tumor-specific alterations to endothelial cells
could not be detected, but the high load of mutations in MSI-positive patients warrants
further investigation [97].

3.7. Imbalance of Intracellular Signaling Molecules (ROS, Calcium)

For a summary on the role of intracellular signaling and regulation in endothelial cells via
the classical VEGFR/VEGF, FGFR/FGF, Tie2/Ang2, Notch/DLL4/Jagged1 and EphB/Ephrin
B axes, we refer to a comprehensive review published recently [51]. In addition to these
mainstream factors, altered concentrations of calcium and reactive oxygen species (ROS)
may contribute to therapy resistance and side effects. ROS and calcium are two closely
interconnected signaling molecules in eukaryotic cells, and calcium is known to modulate
ROS homeostasis [117]. In CRC liver metastasis of bevacizumab-resistant patients, increased
matrix stiffness was detected, which resulted in lipid metabolic cross-talk between the tumor
and stromal cells characterized by increased levels of ROS and free fatty acids and a higher fatty
acid oxidation rate, all of which contributed to bevacizumab resistance [118]. A ROS imbalance
in HUVECs after anti-VEGF treatment was also reported by others [119]. Anti-VEGF treatment
may increase calcium and ROS levels in parallel with decreased ATP production and increased
cell damage, as has been observed in renal cells [120]. The addition of the calcium channel
blocker benidipine to antiangiogenic treatment reduced renal toxicity, a known side effect
of bevacizumab treatment [120]. Accordingly, modulating intracellular ROS and calcium
imbalances during antiangiogenic treatment may help to overcome therapeutic resistance or
side effects in the future.

3.8. Inadequate Preclinical Models and/or Limited Analysis

Until recently, for colorectal cancer, no or only very limited in vivo animal models
existed that exhibit spontaneous distant metastasis similar to that of human patients. Con-
sidering that metastasis is the major cause of death in CRC patients and that the vasculature
plays a key role in regulating tumor cell dissemination, optimizing antiangiogenic therapy
regimens in appropriate model systems with distant metastasis is key. Meanwhile, novel
organoid-based in vivo animal models that recapitulate spontaneous distant metastasis
similar to that observed in human patients have been established; therefore, these models
have great potential for improving preclinical screening [121,122]. In the future, novel tar-
gets are expected to be identified using such advanced models, and novel drug candidates
can be evaluated in the preclinical setting, including distant metastasis. Furthermore, in the
preclinical animal models used to date, the different types or activation states of ECs present
in tumors have mostly not been analyzed with respect to differential treatment responses.
This is a substantial issue that hampers the understanding of a potential milieu-dependent
EC response to treatment and should be addressed in the future.
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4. Conclusions and Future Opportunities for Antiangiogenic Tumor Therapy in CRC

After the first euphoria and the subsequent challenges in translating experimental
results into clinical application, angiogenic inhibitors are currently an inherent part of
therapy not only for mCRC but also for multiple other benign and malignant diseases.
Nonetheless, almost 20 years after the first approval of bevacizumab for mCRC treatment,
the results of antiangiogenic therapy for mCRC have been inconsistent, the effects have
been less than initially expected and only five drugs have been approved. These are, within
the class of monoclonal antibodies, bevacizumab, ramucirumab and aflibercept and, within
the class of tyrosine kinase inhibitors, regorafenib and the new, promising TKI fruquintinib.

The prevailing challenges, which are complex and not adequately addressed yet, include
the design of the therapy schedule, heterogeneity and TME-dependent plasticity of endothe-
lial cells, the induction of immunosuppressive EC anergy, a low number of drug targets,
deregulated intracellular signal mediators, a lack of stratification and response biomarkers,
and the continued use of limited preclinical animal models lacking sporadic distant metastasis,
the latter representing the major issue during disease progression and management.

Opportunities to overcome these challenges in the future include the integration of
novel combinations of antiangiogenic drugs with immunotherapy, such as combined PD-
1/VEGF blockade; novel application modes, such as metronomic dosing; or optimized
low-dose combinations. Moreover, novel targets originating mostly from the pool of
angiocrine proteins, such as those targeting the Tie2/Ang2 or Notch1/DLL4 axes, are
promising for improving the efficacy of antiangiogenic treatment; these drugs are either
in development or are already in clinical trials. Moreover, other angiocrine modulators,
such as thrombospondin or SPARCL1, could be used as future therapeutic targets or
biomarkers and may warrant further investigation in preclinical studies. Drugs targeting
intracellular signal mediators deregulated during antiangiogenic treatment, such as calcium
in combination with VEGF blockade, may also help to overcome therapeutic resistance or
reduce side effects. Notably, improved tailored pretherapeutic drug testing with advanced
tools, such as organoid-based animal models able to spontaneously metastasize in the
periphery or the use of patient-derived organoids to individualized therapy, may help to
overcome current issues. Most importantly, it will be necessary to consider, analyze and
differentiate the impact of EC heterogeneity and the milieu-dependent plasticity of TECs in
response to antiangiogenic therapy in more detail. This has to be considered in improved
preclinical models with spontaneous distant metastasis to ultimately translate this aspect
successfully into later clinical application.
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