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ABSTRACT  ��������������������������������������������������������������������������������������Inhibitors of angiogenesis and radiation induce compensatory changes in the tumor vas�
culature both during and after cessation of treatment. In numerous preclinical studies, angiogenesis 
inhibitors were shown to be efficient in the treatment of many pathological conditions, including 
solid cancers. In most clinical trials, however, this approach turned out to have no significant effect, 
especially if applied as monotherapy. Recovery of tumors after therapy is a major problem in the 
management of cancer patients. The mechanisms underlying tumor recovery (or therapy resistance) 
have not yet been explicitly elucidated. This review deals with the transient switch from sprouting 
to intussusceptive angiogenesis, which may be an adaptive response of tumor vasculature to cancer 
therapy that allows the vasculature to maintain its functional properties. Potential candidates for 
molecular targeting of this angioadaptive mechanism are yet to be elucidated in order to improve 
the currently poor efficacy of contemporary antiangiogenic therapies.
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Tumor angiogenesis

Angiogenesis, the process of formation of new blood vessels 
from pre-existing ones, plays an essential role in the tumour 
growth and progression. New vascular segments are needed to 
supply the increasing tumour mass with oxygen and nutrients. 
Hence, the crucial step for tumour growth above the size of 1-2 
mm3 is the “angiogenic switch”, when the tumour gains capability 
to produce angiogenic factors and induce angiogenesis (Hanahan 
and Folkman, 1996).

Modes of angiogenesis

Two major modes of angiogenesis have been described, namely 
sprouting and intussusception (often also called “non-sprouting” or 
splitting) (Burri et al., 2004). Sprouting angiogenesis was described 
more than 150 years ago and has been in the focus of research 
groups for many decades. This mode of angiogenesis occurs by 
outgrowth of abluminal sprouts which subsequently merge with exis-
ting capillaries. Degradation of endothelial basement membranes 
(obviously associated with increased vessel permeability) as well 
as proliferation of endothelial cells are essential for this process 
(van Hinsbergh and Koolwijk, 2008). This mode of angiogenesis 
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is the more widely studied and many of the molecular and cellular 
mechanisms involved have already been elucidated (see reviews 
(Carmeliet et al., 2009; van Hinsbergh and Koolwijk, 2008).

In contrast, intussusceptive angiogenesis (IA) is achieved 
by intraluminal growth. So far undetermined factors trigger the 
formation of endothelial cell processes on the opposing sides of 
the vascular lumen. A transluminal pillar, the hallmark of intussus-
ceptive angiogenesis, is formed when these opposing endothelial 
protrusions extend and finally make contact (Burri et al., 2004). 
The steps in the formation of a transluminar pillar, the basic event 
in IA, are presented in Fig. 1. 

Intussusceptive angiogenesis may have different outcomes 
depending on location of the pillars: intussusceptive microvascular 
growth (IMG), refers to the expansion of the capillary bed; intus-
susceptive arborization (IAR) describes the formation of the typical 
vascular tree while intussusceptive branching remodeling (IBR) 
denotes vascular remodeling and adaptation to suit local perfusion 
requirements and includes intussusceptive vascular pruning (IVP) 
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(see reviews (Burri et al., 2004; Makanya et al., 2009)). Intussus-
ceptive angiogenesis permits a rapid and enormous increase in 
the number of microvessels (IMG) without concomitant proliferation 
of endothelial cells or increase in the vessel permeability as may 
occur due to degradation of the basement membrane s (Ausprunk 
et al., 1974; Burri and Djonov, 2002; Djonov et al., 2003). 

Intussusception is complementary to sprouting during organo-
genesis. According to our own data the vasculature of different 
organs undergoes two main phases of development: an early 
sprouting phase is followed by an intussusceptive phase, during 
which capillary sprouting is superseded by transluminal pillar 
formation. Intussusception results in further expansion of the ca-
pillary plexus and formation of an organ-specific vascular tree, as 
well as its dynamic adaptation, including intussusceptive vascular 
pruning (see review by Makanya et al., 2009). It is noteworthy that 
during the sprouting phase VEGF expression level is high and it is 
considerably decreased during the intussusceptive phase, while 
the level of basic fibroblast growth factor (bFGF) is increasing 
with advance from former to the latter phase (Makanya et al., 
unpublished data). This finding indicates possible involvement of 
bFGF in intussusception. In contrast to sprouting, the signaling 
pathways and molecular mechanisms involved in the process of 
intussusception are largely unknown.

Other less well characterized forms of angiogenesis are wrapping 
and hollowing, glomeruloid angiogenesis, co-option of pre-existing 
vessels or vasculogenic mimicry (Dome et al., 2007).

Rationale behind antiangiogenic cancer therapy

Lack of adequate vasculature restricts tumor volume progression 
that should result from continuous cell proliferation, the hallmark of 
cancer pathogenesis (Hanahan and Folkman, 1996). Therefore, the 
control over the tumor vasculature (tumour-induced angiogenesis) 
should provide the control over the tumor growth.

The idea of cancer treatment by inhibiting pro-angiogenic 
pathways was introduced by Folkman in 1971 and can be considered 
an official “start” of the era of antiangiogenic research (Folkman, 
1971). It was expected that the first successful antiangiogenic 
cancer therapy would be accomplished within the subsequent 
few years. It took much longer than that: about 4 decades passed 
before the first antiangiogenic drug, bevacizumab, was approved 
for cancer treatment in clinical practice (Kramer and Lipp, 2007). 
Angiogenesis inhibitors were shown to be efficient in the treatment 
of many pathological conditions, including solid cancers. There are 
over two thousand clinical trials based on angiogenesis inhibitors 
(http://clinicaltrials.gov/ct2/results?intr=%22Angiogenesis+Inhibito
rs%22&pg=2&show_flds=Y), but in most of the completed studies 
they turned out to have no significant effect, especially if applied 
as monotherapy (Soltau and Drevs, 2009).

Anti-VEGF (anti-sprouting) approach and its efficacy

Most of the antiangiogenic drugs under investigation target the 
signaling pathway of vascular endothelial growth factor (VEGF), also 
known as vascular permeability factor, the most potent angiogenic 
factor described this far. VEGF augments proliferation and migra-
tion of endothelial cells (the hallmarks of sprouting), increases the 
permeability of vessels (Bates et al., 2002) and causes vasodilatation 
(Ku et al., 1993). Moreover, it is also known as a survival factor for 
endothelial cells (Gerber et al., 1998) and a negative regulator of 
pericyte function and vessel maturation (Greenberg et al., 2008). 
Therefore, inhibition of VEGF signaling should inhibit proliferation 
and migration of endothelial cells, decrease permeability of the 
vessels, prevent vasodilatation (=vasoconstriction?), and result 
in increased apoptosis of the endothelial cells as well as pericyte 
activation and vessel maturation. The single effects mentioned 
above can be and are actually achieved to some great extent by 
existing anti-VEGF drugs (at least transiently), the ultimate goal of 
antiangiogenic cancer treatment – the long-term control of tumour 
growth, however, is unfortunately out of easy reach at the moment 
(Broxterman et al., 2003; Ellis and Hicklin, 2008; Miller et al., 2003; 
Miller et al., 2005).

In this review we would like to introduce a hypothesis that could 
probably better explain the angioadaptive mechanisms of tumour 
vasculature in response to antiangiogenic treatment, as well as 
some of the cases of the resistance to antiangiogenic (anti-VEGF) 
treatment.

Hypothesis of transient vascular normalization

 ������������������������������������������������������������Tumour recovery after therapy is a major problem in the man-
agement of cancer patients. The survival benefits of antiangiogenic 
drugs have thus far been rather disappointing, hence stimulating 
interest in developing more effective ways to combine antiangiogenic 
drugs with established chemotherapeutic approaches (Carmeliet et 
al., 2009; Ma and Waxman, 2008). This situation has also motivated 

Fig. 1. Demonstration of the mechanisms involved in pillar formation. 
(A–D) Three-dimensional schema illustrating the steps in the formation 
of transluminal pillars during intussusceptive angiogenesis. The process 
begins with the protrusion of portions of the walls from opposite sides 
into the vessel lumen (A,B). After contact has been established and ‘‘co-
rroborated’’ (C), the endothelial bilayer becomes perforated centrally and 
a transluminal pillar is formed (D). The scanning electron microphotograph 
of critical-point-dried and sputtered with gold sample is presented in E. It 
displays the intraluminal view of the sinusoidal vessel typical for intussus-
ception with many transluminal pillars (arrows). EC, endothelial cell; Lu, 
lumen. (A-D) are adapted from (Djonov et al., 2003); (E) from Makanya et 
al., unpublished data.
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many research groups to investigate the mechanisms underlying 
such a low efficacy of anti-angiogenic treatment, to understand the 
compensatory changes in tumour vasculature induced by inhibi-
tors of angiogenesis. Few hypotheses and molecular mechanisms 
that could explain the resistance to antiangiogenic treatment in 
particular cases were suggested (e.g., see reviews Bergers and 
Hanahan, 2008; Ellis ������������������������������������������and��������������������������������������� Hicklin, 2008). The ‘�����������������normalization hy-
pothesis’ introduced by Rakesh Jain is the most popular nowadays 
and postulates that antiangiogenic treatment leads to transient 
normalization of the vasculature, what improves the perfusion of 
the tumour tissue. This transient normalization should therefore 
be beneficial for the delivery of co-applied cytostatic therapy (Jain 
2005; Jain et al., 2006). 

According to Jain, the abnormal tumour vasculature becomes 
“more normal” during its treatment with antiangiogenic drugs (Jain 
2005). The major observations (events/phenomena) that are inclu-
ded in the “normalization” term (phenomenon) are the following:

• Decrease in intratumoural microvascular density by pruning 
of leaky vessels
• Increase in pericyte coverage with:
 - decreased vascular permeability and 
 - improved perfusion (what subsequently leads to improved              	

drug penetration)
• Second wave of angiogenesis
This hypothesis is explained using the “balance of pro- and 
anti-angiogenic factors”: when the proangiogenic factors prevail 
angiogenesis is stimulated and the vessels are “abnormal”. Appli-
cation of antiangiogenic drugs brings back the balance of pro- and 
antiangiogenic factors. This restored balance results in reduction 
of “abnormality” of tumour vessels. The explanation is easily (intui-
tively?) understood and convincing. The number of contemporary 
investigators that support this hypothesis (including authors of the 
present review) is steadily increasing. The missing component is 
a more detailed investigation of the morphogenic mechanism(s).

Angiogenic switch from sprouting to intussusception

The transient normalization of tumour vasculature (including all 
the aforementioned observed phenomena) may be explained on 
morphogenic level by the angiogenic switch from sprouting to intus-
susception. This switch is an angioadaptive mechanism of tumor 
vasculature to the antiangiogenic factors (Hlushchuk et al., 2008). 
Occurrence of intussusception has been demonstrated in various 
tumours (Hillen and Griffioen, 2007) and its activation is evident 
during blockage of sprouting by anti-VEGF therapy (Hlushchuk 
et al., 2008). In our recent study we have shown that the mode 
of vasculature growth of xenograft tumours treated with PTK/ZK 
(VEGFR inhibitor) undergoes shifting from sprouting to intussus-
ception after antiangiogenic treatment or radiotherapy. Activation 
of intussusception, specifically intussusceptive pruning, leads to 
decrease in the intratumoural microvascular density in treated 
tumours but without decrease in vascular exchange surface area 
and stimulates vessel wall maturation (i.e., decreased vascular 
permeability and improved perfusion). Moreover, the switch to in-
tussusceptive mode of angiogenesis improves the perfusion of the 
tumour mass as has been shown by the decrease of in hypoxia of 
the tumour mass after the antiangiogenic treatment or radiotherapy 
(Hlushchuk et al., 2008). Improvement in oxygen supply represents 
better tumour perfusion and therefore should also mean improved 
drug penetration into the tumour tissue as observed during the 
“transient vascular normalization” (Jain 2008). All the features of 
the angiogenic switch from sprouting to intussusception mentioned 
above match the phenomena known together as “transient vascular 
normalization” (Jain, 2005). 

Notably, intussusceptive angiogenesis subsequent to treatment 
with PTK/ZK has already been documented (albeit unbeknown to 
the authors) in other tumor models, such as in the murine renal 
cell carcinoma study (Drevs et al., 2002). In the latter study PTK/
ZK elicited changes in the vasculature that were typical of intus-

Fig. 2. Time-course of the angiogenic 
switch during tumor recovery. (A) The 
scanning electron micrographs represen-
ting the vascular pattern of the PTK/ZK 
treated tumors on day 6 (a), 14 (a’) and 19 
(a’’). On day 6 and 14 pillars (arrowheads) 
and meshes (asterisks) dominate. In con-
trast to day 6 and 14, on day 19 (a’’) the 
sprouts (arrows) prevail in the vascular 
pattern of the PTK/ZK-treated tumors 
with some pillars (arrowhead) or meshes 
(asterisks) present. The scale bar in a-a’’ is 
100mm. The scheme in (B) represents the 
above-described changes: in non-treated 
tumors the dominating mode of angioge-
nesis is sprouting. After the short-term 
therapy the intussusception prevails: so 
called, intussusceptive phase of recovery 
(days 6, 9 and 14). On day 19 the second 
wave of intussusception is there what is 
characterized by numerous sprouts along 
with pillars or meshes. Adapted from 
(Hlushchuk et al., 2008).

B

A



566    R. Hlushchuk et al.

susception. The vessel density appeared to be decreased by 48% 
while the systolic blood-flow velocity in the renal artery remained 
unchanged and the vessel permeability decreased by 50% (Drevs 
et al., 2002). Furthermore, although the vascular casts presented 
clearly revealed the presence of transluminal pillars, the authors 
did not recognize the phenomenon of intussusceptive angiogene-
sis. Similar changes in vasculature have been observed in murine 
orthotopic B16/BL6 melanoma tumor model after treatment with 
either PTK/ZK (Rudin et al., 2005) or other tyrosine kinase inhibi-
tors (Nakamura et al., 2004; Nakamura et al., 2006; Ruggeri et al., 
2003). In each instance, the depicted changes in the vasculature 
corresponded to those associated with intussusception. Intussus-
ceptive angiogenesis might represent a general process as part 
of a tumor-protective adaptive response (Hlushchuk et al., 2008).

After some time (in our study it was 2 weeks after cessation of 
therapy) the tumour vasculature returns back to the sprouting mode 
of angiogenesis, what corresponds to the relapse of the tumour 
(the subsequent wave of sprouting angiogenesis coincides with 
tumour growth). This observation is consistent with the findings 
of Hanahan and his collaborators (Casanovas et al., 2005) in 
which the “second wave of angiogenesis” occurred after 4 weeks 
of antiangiogenic treatment. According to Rakesh Jain, the sec-
ond wave of angiogenesis may signalize the closure of ‘transient 
vascular normalization’ window (Jain 2008). Here we would like to 
emphasize that it is the second wave of sprouting (!) angiogenesis: 
it correlates perfectly with the findings of our study that after the 
transient switch to intussusception the second wave of sprouting 
angiogenesis took place (Fig. 2). Putatively the tumour vasculature 
that undergoes such an angiogenic switch is much more resistant 
to further antiangiogenic treatment or radiotherapy: the vessels 
become more mature and thus more rigid and less vulnerable 
to VEGF inhibition (Helfrich et al., 2010; Hlushchuk et al., 2007; 
Sennino et al., 2009).

bFGF as potential key molecule

The molecular players involved in intussusception are largely 
unknown. At present, probably the most prominent candidate in-
volved in intussusception is basic fibroblast growth factor (bFGF). 
It was reported that bFGF may compensate for the loss of VEGF 
after the tumors have reached a certain size (Yoshiji et al., 1997). 
Its plasma levels appeared to be increased and correlated with 
vessel size in patients who experienced tumor progression while 
on AZD2171 (cediranib), an oral VEGFR inhibitor (Batchelor et al., 
2007), confirming the aforementioned findings of Hanahan and 
coworkers in the mouse model of oncogene-induced insulinomas 
(Casanovas et al., 2005). The findings from the aforementioned 
preclinical and clinical studies can also be interpreted to imply that 
bFGF upregulation coincides with tumor relapse (or precedes it?). 
It could be one of the key molecules responsible for activation of 
intussusception when sprouting is blocked by anti-VEGF drugs. 
That would correlate with over-expression of bFGF during activation 
of intussusceptive remodeling and pruning as found in the develo-
ping chick embryonic kidney (Makanya et al., unpublished data)).

Another strong point of bFGF being involved in the angiogenic 
switch to intussusception is that targeting bFGF may provide sy-
nergistic effects in the treatment of angiogenesis-related disorders, 
including cancer (see review Alessi et al., 2009), as well as the 
suggestion to use it as a biomarker for efficacy of (resistance to) 

antiangiogenic therapy as well as potential target for extending 
the normalization window (Batchelor et al., 2007). Probably, it may 
serve as a marker of intussusception.

Summary

In this review we hypothesise that the angiogenic switch from 
sprouting to intussusceptive mode of angiogenesis may be the 
morphogenic mechanism underlying the widely accepted hypothesis 
of transient vascular normalization during antiangiogenic (anti-
sprouting) treatment. All the described changes in the “normali-
zed” vasculature of treated tumours are typical of intussusceptive 
remodelling, including intussusceptive vascular pruning. Although 
the molecular mechanisms of intussusception are largely unknown 
we suggest taking into consideration bFGF as potential candidate 
for the key role in intussusception.

Plausibly, manipulation of this escape mechanism (switch to 
intussusceptive mode of angiogenesis) would lead to new levels of 
antiangiogenic treatment. Thus, potential candidates for molecular 
targeting of this angioadaptive mechanism need to be investigated 
in order to improve the current poor efficacy of contemporary 
antiangiogenic therapies.
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