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Looking Through the Vascular Normalization Window:
Timing Antiangiogenic Treatment and Chemotherapy with
99mTc-Annexin A5

Over the last 100 years, it has be-
come well established that tumors
have a rich network of vascular growth
and undergo angiogenesis readily (1).
In 1971, Judah Folkman posited that
molecular factors could be identified
that promote angiogenesis (2) and
drive the formation of abnormal tumor
blood vessels. His groundbreaking hy-
pothesis was that if these factors could
be inhibited, vessels would regress,
and the tumor would starve to death.
As a result of Folkman’s revolutionary
ideas, research in the last 40 years
has resulted in several antiangiogenic
drugs entering the practice of medical
oncology.
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The rationale behind antiangiogenic
therapy is that such treatment would
cause the degeneration of tumor vas-
culature that is heterogeneous and
highly abnormal at the macroscopic
and microscopic levels. Tumor vessels
tend to be dilated, tortuous, distorted,
and disorganized. Furthermore, within
tumors there are areas of high vascular
density and others with low vascular
density, as well as loss of diameter
control and shunting. Endothelial cell
junctions are loose, poorly connected,

or overlapping, and perivascular cells
(pericytes and vascular smooth muscle
cells) surrounding the endothelium are
also abnormal, causing vessel leakage.

One of the major players in causing
these adverse processes is vascular
endothelial growth factor A (VEGF-
A; more commonly known as VEGF).
VEGF was found by Ferrara and
others to be a potent angiogenic mito-
gen (3,4). By binding to VEGF recep-
tor 2, VEGF plays an indispensible
role in mediating angiogenic activity
in vascular endothelial cells. More-
over, VEGF overexpression leads to
the formation of neovasculature with
the structurally abnormal morphology
characteristic of tumors.

Taken together, the unwanted char-
acteristics of abnormal angiogenesis
play a major role in impeding the
delivery of cytotoxic drugs and other
systemic treatments, such as biologic
agents. As a consequence, the idea of
antiangiogenic therapy was developed
with the rationale that regression of
blood vessels would cause tumors to
become dormant. In 1993, Ferrara et al.
showed that treatment with an anti-
VEGF antibody reduced vasculature in
and inhibited the growth of several
tumor types xenografted into nude
mice (5). Ferrara’s group also demon-
strated that anti-VEGF therapy resulted
in subcutaneous xenograft growth de-
lay and reduction in liver metastasis in
a mouse model of colon cancer (6).

Despite these promising preclinical
results, the outcomes of anti-VEGF
antibody treatment alone in patients
have been disappointing. Poor objec-
tive response rates and lack of im-
provement in overall survival have
been characteristic of anti-VEGF
treatment. In 1 study, administration

of bevacizumab, an anti-VEGF anti-
body, to colorectal cancer patients
pretreated with chemotherapy resulted
in an overall response rate of only
3.3% (7). However, randomized phase
III trials of bevacizumab plus conven-
tional chemotherapy have shown im-
provements in overall survival and
time to tumor progression when com-
pared with chemotherapy alone, with
evidence of a synergistic effect. In a
large number of phase II–IV trials treat-
ing metastatic colorectal cancer, the
first-line efficacy of bevacizumab in
combination with irinotecan-based che-
motherapy have generally resulted in
progression-free survival intervals of
9–14 mo and overall survivals of 19–
28 mo (8,9). What seems counterintui-
tive about these clinical results, how-
ever, is that inhibition of VEGF should
result in vascular regression. Yet at the
same time, VEGF inhibition improves
the effectiveness of chemotherapy, on
which efficient drug delivery depends.

In 2001, Jain proposed the vascular
normalization hypothesis (10,11). This
hypothesis states that, instead of
merely effecting regression of vascula-
ture, careful use of antiangiogenic
therapy may cause the grossly abnor-
mal structure and function of tumor
blood vessels to return to a more nor-
mal state. The implications of this idea
are the possibilities that tumor growth
could be controlled, hypoxia could
be reduced, and the efficacy of sys-
temic therapies could be improved.
An important mechanism for vascular
normalization is inhibition of VEGF
signaling, as it is a critical factor con-
trolling proliferation and survival of
endothelial cells. However, when vas-
cular normalization is induced, it is
transient, characterized by a time
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window of 1–2 d, in which tumor cell
kill by cytotoxic agents is markedly in-
creased. A critical factor, though, is the
timing of cancer therapy, to take advan-
tage of this transient normalization.
In this issue of The Journal of Nu-

clear Medicine, Vangestel et al. (12)
used 99mTc-tricarbonyl His-annexin
A5 (99mTc-His-annexin A5) micro-
SPECT to probe the vascular normal-
ization window. In a nude mouse
model of colon cancer, they adminis-
tered sequential treatments of bevaci-
zumab to normalize vasculature and
irinotecan to induce apoptosis. Radio-
labeled annexin A5 has been used to
detect apoptosis after single-dose che-
motherapy in tumor-bearing rats
(13,14). In addition, Vangestel’s group
previously validated the use of 99mTc-
tricarbonyl His-annexin A5 for imag-
ing tumor apoptosis in vivo during sin-
gle-dose irinotecan and bevacizumab
monotherapies, respectively (15).
The present studies of Vangestel

et al. explored the timing between be-
vacizumab and irinotecan that would
produce the most effective killing of
colon cancer cells. Bevacizumab had
some profound effects on colon
tumors shortly after administration.
These effects were generally most
notable on days 2 and 4 after bevaci-
zumab. Pericyte coverage increased,
the vessel maturity index increased
dramatically, and VEGF-A concentra-
tions decreased in the tumor. At day 4,
microvessel density decreased to the
point that it was significantly lower
than saline controls. However, by day
6 the vessel maturity index decreased
dramatically and some mature vessels
were likely degenerating, suggesting
that the vascular normalization win-
dow had begun to close.
After characterizing the effects of

bevacizumab in the murine colon
cancer model, Vangestel et al. inves-
tigated tumor uptake of 99mTc-annexin
A5 at 12–48 h after a single adminis-
tration of irinotecan. In all experiments,
tumor accumulation of 99mTc-annexin
A5 correlated with caspase-3 activity,
confirming that apoptosis was indeed
the mechanism of cell death. A peak
of tumor uptake and image intensity

occurred 48 h after irinotecan and 2 d
after bevacizumab treatment, com-
pared with saline controls. However,
a considerably greater uptake and
image intensity occurred at 4 d after
bevacizumab and 24 h after irinotecan
administration. By 6 d after bevacizu-
mab and 48 h after irinotecan, only a
small difference in tumor uptake and
image intensity was observed, again
suggesting that the vasculature nor-
malization window was closing. The
best results were obtained 4 d after
bevacizumab and 24 h after irinotecan.
Although vessel maturity index in-
creased by day 2, tumor hypoxia also
increased relative to day 4, reducing
the effectiveness of chemotherapy.
Altogether, it appeared that the opti-
mal timing of this dual-therapy regi-
men was to administer bevacizumab
4 d before irinotecan, inducing a more
rapid onset of maximum apoptosis.
Furthermore, the highest uptake of
99mTc-annexin A5 in the dual-therapy
regimen was about 60%–70% higher
than that for bevacizumab monother-
apy, indicative of a synergistic effect
of the 2 drugs.

Interestingly, the findings of Vangestel
et al. fit nicely with the 1- to 2-d
window of vascular normalization pre-
dicted by the Jain hypothesis. Under-
standing the duration of this window is
critical to administering effective che-
motherapy in combination with anti-
angiogenic drugs. Measurement of the
normalization window by noninvasive
imaging of chemotherapy-induced apo-
ptosis could be a powerful tool for
clinicians to make decisions regarding
timing of pretreatment with drugs de-
signed to return the vasculature to a
more normal state. Such approaches
could optimize delivery of commonly
used chemotherapeutics. More impor-
tant, perhaps, is that the development of
new treatment modalities, not limited to
chemotherapy, might be greatly aided
by noninvasive imaging of apoptosis.

Implications of the results obtained
by Vangestel et al. may reach far
beyond the detection of vascular nor-
malization and apoptosis in chemo-
therapy. For example, clinical use of
cancer immunotherapy has remained a

considerable challenge to date. Syner-
gistic effects have been observed in
tumor-bearing mouse models of anti-
VEGF therapy plus immunotherapy,
given by adoptive cell transfer (16) or
use of cancer vaccines (17). In one
study (16), a schedule-dependent im-
provement in efficacy was observed
when the antibody was given 2 d
before adoptive cell transfer. This
result suggests that an open normali-
zation time window might increase
T-cell delivery into tumors. Because
such therapies are capable of inducing
tumor cell apoptosis, 99mTc-annexin
A5 imaging may shed light on the
nature of tumor vasculature normaliza-
tion during immunotherapy. Whether
the treatment be chemotherapy, radio-
therapy, immunotherapy, or a combi-
nation thereof, noninvasive imaging of
apoptosis may allow us to act while
the window is open.
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