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Abstract: Non-invasive and quantitative imaging of vascular endothelial growth factor receptor-2 (VEGFR-2) expres-
sion levels is highly important in cancer diagnosis, prognosis, and patient management. Although various literature
reports have investigated the tumor expression levels of VEGFR-2 using imaging techniques such as positron emis-
sion tomography, single-photon emission computed tomography, targeted ultrasound, etc., accurate evaluation of
the dynamic microdistribution of VEGFR-2 in vivo with good spatial and temporal resolution remains a major chal-
lenge. In this issue of the American Journal of Nuclear Medicine and Molecular Imaging, He at al. reported the use
of a VEGFR-2 targeted probe for magnetic resonance imaging (MRI) of VEGFR-2 in two glioma models in rats (i.e.
C6 and RG2). The heterogeneity of VEGFR-2 expression was non-invasively imaged with MRI and validated with vari-
ous in vitro, in vivo, and ex vivo experiments. Not only was heterogeneous expression of VEGFR-2 found in different
glioma tumors, it was also observed in different regions within the same tumor (e.g. tumor periphery, peri-necrotic
area, and tumor interior). This report highlights the complex nature of gliomas, which may offer invaluable insights
into tumor heterogeneity and potential clinical management of glioma patients. These patients have dismal clinical

outcomes and are in urgent need of better tools to improve brain tumor treatment.
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Angiogenesis, the formation of new blood ves-
sels from preexisting vasculature, is a hallmark
of cancer which plays pivotal roles in tumor
development and metastasis [1-3]. Non-
invasive and quantitative imaging of tumor
angiogenesis is critical for lesion detection,
patient stratification, and monitoring the thera-
peutic response of cancer patients, including
brain tumors [4, 5]. Over the last decade, the
field of molecular imaging has advanced tre-
mendously, which is becoming indispensable
for future personalized medicine in the clinic
[6-10].

Anti-angiogenic therapy has attracted tremen-
dous attention over the last several decades
and several biomarkers related to angiogenesis
have been extensively studied, such as integrin
a B, [11, 12], vascular endothelial growth fac-
tor (VEGF)/VEGF receptor (VEGFR) [12, 13],
CD105 (also called endoglin) [14], among many
others. The VEGF/VEGFR signaling pathway
plays a critical role in both normal vasculature

development and many disease processes
[15]. The angiogenic actions of VEGF are mainly
mediated via two endothelium-specific receptor
tyrosine kinases, VEGFR-1 (FIt-1/FLT-1) and
VEGFR-2 (FIk-1/KDR). As the major mediator of
the mitogenic, angiogenic, and permeability-
enhancing effects of VEGF, VEGFR-2 is generally
considered to be more functionally important
than VEGFR-1 in cancer progression [16]. A
number of studies have shown that overexpres-
sion of VEGF and/or VEGFRs correlated with
poor prognosis in multiple cancer types, includ-
ing gliomas [17]. In addition, it has been report-
ed that intra-tumoral levels of VEGF and VEGFRs
correlate with the histological grade of gliomas
[18].

Knowing the dynamic distribution of VEGFRs,
especially VEGFR-2, will lead to better under-
standing of the mechanisms underlying tumor
angiogenesis, as well as provide a better tool
for cancer diagnosis and treatment [12, 13].
The ability to accurately evaluate VEGFR-2
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Figure 1. The probe used for molecular MRI of VEGFR-2.

expression with non-invasive molecular imag-
ing techniques such as positron emission
tomography (PET) [19-21], single-photon emis-
sion computed tomography [22], or targeted
ultrasound [23] can help with decisions about
whether and when to start anti-angiogenic
treatment, which may significantly improve can-
cer patient management. Although PET is high-
ly attractive for imaging of VEGF/VEGFRs
because of its high sensitivity and quantitative
capability, it is difficult or even impossible for
PET to provide high resolution images of VEGFR
expression in different tumor regions due to its
limited special resolution (a few mm). Magnetic
resonance imaging (MRI) can offer sufficient
spatial resolution on the order of micrometers.
However, direct measurement of VEGF/VEGFR
expression using molecular MRI (mMRI) is quite
challenging and remains understudied to date.

In this issue of the American Journal of Nuclear
Medicine and Molecular Imaging (AJNMMI,
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http://www.ajnmmi.us), He et al. reported
mMRI investigation of VEGFR-2 in two different
glioma models (i.e. C6 and RG2) in rats using a
high magnetic field (7.0 Tesla) small animal MRI
scanner and a VEGFR-2 specific contrast agent
[24]. The mMRI contrast agent used in this
study is composed of 4 distinct components:
an anti-VEGFR-2 antibody which provides target
specificity, biotin which can be used for ex vivo
validation of the in vivo data using fluorescently
labeled streptavidin, Gd-DTPA which confers
MRI sensitivity, and bovine serum albumin
(BSA) which serves as the platform for cova-
lently linking the 3 abovementioned compo-
nents together (Figure 1). In addition to the
VEGFR-2 specific contrast agent for mMRI, nor-
mal rat IgG conjugated biotin-BSA-Gd-DTPA
was also synthesized and used as a control.

This report is an extension of their previous
work on mMRI of VEGFR-2 in the C6 glioma
model using the same contrast agent [25]. In
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this work, the heterogeneous expression of
VEGFR-2 in C6 and RG2 glioma tumors and dif-
ferent regions within the tumor tissue was suc-
cessfully imaged non-invasively with MRI and
comprehensively investigated [24]. It was dem-
onstrated that when compared to the RG2 glio-
ma, the C6 tumor exhibited a more heteroge-
neous pattern with more VEGFR-2 expression
in the tumor periphery and peri-necrotic areas,
but less in the tumor interior. These findings
indicated that the C6 glioma likely have more
active angiogenesis occurring in the relatively
large vessels within the tumor periphery,
whereas the RG2 glioma may have increased
angiogenesis in the microcapillaries within the
tumor interior [24].

A number of experiments were carried out to
validate the in vivo findings with mMRI.
Interestingly, the C6 and RG2 glioma cells were
also found to express VEGFR-2 at a significant
level, as evidenced by both in vitro MRI studies
(i.e. decreased T1 values were observed when
either C6 or RG2 cells were incubated with the
VEGFR-2 specific contrast agent) and ex vivo
immunohistological examination of the tumor
tissue (i.e. prominent fluorescence signal were
found on the tumor cells with VEGFR-2 stain-
ing). However, it is unclear whether the expres-
sion level of VEGFR-2 on the C6 and RG2 cells
is comparable to that on the tumor vasculature,
which deserves further investigation in the
future. VEGFR-2 specificity of the MRI signal
observed in the glioma models was evidenced
by the significantly lower signal intensity in the
contralateral normal brain after intravenous
injection of the VEGFR-2 specific agent, as well
as the lower MRI signal in the tumor when non-
specific rat IgG-conjugated contrast agent were
injected. These findings were corroborated by
ex vivo staining of the tumor tissue using fluo-
rescently labeled streptavidin (which binds with
high affinity to biotin within the MRI contrast
agent), where stronger fluorescence signal in
the C6 tumor tissue (both the tumor cells and
the vasculature) was observed when compared
to the RG2 tumor.

Aside from measurement of VEGFR-2 on the
glioma cells and tumor tissue, the investigators
also assessed another marker which plays
important roles in tumor angiogenesis: HIF-1a.
Surprisingly, histological examination revealed
significantly higher HIF-1a expression in the
RG2 glioma tissue than the C6 tumor tissue,
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which is not in agreement with the VEGFR-2
expression level in the two tumor models.
Although the exact mechanism for this finding
remains to be elucidated, the histologic data
for laminin (an endothelial cell marker) appears
to correlate with the HIF-1a result: larger blood
vessels were present in the C6 glioma tissue
whereas more abundant, smaller and diff-
use blood vessels were found in the RG2
tumors.

The molecular weight of the MRI contrast agent
was estimated to be 232 kDa, which is quite
high and may not have efficient extravasation
into the tumor tissue. Therefore, distribution of
the contrast agent was more diffused in the C6
tumor tissue, which has many large vessels
and hence is more “leaky”. In the RG2 tumor
tissue, the vessels are much smaller and there-
fore less “leaky”. Staining of the RG2 tumor tis-
sue with fluorescently labeled streptavidin
showed that the intravenously injected contrast
agent was mostly located within the vascula-
ture or close to the vasculature, with signifi-
cantly less extravasation than in the C6 tumors.
The blood-brain barrier and blood-tumor barrier
also play important roles in the tumor uptake of
such a macromolecular contrast agent, since
both the tumor vasculature and tumor cells
express certain level of VEGFR-2, which war-
rants more detailed examination in follow-up
studies.

Using **Cu-labeled VEGF ,, as a tracer, we have
previously examined the dynamic nature of
VEGFR-2 expression in US7MG human glioblas-
toma tumors of different sizes by non-invasive
PET imaging [26]. Based on both the in vivo
data and ex vivo histology, smaller sized tumors
were found to have significantly higher VEGFR-2
expression than similar tumors that were either
too small (e.g. < 2 mm in diameter) or larger in
sizes (e.g. > 8 mm in diameter). Clearly, these
studies highlight the complex and dynamic
nature of brain tumors even in small animal
models, where dynamic and heterogeneous
expression of a given protein is observed not
only during different stages of tumor develop-
ment but also within the same tumor tissue
[24, 26]. With further optimization of the
already existing probes or future generations of
molecular imaging probes, the dynamic and
high resolution distribution of VEGFR-2 in the
tumor microenvironment will no longer be a
mystery, which may provide researchers/clini-
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cians new tools for non-invasive imaging of
tumor angiogenesis with sufficient spatial and
temporal resolution.

Much more future investigations are warranted
and expected. For example, it will be desirable
to apply similar techniques/probes to assess
VEGFR-2 expression levels of the same tumor
at different sizes during growth or at different
stages of development, which may potentially
become an efficient non-invasive tool for accu-
rate molecular profiling of brain tumors in the
clinic. Multimodality imaging of VEGFR-2
expression, in which the same probe can be
simultaneously detected by two or more imag-
ing techniques (e.g. PET and MRI), can offer
many advantages over the currently used
probe. To further reduce the possible false-pos-
itive signal caused by the detachment of
Gd-DTPA from the probe, conjugation of anti-
VEGFR-2 antibody to suitable nanoplatforms
with intrinsic properties for imaging applica-
tions (e.g. Gd3*-doped upconversion nanoparti-
cles [27, 28]) may provide more accurate infor-
mation about the dynamic status of VEGFR-2
expression. Furthermore, invasion of tumor
cells into the normal brain is one of the main
reasons for treatment failure in gliomas [4].
With mMRI and a VEGFR-2 specific contrast
agent, a better strategy for evaluating/monitor-
ing the invasion of brain tumors may become
possible in the near future. Lastly, these probes
can also allow longitudinal imaging of VEGFR-2
expression in gliomas, which can be used for
evaluating the therapeutic responses of anti-
angiogenic therapy in preclinical studies as well
as potentially providing new opportunities for
improving brain tumor patient management.

Since mMRI contrast agents are molecule spe-
cific rather than disease specific, these agents
can also have potential impacts in other cancer
types as well (VEGFR-2 plays important roles in
multiple solid tumor types [16]). For most
molecular imaging agents, rapid clinical trans-
lation is a bottleneck. Future translation of opti-
mized imaging agents into clinical investigation
can shed new light on the development of novel
mMRI probes, which will ultimately lead to bet-
ter brain tumor patient management with
improved tumor detection/staging, patient
stratification, tumor invasion monitoring, pre-
diction of therapeutic responses, and personal-
ized therapies.
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