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Direct radiolabeling of proteins can result in the loss of targeting
activity, requires highly customized procedures, and yields het-
erogeneous products. Here we describe a novel imaging com-
plex comprised of a standardized 99mTc-radiolabeled adapter
protein noncovalently bound to a “Docking tag” fused to a
“Targeting protein”. The assembly of this complex is based on
interactions between human 109-amino acid (HuS) and 15-
amino acid (Hu-tag) fragments of ribonuclease I, which serve as
an “Adapter protein” and a Docking tag, respectively. Methods:
HuS modified with hydrazinonicotinamide (HYNIC) was radiola-
beled using 99mTc-tricine to a specific activity of 3.4–7.4 ��q/
�g. Protein complexes were then formed by mixing 99mTc-HuS
with equimolar amounts of either Hu-tagged VEGF121 (Hu-VEGF
[vascular endothelial growth factor]) or Hu-tagged anti-
VEGFR-2 single-chain antibody (Hu-P4G7) and incubating on
ice for 15 min. 4T1 luc/gfp luciferase-expressing murine mam-
mary adenocarcinoma cells (1 � 104) were implanted subcuta-
neously or injected intravenously into BALB/c mice. Biolumines-
cent imaging (BLI) was performed 10 d later. Immediately after
BLI visualization of tumor, 18.5–37 MBq of tracer (5–10 �g of
protein) were injected via tail vein. One hour later planar or
SPECT images were obtained, followed by killing the mice.
Results: There was significantly (P � 0.0128) increased uptake
of 99mTc-HuS/Hu-VEGF (n � 10) within subcutaneous tumor as
compared with 99mTc-HuS/Hu-P4G7 (n � 5) at biodistribution
assay (2.68 � 0.75 vs. 1.8 � 0.21; tumor-to-subcutaneous
tissue [ratio of specific activities], respectively), despite similar
molecular weights. The focal 99mTc-HuS/Hu-VEGF uptake seen
on planar images (3.44 � 1.16 [tumor to soft-tissue back-
ground]) corresponded directly to the locations of tumor ob-
served by BLI. Region of interest analyses of SPECT images
revealed a significant increase of 99mTc-HuS/Hu-VEGF (n � 5)
within the lungs with BLI-detectable pulmonary tumor nodules
as compared with controls (n � 4) (right: 4.47 � 2.07 vs. 1.79 �
0.56; left: 3.66 � 1.65 vs. 1.62 � 0.45, tumor lung [counts/pixel]/
normal lung [counts/pixel], respectively). Conclusion: 99mTc-
HuS/Hu-VEGF complex is stable for at least 1 h in vivo and can

be effectively used to image mouse tumor neovasculature in
lesions as small as several millimeters in soft tissue. We expect
that a similar approach can be adapted for in vivo delivery of
other targeting proteins of interest without affecting their bioac-
tivity.
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A growing number of cell-surface markers have been
found that are associated with the onset and progression of
cancer. Some of these markers, such as growth factor re-
ceptors, are direct targets for experimental therapeutics
(1,2). Therefore, molecules such as growth factors and
antibodies that recognize these markers are of potential
interest as imaging agents. Importantly, the imaging of
multiple markers in the same patient presents unique op-
portunities for development of personalized treatment reg-
iments and rational selection of patients for experimental
therapeutics. However, lack of efficient technology for
“loading” imaging agents onto proteins prevents a wide-
spread use of targeted imaging.

Here we describe simple and effective procedure for
using assembled targeting complexes for radionuclide im-
aging of tumor vasculature. This system is based on an
adapter/docking tag system set of interactions between 2
fragments of human ribonuclease I (RNase I) known as HuS
and Hu-tag (3). We have fused Hu-tag complementary DNA
(cDNA) to the cDNA of the circulating 121-amino acid
isoform of vascular endothelial growth factor VEGF121 and
expressed the resultant fusion protein product, Hu-tagged-
VEGF121 (Hu-VEGF). We then tested the complex of99mTc-
HuS/Hu-VEGF in vitro and in vivo as an imaging reagent to
detect VEGFR-2 expression, a cell-surface receptor that is
overexpressed on endothelial cells at sites of pathologic
angiogenesis (4,5). With 99mTc-HuS/Hu-VEGF complex we
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have been able to image implants of the 4T1 murine ade-
nocarcinoma cell line in both the subcutaneous tissues and
the lungs. This nondestructive approach to the labeling of
delicate proteins such as VEGF could be therefore an im-
portant step in characterization of tumors and in assessing
the efficacy of various anticancer therapies, particularly
those targeting angiogenesis.

MATERIALS AND METHODS

Engineering of 4T1 luc/gfp Murine Mammary
Adenocarcinoma Cells

Virus collection and cell infection of murine mammary adeno-
carcinoma 4T1 cells were conducted as previously described (6).
These cells were transduced with a retrovirus (pMSCV/L2G)
encoding a dual reporter gene for the expression of both firefly
luciferase and green fluorescent protein. Briefly, the open reading
frame (ORF) of the firefly luciferase gene was amplified by poly-
merase chain reaction from pGL3-Basic (Promega). This product
was then fused in frame to the ORF of the enhanced green
fluorescent protein (EGFP) with 54 base pairs (bp) of the foot-
and-mouth disease virus (FMDV) 2A sequence followed by 24 bp
of polylinker (intervening sequence between the 2 ORFs):
CAGAACTTTGACCTGCTCAAGTTGGCTGGAGATGTGG-
AGTCCAACCCTGGGCCCGGGATCCACCGGCCGGTC-
GCCACC). The FMDV 2A sequence serves as a ribosomal
slippage site to allow the expression of the second reporter gene
(EGFP). This dual reporter gene cassette was then cloned into
retroviral vector pMSCV (Clontech) and the resulting construct,
pMSCV/L2G, was transfected into PT67 packaging cells.

4T1 Murine Tumor Models
Female BALB/c mice were obtained from the breeding facility

of the Department of Comparative Medicine, Stanford University.
All mice were used between 6 and 12 wk of age. Care of all
experimental animals was in accordance with institutional guide-
lines and approved protocols and the animals were housed and
treated in a humane manner in strict accordance with Department
of Agriculture and institutional animal subjects guidelines (Na-
tional Institutes of Health publication No. 86-23, revised 1985).
4T1 luc/gfp luciferase-expressing murine mammary adenocarci-
noma cells (1 � 104) were implanted subcutaneously or injected
intravenously via tail vein into BALB/c mice to generate subcu-
taneous or pulmonary tumor nodules, respectively. Ten days after
tumor inoculation, both subcutaneous and lung tumor-bearing
mice under went bioluminescent imaging (BLI) and radionuclide
imaging.

Generation of Recombinant Tagged Fusion Proteins
A diagram of the assembly of targeting imaging complexes

consisting of standardized “Adapter protein” and a fusion “Tar-

geting protein” expressed with a corresponding “Docking tag” is
shown in Figure 1. The Docking tag shown in blue represents the
1- to 15-amino acid fragment of human RNase I (Hu-tag). The
cDNA fragment of Hu-tag was fused to the cDNA of VEGF121 or
Hu-p4G7, a single-chain anti-VEGFR-2 single-chain antibody.
The parental P4G7 single-chain antibody fusion protein has a
molecular weight and affinity to VEGFR-2 close to that of the
VEGF121 fusion protein dimer but is not internalized on binding to
VEGFR-2 (7). We chose to construct and use Hu-p4G7 fusion
protein to separate the effects of binding and internalization of our
radiolabeled imaging complexes in vivo. The plasmid with cDNA
for the parental single-chain antibody P4G7 was generously pro-
vided by ImClone Systems Inc.

The cDNAs of Hu-tagged VEGF121 (Hu-VEGF) and Hu-tagged
anti-VEGFR-2 single-chain antibody (Hu-P4G7) were then ex-
pressed, purified from inclusion bodies, and refolded into func-
tionally active conformations as described elsewhere (3). The
fusion protein is labeled as Targeting protein as is shown in purple
in Figure 1. Following convention, we will refer to the dimer of
Hu-tagged VEGF121 (a dimer with a calculated molecular weight
of 33,058 with a 2-tag linker of 7 amino acids contributing 5,110
to the overall molecular weight) as “Hu-VEGF” throughout the
rest of this article. The Hu-p4G7 antibody fusion protein con-
structed for this study is a monomer with a calculated molecular
weight of 30,535 with a single tag linker of 16 amino acids
contributing 3,513 to the overall molecular weight.

The 18- to 127-amino acid fragment of RNase I, named HuS,
shown in yellow in Figure 1 (also known as the Adapter protein)
was constructed from cDNA, which was then expressed and pu-
rified as described elsewhere (3). HuS was then subsequently
modified with hydrazinonicotinamide (HYNIC) shown as dots
indicated by arrows on the surface of the HuS protein to permit the
binding of 99mTc for radiolabeling. Binding of HuS to Hu-VEGF or
Hu-p4G7 also led to the full reconstitution of native RNase I

FIGURE 2. Conjugation of HYNIC to Hu-VEGF, but not dock-
ing of HYNIC-HuS, inhibits its ability to activate VEGFR-2. 293/
KDR human embryonic kidney cells, engineered to express 2 �
106 molecules of VEGFR-2 per cell, were stimulated for 5 min at
37°C with increasing amounts of HYNIC-VEGF (top), Hu-VEGF
(middle), or with 1 nmol/L Hu-VEGF in the presence of increas-
ing amounts of HYNIC-HuS (bottom), then lysed and analyzed
by Western blotting using antiphosphotyrosine RC20:HRPO
conjugate PY (BD Bioscience). Top panel shows marked de-
crease in VEGFR-2–mediated tyrosine phosphorylation with
modification of Hu-VEGF with HYNIC as compared with unmod-
ified protein activity shown in middle panel. Bottom panel shows
that VEGFR-2 mediated phosphorylation at a constant concen-
tration of 1 nmol/L Hu-VEGF is unchanged by docking of in-
creasing amounts of HYNIC-HuS.

FIGURE 1. Assembly of
complexes for radionuclide
imaging. Docking tag (Hu-tag)
shown in light blue is fused to
Targeting protein (purple)
without affecting its binding epitopes (shown in yellow). Radio-
nuclide chelator hydrazinonicotinamide is conjugated to HuS
Adapter protein and loaded with 99mTc as marked by arrows.
Hu-tagged Targeting protein can then bind specifically to com-
plementary component of 99mTc-HuS and form a protein com-
plex that also has RNase I activity.
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activity, providing an excellent assay for monitoring complex
formation in vitro.

The activities of Hu-VEGF, HYNIC-Hu-VEGF, and the HuS/
Hu-VEGF complex were tested in an in vitro VEGFR-2 tyrosine
phosphorylation assay. 293/KDR cells and assay for VEGFR-2
tyrosine phosphorylation were described previously (2,3).

Radiolabeling of Imaging Complexes
HuS and Hu-VEGF were modified with HYNIC to the molar

ratio of 2:1 as described (8). Radiolabeling with 99mTc-tricine as a
precursor complex to a specific activity of 3.7–7.4 MBq/�g protein
was performed before imaging experiments (9). After radiolabel-
ing of HYNIC-HuS with 99mTc using 99mTc-tricine, stable com-
plexes with either Hu-VEGF or Hu- P4G7 were formed by gentle
mixing followed by incubation of equimolar amounts tagged tar-
geting protein and 99mTc-HYNIC-HuS on ice for 10–15 min.

Biodistribution and Clearance Studies
Two groups of normal BALB/c mice received injections of

18.5–37 MBq (5–10 �g of protein) of either 99mTc-HuS (n � 4) or
99mTc-HuS/Hu-VEGF (n � 8) via the tail vein. One hour after
injection, mice were killed for biodistribution assay. Tissue and

organ samples were analyzed with scintillation well counter along
with 3 samples of standard activity (1/100 of injected dose) at an
energy level of 140 keV and an energy window of �20 keV.
Results are expressed as the average of the percentage of injected
dose per gram of tissue (%ID/g) � 1 SD of the mean. A 1-tailed
Student t test with an equal variance was used to calculate signif-
icance at P � 0.05. An additional group of 3 mice received 18.5
MBq (5 �g of protein) 99mTc-HuS/Hu-VEGF followed by serial
tail vein sampling of blood activity at 1, 5, 10, 30, and 60 min after
intracardiac injection of tracer.

In Vivo BLI, Planar, and SPECT Imaging
For imaging, mice were anesthetized with ketamine (100 mg/kg

intraperitoneally) (Fort Dodge) and xylazine (10 mg/kg intraperi-
toneally) (Butler), and an aqueous solution of luciferin (150 mg/kg
intraperitoneally) (Xenogen Corp.) was injected 15 min before BLI
imaging. Animals were placed into the light-tight chamber of the
BLI imaging system consisting of a cooled CCD (charged coupled
device) camera system and the IVIS 100 camera (Xenogen Corp.).
Data were presented as pseudocolor images representing light
intensity (blue least and red most intense) superimposed over

FIGURE 3. (A and B) Blood clearance
and biodistribution of 99mTc-HuS/VEGF
complex. (A) Three normal mice received
intracardiac injection of 18.5 MBq 99mTc-
HuS/VEGF complex at time zero. Tail vein
blood was then obtained serially at 1, 5, 10,
30, and 60 min after injection of tracer.
Results are expressed as %ID/g of blood.
(B) Two additional groups of mice received
tail vein injections of 18.5–37 MBq of either
99mTc-HuS/VEGF complex (f, n � 8) or
99mTc-HuS (�, n � 4). One hour after injec-
tion, mice were killed and %ID/g of various
tissues was determined. Uptake of 99mTc-
HuS/VEGF complex was compared with
that of 99mTc-HuS alone using Student’s
1-tailed t test of significance. Error bars �
1 SD of mean value; *P � 0.05; **P �
0.006.
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gray-scale reference images of the whole animal. These images
were collected and processed using LivingImage (Xenogen Corp.)
software as an overlay on Igor image analysis software (Wave-
metrics, Inc.).

One hour before radionuclide imaging, 18.5–37 MBq 99mTc-
HuS/Hu-VEGF or 99mTc-HuS/Hu-P4G7 (5–10 �g of protein) were
injected via tail vein, after which 5-min posterior supine planar
images of tracer activity were obtained using the A-SPECT ded-
icated small animal imaging SPECT �-camera (�-Medical Instru-
ments). For SPECT imaging, tumor-bearing mice underwent
whole-body imaging, including the chest and abdomen, using a
parallel-hole, high-sensitivity collimator with a 360° rotation, 15 s
per 3° step, and a 64 � 64 imaging matrix with an imaging time
of approximately 13 min per animal. Data were reconstructed
using commercially available software (Mirage Software, version
5.3; Segami Corp.) into a 643 3-dimensional imaging matrix from
which 1.2-mm-thick axial slices through the chest and abdomen
were extracted with a voxel size of 1.2 � 1.2 � 1.2 mm. Imme-
diately after radionuclide imaging, mice were killed by biodistri-
bution and autoradiographic assay. Region of interest (ROI) image
analyses were performed on both planar and reconstructed axial
SPECT image, again using commercially available software (Mi-
rage Software, version 5.3; Segami Corp.). Activities from both
planar and axial SPECT image analyses were expressed as counts/
pixel.

Autoradiography of Soft-Tissue Tumors
Immediately after radionuclide imaging mice were killed and a

section of subcutaneous tumor was removed and frozen. Histologic
sections (50 �m) were obtained via a cryomicrostat and then
placed on glass slides for an overnight exposure on a phosphor
storage screen (Phosphoimager:SI System; Molecular Dynamics).
After exposure, the phosphor screen images were read out with a
laser digitizer at a resolution of 50 �m per pixel. ROI analysis of
radiotracer activity was performed using Image Quant Software,
version 5.1 (Molecular Dynamics).

RESULTS

In Vitro Assay of Tagged Targeting Proteins and
Adapter Protein

Direct conjugation of HYNIC to Hu-VEGF inhibited its
ability to bind and activate VEGFR-2, as judged by the dose
dependences of VEGFR-2 tyrosine phosphorylation (Fig. 2,
top and middle panels). Please note the baseline activity
(bottom linear density noted at the origin of each lane) for
the increasing concentrations of Hu-VEGF (middle panel)
and HYNIC-Hu-VEGF (top panel). In contrast, conjugation
of HYNIC to the adapter protein HuS (molar ratio of 2:1)
decreased its ability to bind to Hu-VEGF only 25%–30%, as
judged by a reconstituted RNase activity (data not shown).
Furthermore, docking HYNIC-HuS (at increasing concen-
trations) to Hu-VEGF (at a constant concentration of 1
nmol/L) did not affect its ability to induce VEGFR-2 phos-
phorylation (Fig. 2, bottom panel).

Blood Clearance and Biodistribution Assays
Serial tail sampling at 1, 5, 10, 30, and 60 min after

intracardiac injection of tracer demonstrated that 	85% of
the ID of 99mTc-HuS/Hu-VEGF complex was cleared in the

first 10 min, as shown in Figure 3A. Furthermore, there was
a bimodal exponential decrease of injected tracer composed
of a fast first component with a half-life of 6.1 � 2.2 min
(n � 3), followed, at 10 min, by a slower second component
with a half-life of 62.1 � 22.4 min (n � 3).

The biodistribution of 99mTc-HuS/Hu-VEGF complex
and 99mTc-HuS at 1 h after intravenous injection revealed
significantly (P � 0.050) increased uptake of 99mTc-HuS/
Hu-VEGF complex in the liver, small bowel, eyes (retina),
spleen, femur, and skeletal muscle (Fig. 3B), possibly re-
flecting the low level of VEGF-R2 expression found in
these tissues described by prior investigators (10). Both
tracers also showed an equally large nonspecific renal up-
take (
2 %ID) and urinary excretion (
10 %ID) and vir-
tually identical blood activity. There was also significantly
greater uptake in the remaining carcass in mice injected
with 99mTc-HuS/Hu-VEGF complex as compared with
99mTc-HuS alone (24.2 � 3.6 %ID vs. 15.4 � 1.92 %ID,
P � 0.0047), presumably due to the increased uptake of the
protein complex in skeletal muscle. Scintillation well count-
ing also revealed that �1.5% of total injected 99mTc activity
for both 99mTc-HuS alone (1.48 � 0.51 %ID) and 99mTc-
HuS/Hu-VEGF complex (1.27 � 0.25 %ID) localized to the

FIGURE 4. Radionuclide imaging of small subcutaneous tu-
mors with VEGF-driven assembled complexes. Colocalization
of tumors visualized by in vivo BLI and targeted radionuclide
imaging. Two groups of tumor-bearing mice (n � 5, 99mTc-HuS/
Hu-P4G7 antibody; n � 10, 99mTc-HuS/Hu-VEGF) were anes-
thetized for planar whole-body BLI and radionuclide imaging
10 d after implantation of luc/gfp cells into shoulder region. (A)
BLI of mouse with right shoulder tumor. (B) Radionuclide image
of same mouse as in A 1 h after injection of 99mTc-HuS/Hu-
VEGF. (C) Radionuclide image of mouse with left shoulder tumor
after injection of 99mTc-HuS/Hu-P4G7. (D) BLI of same mouse as
in C. Black arrows in A and D mark tumor locations as observed
by BLI. White arrows in B and C mark location of tumor on
radionuclide images. Autoradiographs of frozen 50-�m histo-
logic sections from tumors harvested 1 h after tail vein injection
are shown for 99mTc-HuS/Hu-VEGF (E) and 99mTc-HuS/Hu-P4G7
(F) complexes.
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stomach, suggesting little to no free 99mTc-pertechnetate in
the circulation at 1 h. This implies that the protein com-
plexes were stable in vivo with respect to the bond between
99mTc and the HYNIC moiety on the targeting proteins for at
least 1 h.

Targeted Imaging of Small Subcutaneous Tumors
Tumor-bearing mice were imaged 10 d after subcutane-

ous implantation of 1 � 104 4T1 luc/gfp cells into BALB/c
mice. At this time, tumors reached 2- to 3-mm maximal
diameter with an average tumor volume of 18.4 � 12.2 mm3

(n � 15) and were readily visualized by BLI performed just
before radionuclide imaging, as shown in Figures 4A and
4D. 99mTc-HuS/Hu-VEGF (18.5–37 MBq; n � 10) or 99mTc-
HuS/Hu-P4G7 (18.5–37 MBq; n � 5) was then injected via
the tail vein and 1 h later planar and SPECT radionuclide
images were obtained. Intense focal uptake of 99mTc-HuS/
Hu-VEGF within tumor was observed in all 10 tumor-
bearing mice, as shown in Figures 4B and 4C. The sites of
99mTc-HuS/Hu-VEGF uptake directly corresponded to the
locations of tumors observed by BLI. Despite comparable
molecular weight and affinity to VEGFR-2, there was little
visible tumor uptake of 99mTc-HuS/Hu-p4G7 (Fig. 4C). Au-
toradiography of excised subcutaneous tumors revealed
marked heterogeneity of tracer uptake within each tumor, as

shown in Figures 4E and 4F. Biodistribution assay of sub-
cutaneous tumor revealed significantly higher uptake of
99mTc-HuS/Hu-VEGF as compared with that of 99mTc-HuS/
Hu-P4G7, as shown in Figure 5: ranging from a ratio of
tumor to soft-tissue background activity of 1.17 to 5.84 for
99mTc-HuS/Hu-VEGF and a ratio of tumor to soft-tissue
background activity of 1.11 to 2.02 for 99mTc-HuS/Hu-
P4G7. ROI analyses showed a 4- to 5-fold increase in tumor
localization of 99mTc-HuS/Hu-VEGF as compared with soft-
tissue background activity.

Targeted Imaging of Pulmonary Tumors
To test the utility of VEGF-driven assembled imaging

complexes for detection of tumors in internal organs, we
injected 4T1 luc/gfp cells via tail vein into mice (1 � 104

cells per mouse). Injection of tumor cells via the tail vain
leads to experimental pulmonary metastasis. Ten days after
tail vein injection of tumor cells, regions of pulmonary
tumor were detectable by in vivo BLI (n � 4), as shown in
Figure 6. Due to light scattering within the soft tissues,
individual nodules of tumor were not distinguishable in the
BLI images. However, the BLI images did reflect the
amount of tumor burden within each lobe of the lung
quantitatively. One hour after tail vein injection of 18.5–37
MBq 99mTc-HuS/Hu-VEGF, SPECT radionuclide imaging

FIGURE 5. Biodistribution and ROI data analyses of subcutaneous tumor 10 d after inoculation. Bar graphs of average values of
tracer uptake expressed as %ID/g and ratio of specific activity of tumor to normal soft-tissue uptake are shown for 99mTc-HuS/
Hu-VEGF and 99mTc-HuS/Hu-P4G7 complexes. Ratio of tumor (counts/pixel) to normal soft-tissue (counts/pixel) uptake of
99mTc-HuS/Hu-VEGF complex were obtained by ROI analyses of planar images. Please note that subcutaneous tumor could not
be seen with 99mTc-HuS/Hu-P4G7 complex; therefore, ROI analyses for this tracer were not performed. Error bars � 1 SD of mean
values. P values comparing uptake of 99mTc-HuS/Hu-VEGF with 99mTc-HuS/Hu-P4G7 complex using a 1-tailed Student t test are
shown. s.c. � subcutaneous.
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revealed a significant presence of radioactivity in the lungs
with BLI-detectable pulmonary tumor burden. ROI image
and biodistribution analyses indicated that lungs from ani-
mals with pulmonary tumor had significantly greater tracer
uptake than that of the lungs of mice with subcutaneous
tumors but without BLI-detectable pulmonary metastasis
(n � 5), as shown in Figure 7.

DISCUSSION

We fused Hu-tag (Docking tag) to the circulating 121-
amino acid isoform of VEGF, VEGF121. VEGF121 was cho-
sen as a Targeting protein because it lacks the heparin
binding domain that may interfere with in vivo localization
and because its main receptor, VEGFR-2, is overexpressed
on endothelial cells at the sites of pathologic angiogenesis
(4,5). We then nondestructively labeled VEGF121 for imag-
ing using the humanized form of Adapter protein/Docking
tag system based on the noncovalent interactions between 2
fragments of the RNase I (2,3): HuS (Adapter protein) and
Hu-tag (Docking tag). It should be noted that our human
RNase I–based Adapter protein/Docking tag system
evolved from a bovine RNase A system (2), known as
S-protein and S-peptide, that was described nearly 44 y
ago (11).

There are at least 2 other major strategies for radiolabel-
ing proteins with 99mTc (or other isotopes) (1,8). In the first

approach, either imaging agents or their chelators are di-
rectly conjugated to targeting proteins. In the second ap-
proach, imaging agents are loaded onto a carrier that is
either conjugated to targeting proteins or bound to a specific
adapter that is conjugated to the targeting proteins. Since
both strategies rely on random chemical modification of
targeting proteins, they share common problems, such as (a)
partial inactivation of functional domains, (b) heterogeneity
of final products, and (c) customized conjugation procedure
for every targeting protein. These problems represent major
obstacles associated with cell-specific proteins for targeted
imaging. Indeed, the marked decreased ability of HYNIC-
VEGF to stimulate the VEGFR-2 in vitro as compared with
native VEGF or HuS/Hu-VEGF complex emphasizes the
disadvantages of direct chemical modification of fragile
targeting proteins as compared with assembling imaging
complexes.

Our data show that 99mTc-HuS/Hu-VEGF complex,
formed by nondestructive methods, can be used to image
subcutaneous as well as internal tumors as small as several
millimeters. Since normal vasculature is not imaged in these
experiments, the high conspicuity of lesions on planar and
SPECT imaging is due to the 99mTc-HuS/Hu-VEGF of tu-
mor blood vessels that overexpress VEGFR-2 (4,5). This
finding was confirmed by autoradiography.

VEGFR-2–mediated uptake of 99mTc-HuS/Hu-VEGF by
endothelial cells may also be beneficial, since the noninter-
nalizable anti-VEGFR-2 antibody P4G7 of similar molecu-
lar weight and binding affinity failed to image tumors under
similar conditions. The failure of anti-VEGFR-2 antibody
P4G7 as a tracer suggests that nonspecific uptake of imag-
ing complexes by tumors, through enhanced permeability
retention mechanism(s) (12) alone, is not sufficient for
imaging. As VEGF is internalized shortly after binding to
VEGFR-2, tumor vascular cells act as biologic sinks, grad-
ually increasing intracellular tracer activity as compared
with anti-VEGFR-2 antibody P4G7, which remains on the
cell surface. Indeed, autoradiography of histologic sections
also established a higher range of focal activity for tumors
from animals that received 99mTc-HuS/Hu-VEGF as com-
pared with 99mTc-HuS/Hu-P4G7, as shown in Figure 4.
Intratumoral distribution of both targeting proteins was far
from uniform, reflecting most likely a well-known hetero-
geneity of tumor vasculature (13).

Several alternative approaches have been advocated for
the noninvasive assessment of tumor neovascularity, includ-
ing anti-�v�3 integrin antibody-coated polymerized lipo-
somes for MRI (14) as well as technetium-labeled endosta-
tin (15) and �v�3 integrin binding peptides (16). Targeted
MRI of tumor neovascularity, however, requires at least
5–10 times more targeting protein and approximately 1
million- to 1 billion-fold more contrast agent than does
radionuclide-based techniques (17). Radiolabeled endosta-
tin or �v�3 integrin binding peptides may hold promise as
imaging agents in the future but, as of yet, have only been
able to image the neovascularity of fairly large tumors,

FIGURE 6. Radionuclide imaging of pulmonary tumors with
VEGF-driven assembled complexes. Radionuclide SPECT im-
ages were obtained immediately after in vivo planar whole-body
BLI. Please note that pulmonary tumor deposits were confluent
and appeared as diffuse increases in lung luminescence or
activity by BLI and SPECT, respectively. (A) Planar BLI of mouse
with bilateral lung tumors. Note marked tumor burden (T) of right
lung (R) as compared with left lung. (B) Transverse radionuclide
SPECT tomographic slice through lungs of same mouse as in A
1 h after injection of 99mTc-HuS/VEGF. Regions of lung tumor (T)
are marked by red lines on transverse tomographic slice of
midchest with markedly more tracer uptake on right (R) as
compared with left lung. Large region of tracer uptake in right
lung was 521% greater than that of blood-pool (heart) activity;
smaller region within left lung was 326% as seen by ROI image
analyses.

1378 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 45 • No. 8 • August 2004



ranging from 5 to 10 mm in diameter in mice. The high
sensitivity of 99mTc-HuS/VEGF radionuclide imaging might
allow earlier detection of tumors and metastatic lesions and
more effective monitoring of their responses to treatments.

We expect that 99mTc-HuS, a standardized radionuclide
imaging “payload” module, can be readily used with a
variety of Targeting proteins armed with the Docking tag.
Further development of 99mTc-HuS, such as increasing its
specific activity by using polychelating moieties, will be
instrumental in application of assembled complexes to tar-
geted imaging of multiple tumor- or patient-specific mark-
ers. To facilitate this development we have recently con-
structed a functionally active Adapter protein with a unique
cysteine residue for a site-specific conjugation to different
polymeric carriers (Backer MV, Gaynutdinov TI, Patel V, et
al., unpublished data, 2004).

CONCLUSION

We propose the use of our standardized HuS-Adapter
protein/Docking tag fusion protein system for targeted im-
aging with a variety of different protein-based radiotracers.

Since the HuS-Adapter protein and Hu-tag peptide are frag-
ments of human RNase I, they provide distinct advantages
over potentially more immunogenic streptavidin-biotin–
based docking systems that also require direct modification
of a targeting protein or expression of a protein with a
nonhuman “biotinylatable” tag (18). We expect that stan-
dardized payload modules can be constructed by loading
contrast agents onto the HuS Adapter protein. These pay-
load modules might be used with any targeting protein
expressed with a Docking tag. On the other hand, we expect
that a Targeting protein with a Docking tag might be used
with different ready-to-use imaging payload modules. Ex-
periments are now in progress to construct standardized
payload modules for various imaging modalities, including
MRI and PET scanning.
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