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Our objective was to synthesize a recombinant protein (hnTf-
VEGF [VEGF is vascular endothelial growth factor]) composed
of VEGF¢s5 fused through a flexible polypeptide linker (GGGGS)3
to the n-lobe of human transferrin (hnTf) for imaging angiogen-
esis. The hnTf domain allowed labeling with ''In at a site remote
from the VEGF receptor-binding domain. Methods: DNA en-
coding hnTf, peptide linker (GGGGS);, and VEGF,¢5 genes were
cloned into the Pichia pastoris vector pPICZaB to generate the
pPICZaB-hnTF-VEGF plasmid. The expression vector was
transformed into P. pastoris KM71H strain. The protein was
purified using Co?* metal affinity resin. The growth-stimulatory
effects of hnTf-VEGF on human umbilical vascular endothelial
cells (HUVECSs) and its binding to porcine aortic endothelial cells
(PAECs) transfected with VEGF receptors were evaluated. hnTf-
VEGF protein was labeled with 11InCl; in 10 mmol/L HEPES/15
mmol/L NaHCO; buffer, pH 7.4 (HEPES is N-(2-hydroxyeth-
yl)piperazine-N’-(2-ethanesulfonic acid). The loss of ''In in vitro
from "In-hnTf-VEGF to transferrin in human plasma and to
diethylenetriaminepentaacetic acid (DTPA) in buffer was deter-
mined. Tumor and normal tissue distributions of '''In-hnTf-
VEGF were evaluated in athymic mice implanted subcutane-
ously with U87MG human glioblastoma xenografts. Tumor
imaging was performed. Results: Sodium dodecylsulfate—poly-
acrylamine gel electrophoresis under reducing and nonreducing
conditions showed bands for hnTf-VEGF monomer (M, of 65
kDa) and dimer (M, of 130 kDa). hnTf-VEGF stimulated the
growth of HUVECs 3-fold and demonstrated binding to PAECs
displaced by a 50-fold excess of VEGF45 but not by apotrans-
ferrin. There was 21.3% = 3.4% loss of "'In per day from
Mn-hnTf-VEGF to transferrin in plasma, but <5% loss to DTPA
over 4 h. ""In-hnTf-VEGF accumulated in U87MG tumors (6.7 %
injected dose per gram at 72 h after injection) and its tumor
uptake decreased 15-fold by coadministration of a 100-fold
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excess of VEGF but not by apotransferrin. The tumor-to-blood
ratio was 4.9:1 at 72 h after injection and tumors were imaged at
24-72 h after injection. Conclusion: "'In-hnTf-VEGF is a prom-
ising radiopharmaceutical for imaging tumor angiogenesis and
represents a prototypic protein harboring the metal-binding site
of transferrin for labeling with "'In without introducing DTPA
metal chelators.

Key Words: vascular endothelial growth factor; transferrin; an-
giogenesis; "'In; glioblastomas
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Angiogenesis, the formation of new blood vessels in
tumors, relieves the restriction on growth that would other-
wise exist because of the limited diffusion distance of
oxygen and nutrients (only a few millimeters) from the
vessels. Angiogenesis represents one of the key molecular
“switches” that permit progression of cancer and allow its
invasion into the surrounding stroma, which may lead to
metastasis (/). Solid tumors such as glioblastomas are
highly vascularized due to secretion of vascular endothelial
growth factor (VEGF) by tumor cells that promotes angio-
genesis by stimulating the growth of vascular endothelial
cells (VECs) (2,3). Furthermore, VEGF secretion increases
in a paracrine fashion the expression of its cognate recep-
tors, VEGFR1 and VEGFR2 (also known as flt-1 and Ki-
nase insert Domain containing Receptor—KDR or flk-1),
on tumor VECs. In contrast, nonstimulated and quiescent
VECs exhibit low levels of VEGFRs (4,5). Because of its
pivotal role in tumor progression, angiogenesis presents a
highly attractive target for therapeutic intervention (6).

It would be useful to have radiopharmaceuticals that
could noninvasively assess the extent of tumor angiogenesis
by imaging the expression of VEGFRs on the vasculature.
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Imaging of tumor VEGFR expression may predict the ef-
fectiveness or monitor the response to novel antiangiogenic
therapy in cancer patients. One candidate for constructing
radiopharmaceuticals for imaging VEGFR expression may
be VEGF itself conjugated to a y-emitting radionuclide such
as '""In. However, VEGF is rapidly eliminated from the
blood by renal excretion with a terminal half-life of 4.75 h
(7) due to its relatively low molecular weight (M, of 40—-46
kDa). Furthermore, conjugation to metal chelators, such as
diethylenetriaminepentaacetic acid (DTPA), for labeling
with '''In may affect its affinity for binding VEGFR. DTPA
dianhydride, which reacts with the N-terminus or e-amino
groups of lysines on proteins, is the most commonly used
bifunctional chelator for biomolecules. VEGF 45 contains
several lysines with one (Lys-84 within the 35 loop) par-
ticularly required for binding to its receptor (8). Derivati-
zation of lysines critical for receptor recognition may, there-
fore, diminish the receptor-binding affinity of VEGF. In this
report, we describe the construction, expression, and char-
acterization of a novel recombinant protein consisting of
VEGF g5 fused through a flexible polypeptide linker to the
n-lobe of human transferrin (hnTf-VEGF). The dimeric
hnTf-VEGF protein has a 3-fold higher molecular weight
(M, of 130 kDa) than VEGF. It binds '''In at a site remote
from the VEGFR-binding region through the transferrin
domain without the need to introduce DTPA metal chela-
tors. Binding of ""'In-hnTf-VEGF to transferrin receptors
was not expected as both the n- and c-lobes are required for
receptor recognition and single lobes have very limited
receptor-binding capability (9,/0). The tumor and normal
tissue localization properties of '''In-labeled hnTf-VEGF
were evaluated in athymic mice implanted subcutaneously
with highly vascularized US§7MG glioblastoma xenografts.

MATERIALS AND METHODS

Construction of Plasmids Expressing hnTf-VEGF

The hnTf gene was amplified from plasmid pBluescript SK(—)-
hnTf (provided by Prof. Ross T.A. MacGillivray, University of
British Columbia, Vancouver) by polymerase chain reaction

(PCR) (Fig. 1) using the forward hnTf primer containing a Sac 1
restriction site (italicized) GCC GAG CTC GGA TGG TCC CTG
ATA AAA CTG TGA GA and reverse hnTf-linker primer con-
taining a Spe I restriction site (italicized) and (GGGGS); linker
sequence CGC ACT AGT AGA TCC GCC GCC ACC CGA CcCC
ACC ACC GCC CGA GCC ACC GCC ACC ATC TGT TGG
GGC TTC TGG. The VEGF gene was amplified from plasmid
pCR2.1-VEGF (American Type Culture Collection) by PCR (Fig.
1) using the forward VEGF primer containing a Spe I restriction
site (italicized) GCC ACT AGT GCA CCC ATG GCA GAA GGA
GGA and reverse VEGF primer containing an EcoRV restriction
site (italicized) CGG GAT ATC CCG CCT CGG CTT GTC ACA
TCT (ACGT Corp.).

The amplified hnTf gene containing the linker sequence and the
amplified VEGF gene were cut with corresponding restriction
enzymes, ligated into pCR2.1 vector to form pCR2.1-hnTf-VEGF,
and then transformed into Escherichia coli DH5a-strain. Plasmid
DNA was prepared and the sequence of the hnTf-VEGF gene was
confirmed. The pCR2.1-hnTf-VEGF was cut with Kpn I and Xba
I enzymes and ligated into plasmid pPICZaB at the Kpn I and Xba
I sites to produce the final expression vector pPICZaB-hnTf-
VEGF (Fig. 1). This plasmid was transformed into E. coli strain
TOP10 for large-scale preparation of the plasmid DNA. It was
sequenced to confirm the correct insertion of the hnTf-VEGF gene.

Transformation of P. pastoris

Three micrograms of pPICZaB-hnTf-VEGF or parent pPICZaB
(control) expression vectors were linearized using Pme I restriction
enzyme (Fig. 1) and transformed into P. pastoris strain X33,
GS115, or KM71H by the spheroplast method (Invitrogen). Trans-
formed yeasts were selected on yeast extract peptone dextrose
(YPDS) plates with Zeocin (Invitrogen).

Expression and Purification of hnTf-VEGF

Biomass from a single colony of yeast transformant was gen-
erated in buffered minimal glycerol yeast extract (BMGY) me-
dium and resuspended in buffered minimal methanol yeast extract
(BMMY) medium to induce protein expression. The expression
plasmid included an a-factor secretion signal sequence that al-
lowed the protein expressed to be directed into the medium. The
growth medium was collected up to 4 d, filtered, and dialyzed
(Fisher Scientific) against 50 mmol/L. NaH,PO, buffer, pH 7.0, in
300 mmol/L NaCl. hnTf-VEGF fusion protein was purified from

Spe | VEGF
[, EcoRV
VEGF forward hnTf-Lnk-VEGF hnTf-Lnk-VEGF
VEGF e — c-myc-
3 Kpn | o) Xba | T, exHis
VE(;F bwd pCR2.1 pplcz“’B‘AOXﬁT
pCR2.1- »  hnTf-VEGF > InEs .
VEGF 5 AOX1 Zeocin
c-myc-
hnTf-Lnk Spe | ;
Sacl oy P BXHEAOXHT
TF forward_nTf 5' AOX1
S pPICZuB
FIGURE 1. Schematic representation of pBL':;'S::th LRl
generation of P. pastoris expression vector SK-hnTf
pPICZaB-hnTf-VEGF. TF = hnTf; bwd =
backward; Lnk = linker.
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the medium by mixing with Talon Co?>" metal affinity resin (Clon-
tech) at room temperature for 30 min. The resin mixture was
transferred to an Econo-Pac minicolumn (BioRad) and the hnTf-
VEGEF fusion protein was eluted using 50 mmol/L sodium acetate
buffer, pH 5.0, in 300 mmol/L NaCl. Fractions containing the
hnTf-VEGF fusion protein were identified by sodium dodecylsul-
fonate—polyacrylamide gel electrophoresis (SDS-PAGE) on a
10% Tris-HCI gel (BioRad) and Western blot using mouse anti-
histidine monoclonal antibodies (Invitrogen), goat anti-VEGF or
anti-TF antibodies (Sigma). These fractions were pooled and dia-
lyzed against 50 mmol/L NaH,PO, buffer, pH 5.0, in 100 mmol/L
NaCl at 4°C for 16 h and then dialyzed against 10 mmol/L. (HEPES)
buffer, pH 7.4 (HEPES is N-(2-hydroxyethyl)piperazine-N’-(2-eth-
anesulfonic acid), in 15 mmol/L. NaHCO; at 4°C for 16 h. The purity
of hnTf-VEGF was confirmed by SDS-PAGE and Western blot.

Endothelial Cell Proliferation Assay

The biologic activity of hnTf-VEGF was evaluated in a prolif-
eration assay using VEGFR-positive human umbilical vascular
endothelial cells (HUVECs). HUVECs were grown in 96-well
plate (Corning) at 5 X 103 cells per well for 48 h using Clonetics
EGM-2-Endothelial Cell Medium-2 containing EGM-2 Bullet kit
supplements (Cambrex). The cells were starved in 1:20 diluted
growth medium 24 h before the assay, then rinsed once with
diluted growth medium, and incubated with hnTf-VEGF (0.02—
2.67 nmol/L) or VEGF (0.07-2.17 nmol/L) in medium or with
medium alone for 72 h. Cell proliferation was determined colori-
metrically using the CellTiter 96 AQueous One Solution prolifer-
ation assay (Promega). Reagent (20 pL) was added to the wells
and incubated for 4 h at 37°C and 5% CO,. The absorbance at 490
nm was measured by a plate reader (ULX-808UV; BioTek).

Evaluation of Receptor-Binding Properties
by Flow Cytometry

The receptor-binding properties of hnTf-VEGF were evaluated
by flow cytometry using porcine aortic endothelial cells (PAECs)
transfected with the VEGFR gene or PAECs without transfection
(both cell lines were provided by Dr. Lena Claesson-Welsh, Upp-
sala University, Uppsala, Sweden). PAECs were cultured in
HAM’s F12 medium with 10% fetal calf serum (FCS). Flow
cytometry was performed by incubating 1 X 10° PAECs with
fluorescein isothiocyanate—labeled hnTf-VEGF (5 pg/mL) in the
dark at 4°C for 30 min. The cells were washed twice with phos-
phate-buffered saline (PBS), fixed in PBS containing 2% formal-
dehyde, and analyzed on a FACScan (Becton Dickinson Bio-
science) flow cytometer.

Radiolabeling of hnTf-VEGF with '1In

hnTf-VEGF and apotransferrin were labeled with '''In by add-
ing 6 MBq of ''"InCl; (MDS Nordion) to 50 g of protein in 10
mmol/L. HEPES/15 mmol/L. NaHCOs;, pH 7.4, buffer and incubat-
ing at room temperature for 1 h. ""In-hnTf-VEGF or "'In-apo-
transferrin were purified from free '"'In on a P-2 minicolumn
eluted with 10 mmol/L HEPES/15 mmol/L. NaHCO; buffer, pH
7.4. Fractions (100 pL) were collected and counted in a y-counter
(Cobra II; Packard Instruments). To exclude the possibility of
binding "''In through the Hisg affinity tag incorporated into hnTf-
VEGF, 500 pg of an 11-mer peptide containing this sequence
[GGGGSHHHHHH] (Advanced Protein Technology Centre, The
Hospital for Sick Children, Toronto) in 50 pL of 10 mmol/L
HEPES/15 mmol/L NaHCOj; buffer, pH 7.4, were incubated for 30
min at room temperature with 1.5 MBq (5 pL) of 'InCl;. A
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control labeling experiment consisted of buffer (without peptide)
incubated with "'InCl;. The percentage of '''In bound to the
peptide was determined by analyzing 55 pL (1.5 MBq) of the
mixture on a Cg Sep-Pak column (Waters), eluted first with 10 mL
of HEPES/NaHCOj; buffer, pH 7.4, to elute free ''In and eluted
then with 10 mL of methanol to elute the peptide. Both fractions
were measured in a radioisotope calibrator (CRC-12; Capintec).

In Vitro Stability of "'In-hnTf-VEGF

The loss of "'In from '""In-hnTf-VEGF in vitro to transferrin
was evaluated by incubation of '""In-hnTf-VEGF (110 kBg/pg)
with human plasma at a concentration of 15 kBq/pL for up to 72 h
at 37°C. Samples were analyzed in triplicate at 4, 24, 48, and 72 h
by size-exclusion high-performance liquid chromatography
(HPLC) on a Beckman Gold System fitted with a BioSep SEC-
S2000 column (exclusion limit, 1,000-300,000 kDa; Phenome-
nex) eluted with 100 mmol/L NaH,PO, buffer, pH 7.0, at a flow
rate of 0.7 mL/min and interfaced to a Beckman model 171
flow-through radioactivity detector. The retention time (tg) on this
system for "''In-transferrin was 9.9 min determined by analysis of
a sample of '''InCl; (2 MBq) mixed with human plasma for 4 h at
37°C. The tg for '""In-hnTf-VEGF was 8.7 min. The stability of
"n-hnTf-VEGF was further examined by incubating 0.25 nmol
of ""n-hnTf-VEGF with 0.25 nmol of DTPA (Sigma) in 10
mmol/L HEPES/15 mmol/L. NaHCOj; buffer, pH 7.4, at 37°C for
4 h. The percentage of "'In-DTPA (M, of 468 Da) versus '!'In-
hnTf-VEGF (M, of 130 kDa) was measured by ultrafiltration
through Microcon YM-50 devices (M, cutoff, 50 kDa; Amicon).

Tumor and Normal Tissue Distributions

U87MG human glioblastoma cells (American Type Culture
Collection) were cultured in Dulbeco’s Modified Eagle’s Medium
(DMEM; Sigma) supplemented with 10% FCS. Cells (5 X 10°
cells in DMEM without FCS) were inoculated subcutaneously into
the hind leg of 4- to 6-wk-old female athymic (nu/nu) mice to
establish US7MG xenografts (1- to 2-cm diameter). The mice were
injected intravenously (tail vein) with 1-2 MBq (5 wg) of ''In-
hnTf-VEGF, ""In-hnTf-VEGF mixed with a 100-fold molar ex-
cess (291 pg) of apotransferrin, or '""In-hnTf-VEGF mixed with a
100-fold molar excess (171 pg) of VEGF. Groups of 3 or 4 mice
were sacrificed by cervical dislocation at 48 or 72 h after injection
of "In-hnTf-VEGF. The tumor and samples of normal tissues,
including blood, were obtained and weighed, and their radioactiv-
ity was measured in a y-counter. The concentration of radioactivity
in the tumor and other tissues was expressed as the percentage
injected dose per gram (% ID/g). In a separate experiment, the
normal tissue distribution of ''In-labeled transferrin was deter-
mined in a group of 3 athymic mice. Posterior, whole-body images
of selected mice were obtained at 24, 48, and 72 h after injection
of "In-hnTf-VEGF on an Elscint SP4 single-head y-camera fitted
with a 4-mm pinhole collimator. The vascularization of the ex-
planted tumors was evaluated immunohistochemically using goat
anti-CD31 antibodies (Santa Cruz Biotechnology Inc.).

RESULTS

Expression and Purification of hnTf-VEGF

Expression plasmid pPICZaB-hnTf-VEGF containing
the genes encoding hnTf with the linker and VEGF,¢5 was
constructed (Fig. 1). The plasmid was transformed into P.
pastoris yeast and was cultured in induction medium
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FIGURE 2. (A) SDS-PAGE of P. pastoris culture medium on a

10% Tris gel under reducing conditions followed by Western
blot using antibodies against VEGF (lane 1), Tf (lane 2), or
poly-His affinity tag (lane 3a). A protein with M, of 65 kDa
indicating hnTf-VEGF monomer was present in medium of clone
KM71H transformed with pPICZaB-hnTf-VEGF (arrow) but not
in medium of KM71H transformed with the parent pPICZaB
vector (lane 3b). This protein was positive for VEGF and Tf. (B)
SDS-PAGE of hnTf-VEGF purified by Co?* metal affinity resin.
The major band corresponded to hnTf-VEGF protein with M, of
130 kDa (dimer) under nonreducing conditions (lane 4a) or M, of
65 kDa (monomer) under reducing conditions (lane 4b).

(BMMY). The culture medium was analyzed by SDS-
PAGE under reducing conditions and Western blot using
polyclonal anti-VEGF (Fig. 2, lane 1), polyclonal anti-Tf
(Fig. 2, lane 2), or monoclonal anti—poly-His (Fig. 2, lane
3a) antibody. The results showed a band corresponding to a
protein with M, of 65 kDa (hnTf-VEGF monomer) present
only in the medium and not in the cell pellet (not shown).
This band was absent in the medium of P. pastoris trans-
formed with control plasmid pPICZaB (Fig. 2, lane 3b).
The KM71H yeast strain was found to give the highest
expression level of hnTf-VEGF 4 d after methanol induc-
tion. Large-scale expression and purification of hnTf-VEGF
was performed. SDS-PAGE (10%) under reducing and
nonreducing conditions showed that the final hnTf-VEGF
protein was pure, with a major band corresponding to the M,
130-kDa dimer or the M, 65-kDa monomer (Fig. 2, lanes 4a
and 4b, respectively) The hnTf-VEGF protein yield was 2.6
mg/L of yeast culture.

Endothelial Cell Proliferation Assay

hnTf-VEGF protein and VEGF exhibited equivalent
growth-stimulatory effects on HUVECs, with the maximum
increase in cell growth observed at a concentration of 0.5—1
nmol/L (Fig. 3). The growth of HUVECs treated with 0-2.7
nmol/L hnTf-VEGF or 0-2.2 nmol/L. VEGF was increased
3-fold compared with that of untreated cells.

Evaluation of Receptor-Binding Properties
by Flow Cytometry

Flow cytometric analysis of fluorescein-labeled hnTf-
VEGF incubated with PAECs transfected with the VEGFR2
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FIGURE 3. Effect of increasing concentrations of VEGF or
hnTf-VEGF on growth of 5 X 108 HUVECs over a 72-h period
measured colorimetrically using the CellTiter 96 AQueous One
Solution proliferation assay.

gene demonstrated increased fluorescence. Binding to the
cells was inhibited by a 50-fold molar excess of VEGF ;s
(Fig. 4A) but not by a 50-fold excess of apotransferrin (Fig.
4B). There was no increased fluorescence when fluorescein-
labeled hnTf-VEGF was incubated with control PAECs not
transfected with VEGFR2 (not shown). These results indi-
cated that hnTf-VEGF retained its ability to specifically
bind VEGFR on PAECs but did not interact with transferrin
receptors on the cells.

Radiolabeling of hnTf-VEGF with 11In

hnTf-VEGF was labeled directly with !"'In through the
hnTf moiety with an incorporation efficiency of 34% and
was purified on a P-2 minicolumn to a final radiochemical
purity >95% (Fig. 5). The specific activity of '''In-hnTf-

A B
2 g
= :I &
%D ll' l %D
oN I o
o |I | Q
f
e ,.:”H | 2
'J !
Ny ]
G0 A0 100 10T 10t 10 10"
FL1-H
FIGURE 4. (A) Flow cytometry showing binding of fluoresce-

in-conjugated hnTf-VEGF to PAECs transfected with the gene
encoding VEGFR2 (KDR/flk-1) in the absence (solid line) or the
presence (broken line) of a 50-fold excess of VEGF. (B) Binding
of fluorescein-conjugated hnTf-VEGF to PAECs encoding
VEGFR2 in the absence (solid line) or the presence (broken line)
of a 50-fold excess of apotransferrin. The black-filled area in A
and B represents cells not incubated with fluorescein-conju-
gated hnTF-VEGF or apotransferrin. There was no binding of
hnTf-VEGF to PAECs that were not transfected with VEGFR2
(not shown).
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FIGURE 5. Size-exclusion chromatographic purification of
MIn-labeled hnTf-VEGF or apotransferrin (0.35 nmol) on a P-2
minicolumn eluted with 150 mmol/L sodium chloride. Radioac-
tivity in each 100-pL fraction was measured in a radioisotope
dose calibrator. The elution profile of free 1'1InCl;, which does
not elute from the column, is shown for comparison.

VEGF was 2.75 X 10* MBg/p.mol. There was 7.5% =+ 0.9%
of "'In eluting in the methanol fraction in Sep-Pak analysis
of a sample of an I1-mer peptide [GGGGSHHHHHH]
containing a C-terminal Hisg tag incubated with '''InCl; in
10 mmol/L. HEPES/15 mmol/L. NaHCO; buffer, pH 7.4, for
30 min compared with 5.6% * 1.3% for buffer (without
peptide) incubated with '''InCl; (not significantly different;
t test, P > 0.05). These results indicated that the Hisq tag
incorporated into hnTf-VEGF was unable to bind significant
amounts of 'In.

In Vitro Stability of '"'In-hnTf-VEGF

A moderate rate of loss of !'!In from "'In-hnTf-VEGF to
transferrin when incubated in vitro with human plasma at
37°C for up to 72 h was determined by size-exclusion
HPLC (Table 1). The maximum cumulative loss of 'In
from ""In-hnTf-VEGF over 72 h was 63.9% = 1.3%; the
mean daily rate of loss was 21.3% = 3.4%. '"'In-hnTf-
VEGF was stable to transchelation of '''In when incubated
with equimolar amounts of DTPA in 10 mmol/L. HEPES/15
mmol/L NaHCO; buffer, pH 7.4, at 37°C for 4 h. Ultrafil-
tration analysis showed that 94.5% =+ 0.6% of '''In re-
mained bound to hnTf-VEGF compared with that of !'!In-
transferrin incubated with DTPA (92.9% =+ 2.5%) for this
same period (not significantly different; ¢ test, P > 0.05).

Tumor and Normal Tissue Distributions

The tumor and normal tissue uptake of '"'"In-hnTf-VEGF
in athymic mice implanted subcutaneously with US7MG
glioblastoma xenografts is shown in Table 2. The concen-
tration of radioactivity in the blood decreased 2-fold from
3.6 £ 0.7 %ID/g at 48 h after injection to 1.6 = 0.4 %ID/g
at 72 h after injection. Tumor accumulation increased
slightly over this same period from 5.9 = 1.8 %ID/g to

N HumaN TRANSFERRIN-VEGF Fusion PrRoOTEIN ¢ Chan et al.

6.7 = 1.1 %ID/g, but the difference was not significant (P >
0.05). Tumor-to-blood ratios increased from 2.1 * 0.05 at
48 h after injection to 4.9 * 1.4 at 72 h after injection. The
highest normal tissue concentrations of radioactivity at 72 h
after injection were observed in the liver, kidneys, and
spleen (45.5 £ 7.5, 39.3 = 7.0, and 35.6 = 4.4 %ID/g,
respectively). The normal tissue distribution of !'!In-trans-
ferrin at 72 h after injection in a group of 3 athymic mice
determined in a separate experiment was significantly dif-
ferent than that of ''In-hnTf-VEGF at this point (Table 2).

Posterior, whole-body posterior images of athymic mice
implanted with subcutaneous U87MG tumors at 24, 48, and
72 h after injection of '''In-hnTf-VEGF are shown in Figure
6. Tumor uptake of radioactivity was evident at each time
point but appeared to increase with time. High uptake of
radioactivity was observed in the liver and kidneys. The
tumor radioactivity was similar when mice were injected
with "1In-hnTf-VEGF combined with 100 times (in moles)
the amount of apotransferrin (Fig. 6B), but tumors were not
visualized when the radiopharmaceutical was combined
with 100-fold molar excess of VEGF. Moreover, there was
negligible whole-body retention of radioactivity in mice
receiving ""'"In-hnTf-VEGF combined with a 100-fold ex-
cess (in moles) of VEGF (images not shown), which was
consistent with the tissue distribution results (Table 2).
These findings were obtained in all mice studied in 2 inde-
pendent experiments. U§7MG tumors contained well-estab-
lished tumor vasculature assessed by immunohistochemical
staining using anti-CD31 antibodies (Fig. 6C).

DISCUSSION

In this study, we described a novel recombinant hnTf-
VEGEF protein that binds '!'In through the transferrin moiety
without the need to introduce DTPA metal chelators. This
protein interacts specifically with VEGFR but not with
transferrin receptors on VECs. The hnTf-VEGF protein
consisted of the n-lobe of human transferrin (hnTf) fused to
the N-terminus of VEGF 45 through a flexible polypeptide
linker [(GGGGS);]. The linker was inserted to avoid steric

TABLE 1
In Vitro Stability of ""'In-hnTf-VEGF Incubated
with Human Plasma

1M transchelated to transferrin

Time (h) from "In-hnTf-VEGF* (%)
0.25 28+13
4 10.0 + 0.4
24 279+ 05
48 46.5 = 5.2
72 63.9 = 2.3

*Values are mean + SE for triplicate determinations. ''In-hnTf-
VEGF was incubated with human plasma at 37°C for the specified
times and the percentage transchelation to transferrin was mea-
sured by size-exclusion HPLC.
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TABLE 2
Biodistribution of "1In-hnTf-VEGF in Athymic Mice Bearing Subcutaneous U87MG Human Glioblastoma Xenografts

%ID/g (mean + SE)*

"n-hnTf-VEGF +
100-fold molar
excess of unlabeled

"Mn-hnTf-VEGF +
100-fold molar
excess of unlabeled

MIn-hnTf-VEGF

Tissue 48 h 72 h Tf, 72 h VEGF," 72 h Mn-hTf,# 72 h
Blood 3.64 = 0.73 1.61 = 0.36% 2.15*+1.39 0.05 = 0.02 0.78 £ 0.12
Heart 5.32 =+ 2.18 4.69 = 0.55 3.06 £ 0.22 0.12 = 0.04 3.11 £1.14
Lung 10.91 = 4.29 13.79 £ 0.73 8.05 + 1.521 0.55 £ 0.16 24,16 = 3.08
Liver 32.43 = 0.08 45.53 = 7.46 48.27 + 3.20 3.89 = 0.94 12.24 + 1.54|
Kidneys 26.41 = 6.99 39.35 = 7.02 23.29 + 4.63 0.88 = 0.31 15.70 = 2.73|
Spleen 26.05 = 7.98 35.55 = 4.36 12.98 + 1.401 1.26 = 0.44 7.66 *+ 0.26!
Stomach 1.26 = 0.25 2.98 = 0.50 1.40 = 0.25 0.11 = 0.01 1.71 = 0.37
Intestines 5.65 + 0.67 8.02 + 0.538% 5.71 £1.42 0.35 £ 0.13 4.19 £ 0.50
Muscle 2.86 = 0.96 3.80 £ 0.19 2.26 £ 0.71 0.15 £ 0.07 1.76 = 0.06
Tumor 5.88 = 1.84 6.68 = 1.13 4.82 = 1.26 0.42 = 0.11 nd
Brain 1.64 = 0.73 0.87 = 0.03 0.60 + 0.071 0.03 = 0.01 0.65 += 0.03

*Values are mean * SE of cohorts of 3 or 4 mice.

TP < 0.05, comparison between In-hnTf-VEGF with or without 100-fold molar excess of unlabeled VEGF at 72 h.
*Biodistribution analysis for 1''In-hTf in normal organs was conducted as a separate experiment. nd = not determined.

§P < 0.05, comparison between 48 and 72 h.

P < 0.05, comparison between 1"In-hnTf-VEGF with or without 100-fold molar excess of unlabeled Tf at 72 h.
IP < 0.05, comparison between "In-hnTf-VEGF and ""'In-hTf at 72 h.
Two-tailed Student t test with a 95% confidence interval was used to calculate statistical significance.

interference in the ability of the hnTf and VEGF 45 domains
to bind to ''"In or VEGFR, respectively. The preservation of
VEGFR binding by hnTf-VEGF was anticipated by its
dimerization (M, of 130 kDa) in solution required for re-
ceptor binding (/7), which was detected by SDS-PAGE
under nonreducing conditions (Fig. 2). SDS-PAGE under
reducing conditions showed that the dimers dissociated into
monomers (M, of 65 kDa). hnTf-VEGF dimer binding to the
VEGEFR is critical for cell signaling (/2).

The specific binding of fluorescein-labeled hnTf-VEGF
to PAECs by flow cytometry (Fig. 4) confirmed that
VEGEFR binding was maintained. The displacement of bind-
ing of hnTf-VEGF protein to PAECs by a 50-fold molar

FIGURE 6. (A) Posterior whole-body im- A
ages of a representative athymic mouse
implanted subcutaneously with a U87MG
glioblastoma xenograft in right hind leg (ar-
row) at 24, 48, and 72 h after injection of 2
MBq (5 pg) of "'In-hnTf-VEGF. (B) Com-
parable images obtained by coadministra-
tion of a 100-fold excess (in moles) of un-
labeled apotransferrin. Images obtained 24 h
after administration of "'In-hnTf-VEGF
combined with a 100-fold excess (in moles) B
of unlabeled VEGF showed negligible
whole-body retention of radioactivity at all
time points (not shown). (C) Immunohisto-
chemical staining of an explanted U87MG
tumor using anti-CD31 antibodies shows
positively staining blood vessel endothelial
cells.
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excess of VEGF s, but not by a 50-fold excess of apotrans-
ferrin, indicated that binding to endothelial cells was medi-
ated by VEGFR and not by transferrin receptors. Preserva-
tion of binding properties of hnTf-VEGF to VEGFR was
further demonstrated functionally by its growth-stimulatory
effects on HUVECs similar to those of VEGF 45 (Fig. 3).
The 3-fold increased growth rate of HUVECs exposed to
0.5-1 nmol/L. of hnTf-VEGF or VEGF,¢s compared with
untreated cells was similar to that reported for VEGF ;5
using a thymidine incorporation assay (/3,14).
hnTf-VEGF was directly labeled with !"'In through the
hnTf moiety. !"'In was not bound by the incorporated Hisg
affinity tag, because an 11-mer peptide containing this se-
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quence [GGGGSHHHHHH] was unable to bind significant
amounts of ''In. DTPA dianhydride, which reacts with the
N-terminus or e-amino groups of lysine amino acids on
proteins, is the most commonly used bifunctional chelator
for introducing DTPA groups into biomolecules. Derivati-
zation of key lysines required for receptor recognition may,
however, diminish receptor-binding affinity. VEGF 45 con-
tains several lysines that are required for receptor binding.
In particular, Lys-84 within the 35 loop is important for
interaction with the receptor (8). DTPA derivatization of
this residue may interfere with binding VEGFR. The hnTf-
VEGF protein allowed labeling with '!In at a site remote
from the VEGFR-binding domain, thus preserving its abil-
ity to interact with VECs. A further advantage of including
only the n-lobe in the protein is that, although either lobe
can bind metal ions, binding to transferrin receptors requires
the presence of both the n- and c-lobes (9, 10). Therefore, the
hnTf-VEGF protein only binds VEGFR and not transferrin
receptors on VECs.

The dissociation constant (K;) of hnTf-VEGF for !!'In
was not measured. The binding of metal ions, such as
indium by transferrin, is complicated and is dependent on
many variables, including the concentration of the synergis-
tic anion (e.g., HCO37), pH, and salt concentration. Thus,
the reported K, values for binding of indium by transferrin
have ranged widely from 10~ mol/L to 1073° mol/L (15—
17). The K| for binding '''In by DTPA is 10728 mol/L (I8),
but this value is for an octadentate complex. A heptadentate
Hn-DTPA complex is formed when one of the carboxylic
acid groups is used for conjugation to proteins; this complex
is less stable (/9). Loss of In from '"'In-DTPA-conju-
gated biomolecules in vivo is attributed to the 100-fold
difference in the affinity between transferrin and '!'In, com-
pared with DTPA and "'!In as well as the substantially
greater concentration of transferrin in plasma (20). In our
study, we similarly found that there was a moderate loss of
H]n from "In-hnTf-VEGF to transferrin in plasma in vitro
over a 72-h period (21.3% = 3.4% per day). This rate of
transchelation of '!In to transferrin is higher than reported
for monoclonal antibodies labeled with '''In through DTPA
(8%—12% per day) (19). We speculate that this rate was
caused by the high concentration of transferrin in plasma,
which kinetically favored transchelation of '!In from hnTf-
VEGEF, rather than caused by differences in !''In binding
affinity (since hn'Tf-VEGF incorporates one of the metal-
binding sites of transferrin). '''"In-hnTf-VEGF was stable
for transchelation to DTPA with <5% loss of '!'In over 4 h
in vitro at 37°C.

"n-hnTf-VEGF accumulated in highly vascularized
U87MG glioblastoma xenografts in athymic mice, allowing
imaging as early as 24 h after injection. The tumor uptake of
Hn-hnTf-VEGF was greatly reduced from 6.7 = 1.1
%ID/g to 0.4 = 0.1 %ID/g when coadministered with a
100-fold excess of unlabeled VEGF 45 (Table 2). It was not
significantly reduced (4.8 * 1.3 %ID/g) when combined
with a 100-fold excess of apotransferrin. These results sug-

N HumaN TRANSFERRIN-VEGF Fusion PrRoOTEIN ¢ Chan et al.

gested that the tumor uptake of ''In-hnTf-VEGF was me-
diated by VEGFR and not by transferrin receptors. Interest-
ingly, coadministration of an excess of VEGF 45 (but not
apotransferrin) drastically diminished retention of radioac-
tivity not only in U87MG tumors but also in the blood and
all other tissues examined (Table 2). The reason for the
much more rapid elimination of "''In-hnTf-VEGF from the
blood and other tissues in the presence of an excess of
VEGF g5 is not known, but these findings were reproducible
in all mice in 2 independent studies and were visualized on
images (not shown). One possible explanation is that inhibi-
tion of binding of "''In-hnTf-VEGF to VEGFR by VEGF 45 on
VECs may encourage its elimination from the body. Another
possible explanation is that VEGF-mediated inhibition of the
binding between ''In-hnTf-VEGF and soluble VEGFR in the
blood or interstitial fluid may promote elimination. Soluble
VEGFR-1 (sFlt1) has been found in human serum and plasma
(21), on macrophages and monocytes infiltrating tumors
(22,23), and in many solid tumors, including breast cancer
(24), renal cancer (22), and astrocytoma (25). The levels of
sFlt-1 have been correlated with those of VEGF and may have
an important role in tumor progression.

There was high uptake of radioactivity in the liver, kidneys,
and spleen of athymic mice administered '''In-hnTf-VEGF
(455 75,394 = 7.0, and 35.6 = 4.4 %ID/g, at 72 h after
injection, respectively; Table 2). This uptake was not dimin-
ished by coadministration of a 100-fold molar excess of apo-
transferrin but was reduced by coadministration of a 100-fold
molar excess of VEGF. In contrast, the liver, kidney, and
spleen uptakes of !''In-transferrin in athymic mice were 3- to
5-fold significantly lower at 12.2 = 1.5, 15.7 = 2.7, and 7.7 =
0.3 %ID/g, respectively (Table 1). Taken together, we believe
that the liver and kidney uptakes of radioactivity were related
to !"In-hnTf-VEGF and not to loss of !''In from the protein to
transferrin with uptake of '!!In-transferrin in the tissues. There-
fore, the transchelation of 1'In from "'In-hnTf-VEGEF to trans-
ferrin in plasma observed in vitro may not be representative of
the extent of transchelation in vivo, because there is seques-
tration in vivo of "!In-hnTf-VEGF by tumor and normal
tissues and elimination from the blood, which diminishes the
opportunity for transchelation of !'In.

Despite the high liver, kidney, and spleen accumulations,
our results suggest that '''In-hnTf-VEGF may be useful for
imaging angiogenesis in solid tumors mediated by the
VEGF/VEGFR pathway. Other approaches to imaging
VEGF/VEGFR-mediated angiogenesis have focused on ra-
diolabeled antibodies directed against VEGFR or radiola-
beled VEGEF itself. '**[-HuM V833 anti-VEGF monoclonal
antibodies were used to image tumor angiogenesis in 20
patients by PET (26). PET was also used to image HT 1080
human fibrosarcoma xenografts in mice using '**I-labeled
VG76e anti-VEGF monoclonal antibodies (27). Lu et al.
(28) derivatized VEGF,,, site specifically with maleimide-
modified DTPA at Cys-116 and labeled it with ''In for
imaging angiogenesis in ischemic muscle in rabbits. Deri-
vatization with DTPA decreased the affinity of VEGF,, for
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binding KDR 2-fold in a competition assay and moderately
diminished its growth-stimulatory effect on HUVECs.
However, in a direct binding assay against KDR coated onto
wells in a microplate, there was no decrease in receptor-
binding affinity of "'In-VEGF,,. These results (28) and our
findings suggest that modification of VEGF at a site remote
from its receptor-binding domain results in good preserva-
tion of receptor binding and function. Cornelissen et al. (29)
imaged angiogenesis in athymic mice implanted with
A2058 human melanoma xenografts using '2*I-VEGF¢;s.
Tumors were successfully visualized and the tumor uptake
of 'BI-VEGF, 45 was significantly reduced by coadministra-
tion of 80 g of unlabeled VEGF¢s. Li et al. (30,31) imaged
gastrointestinal tumors and metastases as well as pancreatic
carcinoma in patients using '2*I-VEGF,¢s. !''In-hnTf-VEGF
offers advantages over radioiodinated VEGF by avoiding
the problems of in vivo deiodination and redistribution of
radioiodine, which were observed in these studies (29-31).

CONCLUSION

A novel recombinant hnTf-VEGF fusion protein was
expressed in P. pastoris. The protein bound '"'In directly
through the transferrin moiety without the need to introduce
DTPA metal chelators. ''In-hnTf-VEGF interacted specif-
ically with VEGFR on VECs but not with transferrin recep-
tors. '"In-hnTf-VEGF localized avidly and specifically in
angiogenic US7MG human glioblastoma xenografts in athy-
mic mice, allowing tumor imaging at 72 h after injection.
We conclude that "'"'In-hnTf-VEGF is a promising radio-
pharmaceutical for imaging VEGFR-mediated angiogenesis
in solid tumors.
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