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Adhesion receptors expressed on the surfaces of tumor-activated endothelial cells provide an advantageous
locus for targeting gene therapy vectors to angiogenic tissues and/or tumor vasculature. In this study, we
engineered a series of Asn-Gly-Arg (NGR)-containing congeners of the presumptive cell binding motif con-
tained within the ninth type III repeat of fibronectin and displayed these tumor vasculature targeting motifs
(TVTMs) within the context of Moloney murine leukemia envelope “escort” proteins. Comparative studies of
envelope incorporation into viral particles and evaluation of the cell binding properties of the targeted vectors
revealed critical structural features, thus identifying a subset of optimal TVIMs. Utilizing a modified ELISA
to evaluate viral binding to target cells, we observed a significant down-regulation of TVTM-virion binding to
human endothelial cells following sustained (48-h) exposure to VEGF. Normalized for equivalent titers (10®
CFU/ml), as assayed on NIH 3T3 cells, vectors displaying TVIM escort proteins significantly enhanced the
transduction efficiency from 12.2 to 37.4% in human KSY-1 endothelial cell cultures (P < 0.001) and from 0.4
to 4.1% in human umbilical vein endothelial cell (HUVEC) cultures (P < 0.001). In summary, these studies
utilized an engineering approach to identify a subset of TVITMs that are stably incorporated as envelope
“escort” proteins into retroviral vectors and that, by functioning to improve the binding efficiency and
transduction of both HUVEC and KSY1 endothelial cells, may have therapeutic potential for targeting gene

delivery to the tumor-associated vasculature.

Neoplastic cells within solid tumors develop an intimate and
complex relationship with nonneoplastic tissues, including vas-
cular endothelial cells, stromal cells, and extracellular matrix
(16). These histologic features of solid tumors, which make up
more than 90% of all human cancers, taken together with the
emerging mechanisms of angiogenesis that accompany tumor
growth and metastasis (16, 27), have promoted the concept of
targeting to tumor vasculature as a compelling therapeutic
strategy (11, 18). Accordingly, antiangiogenic gene therapy
directed against microvascular endothelial cells that have been
recruited into the tumor beds has been developed (19) and
employed (23, 58) with considerable success (7).

Vascular endothelial growth factor (VEGF), a selective en-
dothelial cell mitogen (13, 32, 59) and mediator of vascular
permeability (53, 57), is an important factor in driving the
growth, metastasis, and angiogenesis of solid tumors (12, 50).
Within the tumor microenvironment, there is a reported up-
regulation of both VEGF and its cognate receptor(s) on tumor
vascular endothelium (8). Both oncogenic transformation and
hypoxic conditions that are found in most solid tumors act
synergistically to modulate VEGF expression (20, 40). More-
over, recent studies of VEGF expression in tumor stromal cells
versus tumor cells have also focused on the importance of
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stromal fibroblasts as a source of VEGF and hence as a con-
tributor to tumor angiogenesis (22). Additionally, both fibro-
blast growth factor type 2 exposure (46) and hypoxia (9, 61)
serve to up-regulate the expression of the VEGF receptor(s)
on endothelial cells. Thus, the VEGF-receptor complex is a
highly specific marker of tumor endothelium (15, 33) and can
be used for the targeting and/or imaging of tumor vasculature
(8).

In addition to expression of angiogenic growth factors, en-
dothelial cells within the activated microvasculature of solid
tumors express a,, integrins, which are virtually absent from the
cells of established blood vessels (10, 21, 26). Indeed, funda-
mental roles for inducible integrin receptors and extracellular
matrix (ECM) proteins in angiogenesis are well established
(57). The integrin o, B4, for example, is expressed preferentially
on vascular cells during the proliferative and invasive phases of
angiogenesis and serves as a multifunctional adhesion receptor
that binds to a number of ECM proteins which typically con-
stitute a provisional matrix (including collagen, fibronectin,
vitronectin, and fibrinogen) and which are reported to promote
cell proliferation (1, 38). Normally undetectable in quiescent
blood vessels, o, 35 becomes highly expressed upon stimulation
by angiogenic growth factors or tumor cell supernatant (10).
Conversely, blockade of o, 85 function by specific antibodies or
peptide antagonists results in unscheduled apoptosis of prolif-
erating endothelial cells (10), suggesting that the «, 35 receptor
system provides a critical survival signal that facilitates vascular
cell proliferation (57). Endothelial cell apoptosis appears to be
mediated by p53 and accompanied by induction of the cell



VoL. 74, 2000

cycle inhibitor p21"A##/€IP1 (57), Thus, the interaction be-
tween the inducible o, 35 adhesion receptor and the provisional
ECM directly regulates growth arrest signals and promotes
endothelial cell survival (57).

Growth factor and/or adhesion receptors that are selectively
expressed on the surface of activated endothelial cells provide
an advantageous locus for targeting drugs and gene therapy
vectors to angiogenic tissues. Molecular screens for high-affin-
ity targeting motifs have been developed using designated pan-
els of monoclonal antibodies (31) and random phage display
peptide libraries (45). Remarkably, many of the peptide li-
gands isolated by random phage display technology, either (i)
by panning for peptides that bind the integrin o3, (34, 35) or
a,B5 (29) in vitro or (ii) by isolating peptides with homing
specificity for tumor blood vessels in vivo (5), exhibit sequences
that correspond to identifiable ligand-receptor contact points
within the primary structure of fibronectin. Specifically, Asn-
Gly-Arg (NGR)-containing sequences identified in vitro and in
vivo bear striking similarities to the 9th type III repeat of
fibronectin, while Arg-Gly-Asp (RGD) sequences correspond
closely to the 10th type III repeat of fibronectin (5, 34, 35).
From this point, we will use the term “tumor vasculature tar-
geting motif” (TVTM) to concisely describe the tumor-homing
and accumulation phenomenology of fibronectin-derived
(NGR) congeners originally characterized by phage display
technology (5). NGR motifs exhibit a greater homing ratio
(tumor/control organs) than do comparable RGD motifs, and
the two motifs have differential affinities for defined integrins
and peptide competition kinetics, suggesting that NGR and
RGD peptides bind to different cellular receptors (5). In the
present study, we constructed a number of NGR-bearing pep-
tide congeners displayed within the context of Moloney murine
leukemia virus (MoMLV) envelope escort proteins. Escort
proteins are defined as noninfectious Env proteins that accom-
pany the infectious wild-type (WT) Env to provide a gain-in-
function phenotype (i.e., targeting) to the composite vector.
Escort proteins consist of ligands or peptides that replace the
deleted receptor binding domains of the modified ecotropic
Env construct, CEEC, which bears an amphotropic (CAE)
instead of the ecotropic (CEE+) hinge region. The perfor-
mance of these chimeric vectors was evaluated in terms of in
vitro targeting and transduction of activated endothelial cells.

MATERIALS AND METHODS

Molecular cloning of MoMLV-based escort proteins displaying TVTMs.
TVTM inserts with cohesive ends were cloned into the CEE+ (ecotropic)-delta
hinge envelope (Env) construct (62), designated CEEC, which was modified
from CEE+ by substitution of an amphotropic proline-rich hinge region con-
taining three unique restriction sites (AvrlIl, PstI, and Stul) and an NgoMI
restriction site (62). The MoMLV-based Env construct was cut with BstEII and
Avrll, and the linearized env plasmid was verified by restriction analysis on
agarose gels and purified by the Gene Clean method (Bio 101, Vista, Calif.) prior
to ligation with the respective TVTM insert and T4 DNA ligase (New England
Biolabs, Beverly, Mass.) for either 3 h at room temperature (RT) or overnight at
4°C. In the resulting escort constructs, a TVTM peptide flanked by glycine
linkers replaced the entire receptor binding region of the MoMLYV ecotropic Env
surface (SU) protein, between the BstEII site at the amino terminus and the
Avr1l site located proximal to the transmembrane (TM) domain. After ligation,
the various constructs of plasmid DNA were transformed into XL1 Blue strain of
Escherichia coli and grown on Luria-Bertani agar plates under ampicillin selec-
tion. Plasmid DNA was extracted from selected transformed clones using QIA-
prep Miniprep Kits (Qiagen, Valencia, Calif.). Each construct was confirmed by
enzyme digestion and analysis of the respective inserts followed by direct DNA
sequence analysis using the T7 Sequenase sequencing kit (Amersham Life Sci-
ence, Inc., Cleveland, Ohio).

Generation of retroviral vector stocks. Retroviral vectors bearing WT Env
and/or TVTM-bearing escort protein constructs were assembled using a three- or
four-plasmid transient transfection system (56) in which the WT amphotropic or
ecotropic Env protein was coexpressed. The packaging components gag-pol, the
WT env, the chimeric env, and a retroviral vector bearing a nucleus-targeted 8
galactosidase expression construct expressed from cytomegalovirus promoters
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FIG. 1. Schematic diagram of the TVTM series of retroviral escort proteins.
TVTMs were designed to target retroviral vectors to the tumor vasculature.
TVTM1, TVTM2, and TVTM3 bind selectively to up-regulated integrins in in
vitro panning assays and accumulate selectively in the tumor vasculature in vivo.
TVTM4, TVTMS5, and TVTMG6 represent novel designs.

were placed on separate plasmids, each containing the simian virus 40 origin of
replication. A 10-pg portion of each plasmid (pcgp, either pCAE, pCEE+ or
pCEEC, pESCORT, and pcnBg) was cotransfected by the calcium phosphate
method into 293T cells, which express SV40 large T antigen. The producer cells
were subsequently treated with 10 mM sodium butyrate for 8 to 12 h to facilitate
virion production, and retroviral supernatants were harvested at 48 h after
transfection.

Viral processing and incorporation of chimeric Env proteins into retroviral
vectors. The level of expression of the nascent WT Env proteins gp70 and/or the
chimeric Env escort proteins in 293T cell lysates was evaluated by Western
analysis, using a rat monoclonal 83A25 antibody against the C terminus of the
SU domain of gp70, as previously described (64). To evaluate Env incorporation
into virions, viral particles were purified from soluble proteins and cell debris on
a 20% sucrose gradient (in phosphate-buffered saline PBS) and the virion-
associated proteins were subjected to Western analysis using anti-gp70 and
anti-p30 antibodies (64).

Determination of viral titers. The infectious titers of test retroviral superna-
tants were standardized and quantified based on the expression of a nucleus-
targeted B galactosidase reporter gene (55), as determined by light microscopy.
Briefly, 2.5 X 10* NIH 3T3 cells in Dulbecco’s modified Eagle’s medium plus
10% fetal bovine serum (D10 medium) were plated in each well of six-well plates
1 day prior to transduction. The medium was replaced with 1-ml volumes of
serial dilutions of the respective retroviral supernatant with 8 pg of Polybrene
per ml for 2 h, after which 1 ml of fresh D10 medium was added to the cultures,
which were maintained overnight at 37°C under 5% CO,. The respective cultures
were then stained with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-
Gal) histochemical stain 48 h after transduction to detect the presence of nu-
cleus-targeted B-galactosidase in transduced cells (cells with blue-green nuclei).
Viral titers were expressed as the number of B-galactosidase-positive CFU per
milliliter of vector supernatant.

Viral binding to human endothelial cells. KSY1 Kaposi’s human sarcoma cells
(CRL-11448) and human umbilical vein epithelial cells (HUVEC) (CC-2517)
were obtained from the American Type Cell Culture Collection (Bethesda, Md.)
and Clonetics (San Diego, Calif.), respectively. For quantification of viral bind-
ing, 10° KSY1 cells or HUVEC were suspended in D10 medium in a microcen-
trifuge tube, and were centrifuged for 15 s, after which time 1 ml of test vector
supernatant was added (viral titers were normalized at 10° CFU/ml). The mix-
ture was incubated with gentle shaking at RT for 30 min. The cells were washed
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FIG. 2. Modified envelope protein expression and incorporation into retroviral vectors displaying TVTMs. (A and C) Comparative Env protein expression levels
of WT CEE, WT CAE, TVTMs alone, WT CEE plus TVTMs, and WT CAE plus TVTMs in 293T cell lysates. (B and D) Comparative levels of virion incorporation
of retroviral vectors bearing WT CEE, WT CAE, TVTMs alone, WT CEE plus TVTMs, and WT CAE plus TVTMs. Western analysis of gp70 and gag proteins was
conducted using a rat monoclonal antibody, 83A25, against the C terminus of the gp70 Env and a polyclonal antibody against p30.

twice with D10 medium and then resuspended in 300 .l in the presence of a rat
monoclonal 83A25 antibody directed against the C terminus of the gp70
MoMLYV Env protein (17) and incubated at RT for 1 h. The cells were again
washed twice with D10 medium and then incubated in 500 pl of 1:2,500 horse-
radish peroxidase-conjugated goat anti-rat immunoglobulin G (Zymed Labora-
tories Inc.) at RT for 30 min. After being washed, the cells were incubated in 500
wl of 1:1,000 rat peroxidase anti-peroxidase antibody (Sternberger Monoclonals,
Inc.) at RT for 30 min. After being washed again, the cells were resuspended in
100 pl of TMB single solution (Zymed Laboratories Inc.), and transferred to a
96-well enzyme-linked immunosorbent assay (ELISA) plate, where the intensity
of the color reaction (blue) was measured by determining the optical density at
650 nm (ODgs,) nm on a Rainbow Spectra ELISA reader (TECAN US, Inc.).

Transduction of human endothelial cells. KSY1 cells or HUVEC were cul-
tured on 1% gelatin-coated dishes containing RPMI 1640 supplemented with
either KSY1 medium (2% fetal calf serum, 1% sodium pyruvate, 1% essential
amino acids, 1% nonessential amino acids, 1 mM glutamine, 1% penicillin-
streptomycin) or HUVEC medium (Iscove’s modified Dulbecco’s/Ham F-12
medium supplemented with 15% fetal calf serum, 1% penicillin-streptomycin, 45
pg of heparin per ml, and 10 pg of endothelial cell growth supplement per ml.
For transduction experiments, 0.5 X 10° to 1.0 X 10° KSY1 cells or HUVEC in
3 ml of KSY1 medium or HUVEC medium, respectively, were plated into each
gelatin-coated well in six-well plates and allowed to attach overnight at 37°C. The
following morning, the medium was replaced with 1 ml of fresh KSY1 or
HUVEC medium. The cultures were transduced with 1 ml of each test vector

supernatant normalized for equivalent viral titers in the presence of Polybrene (8
pg/ml) at 37°C for 30 min. Thereafter, 2.5 ml of fresh medium was added to the
cultures, which were then incubated overnight at 37°C. The medium was replaced
with fresh medium, and the cultures were further incubated at 37°C for another
48 h. The cells were then stained with X-Gal stain to visualize the presence of

TABLE 1. Viral titers of retroviral vectors displaying TVTMs

Titer on NIH Titer on NIH

Vector 3T3 cells Vector 3T3 cells
(CFU/ml)” (CFU/ml)*

CEE 1.7 X 108 CAE 5.6 X 10°
CEE + TVTM1 1.7 x 107 CAE + TVTM2 0.6 X 10°
CEE + TVIM2 1.6 X 108 CAE + TVTM2 1.5 X 10°
CEE + TVTM3 5.8 x 107 CAE + TVTM3 0.8 X 10°
CEE + TVIM4 1.9 X 107 CAE + TVTM4 0.6 X 10°
CEE + TVTMS5 2.5 % 107 CAE + TVTMS 2.2 % 10°
CEE + TVIM6 1.9 X 107 CAE + TVTM6 2.5 X 10°

“ Results are expressed as arithmetic means of duplicate determinations.
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nucleus-targeted B galactosidase activity under light microscopy. To quantify the
resulting transduction efficiency, five low-power (X10) fields of each test group
were photographed (~1,500 cells per field) for KSY1 cells, and 10 low-power
fields were photographed (~500 cells per field) for HUVEC. Transduction
efficiency was expressed as a percentage by dividing the number of positive cells
(cells with blue-staining nuclei) by the total number of cells per low-power field
(magnification, x<100).

RESULTS

Six NGR-bearing TVITMs were selected for comparative
evaluation (Fig. 1). Two presumably cyclic peptides (TVTM1
and TVIM2) and one linear peptide (TVTM3) previously
demonstrated selectivity for tumor vasculature in vivo when
expressed on the surface of filamentous phage (5). The remain-
ing three TVIMs (TVIM4, TVIMS, and TVTM6) represent
novel designs. TVIM4 introduces specific modifications of
TVTMS3 including a hydrophobic residue (Leu) N-terminal
and a polar residue (Ser) C-terminal to the core NGR motif.
TVTMS and TVTMG6 constitute congeners of NGR motifs
designed to examine the influence of adjacent C-terminal res-
idues (Glu-Glu-Ser-Pro) present in the ninth fibronectin type
III repeat (37). Glycine residues were included as linkers flank-
ing each of the TVTMs in an effort to add flexibility to the
secondary structures and facilitate folding of the chimeric ret-
roviral envelope proteins. Each of the six TVTMs was encoded
into cDNA sequences, prepared as double-stranded oligode-
oxynucleotides, and cloned into a modified CEEC vector (see
Materials and Methods) in which a unique cloning site (spe-
cifically AvrII) has been added proximal to the proline-rich
hinge region of the gp70 surface protein. The respective tar-
geted ecotropic Env, termed escort proteins, specifically de-
signed to accompany the WT Env, were prepared by ligation of
the TVTM inserts into the BstEII and Avrll cloning sites, thus
replacing the entire receptor binding domain of the ecotropic
Env protein with the respective TVTM/linker construct. Nota-
bly, the primary structure of the specified cloning sites within
the CEE+ vector roughly approximates the primary structures
flanking the core cell binding motifs (NGR and RGD) of the
9th and 10th type III repeats found within fibronectin (Fig. 1).

Upon transient transfection, all six TVITM Env proteins
were expressed in human 293T retroviral vector producer cells,
each exhibiting an apparent molecular mass of ~60 kDa. As
seen in Fig. 2A and C, the expression of the six Env escort
proteins was not impaired by coexpression of WT Env pro-
teins, which confer vector tropism and infectivity (i.e., eco-
tropic [CEE] or amphotropic [CAE]). Each of the TVIM
escort proteins could be detected in purified viral particles;
however, notable differences in incorporation efficiencies were
observed (Fig. 2B and D). Five out of the six TVTM proteins
were stably incorporated into viral particles in the absence of
the WT CEE or CAE Env, the exception being TVITM2 and
TVTM3, which was consistently lower in terms of incorpora-
tion efficiency. For TVITM3 and TVTMS6, coexpression of a
WT envelope facilitates the incorporation of the modified es-
cort protein, presumably due to structural complementation of
the tertiary structures (3, 63). Remarkably, only the linear
peptide sequences (TVIM3 to TVIM6) were incorporated
stoichiometrically with the WT Env, which is indicative of
proper assembly, processing, and stable incorporation into vi-
ral particles. Examination of corresponding viral titers on NIH
3T3 cells, which range from nil (for TVTM Env alone) to 1.6 X
108 for the TVTM2 + WT CEE vector (Table 1), confirm that
the observed fusion and infectivity are provided solely by the
coexpression and fusogenic properties of the WT (CEE or
CAE) envelope partner.

To examine the binding of TVTM-bearing retroviral vectors
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FIG. 3. KSY1 cell binding affinities of retroviral vectors bearing TVIM es-
cort proteins coexpressed with the ecotropic (CEE) envelope protein. The com-
parative binding affinities of vectors bearing WT Env (CEE* or CAE+) versus
vectors displaying TVITMs to KSY-1 cells are shown as varying degrees of
darkened ELISA wells (A), which are then expressed as ODgs, readings on a
Rainbow Spectra ELISA reader (B). The levels of significance of the differences
between TVIM2, TVIM4, TVTMS5, and TVITM6 plus CEE versus CEE alone
(wild-type Env) are indicated by asterisks. *, P < 0.05; ##x, P < 0.001. The levels
of significance of the difference between TVTM plus CEE and CAE is indicated
by the plus sign. +, P < 0.05.

to activated endothelial cells in vitro, we used KSY1 cells,
which exhibit a constitutive (autocrine) expression of both
VEGF and VEGF receptors (39). The test vectors were coex-
pressed with ecotropic CEE (rodent-specific) envelope part-
ners, which do not recognize or infect human cells. Figure 3
demonstrates high-affinity binding of TVTM2-, TVTM4-, and
TVTM-6-bearing viral particles to KSY1 cells compared to
that of vectors bearing WT CEE Env (P < 0.05), which was
equal to or greater than that of the CAE (amphotropic) enve-
lope-bearing (positive control) vectors (P < 0.05 for TVITM6
plus CEE). In contrast, the cell binding affinities of TVIM1-
and TVTM3-bearing vectors were noted to be substantially
lower than those of TVITM2-, TVITM4-, TVTMS5- or TVTM-
6-bearing vectors. Minimal binding was observed with the vec-
tor bearing only WT CEE (ecotropic) Env.

Next, we examined the cell binding properties of TVIM-
bearing retroviral vectors on HUVEC before and after pre-
treatment with VEGF. As in the previous binding studies, the
WT CEE Env was coexpressed with the TVTM escort proteins
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FIG. 4. Density-dependent VEGF-induced down-regulation of TVTM receptors in KSY1 cells. The comparative binding affinities of vectors bearing WT Env versus
vectors displaying TVTMs to low- or high-density KSY1 cells following treatment with VEGF are shown as varying degrees of darkened ELISA wells (A), which are
then expressed as ODgs, readings on a Rainbow Spectra ELISA reader (B). The comparative binding affinities of vectors bearing WT env versus vectors displaying
TVTMs to low- or high-density HUVE cells following treatment with VEGF are shown as varying degrees of darkened ELISA wells (C), which are then expressed as
ODys, readings on a Rainbow Spectra ELISA reader (D). #, P < 0.05 compared to no VEGF; ##x, P < 0.001 compared to no VEGF.

instead of the WT CAE Env to prevent vector fusion and entry,
which would confound the interpretation of the results. A
marked increase in cell binding was provided by coexpression
of the selected TVIMS escort protein compared to the WT
CEE Env alone (P < 0.01). However, the observed increase in
cell binding was significantly reduced by exposure of the
HUVEC to VEGF for 48 h (P < 0.01). Additional studies were
designed to examine the influence of cell density, as well as
VEGTF pretreatment, on TVTM receptor expression on human
endothelial cells. The results of these studies (Fig. 4A and B)
revealed a significant down-regulation of TVTM receptor ex-
pression on KSY1 cells exposed to VEGF when cultured under
low-density conditions (P < 0.05) and to a lesser degree on
cells when cultured at high densities. Similar results, obtained
with HUVEC (Fig. 4C and D), demonstrate that TVTM re-
ceptor expression and/or binding to vectors displaying TVITM6
was highest in cells grown under low-density conditions and
was again reduced by pretreatment with VEGF (P < 0.001).
As in the cell binding studies described above, test vector
supernatants were prepared for cellular transduction studies,
with the exception that an amphotropic Env partner (WT
CAE) was used to enable the transduction of human cells. The
resultant vectors were then normalized for equivalency of titer
(10° CFU/ml), based on the transduction of NIH 3T3 cells
(Table 1). The results of a representative study of KSY1 cell
transduction are shown in Fig. 5. Under these comparative
conditions, vectors displaying TVTM escort proteins signifi-
cantly enhanced the transduction efficiency from approxi-
mately 12.2 = 1.4% (mean = standard error of the mean) for
the WT CAE vector alone to 37.4 = 1.7% for the WT CAE
plus TVIMS vector (P < 0.001) and 31.0 = 2.5% for the WT

CAE plus TVTM6 vector (P < 0.001). Further, a 10-fold in-
crease in transduction efficiency was observed in HUVEC
(from 0.4% for the WT CAE vector alone to 4.2% for the WT
CAE plus TVTMG6 vector) (P < 0.001) (Fig. 6, Table 2). These
results demonstrate cell-specific targeting and transduction by
enhancement of viral binding to an unidentified yet dynamic
endothelial cell receptor for TVTMs.

DISCUSSION

Fibronectin, a ubiquitous adhesive glycoprotein found in
relatively high concentrations in plasma as well as ECM, func-
tions to mediate cell-ECM interactions during development,
wound healing, and hemostasis. Soluble fibronectin is generally
a dimer composed of two nonidentical (alternatively spliced)
subunits linked covalently by a pair of disulfide bonds, while
the insoluble matrix form of fibronectin is arrayed as oligomers
and fibrils (6). The primary structure of the fibronectin mole-
cule is mosaic, consisting of a series of structurally distinct
domains that interact with either ECM components or cell
membrane receptors and are linked by flexible peptide seg-
ments (6, 37). Of particular interest is the central cell binding
domain that is recognized by the integrin receptors of adherent
cells (41, 54). Among the active sites that have been identified
within these domains (30) are the RGD motif of the 10th type
III repeat (48, 51) and the NGR motif of the 9th type III repeat
(29, 34, 35). While the binding of «,B; and « 5 integrins to
RGD-bearing proteins has been definitively shown (29, 34-36),
the cellular receptor(s) selective for the NGR cell binding
motif remains to be identified (5). Extensive deletion studies of
fibronectin have demonstrated the importance of the RGD cell
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FIG. 5. Enhanced transduction of KSY1 cells by TVTM-bearing retroviral vectors. (A) Representative KSY1 cells transduced with a retroviral vector bearing WT
envelope. (B) Representative KSY1 cells transduced with a retroviral vector displaying TVTMS. (C and D) Representative KSY1 cells transduced with a retroviral
vector displaying TVTMG6. Positive cells expressing nucleus-targeted B-galactosidase activity are shown as cells with blue-staining nuclei. Magnifications, X100 (A to

C) and X400 (D).

binding domain within the 10th type III repeat (43). However,
additional domains contribute to the overall binding affinities,
and a synergistic interaction specifically with adjacent type III
repeats has been reported (4, 42). Filamentous phage display-
ing NGR motifs exhibit dissimilar integrin binding affinities
and displacement kinetics from those of phage displaying
RGD motifs, indicating that the cellular receptor(s) for NGR
motifs is not identical to that of RGD (5, 29). Moreover, the
tumor homing ratio of the NGR-bearing phage in terms of
adherence to tumor-associated vasculature versus normal vas-
culature in vivo is severalfold greater than that of the RGD-
bearing phage (5), thus confirming that the RGD and NGR
cell binding motifs are indeed functionally distinct.

In this study, we examined the performance of a series of
NGR-bearing peptide congeners, termed TVTMs, as a prelude
to deploying retroviral vectors in pursuit of tumor vasculature
and/or metastatic cancer. The TVTMs were displayed within
the context of MOMLYV Env escort proteins, defined as nonin-
fectious Env proteins that accompany the infectious WT Env
to provide a gain-in-function phenotype to the composite vec-
tor. In contrast to the cyclic configurations found to be advan-
tageous when similar motifs were displayed within the context
of either soluble peptides (24, 47, 49) or the surface proteins of
filamentous phage (29, 34, 35, 44), we found that the cyclic
NGR congeners (TVIM1 and TVIM2) were readily ex-
pressed in human producer cells (Fig. 2A) but either were
poorly incorporated into virions (TVTM2) (Fig. 2B) or failed

to exhibit the expected high-affinity binding properties
(TVIM1) (Fig. 3). For example, the cyclic TVITM2, which
exhibits sequences flanking the core NGR motif that are very
similar to those of TVITMS, was poorly incorporated into viral
particles (Fig. 2B) but bound relatively well to target cells (Fig.
3). In contrast, the linear TVTMs were more readily incorpo-
rated into viral particles (Fig. 2B and D), and, unlike free
peptides or filamentous phage, the endothelial cell binding
properties of chimeric vectors bearing linear TVIM designs
were superior (Fig. 3). Although general interference of the
additional cysteine residues that generate the cyclic motifs with
protein folding, disulfide bond formation, and secretion of the
modified envelope proteins cannot be ruled out, it appears that
the secondary and tertiary structures of the MoMLYV envelope
proteins may be more constrained than those of the filamen-
tous phage or free peptides. In any event, since incorporation
of retroviral envelope proteins into viral particles is an impor-
tant feature of retroviral vector production, the linear peptide
motifs are considered to be more favorable for this purpose.
The results of this study demonstrate that both addition and
substitution of amino acid residues flanking the core NGR
motif have profound effects on target cell binding. The cell
binding affinity of TVTM4 is significantly greater than that of
TVTM3, drawing attention first to the addition of a Ser residue
immediately C-terminal to the NGR motif and second to the
addition of a Leu residue immediately N-terminal to this motif.
Interestingly, the C-terminal Ser residue is not present on the
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9th type III repeat (NGR) of fibronectin yet is evident from
random alterations of the 10th type III repeat (29, 35) and is
conserved in a broad spectrum of proteins that have sequences
similar to the RGD cell attachment-promoting sequence of
fibronectin (48). The N-terminal Leu residue flanking the
NGR motif of TVTM4, as well as TVTM5 and TVTM6, is
found in the 9th type III repeat of native fibronectin (Fig. 1)
and again in screens of random phage display libraries (35).
TVTMS and TVTM6 exhibit stable incorporation into retro-
viral particles and comparatively greater cell binding charac-
teristics. These constructs represent linear peptides in which
the flanking residues closely approximate the 9th type III re-
peat of fibronectin, including an N-terminal Ala-Leu leader
sequence and one (TVTMS) or two (TVTM6) negatively

TABLE 2. Transduction efficiency of retroviral vectors

displaying TVTMs
Transduction efficiency” (%) in:
Vector KSY-1 cells HUVEC
(n=15) (n = 10)
CAE 122+ 14 04 =0.1
CAE + TVTM5 374 £ 1.7¢ ND?
CAE + TVTM6 31.0 £ 2.5¢ 42+ 0.5¢

“ Results are expressed as arithmetic mean * standard error of the mean.
» ND, not determined.
¢P < 0.01 compared to CAE (vector bearing WT envelope).
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FIG. 6. Enhanced transduction of HUVEC by TVTM-bearing retroviral vectors. (A and C) Representative HUVEC transduced with a retroviral vector bearing WT
envelope. (B and D) Representative HUVEC transduced with a retroviral vector displaying TVTMG6. Positive cells expressing nucleus-targeted B-galactosidase activity
are shown as cells with blue-staining nuclei. Magnifications, X100 (A and B) and X400 (C and D).

charged Glu residues C-terminal to the core NGR motif, fol-
lowed by a Ser-Pro sequence, constituting what appears to be
a type I beta turn (60) present in both the 9th and 10th type III
repeats of native fibronectin.

The identification of the C-NGR-C motif (within the
CNGRCVSGCAGRC phage) as the active site responsible for
the greatest homing ratio (tumor/control organ) ascertained
from random phage display libraries (5) is remarkable, consid-
ering the structure and function of the fibronectin cell binding
domain (35, 41). Conceptually, it is plausible that nonmalig-
nant but activated endothelial cells, under the influence of the
tumor microenvironment, express an adhesion molecule
and/or receptor complex that is not highly expressed on qui-
escent endothelial cells and that this receptor recognizes a
specific motif of fibronectin (i.e., NGR) that has been con-
served and canalized by natural selection into a high-affinity
interaction. If, in fact, the functional selectivity lies in the
expression of the undefined “TVTM receptor” and not in the
exquisite sequence selectivity of the binding peptide (which is
inherent within the primary structure of the ubiquitous fi-
bronectin molecule), it might well be advantageous to use
fibronectin-like sequences per se, as in TVIMS5 and TVTM6.
Indeed, TVTM4, TVTMS, and TVTMO6 are the most favorable
in terms of retroviral vector production, stability of membrane
proteins in retroviral particles, and binding interactions of the
resulting TVTM-bearing virions to proliferating endothelial
cells and transformed KSY1 cells. With regard to the presump-
tive TVTM receptor, it is pertinent to note that pharmacolog-



VoL. 74, 2000

ical regulation of the cell binding properties of TVTM-bearing
vectors was also observed in these studies (Fig. 4), since the
TVTM binding properties of both normal and KSY1 endothe-
lial cells in culture were highest in cells grown under low-
density conditions and were reduced significantly by prolonged
(48-h) pretreatment with VEGF. The observed down-regula-
tion of TVIM binding to target cells by VEGF, as well as
increased cell density, suggests that other growth-regulatory
molecules may be implicated in the physiological up-regulation
of the putative TVTM cellular receptor.

In terms of retroviral vector targeting and prospective gene
therapy, the development of a targeted injectable vector which
exhibits suitable affinities, selectivity, and stability for applica-
tion in vivo remains a principal objective (2). Although a num-
ber of creative systems for targeting retroviral vectors have
been designed (14), the most successful approach to date in-
volves the insertion of a ligand that recognizes an ECM com-
ponent into a portion of the MoMLYV surface (SU) protein to
concentrate the vector on the ECM in the vicinity of target
cells (25). Similarly, colocalization of retroviral particles and
target cells on specific fibronectin fragments increases the
transduction of cultured cells in vitro (28). Utilizing minimal or
optimal peptide sequences, determined by random phage dis-
play technology to home specifically to tumor blood vessels,
targeted anticancer drug-peptide conjugates were developed
that exhibited enhanced efficacy and reduced toxicity when
injected into the circulation of nude mice bearing human
breast carcinoma xenografts (5). The present study expands
our understanding of these TVTMs and their cognate recep-
tors and extends the potential utility of a defined subset of
TVTMs to include targeted retroviral vectors.

In summary, we used an engineering approach to examine
the performance of a designed series of NGR-bearing peptide
congeners, including a series of linear peptides that approxi-
mate the 9th type III repeat in fibronectin, and have deter-
mined that three novel designs (TVITM4, TVTMS, and
TVTMS), presented in the context of MoMLV Env escort
proteins, including strategic linkers and cloning sites, are most
suitable in terms of protein expression, retroviral vector pro-
duction, and cell binding affinities. These optimized TVIM-
bearing Env escort proteins were further demonstrated to
function as targeting elements which served to increase the
retroviral cell binding affinity and transduction efficiency in
human endothelial cells, illustrating a potential utility for im-
proving gene delivery in therapeutic angiogenesis and/or anti-
angiogenesis-anticancer strategies.
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