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Significant cross-talk exists between receptors that mediate angio-
genesis, such as VEGF receptor-2 (VEGFR2) and a, 3 integrin. Thus,
agents that inhibit both receptors would have important therapeu-
tic potential. Here, we used an antagonistic VEGF ligand as a
molecular scaffold to engineer dual-specific proteins that bound
to VEGFR2 and a, 5 integrin with antibody-like affinities and inhib-
ited angiogenic processes in vitro and in vivo. Mutations were
introduced into a single-chain VEGF (scVEGF) ligand that retained
VEGFR2 binding, but prevented receptor dimerization and activa-
tion. Yeast-displayed scVEGF mutant libraries were created and
screened by high-throughput flow cytometric sorting to identify
several variants that bound with high affinity to both VEGFR2
and «,f3 integrin. These engineered scVEGF mutants were specific
for a,p; integrin and did not bind to the related integrins «,fs,
aiipP3. or asPy. In addition, surface plasmon resonance and cell
binding assays showed that dual-specific scVEGF proteins can si-
multaneously engage both receptors. Compared to monospecific
scVEGF mutants that bind VEGFR2 or a,f; integrin, dual-specific
scVEGF proteins more strongly inhibited VEGF-mediated receptor
phosphorylation, capillary tube formation, and proliferation of en-
dothelial cells cultured on Matrigel or vitronectin-coated surfaces.
Moreover, dual specificity conferred strong inhibition of VEGF-
mediated blood vessel formation in Matrigel plugs in vivo, whereas
monospecific sScVEGF mutants that bind VEGFR2 or «a,f; integrin
were only marginally effective. Instead of relying on antibody
associating domains or physical linkage, this work highlights an ap-
proach to creating dual-specific proteins where additional func-
tionality is introduced into a protein ligand to complement its
existing biological properties.
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rowth factor receptors and adhesion molecules regulate
biological functions through complex and overlapping cell
signaling networks (1). Angiogenic growth factors such as VEGF
bind to receptors and induce altered gene expression, endothelial
cell proliferation, and cell migration, ultimately leading to the
formation of new blood vessels (2, 3). Similar proliferative and
proangiogenesis effects can be triggered by binding of endothelial
cells to extracellular matrix ligands, most notably through
adhesion receptors such as a,f; integrin (4, 5). Although many
proangiogenic growth factors and receptors exist, there is com-
pelling evidence for direct cross-talk between VEGF receptor-
2 (VEGFR2) and «,f; integrin and their cell signaling pathways
(6-13). For example, VEGFR2 phosphorylation and mitogenic
activity are increased in endothelial cells cultured on a surface
coated with vitronectin, a ligand for «,f; integrin, and these
effects can be mitigated by integrin-specific antibodies (11). Like-
wise, inhibition of VEGF by an antibody or soluble VEGFR2
leads to a decrease in «,f;-mediated tumor cell adhesion to a
level similar to blocking a,f; integrin directly (6).
Angiogenesis is critical for potentiating biological processes in
diseases such as cancer and macular degeneration (14). Inhibitors
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of angiogenesis, particularly the anti-VEGF monoclonal antibody
bevacizumab (Avastin), have generated much therapeutic inter-
est and have had clinical success (15-17). Inhibitors of «,; and
a,fs integrins have been shown to suppress tumor growth in pre-
clinical models, although this has not translated to success in
human subjects (18, 19). The reason for this lack of efficacy is
unclear, but could be due to the highly complex in vivo regulation
of VEGFR?2 and integrins. For example, xenograft tumors ex-
pressing a mutant form of a,f; integrin that is constitutively in-
active showed reduced integrin clustering, VEGF expression, and
tumor neovascularization (7). In a contrasting study, f;-integrin-
null mice were shown to have enhanced VEGF-mediated angio-
genesis (20). Recent work demonstrated that low concentrations
of a,f; integrin inhibitors can increase tumor growth by promot-
ing VEGF-stimulated angiogenesis and altering ligand recycling
(21). The intertwined relationship between VEGFR2 and «,f;
integrin suggests that a dual-specific agent capable of inhibiting
both receptors would have great therapeutic potential.

The molecular interactions of VEGFR2 (22, 23) or a, 5 integrin
(24, 25) with their respective ligands have been well characterized.
A VEGF homodimer binds to two molecules of VEGFR2 and
dimerizes the receptor, resulting in autophosphorylation and
activation of proangiogenic cell signaling pathways, including
activation of mitogen-activated protein kinase, Src, Akt, and focal
adhesion kinase (26). The a, 33 integrin recognizes numerous ECM
ligands, and binding leads to cell adhesion to the ECM and activa-
tion of similar growth and proliferation pathways (25, 27). In pre-
vious work, VEGF was converted to a receptor antagonist by
introducing several point mutations into one of its VEGFR binding
epitopes (28, 29). These mutations blocked one receptor binding
site while leaving the other intact, preventing receptor dimeriza-
tion. To facilitate recombinant production of such VEGF hetero-
dimers, single-chain VEGF (scVEGF) variants were created by
connecting the two VEGF subunits with a 14-amino acid linker (30)
(Fig. 14). Here, we constructed a scVEGF antagonist and engi-
neered a high affinity a, 3; integrin-binding epitope into its mutated
VEGFR2-binding interface. Using this approach, we generated
dual-specific scVEGF variants capable of simultaneously binding
to and antagonizing the biological activity of both VEGFR2 and
a, 5 integrin in vitro and in vivo.

Results
scVEGF as a Scaffold for Engineering Molecular Recognition Proper-

ties. A single-chain version of VEGF (scVEGFwt), in which
the homodimeric chains of VEGF are connected by a 14-amino
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Fig. 1. Protein engineering strategy and screening of scVEGF loop libraries.
(A) Single-chain wild-type VEGF agonist (scVEGFwt), where chains 1 and 2 of
the VEGF homodimer are connected through a flexible linker. The single-
chain VEGF antagonist (scVEGFmut) has one VEGFR2 binding site mutated,
thereby blocking activation. Engineered dual-specific scVEGF variants are
capable of binding to both VEGFR2 and «,f; integrin. The scVEGF m27| var-
iant can bind «, 5 integrin but not VEGFR2. (B) Structure of wild-type VEGF
homodimer [Protein Data Bank (PDB) ID code 2VPF]. VEGF chain 1: dark blue;
VEGF chain 2: light blue. Loop 1: purple; loop 2: orange; loop 3: green.
Location of point mutations introduced into scVEGFmut are indicated in
red. (C) FACS density dot plots of scVEGF loop libraries. Sort round 1,
250 nM a, 3 integrin (Left); sort round 4, 100 nM VEGFR2-Fc (Center); sort
round 7, 25 nM a, 3 integrin (Right). X axis indicates cMyc expression and
y axis indicates receptor binding. Polygons indicate sort gates used to collect
yeast cells.

acid linker (GSTSGSGKSSEGKG), was displayed on the surface
of yeast as a fusion to the agglutinin mating proteins (Fig. S14).
The construct contained a C-terminal cMyc epitope tag that al-
lowed quantification of yeast cell surface expression levels. An
antagonist variant (scVEGFmut) was also created that contained
four amino acid mutations corresponding to residues critical for
VEGFR recognition at one pole of the molecule: chain 1 F17A,
E64A; chain 2 I46A, I83A (Fig. 1 4 and B and Table S1) (28-30).
Both scVEGFwt and scVEGFmut were well expressed on the
yeast cell surface and bound to soluble VEGFR?2 extracellular
domain (Fig. S1B). To engineer a molecular recognition site
for a,f; integrin into the mutated pole of scVEGE we first de-
termined if loops within this region were amenable to substitution
without disrupting VEGFR2 binding. We prepared 32 different
libraries of three such loops (Table S1), in which five to eight
amino acids were removed in different registers and replaced
with randomized sequences of six to nine amino acids. We
displayed each library on the yeast cell surface and measured
its expression level and relative binding to 50 nM VEGFR2
(Fig. S24). Nearly all VEGFR?2 binding was abolished for substi-
tutions in loop 1 (Fig. 1B, purple), whereas substitutions in loop 2
(Fig. 1B, orange) varied and bound VEGFR2 at levels ranging
from 20-80% of scVEGFmut, or in a few cases was unchanged.
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In contrast, all registers and loop lengths tested for loop 3
(Fig. 1B, green) were well expressed and bound VEGFR2 at
levels comparable to scVEGFmut, indicating that loop 3 could
potentially be replaced and engineered to bind a different target,
such as a,f; integrin.

Construction and Screening of scVEGF Libraries for Mutants That Bind
Both VEGFR2 and a,f; Integrin. Substitution of scVEGFmut loop 3
(IKPHQGQ) with an Arg-Gly-Asp (RGD)-containing sequence
derived from fibronectin (TGRGDSPAS) resulted in a mutant
that was well expressed on yeast, but did not significantly bind
a,f; integrin at concentrations up to 500 nM (Fig. S2B). Thus,
to optimize this loop sequence for high affinity integrin binding,
we created three yeast-displayed libraries (approximately 2 x 107
transformants each) in which loop 3 of scVEGFmut was substi-
tuted with the sequences XXRGDXXXX, XXXRGDXXX, or
XXXXRGDXX, where X corresponds to any amino acid. The
individual libraries contained relatively few clones that bound
to 250 nM a, 5 integrin (Fig. S2C). To enrich for integrin binders,
the pooled libraries were incubated with detergent-solubilized
a,f; integrin and an anti-cMyc antibody, followed by fluores-
cently labeled secondary antibodies. Yeast with the highest levels
of receptor binding relative to protein expression were isolated
by FACS, propagated, and the process was repeated for multiple
sort rounds (Fig. 1C). Seven sort rounds were performed using
decreasing concentrations of o, f; integrin in each round (ranging
from 250 nM in round 1 to 25 nM in round 7). In an intermediate
sort round (round 4), yeast were screened against VEGFR2 to
remove a population of proteins with weaker receptor binding
(Fig. 1C). Sixteen clones were sequenced after the final sort
round, and seven unique sequences were obtained (Table S1). We
chose several yeast-displayed variants that bound with the highest
affinities to VEGFR?2 and «, 5 integrin for further characteriza-
tion. sScVEGFwt, scVEGFmut, and the dual-specific mutants 7H,
71, and 7P were expressed in Pichia pastoris and purified and char-
acterized as described (SI Materials and Methods and Fig. S3). To
measure the effects of integrin binding alone we also expressed a
control protein, scVEGF m27I (Fig. 14), which contains the in-
tegrin-binding loop from mutant 7I and the amino acid mutations
F17A, E64A, 146A, and I83A in both chain 1 and chain 2 of the
scVEGF scaffold. Based on these mutations, sScVEGF m271 was
expected not to recognize VEGFR?2 at either pole of the mole-
cule, but to bind a,f4; integrin with high affinity.

Binding of scVEGF Proteins to VEGFR2 and Integrin Receptors. Binding
affinities of scVEGF proteins were measured against VEGFR2
and integrins expressed on the surface of several cell lines. The
receptor expression in each cell line was measured by flow cyto-
metry (Fig. S4). The dual-specific mutants 7H, 71, and 7P bound
with similar apparent K, values of approximately 35 nM to K562
human leukemia cells stably transfected to express «,/; integrin
(Fig. 24 and Table 1). As these cells do not express VEGFR2,
binding was not observed for scVEGFwt and scVEGFmut. The
monospecific mutant sScsVEGF m271 bound to K562-a,4; cells
with comparable affinity to the dual-specific mutant 71, indicating
that introduction of additional mutations used to create m271 did

Fig. 2. Binding titrations against mammalian cell
lines. (A) K562-a,8;, (B) PAE/KDR, and (C) HUVEC.
Mean fluorescence values of scVEGFwt (O),
scCVEGFmut (m), scVEGF m27| (e), scVEGF 7H (a),
scVEGF 71 (#), and scVEGF 7P (v) were determined
by flow cytometry using a fluorescently labeled
antibody against a hexahistidine or FLAG epitope
tag. Data shown are the average of triplicate experi-
ments and error bars represent standard deviations.
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Table 1. Equilibrium binding affinities and kinetic rate constants of VEGF and scVEGF variants to cell surface receptors or immobilized

VEGFR2

Cell lines, apparent Kp, nM SPR (immobilized VEGFR2)
Variant K562-at, 3 PAE/KDR HUVEC SVR Kp, nM Kon (M~ s71) x 105 Kot (s1)x 1073
VEGF,3, * * * * 3.1+04 3.3+0.2 1.0 £ 0.1
scVEGFwt T 9x2 28 +2 ¥ 25+04 24+04 0.7 £ 0.1
scVEGFmut ' 194 ¥ ' 171+ 0.4 0.9 = 0.1 1.5+ 0.1
scVEGF m27I 36 + 4 60 £ 85 ¥ ¥ * * *
scVEGF 7H 395 14+3° 14 =1 48 + 6 43 + 9 04+ 0.1 1.8 + 0.1
scVEGF 71 323 15+3°5 62 25+ 3 50 + 10 04 x0.1 1.8 +0.3
scVEGF 7P 34+2 16+5° 42 £ 3 43 £ 5 50 = 10 0.3 +0.1 1.7 £ 0.2

Cell binding data were fitted to sigmoidal curves to calculate apparent dissociation constants. SPR sensorgram curves were globally fit with a 1:1
Langmuir binding model. Binding experiments were conducted in triplicate and errors denote standard deviations.

*Not measured.
"No binding was observed at the highest concentration tested (1 pM).
*Kp value could not be accurately determined.

scVEGF protein also binds to untransfected PAE cells, presumably through porcine integrins (Fig. S6A).

not affect integrin binding. None of the scVEGF proteins bound
to wild-type K562 cells, which naturally express asf, integrin, or
to K562 cells transfected with a,f5 or a;;,f; integrins (Fig. S5).

Similar relative binding affinities were measured for
scVEGFwt, scVEGFmut, and scVEGF 7H, 71, and 7P to porcine
endothelial cells stably transfected to express human VEGFR2
(PAE/KDR) (Fig. 2B and Table 1). However, the maximum level
of cell binding was significantly higher for scVEGFwt, likely due
to differences in apparent affinity where scVEGF variants with
monovalent VEGFR2 binding reach equilibrium at a lower
bound level compared to scVEGFwt. In contrast, compared to
scVEGFwt, scVEGFmut, and scVEGF m27I, the dual-specific
mutants 7H, 71, and 7P exhibited a substantial increase in max-
imum levels of binding to human umbilical vein endothelial cells
(HUVEGCsS) that express both human VEGFR?2 and «, 45 integrin,
demonstrating their ability to effectively bind to both receptors
(Fig. 2C and Table 1). The monospecific mutant scVEGF
m271 exhibited binding to PAE/KDR cells, which do not express
human «,f; integrin (Fig. 2B and Fig. S4). However, both
scVEGF m27I and the scVEGF 7I variant from which it was
derived bound with similar apparent affinity to untransfected par-
ental PAE cells, which express porcine «,f; integrin (31)
(Fig. S64). In addition, scVEGF mutants 7H and 7P, but not
scVEGFwt or scVEGFmut, bound to the parental PAE cells,
indicating cross-reactivity of the mutants to both human and
porcine integrin receptors.

Sequence alignments showed that human and murine «, and j3;
are approximately 90% homologous, whereas the extracellular
domains of human and murine VEGFR?2 share 85% sequence
homology (32). To test cross-reactivity with murine receptors
for in vivo experiments, we measured binding to angiosarcoma
endothelial cells (SVR), which express both murine VEGFR2
and a, 5 integrin (Fig. S4). The dual-specific mutants 7H, 71, and
7P bound to SVR cells with apparent Kj values of 25-50 nM
(Table 1 and Fig. S6B). In comparison, scVEGF m27I and
scVEGFwt exhibited weaker binding to these cells, whereas
scVEGFmut did not bind. The dual-specific mutants were cre-
ated by introducing an integrin-binding loop into scVEGFmut
without directly altering VEGF/VEGFR?2 interactions. However,
the higher binding levels of the dual-specific variants compared to
their monospecific counterparts show that both receptors contri-
bute to these interactions. We used a blocking experiment to
further test if binding of scVEGF mutant 71 to SVR cells was
mediated by both VEGFR2 and «,f; integrin. Incubation of
SVR cells with an excess of integrin competitor completely
blocked binding of scVEGF 71 (Fig. S6C). In addition, significant
inhibition of scVEGF 71 binding was observed after addition of
an excess of VEGFR2 competitor, indicating that integrin en-
gagement is necessary for cell surface binding of scVEGF 71,
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and appears to increase the binding to murine VEGFR2. Binding
of scVEGF m271 to SVR cells was blocked by an excess of integ-
rin competitor, but not VEGFR2 competitor, further confirming
that scVEGF m27I binds monospecifically to a,f; integrin and
does not bind VEGFR2 (Fig. S6C).

The binding kinetics of scVEGF proteins to VEGFR2
were determined by surface plasmon resonance (Fig. S74). In
comparison, the measured kinetic rate constants of VEGF,,;
to immobilized VEGFR2 were in overall agreement with those
previously reported (33) (Table 1). The dual-specific mutants
7H, 71, and 7P had approximately 20-fold weaker affinity for
VEGFR2 compared to scVEGFwt and VEGF,;, and 2-fold
weaker affinity than scVEGFmut (Table 1). The weaker binding
affinity of these mutants compared to scVEGFmut primarily re-
sult from slower kinetic on-rates. Similar binding experiments
were attempted with immobilized «,f; integrin; however, we
were unable to find suitable surface regeneration conditions after
exhaustive efforts.

Simultaneous Binding of scVEGF Proteins to VEGFR2 and «, ; Integrin.
While engaged with integrin receptors on K562-a,53; cells, the
dual-specific scVEGF mutants were able to bind to soluble
recombinant human VEGFR2 extracellular domain (Fig. S6D).
These results were confirmed with surface plasmon resonance
by flowing scVEGF proteins over a surface of immobilized
VEGFR?2 and then monitoring the increase in binding response
upon addition of soluble recombinant human «,f; integrin
(Fig. 3). Alternatively, scVEGF proteins were flowed over a sur-
face of immobilized «,f; integrin, and the binding increase was
measured in response to the addition of soluble VEGFR2
(Fig. S7B). In all of these experiments, sScVEGF mutants 7H,
71, and 7P simultaneously bound to both VEGFR2 and «,f; in-
tegrin, whereas scVEGFmut did not. No binding interactions
were detected between immobilized VEGFR2 and soluble
a,f; integrin or immobilized «, f; integrin and soluble VEGFR2.

scVEGF Proteins with Dual Receptor Binding Strongly Inhibit Ligand-
Mediated Activity in Endothelial Cells. In the absence of vitronectin,
the dual-specific mutants 7H, 71, and 7P inhibited VEGF-stimu-
lated VEGFR2 phosphorylation in HUVECs at similar levels
compared to scVEGFmut and scVEGF m271I (Fig. 44, Left).
However, when HUVECs were grown on vitronectin-coated sur-
faces, scVEGF 71 strongly inhibited VEGF-stimulated VEGFR2
phosphorylation compared to its monospecific counterparts
scVEGFmut and scVEGF m271 (Fig. 44, Right). scVEGF mu-
tants 7H and 7P inhibited greater levels of VEGFR2-phosphor-
ylation than the monospecific variant scVEGFmut and were
slightly improved over scVEGF m27I. Next, scVEGF mutants
7H, 71, and 7P all strongly inhibited VEGF-stimulated prolifera-
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Fig. 3. Dual binding of scVEGF proteins to recombinant VEGFR2 and «, /33
integrin. Representative surface plasmon resonance sensorgram traces of
scVEGF proteins flowed over a VEGFR2-immobilized dextran sensor chip.
After scVEGF was bound to the chip, a subsequent injection was made of
buffer alone (gray) or «,f; integrin (black). scVEGF variants 7H, 71, and 7P,
but not scVEGFmut, showed an increase in response units after injection
of soluble a, 43 integrin, indicating simultaneous binding to both receptors.

tion compared to the monospecific variants scVEGFmut and
scVEGF m27I when HUVECs were grown on vitronectin-coated
surfaces (Fig. 4B, Right). In contrast, the dual-specific and mono-
specific variants inhibited proliferation at similar levels in the
absence of vitronectin (Fig. 4B, Left). Addition of the sScVEGFwt
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agonist to HUVECS caused an increase in cell proliferation that
was further potentiated in the presence of vitronectin. Finally,
scVEGF mutants 7H, 71, and 7P all strongly inhibited HUVEC
adhesion mediated to vitronectin-coated surfaces with ICs,
values <20 nM (Fig. 4C). scVEGF m27I inhibited similar levels
of cell adhesion, indicating that the integrin-binding loops of 71
and m27I are functionally equivalent. ssVEGFmut did not inhibit
cell adhesion at any concentration tested, and scVEGFwt conver-
sely promoted cell adhesion to vitronectin. These results support
a model where a VEGF agonist mediates VEGFR2-¢, 35 integrin
cross-talk upon binding VEGFR2, stimulating cell adhesion via
a,f; integrin.

scVEGF Proteins with Dual Receptor Binding Strongly Inhibit Angio-
genic Processes In Vitro and In Vivo. scVEGF mutants 7H and 71
inhibited VEGF-induced capillary tube formation by HUVECs
grown on Matrigel, an extracellular basement membrane matrix
(34), with ICs; values of approximately 10 nM (Fig. 5 4 and B).
scVEGF mutant 7P inhibited capillary tube formation to a lesser
extent, similar to inhibition observed with scVEGFmut and
scVEGF m271. We next measured the ability of the scVEGF pro-
teins to block angiogenesis in vivo using a Matrigel plug assay
(35). We chose scVEGF mutant 71 for this study, as it had the
strongest binding to HUVECs and SVR cells and was the most
effective at inhibiting VEGFR2 phosphorylation and capillary
tube formation. C3H/HeN mice were subcutaneously injected
with Matrigel alone, a VEGF 4s/heparin positive control, or
VEGF g5 /heparin along with 20 nM scVEGF proteins. After
10 d, the Matrigel plugs were removed from the animals and pro-
cessed for microscopy and hemoglobin quantification. Strikingly,
the dual-specific mutant 71 inhibited angiogenesis to levels
approaching that of the negative control (Fig. 5 C and D). The
monospecific variants sScVEGFmut and scVEGF m271 were
significantly less effective at inhibiting angiogenesis compared
to scVEGF mutant 71, indicating that both receptor pathways
play a role in these biological processes (Fig. 5 C and D).
H&E staining of Matrigel sections showed the presence of red
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Fig. 4. Antagonistic activity of scVEGF proteins in cell culture assays. (A) Effect of scVEGF proteins on VEGF-mediated VEGFR2 phosphorylation in HUVECs in
the absence (left bar graph) or presence (right bar graph) of vitronectin. Colored bars indicate phospho-VEGFR2 levels observed upon coincubation of 1 nM
VEGF,,; with varying concentrations of scVEGFwt (red), scVEGFmut (blue), scVEGF m271 (cyan), scVEGF 7H (orange), scVEGF 71 (green), and scVEGF 7P (black).
White bars represent unstimulated cells (— control) or cells treated with 1 nM VEGF;,; alone. Compared to 1 nM VEGF,,4, similar levels of agonistic activity
were seen with cells treated with 1 nM scVEGFwt agonist alone (gray bars). (B) Effect of scVEGF proteins on VEGF-mediated HUVEC proliferation in the absence
(left line graph) or presence (right line graph) of vitronectin. As above, 1 nM VEGF;,; was coincubated with varying concentrations of scVEGF proteins.
(Q) Inhibition or promotion of HUVEC adhesion to vitronectin-coated wells mediated by scVEGF proteins. Symbols: scVEGFwt (red O), scVEGFmut
(blue m), scVEGF m27I (cyan ), scVEGF 7H (orange A), scVEGF 7! (green ), and scVEGF 7P (black v). Data shown are the average of triplicate values and
error bars represent standard deviations.
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Fig. 5. Inhibition of angiogenesis by scVEGF proteins. (A and B) Matrigel-in-
duced capillary tube formation of HUVECs treated with 10 nM VEGF,,; alone
or with various concentrations of scVEGF proteins. (A) After 20 h, the vital dye
calcein-AM was added and tube formation was visualized by microscopy
(50%). Representative images are shown. (B) Quantification expressed as
the percent length of tube formation compared to 10 nM VEGF;,,. Symbols:
scCVEGFwt (red Q), scVEGFmut (blue m), scVEGF m271 (cyan e), scVEGF 7H
(orange A), scVEGF 71 (green ¢), and scVEGF 7P (black w). (C-E) Inhibition
of in vivo angiogenesis in Matrigel plugs implanted in C3H/HeN mice. Matri-
gel plugs contained phosphate buffered saline (- ctrl), VEGF¢5/heparin
(+ ctrl), or VEGF g5 /heparin + 20 nM scVEGF proteins. (C) Plugs were removed
from mice and photographed after 10 d. (D) Hemoglobin (Hb) content within
Matrigel plugs was quantified and depicted as the percent of Hb compared
to VEGF,¢5/heparin (gray bar). (E) H&E staining of 5-pm Matrigel sections for
blood vessel formation. Error bars represent standard deviations of experi-
ments performed in triplicate.

blood cells and blood vessel formation in the positive control and
scVEGFmut-treated samples, which were completely absent in
the negative control and scVEGF 7I-treated samples (Fig. 5E).
Immunohistochemistry confirmed that these blood cells, which
arose from the mouse, expressed murine VEGFR2 and a,f;
integrin, and expressed the endothelial cell marker CD34, which
colocalized with VEGFR?2 expression (Fig. S8).

Discussion

The biopharmaceutical industry has been rapidly moving toward
the development of multispecific proteins that can bind to and
modulate the activity of more than one clinical target (36). Such
agents can potentially increase binding affinity, avidity, potency,
and selectivity compared to protein therapeutics that target a
single cell surface receptor. The vast majority of current bispecific
protein therapeutics are antibodies or antibody fragments that
are assembled through associating domains, or by physically
tethering two protein domains through a flexible linker (37, 38).
We created a dual-specific therapeutic protein that does not rely
on associating domains or physical linkage, but rather is based on
a naturally occurring ligand into which an additional high affinity
receptor binding epitope has been introduced without disrupting
the original function.

Extracellular matrix proteins bind to integrin receptors
through an RGD motif, which must be presented in a particular
conformation for integrin binding (24, 39). Hence, simple sub-
stitution of scVEGFmut loop 3 with an RGD-containing
sequence grafted from the integrin-binding domain of fibronec-
tin (TGRGDSPAS) did not confer binding to «,f; integrin
(Fig. S2B). Similarly, our initial RGD-loop libraries contained
very few integrin binders, which were enriched over multiple
rounds of sorting. In our library-isolated clones, the RGD motif
was found in the center of the loop, and there was little consensus
among the flanking residues except for the presence of a proline
in the first loop position for five out of the seven sequences.

Papo et al.

We were surprised to find that scVEGF mutant 7I contained an
11-amino acid loop, two residues longer than the 9-amino acid
RGD loop used for the library construction. Interestingly, this
mutant contained the sequence SPAS immediately following
the RGD tripeptide motif, similar to the RGDSPAS sequence
found in fibronectin. As expected, yeast-displayed scVEGFwt
and scVEGFmut bound with high affinity to VEGFR1, consistent
with previous studies on wild-type VEGF and similar protein
mutants (29, 40). VEGFRL1 is thought to modulate the activity
of VEGFR?2 and also plays a role in a number of human diseases
(2); thus it will be interesting in future studies to explore the bio-
logical effects of known point mutations that diminish VEGFR1
binding.

We showed by surface plasmon resonance and cell surface
staining that dual-specific scsVEGF variants can simultaneously
bind to both VEGFR and «,f; integrin, leading to antagonism
of immediate signaling events (VEGFR2 phosphorylation) and
downstream processes (proliferation), particularly in the pre-
sence of vitronectin. In contrast, the scVEGFwt agonist, which
can presumably bind to and dimerize two VEGFR2 molecules,
exhibited bell-shaped curves in many of the binding and bio-
logical assays, suggesting less receptor cross-linking or receptor
internalization and autoinhibition of signaling at higher concen-
trations. This reduction in activity at high ligand concentrations
has also been observed with wild-type VEGF (28, 41) and other
growth factors (42). The scVEGFwt agonist strongly promoted
cell adhesion to vitronectin, providing further evidence of cross-
talk between VEGFR and q,f; integrin, and highlights the
potential importance of blocking both receptors for more effec-
tive inhibition of angiogenesis.

The scVEGF mutant 71 exhibited increased binding to
HUVECs and was a more potent inhibitor of biological activity
compared to its monospecific counterparts, highlighting the ef-
fects of the dual functionality we engineered into this protein.
In addition, mutant 7I was more effective than 7H and 7P at in-
hibiting ligand-mediated VEGFR2 phosphorylation in HUVECs,
in agreement with its increased binding to these cells at lower
concentrations. However, sScVEGF 71 was similar to mutants
7H and 7P in its ability to inhibit ligand-mediated cell prolifera-
tion, which measures a biological response over longer time per-
iods after initial stimulation. These results suggest that in cell
culture models mutant 7 might be a more potent inhibitor of
early activation events, which are more closely coupled to recep-
tor binding interactions. sScVEGF mutant 7P showed decreased
ability to simultaneously engage VEGFR?2 and a, ;5 integrin com-
pared to mutants 7H and 71 (Fig. 3 and Fig. S6D), perhaps due to
reduced flexibility within its integrin-binding loop, which contains
a higher percentage of proline residues compared to the other
engineered variants (Table S1).

Remarkably, the dual-specific mutant 71, but not the monospe-
cific variants scVEGFmut or scVEGF m27I, exhibited nearly
complete inhibition of VEGF-mediated murine blood vessel
formation within implanted Matrigel plugs. This inhibition could
be due to biological effects mediated by blocking both VEGFR2
and a,f; integrin, or through blocking receptor cross-talk. These
results indicate promise for further clinical development of dual-
specific VEGFR2/a,f; integrin antagonists. Currently, drug
cocktails are used to obtain additive or synergistic therapeutic
effects. For example, combination of etaracizumab (anti-a,f;
integrin) and bevacizumab (anti-VEGF) was superior to single
agent therapy in orthotopic mouse models of ovarian cancer (8).
In another study, combination therapy with the cyclic RGD pep-
tide EMD270179 and the small molecule VEGFR2 antagonist
SU5416 exhibited greater inhibition of functional vessel density
and subcutaneous tumor growth and metastasis compared to
single agent treatment (13). Dual-specific proteins could substan-
tially reduce costs associated with drug development, production,
clinical testing, and regulatory approval compared with separate
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agents used in combination therapies. Moreover, agents that have
the potential to modulate multiple receptors would be beneficial
due to differential expression of disease markers among patients
and the ability of this expression to change over time. The
pharmacokinetics and therapeutic efficacy of dual-specific and
monospecific sSsVEGF mutants will be interesting to explore in
future studies. Compared to monoclonal antibodies (approxi-
mately 150 kDa), the engineered scVEGF proteins (approxi-
mately 25 kDa) are expected to have faster blood clearance,
but their circulation half-life could be increased for therapeutic
applications through the addition of polyethylene glycol or
through fusion to an antibody Fc domain.

In summary, we demonstrate application of a growth factor as
a molecular scaffold for engineering dual-specific proteins that
bind to and inhibit the biological activity of two clinically relevant
receptors. We envision this approach as a general strategy that
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can be applied to other ligands to develop multifunctional
proteins against additional biomedical targets.
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