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Pathological angiogenesis usually involves disrupted vascular
integrity, vascular leakage, and infiltration of inflammatory
cells, which are governed mainly by VEGF-A and TNF-�.
Although many inhibitors targeting either VEGF-A or TNF-�
have been developed, there is no single inhibitor molecule that
simultaneously targets both molecules. Here, we designed and
generated a novel chimeric decoy receptor (Valpha) that can
simultaneously bind to VEGF-A and TNF-� and block their
actions. In this experimental design,wehave shown thatValpha,
which is an effective synchronous blocker of VEGF-A and
TNF-�, can drastically increase treatment effectiveness through
its dual-blocking characteristics. Valpha contains the VEGF-A-
binding domain of VEGFR1, the TNF-�-binding domain of
TNFR2, and the Fc domain of IgG1. Valpha exhibited strong
binding characteristics for its original counterparts, VEGF-A
and TNF-�, but not for the extracellular matrix, resulting in a
highly favorable pharmacokinetic profile in vivo. Compared
with VEGF-Trap or Enbrel, both of which block either VEGF-A
or TNF-�, singularly, Valpha is a highly effective molecule for
reducing abnormal vascular tufts and the number of F4/80�

macrophages in a retinopathy model. In addition, Valpha
showed superior relief effects in a psoriasismodel with regard to
epidermal thickness and the area of blood and lymphatic vessels.
Thus, the simultaneous blocking of VEGF-A and TNF-� using
Valpha is an effective therapeutic strategy and cost-efficient for
treatment of retinopathy and psoriasis.

VEGF-Aplays a key role in growth,migration, and survival of
blood endothelial cells, which are essential processes for angio-
genesis, specifically through the activation of VEGFR2 rather
than VEGFR1 (1–5). VEGF-A is the prime molecule responsi-

ble for tumor and inflammatory angiogenesis, where it pro-
motes abnormal vessel formation and vascular leakage (1, 2,
4–7). Based on this information, many attempts were carried
out to block VEGF-A action, including blocking antibody,
decoy receptor, aptamer, and siRNA against VEGF-A (8–11).
For instance, VEGF-Trap (developed by Regeneron Pharma-
ceuticals, Inc.) effectively inhibits tumor and ocular angiogen-
esis and also reduces vascular leakage (9, 12–14). However,
VEGF-Trap targets only VEGF-A-related diseases. TNF-�
mediates the immune response by recruiting leukocytes to the
site of inflammation (15). TNF-� is an important molecule in
the initiation of inflammatory responses through activation
of NF-�B in the inflammatory cells, including macrophages,
endothelial cells, and dendritic cells (16, 17). Several
approaches have been developed to block TNF-� action. For
instance, Amgen Inc. developed a TNF-� decoy receptor,
Enbrel, which is currently being used to treat many inflam-
matory diseases related to TNF-� (18, 19).

Human VEGFR1 is separated by three major regions: an
extracellular domain consisting of seven Ig-like domains, a
transmembrane domain, and an intracellular tyrosine kinase
domain (20, 21). Ig-like domain 2 (among seven Ig-like
domains) of VEGFR1 is essential for VEGF-A binding (20, 21).
However, Ig-like domain 2 of VEGFR1 contains many basic
amino acids, and its theoretical pI is 9.19 (9, 20). In general,
positively charged, high pI proteins bind nonspecifically to the
extracellular matrix, which is negatively charged (22). There-
fore, Ig-like domain 2 of VEGFR1 per semight not be used as a
therapeutic protein due to its poor pharmacokinetic properties
(9). Human TNFR2 is separated by three major regions: an
extracellular domain consisting of four cysteine-rich domains,
a transmembrane domain, and an intracellular domain (23, 24).
The four cysteine-rich domains of the extracellular domain of
TNFR2 are essential for TNF binding (23, 25). Although this
subdomain contains many basic amino acids, the theoretical pI
of this subdomain is 6.5 because it possesses high amounts of
cysteine and other acidic amino acids.
The underlying causes of vision loss in blinding retinal dis-

eases, such as proliferative diabetic retinopathy and age-related
macular degeneration, are abnormal and excessive neovascu-
larization and increased vascular permeability (7, 26, 27). How-
ever, early vessel loss initiates retinopathy because of an inade-
quate blood supply resulting from vaso-obliteration, resulting

* This work was supported by National Research Foundation Grant R2009-
0079390 (to G. Y. K.), World Class University (WCU) Grant R31-2009-000-
10071-0 (to G. Y. K.), and a Korea Advanced Institute of Science and Tech-
nology (KAIST) institute grant (2009) funded by the Ministry of Education,
Science and Technology, Korea.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental “Methods” and Figs. S1–S3.

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: Graduate School of Bio-

medical Science and Engineering, KAIST, 373-1 Guseong-dong, Daejeon
305-701, Korea. Tel.: 82-42-350-2638; Fax: 82-42-350-2610; E-mail: gykoh@
kaist.ac.kr.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 16, pp. 14410 –14418, April 22, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

14410 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 16 • APRIL 22, 2011

http://www.jbc.org/cgi/content/full/M111.228130/DC1


in tissue hypoxia, which determines the severity of subsequent
pathological vessel growth (28, 29). Pathological angiogenesis
in the retina produces chaotically oriented growth of dysfunc-
tional vessels that grow into the vitreous as vascular tufts and is
accompanied by infiltration of various inflammatory cells,
including macrophages, leaky vessels, and edema in the retina
(26, 29). These pathological features are common in the pedi-
atric retinopathy of prematurity condition and in the diabetic
retinopathy of the adult (29). In fact, VEGF-A and TNF-� are
simultaneously up-regulated in these pathological retinopa-
thies (1, 26).
Psoriasis is a chronic inflammatory skin disease character-

ized by marked thickening of the epidermis, tortuous and
dilated dermal blood vessels, and characteristic inflammatory
cell infiltrates (30, 31). Although the pathogenesis of psoriasis
has not been fully elucidated, TNF-� and VEGF-A are overex-
pressed in psoriasis and are believed to have central roles in the
processes (30, 32). In particular, biological agents targeting
TNF-� are highly effective in treatment of patients with psori-
asis, and VEGF-A blockade has been known to also be effective
in mouse models of psoriasis (30–32). To investigate the
efficacies of synchronous blockade of VEGF-A and TNF-�,
we generated a 12-O-tetradecanoylphorbol-13-acetate (TPA)3-
induced psoriasis model using keratin 14-VEGF-A transgenic
mice (33, 34). Amouse psoriasis model using keratin 14-VEGF-A
transgenic mice has been validated in several studies and shown
to recapitulate many pathological and molecular hallmarks of
human psoriasis (31, 33, 34).
Rheumatoid arthritis is a disabling disease that can cause

bone destruction and permanent deformity (6, 35). The hall-
mark of rheumatoid arthritis is synovial cell proliferation in
response to inflammatory stimuli, leading to formation of the
rheumatoid pannus (6, 35). One of the earliest events observed
in synovitis is the development of new vessels in the synovium,
and VEGF-A is strongly expressed by subsynovial macro-
phages, fibroblasts surrounding vessels, vascular smooth mus-
cle cells, and synovial lining cells (6, 36, 37). In human rheuma-
toid arthritis, VEGF-A is detected in both synovial fluid and
serum (35, 37). The VEGF-A expression level in synovial fluid
and tissues correlates with the clinical severity of human rheu-
matoid arthritis and with the degree of joint destruction (35,
36). Among other antirheumatic drugs, TNF-� inhibitors are
widely used, and VEGF-A inhibitors have therapeutic potential
as well (6, 35, 37).
We hypothesized that double blockade of VEGF-A and

TNF-� could be more effective than single inhibition of either
VEGF-A or TNF-� in treatment of diseases related to inflam-
matory angiogenesis. To address our hypothesis, we designed
and generated a novel chimeric decoy receptor (Valpha) that
can simultaneously bind toVEGF-A andTNF-� and block their
actions. Valpha is an effective therapeutic agent for treatment
of retinopathy and psoriasis.

EXPERIMENTAL PROCEDURES

Generation of Recombinant Proteins—Gene constructs
encoding humanTNFR2 (amino acid residues 23–257), human
VEGFR1 (amino acid residues 132–225), and the Fc domain of
human IgG (referred to as Fc) were cloned into the pCMV-dhfr
vector. Recombinant CHO cells expressing Valpha was estab-
lished following a previously describedmethod (22, 38). Briefly,
the cells were established by transfection of a vector containing
the dhfr (dihydrofolate reductase) and Valpha genes into dhfr-
deficient CHO cells (CRL-9096, American Type Culture Col-
lection). This was followed by dhfr/methotrexate-mediated
gene amplification. The stable recombinant CHO cell line
secreting the highest amount of Valpha was selected with seri-
ally increasing concentrations of methotrexate (0.001–0.32
�M; Sigma). The cells were then grown andmaintained in HyQ
SFM4CHO (HyClone) supplemented with 1% dialyzed fetal
bovine serum (Invitrogen) and 0.32 �M methotrexate. For
recombinant Valpha protein production, the cells were inocu-
lated at 2� 105 cells/ml in 250-ml Erlenmeyer flasks containing
100 ml of medium on an orbital shaker (Vision) at 110 rpm in a
humidified 5%CO2 incubator at 37 °C. After 4 days, the culture
media containing recombinant proteins were harvested, and
the recombinant Valpha proteins were purified by using pro-
tein A-Sepharose affinity chromatography with subsequent
acid elution and neutralization. After purification, protein was
quantitated using the Bradford assay and confirmed by Coo-
massie Blue staining of an SDS-polyacrylamide gel.
In Vitro Assays for TNF-� and VEGF-A—To examine the

inhibitory activity of Valpha on TNF-�, NF-�B activity was
assessed by immunolocalization of p65 in the nuclei of primary
cultured lymphatic endothelial cells as described previously
(22). Briefly, primary lymphatic microvascular endothelial cells
(LECs) derived from adult human dermis were purchased from
Cambrex Corp. and maintained in endothelial cell basal medi-
um-2 with growth supplements (EBM-2 MV, Lonza). Passage
4–6 LECswere incubated in EBM-2MVcontaining 1% FBS for
8 h and then with 10 �g/ml Fc, VEGF-Trap, Enbrel, or Valpha
for 15 min, and the LECs were treated with TNF-� (10 ng/ml)
for 30 min. For the immunofluorescence staining of p65, the
cells were fixed with 4% paraformaldehyde for 30 min at 4 °C,
washed with PBS, permeabilized with PBS containing 0.05%
Triton X-100 at 4 °C for 30min, and then washed with PBS. For
blocking, 200�l of 5% donkey serumwas added to each well for
1 h at room temperature. Rabbit anti-human p65 antibody
(1:100 dilution; Santa Cruz Biotechnology) was incubated over-
night with the cells at room temperature. After incubation of
the primary antibody, the cells were washed with PBS and then
incubated with donkey anti-rabbit FITC antibody (1:200 dilu-
tion; Jackson ImmunoResearch Laboratories) for 2 h at room
temperature. For nuclear staining, the cellswere incubatedwith
DAPI (1:1000 dilution; Invitrogen) for 10 min. For immuno-
blotting of p65 nuclear translocalization, the treated LECs were
lysed, and their nuclear fractions were collected as follows. The
cells were lysed with 10mMHEPES, 1.5 mMMgCl2, 50mMKCl,
0.1 mM DTT, and 0.05% Nonidet P-40, and their supernatants
were kept as cytosolic fractions. Their pellets were lysed with 5
mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 4.6 M NaCl, 0.5 mM

3 The abbreviations used are: TPA, 12-O-tetradecanoylphorbol-13-acetate;
LEC, lymphatic microvascular endothelial cell; ECM, extracellular matrix;
OIR, oxygen-induced retinopathy.
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DTT, and 26% glycerol, and lysates were immunoblotted with
anti-p65 antibody. The membrane was stripped and reprobed
with anti-lamin antibody (Santa Cruz Biotechnology) for vali-
dation of equal loading of nuclear protein. To examine the
inhibitory activity of Valpha onVEGF-A, human umbilical vein
endothelial cells were cultured to confluence, and a scratch was
made using a sterile blue tip (1000 �l) as described previously
(39). Detached cells were removed, and dishes were treated
with 2 �g/ml Fc, VEGF-Trap, Enbrel, or Valpha for 10 min and
then treatedwith 50 ng/mlVEGF-A. Photographic imageswere
taken at 0 and 24 h after treatment with VEGF-A for measure-
ment of the migration distance. See supplemental “Methods”
for more information.

RESULTS

Generation of Valpha—We designed and generated a novel
fusion protein, Valpha, consisting of the cysteine-rich domains
of human TNFR2, Ig-like domain 2 of humanVEGFR1, and the
Fc domain of human IgG (Fig. 1, A and B). The minimum
ligand-binding domain of TNFR2 is located in the N-terminal
portion, that of VEGFR1 is located in the middle portion, and
the Fc domain of human IgG is located in the C-terminal por-
tion of Valpha. The estimated molecular mass of Valpha is 65
kDa. Recombinant CHO cells expressing Valpha were estab-
lished following a previously described method (38). Under
reducing conditions, purified Valpha revealed predominantly
single bands with the expected molecular masses of �65 kDa

(Fig. 1C). Under nonreducing conditions, the recombinant pro-
teins were present as disulfide-linked dimers due to the pres-
ence of the Fc domain (Fig. 1C). Although the theoretical pI of
Valpha is 7.14, its actual pI is �5.5 (Fig. 1D).
In Vitro Characterization of Valpha—The ability of the

recombinant Valpha protein to bind to VEGF-A and TNF-� in
vitro was measured by ELISA (Fig. 2, A and B). The alternative
ELISAs revealed that Valphawas capable of simultaneous bind-
ing to VEGF-A and TNF-� (Fig. 2, C and D). Surface plasmon
resonance analyses revealed that Valpha proteins directly inter-
acted with VEGF-A and TNF-�, and the KD values for Valpha
binding to VEGF-A and TNF-� were �6.5 pM and �64.1 nM,
respectively (Fig. 3,A and B). Accordingly, Valpha almost com-
pletely inhibited TNF-�-induced NF-�B activation in primary
cultured lymphatic endothelial cells (Fig. 4). Valpha also signif-
icantly reduced VEGF-A-induced migration of primary cul-
tured blood endothelial cells and VEGFR2 phosphorylation in
vitro (Fig. 5).
Valpha Pharmacokinetics—The pI of a recombinant protein

affects its bioavailability and pharmacokinetics in vivo. Gener-
ally, proteins with high pI values display poor pharmacokinetic
properties due to the fact that highly positively charged pro-
teins are largely deposited at the site of subcutaneous injection,
resulting from the nonspecific adhesion of highly negatively
charged proteoglycans that compose the extracellular matrix
(ECM) (9). We performed ECM binding assay with increasing

FIGURE 1. Structure of the Valpha construct and characterization of purified Valpha protein. A, schematic diagrams of the constructs showing human
VEGFR1 and human TNFR2. B, the four cysteine-rich domains of TNFR2 essential for TNF-� binding are located in the N-terminal portion, Ig-like domain 2 (Ig2)
of VEGFR1 is located in middle portion, and the Fc portion of human IgG is located in the C-terminal portion of Valpha. C, 2 �g of each reduced (R) and
nonreduced (NR) Valpha protein was separated by SDS-PAGE and stained with Coomassie Blue. Molecular masses (in kilodaltons) are indicated on the left. D, 20
�g of Valpha protein was loaded on an IsoGel agarose isoelectric focusing plate and run at 50-mA constant current for 3 h. The gels were stained with
Coomassie Blue. The bracket marks the pI range of the Valpha protein. Reference pI values are indicated on the left.
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concentrations of VEGF-Trap, Enbrel, or Valpha. In accord-
ance with the theoretical pI values, the ECM binding of VEGF-
Trap was relatively high, whereas Valpha showed less binding
to the ECM (Fig. 3C). The ECMbinding of Valphawas even less
than that of Enbrel. For a standard pharmacokinetic analysis,
mice were given single subcutaneous injections of 100 �g of
VEGF-Trap, Enbrel, or Valpha (Fig. 3D). The proteins reached
maximum levels in the blood at 1�2 h after injection, and their
half-lives were �2 days. Valpha had a maximum concentration
of 7.88 � 0.63 �g/ml and a total area under the curve concen-
tration of 20.2 � 1.88 �g � days/ml, VEGF-Trap had a maxi-
mumconcentration of 6.18� 0.98�g/ml and a total area under
the curve concentration of 12.4 � 1.62 �g � days/ml, and
Enbrel had amaximumconcentration of 8.04� 0.70�g/ml and
a total area under the curve concentration of 18.6 � 2.04 �g �
days/ml. Thus, the pharmacokinetic profiles were consistent
with in vitro ECM adhesion properties, and in addition, Valpha
had a relatively high bioavailability and excellent pharmacoki-
netic profile in vivo.
Valpha Reduces Pathological Vascular Tuft Formation and

the Number ofMacrophages in a RetinopathyModel—Retinop-
athy is a blinding disease with a hallmark of abnormal and
excessive blood vessel growth that can cause retinal detach-
ment (27). It is well known that VEGF-A plays a key role in
developing diabetic retinopathy and age-related macular
degeneration (7). Along with VEGF-A, TNF-� is an additional
therapeutic target in treatment of retinopathy (40). Therefore,

we hypothesized that double blockade of VEGF-A and TNF-�
with Valpha could be more potent than single blockade of
VEGF-AwithVEGF-Trap. Toobserve the effect ofValpha as an
anti-angiogenic and anti-inflammatory therapeutic molecule
and to compare it with a single inhibitor of the VEGF-A or
TNF-� pathway, we evaluated the ability of Valpha using an
oxygen-induced retinopathy model that mimics diabetic reti-
nopathy and age-related macular degeneration.
The number of retinal vascular tufts in the retinal vessels of

oxygen-induced retinopathy (OIR), a typical feature of retinop-
athy, was highly increased in the Fc-treated group, whereas the
number was significantly reduced in the Valpha- and VEGF-
Trap-treated groups (Fig. 6). Similarly, we observed a large
number of tortuous blood vessels, another pathological indica-
tion of retinopathy, in the Fc-treated group of OIR, whereas the
tortuous blood vessels were hardly detected in the Valpha- and
VEGF-Trap-treated groups of OIR (Fig. 6B). Quantification
analysis revealed that OIR-induced formation of retinal vascu-
lar tufts (white arrows) caused by neovascularization in the ret-
inal vessels was potently inhibited by treatment with Valpha,
VEGF-Trap, or Enbrel (Fig. 6C). However, the number of
F4/80� macrophages (white arrowheads) was similar in the
VEGF-Trap- or Enbrel-treated group compared with the Fc-
treated group, whereas the number was significantly reduced
only in the Valpha-treated group (Fig. 6D). In addition, Valpha
exerted a greater effect than the combined treatment with

FIGURE 2. Valpha can simultaneously interact with both VEGF-A and TNF-�. The ability of Valpha to bind to VEGF-A and TNF-� was measured by ELISA.
A, ELISA depicting the binding affinity for different concentrations (0.01–10 nM) of each indicated protein for VEGF-A. Values are given as means � S.D. (n � 4).
*, p � 0.05 versus Enbrel. B, ELISA depicting the binding affinity for different concentrations (0.03–30 nM) of each indicated protein for TNF-�. Values are given
as means � S.D. (n � 4). *, p � 0.05 versus VEGF-Trap. C, ELISA depicting simultaneous binding of Valpha to VEGF-A and TNF-�. 200 ng of TNF-� or BSA (negative
control; Valpha�BSA) was coated on 96-well plates and blocked with 1% BSA in PBS. After washing, the indicated concentration of Valpha or VEGF-Trap was
incubated and then washed. FLAG-tagged VEGF-A was added and captured with anti-FLAG M2 antibody. Values are given as means � S.D. (n � 4). *, p � 0.05
versus VEGF-Trap. D, ELISA depicting simultaneous binding of Valpha to VEGF-A and TNF-�. 200 ng of VEGF-A or BSA (negative control; Valpha�BSA) was
coated on 96-well plates and blocked with 1% BSA in PBS. After washing, the indicated concentration Valpha or Enbrel was incubated and then washed.
His-tagged TNF-� was added and captured with HRP-conjugated anti-His tag antibody. Values are given as means � S.D. (n � 4). *, p � 0.05 versus Enbrel.
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VEGF-Trap and Enbrel in the reduction of F4/80�macrophage
infiltration in the retina of OIR (supplemental Fig. S1).
Valpha Shows Relief Effects in a Psoriasis Model by Normal-

izing Epidermal Thickness and Vasculature Abnormalities—As
VEGF-A and TNF-� play major roles in the pathogenesis of
psoriasis, we applied Valpha to the psoriasis model using kera-
tin 14-VEGF-A transgenic mice. The previously described pro-
tocol (33, 34) was slightlymodified by challenging the sustained
stimuli even during the protein treatment to maintain chronic
inflammation, which is more clinically relevant than the proto-
col used earlier. TPA (0.02%) was applied during the protein
treatment together with an injection of each protein following
the first 2-week induction period (Fig. 7A). The treatment pro-
tocol was well tolerated in all mice. Serial TPA application to
both sides of the right mouse ear resulted in progressively
aggravated inflammation with erythematous and scaly skin
with visible hyperplastic blood vessels, comparedwith acetone-
only treatment of the left ear. After 2 weeks of the induction
period, mice were randomly divided into four treatment
groups. Then, according to treatment groups, Fc, VEGF-Trap,
Enbrel, or Valpha was injected subcutaneously twice a week for
2 weeks, together with 0.02% TPA applications to both sides of
the right ear. Compared with control Fc-treated mice, mice
treated with VEGF-Trap, Enbrel, or Valpha exhibited amarked
improvement of inflammatory signs both grossly and histolog-
ically (Fig. 7,B andC). Fc-treatedmice also showedhyperplastic
blood as well as an increased number of lymphatic vessels as

FIGURE 3. Biacore analysis reveals interaction between Valpha and VEGF-A or TNF-�, and Valpha has low binding affinity for the ECM in vitro and
displays an excellent pharmacokinetic profile in vivo. A and B, sensorgrams for the association and dissociation of Valpha on immobilized VEGF-A (A) or
TNF-� (B). Valpha proteins directly interacted with VEGF-A and TNF-�. C, ELISA depicting the binding affinity for different concentrations (0.3, 1, 3, 10, and 30
nM) of each indicated protein for the ECM. Values are given as means � S.D. (n � 4). *, p � 0.05 versus VEGF-Trap. D, pharmacokinetic profiles. The indicated
protein (5 mg/kg) was injected into C57BL/6 mice, and the serum levels of the proteins were measured. Values are given as means � S.D. (n � 4). *, p � 0.05
versus VEGF-Trap.

FIGURE 4. Preincubation of Valpha markedly attenuates TNF-�-induced
NF-�B activation in primary cultured LECs. LECs were treated with PBS or 10
�g/ml Fc, VEGF-Trap, Enbrel, or Valpha for 15 min and then treated with TNF-�
(10 ng/ml) for 30 min. A, for determination of NF-�B activation, nuclear translo-
calization of p65 (a subunit of NF-�B) was analyzed by immunostaining. Nuclei
were counterstained with DAPI. Arrows indicate nuclear translocalization of p65.
Scale bars �100 �m. B, cells positive for p65 intranuclear staining (white arrows in
A) were counted among 100 cells arbitrarily chosen in four different regions, and
the values are presented as a percentage of the total cell number. Bars represent
means � S.D. (n � 4). *, p � 0.05 versus Fc. C, nuclear translocalization of p65 was
detected by immunoblotting. Equal loading of nuclear protein was validated by
immunoblotting of lamin in the same blot. Three independent experiments
showed similar results.
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demonstrated by immunofluorescence using anti-CD31 and
anti-LYVE-1 antibodies, respectively (Fig. 7D). Subsequent
image analyses revealed that Enbrel- or Valpha-treated mice
showed significant improvements in epidermal thickness (Fig.
7E). Interestingly, Valpha showed superior therapeutic efficacy
in epidermal thickness even when compared with Enbrel,
although VEGF-Trap failed to produce a significant improve-
ment in normalizing epidermal thickness (Fig. 7E). Further-
more, according to quantification analysis of the immuno-
staining results, Valpha significantly reduced the area of blood
vessels as well as that of lymphatic vessels, which have been
implicated in the pathogenesis of psoriasis (Fig. 7, F and G).
Moreover, Valpha exerted greater anti-edema and anti-angio-
genic activities than combined therapy of VEGF-Trap and
Enbrel in the psoriasis mouse model (supplemental Fig. S2).
Valpha Shows Levels of Therapeutic Effects Similar to Those

of Other Single Inhibitors in an Arthritis Model—Rheumatoid
arthritis is the most common inflammatory arthritis, and sup-
pression of angiogenesis may provide benefits in rheumatoid
arthritis (35, 36). We generated collagen-induced arthritis
models and tested the effect of Fc, VEGF-Trap, Enbrel, and
Valpha in mice. The Fc-treated group developed severe swell-
ing and erythema, whereas the mice treated with VEGF-Trap,
Enbrel, or Valpha developed mild swelling and erythema in
their hind paws (supplemental Fig. S3A). The collagen-induced
arthritis severity can be determined using a clinical arthritis
score andmeasurements of hind paw thickness. All parameters
for the clinical course of collagen-induced arthritis indicated
that arthritis was significantly attenuated with VEGF-Trap,

Enbrel, or Valpha treatments compared with Fc treatment
(supplemental Fig. S3, B and C). However, the degree of anti-
arthritic effect of Valpha was similar to that of VEGF-Trap or
Enbrel for the clinical arthritis score and hind paw thickness
(supplemental Fig. S3, B and C).

DISCUSSION

In this study, we developed a novel chimeric decoy receptor
(Valpha) that can simultaneously block the actions of VEGF-A
and TNF-� related to diseases caused by inflammatory angio-
genesis. Although Valpha was generated by fusion of two
ligand-binding domains from different receptors, the recombi-
nant engineered product still has the binding capability of its
original counterparts, VEGF-A andTNF-�. Also, we found that
Valpha significant blocks VEGF-A and TNF-�, as shown in in
vitro cell-based assays and in subsequent in vivo therapeutic
trials for treatment of retinopathy and psoriasis in mice.
To design theValpha construct, we considered theminimum

binding portion of original receptors and their biochemical
characteristics. By fusion of the cysteine-rich domains of
humanTNFR2, Ig-like domain 2 of humanVEGFR1, and the Fc
domain of human IgG, we could generate a novel fusion protein
that interacts with both VEGF-A and TNF-� with desirable
biochemical profiles. Thus, the actual pI of Valpha is low
enough to avoid attachment to the ECM, resulting in a more
favorable pharmacokinetic profile in vivo compared with
VEGF-Trap or Enbrel. Just as other therapeutic proteins have
their unique pharmacokinetic profiles that lend to their critical
factor of effectiveness, the low pI of Valpha is the key factor of
importance. However, because VEGF-Trap and Enbrel have
different biodistributions and half-lives in the body, they could
not produce the same synergistic effects in the pathogenic envi-
ronment. Furthermore, as a sole treatment agent, Valpha could
bemore cost-efficient for the patients than dual agents and will
allow a more convenient administration of the treatment.
Although Valpha has only a slightly better pharmacokinetic
profile than Enbrel, the in vivo therapeutic effectiveness of Val-
pha was significantly better than that of Enbrel. In fact, our
study showed that the effectiveness of Valpha was greater in
anti-inflammatory, anti-edema, and anti-angiogenic activities
than simultaneous therapy with VEGF-Trap and Enbrel. Thus,
“double blockade” is the key factor responsible for the highly
effective in vivo activity of Valpha. It is evident that Valpha has
great benefits in relation to the engineered fusion antibody,
which is a new trend in the current drug development field.
When we treated TNF-� on primary cultured lymphatic

endothelial cells, NF-�Bwas activated and translocated into the
nucleus. Although treatment with VEGF-Trap did not show
any significant effect, nuclear translocation of NF-�B was dra-
matically inhibited in the Enbrel- or Valpha-treated group.
These data show that Valpha could trap TNF-� as a decoy
receptor in the cultured media and that TNF-� cannot bind to
and activate its receptor. Meanwhile, VEGF-A-induced migra-
tion of primary cultured endothelial cells was significantly
reduced only in the VEGF-Trap- or Valpha-treated group and
not in the Enbrel-treated group. Taking an approach similar to
that in the cell-based experiment using TNF-�, Valpha could
also act as a decoy receptor for VEGF-A. Therefore, we con-

FIGURE 5. Preincubation of Valpha markedly attenuates VEGF-A-induced
migration of primary cultured human umbilical vein endothelial cells.
Human umbilical vein endothelial cells were treated with PBS or 2 �g/ml Fc,
VEGF-Trap, Enbrel, or Valpha for 15 min and then treated with VEGF-A (50
ng/ml). A, photographic images were taken at 0 and 24 h after treatment with
VEGF-A. Scale bars � 200 �m. B, distances of migrated cells from the starting
borderline were measured, and the values are presented in millimeters. Bars
represent means � S.D. (n � 4). *, p � 0.05 versus Fc. C, 10 min after treatment
with VEGF-A, the cells were harvested, and VEGFR2 phosphorylation was
detected by immunoprecipitation and immunoblotting. Three independent
experiments showed similar results.
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clude that TNF-� and VEGF-A signaling pathways can be
blocked by treatment with Valpha. Because of the promising
results from cell-based functional assays in vitro, we next tested
the in vivo effect of Valpha using mice disease models.

Our results from the retinopathy experiment indicated that
Valpha had an excellent therapeutic effect in reducing the num-
ber of abnormal vascular tufts, similar to VEGF-Trap. As
abnormal vascular tufts are easily detected in pathological con-
ditions of the retina, normalization of those irregular vessel
structures reflects a quite favorable outcome of retinopathy
treatment (28, 29). From treatment outcomes of VEGF-Trap
and Valpha, which have a common target to be sequestrated,
VEGF-A, it was shown that blockade of VEGF-A signaling is
enough to reduce pathological vascular tufts in retinopathy.
Interestingly, the number of F4/80� macrophages was signifi-
cantly decreased in the Valpha-treated group, whereas the
results in the VEGF-Trap- and Enbrel-treated groups were not
significant different from those in the Fc-treated group. There-
fore, single inhibition of VEGF-A or TNF-� separately is not
sufficient for blockade of macrophage infiltration, but simulta-
neous blockade of both VEGF-A and TNF-� using Valpha is a
promising strategy for blocking macrophage infiltration.
Although the remaining macrophages in the Fc-, VEGF-Trap-,
and Enbrel-treated groups might induce further pathological
inflammatory responses in the retina and thereby accelerate
disease progression, our data indicate thatValpha ismore effec-

tive than VEGF-Trap or Enbrel for treating retinopathy inmice
due to its ability to block macrophage infiltration. Also, there
are several reports that a decoy receptor for VEGF-A repressed
not only pathological but also physiological neovascularization,
and so a single treatment with VEGF-Trapmay not be the ideal
method of retinopathy treatment (11, 41). Thus, simultaneous
blockade of both VEGF-A and TNF-� to reduce both abnormal
vessels and macrophages should be considered in future appli-
cation for efficient treatment of ocular diseases.
In addition, we examined whether Valpha treatment could

ameliorate chronic inflammation in amousemodel of psoriasis.
The pathophysiology of psoriasis is not well understood, but
increasing evidence indicates that TNF-� is a crucial cytokine
implicated in psoriasis pathogenesis, and biological therapies
targeting TNF-� have revolutionized the treatment of patients
with severe psoriasis. Albeit very effective, these biological
agents have little influence on the actual production of TNF-�
by the immune cells or keratinocytes, which might be associ-
ated with recurrence of the disease after cessation of therapy
(42). On the other hand, VEGF-A has been another focus of
intense research in psoriasis pathogenesis and treatment.
Patients with psoriasis show an increased expression of
VEGF-A in both skin lesions and serum, and polymorphisms in
VEGF and VEGFR genes are associated with psoriasis suscep-
tibility, severity, and prognosis (42, 43). Furthermore, VEGF-A
antagonism leads to the reversal of disease phenotypes in

FIGURE 6. Valpha shows relief effects in a mouse model of retinopathy. At day 12 of OIR, the mice received intraocular injections of the indicated proteins
(5 �g each) and killed on day 17 (P17), and the retinas were harvested. A, images showing CD31 and NG2 staining. The P17 retinal vasculature stained with CD31
showed the entire blood vessel pattern of the retina for each group. Scale bars � 1 mm. B, in this highly magnified mid-periphery region, vascular tufts and the
number of F4/80� macrophages were dramatically reduced by introducing Valpha protein. Arrows indicate vascular tufts. Arrowheads indicate F4/80�

macrophages. Scale bars � 100 �m. C, quantification analysis of neovascularization is presented as a percentage. Bars represent means � S.D. (n � 4). *, p �
0.05 versus Fc. D, cells positive for F4/80� staining were counted arbitrarily chosen in four different regions, and the values are presented as the cell number per
field. Bars represent means � S.D. (n � 4). *, p � 0.05 versus Fc. VT, VEGF-Trap; Enb, Enbrel; Val, Valpha.
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mouse models of psoriasis (31, 32, 44, 45). To assess the com-
binatorial efficacy by double blockade of VEGF-A and TNF-�,
we employed the psoriasis model previously characterized as
Th17-driven psoriasis-like inflammation with elevated levels of
VEGF-A andTNF-� in skin (33). Despite concurrent TPA chal-
lenges, Valpha produced a dramatic and significant improve-
ment in epidermal hyperplasia compared with Fc, VEGF-Trap,
and even Enbrel (Fig. 7E). Moreover, unlike VEGF-Trap-
treated mice, which showed a significant decrease only in the
area of blood vessels, Valpha-treated mice showed significant

improvements in the area of blood and lymphatic vessels. In
particular, Valpha was the only treatment that produced a sig-
nificant improvement in the area of lymphatic vessels, even
when blockade of either cytokine separately failed to produce a
significant change. Thus, the double blockade of VEGF-A and
TNF-� using Valpha is a far superior strategy than single block-
ade of either cytokine by normalizing epidermal thickness and
vascular abnormalities. In addition to all the pathological ben-
efits of Valpha, the high bioavailability and excellent pharma-
cokinetic profile of Valpha in vivo might even contribute to
better efficacy because limited access to the target tissue of
conventional drugs is a barrier to efficient treatment (45).
Inflammatory angiogenesis is a hallmark and a critical con-

tributing factor in the progression of rheumatoid arthritis (36).
Therefore, inhibition of inflammatory angiogenesis using Val-
pha could be an effectivemethod to reduce the progression and
joint destruction of rheumatoid arthritis. Although we had
originally expected that Valpha possessed a synergistic or addi-
tive effect in treatment of arthritis, there was no marked or
observable difference in the effectiveness between Valpha and
other single inhibitors. In general, the exact amounts and bal-
ance of VEGF-A and TNF-� affecting the pathogenesis of a
certain disease might be varied depending on the types of dis-
eases. It is important to note that although a double blocker is
muchmore effective than a single blocker inmany diseasemod-
els as shown in cases of retinopathy and psoriasis, the efficacy of
the double blocker can sometimes be different for other types of
diseases that are caused by other unknown factors.
Valpha, the chimeric double decoy receptor that binds to

both VEGF-A and TNF-� and blocks their functionality, is a
highly promising therapeuticmolecule for the treatment of ret-
inopathy and psoriasis. In addition, if further clinical studies of
Valpha are performed, it is quite possible that Valpha can be the
next dominant treatment for other diseases caused by patho-
logical inflammatory angiogenesis. In addition to the therapeu-
tic effects of Valpha, the other benefits of Valpha are that it is a
cost-efficient alternative to double application of separate
drugs and that it is convenient for both the patient and
administrator.
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