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Vascular endothelial growth factor (VEGF) and its receptor family including VEGFR-1 (Flt-1) were recently
shown to be involved in pathological angiogenesis including tumor angiogenesis, tumor metastases, inflam-
matory disease such as rheumatoid arthritis, psoriasis, and atherosclerosis. Rheumatoid arthritis (RA) is a
chronic systemic disease characterized by an inflammatory erosive synovicitis and a pannus of inflammatory
vascular tissue, leading to irreversible cartilage and bone destruction. A few cytokines such as TNF-«, IL-1
and IL-6 are known to be involved in RA. VEGF-A was reported to be highly expressed in synovial fluid in
human RA, suggesting a role in RA progression. We have recently shown that VEGFR-1 is expressed not
only in vascular endothelial cells but also in inflammatory cells, especially in monocyte/macrophage. How-
ever, the molecular basis of their actions on RA is not fully understood. Here we report that in a murine model
of RA, deletion of the tyrosine kinase (TK) domain of VEGFR-1 (Vegfr-1 tk-/-) decreased the incidence and
clinical symptoms of RA. Pathological symptoms, such as synovial hyperplasia, inflammatory infiltrates, pan-
nus formation and cartilage/bone destruction became milder in Vegfr-1 tk-/- mice compared with Wild-type
(Wt) mice in the Human T-cell Leukemia Virus-1 pX (HTLV-1 pX) induced chronic models. VEGFR-1 TK-
deficient bone marrow cells showed a suppression of multi-lineage colony formation. Furthermore, macroph-
ages induced to differentiate in vitro showed a decrease in phagocytosis and the secretion of Interleukin-6
(IL-6) and VEGF-A. Treatment of this RA model with a small molecule inhibitor for VEGFR TK, KRN951, also
attenuated the arthritis. These results indicate that the VEGFR-1 TK signaling modulates the proliferation of
bone marrow hematopoietic cells and immunity of monocyte/macrophages, and promotes chronic inflamma-
tion, which may be a new target in the treatment of RA.
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Fig.1 VEGF and VEGF receptors

Schematic outline of the VEGF family (VEGF-A, -B, -C,
-D, PIGF) and their receptors, the receptor tyrosine ki-
nases VEGFR-1 VEGFR-2 and VEGFR-3. VEGFR-1
occurs as a soluble form denoted SVEGFR-1. VEGF-A, a
major contributor to angiogenesis, binds and activates
VEGFR-1 as well as VEGFR-2, and regulates vasculo-
genesis, angiogenesis, vascular permeability, inflamma-
tory response, and carcinogenesis. The soluble form of
VEGFR-1 appers to be an important modulator of the
placental vasculature. VEGF-C and VEGF-D mainly ac-
tivates VEGFR-3 and regulates embryonic angiogenesis
and lymphangiogenesis.

Structure and signaling of VEGFR-1
Vascular endothelial growth factors (VEGFs) and their re-
ceptors (VEGFRs) including VEGFR-1 (Flt-1), VEGFR-2 (KDR/
Flk-1), and VEGFR-3 (FlIt-4) form a regulatory system crucial
for normal development and pathological angiogenesis. VEGF-
A binds and activates two tyrosine kinase receptors, VEGFR-1
and VEGFR-2"%. VEGFRs are structurally related to the Fms/
Kit/PDGFR family, and contain an extracellular domain, trans-
membrane domain, tyrosine kinase (TK) domain, and carboxy
terminal region”. The extra cellular domain carries seven immu-
noglobulin (Ig)-like repeats, and the ability to bind ligands is
localized to the 2nd and 3rd domains®®. The affinity for VEGF-
A of VEGFR-1 is very high, with a Kd of about 2-10 pM, which
is at least one order of magnitude higher than that of VEGFR-2.
On the other hand, the tyrosine kinase activity of VEGFR-1 is
relatively weak compared to that of VEGFR-27. VEGF-A does
not stimulate the proliferation of NIH3T3 cells overexpressing
VEGFR-1, and Placental growth factor (PIGF) and VEGF-B,
VEGFR-1 specific ligands, do not stimulate significantly the

proliferation of VEGFR-1- and VEGFR-2-expressing primary
endothelial cells in the culture®*®. All VEGF receptors are ex-
pressed to different levels, in vascular and lymphatic endothelial
cells. VEGFR-1 and VEGFR-2 are highly expressed on vascular
endothelial cells'™'». VEGFR-1 is expressed not only in vascu-
lar endothelial cells but also in monocyte/macrophages'*'>, and
its signaling is involved in the migration of macrophages toward
VEGF-A'9. Furthermore, VEGFR-1 expression has been ob-
served in dendritic cells, osteoclast, pericytes and trophoblasts

12,17,18)

in the placenta . The significance of VEGFR-1 expression

in these non-endothelial cells is still not clear.

VEGFR-1 as a negative regulator of
angiogenesis in embryogenesis

Mice lacking Vegfr-2 die in the embryonic stage due to a se-
vere deficiency of vascular development!?. In contrast, mice lack-
ing Vegtr-1 die due to over-growth and disorganization of the
vascular system, not due to a poor vascularization®”. Interestingly,
however, mouse embryos lacking the TK domain of VEGFR-1
(Vegfi-1 tk-/-) survive without significant defects?”. These mice
showed disruption of the migration of macrophages toward
VEGF-A?Y. Since VEGFR-1 has high affinity for VEGF-A, but
only weak tyrosine kinase activity, these results strongly sug-
gest that VEGFR-1 functions as a negative regulator of vascular
development by trapping VEGF-A via its ligand-binding domain

at embryogenesis®.

VEGFR-1 tyrosine kinase as positive
regulator in adult stages

Recently, various studies indicated that the expression of
VEGFs and VEGFRs is upregulated in various diseases includ-
ing tumor angiogenesis, tumor-dependent ascites formation,
metastases, inflammatory disease such as rheumatoid arthritis,
psoriasis, and atherosclerosis®**2%, VEGFR-1-mediated signal-
ing was shown to play a significant role in a variety of pathologi-
cal vascularization directly by stimulating endothelial cell func-
tion and indirectly by mediating recruitment of bone marrow-
derived cells**?”. VEGFR-1 is expressed on macrophage-lineage
cells and also promotes disease progression by stimulating mi-
gration of inflammatory cells into the lesion of arthritis®**® and
atherosclerosis®.

We studied growth of Lewis lung carcinoma growth in pri-
mary subcutaneous injection and following metastatic sites by
using Vegfr-1 tk-/- mice. We found that VEGFR-1 significantly
enhances tumor metastases in the lung via induction of matrix

30,31

metalloproteinase 9 (MMP9) in this tissue®**). Recently, several
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Fig.2 Signals from VEGFR-1 tyrosine kinase contribute to the onset and
progression of arthritis
(A) The incidence of arthritis was significantly lower in pX Vegfr-1 tk-/- mice than pX mice.
In addition, the incidence of arthritis in pX Vegfr-1 tk+/- heterozygotes was slightly lower in
the early stages. (B) Clinical grades of arthritis were reduced depending on the deficiency
of the VEGFR-1 TK domain from 2 to 6 months after birth. pX Vegfr-1 tk+/- mice showed
mild clinical scores in between those of pX and pX Vegfr-1 tk-/- mice. (C-E) Cross sections
of ankle joints in control and RA mice. Joints of wild-type mice (C) show no remarkable
change. Joints of pX mice (D) show synovial hyperplasia( ), inflammatory cell infiltration
(&), pannus formation(4), and loss of cartilage and bone([]). These findings are milder in
pX Vegfr-1 tk-/- mice (E). (F) Histological scores of the degree of synovial hyperplasia, etc.
in paws and ankles. Scores of pX Vegfr-1 tk-/- mice were about half those of the pX mice.

papers described the involvement of abnormal angiogenesis in
the progression of atherosclerosis®®*?”. Soluble VEGFR-1
(sVEGFR-1) treatment in mouse models of atherosclerosis sig-
nificantly suppressed the degree of disease?. Recruitment of
macrophages was decreased in these conditions, strongly sug-
gesting VEGF-VEGFR-1 signaling is involved in atheroscle-
rosis. Hattori et al. showed that VEGFR-1 is important for the
reconstitution of hematopoiesis in bone marrow (BM) recovery
after irradiation?” and Niida et al. showed that VEGFR-1 TK
plays pivoital role in osteoclast functions for BM recnstruction

in M-CSF-deficinet (op/op) mice®?.

Rheumatoid arthritis and angiogenesis
Rheumatoid arthritis (RA)* is a chronic systemic disease char-

acterized by an inflammatory erosive synovicitis, which shows

marked neovascularization, inflammatory cell infiltration, and
synovial hyperplasia. These pathological reactions gradually in-
duce a pannus with inflammatory vascular tissue, leading to an
irreversible loss of cartilage and bone***>. VEGF-A is highly
expressed in synovial fluid in RA3®. Immunohistochemical and
in situ hybridization studies on the synovial tissues have shown
that VEGF-A is strongly expressed in synovial macrophages,
fibroblasts surrounding microvessels, and vascular smooth
muscle cells***”. In inflamed joints, many cytokines including
VEGF and the pro-inflammatory interleukine (IL)-1, IL-6 and
tumor necrosis factor-a (TNFa ) play important roles in the
pathogenesis of RA®. A recent study indicated that the artificial
blocking of TNFa and IL-6-receptor by neutralizing antibodies
significantly suppressed clinical as well as histological scores in

patients™,
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VEGFR-1 tyrosine kinase contributes to
the onset and the progression of arthritis

We and others found that VEGFR-1 is involved in the pro-
gression of arthritis. Luttun et al. found that, using blocking
antibodies against mouse VEGFR-1 or VEGFR-2, treatment with
anti-VEGFR-1 Ab more efficiently suppressed an adjuvant-
induced inflammatory arthritis, than did treatment with anti-
VEGFR-2 Ab®. DeBandt et al. reported that VEGFR-1 is in-
volved in a model of chronic arthritis in which KRN (the av /36
TCR-transgene)/NOD(non-obese diabetic) mice were used for
the induction of inflammation*”. Their model system is different
from ours, therefore, results obtained with several independent
animal models of arthritis clearly support the importance of
VEGFR-1 in this disease. Furthermore, we proved the involve-
ment of VEGFR-1 signaling in rheumatoid arthritis by using
Vegfr-1 tk-/- mouse and Human T-cell Leukemia Virus-1
(HTLV-1) pX transgenic mouse*". This pX mice model is more
similar to human RA than other models, such as collagen-anti-
body-induced arthritis, in terms of chronic progression, the pro-
duction of rheumatoid factor, and pathological findings*?. We
measured the incidence and clinical grade of arthritis in the
presence or absence of VEGFR-1 TK signals. The incidence of
arthritis, such as paw swelling, erythema, and ankylosis, and the
clinical scores, such as redness and swelling of the ankle or wrist
were significantly lower in pX Vegfr-1 tk-/- mice than Vegfr-1
wild-type pX transgenic mice (Fig.2AB). Furthermore, pX Vegfi-
1 tk+/- mice showed mild clinical scores in between those of pX
mice and pX Vegfr-1 tk-/- mice (Fig.2B). The histological dif-

ference determined as synovial hyperplasia, inflammatory infil-

trates, pannus formation, and loss of cartilage/bone were reduced
by about half in pX Vegfr-1 tk-/- mice compared to pX wild-
type mice (Fig.2C-F). However, we did not find the difference
of capillary formation in the pannus of synovial tissue. These
results suggest that VEGFR-1 tyrosine kinase-dependent signals
contribute to the symptoms of arthritis including pathological

findings in a gene-dosage-dependent manner*".

Secretion of cytokines and phagocytosis
of macrophages in arthritis

We examined local infiltration and the functions of mono-
cyte/macrophages in these mice. The infiltration of inflamma-
tory cells into arthritic joints was significantly less extensive
without VEGFR-1 signals (Fig.2D-F). Cytokines and growth
factors and its receptors are the chatracterized system in the rheu-
matoid joints. RA is a chronic disease of late onset, and multiple
pathways of inflammation and immune systems appear to be in-
volved. The neutralizing antibodies of TNFa and IL-6-receptor
decreased clinical symptom in patients* . Therefore, we focused
on the function of macrophages. Secretion of IL-6 and VEGF-A
was measured in the presence or absence of hVEGF-A. IL-6 and
VEGF-A was secreted in response to hVEGF-A, however, much
less IL-6 and VEGF-A were secreted from Vegfr-1 tk-/- mac-
rophages than Vegfi-1 wild-type cells. (Fig.3AB). Macrophages
are multi-functional cells involved in immunological reactions
and phagocytosis. Therefore, we examined the extent of phago-
cytosis using macrophages. Wild-type BM-derived and Mac-
rophage colony-stimulating factor (M-CSF)-stimulated macroph-
ages efficiently phagocytized both fluorescent dextran and LPS.
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Surprisingly, macrophages from Vegfr-1 tk-deficient mice
showed significantly less phagocytotic activity. Therefore, in
addition to the suppression of VEGF-A-dependent migration,
Vegtr-1 tk-deficient macrophages were dysfunctional in the se-
cretion of IL-6 and VEGF-A as well as phagocytosis under these

experimental conditions*".

VEGPFR tyrosine kinase inhibition as
therapeutic approaches

It has become evident that VEGF receptors as well as VEGF-
A are critical targets of developing new drugs to suppress a range
of disease, particularly malignancies. There are various ap-
proaches against VEGF/VEGEFR signals such as neutralizing
antibody against ligands and receptors, as well as inhibitors of
VEGFRs. To confirm the therapeutic effect of VEGFR kinase-
inhibitors on arthritis, we administered such a small molecule
tyrosine kinase inhibitor for VEGFR, KRN951* (kindly pro-
vided from Kirin Brewery, Gumma, Japan), to mice with pX-
induced chronic arthritis and collagen-antibody-induced acute
arthritis. We treated the mice with KRN951 for 5 straight days
(oral, 20mg/kg/day) a week from 8 to 26 weeks of age. Admin-
istration of KRN951 reduced the progression of arthritis com-
pared with the control. Histological abnormalities in the treated
group decreased 11 to 25% compared with the control. The ad-
ministration of KRN951 in the acute model also reduced the
progression of the symptoms of arthritis in a dose-dependent
manner*). The suppressive effect of Vegfr-1 tk-deficiency on
the RA model and that of the treatment with the pan-VEGFR-
kinase inhibitor KRN951 were similar, suggesting that VEGFR-
1 signaling is more strongly related to the progression of RA
than VEGFR-2 signaling.

VEGFR-1 signals in the proliferation/
differentiation of hematopoietic cells

Another hallmark of VEGFR-1 signals is important mediator
of stem-cell recruitment and mobilization. Hattori et al. investi-
gated the role of VEGFR-1 signals during the hemetopoietic re-
covery after irradiation. Treatment with blocking monoclonal
antibody to VEGFR-1 inhibited the hematopoietic recovery. In
contrast delivery of PIGF to irradiated mice improved it*”.

A hematopoietic activity is capacity for colonies to form bone
marrow mononuclear cells (BMMNCs) in vitro*». We showed
the colony-forming ability of Vegfr-1 tk-/- BMMNCs was re-
duced to about 70% of that of Wild-type BMMNC s, and all the
progenitors including erythroid-colonies, myeloid-colonies, and

more immature mixed-colonies were equally affected (Fig.4).

400 "
300 |
200 mCFU-Mixed
@BCFU-GM
100 ! I OBFU-E
0

Wt

pX

Vegfr-1 tk-/~
pX Vegfr-1 th-/-

Fig.4 VEGFR-1 is associated with
the proliferation of hemato-
poietic cells

The number of colony forming units (CFU)

in Vegfr-1 tk-/- was decreased in all pro-

genitor cells (BFU-E, CFU-GM, CFU-

Mixed) compared to that in Wild-type mice.

Each progenitor cell also showed a de-

crease in the number of colonies.

However, the number of Sca-1 and CD34-positive cells corre-
sponding to hemetopoietic stem cells (HSCs) among BMMNCs
were almost the same in these mice*". These results suggest that
a deficiency of VEGFR-1 signaling may reduce the prolifera-
tion of HSCs, but not the number of these cells in BM.

Conclusion

In our study, we have shown that VEGFR-1 TK signals play a
significant role in the progression of RA in murine models of
both chronic and acute arthritis. Furthermore, the involvement
of VEGFR-1 signals is considered to be gene-dosage-dependent
since the clinical and histological scores of RA in Vegfr-1 tk+/-
heterozygous pX mice were in between those of wild-type pX
and Vegfr-1 tk-/- mice. Several functions of macrophages such
as the secretion of IL-6 and VEGF-A, phagocytosis, and VEGF-
A-dependent migration were clearly suppressed in Vegfi-1 tk-/-
mice. In addition, the proliferation of HSCs decreased about 30%
in the in vitro assay in these mice. These results suggest that the
kinase activity of VEGFR-1 is important in a variety of steps dur-
ing the progression of pathological inflammatory diseases such
as RA (Fig.5). This study may support the idea that VEGFR-1
TK activity is a good pharmaceutical target for control of chronic
RA.
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Fig.5 VEGFR-1 tyrosine kinase signaling is involved
in arthritis by modulating hematopoiesis and
promoting the differentiation of monocyte/
macrophages

A schematic model of the VEGFR-1 TK signals associated

with arthritis. (Upper panel) Immature monocyte/macrophages

derived from BM hematopoietic cells, differentiate and migrate
into the circulation. VEGFR-1 is expressed in monocyte/mac-
rophage lineages. VEGFR-1 signals mobilize inflammatory cells
to the peripheral tissues and RA-joints, and stimulate secre-
tion of inflammatory cytokines to promote RA. (Lower panel)

VEGFR-1 signal-deficient macrophages show suppressed

cytokine secretion, phagocytosis, and VEGF-dependent mi-

gration, resulting in a decrease in rheumatoid arthritis.

Acknowledgements

The present study was supervised by Prof. Masabumi Shibuya of De-
partment of Molecular Oncology, Graduate School of Medicine and Den-
tistry, Tokyo Medical and Dental University, and collaborated with Drs.
Shinobu Iwai, Mai Yamauchi (Division of Genetics), Yoichiro Iwakura
(Division of Cell Biology, Center for Experimental Medicine, Institute of
Medical Science, University of Tokyo), Sachie Hiratsuka (Department of
Pharmaceutics, Tokyo Women's Medical University), Kazuhide Nakamura
(Pharmaceutical Development laboratories, Kirin Brewery). This research
was originally published in Blood. Masato Murakami et al. Signaling of
vascular endothelial growth factor receptor-1 tyrosine kinase promotes rheu-
matoid arthritis through activation of monocytes/macrophages. Blood, 2006;
Vol.108: 1849-1856.© the American Society of Hematology. This work
was supported by Grant-in-Aid Special Project Research on Cancer-Bio-
science 12215024 from the Ministry of Education, Culture, Sports, Sci-
ence and Technology in Japan, a grant for the program ‘Research for the
Future’ from the Japan Society for Promotion of Science, and the program
‘Promotion of Fundamental Research in Health Science’ from the Orga-

nization for Pharmaceutical Safety and Research (OPSR).

References

1)Mustonen T, Alitalo K: Endothelial receptor tyrosine ki-
nases involved in angiogenesis. J Cell Biol, 129: 895-898,
1995.

2) Ferrara N, Davis-Smyth T: The biology of vascular endot-
helial growth factor. Endocr Rev, 18: 4-25, 1997.

3)Risau W: Mechanisms of angiogenesis. Nature, 386: 671-
674, 1997.

4) Shibuya M: Structure and function of VEGF/VEGF-recep-
tor system involved in angiogenesis. Cell Struct Funct, 26:
25-35,2001.

5)Shibuya M, Yamaguchi S, Yamane A, Ikeda T, Tojo A,
Matsushime H, Sato M: Nucleotide sequence and expres-
sion of a novel human receptor-type tyrosine kinase gene
(flt) closely related to the fms family. Oncogene, 5: 519-
524, 1990.

6) Kondo K, Hiratsuka S, Subbalakshmi E, Matsushime H,
Shibuya M: Genomic organization of the flt-1 gene encod-
ing for vascular endothelial growth factor (VEGF) recep-
tor-1 suggests an intimate evolutionary relationship between
the 7-Ig and the 5-Ig tyrosine kinase receptors. Gene, 208:
297-305, 1998.

7)Sawano A, Takahashi T, Yamaguchi S, Aonuma M, Shibuya
M: Flt-1 but not KDR/FIk-1 tyrosine kinase is a receptor for
placenta growth factor, which is related to vascular endot-
helial growth factor. Cell Growth Differ, 7: 213-221, 1996.

8) Seetharam L, Gotoh N, Maru Y, Neufeld G, Yamaguchi S,
Shibuya M: A unique signal transduction from FLT tyrosine
kinase, a receptor for vascular endothelial growth factor
VEGF. Oncogene, 10: 135-147, 1995.

9) Waltenberger J, Claesson-Welsh L, Siegbahn A, Shibuya
M, Heldin CH: Different signal transduction properties of
KDR and Flt1, two receptors for vascular endothelial growth
factor. J Biol Chem, 269: 26988-26995, 1994.

10) Jakeman LB, Winer J, Bennett GL, Altar CA, Ferrara N:
Binding sites for vascular endothelial growth factor are lo-
calized on endothelial cells in adult rat tissues. J Clin In-
vest, 89: 244-253, 1992.

11) Eichmann A, Marcelle C, Breant C, Le Douarin NM: Two
molecules related to the VEGF receptor are expressed in
early endothelial cells during avian embryonic development.
Mech Dev, 42: 33-48, 1993.

12) Kaipainen A, Korhonen J, Pajusola K, Aprelikova O, Persico
MG, Terman BI, Alitalo K: The related FLT4, FLT1, and
KDR receptor tyrosine kinases show distinct expression pat-
terns in human fetal endothelial cells. J Exp Med, 178: 2077-



84 Review Article Involvement of vascular endothelial growth factor receptor-1 in theumatoid arthritis

2088, 1993.

13) Yamane A, Seetharam L, Yamaguchi S, Gotoh N, Takahashi
T, Neufeld G, Shibuya M: A new communication system
between hepatocytes and sinusoidal endothelial cells in liver
through vascular endothelial growth factor and Flt tyrosine
kinase receptor family (Flt-1 and KDR/FIk-1). Oncogene,
9: 2683-2690, 1994.

14) Barleon B, Sozzani S, Zhou D, Weich HA, Mantovani A,
Marme D: Migration of human monocytes in response to
vascular endothelial growth factor (VEGF) is mediated via
the VEGF receptor flt-1. Blood, 87: 3336-3343, 1996.

15) Clauss M, Weich H, Breier G, Knies U, Rockl W, Waltenberger
J, Risau W: The vascular endothelial growth factor receptor
Flt-1 mediates biological activities. Implications for a func-
tional role of placenta growth factor in monocyte activation
and chemotaxis. J Biol Chem, 271: 17629-17634, 1996.

16) Sawano A, Iwai S, Sakurai Y, Ito M, Shitara K, Nakahata
T, Shibuya M: Flt-1, vascular endothelial growth factor re-
ceptor 1, is a novel cell surface marker for the lineage of
monocyte-macrophages in humans. Blood, 97: 785-791,
2001.

17) Dikov MM, Ohm JE, Ray N, Tchekneva EE, Burlison J,
Moghanaki D, Nadaf S, Carbone DP: Differential roles of
vascular endothelial growth factor receptors 1 and 2 in den-
dritic cell differentiation. J Immunol, 174: 215-222, 2005.

18) Nomura M, Yamagishi S, Harada S, Hayashi Y, Yamashima
T, Yamashita J, Yamamoto H: Possible participation of
autocrine and paracrine vascular endothelial growth factors
in hypoxia-induced proliferation of endothelial cells and
pericytes. J Biol Chem, 270: 28316-28324, 1995.

19) Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu
XF, Breitman ML, Schuh AC: Failure of blood-island for-
mation and vasculogenesis in Flk-1-deficient mice. Nature,
376: 62-66, 1995.

20) Fong GH, Rossant J, Gertsenstein M, Breitman ML: Role
of the Flt-1 receptor tyrosine kinase in regulating the as-
sembly of vascular endothelium. Nature, 376: 66-70, 1995.

21) Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M: Flt-1
lacking the tyrosine kinase domain is sufficient for normal
development and angiogenesis in mice. Proc Natl Acad Sci
U S A, 95:9349-9354, 1998.

22) Shibuya M: Structure and dual function of vascular endot-
helial growth factor receptor-1 (Flt-1). Int J Biochem Cell
Biol, 33: 409-420, 2001.

23) Luo JC, Toyoda M, Shibuya M: Differential inhibition of

fluid accumulation and tumor growth in two mouse ascites

tumors by an antivascular endothelial growth factor/perme-
ability factor neutralizing antibody. Cancer Res, 58: 2594-
2600, 1998.

24) Autiero M, Luttun A, Tjwa M, Carmeliet P: Placental growth
factor and its receptor, vascular endothelial growth factor
receptor-1: novel targets for stimulation of ischemic tissue
revascularization and inhibition of angiogenic and inflam-
matory disorders. ] Thromb Haemost, 1: 1356-1370, 2003.

25) Ferrara N, Gerber HP, LeCouter J: The biology of VEGF
and its receptors. Nat Med, 9: 669-676, 2003.

26) Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle
V, De Mol M, Wu Y, Bono F, Devy L, Beck H, Scholz D,
Acker T, DiPalma T, Dewerchin M, Noel A, Stalmans I,
Barra A, Blacher S, Vandendriessche T, Ponten A, Eriksson
U, Plate KH, Foidart JM, Schaper W, Charnock-Jones DS,
Hicklin DJ, Herbert JM, Collen D, Persico MG: Synergism
between vascular endothelial growth factor and placental
growth factor contributes to angiogenesis and plasma ex-
travasation in pathological conditions. Nat Med, 7: 575-583,
2001.

27) Hattori K, Heissig B, Wu Y, Dias S, Tejada R, Ferris B,
Hicklin DJ, Zhu Z, Bohlen P, Witte L, Hendrikx J, Hackett
NR, Crystal RG, Moore MA, Werb Z, Lyden D, Rafii S:
Placental growth factor reconstitutes hematopoiesis by re-
cruiting VEGFR1(+) stem cells from bone-marrow microen-
vironment. Nat Med, 8: 841-849, 2002.

28) Luttun A, Tjwa M, Moons L, Wu Y, Angelillo-Scherrer A,
Liao F, Nagy JA, Hooper A, Priller J, De Klerck B,
Compernolle V, Daci E, Bohlen P, Dewerchin M, Herbert
JM, Fava R, Matthys P, Carmeliet G, Collen D, Dvorak HF,
Hicklin DJ, Carmeliet P: Revascularization of ischemic tis-
sues by PIGF treatment, and inhibition of tumor angiogen-
esis, arthritis and atherosclerosis by anti-Flt1. Nat Med, 8:
831-840, 2002.

29) Zhao Q, Egashira K, Inoue S, Usui M, Kitamoto S, Ni W,
Ishibashi M, Hiasa Ki K, Ichiki T, Shibuya M, Takeshita A:
Vascular endothelial growth factor is necessary in the de-
velopment of arteriosclerosis by recruiting/activating mono-
cytes in a rat model of long-term inhibition of nitric oxide
synthesis. Circulation, 105: 1110-1115, 2002.

30) Hiratsuka S, Maru Y, Okada A, Seiki M, Noda T, Shibuya
M: Involvement of Flt-1 tyrosine kinase (vascular endothe-
lial growth factor receptor-1) in pathological angiogenesis.
Cancer Res, 61: 1207-1213, 2001.

31) Hiratsuka S, Nakamura K, Iwai S, Murakami M, Itoh T,
Kijima H, Shipley JM, Senior RM, Shibuya M: MMP9 in-



Inflammation and Regeneration Vol.28 No.2 MARCH 2008 85

duction by vascular endothelial growth factor receptor-1 is
involved in lung-specific metastasis. Cancer Cell, 2: 289-
300, 2002.

32) Niida S, Kondo T, Hiratsuka S, Hayashi S, Amizuka N, Noda
T, Ikeda K, Shibuya M: VEGEF receptor 1 signaling is es-
sential for osteoclast development and bone marrow forma-
tion in colony-stimulating factor 1-deficient mice. Proc Natl
Acad Sci U S A, 102: 14016-14021, 2005.

33) Clague RB, Shaw MJ, Holt PJ: Incidence of serum antibod-
ies to native type I and type II collagens in patients with
inflammatory arthritis. Ann Rheum Dis, 39: 201-206, 1980.

34) Firestein GS: Mechanisms of tissue destruction and cellular
activation in rheumatoid arthritis. Curr Opin Rheumatol, 4:
348-354, 1992.

35) Firestein GS, Zvaifler NJ: Rheumatoid arthritis: a disease of
disorderd immunity. In: Gallin JI, Goldstein IM, Synderman
R, eds. Inflammation: basic principles and clinical correla-
tions. New York, Raven Press, 1992.

36) Fava RA, Olsen NJ, Spencer-Green G, Yeo KT, Yeo TK,
Berse B, Jackman RW, Senger DR, Dvorak HF, Brown LF:
Vascular permeability factor/endothelial growth factor (VPF/
VEGF): accumulation and expression in human synovial
fluids and rheumatoid synovial tissue. J Exp Med, 180: 341-
346, 1994.

37) Koch AE, Harlow LA, Haines GK, Amento EP, Unemori
EN, Wong WL, Pope RM, Ferrara N: Vascular endothelial
growth factor. A cytokine modulating endothelial function
in rheumatoid arthritis. J Immunol, 152: 4149-4156, 1994.

38) Lee DM, Weinblatt ME: Rheumatoid arthritis. Lancet, 358:

903-911, 2001.

39) McInnes IB, Gracie JA: Targeting cytokines beyond tumor
necrosis factor-alpha and interleukin-1 in rheumatoid arthri-
tis. Curr Rheumatol Rep, 6: 336-342, 2004.

40) De Bandt M, Ben Mahdi MH, Ollivier V, Grossin M, Dupuis
M, Gaudry M, Bohlen P, Lipson KE, Rice A, Wu Y, Gougerot-
Pocidalo MA, Pasquier C: Blockade of vascular endothelial
growth factor receptor I (VEGF-RI), but not VEGF-RII,
suppresses joint destruction in the K/BxN model of rheu-
matoid arthritis. J Immunol, 171: 4853-4859, 2003.

41) Murakami M, Iwai S, Hiratsuka S, Yamauchi M, Nakamura
K, Iwakura Y, Shibuya M: Signaling of vascular endothe-
lial growth factor receptor-1 tyrosine kinase promotes rheu-
matoid arthritis through activation of monocytes/macroph-
ages. Blood, 108: 1849-1856, 2006.

42) Iwakura Y, Saijo S, Kioka Y, Nakayama-Yamada J, Itagaki
K, Tosu M, Asano M, Kanai Y, Kakimoto K: Autoimmunity
induction by human T cell leukemia virus type 1 in transgenic
mice that develop chronic inflammatory arthropathy resem-
bling rheumatoid arthritis in humans. J Immunol, 155: 1588-
1598, 1995.

43) Nakamura K, Taguchi E, Miura T, Yamamoto A, Takahashi
K, Bichat F, Guilbaud N, Hasegawa K, Kubo K, Fujiwara
Y, Suzuki R, Kubo K, Shibuya M, Isae T: KRN951, a highly
potent inhibitor of vascular endothelial growth factor recep-
tor tyrosine kinases, has antitumor activities and affects func-
tional vascular properties. Cancer Res, 66: 9134-9142, 2006.

44) Vos O, Ploemacher RE: Developments in modern hematol-
ogy. Boll Soc Ital Biol Sper, 67: 435-458, 1991.



