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Enhanced Generation of Endothelial Cells From
CD34+ Cells of the Bone Marrow in Rheumatoid Arthritis

Possible Role in Synovial Neovascularization

Shunsei Hirohata,! Tamiko Yanagida,® Akihide Nampei,? Yasuo Kunugiza,> Hideo Hashimoto,?
Tetsuya Tomita,2 Hideki Yoshikawa,? and Takahiro Ochi®

Objective. To examine the capacity of bone mar-
row CD34+ cells to generate endothelial cells, in order
to assess the role of bone marrow in neovascularization
in the synovium of rheumatoid arthritis (RA).

Methods. CD34+ cells purified from the bone
marrow of 13 patients with active RA and 9 control
subjects (7 osteoarthritis [OA] patients and 2 healthy
individuals) were cultured in the presence of stem cell
factor (10 ng/ml) and granulocyte-macrophage colony-
stimulating factor (1 ng/ml). After 18 days of incubation,
the generation of endothelial cells was assessed by flow
cytometry. The generation of endothelial cells was com-
pared with the degree of vascularization in the synovial
tissues and with the microvessel densities in the syno-
vium, as determined by microscopy. The expression of
vascilar endothelial growth factor receptor 2/kinase
insert domain receptor (KDR) messenger RNA (mRNA)
in CD34+ cells was examined by quantitative reverse
transcription-polymerase chain reaction.

Results. The generation of CD14+ cells from bone
marrow-derived CD34+ cells from RA patients was
comparable to that from contrel subjects. However, the
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generation of von Willebrand factor (vWF)-positive
cells and CD31+/~WF+ cells from RA bone marrow—
derived CD34+ cells was significantly higher than that
from control subjects (P = 0.004 and P 0.030,
respectively). The generation of yWF+ cells from bone
marrow CD34+ cells correlated significantly with the
microvessel densities in the synovial tissues (r = 0.569,
P = 0.021). Finally, RA bone marrow CD34+ cells
expressed KDR mRNA at higher levels than OA bone
marrow CD34+ cells,

Conclusion. These results indicate that RA bone
marrow CD34+ cells have enhanced capacities to dif-
ferentiate into endothelial cells in relation to syno-
vial vascilarization. The data therefore suggest that
bone marrow CD34+ cells might contribute to synovial
neovascularization by supplying endothelial precursor
cells and, thus, play an important role in the pathogen-
esis of RA.

Rheumatoid arthritis (RA) is a chronic inflam-
matory disease characterized by hyperplasia of synovial
lining cells (1). Synovial lining cells consist of type A
(macrophage-like) synoviocytes and type B (fibroblast-
like) synoviocytes. Recent studies have suggested that
type A synoviocytes are derived from monocyte precur-
sors in the bone marrow (2). Accordingly, it has been
shown that the spontaneous generation of CD14+ cells
from bone marrow—-derived CD14- progenitor cells is
accelerated in RA, resulting in the facilitated entry of
such CD14+ cells into the synovium (3). On the other
hand, type B synoviocytes have a morphologic appear-
ance of fibroblasts as well as the capacity to produce and
secrete a variety of factors, including proteoglycans,
cytokines, arachidonic acid metabolites, and matrix met-
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alloproteinases (MMPs), that lead to the destruction of
joints {4}. Whereas type B synoviocytes are thought to
arise from the sublining tissue or other support struc-
tures of the joint (4), recent studies have suggested that
they are also derived from bone marrow progenitor cells
(5). Increasing attention has therefore been given to the
role of the bone marrow in the pathogenesis of RA (6).

In the RA joint, the massive proliferating syno-
vium forms an invading tissue called pannus, which
results in the destruction of cartilage and bone. A
number of studies have shown that persistent neovascu-
larization is a crucial support to the continuous prolif-
eration of the synovium, through delivery of nutrients
and recruitment of inflammatory cells into the synovium
(7.8). It was a long-held belief that vessels in the embryo
developed from endothelial progenitors (vasculogen-
esis), whereas spouting of vessels in the adult resulted
only from division of differentiated endothelial cells
(angiogenesis) (9). Thus, the neovascularization in RA
synovium has been attributed to angiogenesis, a process
characterized by spouting of new capillaries from preex-
isting blood vessels (10).

Asahara et al (11), however, isolated endothelial
progenitor cells from adult human periphera! blood
using magnetic bead selection of CD34+ hematopoietic
cells, and thus demonstrated that human peripheral
blood CD34+ cells differentiated in vitro into endothe-
lial cells, which expressed endothelial markers, including
CD31. In addition, those investigators found that human
CD34+ cells were incorporated into neovascularized
hind limb ischemic sites in animal models (11). Since the
time these observations were reported, it has also been
found that endothelial progenitor cells capable of con-
tributing to capillary formation can be derived from the
bone marrow, possibly playing a role in the de novo
formation of capillaries without preexisting blood vessels
(12-14). Thus, the accumulating evidence has suggested
that bone marrow—derived endothelial cells might be
involved in several disorders characterized by excessive
angiogenesis, such as myocardial infarction (15). How-
ever, the role of bone marrow in RA synovial neovascu-
larization has not been explored.

It has been demonstrated that early endothelial
progenitor cells in bone marrow express CD34, CD133,
and vascular endothelial growth factor receptor 2
(VEGFR-2)/kinase insert domain receptor (KDR) (15).
In general, early endothelial progenitor cells in the bone
marrow are positive for CD34/CD133/VEGFR-2,
whereas circulating endothelial progenitor cells arc pos-
itive for CD34/VEGFR-2/CD31, negative for CD133,

and are beginning to express von Willebrand factor
(vWF) (15). Thus, it appears that vWF is expressed on
fully matured endothelial cells.

The current studies were undertaken to explore
whether CD34+ cells derived from the bone marrow of
RA patients might have an enhanced capacity to gener-
ate endothelial cells so that we could assess the role of
the bone marrow in the neovascularization of RA syno-
vium. The results clearly indicate that bone marrow-
derived CD34+ cells from RA patients differentiate into
vWF+ endothelial cells upon stimulation with stem cell
factor (SCF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) much more effectively
than do those from control subjects. The data therefore
suggest that bone marrow CD34+ cells might play a role
in the synovial hyperplasia in RA through mobilization
of endothelial progenitor cells into the synovium, where
angiogenesis is activated.

MATERIALS AND METHODS

Patients and samples. Bone marrow samples from 13
RA patients (1 man and 12 women; mean age 58.2 years [age
range 45-72 years]) were obtained during joint operation
through aspiration from the iliac crest. All RA patients met the
American College of Rheumnatology (formerly, the American
Rheumatism Association) 1987 revised criteria (16). As con-
trols, bone marrow samples were similarly obtained from 7
patients with osteoarthritis (OA) (7 women; mean age 70.6
years [age range 67-74]). All study patients gave their in-
formed consent for study. In addition, bone marrow-derived
CD34+ cells from 2 healthy individuals (2 men; ages 27 years
and 24 years) were purchased from BioWhittaker (Walkers-
ville, MD). Synovial tissues were also obtained from 10 of the
RA patients and 6 of the OA patients during the same joint
operation.

A second group of bone marrow samples was obtained
from an additional 10 RA patients (3 men and 7 women; mean
age 62.6 years) and an additional 4 OA patients (2 men and 2
women; mean age 72.6 years). These bone marrow samples
were used in analyses of the expression of KDR messenger
RNA (mRNA). These patients also gave their informed con-
sent for study. In addition, samples from 7 of the RA patients
and 6 of the QA patients from the first group described above
were included in the study of KDR mRNA expression.

Culture medium and reagents. RPMI 1640 medium
(Life Technologies, Grand Island, NY) supplemented with
penicillin G (100 units/ml), streptomycin (100 pg/ml),
L-glutamine (0.3 mg/ml), and 10% fetal bovine serum
{Life Technologies) was used for al! cultures. Recombinant
human GM-CSF and SCF were purchased from PeproTech
{London, UK).

Preparation and culture of bone marrow—derived
CD34+ cells. Mononuclear cells were isolated by centrifuga-
tion of heparinized bone marrow aspirates over sodium
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Figure 1. Histologic features (A) and immunohistochemistry of CD31 cells (B} in the synovium of patients with osteoarthritis (OA) and rheumatoid
arthritis (RA). Four representative samples of synovium from QA (a and b} and RA (c and d} patients are presented, showing trace (&), mild (b),
moderate (c), and strong (d) neovascularization. H&E = hematoxylin and eosin. (Original magnification X 25.)

diatrizoate-Ficoll gradients (Histopague; Sigma, St. Louis,
MOQ). CD34+ cells were purified from the mononuclear cells
through positive selection using magnetic beads (Dynal CD34
progenitor cell selection system; Dynal, Oslo, Norway).
CD34+ cells thus prepared were ~95% CD34+ cells and
<0.53% CD19+ B cells, as previously described (5).

CD34+ cells were incubated in a 24-well microtiter
plate with flat-bottomed wells (no. 3524; Costar, Cambridge,
MA) at a density of 1.0 X 10°/well in the presence of SCF (10
ng/ml) and GM-CSF (1 ng/ml). After 18 days of incubation, the
cells were stained with various antibodies and analyzed by flow
cytometry.

Immunofluorescence staining and analysis. Cultured
CD34+ cells were stained with saturating concentrations of
antibodies, including fluorescein isothiocyanate (FITC)-
conjugated anti-HLA-DR monoclonal antibody (mAb)
(mouse IgG2b; Immunotech, Marseilles, France), FITC-
conjugated sheep anti-vWF IgG (Cosmo Bio, Tokyo, Japan),

phycoerythrin (PE)-conjugated anti-CD14 mAb (mouse -

IgG2a; Immunotech), PE-conjugated anti-CD31 mAb (mouse
IgGl; Immunotech), PE-conjugated murine IgGl and IgG2a
control mAb or FITC-conjugated murine IgG2b control mAb,
which were raised against Aspergillus niger glucose oxide, an
enzyme that is neither present nor inducible in mammalian
tissues (Dako, Glostrup, Denmark), or FITC-conjugated con-
trol sheep IgG purified from normal sheep serum (Rockland,
Gilbertsville, PA).

Briefly, the cells were washed with 2% normal human
serum in phosphate buffered saline (PBS), pH 7.2, and 0.1%
sodium azide (staining buffer), and the cells were stained with
saturating concentrations of a variety of antibodies at 4°C for
30 minutes. The cells were then washed 3 times with staining
buffer and fixed with 1% paraformaldehyde in PBS for at least
5 minutes at room temperature. Cells were analyzed using an

Epics XL flow cytometer (Coulter, Hialeah, FL) equipped with
an argon-ion laser at 488 nm. A combination of low-angle and
90° light scatter measurements (forward scatter versus side
scatter) was used to identify bone marrow cells. The percent-
ages of cells that stained positive for each mAb were deter-
mined by integration of cells above a specified fluorescence
channel, which was calculated in relation to an isotype-
matched control mAb.

Synovial histopathology and determination of mi-
crovessel densities. Synovial tissues were fixed in formalin,
embedded in paraffin, and stained with hematoxylin and eosin.
To visualize endothelial cells in the synovium, the paraffin-
embedded sections were also stained with murine anti-CD31
mAb (clone JC/70A; Dako) and then developed using a Dako
Envision kit, which includes horseradish peroxidase and dia-
minobenzidine. The degree of neovascularization was analyzed
under light microscopy and scored as 0 (trace), 1 (mild), 2
(moderate), or 3 (strong) (Figures 1A and B). Grades were
assigned by 2 independent observers (SH and TY) who had no
knowledge of the diagnosis of the patients from whom' the
tissues had been obtained. When grades differed (2 of 16
cases), the synovium was reexamined, and a consensus was
reached.

Sections were photographed with an Olympus DP11
digital camera (Olympus, Tokyo, Japan), and the CD31+
microvessel densities were determined by counting the vascu-
lar structures with a clearly defined lumen or linear shape as
seen on the photographs. The final microvessel density was
calculated as the mean score of the 3 1-mm? fields with the
highest individual scores (17).

Measurement of cytokines in the culture supernatants.
Concentrations of tumor necrosis factor « (TNFa) and vascu-
lar endothelial growth factor (VEGF) in the culture superna-
tants were measured by enzyme-linked immunosorbent assay
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(ELISA) using a human TNFa ELISA kit (PeproTech) and a
human VEGF immunoassay kit (BioSource International,
Camarillo, CA).

RNA isolation and real-time quantitative polymerase
chain reaction, Total RNA was isclated from purified bone
marrow CD34+ cells using TRIzol reagent (Life Technolo-
gies) according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) samples were prepared from 1 pg of
total RNA using the SuperScript reverse transcriptase pream-
plification system (Life Technologies) with oligo(dT) primers
and were subjected to PCR. Real-time quantitative PCR was
performed using the LightCycler rapid thermal cycler system
(Roche Diagnostics, Lewes, UK) with primer sets for VEGFR-
2/KDR or B-actin {(Nihon Gene Research Laboratories, Sen-
dai, Japan) and LightCycler FastStart DNA Master SYBR
Green I (Roche Diagnostics).

The primer sequences were as follows: for KDR, 5'-
CAGACGGACAGTGGTATGGT-3' (forward) and 5'-
GCCTTCAGATGCCACAGACT-3 (reverse); and for SB-actin,
5'-GCAAAGACCTGTACGCCAAC-3' (forward) and 5'-
CTAGAAGCATTTGCGGTGGA-3' (reverse). The PCR reac-
tion conditions were as follows: denaturing at 95°C for 10 minutes
for 1 cycle, followed by 40 cycles of denaturing at 95°C for 10
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seconds, annealing at 62°C for 10 seconds, and extension at 72°C
for 5 seconds (KDR) or 10 seconds (B-actin). Quantitative
analysis was performed using LightCycler software version 3.5.
All results for KDR were calibrated to the copy number of B-actin
from each cDNA sample.

RESULTS

Synovial histopathologic features in RA. A num-
ber of studies have confirmed that the microscopic
appearance of RA synovial tissue is variable {18). Con-
sistent with those studies, Figures 1A and B show
representative patterns of neovascularization seen in
RA synovium in this study, It appears that the overall
degree of neovascularization is correlated with the de-
gree of exudation, cellular infiltration, and granulation
tissue development, which are characteristic features
of RA synovium (18). Thus, synovium with marked
granulation and cellular infiltration showed the maxi-
mal degree of neovascularization (Figures 1A and B part
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Figure 2. Representative 2-color and single-color flow cytometric analyses of the phenotypes of CD34+ cells stimulated with stem cell factor (SCF)
and granulocyte-macrophage colony-stimulating factor (GM-CSF). CD34+ cells from the bone marrow of a theumatoid arthritis (RA) and an
osteoarthritis (OA) patient were stimulated for 18 days with SCF and GM-CSF, stained with phycoerythrin (PE)-conjugated anti-CD14 and
flucrescein isothiocyanate (FITC)-conjugated anti-HLA-DR or with PE-conjugated anti-CD31 and FITC-conjugated von Willebrand factor (vWF),
and analyzed by flow cytometry. A, The quadrant boundaries were determined by analysis of isotype-matched control cells. Values shown are
percentages of cells. B, Single-color analysis of the expression of vWF (left histogram). Right histogram shows control staining. Percentages shown
are for vWF+ cells. Figure 2B can be viewed in color in the online issue, which is available at http/fwww.arthritistheum.org.
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Figure 3. Phenotypic features of bone mammow-derived CD34+ cells
stimulated with SCF and GM-CSF. Bone marrow CD34+ cells from
13 RA patients and 9 control subjects were stimulated for 18 days with
SCF and GM-CSF, stained with A, PE-conjugated anti-CD14 and
FITC-conjugated anti-HLA-DR or B, PE-conjugated anti-CD31 and
FITC-conjugated anti-vWF, and analyzed by flow cytometry. Data are
shown as box plots. Horizontal lines constituting the top, middle, and
botiom of the boxes show the 75th, 50th, and 25th percentiles,
respectively. Lines outside the boxes show the 90th and 10th percen-
tiles. Solid squares inside the boxes show the mean. P values were
determined by Mann-Whitney U test. See Figure 2 for definitions.

d), whereas the synovium with trace amounts of exuda-
tion and celtular infiltration lacked neovascularization.
The results therefore suggest that neovascularization
might play a role in development of inflamed synovinm
in RA. .

Generation of vWF+ cells from bone marrow—
derived CD34+ cells. After stimulation of bone marrow
CD34+ cells (1.0 X 10°) with SCF and GM-CSF for
18 days, the mean * SD number of recovered cells
was 3.85 * 2.97 X 10° for RA patients and 3.79 * 3.18 X

HIROHATA ET AL

10° for control subjects (P = 0.6401 by Mann-Whitney
U test). Figures 2A and B show, respectively, the
representative dual-parameter 4-quadrant scatter-
grams and single-color histograms of the bone marrow
CD34+ cells stimulated with SCF and GM-CSF for 18
days.

A similar percentage of cultured CD34+ cells
from the RA patient and the OA control patient ex-
pressed CD14 and HLA-DR. Although in Figure 24,
bone marrow CD34+ cells from the RA patient gener-
ated higher percentages of CD14+/HLA-DR+ cells,
there was no significant difference in the percentages of
CD14+ cells and CD14+/HLA-DR+ cells generated by
bone marrow CD34+ cells from the 9 control subjects
and the 13 RA patients (Figure 3A). In contrast, bone
marrow CD34+ cells from the RA patient gave rise to
higher numbers of yWF+ cells and CD314+~WF+ cells
than did those from the OA control patient (Figures 2A
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(pg/mi) WYF(%)
3000 p=0526 4
12
2500 10 .
2000 3d, . r=0.144
1500 P p=0.532
1000 4 . .
560 8, ,
0+ T T T T
Control RA 0 500 1000 i500 2000 2500 3003 3500
TNF-¢: VWAF(3) VEGF(pg/mf)
{pgimi) 14 .
250 p=0948 12 .
200 10 * .
150 g .
[ M
100 J - . .
. ¢ =002
303 LS MR . p=0if2
() e r + — \
0 Contral RA 0 50 100 150 200 250
TNF- g (pgim)
A B

Figure 4. Production of vascular endothelial growth factor (VEGF)
and tumor necrosis factor & (TNFe) by bone marrow—derived CD34+
cells and cormelation with the generation of von Willebrand factor
(vWF}-positive cells. Bone marrow CD34+ cells from 13 rheumatoid
arthritis (RA) patients and 9 control subjects were stimulated for 18
days with stem cell factor and granulocyte-macrophage colony-
stimulating factor. Cells were analyzed for vWF expression by flow
cytometry; supernatants were assayed for VEGF and TNFa by
enzyme-linked immunosorbent assay. A, Data are shown as box plots.
Horizontal lines constituting the top, middle, and bottom of the boxes
show the 75th, 50th, and 25th percentiles, respectively. Lines cutside
the boxes show the 50th and 10th percentiles. Solid squares inside the
boxes show the mean, P values were determined by Mann-Whitney U
test. B, Correlations between the generation of vWF+ cells and the
production of each cytokine was evaluated by simple regression
analysis,
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and B). Accordingly, bone marrow CD34+ cells from
the 13 RA patients generated significantly higher num-
bers of vWF+ cells as well as CD31+/vWF+ cells than
did those from the 9 control subjects, although there was
no significant difference in the number of CD31+ cells
(Figure 3B). These results indicate that upon stimulation
with SCF and GM-CSF, bone marrow CD34+ cells from
RA patients have enhanced capacities to generate en-
dothelial cells compared with control subjects, whereas
the capacities of RA bone marrow CD34+ cells to give
rise to CD14+ monocyte-lineage cells were comparable
to those of the control subjects.

Relationship between the generation of vWF+
cells and the production of VEGF and TNFa«. It was
possible that the enhanced generation of vVWEF+ cells
from RA bone marrow—derived CD34+ cells might be a
result of the increased production of angiogenic cyto-
kines. In fact, it has been reported that VEGF (19,20)
and TNFa (21-24) play a major role in regulating
neovascularization in RA. Our next experiments there-
fore examined the capacity of bone marrow CD34+ cells
stimulated with SCF plus GM-CSF to produce VEGF
and TNFea. As can be seen in Figure 4, there were no
significant differences in the production of VEGF and
TNFa by RA bone marrow CD34+ cells and control
bone marrow CD34+ cells. In addition, the generation
of vWF+ cells was not significantly correlated with the
production of VEGF or TNFa. The results therefore
suggest that the enhanced generation of vYWEF+ cells
from RA bone marrow CD34+ cells might not be due to
the increased production of angiogenic cytokines but,
more likely, it may be due to the intrinsic abnormalities
of the bone marrow CD34+ cells.

Relationship between the capacity of bone
marrow-derived CD344 cells to generate endothelial
cells and the vascularization of the synovium. To further
confirm the role of the bone marrow in synovial neovas-
cularization, we next examined the relationship between
the capacity of bone marrow CD34+ cells to generate
vWF+ cells and the degree of vascularization in the
synovium in synovium samples obtained from 10 of the
RA patients and 6 of the OA patients on the same day
as the bone marrow samples. The degree of vasculariza-
tion in the synovium was analyzed under light micros-
copy and scored as described in Materials and Methods.
The degree of synovial vascularization in the RA pa-
tients was significantly elevated compared with that in
the OA patients. In addition, the capacity of bone marrow
CD34+ cells to generate vWF+ cells was significantly

correlated with the depree of vascularization in the syno-
vium in these 16 patients {data not shown).

To evaluate the synovial vascularization in a
more objective manner, we calculated the CD31+ mi-
crovessel densities in the synovium. As shown in Figure
5, the synovial microvessel densities were significantly
higher in RA patients than in OA patients. Moreover,
the microvessel densities were also significantly corre-
lated with the generation of vWF+ cells from bone
marrow~derived CD34+ cells in the 16 patients with
OA or RA. The results therefore suggest that vasculo-
genesis occurring through mobilization of endothelial
progenitor cells from the bone marrow might be in-
volved, at least in part, in the synovial neovasculariza-
tion, and may thus play a significant role in the patho-
genesis of RA.

Expression of mRNA for VEGFR-2/KDR in bone
marrow—derived CD34+ cells. Recent studies have re-
vealed that the vascular activation by VEGF/KDR was
significantly higher in RA than in OA, although activa-
tion of the hypoxia inducing factor a (HIFa) pathway
was comparable in RA and OA (25). It was therefore
possible that there might be differences in the activation
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Figure 5. Correlation between synovial microvesse] densities (MVD)
and the generation of von Willebrand factor (vWF)-positive cells from
bone marrow—derived CD34+ cells. Synovial microvessel densities
were compared between 10 rheumatoid arthritis (RA) patients and 6
osteoarthritis (OA) patients, A, Data are shown as box plots. Horizon-
tal lines constituting the top, middle, and bottom of the boxes show the
75th, 50th, and 25th percentiles, respectively. Lines outside the boxes
show the 90th and 10th percentiles. Solid squares inside the boxes
show the mean. P values were determined by Mann-Whitney U test. B,
Correlations between the microvessel densities and the generation of
vWF+ cells from bone martow CD34+ cells in the 16 patients was
determined by simnple regression analysis.
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Figure 6. The expression of vascular endothelial growth factor recep-
tor 2 (VEGFR-2)/kinase insert domain receptor (KDR) mRNA in
bone marrow-derived CD34+ cells. RNA was extracted from bone
marrow CD34+ cells obtained from rheumatoid arthritis (RA) and
osteoarthritis {OA) patients and subjected to quantitative reverse
transcription-polymerase chain reaction for VEGFR-ZKDR. The
copy numbers for VEGFR-2/KDR mRNA were calibrated to those for
B-actin. Data are shown as box plots. Horizontal lines constituting the
top, middle, and bottom of the boxes show the 75th, 50th, and 25th
percentiles, respectively. Lines outside the boxes show the 90th and
10th percentiles. Solid squares inside the boxes show the mean. P
values were determined by Mann-Whitney U test,

of the VEGF/KDR pathway in bone marrow CD34+
cells. To explore this possibility, our final experiments
examined the expression of KDR mRNA in bone mar-
row CD34+ cells as measured by quantitative reverse
transcription-PCR. As can be seen in Figure 6, the
expression of VEGFR-2/KDR mRNA in bone marrow
CD34+ celis from 17 patients with RA was significantly
higher than that in bone marrow CD34+ cells from 10
patients with OA. The results therefore suggest that
up-regulation of KDR mRNA in bone marrow CD34+
cells in RA might result in their enhanced capacity to
generate endothelial cells.

DISCUSSION

A number of studies have indicated that neovas-
cularization is crucial to the synovial hyperplasia of RA
(7,8). Postnatal neovascularization has been attributed

HIROHATA ET AL

to so-called angiogenesis, a process characterized by the
sprouting of new capillaries from preexisting blood
vessels (10). Thus, it has been shown that the expression
of angiogenic factors, such as VEGF and basic fibroblast
growth factor in synovial lining cells and stromal cells, is
increased in RA synovium and plays a pivotal role in the
angiogenesis (19,20,23). It is noteworthy that recent
studies have demonstrated that endothelial progenitor
cells of bone marrow origin play a significant role in the
de novo formation of capillaries without preexisting
blood vessels, so-called vasculogenesis (11-14). More-
over, bone marrow-derived endothelial precursor cells
have been shown to home to neovascularized hind limb
ischemic sites in animal models (11). Results of the
current studies have shown that the generation of vWF+
endothelial cells from bone marrow CD34+ cells is
up-regulated in RA. The data therefore suggest that
mobilization of endothelial cells from bone marrow
might also be enhanced and be involved in neovascular-
ization of the RA synovium. It is thus likely that bone
marrow—derived endothelial precursor cells might be
homing to the synovium, where angiogenesis is en-
hanced (7,8).

It has been shown that bone marrow—derived
endothelial progenitor cells make a significant contribu-
tion to angiogenic growth factor-induced neovascular-
ization that may account for up to 26% of all endothelial
cells (26,27). It is thercfore likely that the enhanced
capacity of bone marrow CD34+ cells to generate
vWEF+ cells might also play a critical role in the synovial
neovascularization in RA, In fact, we found that the
degree of synovial vascularization as well as the mi-
crovessel densities in RA synoviem were much higher
than those in OA synovium, findings that are consistent
with those of a previous study (28). More important, the
generation of vWF+ cells from bone marrow-derived
CD34+ cells was significantly correlated with the degree
of synovial vascularization as well as with the microvessel
densities in arthritis patients. The data therefore raise
the possibility that the mobilization of endothelial pro-
genitor cells from bone marrow might also contribute to
the enhanced synovial neovascularization in RA, al-
though a direct role for these bone marrow-derived cells
in synovial neovascularization remains to be elucidated.
Further studies to explore in detail the capacity of
endothelial progenitor cells generated from bone mar-
row CD34+ cells to undergo angiogenesis would be
important.

Previous studies have shown that hematopoietic
cytokines, such as SCF and GM-CSF, have potent
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~ effects on endothelial cells and facilitate angiogenesis
{(29). In the current studies, we demonstrated that SCF
and GM-CSF also induce the generation of endothelial
cells from bone marrow CD34+ cells and, thus, partic-
ipate in vasculogenesis. The mechanism of the enhanced
generation of endothelial cells from RA bone marrow
CD34+ cells stimulated with SCF and GM-CSF is still
unclear. It is possible that the production of VEGF,
presumably by CD14+ cells induced from CD34+ cells,
might be enhanced in cultures of RA bone marrow-
derived CD34+ cells, However, there were no signifi-
cant differences in the production of VEGF between
RA patients and control subjects. Moreover, the gener-
ation of vWF+ cells was not significantly correlated with
the production of VEGF. It is therefore unlikely that the
enhanced generation of vWF+ cells from RA bone
marrow CD34+ cells might result from the up-
regulation of VEGF production.

TNFa plays a crucial role in regulating not only
inflammation, but also neovascularization in RA syno-
vium (21-24). Anti-TNFa treatment in RA patients has
been found to inhibit vascularity in the synovium
(30,31). The results of the current studies revealed that
significant amounts of TNFa were produced in cultures
of bone marrow CD34+ cells. However, there were no
significant differences in the production of TNFa by
bone marrow CD34+ cells from RA patients and con-
trol subjects, nor was the generation of vWF+ cells
significantly correlated with the production of TNFa.
Therefore, the enhanced generation of vWF+ cells
might not be accounted for by the increased production
of TNFa, although it is still possible that up-regulation
of the production of angiogenic factors other than
VEGF and TNFa might be involved in the enhanced
generation of vWF+ cells from RA bone marrow
CD34+ cells. Alternatively, it is also possible that the
reactivity of RA bone marrow CD34+ cells to various
cytokines might be different from that of control bone
marrow CD34+ cells. In this regard, previous studies
have shown that RA bone marrow CD34+ cells have
abnormal capacities to respond to TNFa and differen-
tiate into fibroblast-like cells producing MMP-1 (5).

Neovascularization of the synovium is not unique
to RA. It has also been observed in OA synovium and
has been shown to play an important role in the devel-
opment of new cartilage and mineralization (25,32,33).
Of note, recent studies have revealed that levels of
expression of the angiogenic factors VEGF and platelet-
derived endothelial cell growth factor are increased in
RA as well as in OA, relative to normal subjects,

whereas the presence of an activated synovial vascula-
ture was high only in RA (25). Moreover, the vascolar
activation by VEGF/KDR was significantly lower in OA
than in RA patients, although the activation of the HIFa
pathway was comparable in OA and RA patients (25).
These observations suggest the presence of intrinsic
abnormalities in synovial endothelial cells in RA pa-
tients. Of note, in the present study, RA bone marrow
CD34+ cells displayed a higher capacity to generate
vWF+ endothelial cells than did OA bone marrow
CD34+ cells. Moreover, the expression of VEGFR-2/
KDR mRNA in RA bone marrow CD34+ cells was
significantly higher than that in OA bone marrow
CD34+ cells. It is therefore likely that the differences in
VEGF/KDR vascular activation at the leve! of bone
marrow CD34+ cells between RA and OA patients
might result in differences in their capacity to generate
vWEF+ cells, since signaling through the KDR plays a
crucial role in the generation of endothelial cells (17,19).
Further studies to delineate the precise sequelae of the
up-regulation of KDR mRNA expression would be
helpful for a complete understanding not only of the
differences in synovial neovascularization in RA and
OA, but also of the pathogenesis of RA.
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Bone morphogenetic proteins
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BMP: bone morphogenetic protein, GDF: growth dif
ferentiation factor, OP. osteogenic protein, CDMP: car-
tilage -derived morphogenetic protein
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