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Table 2

Measurement errors of this system by plottitng bone land marks
Trial Subject 1 Subject 2 Subject 3 Subject 4 Subject §

FTA HKA FTA HKA FTA BKA FTA HEKA FTA HKA

1 178.9 =50 179.7 ~6.7 184.2 ~10.2 185.6 ~]0.4 184.1 ~7.1
2 179.0 =51 179.9 -6.8 134.0 -104 185.5 =10.5 184.0 7.1
3 178.9 -5.0 179.9 ~6.7 184.0 -10.2 185.5 -10.4 184.2 —6.9
4 178.9 ~5.1 1797 -6.6 184.1 -10.4 1854 -10.6 184.3 ~7.1
5 178.9 -4.9 t79.7 -6.7 1g4.0 -10.4 185.7 -10.5 184.1 -1.2
Error range 0.1 0.2 0.2 02 0.3 03 0.3 0.3 0.3 0.2

with five subjects. The error range was within 0.3° for
both HKA and FTA (Table 2). This appears to be
acceptable for assessment of lower limb alignment,

A limitation of this study was comparability of CT
scans taken in-a supine position to radiographs taken
in a weight-bearing position, Generally, lower limb
alignment is measured using AP long-standing radio-
graphs. Although we did not obtain CT images in the
standing position, we used CT images in a semi-standing
position, taken with the knee in full extension and the
aokle joint at 90° of flexion with an ankle brace in the
supine position.
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Low-INTENSITY PULSED ULTRASOUND
ACCELERATES MATURATION OF
CALLUS IN PATIENTS TREATED
wiTH OPENING-WEDGE HiGgH TIBIAL
OSTEOTOMY BY HEMICALLOTASIS

By NORIYUKE TSUMAKE, MD, MASAAKT Kaxiuchl, MD, BRO $aSAKL TAKAHIRC OCHT, MD, anp HIper! YOsHKAwA, MD

Pwvestigation performed ar she Department of Qrtiwpasdics, Osaka University Graduatz School of Medicine,
and the Departmend of Ortiopacdic Surgery and Radiology, Osaka Police Hospiral, Qsuka. Japar

Background: Opening-wedge high tibial osteotomy by hemicallotasis for osteoarthiitis in the medial compartment of
the knee requires externai fixation for a long time, until callus maturation is complete. The aim of this study was to
determine if lowintensily pulsed uitrasound woul¢ accelerate callus maturation when applied after distraction to
limbs treated with opening-wedge high tibial ostsotomy by hemicallotasis, : ‘

Methods: Twenty-cne patients with symmetric grades of ostecarthritis and similar degrees of varus deformity in the
two knees underwent bilateral one-stage opening-wedge high tibial osteotomy by hemicaliotasis. After comptetion of
distraction, the bone mineral density of the distraction callus was measured. Then, one randomiy selected limb was
subjected to ultrasound treatment for twenty minutes daily unti removal of the external fixator. The contralateral limb
was left untreated to serve as the control. After four weeks of treatment. bone mineral density was measured again.

Results: During the four-week treatment period, the mean increase in callus bone mineral density was sighificantly
greater in the ultrasound-reated tibiae (0.20 2 0.12 g/cm than in the control tibtae {C.13 £ 0.10 g/om’} (p = 0.02,
unpaired t test). In eighteen patients the increase in the bone mineral density was greater in the ultrasound-treated
{imb than in the control limb, whereas in three patients the increase was greater in the cortrol fimb,

Concluslons: We found that low-intensity pulsed ultrascund applied during the consolidation phase of distraction o0&
teogenesis accelerates callus maturation after opening-wedge high tibial osteotomy by hemicatiotasis in elderly pa-
tients.

Leve! of Evidence: Therapeutic study, Level Hla (randomized controlled trial {significant difference]). See Instruc
tions to Authors for a complete description of levels of evidence.

demonstrated that Jow-intensity pulsed uitrasound increases
the rate of endochondral bone formation and the structural
strength of fracture sites™, Clinical investigations have shown

micramechanical strain when trensmitied throngh
the budy, is widely used in medicine as a therapeutic

U]trasoumi, a form of mechanical energy that produces

Reproduced with permission of the copyright owner. Further

and diagnostic tool, In virro studies have demonstrated that
low-intensity pulsed ultrasound alters metabolism at the
cellular level. Micromechanical strain caused by ultrasound
transmission through the body cant promote bone formation
in a manner comparable with the bone responses to mechani-
cal stress postulated by Wolft’s law™, Studies of animals have

ie on our weh site (www.jbjs.org) and on our quarterly CD-ROM {call our

/—) A commantary I+ available with the electronic versions of this article,
\._/C subscription department, at 781.449-9784, to order the CD-ROM).

that low-imensity pulsed ultrasound improves healing of psend-
arthroses, delayed unions, 3nd nonunions™. Randomized,
double-blind, controlled clinical trials have shown that the
technique accelerates the repair process in fractures of the
tibia® and radius’. These studics have established tie clinical
usefulness of iow-intensity pulsed uitrasound for acceleration
of fracture-healing’.

Callotasis and hemicallotasis are useful techniques to

-~ correct limb deformity or to lengthen the limb’, but the dis-
| traction callus heals very siowly, requiring patients to wear an

—461—
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external fisator for a long period. The effects of low-intensity
pulsed ultrasound on healing of the distraction callus have
been examined #n animal modeds®™ but have not been as-
sessed in a clinical setting, 1 our knowledge.

Opening-wedge high tibial osteotomy by hemicallotasis,
a surgical intervention for patients with osteoarthritis in the
media! compariment of the knee, has the advantage of accu-
rate enrrection”, However, the technique requires external fix-

ation until the distraction callus is mature, and a high rate of -

pin-site infection has been reported™

in this randomized study, we quantitatively examined
the effects of jow-intensity pulsed sltrasound on the matura-
tion of the distraction callus during the consolidation phase in
patients treated with an opening-wedge high tibial osteotomy
by hemicallotasis.

Materiais and Methods
Patient Selection
F rom 1999 to 2002, bilsteral one-stage opening-wedge high
tibial osteotomy by hemicallotasis was performed in thirty-
three patients who had bilateral ostecarthritis in the medial
compartment of the knee with bilateral knee pain. Selection
criteria for the present study included (1) bilaterally symrmet-
ric grades of esteoarthritls according to the classification of
Kellgren and Lawrence™, and {2} a difference of £3° in varus
deformity between the left and right sides as indicated by the
femorotibial angles measured on full-length radiographs of
the Jower limbs with the patient standing. Twenty-one patients
(seventeen women and four men} who met these criteria cone
sented to participare in the study. The ages of the patients
ranged from fifty-three 10 seventy-eight vears {average,
sixry-eipht years), The severity of the medial osteoarthritis
was grade 2 in four knees, grade 3 in thirty knees, and grade 4
in eight knees. The study was approved by our hospital review
board.

Operative Technigue

Opening-wedge high tiblal osteotomy was performed with use
of an articulated dynamic axial fixator with a proximal T-
clamp {hemicallotasis device; Qrthofix 20-010 and CP-0029;
Orthofix, Bussolengo, Iraly), During the surgery, four rapered
half-pins {Orthofix; 6 mm/3 mm) were inserted; two with
cancellous threads were placed at the proximal sites and two
with cortical threads, at the distal sites. For the osteotomy, an
ameremedial approach was used, with a transverse incision of
the skin and a longitudinal incision of the periosteum fol-
lowed by elevation. The position and direction of the osteot-
omy were monitored in both the coronal and the sagittal plane
with use of radiography during the operation. Osteotomy of
the medial three-quarters of the proximal part of the tibia was
carried out just proximal to the tihial tubercle. We used an os-
tentome to cut the anterior and middle portions of the tibia,
and we used an oscitlating saw to cut the posterior cortex. The
status of the cortex lateral 1o the osteotomy site was assessed
by testing the rigidity of the ostectomy site with manual val-
gus stress, The Orthofix fixator was applied, and distraction

Lo s BNTENSITY UL TRARMOUND ACUELERATEY CALLUS
MatuEation N Tieian OSTroTossy 8y HeMICalLoradns

was performed for 5 mm to ensure that the intact portion iat-
eral to the osteotomy site acted as a hinge. Then the fixawr
was compressed so that there wag good osseous apposition.
The periosteum was closed. A fibular osteotomy was not per-
formed. As with callus distraction for limb-engthening, the
osteotomy was followed by periods of Fatency, distraction, and
consolidation until removal of the externat fixator. Patients
were aiowed full weight-bearing throughout these periods,

Distraction and Cousolidation

After a latency period of fourteen days, distraction was begun.
Radiographs of the ostectomy sites in both himbs were made
once a week throughout the distraction and consolidation
phases. Additiony radiographs were made according to the
symaptoms and findings of previous radiographs. The com-
pression/elistraction unit was elongeted at a rate of § mm daily,
with two 0.5-mm distractions each day. Distraction was stopped
and the consolidation phase was beyun when the Lip-ankle
mechanical axis of the limb passed the medial one-ninth to
one-third of the lateral compartment of the tibial plateau as
seen e a fuli-length radiograph of the limb with the patient
standing, The locking bolt of the telescopic body of the fixator
was then tightened.

The consolidation period was ended when the callus
was considered strong enough for safe removal of the fixator
without the risk of fractare {i.e., when there was a smooth un-
interrupted cortical margin medial to the regenerated bone or
an uninterrupted trabecplar pattern occupying the lateral
wwo-thirds of the tibia on an anteroposterior radiograph}. The
assessors of callus consolidation were not blinded to the use of
low-intensity puised ultrasound. A few days after release of the
locking serew (at a mean [and standard deviation] of L5 2 0.6
days: range, one 1o three days). the fixator was removed and
the pins were left in place for a trial period of several more
days. The pins were removed after radiographs confinmed that
there was no evidence of collapse of the callus.

Measurement of Bone Mineral Density

Although we performed the osteotomy perpendicular to the
long axis of the lower Hmb in the sagittal plane, the postopera-
tive anteroposterior radiograph of the proximal part of the
tibia revealed that the osteotomy was not perfectly parallel 1o
the x-ray beam in some patients, Before measuring bone min-
cral density, all patients were placed in the supine position
with the knees in neutral rotation under the x-ray 1be. The
knee joint was slightly flexed (Fig. 1-A) or the entire imb was
raised (Fig. 1-B}, so that the beam would pass parallel wo the
osteotomy. As a result, we obtained an anteroposterior view of
the callus without an overlap of the anterior or posterior corti-
cal bone of the tibla. We carefully recorded the position of
zach limb of each patient by measuring the distance and angle
of the fixators relative to the bed on which the patient lay. To
measure the bone mineral density of the distraction cellus, the
patient was then placed on a dual-energy x-ray absorptiome-
try unit (QDR-2000: Hologic, Boston, Massachusetts} with
the limb in the same position as determined under the x-ray

—462—

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2401

THE FOURNAL OF BONE & TOINT SURGERY - IDISLORS
VOLruMsmn 86-A4 - Nussen L] - NOVEMRER 2004

Fig beA
Measurement of bonz minesal density. Tha knee joint was shight!

LOWCENTENSTIY ULIRASOUND ACCELERATES CALLUS
MATURATION iN TIEIAL QSTEOTOMY 8Y HEMICALLOTASES

Fg 8

y fiexad {Fig, 1-A) or the entire limb was raised {Fig. 1-B), so

that the beam would pass paratiel 1o the ostectomy. The imb wes positioned by referring 1o the position ¢f the fixators,

which wera determined on rediographs.

tube. Bone mineral density was expressed in grams per square
centimeter. On the view obtained from the scan, we confirmed
that the callus was visible without overlap of anterior or poste-
rnior cortival bone of the tibia, indicating that the beam was
paralfel to the osteotomy, Two regions of interest in each tibia
were selected for measurement of regional bone mineral den-
sity with use of QDR for Windows software {version 11.2: Ho-
logic). Following the previously described method with
moditication™, we selected one region of interest within the
distraction gap {Fig.1-C). The other was in the segment just
distal to the distraction gap (Fig. -1}, The region of interest
in the distal segment was 8 ram in height and spanned the me-
dial half of the ttbia. The reproducibility error of the results
was evaluated with three consecutive measurements and was
found to be <3%. To test day-to-day reproducibility, a bone
_ phantom {Helogic} was attached with a metal pin 5 cm above
the bed, and its bone mineral density was measured daily for

3

Fig 3-C

ene month. The coefficient of variation was 0.8%.

The bone mineral density of the callus was meusured
twice for each tibia: at the start of the consolidation period
and four weeks after the start of the consolidation period. The
first bone mineral density measurement was subtracied from
the second to calculate the increase in bone mineral density
over the four-week consolidation period.

Application of Ultrasound

For cach patient, the limb to be treated with Tow-intensity
pulsed ultrasound was randomly selected with use of a ran-
dom-number generator on a computer. Ultrasound energy
was provided by a Sonic Accelerated Fracture Healing System
{SAFHS; Exogen, Piscataway, New Jersey L. The treatment head
module delivered an ultrasound signal composed of a burst
width of 200 psec containing 1.5-MHz sine waves, with a rep-
etition rate of 1 kHz and a spatial average-temporal average

Fig. 1-fx

Anteropasterior images produced by & dugi-enenrgy x-fay abscrphiometry unit (QCR: Halogic) to measure bone mineral density in the proximal part of
a titia that underwent cpenind-wedge high tibial osteotomy. The mgions of interest of measurement were set within the distmction gap {ovtlined in
red) {Fig. 1.Ci angd the segment ¢cistal 10 the distraction gap {outiined in red) iFig. 1.0).
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intensiy of 30 mWieny, Within two days after the first bune
mineral density measarenient, we began daily twenty-minute
ultrasound treatments on the one side, and we continued the
treatment until the fixator was removed. The trearment head
module was positioned on the anteromedial aspedt of the
praximat part of the leg at the level of the osteotomy and was
fixed with a strap. Al twenty-one patients were hospitatized
until removal of the pins and were assisied by the hospital siaff
in carrving out the low-intensity pulsed ultrasound treatment.

Statistical Analysis

The i test was used to compare dats between treated and un-
treated Hrabs, A p value of <tL0% was considered to indicate
significance.

Results

Baseline Characteristics

N one of the patients had previously undergone knee sur-
N gery such as meniscectomy or cruciate Hgament repairn,

The mean weight of the patients was 61 & 11 kg, and the mean

body mass index was 26 & 5. Three patients smoked duting

the treatment period.

Preoperadively, the femorotiblal angle averaged 185° =
5% in the vitrasound-treated fimbs and 184° £ 5% in the con-
trals, the range of knee fBexion mieasured with manual goni-
ometry averaged 1219 £ 279 in the sitrasound-teeated Timbs
and 123° & 107 i the controls, and the range of knee exten-

sion averaged —4° & 6% in the ultrasound-treated limbs and
|37 5% in the controls. Thus, the preoperative varus deformity
and ranges of motion did not differ substantially between the
ultrasound-treated and control limbs. Preoperatively, four pa-
tents had equal pain in the two knees, seven lad mote kaee
pain on the side that was later treated with low-intensity
pulsed vitrasound, and ten patients had less pain on thar side.
The mean period of distraction did not differ between the
ultrasound-treated tibiae (37 = 7 davs) and the control tibiae
{37 = 7 days). The distraction periad was the same for both
skles in eighteen patients, 1 was two days sherter on the wtra-
sound-treated side in one patient, four days shorter on the
ultrasound-treated »ide in another patient, and three days
shorter for the control limb in still another patient,

During the digraction period, patients experierged
pain i the lower Bobs and were occasionally unable to stand.
Afier the start of the consolidation period, the pain decreased,
and ali patients walked using a pair of crutches. Pin-track in-
fections developed in six Lmbs in the ultrasound-treated
group and five kmbs in the control group. These intections re-
sponded to local pin-site care and antibiotic treatment. We
did not observe signs of infection at any ostectomy site or in
any joint in the limbs.

As a result of randomization, the right limb was chosen
for low-intensity pulsed ultrasound and the left imb served as
the controf in cleven patients. In ten patients, the lett mb was
<hosen for low-intensity pulsed ultrasound and the right Hmb
served as the control
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leciad for witrascund treatmant sre stiown On the el and the gontrol
tibiae are shown on the right, with the vatues for the Brebs of the same
patient conngated by ines, The mean bone mmerst density was 030 &
0.14 g7em” inthe thide selected for uirasow ! trestment and 832 1

009 gsom’ i control thiaw (p = €.31. unpaired t test). Mot that, in
gach patient. there was Hitie cifference in the cativs bone mineral den-
sity beiween the two libiae. whereas the cafius bone mineral density

varied more widely among individuais.
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Bone Mineral Density

Before the start of the treatment with the fow-intensity
pulsed ultrasourd, the bone mineral density of the distrac-
tion cailus averaged 0.30 &£ Q.11 g7emy in the thiac chosen 1o
be treated with ultrasound and 0.32 & 0,09 gfem’ in ithe con-
trols (p = .31, unpaired v testh {Fig. 21 The mean increase in
bone mineral density during the four-week treatment period
was significantiy greater in the ultrasound-treated tibiae
{320 + 6,12 giem’) than it was in the contrels (8,13 = Q.G g/
e} {p = 0.02, unpaired trest). In vighteen patients, the bone
mincral density increased more in the ultrazound-freated
limb than in the controf Timb: in three patients, the bone
mineral density incressed muore in the control limb {Figs, 3-A
shrough 41 Of the three patients who had a greater increase
in the control limb, one was a spmioker, two had had almost
equal pain in the two knees, and one had hed more knee pain
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Figs. 3-A through 3-D Racliographs of

LOW-INTENSIFY ULTRASOUNIY ACCELERATES CALLUS
SMATURATION 1% Tintar OSITOTOMY 8Y HEMICALLOTASTS

Control

a woman who undenwent progressive
openingwedge osteotomy by hemicaliota
sis ot the age of sixty-seven years. Figs.
3-A snd 3-B Radicgraphs of the proxiral
parts of the right {Fig. 3-A) and left (Fig.
3-8} tikiae made at the end of distraction
show that both imbs contained calius
with moderate mineralization, After mea-
surement of bone mineral donsity, fow
intensity pulsed uiirasound (LIPU) was
applied oniy to the right tixa; the jeft
tibla was used as the control. Figs. 3-C
and 3-D Four weeks later. the cailus of
the right tibia {fig. 3-C} appears more
consolidated than that of the le® tibia
{Fig. 3D;. The bene mineral density of
the distraction gap was again measured
after this fourweak tonsalidation period.
The increase in the bone mineral density
in the callus was 0.29 g/em’ in the right
tibia and 5.10 g/em?* in the left,

at the end of
distraction

4-week after the
end of distraction

Fig. 340

in the nitraspund-treated limb than in the control hmb.

The mean increase in bone mineral density in the seg-
ment just distal to the distraction gap during the four-week
treatment period was 0.02 % 0.09 g/em’ in the ultrasound-
treated tiblae and -0.03  0.09 g/cm® in the contro! tibiae.
The difference between the two groups was not significant
{p=0.07}

Consolidarion Period

The mean consolidation period was 7.1 + 2.6 weeks (range,
four to twelve weeks) in the ultrasound-treated group and
7.9 + 2.4 wecks {range, five to thirteen weeks; in the control
group. The consolidation period for the ultrasound-treated
Limb was shorter than that {or the control limb in thirteen pa-
tients: it was three weeks shorter for four patients, two weeks
shorter for four patients. and one week shorter for five pa-
tients, The consolidation period was the same on both sides in
six patients, and, in two patients, consolidation occurred one
wevk earlier in the control limb than in the ultrasound-treated
Limb. The fixators remained in place for a mean of 146 £ 3.0
weeks in the ultrasound-treated tibiae and for 155 1+ 2.7
weeks in the controls. '

Discussion
Bune-foa‘ming activity varies among individuals”, This varia-
tion may account in part for the difficulties in determin-
ing the effects of low-intensity pulsed ultrasound in dinical
studies with limited numbers of patients. In the present study,
the same surgical procedure was performed on both tibiae
of each patient on the same day. Low-intensity pulsed ultra-
sound was applied on one side, whereas the contralateral side

LIPU applied

RRES oo et

Fig 30

8.5 r
0.4
i
[¥]
e 03 r
Q
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[5:}
Q
bt
£ 02 |
fa
=
m
0.1 |
0'0 1 3
LIPU applied tibiae control tibiae
Fig 3

Increases in callus bone mineral density {BMD: during the four-week
consoiidation periad in the limbs treated with lowdntensily pulsed ulira-
sound (LIPLh {left) and the control limbs (right}, with the values for the
limbs of the same patlent connectod by lines, The mean increase in
bene mineral density was 0.20 & 0.12 g/cm’ in the ultrasound-treated
tibige and 0.13 + 0.10 g/em’ in the controf tibiae {p = .02, unpaired
1test).
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was used as the internai control, Before the treatment with the
low-intensity pulsed altrasound, the mean difference in callus
bone mineral density between the left and right imbs of the
same parient was usaaily relatively small, wihereas the callus
bone mineral density varied more substantially among individ-
uals {Fig. 2). The increase in bone mineral density during the
four-week consolidation period also varied among mdividuals,
suggesting vaniation in bone-forming activities among patients,

The present study showed that jow-intensity pulsed ui-
trascund signifltcantly enbances the increase in mineraliration
of the callus during hemicaliotasis, as assessed by measuring
bane niineral density. In fact, the external fixators were re-
moved an average of one week carlier from the ultrasound-
treated limbs than from the control limbs. In the present
study, Jow-intensity pulsed ultrasound was applied after dis-
traction had ceased, in order to assess the bone mineral den-
sity of the distraction callus before the wltrasound treatment,
A recent investigation of rabbits showed that low-intensity
pulsed ultrasound stimulates bone formation most effectively
during the distraction phase™, Future cinical dudies should
address the question of whether additiona! low-intensity pulsed
ultrasound trestment during the distraction phase can further
shorten the period necessary for callus maturation.

The effects of low-ntensity pulsed vltrasound on mat-
uration of distraction callus have been fwestizated in several
anional studies, with controversial resubts, In a rabbit study,
Shimazaki et al, found that bone mineral density, hard callus
area, and mechanical est scores were greater in distraction cal-
tus treated with Jow-intensity pulsed citrasound than in the
control group™ In a study of rats, Eberson et al found that ra-
diographically assessed healing occurred earlior In ultrasound-
treated bones than in control bones and that bone volume frac-
tion and rabecular bone pattern factor were higher in the
eltrasound-treated bones™ Ina study of rabbits. Tis ot al.
found a greater hard callus ares and less fibrous tissue in bones
treated with Jow-intensity puised ultrasound than in control
bones”. Neither Eberson et al. nor Tis et al. found a differ-
ence in bone mincral density or succhanical strength of dis-
sraction callus Detween ultrasound-treated bones and controls,
although Eberson et ab observed a trend wward greater me-
chanical strength in witrasound-treated hones. Uglow et al,
found na substantial difference in bone mireral content, cross-
sectional area, or strength of distraction callus between ultra-
sound-treated bones and control bones of rabbits”, In all of the
animal stedies mentioned above, osteotomy and distraction
- were performed at the diaphysis, which consisis of thick cor-
tical bone. In the metaphyseal segment adiacent to the dis-
traction callus in the present study, the bone mineral density
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tended 1o increase more in the ulizasound-treated Hmbs than
i the comtrol mbs, although the difference was not signifi-
cant {p = 0.071 Uglow et al. found no significant difierence in
the reduction of voitunetric bone mineral density of the seg-
ment adjacent to the distraction calius in the diaphysis between
their ultraseund-treated group and control greup {p » 6.3) iv
rabbits. Although the applicabiiity of findings of animal studies
to human clinical research remains unciear, results obtained
from the present study and those of aninzl studies collectively
suggest thay metaphyseal trabecalar bone might be more sus-
ceptible than diaphyseal corucal bone te mechanical forces in-
Eerent to low-intensity pulsed ultrasound.

Iz vitro amd i vive studies have been performred to in-
vestigate the mechanisms by which mechanical stimulation
due to Jow-intensity prlsed ultrasound is translated into a bi-
ological response. Low-intensity puised ultrascund has offects
on chondrocytes™ = as well as osteoblasts ™, Hawoeol et ak. re-
ported that low-intersity pubsed ultrasound also stimulates
angiogenesis”

&7, thos increasing local blood flow. The useful-
ness of low-intensity pulsed ultrasound in fracture-heaiing has
previously been established ™. Distraction osteozenesis may in-
volve an ossification process {transchondroid ossification) dif-
ferent from that of fracture-healing® Future studies should
include clarification of the distraction ostevgenesis-specific
mechanism thar eranslates mechanical forces due to low-
intensity palsed ultrasound into bone formation. »
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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,> Hideki Yoshikawa,? and Takahiro Ochi®

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

Methods. CD344 cells purified from the bone
marrow of 13 patients with active RA and 9 centrol
subjects (7 osteoarthritis [QA] patients and 2 healthy
individuals) were cultured in the presence of stem cell
factor (10 ng/ml) and granulocyte-macrophage cofony-
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 symo-
vium, as determined by microscopy. The expression of
vascular endothelial growth factor receptor 2/kinase
insert domain receptor (KDR) messenger RNA (mRNA)
in CD34+4 cells was examined by quantitative reverse
transcription-polymerase chain reaction.

Resulis. The generation of CD14+ cells from bone
marrow—derived CD34+ cells from RA patients was

comparable to that from control subjects, However, the
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generation of von Willebrand factor (vWF)—positive
cells and CD314+/¥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 vyWF+ 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 CD344 cells.

Conclusion. These results indicate that RA bone
marrow CD34+ cells have enhanced capacities to dif-
ferentiate into endothelial cells in relation to symo-
vial vascularization. The data therefore suggest that
bone marrow CD34+4 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-

—468—



ROLE OF BONE MARROW IN NEGVASCULARIZATION OF RA SYNOVIUM 3839

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 peripheral blood
using magnetic bead selection of CD34+ hematopoietic
cells, and thus demonstrated that buman 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 are 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 Rheumatology (formerly, the American
Rheumatism Association) 1987 revised criteria (16). As con-
trols, bone marrow samples were similarly obtained from 7
patients with osteoarthritis (QA) (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 QA 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 OA 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),
i-glutamine (0.3 mg/ml), and 10% fetal bovine serum
(Life Technologies) was used for all 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 OA (a and b} and RA (c and d) patients are presented, showing trace (a), mild (b),
moderate {c), and strong {d) neovascularization. H&E = hematoxylin and eosin, (Original magnification X 25.)

diatrizoate-Ficoll gradients (Histopaque; Sigma, St. Louis,
MO). 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
<0.5% CID9+ 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%Awell 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.

Immunofiuorescence 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
1gG2a; Immunotech), PE-conjugated anti-CD31 mAb (mouse
1gG1; Immunotech), PE-conjugated murine IgG1 and I1gG2a
control mAb or FITC-conjugated murine 1gG2b control mAb,
which were raised against Aspergilius niger glucose oxide, an
enzyme that is neither present nor inducible in mammalian
tissues (Dako, Glostrup, Denmark), or FITC-conjugated con-
trol sheep IpG 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 PES 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
mADb (clone JC/70A; Dako) and then developed using a Dzko
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 CD3i+
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 a (TNFea) 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 guantitative polymerase
chain reaction, Total RNA was isolated 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 B-actin,
5'-GCAAAGACCTGTACGCCAAC-Y (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 S-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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Fignre 2. Representative 2-color and single-color flow cytometric analyses of the phenotypes of CD34 + celis stimulated with stem cell factor (SCF)
and granulocyte-macrophage colony-stimulating factor {GM-CSF). CD34+ cells from the bone marrow of a rheumatoid 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
fluorescein isothiocyanate (FITC)—<onjugated anti-HLA-DR or with PE-conjugated anti-CD31 and FTTC-conjugated von Witlebrand 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 (feft 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:/www.arthritistheum.org.
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Figure 3. Phenotypic features of bone marow=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
bottom 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 cellular infiltration lacked neovascularization.
The results therefore suggest that neovascularization
might play a role in development of inflamed synoviem
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 QA control patient ex-
pressed CD14 and HLA-DR. Although in Figure 2A,
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 vWF+ cells and CD31+/~WF+ cells
than did those from the OA control patient (Figures 2A

VEGF
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Figure 4. Production of vascular endothelial growth factor (VEGF)
and tumeor necrosis factor o {TNFa) by bone marrow—derived CD34+
cells and correlation 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 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 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+/+WF+ 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 TNF«. It was
possible that the enhanced generation of vWF+ 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 TNFa. 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 vWF+ 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 CD34+ 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 QA patients. In addition, the capacity of bone marrow
CD34+ cells to generate vWF+ cclls was significantly

correlated with the degree 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 CD344 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 « (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 microvessel densities (MVD)
and the generation of von Willebrand factor (vWF)—positive ceils from
bone marrow—derived CD34+ cells. Synovial microvesse! densities
were compared between 10 rheumatoid arthritis {RA) patients and 6
ostevarthritis (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 cutside 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 geperation of
vWF+ cells from bone marrow CD34+ cells in the 16 patients was
determined by simple 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-2/KDR. The
copy numbers for VEGFR-2ZKDR mRNA were calibrated to those for
B-actin. Data are shown as box ptots. 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 50th and
10th petcentiles. Solid squares inside the boxes show the mean. P
vaiues 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+ cells 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 vWE+
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 therefore likely that the enhanced
capacity of bone marrow CD34+ cells to generate
vWF+ 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 synovium were much higher
than those in OA synovium, findings that are consistent
with those of a previous study (28). More important, the
generation of vyWF+ 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 CD344 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-TNFo 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 TNFu, 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 alse been observed in QA 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 vascular
activation by VEGF/KDR was significantly lower in OA
than in RA patients, although the activation of the HIF«
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 level of bone
marrow CD34+ cells between RA and OA patients
might result in differences in their capacity to generate
vWF+ cells, since signaling through the KDR plays a
crucial role in the generation of endothelial cells (17,19).
Further studies to delineate the precise sequelac 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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