in RA-SNC77 cells (Takeuchi et al,, unpublished observa-
tion). Other undefined adhesion molecules may therefore
play a key role in inducing the enhanced proinflammatory
cytokine production by RA-SNC77 cells.

We found that the VLA-4-dependent adhesion pathway
was invalved in both binding and transmigration of MC/car
cells to a cloned stromal cell line, RA-SNC77. VCAM-1, a
functional ligand for VLA-4, however, did not appear to
contribute to these cellular interactions, suggesting that
RA-SNC77 cells express an alternative ligand(s) for VLA-4.
Other investigators have also reported the involvement of a
VLA-4-dependent/VCAM-1-independent adhesion path-
way in the interaction between bone marrow stromal cells
and leukocytes [23,24]. Previously identified ligands for
VLA-4 include VCAM-1 [25] and the CS-1 isoform of
fibronactin [26]. The CS-1 isoform of fibronectin, which
has been reported to be expressed in synovial tissues in
RA patients [27,28], was detected at mRNA levels in
RA-SNC77 cells, and it may function as a ligand for VLA-4,
although further study is required to verify this issue.

In the inflamed RA synovial tissue, various inflammatory
cytokines other than IL-6 or IL-B are readily detected
[18,29]. Certain proinflammatory cytokines, such as tumor
necrosis factor alpha and IL-1, may participate in the dys-
regulated production of multiple cytokines in the RA syno-
vial tissues. Although production of tumor necrosis factor
alpha and IL-1 by RA-SNC cells is limited to low levels
even after stimulation with lymphocytes [7], such regula-
tory cytokines may contribute the cell contact-dependent
production of IL-6 and IL-B observed in this study.
Enhanced expression of proteolytic enzymes, such as
cathepsins, matrix metalloproteases [30,31], and aggre-
canases [32,33], is also seen in the inflamed RA synovial
tissue, and these proteolytic enzymes are thought to be
involved in the cartiage and joint destruction. Whether
there is any functicnal link between the lymphocyte adhe-
sion-driven cytokine production and the enhanced expres-
sion of the proteolytic enzymes in the RA synovium merits
future investigation.

Burger et al. [11] recently demonstrated that, other than
specialized nurse-like stromal cells, conventional fibro-
blast-like synoviocytes and IL-4-stimulated dermal fibro-
blast-like cells also can support pseudoemperipolesis of
B lymphoid cells. They also found that, irrespective of their
origin, the ability of fibroblastic cells to support B-cell
pseudoemperipolesis is dependent on their expression of
SDF-1 and VCAM-1, both of which are also detected in
RA-SNC77 cells. These findings suggest that the special-
ized nurse-like cells and conventional fibroblast-like cells
share some functional similarities to support B-cell
pseudoemperipolesis while the nurse-like cells estab-
lished from synovial tissues of patients with RA are distinct
from other stromal cells derived from non-RA patients in

Available online http:/arthritis-research.com/4/6/R10Q

both morphology and cellular functions, particularly pro-
inflammatory cytokine production [7]. Further comparative
studies are needed to characterize fibroblastic-stromal
cells and nurse-like cells at molecular levels.

In summary, the present results indicate that lymphocyte
binding per se is critical for enhanced proinflammatory
cytokine production by RA-SNC77 cells. While trans-
migration of lymphocytes underneath the RA-SNC cells
did not appear to play a significant role in the production
of IL-6 and IL-8, this biological process may be involved in
the production of other cytokines and/or proteinases. This
nurse-like cell activity, which is seen in stromal cells iso-
lated from the synovia of RA patients but not in those from
disease-free controls, may alternatively influence the effec-
tor functions of infiltrated lymphocytes in RA synovia.
Although VLA-4 is involved in both lymphocyte adhesion
to and transmigration beneath RA-SNC cells through the
interaction with non-VCAM-1 ligand(s), the VLA-4-
independent adhesion pathway appears to be important
for the cell contact-induced cytokine production by
RA-SNC77 cells. Further investigation to identify the
adhesion receptors necessary for cell contact-dependent
activation of the nurse-like stromal cells may lead to nove!
therapeutic strategies through regulating the functions of
the nurse-like stromal cells in RA patients.

Conclusion

Nurse-like stromal cell lines, which were established fram
the synovial tissue of patients with RA, abundantly secrete
proinflammatory cytokines on coculture with lymphoid
cells. We analyzed the molecular events required for the
enhanced proinflammatory cytokine production by a
RA-SNC line (RA-SNC77), and showed that VLA-4-
independent lymphocyte adhesion alone, but not the sub-
sequent Rho-GTPase-dependent transmigration of the
lymphocytes, can induce the upregulated cytokine secre-
tion by the nurse cells.
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Bone marrow CD34+ progenitor cells stimulated with stem
cell factor and GM-CSF have the capacity to activate IgD—
B cells through direct cellular interaction
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Abstract: Recent studies have suggested the in-
volvement of bone marrow in the pathogenesis of
rheumatoid arthritis (RA), in which proliferation of
monocyte-lineage cells (MLC) as well as local B cell
activation in the synovium play an important role.
Here, we show that bone marrow-derived MLC
have the capacity to activate human peripheral
blood IgD— B cells. Bone marrow CD34+ cells
from RA patients that had been stimulated with
stem cell factor and GM-CSF for 3-4 weeks
(>90% CD14+ HLA-DR+ cells, <0.5% CD19+
B cells, and <0.5% CD3+ T cells; MLC) induced
the production of IgG much more effectively than
that of IgM by highly purified B cells from healthy
donors in the presence of IL-2 and 1L-10. CD34+
cells from cord blood or from bone marrow of
osteoarthritis patients also displayed the capacity
to induce IgG production. The induction of IgG
production by the bone marrow-derived MLC was
markedly decreased when they were separated
from B cells by a membrane filter. The bone mar-
row-derived MLC interacted preferentially with
IgD— B cells to induce IgG production. These
results indicate that upon stimulation with stem cell
factor and GM-CSF, CD34+ progenitor cells dif-
ferentiate into MLC that activate preferentially
IgD— B cells through direct cellular interactions to
produce IgG. Therefore, the data suggest that the
accelerated recrnitment of MLC from the bone
marrow to the synovium might play a role in the

local B cell activation in RA. J. Leukoc. Biol. 71:
987-995; 2002,

Key Words: human - B lymphocytes - cell-to-cell interactions

INTRODUCTION

Rheumatoid arthritis (RA) is characterized by chronic inflam-
mation with infiltration of a variety of inflammatory cells, such
as those of myeloid origin as well as T and B lymphocytes into
the synovium. One of the characteristic features in RA is local
B cell activation, leading to the production of large amounts of
immunoglobulin {Ig) and autoantibodies [1]. Previous studies
have suggested that extralymphoid B cell activation in the

rheumatoid synovium may be promoted by fibroblast-like sy-
noviocyles. Thus, B lymphocytes, some of which expressed
proliferating cell nuclear antigen, were shown to be in intimate
contact with synoviocytes in the subliming layers of the rheu-
matoid synovium [2], suggesting that such direct interactions
might be important in promoting B cell responses in the
rheumatoid synovium. Moreover, synoviocytes have been
shown to support the terminal differentiation of activated B
cells into Ig-secreting plasma cells [3] as well as the survival of
B cells [4]. These results suggest a role for synoviocytes in
facilitating local B cell responses in RA synovium.

It has been well known that synovial lining cells consist of
macrophage-like lype A synoviocytes and fibroblast-like type B
synoviocytes. Recent studies have suggested that type A syno-
viocyles are derived from monocyte precursors in the bone
marrow [5]. Moreover, it has been shown that the spontaneous
generation of CD14+ monocyte-lineage cells (MLC) from bone
marrow CD14— precursor cells is accelerated in RA, resulting
in the facilitated entry of such CD14+ cells into the synovium
[6]. More importantly, previous studies have disclosed that
CD14+ cells derived from the bone marrow of RA patients
have various influences on B cell activation. Thus, CD14+
cells generated from bone marrow CD14— precursors of RA
patients have the capacity to stimulate the production of the-
IgM theumatoid factor selectively [7]. In addition, it has also
been shown that CD14+ human leukocyte antigen (HLA}-
DR+ cells generated from bone marrow CD34+ progenitor
cells of RA patients have the capacity to support survival of B
cells, leading to spontancous transformation of Epstein-Barr
virus positive B cell lines [8]. These results also suggest that
bene marrow-derived synoviocytes might play a role in facili-
tating local B cell responses in the RA synovium. However, the
precise mechanisms of B cell activation by bone marrow-
derived cells have not been delineated completely.

The current studies were therefore undertaken in order to
explore in detail the capacity of MLC induced by stimulation
with stem cell factor (SCF) and granulocyte macrophage-colony
stimulating factor {(GM-CSF) from bone marrow CD34+ pro-
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genitor cells to activate and promote B cell responses. The
results indicate that the GM-CSF-stimulated bone marrow
CD34+ cells induce IgG production much more effectively
than IgM production through direct interactions with IgD— B
cells in the presence of interleukin (IL)-2 and [L-10. Therefore,
the data support the conclusion that bone marrow-derived type
A synoviocytes may also play a role in the local and systemic
stimulation of memory B cell responses characteristic of RA.

MATERIALS AND METHODS

Patients

Bone marrow samples were obtained from 31 patients with active RA (4 males
and 27 females; mean age, 59.7 years; range, 42-73 years) and from 11
patients with ostecarthritis (OA; 2 males and 9 females; mean age, 71.0 years;
range, 57-81 years), who gave informed consent, during joint operations
through intramedullary reaming by aspiration from a distal femoral canal
prepared for implantation of the atificial femoral head or through aspiration
from iliac crest. All 31 RA patients fulfilled the American College of Rheu-
matology (formerly the American Rheumatism Association) 1987 revised cri-
tera for the disease [9]. Cord blood samples were obtained at nondiseased,
normal deliveries upon informed consent for research use by parents.

Culture medium and reagents

RPMI-1640 medium (Life Technologies, Grand Island, NY), supplemented
with penicillin G (100 unils/ml), streptomyein (100 pg/ml), L-glutamine (0.3
mg/ml), and 10% fetal bovine serum (Life Technologies), was used for all
cultures. Recombinant human GM-CSF, human IL-10, human SCF, and hu-
man BAFF [B cell activating factor belonging to the tumor necrosis factor
(TNF) family] were purchased from PeproTech EC (London, UK). Recombinant
human IL-2 (TGP-3) was a gift of Takeda Chemical Industries, Ttd. (Osaka,
Japan), whose unit activity was determined by the providers (4.2X10* U/mg
protein). A variety of monoclonal antibodies (mAb) were used, including
anti-CD154 (a murine IgGl mAb, clone 24-31; Ancell, Bayport, MN), anti-
CD70 (a murine IgG1 mAb, clone BU69; Ancell), anti-CD106 (a murine 1gG1
mAb, clone 1G11; Immunotech, Marseille, France), and a murine IgG1 contrel
mAb MOPC 21 {Cappel Labs, West Chester, PA).

Preparation and culture of bone marrow
CD34+ cells

Bone marrow or cord blood mononuclear cells were isolated by centrifugation
of heparinized bone marrow aspirates over sodium diatrizoate-Ficoll gradients
(Histopaque; Sigma Chemical Co., 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 approximately 95% CD34+ cells and <0.5%
CD19+ B cells and were not found 1o have the altered phenotypic or functional
features as described previously [10]. CD34+ cells were incubated in a
24-well microtiter plate with flat-bottomed wells (no, 3524, Costar, Cambridge,
MA; 5.0-10.0X10%well) with the presence of SCF (10 ng/ml} and GM-CSF (1
ng/ml) for 3-4 weeks, at which time most of the cells become CD14+
HLA-DR+ [11). RA bone marrow nurse-like cell clones (RA87 and RA91)
were & generous gift of Dr. Ryuji Suzuki (Shienogi Co., Osaka, Japan).

Preparation of T cells and B cells

Peripheral blood mononuclear cells obtained from venous bluad of healthy adult
volunteers were depleted of monocytes and natural killer {NK) cells by treating
them with 5 mM L-leucine methyl ester HC {Sigma Chemical Co.) in serum-free
RPMI 1649 (Life Technologies) [12]. Highly purified B cells and T cells were
obtained from the treated cell population by rosetting with neuraminidase-treated
sheep red blood cells, and the CD4+ T cell population was prepared further by a
panning technique as described previously [13]. The B cells thus prepared
contained <1% CD14+ monocytes, <1% CD2+ CD3+ T cells, <19 CD16+
NK cells, and >>90% CD20+ B cells [14]. The CD4+ T cells contained <0.1%

988 Journal of Leukocyte Biology Volume 71, June 2002

esterase-positive monocyles, <0.5% CD20+ B cells, <2% CD8+ cells, and
>96% CD4+ T cells [14, 15]. In some experiments, B cells were fractionated
further into IgD+ B cells and IgD— B cells using Dynal CELLection™ Pan Mouse
IgG kit (Dynal) conjugated with anti-human IgD mAb {murine IgG1; Immunotech).
IgD+ B cells thus prepared contained >>90% IgD+ B cells. The chamcteristic
features of the IgD+ B cells were comparable with those found in the previous
study [16}, as determined by stimulation with Staphylococeus aureus Cowan [ and
IL-2. Peripheral blood monocytes were prepared by glass dish adherence, as
described previously [17),

Induction of in vitro production of IgM and 1gG

Routine cultures were carried out in duplicate in a total volume of 200 pl in
wells of a 96-well microtiter plate with round-hottomed wells {no. 3799,
Costar). B cells (5.0-10.0% 10%well) were cultured with or without autologous
monoeytes (5X10%well), autologous CD4+ T cells (1.0-2.0%10%well), or
bone marrow CD34+ cells stimulated with SCF and GM-CSF (2.5-5.0% 10/
well) in the presence or absence of IL-2 (0.1 U/ml) and IL-10 (10 ng/ml). The
cells were incubated routinely for 10 days at 37°C in a humidified atmosphere
of 5% CO, and 95% air. In some experiments, bone marrow CD34+ cells
(1X10%well) were stimulated with SCF and GM-CSF in a 24-well microtiter
plate for 3-4 weeks, after which culture supernatant was replaced with fresh
medium, and fresh B cells (53¢ 10%/well) were added with culture inserts so that
B cells and bone marrow-derived MLC might he allowed to be in contact or be
separated from each other.

Measurement of IgM and IgG

Microtiter plates {Dynex, Chantilly, VA) coated with F(ab'), fragments of goat
anti-human IgM or anti-human IgG (Organon Teknika, Durham, NC} were
incubated with cell-free culture supernatants or IgM or IgG standards in
phosphate-buffered saline (PBS) containing 1% bovine serum albumin (Miles,
Elkhart, IN). Bound IgM or IgG was detected with peroxidase-conjugated
F(ab"), fragments of goat anti-human IgM or IgG (Organon Teknika) as
described previously [18].

Immunofluorescence staining and analysis

Purified bone marrow CD34+ cells were expanded carefully with SCF (10 ng/ml)
and GM-CSF (1 ng/ml) for 3-4 weeks in a 24-well microtiler plate with flat-
battomed wells (no. 3524, Costar;, 1X10%/well). After the incubation, the cells were
stained with fluorescein isothiocyanate (FITC)-anti-CD19 mAb (mouse IgGl;
Immunotech), FITC-anti-HLA-DR mAb (mouse IgG2b; Immunotech), phyco-
erythrin (PE)-conjugated anti-CD14 mAb (mouse IgG2a; Immunoctech), PE-con-
jugated anti-CD3 mADb (mouse IgGL; Immunotech), or PE- or FITC-conjugated,
isotype-matched control mAb (Dake, Glostrup, Denmark). Briefly, the cells were
washed with 2% normal human serum in PBS, pH 7.2, and 0.1% sodium azide
(staining buffer), and then the cells were stained with saturating concentrations of
a variety of mAb at 4°C for 30 min. The cells were then washed three times with
staining buffer and were fixed with 1% paraformaldehyde in PBS for at least 5 min
at room temperature. The 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 vs. side-scatter)
was used to generate a bit-map gating to identify bone marrow cells using
CYTO-TROL™ control cells (Coulter) and Immuno-Trel™ cells (Coulter) as
standards, as described previously [11]. The percentages of cells stained positively
for each mAb were determined by integration of cells above a specified fluores-
cence channel calculated in relation to the staining with isotype-matched control

mAb,

RESULTS

Phenotypic analysis of bone marrow CD34+
cells stimulated with SCF and GM-CSF

Figure 1 shows the representative dual-parameter four-quadrant
scattergrams of bone marrow CD34+ cells from an RA patient
stimulated with SCF and GM-CSF for 3 weeks. At this time, the
stimulated bone marrow cells did not express CD34 (unpublished
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Control
CD14

Control HLA-DR

results). More than 90% of the cells expressed CD14 and HLA-
DR, whereas there were substantially no CD19+ cells or CD3+
cells (<0.5%} within these populations. Under microscopy, most
of the stimulated bone marrow cells had the appearance of mono-
cytes or dendritic cells with small numbers of fibroblast-like cells
{11]. Bone marrow CD34+ cells from OA patients or cord blood
CD34+ cells showed similar results {(unpublished results), These
results indicate that bone marrow CD34+ cells differentiate
mostly into CD14+ HLA-DR+ MLC without contamination of
CD3+ T cells or CD19+ B cells after stimulation with SCF and
GM-CSF.

The capacity of bone marrow-derived MLC to
induce Ig production by peripheral blood B cells

The next experiments examined the capacity of bone marrow-
derived MLC to induce Ig production of peripheral B cells from
normal, healthy individuals. Highly purified B cells from nor-
mal individuals were cultured with or without bone marrow-
derived MLC in the presence or absence of IL-2 and IL-10. As
shown in Figure 2, RA bone marmrow-derived MLC induced
the production of IgG modestly but not IgM in the presence of
either IL-2 or IL-10. Of note, IL-2 and IL-10 synergistically
enhanced IgG production induced by the bone marrow-derived
MLC. Similar results were obtained when the bone marrow
from the femoral head of an RA patient or that from the iliae
crest of the same patient was used (unpublished results).
Autologous peripheral blood monocytes also induced the pro-
duction of IgG in the presence of IL-2 and IL-10 but less
effectively than the bone marrow-derived MLC. The RA bone
marrow-derived MLC or autologous monocytes alone stimu-
lated by IL-2 and IL-10 could not produce IgG or IgM (un-
published results). These results indicate that RA bone mar-
row-derived MLC have the capacity to induce the production of
IgG much more effectively than that of IgM by peripheral blood
B cells. More importantly, the data indicate that the optimal
induction of the IgG production by bone marrow-derived MLC
requires the presence of IL-2 and IL-10. Furthermore, the data
show that peripheral blood monocytes also retain the capacity
to stimulate IgG production of B cells,

CD34+ cells from cord blood or from bone
marrow of patients with OA have the capacity to
induce IgG production after stimulation with SCF
and GM-CSF

The next experiments explored whether the capacity of bone
marrow-derived MLC to induce the production of IgG might be
specific for RA. CD344 cells were similarly purified from cord

Hirohata et al,

Fig. 1. Two-color flow cytometric analysia of the

phenotypes of bene marrow CD34+ cells cultured
in the presence of SCF and GM-CSF. CD34+
cells from the bone marrow of a RA patient
(1X10%well) were cultured in the presence of SCF
(10 ng/ml) and GM-CSF (1 ng/ml). After 3 weeks,
the cells were harvested and stained with PE-
conjugated anti-CD14, FITC-conjugated anti-
HLA-DR, PE-conjugated anti-CD3, FITC-conju-

Tt e gated anti-CD19, and PE- or FITC-conjugated,
CD1 isotype-matched control mAbs. The cells were
9 then analyzed by flow cytometry.

(neg/mi) IigM
2.5
2.0
_ B Nil
[ [1 RA-BM
157 Mo
1.0

Nil IL-2 IL-10 IL-2+IL-10

(g/mi) IgG
2.5

2.0

1.5+

1.0

Nil IL-2 I.-10 IL-2+IL-10

Fig. 2. MLC derived from RA bone marrow (BM) CD34+ cells induce IgG
production of peripheral blood B cells in the presence of IL-2 and IL-10. B
cells (1X105/well} were cultured with or without autologous monoeytes (M)
(5% 10*well) or bone marrow CD34+ cells from an RA patient that had been
stimulated with SCF (10 ng/m!) and GM-CSF (1 ng/ml} for 4 weeks (5X10%
well). IL-2 (0.1 U/ml) and IL-10 (10 ng/ml} were added as indicated. After 10
days of incubation, the supemnatants were harvested and were assayed for IgM
and IgG contents by enzyme-linked immunosorbent assay (ELISA). The mean
and 5D values of the results of six independent experiments are shown.
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Fig. 3. The comparable capacity of MLC in- (ug/m1)
duced from cord blood CD34+ cells or RA or OA 40.0
bone marrow CD34+ cells by stimulation with
SCF and GM-CSF to induce [gG production of

P=0.034

peripheral blood B cells. B cells (1X10%well) 3.0
were cultured in the presence of IL-2 (0.1 U/ml)

and IL-10 (10 ng/ml) with or without CD34+ 20.0
cells obtained from bone marrow of 23 RA pa-

tients or 11 QA patients or from 8 cord blood 10.0

samples that had been stimulated with SCF (10
ng/ml} and GM-CSF (1 ng/ml} for 3-4 weeks
(2.5-5.0X10%well). After 10 days of incubation, 0-
the supernatants were harvested and were as-
sayed for IgM and IgG contents by ELISA. The
increase in the amounts of IgM and IgG as a result

(ug/ml}
P = 0.006

of the addition of MLC induced from CD34+ 40.0 1
cells was assessed by subtracting the production
of IgM and IgG in cultures without the GM-CSF- 30,0 -
stimulated CD34+ cells. The significance of the
effects of MLC on the production of IgM and IgG
was evaluated by Wilcoxon's signed rank test. 0.9 7
The significance of the differences in the en-
hancement of Ig production among MLC derived 10.0 -
from cord blood CD34+ cells and those from RA
and OA bone marrow CD3:4+ cells was evaluated
by Student’s ¢-test. 0-

bloed or from the bone marrow of patients with QA and were
stimulated with SCF and GM-CSF for 3-4 weeks. As shown in
Figure 3, cord blood-derived MLC or OA bone marrow-
derived MLC as well as RA bone marrow-derived MLC in-
duced the production of IgG much more effectively than that of
IsM. There were no statistically significant differences in the
enhancement of Ig production among the three groups. The
MLC derived from the RA or OA bene marrow or from the cord
blood by themselves produced <10 ng/ml IgG or IgM upon
stimulation with IL-2 and IL-10. Therefore, the results indicate
that the capacity to induce IgG production by peripheral blood
B cells is not specific for the RA bone marrow-derived MLC.

Bone marrow-derived dendritic cells have the
capacity to induce 1gG production

Previous studies revealed that bone marrow CD34+ cells from
RA or OA patients or cord blood CD34+ cells stimulated with
SCF and GM-CSF for 4 weeks have the appearance of mono-
cytes, dendritic cells, and fibroblast-like cells [11]. We there-
fore examined whether bone marrow-derived dendritic cells
and nurse-like cells with fibroblast-like morphology might
induce the production of IgG from periphera! blood B cells.
Bone marrow-derived dendritic cells were induced by stimu-
lation of bone marrow CD34+ cells with SCF, GM-CSF, and
IL-4 for 4 weeks as described previously [11]. Nurse-like cells
were cloned from RA bone marrow cells as described previ-
ously [4]. As can be seen in Table 1, hone marrow-derived '
dendritic cells induced the production of IgG as effectively as
bone marrow-derived MLC. By contrast, RA nurse-like cells
(RA87 and RA91) did not induce the production of IgM or IgG.
Therefore, these results indicate that bone narrow-derived den-
dritic cells, but not nurse-like cells, also have the capacity to
induce IgG production from peripheral blood B cells.
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Ni)  Cord blood

Kil Cord blood

lgh

(pg/nl} (pg/ml)
40.0 P =20.077 40.0 P = 0.001
30.0 4 30.0¢ H
20,0 4 20.0 4
10.0 S 10.0
0- 0 ¥ —f
NI OA-BM Hil RA-BR
1g6
{eg/ml) (ug/mt)
40,0 4 P = 0.002 40.0 1 P = 0.000
30.0 30,0
20,0 - 20.0
10.0 + 10.0 -
0 o
Nil 0A-BM Nil RA-BN

The induction of IgG production by bone
marrow-derived MLC requires direct interactions
with peripheral blood B cells

The next experiments were carried out to examine whether
direct interactions between bone marrow-derived MLC and B
cells are required for the induction of the IgG production.

TABLE 1. Comparison of the Effects of Various Bone Marrow-
Derived Cells on the Production of IgM and IgG

Ig production

'ml
Addition of bone marrow- {ng/m)
Expt. derived cells IeM 1eG
1. Nil 0.179 0.781
bhone marrow MLC 0.163 11.170
bone marrow dendritic cells 0.455 29825
2. Nil 0.113 0.092
bone marrow MLC 0.352 1.708
bone marrow dendritic cells 0.284 1.025
3. Nil 0.030 0.024
bone marrow MLC 0.120 0.896
RASY 0.040 0.066
RA91 0.066 0.019
4, Nil 0.036 0.053
bone marrow MLC 0.095 1.052
RA87 0.035 0.101
RA9] 0.097 0.156

B cells (1X10%/well} were cultured with RA bone marrow GD34+ cells that
had been stimulated for 3-4 weeks with SCF (10 ng/ml) and GM-CSF (1 ng/ml)
(MLC) or with SCF, GM-CSF, and IL-4 (10 ng/ml) {dendritic cells) (Expts. 1
and 4: 5X10%well; Expts. 2 and 3: 2.5X 10%well) or with cloned, nurse-like
cells (RAB7 and RASL; 2.5X10%well) in the presence of IL-2 (0.1 U/ml) and
IL-10 (10 ng/ml}. After 10 days of incubation, the supernatants were harvested
and assayed for IgM and IgG contents by ELISA,
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Highly purified B cells were cultured with the RA bone mar-
row-derived MLC in the presence of IL-2 and IL-10 such that
they were separated by a filter membrane or were allowed to be
in contact with each other. As can be seen in Figure 4, the
production of IgG was decreased markedly when bone marrow-
derived monocytes were physically separated from B cells.
These results therefore confirm that stimulation of IgG produc-
tion of peripheral blood B cells requires direct cellular inter-
actions between B cells and bone marrow-derived MLC. It
should be noted, however, that there was already increased
production of IgG in the presence of IL-2 and IL-10 even when
B cells were separated from MLC. It is therefore suggested that
there might be an additional soluble factor produced by MLC
that enhances IgG production,

The collaboration between bone marrow-derived
monocytes and B cells does not involve CD154-
CDA40 interactions

Some studies have shown that CD154 is expressed on activated
T cells and plays a critical role in their capacity to provide
contact-dependent help to resting B cells [19, 20}. Of note,
mRNA for the human CD154 also has been found to be
expressed in mast cells and basophils [21] as well as in NK
cells and monacytes [22). Therefore, it was possible that the
interactions between bone marrow-derived MLC and periph-
eral blocd B cells might involve CD154. To address this point,
experiments were carried out in which bone marrow-derived
MLC and B cells were cocultured with IL-2 and IL-10 in the
presence of anti-CD154 mAb or control mAb. As shown in
Table 2, anti-CD154 did not inhibit the production of IgG
induced by bone marrow-derived MLC, although anti-CD154
inhibited Ig production of B cells induced by autolegous CD4+
T cells. These results indicate that the interactions between
bone marrow-derived MLC and B cells, which lead 1o IgG
production, do not involve the CD154 molecule. Of note, it has

=

m
=

been shown that CD27-CD70 interactions are also involved in
T cell-dependent B cell activation [23]. However, anti-CD70
did not inhibit the IgG production induced by bone marrow-
derived MLC, although it inhibited Ig production stimulated by
T cells. It was therefore unlikely that the bone marrow-derived
MLC were contaminated with activated T cells. Of note, pre-
vicus studies showed that bone marrow-derived nurse-like
cells can rescue B cells from spontaneous apoptosis and facil-
itate Ig production in a mechanism that was blocked by anti-
CD106 mAb [4]. However, anti-CD106 did not inhibit the IgG
preduction by hone marrow-derived MLC either. In this regard,
the interactions between bone marrow-derived MLC and B
cells to induce IgG production are different from those between
bone marrow-derived nurse-like cells and B cells as described
previously [4]. In fact, bone marrow-derived nurse-like cells
did not induce IgG production in the presence of IL-2 and

I1-10 (Table 1).

Bone marrow-derived MLC interact preferentially
with peripheral blood IgD- B cells

Bone marrow-derived MLC induced the production of IgG
much more effectively than that of Igh. It was therefore pos-
sible that the bone marrow-derived MLC might induce class
switch. To test this hypothesis, we conducted experiments in
which peripheral blood B cells were fractionated into IgD+ B
cells and IgD— B cells. The capacity of bone marrow-derived
MLC to induce the production of IgM and IgG from each
population was then examined. As shown in Figure 5, the RA
bone marrow-derived MLC induced the production of IgG, but
very modestly that of [gM, from unfractionated B cells as well
as from IgD— B cells. Although IgD+ B cells produced
substantial amounts of IgM in the presence of IL-2 and IL-10,
the bone marrow-derived MLC did not affect it significantly.
Moreover, the bone marrow-derived MLC induced the produc-
tion of IgG from IgD+ B cells very modestly. Rather, the

W oI
O 146

Fig. 4. Optimal induction of IgG production by
bone marrow-derived MLC requires physical con-
tact hetween bone marrow-derived MLC and B cells
(). B cells (5 10°Awell) were cultured in the pres-
ence of IL-2 {0.1 U/ml) and [L-10 (10 ng/ml) with er
without bone marrow CD34+ cells (1X10%well)
frem RA patients that had been stimulated with
SCF (10 ng/ml) and GM-CSF (1 ng/ml) for 3-4
wecks in wells of 24-well microtiter plates
equipped with an inner chamber with membrane
filter so that B cells (B) and the bone marrow-
derived MLC {BM) might be allowed to be in con-
tact or be separated from each other. The cultures
were carried out in a total velume of 1 ml. After 10
days of incubation, the supernatants were harvested
and were assayed for [gM and IgG contents by
FELISA. The mean and so values of five independent
experiments are shown.

ﬁlo.[o '
{peg/mt)
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B cell activation by bone marrow-derived monoeytes 991

—176—



TABLE 2. Differential Effects of Anti-CD154 mAb on the Induction of the Production
of IgG by Bone Marrow-Derived MLC and by CD4+ T cells

IgM production {(pg/ml}

IeG production {pg/ml)

Expt. mAb Nil RA-BM MLC CD4+ T cell Nil RA-BM MLC CD4+ T cell
1. Control IgG1 0.024 0.227 2,047 0.053 4.135 2.683
Anti-CD154 0.046 0.131 1.010 0.057 4.908 0.813
Anti-CD106 0.068 0.288 3.147 0.047 6.070 1.931
2. Control IgG1 0.173 0.167 4919 0.125 1.420 2.289
Ani-CD154 0.137 0.299 3.269 0.053 1.720 1.156
Anti-CD106 0.161 0.656 4.324 0.157 2.005 1.734
3. Control IgG1 0.016 0.286 1.197 0.065 3.192 1.625
Anti-CD154 0.050 0.225 0.079 0.030 4.073 0.230
4. Control IgG1 0.095 0.252 1.002 1.909 17.966 16.506
Anti-CD154 0.074 0.350 0.763 1.638 21.241 14.129
Anti-CD70 0.101 0.329 0.600 1.787 19.350 8.510
5. Control 1gG1 0.038 0.094 0.324 0.064 3.439 1.223
Anti-CD154 0.063 0.088 0.182 0.173 5.235 0.759
Anti-CD70 0.044 0.073 0.259 0.144 3.130 0.521

B cells (1 X 10%/well) were cultured with RA bone marrow (BM) CD34+ cells that had been stimulated with SCF (10 ng/ml) and GM-CSF (1 ng/ml} for 3-4 weeks
(Expts. 1 and 2: 5% 10*well; Expts. 3-5: 2.5 10%well} or with autologous CD4+ T cells (Expts. | and 2: 2X10%well; Expts. 3-5: 1X10%well} in the presence
of IL-2 (0.1 U/ml) and IL-10 (10 ng/ml). Bone marrow cells in Expt. 5 were fixed with paraformaldehyde before culture. Various mAb were added where indicated
(10 pg/ml). After 10 days of incubation, the supernatants were harvested and assayed for IgM and IgG contents by ELISA.

induction of IgG production by the bone marrow-derived MLC
turned out to be dependent on the enhancement of IgG pro-
duction of IgD— B cells. These results obviate the possibility
that bone marrow-derived MLC might induce class switch.
Moreover, the data demonstrate that bone marrow-derived
MLC interact preferentially with IgD— B cells to induce IgG
production,

Finally, we compared the capacity of the bone marrow-
derived MLC and BAFF to induce the production of IgM and
IgG. As shown in Figure 6A, soluble BAFT, but not bone

marrow-derived MLC, enhanced the production of IgM signif-
icantly from IgD+, IgD—, and unfractionated B cells. By
contrast, hone marrow-derived MLC enhanced the production
of IgG significantly from IgD+, IgD—, and unfractionated B
cells, whereas soluble BAFF enhanced IgG production of
IgD— and unfractionated B cells. Of note, bone marrow-de-
rived MLC enhanced the production of IgG from IgD+, IgD—,
and unfractionated B cells more effectively than soluble BAFF
(Fig. 6B). The results suggest that the interactions between B
cells and bone marrow-derived MLC might be different from

IgD- D lgD+ . Unfractionated

lgH
(eeg/ml) legh
(ug/ml) . .
Fig. 5. Bone marrow-derived MLC activate IgD— _
B cells preferentially to produce IgG. Unfraction- 8.0 8.0 T
ated, IgD+, or IgD— B cells (1X10°%well) were *
cultured in the presence of IL-2 (0.1 U/ml) and ) T
IL-10 {10 pg/ml) with or without bone marrow i
CD34+ cells from RA patients that had been stim- 6.0
ulated with SCF (10 ng/ml) and GM-CSF (1 ng/ml) 6.0 1
for 3 weeks. After 10 days of incubation, the super-
natants were harvested and were assayed for IgM *
and IgG contents by ELISA. The mean and sp
values of six experiments are shown. The statistical 4.0 4.0 4
significance was evaluated by Wilcoxon's signed 77
rank test. *, Significant at P < 0.05 as compared %
with cultures without RA bone marrow-derived /
MLC. +, Significant at P << (.05. /
2.0 2.0 - %
* + + % .
1 ' A,
0 '_T_' - 0 __rz&_r_ﬁ__é
Nil RA-BM Nil RA-EM
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Fig. 6. Differential effects of bone marrow-derived MLC and BAFF on the production of IgM and IgG. (A) Unfractionated, IgD+, or [gD— B cells (1% 10%1well)
were cultured with RA bone marrow CD34+ cells that had been stimulated with SCF (10 ng/ml} and GM-CSF (1 ng/ml} for 3 weeks (2.5X 10*/well) or with soluble
BAFF (10 ng/ml) in the presence of IL-2 (0.1 U/ml) and IL-10 (10 ng/ml). After 10 days of incubation, the supernatants were harvested and assayed for 1gM and
1gGC contents by ELISA. The statistical significance was evaluated hy Wilcoxon's signed rank test. *, Significant at P << 0.05 as compared with cultures without
BAEF or RA bone marrow-derived MLC. (B) Comparison ef the enhancement of the production of IgM and IgG from IgD+, IgD—, and unfractionated B cells by
BAFF or RA bone marrow-derived MLC. AlgM/AlgG were caleulated by subtracting the production of IgM/IgG in cultures without BAFF or RA bone
marrow-derived MLC from that in cultures with BAFF or RA bone marrow-derived MLC. The statistical significance was evaluated by Wilcoxon's signed rank test.

those involving BAFF in that bone marrow MLC and BAFT
display differential capacities to induce the production of IgM
and lgG.

DISCUSSION

The results in the current studies demonstrate clearly that after
stimulation with SCF and GM-CSF for 3-4 weeks, bone mar-
row CD34+ cells give rise to MLC, which display the capacity
to activate resting peripheral blood B cells to preduce IgG. Of
note, the IgG production was decreased markedly when the
bone marrow-derived MLC were physically separated from B
cells by a filter membrane. Moreover, the capacity of the bone
marrow-derived MLC to stimulate IgG production was pre-
served after fixation with paraformaldehyde, Therefore, the
results indicate that activation of B cells by bone marrow-
derived MLC requires direct contact-dependent interactions.
In this regard, the activation of B cells by bone marrow-derived
MLC is comparable to that by activated T cells [13]. Con-
versely, it should be pointed out that bone marrow CD34+
cells stimulated with SCF, GM-CSF, and IL.-4, which have the

Hirokata et al.

charactenistics of dendritic cells morphologically and pheno-
typically [11], also displayed the comparable capacity to in-
duce the production of Ig(;. Because several studies showed
that dendritic cells are generated from bone marrow-derived
monocytes [24-26), the data indicate that the capacity to
induce IgG production is preserved after differentiation of MLC
into dendritic cells.

Analysis on flow cytometry revealed that more than 90% of
bone marrow CD34+ cells stimulated with SCF and GM-CSF
were CD14+ HLA-DR+. There were less than 0.5% of CD3+
cells or CD19+ cells within these populations. Moreover, no
CD3+ cells were detected in 5- to 10-day cultures of the bone
marrow-derived MLC and B cells in the presence of IL-2 and
IL-10 (unpublished results). Therefore, it is most likely that
CD14+ HLA-DR+ MLC, but not contaminating T cells, can
activate resting B cells. In fact, the activation of B cells
induced by bone marrow-derived MLC is different from that
induced by activated T cells in several aspects. For example, it
has been disclosed that the activation of B cells by activated T
cells induces the production of IgM and IgG {27], as has also
been shown in the present study. By contrast, the activation of
B cells by bone marrow-derived MLC induced the production

B cell activation by bone marrow-derived monocytes 993
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of IgG, but very modestly that of IgM. Furthermore, B cell
activation induced by activated T cells was inhibited by anti-
CD154 mAb as well as anti-CD70 mAb as is consistent with
previous studies [23, 28], whercas B cell activation induced by
bone marrow-derived MLC was not blocked by anti-CD154
mAb or anti-CD70 mAb,

Of note, previous studies disclosed that nurse-like cells from
bone marrow and synovium of RA patients promote survival
and enhance the function of human B cells [4]. Although most
of bone marrow CD34+ cells stimulated with SCF and GM-
CSF were phenotypically CD14+ HLA-DR+, it was possible
that this population was contaminated with nurse-like cells. It
should be noted that the function of bone marrow-derived
nurse-like cells to support B cell responses was blocked by
anti-CD106 mAb [4]. However, anti-CD106 mAb did not in-
hibit the production of IgG bone marrow-derived MLC. More-
over, bone marrow-derived nurse-like cell clones could not
elicit the production of IgG from peripheral blood B cells in the
presence of IL-2 and IL-10. It is therefore unlikely that the
capacity of the bone marrow-derived MLC to induce 1gG pro-
duction might be mediated by contaminating nurse-like cells.
Taken together, the data suggest that the activation of B cells
induced by bone marrow-derived MLC might involve unique
cellular interactions that have not been identified yet.

Recent studies have disclosed the presence of a novel ligand
of the TNF family designated BAFF [29] or BLyS (B-lympho-
cyle stimulater) [30] on T cells [29), dendritic cells [29], and
monocytes [30]. BAFF and BLyS have been found to induce
proliferation of peripheral blood B cells stimulated with anti-
IgM or 5. aureus Cowan I, whereas they were unable to activate
resting B cells without stimulation of anti-IgM or S. awureus
Cowan I [29, 30]. Therefore, it is suggested that BAFF and
BLyS might be only a costimulator of B cells, although they
play an important role in monocyte-driven B cell activation
[29, 30]. Moreover, treatment of BALB/cAnNCR mice by BLyS
resulted in the elevation of IgM and IgA, but not IgG in the
serum [30]. Of note, in the present study, bone marrow-derived
MLC induced IgG production more effectively than BAFT,
although they were less potent in inducing IgM production than
BAFF. Consistently, the results disclosed that soluble BAFF
alone induced the production of IgM by IgD+ B cells as well
as that by IgD— B cells in the presence of 1L-2 and IL-10.
Thus, the results demonstrate for the first time that beyond its
role as a costimulator of B cells shown in the previous studies
[29, 30], BAFF by itself can induce Ig production from resting
B cells in the presence of IL-2 and 1L-10. However, the data
suggest that the interactions hetween B cells and bone marrow-
derived MLC shown in the current studies might be different
from those that involve BAFF or BLyS.

Previous studies have shown that dendritic cells provide
naive B cells with signals that are essential for class switch
[31]. In the present study, the bone marrow-derived MLC were
found to contain a small proportion of cells of dendritic cell
morphology (unpublished results), which are considered to
correspond to CD14™" HLA-DR™# cells on flow cytometry
[32]. Thus, it was possible that such dendritic cells within the
bone marrow-derived MLC might induce class switch in naive
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B cells. In fact, bone marrow-derived cells, which had been
generated by stimulation of bone marrow CD34+ cells with
SCF, GM-CSF, and IL-4, also induced the production of IgG.
However, the bone marrow-derived MLC only modestly stim-
ulated IgD+ B cells to produce IgG in the presence of IL-2 and
IL-10. Moreover, IgG production could not be elicited from
[gD+ B cells or cord blood B cells even when they had been
cocultured with the bone marrow-derived MLC and thereafter
restimulated with immobilized anti-CD3-activated CD4+ T
cells (unpublished results). Therefore, the results indicate that
the bone marrow-derived MLC in the current studies do not
provide signals essential for class switch. Rather, the data
support the conclusion that the bone marrow-derived MLC
stimulate IgD— B cells preferentially through direct cellular
interactions. Thus, it is suggested that IgD— B cells might
express such molecules that are involved in the interactions
with bone marrow-derived MLC more abundantly than IgD+ B
cells.

Of note, the optimal IgG production induced by bone mar-
row-derived MLC required the presence of IL-2 and IL-10.
Previous studies showed that IL-2 and IL-10 synergistically
enhance Ig production of B cells stimulated with anti-CD40 or
S. aureus Cowan I [33, 34]. Moreover, it has been shown that
the synergistic effects of IL-2 and IL-10 involve a mechanism
that is different from the up-regulation of the expression of IL-2
receplors [34]. In fact, IL-2 and 1L-10 still displayed additive
effects on Ig production in the presence of high doses of
eyclosporine that blocked the IL-10-mediated up-regulation of
IL-2 receptors, indicating that IL-2 and 1L-10 provide signals
that are mutually independent [34]. Thus, it is possible that the
production of IgG induced by bone marrow-derived MLC might
require two mutually independently signals delivered by IL-2
and IL-10. Further studies to delineate the nature of signals in
B cells delivered by IL-2 and IL-10 would be important for a
complete understanding of the mechanism of synergy between
IL-2 and IL-10 as well as the mechanism of activation of
memory B cells by bone marrow-derived MLC.

It has been shown that the spontaneous generation of
CD14+ MLC from bone marrow CD14— precursor cells is
accelerated in RA [6], possibly resulting in the facilitated entry
of such CD14+ cells into the synovium {6]. Although the
features of bone marrow-derived MLC shown in the current
studies were not specific for RA, it is likely that the promoted
entry of such cells into the synovium might result in the
sustained activation of B cells. It is therefore likely that the
capacity of bone marrow-derived MLC to activate B cells might
play a role in the local B cell activation and the collection of
plasma cells in the synovium, which are characteristic features
in RA [35-37].

In summary, the results in the current studies disclosed that
bone marrow-derived MLC generated from CD34+ progenitor
cells by stimulation with SCF and GM-CSF displayed the
capacity to stimulate IgD— B cells preferentially to produce
IgG through as-yet undetermined contact-dependent interac-
tions in the presence of IL-2 and IL-10. Further studies to
explore the nature of such interactions would be important for
our understanding of the pathogenesis of RA as well as the
mechanisms of monocyte-driven B cell activation.
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Expression of Extracellular Matrix Metalloproteinase
Inducer and Enhancement of the Production of
Matrix Metalloproteinases in Rheumatoid Arthritis

Tetsuya Tomita, Takanobu Nakase, Motoharu Kaneko, Kenrin Shi, Koichiro Takahi,
Takahiro Ochi, and Hideki Yoshikawa

Objective. To investigate the expression of extra-
cellular matrix metalloproteinase inducer (EMMPRIN)
at sites of joint destruction in rheumatoid arthritis (RA)
and to correlate it with the production of matrix metal-
loproteinases (MMPs).

Methods. Reverse transcription-polymerase
chain reaction was performed to study the existence of
EMMPRIN in synovial tissue derived from RA and
osteoarthritis (QA) patients. In situ hybridization with
a human complementary DNA specific for EMMPRIN
and immunohistochemistry were performed to charac-
terize the EMMPRIN-expressing cells at sites of joint
destruction, including bone. Northern blot analysis was
performed to detect the level of expression of
EMMPRIN messenger RNA (mRNA) in synovial tissue.
The production of MMP-1 and MMP-3 by synovial
tissue from RA patients was examined by enzyme-linked
immunosorbent assay.

Resulis. Expression of EMMPRIN mRNA was
detected in synovium from 9 of 11 patients with RA and
1 of 5 patients with OA. The presence of mRNA encod-
ing EMMPRIN was recognized in the invasive synovizm
at sites of joint destruction in RA but not OQA.
Fibroblast-like synovial cells and granulocytes were
demonstrated to express EMMPRIN mRNA. MMP-1
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and MMP-3 production by synovial tissue was corre-
lated with levels of expression of EMMPRIN mRNA, as
detected by Northern blotting.

Conclusion. The expression of EMMPRIN stimu-
lates the production of MMP-1 and MMP-3 in the
synovial tissue of affected joints in RA. The results of
this study suggest that EMMPRIN may be one of the
important factors in progressive joint destruction in RA,

Rheumatoid arthritis (RA) is a chronic inflam-
matory discase characterized by progressive joint de-
struction. Previous reports have demonstrated that at
sites of joint destruction, abnormally expressed matrix
metalloproteinases (MMPs) are involved (1-4). Joint
degradation involves damage to articular cartilage
caused by inflammatory cells, activated fibroblasts in the
synovial membrane, and chondrocytes. Several cytokines
have been shown to play a role in activating the cells that
produce MMPs (5).

MMPs degrade collagens, proteoglycans, and
other matrix macromolecules in bone as well as in
articular cartilage. Notably, it has been shown that
collagenase 1 (MMP-1} and stromelysin 1 (MMP-3) are
produced by fibroblasts and macrophage-like cells in the
synovium and pannus and have been found to be impor-
tant in the pathologic destruction of joints in patients
with RA (3,4). Suppression of MMPs may be a potential
alternative therapeutic target for the treatment of joint
destruction in RA, However, the precise pathomecha-
nism of MMP production at the site of joint destruction
remains partly unknown,

Extracellular matrix metalloproteinase inducer
(EMMPRIN; formerly called tumor cell-derived colla-
genase stimulatory factor) is a 57-kd transmembrane
glycoprotein that is a member of the immunoglobulin
superfamily located on the surface of human tumor cells
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and norma! keratinocytes (6). EMMPRIN interacts with
fibroblasts to stimulate the expressions of several MMPs
associated with tissue degradation and remodeling dur-
ing tumor invasion and wound healing. The expression
of EMMPRIN has been shown to be up-regulated in the
synovial membrane of RA patients (7). However, the
contribution of EMMPRIN to joint destruction in RA is
still unknown,

In the present study, we investigated the expres-
sion of EMMPRIN and characterized EMMPRIN-
expressing cells at sites of joint destruction in RA, We
also analyzed the correlation of EMMPRIN expression
with the activities of MMP-1 and MMP-3 in synovial
tissue.

PATIENTS AND METHODS

Patients and specimens. Joint specimens were ob-
tained from 11 patients with RA who were undergoing joint
reconstruction surgery at Osaka University Hospital. All RA
patients satisfied the 1987 revised diagnostic criterfa of the
American College of Rheumatology (formerly, the American
Rheumatism Association) (8). Joint specimens were also ob-
tained from 5 patients with ostecarthritis (OA) for use as
controls. All study patients gave their informed consent.

Reverse transcription—polymerase chain reaction
(RT-PCR). Using a Fast Track messenger RNA (mRNA}
isolation kit (Invitrogen, San Diego, CA), RNA was extracted
from synovial tissue. The isolated total RNA (3 mg) was
reverse transcribed to complementary DNA {(cDNA) with a
Ready to Go T-Primed First-Strand kit (Amersham Pharmacia
Biotech, Buckinghamshire, UK). The completed first-strand
c¢DNA was amplified by PCR with primers specific for
EMMPRIN (sense 5'-ACATCAACGAGGGGGAGACG-3'
and antisense 5'-GGCTTCAGACAGGCAGGACA-3'). Asa
control, B-actin mRNA was used.

Amplification was performed by adding 28.7 ml of
sterile diethyl pyrocarbonate-water, 8 m! of 1.25 mM of each
dNTP mix, 025 ml of 10x PCR buffer, and 0.25 ml of
AmpliTaq DNA polymerase at 5 units/ml to 3 ml of each
completed first-strand reaction. The reaction tubes were
heated to 94°C for 5 minutes and incubated in a GenecAmp
1000 PCR system (Perkin Elmer, Foster City, CA) thermal
cycler using 28 cycles of 94°C for 30 seconds, 62°C for 30
seconds, and 72°C for 60 seconds. Finally, the samples were
incubated at 72°C for 10 minutes. PCR products were electro-
phoresed on 1.5% agarose gels and visualized by ethidium
bromide staining.

Tissue samples. Tissue samples were prepared as
previously described (9). Tissue samples with invasive syno-
vium with bone were fixed in 4% paraformaldehyde (Merck,
Darmstadt, Germany) in phosphate buffered saline (PBS}), pH
7.4 (Sigma, St. Louis, MO), decalcified in 209% EDTA, dchy-
drated in an ethanol series, and embedded in paraffin, Serial
sections (5 wm) were cut with a microtome, and some were
stained with hematoxylin and eosin. The remaining sections
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were prepared for in situ hybridization (ISH) and immunchis-
tochemistry.

In situ hybridization. ISH was carried out as previously
described (9). The sections were dewaxed, incubated with 1 mg
of proteinase K in TE (0.1M Tris, pH 8.0, 50 pM EDTA, pH
8.0} at 37°C for 10 minutes, and fixed with 4% paraformalde-
hyde in 0.1M PBS for 20 minutes at room temperature. The
sections were then treated with 0.2V HC! to inactivate endog-
enous alkaline phosphatase, acetylated with 0.25% acetic
anhydride in 0.1 triethanolamine (pH 8.0), dehydrated again
with an ethanol series, and air-dried. Hybridization was per-
formed at 50°C for 16 hours in a moist chamber with 50 pl of
hybridization solution (50% deionized formamide, 10% Dex-
tran sulfate, 1X Denhardt’s solution), 4X SSC (0.15M NaCl,
0.015M sodium citrate), and 150 mg of Escherichia coli transfer
RNA containing ~0.5 mg/ml of RNA probe on each section.

After hybridization, the sections were washed briefly in
5X SSC and in 50% formamide, 2X SSC at 50°C for 30
minutes and then rinsed in 1X TES (10 mM Tris HCl, pH 7.6,
1 mM EDTA, 0.5M NaCl) at 37°C for 15 minutes. The sections
were then treated with RNase A (10 mg/ml of 1X TES) at 37°C
for 30 minutes, rinsed in 1X TES for 15 minutes at 37°C, and
washed twice at 50°C for 20 minutes each with 2x SSC and
0.2% SSC.

Hybridized digoxigenin (DIG)-labeled probes were
detected with the aid of a nucleic acid detection kit (Boehr-
inger Mannheim, Mannheim, Germany). DIG-11-UTP-
labeled single-stranded complementary RNA was prepared
with a DIG RNA labeling kit (Boehringer Mannheim). A
human EMMPRIN ¢DNA was obtained by PCR, and was
subcloned into pGEM-T plasmid. The plasmid was linearized
by Sac 1T and transcribed by SP6 RNA polymerase 1o generate
a 0.851-kb-long antisense probe. The plasmid was also linear-
ized by Spe 1 and transcribed by T3 RNA polymerase to
generate a sense probe.

Immunohistochemical staining. To identify the cells
expressing EMMPRIN mRNA on ISH, immunchistochemical
staining was performed by the streptavidin-peroxidase tech-
nique using Histofine streptavidin-biotin-peroxidase kits
(Nichirei, Tokyo, Japan). Monoclonal antibody (mAb) against
CD3 (Nichirei} was used to detect T cells, mAb against CD15
{Dako, Santa Barbara, CA) was used to detect granulocytes,
mAb against CD20 (Dako) was used to detect B cells, mAb
against CD68 (Dako) was used to detect macrophages, and
mAb against prolyl-4-hydroxylase (Fuji Chemical, Toyama,
Japan} was used to detect fibroblasts.

The serial sections used for ISH were incubated with
10% normal rabbit nonimmune serum for minimizing back-
ground staining, and then were incubated with primary anti-
body for 2 hours at room temperature. Normal mouse serum
was used as a control for the primary antibody. After washing
in PBS, pH 7.2, the sections were incubated with secondary
antibody for 20 minutes at room temperature in a humidified
chamber. They were placed in 3% H,O, in methanol to block
endogenous peroxidase, then incubated with peroxidase-
conjugated streptavidin for 20 minutes at room temperature in
a humidified chamber. Finally, sections were washed with PBS,
and substrate reagent (3,3'-diaminobenzidine tetrahydrochlo-
ride; Dojindo, Tokyo, Japan) was added. Counterstaining was
performed with hematoxylin, and the sections were mounted.
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Figure 1. Representative reverse transcription-polymerase chain re-
action showing extracellular matrix metalloproteinase inducer bands
{492 bp) in synovial tissue samples from 11 patients with rheumatoid
arthritis (RA) and 5 patients with osteoarthritis (OA), Lane M
contains DNA markers.

Tartrate-resistant acid phosphatase (TRAP) staining.
TRAP staining was performed as described previously (10).
Briefly, the consecutive sections used for ISH were incubated
for 30-90 minutes with medium containing 11.5 mg of diso-
dium tartrate (Wako, Osaka, Japan) and 7 mg of naphthol-
AS-TR phosphate and Fast Red TR (Sigma) in 5 m! of 0.2M
acetate buffer, pH 5.0. Counterstaining was performed with
hematoxylin, and the sections were mounted.

Measurement of MMP levels produced by synovial
tissue. Synovial tissue samples from 4 patients with RA that
expressed EMMPRIN mRNA and from 2 patients with RA
that did not express EMMPRIN mRNA were studied. Synovial
tissue was cut into small pieces (20 mg wet volume), and
cultured in 24-well microtiter plates (Becton Dickinson Lab-
ware, Franklin Lakes, NJ} with Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum (Gibco BRL,
Grand Island, NY). After 48 hours, culture medium was
collected for the measurement of MMP-1 and MMP-3. The
assays for human MMP-1 in the supernatant were performed
with an enzyme-linked immunosorbent assay (ELISA) kit
{Amersham) according to the manufacturer’s protocol. The
assays for human MMP-3 in the supernatant were performed
with an ELISA using a 1-step sandwich method (Fuji Chemi-
cal), as described previously (11).

Northern blot and densitometric analysis. Thirty mi-
erograms of total RNA was subjected to electrophoresis on a
1.5% agarose—formaldehyde denaturing gel and transferred to
a nitrocellulose membrane (Amersham). The filter was
backed, prehybridized, and hybridized; EMMPRIN oligo-
nucleotide was used as a probe, and the RNA was labeled by
3’-end labeling for Northern blotting, The filter was then
washed and exposed to radiographic film. The relative inten-
sities of the bands of interest were analyzed with the use of an
NSF-300G scanner (Microtek, Anaheim, CA) and scan analy-
sis software (Biosoft, Palo Alto, CA). Results are expressed as
the ratio of band intensities of the sample refative to the band
intensities of the GAPDH mRNA as determined by Northern
blot analysis.

Statistical analysis. All values are expressed as the
mean * SD, Statistical analyses werc performed with the
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Mann-Whitney U test, and P values less than 0.05 were
considered significant. Analysis of statistical correlations was
performed using Pearson’s correlation coefficient.

RESULTS

Expression of EMMPRIN mRNA in synovium.
We first studied the expression of EMMPRIN mRNA in
synovial tissue. RT-PCR revealed EMMPRIN mRNA
expression in synovial samples from 9 of the 11 RA
patients and only 1 of the 5 OA patients (Figure 1).

Localization of EMMPRIN mRNA expression at
the site of joint destruction. The results of ISH demon-
strated marked expression of EMMPRIN mRNA at the
site of joint destruction in RA (Figures 2A and C). This
expression was detected in 28.0 = 7.4% (mean * SD) of
the mononuclear cells of the invasive synovium (Figure
2B) and in 36.3 * 8.1% of fibroblast-like cells at the site
of bone destruction (Figure 2D) in joint specimens from

Figure 2. In situ hybridization of extracellular matrix metalloprotein-
ase inducer (EMMPRIN) mRNA in synovium and bone from patients
with rheumatoid arthritis (RA} and ostecarthritis (OA). Expression of
EMMPRIN mRNA was confirmed in both A, the invasive synovium
(arrows) and C, the eroded bone (arrows) in sections from a paticnt
with RA and was detected in B, mononuclear cells of the invasive
synovium (arrows) as well as in D, fibroblast-like cells at the site of
bone erosion (arrows), E, Little expression of EMMPRIN mRNA was
noted in the sample from the patient with OA. (Qriginal magnifica-
tion X 100 in A, B, and E; X 400 in C and D.)

—183—



376

proiyl 4-
hydroxylase

Figure 3, Immunohistochemical {IH) staining for CI?15 and prolyl-4-
hydroxylase and in situ hybridization (ISH) of synovial tissue sections
from a patient with rheumatoid arthritis, Cells that expressed extra-
cellular matrix metalloproteinase inducer mRNA on ISH (arrows)
were also positive for CD15 and prolyl-4-hydroxylase (arrows). (Orig-
inat magnification X 400 for CD15; x 200 for prolyl-4-hydroxylase.}

RA patients. However, little expression of EMMPRIN
mRNA was detected in the samples of synovium and
bone obtained from the OA patients (Figure 2E).
Characterization of cells expressing EMMPRIN.
To characterize EMMPRIN-expressing cells, immuno-
histochemical staining was performed. The cells express-
ing EMMPRIN mRNA on ISH were negative for CD3,
CD20, and CD68 (data not shown). Of the cells positive
for CDI15, 282 * 5.8% {(mean * SD) expressed

synovium ;

bone '\

Figure 4. Tartrate-resistant acid phosphatase (TRAP) staining and in
situ hybridization {ISH) of serial sections of synovium and bone from
a patient with rheumatoid arthritis. Cells in both the synovium and
bone that expressed extracellular matrix metalloproteinase inducer
mRNA on ISH were negative for TRAP. (Original magnification
X 400.)
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Figure 5. Relationship between the expression of extracellular matrix
metalloproteinase inducer (EMMPRIN) mRNA and the production
of matrix metalloproteinases (MMPs) 1 and 3 by synovial tissue from
6 patients with rheumatoid arthritis. A, Gene expression of
EMMPRIN in synovial tissue, B and C, Relationship between synovial
tissue expression of EMMPRIN mRNA and the production of MMP-1
and MMP-3, respectively, by Pearson’s correlation coefficient,
EMMPRIN mRNA signals were measured by densitometry and were
normalized relative to those of GAPDH.

-

EMMPRIN mRNA on ISH (Figure 3A). Of the cells
positive for prolyl-4-hydroxylase, 23.3 % 9.1% expressed
EMMPRIN mRNA on ISH (Figure 3B).

The results of TRAP staining showed that the
cells that expressed EMMPRIN mRNA on ISH were
negative for TRAP both in the synovium (Figure 4A)
and in the bone (Figure 4B). These results demonstrated
that the cells expressing EMMPRIN mRNA were syno-
vial fibroblast-like cells and granulocytes, not infiltrating
lymphocytes or synovial macrophages, and that neither
osteoclasts nor osteoclast-like cells in the synovium and
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bone at the site of joint destruction expressed
EMMPRIN.

Enhanced production of MMP-1 and MMP-3 by
synovial tissue expressing EMMPRIN. To study the
relationship between EMMPRIN expression and the
production of MMP-1 and MMP-3 in synovial tissue
from patients with RA, we performed Northern blot
analysis and used an ELISA kit to measure the levels of
these metalloproteinases in the culture medium from
synovial tissues obtained from 6 patients. In 2 synovial
tissue samples, EMMPRIN mRNA was under the de-
tection limit; however, in 4 samples, gene expression of
EMMPRIN was confirmed (Figure 5A).

In the culture medium of synovial tissue from an
RA patient expressing EMMPRIN mRNA, the average
level of MMP-1 was 3,559.0 * 677.8 pg/ml/mg and the
average level of MMP-3 was 5888 = 132.5 pg/ml/mg
{(mean = SD). In the culture medium of synovial tissue
from an RA patient expressing no EMMPRIN mRNA,
the average level of MMP-1 was 2,164.2 + 1319 pg/
ml/mg and the average level of MMP-3 was 208.3 *
125.6 pg/ml/mg. Production of MMP-1 and MMP-3 by
synovial tissue correlated with levels of EMMPRIN
mRNA expression detected by Northern blotting (r =
0.850, P = 0.0295 for MMP-1 and r = 0.903, P = 0.0098
for MMP-3) (Figures 5B and C).

DISCUSSION

In this study, we clearly showed the presence of
mRNA encoding EMMPRIN in synovium at the site of
joint destruction in tissue from RA patients. However,
littte EMMPRIN expression was found in synovium
from OA paticnts. These results are consistent with the
previous report by Konttinen et al (7). By RT-PCR, only
1 of the 5 synovial samples from OA patients revealed a
very weak band indicating the presence of EMMPRIN
mRNA. We studied the clinical background and labora-
tory data of the patient from whom this synovial sample
was taken and found no striking difference between this
patient and the other 4 OA patients examined. Previous
studies have demonstrated that most normal adult tis-
sues, including epidermis, retina! pigment epithelium,
and breast lobules and ductules, express very low levels
of EMMPRIN, which suggests that EMMPRIN may
play a physiologic role in tissue remodeling by inducing
stromal MMPs (6,12-14). The EMMPRIN mRNA
found in the synovium of the patient with OA may
reflect tissue remodeling, localized inflammation, or
wound healing occurring in that patient.
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To characterize the EMMPRIN-expressing cells,
we performed immunohistochemical staining of serial
sections of tissues, EMMPRIN expression was found in
the synovial fibroblast-like cells and granulocytes, but
not in the infiltrating lymphocytes or macrophage-like
cells. In tumors, EMMPRIN has been detected on the
surface of tumor cells, but not on adjacent fibroblasts
(15-17). In RA, however, fibroblast-like synovial cells
are the primary cells that express EMMPRIN. In addi-
tion to a paracrine stimulation by granulocytes express-
ing EMMPRIN, there may be an autocrine stimulation
of fibroblasts to produce MMPs in the synovium. A
recent study has demonstrated that EMMPRIN expres-
sion was present at the surface of both tumor epithelial
cells and peritumor stromal cells from breast and lung
tissues (18). Granulocytes from the peripheral blood of
patients with RA express higher levels of EMMPRIN
compared with healthy donors (19). Granulocytes that
have migrated to affected joints are peripheral granulo-
cytes, and our histologic results confirmed their in-
creased expression of EMMPRIN.

Although the precise function of EMMPRIN
remains unknown, recent experimental data have dem-
onstrated that EMMPRIN stimulates the production of
interstitial collagenase, stromelysin 1, and gelatinase A
in fibroblasts (20,21). These results suggest a connection
between EMMPRIN and progressive joint destruction,
because synovial cells from patients with RA have been
demonstrated to be the principal source of several
MMPs. The results of the present study demonstrated
that synovial tissue that expressed EMMPRIN mRNA
produced significantly more MMP-1 and MMP-3 than
did synovial tissuc that did not express EMMPRIN
mRNA, and the findings strongly suggested that MMP-1
and MMP-3 production was stimulated by EMMPRIN
in affected RA joints.

In this study, we showed a correlation between
the expression of EMMPRIN and the production of
MMP-1 and MMP-3 on Northern blot analysis. It would
be difficult, however, to clearly demonstrate regulation
of the expression and activity of MMPs by EMMPRIN,
Previous studies have shown that EMMPRIN stimulates
fibroblasts to produce 3-10 times the usual level of
MMP-1 and MMP-3 in tumor cells and Chinese hamster
ovary cells (20-22). The present study showed a 1.5-3
times increase in the production of MMP-1 and MMP-3.
Of course, EMMPRIN expression alone does not ap-
pear to regulate MMP expression; the results of this
study suggest that EMMPRIN may be involved in the
regulation of MMP expression in the RA synovium., In
addition, EMMPRIN may play a role in the degradation
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of bone and cartilage associated with synovium invasion
by stimulating the synthesis of several MMPs by synovial
fibroblast-like cells.
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