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Abstract

We have cloned adherent synovial cells from rheumatoid sy-
novitis. These can be generally divided into three types, in-
cluding cells that have the characteristic features of dendritic
cells (DCs), macrophagelike cells (MCs) and fibroblastlike
cells (FCs), as classified by morphology and immunofluores-
cent staining. The cloned cells were able to divide and were
cultured for up to 11 mo without any significant morphological
changes. All the cloned cells were HLA-DR™ after y-interferon
treatment. Spontaneous production of a factor with interleukin
1 activity by the cloned cells was detected even after long-term
culture (the ability, on a per cell basis, being in the following
order: DC > MC > FC). These synovial cells may be important
for bony destruction in rheumatoid joints.

Introduction

Bony resorption is one of the major pathological features in
chronic inflammatory joint diseases such as rheumatoid ar-
thritis (RA)! (1). This process is related to collagenase and
prostaglandin E, (PGE,) present within the joints. Interleukin
1 (IL-1) has been suggested as a mediator in stimulating bone
resorption (2). IL-1 itself stimulates the release of calcium
from the bone and also induces degenerative substances such
as collagenase and PGE, from the synovial cells at sites of bony
destruction (3, 4). _

Dendritic cells (DCs), abundant in RA synovium and sy-
novial fluid, are potent stimulators of the autologous mixed
leukocyte reaction (5-8) and also producers of IL-1 in re-
sponse to mitogens (9). A central role for the DCs in condi-
tions such as rheumatoid synovitis has been proposed (8), and
the origin of the DCs has been a subject under study (10).
Some evidence indicates that the precursor of DCs may be the
synovial fibroblasts, stimulated by substances of chronic in-
flammation (11).
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However, experiments so far have been done by using a
heterogenous mixture of adherent synovial cells including
DCs, macrophagelike cells (MCs) and fibroblastlike
cells (FCs).

Therefore, we undertook this study to clone the adherent
synovial cells to determine how many kinds of different cells
are present in the synovial membrane, if the different types of
cells are morphologically interchangeable, and finally whether
the cloned synovial cells could release IL-1. The cloned adher-
ent synovial cells consisted mainly of the cells with the charac-
teristic features of FCs, DCs, and MCs as judged by morphol-
ogy and function. These cloned cells were able to divide and
release IL-1-like factor spontaneously.

Methods

Preparation of synovial cells. The synovial cells used in this study were
obtained by arthroscopic synovectomy from the knee joints of five
patients with classical or definite RA. All of the patients were receiving
nonsteroidal antiinflammatory agents; additionally, some were on
small doses of corticosteroids. After removing the adipose tissues, the
specimens were minced, transferred to sterile plastic tubes, and then
washed three times in phosphate-buffered saline (PBS). The minced
synovial tissues were treated with PBS + 0.25% trypsin for 40 min at
37°C, and then the cells in the supernatants were collected. The cells
were washed three times in PBS and finally suspended in HAM F-12
medium (Gibco Laboratories, Grand Island, NY) supplemented with
10% fetal bovine serum (FBS), 5 X 107> M 2-mercaptoethanol (ZME),
100 U/ml of penicillin, and 100 pg/ml of streptomycin. FCs comprised
both ~ 40-50% and DCs ~ 5% of the total cell population from the
original synovial specimens both culture.

Cloning of synovial cells. Synovial cell cloning was performed by
limiting dilution (12). The cells were suspended in the medium at a
density of 2 cells/ml. 150 ul of the samples was then placed in 96-well,
flat-bottomed culture plates (0.6 cell/well) and incubated at 37°C in a
humidified atmosphere with 5% CO,. The day following the cloning of
the synovial cells, each well was carefully examined with a microscope
to see if only a single cell existed. If two or more were observed, the well
was categorized as a “poly-clone” well (Table I). After 30 d of primary
culture, each cloned cell was recloned at a ratio of 0.3 cell/well. Cells
were passaged once in 2—-4 wk by treating adherent cells with 0.05%
trypsin for 5 min at room temperature and then placing five cells in
each well after washing.

Characterization of the cloned cells including immunofluores-
cence, IL-1 activity and phagocytosis was done as described below after
7 mo of culture. Contamination by Mycoplasma was excluded by the
method described by McGarrity et al. (13).

Characterization of the cloned cells by immunofluorescence. The
recloned cells were classified morphologically by direct observation
with phase-contrast microscopy and the immunofluorescence test
using fluorescein isothiocyanate (FITC) or phycoerythrin B (PE) plus
monoclonal antibodies (MoAbs). All the MoAbs used in this study
were obtained from commercial sources; their specificities are listed in
Table II.



Table I. Cloning of Adherent Rheumatoid Synovial Cells

No. of cloned well per 96 wells*

Patient Days in None or
initials Age Sex culture* DC MC FC polyclone
LK. 71 F 8 11 11 64 10

K.S. 63 F 20 2 1 5 8

N.H. 49 F 7 1 2 21 72

Y.T. 43 M 30¢ 4 12 14 66
M.N. 39 F 308 4 20 36 36

* Morphological determination was done on the indicated days in culture.

# On the day after the cloning of the synovial cells, each well was

carefully examined to see if only a single cell existed. If there was no cell or two or more cells were observed, the well was categorized into a

“None or polyclone” well.

§ After 30 d of the initial cloning, each cloned cell (DC, MC, and FC) was recloned at a ratio of 0.3 cell/well. The

morphological determination after 2 wk of recloning showed the same pattern as the respective original cells.

The recloned cells in 96-well culture plates were washed with
PBS-2% FBS for 5 min at 37°C and fixed by air-drying for 30 min at
room temperature. After gentle washing with PBS-2% FBS, the cells
were incubated with 10 ul of MoAbs (10 times diluted with PBS-2%
FBS) for 30 min at 4°C and rinsed in PBS-2% FBS. If necessary, they
were also incubated with 10 ul of FITC-conjugated goat anti-mouse
IgG or IgM (Cappel Laboratories, Westchester, PA) for 20 min at 4°C
as described previously (14). After washing with PBS-2% FBS, the cells
were examined by fluorescence microscopy.

As y-interferon is known to augment the expression of DR antigen
on the cell surface, the cells were treated with 100 U/ml of recombi-
nant y-interferon (Shionogi, Tokyo, Japan) for 48 h at 37°C in the case
of HLA-DR MOoAD staining. For antivimentin MoAb staining, the
cloned cells were fixed in methanol at —20°C for 10 min, rinsed in
PBS, incubated with PBS + 20% FBS at room temperature for 10 min,
and washed with PBS. They were then incubated with 10 gl of antivi-
mentin MoAb at 37°C for 1 h, rinsed in PBS, incubated with 10 ul of
horseradish-peroxidase conjugated goat-anti-mouse IgM at room tem-
perature for 30 min, rinsed in PBS, incubated for 5 min with 3,3'-dia-
minobenzidine tetrahydrochloride (Wako Pure Chemical Co., Tokyo)
and then washed in PBS.

Phagocytosis of charcoal particles. Charcoal particles (Norit A,
Wako, Japan: particle size < 6 um) were used to detect phagocytosis at
a cell/particle ratio of 1:100. The cloned cells in 96-well culture plates
(100-1,000 cells/well) were mixed with an appropriate number of
charcoal particles for 24 h at 37°C in humidified air + 5% CO,. Silica
particles (Silicon Dioxide; Sigma Chemical Co., St. Louis, MO) were

Table II. Characteristics of Monoclonal Mouse
Anti-human Antibodies

Ig
MoAbs subclass Source Specificity
OKT; 1gG2 Ortho Diagnostic T cells
OKB, 18G,, Systems, Inc. B cells
OKM, 18G2 Raritan, NJ Monocytes,
Csbi receptor

OKDR-FITC* 18G2 HLA-DR
Leu M;-FITC* 1gGa Becton-Dickinson & Co. Monocytes
Leu 15-PE} 18Gaa } Mountain View, CA C;bi receptor
anti-Vimentin IgM Transformation Vimentin

Research Inc. filaments

Framingham, MA

* FITC-conjugated monoclonal antibody.
# Phycoerythrin B (PE)-conjugated monoclonal antibody.

also used at a final concentration of 100 ug/ml. The particle size distri-
bution of the silica particles was 0.5-10 um and ~ 80% of the particles
were between 1 and 5 um. Nonspecific esterase staining was performed
by the method of Koski et al. (15).

Assay of IL-1. To detect IL-1-like activity in the supernatant from
the cloned cells in the presence or absence of possible stimulants (2ME,
FBS, PGE,, charcoal, or silica particles), the supernatants were col-
lected after 48-h (PGE,) or 24-h (2ME, FBS, charcoal, and silica parti-
cles) stimulation (if stimulants were used), centrifuged, and kept at
—20°C before use. The cultures were done with or without polymyxin
B (final concentration: 12.5 ug/ml; Sigma Chemical Co.) in the me-
dium. Some of the samples were dialyzed against PBS for 24 h to
remove PGE,, though PGE, detected by radioimmunoassay revealed
relatively low (10~-10~° M) concentrations in another experiment.

Assay of IL-1-like activity was performed by a conventional thy-
mocyte costimulation assay (16). An ultrapure human IL-1 standard
was purchased from Genzyme Corp. (Boston, MA; sp act: 100 U/ml;
sp act: 8 U/pg protein; T cell growth factor contamination < 1%;
interferon contamination < 1 U/ml). 5-6-wk-old C;H/HeJ mice were
sacrificed by cervical dislocation. Their thymuses were minced and
pressed through a stainless steel sieve, washed twice in complete me-
dium and suspended with 2 X 10> M 2ME. Next, 100 ul of thymo-
cytes, 80 ul of the cultured supernatant samples and 20 ul of a subopti-
mal concentration of phytohemagglutinin (final concentration: 0.1
ug/ml: Difco, Detroit, MI) were placed in triplicate wells in 96-well,
flat-bottomed culture plates and incubated for 72 h at 37°C in a hu-
midified atmosphere with 5% CO,. The cultures were pulsed by adding
0.5 uCi of [*H]thymidine to each well during the final 8 h of culture.
Cells were harvested onto Fiberglas paper using an automatic cell
harvester and placed in scintillation fluid. The *H content was deter-
mined by a liquid scintillation counter. The IL-1 activity in units per
milliliter of supernatant samples was calculated by comparison to a
standard curve, obtained by using the ultrapure human IL-1 standard.
Interleukin 2 activity was also measured using the interleukin 2—de-
pendent cell line, B6, as described previously (17). No interleukin 2
activity was detected in any supernatant from the cloned synovial cells.

Effects of PGE; on the cloned FCs. PGE, is produced at the site of
inflammation in such conditions as rheumatoid synovitis (reference 1
and manuscript in preparation). The effects of PGE, were examined
on the cloned FCs as regards their possible morphological changes into
DC and production of an IL-1-like factor. The cloned FCs (~ 1,000
cells/well) in the 96-well culture plates were treated with varying con-
centrations (1073-10~% M) of PGE; (Sigma Chemical Co.) at 37°C for
1 d. In the same experiment, cloned DCs, MCs, and normal human
skin fibroblasts from fetuses and two healthy individuals were also
treated with PGE,. Morphological determination was examined by
phase-contrast microscopy, and the culture supernatant was obtained
and dialyzed against PBS for 24 h at 4°C.
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Results

Morphological characterization of the cloned synovial cells. As
shown in Figs. 1 a-c, the cloned synovial cells were basically
categorized into three groups by morphology, although there
were some intermediate conditions between them. Fig. 1 a
shows the DCs (10) characterized by branched cytoplasmic
extensions and numerous spherical phase-dense cytoplasmic
granules. These cells were probably the same cell type that
investigators called stellate (18) or interdigitating cells (19).
The branched cytoplasmic extensions of the nearby cells were
sometimes crossed. Time-lapse photographs showed cell divi-
sion in DCs (Fig. 1 b-d).

The MCs with an oval or rhombic shape had a dense and
round nucleus (Fig. 1 e). These cells are similar in appearance
to type A synovial cells. Both the DCs and MCs grew very
slowly; the doubling time being ~ 5-7 d.

The last category of synovial cells was the FCs with a spin-
dle-shape nucleus and cytoplasm (Fig. 1 f). These FCs grew
rapidly (doubling time; roughly 1-2 d) took up a unidirec-
tional arrangement in the in vitro culture and did not overlay

Figure 1. (Continued)

each other. The FCs are similar in appearance to type B syno-
vial cells (20). All the cloned cells were negative for nonspecific
esterase staining after long-term culture, while MCs were posi-
tively stained only at a very early phase of the culture (20).

Results of adherent synovial cell cloning from the five RA
patients is shown in Table I. In 1 to 11 out of 96 wells were
DCs present and in 1 to 20 were MCs. In all instances, FCs
were the dominant clones. Two synovial samples (Y.T. and
M.N.) were recloned after 30 d of culture to assure that the
cloned cells were actually the cloned DCs, MCs, or FCs. Each
of the recloned cells showed the same morphological pattern as
the respective original cells after 2 wk of recloning.

The three types of cloned synovial cells were cultured for
up to 11 mo (passage; roughly 10-20 times) without any signif-
icant morphological changes. However, this does not necessar-
ily mean that one type of synovial cell could not be trans-
formed to another type of cell. To test the possibility that the
origin of the DCs may have been the synovial FCs, the cloned
FCs were incubated with varying concentrations of PGE,.
Within one day, about a third of the FCs had taken on a
DC-like appearance, as shown in Fig. 2. The optimal dose of
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PGE, was 107¢ M. However, the DC-like cells reverted to the
original FCs a few hours after the removal of PGE, from the
culture. PGE, did not cause any morphological changes in
MCs, DCs, or normal skin fibroblasts.

Immunofluorescence staining of the cloned synovial cells.
The cloned synovial cells were stained with a larger panel of
MoAbs as described in Table II. Characterization of the cloned
synovial cells by immunofluorescence is summarized in Ta-
ble III.

DCs were weakly reactive with antibodies to the Csbi re-
ceptor, (OKM, and Leu 15) (Fig. 3 a, b), OKDR and antivi-
mentin. DCs became strongly positive for OKDR when stimu-
lated with y-interferon (Fig. 3 ¢). Neither OKT; nor OKB,
MoAbs stained DCs. MCs were weakly reactive with mono-
cyte MoAbs such as Leu M; and OKM, (Fig. 4 a, b), OKDR
and anti-vimentin MoAb. MCs were OKDR-positive when
stimulated with y-interferon (Fig. 4 ¢) (21). FCs were only
positive for anti-vimentin MoAb (Fig. 5 a) (which is a charac-
teristic marker for fibroblasts) and they became positive for
OKDR after y-interferon stimulation (Fig. 5 b).

Phagocytosis of the cloned cells. As shown in Fig. 6, MCs
phagocytosed a large number of charcoal particles (Fig. 6 a),
and FCs did so to a lesser degree (Fig. 6 b), while neither DCs

Table II1. Characterization of the Cloned Synovial Cells by MoAbs

MoAbs/cloned cells

&

MC FC

OKDR

Leu 15

OKM,

Leu M3
anti-Vimentin
OKT,

OKB, - - -

* (+)}

|
—~
+
N’

-+

I+ ¥+
|
|

I M
I+ + K
|

* Indicates weak reactivity.
# Positive when stimulated with y-interferon.
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Figure 2. Fibroblast-like cells had turned into a dendritic
cell-like appearance (X 400) after 24 h of treatment with
PGE,.

(Fig. 6 ¢) nor DC-like cells transformed from FCs by PGE, did
(Fig. 6 d).

IL-1-like activity in the culture supernatant from the cloned
cells. The culture supernatants from the cloned cells in the
absence of mitogens or stimulants were assayed for IL-1-like
activity. As shown in Table IV, a relatively small number of
DCs (30-50 cells) from different clones produced an IL-1-like
factor (1-1.5 U/ml). Similarly, but to a lesser extent, both MCs
and FCs secreted the IL-1-like factor spontaneously.

The IL-1-like activity in the culture supernatants from the
cloned DCs, MCs, and FCs was dependent on the number of
cells per well. From the approximate number of cells in the
culture wells, the most efficient spontaneous producer of the
IL-1-like factor was DC, followed by MC and FC. On a per
cell basis, the DCs could produce the IL-1-like factor ~ 10-30
times better than the FCs. The ability to produce IL-1-like
factor by the cloned cells did not appear to be influenced sig-
nificantly by cell passage because IL-1 activity was relatively
constant in the supernatant from DCs, MCs, and FCs over
months of culture. IL-1 activity was also produced by cloned
cells that were cultured for 24 h in a medium free from FBS
and 2ME or in a medium with polymyxin B to remove possi-
bly contaminated lipopolysaccharides.

FCs produced the IL-1-like factor without stimulation.
The DC-like cells transformed from FCs stimulated by PGE,
produced more IL-1-like factor than the original FCs (Table
V). Normal skin fibroblasts cuitured in the same medium nei-
ther released IL-1 factor spontaneously nor did they produce it
after PGE, stimulation (data not shown). There was no change
in the number of cells throughout the experiments.

Silica particles are known to stimulate IL-1 release from
monocytes (15). Cloned synovial adherent cells stimulated by
silica particles produced 5 to 10 times more IL-1-like factor
than resting cells (Table VI). Although DCs showed no appar-
ent phagocytosis of charcoal particles (Fig. 6 ¢), production of
IL-1-like factor by DCs was nonetheless increased following
incubation with charcoal, to levels comparable to those
achieved following by silica particles (data not shown). FCs
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were the best responders to silica treatment in terms of IL-1-
like factor production. Silica did not affect the IL-1-like activ-

ity assay.

Discussion

Very few experiments on the long-term culture of synovial
cells from patients with RA have been reported. Clarris et al.
examined rheumatoid synovial cells from 24 RA patients and
reported that, in most cases, cell lines could not be established
from the rheumatoid primary cultures, and the lines that could
be established were short lived (17-198 d) (22). In the present
experiment, adherent synovial cells from RA patients were
cloned and cultured for up to 11 mo. We still maintain 20 FC
clones out of 50 (see Table II: patient Y.T. plus M.N.), 1 DC

Figure 5. Fibroblast-like cells were posi-
tive for anti-vimentin MoAb (X 800, a)
and OKDR positive when treated with
y-interferon (b). - '

clone out of 8, and 1 MC out of 32 clones. The reason why our
synovial cells survived longer than others is unclear. It is possi-
ble that we selected long-lived cell lines. Alternatively, cloned
cells may live longer than uncloned heterogeneous cells. More
likely, the use of a cloning medium, HAM F12, favors the in
vitro growth of synovial cells. The addition of 2ME may not be
necessary, because DCs survived in a medium free from 2ME.

Three different types of synovial cells (FCs, MCs, and DCs)
that have been cloned and characterized in the present experi-
ments are represented in heterogeneous synovial cells (18, 19,
23). Of the three major synovial cells, DCs have received par-
ticular attention as related to the pathogenesis of RA, because
DCs express a large amount of Ia antigens on their surfaces,
have a strong stimulatory activity in the autologous mixed
leukocyte reaction, and produce a considerable amount of
IL-1 (5-9).
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Table 1V. IL-1-like Activity in the Supernatant from the Cloned Synovial Cells

[3H]Thymidine Tentative Approximate
Additive incorporation IL-1 activity* no. of cellst
cpm+SD U/ml
Clone I DC sup (40%) 1,621+344 1.5 50
MC sup (40%) 1,136+626 1.3 100
FC sup (40%) 833+271 0.9 1000
Culture medium (40%) 345+34 0 —_
Clone 2 DC sup (40%) 1,055+133 1.1 30
DC sup (20%) 43637 0.2 30
FC sup (40%) 846+183 0.9 160
Culture medium (40%) 334+139 0 —_
Clone 3 DC sup (40%) 944+306 1.0 50
MC sup (40%) 798+123 0.8 100
FC sup (40%) 611+168 0.5 500
Culture medium (40%) 307+46 0 —
IL-1 standard 2.5 U/ml 3,697+418 2.5 —_
1.2 U/ml 1,077+113 1.2 —
0.6 U/ml 7124373 0.6 —
medium 347154 0 —_

* The tentative IL-1 activity in units per milliliter was calculated by inserting the [*H]thymidine incorporation level (cpm) into the IL-1 stan-

dard proliferation curve described in the lower column.
the supernatant was collected.

% indicates the approximate number of cloned cells in the culture wells from which
§ 80 ul of the culture supernatant sample from the cloned cell well was incubated with 100 ul of thymocytes

and 20 gl of phytohemagglutinin to make the concentration of the samples 40%, while 40 ul of the sample +100 ul of thymocytes +40 gl of the
medium +20 ul of phytohemagglutinin made the concentration of the samples 20%.

The DCs take on a unique stellate or interdigitating ap-
pearance and may belong to a lineage similar to epidermal
Langerhans cells or peripheral blood dendritic cells because
these cells with a dendritic appearance are also Ia-positive and
IL-1 producing cells and may be the principal accessory cell for
antigen presentation to lymphocytes (1).

Some investigators have claimed that the precursor of DCs
is the synovial FCs (11). However, these experiments were
undertaken with heterogeneous synovial cell cultures, and it is
difficult to draw any definite conclusion. In this study, the
three cloned cell groups were morphologically distinct, but

Table V. IL-1-like Activity in the Supernatant
Jfrom PGE,-transformed DC-like cells

Concentration DC-like [*H]Thymidine Tentative IL-1
of PGE; appearance* incorporation activity?
mol cpm+SD U/ml
1073 + 507+34 0.4
1076 + 830131 0.9
1077 + 718+121 0.7
1072 = 483+23 0.3
0 - 474+56 0.3

they had common characteristics, including production of an
IL-1-like factor and Ia expression. The FCs showed a DC-like
appearance during stimulation with PGE, (Fig. 2). The DC-
like cells turned into the original FCs immediately after the
removal of PGE, from the culture. Although the FC and DC-
like conditions were interchangeable in our experiments, we
don’t know if the synovial FCs may be the precursors of DCs

Table VI. IL-1-like Activity in the Supernatant
from the Silica-treated Cloned Cells

Cloned cells* Treatment

(approximate with [PH]Thymidine - Tentative IL-1
no. of cells/well) silicat incorporation activity?
cpm+SD U/ml
DC (50) - 769+113 0.4
+ 4,722+608 33
MC (1,000) - 1,779+253 1.2
+ 8,957+1,535 6.5
FC (3,000) - 1,280+177 0.7
+ 9,552+1,784 6.7

* About a third of the cloned FCs were transformed into a DC-like
appearance (indicated as +). The number of cells did not change at all.
% The tentative IL-1 activity in units per milliliter was calculated by
inserting the [*H]thymidine incorporation level (cpm) into the IL-1
standard proliferation curve obtained in the same experiment. Before
the IL-1 assay, the sample supernatant was dialyzed against a large
volume of PBS overnight to remove PGE,.

* DC: dendritic cell, MC: macrophage-like cell, FC: fibroblastlike
cell. Approximate number of cells per well is indicated in parentheses.
% The cloned cells were treated with 100 ug/ml of silica particles for
24 h at 37°C. The supernatants were collected for IL-1 assay.

§ The tentative IL-1 activity in units per milliliter was calculated by
inserting the [*H]thymidine incorporation level (cpm) into the IL-1
standard proliferation curve obtained in the same experiment.
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and be transformed into DCs under the influence of inflam-
matory substances, including PGE,, produced in chronic sy-
novitis.

From studies in progress we would question whether these
synovial cells are unique to rheumatoid synovium, since the
synovial cells from other joint diseases such as osteoarthritis
and gouty arthritis have been cloned and three types of cells
(DCs, FCs, and MCs) were cloned from both the above condi-
tions in a fashion similar to RA. These cells, however, did not
spontaneously produce IL-1-like factor (manuscript in prepa-
ration). These three types of synovial cells may not be unique
to RA, but may be found in other arthritides. However, the
functional characteristics or differentiation (or activation)
stages of these cells in RA may differ from other forms of
synovitis.

It is striking that the majority of the rheumatoid synovial
cells, regardless of morphology, produced the IL-1-like factor
spontaneously even after long-term culture. It is not certain at
present whether the IL-1-like factor released from the cloned
cells was identical to IL-1 itself. Methods are now available to
test the possibility directly, and such studies are in progress.

This is the first long-term culture of clonal rheumatoid
synovial cells. They consist of three different cell types and
these cells spontaneously secrete an IL-1-like factor in long-
term culture. If the synovial DCs, MCs, and FCs release an
IL-1-like factor in the rheumatoid synovium, it would be of
interest to clarify the activity of this signal and the role of these
cells in the pathophysiology of the rheumatoid joint.
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