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Abstract

Exuberant tumor-like synovial cell proliferation with invasion
of periarticular bone is a feature of rheumatoid arthritis in
humans and of streptococcal cell wall (SCW)-induced arthritis
in rats. These histologic observations prompted us to examine
synoviocytes from arthritic joints for phenotypic characteris-
tics of transformed cells. The capacity to grow in vitro under
anchorage-independent conditions is a characteristic that cor-
relates closely with potential in vivo tumorigenicity. In medium
supplemented with 20% serum or in basal media supplemented
with platelet-derived growth factor (PDGF), early passage
synoviocytes from both SCW-induced and rheumatoid arthritic
joints formed colonies in soft agarose. Epidermal growth factor
(EGF), interleukin 1 (IL-1), tumor necrosis factor-alpha
(TNF-alpha), interferon-gamma (IFN-gamma), and trans-
forming growth factor-beta (TGF-beta) did not support
growth, although EGF enhanced PDGF-dependent growth. On
the other hand, TGF-beta, as well as all-trans-retinoic acid,
inhibited colony growth. Early passage normal rat and human
synoviocytes also grew under the same conditions, but lung,
skin, and late-gestation embryonic fibroblast-like cells did not.
Considered in the context of other published data, our findings
provide cogent evidence that synoviocytes, but not other types
of fibroblast-like cells, readily acquire phenotypic characteris-
tics commonly associated with transformed cells. Expression
of the transformed phenotype in the inflammatory site is likely
regulated by paracrine growth factors, such as PDGF and
TGF-beta.

Introduction

An arthritic process that mimics many features of rheumatoid
arthritis develops in female LEW/N rats after a single intra-
peritoneal injection of cell wall fragments (peptidoglycan-
polysaccharide) from group A streptococci (SCW)' and several
other bacteria (1). This animal model is characterized by an
acute inflammatory phase that begins 2-3 d after injection and
is clinically apparent for 1-2 wk. This phase appears to be
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complement dependent (2). It overlaps a chronic phase that
becomes clinically apparent 2-6 wk after injection and results
in proliferative and invasive destruction of the involved joints
(1, 3). This phase appears to be thymic dependent since it does
not develop in athymic nude LEW.rnu/rnu rats (1, 4), but does
develop in athymic nude rats reconstituted with T cells (5).
Moreover, it is markedly inhibited by treatment with cyclo-
sporin A (6). Histologic examination of synovium during the
chronic phase of the disease reveals marked hyperplasia of the
spindle-shaped synovial cell population. Reminiscent of
transformed cells, these cells are frequently characterized by
large pale nuclei, prominent nucleoli, and invasion of periar-
ticular bone (7). Mechanisms regulating this tumorlike syno-
vial cell proliferation and invasion of bone are poorly under-
stood.

Rheumatoid arthritis is similarly characterized by pro-
nounced tumorlike expansion of the synovium primarily be-
cause of exuberant proliferation of synoviocytes (8, 9). Histo-
logically, this proliferating tissue has many of the characteris-
tics of a neoplasm. Transformed-appearing synovial cells with
large pale nuclei and prominent nucleoli are abundant, partic-
ularly at sites of synovial invasion/erosion ofsurrounding peri-
articular bone. Although the disease process is commonly as-
sociated with intense synovial mononuclear cell infiltration,
the mechanisms driving the massive tumorlike growth and
invasive behavior of the fibroblast-like synovial cells are not
understood.

The extent to which rheumatoid and SCW arthritic syno-
viocytes actually express phenotypic characteristics associated
with cell transformation has not been fully investigated. Ab-
normal and variable cell morphology, and cell growth beyond
a monolayer resulting in high saturation densities are generally
correlated with transformed cell growth; however, the best in
vitro assay of cell transformation is anchorage-independent
growth of cells in soft agar or agarose (10-13). Anchorage-in-
dependent growth of cells and cell lines is closely associated
with transformation and is highly correlated, particularly for
cells of mesenchymal origin, with in vivo tumor growth in
nude mice (11, 13).

We have recently reported that freshly explanted and early
passage synovial fibroblast-like cells from rats with SCW-in-
duced arthritis grow beyond a monolayer, form foci under
anchorage-dependent conditions and grow under anchorage-
independent conditions (7). In the present study, we have
demonstrated that fresh explant and early passage synovial
fibroblast-like cells (synoviocytes) from patients with rheuma-
toid arthritis, as well as LEW/N female rats with SCW-induced
arthritis, also, express phenotypic characteristics generally as-
sociated with transformed cells. In contrast to late passage cells
or early passage cells treated with retinoic acid, early passage
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synoviocytes from both arthritic rats and humans grow to high
saturation densities, form foci, and are able to grow under
anchorage-independent conditions. Moreover, we have ana-
lyzed the effects of several cytokines and growth factors known
to be present in the inflammatory extracellular fluid of the
rheumatoid joint on anchorage-independent growth of rat and
human synovial cells. We show that for both rat and human
synovial cells platelet-derived growth factor (PDGF), but not
interleukin 1 (IL- 1), tumor necrosis factor-alpha (TNF-alpha),
transforming growth factor-beta (TGF-beta), epidermal
growth factor (EGF), or interferon-gamma (IFN-gamma), is a
potent stimulator of anchorage-independent synoviocyte
growth. Further, we show that TGF-beta partially inhibits
growth. Of further significance, we show that nonrheumatoid
human and normal rat synoviocytes also grow under anchor-
age-independent conditions, but, in sharp contrast, lung, der-
mal, and late-gestation embryonic fibroblasts and late-passage
synoviocytes fail to form colonies under the same conditions.

Methods

Reagents and cytokines. Mouse EGF, human platelet PDGF, insulin,
ITS+ 100X (insulin 0.625 mg/ml, transferrin 0.625 mg/ml, selenium
0.625 mg/ml, BSA 0.125 g/ml, and linoleic acid 0.535 mg/ml) and
goat IgG anti-human PDGF were purchased from Collaborative Re-
search, Inc., Bedford, MA. Recombinant human TNF-alpha, and re-
combinant rat and human IFN-gamma were purchased from Amgen
Biologicals, Thousand Oaks, CA. Recombinant human IL- I alpha and
beta were obtained from Genzyme Corporation, Boston, MA. Goat
IgG was purchased from Jackson Immunoresearch Laboratories, Inc.,
West Grove, PA. The purification of TGF-beta has been previously
described ( 14). All-trans-retinoic acid (Sigma Chemical Co., St. Louis,
MO) was dissolved in dimethyl sulfoxide at a concentration of 0.1 M
immediately before use and diluted in culture medium as needed. All
procedures with retinoic acid were carried out in subdued light. Fetal
bovine serum (FBS) was obtained from Gibco Laboratories, Grand
Island, NY. Human serum, AB+ (HS) was obtained from Whittaker
M. A. Bioproducts, Walkersville, MD.

Synovial cell isolation. Synovial tissues were dissected from the
joints of 100-1 50-g normal LEW/N female rats and from LEW/N
female rats with SCW-induced arthritis. SCW-arthritis was induced by
intraperitoneal injection of an aqueous solution of cell wall fragments
as previously described in detail (15). Normal synovium, lung, and
dermal tissues were obtained from normal LEW/N female rats. In all
cases, the tissue (- 1 g) was minced and digested in collagenase (4
mg/ml type III; Worthington Biochemical Corp., Freehold, NJ) in
Dulbecco's modified Eagle's medium (DME) at 37°C for 4-5 h. After
digestion, the dissociated cells were collected by centrifugation at 500 g
for 10 min, resuspended in complete medium (DME supplemented
with penicillin 100 U/ml, streptomycin 100,ug/ml, and 10% FBS). The
cell suspension was then cultured in a six-well cluster dish (35-mm
diam wells; Costar, Cambridge, MA) at 37°C in 5% carbon dioxide
(C02). The adherent synoviocytes were uniformly confluent in 7-10 d
and were used without further passage for experiments on primary cell
cultures. At the time of initial culture 20-40% of the cells were macro-
phages; however, by the time of confluence, < 0.1% of the cells were
macrophages as determined by the ingestion of latex beads and non-
specific esterase staining. For later passage synoviocytes, primary cul-
tures were passaged at 1:3 dilution approximately once per week. Sy-
novial cells from arthritic rats grew indefinitely under these conditions
(> 9 mo) without senescence, although the growth rate slowed after
several passages.

Embryonic mesenchymal limb bud cells were isolated from day
14-17 gestation LEW/N rats. Limb buds were dissected from whole
embryos, rinsed in PBS, minced, and digested in 0.25% trypsin, 0.02%
EDTA for 10 min at 370C. After digestion, the cells were pelleted by

centrifugation, resuspended in complete medium, and grown to con-
fluence before assay of their anchorage-independent growth potential.
Synovial tissues from patients with rheumatoid arthritis were obtained
by arthroscopic biopsy in accordance with a research protocol ap-
proved by a research subpanel of the National Institutes of Health.
Synovial tissues were also obtained by biopsy from the infrapatellar
region of patients requiring arthroscopic surgery for joint trauma. In
addition, osteoarthritic synovial tissue was obtained from patients un-
dergoing joint replacement. These tissues were processed and cultured
in the same manner as the rat tissues with the exception that the initial
tissue explants were cultured in a slightly different culture media. Pre-
liminary experiments using different basal media (DME vs. CMRL
Medium 1066), with various combinations of human vs. FBS showed
that cell growth and viability was optimal in DME supplemented with
penicillin 100 U/ml, streptomycin 100 ,g/ml, glutamine 2 mM, 10%
FBS, and 10% HS. This complete medium was used for propagation of
all human cell cultures.

Assays ofsaturation density. The saturation density of human sy-
noviocytes was determined by culture of first passage, late passage, and
all trans retinoic acid (10-6 M) treated first passage synoviocytes from
patients with rheumatoid arthritis. Cells were plated into 96-well plates
at 1,000 cells/well and cultured in complete medium (containing 10%
FBS and 10% HS). Every 2 d the cells from two wells were washed with
PBS, trypsinized 15 min at 370C, and counted using a hemacytometer.
The experiments were continued until cell growth had plateaued.

Assays of anchorage-independent cell growth. Agarose (Seaplaque
agarose; FMC Corp., Rockland, ME) solutions (1% and 1.6%) were
prepared in distilled water and autoclaved. DME (1 .67X) was prepared
by dissolving premixed lX DME salts plus sodium bicarbonate (Sigma
Chemical Co.) in 0.6 vol of distilled water. Typically, sufficient DME
salts for 1 liter were dissolved in 550 ml distilled water; 49.3 grams
sodium bicarbonate were added; the pH was adjusted to 7.2; the final
volume was adjusted to 600 ml with distilled water; and the solution
filter sterilized.

Soft agarose growth assays were carried out in 24-well cluster
dishes. Wells were first coated with 0.5 ml mixture containing 0.64%
agarose in basal media supplemented with serum at the desired con-
centration for the particular growth assay. For example, in experi-
ments carried out in 20% FBS, this solution was prepared by mixing S
ml FBS, 10 ml 1.67X DME and 10 ml 1.6% agarose, all preheated to
40°C before mixing and coating the wells. The agarose was allowed to
solidify at room temperature. Next, the agarose layers that contained
cells were prepared. These mixtures were prepared in the wells of a
separate 24-well cluster dish and then transferred to the precoated
wells, i.e., each well representing a different experiment. First, 1.67X
DME plus serum was added to each well to give a final volume of 1.2
ml. The volume of serum added was determined by the desired serum
concentration in a volume of 2 ml, i.e., the final volume of the cell
containing agarose layer. The growth factor(s) or reagent to be tested
was then added, and the concentrated media mixtures were allowed to
equilibrate at 37°C in an incubator. While the media mixtures were
equilibrating, the cells to be used in the assay were harvested by tryp-
sinization, pelleted and resuspended in DME containing 10% FBS at
the desired concentration, usually 106 cells/ml. These cells were passed
through a 25-gauge needle to remove clumps and produce a single cell
suspension. 10 Ad of the cell suspension were then added to each ofthe
wells of warmed media mixtures. Next, 0.8 ml of 1% agarose, pre-
warmed to 40'C, were added to each well, and this mixture was then
layered onto the previously prepared dishes coated with 0.64% agarose.
The final concentration of agarose in the upper cell-containing soft
agarose layer was, therefore, 0.4%; the concentration of cells was opti-
mally 104 cells/well or 5 X 103 cells/ml.

Analysis ofanchorage-independent colony growth. To reproducibly
quantitate colony growth in soft agarose, analysis was carried out using
an image analyzer (model 982B; Artek Systems Corp., subsidiary of
Dynatech Corp., Farmingdale, NY) interfaced to an IBM PC/XT
computer, using software provided by the supplier. Counting was car-
ried out through an inverted microscope with total magnification of
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40. The analyzer was used in two programmed modes. The first mode
measured colony size and number; using this mode, only colonies of
60 Jim diam or greater were counted. The second mode of operation
allowed for a finer discrimination of colony growth by measuring the
area of all the colonies imaged in the analyzed field and then calculat-
ing fraction of this area in the total imaged field. This mode of opera-
tion was used for analysis of experiments in which growth factors were
added to serum containing medium, which supported colony growth
even without additional growth factors. In these cases the total colony
number generally changed less dramatically than did the size of the
colonies. Measurement of the colony area allowed for a greater dis-
crimination of changes under various conditions.

Results

Early passage adherent synovial cellsfrom both human and rat
arthritic jointsform foci and grow to high saturation densities
under anchorage-dependent conditions. As previously de-
scribed for synoviocytes from rats with SCW-induced arthritis
(7), early passage human synovial cells from patients with
rheumatoid arthritis upon prolonged culture grew beyond a
monolayer and formed foci (Fig. 1 A). Late passage rheuma-
toid synoviocytes or rheumatoid synoviocytes treated with all-
trans-retinoic acid (10-6 M), on the other hand, did not grow
beyond a monolayer (Fig. 1, B and C). These morphologic
features are consistent with a transformed phenotype in both
human and rat early passage cells that was lost upon culture or
treatment with retinoic acid. Also compatible with these ob-
servations, early passage rheumatoid synoviocytes (n = 1) grew
to higher saturation densities than later passage cells (n = 16)
or early passage cells treated with retinoic acid (10-6 M) (Ta-
ble I).

Early passage synovial cells from both human and rat ar-
thritic joints grow under anchorage-independent conditions in
serum or PDGF-supplemented medium. Initially, we studied
the growth of primary explant and early passage, adherent
synovial cells from rats with SCW-induced arthritis for growth
under anchorage-independent conditions as previously de-
scribed (7). These cells grew under anchorage-independent
conditions in the presence of 20% FBS (Fig. 2 A). Colony
growth declined at cell densities greater than 105 cells/ml,
low serum concentrations and repeated cell passage (n > 3)
(Fig. 2 B).

Similarly, using conditions that support anchorage-inde-
pendent growth of many human transformed cell lines (i.e., a
medium ofDME supplemented with 10% FBS and 10% HS),
we found that primary explant, adherent rheumatoid synovial
cells grew under anchorage-independent conditions (Fig. 2 C).
Colony growth declined at lower serum concentrations and
was negligible in medium supplemented with only 1% FBS
and 1% HS (Fig. 2 D). Optimal cell concentration was 104
cells/ml. It is of interest that colony growth declined at cell
densities of 105 cells/ml or greater. First and second passage
synoviocytes also readily formed colonies, but by the third or
fourth cell passage, the synoviocytes began to lose their capac-
ity to grow under anchorage-independent conditions.

The striking serum dependence of colony growth for syno-
viocytes from both rat and human arthritic joints and the
known presence of certain cytokines in serum and rheumatoid
synovial fluid led us to examine the effects of various cytokines
on the anchorage-independent growth. Previous work has
demonstrated PDGF, EGF, and insulinlike growth factors in
serum (16, 17), and rheumatoid synovial fluids are known to

contain IL-i (18, 19), TNF-alpha (20), IFN-gamma (21, 22),
EGF (23), PDGF, and TGF-beta (24). Therefore, the effects of
these cytokines on anchorage-independent synoviocyte growth
were analyzed. The initial set of experiments was performed
on synoviocytes from arthritic rats. PDGF enhanced colony
growth (10-50 ng/ml), and TGF-beta (0.025-25 ng/ml) par-
tially inhibited it (50% maximal inhibitory concentration - 5
X 10-12 M; Figs. 3 A and 4 A). IL-I (1-1,000 U/ml), TNF-
alpha (2-200 U/ml), gamma-IFN (1-1,000 U/ml) and EGF
(1-50 ng/ml) did not have any or had only minimal effects
over the range of concentrations tested (Fig. 3 A). Similar ex-
periments were carried out on synoviocytes from rheumatoid
joints in the presence of 10% FBS/10% HS with and without
these cytokines (Fig. 3 B). PDGF (10-50 ng/ml) in a dose-de-
pendent manner, markedly enhanced colony growth. TGF-
beta (0.125-25 ng/ml) had a partial inhibitory effect, with a
50% maximal inhibitory concentration of - 5 X 10" M
(Figs. 3 A and 4 A). IL-I (1-1,000 U/ml), TNF-alpha (2-200
U/ml), EGF (1-50 ng/ml), and IFN-gamma (1-1,000 U/ml)
had neither statistically significant stimulatory nor inhibitory
effects. IL-i was also tested in the presence of indomethacin
(2.5 X 10-6 M), and again there was no apparent effect on
either the human or rat cells (Figs. 3 A and B). Further con-
firming the importance ofPDGF, neutralizing anti-PDGF an-
tibody (10 jg/ml), but not control antibody (10 ,ug/ml), com-
pletely blocked serum-stimulated colony growth of both rat
and human synoviocytes (data not shown).

Having established the effects of these various growth fac-
tors as additives to medium containing 20% serum, we next
studied their effects on primary explant and early passage sy-
noviocytes from rat joints that were grown under low serum
conditions (1% FBS) in medium supplemented with insulin,
transferrin, selenium, albumin, and linoleic acid (ITS+ 5X).
PDGF (10-50 ng/ml) stimulated colony growth in a dose-de-
pendent manner; however, minimal colony growth was ob-
served at 10 ng/ml or less. EGF (1-50 ng/ml) had no or weak
effects at all concentrations tested (Fig. 5 A). None of the other
cytokines, over a wide range of concentrations, promoted any
significant colony growth. EGF consistently augmented the
growth stimulating effects of PDGF. TGF-beta (2.5 ng/ml)
had no significant effect on PDGF-stimulated colony growth.
Combinations ofTGF-beta and EGF produced colony growth
no greater than EGF alone.

Results similar to those of rat synoviocytes grown under
low serum were observed with synovial cells from rheumatoid
joints (Fig. 5 B). In the presence of 1% FBS/1% HS alone,
colony formation was negligible; however, the addition of
PDGF stimulated significant colony formation at 50 ng/ml,
but not at lower concentrations. EGF (1-50 ng/ml) had no
effect alone, while EGF enhanced PDGF-stimulated colony
growth. TGF-beta (0.25-25 ng/ml) did not stimulate alone or
in combination with EGF, but partially inhibited PDGF-stim-
ulated colony growth (maximal effect at 2.5 ng/ml). IL-I
(1-1,000 U/ml), IL-I with indomethacin (2.5 X 10-6 M),
TNF-alpha (2-200 U/ml), and IFN-gamma (1-1,000 U/ml)
did not stimulate colony growth.

By contrast, and consistent with previously published data
(25, 26), NRK cells exhibited exuberant colony formation in
the presence ofa combination ofEGF (5 ng/ml) and TGF-beta
(2.5 ng/ml) or high concentrations ofPDGF (50 ng/ml) alone,
but not with TGF-beta, EGF, or lower concentrations of
PDGF (5 ng/ml) alone (data not shown).
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Figure 1. Representative experiment (n = 2) demonstrating anchor-
age-dependent growth of 1st passage human rheumatoid synovio-
cytes (A), 16th passage synoviocytes (B), and 1st passage synoviocytes
grown in medium containing all-trans-retinoic acid (10-6 M) (C).

Table I. Saturation Density ofAdherent
Rheumatoid Synovial Cells

Cell passage and treatment Cell density at saturation

cells/well (xiJO)

1st Passage 13.28±1.24
16th Passage 7.37±0.78
1st Passage plus retinoic acid* 8.36±0.31

Values represent synovial cell number (±SD) in wells of a 96 well
plate after their growth had plateaued (10 d), as assessed by duplicate
cell counts using a hemacytometer. Results shown are representative
of replicate experiments (n = 2).
* All-trans-retinoic acid 10-6 M.

Inhibition of anchorage-independent synovial cell growth
by retinoids. Since retinoids are known to (a) induce differen-
tiation of many cell types (27), (b) inhibit anchorage-indepen-
dent growth ofmany neoplastic cell lines (28), (c) induce slow,
contact-inhibited growth of SCW-arthritic derived synovio-
cytes (7) and (d) markedly inhibit SCW-induced arthritis in
LEW/N rats in vivo (29), we examined their effects on the
anchorage-independent growth of both human and rat syno-
vial cells (Fig. 6, A and B). As shown, all-trans-retinoic acid
almost completely inhibited colony growth of both rat and
human arthritic synovial cells at concentrations of 10-6 M or
greater (50% maximal inhibition was observed between 10-8
and 10-9 M retinoic acid). These observations are additional
evidence supporting our view that synoviocyte anchorage-in-
dependent growth reflects the acquisition of molecular and
cellular characteristics associated with the transformed pheno-
type. Retinoids inhibit the expression of this phenotype.

Normal synoviocytes alsoform colonies when grown under
anchorage-independent conditions. To judge the significance
of anchorage-independent growth of synovial cells from
human and rat arthritic joints, we also analyzed other cell
types and cell lines for anchorage-independent growth in me-
dium supplemented with 20% FBS. As expected, the trans-
formed cell lines, HeLa and SSV-transformed NRK cells, grew
well under anchorage-independent conditions. Unexpectedly,
and of potential importance, early passage rat synovial cells
from normal joints consistently grew with the same efficiency
as synovial cells from arthritic joints (data not shown, n = 3).
Similarly, we obtained colony formation with early-passage
synovial cells from a patient with a traumatic knee injury and
a patient with osteoarthritis. These cells grew under anchor-
age-independent conditions with efficiency equal to that ofthe
early passage synoviocytes from arthritic joints. By contrast,
dermal and lung fibroblasts, as well as late-gestation rat embry-
onic limb bud mesenchymal cells, did not form colonies when
grown under conditions that produced high-grade colony for-
mation with early passage synovial cells (20% FBS) or under
low serum conditions (1% FBS) (data not shown, n = 2). Thus,
synoviocytes from inflamed, noninflamed, and normal joints

Cells were grown as described in Methods until saturation density
had been reached and were then fixed and stained with Giemsa (orig-
inal photograph, X60).
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have the potential to grow under anchorage-independent con-
ditions; the other types of normal fibroblast-like mesenchymal
cells, that we studied, appear much more resistant to growth
under similar conditions.

Synovial cells from rheumatoid and SCW-arthritic joints
do notform tumors in nude mice. Second passage synovial cells
cultured from both rheumatoid and SCW-arthritic joints were
injected subcutaneously into nude mice (5 X 106 cells/injec-
tion). After 1 mo ofobservation, none ofthe four mice injected
developed tumors. Control nude mice injected with HeLa or
SSV-transformed NRK cells uniformly developed tumors
within 2 wk.

Discussion
We, as well as others, have become increasingly impressed
with the similarities between invasive tumors and the prolifer-
ative and invasive lesion characteristic of rheumatoid arthritis
(8, 9, 30-34). Mitoses are frequent in both. The major prolif-
erating cell in situ is spindle shaped and is characterized by
large pale nuclei with prominent nucleoli, reminiscent of
tumor cells. Moreover, these "fibroblastoid" cells are the pre-
dominant cell type at sites of bone erosions (35). They are
often in close proximity to macrophages and proliferating
blood vessels. We have pursued the hypothesis that a possible
mechanism driving this tumorlike expansion and invasive be-
havior of synovial cells is that locally secreted paracrine growth
factors, derived from infiltrating macrophages and lympho-
cytes as well as from endothelial and other cells, induce syno-
vial cells to exhibit phenotypic characteristics in common with
transformed cells, resulting in a locally proliferative and inva-
sive inflammatory lesion. Thus, the rheumatoid lesion resem-
bles a locally invasive tumor.

We have also been impressed that tumorlike synovial
growth and local invasion of bone and cartilage, closely re-
sembling rheumatoid arthritis, can be induced in genetically
predisposed rats by systemic injection of peptidoglycan-poly-
saccharide fragments from the cell walls of certain bacteria,
e.g., group A streptococci. Like rheumatoid arthritis, the pro-
liferative and invasive lesion is predominantly composed of
spindle-shaped cells with numerous mitoses, large pale nuclei,
and prominent nucleoli. They are, like rheumatoid arthritis,
usually in close proximity to macrophages and proliferating
blood vessels (7). These observations have led us to further
examine the synovial cells for characteristics associated with
neoplastic transformation.

High saturation density, growth beyond a monolayer, and
anchorage-independent growth have been correlated with a
transformed phenotype in vitro. Anchorage-independent
growth of cells in vitro is one of the most specific criteria for
assessing the cell's potential for expression of a transformed
phenotype in vivo. It has been shown to be highly correlated
with a cell's ability to form tumors in athymic nude mice. This
in vitro assay has been utilized extensively to define several
transforming growth factors (36) as well as mechanisms un-
derlying neoplastic cell growth including cellular transforma-
tion by oncogenes.

We have previously demonstrated that under anchorage-
dependent conditions early passage synovial cells from rats
with SCW-induced arthritis grow beyond a monolayer, form
foci, and grow to a higher saturation density than do later
passage cells or early passage cells treated with retinoic acid. In
addition, we have shown early passage synoviocytes from

rats with SCW-arthritis grow under anchorage-independent
conditions (7). In the present study, we further examined an-
chorage-independent growth of rat synovial cells and have ex-
tended our studies to synoviocytes from patients with rheu-
matoid arthritis. We have shown that under anchorage-depen-
dent conditions early passage synoviocytes from patients with
rheumatoid arthritis, grew beyond a monolayer and formed
foci, grew to a higher saturation density, and grew under an-
chorage-independent conditions. In contrast to malignantly
transformed cells, the synoviocytes from both species lost,
upon repeated passage in culture, these phenotypic markers of
transformation. Anchorage-independent growth of early pas-
sage cells required serum or medium supplemented with ap-
propriate growth factors, suggesting that tumor-like growth in
vivo is driven not by autocrine, but by paracrine growth factors
produced as a result of the inflammatory process. The failure
of the synoviocytes to form tumors in nude mice is consistent
with this hypothesis.

Serum is known to contain at least three growth factors:
insulin-like growth factors, PDGF, and EGF (16, 17). We have
shown previously that PDGF and EGF, but not IL- 1, TNF-
alpha, IFN-gamma, or TGF-beta are both important in sup-
porting anchorage-dependent growth of synoviocytes (37,
Remmers, E. F., R. Lafyatis, D. E. Yocum, A. B. Roberts,
G. K. Kumkumian, J. P. Case, M. B. Sporn, and R. L. Wilder.
Manuscript submitted for publication). Further, we have dem-
onstrated the presence of PDGF in rheumatoid synovial fluid
in concentrations well above the range required for synovial
cell stimulation (30-100 ng/ml) as well as local synovial pro-
duction of a PDGF-like molecule (24). We report here that
PDGF is also able to induce anchorage-independent growth of
synovial cells even under suboptimal serum conditions. These
data give support to the notion that PDGF contributes in vivo
to the development of a tumor-like phenotype by synovial
cells. Although EGF supported low-grade colony growth of
synovial cells from rat arthritic joints, it did not show activity
on human cells. EGF did, however, appear to act synergisti-
cally with PDGF on both rat and human cells.

Similar to our results with anchorage-dependent growth,
none ofthe other cytokines tested that are believed by many to
be important in rheumatoid arthritis stimulated anchorage-in-
dependent cell growth. IL- 1, which increases synovial cell pro-
duction ofcollagenase and prostaglandin E2 (38), had no stim-
ulatory effect on anchorage-independent growth of arthritic
synovial cells even in the presence ofindomethacin, which was
added to block prostaglandin E2 production. This contrasts
with the results of others demonstrating enhanced anchorage-
dependent proliferation of synovial cells by IL-1 in the pres-
ence ofserum plus indomethacin (39). However, our own data
indicate that IL-1 is only minimally mitogenic for synovio-
cytes under anchorage-dependent conditions in the absence of
serum (37, Remmers, E. F., R. Lafyatis, D. E. Yocum, A. B.
Roberts, G. K. Kumkumian, J. P. Case, M. B. Sporn, and
R. L. Wilder. Manuscript submitted for publication). TNF-
alpha, also, did not support anchorage-independent growth of
synovial cells. Similar to IL- 1, this cytokine stimulates produc-
tion of prostaglandin E2 and collagenase by synovial cells (40)
and has been shown to augment growth of some normal cell
lines; however, it inhibits or has no effect on growth of tumor
cell lines (41). IFN-gamma has been reported to increase pro-
liberation of rabbit synoviocytes grown under anchorage-de-
pendent conditions and to induce Ia and inhibit collagen syn-

Synoviocyte Transformation and Paracrine Growth Factors 1271



a

.....a..:: .. ..- ..... :...

....:........:....

if :;.:' :.....,

: ?~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
......

*:o.t~

S::.

1272 Lafyatis, Remmers, Roberts, Yocum, Sporn, and Wilder

i: .>.

gqq

:>: ..1.p

....
i.



A

PDGF

EGF

W TGF-BETA

IL-1

IL-1+INDOMETHACIN

-- TNF-ALPHA

- IFN-GAMMA

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

B

I ~~~~PDGF

Figure 3. Representa-
tive experiment (n = 3)
demonstrating anchor-
age-independent growth
of synoviocytes from an
arthritic rat joint grown
in medium supple-
mented with 20% FBS
and various cytokines
(A). B shows anchorage-
independent growth of
synoviocytes from a
rheumatoid joint grown

EGF in medium supple-
_TF-BETA mented with 10%

IL-1 FBS/10% HS and var-
IL-1+INDOMETHACIN ious cytokines. The

data presented represent
_ - ~~~TNF-ALPHA
_

FN-GAMMA
the greatest relative

_ - IFN-GAMMA
_____________________________ stimulatory or inhibi-

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 tory activities observed
EXPERIMENTAL COLONY AREA/CONTROL COLONY AREA with the various supple-

ments: PDGF (50
ng/ml), EGF (10 ng/ml), TGF-beta (2.5 ng/ml), IL-1 (10 U/ml), IL-1
+ indomethocin (2.5 X 10-6 M), TNF-alpha (20 U/ml), and IFN-
gamma (100 U/ml). Each bar represents the average of four readings
(±SEM) across the test well in a single experiment utilizing an image
analyzer to measure the area of all colonies/field (20 mm2) divided
by the area of all colonies/field in the control well (serum alone, no
supplemental cytokine added).

thesis of human synoviocytes grown under anchorage-depen-
dent conditions (42, 43). This cytokine had no effects on the
growth of either human or rat arthritic synovial cells in our
studies.

TGF-beta, initially isolated on the basis of its capacity to
induce anchorage-independent, but not anchorage-dependent
growth ofNRK cells, has since been shown to have pleiotropic
effects depending on the cell type examined (44). On some cell
types, it appears to stimulate differentiation. On dermal
fibroblasts it increases secretion of collagen and when injected
intradermally it causes fibrosis (45). We have recently demon-
strated physiologically significant levels of TGF-beta in rheu-
matoid synovial fluid (25-75 ng/ml) and have also immuno-
localized TGF-beta diffusely throughout specimens of rheu-
matoid synovium, as well as synovium from rats with SCW
arthritis (24). Our data presented here demonstrate that TGF-
beta partially inhibited anchorage-independent growth of both
human and rat synoviocytes. In view ofthe local production of
this cytokine by proliferative synovium, our data suggest that
TGF-beta may be involved in suppressing in vivo synovial cell
proliferation and inducing a more differentiated phenotype,
(i.e., slower growth, increased production of collagen, and de-
creased production of matrix-degrading enzymes), consistent
with the more mature stages ofwound repair.

The contrasting effects of PDGF, IL- 1, TNF-alpha, EGF,
TGF-beta, and IFN-gamma on synovial cells in vitro point out
the complexity of the regulatory pathways involved in the tis-
sue destruction characteristic of rheumatoid and SCW-in-
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Figure 4. Representative experiment (n = 3) demonstrating anchor-
age-independent colony formation of synoviocytes from an arthritic
rat joint grown in medium supplemented with 20% FBS and various
concentrations of TGF-beta (A), and from a rheumatoid joint grown
in medium supplemented with 10% FBS/10% HS and various con-
centrations of TGF-beta (B). Each point represents the average of
four readings across the test well in a single experiment (±SEM) uti-
lizing an image analyzer to count the number of colonies > 60 ,m in
diameter/field (20 mm2).

duced arthritis. PDGF, IL- 1, TNF-alpha and TGF-beta are
produced by activated macrophages (46, 47), which are found
in abundance in the synovium of rheumatoid and SCW-in-
duced arthritic joints. IL- 1 and TNF-alpha induce prostaglan-
din E2 and collagenase production in synoviocytes and repre-
sent a pathway by which bone destruction might be mediated
by soluble factors. In contrast, PDGF may play a critical role
in driving the phenotypically transformed cell growth that is
also a characteristic feature of rheumatoid and SCW-arthritis.
Transformation has been associated with the production of
proteases in other cell types. Membrane-bound, fibronectin-
degrading proteases are induced by Rous sarcoma virus trans-
formation of chick embryo fibroblasts (48) and secretion of
transin/stromelysin is induced by transformation of rat fibro-
blasts (49, 50). These proteases, which are thought to be in-
volved in tissue invasion by cancer cells, might, similarly, be
involved in bone invasion by synovial cells that have been
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Figure 2. Representative experiment (n = 6) demonstrating anchorage-independent growth in soft agarose of primary explant synoviocytes
from an arthritic rat joint grown in medium containing 20% FBS (A) or 1% FBS (B) and from a rheumatoid joint grown in the presence of me-
dium containing 10% FBS/10% HS (C) or 1% FBS/l% HS (D). Cells were cultured for 14 d. Colony growth is clearly apparent in A and C, but
not B and D (original photograph, X 100).
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Figure 5. Representative experiment (n = 2) demonstrating anchor-
age-independent growth of synoviocytes from an arthritic rat joint
grown in medium supplemented with 1% FBS, 5X ITS+ and various
growth factors (A). B shows data for synoviocytes from a rheumatoid
joint grown in the presence of i% FBS, 1% HS, 5X ITS+ and various
cytokines. The data presented represent the greatest relative stimula-
tory activity observed with PDGF (50 ng/ml), EGF (10 ng/ml),
TGF-beta (2.5 ng/ml), IL-l (10 U/ml), TNF-alpha (20 U/ml), and
IFN-gamma (100 U/ml). Each bar represents the average of four
readings across the test well in a single experiment (±SEM) utilizing
an image analyzer to count the number of colonies > 60 ,m/field
(20 mm2).

phenotypically transformed by PDGF. In addition, PDGF has
been reported to increase collagenase production by dermal
fibroblasts (5 1).

Our data are also of significance in light of the results on

normal rat and human synovial cells. To our initial surprise,
we found that these cells also formed colonies in soft agarose,

indicating that normal synovial cells can be stimulated to ex-

press a characteristic generally associated with transformation.
These results contrast sharply with the failure of dermal, lung,
and late-gestation rat embryo limb bud fibroblasts to form
colonies under the same conditions. These data suggest that
early passage rat and human synoviocytes may be relatively
unique in that they readily acquire properties of transformed
cells when stimulated with the appropriate paracrine growth
factors. Our data show that these factors are present in serum,
and can be replaced, in large part, by basal media supple-
mented with PDGF, EGF, insulin, transferrin, and selenium.
These results are consistent with our view that the cytokines
present in the inflammatory milieu of the rheumatoid or

RETINOIC ACID CONCENTRATION (molar)

Figure 6. Representative experiment (n = 3) demonstrating anchor-
age-independent growth of synoviocytes from an arthritic rat joint
grown in medium supplemented with 20% FBS and various concen-

trations of all-trans-retinoic acid (A). B shows similar data for syno-

viocytes from a rheumatoid joint grown in medium supplemented
with 10% FBS/ I0% HS and various concentrations of all-trans-reti-
noic acid. Each point represents the average of four readings across

the test well in a single experiment (±SEM) utilizing an image ana-

lyzer to count the number of colonies > 60 ,m in diameter/field (20
mm2).

SCW-induced arthritic joint induce quiescent synoviocytes to
behave like a locally invasive tumor. Synovial cells cultured
from noninflammatory joints are stimulated by these same

paracrine factors.
An important distinction should be emphasized here be-

tween autocrine and paracrine growth factor-driven transfor-
mation of cells. The homology of some viral oncogenes to
growth factors suggests that expression of the malignant phe-
notype in some virally transformed tumors is induced through
dysregulated autocrine production of a growth factor (30, 52).
A similar mechanism of transformation is suggested for the
U-2 osteosarcoma cell line in that this cell line produces PDGF
and expresses PDGF receptors (53). In contrast to these cells,
which are able to secrete their own growth factors, synovio-
cytes from rheumatoid and SCW-induced arthritic joints as

well as normal synoviocytes apparently do not constitutively
secrete adequate amounts of PDGF to support their own (au-
tocrine) growth and require a paracrine source of growth fac-
tors for acquisition and maintenance of the transformed phe-
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notype. Thus, primary paracrine, versus autocrine, mecha-
nisms distinguish the growth of synovial cells in arthritic joints
from the growth of an autonomously growing, malignant
tumor.

Lastly, our observations on the effects of retinoids need
comment. These agents, known to inhibit the anchorage-inde-
pendent growth of several cell lines derived from malignant
tumors, are shown here to inhibit anchorage-independent
growth of synoviocytes and induce monolayer growth. Pre-
vious work in our laboratories has shown that treatment of rats
with retinoids before or after induction of SCW-induced ar-
thritis significantly inhibits the disease (29). Histologically, sy-
novial cell hyperplasia and synovial invasion of periarticular
bone are inhibited and synovial fibrosis is induced. Production
of prostaglandin E2 and collagenase, both potential mediators
of tissue destruction, are markedly suppressed. In the experi-
ments presented here, which are consistent with the known
effects of retinoids in inducing differentiation, all-trans-reti-
noic acid completely inhibited anchorage-independent growth
of both human and rat synoviocytes at concentrations achiev-
able in vivo. Taken together these data suggest that inhibition
of synovial cell transformation may be the primary mecha-
nism by which retinoids suppress arthritis in vivo. If this is the
case, suppression oftransformed synovial cell growth might be
an effective therapeutic strategy in rheumatoid arthritis, and
inhibition of soft agarose synovial cell growth might provide
an in vitro assay system in the development ofnew therapeutic
agents. Unfortunately, the actions of retinoids on many other
cell types makes it impossible to definitively assign inhibition
of synovial cell transformation as the primary target of this
drug in vivo at this time.

In summary, our data, considered in the context of pub-
lished data, provide further evidence supporting the view that
synovial cells in rheumatoid and SCW-induced arthritis have
acquired a cellular phenotype generally associated with inva-
sive tumors. The acquisition of the abnormal phenotype in
vivo is probably regulated as it is in vitro by paracrine growth
factors such as PDGF and TGF-beta. It is likely that localized
phenotypic transformation of synovial cells is a critical aspect
of the tissue destruction characteristic in rheumatoid arthritis
and the essentially identical destructive disease process ob-
served in SCW-induced arthritis in LEW/N female rats. Our
data indicate that synovial cells, in sharp contrast to several
other fibroblast-like cells, are relatively unique in their suscep-
tibility to exhibit properties generally associated with autono-
mously transformed cells. These data support the concept that
even among fibroblastoid mesenchymal cells, the type and
differentiation state of the target cell determines the biological
effects of a given growth factor (or factors), i.e., the biologic
response, even of "fibroblasts," is not necessarily an intrinsic
property of the cytokine. We expect that further investigation
of mechanisms underlying these observations will lead to new
insights into the pathogenesis and therapy of rheumatoid ar-
thritis, related arthritides, and probably other inflammatory
diseases.
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