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Abstract

Accumulating evidence implicates a central role for synovial T
cells in the pathogenesis of rheumatoid arthritis, but the acti-
vation pathways that drive proliferation and effector function
of these cells are not known. Wehave recently generated a
novel monoclonal antibody against a rheumatoid synovial T
cell line that recognizes an antigen termed UM4D4(CDw6O).
This antigen is expressed on a minority of peripheral blood T
cells, and represents the surface component of a distinct path-
way of human T cell activation. The current studies were per-
formed to examine the expression and function of UM4D4on
T cells obtained from synovial fluid and synovial membranes of
patients with rheumatoid arthritis and other forms of inflam-
matory joint disease. The UM4D4antigen is expressed at high
surface density on about three-fourths of synovial fluid T cells
and on a small subset of synovial fluid natural killer cells; in
synovial tissue it is present on more than 90% of T cells in
lymphoid aggregates, and on - 50% of T cells in stromal infil-
trates. In addition, UM4D4is expressed in synovial tissue on a
previously undescribed population of HLA-DR/DP-negative
non-T cells with a dendritic morphology. Anti-UM4D4 was
co-mitogenic for both RAand non-RA synovial fluid mononu-
clear cells, and induced IL-2 receptor expression. The
UM4D4/CDw6Oantigen may represent a functional activation
pathway for synovial compartment T cells, which could play an
important role in the pathogenesis of inflammatory arthritis.
(J. Clin. Invest. 1990. 86:1124-1136.) Key words: rheumatoid
arthritis * T cell activation * dendritic cell

Introduction

Multiple lines of evidence suggest that pathologic immune re-
sponses are of fundamental importance in rheumatoid arthri-
tis (RA).' These include the presence of serologic abnormali-
ties in RApatients, infiltration of the RAsynovium with lym-
phocytes (1), the role of lymphocytes in animal models of RA
(2-7), and modulation of lymphocyte populations or function
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1. Abbreviation used in this paper: RA, rheumatoid arthritis.

by drugs or other measures that are used in the treatment of
RA (8-20), such as cyclosporine A (20).

In view of the ability of T lymphocytes to respond both to
antigen and to nonspecific activating signals, and to initiate
and regulate immune and inflammatory responses by a range
of effector cells, the T cell would appear to be ideally suited to
play a central role in the pathogenesis of RA. Most RAsyno-
vial lymphocytes are in fact T cells (21, 22), and a large num-
ber of them bear surface markers indicating that they have
been activated in vivo (23-25). The linkage of RA to specific
class II MHCepitopes that control antigen presentation to T
cells (26-28) implies a key role for T cells and perhaps for T
cell responses to a particular antigen. Recent studies in animal
models of RAhave also emphasized the critical importance of
T cells, in initiating disease (2-7, 29, 30), in mediating tissue
damage (31-33), and potentially in activating immunoregula-
tory circuits that could prevent the development of arthritis (3,
34, 35). A variety of methods of depleting T cells from RA
patients or from animals affected with diseases that are models
of RA have reliably led to clinical improvement (8, 9, 11,
13-17, 36, 37), despite persistence of autoantibodies such as
rheumatoid factor.

Despite these new insights, many fundamental issues re-
main unresolved regarding the role of T cells in RA. Although
synovial T cells have been found to respond to microbial anti-
gens cross-reactive with cartilage proteoglycan (38-40), the rel-
ative role of antigen-specific versus nonspecific pathways of T
cell activation in RA is not known. Despite evidence for a
unique recognition system controlling lymphocyte adhesion to
synovial vessels and subsequent migration into synovial tissue
or fluid (41), the structures mediating such specific interac-
tions are as yet uncharacterized. Although it would be desir-
able to specifically ablate pathogenic T cells in RA without
inducing a generalized T cell deficiency, appropriate target
surface structures that are uniquely or preferentially expressed
on most synovial T cells have not yet been described.

To address these problems, we have attempted to identify
novel and functionally significant surface antigens expressed
on RA synovial T cells, by generating monoclonal antibodies
against RA synovial T cell lines and clones. Using this ap-
proach, a monoclonal antibody, termed anti-UM4D4, was de-
veloped, which recognizes an antigen, termed UM4D4, that is
present on about one-fourth of peripheral blood T cells (42).
Although UM4D4expression is not induced by activation of T
cells, anti-UM4D4 is mitogenic for peripheral blood T lym-
phocytes in the presence of accessory cells or phorbol ester
(42). Several types of experiments indicated that UM4D4is
distinct from the other T cell surface antigens known to medi-
ate T cell activation. Although modulation of the CD3/TCR
complex inhibited the mitogenic effect of anti-UM4D4, it did
not affect UM4D4expression. Binding of anti-UM4D4 was
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not blocked by a variety of other anti-T cell monoclonal anti-
bodies. Furthermore, a variant of the malignant T cell line
HSB-2, selected for high expression of UM4D4, was found to
express little or no CD2, CD3, and CD28. Western blotting
studies using both this HSB-2 variant and RA synovial T cell
clones with high UM4D4expression showed that anti-
UM4D4 identified a unique pattern of bands, including a
92-kD band and two smaller forms (42). The antigen recog-
nized by anti-UM4D4 has recently been designated CDw6O
(43, p. 361).

Because UM4D4was expressed on a higher proportion of
cloned synovial T cells than on cloned peripheral blood T cells
(42), it seemed likely that expression would also be greater on
fresh synovial T cells compared with peripheral blood T cells.
The present studies were therefore undertaken to determine
the level of expression of UM4D4on synovial T lymphocytes,
both RA and non-RA. The data indicate that about three-
fourths of synovial fluid T cells, as well as the majority of
synovial membrane T-cells bear UM4D4, and that this novel
structure represents a pathway for antigen-independent acti-
vation of these cells.

Methods

Patient populations. Synovial fluid was obtained at the time of thera-
peutic arthrocentesis from patients with RAand from patients with a
variety of other arthritides. 32 samples were obtained from 26 RA
patients (Table I), all of whomfulfilled at least four of the 1987 criteria
for the classification of RA (44). 20 other synovial fluid samples were
obtained from 15 patients, including four with psoriatic arthritis, four
with gout, two with Reiter's syndrome, two with juvenile chronic ar-
thritis, and one each with rheumatic fever, polymyalgia rheumatica,
and pseudogout. Synovial tissue was obtained at the time of hip or
knee replacement from 13 patients: 10 with RA, two with os-
teoarthritis and one with hemophilic arthropathy. A biopsy sample
(arthroscopy) from a patient with traumatic knee injury and retropa-
tellar chondromalacia was used as a control in immunohistology.
Paired samples of peripheral blood were obtained at the time of collec-
tion of synovial fluid from six patients (four RA, one juvenile chronic
arthritis, one Reiter's syndrome).

Monoclonal antibodies and isolation of mononuclear cells. The an-
tibodies used for flow cytometric detection of cell surface markers in
these studies include those previously described that identify CD2(45),
CD3 (46), CD4 (47), CD8 (47), HLA-DR (48), the natural killer cell
marker CD56 (49), CD1 lb (50), CD20 (51), CD25 (52), CD26 (53),

and UM4D4(42). For dual color flow cytometry phycoerythrin-con-
jugated anti-CD2, CD3, CD4, CD8, CD29, CD45RA, and CD56
(Coulter Electronics, Inc., Hialeah, FL) were used in conjunction with
fluorescein (FITC)-conjugated anti-UM4D4 (prepared and generously
provided by Dr. Ann Jackson, Becton Dickinson Monoclonal Center,
Mountain View, CA). Flow cytometry was performed using a Coulter
Epics V instrument. Mononuclear cells were isolated from peripheral
blood, synovial fluid and synovial tissue as described (42). Cell-free
synovial fluid was obtained by centrifugation of fresh synovial fluid at
1,300 g for 25 min.

Immunohistology. All samples were frozen in isopentane cooled in
a bath of liquid nitrogen, and stored at -70°C or in liquid nitrogen.
Cryostat sections 6-8 ,um thick were cut at -25°C, air-dried, and fixed
for 10 min in ice-cold acetone. The sections were wrapped in alumi-
num foil and stored at -20° until used.

Double immunofluorescence studies were performed with antibod-
ies directed against CD2 (mAb OR 101 [54, p. 106]), CD3 (mAb
UCHT1 [55]), CD4 (mAb 30F16H5 [43, pp. 314-316]), CD8 (mAb
Tu 68 [54, p. 46]), the mAbUCHL1 (56), as well as antibodies directed
against CD45RA(mAb 2H4 [54, pp. 242-245]), CD1 lb (mAb 44 [43,
pp. 242-245]), CDl lc [mAb 3.9 (43, pp. 543-551)], CD14 [mAb
Clb-Mon/l (43, pp. 787-789)], HLA-DR/DP [mAb Tu 39 (43, pp.
387-398)], and UM4D4(42). After preincubation with heat-inacti-
vated normal goat serum (1:5 diluted with Tris-buffered saline, TBS)
for 20 min, IgG mAbs (all except anti-UM4D4) were added for I h in
dilutions between 1:20 and 1:200 in TBSwith 1%BSA. After washing,
a fluorescein conjugated F(ab')2 goat anti-mouse IgG antibody (Dia-
nova, Hamburg, FRG) was applied for 30 min (1:40 in TBS/ I% BSA).
Heat-inactivated normal mouse serum at a dilution of 1:5 (in TBS) was
added for 20 min after repeated washes. The sections were then incu-
bated with anti-UM4D4 diluted 1:50 in TBS/1% BSA for 1 h. After
washing, a rhodamine conjugated F(ab')2 goat anti-mouse IgM anti-
body (Dianova, Hamburg, FRG) diluted 1:50 in TBS/BSA was added
for 30 min. All incubations were done at room temperature. For con-
trols an irrelevant IgGI antibody (mAb MOPC21, Sigma Chemical
Co., Deisenhofen, FRG) was applied instead of the first specific anti-
body, and a control IgM antibody (mAb TEPC 183, Sigma Chemical
Co.) was used as a replacement for anti-UM4D4. No specific staining
was observed in the control sections.

Alternatively the alkaline phosphatase anti-alkaline phosphatase
(APAAP) technique was used. After preincubation with 20% normal
goat serum for 20 min, anti-UM4D4, diluted 1: 100 with TBScontain-
ing 1%BSA, was added for 60 min. After washing, a rabbit anti-mouse
antibody (Dakopatts, Hamburg, FRG) was applied for I h (1:20 in
TBS/l% BSA). The sections were washed, incubated for 30 min with
APAAPcomplex (Dianova, Hamburg, FRG; 1:100 in TBS/1% BSA),
and washed again with TBS. The alkaline phosphatase was developed
in a solution prepared by dissolving 100 mg naphthol AS-MX phos-

Table I. Clinical Characteristics of RA Patients

Synovial fluid Synovial tissue Total

No. of samples 32 11 43
No. of patients 26 10 36
M/F 7/19 2/8 9/27
Age* 54±14 (27-81) 58±14 (42-82) 55±14 (27-82)
Duration of RA* 8.6±8.7 (0.25-35) 20±10 (2-38) 12±10 (0.25-38)
No. of ARAcriteria* 5.7±1.1 (4-7) 5.3±1.1 (4-7) 5.6±1.1 (4-7)
No. taking Prednisonet 7 2 9
No. on DMARD 18 6 24
Positive RF 22 6 28
Nodules 8 3 11

* Mean±SD (range). t Mean Prednisone dose was 5 mg/d (range 1-10 mg/d).
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phate (Sigma Chemical Co.) in 5 ml dimethylformamide (Sigma
Chemical Co.), and then adding 95 ml of TBS (pH 8.2); 1 mgFast Red
TR and 10 gl of 0.1 M levamisole (both Sigma Chemical Co.) were
added to I ml of this solution and filtered. After washing, the sections
were counterstained with Mayer's hematoxylin. Sections were viewed
and photographed with a Leitz Diaplan microscope using Ektachrome
400 films for fluorescence and Afga Pan 25 films for APAAP.

Activation assays. Cultures of peripheral blood or synovial fluid
mononuclear cells were set up in triplicate in 96-well U-bottom plates
with 100,000 cells per well in a volume of 0.2 ml RPMI 1640 with 10%
FCS. Stimuli included anti-UM4D4 (42), a mitogenic pair of anti-CD2
antibodies (45), a mitogenic anti-CD3 antibody (57), PMA(1 ng/ml),
PHA(Burroughs-Wellcome, 0.5 ,g/ml), recombinant IL-2 (16 U/ml)
or combinations of the above stimuli. The antibodies were used at
dilutions of ascites optimal for the detection of proliferative responses,
which were measured by quantitation of (3H)-TdR incorporation at
day two, four, or six of culture.

To determine whether UM4D4expression changed in the presence
of synovial fluid, peripheral blood T cells were cultured at 106 cells/ml
for 1-6 d in the presence of 0, 1, 5, 10, or 25% cell-free RA synovial
fluid in RPM11640 with 10% fetal calf serum. UM4D4expression was
determined by flow cytometric analysis of cell aliquots at various time
points.

The expression of the p55 component of the IL-2 receptor after
activation by anti-UM4D4 was measured by flow cytometry using
fluoresceinated anti-IL-2R or control mouse Ig (Coulter Electronics,
Inc.). For these experiments T cells obtained by rosetting with sheep
erythrocytes were cultured for 60 h in 24-well plates at 106 cells/ml in
medium alone or medium containing anti-UM4D4.

Statistical analysis of data. Groups were compared using the Stu-
dent t test. Groups of paired synovial fluid and peripheral blood sam-
ples were compared using the paired t test. Correlation of variables was
determined by linear regression analysis.

Results

Clinical characteristics ofpatients studied. To examine the role
of the UM4D4T cell activation pathway in synovial T cells,
we studied synovial fluid or tissue from a total of 54 patients
with RA or other forms of arthritis. Clinical characteristics of
the RApatients are listed in Table I. Most of the patients were
female and most had circulating rheumatoid factor. Only 25%
were receiving prednisone, at doses of 1-10 mg/d, but most
were being treated with "disease-modifying antirheumatic
drugs". The 18 patients with other forms of arthritis (diagnoses
listed in Methods) included 12 men and 6 women, and the
mean age±SD of this group was 41± 13 (range, 29-64). Con-
trol synovial tissue was obtained from one additional patient
with knee trauma who was otherwise healthy.

Synovial mononuclear cell surface antigens. To define the
cellular composition of the synovial fluid mononuclear cells
that were studied, surface markers on these cells were identi-
fied by staining with monoclonal antibodies and flow cytomet-
ric analysis. The majority of both the RAand non-RA mono-
nuclear cells were T lymphocytes, although the percentage was
higher in the RAgroup (Table II). Sufficient cells were avail-
able from most samples to permit quantitation of T cell sub-
sets and markers indicating T cell activation. The non-RA
samples tended to have higher percentages of CD4+ cells and
lower percentages of CD8+ cells than the RA samples (Table
II). Surprisingly few cells in either group expressed the IL-2
receptor p55 protein. A higher number expressed the CD26
antigen, which is found on activated T cells and on a subset of
peripheral blood T cells that possess immunologic memory

Table I. Surface Marker Analysis of RA and Non-RA
Synovial Fluid Mononuclear Cells

%Positive
P. RA vs.

Surface antigen RA Non-RA non-RA

mean±SD mean±SD
(n) * (n) *

CD2 (T I 1) or CD3(T3) 68±23 (32) 55±29 (20) P < 0.05
CD4(T4) 30±14 (22) 38±20 (12) 0.05 < P < 0.10
CD8 (T8) 22±26 (22) 17± 1(12) P < 0.05
HLA-DR 27±30 (27) 21±18 (17) P < 0.05
CDllb(Mol) 20±22(20) 31±31 (17) P>0.10
CD20 (B1) 3±4 (22) 3±3 (16) P> 0.10
CD56 (NKH1) 11±6 (8) 15±5 (7) P> 0.10
CD25 (IL2R) 4±4 (23) 5±4 (13) P> 0.10
CD26 (Ta1) 11±11(28) 16±9 (15) 0.05 < P < 0.10

* Surface markers were measured by flow cytometry. The data is expressed as
the percent of cells with fluorescence above background. The number of sam-
ples analyzed for each marker is given in parentheses.

(53, 58). Only small numbers of B lymphocytes were found in
either group. Some of the samples were also stained with an
antibody to the natural killer cell antigen CD56(NKH I a), and
appreciable numbers of natural killer cells were identified in
both the RAand the non-RA group. The non-RA group was
more heterogeneous with respect to composition of the mono-
nuclear cell populations than was the RAgroup. Samples from
patients with gout contained fewer T cells (mean 23%) than the
remainder of the non-RA patients (mean 63%), and the major-
ity of the mononuclear cells in the gout samples were mono-
cytes as judged by strong expression of CDl lb (Mo 1).

Expression of the newly-defined UM4D4/CDw6Oantigen
was determined. This surface structure, identified by a mono-
clonal antibody generated against an RAsynovial T cell line, is
expressed on a minority of peripheral blood T cells, resting or
activated, but is expressed on a higher percentage of cells
among RA synovial T cell lines and clones (42). As shown in
Table III, UM4D4is present on slightly more than half of RA
synovial fluid mononuclear cells. Assuming that in synovial
fluid its expression is confined to CD2' cells, of which > 95%
are T lymphocytes and the remainder natural killer cells, it is
apparent that about three-fourths of RAsynovial fluid T cells,
and a similar proportion of T cells from other synovial fluid

Table III. Expression of UM4D4
on Synovial Fluid Mononuclear Cells

No. of
samples %UM4D4 %T Cells* UM4D4/T

RA 32 51±21 68±23 0.77±0.27
Non-RA 20 40±25 55±29 0.73±0.25

Psoriatic arthritis 6 42±28 58±29 0.73±0.22
Reiter's syndrome 3 32±11 55±17 0.62±0.29
Juvenile chronic arthritis 3 60±5 73±16 0.84±0.12
Gout 4 17±29 23±35 0.73±0.46
Rheumatic fever 2 49±2 61±4 0.80±0.01
Polymyalgia rheumatica 1 75 94 0.80
Pseudogout 1 36 56 0.64

* In most cases samples were analyzed for both CD2and CD3expression.
Whena difference was observed the higher percentage was taken as the percent
T cells.
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samples, bear this antigen. The specificity of UM4D4expres-
sion for CD2' cells among mononuclear cells analyzed by flow
cytometry is also supported by previously published data (42).
Furthermore, among both RA and non-RA synovial fluid
samples, the percentage of cells expressing UM4D4correlated
tightly (P < 0.001, r = 0.7 for RAgroup, r = 0.9 for non-RA
group) with the percent of cells expressing the cell surface
markers CD2 or CD3. In both groups some samples had only
small numbers of CD2' or CD3' cells and commensurately
small numbers of UM4D4' cells.

To verify the specificity of anti-UM4D4 for CD2' cells,
two-color analysis was performed on RAsynovial fluid mono-
nuclear cells stained directly with fluorochrome-conjugated
monoclonal antibodies (Fig. 1). UM4D4expression is con-
fined to CD2' cells (Fig. 1 i). It is clear, however, from Fig. 1 j,
that some UM4D4' cells are CD3-. This indicated that
UM4D4was expressed on some CD2+CD3- lymphocytes, a
natural killer cell subset that bears some T cell markers. To
verify that UM4D4is expressed on a small subset of natural
killer cells, two color flow cytometric analysis was performed
on mononuclear cells from peripheral blood and from RA
synovial fluid that were stained with anti-UM4D4 and with an
antibody to CD56, a marker present on most natural killer
cells (49). The results, shown in Table IV, indicate that a small
UM4D4' natural killer cell population can be detected in sy-
novial fluid, and possibly in peripheral blood. It is clear, how-
ever, that most natural killer cells do not express UM4D4, and
that the great majority of UM4D4' cells do not express CD56.

It is also evident from Fig. 1 that UM4D4can be expressed
on synovial fluid T cells that are CD4', CD8', CD29' (4B4+),
or CD45RA' (2H4+). Cells negative for UM4D4are also
found in each subset. UM4D4was expressed at a relatively
high density on synovial fluid T cells compared with expres-
sion of other surface antigens (especially Class II MHCand
IL2R), and the UM4D4flow cytometry histogram was char-
acteristically broad (Fig. 2).

As shown in Fig. 1, UM4D4tended to be expressed on a
greater proportion of synovial fluid CD29+ than CD45R+
cells. However, because the majority of cells from all subsets in
peripheral blood are UM4D4-negative by flow cytometric
analysis (42), coexpression of UM4D4on CD29+ cells that
selectively accumulate in the synovial compartment is not
likely to be the sole explanation for concentration of UM4D4+
cells in this location. Furthermore, exposure of peripheral
blood T cells to RAsynovial fluid did not have a striking effect
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on UM4D4expression (Table V), suggesting that high expres-
sion of this antigen on synovial fluid T cells is not likely to be
due to passive adsorption of UM4D4from synovial fluid onto
the T cell surface.

Data regarding UM4D4expression on RA synovial fluid
cells was analyzed further to assess whether treatment with
"disease-modifying antirheumatic drugs" (DMARD'S) or
prednisone affected the results. As shown in Table VI the per-
cent UM4D4+cells, percent total T cells, and the UM4D4/T
cell ratio were not significantly different between the groups
receiving or not receiving DMARD's. The percent UM4D4+
cells was slightly higher in the group receiving low-dose pred-
nisone than in patients not on prednisone. This appeared to
reflect both a higher percent T cells and a higher UM4D4/T
cell ratio in the prednisone group, although neither of these
parameters was significantly different from the no prednisone
group when examined independently (Table VI). It is possible
that the prednisone group included patients with more active
disease, but available data did not permit systematic measure-
ment of disease activity in all patients. It should be noted,
however, that clinically active disease was present in all joints
from which synovial fluid was obtained, because arthrocen-
tesis was performed only when therapeutically indicated.

The data was also analyzed with respect to duration of RA.
There was no correlation between duration of disease and per-
cent UM4D4+cells, percent total T cells, or UM4D4/total T.
Equivalent UM4D4expression was observed over disease du-
rations ranging from 3 moto 34 yr (data not shown).

These results, when compared to previously published data
(42), suggested that UM4D4was expressed on a greater per-
centage of T cells in synovial fluid than in peripheral blood. To
further confirm this, six synovial fluid samples were analyzed
together with paired peripheral blood collected simultaneously
from the same patients. Expression of UM4D4was somewhat
higher on these peripheral blood samples (41% of the T cells),
than on previously examined normal and RAperipheral blood
lymphocytes (42). Nevertheless, UM4D4was detected on a
significantly higher proportion of cells in the paired synovial
fluid samples (78% of the T cells, P< 0.01 vs. paired peripheral
blood samples by the paired t-test). The degree of expression in
synovial fluid correlated with the degree of expression in pe-
ripheral blood (r = 0.92, P < 0.01), suggesting that accumula-
tion of UM4D4+cells in synovial fluid is not necessarily ac-
companied by depletion of UM4D4+ cells from peripheral
blood.

Figure 1. Expression of UM4D4on
synovial fluid mononuclear cells,
analyzed by two-color flow cytome-
try. Cells were stained with mouse

CD29 CD45RA Ig-FITC (a-g), or anti-UM4D4-
f g FITC (h-n) and with phycoerythrin-

conjugated mouse Ig (a, h), anti-
CD2 (b, i), anti-CD3 (c, j), anti-

W_ CD4 (d, k), anti-CD8 (e, 1),
anti-CD29 (f m) or anti-CD45RA

m n (g, n). X-Axis, log green fluores-
cence. Y-Axis, log red fluorescence.

r Vertical axis, cell number. Results
are from a single experiment, repre-
sentative of four experiments.
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Table IV. Analysis of UM4D4/CDw6OExpression
on Natural Killer Cells

CD56 CDw6O CD56/CDw60
CD2 (NKH la) (UM4D4) Double positive

A. Peripheral blood
mononuclear cells
(n= 3) 59±21 14±7 22±11 0.3±0.6

B. RA synovial fluid
mononuclear cells
(n = 3) 83±8 14±9 64±8 2±1

* Results shown are the mean±SDof three experiments, in which
surface marker expression was analyzed by dual color flow cytometry.

Analysis of UM4D4expression on T cells digested from
synovial tissue was more difficult, because several of these
samples, obtained at the time of joint replacement surgery
from patients with long-standing, "burned-out" disease, had
very few T lymphocytes. As expected, such samples also had
very few UM4D4' cells (Fig. 3). The correlation between the
percent CD33 cells and the percent UM4D4' cells was excel-
lent (P < 0.001, r = 0.97). The data suggest that the clear
majority of RAsynovial tissue T cells, like RAsynovial fluid T
cells, express UM4D4. Several osteoarthritic synovial tissue
and synovial fluid specimens were examined by flow cytome-
try, and most yielded insufficient numbers of mononuclear
cells for study. Among three non-RA synovial tissue speci-
mens from which enough cells for could be digested (two os-
teoarthritis and one hemophilic arthropathy), the proportion
of UM4D4' cells in these mononuclear cell populations was
< 5%. This reflected a virtual absence of T cells from the two
osteoarthritic synovial tissues, but the hemophilic arthropathy
synovium contained 49%T lymphocytes among the extracted
mononuclear cell population (data not shown). This specimen
was unique among all of the synovial fluid and tissue speci-
mens examined in the marked discrepancy between UM4D4
expression and the percent T cells in the mononuclear cell
population.

To further investigate the expression and distribution of
UM4D4/CDw6Oin synovial tissue, frozen sections of RA sy-
novial biopsies that contained active inflammatory infiltrates
were examined by dual color fluorescence microscopy, using
antibodies against a panel of cell surface antigens. UM4D4was
present on > 90% of the T cells in synovial lymphoid aggre-
gates (Fig. 4, A and B). In contrast, UM4D4was found on only
- 50% of the T cells in stromal infiltrates (Fig. 4, Cand D), as
shown by double staining with an anti-CD3 antibody and

Neg CD3(841 CD41311 CD

Kk..t.k
C021861 lal451 IL-2R151 UM4

anti-UM4D4. All T cell subpopulations investigated (CD4+,
CD8+, UCHL1+, CD45RA+) in different regions of the syno-
vial membrane showed positive staining for UM4D4. In addi-
tion UM4D4+cells with a "dendritic" morphology (Fig. 4, E
and F, and Fig. 5) were found in stromal infiltrates, lymphoid
aggregates, and lymphoid aggregates with germinal centers.
These cells were UM4D4+, CD3-, CD2-, CD14- (Fig. 4 E),
HLA-DR/DP- (Fig. 4 F), CD11b-, CD11c- (data not shown)
in double-staining experiments. In the control sample UM4D4
was detected on CD3+ T cells in perivascular infiltrates. Al-
though the T cell infiltrate was much sparser in the control
sample compared with RA synovia, both the proportion of T
cells that were UM4D4+and the surface intensity of UM4D4
expression were similar. As in RA synovial membranes,
UM4D4+, CD3- cells with a dendritic morphology could be
identified (data not shown).

Activation of synovial fluid T cells in vitro. In view of the
expression of UM4D4on most synovial T cells and the ability
of anti-UM4D4 to activate peripheral blood T lymphocytes,
experiments were performed to determine whether this activa-
tion pathway could be triggered in synovial T cells. Because
information is limited regarding the response of such cells to
mitogenic monoclonal antibodies that initiate T cell activa-
tion, the integrity of CD3-mediated and CD2-mediated re-
sponses was also examined. The mononuclear cell populations
studied in these experiments included 15 RA synovial fluid
samples, six non-RA synovial fluids (two rheumatic fever, two
Reiter's syndrome, one juvenile chronic arthritis, one poly-
myalgia rheumatica), and five RAperipheral blood specimens.

The proliferative responses observed in the synovial fluid T
cells on day 4 were generally lower (Table VII) than in RA
peripheral blood. Nevertheless, strong responses to the combi-
nation of anti-UM4D4 + PMAwere seen in all three types of
samples. Heterogeneity in the magnitude of this response was
especially prominent in the non-RA group, in which very high
responses were seen in the two rheumatic fever samples (data
not shown).

A wide spectrum of responses to anti-UM4D4 + PMAwas
observed with RA synovial fluid lymphocytes (from < 5,000
cpm to > 150,000 cpm). The response to anti-UM4D4
+ PMA, in both the RA and non-RA synovial fluid groups,
correlated with the responses to PHA, mitogenic anti-CD2
antibodies, or anti-CD3 + PMA(P < 0.01 in all cases). The
data therefore indicate that T cells in an unfractionated fresh
synovial mononuclear cell population can be potently acti-
vated through the UM4D4antigen in the presence of PMA,
and that the level of response seen is comparable to the maxi-
mumresponses inducible by other stimuli.

Proliferative responses were also determined at day 2 and

j
I Figure 2. Expression of surface markers on a repre-

sentative RAsynovial fluid mononuclear cell sample
with a predominance of T lymphocytes. X-Axis, log
fluorescence intensity. Y-Axis, cell number. The per-
centage of cells expressing each marker is indicated in

1M41711 parentheses.

1128 Fox, Millard, Kan, Zeldes, Davis, Higgs, Emmrich, and Kinne



Table V. Stability of UM4D4Expression in the Presence
of Synovial Fluid

%Synovial fluid Day 0 Day I Day 4

0 26 25 28
1 26 22 27
5 26 25 29

10 26 24 31
25 26 23 29

Normal peripheral blood T cells were cultured in RPMI 1640 me-
dium with 10% FCS and the indicated concentrations of cell-free RA
synovial fluid. At baseline, and after 24 h (day 1) and 96 h (day 4)
UM4D4expression was determined by flow cytometry. The results
are expressed as the percent of cells positive for UM4D4.

day 6 of culture. Responses at day 2 and day 4 were compara-
ble, but by day 6 the response to anti-UM4D4 + PMAhad
diminished to 30-40% of maximal levels (data not shown).

Augmentation of the mitogenic response to IL-2 by anti-
UM4D4(Table VII) implied that anti-UM4D4 induced ex-
pression of IL-2 receptors. This was directly examined by cul-
turing synovial fluid T cells (isolated by fractionating RAsyno-
vial fluid mononuclear cells with sheep erythrocytes), with
anti-UM4D4 for 60 h, then measuring p55 IL-2R expression
using flow cytometry. As shown in Fig. 6, anti-UM4D4 in-
duced high-density IL-2R expression on the majority of cells.
In contrast, cells cultured in medium alone (Fig. 6) expressed
IL-2R at low surface density on a minority of the cells, with a
histogram similar to that seen before culture (data not shown).

Previous data indicated that the response to anti-UM4D4
could be inhibited by a nonmitogenic anti-CD3 monoclonal
antibody. To examine whether a mitogenic anti-CD3 anti-

Table VI. Effects of DMARDTreatment, Prednisone,
and Disease Duration on UM4D4Expression
on RA Synovial Fluid Mononuclear Cells

A. On DMARD* Not on DMARD P

%UM4D4 57±16 50±28 >0.10
%T 70±22 62±30 >0.10
UM4D4/T 0.88±0.27 0.77±0.19 >0.10

B. On Prednisone Not on Prednisone P

%UM4D4 68±11 50±21 <0.05
%T 76±17 64±26 >0.10
UM4D4 0.94±0.26 0.81±0.24 >0.10

Results are expressed as mean±SD. The data represent 26 samples
from 26 different patients. 18 patients were receiving DMARD'sand
seven were on low-dose Prednisone. For RA patients with > 1 syno-
vial fluid sample available the sample with the highest percent T
lymphocytes was selected. In contrast, the data in Tables II and III
include all samples. * DMARD's ("disease-modifying antirheumatic
drugs") used included gold salts (five patients), D-penicillamine (4),
azathioprine (4), anti-malarials (3), methotrexate (2), and sulfasala-
zine (1). One patient was receiving gold salts and an antimalarial
concurrently. Several patients had undergone prior treatment with
gold salts.

30

0 10o 20 30 40 50 60 7C
STT

Figure 3. Correlation of UM4D4expression with the percentage of
CD3' T cells in mononuclear cells isolated from RA synovial tissue.
X-Axis, percentage of T cells. Y-Axis, percentage of UM4D4' cells.

body could synergize with anti-UM4D4 in activating T cells,
responses were examined using peripheral blood and synovial
fluid T cells that exhibited submaximal responses to either
antibody alone. Anti-UM4D4 and anti-CD3 each synergized
with a minimally mitogenic concentration of PMA. They did
not, however, synergize with each other, either in the presence
or absence of PMA. No synergy was observed over a 4-log
range of concentrations of each antibody (data not shown).

Discussion

The present series of experiments was performed to investigate
the level of expression and function of the recently-described
UM4D4antigen and other T lymphocyte surface antigens on
synovial T lymphocytes. Although information is available
from previous studies pertaining to the surface markers and
functional responses of these cells, the current results, using a
panel of monoclonal antibodies both to identify cell surface
antigens and to trigger T cell activation, provide a more com-
prehensive analysis of both RA and non-RA synovial fluid
lymphocytes.

A clear majority of RA synovial fluid lymphocytes was
found to be T cells, consistent with previous results (21, 22).
The non-RA synovial fluids, with the exception of gouty ar-
thritis, also contained primarily T cells. The numbers of CD4+
cells slightly exceeded the numbers of CD8+ cells in the RA
fluids, which is in agreement with results from other laborato-
ries (24, 59). The non-RA fluids tended to have a greater per-
centage of CD4+ and fewer CD8+ cells than the RA samples,
although this observation was of borderline statistical signifi-
cance. Very few B lymphocytes were present either in RA or
non-RA fluids, confirming older findings in a similar spectrum
of synovial fluid samples analyzed before the availability of
anti-B cell monoclonal antibodies (60). Cells bearing HLA-
DR, known to be present in the RA synovial compartment at
much higher percentages than in RAperipheral blood (24, 61,
62), were far more common in both our RA and non-RA
samples than were cells bearing IL-2 receptors. The relative
paucity of IL-2R+ cells, noted on RA synovial tissue T cells
(63), on RAsynovial fluid T cells (62), and on synovial fluid T
cells from patients with a variety of forms of juvenile chronic
arthritis (64) does not necessarily imply a lack of T cell activa-
tion. It may instead reflect a later stage of T cell activation in
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which IL-2 receptors, which are expressed transiently (65),

have disappeared from the cell surface, and HLA-DR expres-

sion has become more prominent. This hypothesis is consis-

tent with observations that expression of IL-2R and HLA-DR

on individual T cells tends to be mutually exclusive (66). Ex-

pression of another marker of T cell activation, CD26 (Tal),

was not significantly different on synovial fluid lympho-

Table VIL. Mononuclear Cell Proliferative Responses

Mononuclear cell populations

Stimuli RAPB (5) RASF (15) Non-RA SF (6)

PHA 48248+6077 24158±4368 28114±10148
Anti-Ti 12 + Anti-Ti 13 51045±7998 25834±5755 9626±4270
PMA 10276±664 2900±1928 292±207
Anti-CD3 9005±5728 3183±1791 3566±2305
Anti-CD3 + PMA 104276±25348 56353±11836 66559±29643
Anti-UM4D4 558±287 3293±1374 1900±1268
Anti-UM4D4 + PMA 104043±17654 46737±10333 59168±33114
IL-2 ND 7247±1921 8364±3656
Anti-UM4D4 + IL-2 ND 25335±8271 61689±29362

Results are expressed as the mean of the means of triplicate cpm ± SEM, rep-
resenting thymidine incorporation at day 4 of culture. The cpm obtained from
unstimulated control cultures have been subtracted. The number of patients
studied in each group is indicated in parentheses. The RAPB samples were
paired with five of the 15 RASF samples. Results of the paired and unpaired
RASF samples were not significantly different.

Figure 5. Immunohistological de-
tection of UM4D4on a cell with
dendritic morphology in the stroma
of RA synovial tissue by the
APAAPtechnique. Counterstaining
with hematoxylin. Magnification,
2,300.

cytes than was previously noted on normal peripheral blood T
cells (53).

The most striking new finding regarding the surface pheno-
type of synovial T cells was the intense expression of the anti-
gen termed UM4D4(recently designated CDw6O)on approxi-
mately three-fourths of the cells. In contrast it is expressed on a

minority of peripheral blood T cells from normal subjects (42)

UNSTIMULATED ANTI-UM4D4 X 60 HOURS
-j A

BJ

Figure 6. Induction of IL-2 receptors on synovial fluid T cells by
anti-UM4D4. Cells were cultured as described in Methods in me-

dium alone (A, B) or with anti-UM4D4 (C, D), then stained with
mouse Ig-FITC (A, C) or anti-IL-2R-FITC (B, D). X-Axis, log green

fluorescence. Y-Axis, cell number.

Figure 4. Rheumatoid arthritis synovial tissue. Magnification for all pictures, 350. (A-D) Double immunofluorescence with anti-CD3 (fluores-
cein) and anti-UM4D4 (rhodamine). The yellow spots at the left margins of panels B (arrowhead) and D are artifacts due to an overspill of
bright red fluorescence. (A) Single exposure for the detection of UM4D4(red). L, lymphoid aggregate. (B) Single exposure for the detection of
CD3 (green). L, lymphoid aggregate. (C) Single exposure for the detection of UM4D4(red). S, stromal infiltrates. (D) Single exposure for the
detection of CD3 (green). S. stromal infiltrates. (E) Double immunofluorescence with anti-CD14 (fluorescein) and anti-UM4D4 (rhodamine).
Double exposure for CD14 (green) and UM4D4(red). Stromal infiltrate. Arrowhead, cell with dendritic morphology. (F) Double immunofluo-
rescence with anti-HLA-DR/DP (fluorescein) and anti-UM4D4 (rhodamine). Double exposure for HLA-DR/DP (green) and UM4D4(red).
Stromal infiltrate. Arrowhead, cell with dendritic morphology.
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or patients with RA (42 and current data). The T cells from
non-RA synovial fluid specimens contained a similar propor-
tion of UM4D4' cells. Although dual color analysis was not
performed on most samples, the very tight correlation of
UM4D4and the pan-T cell antigens (CD3 and CD2), exten-
sive prior screening of anti-UM4D4 on a wide range of mono-
nuclear cell populations (42), and analysis of selected samples
using two-color flow cytometry or single-color staining of puri-
fied synovial fluid mononuclear cell subsets, justifies the as-
sumption that expression of this antigen on synovial fluid
mononuclear cells was confined to the CD2' cell fraction.
Previously reported expression of UM4D4on B cell and
monocyte lines (42) represented fluorescence barely above
background and generally on a small percentage of cells. This
contrasts to expression of UM4D4at high surface density on
most UM4D4' T cells. The specific expression of UM4D4on
a T cell subset among nucleated bone marrow derived cells is
supported by studies performed in multiple laboratories for
the Fourth International Leukocyte Differentiation Antigen
Workshop. Based on these results the UM4D4antigen has
been provisionally assigned to a novel differentiation antigen
cluster termed CDw6O(43, p. 361). The other three antibodies
assigned to the CDw6Ocluster (mAbs M-T2 1, M-T32, M-T4 1
[43, p. 361]) showed a staining pattern very similar to anti-
UM4D4on RA synovial membranes (data not shown).

The data also demonstrate expression of UM4D4on a
small number of CD56' natural killer cells. This is also re-
flected in the presence of a very small CD2+UM4D4+CD3-
subset in synovial fluid. However, the great majority of
UM4D4' cells in the synovial fluid are conventional
CD2+CD3' T lymphocytes. No UM4D4+CD2- cells were
found in synovial fluid.

The reason for the dominance of UM4D4+T cells in the
synovial compartment is not yet known, and several mecha-
nisms are possible. Cells expressing UM4D4could have a spe-
cial tendency to migrate into synovial tissues, perhaps by vir-
tue of an adhesive interaction involving the UM4D4receptor
itself or by induction of synovial homing receptors after acti-
vation of cells through UM4D4in peripheral compartments.
Alternatively, the UM4D4+subset could expand preferentially
once within the synovial compartment, if the mitogenic li-
gand(s) capable of binding to UM4D4was locally available.
Finally, it is possible that UM4D4- cells might differentiate
into UM4D4+ cells in situ. This latter alternative seems un-
likely, because even long-term T cell activation does not ap-
pear to increase UM4D4expression, as long as the activating
stimulus is not directed at the UM4D4antigen (42). The cur-
rent data do not, however, formally exclude this possibility.

Clear cut differential expression of UM4D4on T cells in
different regions of the synovial membrane was observed in
these studies. This differential expression could either be due
to a preferential entry of UM4D4- vs. UM4D4+ cells into
different regions of the synovial membrane or, less likely, due
to changes in expression of UM4D4on synovial T cells during
migration from one area of synovial tissue to another.

The UM4D4antigen was also detected on cells with a
dendritic morphology in RA (Fig. 4, E and F, Fig. 5) and
normal synovial membranes. Because these cells were CD3-
and CD2-, they are not T cells. They did not show a positive
reaction for CD14, CDl lb, and CDl lc and most likely do not
belong to the monocyte/macrophage cell type. In contrast to
the classic dendritic cell of the synovial membrane (67) they do

not carry MHCII (i.e., HLA-DR/DP) antigens and may there-
fore represent a novel cell type. They are not apparently de-
tected in synovial fluid, and their origin and function will
require further investigation.

The excess of UM4D4' T cells in synovial fluid and syno-
vial tissue cannot be fully accounted for by other known per-
turbations in the subset composition of synovial T cells, such
as the virtual absence of CD4+CD45RA' cells (68, 69), since
expression of UM4D4 is found on CD4', CD8',
CD45RA+(2H4+), and CD29+(4B4+) cells in peripheral blood
(42), in synovial fluid (Fig. 2 A), and in synovial tissue, as well
as on the CD4+CD45RA' subset in peripheral blood (Fox,
D. A., unpublished data). Whatever the mechanism of accu-
mulation of UM4D4' cells in the synovial compartment, it is
clear that other localized T cell infiltrates, such as cutaneous T
cells in psoriasis (as well as their clonal progeny) also are
largely UM4D4' (70). This subset may therefore be important
in a broad range of T cell-directed autoimmune diseases.

Taken together the available data suggest that UM4D4
should be regarded as a T cell differentiation antigen that
identifies a phenotypic T cell subset (and a small natural killer
cell subset) distinct from subsets identifiable with other mono-
clonal antibodies. Thus, UM4D4is expressed on a fraction of
each of at least five mature CD2' populations: CD3+CD4',
CD3+CD8+, CD3+CD29+, CD3+CD45RA+, and CD2+CD3-
cells. It is also expressed on - 6% of thymocytes, including
cells within various thymocyte subsets (71). In view of expres-
sion of UM4D4on all these populations it appears likely that
the functional repertoire of UM4D4+cells will be heteroge-
neous. Study of the functional abilities of freshly isolated
UM4D4+cells would be greatly facilitated by development of
a monoclonal antibody that could recognize the reciprocal
(UM4D4-) population, and therefore allow isolation of the
UM4D4+subset without the use of an antibody that itself
affected the function of these cells (i.e., anti-UM4D4). Prelimi-
nary experiments indicate that both UM4D4+and UM4D4-
peripheral blood T cells can proliferate in response to PHA,
anti-CD2, anti-CD3, or IL-2 (data not shown).

Because previous studies indicated that UM4D4repre-
sented a novel pathway of human T cell activation (42), ex-
periments were performed to assess the integrity of this and
other T cell activation pathways in synovial fluid T cells. Acti-
vation of human T cells can be initiated by ligands of the
CD3/TCR (antigen-MHC receptor) (57), by ligands of CD2,
the sheep erythrocyte receptor (45), or by mitogenic lectins
such as PHA. Most T cell activation signals, such as soluble
anti-CD3 antibodies (72), require intact accessory cell func-
tion. The addition of minimally mitogenic amounts of the
phorbol ester PMAbypasses this accessory cell requirement,
and permits direct assessment of T cell proliferative capacity
(73). Similarly, certain ligands of CD2appear to function in a
manner independent of accessory cells (45). The response to
UM4D4among fresh peripheral blood T cells is dependent
upon accessory cell help, but similar to anti-CD3, this can be
replaced by low concentrations of PMA(42). In the present
studies, therefore, the use of anti-CD3 + PMA, a combination
of two anti-CD2 antibodies (anti-Tl 12 and anti-Tl 13), and
anti-UM4D4 + PMA, allowed direct determination of the full
potential of synovial T cells to be activated through these
pathways.

Previous studies of patients with RAhave suggested subtle
defects in the activation responses of peripheral blood T cells,

1132 Fox, Millard, Kan, Zeldes, Davis, Higgs, Emmrich, and Kinne



and more severe abnormalities in the function of synovial T
lymphocytes (61, 74-89). Among RA peripheral blood lym-
phocytes, decreased responses to lectins have been observed in
most (74-76, 78, 80, 82) but not all (88) studies. Decreased
peripheral blood T cell responses to antigen occur in vivo and
in vitro in a subgroup of patients (77, 85, 86), and may indicate
more severe disease activity (85, 86). RAsynovial T cells have
markedly diminished responses to lectins (75, 79, 83), to autol-
ogous non-T cells (83) and to soluble anti-CD3 (87). These
defective responses have been attributed to inhibitors of IL- 1
action (87), or of IL-2 production and function (90, 91). De-
spite these findings, elevated levels of soluble IL-2R have been
found in RA synovial fluid (92), which, along with surface
expression of class II MHCmolecules (23, 24) suggests that T
cell activation has occurred. The defective T cell responses
seen in vitro may therefore reflect activation of regulatory cir-
cuits designed to down-modulate further T lymphocyte stimu-
lation.

Consistent with these previous findings the response to
PHA in the present study was lower in RA synovial fluid T
cells than in RAperipheral blood (Table VII, P < 0.025). The
equivalent depression of the response to anti-CD2 (Table VII,
P < 0.01), demonstrates that inadequate accessory cell func-
tion cannot fully explain all of the defective T cell responses,
because the particular anti-CD2 stimuli used function in the
absence of accessory cell help (45). However, the 18-fold aug-
mentation of synovial fluid T cell responses to anti-CD3 by
small amounts of PMA indirectly suggests that inadequate
accessory cell function is also present. Similarly anti-UM4D4
alone induced only modest proliferative responses, which were
lower than those previously observed (42) in normal periph-
eral blood T cells. In the presence of PMA, however, anti-
UM4D4induced brisk mitogenic responses, comparable to the
maximal responses obtained with any of the other stimuli
(Table VII). The role of PMAin greatly increasing responses to
anti-UM4D4 may reflect the presence of inadequate accessory
cell signals, for which PMAcan substitute. Alternatively or
additionally, PMAmay be overcoming inhibitory factors gen-
erated in the mononuclear cell cultures. Synergistic effects
were also seen with the combination of anti-UM4D4 and IL-2
(Table VII), suggesting that anti-UM4D4 increased IL-2 re-
ceptor expression on these cells, and this was verified directly
(Fig. 6). For all responses the results with the non-RA synovial
fluid T cells were comparable with those with the RAsynovial
fluid T cell samples, with no statistically significant differences
observed.

The results therefore indicate that multiple activation
pathways can function in synovial fluid T cells, although re-
sponses may be depressed in magnitude at the time of testing
in vitro. In both respects RA synovial fluid T cells do not
appear to be different from T cells from synovial fluid of other
inflammatory arthritides.

It is not known at present whether the pathways that oper-
ate in vitro in the absence of antigen can be similarly triggered
in vivo. With respect to the CD2 pathway, immature thymo-
cytes, that lack antigen receptors, can be activated either by
antibodies to CD2 (52), or by LFA-3, the natural ligand of
CD2 (93). In the case of UM4D4, in vivo functioning of this
pathway would require the presence of mitogenic endogenous
ligands capable of binding to the UM4D4molecule. The na-
ture of such ligands, and whether they are cell surface mole-
cules or soluble factors, is unknown at present. In individual

synovial fluid T cell samples the magnitude of the response to
anti-UM4D4 + PMAcorrelated strongly with the magnitude
of other T cell responses, suggesting that regulatory mecha-
nisms affecting the CD3and CD2pathways similarly affect the
UM4D4pathway. This is consistent with previous evidence
demonstrating that T cell activation pathways are functionally
interrelated (94, 95), and with the observation that UM4D4,
like other forms of T cell activation, can be regulated by modu-
lation of the CD3/TCR complex (42).

If the intense expression of UM4D4on RAsynovial T cells
is indeed parallelled by a special role for this activation path-
way in the synovial compartment, the UM4D4pathway could
contribute to chronic local polyclonal T cell activation that
would persist in the absence of specific antigen. Therapeutic
strategies, designed to ablate or functionally paralyze the
UM4D4+cells, might therefore offer a new approach to sup-
pression of a compartmentalized autoimmune response, that
would have no deleterious effect on the majority of peripheral
blood T cells needed for normal host defenses.
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