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The mechanism of fibroblast-like synoviocyte (FLS)
transformation into an inflammatory phenotype in
rheumatoid arthritis (RA) is not fully understood. FLS
interactions with invading leukocytes, particularly T
cells, are thought to be a critical component of this
pathological process. Resting T cells and T cells acti-
vated through the T-cell receptor have previously
been shown to induce inflammatory cytokine produc-
tion by FLS. More recently, a distinct population of T
cells has been identified in RA synovium that pheno-
typically resembles cytokine-activated T (Tck) cells.
Using time lapse microscopy, the interactions of rest-
ing, superantigen-activated, and cytokine-activated T
cells with FLS were visualized. Rapid and robust ad-
hesion of Tck and superantigen-activated T cells to
FLS was observed that resulted in flattening of the T
cells and a crawling movement on the FLS surface.
Tck also readily activated FLS to produce interleukin
IL-6 and IL-8 in a cell contact-dependent manner that
was enhanced by exogenous IL-17. Although LFA-1
and ICAM-1 co-localized at the Tck-FLS synapse,
blocking the LFA-1/ICAM-1 interaction did not sub-
stantially inhibit Tck effector function. However, an-
tibody blocking of membrane tumor necrosis factor
(TNF)-� on the Tck surface did inhibit FLS cytokine

production, thus illustrating a novel mechanism for
involvement of TNF-� in cell-cell interactions in RA
synovium and for the effectiveness of TNF-� blockade
in the treatment of RA. (Am J Pathol 2007, 171:1588–1598;
DOI: 10.2353/ajpath.2007.070004)

The normal synovial lining is one or two cell layers thick,
contains both synovial macrophages and fibroblast-like
synoviocytes (FLS), and is responsible for maintaining
synovial fluid homeostasis. In rheumatoid arthritis (RA),
the synovial lining transforms into the synovial pannus, a
multicellular tissue composed of hyperplastic FLS closely
intertwined with invading lymphocytes and antigen-pre-
senting cells. The current consensus is that FLS are not
merely bystanders in the inflammatory process but are
active participants in joint destruction.1–5 However, the
mechanisms underlying this inflammatory transformation
are not yet well understood.

The most prominent invading lymphocyte in the RA
synovium is the T cell.6–8 T-cell interactions with profes-
sional antigen-presenting cells have been well character-
ized, but in vitro studies have also shown that T cells can
adhere to and activate FLS. Resting, unstimulated T cells
have been shown to alter gene expression in FLS and
cause release of interleukin IL-6, IL-8, and prostaglandin
E2,9 and this is augmented by the T-cell cytokine IL-17,9

which is present in RA synovium.10 This effector function
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of resting T cells was not confined to a unique T-cell
subset, as CD4�, CD8�, CD45RA�, and CD45RO� T
cells all had a similar capacity to activate FLS. T cells
recovered from RA synovial fluid likewise elicited strong
inflammatory responses when cultured with FLS, in par-
ticular up-regulating the immune-modulating cytokine IL-
15.11 As a prototype for autoreactive T cells that are
potentially arthritogenic, collagen II-stimulated T cells en-
hanced FLS production of many inflammatory mediators,
and this effector function appeared to be proportional to
the length of T-cell activation with collagen.12

A distinct T-cell activation state has been characterized
for its ability to induce tumor necrosis factor TNF-� produc-
tion from monocytes. These cytokine-activated T cells (Tck)
were activated in vitro by a cocktail of IL-6, IL-2, and TNF-�,
without T-cell antigen receptor (TCR) ligation. Similarities of
function and surface markers have been established be-
tween Tck cells and a population of T cells that are abun-
dant in RA synovia.13 However, interactions of Tck cells with
FLS have not yet been described.

Conversely, FLS have also been shown to positively
stimulate T cells. Simple co-culture of T cells with FLS
enhances T-cell survival and prevents apoptosis.14,15

More robust responses have also been reported. FLS can
induce naive T-cell proliferation by presentation of supe-
rantigen.16,17 When co-cultured with FLS, T cells up-
regulate the activation markers CD69 and CD25,11,18 as
well as many cytokines, such as IL-17, TNF-�, and inter-
feron-�.11,12 FLS can also present peptides derived from
type II collagen and human cartilage glycoprotein 39 to
T-cell hybridomas specific to those peptides.19 These
antigen-dependent interactions of FLS with T cells are
contact-dependent and can be blocked by neutralizing
antibodies to class II major histocompatibility complex19

and LFA-1 or ICAM-1.16

The current studies were undertaken to better define
the molecular basis of T-cell/FLS functional interactions.
We first sought to directly record in vitro interactions of
resting, superantigen-activated, and Tck T cells with FLS
by time lapse microscopy. Both Tck and superantigen-
activated T cells formed tight associations with FLS that
followed similar morphology and kinetics. By further char-
acterizing the interaction of FLS with Tck, it was found
that Tck were able to stimulate FLS to produce proinflam-
matory cytokines in a contact-dependent manner similar
to previous observations with resting and antigen-stimu-
lated T cells. However, unlike other T-cell/FLS interac-
tions that were blocked with antibodies to LFA-1/ICAM-1,
Tck cell interactions with FLS were not substantially in-
hibited by antibodies to LFA-1 or ICAM-1 but were in part
dependent on surface TNF-� expression by Tck.

Materials and Methods

FLS Isolation and Culture

All procedures involving specimens obtained from hu-
man patients were performed under protocols approved
by the University of Michigan Institutional Review Board.
FLS were obtained from human synovial tissue obtained

at arthroplasty or synovectomy from RA joints. RA diag-
nosis was based on the presence of at least four of the
seven American College of Rheumatology criteria for
RA.20 FLS were isolated by digestion of synovial tissue
with 1 mg/ml of type II collagenase (Worthington Bio-
chemical, Lakewood, NJ) for 2 to 24 hours followed by
adherence in cell culture flasks and vigorous washes to
remove debris and nonadherent cells.21 Adherent cells
were grown to confluency in CMRL medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal calf serum
(Atlanta Biological, Lawrenceville, GA), 2 mmol/L glu-
tamine (Cambrex, East Rutherford, NJ), 50 U/ml penicillin
(Cambrex), and 50 �g/ml streptomycin (Cambrex) and then
passaged into fresh flasks. RA FLS used before passage 4
were depleted of CD14-positive cells at passage 1 by mag-
netic bead separation (Miltenyi Biotech, Auburn, CA) to re-
move contaminating monocyte/macrophage lineage cells.

T-Cell Generation

T cells were obtained from peripheral blood by negative
selection using RosetteSep, human T-cell enrichment
cocktail (Stemcell Technologies, Vancouver, BC, Can-
ada) and separation on a Ficoll gradient following the
manufacturer’s protocol. In brief, freshly isolated blood
from healthy volunteers was incubated with antibodies for
20 minutes at room temperature. Blood was diluted 1:1
with 2% newborn calf serum/phosphate-buffered saline
(PBS) before overlay onto room temperature Ficoll and
centrifugation at 1200 relative centrifugal force with the
brake off. The buffy coat containing only T cells was
recovered and used for subsequent experiments. Trest
were unstimulated T cells. Tck were cytokine-activated T
cells stimulated by a cocktail of 25 ng/ml TNF-�, 100
ng/ml IL-6, and 25 ng/ml IL-2 in RPMI 1640 medium
containing 10% fetal calf serum, 2 mmol/L L-glutamine,
penicillin, and streptomycin for 8 days13 and washed
three times before use. Tsea were T cells co-cultured with
FLS in the presence of 40 ng/ml of the superantigen
Staphylococcal enterotoxin A.16

Tck and FLS Co-Culture for Cytokine
Production

FLS were seeded into 12-well plates at a density of
10,000 cells/well and allowed to adhere for 48 hours
before the addition of 250,000 cytokine-activated (Tck)
cells. Where indicated, recombinant human IL-17 (R&D
Systems, Minneapolis, MN) was added to co-cultures to
yield a final concentration of 20 ng/ml. Final culture vol-
umes were 1.5 ml/well. Co-culture times were between 24
and 72 hours depending on the assay. Co-culture super-
natants were harvested and assayed by enzyme-linked
immunosorbent assay (ELISA).

ELISA

ELISAs for IL-6 and IL-8 were performed following the
manufacturer’s protocols (BD Biosciences, San Jose,
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CA). Capture antibodies were coated on enzyme immu-
noassay plates at a 1:250 dilution in carbonate buffer (pH
9.5) overnight at 4°C. Plates were washed and blocked
with PBS:10% fetal calf serum for 1 hour at room temper-
ature before the addition of culture supernatants and
recombinant standards followed by reincubation at room
temperature. After 2 hours, culture supernatant was
washed away and 1:250 dilutions of biotinylated detec-
tion antibodies and streptavidin-horseradish peroxidase
were added for 1 hour at room temperature. Plates were
then washed seven times, 0.1 ml of a 1:1 mixture of TMB
substrate was added to each well, and substrate conver-
sion was terminated by addition of 0.1 ml of 2 N H2SO4.
Absorbance was read at 450 nm, and sample values
were compared with the standard curves.

Time Lapse Microscopy

RA FLS (10,000/well) were plated on 24-well ImageLock
plates (Essen Instruments, Ann Arbor, MI) and cultured in
CMRL media containing 10% fetal bovine serum and
antibiotics in an atmosphere of 5% CO2 for 2 days. Cul-
ture medium was removed, and FLS were washed twice
with serum-free RPMI 1640 medium before the addition of
250,000 prewarmed, 5(6)-carboxyfluorescein diacetate
N-succinimidyl ester-labeled, T cells in RPMI 1640 me-
dium containing 10% fetal calf serum, 2 mmol/L L-glu-
tamine, penicillin, and streptomycin. Plates containing T
cells and FLS were immediately placed into IncuCyte-FLR
imaging system (Essen Instruments) that is equipped with
an LED for excitation at a nominal center wavelength of 470
nm and a FWHM bandwidth of 25 nm. This source is filtered
with a short-pass filter with a cutoff wavelength of 490 nm,
which ensures that there are no tails of the LED illumination
that would get through the emission filter. The detection filter
used is a bandpass filter with a 75-nm width centered at 545
nm. The chamber is designed to fit into a standard, humid-
ified, CO2 incubator, and a moving objective allows the cell
culture to be stationary while images are captured at differ-
ent positions from well to well. Images (1-�m resolution)
were collected at 10-minute intervals starting 30 minutes
after addition of the plate to the IncuCyte-FLR chamber.
Movies were generated using IncuCyte software (Essen) at
three frames/second, which is equivalent to 30 minutes of
culture/second. Still images were cropped and expanded
to four times the size of the original images and then ex-
ported to Microsoft PowerPoint (Microsoft, Redmond, WA).

Confocal Microscopy

For co-culture studies comparing CD11a and ICAM-1
localization, FLS were transfected with an expression
vector for a fusion protein of ICAM-1 and eGFP. This
expression vector was termed CD54-eGFP and was cre-
ated as follows. Primers were constructed against the
sequence described by accession BC015969 to poly-
merase chain reaction (PCR) amplify the open reading
frame (without the stop codon) of human ICAM-1. A
HindIII restriction site added to the beginning of 5� primer
and an AgeI site added to the tail of the 3� primer

facilitated ligation of the amplified fragment into the
pEGFP-N1 expression vector (Clontech, Palo Alto, CA).
After ligation, the insert sequence was verified to be free
of mutation. This resulted in a CD54-eGFP fusion protein
expression vector, with ICAM-1 at the N terminus and
eGFP at the C terminus (intracellular) and a short peptide
linker (GSTPVAT) in between. Transfection was per-
formed using an adult human dermal fibroblast kit
(Amaxa, Gaithersburg, MD), and manufacturer’s proto-
cols were observed. FLS (20,000 to 50,000 cells) were
grown on glass coverslips in six-well plates for 48 hours.
Medium was changed, and 500,000 to 1 million Tck cells
were added to the cultures. Co-cultures were allowed to
interact for 1 to 24 hours before coverslips were washed
with PBS and fixed in 4% paraformaldehyde/PBS for 1
hour at room temperature or overnight at 4°C. After fixa-
tion, coverslips were washed in 2% newborn calf serum/
PBS to remove residual paraformaldehyde and blocked
in 5% nonfat milk/PBS for 30 minutes. Coverslips were
again washed with 2% newborn calf serum/PBS. Primary
antibody used for staining was mouse anti-human CD11a
(clone HB202; a kind gift of Bruce Richardson, University
of Michigan, Ann Arbor, MI).16 Secondary antibody used
was goat anti-mouse IgG Alexa 594 (Invitrogen-Molecu-
lar Probes, Carlsbad, CA). Confocal imaging was per-
formed using an FV-500 microscope (Olympus, Center
Valley, PA) with excitation by argon 488 nm and HeNeG
543 lasers (�60 magnification, 1.4 NA, UPLAN APO).

Transwell Assays

FLS were seeded into 12-well plates at a density of
10,000 per well and allowed to adhere for 48 hours to the
bottom chamber. Transwell inserts with a 0.4-�m mem-
brane pore size were placed on top of the wells containing
FLS. These transwell inserts had been placed in medium for
24 hours before the addition to plates containing FLS, to
saturate the membrane. Tck (n � 500,000) were added to
the bottom chamber or into the transwell insert. Total volume
in the bottom chamber was 1.5 ml. Total volume in the
transwell was 0.5 ml. IL-17 was added to the transwell insert
at a 0.04, 0.4, and 4 ng/ml concentration in 0.5 ml but would
diffuse through the transwell to give a final concentration of
0.01, 0.1, and 1.0 ng/ml, respectively.

Blocking Studies

FLS were seeded into 12-well plates at a density of
10,000 cells/well and allowed to adhere for 48 hours.
Antibodies used for blocking studies were anti-huCD11a
(anti-LFA-1, clone HB202; B. Richardson, University of
Michigan), anti-huCD49d (anti-VLA-4, clone BU49; An-
cell, Bayport, MN), anti-huTNF-� (clones 28401 or 6401;
R&D Systems), or control IgG from normal mouse serum
(Hybridoma Core, University of Michigan). Tck were in-
cubated at room temperature with 10 �g/ml of blocking
antibodies for 2 hours and then washed before addition
of 250,000 Tck cells to washed adherent FLS lines. Su-
pernatants were collected after 72 hours of co-culture
and tested for IL-6 and IL-8 by ELISA. In some experi-
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ments, one of two TNF-� blocking antibodies from differ-
ent clones (28401 or 6401; R&D Systems) or control
mouse IgG were used to coat Tck at 1 �g/ml for 30
minutes at room temperature. Tck cells (250,000 cells/
well) were then added to FLS-containing wells with addi-
tional antibody added to the co-culture to maintain a final
antibody concentration of 1 �g/ml. IL-17 was titrated into
these co-cultures in the following concentrations: 0.02, 0.2,
and 2.0 ng/ml (we found similar results using 2 and 20 ng/ml
IL-17, data not shown). Co-cultures were then maintained
for 24 to 72 hours before collection of supernatants. For
studies that examined blocking of surface TNF-�, Tck were
incubated for 30 minutes with control or TNF-�-specific
antibodies. Excess unbound antibody was removed by
washes with 2% newborn calf serum in PBS. These pre-
blocked Tck were used to stimulate FLS. Alternatively, anti-
TNF-� or control MsIg antibodies were added directly to the
co-cultures of Tck and RA FLS at a final concentration of 1
�g/ml. Supernatants were harvested after 36 hours of co-
culture and IL-8 was detected by ELISA.

RT-PCR

Trest and Tck were obtained from the same donor. U937
cells were treated with phorbol 12-myristate 13-acetate (2
�g/ml) for 2 hours before harvest. RNA was extracted
from 5 million cells of each cell type using the RNeasy kit
(Qiagen, Valencia, CA). Reverse transcription was per-
formed on 2 �g of RNA from each cell type for 50 minutes
at 37°C. A second reverse transcription was performed
after treating the RNA with 1 U of RNase to exclude the
possibility of amplifying contaminating genomic DNA.
The resultant cDNA products were diluted 2:3 before use
in PCR. One �l of the diluted cDNA was used for each
PCR reaction. TNF-� primer sequences were 5�-CA-
GAGGGAAGAGTTCCCCAG-3� for the upstream primer
and 5�-CCTTGGTCTGGTAGGAGACG-3� for the down-
stream primer.22 �-Actin served as the control. The �-ac-
tin primers were 5�-GTGGGGCGCCCCAGGCACCA-3�
for the upstream primer and 5�-CTCCTTAATGTCACG-
CACGATTTC-3� for the downstream primer. PCR ampli-
fication was performed in a PX2 thermocycler (Thermo
Hybaid, Franklin, MA) as follows: first step, one cycle of
94°C for 3 minutes; second step, 30 cycles (1 minute at
94°C, 1 minute at 60°C, 40 seconds at 72°C); and third
step, one cycle extension for 5 minutes at 72°C. PCR
products were analyzed by electrophoresis on a 2% aga-
rose gel containing 1� SYBR Safe DNA gel stain (Invitro-
gen), and band size was compared with a 100-bp mo-
lecular weight marker (Promega, Madison, WI).

Results

Cytokine-Activated T Cells Adhere Tightly to
FLS in Co-Cultures

Previous work in our laboratory used two types of T cells,
Trest and Tsea,9,16 which could be viewed as represent-
ing polar states of T-cell stimulation from naı̈ve to full
activation. An alternative of T-cell activation has been

described, termed cytokine-activated T cells (Tck). Tck
are generated by stimulation independent of the TCR by
a cocktail of cytokines: TNF-�, IL-6, and IL-2. These
cytokines, especially TNF-� and IL-6, are found within
synovial tissues. Tck have been documented to possess
effector function identical to T cells purified from RA
synovial fluid, most notably in the induction of TNF pro-
duction by monocytes. The stimulatory mechanism of
these cells is clearly distinct from T cells activated
through CD3/CD28 cross-linking.13 We therefore sought
to explore Tck interactions with FLS.

The method of generation of Tck yielded a nearly homo-
geneous population of 94% CD3-positive T cells with little or
no contamination by B cells, monocytes, or fibroblasts (see
Supplemental Table 1 at http://ajp.amjpathol.org). To ob-
serve the physical interactions between FLS and differen-
tially activated T cells, co-cultures were filmed using time
lapse microscopy (see Supplemental Video S1A–C at http://
ajp.amjpathol.org). Three activation states of T cells were
used, unstimulated (Trest), Staphylococcal enterotoxin A-
stimulated (Tsea), and cytokine-activated T cells (Tck).
Representative images from time lapse microscopy of the
co-cultures show significant cellular interaction of the 5(6)-
carboxyfluorescein diacetate N-succinimidyl ester-labeled
Tck and Tsea but not Trest cells with FLS within the first 30
minutes of co-culture (Figure 1, A–C). When the activated T
cells adhered to FLS, they acquired an enlarged, darker
appearance (indicated by white arrows) than T cells with
only minimal interactions. In contrast, Trest cells maintained
a smaller, brighter appearance despite being proximal to
FLS, and unlike their activated counterparts, did not appear
to crawl over the surface of the FLS. Further evidence of a
difference in interactions between Trest and activated T
cells can be witnessed by following the movement of indi-
vidual cells in relation to the movement of the FLS (see
Supplemental Video S1A–C at http://ajp.amjpathol.org).
When FLS moved in the presence of Trest, the T cells
tended to break contact with the FLS and move to another
position in the well. In contrast, Tck and Tsea tended to stay
attached to one FLS throughout the 24-hour assay period
despite the movement of the FLS. No significant differences
between the interactions of Tsea or Tck with FLS were
observed using time lapse microscopy.

Cytokine-Activated T Cells Induce FLS
Production of Inflammatory Cytokines

FLS cultures were stimulated by the addition of Tck and
allowed to interact for 36 hours. The cytokine IL-17, pro-
duced by RA synovial tissues,10 has been shown to
cooperate with Trest in the activation of FLS9 and was
also included in some wells. Three RA FLS lines were
assayed for stimulation by Tck (Figure 2, A and B). Tck
stimulated FLS to produce the inflammatory cytokines
IL-6 and IL-8, and this effector function cooperated sig-
nificantly with IL-17. No IL-6 or IL-8 production was de-
tected in cultures of Tck and IL-17 in the absence of FLS
(data not shown). OA FLS lines behaved similarly to RA
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Figure 1. Tsea and Tck adhere tightly to RA FLS. Still images from time lapse microscopy of resting T cells (Trest) (A), cytokine-activated T cells (Tck) (B), and
Staphylococcal enterotoxin A-stimulated T cells (Tsea) (C) co-cultured with FLS from RA patients (RA-FLS). 5(6)-Carboxyfluorescein diacetate N-succinimidyl
ester-labeled T cells (250,000/well) were added to adherent RA-FLS and images were captured from 0.5 to 24 hours at 10-minute intervals (full movies attached
as Supplemental Video S1A–C at http://ajp.amjpathol.org). Time stamp shows the time from the beginning of the co-culture. White arrows mark examples
of Tck and Tsea cells that are tightly adherent to the surface of RA-FLS. Such tightly adherent cells are found much less frequently in the Trest co-culture on RA-FLS.
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FLS in regards to IL-6 and IL-8 production induced by
stimulation with Tck (data not shown).

Tck Activation of FLS Requires Cell-Cell Contact

To assess the importance of cell-cell contact in activation
of FLS by T cells, transwell inserts were used in co-
cultures. Tck were either allowed to interact directly or
Tck were separated from FLS by a transwell insert. The
insert allowed the free flow of cytokines and other mole-
cules but prevented intercellular adhesive interactions
from occurring. IL-17 was added to some of the cultures
directly into the upper chamber and allowed to diffuse
through the entire culture. In these experiments, IL-8
production and cooperation with IL-17 were observed
only when Tck were allowed to directly contact the FLS
(Figure 2C). When Tck were separated from FLS by the
transwell insert, IL-8 production was similar to IL-17 stim-
ulation, best observed in the 1-ng/ml IL-17 column. This
suggested that IL-17 was not acting on Tck to induce
production of soluble inflammatory mediators.

LFA-1 Localizes to the Contact Point between
FLS and Tck

Given the importance of cell-cell contact to Tck effector
function toward FLS, we sought to better define the con-
tact point between the two cells. There is evidence that
the FLS-adherent population of T cells expresses high
levels of the integrin LFA-1.23 It has also been observed
that adhesion of T cells to FLS in static assays could be
inhibited with blocking antibodies against LFA-1 (CD11a/
CD18) and its counter-receptor ICAM-1/CD54.24,25 Be-
yond adhesion, LFA-1 has been implicated in supplying a
co-stimulatory signal to T cells.26 The adhesive and/or
co-stimulatory properties of LFA-1 are important in the
presentation of superantigens to T cells,27–29 and in par-
ticular superantigen presentation by FLS.16 ICAM-1
(CD54) is an adhesion molecule that is one of the ligands
of LFA-1 and that is expressed abundantly by FLS.30 In

addition to adhesion, ICAM-1 ligation induces stimulatory
signals in cells that express this molecule.29,31–33 We
therefore sought to define the contact point, or synapse,
between FLS and T cells and determine whether LFA-1
and ICAM-1 co-localized in this region. To observe the
localization of ICAM-1 in antigen-independent activation
of FLS by Tck, FLS were transfected with a CD54-eGFP
expression vector before co-culture with Tck. Co-cultured
cells were fixed, and Tck were indirectly stained for
CD11a, which was visualized by means of the fluoro-
chrome Alexa 594. At the synapse of Tck and FLS, con-
focal imaging revealed merged signals between ICAM-1
and LFA-1 (Figure 3A).

Given the strong co-localization of ICAM-1 and LFA-1
to the contact point of Tck and FLS, we attempted to
disrupt the effector function of Tck on FLS using blocking
antibodies to these adhesive proteins. Despite co-local-
ization of these structures, blocking antibodies directed
against LFA-1 and ICAM-1 did not inhibit Tck stimulation
of FLS cytokine production (Figure 3C). Another adhesion
molecule found abundantly on Tck cells was VLA-4, de-
tected by staining with anti-CD49d (Figure 3B) that could
interact with VCAM-1 expressed by FLS. Similar to the
results using anti-LFA-1 alone, blockade of VLA-4 alone
or the combination of VLA-4 and LFA-1 adhesion axes
had no effect on FLS cytokine production stimulated by
Tck cells (Figure 3C).

TNF-� Is Required for Optimal Tck Activation of
FLS and Cooperation with IL-17

Given the abundance of TNF-� in RA synovial tissue and
fluid,34,35 and the use of TNF-� blockade as an effective
therapy for RA,36 we also examined the role of TNF-� in
Tck/FLS interactions. Although macrophages are consid-
ered to be the primary source of TNF-� in RA, T cells are
also known to produce TNF-�.37 In contrast to the results
for anti-LFA-1 and anti-VLA-4, blockade with neutralizing
anti-TNF-� antibodies resulted in reversal of the Tck-
stimulated cytokine production (Figure 3C).

Figure 2. Tck activate FLS in a cell contact-dependent manner. Tck were co-cultured with three different RA-FLS lines. After 36 hours of co-culture, supernatants
were harvested, and the resultant IL-8 (A) and IL-6 (B) was measured by ELISA. Bars represent mean values of one experiment representative of two different
experiments performed in triplicate. Error bars represent the 95% confidence interval. C: FLS were grown in the bottom chamber of a transwell plate. Tck were
added directly into the bottom chamber with FLS (�Tck) or separated from FLS by transwell inserts ([�Tck]). Control conditions were FLS alone. IL-17 was titrated
into the transwell inserts and allowed to diffuse throughout the co-culture chambers. The values of IL-17 given on the x axis denote the final concentration of
IL-17 in the entire culture. The resultant IL-8 production in supernatants was measured by ELISA. Brackets denote additions inside the transwell and not directly
to FLS. Bars represent means of one experiment representative of two different experiments performed in triplicate. Error bars represent the 95% confidence
interval.
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To further characterize this effect, two different TNF-�-
blocking antibodies were used to inhibit Tck/FLS interac-
tion and Tck cooperation with IL-17. TNF-� blockade
substantially inhibited the cooperative effect of Tck with
IL-17 in activation of FLS as assayed by IL-8 production
(Figure 4A). Neither of the TNF-�-blocking antibodies
significantly inhibited the effect of IL-17 on FLS in the
absence of Tck cells.

Based on these findings, the TNF-� concentrations in
co-culture supernatants were evaluated by ELISA. No
secreted TNF-� was detected in any of these cultures
(data not shown). However, TNF-� gene activation could
be detected in Tck by RT-PCR (Figure 4B). Because
transwell assays showed that the dependence of RA FLS
activations by Tck was cell-cell contact-dependent (Fig-
ure 2C), and TNF-� is known to be expressed as a
membrane-bound protein, membrane-bound TNF-� on T
cells could be responsible for TNF-� effector function in
this experimental system. To assess this possibility, Tck
were preincubated with blocking antibody against TNF-�
for 30 minutes and washed to remove excess unbound
antibody. These antibody-coated Tck were used to acti-
vate FLS. Preincubation of Tck with blocking antibody to
TNF-� (pre anti-TNF) significantly reduced Tck activation
of FLS and cooperation with IL-17 (Figure 4C), although
not to the same extent as when excess antibody was

present in co-cultures (anti-TNF). This suggested that the
membrane-bound TNF was dynamically restored on Tck
surfaces once blocking antibody was removed from the
culture medium.

Discussion

Accumulating evidence indicates that bidirectional sig-
naling between T cells and FLS is robust and functionally
significant.9,16,19 Previous reports have suggested that a
large number of T cells found in RA synovium are func-
tionally distinct from resting or antigen-activated T cells
and instead resemble T cells that have been activated
solely through exposure to the cytokines IL-6, IL-2, and
TNF-� (Tck).13,38 However, the functional relationship be-
tween Tck and RA FLS has not been previously exam-
ined. In the current study, we have used a variety of
imaging approaches to demonstrate visually the extent of
interactions between differentially activated T cells and
RA FLS and have used assays of FLS cytokine produc-
tion to characterize the outcome of such interactions.

We observed that superantigen-activated and Tck
cells readily adhered to and interacted with FLS in a
pattern that was qualitatively distinct from resting T cells.
We also found that co-culture of Tck with RA FLS led to

Figure 3. Dependence of Tck interactions with RA-FLS on cell adhesion molecules and TNF-�. A: Confocal imaging of stained co-cultured cells was performed
to examine cell-cell interactions. FLS were transfected with an expression vector for CD54-eGFP fusion protein and allowed to adhere to glass coverslips before
being co-cultured with Tck. Co-localization of CD11a on Tck surfaces (stained red) and CD54-eGFP on RA-FLS (green) was detected as yellow signal on merged
images. DIC, differential interference contrast. B: Flow cytometric analysis of the expression of CD49d on Trest and Tck cells of two healthy individuals. Mean
channel fluorescence values were: donor 1: Trest MCF � 11.2 and Tck MCF � 17.7; and donor 2: Trest MCF � 11.9 and Tck MCF � 16.3. C: Tck cells were
preincubated with control MsIg or neutralizing antibodies to CD11a (LFA-1), CD49d (VLA-4), or TNF-� before co-culture with RA-FLS. Supernatants were collected at
72 hours of co-culture, and IL-6 and IL-8 levels were measured by ELISA. Samples: 1, no Tck; 2, Tck � control Ab; 3, Tck � anti-LFA-1; 4, Tck � anti-VLA-4; 5, Tck �
anti-TNF-�; 6, Tck � anti-LFA-1 � anti-VLA-4. Values are expressed as mean fold induction � SD compared with cytokines produced by RA-FLS alone. Original
magnifications, �60.
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functional effects, namely FLS activation resulting in IL-6
and IL-8 production. This effector function of Tck coop-
erated with the effects of the T-cell-specific cytokine IL-17
and required cell-cell contact.

Early work on T-cell/FLS interaction noted that these
cells readily adhered in co-culture.23–25,39 The CD2/LFA-
339 and LFA-1/ICAM-123–25 adhesive interactions have
been implicated in T-cell/FLS association. The relative
requirements of these protein-protein interactions for T-
cell adhesion to FLS remains ill defined because different
studies report differing effects when these interactions
were inhibited using blocking antibodies.24,25,39 These
differences were most likely attributable to the varying
activation states of the T cells used, as well as differing
methodologies used to assess adhesion. However, two
studies characterizing the phenotype of adherent T cells
and FLS reported increased expression of LFA-1 and
ICAM-1, respectively, on these cells.23,25 In addition, cell-
cell interactions in T-cell-FLS co-cultures can lead to FLS
up-regulation of VCAM-1 and ICAM-1.40

The signaling mechanisms between T cells and FLS
have been observed to involve a variety of mechanisms.
The LFA-1/ICAM-1 interaction may play a role in this
signaling beyond its role in adhesion. ICAM-129,31–33 and
LFA-126–28,41,42 have also been implicated as co-stimu-
latory structures that can enhance cellular activation. One
study previously reported that interference with this inter-
action could greatly blunt the outcome of T-cell/FLS in-
teractions.11 We have been able to visualize LFA-1/
ICAM-1 interactions between T cells and FLS by confocal
microscopy and localize these interactions to the contact
point of the two cells. Consistent with studies demonstrat-
ing the importance of LFA-1 for adhesion of T cells to
FLS,23–25 LFA-1 was imaged localizing to the contact
point between FLS and T cell, even in systems devoid of
exogenous antigens, using Tck that were activated inde-
pendently of the TCR, in conjunction with the counter-
receptor ICAM-1 expressed on the FLS surface. How-
ever, in our system, inhibition of LFA-1/ICAM-1 by
blocking antibody did not result in inhibition of Tck effec-
tor function, despite the requirement that Tck directly
contact FLS. This suggests that the contribution of the
LFA-1/ICAM-1 interactions to Tck effector function on FLS
activation was not significant. It seems that the LFA-1/
ICAM-1 axis may be more critical for T-cell responses
induced through the T-cell receptor by interaction with
antigen/major histocompatibility complex expressed on
FLS16 than for FLS responses to signals coming from Tck.

Another important adhesive axis between T cells and
FLS is thought to be the interaction of VLA-4 (CD49d/
CD29) on T cells with VCAM-1 on FLS.43 Unactivated T
cells from healthy donors expressed high surface expres-
sion of CD49d that was only modestly increased on ac-
tivation with Tck-stimulating cytokines. Blockade of VLA-
4/VCAM-1 interactions alone or in combination with LFA-1
blockade did not alter the ability of Tck to induce cytokine
production from RA FLS. Thus, Tck cells seemed to func-
tion on RA FLS in a different manner than resting T cells
or antigen-stimulated T cells.

Beyond adhesive interactions, T cells and FLS pos-
sess other potential signaling structures. The cytokine

Figure 4. Tck activation of FLS requires T-cell membrane-bound TNF-�. A:
IL-8 production from three different cell cultures was compared: Tck cultured
alone (Tck alone), FLS cultured alone (FLS alone), or FLS cultured with Tck
(FLS � Tck). Before co-culture with FLS, Tck were incubated with either one
of two different TNF-� blocking antibodies (anti-TNF-� no. 1 clone 6401 or
anti-TNF-� no. 2 clone 28401), control antibody (MsIg), or no antibody
(media). The resultant IL-8 production from different conditions is repre-
sented by a three-dimensional chart. The x axis displays culture conditions
with blocking antibodies used. The y axis shows IL-8 production. The z axis
shows the concentration of IL-17 titrated into the cultures and is also repre-
sented by increasing color density of blue, ranging from white for no IL-17 to
navy blue for 2.0 ng/ml IL-17. Error bars were omitted for clarity but mean
values and statistical data are supplied as supplemental data (see Supple-
mental Table 2 at http://ajp.amjpathol.org). B: RNA was prepared from Trest,
Tck, and U937 cells. U937 cells were stimulated with phorbol 12-myristate
13-acetate for 2 hours before being harvested for RNA. cDNA was transcribed
from the RNA and analyzed for TNF-� gene expression by PCR amplification.
As a control, a portion of the RNA was treated with RNase before the
generation of cDNA. �-Actin was also amplified as an internal control. C: Tck
were incubated with 1 �g/ml TNF-�-blocking antibody (Pre anti-TNF) or
control antibody (PreMsIg) for 30 minutes to bind all surface TNF-�. Excess
blocking antibody was removed by sequential washes of Tck with PBS
before co-culture with RA-FLS. Alternatively, MsIg and anti-TNF were added
directly to the co-cultures of Tck with RA-FLS. IL-17 was added at a final
concentration of 2 ng/ml to some culture wells (right), supernatants were
collected at 36 hours, and IL-8 was measured by ELISA. Bars represent mean
values from one experiment representative of two different experiments
performed in triplicate. Error bars represent the 95% confidence interval.
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IL-15 has been identified as a mediator of T-cell and FLS
interactions.11 Engagement of the co-stimulatory recep-
tor CD40 on FLS by CD40L on activated T cells results in
enhanced VEGF production.44 The CD47/TSP-1 pathway
has been shown to be involved in T-cell adhesion and
survival in extended co-cultures with FLS.45 The distinct
patterns of T-cell movement over and engagement of FLS
by functionally diverse T-cell populations, which were
imaged by time lapse microscopy in our experiments,
can be presumed to reflect distinct engagement of sets
of receptors with their FLS ligands by the different types
of T cells. A full understanding of the molecular basis for
T-cell/FLS interactions will require many additional exper-
iments that use a variety of approaches to alter expres-
sion or function of each molecule that is putatively
involved.

The current study extends understanding of T-cell/FLS
interactions by focusing on the Tck, which provide a
convenient in vitro system to generate T cells that function
in a manner similar to RA synovial T cells. Tck have been
shown to induce TNF-� production from monocytes
through a mechanism distinct from pathways used by T
cells stimulated through CD3/CD28 engagement. Tck ef-
fector function required nuclear factor-�B activity and
was inhibited by phosphatidyl inositol 3-kinase activity.13

Tck proved to be potent activators of FLS, increasing
production of IL-6 and IL-8 during co-cultures. Similar to
earlier experiments with resting T cells9 and consistent
with one of its proposed functions,46 IL-17 cooperated
with Tck. We found that a major signaling pathway for this
interaction was TNF-� on the surface of Tck. TNF-� is
found abundantly within rheumatoid synovial tissues34,35,47

and although there is a sizable soluble pool, the contri-
bution of membrane-bound TNF remains ill defined. The
binding of TNF-� to one of its two distinct receptors48,49

results in many biological effects that are relevant to the
pathogenesis of RA.50 TNF-� is initially synthesized as a
transmembrane protein. Soluble TNF-� is produced by
shedding of the membrane-bound form by the mem-
brane-associated metalloproteinase TACE.51 Membrane-
bound TNF-� is not simply a precursor of the fully func-
tional cytokine but instead has been reported to function
in cytotoxic killing.52,53 It has been suggested that these
two forms of TNF-� can mediate distinct biological ef-
fects.54,55 TNF-� has been shown to be a potent proin-
flammatory signal for human FLS.56 Moreover, TNF-�
neutralization is an effective therapeutic approach in
human RA.57,58

In view of the effective use of TNF-� blockade in RA,
and reports of IL-17 cooperation with TNF-� in the inflam-
matory process, we explored TNF-� neutralization as an
approach to inhibit Tck function.46,59 The effects of Tck in
combination with IL-17 are also interesting in light of the
new T-cell effector archetype Th17.60 These cells are
now known to be distinct from Th1 or Th2 and are potent
contributors to autoimmune disease.61,62 That IL-17 is
detectable within synovial tissues suggests that Th17
effectors also may be present.10 Proinflammatory effects
of cells similar to Tck would be enhanced in situ by IL-17
derived from Th17 cells. Anti-TNF-� did indeed prove to

be an effective inhibitor of Tck effects on FLS and of
cooperation between Tck and IL-17. In these experi-
ments, there was no evidence that IL-17 induced produc-
tion of TNF-� by FLS because TNF-�-blocking antibody
had no effect on IL-17 stimulation of FLS. We also found
that, on Tck, TNF-� is membrane bound, as indicated by
the lack of FLS activation when Tck were separated from
FLS by a transwell insert, the blocking effect on FLS
activation seen with precoating of Tck with anti-TNF-�,
and the lack of detectable soluble TNF-� in the culture
medium. Although TNF-� blockade greatly diminished
Tck effector function and cooperation with IL-17, effector
function was not completely abrogated. This could be
attributable to incomplete neutralization of all TNF-� mol-
ecules but is most likely attributable to a diversity of
signaling pathways between T cells and FLS that were
not entirely disrupted by anti-TNF-�.

Although the role of a T-cell population expressing
membrane-bound TNF-� has not been extensively stud-
ied in RA pathophysiology, research in Crohn’s disease
(CD) has documented the pathological functions of these
cells. Similar to the dramatic results in RA, anti-TNF-�
therapy has proven to be an effective treatment for
CD.63,64 In determining the mechanism of this therapeu-
tic effect, it was found that neutralization of TNF-� re-
sulted in lowered interferon-� and TNF-� production from
CD patient T cells.65–67 Further study revealed that ther-
apeutic anti-TNF-� monoclonal antibodies exerted their
effects by specifically binding to T-cell surfaces. Anti-
body binding to T-cell membranes led to caspase-3 ac-
tivation and apoptosis in cell cultures, with lamina propria
T cells showing increased susceptibility compared with
peripheral blood T cells.68 This apoptotic effect was fur-
ther verified by endoscopic tissue biopsy of CD patients
receiving anti-TNF-� therapy, which indicated in situ T-
cell death.69 In systems that are closer to RA, membrane-
bound cytokines on T cells activated by phytohemagglu-
tinin have been observed to convey signals to FLS.70,71

These phytohemagglutinin blasts are likely similar to T
cells stimulated through the TCR and are functionally and
phenotypically distinct from Tck.13

In our studies, we have used a population of T cells
that resemble T cells isolated from RA SF to activate FLS.
Similar to T cells from CD, these Tck use membrane-
bound TNF-� as a mechanism to convey inflammatory
signals. This suggests that, along with soluble TNF-�,
TNF-� on T-cell surfaces could provide an important
signaling interaction between T cells and other cells in RA
synovium. These results provide another mechanism for
the utility of TNF-� blockade in the treatment of RA and
imply that membrane-bound TNF-� on T cells may be
important in the pathogenesis of RA and possibly other
inflammatory arthritides.
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