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Synovial fluid T cells from patients with rheumatoid arthritis are refractory to the
T helper type 2 differentiation-inducing effects of interleukin-4
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SUMMARY

The balance between T helper type 1 (Th1) and Th2 cytokines is thought to be important in the
initiation and outcome of autoimmune diseases. The goal of the present study was to compare
the production of interferon-c (IFN-c) and interleukin-4 (IL-4) by synovial fluid (SF) and
peripheral blood (PB) CD4+ and CD8+ cells from patients with rheumatoid arthritis (RA) using
three-colour immunofluorescence staining and flow cytometry, and to investigate the capacity of
IL-4, IL-10 and IL-12 to modify the cytokine production profile of SF T cells. The frequency of
IFN-c-producing CD4+ and CD8+ cells was significantly increased in SF when compared with
PB. In contrast to IFN-c, the expression of IL-4 in SF and PB T cells was comparable. The
majority of IL-4-producing cells in SF belonged to Th0/T cytotoxic (Tc) type 0 phenotype,
whereas there were significantly more Th2/Tc2 cells in PB than in SF. Interestingly, IL-4 was
unable to induce differentiation of non-adherent SF mononuclear cells (SFMC) into Th2 cells,
whereas PB mononuclear cells (PBMC) under similar culture conditions differentiated into cells
producing high levels of IL-4, IL-10 and IL-13. In contrast, there were no major differences in
the effects of IL-10 and IL-12 on the cytokine production profile of SFMC when compared with
PBMC. Taken together, the present results suggest that SF T cells from patients with RA are
terminally differentiated into Th1/Tc1-like phenotype, and Th2/Tc2 differentiation-inducing
agents, such as IL-4, may not be able to reverse the inflammatory process occurring in the joints.

INTRODUCTION produced by T cells, such as interferon-c (IFN-c), interleukin-2
(IL-2), IL-4 and IL-13 have been demonstrated in rheumatoid

In rheumatoid arthritis (RA) activated T cells, macrophages
joints, although the expression levels of these cytokines in vivo

and plasma cells accumulate into the joints. T cells specific for appear to be relatively low.7–11
the yet unknown antigens have been suggested to be important The outcome of several infectious and inflammatory/auto-
in the induction and maintenance of synovial inflammation, immune diseases has been suggested to depend on the cytokine
which eventually leads to cartilage degradation.1,2 Synovial production profile of specific T helper cells, based on which
T cells are activated when judged by their phenotype3,4 and human and mouse CD4+ cells are divided into three major
most of them express memory cell marker CD45RO.5 The subsets, T helper type 1 (Th1) cells produce IL-2 and IFN-c,
genetic association of RA with the major histocompatibility whereas Th2 cells generally secrete high levels of IL-4, IL-5,
complex (MHC) class II alleles, human leucocyte antigen IL-10 and IL-13.12 Th0 cells produce both Th1 and Th2
(HLA)-DR1 and HLA-DR4, also argues for a role of antigen- cytokines. However, in humans, the production of IL-2, IL-10
specific T cells in RA. In addition, synovial T cells derived and IL-13 is not restricted to the Th2 subset.13–15 The cytokine
from patients with RA have been shown to cause inflammatory milieu during the initial presentation of antigen to naive T cells
arthritis when transferred into severe combined immuno- regulates the development of different subsets. IL-12 and
deficient (SCID) mice.6 Synovial T cells are likely to regulate IFN-c favour the generation of Th1 responses, whereas IL-4
the function of other cells via secretion of cytokines. Cytokines directs the development towards Th2 cells.16–18 IL-10 was

recently shown to induce the generation of a new Th cell
Received 14 September 1998; revised 5 November 1998; accepted subset (T regulatory cells 1) producing high quantities of

5 November 1998.
IL-10, but no IL-4, during chronic activation of human and

Abbreviations: RA, rheumatoid arthritis; SF, synovial fluid; murine CD4+ T cells.19 CD8+ T cells can also be divided into
SFMC, synovial fluid mononuclear cells. similar subsets, T cytotoxic type 1 (Tc1), Tc2 and Tc0, on the

basis of cytokine production profiles, and the regulation ofCorrespondence: Dr P. Isomäki, The Mathilda and Terence
Tc1 or Tc2 differentiation by cytokines is similar to thatKennedy Institute of Rheumatology, 1 Aspenlea Road, Hammersmith,

London W6 8LH, UK. observed with Th cells.12,20,21
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Studies using animal models suggest that Th1 cytokines twice with phosphate-buffered saline (PBS) at +4°. PBMC or
SFMC were activated in Iscove’s modified Dulbecco’s mediumpromote the development of several autoimmune disorders,

such as experimental autoimmune encephalomyelitis and (IMDM) supplemented with 10% heat-inactivated fetal calf
serum (FCS; HyClone Laboratories, Logan, UT ) and 50 mg/mlinsulin-dependent diabetes mellitus, whereas the Th2 pattern

may attenuate these diseases.22 The balance between Th1 and gentamicin for 5 hr in the presence of either phorbol
12-myristate 13-acetate (PMA 10 ng/ml; Sigma, St Louis,Th2 cytokines is also likely to play an important role in the

initiation and outcome of synovial inflammation in RA, and MO)+ionomycin (0·5 mg/ml; Sigma); anti-CD3 mAb
(1 mg/ ml )+PMA; or anti-CD3 mAb+anti-CD28 mAbcytokines inducing Th2 differentiation may be useful in the

treatment of patients with RA. The goal of the present study (10 mg/ml ). The cells were activated at 1×106 cells/ml/well in
24-well plates and 10 mg/ml of Brefeldin A (Epicentrewas to compare the production of IFN-c and IL-4 by synovial

fluid (SF ) and peripheral blood (PB) T cells from patients Technologies, Madison, WI ) was added to the cultures to
prevent cytokine secretion.with RA using a three-colour immunofluorescence staining

and flow cytometry, and, more importantly, to evaluate the Cultured cells were harvested and washed twice with PBS
supplemented with 0·5% bovine serum albumin (BSA) andefficacy of IL-4, IL-10 and IL-12 in modulating the cytokine

synthesis profile of synovial T cells. 0·01% NaN3. The cells were stained with PerCP-conjugated
anti-human CD4 or CD8 mAb and washed twice with PBS,
after which the cells were fixed with 2% formaldehyde for

MATERIALS AND METHODS
20 min at room temperature. After fixation, the cells were
permeabilized in PBS supplemented with 0·5% BSA, 0·01%Patients

SF samples were collected from 15 patients with RA, and NaN3 and 0·1% saponin (permeabilization buffer) for 10 min
at room temperature. The permeabilized cells were stainedpaired PB samples were concurrently obtained from 10

patients. PB samples from five healthy volunteers were used with FITC- and PE-conjugated anti-cytokine mAb diluted in
permeabilization buffer for 30 min on ice, washed twice withas controls. SF samples were obtained by needle aspiration

from inflamed knee joints into heparinized tubes. permeabilization buffer and once with PBS–BSA. FITC-, PE-
and PerCP-conjugated IgG1 isotype controls were used toFifteen patients with RA (12 females and three males)

were enrolled in this study. The median age of the patients differentiate between positive and negative cells. Labelled cells
were analysed using a fluorescence-activated cell sorterwas 58 years (range 33–68) and the median duration of disease

18 years (range 4–31). Mean (±SD) erythrocyte sedimentation (FACScan; Becton Dickinson) flow cytometer and CellQuest
software.rate was 52±16 mm/hr and mean C-reactive protein was

46±32 mg/l at the time SF samples were taken (n=13). RA
was determined according to the criteria of the American Culture conditions and analysis of cytokine production by

enzyme-linked immunosorbent assay (ELISA)College of Rheumatology.23 Three patients had seronegative
RA. Eleven patients were treated with disease-modifying anti- Lymphocytes were enriched from PBMC and SFMC by

collecting the non-adherent cell population after incubatingrheumatic drugs, nine patients were receiving steroids and all
patients were treated with non-steroidal anti-inflammatory the cells on plastic Petri dishes for 1 hr at 37°. Non-adherent

cells were cultured at 0·5×106–1×106 cells/ml/well in IMDMdrugs at the time of the study. This study was approved by
the ethical committee of Turku University. supplemented with 10% heat-inactivated FCS and 50 mg/ml

gentamicin. Cells were cultured in 24-well plates at 37° in a
humidified athmosphere containing 5% CO2. IL-2 (100 U/ml ),Reagents

Purified recombinant human (rHu) IL-4 and rHuIL-10 IL-4 (100 U/ml ), IL-10 (100 U/ml ), IL-12 (10 ng/ml ), IL-13
(100 U/ml ), neutralizing anti-IL-12 mAb (10 mg/ml ) and/orwere obtained from Schering-Plough Research Institute

( Kenilworth, NJ). The rHuIL-2, rHuIL-13 and neutralizing neutralizing anti-IFN-c mAb (5 mg/ml ) were added at the
onset of the cultures. The cells were restimulated with cytokinesanti-human IFN-c monoclonal antibody (mAb) A35 were

kindly provided by Dr Jan de Vries (DNAX Research Institute, after a culture period of 6 days, harvested after a total culture
period of 12 days and washed twice with IMDM.Palo Alto, CA). The rHu IL-12 and neutralizing anti-human

IL-12 mAb were purchased from R & D Systems (Minneapolis, Cultured cells were activated at 0·5×106–1×106
cells/ml/well in IMDM for 24 hr in the presence of IL-2+anti-MN ). Agonistic anti-CD3 and anti-CD28 mAb were kindly

provided by Dr Gregorio Aversa (DNAX Research Insitute). CD3 mAb+anti-CD28 mAb. A 24-hr stimulation was found
to be optimal for the induction of IL-4 production in theFluorescein isothiocyanate (FITC)-conjugated anti-human

IFN-c and immunoglobulin G1 (IgG1) isotype control initial experiments (data not shown). The supernatants were
collected and stored at −70° until examination using ELISA.(MOPC-21) were purchased from Pharmingen (San Diego,

CA). Phycoerythrin (PE)-conjugated anti-human IL-4 and Cytokine levels in the culture supernatants were examined
using specific ELISA, which were obtained commerciallyIgG1 isotype control, and peridinin chlorophyll protein

(PerCP)-conjugated anti-human CD4 and CD8 and IgG1 (CLB, Amsterdam, the Netherlands) and used according to
the manufacturer’s instructions. The sensitivity of the IFN-cisotype controls were purchased from Becton Dickinson (San

Jose, CA). ELISA was 5 pg/ml and that of the IL-10 ELISA was 2 pg/ml.
The sensitivity of the IL-4 and IL-13 ELISA was 1 pg/ml.

Analysis of cytokine production by flow cytometry
PB mononuclear cells (PBMC) and SF mononuclear cells Statistical analysis

Statistical analysis was performed using Wilcoxon signed-(SFMC ) were isolated by a Ficoll–Hypaque (Pharmacia,
Uppsala, Sweden) density gradient centrifugation and washed rank test.
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RESULTS IL-4 production was lower than IFN-c production in all
cell populations studied (Table 1, Fig. 1). In contrast to IFN-c

The expression of IFN-c and IL-4 in SF and PB T cells
expression, there was no significant difference in the frequence
of IL-4-producing cells between SF and PB CD4+ or CD8+We first compared the production of IFN-c and IL-4 by paired

SF and PB CD4+ and CD8+ cells from patients with RA. T cells. However, the proportions of Th2 and Tc2 cells produc-
ing detectable levels of IL-4 but no IFN-c were increased inSFMC and PBMC were activated for 5 hr in the presence of

different T-cell activation-inducing signals. Several activation PB when compared with SF (Table 2, Fig. 1). Accordingly,
the percentages of Th0 and Tc0 cells, which produce bothstimuli were used to avoid possible skewing of the results due

to preferential induction of either IFN-c or IL-4 by one IFN-c and IL-4, were higher in SF than in PB, and the
majority of IL-4-producing cells in SF also produced IFN-c.particular activator.

CD4+ and CD8+ T cells derived from SF expressed sig-
nificantly more IFN-c than those derived from PB (Table 1,

The effects of IL-4, IL-10 and IL-12 on the cytokine production
Fig. 1). Similarly, the percentages of both Th1 and Tc1 cells

by SF T cells
were increased in SF when compared with PB (Table 2).
T cells activated in the presence of PMA+ionomycin produced A means to shift the cytokine production profile of synovial

T cells towards type 2 cytokines could have therapeutic poten-more IFN-c than the cells activated in the presence of either
anti-CD3 mAb+PMA or anti-CD3+anti-CD28 mAb, but the tial in the treatment of RA. Therefore, we investigated the

capacity of IL-4, IL-10 and IL-12 to regulate the productiondifference between SF and PB T cells was observed irrespective
of the stimulus used. Both CD4+ and CD8+ cells in SF of cytokines by differentiated SF T cells. Non-adherent SFMC

and PBMC from patients with RA or healthy volunteers werecontributed to the high expression of IFN-c, whereas the
majority of IFN-c-producing cells in PB were CD8+ (Table 1). cultured for 12 days in the presence or absence of different

Table 1. The expression of IFN-c and IL-4 by PB and SF T cells from eight patients with
RA*

PMA+ionomycin Anti-CD3+PMA† Anti-CD3+anti-CD28

Sample IFN-c IL-4 IFN-c IL-4 IFN-c IL-4

PB CD4+ 3·9±1·0 2·5±0·7 1·8±0·6 0·8±0·2 2·2±0·6 0·6±0·1
SF CD4+ 31·7±8·1‡ 2·6±0·9 12·4±3·3‡ 1·4±0·5 12·2±3·4‡ 1·2±0·3
PB CD8+ 13·9±4·0§ 3·1±0·9 4·1±0·4§ 1·6±0·8 10·4±3·7§ 1·2±0·7
SF CD8+ 42·2±11·0‡§ 1·8±0·5§ 14·5±5·5‡ 1·0±0·2 19·2±3·7‡ 1·0±0·4

*PBMC or SFMC were activated for 5 hr in the presence of different T-cell mitogens,
stained for intracellular cytokines and analysed using a flow cytometer. The values denote
the percentages (mean±SEM) of IFN-c- or IL-4-producing cells among gated CD4+ and
CD8+ cells; †n=7; ‡P<0·05 when compared with PB cells using Wilcoxon signed-rank test;
§ P<0·05 when compared with CD4+ cells using Wilcoxon signed-rank test.
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Figure 1. The expression of IFN-c and IL-4 by PB and SF CD4+ and CD8+ T cells. PBMC or SFMC were activated for 5 hr in
the presence or absence of PMA (10 ng/ml )+ionomycin (0·5 mg/ml ), or anti-CD3 mAb (1 mg/ml )+anti-CD28 mAb (10 mg/ml ).
Brefeldin A (10 mg/ml ) was added to the cultures to prevent cytokine secretion. Activated cells were stained with PerCP-conjugated
anti-CD4 or anti-CD8 mAb, fixed, permeabilized in 0·1% saponin and stained with FITC-conjugated anti-human IFN-c and
PE-conjugated anti-human IL-4 mAb. CD4+ or CD8+ cells were gated and quadrants were set on the basis of FITC- and
PE-conjugated IgG1 isotype controls. The values denote the percentage of cells in each quadrant.
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Table 2. The percentages of different helper T cell (Th) and cytotoxic T cell (Tc) populations in PB and SF samples from eight patients with
RA*

PMA+ionomycin Anti-CD3+PMA† Anti-CD3+anti-CD28

Cell population PB SF PB SF PB SF

Th1 3·5±0·9 29·6±7·5‡ 1·6±0·5 11·3±2·9‡ 2·0±0·6 11·3±3·2‡
Th2 2·2±0·6 0·6±0·1‡ 0·6±0·2 0·4±0·1 0·5±0·1 0·3±0·1‡
Th0 0·3±0·1 2·1±0·9‡ 0·2±0·1 1·1±0·5‡ 0·1±0·0 0·8±0·3‡

Tc1 13·1±4·0 40·7±10·8‡ 3·7±0·5 13·8±5·4‡ 10·2±3·7 18·4±3·3
Tc2 2·4±0·9 0·3±0·1‡ 1·1±0·6 0·3±0·1 1·0±0·6 0·1±0·0
Tc0 0·7±0·1 1·5±0·5 0·5±0·1 0·7±0·2 0·2±0·1 0·8±0·4

*PBMC or SFMC were activated for 5 hr in the presence of different T-cell mitogens, stained for intracellular cytokines and analysed using
a flow cytometer. The numbers indicate the frequencies of cells (mean±SEM) producing IFN-c but no IL-4 (Th1/Tc1 cells), IL-4 but no IFN-c
(Th2/Tc2 cells), or both IFN-c and IL-4 (Th0/Tc0 cells) among gated CD4+ and CD8+ cells, respectively; †n=7; ‡ P<0·05 when compared
with PB cells using Wilcoxon signed-rank test.

cytokines or neutralizing anti-cytokine mAb. IL-2 was added IL-12 treatment increased the production of IFN-c by both
cell populations (Fig. 2). It also consistently up-regulated theto all cultures to prolong the viability of the cells. After the

culture, the cells were activated for 24 hr by anti-CD3+anti- secretion of IL-10 by SFMC, and in PBMC the up-regulation
of IL-10 production was observed in three of five samples.CD28 mAb, and the production of IFN-c, IL-4, IL-10 and

IL-13 was studied using specific ELISA. IL-12 significantly inhibited the production of IL-4 and IL-13
by PBMC, but no down-regulation could be observed inAs shown in Fig. 2, the effects of IL-4 on the cytokine

production profiles of SF and PB T cells were different. PBMC SFMC due to the low basal production of these cytokines by
cultured SF T cells. IL-10 generally had suppressive effects onfrom healthy volunteers cultured in the presence of IL-2+IL-4

produced significantly higher levels of anti-inflammatory cyto- the production of all cytokines by both SFMC and PBMC,
and therefore did not affect the balance between type 1 andkines IL-4, IL-10 and IL-13 when compared with the cells

cultured in the presence of IL-2 alone. These data are consistent type 2 cytokines (Fig. 2).
Taken together, the present results indicate that the cyto-with previous studies indicating that IL-4 directs differentiation

of Th2 cells.16,18 In contrast, IL-4 treatment did not signifi- kine production profile of SF T cells can be modulated by
IL-12, but not by IL-4 or IL-10.cantly increase IL-4 production by non-adherent SFMC

(Fig. 2). Similarly, IL-4 had no significant effect on the
production of IL-10 or IL-13 by SFMC, suggesting that SF

DISCUSSION
T cells are unresponsive to the Th2-inducing effects of IL-4.

We next studied the possibility that the production of Previous studies investigating T-cell cytokine production at
the protein level have mainly utilized T-cell clones derivedIFN-c or IL-12 by SFMC inhibited the effects of IL-4 on SF

T cells. This does not seem to be the case, because IL-4, IL-10, from the synovial membranes or SF from RA patients.25–27
These studies demonstrated the presence of Th1 and Th0or IL-13 production could not be induced by the addition of

neutralizing anti-IFN-c or anti-IL-12 mAb together with IL-4 clones in rheumatoid joints, but the clones derived from the
PB also demonstrated a similar pattern.25–27 The most strikingto SFMC cultures (n=2, data not shown). We also studied

the effects of IL-13 on the production of cytokines by non- difference between T-cell clones derived from the joints or
periphery of RA patients was the high production of IL-10 byadherent SFMC. Consistent with the previous results using

normal human T cells,24 IL-13 did not increase the production synovial T cells when compared with PB T cells.27 The
procedures used to clone T cells may favour the generation ofof type 2 cytokines by SFMC or PBMC (n=3, data not

shown). Th1 cells because of IL-12 produced by the feeder cells. The
recently developed staining method to detect intracellularSimilar difference in the responsiveness to IL-4 was

observed when we compared the effects of IL-4 on the cytokine cytokines requires only short in vitro activation and allows the
estimation of the frequency of cells producing certain cyto-production by non-adherent paired SFMC and PBMC samples

derived from three patients with RA. Culturing the cells in the kines. Dolhain et al.28 used this method together with
microscopic analysis to compare cytokine production bypresence of IL-2+IL-4 significantly increased the secretion of

IL-4 (413±49% when compared with IL-2 alone; mean±SD), unfractionated PBMC and SFMC. Our results indicating
increased production of IFN-c by both CD4+ and CD8+ cellsIL-10 (243±26%) and IL-13 (571±102%) by PBMC, whereas

it had no, or only some, effect on the production of IL-4 in SF when compared with PB are in line with those of
Dolhain et al.28 who demonstrated that the percentage of(118±34%), IL-10 (104±30%) and IL-13 (251±203%) by

SFMC. IFN-c-producing cells in SFMC was higher than in PBMC,
whereas there was no significant difference in the expressionIn contrast to the effects of IL-4, there were no major

differences in the effects of IL-12 on the production of cyto- of IL-4 between these two cell populations. Similarly, Morita
et al.29 recently showed that CD4+ T cells derived fromkines by non-adherent SFMC from patients with RA when

compared with non-adherent PBMC from healthy volunteers. rheumatoid synovial tissue express higher levels of IFN-c than

© 1999 Blackwell Science Ltd, Immunology, 96, 358–364
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Figure 2. The production of IFN-c, IL-4, IL-10 and IL-13 by non-adherent SFMC from seven patients with RA and by non-
adherent PBMC from five healthy volunteers after in vitro treatment with different cytokines. The cells were cultured for 12 days
in the presence of IL-2 alone (control ) or in the presence of IL-2+IL-4 ( left two panels), IL-2+IL-12 (middle), or IL-2+IL-10
(right). The effects of IL-10 were studied in six patients with RA and in four healthy volunteers. Cultured cells were activated for
24 hr in the presence of IL-2 (100 U/ml ), anti-CD3 mAb (1 mg/ml ) and anti-CD28 mAb (10 mg/ml ) and the production of
cytokines was studied using specific ELISA. The dots represent individual samples and the lines connect cytokine production in
the presence of IL-2 alone and in the presence of IL-2+the cytokine tested. An asterisk denotes a significant difference (P<0·05)
from the control using Wilcoxon signed-rank test.
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PB CD4+ T cells, while the expression of IL-4 in these cell IFN-c-producing T cells in rheumatoid joints, suggesting a
pathogenetic role for Th1/Tc1 cells in RA. In addition, ourpopulations is comparable. In contrast, our results are different

from those reported by Kusaba et al.30 because they demon- results suggest that these cells have lost their capacity to
differentiate towards Th2/Tc2 cells in response to IL-4. IL-4strated an increased production of both IFN-c and IL-4 in SF

CD4+ cells when compared with PB CD4+ cells, and higher has been previously shown to inhibit proinflammatory cytokine
production by SF macrophages from patients with RA,11,38expression of IL-4 than of IFN-c by SF CD8+ cells from

patients with RA. suggesting that IL-4 may have therapeutic potential in the
treatment of RA. It has been speculated that IL-4 treatmentThe present results using freshly isolated synovial T cells

suggest that the shift towards Th1/Tc1 responses in the joints would also shift the pathogenetic T-cell response towards an
anti-inflammatory type 2 response. However, on the basis ofof patients with RA is not due to defective production of IL-4

by these cells, but mainly to their increased capacity to produce the present results, IL-4 is unable to modify the cytokine
production profile of differentiated synovial T cells.IFN-c. Although synovial T cells have the capacity to produce

IFN-c, only low levels of IFN-c have been detected in the SF
samples from patients with RA.31 It is possible that although
T-cell cytokines, such as IFN-c, are produced by synovial ACKNOWLEDGMENTS
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