
Introduction
T cells and macrophages are considered to play an impor-
tant role in the initiation and perpetuation of inflammatory
responses in rheumatoid arthritis (RA) [1–3]. Stimulation
of macrophages can be mediated by activated memory
CD4+ T cells that are abundantly present in the inflamed
joints of RA patients [2,4,5]. In this respect, many studies
have focused on the balance of Th1 and Th2 cells. The
Th1 subset has been defined by the specific production of
IFN-γ and IL-2, and by the stimulation of cell-mediated
immunity, whereas the Th2 subset specifically produces
IL-4 and stimulates humoral immunity [6,7]. Based on
analysis of IFN-γ and IL-4 production, a dominance of Th1

cell activity over Th2 cell activity has been shown in the
inflamed joints of RA patients [8,9]. This imbalance of
Th1/Th2 cells was shown to correlate with disease activity
scores [10]. Although IL-4 production by T cells from the
peripheral blood of RA patients is increased compared
with that of healthy controls, this Th2 activity seems to be
insufficient to control Th1-associated inflammation in RA
[11–13].

IL-4 and other suppressive cytokines that can be pro-
duced by Th2 cells (e.g. IL-10 and IL-13) suppress activity
of several cell types that contribute to inflammation in the
RA joints [14–16]. In vitro and in vivo induction of Th2 cell

DMEM = Dulbecco’s modified Eagle’s medium; ELISA = enzyme-linked immunosorbent assay; FACS = fluorescence-activated cell sorting; IFN =
interferon; IL = interleukin; RA = rheumatoid arthritis; TCR = T-cell receptor; Th = T helper.
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Abstract

An impaired differentiation of naive CD4+ T cells towards Th2
cells may contribute to the chronic tissue-destructive T-cell
activity in rheumatoid arthritis (RA). The differentiation of
naive CD4+ T cells into memory Th2 cells by IL-7 in
comparison with that by IL-4 was studied in RA patients and
in healthy controls. Naive CD4+ T cells from peripheral blood
were differentiated by CD3/CD28 costimulation in the
absence of or in the presence of IL-7 and/or IL-4. The
production of IFN-γ and IL-4 was measured by ELISA and by
single-cell FACS analysis to indicate Th1 and Th2 cell
activity. CD3/CD28 costimulation and IL-7 were early
inducers of IL-4 production, but primarily stimulated IFN-γ
production. In contrast, in short-term cultures exogenously
added IL-4 did not prime for IL-4 production but

suppressed IL-7-induced IFN-γ production. Upon long-term
stimulation of naive CD4+ T cells, IFN-γ production was
differentially regulated by IL-7 and IL-4, but IL-4 production
was increased by both IL-7 and IL-4. IL-7 and IL-4
additively induced polarization towards a Th2 phenotype.
This susceptibility of naive CD4+ T cells to become Th2
cells upon culture with IL-7 and IL-4 was increased in RA
patients compared with that in healthy controls. These
findings demonstrate that, in RA patients, differentiation of
naive CD4+ T cells towards a Th2 phenotype by CD3/CD28
costimulation, IL-7 and IL-4 is not impaired. The perpetuation
of arthritogenic T-cell activity in RA therefore seems not to be
the result of intrinsic defects of naive CD4+ T cells to develop
towards suppressive memory Th2 cells.
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activity has been associated with anti-inflammatory
responses and disease suppression in RA [4,17]. Induc-
tion of Th2 cell activity as well as administration of Th2
cytokines can offer protection against experimental colla-
gen-induced arthritis [18,19]. Prevention of joint destruc-
tion is shown to be the final result of such elevated Th2
activity [17,20,21]. Together these data suggest that RA
patients may benefit from therapies aimed at the regula-
tion of the Th cell balance towards Th2 cell activity. It also
implies that intrinsic defects in the responsiveness of
T cells to factors that can support the generation of Th2
cell activity, in peripheral lymphoid tissues and at the
inflammatory sites, could cause or contribute towards RA.
The activation of naive CD4+ T cells towards IL-4-produc-
ing Th2 cells has been shown to require signaling through
the TCR/CD3 complex together with costimulation. Since
memory cells are less dependent on such costimulation to
produce IL-4, in particular the development of naive CD4+

T cells towards Th2 cells may be disturbed in RA patients.

Circulating naive CD4+ T cells can enter areas of primary
T-cell stimulation and can interact with antigen-presenting
cells. Here naive cells can differentiate into memory effec-
tor Th cells. Factors that drive the initial expression of IL-4
(as the major Th2-defining cytokine) in human naive CD4+

T cells include costimulation via CD28 in concerted action
with TCR engagement [22]. It has been shown in humans
[22,23] and in mice [24,25] that, in an autocrine way, the
initial endogenous IL-4 production, or IL-4 from other
sources, can stimulate the development of IL-4-producing
CD4+ T cells. To achieve this, naive CD3-activated T cells
need to be stimulated in the presence of CD28 costimula-
tion [22,23,26,27]. This is in contrast to (human) memory
CD4+ T cells, which can produce IL-4 upon CD3 stimula-
tion alone, but production is more pronounced when cul-
tured in the presence of IL-4 [22]. IL-7, in contrast to IL-4,
has recently been shown to prime human naive neonatal
CD4+ T cells for IL-4 production in the absence of CD28
costimulation [27]. Thus, in humans, IL-7 produced by
stromal cells in the peripheral lymphoid organs that play an
important role in lymphocyte development, including the
lymph nodes, the spleen and the mucosal lymphoid
tissues, may be more effective (than IL-4) in driving naive
CD4+ T cells to a Th2 phenotype [28].

The shortage of suppressive Th2 activity in RA patients
[8–10] is assumed to be involved in the chronic inflamma-
tory activity in these patients. This shortage may be the
result of a defect in the capacity of naive CD4+ T cells to
respond adequately to stimuli such as TCR(CD3)/CD28
costimulation, IL-7 and IL-4, and by that to become Th2
cells. Recent studies have shown that IL-7 is produced by
activated synovial fibroblasts from RA patients [29], and
that circulating levels of IL-7 were shown to correlate with
markers of disease [30]. The present study evaluated
whether circulating naive CD4+ T cells displayed an

impaired response to IL-7 (and IL-4), and demonstrates
that such a defect is not present in RA patients. In con-
trast, differentiation by IL-7 and IL-4 towards Th2 cell
activity was increased in RA patients.

Methods
Patients
Mononuclear cells were isolated from the peripheral blood
of a total of nine randomly selected patients with RA and
of nine healthy age-matched controls. RA was defined by
the 1987 revised American College of Rheumatology cri-
teria [31]. Patients (seven females and two males) ranged
in age from 33 to 73 years with a mean age of
53 ± 13 years. Seven patients were rheumatoid factor-
positive and two patients were rheumatoid factor-negative.
Seven patients received nonsteroidal anti-inflammatory
drugs, five patients took slow-acting antirheumatic drugs,
and two patients were on low-dose prednisone. Healthy
controls ranged in age from 37 to 72 years with a mean
age of 50 ± 14 years, not statistically significant different
from the RA group.

Cell cultures and reagents
Peripheral blood was diluted 1:1 with DMEM (Gibco 074-
01600, 24mM NaHCO3; Gibco, New York, USA) contain-
ing glutamine (2mM), penicillin (100U/ml) and streptomycin
sulfate (100µg/ml; DMEM+). Mononuclear cells were iso-
lated by density centrifugation using Ficoll-Paque (Pharma-
cia, Uppsala, Sweden). The viability of the cells, checked by
trypan blue exclusion, was always more than 95%.

CD4+ T cells were isolated from the peripheral blood
mononuclear cells by means of microbead-activated cell
sorting according to the manufacturer’s instructions
(Mylteni Biotec, Bergisch Gladbach, Germany). Briefly,
depletion of CD4-negative T cells was achieved by incu-
bation of peripheral blood mononuclear cells with a cock-
tail of monoclonal antibodies directed against non-T cells
and against CD4-negative T cells, followed by binding of a
secondary microbead-coupled antibody to bind to the
primary antibodies. Microbead-labeled cells were removed
by binding to a magnet. CD45RA+ (naive) T cells were
obtained by depleting the CD4+ population of CD45RO+

(memory) T cells, using microbead-coupled CD45RO anti-
bodies. The purity of the CD4+CD45RA+ T-cell population
was checked by FACS analysis, and exceeded 95%.

These naive CD4+CD45RA+ T cells were cultured
(5 × 105 cells/ml) in DMEM+ supplemented with 10%
pooled human male AB serum (Red Cross Blood Transfu-
sion Centre, Utrecht, The Netherlands) and soluble
CD3/CD28 monoclonal antibodies (1 µg/ml) (CLB-T3/4.E
and CLB-CD28, respectively; CLB Reagentia, Amsterdam,
The Netherlands [32]) for 10 days. Cells were washed
three times on day 5 and seeded at a concentration of
1 × 106 cells/ml for the subsequent 5-day culture. Cells
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were stimulated with or without IL-7 (Genzyme, Cam-
bridge, MA, USA), with or without IL-4 (a kind gift from Dr
S Narula, Schering-Plough Research Institute, Kenilworth,
NJ, USA), or with or without IL-7 and IL-4 (both 10 ng/ml).

Cytokine analysis
IFN-γ and IL-4 production were analyzed by ELISA upon
costimulation with CD3/CD28 and cytokines after 5 days
of culture. After both 5 and 10 days of culture, cells were
extensively washed (three times), seeded at a concentra-
tion of 106 cells/ml and restimulated with ionomycin
(1 µg/ml; Sigma, St Louis, MO, USA) and phorbol myris-
tate acetate (50 ng/ml; ICN Pharmaceuticals, Costa Mesa,
CA, USA) for 24 hours. The media were harvested and
freed of cellular material by centrifugation (5 min, 900 × g),
frozen in liquid nitrogen and stored below –20°C. IFN-γ
and IL-4 in the culture supernatant was determined by
ELISA according to the manufacturer’s instructions (Med-
genix, Flerus, Belgium).

FACS analysis was used for IFN-γ and IL-4 analysis at the
single cell level. After cells had been cultured for 10 days
they were extensively washed, were seeded at a concen-
tration of 106 cells/ml and were stimulated with iono-
mycin/phorbol myristate acetate for 6 hours. To enhance
intracellular fluorescence, protein secretion was inhibited
by the addition of 10 µg/ml Brefeldin A (ICN Pharmaceuti-
cals) during the final 2 hours of culture. The cells were
fixed and permeabilized with a fixation and permeabiliza-
tion kit, according to the manufacturer’s instructions
(Caltag Laboratories, Burlingame, CA, USA). Fluo-
rochrome-labeled anti-IFN-γ, anti-IL-4 and isotype control
antibodies (Caltag Laboratories) were added during the
permeabilization step (1 µg/ml) to stain the intracellular
cytokines. Fluorescence was analyzed with a FACScan
(Becton Dickinson, Mountain View, CA, USA). The quad-
rant markers for the bivariate dot plots were set based on
the autofluorescence control, and they were verified with
isotype control antibodies.

Statistical analysis
Statistical evaluation of differences in cytokine production
was performed by the Wilcoxon and Mann–Whitney U
tests when appropriate. Data were considered statistically
significant at P < 0.05.

Results
Short-term costimulation with CD3/CD28 and IL-7 but
not with IL-4 induces IL-4 production in naive CD4+ T cells
Although CD45RA+ CD4+ T cells in RA patients can be
isolated from the inflammatory sites (synovial fluid and
tissue), many inflammatory stimuli in these compartments
can modulate their activity. CD45RA+ CD4+ cells from the
joint were therefore not used as truly naive CD4+ cells, but
instead circulating CD45RA+ CD4+ T cells from the
peripheral blood were used as primary naive cells.

CD3/CD28 costimulation of naive CD4+ T cells from RA
patients for 5 days induced large amounts of IFN-γ and
only limited amounts of IL-4 (10.0 ± 4.7 ng/ml and
267 ± 110 pg/ml, respectively). The IFN-γ production of
this ex vivo population was significantly lower than that of
healthy controls (32.2 ± 9.7 ng/ml, P < 0.05), whereas IL-4
production (288 ± 82 pg/ml) was not significantly different.
IL-7 enhanced both IFN-γ and IL-4 production of costimu-
lated naive CD4+ T cells from RA patients, whereas IL-4
significantly inhibited IFN-γ production, both in the
absence of and in the presence of IL-7 (Fig. 1). These
effects were not different in healthy controls (data not
shown).

To measure the effects of exogenously added IL-4 (and
IL-7), cells from RA patients were washed extensively and
restimulated with ionomycin/phorbol myristate acetate
(Fig. 2a). This restimulation resulted in increased produc-
tion of IFN-γ and IL-4 (control cultures of Figs 1 and 2a).
IL-7 pretreatment had significantly sensitized the naive
CD4+ T cells for increased IL-4 production compared with
the control culture, whereas IFN-γ was not significantly
increased by IL-7. In contrast to IL-7, addition of exoge-
nous IL-4 during the primary stimulation had not primed
T cells for increased IL-4 production, but had strongly sup-
pressed IFN-γ production. IL-7 added together with IL-4
resulted in a further increase of IL-4 production and a sig-
nificantly decreased IFN-γ production compared with IL-7
and IL-4 alone.

Available online http://arthritis-research.com/content/5/5/R269

Figure 1

IFN-γ and IL-4 production of CD3/CD28 costimulated naive CD4+

T cells from rheumatoid arthritis patients (n = 9) stimulated for 5 days in
the presence of IL-7. Because of exogenously added IL-4, only the
production of IFN-γ is shown for cells cultured in the presence of IL-4
or of IL-7 and IL-4. *P < 0.05, statistically significant differences versus
control cultures in the absence of added cytokines (con). A significant
difference between IL-7 and IL-7/IL-4 is also indicated (**P < 0.01).
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Long-term culture with IL-7 and IL-4 induces IL-4-
producing memory cells
The effect of IL-7 and/or IL-4 on the production of IFN-γ
(Th1) and IL-4 (Th2) production during long-term culture
of CD45RA+ CD4+ T cells is depicted in Fig. 2b. After this
culture of naive (CD45RA+) CD4+ T cells from RA
patients (Figs 2b and 3) and from healthy controls (Fig. 3)
for 10 days, nearly all cells were differentiated into
CD45RO+ memory T cells (Fig. 4). IL-7 alone did not
change IFN-γ production under these conditions, but it still
enhanced IL-4 production. Long-term exposure to IL-4
suppressed IFN-γ production and, in contrast to short-
term culture, increased IL-4 production. The combination
of IL-7 and IL-4 reduced IFN-γ levels and additively
enhanced IL-4 production (Fig. 2b). Inhibition of IFN-γ pro-

duction by IL-7 and IL-4 was significantly different from
IL-7 alone, but not statistically different from IL-4 alone.
With respect to the increase of IL-4, the combination was
significantly additive to the effect of either IL-7 or IL-4
alone.

Differentiation of naive CD4+ T cells by IL-7 and IL-4 is
not impaired in RA patients
The differentiation of naive CD4+ T cells towards the Th2
memory phenotype was not impaired in RA patients when
compared with healthy controls (Fig. 3). Regulation of
IFN-γ production of CD4+ T cells in RA patients by IL-7
alone, by IL-4 alone or by IL-7 and IL-4 was not signifi-
cantly different from healthy controls (Fig. 3, left panel).
The percentage increase in IL-4 production after differenti-

Figure 2

IFN-γ and IL-4 production of CD3/CD28 costimulated naive CD4+ T cells from rheumatoid arthritis patients (n = 9) differentiated during (a) 5-day
cultures or (b) 10-day cultures in the presence of IL-7, of IL-4, or of IL-7 and IL-4. Cytokine production of differentiated cells was analyzed upon
ionomycin/phorbol myristate acetate restimulation for 24 hours. *P < 0.05 **P < 0.01, statistically significant differences versus control cultures in
the absence of added cytokines (con). Significant differences between the cytokine treatments are indicated separately.
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Figure 3

The production of IFN-γ and IL-4 by CD3/CD28 costimulated naive CD4+ T cells from healthy controls (n = 9, white bars) and rheumatoid arthritis
(RA) patients (n = 9, black bars) differentiated during 10 days of culture in the presence of IL-7, of IL-4 or of IL-7 and IL-4. Cytokine production of
differentiated cells was analyzed upon ionomycin/phorbol myristate acetate restimulation for 24 hours. Values are expressed as percentages of
cytokine levels produced in the absence of exogenously added cytokines (control values set at 100% for RA patients and controls, respectively,
were 47.1 ± 12 ng/ml versus 37.1 ± 5.7 ng/ml for IFN-γ, and 0.89 ± 0.21 ng/ml versus 0.95 ± 0.15 ng/ml for IL-4; not significantly different).
#P < 0.05, statistically significant differences between RA patients and healthy controls; *P < 0.05, **P < 0.01, statistically significant differences
between control and cytokine-treated cultures.
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Figure 4

Differentiation of naive CD4+ T cells (CD45RA+) towards memory CD4+ T cells (CD45RO+) in rheumatoid arthritis (RA) patients and in healthy
controls after CD3/CD28 costimulation for 5 and 10 days. The numbers in each quadrant indicate the percentage of CD45RA+ (upper left),
CD45RO+ (lower right) and CD45RA+ CD45RO+ double positive cells (upper right). PE, phycoerythrin; FITC, fluorescein isothiocyanate.
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Figure 5

Intracellular detection of IFN-γ and IL-4 by FACS analysis. (a) A representative of seven rheumatoid arthritis (RA) patients of which mean values are
shown in (b). Cytokine production of the CD3/CD28 costimulated CD4+ T cells was assessed after 10 days of culture in the absence or presence
of IL-7, of IL-4 or of their combination. Cytokine production of differentiated cells was analyzed upon ionomycin/phorbol myristate acetate
stimulation for 6 hours in the presence of Brefeldin A. Means ± standard errors of the mean of percentages from cells of RA patients that produce
IFN-γ but no IL-4 (Th1) and that produce IL-4 but no IFN-γ (Th2) upon differentiation are shown. *P < 0.05, **P < 0.01, statistically significant
differences between control (con) culture and cultures with IL-7, with IL-4 or with IL-7 and IL-4. Significant differences between the cytokine
treatments are indicated separately. PE, phycoerythrin; FITC, fluorescein isothiocyanate.
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ation by IL-7 and IL-4 was higher in RA patients than in
healthy controls. The additive induction of IL-4 by com-
bined differentiation with IL-7 and IL-4 was even signifi-
cantly higher in RA patients (Fig. 3, right panel).

Single-cell analysis was performed to verify polarization of
the RA CD4+ T cells after differentiation towards either a
Th1 or a Th2 phenotype (Fig. 5a is representative of FACS
analysis, and Fig. 5b shows the average percentages of
Th1 and Th2 cells of seven RA patients). Without IL-7 or
IL-4, a large number of the CD4+ T cells produced IFN-γ
but no IL-4 (Th1, average 23.5%), whereas few cells pro-
duced IL-4 but no IFN-γ (Th2, average 5.9%). In control
cultures a Th0 phenotype was found, on average, in
3.6 ± 0.9%, whereas 73.1 ± 2.4% was double negative.
The numbers of Th0 and double negative cells were not
significantly changed by IL-7, by IL-4 or by their combina-
tion (data not shown). The numbers of Th1 and Th2 cells
resembled cytokine secretion profiles (Fig. 2b). IL-7 did
not significantly alter the number of Th1 cells, whereas
IL-4 reduced this number. However, both IL-7 and IL-4
increased the number of Th2 cells. Furthermore, IL-7 and
IL-4 additively decreased the number of Th1 cells and
additively increased the number of Th2 cells.

Discussion
The apparent shortage of Th2 cell activity in the RA
patients has been suggested to contribute to the ongoing
inflammation in RA patients [4,5,8–10]. A deficiency of
primary naive CD4+ T cells of RA patients to respond to
IL-4-inducing factors was the hypothesis of the present
study. The differentiation of naive CD4+ T cells towards
IL-4-producing Th2 cells requires stimulation through the
TCR/CD3 complex together with costimulatory signals.
Since memory cells do not require this costimulation, in
particular the development of naive CD4+ T cells towards
Th2 cells was hypothesized to be impaired in RA patients.

In line with earlier studies [22,26], we found that a rela-
tively short activation period (the first 5 days of culture) of
naive CD4+CD45RA+ T cells from RA patients through
the TCR/CD3 complex together with CD28 costimulation
by itself induces IL-4. Furthermore, it was found that
during this period IL-7, but not IL-4, is a soluble factor for
early IL-4 induction in naive CD4+ T cells in (adult) RA
patients, which has also been described for human neo-
natal naive CD4+ T cells [27]. The fact that IL-4 is not an
early differentiation factor for naive CD4+ T cells is in line
with data from adult healthy controls [26]. Upon long-term
culture, however, which is associated with the acquire-
ment of the memory phenotype, exogenously added IL-4
also increases the endogenous IL-4 production and per-
sistently inhibits IFN-γ production. Most important, with
respect to IL-4 induction, there was no lack in responsive-
ness to IL-7, to IL-4 or to their combination in RA patients
compared with in healthy controls. On the contrary, induc-

tion of IL-4 was even more pronounced for RA patients
than for healthy controls.

Although we show that IL-7, and in particular the combina-
tion of IL-7 and IL-4, increased Th2 activity rather than Th1
activity of naive CD4+ T cells, this was only found under
conditions where IFN-γ production was already maximally
stimulated. In the absence of CD3/CD28 costimulation or
less optimal stimulatory conditions (data not shown), we
and other workers have found that IL-7 increases primarily
IFN-γ production of isolated naive CD4+ T cells [27]. In
agreement with this capacity to induce arthritogenic T-cell
activity in RA patients, we have found that IL-7, in the
context of synovial accessory cells, strongly stimulates
T-cell IFN-γ and tumor necrosis factor alpha production
without induction of IL-4 [30]. IL-7 produced by fibroblast-
like synoviocytes in RA joints is therefore suggested to
contribute to the local inflammatory response [29].

However, IL-7 under certain conditions or at sites different
from the joint could promote regulatory T-cell activity.
Increased levels of circulating IL-7 in patients with RA and
juvenile idiopathic (rheumatoid) arthritis [30,33] correlated
with increased parameters of disease. Since increased
peripheral Th2 cell activity has also been observed to cor-
relate with increased disease activity in RA patients
[11–13], it can be speculated that circulating IL-7 or IL-7
produced in peripheral lymphoid organs [28] may con-
tribute to this relatively enhanced peripheral Th2 activity in
RA patients compared to healthy controls. The reduced
capacity of Th2 cells to migrate to the arthritic sites could
subsequently facilitate the presence of these cells in the
peripheral blood and their absence in the joint [34].

The present study suggests that the chronic immune
response in RA is not caused by an intrinsic defect of
naive CD4+ T cells of these patients to produce IL-4 in
response to costimulation and differentiating factors such
as IL-7 (and IL-4). Therapies aimed at the regulation of
disease activity by induction of suppressive Th2 cell activ-
ity in RA therefore do not seem to be hampered by an
intrinsic defect of naive T cells to respond to IL-4-inducing
stimuli.

Competing interests
None declared.

Acknowledgement
This work was financially supported by the Dutch Arthritis Association
(‘Nationaal Reumafonds’).

References
1. Moreland LW, Alten R, Van Den BF, Appelboom T, Leon M, Emery

P, Cohen S, Luggen M, Shergy W, Nuamah I, Becker JC: Costim-
ulatory blockade in patients with rheumatoid arthritis: a pilot,
dose-finding, double-blind, placebo-controlled clinical trial
evaluating CTLA-4Ig and LEA29Y eighty-five days after the
first infusion. Arthritis Rheum 2002, 46:1470-1479.

Available online http://arthritis-research.com/content/5/5/R269

R275



2. Panayi GS, Lanchbury JS, Kingsley GH: The importance of the T
cell in initiating and maintaining the chronic synovitis of
rheumatoid arthritis. Arthritis Rheum 1992, 35:729-735.

3. Burmester GR, Stuhlmuller B, Keyszer G, Kinne RW: Mono-
nuclear phagocytes and rheumatoid synovitis. Mastermind or
workhorse in arthritis? Arthritis Rheum 1997, 40:5-18.

4. Miossec P, Chomarat P, Dechanet J: Bypassing the antigen to
control rheumatoid arthritis. Immunol Today 1996, 17:170-173.

5. van Roon JA, van Roy JL, Duits A, Lafeber FP, Bijlsma JW: Pro-
inflammatory cytokine production and cartilage damage due
to rheumatoid synovial T helper-1 activation is inhibited by
interleukin-4. Ann Rheum Dis 1995, 54:836-840.

6. Abbas AK, Murphy KM, Sher A: Functional diversity of helper T
lymphocytes. Nature 1996, 383:787-793.

7. Mosmann TR, Sad S: The expanding universe of T-cell
subsets: Th1, Th2 and more. Immunol Today 1996, 17:138-
146.

8. Dolhain RJ, van der Heiden AN, ter Haar NT, Breedveld FC, Mil-
tenburg AM: Shift toward T lymphocytes with a T helper 1
cytokine-secretion profile in the joints of patients with
rheumatoid arthritis. Arthritis Rheum 1996, 39:1961-1969.

9. Morita Y, Yamamura M, Kawashima M, Harada S, Tsuji K, Shibuya
K, Maruyama K, Makino H: Flow cytometric single-cell analysis
of cytokine production by CD4+ T cells in synovial tissue and
peripheral blood from patients with rheumatoid arthritis.
Arthritis Rheum 1998, 41:1669-1676.

10. Yudoh K, Matsuno H, Nakazawa F, Yonezawa T, Kimura T:
Reduced expression of the regulatory CD4+ T cell subset is
related to Th1/Th2 balance and disease severity in rheuma-
toid arthritis. Arthritis Rheum 2000, 43:617-627.

11. al Janadi N, al Dalaan A, al Balla S, Raziuddin S: CD4+ T cell
inducible immunoregulatory cytokine response in rheumatoid
arthritis. J Rheumatol 1996, 23:809-814.

12. Haddad A, Bienvenu J, Miossec P. Increased production of a Th2
cytokine profile by activated whole blood cells from rheuma-
toid arthritis patients. J Clin Immunol 1998, 18:399-403.

13. van Roon JA, Verhoef CM, van Roy JL, Gmelig-Meyling FH, Huber-
Bruning O, Lafeber FP, Bijlsma JW: Decrease in peripheral type
1 over type 2 T cell cytokine production in patients with
rheumatoid arthritis correlates with an increase in severity of
disease. Ann Rheum Dis 1997, 56:656-660.

14. Katsikis PD, Chu CQ, Brennan FM, Maini RN, Feldmann M:
Immunoregulatory role of interleukin 10 in rheumatoid arthri-
tis. J Exp Med 1994, 179:1517-1527.

15. Miossec P, Briolay J, Dechanet J, Wijdenes J, Martinez-Valdez H,
Banchereau J: Inhibition of the production of proinflammatory
cytokines and immunoglobulins by interleukin-4 in an ex vivo
model of rheumatoid synovitis. Arthritis Rheum 1992, 35:874-
883.

16. Isomaki P, Luukkainen R, Toivanen P, Punnonen J: The presence
of interleukin-13 in rheumatoid synovium and its antiinflam-
matory effects on synovial fluid macrophages from patients
with rheumatoid arthritis. Arthritis Rheum 1996, 39:1693-1702.

17. van Roon JA, Lafeber FP, Bijlsma JW: Synergistic activity of
interleukin-4 and interleukin-10 in suppression of inflamma-
tion and joint destruction in rheumatoid arthritis. Arthritis
Rheum 2001, 44:3-12.

18. Horsfall AC, Butler DM, Marinova L, Warden PJ, Williams RO,
Maini RN, Feldmann M: Suppression of collagen-induced
arthritis by continuous administration of IL-4. J Immunol 1997,
159:5687-5696.

19. Mauri C, Williams RO, Walmsley M, Feldmann M: Relationship
between Th1/Th2 cytokine patterns and the arthritogenic
response in collagen-induced arthritis. Eur J Immunol 1996,
26:1511-1518.

20. Joosten LA, Lubberts E, Durez P, Helsen MM, Jacobs MJ,
Goldman M, van den Berg WB: Role of interleukin-4 and inter-
leukin-10 in murine collagen-induced arthritis. Protective
effect of interleukin-4 and interleukin-10 treatment on carti-
lage destruction. Arthritis Rheum 1997, 40:249-260.

21. van Roon JA, van Roy JL, Gmelig-Meyling FH, Lafeber FP, Bijlsma
JW: Prevention and reversal of cartilage degradation in
rheumatoid arthritis by interleukin-10 and interleukin-4. Arthritis
Rheum 1996, 39:829-835.

22. Webb LM, Feldmann M: Critical role of CD28/B7 costimulation
in the development of human Th2 cytokine-producing cells.
Blood 1995, 86:3479-3486.

23. Ohshima Y, Delespesse G: T cell-derived IL-4 and dendritic
cell-derived IL-12 regulate the lymphokine-producing pheno-
type of alloantigen-primed naive human CD4 T cells. J Immunol
1997, 158:629-636.

24. Gollob KJ, Coffman RL: A minority subpopulation of CD4+ T
cells directs the development of naive CD4+ T cells into IL-4-
secreting cells. J Immunol 1994, 152:5180-5188.

25. Schmitz J, Thiel A, Kuhn R, Rajewsky K, Muller W, Assenmacher
M, Radbruch A: Induction of interleukin 4 (IL-4) expression in T
helper (Th) cells is not dependent on IL-4 from non-Th cells. J
Exp Med 1994, 179:1349-1353.

26. Kalinski P, Hilkens CM, Wierenga EA, Pouw-Kraan TC, van Lier
RA, Bos JD, Kepsenberg ML, Snijdewint FG: Functional matura-
tion of human naive T helper cells in the absence of acces-
sory cells. Generation of IL-4-producing T helper cells does
not require exogenous IL-4. J Immunol 1995, 154:3753-3760.

27. Webb LM, Foxwell BM, Feldmann M: Interleukin-7 activates
human naive CD4+ cells and primes for interleukin-4 produc-
tion. Eur J Immunol 1997, 27:633-640.

28. Appasamy PM: Biological and clinical implications of inter-
leukin-7 and lymphopoiesis. Cytokines Cell Mol Ther 1999, 5:
25-39.

29. Harada S, Yamamura M, Okamoto H, Morita Y, Kawashima M,
Aita T, Makino H: Production of interleukin-7 and interleukin-
15 by fibroblast-like synoviocytes from patients with rheuma-
toid arthritis. Arthritis Rheum 1999, 42:1508-1516.

30. van Roon JA, Glaudemans KA, Bijlsma JW, Lafeber FP: Inter-
leukin 7 stimulates tumour necrosis factor alpha and Th1
cytokine production in joints of patients with rheumatoid
arthritis. Ann Rheum Dis 2003, 62:113-119.

31. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF,
Cooper NS, Healey LA, Kaplan SR, Liang MH, Luthra HS: The
American Rheumatism Association 1987 revised criteria for
the classification of rheumatoid arthritis. Arthritis Rheum 1988,
31:315-324.

32. Verhoef CM, van Roon JA, Vianen ME, Glaudemans CA, Lafeber
FP, Bijlsma JW: Lymphocyte stimulation by CD3–CD28
enables detection of low T cell interferon-gamma and inter-
leukin-4 production in rheumatoid arthritis. Scand J Immunol
1999, 50:427-432.

33. De Benedetti F, Massa M, Pignatti P, Kelley M, Faltynek CR,
Martini A: Elevated circulating interleukin-7 levels in patients
with systemic juvenile rheumatoid arthritis. J Rheumatol 1995,
22:1581-1585.

34. Austrup F, Vestweber D, Borges E, Lohning M, Brauer R, Herz U,
Renz H, Hallmann R, Scheffold A, Radbruch A, Hamann A: P- and
E-selectin mediate recruitment of T-helper-1 but not T-helper-
2 cells into inflammed tissues. Nature 1997, 385:81-83.

Correspondence
Dr Joel AG van Roon, Department of Rheumatology and Clinical
Immunology (F02.127), University Medical Center Utrecht, PO Box
85500, 3508 GA Utrecht, The Netherlands. Tel: +31 30 2509758;
fax: +31 30 2523741; e-mail: j.vanroon@azu.nl

Arthritis Research & Therapy    Vol 5 No 5 van Roon et al.

R276


