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Summary
Background CD41CD251 regulatory T cells suppress proliferation and cytokine production by

human T cells both to self-antigens and exogenous antigens. Absence of these cells in human

newborns leads to multiple autoimmune and inflammatory disorders together with elevated IgE

levels. However, their role in human allergic disease is still unclear.

Objective This study aimed to evaluate the capacity of CD41CD251 regulatory T cells to suppress

proliferation and cytokine production outside and during birch-pollen season in birch-allergic

patients relative to non-allergic controls.

Methods CD41 cells were obtained from blood of 13 birch-allergic patients and six non-allergic

controls outside pollen season and from 10 birch-allergic patients and 10 non-allergic controls during

birch-pollen season. CD251 and CD25� fractions were purified with magnetic beads and cell

fractions, alone or together in various ratios, were cultured with antigen-presenting cells and birch-

pollen extract or anti-CD3 antibody. Proliferation and levels of IFN-g, IL-13, IL-5 and IL-10 were

measured by thymidin incorporation and ELISA, respectively. Numbers of CD251 cells were

analysed by flow cytometry.

Results CD41CD251 regulatory T cells from both allergics and non-allergics potently suppressed T

cell proliferation to birch allergen both outside and during birch-pollen season. However, during

season CD41CD251 regulatory T cells from allergic patients but not from non-allergic controls were

defective in down-regulating birch pollen induced IL-13 and IL-5 production, while their capacity to

suppress IFN-g production was retained. In contrast, outside pollen season the regulatory cells of

both allergics and non-allergic controls were able to inhibit T-helper 2 cytokine production.

Conclusion This is the first study to show differential suppression of Th1 and Th2 cytokines, with

CD41CD251 regulatory T cells from birch-pollen-allergic patients being unable to down-regulate

Th2, but not Th1 responses during birch-pollen season.
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Introduction

Depletion of CD41CD251 regulatory T cells (CD251 Treg)
leads to several different autoimmune and inflammatory
conditions in mice [1, 2]. Scurfy mice with a mutation in the
transcription factor Foxp3, which is a key gene for develop-
ment of CD251 Treg, develop a multitude of autoimmune
disorders [3]. Children born with a dysfunctional FOXP3
gene also succumb to several organ specific autoimmune
diseases, but in addition they develop severe dermatitis, high
levels of IgE and sometimes eosinophilia [4, 5]. Thus, CD251

Treg cells are probably also necessary for down-regulating
allergic immune reactions in humans. The immune response

in allergic patients is characterized by production of T-helper
2 (Th2) cytokines IL-4, IL-5 and IL-13 after stimulation with
allergen, leading to secretion of allergen-specific IgE and
recruitment of eosinophils [6]. It has been proposed that
immune deviation towards Th1 may protect against allergic
disease since IFN-g inhibits the differentiation of Th2 cells.
However, IFN-g is often secreted in similar levels by T cells
from allergen sensitized and as well as non-sensitized
individuals in response to allergens [7]. Moreover, in mice
Th1 cells cause potentiation of, rather than protection
against, Th2-mediated lung inflammation [8]. Hence, other
regulatory mechanisms than increased Th1 responses should
be operative in suppressing both the development of allergic
disease and the allergic inflammation, for example, CD251

Treg.
In mice most CD41CD251 T cells are suppressive, whereas

in humans only CD41 cells with the highest expression of
CD25 (CD25high) have regulatory function [9]. Circulating

Correspondence: Dr Anna Rudin, Department of Rheumatology and

Inflammation Research, The Sahlgrenska Academy at Göteborg Uni-
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CD41 T cells with intermediate expression of CD25 (CD25int)
are probably recently activated effector or memory cells. The
CD251 Treg need antigen-specific stimulation via the T cell
receptor to become suppressive, but once activated they
suppress antigen non-specifically [10]. The mechanism of
suppression of T cell proliferation and cytokine production
in vitro is cell-contract dependent and not mediated by IL-10
[11–15]. The role of transforming growth factor-b (TGF-b) in
in vitro experiments is still controversial and needs to be
further evaluated [11–17]. However, in animal models of
inflammatory disease induced by bacteria, such as inflamma-
tory bowel disease, IL-10 and TGF-b are clearly involved in
the suppression [17, 18]. Recent in vitro studies of human cells
show that the CD251 Treg suppress T cell responses to
autoantigens as well as exogenous antigens such as tetanus
toxoid and food allergens [19–21]. Few studies have analysed
the function of human CD251 Treg after specific antigen
stimulation during an ongoing immunological reaction such
as in allergics naturally exposed to allergen. In addition, the
vast majority of studies has examined the down-regulatory
effects of CD251 Treg on proliferation and only a few reports
have analysed the suppression of cytokines [9, 22–24]. In this
report we compared the suppressive effect of CD251 Treg
from birch-pollen allergics and healthy controls outside and
during birch-pollen season on birch allergen-induced T cell
proliferative and cytokine responses.

Methods

Subjects

This study included 23 birch-allergic patients and 12 healthy
controls aged 19–50 years. All patients had a history of birch-
pollen-induced moderate or severe rhinoconjunctivitis with
duration of at least 4 years. Each patient also had a positive
skin prick test (SPT) result to Betula verrucosa with a median
diameter of 6.0mm (range: 2.8–11mm) (Soluprick SQ 10
HEP B. verrucosa, ALK-Abelló, H�rsholm, Denmark) and
was positive for specific IgE to B. verrucosa with a median
RAST value of 13.8 kU/mL (range: 0.7–100kU/mL) (RAST
class X2). None of the healthy controls had symptoms,
positive SPT or specific IgE to B. verrucosa. Peripheral blood
(150mL) was obtained by venous puncture and collected into
preservative-free heparin. Blood samples were collected out of
season or during birch-pollen season 2003. The study was
approved by the Human Research Ethics Committee of the
Medical Faculty, Göteborg University.

Isolation of cells and flow cytometry

Lymphocytes were separated by LymphoprepTM (Nycomed,
Oslo, Norway) gradient centrifugation (20min, 850 � g,
room temperature). CD41 cells were purified with Dyna-
beads CD4 Positive Isolation Kit (Dynal Biotech ASA, Oslo,
Norway). CD41 cells were incubated with anti-CD25 beads
(3mL per 107 cells), and CD25� and CD251 fractions were
recovered using an LS-magnetic column according to
manufacturer’s instructions (Milteny Biotech, Bergisch
Gladbach, Germany). Peripheral blood mononuclear cells
were depleted of CD31 cells (Dynabeads), g-irradiated
(25Gy) and used as antigen presenting cells (APC). Purity

of cell populations was determined by flow cytometry using
the following monoclonal antibodies (mAb) obtained from
Becton Dickinson (Erembodegem, Belgium): PerCP-anti-
CD4 (SK3), APC-anti-CD3 (SK7) and PerCP, APC or PE-
isotype control IgG1, and PE-anti-CD25 (clone M-A251)
obtained from Pharmingen (San Diego, CA, USA). The
purity of the CD41 cells was 494% and the purity of the
CD251 cells was typically 485%. The percentage of
CD25high cells was determined according to a typical Treg
phenotype based on the simultaneous expression of CD122
and intracellular CD152 [25].

Cell culture

The suppressive capacity was determined by culturing
50 � 103 CD41CD25� T cells with 5, 10 or 50 � 103

CD41CD251 cells and 200 � 103 APC for 6 days in round-
bottomed 96-well plates in X-Vivo 15 medium (Bio Whit-
taker, Walkersville, MD, USA). Cultures were stimulated
with 50mg/mL birch-pollen extract (Greer Laboratories,
Lenoir, NC, USA). In addition, 10 � 103 CD41CD25�

responder cells were cultured with 1, 5, or 10 � 103

CD41CD251 cells in the presence of 100 � 103 APC in flat-
bottomed 96-well plates and stimulated with 1mg/mL anti-
CD3 mAb (OKT-3, Ortho-McNeil Pharmaceutical, Raritan,
NJ, USA) for 4 days. At the end of the culture periods cells
were pulsed overnight with 1mCi 3H-thymidine (Amersham
Pharmacia Biotech, Little Chalfont, UK).

Elisa

Supernatants were collected at the last day of culture and
stored at � 20 1C until analysis. Because of constraints in
CD251 Treg numbers, not all cytokines could be tested in
every individual. A standard ELISA protocol was performed
as described elsewhere [26]. All antibodies and standards were
purchased from BD Pharmingen. Costar plates (Invitrogen,
San Diego, CA, USA) were coated with the following anti-
human capture mAb: IL-5 (TRFK5), IL-13 (JES10-5A2),
IFN-g (NIB42) and IL-10 (JES3-9D7). Standard curves were
generated using recombinant human IL-5, IL-13, IFN-g and
IL-10. The following biotinylated mAb were used: IL-5
(JES1-5A10), IL-13 (B69-2), IFN-g (4S.B3) and IL-10 (JES3-
12G8). Samples, standards, biotinylated antibodies and
streptavidine–HRP were diluted in high-performance ELISA
dilution buffer (CLB, Amsterdam, the Netherlands).

Statistics

Data were analysed by two-tailed Mann–Whitney U-test
using GraphPad Prism 3.00 (GraphPad, San Diego, CA,
USA). P-values � 0.05 were regarded significant, *Po0.05,
**Po0.01, ***Po0.001.

Results

Allergic patients and non-allergic controls have similar
numbers of CD41CD25high T cells, which suppress birch
allergen-induced proliferation equally well

To determine if the CD251 Treg from birch allergics
are functional, we collected peripheral blood from 13
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birch-pollen-allergic patients and six non-allergic controls out
of birch-pollen season and from 10 birch-pollen-allergic
patients and 10 non-allergic controls during birch-pollen
season. First, we examined if the allergics and non-allergics
differed in CD251 cell numbers in blood out of season or
during season. Figure 1 shows percentages of CD251 and
CD25high cells out of and during season in allergics and non-
allergics after purification of CD41 T cells and CD251 T
cells, respectively. In the CD41 fraction allergics and non-
allergics had similar numbers of both CD251 cells and
CD25high cells. Also after purification of the CD251 cells, the
numbers remained similar between the groups. In addition,
there was no difference in mean fluorescence intensity of
CD25 in the two groups.
We then tested purified CD41CD251 T cells for their

ability to inhibit the proliferation of CD41CD25� T cells
stimulated with birch allergen. CD41CD25� T cells from
allergic patients and non-allergic controls proliferated equally
well in response to birch allergen or anti-CD3 both outside

and during season, while CD251 cells showed an impaired
proliferative response to both stimuli. In Fig. 2a (out of
season) and b (during season), we show the decrease in
absolute proliferation values in the CD251 : CD25� cocul-
ture compared with the CD25� responder cells alone for each
individual after stimulation with birch allergen or anti-CD3.
To be able to compare the suppressive capacity of CD251

cells between groups, we calculated the proliferation in
coculture wells relative to the proliferation of CD25� T cells
(set to 100%) for each individual and then calculated the
mean percent proliferation in each group. We found that
CD251 cells from both allergics and non-allergics signifi-
cantly suppressed the proliferation of CD25� cells activated
with birch allergen both out of and during season (Figs 2c
and d). Similar results were obtained in parallel cultures with
anti-CD3 (Figs 2e and f). Of note, the percentage of CD25high

cells was approximately 25% of the CD251 cells (Figs 1a and
b). This means that the number of CD25high cells compared
with CD25� responder cells is four times lower than depicted
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Fig. 1. Flow cytometric analysis of CD25 expression in birch allergics and non-allergics out of and during birch-pollen season. (a), Outside season and
(b), during season: percentage of CD251 cells and CD25high cells in allergics and non-allergics after purification of CD41 and CD251 T cells, respectively.
Bars depict mean percentage � SEM. One representative histogram is shown for allergics and non-allergics, respectively, outside season (c) and during
season (d).
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by the cell numbers added in each coculture, which is
important to consider when comparing suppressive abilities
of regulatory cells in other studies (most of which also use
bead purified CD251 cells). Furthermore, the smaller
percentage of CD25high cells also explains why proliferation

or cytokine production is often higher in the 1 : 10 coculture
than in the culture with CD25� cells alone. Once CD25high

cell numbers fall below a threshold level, suppression is
abrogated and in this circumstance the CD25int cells, which
have been cotransferred in the CD251 cell fraction, add to the
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Fig. 2. CD41CD251 T cells suppress proliferation of CD41CD25� T cells in birch allergics and non-allergics both outside and during birch pollen season.
(a), Outside season and (b), during season: absolute proliferation counts in birch allergic and non-allergic individuals after stimulation with birch allergen or
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proliferation and cytokine production of the CD25� cells. To
conclude, there was no difference either in the numbers of
CD25high cells or in their capacity to inhibit allergen-induced
proliferation in birch-pollen-allergic patients relative to
healthy controls out of season or during season.

Birch allergen-induced interferon-g production is potently
suppressed by CD41CD251 T cells from allergic patients
both during and out of birch-pollen season

We measured the levels of IFN-g in the cell culture
supernatants and found that CD25� T cells from both
allergic patients and non-allergic controls produced similar
levels of IFN-g in response to birch allergen or anti-CD3 both
out of and during season (Figs 3a and b). When we compared
the relative decrease in IFN-g production mediated by the
CD251 Treg cells, we observed that CD251 Treg cells from
allergic patients significantly suppressed the IFN-g produc-
tion both outside and during season (Figs 3c and d). Similar
results were observed when stimulating with anti-CD3 (Figs
3e and f). IL-10 was only detected in less than half of the
individuals and differences were seen neither between the
allergics and healthy controls nor between CD251 and
CD25� T cells.

CD41CD251 T cells from birch-allergic patients do not
suppress interleukin-13 or interleukin-5 production after
birch allergen stimulation during birch-pollen season

We next investigated whether the CD251 Treg could also
suppress production of the Th2 cytokines IL-13 and IL-5. IL-
13 was produced by CD25� cells from allergic patients as
well as non-allergic controls after stimulation with birch
allergen both out of and during season (Figs 4a and b). Out of
season the CD251 Treg from both allergics and non-allergics
significantly suppressed IL-13 production in cultures stimu-
lated with birch allergen (Figs 4a and c). In contrast, the
CD251 Treg cells from the allergic group did not suppress the
IL-13 production during season (Figs 4b and d). This
difference in regulatory properties was only found after
antigen-specific stimulation since cultures stimulated with
anti-CD3 showed significant suppression of IL-13 in allergics
during as well as out of season (Figs 4e and f). Figure 4d may
give the impression that CD251 Treg from allergic patients
during season produce IL-13. However, the CD251 fraction
is contaminated by approximately 75% CD25int cells that are
more likely to be recently activated by natural exposure to
birch allergen than the CD25-negative cells and therefore
secrete higher levels of IL-13 cytokines in the allergics during
season. Another reason to believe that CD251 Treg by
themselves do not produce IL-13 is that human CD25high cells
purified by flow cytometry have not been able to produce any
IL-13 even after strong polyclonal stimulation [9]. When we
studied the IL-5 production in the cultures, we found that
only allergic patients produced IL-5 after birch stimulation
(Figs 5a and b). Outside season IL-5 was suppressed by
CD251 Treg (Fig. 5c), whereas during season there was no
suppression of IL-5 (Fig. 5d). However, when stimulating
with anti-CD3, CD251 Treg were able to suppress the IL-5
production (Figs 5e and f). In summary, IL-13 and IL-5
production was not suppressed in allergic patients as opposed

to healthy controls when cells were stimulated with the
allergen during season. However, inhibition of Th2 responses
was found out of season in both allergics and healthy
controls.

Discussion

In this paper, we demonstrate that CD251 Treg from allergic
patients do not suppress Th2 cytokine production while
retaining their inhibition of IFN-g production when naturally
exposed to allergens during birch-pollen season. Thus,
cytokines can be down-regulated independent of each other.
On the other hand, CD251 Treg from healthy controls
suppress both Th2 and Th1 cytokine production irrespective
of natural allergen exposure. We also found that numbers of
CD251 Treg in blood, as well as their potency of suppressing
allergen-specific proliferative responses, were similar in
allergic patients and healthy controls outside or during
season.
An early report showed that patients with diabetes type 1

had lower total numbers of CD251 cells in peripheral blood
compared with healthy controls and patients with diabetes
type 2 (CD25high cells were not enumerated) [27]. In more
recent studies of patients with rheumatoid arthritis and of
patients with allergic rhinoconjunctivitis, no difference in
numbers of CD251 Treg was found in comparison with
healthy controls, which is in line with the results of the
present study [24, 28]. However, these findings do not exclude
that differences in numbers of cells could still be seen in the
target organs. There are few studies comparing the effect of
CD251 Treg in allergic patients and healthy controls. One of
these shows that CD251 Treg were able to suppress
proliferation equally well in cow milk-allergic patients and
in healthy controls after both antigen-specific and polyclonal
activation [20]. Another study reported the function of
CD251 Treg in pollen-allergic patients [24]. In accordance
with our results, they showed that CD251 Treg from the
majority of the grass or birch-allergic patients as well as the
healthy controls suppressed allergen-induced proliferation. In
contrast, a recent report indicated that CD251 Treg cells
from nickel-allergic patients were deficient in suppressing
nickel-specific T cell proliferation relative to CD251 Treg
from healthy individuals [15]. However, since the immunolo-
gic mechanisms leading to pollen allergy and nickel allergy
are very different, it is not surprising that results from these
two patient groups are discordant.
Interestingly, while CD251 Treg from allergic patients and

healthy controls down-regulated proliferation and Th1
cytokine production equally well, CD251 Treg from birch-
pollen-allergic patients were deficient in suppressing Th2
responses to birch-pollen allergen during season. This lack of
suppression was not seen outside season when CD251 Treg
from both allergics and healthy controls suppressed Th2
cytokine responses. Hitherto, levels of allergen-induced
cytokine production after coculture of human CD25�

responder cells with CD251 Treg have only been shown by
Bellinghausen et al. [24]. They concluded that CD251 Treg
were able to suppress both Th1 and Th2 cytokine production
in pollen-allergic patients with rhinoconjunctivitis. However,
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in a subgroup of their patients with T cells producing more
IL-4, the secretion of IL-5 in response to pollen allergen was
clearly not suppressed by CD251 Treg. This finding is similar
to the results obtained from the cells of the majority of our
allergic patients sampled during pollen season. Thus, when

the allergic patients are stimulated with allergen in vivo during
season, IL-4 is produced in higher levels and CD251 Treg fail
to suppress Th2 cytokine production. Interestingly, Cosmi
et al. [29] recently showed that addition of IL-4 or IL-9 into
the costimulation culture reduced the suppressive capacity of
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human thymocyte-derived CD251 Treg cell lines on Th2 cell
lines. They also showed that Th2 clones were harder to
suppress than Th1 clones by CD251 Treg. Moreover, Jonuleit
et al. [13] showed that IL-4 could reverse the anergic state of
human beads-sorted CD251 Treg cells. An attractive
explanation to our results might, therefore, be that IL-4
and IL-9 produced after natural allergen exposure inhibit the
capacity of CD251 Treg cells to suppress IL-13 and IL-5
production.

Studies on the suppressive effects of CD251 Treg in vitro
have shown that the suppression of CD25� T cells by CD251

Treg is cell-contact dependent and independent of IL-10 or
TGF-b [13, 14, 30–33]. This was also recently shown when
studying suppression against nickel allergy in human subjects
[15]. Also, clones of suppressive human CD251 Treg did not
produce any IL-10 and not more TGF-b than the non-
suppressive T cells [34]. In accordance with this, we could
only detect very low levels of IL-10 in our cultures with no
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relation to the allergic status of the individuals (data not
shown). We therefore regard it unlikely that IL-10 plays an
inhibitory role in our in vitro suppression assays. However,
future studies in which IL-10 is blocked will be needed to
verify this notion. This is important since production of IL-10
has been suggested to play a role in the inhibition of T cell
activity after systemic immunotherapy [35]. Thus, further work
should address whether IL-10-producing Tr1 cells are induced
or if CD251 Treg are activated by this treatment [35, 36]
In conclusion, this paper does not support a general

deficiency in functional CD251 Treg in adult allergic patients
compared with healthy controls. However, during season the
CD251 Treg are deficient in suppressing Th2 cytokine
production. This might be explained by the fact that increased
levels of the Th2 growth factor IL-4 inhibit the capacity of
CD251 Treg to suppress Th2 clones in the same fashion as
the Th1 growth factor IL-2 inhibit suppression of Th1 cells.
Blocking IL-4 might therefore restore the suppressive
capacity of the CD251 Treg on IL-5 and IL-13 production
in allergic patients during season. Indeed, preclinical anti-IL-4
treatment was shown to inhibit IL-5 production and Th2 cell
activation [37].
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Bäckberg. We also thank Esbjörn Telemo for critically
reading the manuscript. This work was supported by The
Swedish Research Council (grant K2002-745X-14455-01A),
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