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Abstract

The mechanisms by which immune responses to nonpathogenic environmental antigens lead
to either allergy or nonharmful immunity are unknown. Single allergen-specific T cells constitute
a very small fraction of the whole CD4" T cell repertoire and can be isolated from the peripheral
blood of humans according to their cytokine profile. Freshly purified interferon-y—, interleukin
(IL)-4—, and IL-10—producing allergen-specific CD4* T cells display characteristics of T helper
cell (Th)1-, Th2-, and T regulatory (Tr)1-like cells, respectively. Tr1 cells consistently represent
the dominant subset specific for common environmental allergens in healthy individuals; in
contrast, there is a high frequency of allergen-specific IL-4—secreting T cells in allergic individuals.
Trl cells use multiple suppressive mechanisms, IL-10 and TGF-f as secreted cytokines, and
cytotoxic T lymphocyte antigen 4 and programmed death 1 as surface molecules. Healthy and
allergic individuals exhibit all three allergen-specific subsets in different proportions, indicating
that a change in the dominant subset may lead to allergy development or recovery. Accord-
ingly, blocking the suppressor activity of Trl cells or increasing Th2 cell frequency enhances
allergen-specific Th2 cell activation ex vivo. These results indicate that the balance between
allergen-specific Tr1 cells and Th2 cells may be decisive in the development of allergy.
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The immune system must distinguish between innocuous
and pathological antigens to prevent unnecessary and self-
destructive immune responses (1, 2). A central finding from
experimental models and human studies shows that allergic
diseases are due to an aberrant immune response mediated
through a key eftector cell, the Th type 2 cell and an asso-
ciated cytokine pattern including IL-4, IL-5, and IL-13 (3,
4). Therefore, the most pronounced findings with potential
relevance to allergy therapy are related directly to the con-
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trol of these Th2 immune effectors. There is strong evi-
dence that peripheral T cell regulation plays a crucial role
in the control of harmful T cell responses. To avoid
chronic cell activation and inflammation against nonpatho-
genic antigens through ingestion and inhalation, the immune
system has developed efficient peripheral tolerance mecha-
nisms. Since the early 1970s (5), difterent subtypes of regu-
latory and suppressor cells and mechanisms that may play a
role in peripheral tolerance have been demonstrated, and their
biology has been the subject of intensive investigation (6—14).

Abbreviations used in this paper: CTLA-4, CTL antigen 4; EF-1a, elongation
factor-1a; L, ligand; PD-1, programmed death 1; PPD, purified protein
derivative of Mycobacterium bovis; Tr, T regulatory.
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A great deal of uncertainty remains about differentiation
factors, antigen specificity, and mechanisms of action of T
regulatory (Tr) cells. Several types of Tr cells have been
described with a unique mechanism of action that varies
depending on the experimental model. Recent studies
have shown that Tr cells act as suppressor T cells that
down-regulate other effector T cells and inflammation
models in chronic infection, organ transplantation, and au-
toimmunity (10, 15-17). Studies on the immune response
to allergens provide well-defined models for understanding
the regulation and circumvention of antigen-specific T cell
responses. The symptoms of IgE-mediated allergy rhinitis,
conjunctivitis, and asthma can be ameliorated by the tem-
porary suppression of mediators and immune cells (such as
antihistamines and corticosteroids; reference 18). How-
ever, the only long-term solution for the treatment of al-
lergy is allergen-specific immunotherapy by the adminis-
tration of high doses of allergen or allergen peptides that
specifically target T cells over a long period of time (19,
20). Successful venom and aeroallergen immunotherapy
was found to be associated with the induction of peripheral
tolerance in T cells by generation of Tr cells that secrete
the suppressive cytokines IL-10 and TGF-3, suggesting
that generation of Trl cells might play a role in healthy
immune response (11, 21).

Studies on immune response to allergens in healthy indi-
viduals demonstrated that a peripheral T cell repertoire to
allergens exists that recognizes the same T cell epitopes as
allergic patients (22, 23). In the present work, we used a di-
rect approach by purification, characterization, and fre-
quency determination of allergen-activated T cells accord-
ing to their cytokine secretion profile. This enabled a
suitable human model to investigate how harmless envi-
ronmental proteins are recognized and tolerated by the
immune system. We showed that healthy and allergic
immune response to common environmental proteins is
characterized by a delicate balance in frequency of allergen-
specific Trl cells and allergen-specific Th2 cells.

Materials and Methods

Study Population. ~ Heparinized peripheral blood samples from
31 healthy individuals (mean age, 36 yr) with no history of atopy
and 8 birch pollen and 9 house dust mite allergic patients, who
were diagnosed by positive skin test reactivity and high specific
IgE antibodies (>0.70 kU/I, Pharmacia Cap assay) were studied.
Total IgE levels of healthy individuals were <88 U/ml, and aller-
gic individuals were between 92 and 298 U/ml. The study was
approved by the ethical commission of Davos, Switzerland.

Antigens.  rBet v 1 of birch pollen (Betula verrucosa), tDer p 1
of house dust mite (Dermatophagoides pteronyssinus), rPyr ¢ 5 of
pear (Pyrus communis), and rCor a 1 of hazelnut (Corylus avellana)
were used. rPyr ¢ 5 and r Cor a 1 were provided by S. Vieths
and D. Liittkopf (Paul Ehrlich Institute, Langen, Germany). All
of the allergens did not contain detectable amounts of LPS and
were >99% pure. Purified protein derivative of Mycobacterium
bovis (PPD) was obtained from the Serum Institute, Copen-
hagen, Denmark. Tetanus toxoid was obtained from the Insti-
tute Berne, Switzerland.
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Purification of Allergen-specific IL-4—, IFN-y—, and IL-10-secreting
Cells.  PBMCs were isolated by Ficoll (Biochrom) density gra-
dient centrifugation of peripheral venous blood, and cells were
washed three times and resuspended in RPMI 1640 medium sup-
plemented as described previously (8). 2.5 X 107 cells were stim-
ulated with 0.3 WM antigens in 5 ml of medium in six-well plates
in duplicates (Costar Corp.). After 12 h of stimulation in humidi-
fied 5% CO,, cells were harvested and labeled with 50 pg/ml
anti-IFN-y/CD45, anti—IL-4/CD45, or anti-IL-10/CD45 Ab—
ADb conjugates (Miltenyi Biotec) for 10 min at a concentration of
108 cells/ml in ice-cold RPMI 1640 medium (24). The cells
were diluted with 37°C warm medium to a final concentration of
10 cells/ml and allowed to secrete and capture the respective cy-
tokines for 45 min at 37°C. After capturing the secreted cyto-
kines on their surface, cells were centrifuged at 300 g for 5 min at
4°C and resuspended at a concentration of 10% cells/ml in ice-
cold buffer containing 0.5% BSA and 5 mM EDTA (both ob-
tained from Sigma-Aldrich) in PBS. The cells were stained with 5
pg/ml PE-conjugated anti—IFN-vy, anti-IL-10, or anti—IL-4 for
10 min at 4°C. The cells were washed and resuspended in 400 pl
BSA-EDTA PBS and magnetically labeled for 15 min at 4°C
with 100 pl of anti-PE microbeads. After washing, labeled cells
were purified by immunomagnetic separation (AutoMacs; Mil-
tenyi Biotec). The cells were counterstained by FITC-labeled anti-
CD#4 and anti-CD8 mAb (Immunotech) and analyzed in a flow
cytometer (Epics XL; Beckman Coulter; Fig. S1). The purity of
allergen-specific CD4% cytokine-secreting cells was between 88
and 96%. The frequency of allergen-stimulated and unstimulated
cells was calculated by dividing the number of purified cytokine-
secreting CD4*% T cells by the initial number of CD4" T cells.
To obtain the frequency of allergen-specific, cytokine-secreting
T cells, the unstimulated cytokine-secreting CD4* T cell fre-
quency was subtracted from allergen-stimulated cell number.

T Cell Cultures.  The purified allergen-specific, cytokine-
secreting T cells were used immediately or expanded in the pres-
ence of 1 nM doses of growth factors (IL-2 for IFN-y—secreting
T cells; IL-2 and IL-4 for IL-4-secreting T cells; and IL-2 and IL-
15 for IL-10-secreting T cells; Novartis AG). Their cytokine
profile was determined both immediately after purification and
after in vitro expansion. Expanded IL-4—, IL-10—, and IFN-y-
producing cells were washed, and 5 X 10° cells were restimulated
with a combination of mAbs to CD2, CD3, and CD28 mole-
cules (each 0.5 pwg/ml; CLB) in 500 wl supplemented RPMI
1640 medium in 48-well plates for 3 d in triplicates. Supernatants
were harvested, and cytokines were determined by solid phase
sandwich ELISAs for IFN-v, IL-4, IL-5, IL-10, IL-13, and TGF-3
as described previously (8, 21). Anti—IL-4 and anti-IFN-vy mAbs
were provided by C.H. Heusser (Novartis Pharmaceuticals,
Basel, Switzerland).

Allergen-specific T cell proliferative response was determined
by stimulation of 2 X 10> PBMCs alone or together with ex-
panded or freshly purified allergen-specific, cytokine-secreting T
cells for 5 d with 0.3 wM of antigens in 200 wl of medium in 96-
well flat-bottom tissue culture plates in triplicates (25). Autolo-
gous 3,000 rad irradiated PBMCs were used as APCs. Cells were
pulsed with 1 wCi/well [*H]thymidine (Dupont and NEN Life
Science Products), and incorporation of labeled nucleotide was
determined after 8 h in an LKB {3 plate reader (Wallac and Amer-
sham Biosciences). For polyclonal activation of T cells, plates
were coated for 2 h at 37°C with 10 pg/ml anti-CD3. IL-10 was
neutralized in cultures with 4 pg/ml anti-IL-10R mAb (pro-
vided by K. Moore, DNAX Research Institute, Palo Alto, CA;
reference 26). TGF-3 was neutralized in cultures with 100 ng/ml
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of recombinant human soluble TGF- receptor II/Fc chimeric
protein (R&D Systems; reference 21). Programmed death 1 (PD-1)
activity was neutralized in cultures with 5 pg/ml anti-human
PD-1 (Bioscience Insight Biotechnology Ltd.). CTL antigen 4
(CTLA-4) activity was neutralized with 5 pwg/ml anti-CD152
F(ab)? (Ancell and Qbiogene). The neutralizing activity of these
approaches was controlled in titrated doses. Rabbit IgG, rat IgG,
mouse IgG1, or BSA (Beckman Coulter) served as control.

Flow Cytometry, Immunohistology, and ELISPOT Assay. 2.5 X
10* cells were stained with FITC-conjugated anti-CD25 mAb
together with anti-CD4-ECD, anti-CD152-PE (CTLA-4; BD
Biosciences), or anti-PD-1 (Bioscience Insight Biotechnology
Ltd.) for 30 min at 4°C. Stained cells were fixed in 2% parafor-
maldehyde. The controls were FITC, PE, or ECD-conjugated
mouse IgG1. For analysis of IL-10R, 5 X 10* cells were stained
with 50 pg/ml of anti-IL-10ac mAb (DNAX Research Institute)
for 30 min and washed with 2% FCS containing PBS. FITC-
conjugated anti—rat Ig was the second Ab used for 30 min.

Intracellular cytokines were detected after anti-CD2, anti-
CD3, and anti-CD28 mAb stimulation for 12 h. 2 uM monensin
(Sigma-Aldrich) was added during the last 10 h (11). Intracyto-
plasmic cytokine profile of in vitro—expanded allergen-specific T
cells was determined as aforementioned. Labeled mAbs for cyto-
kines were obtained from BD Biosciences. Immune histology
was performed in cytospins of freshly purified cells by using anti—
human TGF-BRI, anti-human TGF-BRII, or rabbit IgG as iso-
type control (all obtained from Santa Cruz Biotechnology Inc.) as
described previously (27).

106 cells/ml PBMCs from six healthy donors were stimulated
in 200 pl of medium 96-well flat bottom ELISPOT plates for
18 h (Euroclone Ltd.). Locally produced IL-4, IFN-v, and IL-10
were captured by specific mAb. After cell lysis, trapped cytokine

A

molecules were revealed by a secondary biotinylated detection an-
tibody, which is in turn recognized by streptavidin conjugated to
alkaline phosphatase. Colored “purple” spots developed after sub-
strate addition were determined (ImmunoSpot; Cellular Technol-
ogy Ltd.). The number of spots determined in triplicates of un-
stimulated wells was subtracted from 0.3 wM Der p 1-stimulated
wells. 18 h was found to be the optimal time for the determina-
tion of frequency of cytokine-secreting cells, as it is the time point
for highest cytokine secretion before T cell proliferation starts.
Quantitative Real-Time PCR.  Immediately after purifica-
tion, antigen-specific, cytokine-secreting T cells were lysed with
RNeasy lysis buffer, and the RNNA was isolated using the RINeasy
mini kit (QIAGEN) and eluted in 30 pl ddH,O. Reverse tran-
scription was performed with TagMan® reverse transcription re-
agents with random hexamers (Applied Biosystems). The PCR
primers and probes detecting elongation factor-1a (EF-1a), IL-
10, TGF-B, IL-13, and IFN-y were designed based on sequences
reported in GenBank. Primers used were as follows: EF-1a for-
ward primer, 5'-CTGAACCATCCAGGCCAAAT-3’, EF-l1a
reverse primer, 5'-GCCGTGTGGCAATCCAAT3'; IL-13 for-
ward primer A, 5'-GCCCTGGAATCCCTGATCA-3’, IL-13
reverse primer A, 5'-GCTCAGCATCCTCTGGGTCTT-3';
I[FN-y forward primer B, 5'-TCTCGGAAACGATGAAAT-
ATACAAGTTAT-3', IFN-vy reverse primer B, 5'-GTAACA-
GCCAAGAGAACCCAAAA-3'; IL-10 forward primer, 5'-
GGCGCTGTCATCGATTTCTT-3’, IL-10 reverse primer, 5'-
TTGGAGCTTATTAAAGGCATTCTTC-3"; TGF-B1 forward
primer, 5'-AAATTGAGGGCTTTCGCCTTA-3’, and TGF-B1
reverse primer, 5'-GAACCCGTTGATGTCCACTTG-3’. cDNAs
were amplified using SYBR®-PCR mastermix (Applied Bio-
systems) according to the recommendations of the manufacturer
in a total volume of 25 wl in a sequence detection system (ABI
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PRISM 7000; Applied Biosystems). Relative quantification was
performed as described previously (28). All amplifications were
performed in duplicates.

Statistical Interpretation. ~ Data are expressed as mean = SEM.
Student’s ¢ test, Z test, and Mann-Whitney U test were used for
statistical analysis.

Online Supplemental Material. ~ Fig. S1 contains sample data of
the purification and frequency calculation of allergen-specific
CD4* cells according to their cytokine profile. Details of flow
cytometric analysis are shown, from allergen stimulation to fre-
quency calculation of purified IL-10-secreting Tr1 cells. Online
supplemental material is available at http://www jem.org/cgi/
content/full/jem.20032058/DC1.

Results

Allergen-specific IL-4—, IFN-y—, and IL-10-secreting T Cells
Represent Th2-, Th1-, and Tr1-like Cells. To investigate
the regulation of specific immune response against environ-
mental protein antigens, we isolated CD4* T cells specific
to several food and aeroallergens from healthy and allergic
individuals according to their IL-4, IFN~y, and IL-10 secre-
tion profile (Fig. S1, available at http://www.jem.org/cgi/
content/full/jem.20032058/DC1). To confirm their cyto-
kine profile, mRNA of IL-10, IL-13, IFN-y, and TGF-3
were quantified immediately after isolation (Fig. 1 A). Re-
lative to the housekeeping gene EF-1a, IL-10—secret-
ing T cells expressed significantly high IL-10 mRINA and
IFN-y—secreting T cells expressed significantly high IFN-y
mRNA. IL-13 mRNA was dominant in IL-4—secreting T
cells. Quantification of cytokines after in vitro expansion of
IL-4—, IL-10—, and IFN-y-secreting T cells revealed that
these subsets contain Th2-like (IL-4, IL-5, and IL-13 high),
Thl-like (IFN-y high), and Trl-like (IL-10 and TGF-
high) cells, respectively (all P < 0.0001 compared with
other subsets; Fig. 1, B and C). In addition, all three puri-
fied subsets consisted of some ThO cells, which secrete both
Th1 and Th2 cytokines as well as IL-10 and TGF-3. There
was no difference in cytokine profile at the single T cell
subset level between allergic and healthy individuals.
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The antigen specificity of purified cytokine-secreting T
cells was studied by stimulation with the allergen that was
originally used for stimulation before purification and sev-
eral control antigens in the presence of autologous APCs.
Consistently, IL-10-secreting T cells showed very little or
no allergen-induced proliferation (Fig. 2 A). The prolifera-
tive response of allergen-specific IL-4— and IFN-y—secret-
ing T cells was significantly high compared with IL-10-
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Figure 3. Increased frequency of allergen-specific Trl cells in healthy

individuals and Th2 cells in allergic individuals. (A) Frequency of Der p 1—
and Bet v 1-specific, cytokine-secreting CD4* T cells from eight allergic
individuals and Cor a 1-, Bet v 1-, Der p 1—, and Pyr ¢ 5-specific, cytokine-
secreting CD4% T cells from 15 healthy individuals out of pollen season.
(B) Frequency of Der p 1-specific T cells in six allergic and six healthy,
and Bet v 1-specific T cells in three allergic and three healthy individuals
by ELISPOT assay. *, P < 0.01; **, P < 0.001.
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secreting T cells. There was no difference between different
allergens. T cells purified by certain antigen stimulation did
not show any cross-reactivity against control antigens (Fig. 2
B). All three subsets purified by Bet v 1 stimulation re-
sponded to Bet v 1, but not to tetanus toxoid and Der p 1.
Similarly, Der p 1-specific T cell subsets showed prolifera-
tive response to Der p 1, but not to tetanus toxoid and Bet v
1 as control antigens. Although they did not proliferate by
antigen stimulation, IL-10-secreting T cells used IL-2, IL-4,
IL-7, and IL-15 as growth factors and showed significant
proliferation (Fig. 2 C). Together with the quantitative cy-
tokine mRINA profiles of freshly purified cells, these data
demonstrate that allergen-specific Tr1-, Th1-, and Th2-like
cells can be purified from human peripheral blood.

Balance between Allergen-specific Tr1 Cells and Th2 Cells
Characterizes Healthy and Allergic Immune Response.  As it
was possible to purify single allergen-specific Th1-, Th2-,
and Trl-like cells, their frequency and functional proper-
ties were investigated in the next step. The frequency of T
cell subsets specific to different mucosal allergens was com-
pared in healthy and allergic individuals using two different
techniques. Recombinant major allergens of house dust
mite (Der p 1) and birch pollen (Bet v 1) were used as
aeroallergens, and pear (Pyr ¢ 5) and hazelnut (Cor a 1)
were used as food antigens to analyze the frequency of spe-

cific Th1-, Th2-, and Trl-like cells. Although specific T
cells that belong to all three subsets were detectable in both
healthy and allergic individuals, allergen-specific IL-10-
secreting T cells were the predominant subset in healthy
individuals. We found similar results for each allergen. In
contrast, an increased frequency of IL-4—secreting T cells
was observed in allergic patients (Fig. 3 A). ELISPOT was
used as an alternative method in allergen-stimulated PBMC
cultures and demonstrated a similar frequency distribution
of Der p 1—and Bet v 1—specific T cell subsets (Fig. 3 B).
As aforementioned, all three subsets of single allergen-spe-
cific T cells are present in both healthy and allergic individu-
als. Accordingly, their role on allergen-induced T cell prolif-
eration and whether this is influenced by changing their
ratios was investigated. We assayed the allergen-induced
proliferation of IL-4— and IL-10-secreting T cells by adding
those purified cells back into autologous PBMCs. First, the
antigen-specific suppressor effect of IL-10—secreting T cells
was analyzed (Fig. 4 A). Bet v 1—and Der p 1-specific IL-4—
and IL-10-secreting T cells were separately purified from the
same healthy individuals. Their frequency was increased up
to 10 times higher than initial levels in PBMCs. PBMCs
alone did not show allergen-induced T cell proliferation,
which was achieved by increasing the numbers of allergen-
specific IL-4—secreting T cells. Der p 1—specific IL-10—

A 100
801

601

401

20

0

Derp1
Derp1IL-4*

Der p 1 IL-10%
Betv 1IL-10"

+ + + +

+

+
+

Betv1+ +
Betv1IL4* 4
Bet v 1 IL-10*

+ Derp1IL-10*

++ +

w
&

+ %

Figure 4. Antigen-specific suppression by Trl cells. (A) Der p

ou.s.

*
e —

40

[3H] thymidine incorporation
(cpm x 1006?0

1-specific and Bet v 1-specific IL-4—secreting and IL-10—-secreting
T cells were purified from healthy individuals. Their frequency was
calculated in CD4" T cells, and 2 X 10° PBMCs were immediately

30 : | reconstituted by increasing their frequency by 10 times (IL-4—
20 - secreting T cells, 0.02-0.2%; IL-10—secreting T cells, 0.05-0.5%).
1 Cells were stimulated with the respective antigens and PPD. (B) Der
10 1 p l-specific IL-4—secreting and IL-10-secreting T cells were purified
0 i and in vitro expanded by IL-2/IL-4 and IL-2/IL-15, respectively.
PEMGHLA0 LSS 1y 28 &1 B & 2 X 105 PBMCs were enriched with 1,000 Der p 1-specific IL-4—
— 4T L-10Y — Lo . . L R .
IL-10* or IL-10-secreting T cells or their combinations in IL-4—secreting/
o4 40 D IL-10-secreting T cell ratios 1,000/1,000 (1:1), 1,000/500 (2:1),
250 1,000:250 (4:1), and 1,000:125 (8:1). Cells were stimulated with
30 200 0.3 uM Der p 1 or 1 pg/ml PPD. Der p 1-specific, IL-10—secreting
T cells added to PPD-stimulated PBMC cultures at indicated
204 150 numbers did not show any suppression. (C) The same experimental
100 design as in A was used, and cells were stimulated with both Der p 1
10 * and Bet v 1 (0.3 pM each). (A—C) [*'H]Thymidine incorporation was
S0 determined after 5 d. The same results were obtained in three
0- other experiments. *, P < 0.001. (D) 10° PBMCs were stimulated
Derp1,Bev1 + + + 0+ é? &9 (§9 ,5? é" é’ with anti-CD3 in the presence of different amounts of IL-10—
Derp 1 IL4* + + o+ "?’ 'é’ S ® P 9 secreting and IL-4-secreting T cells. [PH]Thymidine incorporation
Der p 1IL-10* + - IL-10* - - L4 - was determined after 3 d. Data represent two different experi-
Betv 1 IL-10* + ments. *, P < 0.01.
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secreting T cells only suppressed Der p 1—stimulated, but not
Bet v 1- or PPD-stimulated proliferation. Similarly, Bet v
1—specific IL-10—secreting T cells only suppressed Bet v
1—stimulated, but not Der p 1- or PPD-stimulated prolifera-
tion. There was no cross-suppression of Der p 1—specific IL-
10—secreting cells on Bet v 1 stimulation and Bet v 1-specific
IL-10-secreting T cells on Der p 1 stimulation, as well as
both IL-10-secreting T cells on PPD stimulation.

The retention of suppressive activity of Trl cells after
expansion ex vivo is obviously an absolute prerequisite for
usage in a possible cellular therapeutic approach. We tested
whether in vitro—expanded IL-10-secreting T cells main-
tain their suppressive activity. PBMCs of healthy individu-
als showed no or very limited proliferative response to Der
p 1. The addition of in vitro—expanded Der p 1-specific
IL-4, but not IL-10-secreting T cells significantly enhanced
Der p 1-induced proliferation (Fig. 4 B). Increased num-
bers of in vitro—expanded IL-10-secreting T cells signifi-
cantly suppressed IL-4—secreting T cell-mediated prolifera-
tion in Der p 1-stimulated PBMCs. A 1:1 ratio of effector
(IL-4—secreting) to suppressor (IL-10—secreting) T cells was
required for full suppression of T cell proliferation. In con-
trast, PPD-stimulated proliferation was not suppressed by
Der p 1-specific IL-10—secreting T cells.

To test whether the IL-10—secreting T cells induce by-
stander suppression on other T cells in their vicinity, we
cultured Der p 1-specific, IL-4—secreting cells with freshly
purified Der p 1— or Bet v 1-specific IL-10—-secreting cells
in the presence of both Der p 1 and Bet v 1 (Fig. 4 C). Der
p 1-specific, IL-4—secreting T cell proliferation was sup-
pressed by Der p 1—, but not Bet v 1—specific Tr1 cells. As
tew as 1,000 Trl cells were able to induce antigen-specific
suppression in 200,000 PBMCs. High numbers of freshly
purified Trl cells (at least 20,000 in 100,000 PBMCs) re-

A IL-10 IL-10R__CTLA-4 CD25 PD-1
75.1 83.3 69.4 88.7 269
cm*%
IL-10*
% 10°
8 9.1 06 0.6 16 09
CD3'% A )
00 10°
mm |C == receptor / cytokine
B Ic TGFHRII  TGF-BRI
cow De 20,
IL-10* * % g
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Figure 5. Expression of suppressor molecules on IL-10-secreting T

cells. (A) Immediately after purification, antigen-specific IL-10-secreting
T cells of healthy individuals were analyzed for intracytoplasmic IL-10,
surface IL-10R, CTLA-4, CD25, and PD-1 by flow cytometry. Data are
compared with CD3* T cells of the same donor stimulated with the same
antigen. (B) TGF-B RI and RII expression by immunohistology. (A and
B) Same results were obtained in three independent experiments.

1572

sulted in a nonspecific suppressive activity on anti-CD3—
stimulated T cells (Fig. 4 D). In comparison, IL-4—secreting
T cells did not exert any suppressive effect on anti-CD3
stimulation. These data demonstrate allergen-specific sup-
pressor activity of Trl cells and the importance of the bal-
ance between allergen-specific Th2 and Tr1 cells for aller-
gen-induced T cell activation.

Allergen-specific Tr1 Cells Use Multiple Suppressor Factors.
Molecules that may play a role on suppressive mechanisms
of allergen-specific IL-10—secreting T cells were analyzed
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Figure 6. Multiple suppressive mechanisms play a role in peripheral
allergen tolerance. (A) Endogenous IL-10, TGF-$, or both as well as
CTLA-4, PD-1, or both were neutralized in Der p 1-stimulated PBMCs
of healthy individuals. [*H]Thymidine incorporation (TdR), [FN-y, and
IL-13 were determined at day 5. (B) Der p 1-specific proliferation of
PBMC:s from house dust mite allergic patients was suppressed by 10 times
increased frequency of Der p 1-specific, IL-10—secreting T cells (IL-107).
The activity of IL-10, TGF-, CTLA-4, and PD-1 were neutralized.
[*H]Thymidine incorporation (TdR), IFN-y, and IL-13 were deter-
mined at day 5. (control) Isotype control antibody. (A and B) Same results
were obtained in four independent experiments (two Bet v1 and two Der
p 1) all performed with freshly purified cells without in vitro expansion.
Bet v 1 stimulation in birch pollen—allergic individuals gave similar results.
All of the neutralization experiments were significantly different from the
control and IL-10-secreting T cell-suppressed condition at 0.3 M aller-
gen doses. P < 0.001.
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on freshly purified cells (Fig. 5). IL-10-secreting T cells
expressed high amounts of IL-10, IL-10Ra chain, TGF-f3
receptors I and II, CTLA-4, CD25, and PD-1, suggesting
that multiple suppressor factors may play a role on sup-
pression of allergen-specific Th2 cells by Trl cells in
healthy individuals.

Neutralization experiments revealed that all four sup-
pressive mechanisms may play a role in suppression of aller-
gen-specific Th2 cells. Der p 1— or Bet v 1-stimulated
PBMC:s of healthy individuals did not show any T cell pro-
liferation. In both cases, neutralization of IL-10 and TGF-
activity significantly enhanced antigen-induced prolif-
eration as well as IL-13 and IFN-y production (Fig. 6 A).
In addition, two other mechanisms apparently function
in healthy immune response to allergens because neutral-
ization of CTLA-4 or PD-1 significantly enhanced T cell
proliferation and IFN-y and IL-13 secretion in healthy in-
dividuals. In allergic individuals, Der p 1-induced T cell
proliferation was significantly high in PBMCs of house dust
mite allergic donors. A very clear suppression was achieved
by increasing the frequency of Der p 1-specific, IL-10—
secreting T cells. This suppression was partially inhibited by
blocking of IL-10R, TGF-, CTLA-4, or PD-1 (Fig. 6 B).
In these experiments, IL-10R—blocking mAbs may block
IL-10R on the APCs as well as on Trl cells; in addition,
TGF-f secreted from both Tr1 cells and APCs can be neu-
tralized by sTGF-BR. CTLA-4 and PD-1 are blocked par-
ticularly on the surface of Tr1 cells. These data demonstrate
that IL-10, TGF-3, CTLA-4, and PD-1 cooperate in the
suppression of immune response to allergens.

Discussion

The present work demonstrates that immune response to
allergens in health and disease is the result of a balance be-
tween allergen-specific Trl cells and allergen-specific Th2
cells. Active regulation has emerged as a very essential
mechanism for both inducing and equally importantly
maintaining specific immunological nonresponsiveness. By
analyzing Tr1 cells specific to various food or inhalant anti-
gens, we demonstrated that similar mechanisms take place in
healthy immune response to mucosal allergens. The IL-10-
secreting allergen-specific T cells represented the predomi-
nant subset with significantly high frequency in comparison
to IL-4— and IFN-y—secreting T cells in healthy individuals.
Both ELISPOT for cytokines and purification of cytokine-
secreting T cells gave similar frequency numbers. Mecha-
nisms that control the in vivo shift between allergen-specific
T cell subsets remain to be elucidated. It can be hypothe-
sized that a switch in cytokine profile and apoptosis of effec-
tor T cells may play a role in the generation of an atopic
phenotype (29, 30). The stability of cytokine profile in dif-
ferentiated effector and memory T cell subsets in humans is
not fully known, and recent studies have demonstrated that
lineage-committed memory T cell subsets are responsive to
cytokine signals of the opposing lineage (30, 31). In addi-
tion, Trl cells do not appear to be anergic and may effi-
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ciently expand in vivo (32) as they are shown to proliferate
by IL-2, IL-4, IL-7, and IL-15 in the present work.

There is clear evidence from various animal models and
human studies for an active mechanism of immune sup-
pression, whereby a distinct subset of T cells inhibits the
activation of conventional T cells in the periphery (7, 13,
14, 33). This Tr cell population has been determined as
CD4*CD25" T cells. They can prevent the development
of autoimmunity, indicating that the normal immune sys-
tem contains a population of professional regulatory T cells.
Elimination of CD4*CD25*% T cells leads to spontaneous
development of various autoimmune diseases, such as gas-
tritis or thyroiditis, in genetically susceptible hosts. The fre-
quency of CD47CD25" Tr cells is ~10-15% of CD4* T
cells, whereas the frequency of IL-10-secreting T cells of a
single allergen specificity ranges between 0.1 and 0.007% of
CD4* T cells. This shows that the frequency of single al-
lergen-specific Trl cells, which are also CD4" CD25%,
ranges between 1 in 1,000 and 1 in 20,000 of the whole
CD4* CD25* Tr cell population.

Although many aspects of the mechanisms by which
suppressor cells exert their effects remain to be elucidated,
it is well established that Tr cells suppress immune re-
sponses via cell-to-cell interactions and/or the production
of IL-10 and TGF-f3 (10, 11, 34, 35). Tr1 cells specific for
a variety of antigens arise in vivo, but may also differentiate
from naive CD4% T cells in the presence of IL-10 in vitro
(36). The nonspecific T cell suppressor activity of IL-10
and TGF-f has been consistently reported in experiments
with high amounts of exogenously added suppressor cyto-
kines (21, 25). However, the present work demonstrates
that Tr1 cells display antigen-specific suppressor activity in
very low numbers. If the number of cells exceed a thresh-
old that provides sufficient quantities of suppressor signals,
apparently they show nonspecific suppression. Depending
on their frequency, the first T cell that contacts the APC
may be very critical in the subsequent decision to stimulate
or suppress the specific immune response. If the first T cell
to contact the APC is a Trl cell, it may silence or regulate
the maturation of APC. IL-10 down-regulates the antigen-
presenting capacity, such as HLA-DR expression, costimu-
latory molecules, and several cytokines in dendritic cells
and monocytes/macrophages (37). Recently, differentia-
tion of a distinct dendritic cell subset in the presence of IL-
10 has been demonstrated that induces tolerance through
the generation of Trl cells (38). In addition, exposure of
mature pulmonary dendritic cells to respiratory allergens
stimulated the development of Trl-like cells, which was
dependent on dendritic cell IL-10 production (39). To-
gether, these findings suggest that IL-10—secreting T cells
may regulate the functional state of APCs in a way that
these APCs can now promote the generation of Tr1 cells.

CD47CD25" T cells are the only lymphocyte subpopu-
lation in mice and humans that express CTLA-4 constitu-
tively. The expression apparently correlates with the sup-
pressor function of CTLA-4. As demonstrated in the
present work, the blocking of CTLA-4 activity of Trl cells



reverses suppression in cocultures of CD47CD25" and
CD47CD25™ T cells (40). Similarly, the treatment of mice
that were recipients of CD4YCD45RB"" T cells with
CTLA-4-blocking agents, abrogated the suppression of in-
flammatory bowel disease (41). These studies indicate that
signals that result from the engagement of CTLA-4 by its
ligands, CD80 or CD86, are required for the induction of
suppressor activity. Under some circumstances, the en-
gagement of CTLA-4 on the CD4*CD25" T cells by an-
tibody or by CD80/CD86 might lead to inhibition of the
TCR-derived signals that are required for the induction of
suppressor activity.

A subset of human Trl cells expressed functional PD-1
in the present work. PD-1 is an immunoreceptor tyrosine-
based inhibitory motif—containing receptor expressed upon
T cell activation. PD-1—deleted mice develop autoimmune
diseases, suggesting an inhibitory role for PD-1 in immune
responses (42). Members of the B7 family, PD-ligand (L)1
and PD-L2, are ligands for PD-1. PD-1/PD-L engagement
on murine CD4 and CD8 T cells results in inhibition of
proliferation and cytokine production. T cells stimulated
with anti-CD3/PD-L1Fc-coated beads display dramatically
decreased proliferation and IL-2 production (43).

Collectively, our results indicate that the control of Th2
immune response against naturally exposed harmless envi-
ronmental antigens is mediated by Tr1 cells in humans. Ef-
fector (allergen-specific Th2) and suppressor (allergen-
specific Tr1) T cells exist in both healthy and allergic indi-
viduals in certain amounts. Their ratio determines the de-
velopment of a healthy or an allergic immune response.
These data may explain the spontaneous development and
spontaneous healing of allergic diseases. Although in low
frequency, the existence of potential suppressive allergen-
specific Trl cells in allergic individuals suggests a possible
way of treatment. The knowledge of this cellular and mo-
lecular basis is pivotal in understanding the mechanisms of
immune tolerance or allergy development against harmless
environmental proteins.

We thank Drs. C.H. Heusser for anti—IL-4 and anti-IFN-y mAbs,
K. Moore for anti—-IL-10R-blocking mAb, and S. Vieths and D.
Liittkopf for rCor a 1 and rPyr ¢ 5. We thank Drs. F. Melchers and
O. Alpan for critical reading the manuscript.

This work was supported by the Swiss National Foundation
grants 32-100266, 31-65436, and 32-65661.

Submitted: 1 December 2003
Accepted: 7 April 2004

References

1. Teale, J.M., and N.R. Klinman. 1980. Tolerance as an active
process. Nature. 288:385-387.

2. Parijs, L.V., and A.K. Abbas. 1998. Homeostasis and self-tol-
erance in the immune system: turning lymphocytes off. Sci-
ence. 280:243-247.

3. Mosmann, T.R., H. Cherwinski, M.W. Bond, M.A. Gied-
lin, and R.L. Coffman. 1986. Two types of murine helper T
cell clones. 1. Definition according to profiles of lymphokine

1574

activities and secreted proteins. J. Immunol. 136:2348-2357.

4. Romagnani, S. 1994. Lymphokine production by human T
cells in disease states. Annu. Rev. Immunol. 12:227-257.

5. Gershon, R.K., and K. Kondo. 1970. Cell interactions in the
induction of tolerance: the role of thymic lymphocytes. Im-
munology. 18:723-737.

6. Powrie, F., R. Correa-Oliveira, S. Mauze, and R.L. Coff-
man. 1994. Regulatory interactions between CD45RBhish
and CD45RB" CD4* T cells are important for the balance
between protective and pathogenic cell-mediated immunity.
J. Exp. Med. 179:589-600.

7. Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh, and M.
Toda. 1995. Immunologic self-tolerance maintained by acti-
vated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of self-tolerance causes
various autoimmune diseases. J. Immunol. 155:1151-1164.

8. Akdis, C.A., M. Akdis, T. Blesken, D. Wymann, S.S. Alkan, U.
Miiller, and K. Blaser. 1996. Epitope specific T cell tolerance to
phospholipase A, in bee venom immunotherapy and recovery
by IL-2 and IL-15 in vitro. J. Clin. Invest. 98:1676—1683.

9. Davies, J.D., L.Y.W. Leong, A. Mellor, S.P. Cobbold, and H.
Waldmann. 1996. T cell suppression in transplantation tolerance
through linked recognition. J. Immunol. 168:5558-5565.

10. Groux, H., A. O’Garra, M. Bigler, M. Rouleau, S. An-
tonenko, J.E. De Vries, and M.G. Roncarolo. 1997. A
CD4" T-cell subset inhibits antigen-specific T-cell responses
and prevents colitis. Nature. 389:737-742.

11. Akdis, C.A., T. Blesken, M. Akdis, B. Wiithrich, and K. Bla-
ser. 1998. Role of IL-10 in specific immunotherapy. J. Clin.
Invest. 102:98-106.

12. Thornton, A.M., and E.M. Shevach. 1998. CD4*CD25*
immunoregulatory T cells suppress polyclonal T cell activa-
tion in vitro by inhibiting interleukin 2 production. J. Exp.
Med. 188:287-296.

13. Shevach, E.M. 2002. CD4+ CD25+ suppressor T cells:
more questions than answers. Nat. Rev. Immunol. 2:389—400.

14. Wood, KJ., and S. Sakaguchi. 2003. Regulatory T cells in
transplantation tolerance. Nat. Rev. Immunol. 3:199-210.

15. Qin, S., S.P. Cobbold, H. Pope, J. Elliott, D. Kioussis, J.
Davies, and H. Waldmann. 1993. “Infectious” transplanta-
tion tolerance. Science. 259:974-977.

16. Chen, Y., V.K. Kuchroo, J. Inobe, D.A. Hafler, and H.L.
Weiner. 1994. Regulatory T cell clones induced by oral tol-
erance: suppression of autoimmune encephalomyelitis. Sci-
ence. 265:1237-1240.

17. Cong, Y., C.T. Weaver, A. Lazenby, and C.O. Elson. 2002.
Bacterial-reactive T regulatory cells inhibit pathogenic immune
responses to the enteric flora. J. Immunol. 169:6112-6119.

18. Jutel, M., T. Watanabe, S. Klunker, M. Akdis, O.A.R. Tho-
met, J. Malolepszy, T. Zak-Nejmarrk, R. Koga, T. Koba-
yashi, K. Blaser, and A.C. Akdis. 2001. Histamine regulates
T-cell and antibody responses by differential expression of
H1 and H2 receptors. Nature. 413:420—425.

19. Durham, S.R., S.M. Walker, E.-V. Varga, M.R.. Jacobson, F.
O’Brien, W. Noble, S.J. Till, Q.A. Hamid, and K.T. Nouri-
Aria. 1999. Long-term clinical efficacy of grass-pollen immu-
notherapy. N. Engl. J. Med. 341:468—475.

20. Akdis, C.A., and K. Blaser. 2001. Bypassing IgE and targeting
T cells for specific immunotherapy of allergy. Trends Immu-
nol. 22:175-178.

21. Jutel, M., M. Akdis, F. Budak, C. Aebischer-Casaulta, M.
Wrzyszcz, K. Blaser, and A.C. Akdis. 2003. IL-10 and TGF-f3
cooperate in regulatory T cell response to mucosal allergens

Tr1/Th2 Cell Balance in Health and Allergy



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

in normal immunity and specific immunotherapy. Eur. J. Im-
munol. 33:1205-1214.

Carballido, J.M., N. Carballido-Perrig, G. Terres, C.H.
Heusser, and K. Blaser. 1992. Bee venom phospholipase A,-
specific T cell clones from human allergic and non-allergic
individuals: cytokine patterns change in response to the anti-
gen concentration. Eur. J. Immunol. 22:1357—-1363.

Ebner, C., S. Schenk, N. Najafian, U. Siemann, R. Steiner,
G.W. Fischer, K. Hoftmann, Z. Szepfalusi, O. Scheiner, and
D. Kraft. 1995. Nonallergic individuals recognize the same T
cell epitopes of Bet v 1, the major birch pollen allergen, as
atopic patients. J. Immunol. 154:1932-1940.

Brosterhus, H., S. Brings, H. Leyendeckers, R.A. Manz, S.
Miltenyi, A. Radbruch, M. Assenmacher, and J. Schmitz.
1999. Enrichment and detection of live antigen-specific
CD4* and CD8* T cells based on cytokine secretion. Eur. .
Immunol. 29:4053—4059.

Akdis, C.A., A. Joss, M. Akdis, A. Faith, and K. Blaser. 2000.
A molecular basis for T cell suppression by IL-10: CD28-
associated IL-10 receptor inhibits CD28 tyrosine phosphory-
lation and phosphatidylinositol 3-kinase binding. FASEB ]J.
14:1666-1669.

Liu, Y., S.H. Wei, A.S. Ho, R. de Waal Malefyt, and K. W.
Moore. 1994. Expression cloning and characterization of a
human IL-10 receptor. J. Immunol. 152:1821-1829.
Trautmann, A., M. Akdis, D. Kleeman, F. Altznauer, H.-U.
Simon, T. Graeve, M. Noll, K. Blaser, and C.A. Akdis. 2000.
T cell-mediated Fas-induced keratinocyte apoptosis plays a
key pathogenetic role in eczematous dermatitis. J. Clin. In-
vest. 106:25-35.

Kunzmann, S., J.G. Wohlfahrt, S. Itoh, H. Asao, M. Ko-
mada, C.A. Akdis, K. Blaser, and C.B. Schmidt-Weber.
2003. SARA and Hgs attenuate susceptibility to TGF-betal-
mediated T cell suppression. FASEB J. 17:194-202.

Akdis, M., A. Trautmann, S. Klunker, I. Daigle, U.C. Kii-
ciiksezer, W. Deglmann, R. Disch, K. Blaser, and C.A. Ak-
dis. 2003. T helper (Th) 2 predominance in atopic diseases is
due to preferential apoptosis of circulating memory/effector
Th1 cells. FASEB J. 17:1026-1035.

Messi, M., I. Giacchetto, K. Nagata, A. Lanzavecchia, G.
Natoli, and F. Sallusto. 2003. Memory and flexibility of cyto-
kine gene expression as separable properties of human T(H)1
and T(H)2 lymphocytes. Nat. Immunol. 4:78-86.

Sundrud, M.S., S.M. Grill, D. Ni, K. Nagata, S.S. Alkan, A.
Subramaniam, and D. Unutmaz. 2003. Genetic reprogram-
ming of primary human T cells reveals functional plasticity in
Th cell differentiation. J. Immunol. 171:3542—-3549.

1575 Akdis et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Walker, L.S.K., A. Chodos, M. Eggena, H. Dooms, and A.K.
Abbas. 2003. Antigen-dependent proliferation of CD4*CD25*
regulatory T cells in vivo. J. Exp. Med. 198:249-258.

Read, S., and F. Powrie. 2001. CD4(+) regulatory T cells.
Curr. Opin. Immunol. 13:644-649.

Levings, M.K., R. Sangregorio, and M.G. Roncarolo. 2001.
Human CD257CD4* T regulatory cells suppress naive and
memory T cell proliferation and can be expanded in vitro
without loss of function. J. Exp. Med. 193:1295-1302.
Akdis, C.A., and K. Blaser. 1999. IL-10 induced anergy in
peripheral T cell and reactivation by microenvironmental cy-
tokines: two key steps in specific immunotherapy. FASEB J.
13:603-609.

Bacchetta, R., C. Sartirana, M.K. Levings, C. Bordignon, S.
Narula, and M.G. Roncarolo. 2002. Growth and expansion
of human T regulatory type 1 cells are independent from
TCR activation but require exogenous cytokines. Eur. J. Im-
munol. 32:2237-2245.

Moore, K.W., R. de Waal Malefyt, R.L. Coftfman, and A.
O’Garra. 2001. Interleukin-10 and the interleukin-10 recep-
tor. Annu. Rev. Immunol. 19:683—765.

Wakkach, A., N. Fournier, V. Brun, J.-P. Breittmayer, F.
Cottrez, and H. Groux. 2003. Characterization of dendritic
cells that induce tolerance and T regulatory 1 cell differentia-
tion in vivo. Immunity. 18:605-617.

Akbari, O., R.H. DeKruyft, and D.T. Umetsu. 2001. Pul-
monary dendritic cells producing IL-10 mediate tolerance in-
duced by respiratory exposure to antigen. Nat. Immunol.
2:725-731.

Takahashi, T., T. Tagami, S. Yamazaki, T. Uede, J. Shimizu,
N. Sakaguchi, T.W. Mak, and S. Sakaguchi. 2000. Immuno-
logic self-tolerance maintained by CD25*CD4™ regulatory T
cells constitutively expressing cytotoxic T lymphocyte-asso-
ciated antigen 4. J. Exp. Med. 192:303-310.

Read, S., V. Malmstrom, and F. Powrie. 2000. Cytotoxic T
lymphocyte-associated antigen 4 plays an essential role in the
function of CD25*CD4" regulatory cells that control intesti-
nal inflammation. J. Exp. Med. 192:295-302.

Nishimura, H., M. Nose, H. Hiai, N. Minato, and T. Honjo.
1999. Development of lupus-like autoimmune diseases by
disruption of the PD-1 gene encoding an ITIM motif-carry-
ing immunoreceptor. Immunity. 11:141-151.

Carter, L., L.A. Fouser, J. Jussif, L. Fitz, B. Deng, C.R.
Wood, M. Collins, T. Honjo, G.J. Freeman, and B.M. Car-
reno. 2002. PD-1:PD-L inhibitory pathway aftects both
CD4(+) and CD8(+) T cells and is overcome by IL-2. Eur.
J. Immunol. 32:634—643.



