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Abstract

 

The induction of allergen-specific anergy in peripheral T

cells represents a key step in specific immunotherapy (SIT).

Here we demonstrate that the anergic state results from in-

creased IL-10 production. In bee venom (BV)-SIT the spe-

cific proliferative and cytokine responses against the main

 

allergen, the phospholipase A

 

2

 

 (PLA), and T cell epitope-

containing PLA peptides were significantly suppressed after

7 d of treatment. Simultaneously, the production of IL-10

increased during BV-SIT. After 28 d of BV-SIT the anergic

state was established. Intracytoplasmic cytokine staining of

PBMC combined with surface marker detection revealed

 

that IL-10 was produced initially by activated CD4

 

1

 

CD25

 

1

 

,

allergen-specific T cells, and followed by B cells and mono-

cytes. Neutralization of IL-10 in PBMC fully reconstituted

the specific proliferative and cytokine responses. A similar

state of IL-10–associated T cell anergy, as induced in BV-

SIT, was found in hyperimmune individuals who recently

had received multiple bee stings. The addition of IL-10 to

soluble CD40 ligand IL-4–stimulated PBMC or purified

B cells inhibited the PLA-specific and total IgE and en-

hanced the IgG4 formation. Accordingly, increased IL-10

production by SIT causes specific anergy in peripheral T cells,

and regulates specific IgE and IgG4 production toward nor-

 

mal IgG4-related immunity. (

 

J. Clin. Invest.

 

 1998. 102:98–
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Introduction

 

It is well established that allergy is associated with high serum
levels of allergen-specific IgE and eosinophilia that are in-

 

duced by a spectrum of Th2 type cytokines. In particular, gen-
eration of IL-4 and IL-13 is associated with IgE production
and IL-5 with increased eosinophil numbers (1–3). In contrast,
normal immunity to allergen is characterized by the predomi-
nant IgG antibody formation, especially of the IgG4 class (4).
IgG4, like IgE, requires IL-4 for isotype switch. The produc-
tion of IgG4 antibodies by memory B cells depends on the
presence of IFN-

 

g

 

, whereas IgE remains IL-4 dependent and is

suppressed by IFN-

 

g

 

 (5–7). IL-10 is a major regulatory cyto-
kine of inflammatory responses. It was identified originally as
an inhibitor of IFN-

 

g

 

 and IL-2 synthesis in Th1 cells. However,
IL-10 was found to be a general inhibitor of proliferative and
cytokine responses in T cells and is produced by mononuclear
phagocytes (8, 9), natural killer cells (10), and by both Th1 and
Th2 type lymphocytes (11). It can suppress cytokine synthesis
in T cells by inhibiting accessory CD28/B7.1 receptor interac-
tion (12).

The response to the soluble phospholipase A

 

2

 

 (PLA)

 

1

 

 of
bee venom (BV) represents a well suited human model to
study regulatory mechanisms of cytokine- and antigen-specific
IgE and IgG antibodies. PLA represents the major antigen
and allergen in individuals sensitized to bee sting and can in-
duce both allergy and normal immunity (13, 14). Normally, at
an initial response to bee sting, low-affinity IgG1 anti-PLA an-
tibodies are elicited (4). Repeated exposure to BV generates
high-affinity IgG4 anti-PLA antibodies (4, 15, 16). In contrast,
individuals allergic to bee sting develop excessive IgE antibod-
ies mainly to PLA (13, 14).

Although specific immunotherapy (SIT) is applied fre-
quently in allergy to hymenoptera venom, the mechanisms by
which clinical improvement is achieved in allergic patients re-
main to be elucidated. Stimulation of IgG4 antibodies and a
decline of the IgE/IgG4 anti-PLA antibody ratio (15–20) were
claimed to be responsible for successful SIT. Also, the genera-
tion of IgE downregulating CD8

 

1

 

 T cells and reduced numbers
of mediator-secreting mast cells and eosinophils (21–25) were
found in SIT. Moreover, successful SIT of allergic rhinitis was
shown to be associated with decreased numbers of Th2 and in-
creased IFN-

 

g

 

–producing cells (26). A shift from a Th2 cyto-
kine pattern toward increased IFN-

 

g

 

 production in SIT of al-
lergy to BV, Lol p, and Der p (26–29) indicated an important
involvement of cytokine-producing CD4

 

1

 

 T cells. However,
the induction of an anergic state in peripheral T cells, which is
characterized by suppressed proliferative and cytokine re-
sponses against the major allergen(s), appeared to be a pivotal
step in SIT (30).

In this study we demonstrate that the induction and main-
tenance of epitope-specific T cell anergy is associated with in-
creased IL-10 production. At the beginning of a so-called ul-
tra-rush SIT and initiation of anergy, IL-10 was mostly
produced by PLA-specific T cells. The anergic state was main-
tained by IL-10 production in B cells and monocytes. In-
creased IL-10 production also accounts for a change in PLA-
specific IgE and IgG4 ratio in favor of IgG4. Interestingly,
such a state of naturally induced tolerance could be observed
in hyperimmune subjects who had been frequently stung by
bees, such as beekeepers.
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2
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Methods

 

Study population.

 

12 BV allergic individuals (mean age: 29 yr) with a
history of severe systemic allergic reactions of grade III–IV (31, 32)
after a bee sting were studied. All patients demonstrated positive in-
tracutaneous reactions to honey BV (Pharmalgen Venom, ALK,
Horsholm, Denmark) at a concentration of 

 

,

 

 10

 

2

 

4

 

 g/liter and BV-
specific serum IgE antibodies 

 

.

 

 2 kU/liter as estimated by CAP im-
munoassay (Pharmacia Diagnostics AG, Uppsala, Sweden). Blood
samples were taken before BV-SIT and 1, 7, and 28 d after starting
BV-SIT. Two healthy nonallergic BV hyperimmune subjects (bee-
keepers, age 37 and 57 yr), who had been stung 

 

.

 

 20 times by bees
during the last 2 mo, were included in the study.

 

Reagents.

 

PLA was from Boehringer-Mannheim (Mannheim,
Germany). T cell epitope–containing peptides PLA

 

45-62

 

 (PI), PLA

 

81-92

 

(PII), and PLA

 

113-124

 

 (PIII) were synthesized by Drs. C.H. Schneider
and H.P. Rolli (Institute for Clinical Immunology and Allergology,
Inselspital, University of Bern, Switzerland) by solid phase synthesis
and subsequent HPLC purification (33). The three peptides did not
bind anti-PLA antibodies of any isotype and did not show any skin
test reactivity. Tetanus toxoid (TT) was from the Swiss Serum and
Vaccine Institute (Bern, Switzerland). Recombinant human IL-2 and
IL-4 were from Novartis (Basel, Switzerland). IL-10 and rabbit
anti–IL-10 were from PeproTech Inc. (Rocky Hill, NJ) and mouse
anti–IL-10 JES3-9D7 was from PharMingen (San Diego, CA). Solu-
ble CD40 ligand (sCD40L) was obtained from the transfected cell
line 8-40-1, generated by Dr. P. Lane (34) (sCD40L-CD8-

 

a

 

 fusion
protein; Institute for Immunology, Basel, Switzerland), and cultured
for 3 d in CG medium (Vitromex, Vilshofen, Germany). The sCD40L
activity was standardized according to highest IgE inducing capacity
in a 12-d PBMC culture costimulated with 25 ng/ml of IL-4 (35). Su-
pernatants from the corresponding untransfected cell line J558L
(kindly provided by Dr. M. Reth, University of Freiburg, Freiburg,
Germany) were used as controls.

 

BV-SIT.

 

Under intensive care conditions 0.1, 1, 10, and 20 

 

m

 

g of
BV (ALK) were administered subcutaneously in the upper arms at
30-min intervals and then 30 and 50 

 

m

 

g at 60-min intervals, reaching a
cumulative dose of 111.1 

 

m

 

g. On day 7, two booster injections of 50 

 

m

 

g
were administered, followed by 100-

 

m

 

g boosters given at 4-wk inter-
vals (32).

 

T cell cultures.

 

PBMC were isolated by Ficoll (Biochrom, Berlin,
Germany) density gradient centrifugation of peripheral venous
blood. Cells were washed three times and resuspended in RPMI 1640
medium supplemented with 1 mM sodium pyruvate, 1% MEM non-
essential amino acids and vitamins, 2 mM 

 

L

 

-glutamine, 100 U/ml pen-
icillin, 100 

 

m

 

g/ml streptomycin, 50 

 

m

 

M 2-ME (all from Life Technolo-
gies, Basel, Switzerland), and 10% heat-inactivated FCS (Sera-Lab,
Sussex, United Kingdom). As described previously (5, 30), 10

 

6

 

 cells/
ml were stimulated in a 24-well plate with 1 

 

m

 

M of PLA, 3 

 

m

 

M of
PLA peptides I, II, and III, or 0.01 U/ml TT. Supernatants were har-
vested on day 5 for cytokine detection and parallel cultures were ex-
panded in medium supplemented with a mixture of IL-2 (25 U/ml)
and IL-4 (25 ng/ml). After 12 d, cells were washed three times with
PBS and 10

 

6

 

 cells were restimulated with the same antigen at the
same concentrations as before, in the presence of 10

 

6

 

 autologous,
3,000 rad irradiated PBMC in 24-well tissue culture plates, in dupli-
cates. Previously it was demonstrated that stimulation of PBMC with
antigen, expansion of the responding antigen-specific T cells by IL-2
and IL-4, and boosting with the same antigen allowed the detection of
antigen-induced IL-4, and conferred the same cytokine pattern as ob-
served in the primary response for IL-5, IL-10, IL-13, and IFN-

 

g

 

 (30).
According to previous kinetic studies, supernatants were harvested
16 h later for determination of IL-4 and 48 h later for IL-5, IL-10, IL-13,
and IFN-

 

g

 

 (5, 30). To determine T cell proliferative response, 2 

 

3

 

 10

 

5

 

PBMC were stimulated with 1 

 

m

 

M PLA, a 3 

 

m

 

M mixture of the three
PLA T cell epitope peptides, and 0.01 U/ml TT in 200 

 

m

 

l medium in
96-well flat-bottomed tissue culture plates in triplicates for 6 d and
pulsed for 20 h with 1 

 

m

 

Ci of [

 

3

 

H]thymidine (DuPont/New England

Nuclear, Boston, MA). Incorporation of the labeled nucleotide was
determined after 20 h in a LKB beta plate reader (Wallac-Phormacia,
Turku, Finland). IL-10 was neutralized in cultures with 20 

 

m

 

g/ml rab-
bit anti–IL-10 or anti–IL-10 mAb JES3-9D7. Rabbit IgG (Sigma
Chemical Co., St. Louis, MO) or mouse IgG1 (Coulter Corp., Miami,
FL) served as a control antibody.

 

Quantification of cytokines.

 

The solid-phase sandwich ELISAs
for IFN-

 

g

 

, IL-4, IL-5, IL-10, and IL-13 have been described previ-
ously (5, 6, 30). In brief, 96-well microtiter plates (Maxisorb; Nunc,
Roskilde, Denmark) were coated with mAb 43-11 to human IFN-

 

g

 

and developed with biotinylated mAb 45-15. The sensitivity of the
IFN-

 

g

 

 ELISA was 

 

,

 

 10 pg/ml (mAbs and IFN-

 

g

 

 standard were gifts
from Dr. S.S. Alkan, Novartis).

IL-4 was measured by using mAb 3H4 for coating and bioti-
nylated mAb 8F12 for detection (mAbs and IL-4 standard were pro-
vided by Dr. C.H. Heusser, Novartis).

IL-5 was determined by using mAb TRFK5 for coating and bioti-
nylated mAb JES15A10 for detection (mAbs and IL-5 standard were
from PharMingen). The detection limit of the IL-5 ELISA was 50 pg/ml.

IL-10 was determined by using a combination of mAb JES3-9D7
and biotinylated JES3-12G8 (mAb and rIL-10 standard were from
PharMingen). The sensitivity of the IL-10 ELISA was 

 

#

 

 50 pg/ml.
The IFN-

 

g

 

, IL-4, IL-5, and IL-10 ELISAs were developed by peroxi-
dase-labeled ExtrAvidine (Sigma Chemical Co.), and 

 

o

 

-phenylendi-
amine HCl in citrate buffer, pH 5.5, was used as a substrate. Optical
density was measured at 490 nm in an ELISA reader (Molecular De-
vices, Menlo Park, CA) after stopping the reaction with 0.5 N H

 

2

 

SO

 

4

 

.
For the detection of IL-13 the mAb JES10-2F9 (kindly provided

by DNAX Research Institute, Palo Alto, CA) was used for coating.
Recombinant IL-13 from PeproTech Inc. was used as a standard.
Rabbit anti–IL-13 (PeproTech Inc.) and alkaline phosphatase–labeled
goat anti–rabbit antibodies (Zymed Laboratories Inc., South San
Francisco, CA) were used for detection. The detection limit was 300
pg/ml of IL-13. In this case, the chromogenic substrate was 4-nitro-
phenyl-phosphate-disodium-hexahydrate (E. Merck, Darmstadt,
Germany) in diethanolamine buffer, pH 9.8. Optical density was
measured at 405 nm.

 

Detection of intracytoplasmic IL-10.

 

Immediately after purifica-
tion of PBMC, intracellular IL-10 was stained by fixing and perme-
abilizing the cells with a paraformaldehyde and saponin solution
(PermeaFix™, Ortho Diagnostic Systems Inc., Raritan, NJ) (36). Af-
ter washing with PBS containing 5% FCS, 1.5% BSA (Sigma Chemi-
cal Co.), and 0.0055% EDTA (Fluka Chemie AG, Buchs, Switzer-
land), cells were incubated with 0.5 

 

m

 

g/ml PE-labeled anti–IL-10, or
PE-labeled rat IgG1 control antibodies (all from PharMingen) for 40
min at room temperature. IL-10–containing monocytes were deter-
mined with anti–CD14-FITC, B cells with anti–CD19-FITC, and acti-
vated CD4

 

1

 

 T cells with anti–CD4-ECD and anti–CD25-FITC for 30
min at room temperature. The multicolor fluorescence analysis was
performed on an Epics Profile (Coulter Corp.) with Argon laser (488
nm). Emitted fluorescence was determined by means of 525-nm, 575-
nm, and 635-nm band filters. The intracytoplasmic IL-10 content of
specifically stimulated PBMC was analyzed at day 10 of culture after
a 5-h stimulation with a mixture of 4 

 

m

 

g/ml anti-CD3 (Ortho Diag-
nostic Systems Inc.) and anti-CD28 mAbs (CLB, Amsterdam, The
Netherlands), in the presence of 2 

 

m

 

M monensin (Sigma Chemical
Co.).

 

Generation of IgE and IgG4 anti-PLA in vitro.

 

As described pre-
viously (5, 30), PBMC (2.5 

 

3

 

 10

 

6

 

/well per 5 ml) were cultured in 6-well
tissue culture plates in the presence of 0.1 ng/ml of PLA, 25 ng/ml IL-4,
and 25% sCD40L-containing 8-40-1 cell supernatant in the above me-
dium, which was further supplemented with 40 

 

m

 

g/ml human trans-
ferrin and 4 

 

m

 

g/ml bovine insulin (both from Sigma Chemical Co.).
B cells were purified from PBMC using the magnet activated cell sep-
aration system (MACS

 

®

 

; Miltenyi Biotech, Marburg, Germany) and
anti-CD19 mAb after depletion of monocytes by anti-CD14 as de-
scribed (5, 7, 37). The purity of cells was 

 

.

 

 95% as determined by
FACS

 

®

 

 analysis with FITC-labeled anti-CD19 (Coulter Corp.). B cells
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were stimulated with IL-4 and sCD40L (50,000/well in 200 

 

m

 

l) in
96-well tissue culture plates. IL-10 was added in different concentra-
tions to the PBMC and B cell cultures. Supernatants were harvested
at day 12 for determination of PLA-specific and total IgE and IgG4
antibodies.

 

Quantification of specific antibodies and total Ig isotypes.

 

The IgE
and IgG4 anti-PLA antibody contents in serum and culture superna-
tants were measured in duplicates by ELISA (5–7, 30). PLA-specific
antibodies were detected in ELISA plates (Maxisorb; Nunc) coated
with 0.5 

 

m

 

g/well PLA and incubated with culture supernatants at dif-
ferent dilutions. Biotinylated anti-IgE mAb 6-7 (Novartis) and perox-
idase-labeled ExtrAvidine (Sigma Chemical Co.) were used to de-
velop IgE anti-PLA. Anti-IgG4 mAb RJ4 (Oxoid Ltd., Basingstoke,
United Kingdom) and peroxidase-labeled anti–mouse Ig antibodies
(Tago, Burlingame, CA) were used in IgG4 anti-PLA ELISA. Sera
from BV allergic patients, calibrated by BV RAST (Pharmacia Diag-
nostics AG), were used as IgE anti-PLA standards. Human PLA-spe-
cific IgG4 mAb BVA2 (38) was used as an IgG4 anti-PLA standard.
The sensitivity of these assays was 

 

,

 

 0.1 ng/ml of IgE and IgG4 anti-
PLA. Total IgE and IgG4 were assayed by sandwich ELISA as de-
scribed (5–7, 30).

 

Statistical analysis.

 

Student’s 

 

t

 

 test for paired samples was used
for statistical analysis to compare results at different time points of
immunotherapy.

 

Results

 

Epitope-specific T cell anergy in BV-SIT is associated with IL-

10 production.

 

Recently, we have shown that BV-SIT induces
peripheral anergy in T cells to PLA (26). Therefore, we have
investigated the changes in specific T cell responsiveness to

PLA during the first month of BV-SIT. Both the intact PLA
and an equimolar mixture of the three PLA peptides PI, PII,
and PIII specifically induced T cell proliferation before BV-
SIT (Fig. 1). Significantly decreased values of specific prolifer-
ative responses were first measured after 7 d of treatment (

 

P

 

 

 

,

 

0.05) in all four patients. After 28 d, the response to both PLA
and PLA peptides was suppressed (

 

P

 

 

 

,

 

 0.001). The response
to the TT control antigen was not affected.

As demonstrated in Fig. 2, in parallel to the proliferative
response, PLA-induced IL-5, IL-13, and IFN-

 

g

 

 production in
PBMC was suppressed after 28 d of BV-SIT (

 

P 

 

,

 

 0.001), as
measured in 5-d cultures. Simultaneous to the induction of
specific anergy in T cells, the PLA-induced secretion of IL-10
increased significantly within 7 d of BV-SIT (

 

P 

 

,

 

 0.001). IL-4
was not detectable in these cultures and IL-5, IL-13, and IFN-

 

g

 

quantities were at borderline. To determine cytokine produc-
tion more accurately, the specific cells in antigen-stimulated
PBMC cultures were expanded for 12 d as described (30) (Fig.
3). Again, stimulation by the same antigen as in the primary
response demonstrated induction of peripheral T cell anergy
and simultaneous production of IL-10. The decrease in IL-4,
IL-5, IL-13, and IFN-

 

g

 

 (

 

P 

 

,

 

 0.05) and increase in IL-10 (

 

P 

 

,

 

0.001) were significant after 7 d of BV-SIT. After 28 d, the
PLA and epitope peptide induced production of IFN-

 

g

 

, and
the Th2 cytokines IL-4, IL-5, and IL-13 were significantly sup-
pressed (

 

P 

 

,

 

 0.001). In contrast, the cytokine profile in re-
sponse to the TT control was not affected, indicating specific
anergy induction by BV-SIT (Fig. 3).

 

Increase of IL-10 in BV-IT originates initially from acti-

vated T cells and is followed by B cells and monocytes.

 

The cel-
lular source of IL-10 production was determined by multicolor
FACS

 

®

 

 analysis as shown in Fig. 4 

 

A

 

. Intracytoplasmic IL-10
staining of freshly purified PBMC and coexpression of sur-
face markers were analyzed before and on days 7 and 28 of
BV-SIT. CD4

 

1

 

CD25

 

1

 

 T cells were gated for IL-10 content im-
mediately after isolation of the PBMC. In PBMC CD4

 

1

 

CD25

 

1

 

represent in vivo activated T lymphocytes. Increased intra-
cellular IL-10 production in these activated CD4

 

1

 

CD25

 

1

 

 T
lymphocytes was first observed on day 7 of BV-SIT. The per-

Figure 1. Changes of specific proliferative responses in PBMC during 
BV-SIT. PBMC of four BV-allergic patients were stimulated with 
PLA, three PLA T cell epitope–containing peptides (PI 1 II 1 III) 
or control Ag (TT) before and after 1, 7, and 28 d of BV-SIT. 
[3H]Thymidine incorporation was measured after 7 d. Results shown 
are mean6SD of triplicate cultures. Proliferation to PLA and the 
PI 1 PII 1 PIII mixture decreased significantly after 7 d (P , 0.05) 
and fully after 28 d (P , 0.001). The TT-specific proliferation re-
mained at initial levels.

Figure 2. Changes of cytokine production in PBMC cultures during 
BV-SIT. PBMC were stimulated with PLA, before and after 1, 7, and 
28 d of BV-SIT. Cytokines were determined in supernatants taken af-
ter 5 d of culture. IL-5, IL-13, and IFN-g decreased continuously, 
while simultaneously IL-10 increased. Results shown are mean6SD 
of triplicate cultures. Similar results are obtained in eight other
BV-SIT patients.
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centage of IL-10–containing cells increased from 7.2% before
BV-SIT, to 28.9% at day 7, and 44.2% at day 28 (

 

P , 0.001)
(Fig. 4 A). Because only a fraction of CD41CD251 T cells is
PLA specific, PBMC were stimulated with PLA for 10 d and
intracytoplasmic IL-10 was stained after additional stimulation
with anti-CD3 and anti-CD28 mAbs. IL-10–positive PLA-spe-
cific T cells increased from 8.1% before BV-IT to 43.8% on
day 7 and 49.2% on day 28 of BV-SIT (P , 0.001).

Beside PLA-specific and activated T cells, we have ana-
lyzed IL-10 content in monocytes and B cells during BV-SIT.
CD141 monocytes and CD191 B cells were gated and intracy-

toplasmic IL-10 was determined immediately after isolation of
PBMC. As shown in Fig. 4 B from the CD141 stained mono-
cytes only 1.2% contained intracellular IL-10 before and 3.3%
on day 7 of BV-SIT. After 28 d of BV-SIT, 41.2% of the
monocyte population was IL-10 positive and showed a full
shift in the FACS® histogram (P , 0.001). The mean fluores-
cence intensity of IL-10–positive monocytes increased from
0.713 to 1.520. From the CD191 B cells 17.9% showed intra-
cellular IL-10 before and 19.1% on day 7 of BV-SIT. Similar
to monocytes, intracytoplasmic IL-10–containing B cells in-
creased to 41.3% after 28 d of BV-SIT (P , 0.001). The mean

Figure 3. Changes of IL-4, IL-5, IL-10, IL-13, and 
IFN-g secretion during BV-SIT in response to 
PLA, PI 1 PII 1 PIII mixture, and control Ag 
(TT). PBMC were stimulated before and after 1, 
7, and 28 d of BV-SIT. Cells were expanded in
IL-2/IL-4–supplemented cultures, washed, and re-
stimulated with the same antigens in the presence 
of autologous irradiated PBMC on day 12. Super-
natants were harvested after 16 h for the determi-
nation of IL-4 and 48 h for IL-5, IL-10, IL-13, and 
IFN-g. PLA and PI 1 PII 1 PIII–specific IL-4, 
IL-5, IL-13, and IFN-g production decreased, 
whereas IL-10 production simultaneously in-
creased. TT induced cytokines did not show any 
change.
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fluorescent intensity of IL-10–containing B cells increased
from 0.491 to 1.330.

The possibility that these changes in intracytoplasmic IL-10
content in activated T cells, monocytes, and B cells, could oc-
cur spontaneously was ruled out by determination of intracy-
toplasmic IL-10 in three BV allergic individuals who received
no treatment for 28 d. There was no significant change in intra-
cytoplasmic IL-10 content observed in the respective cells of
these individuals. The intracytoplasmic IL-10 was detectable in
5.5564.07% of the CD41CD251 T cells on day 0 and
5.1563.28% after 28 d without any treatment. 3.1262.83% of
the monocytes contained intracytoplasmic IL-10 at day 0 and
3.9562.52% after 28 d. 13.4764.78% of the B cells contained
intracytoplasmic IL-10 at day 0 and 14.8764.91% after 28 d.

Anergized specific T cell response in BV-SIT can be rees-

tablished by neutralization of endogenous IL-10 in cultures.

Because the specific T cell anergy in BV-SIT was associated
with increased IL-10 production, we investigated whether spe-
cific responses of in vivo anergized T cells can be restored by
IL-10 neutralization in vitro. For this purpose PBMC were cul-
tured with PLA or PLA peptides in the presence or absence of
neutralizing anti–IL-10 mAb. As shown in Fig. 5 A, without
anti–IL-10 addition, the PLA and PLA peptide-specific prolif-
erative responses started to decrease after 7 d of BV-SIT and

reached their lowest values after 28 d. With IL-10 neutraliza-
tion, the abrogated specific T cell proliferation (Fig. 5 A) and
production of both Th1 (IFN-g) and Th2 (IL-4, IL-5, IL-13)
cytokines (Fig. 5 B) were fully reestablished, indicating that
IL-10 is actively involved in the generation of anergy in PLA-
specific T cells. Due to neutralization of IL-10, the prolifera-
tive responses to PLA and PLA peptides, but also to TT, were
slightly higher than without mAb treatment, but remained at
this level throughout.

IL-10 inhibits the production of allergen-specific and total

IgE and enhances IgG4 in vitro. Although knowledge of the
molecular and cellular basis of human IgE antibody regulation
has increased during recent years, the entire mechanism con-
trolling allergen-specific IgE and IgG4 production needs fur-
ther elucidation. For this purpose, a PBMC-based cell culture
system has been established (5). This procedure, which was al-
ready successfully applied for studies of drug-induced IgE reg-
ulation (39), allows the in vitro generation of human allergen-
specific IgE antibodies. PBMC from BV allergic subjects were
specifically stimulated with allergen and polyclonally with
sCD40L, in the presence of IL-4. As demonstrated in Fig. 6 A,
addition of IL-10 to the culture exerted clear counterregula-
tory effects on both the PLA-specific and total IgE and IgG4
synthesis by inhibiting IgE and enhancing IgG4 antibodies in a

Figure 4. Intracytoplasmic IL-10 content of T cells, monocytes, and B cells during BV-SIT. Immediately after isolation, PBMC were stained for 
surface markers CD4, CD25, CD14 (monocytes), and CD19 (B cells), then fixed, permeabilized, and counterstained for intracytoplasmic IL-10. 
(A) Intracytoplasmic IL-10 content in CD41CD251 T cells was significantly increased after 7 d and continued to increase during 28 d of BV-SIT. 
To determine changes in IL-10 content of PLA-specific T cells, PLA-stimulated PBMC were cultured for 10 d and T cells were restimulated with 
an anti-CD3/anti-CD28 mixture in the presence of monensin for 5 h. The yellow area represents the isotype control antibody. The IL-10 content 
of T cells was significantly increased already after 7 d of BV-SIT. (B) Intracytoplasmic IL-10 content of monocytes and B cells was detected from 
PBMC. CD141 monocytes and CD191 B cells were gated and intracytoplasmic IL-10 was determined. IL-10 content in monocytes and B cells 
only increased after 28 d of BV-SIT. Similar intracytoplasmic IL-10 pattern was obtained in two other BV-SIT patients.
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dose-dependent manner. To analyze whether this was a direct
effect on B cells, purified B cells from PBMC were stimulated
in the presence or absence of IL-10, using the same culture sys-
tem as described above. As shown in Fig. 6 B, IL-10 inhibited
the total IgE synthesis by 84% and simultaneously enhanced
IgG4 up to 4.5 times. The IgE/IgG4 ratio changed on average
from z 0.5 to 0.01, by a factor of 50 in favor of IgG4. Accord-
ingly, IL-10 acts not only on T cells but also directly on Ig iso-
type synthesis by B cells.

IL-10 induced natural T cell tolerance in hyperimmune in-

dividuals after exposure to bee stings. It is generally observed
that hyperimmune individuals (beekeepers) after multiple bee
stings develop a state of low responsiveness to BV allergen. As
shown in Fig. 7 A, PBMC from such persons, who were previ-
ously stung more often (. 20 times), showed abolished PLA-
specific proliferative and IL-5 and IFN-g cytokine responses.
This state of specific anergy corresponds to that observed in
patients after BV-SIT, and similar high levels of IL-10 were
found after PLA-specific stimulation. IL-4 and IL-13 were not
detectable. Specific stimulation in the presence of neutralizing
anti–IL-10 resulted in enhanced PLA-specific proliferation
and IL-5 and IFN-g production. Also, in these beekeepers who
are hyperimmune to PLA, the intracytoplasmic IL-10 content
of activated T cells and monocytes was analyzed directly from
PBMC. Again, similar to patients after 28 d of BV-SIT, acti-
vated T cells and monocytes expressed high intracytoplasmic
IL-10 contents and no IFN-g (Fig. 7 B).

Discussion

Recently, we demonstrated that BV-SIT induces a state of
epitope-specific anergy in T cells against PLA, the major aller-
gen of BV (30). The anergy, which could also be generated in
T cell clones after peptide-ligand activation in the absence of
accessory signals (40), was characterized by suppressed prolif-
erative and cytokine responses. Circulating anergic T cells
from peripheral blood could be reactivated to produce Th1 cy-
tokines by culturing the cells with IL-2 or IL-15 (30). The pre-
sented data indicate that the specific anergic state in T cells
was induced by IL-10, initially produced by the specific periph-
eral T cells themselves after high-dose allergen administration
during BV-SIT. The IL-10 production in epitope-specific T
cells was already significantly enhanced after 7 d of SIT, while
simultaneously the specific proliferative and cytokine re-
sponses were decreasing. This was confirmed by demonstrat-
ing increased intracytoplasmic IL-10 content in the activated
CD251CD41 T cell subset. In contrast, the synthesis of IL-10
in B cells and monocytes did not change until BV-SIT was pro-
longed for 1 mo. Probably while the anergic state in activated
T cells progressed during BV-SIT, IL-10 production in these
cells influenced the antigen-presenting cells (APC) and shifted
to B cells and monocytes.

It appears from the multicolor FACS® analyses that in BV-
SIT IL-10 production is initially triggered in Ag-specific T
cells, followed by the APC population and activated BV non-
specific bystander T cells. IL-10 plays an important role in
both induction and maintenance of specific T cell tolerance

Figure 5. T cell proliferation and cytokine response was not sup-
pressed in IL-10–neutralized PBMC cultures of a BV-SIT patient. 
PBMC were stimulated with PLA, the PLA peptides PI 1 PII 1 PIII, 
or with TT control antigen, with and without neutralizing anti–IL-10 
antibodies before and after 1, 7, and 28 d of BV-SIT. [3H]Thymidine 
incorporation was measured after 7 d. Cells were expanded in IL-2– 
and IL-4–supplemented cultures for 7 d, then washed, and restimu-
lated with the same antigen in the presence of autologous irradiated 
PBMC at day 12. Abolished PLA and PLA peptide-specific (A) pro-
liferative and (B) cytokine responses were reconstituted by neutral-
ization of endogenously produced IL-10. Results shown are 
mean6SD of triplicate cultures. Same results were obtained from two 
other BV-SIT patients.

Figure 6. IL-10 counterregulates total and PLA-specific IgE and 
IgG4 synthesis. (A) PBMC were stimulated with PLA, in the pres-
ence of IL-4 and sCD40L and different amounts of IL-10. PLA-spe-
cific and total IgE and IgG4 were determined in supernatants from 
12-d cultures. (B) Isotype synthesis in purified B cells stimulated with 
IL-4 and sCD40L with and without IL-10. In both PBMC and B cell 
cultures IL-10 exerted counterregulatory effects by inhibiting IgE 
and enhancing IgG4 formation. The results shown are mean6SD of 
triplicate cultures, representative of two BV allergic and two healthy 
hyperimmune individuals with the same results.
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(41–43). Therefore, high IL-10 secretion by antigen-presenting
B cells and monocytes may potentiate and maintain anergy in
the specific T cells. Interestingly, the same features of anergy
were found in T cells of both patients after BV-SIT and
healthy hyperimmune subjects, which had been stung re-
peatedly by honey bees. These naturally anergized indi-
viduals showed similar high numbers of IL-10–containing
CD41CD251 T cells as treated allergic patients after BV-SIT.
This indicates a pivotal role of IL-10 in naturally induced T cell
anergy as well. In mice, IL-10 administration before allergen
treatment induces antigen-specific tolerance (41). Inhibition of
graft versus host disease and allograft rejection by IL-10 in
HLA-mismatched, bone marrow–transplanted, severe com-
bined immunodeficiency patients gives strong evidence for pe-

ripheral tolerance induction and maintenance by this cytokine
(42). Similarly, inadequate stimulation of tumor reactive hu-
man T cells was shown to result from increased endogenous
IL-10 production by these cells, also indicating a role for IL-10
in tumor specific anergy (43). Induction of specific anergy in
mice and humans requires high amounts of antigen or T cell
epitope peptides applied by oral or subcutaneous routes (44,
45). The amount of BV given in rush BV-SIT in the first week
(200 mg) is about four times higher than the dose received by a
single bee sting (46). This may lead to increased IL-10 produc-
tion and induction of peripheral anergy in specific T cells. Re-
cently, a regulatory T cell subset, producing high IL-10 and
suppressing antigen-specific responses was identified in both
humans and mice (47). The IL-10–dominated cytokine pattern
and anergy-inducing function of these cells appear to be simi-
lar to those observed in BV-SIT patients and naturally hyper-
immunized individuals. These results suggest that the increase
of IL-10 content in APC may not represent the only factor in-
volved in inhibition of antigen-specific responses. Apparently,
the change in cytokine pattern of T cells to IL-10–producing T
cells may be more pertinent and of greater importance be-
cause only PLA-specific T cells secrete increased IL-10 but not
TT-specific T cells. Thus, there is no TT-specific anergy during
BV-SIT.

There is a discrepancy in cytokine changes during SIT (26,
27, 29, 30). Different reasons could be considered for this in-
consistency. BV allergics are usually monoallergic in compari-
son to polyallergic and atopic hay fever patients. The protocols
of the immunotherapies differ in these studies: in ultra-rush
immunotherapy a high dose is given in the first day which is
much more than the amount received in classical immunother-
apy. Finally, the methodological differences in restimulation of
T cells by anti-CD3 instead of antigen-specific stimulation may
be responsible for differences in cytokine production (27).

IL-10 was originally described as a mouse Th2 cell factor,
inhibiting cytokine synthesis by Th1 cells (48). However, neu-
tralization of IL-10 in PBMC cultures reconstituted both type
1 and type 2 cytokine production and proliferative response.
Indeed, increasing evidence accumulated that IL-10 also acts
as an inhibitor of Th2 cell responses both in vitro and in vivo
(10, 12, 48–50). In particular, IL-10 was found to downregulate
IL-5 production by human resting T cells and in human Th0
and Th2 clones (12, 50). The inhibitory action of IL-10 on IL-5
synthesis was confirmed in a murine model of allergic eosino-
philic peritonitis and airway eosinophilia in which IL-10 ad-
ministration suppressed both IL-5 production and eosinophil
recruitment (49, 50). In addition, IL-10 inhibited endogenous
GM-CSF production and CD40 expression by activated eosin-
ophils and enhanced eosinophil death (51, 52). The inhibitory
effect of IL-10 in T cell clones was observed only in APC-depen-
dent systems, and not in solid-phase anti-CD3 stimulated T
cells (9, 49, 50, 53). The reason for this may be that IL-10
blocks CD28/B7.1 interaction and subsequent costimulatory
signaling pathways (12). The absence of accessory molecule
signaling may thus explain peptide ligand–induced specific an-
ergy in pure T cell systems (40).

As previously demonstrated, B cells were not affected by
BV-SIT and were still able to produce specific antibodies (26,
30). In consequence, both IgE and IgG4 anti-PLA antibodies
are normally raised during the first 2 mo of BV-SIT but change
the PLA-specific IgE/IgG4 ratio in favor of IgG4 (15, 17, 18,
30). IL-10 is a potent suppressor of IgE production in IL-4–

Figure 7. Natural tolerance to PLA in hyperimmune subjects repeat-
edly stung by honey bees resembles the same features as BV-SIT of 
allergic patients and is induced by IL-10. (A) PBMC from hyperim-
mune individuals, who were exposed to . 20 honey bee stings during 
the last 2 mo, were stimulated with different amounts of PLA. The 
[3H]thymidine incorporation was measured after 7 d and cytokines 
were determined in culture supernatants after 5 d. Neutralization of 
endogenous IL-10 fully reconstituted the proliferative and cytokine 
responses in anergic cells. The results shown are mean6SD of tripli-
cate cultures from two hyperimmune individuals. Decreased PLA-
specific T cell proliferation in beekeepers after beekeeping season is 
observed in seven experiments. (B) High intracytoplasmic IL-10 but 
no IFN-g was found in CD41CD251 cells and monocytes of naturally 
anergized subjects. The yellow area represents the isotype control 
Ab. Same results were obtained from two beekeepers.
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stimulated PBMC (54) and, as we have shown, of specific IgE
in IL-4/sCD40L–stimulated cultures, while simultaneously in-
creasing IgG4 formation. In this way IL-10 appears to partici-
pate in the counterregulatory mechanisms of antigen-specific
IgE and IgG4 synthesis by memory B cells.

Although definite decreases in IgE antibody synthesis and
IgE-mediated skin sensitivity require 6–12 mo of treatment
(55, 56), most patients are protected when restung by a bee
during the first months of BV-SIT. The protective effect of the
SIT may primarily originate from the suppression of cytokine
and mediator release from mast cells and basophils. IL-10 was
shown to reduce TNF-a, GM-CSF, and IL-6 generation from
mouse bone marrow and rat peritoneal mast cells in response
to specific IgE cross-linking (57, 58). Recent studies indicate
that mast cells may represent important targets of IL-10 during
BV-SIT, and it was shown that histamine and sulfidoleuko-
triens release from PLA-stimulated blood basophils is already
greatly reduced at the very early phase of BV-SIT (59). The
mechanism of this decrease in basophil releasability may be as-
sociated with anergy induction in T cells, since effector cells in
allergy require priming by T cell cytokines for full activity and
mediator release (60, 61).

The results of this study provide additional insight into the
physiological mechanisms of SIT. Administration of high aller-
gen doses, as applied in immunotherapy, enhances endoge-
nous production of IL-10, first in specific T cells and later in
APC. This results in specific T cell anergy and selective coun-
terregulation of antigen-specific IgE and IgG4 by B cells in fa-
vor of IgG4. In consequence, increased IL-10 synthesis in aller-
gic inflammation may also inhibit effector cells of allergy.
Anergized T cells can be reactivated by cytokines produced in
the microenvironment that can govern the secondary induc-
tion of distinct Th1 or Th2 cytokine patterns associated with
either normal immunity against an allergen or with further de-
velopment of allergy and inflammation (30). In this state of im-
mune response it was shown that high antigen doses also gen-
erate Th0 cytokine patterns in newly activated T cells, which is
required for eliciting a protective IgG4 response (62).
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