Allergy 2006: 61: 589-597

Original article

© 2006 The Authors
Journal compliation © 2006 Blackwell Munksgaard

DOL: 10.1111/5.1398-9995.2006.01060.x

Human airway and peripheral blood eosinophils enhance Thl and

Th2 cytokine secretion

Background: The effector function of eosinophils involves their release of toxic
granule proteins, reactive oxygen species, cytokines, and lipid mediators. Murine
studies have demonstrated that eosinophils can also enhance T cell function.
Whether human eosinophils, in particular, airway eosinophils, have similar
immunoregulatory activity has not been fully investigated. The aim of this study
was to determine whether human blood and airway eosinophils can contribute to
Thl and Th2 cytokine generation from CD4+ T cells stimulated with super-
antigen.

Methods: Eosinophils were obtained from blood or bronchoalveolar lavage fluid
48 h after segmental allergen bronchoprovocation. Purified eosinophils were co-
cultured with autologous CD4 + blood T cells in the presence of staphylococcal
enterotoxin B (SEB). Cytokine levels in the supernatant fluid were determined by
enzyme-linked immunosorbent assay (ELISA). Eosinophil expression of major
histocompatibility complex (MHC) class II and co-stimulatory molecules was
assessed by flow cytometry before culture, 24 h after granulocyte-macrophage
colony-stimulating factor (GM-CSF) stimulation, and 24 h after co-culture with
CD4+ T cells and SEB.

Results: Interleukin (IL)-5, IL-13, and interferon (IFN)-y generation increased
when CD4+ T cells were co-cultured with either blood or airway eosinophils in
the presence of SEB. The ability of eosinophils to enhance cytokine generation
was independent of their source (blood vs airway), activation by GM-CSF, or
detectable expression of human leukocyte antigen (HLA)-DR, CDS80, or CD86.
Conclusion: Our data demonstrate that SEB-induced generation of Th1 and Th2
cytokines is increased in the presence of human blood and airway eosinophils.
Thus, eosinophils can have an immunoregulatory function in pathogen-associ-
ated allergic diseases such as atopic dermatitis, chronic sinusitis, and asthma
exacerbations.

L.-Y. Liu*, S. K. Mathur*,
J. B. Sedgwick, N. N. Jarjour,
W. W. Busse, E. A. B. Kelly

Section of Allergy, Pulmonary and Critical Care
Medicine, Department of Medicine, University of
Wisconsin, Madison, WI, USA

*These authors contributed equally to this study.

Key words: bronchoalveolar lavage; eosinophils;
superantigen; Th1; Th2.

Dr Elizabeth A. (Becky) Kelly

Section of Allergy

Pulmonary and Critical Care Medicine
University of Wisconsin School of Medicine
600 Highland Avenue

CSC K4/928

Madison

WI 53792

USA

Accepted for publication 23 December 2005

Eosinophils are a prominent component of allergic
inflammation associated with atopic asthma, rhinitis,
and dermatitis. Eosinophil release of toxic granule
proteins, reactive oxygen species, cytokines, and lipid
mediators is proposed to contribute to tissue injury,
vascular leakage, mucus secretion, and airway smooth
muscle contraction (1). In addition to these effector
functions, recent studies in mice suggest cosinophils
possess immunoregulatory activity.

Eosinophil interactions with T cells may occur by
multiple mechanisms. In mice, eosinophils can function
as antigen-presenting cells (APCs; 2-5). For example,
proliferation and release of interleukin (IL)-2 by
Mesocestoides corti antigen-specific T cell clones was
observed following presentation of M. corti by eosinophils
(5). Pretreatment of eosinophils with granulocyte-
macrophage colony-stimulating factor (GM-CSF) was
required to upregulate major histocompatibility complex

(MHC) class I and co-stimulatory molecules. Eosinophils
can also influence T cell generation of cytokines through
the release of soluble mediators such as IL-4 (6) and IL-18
(7). In IL-5/eotaxin double knockout mice introduction of
either eosinophils or IL-18 can restore secretion of Th2
cytokines in response to antigen challenge (7). In this
model, it was suggested that eosinophils might regulate
T cell generation of IL-13 via production of IL-18.

The activation of T cells occurs as a two-step process
with T cell receptor (TCR) recognition of a specific
epitope presented on the surface of the APC in associ-
ation with an appropriate MHC molecule. A second
signal is provided via the interaction between CD28 on
T cells and a co-stimulatory molecule (generally a member
of the B7 family, such as CD80 or CD86) expressed on
the APC (8). In contrast to classical antigens, superan-
tigens, such as staphylococcal enterotoxin B (SEB), can
stabilize TCR-MHC class II interactions without antigen

589



Liu et al.

specificity. This is accomplished with SEB binding to
specific TCR-Vp chains and the MHC class II o chain
resulting in activation of approximately 30% of CD4+ T
cells (9). Thus, in experimental models, SEB is a useful
antigen surrogate for CD4+ T cell activation.

Although several studies have demonstrated that
circulating human eosinophils can enhance T cell prolif-
eration (10-12), their ability to regulate T cell cytokine
secretion has not been reported. Our objectives were to:
(1) determine if airway ecosinophils differ from their
circulating counterparts in their ability to regulate T cell
cytokine secretion, and (ii) establish the requirements for
this eosinophil immunoregulatory function, including the
need for eosinophil activation and expression of MHC
class IT and co-stimulatory molecules.

Materials and methods
Subjects

Airway eosinophils were obtained from seven subjects with mild
allergic asthma [median with range for forced expiratory volume
(FEV),% of predicted = 95.7 (84.2-116.3) and for methacholine
PCy = 1.9 (1.2-5.4) mg/ml]. Eleven additional subjects including
five with allergic asthma, four with allergic rhinitis, and two normal
subjects also participated in the study by donating peripheral blood
only. All atopic subjects had a positive skin prick test to one or
more common aeroallergens. All asthma subjects had a physician’s
diagnosis of asthma. Allowed asthma/allergy medications included
inhaled B2-agonists, antihistamines, and nasal steroids. No subjects
had been treated with oral or inhaled corticosteroids, long-acting
B-agonists or leukotriene antagonist within 6 weeks of participa-
tion. Normal, nonallergic subjects were skin test-negative, had no
history of allergies or asthma and were taking no medications that
would influence the outcome of this study. Informed consent was
obtained from each subject prior to participation. The study was
approved by the University of Wisconsin-Madison Center for
Health Sciences Human Subjects Committee.

Segmental bronchoprovocation with allergen and bronchoalveolar
lavage

Segmental bronchoprovocation (SBP) was performed as previously
described using cat, ragweed or dust mite antigen (13). Bronchos-
copy and bronchoalveolar lavage (BAL) were performed 48 h later
(13) and BAL fluid was pooled for purification of airway eosin-
ophils. Heparinized blood (120 ml) was obtained immediately
before the BAL.

Eosinophil purification

Bronchoalveolar lavage cells were passaged over a two-step Percoll
gradient (Amersham, Piscatawy, NJ, USA) and eosinophils were
collected from the 1.085/1.100 g/ml interface (13). Blood was
centrifuged over Percoll (1.090 g/ml) to obtain mononuclear cells.
Eosinophils were purified from the granulocyte fraction by negative
depletion using anti-CD16 immunomagnetic beads (MACS system;
Miltenyi, San Jose, CA, USA). Blood and BAL eosinophils were
>98% viable and pure. In some experiments, eosinophil purity was
further enhanced to >99% by the addition of anti-CD3 and
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anti-CD14 immunomagnetic beads to remove any contaminating
T cells or monocytes, respectively.

CD4+ T cell purification

Peripheral blood mononuclear cells (PBMCs) were centrifuged
(200 g) for 15 min over fetal calf serum (FCS) to remove platelets.
CD4+ T cells were purified by positive selection using anti-CD4-
coated immunomagnetic beads (Dynal Inc., Lake Success, NY,
USA). Beads were removed from the CD4+ T cells using
Detachabead® (Dynal). The CD4+ T cells were >97% viable and
pure as assessed by flow cytometric analysis. In a pilot study, pos-
itively selected CD4 + T cells were compared with cells isolated by
negative selection (MACS system; Miltenyi).

CD4+ T cell eosinophil co-culture

CD4 + Tcells were rested overnight at 37°C. Eosinophils (2 x 10°/ml)
were cultured for 24 h in the presence or absence of GM-CSF
(10 ng/ml). After a wash step, 1 x 10°/ml eosinophils were added
to an equivalent number of autologous CD4+ T cells in a 96-well
plate. Cell culture medium consisted of RPMI-1640, 10 mM HE-
PES, 2 mM L-glutamine, antibiotic, and antimycotic agents
(100 units/ml penicillin G, 100 mg/ml streptomycin sulfate, and
250 ng/ml amphotericin B), and 5% FCS (all from Gibco BRL,
Grand Island, NY, USA). Cells were cultured in the presence or ab-
sence of SEB (3 pg/ml) for up to 6 days (as indicated). Optimal
concentrations of SEB for generation of IL-5, IL-13, and interferon
(IFN)-y were determined from a dose-response curve using PBMCs.
To determine the ability of eosinophils to enhance cytokine secretion
in response to classical antigen, CD4 + T cells from three cat allergic
donors were cultured with eosinophils in the presence of Fel d 1
(25 pg/ml).

Flow cytometry assays

Purified eosinophils (1 x 10%), BAL cells (1 x 10%) or 100 pl of
whole blood were incubated for 30 min with phycoerythrin (PE)-
conjugated monoclonal antibodies to CD69, human leukocyte
antigen (HLA)-DR, CD80, or CD86. Propidium iodide (3 pg/ml)
was added immediately before analysis to exclude dead cells. For
analysis of cells prior to purification, fluorescein isothiocyanate
(FITC)-conjugated anti-CD14 and anti-CD16 were used for exclu-
sion of neutrophils and monocytes, respectively (11). Ten thousand
events were collected (BD FACScan II, San Jose, CA, USA), and
data analyses were performed using the CELLQUEST software.

Cytokine assays

As previously described (14), cytokines were measured with a
modified sandwich enzyme-linked immunosorbent assay (ELISA)
utilizing coating antibodies and biotinylated detection antibodies
(BD Pharmingen, San Diego, CA, USA). The sensitivities for IL-5,
IL-13, and IFN-y were 3 pg/ml.

Statistical analysis

Data are presented as median with interquartiles of 25% and 75%
or mean = SEM (for normally distributed data). The Wilcoxon’s
signed rank test (or a paired z-test for normally distributed data)
was used to compare data within treatment pairs. The Mann—
Whitney rank sum test was used to compare data between treatment



groups (blood vs BAL eosinophils). For analysis of dose-response
data, multiple comparisons were performed using a Kruskal-Wallis
test. For the kinetic studies, where the n = 5, data were normalized
by log-transformation and analyzed by paired ¢-test. A P-value of
<0.05 was considered significant. Statistical analyses were per-
formed using the SIGMASTAT software package.

Results

Human airway and blood eosinophils enhance Th1 and Th2
cytokine generation in the presence of SEB

CD4+ T cells secreted low amounts of I1L-5, IL-13, and
IFN-y in response to SEB compared with unstimulated
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Figure 1. Both peripheral blood and bronchoalveolar lavage
(BAL) eosinophils enhance staphylococcal enterotoxin B (SEB)-
induced cytokine secretion. Paired samples of granulocyte-
macrophage colony-stimulating factor (GM-CSF)-activated
peripheral blood or BAL eosinophils were co-cultured with
autologous CD4+ blood T cells for 6 days in the presence or
absence of SEB (3 pg/ml). Cell-free culture supernatants were
collected to analyze interleukin (IL)-5, IL-13, and interferon
(IFN)-y by enzyme-linked immunosorbent assay (ELISA). Box
plots represent median within 25th and 75th percentiles. N = 7
atopic asthma subjects.

Immunoregulatory function of human eosinophils

CD4+ T cells (Fig. 1). Staphylococcal enterotoxin
B-induced Thl and Th2 cytokine generation was mark-
edly enhanced by the presence of either BAL or periph-
eral blood eosinophils. Notably, BAL and blood
eosinophils were equally efficient in this accessory func-
tion.

It should be pointed out that although PBMCs could
generate IL-5 and IL-13 in response to Fel d 1, a classical
antigen, CD4+ T cells from three cat allergic donors
alone or in the presence of either blood or BAL
eosinophils did not secrete measurable amounts IFN-y,
IL-5 or IL-13 (not shown).

Time course of Th1 and Th2 cytokine secretion in the presence
of peripheral blood eosinophils

To determine if preferential enhancement of Thl or
Th2 cytokines occurred with different kinetics, cytokine
secretion was examined at days 2, 4, and 6 following
co-culture of CD4+ T cells and eosinophils in the
presence of SEB. Concentrations of IL-5 and IL-13
significantly increased through the entire time course
(day 6 > day 4 > day 2, Fig. 2). The increase in IFN-
v secretion was variable among subjects, but achieved
statistical significance at days 4 and 6 compared with
day 2.

Dose dependence of eosinophil-mediated enhanced cytokine
secretion

To determine whether augmented cytokine secretion
occurred at lower ratios of eosinophils and whether
differential enhancement of Thl/Th2 cytokines would
occur, the response to different numbers of eosinophils
(0.25-2 x 10°/well) was examined. Upon co-culture of
SEB-stimulated CD4+ T cells with varying numbers of
blood eosinophils, there was an eosinophil dose-depend-
ent increase in IL-5, IL-13, and IFN-y generation
(Fig. 3). There was no differential enhancement of
Th1/Th2 cytokines at different concentrations of eosin-
ophils.

GM-CSF activation of peripheral blood eosinophils does not affect
enhancement of cytokine secretion

Granulocyte-macrophage colony-stimulating factor is a
potent stimulus for eosinophils and can augment eosi-
nophil expression of MHC class II (15) and the activa-
tion marker CD69 (16). To determine if GM-CSF
activation affected eosinophil-mediated enhancement of
cytokine secretion, CD4+ T cells were co-cultured with
peripheral blood eosinophils that had been exposed to
GM-CSF or medium. The levels of enhanced cytokine
secretion were comparable between the cultures contain-
ing GM-CSF-stimulated and unstimulated eosinophils
with no statistical difference for any of the cytokines
(Fig. 4).
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Figure 2. Kinetics of staphylococcal enterotoxin B (SEB)-
induced cytokine secretion in the presence of blood eosinophils.
Peripheral blood eosinophils were incubated with autologous
CD4+ T cells for 2, 4, or 6 days in the presence of SEB
(3 pg/ml). Cell-free culture supernatants were collected to
analyze interleukin (IL)-5, IL-13, and interferon (IFN)-y by
enzyme-linked immunosorbent assay (ELISA). Box plots
represent medians within 25th and 75th percentiles (n = 5).
Data were analyzed by a paired t-test after log-transformation.

Co-stimulatory molecules are not detectable on BAL eosinaphils or
GM-CSF-stimulated blood eosinophils

In addition to MHC class II, murine eosinophils can
express the co-stimulatory molecules CD86 and CD80
(2, 3, 17). To determine if human ecosinophils also
expressed these markers, blood and airway cells were
examined prior to purification and after culture with
GM-CSF and/or co-culture with CD4+ T cells and
SEB. BAL cosinophils were highly positive for
HLA-DR and CD69, but not CD86 (Fig. 5) or CD80
(not shown). Blood eosinophils had little or no detect-
able HLA-DR, CD69, CD86 or CD80. Used as a
positive control, blood monocytes were highly positive
for CD86 (Fig. 5, panel A) and CD80 (not shown). To
determine if these markers could be induced by
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Figure 3. Eosinophils enhance staphylococcal enterotoxin B
(SEB)-induced cytokine secretion in a dose-dependent fashion.
CD4+ T cells (0.2 x 10° per well) were co-cultured with varying
numbers of blood eosinophils for 6 days in the presence of SEB
(3 pg/ml). Cell-free culture supernatant fluids were collected to
analyze cytokines by enzyme-linked immunosorbent assay
(ELISA; n = 6). Data are presented as mean + SEM. Multiple
comparisons were analyzed using a Kruskal-Wallis test.
*P < (.05 vs baseline (T cells without eosinophils); #P < 0.05
vs T cells + 0.025 x 10° eosinophils per well; TP < 0.05 vs T
cells + 0.05 x 10° eosinophils per well; P < 0.05 vs T
cells + 0.1 x 10° eosinophils per well.

GM-CSF, eosinophils were analyzed 24 h after stimu-
lation with GM-CSF (panel B). As shown in Table 1,
HLA-DR was induced on blood eosinophils from only
nine of 18 subjects (similar results were seen when cells
were stained with a pan anti-MHC class II antibody
with specificity for HLA-DR/DP/DQ). In contrast,
CD86 and CD80 were not detectable on eosinophils from
any subject. A marked increase in CD69 on blood eosin-
ophils from all subjects (median channel fluorescence
increased fromamean + SDof243 + 282t0998 + 242,
n = 18)indicated that the cells were activated by GM-CSF.
Finally, blood and BAL eosinophils were analyzed 24 h
after co-culture with CD4 + T cells and SEB (Fig. 5, panel
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Figure 4. Effect of eosinophil activation on enhancement of
staphylococcal enterotoxin B (SEB)-induced cytokine secretion.
CD4+ T cells were co-cultured with unstimulated peripheral
blood eosinophils or granulocyte-macrophage colony-stimula-
ting factor (GM-CSF)-activated (10 ng/ml for 24 h) eosinophils
(GM-EOS) for 6 days in the presence of SEB (3 pg/ml). Cell-
free culture supernatants were collected to analyze interleukin
(IL)-5, IL-13, and interferon (IFN)-y by enzyme-linked immu-
nosorbent assay (ELISA; n = 15). Box plots represent medians
within 25th and 75th percentiles.

C). There was no further increase in HLA-DR or CD69.
Moreover, CD86 and CD80 were not detectable under
these conditions.

HLA-DR expression does not affect eosinophil-mediated
enhancement of cytokine secretion

The variable expression of HLA-DR among subjects led
us to determine whether cosinophils with high levels of
HLA-DR induced a differential profile of cytokine
secretion in co-culture with CD4+ T cells and SEB.
Eosinophils that expressed little or no HLA-DR
enhanced SEB-induced T cell cytokine generation as
effectively as eosinophils that expressed high levels of
HLA-DR (Fig. 6). There was no difference in amount of
cytokines or the cytokine profile when CD4+ T cells

Immunoregulatory function of human eosinophils

were co-cultured with HLA-DR + vs HLA-DR- eosin-
ophils.

Effect of SEB on eosinophils

To further evaluate the mechanism by which eosinophils
augment cytokine generation, eosinophils were stimula-
ted with SEB in the absence of T cells. Staphylococcal
enterotoxin B had no effect on eosinophil expression of
CD69, HLA-DR, CD80, or CD86 nor did it induce
eosinophil generation of IL-5, IL-13, or IFN-y
(mean = SD pg/ml for cells in medium vs SEB; IL-5:
0.3 £ 0.5vs0.3 £ 0.05, IL-13: 1.0 £ 2.6 vs 3.3 + 4.2,
IFN-y: 3.5 £ 1.3 vs 9.5 + 3.5) or BAL eosinophils
(mean £+ SD pg/ml for cells in medium vs SEB; IL-5:
0.0 £ 0.0 vs 0.0 £ 0.0, IL-13: 0.0 = 0.0 vs 0.0 = 0.0,
IFN-y: 0.3 £ 0.6 vs 21.7 £+ 36.7). Similar results were
seen with eosinophils pretreated with GM-CSF. Finally,
addition of culture supernatant fluids from SEB-stimula-
ted eosinophils had no effect on cytokine generation by
CD4+ T cells (not shown).

Discussion

In this study, we established that in addition to human
peripheral blood eosinophils, airway eosinophils also
have the ability to regulate secretion of Thl and Th2
cytokines including IL-5, IL-13, and IFN-y. Somewhat
surprisingly, a comparison of eosinophils from the two
compartments revealed no difference in their ability to
promote the generation of cytokines in the presence of
SEB. The ability of eosinophils to augment cytokine
secretion was independent of their activation by GM-
CSF, and did not appear to require detectable expression
of co-stimulatory molecules or HLA-DR. Moreover, the
presence or absence of demonstrable levels of HLA-DR
on eosinophils had no differential effect on the profile of
Th1/Th2 cytokines that were elicited in the co-cultures.
These data clearly demonstrate that human eosinophils
from the blood and the airway can contribute to the
generation of both Thl and Th2 cytokines in response to
superantigen and support the role of human eosinophils
as immunoregulatory cells.

There were several unexpected findings in this study.
First, generation of both Thl and Th2 cytokines were
augmented when human eosinophils were added to
cultures of CD4+ T cells and SEB. Secondly, although
airway eosinophils expressed high levels of HLA-DR and
CD69, they did not have enhanced regulatory function
compared with their circulating counterparts. Finally,
cytokine generation was augmented in co-cultures con-
taining peripheral blood eosinophils that had little or no
detectable MHC class II or co-stimulatory molecules.

The finding that human eosinophils augment both Th1
and Th2 cytokines is in contrast to studies in mice
demonstrating a preferential induction of Th2 cytokines
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Figure 5. Analysis of human leukocyte antigen (HLA)-DR, CD86, and CD69 on blood and bronchoalveolar lavage (BAL) eosin-
ophils. (A) Cell surface expression of HLA-DR, CD86, and CD69 was determined on nonseparated fresh BAL eosinophils or cells in
lysed whole blood samples. Histograms are based on cells from a representative subject. (B) Cell surface marker expression was
assessed on blood eosinophils 24 h after stimulation with granulocyte-macrophage colony-stimulating factor (GM-CSF; 10 ng/ml).
Data presented are from two subjects — one with high HLA-DR expression and one with barely detectable HLA-DR expression. (C)
Cell surface marker expression was assessed on blood and BAL eosinophils 24 h after co-culture with CD4+ T cells and staphylo-
coccal enterotoxin B (SEB). Representative data from one subject are presented.

(4, 17). The implications of the simultaneous increase in
Thl and Th2 cytokines for allergic inflammation are
unclear, but intriguing. Key features of allergic diseases
such as eosinophilia, mast cell development, IgE synthe-
sis, and mucus secretion are linked to Th2-type cytokines.
While it is known that Thl cytokines such as IFN-y can
downregulate Th2 responses, they may also contribute
indirectly to allergic inflammation by increasing the
expression of leukocyte adhesion molecules such as
intercellular adhesion molecule (ICAM) and vascular
cellular adhesion molecule (VCAM) on vascular endo-
thelium (18). In mice, Th1l and Th2 cells can cooperate to
enhance antigen-mediated inflammation (19, 20). Fur-
thermore, we have previously demonstrated that PBMCs
from subjects with asthma have an increased ability to
generate both Thl and Th2 cytokines (21) and a
simultaneous increase in the frequencies of IL-4-, IL-5-,
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and IFN-y-producing T cells has been demonstrated in
BAL (22) and induced sputum of subjects with atopic
asthma (23). Collectively, these data suggest that the
presence of both Thl and Th2 cytokines may represent a
more severe inflammatory state.

The mechanisms by which eosinophils augment SEB-
induced cytokine generation are not clear. Although
eosinophils have been shown to be source IL-4 (24), IL-5
(25), IL-13 (26), and IFN-y (27), it appears unlikely that
SEB directly stimulates eosinophils to produce Thl or
Th2 cytokines. We find no evidence that SEB-induced
expression of cell surface activation markers or genera-
tion of IL-4, IL-5, IL-13, or IFN-y. However, we cannot
rule out the possibility that factors present in the
co-cultures of eosinophils and SEB-activated T cells can
stimulate eosinophil generation of Thl/Th2 cytokines.
Regardless of their source, generation of Thl and Th2



Table 1. HLA-DR and CD69 expression on eosinophils after 24 h GM-CSF stimu-
lation

HLA-DR (MCF) CD69 (MCF)

Subject  Type Medium GM-CSF Medium GM-CSF
1 AA ND 212 ND 836
2 AA ND 518 ND 820
3 AA Undetectable Undetectable Undetectable 750
4 AR Undetectable Undetectable Undetectable 808
5 AR Undetectable Undetectable 540 1056
6 AA Undetectable Undetectable Undetectable 840
7 AA 66 312 Undetectable 652
8 AA 100 220 Undetectable 924
9 NN Undetectable Undetectable 120 1248

10 NN Undetectable Undetectable Undetectable 788

1 AR Undetectable Undetectable Undetectable 984

12 AA Undetectable Undetectable Undetectable 1006

13 AA 328 738 Undetectable 1176

14 AA 140 520 Undetectable 924

15 AR 189 408 Undetectable 1548

16 AA 92 601 Undetectable 1385

17 AA Undetectable Undetectable Undetectable 1292

18 AA 400 788 Undetectable 932

AA, allergic asthma; AR, allergic rhinitis; NN, normal nonallergic; MCF, median
channel fluorescence; ND, not done; GM-CSF, granulocyte-macrophage colony-sti-
mulating factor; HLA, human leukocyte antigen.

cytokines are clearly increased when CD4+ T cells are
cultured with eosinophils and SEB.

There are a number of reports, particularly in mouse
models, suggesting that eosinophils can function as
APCs. For example, murine eosinophils can express
MHC class 1I, CD80, and CD86 (2-4, 17), process
antigen (3, 17), traffic to draining lymph nodes (3, 4, 17,
28) and prime CD4+ T cells for proliferation and
cytokine generation (2-5, 17). Studies of human eosin-
ophils have demonstrated increased T cell proliferation
upon co-culture with eosinophils and stimulation with
antigen peptides (10) or SEB (11, 12), or upon co-culture
of rhinovirus-specific T cell lines and eosinophils prein-
cubated with rhinovirus (29). There is, however, at least
one report that murine eosinophils are not able to present
antigen to naive T cells (30), and there are a number of
reports demonstrating that human blood eosinophils are
inefficient as APCs when classical antigens (requiring
processing for presentation on MHC) are used as T cell
stimuli (10-12). Our data corroborate these human
studies and demonstrate for the first time that co-culture
of human eosinophils and CD4+ T cells stimulated with
SEB results in enhanced secretion of Thl and Th2
cytokines. Moreover, we show that peripheral blood and
airway eosinophils have similar accessory function and
that neither cell population can support cytokine genera-
tion in response to classical antigen (Fel d 1). To our
knowledge, this is the first report to evaluate the
accessory function of human airway eosinophils.

Our results indicate that the eosinophil-mediated
enhancement of CD4+ T cell cytokine secretion is

Immunoregulatory function of human eosinophils
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Figure 6. Effect of eosinophil expression of human leukocyte
antigen (HLA)-DR on enhancement of staphylococcal entero-
toxin B (SEB)-induced cytokine secretion. CD4+ T cells were
incubated with granulocyte-macrophage colony-stimulating
factor (GM-CSF)-activated HLA-DR + (A) or HLA-DR- (B)
peripheral blood eosinophils for 6 days in the presence of SEB
(3 pg/ml). Cell-free culture supernatant fluids were collected to
analyze interleukin (IL)-5, IL-13, and interferon (IFN)-y by
enzyme-linked immunosorbent assay (ELISA). Line graphs
depict individual data from 18 subjects.

independent of detectable expression of HLA-DR and
co-stimulatory molecules. This was an unexpected result
given that previous study of mouse and human eosin-
ophils showed that their ability to activate T cell prolif-
eration correlated with expression of MHC class II
molecules (2, 3, 5, 12) and could be blocked by inhibiting
CD80 and/or CD86. While the level of HLA-DR, CDS8O0,
and CD86 does not appear to contribute to the accessory
function of eosinophils in our study, it remains possible
that very small amounts of MHC class II and
co-stimulatory molecules are present on these cells and
are sufficient for antigen presentation. It is also possible
that co-stimulation occurs via a nonconventional mech-
anism such as adhesion molecules as has been described
for presentation of SEB by an adenosarcoma cell line
(31). Regardless of the mechanism, it is clear from our
studies that human eosinophils either provide a signal to
enhance SEB-induced cytokine secretion or receive a
signal from SEB-activated T cells to contribute directly
cytokine generation. Additional studies will be needed to

535



Liu et al.

explore the mechanisms by which these eosinophil-T cell
interactions occur.

Staphylococcal enterotoxin B was utilized as a surro-
gate for protein allergens to activate T cells. The choice of
SEB was based on its ability to interact directly with
MHC class II molecules and a subset of CD4+ T cells
expressing a TCR with a specific VB-region (9). Thus,
SEB does not require processing, and it can nonspecif-
ically activate a large subset (30%) of CD4+ T cells. It is
unclear whether our findings with SEB can be extrapo-
lated to complex classical antigens. Nonetheless, eosino-
phil augmentation of SEB-induced cytokines is likely to
be relevant to diseases such as atopic dermatitis, chronic
sinusitis, and nasal polyposis that are associated with
eosinophilic inflammation and for which staphylococcal
superantigens have been directly implicated in the disease
pathogenesis (32, 33). In fact, cosinophil augmentation of
SEB-induced cytokines may play a broader role in atopy.
There is evidence for increased prevalence of Staphylo-
coccus aureus in patients with allergic rhinitis (34-37) and
there are reports that staphylococcal enterotoxins may
promote development of atopy (37, 38).
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