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Characterization of lymphocyte

See the related Commentary beginning on page 950.
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Comparing lymphocyte responses to allergenic and nonallergenic foods could reveal the differences
between pathogenic and normal immune responses to foods. Defining the cytokine-producing phe-
notypes of peanut-specific lymphocytes from peanut-allergic children, children who outgrew peanut
allergy, and children who have always tolerated peanuts may be useful for understanding the mech-
anisms of food tolerance. Investigating immune responses against foods is hindered, however, by
the fact that circulating food antigen-specific lymphocytes are very rare. In a novel approach we
used carboxyfluorescein succinimidyl ester to detect peanut-specific lymphocytes by flow cytome-
try. We confirmed that these cells are indeed peanut specific by cloning. Peanut-allergic donors show
Th2 polarization of cytokine production by peanut-specific cells (IFN-y lov, TNF-a low JL-4 high)
IL-5 high TI.-13 bigh). Conversely, nonallergic children and children who have outgrown their allergy
show Th1 skewing to peanut antigens (IFN-yhigh, TNF-q bigh IL-4 low JL-5 low, JL-13!%), similarly to
nonallergenic food antigens (3-lactoglobulin, OVA). This finding suggests that peanut antigens do
not intrinsically induce Th2 skewing, but that the type of response depends upon the donor’s aller-
gic status. In conclusion, food allergic status is characterized by a Th2 response whereas Th1-skewed

responses underlie oral tolerance.

J. Clin. Invest. 111:1065-1072 (2003). d0i:10.1172/JC1200316142.

Introduction

Food allergies are common, affecting 6-8% of infants in
their first 3 years of life, but often resolve spontaneous-
ly, leading to a decreased prevalence in older children
and in adults (1). An exception is peanut allergy: even
though it affects only 0.6% of British 4-year-olds (2), it
is the main cause of food-induced anaphylactic shock
(3), and it is rarely outgrown. It is not clear whether
peanut antigens intrinsically induce a Th2-biased
immune response due to their physicochemical proper-
ties, or, alternatively, the antigen-specific immune devi-
ation depends on the host immune response. Therefore,
comparing T cell responses to peanuts in peanut aller-
gic (PA) and nonallergic (NA) children, as well as com-
paring their different T cell responses to nonallergenic
food antigens, might provide useful information.
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Limited and sometimes contradictory information
is available concerning the difference in cytokine pro-
files of peanut-specific lymphocytes from PA and NA
donors, possibly due to methodological difficulties:
peanut-specific lymphocytes are rare in individuals
who tolerate peanuts in their diet also, and there is
no data concerning the functional response to
peanut antigens of PBMC-derived T cells obtained
from the donors that have outgrown their peanut
allergy. Such data would provide indications about
the mechanism of establishing tolerance to foods
and could represent an immunological end point to
be achieved by immunotherapy protocols.

Cell surface markers and cytokine-producing pheno-
type of peanut-specific T cells from PA donors have
been studied in the past using peanut-specific clones or
cell lines (4-7). In these systems it has been shown that
the majority of the clones from PA donors have a Th2
profile (low IFN-yand high IL-4 secretion, as measured
by ELISA). Similar results were found when the levels
of IFN-y and IL-4 mRNA were determined in the
peanut-activated PBMC cultures (6, 7).

The use of peanut-specific clones or cell lines in these
studies was justified by the fact that circulating aller-
gen-specific T cells are present at a very low frequency
among PBMCs (8, 9). Nevertheless, cloning (or estab-
lishing cells lines) typically involves several cycles of Th
stimulation in the presence of antigen, feeder cells, and
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exogenous cytokines (10, 11). Since this is time and
labor consuming, only a limited number of clones can
be studied, and the characteristics of the derived anti-
gen-specific cells are altered with regard to antigen
responsiveness (12) and cytokine-production pheno-
type (13). Thus, when stimulated repeatedly in vitro in
neutral conditions, human T cells tend to develop by
default a Th2-skewed cytokine-producing phenotype
(14, 15). Moreover, obtaining cell lines or clones against
nonallergenic food antigens is relatively difficult
because of the very low level of T cell proliferation
induced by such proteins (16). These difficulties
explain why the critical comparison between peanut-
specific responses and responses to other control food
antigens in PA patients has never been made.

We aimed to avoid such problems by establishing a
procedure that could allow the identification of food
antigen-specific T cells after only one short cycle of in
vitro cellular expansion without additional exogenous
cytokines and feeder cells. In this respect, we took
advantage of the fact that only the antigen-specific Th
cells among PBMCs proliferate when cultured in the
presence of the respective antigen in stringent culture
conditions. To identify these rare antigen (allergen)-
specific cells that have divided, we labeled the PBMCs
with CFSE before setting them in culture.

CFSE is a membrane-permeant dye that binds the
amino groups of cytoplasmic proteins with its succin-
imidyl-reactive group (17, 18). When cells divide, CFSE-
labeled proteins are equally distributed between the
daughter cells, thus halving cell fluorescence upon each
division. So, in antigen-stimulated cultures, cells are
characterized either by high levels of CFSE fluorescence
(CFSEMigh), representing the cells that have not divided,
or by lower levels of fluorescence (CFSE!*¥), the cells
that underwent one or more divisions (19-21).

We applied this method to obtain an enriched popu-
lation of allergen-specific T cells where the allergen-spe-
cific cells (CFSE!*) would be distinguishable from the
other cells in culture (that remain highly fluorescent)
and further confirmed their antigenic specificity by
cloning. This experimental approach allowed us to
investigate the cell surface markers and cytokine-secre-
tion phenotype of large numbers of peanut-specific
cells. Moreover, using CFSE labeling we could detect
low-level immune responses directed against nonaller-
genic food antigens and thus compare such responses
to those observed against peanut antigens in PA chil-
dren. The cytokine-producing phenotypes of these
antigen-specific T cells were then compared with those
from children who were never allergic to peanuts, milk,
or eggs, as well as children who had recently outgrown
their peanut allergy.

Methods

Patients. Thirteen PA children (average age: 9.42 years;
range: 5-16 years; median 9 years), 13 NA children
(average age: 9.5 years; range: 6-15 years; median 9
years), and four “outgrown” (OG) children (average age:

7 years; range: 5-8 years; median 7 years) were included
in this study, which was approved by the Local
Research Ethics Committee. The diagnosis of peanut
allergy was based on characteristic history of immedi-
ate hypersensitivity and at least one of the following
diagnostic criteria: peanut skin prick test wheal greater
than or equal to 6 mm (22), or peanut-specific IgE
greater than or equal to 15 kU/I (23), or a positive
peanut challenge. The NA children had never reacted
to peanut ingestion and were currently consuming
peanuts in their diets, tolerating the equivalent of at
least one peanut butter sandwich. The four peanut
allergy OG children had at least two episodes of imme-
diate hypersensitivity to peanuts between the ages of 1
and 5. Three OGs had their initial diagnosis of peanut
allergy confirmed by positive skin prick tests and posi-
tive challenges. The fourth patient did not have an ini-
tial food challenge to peanuts, but had a typical histo-
ry and a 12-mm wheal at skin prick test to peanuts.
Resolution of peanut allergy was proven in all four chil-
dren after age 5 by placebo-controlled peanut chal-
lenges followed by open challenges. Also, three egg-
allergic (EA) children were investigated; their allergy
was diagnosed on a history of immediate hypersensi-
tivity and at least one of the following criteria: positive
skin prick test wheal greater than or equal to 6 mm; egg
white-specific IgE greater than or equal to 6 kU/1 (22),
or a positive egg challenge. A further five NA children
were recruited as their controls.

Reagents. Peanut defatted extract was kindly provided
by Henning Lewenstein (ALK Abell6, Horsholm, Den-
mark). The lyophilized protein was dissolved in PBS,
sterilized by filtration, and added to the cell culture ata
final concentration of 100 pg/ml, while B-lactoglobulin
and OVA (Sigma-Aldrich, Poole, United Kingdom) were
used at 200 pg/ml. These optimal antigen concentra-
tions were determined by titration in a preliminary
experiment. The peanut antigen Ara h2 was purified
from peanuts as described (24) and used at a final con-
centration of 20 pg/ml. Tuberculin (PPD; Evans Med-
ical Ltd., Leatherhead, United Kingdom) was dialyzed
against PBS and added at 50 pg/ml in culture, while
tetanus toxoid (TT; Staatens Serum Institute, Copen-
hagen, Denmark) was used at 10 pg/ml. Fluorochrome-
labeled Ab’s specific for human cytokines (IFN-y, IL-4,
IL-13,and TNF-a) were from BD PharMingen (Cowley,
United Kingdom). CFSE was from Molecular Probes
Inc. (Eugene, Oregon, USA).

PBMC isolation, CFSE labeling, and cell culture. PBMCs
were isolated from venous blood by density-gradient
separation using Histopaque-1077, then resuspended
at 5 X 107cells/ml in HBSS containing 20 mM HEPES
(HBSS+HEPES). Immediately before staining, an
aliquot of CFSE (5 mM in DMSO) was thawed, diluted
1:10 with HBSS+HEPES, and added to the cell suspen-
sion (labeling concentration was 5 UM). PBMCs were
incubated with CFSE for 10 minutes at 37°C with gen-
tle shaking, then 50 ml HBSS+HEPES containing 4%
autologous plasma was added, and the dye excess was
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Figure 1

PBMC proliferation monitored using CFSE labeling. PBMCs from a
PA donor were isolated, labeled with CFSE, and cultured in the pres-
ence of 100 pg/ml peanut extract (a-c), 200 pg/ml OVA (d-f), 50
Hg/ml PPD (g-i), or without exogenous antigens (j-1). On days 3, 5,
and 7 after setting the cultures, cells were collected, stained with anti-
CD4 PE, and analyzed by FACS. Figures represent the percentage of
(CFSE'ow CD4") cells included in the respective gates. Similar results
were obtained in three other donors.

washed. CFSE-labeled PBMCs were then cultured with
or without antigens in RPMI-1640 containing antibi-
otics and supplemented with 5% autologous plasma.
Cells were distributed in 24-well flat-bottom plates, at
a concentration of 3 X 105/2 ml medium per well.

Cloning allergen-specific lymphocytes. CFSE-labeled
PBMCs were cultured with peanut and control anti-
gens for 7 days; then cells were collected and stained
with anti-CD4 phycoerythrin (PE). CFSE!*YCD4" cells
or CFSEPighCD4* cells were then sorted using a FACS-
Calibur and distributed (0.3 cells/well) in 96-well
U-bottom cell culture plates. Irradiated (30 Gy) autol-
ogous PBMCs (10°) were added to each well as antigen-
presenting cells. To find whether the sorted cells were
peanut specific, the lymphocytes separated from
among the peanut-stimulated PBMCs were further cul-
tured either with peanut antigens or with OVA (control
antigen) or with phytohemagglutinin (10 pg/ml as a
mitogen, to prove the cells’ ability to proliferate). To
enhance cloning efficiency, in a separate experiment we
plated the sorted cells at a concentration of one cell per
well and added 10 U/ml IL-2 in some of the wells.
Cloning efficiency was assessed by measuring cell pro-
liferation after 7 more days.

Cell activation and staining for detection of cytokine pro-
duction by flow cytometry. After 7 days of culture in the
presence of antigens, PBMCs were restimulated with
PMA (50 ng/ml) and ionomycin (1 Yg/ml) in the pres-
ence of brefeldin A (10 pg/ml) for 6 h (25). The cells
were then fixed (20 minutes, 2% paraformalde-

hyde/PBS, pH 7.4), permeabilized (0.2% saponin), and
stained with cytokine-specific Ab’s. PBMCs cultured
in the presence of the same antigens, but not restim-
ulated with PMA and ionomycin were used as nega-
tive controls. At least 10,000 events were collected for
each experimental condition, and data were analyzed
using the WinMDI 2.8 software (Scripps Research
Institute, htep://facs.scripps.edu/software.html).

Results

Antigen stimulation results in the appearance of a population
of CFSE"* CD4* T lymphocytes. PBMCs from PA donors
not allergic to egg or to cow’s milk were labeled with
CFSE and then cultured in the presence of peanut anti-
gens or other control antigens (Figure 1). We found
that in the peanut antigen-treated cultures a popula-
tion of CFSE*Y CD4* T lymphocytes emerges by day S,
which represents 18.78% of all the cells in culture by
day 7 (Figure 1, a-c). A much smaller population of
CFSE CD4* T cells (2.56%) emerges by day 7 in the
OVA-treated culture (Figure 1, d-f); similar values were
seen for the B-lactoglobulin-treated cultures (data not
shown). Comparatively, the recall antigens PPD (Figure
1, g-i) and TT (not shown) induced the emergence of
this CFSE*Y CD4" earlier and reached a higher pro-
portion of the cells in culture (35.45% by day 7 for the
PPD-treated PBMCs). Comparatively, when PBMCs are
cultured without exogenous antigens (cultures supple-
mented with 5% autologous plasma rather than bovine
serum to keep background proliferation low), there are
practically no emerging CFSE"¥ cells (Figure 1, j-1),
suggesting that the CFSE¥ population emerges due to
antigen-dependent stimulation. The size of the CFSE'*¥
CD4" T lymphocyte population significantly correlates
with cell proliferation as measured by [3H]-thymidine
incorporation (r=0.636319; P < 0.001). CFSE-labeling
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Figure 2

Flow-cytometry sorting of CFSE'** and CFSEMgh CD4* lymphocytes.
PBMCs from a PA donor were labeled with CFSE and cultured with
100 pg/ml peanut extract for 7 days. Cells were then collected,
stained with anti-CD4 PE, and sorted by flow cytometry. Figures
show the percentage of the cell populations within the sorting gates
from dot plots (a) before sorting, (b) CD4* CFSE'** after sorting, and
(c) CD4* CFSEhish after sorting.
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Table 1
Cloning efficiency after sorting for CFSE'*% and CFSEMg" Th lympho-
cytes from PBMCs cultured in the presence of peanut antigens.

Without IL-2 (%) With IL-2 (%)

CFSE"v cells
Without antigens 0 0
Peanut antigens 33 91.6
OVA (control antigen) 0 0
Phytohemagglutinin 58.3 100
CFSEhigh cells
Without antigens 0 0
Peanut antigens 0 0
OVA (control antigen) 0 0
Phytohemagglutinin 58.3 83.3

PBMCs from a PA donor were CFSE-labeled and cultured in the presence of
peanut antigens for 7 days. The cells were then collected, stained with anti-
CD4, and the CFSE** and the CFSE"" Th cells were sorted by flow cytometry,
then subsequently cloned by culture in the presence of different antigens and
feeder cells. Figures represent the percentage of wells showing cell prolifera-
tion (as a measure of cloning efficiency).

of PBMCs does not interfere with antigen-specific pro-
liferation (data not shown).

Cloning of CFSEP" CD4" T cells sorted from CFSE-
labeled PBMCs cultured in the presence of peanut anti-
gens demonstrates that they are a peanut-specific pop-
ulation. Even though the CFSE"¥ population from
peanut-treated PBMC cultures correlates with cell pro-
liferation, this does not prove its antigen specificity.
This CFSE"“ population could have resulted in
response to a nonspecific mitogenic effect or as a gen-
eralized bystander T cell response. Therefore, we con-
firmed the antigen specificity of these cells in a series of
cloning experiments. PBMCs from a PA donor were
labeled with CFSE and cultured in the presence of
peanut antigens for 7 days. The cells were then collect-
ed, stained with anti-CD4 PE (Figure 2a), and sorted
using a FACSCalibur gating on the CFSE¥ (Figure 2b)
and, respectively, CFSEMsgh populations (Figure 2c).
Dead cells were gated out using 7-aminoactinomycin
D (not shown). Both CFSE!"*¥ and CFSEPigh cells were
more than 96% pure, as shown by postsorting reacqui-
sition. After sorting, the cells were recovered, diluted in
culture medium with or without IL-2, and distributed
together with irradiated feeder cells and antigens in
96-well U-bottom plates. Cloning efficiency was as-
sessed after 7 days by measuring proliferation using
[*H]-methyl-thymidine incorporation (Table 1). We
thus found that CFSE"*¥ cells emerging in the presence
of peanut antigens are predominantly peanut specific:
they proliferate in the presence of peanut antigens
(91.6% in the presence of IL-2) but do not respond to
other antigens (OVA). Conversely, CFSEhigh lympho-
cytes did not proliferate in the presence of peanut anti-
gens, even though they were able to proliferate (as
shown when activated by the mitogen phytohemag-
glutinin). Similarly, in a separate experiment (data not
shown) PPD-specific T cells were cloned from a sorted
CFSE"*" population that had emerged following PBMC

stimulation with PPD. These results clearly demon-
strate that CFSE!*¥ cells are antigen specific.
Peanut-specific T cells display marked Th2 polariza-
tion in PA children, contrasting with the Th1-bias of
responses induced by nonallergenic food proteins. We
show the responses to peanut antigens, to control
nonallergenic food antigens (B-lactoglobulin, OVA),
and to recall antigens (PPD and TT) in a typical PA
donor who was not allergic to eggs and milk (Figure 3).
We express the results as the percentage of cytokine-
positive cells among the CFSE!"*" (antigen-specific)
lymphocytes, counting at least 10,000 cells per sample.
Thl-polarization is characteristic for the response to
PPD (a typical Thl antigen; ref. 26); as seen in Figure
3a (95.86% of PPD-specific T cells secreted IFN-y, while
only 0.22% produced IL-4). When PBMCs were stimu-
lated with TT, a response involving the production of
Th2 cytokines emerged (as seen in Figure 3b, 72.39%
of TT-specific T cells secreted IFN-y, while 9.41% pro-
duced IL-4). We then assessed the responses to the
nonallergenic food proteins B-lactoglobulin (Figure
3c) and OVA (Figure 3d) and found a clear Th1-skew-
ing (92.44% and 93.68%, respectively, of antigen-spe-
cific lymphocytes produce IFN-y, while less than 1%
IL-4-secreting cells could be detected). In comparison,
when PBMCs from the PA donor were cultured in the
presence of peanut antigens, the response of the
peanut-specific lymphocytes was Th2 skewed (Figure
3e: 47.65% IFN-y- and 10.84% IL-4-secreting cells).
We investigated the production of other cytokines
(TNF-a that is produced by ThO and Th1 cell popula-
tions; IL-13 that is produced by ThO and Th2 cells) and
also IL-5 (data not shown) in response to the same anti-
gens as mentioned above (Figure 4). We compared the
Th1/Th2 cytokine-producing antigen-specific lym-
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Figure 3

Th2 skewing of peanut-specific responses from a PA donor contrasts
with the Th1-biased response induced by nonallergenic food anti-
gens. PBMCs isolated from a PA donor, labeled with CFSE, and cul-
tured in the presence of antigens for 7 days were restimulated with
PMA and ionomycin in the presence of brefeldin A for 6 h, then
cytokine production was assessed using intracellular cytokine stain-
ing. Plots show IFN-y/IL-4 production (percentage of cytokine posi-
tive cells) by the antigen-specific (CFSE'") cells specific for PPD (a),
TT (b), B-lactoglobulin (c), OVA (d), and peanuts (e).
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Th subset polarization of antigen-specific T lymphocytes from PA
donors (n = 9). PBMCs were isolated, CFSE labeled, and cultured
in the presence of antigens for 7-8 days, then the cytokine-pro-
ducing phenotype of antigen-specific (CFSE'*¥) cells was assessed
by flow cytometry. Th subset skewing was determined as ratios of
CFSE'v cell percentages that produce Th1-type (IFN-y) or Th2-type
(IL-4) cytokines (and also TNF-a or IL-13). Points represent data
from different individuals, while bars show median values. Signifi-
cance was determined using the paired t test for log-transformed
data (*P < 0.05; **P < 0.02). B-Ig, B-lactoglobulin.

phocytes ratios for all antigens studied in nine PA
donors. We found a highly significant difference
between the Th2-skewed peanut-specific response and
that induced by B-lactoglobulin, OVA, and PPD. On
the other hand, there was no significant difference
between the peanut-response and that induced by TT,
confirming their Th2-bias. Similar differences were
observed when considering other cytokine ratios meas-
ured, corroborating a Th2 skewing (fewer IFN-y and
TNF-0 and more IL-4,IL-5, and IL-13-producing cells)
in peanut-specific T cells.

Peanut-specific T cells display marked Th1 skewingin children
who do not bave peanut allergy. Whereas peanut-specific
lymphocytes derived from PA children PBMCs displayed
a Th2-biased cytokine-producing phenotype, this could
be explained by intrinsic proallergenic properties of the
peanut proteins rather than by the allergic status of the
donors. Therefore, we compared the Th profiles for these
food antigens in children who were not allergic to
peanuts, milk, or eggs (n = 9). We found that in these
children the peanut-specific response is Th1 skewed, as
is the case with the other control food antigens, with no
significant difference between the cytokine profiles
induced by the three foods (Figure 5). We did find, how-
ever, significant differences (P < 0.02) between the
responses to peanuts and to the typical Th2 antigen, TT,
for all cytokines investigated. Therefore, the differences
between peanut-specific Th responses in PA, as well as in
NA children, reflect the allergic status of the donors.

Peanut-specific T cells from children who bave recently out-
grown their peanut allergy also display Th1 skewing. More
recently, it has become apparent that clinical resolution
may occur in a subgroup of children with peanut aller-
gy (OGs). We studied the peanut-specific T cell
response in four OG children who have suffered from
peanut allergy but who are now tolerating peanuts in
their diet. We found that the peanut-specific cytokine
profiles in these children are similar to those in chil-
dren who have no history of peanut allergy. Statistical-
ly, there was a clear difference between cytokine phe-
notypes from PA children and those from NA or OG
donors, but no significant difference between NA and
OG children (Figure 6). Therefore, acquisition of toler-
ance in children previously allergic to peanuts is accom-
panied by a shift in the cytokine phenotype of peanut-
specific lymphocytes from a Th2 to a Th1 profile.

Similar differences between PA and NA donors can be
observed in responses to purified Ara h2 peanut antigen.
Crude defatted peanut extract contains numerous
antigens that might induce diverse responses, and
lectins could potentially have nonspecific stimulatory
effects. We thus investigated the immune response
directed to purified Ara h2 using PBMCs isolated from
PA and NA donors. We observed a similar pattern of
skewing in PA donors (Figure 7).

OVA-specific T cells display marked Th2 polariza-
tion in EA children, contrasting with the Th1 bias of
the response in NA children. To determine whether
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Figure 5

Th subset polarization of antigen-specific T lymphocytes from NA
donors (n=9). PBMCs were isolated, CFSE labeled, and cultured in
the presence of antigens for 7 days, then the cytokine-producing phe-
notype of antigen-specific (CFSE'*") cells was assessed by flow
cytometry. Th subset skewing was determined as ratios of CFSE'* cell
percentages that produce Th1-type (IFN-y) or Th2-type (IL-4)
cytokines (and also TNF-a and IL-13). Points represent data from
different individuals, while bars show median values. Significance
was determined using the paired t test for log-transformed data
(*P < 0.05; **P < 0.020).
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Figure 6

Comparison of the Th subset polarization of antigen-specific T
lymphocytes from PA (n = 9), NA (n = 9), and PA-outgrown
donors (n =4). PBMCs were isolated, CFSE labeled, and cultured
in the presence of antigens for 7 days, then the cytokine-produc-
ing phenotype of antigen-specific (CFSE'*") cells was assessed by
flow cytometry. Th subset skewing was determined as ratios of
CFSE'*v cell percentages that produce Th1-type (IFN-y) or Th2-
type (IL-4) cytokines (and also TNF-0 and IL-13). Points repre-
sent data from different individuals, while bars show median
values. Significance was determined using the Mann-Whitney test
(*P<0.05; **P<0.02).

the differences in cytokine responses that we ob-
served between the case of PA and NA children is spe-
cific for peanut allergy, we studied OVA-specific
responses in three EA children and compared them
with five NA donors. We found similar TH2 skewing
in the OVA-specific T cells of egg allergic compared
with tolerant donors: EA donors have fewer IFN-y-
secreting cells (47.5% + 5.3%) compared with NA
donors (77.6% + 5.6%, P = 0.01), fewer TNF-O-secret-
ing cells (42.2% + 1.7% versus 68.9% + 6.9% for the
NA, P = 0.01) but more IL-4 secretors (3.9% + 1.1%
versus 0.9% + 0.2%, P =0.01), and more IL-13-secret-
ing cells (5.5% + 2.8% versus 1.3% + 0.4%, P = 0.05).

Discussion

Previous studies on cytokine responses to food aller-
gens have never compared allergen-specific T lympho-
cytes from food-allergic donors with T lymphocytes
that respond to nonallergenic foods, largely due to
technical difficulties arising from the low frequency of
such cells in the blood. We have overcome this difficul-
ty using a novel application of CFSE-labeling. We
demonstrated by cloning that this new method allowed
the identification of antigen-specific cells after short-
term in vitro antigen-stimulation of PBMCs, even when
the expanded antigen-specific cells represent a small
percentage of all the cells in the culture. Since CFSE-
labeling is relatively straightforward, does not interfere

with lymphocyte proliferation, and requires only small
numbers of cells, this technique could be used to study
other immune disorders such as type I diabetes melli-
tus and multiple sclerosis, which are characterized by
abnormal antigen-specific T cell responses.

In the present work, we used CFSE labeling to inves-
tigate food antigen-specific T cell responses in PA chil-
dren, in NA children, and in OG children. We found
that the control nonallergenic foods (B-lactoglobulin,
OVA) induce a Th1-skewed cytokine profile regardless
of the allergic status (PA, NA, or OG) of the donors.
This Th1-skewing induced by nonallergenic food anti-
gens is characterized by a high production of IFN-yand
TNF-a, almost undetectable production of IL-4 and
IL-5, and relatively low production of IL-13. This phe-
notype was similar to that induced in the same donors
by PPD, a typical Th1 antigen, and suggests that oral
tolerance to food antigens is characterized by a Th1-
skewed immune response.

In agreement with previous studies of peanut-specif-
ic cell clones derived from PA donors (4-7), we found
that peanut-specific responses are Th2 skewed in PA
children. We have extended these findings to show that
these responses to peanuts from PA children are clearly
different from the Th1-like responses that we found in
NA donors. Furthermore, we have shown, we believe for
the first time, that resolution of peanut allergy is accom-
panied by acquisition of peanut-specific Th1 responses.

The same differences were found between PA and
NA donors using purified Ara h2, indicating that
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Figure 7

Comparison of the responses of Ara h2-specific T lymphocytes from
PA (n = 4) and NA donors (n = 4). PBMCs were isolated, CFSE
labeled, and cultured in the presence of 20 pg/ml purified Ara h2
for 7 days, then the cytokine-producing phenotype of antigen-spe-
cific (CFSE'*") cells was assessed by flow cytometry. Th-subset skew-
ing was determined as ratios of CFSE'*" cell percentages that
produce Th1-type (IFN-y) or Th2-type (IL-4) cytokines (and, respec-
tively, TNF-a and IL-13). Points represent data from different indi-
viduals, while bars show median values. Significance was deter-
mined using the Mann-Whitney test (***P < 0.001; **P < 0.02).
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these differences in cytokine skewing occur with sin-
gle antigen stimulation and do not represent nonspe-
cific responses to lectins.

Furthermore, we were able to show that children with
egg allergy and milk allergy (data not shown) similarly
display Th2 skewing compared with nonallergic chil-
dren. These differences in cytokine skewing are there-
fore not specific to peanuts, but underlie immunolog-
ical responses in diverse food allergies.

Even though the percentage of IFN-y-secreting lym-
phocytes is much lower than in their NA counterparts,
nevertheless 35-50% of peanut-specific cells produce
IEN-y. This IFN-y-secreting population is separate
from the IL-4/IL-5-secreting population and could
represent a distinct cell phenotype. This is similar to
the response to tetanus, which is regarded as a Th2-
dominant response (27), but nevertheless has been
shown to include a Th1 component (28). Indeed, the
existence of multiple lymphocyte subsets among circu-
lating T cells from EA patients was shown using ovo-
mucoid overlapping peptides (29); however, the domi-
nant IFN-yand TNF-a responses observed in our study
of the peanut-specific cells from NA and OG donors
suggest that Th1 responses underlie both nonallergic
status and resolution of peanut allergy.

Our results agree with several studies concerning
immune responses to food antigens. In one of these
studies, all the antigen-specific T cell clones isolated
from the peripheral blood of children sensitized to
cow’s milk or egg were shown to produce high
amounts of IFN-yin addition to IL-4, when stimulat-
ed with concanavalin A (30).

A recent study attempted to compare the B-lac-
toglobulin-specific responses in PBMCs and Peyer’s
patch-derived lymphocytes from children that were
not allergic to cow’s milk (31). The authors describe
a Thl-polarized (high IFN-y secretion) cytokine
response of milk antigen-stimulated lymphocytes iso-
lated from Peyer’s patches. However, no comparison
could be made with the [-lactoglobulin-specific
response in peripheral blood T cells, presumably due
to the low frequency of antigen-specific circulating
precursors. Using CFSE labeling, we have overcome
this difficulty and compared the immune response to
both allergenic and nonallergenic food antigens. This
technique brings three significant advantages. First,
we avoid repetitive cycles of in vitro stimulation in the
presence of exogenous cytokines and feeder cells that
likely induce functional bias. Second, the identifica-
tion of rare antigen-specific T cells by flow cytometry
allows us to study large numbers of cells (10,000
events or more), conferring superior statistical power
in comparison with the analysis of a limited number
of lymphocyte clones. Third, detecting cytokine pro-
duction in large numbers of heterogeneous, non-clon-
al antigen-specific lymphocytes allows a better investi-
gation of complex, distinct T cell populations.

Our data argue against the existence of intrinsic Th2-
skewing properties of food allergens. It has been sug-

gested that certain antigens might possess intrinsic
properties (physicochemical or biological) that render
them allergenic (32, 33). In our study, we found that
the same peanut antigen extract induces a Th2-skewed
response in PA donors and a Th1-skewed response in
NA children. Therefore, the pattern of cytokine pro-
duction seems to depend on the host immune response
rather than on inherent properties of the allergen.

In conclusion, we have used a novel approach to
identify antigen-specific T cells that may have impor-
tant applications in studying both allergic and
autoimmune disorders. Using this method, we have
shown that peanut antigens induce a Th2-biased
response in cells derived from the PBMCs of PA chil-
dren, while nonallergenic food antigens induce a Th1-
skewed response. The resolution of peanut allergy is
accompanied by a shift to a Thl cytokine profile.
Thus, by correlating immune responses to clinical phe-
notypes, we provide a context against which to evalu-
ate future immunomodulatory treatments that aim to
induce oral tolerance to peanuts.
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