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SUMMARY

Dendritic cells (DCs) are important in the regulation of immune responses and it has been

proposed that these cells play an important role in asthma; however, their role in food allergy is

still largely unknown. Our aim was to study specific immunoglobulin E (IgE) and immuno-

globulin G (IgG) responses in naı̈ve recipients following adoptive transfer of myeloid DCs from

allergic and control mice. The phenotypic features and lymphokine production of DCs were also

investigated. CD11c+/hi B220) DCs isolated from spleen and Peyer’s patches (PP) of cow’s

milk (CM) allergic and control mice were transferred intravenously (i.v.) into naı̈ve syngeneic

recipients, and IgE- and IgG-specific responses were evaluated. Experiments were also carried

out to determine the levels of interferon-c (IFN-c) and interleukin (IL)-4 produced by spleno-

cytes from naı̈ve recipients following the adoptive transfer, and CD40 ligand (CD40L)-mediated

IL-10 production by DCs from allergic and control mice. DCs isolated from spleen and PP of

allergic mice, but not control groups, induced CM-specific IgG and IgE antibody production in

naı̈ve recipients in the absence of previous immunization, but did not modify the T helper 1 (Th1)

and T helper 2 (Th2) balance. Furthermore, although no difference was observed in the

expression of canonical DC surface markers, PP DCs from allergic mice produced less IL-10

than DCs from controls. We interpret these data as showing that DCs play a pivotal role in

allergen-specific IgE responses and that a Th2-skewed response may not be involved in the early

phase of allergic responses. The identification of the mechanisms underlying these events may

help to design novel strategies of therapeutic intervention in food allergy.
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INTRODUCTION

Immunoglobulin E (IgE)-mediated allergic responses to

food components are serious and life-threatening conditions
and, according to a recent survey, are undergoing a rapid

increase throughout the world.1,2 In the past few years it has
become evident that allergen-specific T helper 2 (Th2) cells

play a central role in the genesis and maintenance of allergic
inflammatory reactions in both humans and mice.3,4 CD4+

T helper cells from atopic individuals and sensitized labor-

atory animals belong predominantly to the Th2 phenotype,
characterized by production of relatively high levels of
interleukin (IL)-4, IL-5 and IL-13, and a low level of

interferon-c (IFN-c).5 Although the aetiology of IgE-medi-
ated allergies is far from being completely understood, it is
generally believed that the shifted balance in the Th1 ⁄Th2
response is directly correlated to an overproduction of

allergen-specific IgE (reviewed in ref. 6). One of the most
convincing pieces of evidence for the role of Th2 cells
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has come from recent work which demonstrates that
peanut-allergic individuals show a Th2 polarization of
cytokine production by antigen-specific T cells.4 In contrast,
non-allergic donors, and donors who have outgrown their

allergy, show a T helper 1 (Th1) response to peanut. How-
ever, the exact role of Th2 lymphokines on the various
phases of allergic reactions, from sensitisation to establish-

ing and maintaining chronic allergic reactions, is still
unknown. Factors responsible for the polarization of the
specific immune response into a predominant Th2 response

in atopic patients remain largely undefined. It is well known
that Th1 and Th2 are not derived from a distinct precursor,
but rather develop from a common precursor under the

influence of both environmental and genetic factors acting
at the level of antigen presentation.7,8 Dendritic cells (DCs)
are now recognized as the key player in antigen presenta-
tion, for their ability to internalize antigens at an extremely

low concentration and for the highly efficient presentation
of these, in the context of the major histocompatibility
complex (MHC) class II molecule, to naı̈ve T cells. Their

ability to orchestrate Th1 ⁄ Th2 responses is well documen-
ted and several studies have suggested a role for DCs in the
pathogenesis of allergic diseases. Functional and pheno-

typic differences in DCs from allergic and non-allergic
donors have been reported. DCs from allergic donors were
found to display differential expression of human leucocyte
antigen (HLA)-DR, CD11b, FceRI9,10 and CD80.11 In

addition, allergen-challenged DCs from atopic donors dis-
played an increased capability to induce the production of
Th2 cytokines from autologous naı̈ve, as well as memory,

T cells and IgE antibody,12,13 compared to DCs from non-
atopic donors. It has also been proposed that DCs in atopic
donors may contribute to the allergic status by a reduced

ability to produce IL-1214 and IL-10,15,16 a cytokine which is
believed to be a key regulator of the balance between toler-
ance and allergy. A specific subset of these cells also seems to

be involved in maintaining the chronic Th2 inflammation
that is typical of airway hyper-responsiveness.17 This DC
subset is capable of capturing airborne antigens and remains
able to activate T cells for a long time after the initial expo-

sure. The role of DCs in the IgE-mediated immune reactions
is further highlighted by results obtained in severe combined
immunodeficient (SCID)mice. Adoptive transfer, into SCID

mice, of in vitro-generated DCs from patients sensitive to
Dermatophagoides pteronyssinus (Dpt), induced a marked
increase in the production of specific IgE antibody15 when

challenged with the antigen Dpt.
However, all these data focused on allergic reactions of

the respiratory tract, and nothing is known about the role of
DCs in the generation, progression and maintenance of IgE-

mediated allergic reactions to food. This prompted us to
investigate several aspects of the biology and function of
DCs in a well-established mouse model of type I hypersen-

sitivity reactions to cow’s milk (CM), which mimics human
responses.3,18 Here we report that the adoptive transfer of
splenic and Peyer’s patch (PP)-derived DCs into naı̈ve

syngeneic recipients induced both IgG- and, more import-
antly, IgE-specific responses, even in the absence of antigen
challenge. Furthermore, we observed that allergen-specific

IgE production, following the adoptive transfer of DCs
from allergic mice, may not be linked to a Th2-skewed
response.

MATERIALS AND METHODS

Mouse model of food allergy
Female C3H ⁄HeJ mice, 3 weeks old, were purchased from

Charles River (Margate, UK) and maintained in a clean,
access-restricted room, under conventional conditions,
throughout the experiments. Animal experiments were

conducted according to guidelines of the Animal Act 1986
(Scientific procedures) and the number of animals used was
kept to a minimum. Mice were slightly anaesthetized with

isofluorane and then intragastric feeding was performed
using a stainless steel blunt feeding needle. Following an
established procedure,3,18 mice were immunized using a
mixture of homogenized CM and cholera toxin (CT)

(Calbiochem, San Diego, CA) that contained 1Æ0 mg ⁄g of
body weight of CM together with 0Æ3 lg ⁄g of body weight
of CT. The CM+CT mixture was administered in phos-

phate-buffered saline (PBS) (final volume of 0Æ03 ml ⁄g of
body weight). Control groups were administered with the
same dose of CM and CT alone or PBS (naı̈ve). Mice were

challenged five times at weekly intervals and finally chal-
lenged at week 6 with a double dose of CM administered
30 min apart. Given the fact that a small amount of CM
products are commonly present in the mouse diet, we kept

a small group of in-house bred mice under a controlled diet,
as a control. For experiments of adoptive transfer, pheno-
typic analysis and lymphokine production, DCs were iso-

lated from spleen and PP of sensitized and control mice
24 hr after giving the fifth dose of the sensitizing (or con-
trol) mixture. Additional groups of mice were challenged

on week 6 with CM in order to check the percentage of
mice that developed a type I hypersensitivity reaction to
CM, as previously described.3 Our experiments showed

that as many as 75% of C3H ⁄HeJ mice sensitized with the
CM+CT mixture displayed a strong allergic reaction, as
established by a scoring system previously described.3

Preparation of DCs
Isolation and purification of DCs from spleen and intesti-

nal PP from allergic and control mice was performed fol-
lowing a slightly modified procedure, as previously
described.19 First, PP tissues were treated with media con-
taining dithiothreitol, Hepes, 10% fetal calf serum (FCS)

and 5 mM EDTA in Hanks’ balanced salt solution (HBSS)
for 90 min at room temperature (all chemicals were from
Sigma Chemical Co., St Louis, MO) to remove epithelial

cells and then washed extensively with HBSS. Spleen and
PP were then treated with collagenase D (400 U ⁄ml,
Roche, Mannheim, Germany) and incubated at 37� for

10 min in the presence of EDTA. Single-cell suspensions
were then prepared, and the cells were stained with anti
CD11c–phycoerythrin (PE)-labelled antibody (BD Bio-

sciences, San Diego, CA) and anti B220–allophycocyanin
(APC) (Ebioscience, San Diego, CA). CD11c+⁄hi B220–

cells were isolated by a Coulter Epics Altra (Coulter
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Becham, Beckman, High Wycombe, UK) flow cytometer.
Sorted populations were screened for B- (CD19) and
T-(CD3) cell contamination using flow cytometry. Sorting
of DCs was carried out under very stringent conditions to

exclude CD11c+⁄ lo macrophages.20 Phenotypic analysis of
DCs was carried out by flow cytometry using fluorescein
isothiocyanate (FITC)-labelled anti-MHC class II (I-Ab),

CD80, CD40 (BD Biosciences), CD86 (AMS Biotechno-
logy, Abingdon, UK), and CD8a (Ebioscience) immuno-
globulin. When appropriate, the blocking antibodies CD16

and CD32 (AMS Biotechnology) were employed.

Adoptive transfer of DCs and antibody responses

Naı̈ve C3H ⁄HeJ mice (of the same sex and age as DC
donors) were injected intravenously (i.v.) (tail vein) with
1 · 105 CD11c+⁄hi B220– DCs suspended in saline solution.

Five to seven mice per group were injected with splenic
DCs, while a smaller number of mice in each group (n ¼ 3
or 4) was used to determine the effect of PP DCs on the

CM-specific IgE response. This was because of ethical
considerations regarding the number of animals required to
harvest the necessary number of PP DCs (1 · 105 per
mouse). Mice were then caged, as described above, and

antibody responses were evaluated by enzyme-linked
immunosorbent spot-forming cell assay (ELISPOT) at
various time-points. The ELISPOT was carried out

according to a protocol established in our laboratory.21

Briefly, nitrocellulose filter discs were coated overnight at
4�, in a humidified chamber, with cow’s milk protein

(CMP), unrelated antigen, phosphorylcholine–keyhole
limpet haemocyanin (KLH) (both at 100 lg ⁄ml) or PBS, as
a background control. After blocking and extensive wash-

ing, filters were incubated, in triplicate, with various con-
centrations of splenocytes from allergic and control mice
for 5 hr at 37� ⁄5% CO2. Filters were then rinsed with
PBS ⁄EDTA (10 mm) for 10 min, rinsed with PBS and

incubated with horseradish peroxidase (HRP)-labelled
antibody against mouse IgG and IgE (Southern Biotech.,
Birmingham, AL), overnight at 4�. After careful washing,

the reaction was developed using HRP colour-development
reagents (Sigma). The reaction was then stopped with de-
ionized water and spots were scored. Filters containing

between 10 and 102 spots were used to calculate the number
of antibody-forming cells (AFC) ⁄107 splenocytes.

Serum levels of CM-specific IgE and IgG were also
determined in all groups of mice that underwent adoptive

transfer of DCs. Reference curves were constructed by
coating microtitration plates with albumin–dinitrophenyl
(DNP) at 1 lg ⁄ml, for IgE, and with glutenin for IgG.

Dilutions of mouse anti-DNP IgE monoclonal antibody
(mAb) (Sigma) or mouse anti-glutenin IgG mAb (clone
IFR065) were then added. The plates were then incu-

bated for 90 min at 37� and then washed with
PBS. The plates were probed with either rat anti-mouse
IgE (Southern Biotechnology Associates, Birmingham,

AL) or goat anti-mouse IgG, both HRP-conjugated.
Following a further 90-min incubation, substrate was
added and the reaction stopped after 15 min. Absor-
bances at 450 nm were determined in a Dynatech mr5000

plate reader. Levels of specific serum IgE and IgG were
subsequently determined following the same protocol,
using CMP as coating protein and various dilutions of
mouse sera as primary antibody.

Lymphokines production

First, CD40L-mediated production of IL-10 was
assessed in DCs from CM-sensitized and control mice.
CD11c+⁄hi B220– DCs were cultured overnight in the
presence of CD40L (1–10 lg ⁄ml) in a 96-well microtitre

plate. Supernatants were then collected and IL-10 and
IL-12 p40 ⁄p70 levels analysed by enzyme-linked immuno-
sorbent assay (ELISA). Second, Th1 and Th2 lymphokines

were determined in all groups of naı̈ve recipients, following
the adoptive transfer of DCs from sensitized and control
groups, by evaluating the levels of IFN-c and IL-4 fol-

lowing an in vitro T-cell recall response. In this case, spleen
cells from allergic mice were placed in serum-free medium
(RPMI-1640 containing 0Æ5% penicillin ⁄streptomycin and

1% glutamine) and challenged with CMP or concanavalin
A (Con A; a positive control) for 48–72 hr. The culture
supernatants were then assayed for levels of IFN-c and IL-4
using commercially available kits, according to the manu-

facturer’s instructions. In addition, the number of individ-
ual T cells secreting IL-4 and IFN-c was assessed by
ELISPOT. In these experiments, T cells were purified,

through a nylon wool column, from splenocytes of all
groups of mice following the in vitro T-cell recall challenge.
The ELISPOT was carried out as described above. In this

case, anti-mouse IFN-c or IL-4 (R4-6A2 or BVD4-1D11)
were used as coating antibody, while anti-IFN-c XMB1.2
or anti-IL-4 BVD6-24G2 (all antibodies were from

Pharmingen, San Diego, CA) were used as detection anti-
body.

Statistics
Statistical analysis was performed by the Student’s t-test
and values were considered significant at a P-value of

£ 0Æ05.

RESULTS

Isolation and phenotypic analysis of splenic- and

PP-derived DCs

DCs from spleen and PP from allergic and control mice
were isolated and their phenotype analysed by flow cyto-
metry. It has been reported that manipulation of DCs by

means of isolation from tissue followed by overnight cul-
ture can induce maturation and differentiation.19 Thus,
DCs isolated in this way may not be entirely representative

of the DC function in vivo. In order to circumvent this
problem, we isolated DCs expressing CD11c+ (a well-
established marker for murine myeloid DCs) from PP and
spleen of allergic and control mice, using flow cytometry,

without further manipulation, immediately after prepar-
ation of the cell suspension. CD11c+⁄hi B220– DCs19 were
identified and sorted as shown in Fig. 1(a). The absence of

T- and B-cell contamination was determined by flow
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cytometry using anti-CD3 and anti-CD19 immunoglobulin,
respectively (Fig. 1b). Sorting of CD11c+⁄hi B220–cells was
carried out under very stringent experimental conditions
and this enabled us to rule out contamination with macr-

ophages, which are characterized by the expression of
CD11c+⁄ lo.20

DCs from spleen and PP were then analysed for the

expression of canonical DC markers, such as MHC class II
(I-Ab), CD86, CD8a, CD80 and CD40. With the exception
of MHC class II molecules, all the markers we tested were

expressed at a very low level in both splenic- and PP-
derived DCs, and no differences were observed in the
expression of these markers in allergic mice compared to
mice from control groups. In Fig. 2 we show the expression

of MHC class II molecules in naı̈ve mice compared to mice

that had been treated with CT, CM and the combination of
CT+CM (allergic group). A minor differential expression
of MHC II was observed in the splenic DCs of mice treated

with CT compared to naı̈ve mice, but no difference in the
expression of MHC class II antigen was observed between
splenic and PP DCs, or between allergic and control non-

allergic mice.

IgE response in naive recipients following passive transfer

of DC

CD11c+⁄hi B220– DC from allergic (treated with
CM +CT) and all control mice (naı̈ve, CM- and CT-
treated) were transferred i.v. into naı̈ve syngeneic mice. A

single injection was carried out in the tail vein and the
specific antibody response was evaluated at various time-
points by ELISPOT. As shown in Fig. 3(a), 3(b), splenic

DCs from allergic mice induced a significant antigen-spe-
cific IgE response, while this was not observed when DCs
from the control groups were used. The response became

evident on day 10 after the passive transfer and peaked on
day 20. Despite interindividual variability, the response
was significantly different in mice that had received DCs
from allergic mice compared to those that had received DCs

isolated from all control groups (naı̈ve, CM- and
CT-treated). DCs from the control groups did not induce
any detectable level of IgE; on the other hand, all mice that

received DCs from allergic donors displayed a significant
level of IgE-specific AFC.

The same pattern of the kinetics of IgE response was

observed when a smaller number of mice ⁄group
(n ¼ 3–4) was injected with PP-derived DCs from allergic
and control mice (Fig. 3b). However, the magnitude of the

IgE-specific response appeared to be greater in mice
transferred with PP-derived DCs (940 ± 340 AFC ⁄106

spleen cells on day 20) compared to mice treated with
splenic DCs (540 ± 225 AFC ⁄106 spleen cells on day 20).
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Figure 1. Isolation and purification of dendritic cells (DCs)

(CD11c+⁄hi B220–). DCs were isolated from both spleen and

Peyer’s patch (PP) of allergic and control mice using flow cyto-

metry (a). DCs were isolated immediately after preparation of the

cell suspension in order to minimize manipulation and culture-

induced functional and phenotypic changes. Cells were gated

using stringent conditions in order to avoid contamination with

macrophages, characterized by expression of CD11c+⁄ lo. CD11c+⁄hi

B220– DCs were routinely checked, using flow cytometry, for

contamination with T and B cells (b). CD3 (T cell) and CD19 (B

cell) cells that formed a large proportion of the whole spleen sus-

pension (A and C, respectively) were absent in the CD11c+⁄hi

B220– DC sorted population (B and D, respectively).

Figure 2. Phenotypic analysis of dendritic cells (DCs) from allergic

and control mice. Flow cytometry analysis revealed a low expres-

sion of all canonical DC markers in splenic and Peyer’s patch (PP)

DCs from both allergic and non-allergic donors. Histograms

show the expression of major histocompatibility complex (MHC)

class II molecules in cholera toxin (CT)-, cow’s milk (CM)- and

CM+CT-treated mice (white) versus naı̈ve mice (dark).
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A similar pattern was observed when levels of specific IgE
and IgG were evaluated in the sera of mice following the
adoptive transfer of DCs (Table 1). In this case, serum
antibody levels of both isotypes were raised in naı̈ve mice

injected with DCs from allergic mice. Noteworthy, DCs
from CM-immunized, but not allergic, mice induced the
production of IgG, but not of IgE. Thus, in allergic mice,

myeloid DCs have acquired the ability to initiate the
production of allergen-specific IgE.

Adoptive transfer of DCs from allergic donors does not

alter the balance of the Th1 and Th2 response in the spleen

of IgE-producing mice

Th2 lymphokines are thought to play a critical role in IgE-
mediated allergic reactions. If this was true, one would
expect to observe an increase in the production of IL-4 in

the spleen of mice that produced IgE following adoptive
transfer of DCs from allergic mice. With this in mind, we
determined the production of IFN-c and IL-4 by spleno-

cytes of all groups of mice that underwent adoptive transfer
following an in vitro T-cell recall response. In these
experiments, the levels of IFN-c and IL-4 were determined,
at various time-points after the adoptive transfer, in

splenocytes following in vitro challenge with CMP, or Con
A as a positive control, for 48–72 hr. We found that IFN-c
and IL-4 levels did not differ significantly in spleen cell

cultures from mice that developed an IgE antibody
response compared to those that did not (Fig. 4). The
absence of an increased Th2 response showed that the

splenic immunological microenvironment of mice that dis-
played a DC-mediated IgE production did not differ, in
regard to Th1 and Th2 responses, from that of mice which

did not show a DC-mediated IgE production. Although
IFN-c and IL-4 are the prototype of the Th1 and Th2
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Figure 3. Cow’s milk (CM)-specific immunoglobulin E (IgE) anti-

body response in naı̈ve recipients following adoptive transfer of

dendritic cells (DCs). Groups of naı̈ve C3H ⁄HeJ mice were injected

intravenously (i.v.) with 1 · 105 DCs from CM-allergic mice

[(treated with CM +cholera toxin (CT)] or control mice (naı̈ve,

CM and CT-treated mice), and anti-cow’s milk protein (anti-CMP)

IgE responses were evaluated by enzyme-linked immunosorbent

spot-forming cell assay (ELISPOT) at various time-points. Mice

that were injected with splenic (a) and Peyer’s patch (b) DCs from

allergic donors showed a significant response, even in the absence

of previous immunization. Each point represents the mean value

(± standard deviation) from groups of five to seven (a) or three to

four (b) mice. AFC, antibody-forming cells.

Table 1. Levels of cow’s milk protein (CMP)-specific immuno-

globulin E (IgE) and immunoglobulin G (IgG) in sera (ng ⁄ml)

Group Day 0 Day 10 Day 20 Day 30

IgE

AT-Naı̈ve* <4 <4 <4 <4

AT-CM <4 <4 <4 <4

AT-CT <4 <4 <4 <4

AT-CM +CT <0 <4 210 ± 22� 165 ± 25

IgG

AT_Naı̈ve 20 ± 10 19 ± 8 16 ± 5 20 ± 10

AT-CM 19 ± 8 45 ± 20 80 ± 29 190 ± 50

AT-CT 15 ± 6 20 ± 8 25 ± 10 20 ± 10

AT-CM +CT 15 ± 8 70 ± 19 350 ± 40 920 +200

*Naı̈ve mice received adoptive transfer (AT) of splenic dendritic cells

(DCs) from sensitized (AT-CM +CT) or control mice (AT-Naı̈ve, AT-CM,

AT-CT). CM, cow’s milk; CT cholera toxin.

�Mean± standard error (SE) (n ¼ 5–7 mice ⁄group). Values up to

4 ng ⁄ml were considered to be below the level of sensitivity of the enzyme-

linked immunosorbent assay (ELISA).

Figure 4. Levels of interferon-c (IFN-c) and interleukin-4 (IL-4) in

mice following the adoptive transfer (AT) of dendritic cells (DCs).

All groups of mice that underwent AT of DCs were tested for the

production of IFN-c (dotted lines) and IL-4 (solid lines) at various

time-points by enzyme-linked immunosorbent assay (ELISA).

Splenocytes were cultured for 48–72 hr in the presence of cow’s

milk protein (CMP) or concanavalin A (Con A), as a positive

control. No differences were observed among the various groups of

mice. The expected increase in IL-4 production was not observed in

mice (AT-CM +CT) that did produce CM-specific antibody fol-

lowing the AT of DCs from allergic donors. Thus, it appears that a

T helper 2 (Th2)-skewed response is not required, at least initially,

to trigger production of an allergen-specific immunoglobulin E

(IgE) response. CM, cow’s milk; CT, cholera toxin.

� 2004 Blackwell Publishing Ltd, Immunology, 112, 72–79

76 S. J. Chambers et al.



response, respectively, their production is not restricted to
T cells alone. Indeed, a wide variety of other cell types
secrete these lymphokines. We therefore used ELISPOT to
determine the number of individual IFN-c- and IL-4-

secreting T cells following the in vitro T-cell recall chal-
lenge. In Table 2 we show that although an increase in the
number of both IFN-c- and IL-4-producing T cells was

observed in mice following the adoptive transfer of DCs
from CM (AT-CM)- and CM+CT (AT-CM+CT)-treated
mice, the IL-4 ⁄IFN-c ratio did not change in comparison to

mice reconstituted with DCs from other groups (AT-Naı̈ve;
AT-CT). These results show that a Th2-skewed response
may not be required in the early phase of allergic reaction,

which is characterized by the initial production of allergen-
specific IgE.

CD40-mediated production of IL-10, but not IL-12,

is impaired in PP DCs from allergic mice

DCs produce cytokines in response to a variety of stimuli,
including interaction with T cells. We have determined the

production of IL-12 and IL-10 in both splenic and
PP-derived DCs from allergic and control groups upon
challenge with CD40L, a molecule which is expressed by

activated T cells. We observed that DCs from all groups
displayed the same ability to produce IL-12 in response to
CD40L, and that no significant difference was detectable
between splenic and PP DCs (Fig. 5a). On the other hand, a

significant reduction (P < 0Æ01) in the production of IL-10
was seen in PP DCs from allergic mice compared to control
groups (Fig. 5b). Interestingly, an impaired IL-10 produc-

tion was detected in PP DCs, but not in splenic DCs.
Although the level of CD40-mediated production of IL-10
by myeloid DCs is usually low,19 the differences between

allergic and non-allergic mice were significant. The pro-
duction of IL-5 was not observed in either spleen- or
PP-derived DCs from any group of mice.

DISCUSSION

An overproduction of allergen-specific IgE is considered
to be the most important event linked to a type I allergic

reaction to food components. Here we described evidence

to show that the systemic administration of DCs isola-
ted from CM-allergic mice induced the production of
CM-specific IgE and IgG when passively transferred into
naı̈ve syngeneic mice, even in the absence of antigen

exposure. Naı̈ve mice that were reconstituted with allergic
DCs did not develop a type I hypersensitivity reaction
similar to that observed in mice sensitized with allergen

and CT, even following the delivery of a single or double
dose of CM (C. Nicoletti et al., unpublished), although
levels of CM-specific IgE were raised significantly. The

absence of the allergic status in the latter cohort, despite
the presence of significant amounts of allergen-specific
IgE, is not fully understood, and it could be related to
the number of DCs transferred. It might be that by

increasing the number of DCs, the critical level of IgE

Table 2. Number of interleukin-4 (IL-4) and interferon-c (IFN-c)-producing T cells: enzyme-linked immunosorbent spot-forming cell assay

(ELISPOT)

T cells*

Day 0 Day 7 Day 21

IL-4 IFN-c r IL-4 IFN-c r IL-4 IFN-c r

AT-Naı̈ve 230± 30� 82± 12 2Æ8� 200± 21 90± 15 2Æ2 235± 41 97± 19 2Æ4
AT-CM 220± 28 75± 15 2Æ9 402± 90 174± 55 2Æ3 275± 40 119± 25 2Æ3
AT-CT 200± 25 76± 20 2Æ6 270± 40 128± 31 2Æ1 225± 35 92± 33 2Æ4
AT-CM+CT 240± 38 85± 29 2Æ8 450± 112 187± 20 2Æ4 304± 50 132± 28 2Æ3

*Splenocytes from naı̈ve mice that had received adoptive transfer (AT) of splenic dendritic cells (DCs) from sensitized mice (AT-CM+CT) or control mice

(AT-Naı̈ve, AT-CM, AT-CT), were cultured in vitro at various time-points after the adoptive transfer (days 0, 7, 21) in the presence of cow’s milk protein

(CMP). Following their isolation, T cells from all groups were used to determine the number of interleukin-4 (IL-4)- and interferon-c (IFN-c)-producing T cells

by ELISPOT. CM, cow’s milk; CT cholera toxin.

�ELISPOT was carried out in triplicate, and values represent the mean± standard error (SE) (n ¼ 5–7 mice ⁄group).
�Means were used to calculate the IL-4 ⁄ IFN-c ratio, and no significant differences were observed at any time-point.

2500

2000

1500

1000

500

0

IL
-1

2p
40

 (
pg

/m
l)

IL
-1

0 
(p

g/
m

l)

CM CM + CTCT

CM CM + CTCT

120

100

80

60
40

20
0

(a)

(b)
Naïve

Naïve

Figure 5. Interleukin (IL)-10 production by dendritic cells (DCs)

from allergic and control mice. CD40-mediated production of
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detected in PP DCs from allergic mice (CM +CT). CM, cow’s

milk; CT, cholera toxin.
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required to trigger a full type-I reaction, following
administration of the specific food component, could be
reached.

The mechanism by which DCs alone induced a specific

IgE response is not clear. DCs are professional antigen-
presenting cells (APC) and, as such, they have the ability to
process and present antigen to naı̈ve T cells. This step is

crucial in determining the nature of T helper cell responses.
The ability of CD11c+ DCs to induce an allergen-specific
IgE response has been shown in SCID mice reconstituted

with DCs from patients sensitized to dust mite upon anti-
gen challenge.13 It was hypothesized that DCs can stimulate
the production of IL-4 (which is required to mediate the

switch towards IgE) by specific T cells and by delivering the
necessary second signals to B cells via CD40 ⁄CD40L.
However, this does not seem to be the case in our model.
Indeed, we have observed that adoptive transfer of myeloid

DCs from sensitized mice induced a significant allergen-
specific IgE response without altering the profile of Th1 and
Th2 responses. Although a vast amount of data support the

notion of a pivotal role played by Th2 lymphokines in
allergic reactions, the pattern and extent of the involvement
of Th2 lymphokines on the genesis of adverse reactions to

food remains to be determined. In this context, our results
would indicate that Th2-skewed responses may be import-
ant in the progression and maintenance of allergic status,
rather than in the early stages characterized by the pro-

duction of allergen-specific IgE.
Despite the differences in the regulation of antibody

response between DCs from allergic and all the other

control groups, the phenotypic characterization of DCs
from both PP and spleen from all groups of mice (allergic
and non-allergic) revealed a low expression of regulatory

molecules, such as CD40, CD80, CD86 and CD8a, indi-
cating a low degree of maturation of the DC population
analysed. Furthermore, although higher compared with the

expression of other surface markers, the level of MHC II
molecules did not differ significantly between splenic and
PP-derived DC and was not affected by the allergic status.
A remarkably higher expression of MHC II molecules in PP

DCs compared to splenic DCs has been reported in
BALB ⁄c mice.19 Our results suggest that this is not always
the case and that the expression of regulatory molecules on

DCs from various lymphoid organs varies according to the
genetic make-up of the host.

We next observed that CD40-mediated IL-10 produc-

tion is reduced in PP DCs from allergic mice, while no
changes were observed in splenic DCs; on the other hand,
production of IL-12 was not affected in allergic mice. It is
important to bear in mind that IL-10 is a lymphokine which

is believed to play a central role in controlling the balance
between tolerance and allergy. The role of IL-10 in shaping
the outcome of immune responses is further highlighted by

the notion that this lymphokine has the ability to convert
in vitro immature DCs into tolerizing APCs.22 Our finding,
that IL-10 production is impaired in DCs during sensiti-

zation, also lends support to the notion that the long-term
reduction of IgE levels and the resolution of allergy,
following specific immunotherapy, is linked to a marked

increase in the levels of IL-10 in cutaneous biopsies.23 We
carried out analysis of IL-10 production in DCs from
allergic and non-allergic mice following challenge with
CD40, a molecule normally expressed on the surface of

T cells. It may be that deficiency in IL-10 production by
DCs during antigen presentation to T cells plays an
important role in the onset of the allergic status. Also,

IL-10 production is specifically reduced in PP DCs, a cell
population that is considered to play a central role in the
sensitization process to food components in the gut.24

However, allergic reactions are not always linked to a
reduced production of IL-10. Recently, a marked increase
in the amount of IL-10 produced in vitro by splenocytes

isolated from C3H ⁄HeJ mice undergoing the same sensiti-
zation procedure described here, has been reported.3 The
discrepancy with our results can be explained, in the first
instance, by the fact that in the latter case the whole spleen-

cell population was used as source of this lymphokine.
IL-10 is a lymphokine that is produced by cell types other
than DCs, including T cells and macrophages,25,26 and it

may be that the decline in IL-10 production by
CD11c+⁄hi B220– DCs reflects allergy-related changes tak-
ing place in that specific cell population. Second, in our

experiment, DCs were isolated 24 hr after delivery of the
last sensitizing dose, while, in the other study, splenocytes
were isolated from mice immediately after the elicitation of
the type I response. Thus, the production of IL-10 was

analysed in cells at a different stage of activation.
Taken together, our data demonstrate that myeloid

DCs have the potential to initiate an IgE-mediated

immune response, even in the absence of antigen chal-
lenge, thereby pointing to a very important role exerted by
this type of DC in host sensitisation. The identification of

the cytokines and costimulatory molecules underlying
these events may help to design new strategies for thera-
peutic intervention
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