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bstract

Antigen-specific T cell-mediated apoptosis of dendritic cells (DCs) represents a unique down-regulatory mechanism that prevents the continuous
ctivation of T cells by antigen-loaded DCs; this regulatory mechanism is impaired in allergy and as a consequence a large proportion of DCs tends to
scape apoptosis following cognate interaction with CD4+ T cells. However, the biological relevance of greater numbers of apoptosis-resistant DCs
o the development of allergic IgE-mediated reactions remained to be determined. Here, we sought to investigate the in vitro and in vivo regulatory
eatures of apoptosis-resistant DCs and to assess their role in host sensitization. Freshly isolated CD11c+/hiB220-DCs from ovalbumin (OVA)-
ensitized, OVA-immunized and naı̈ve Balb/c mice were cultured with OVA-specific T cells and levels of T cell-mediated DCs apoptosis assessed
y flow cytometry. Surviving apoptosis-resistant DCs were then recovered and subsequently co-cultured with OVA-specific CD62LhiCD44low

aı̈ve T cells or passively transferred into naive syngenic recipients. In vitro profile of DC and T cell lymphokine production, chemokine receptors
xpression and in vivo, post-adoptive DC transfer T helper (TH) and IgE responses were assessed. Apoptosis-resistant DCs showed differential
egulatory properties compared to their freshly isolated counterpart independent of the sensitization status of the donor. When co-cultured with
aı̈ve OVA-specific T cells, apoptosis-resistant DCs from either sensitized or immunized mice induced T cells that produced increased levels of

L-4 and reduced levels of IFN-� and showed increased expression of TH-2 related CCR4 and CCR8 chemokine receptors. Finally, adoptive transfer
f apoptosis-resistant DCs, induced higher levels of OVA-specific IgE responses in absence of antigen challenge in syngenic recipients compared
o freshly isolated DCs from both sensitized and immunized mice. These data would suggest that sensitization-associated increased numbers of
poptosis-resistant T cell-activating DCs contribute to the generation/maintenance of IgE-mediated allergic reactions.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Apoptosis is one of the most important mechanisms for the
aintenance of cellular homeostasis in mammals, and although

he mechanism of programmed cell death is relevant to the devel-
pment of all cell lineages, it is of paramount importance for the
eneration of immune cell repertoire and responses (Opferman
nd Korsmeyer, 2003). DCs have a unique ability to present anti-
Please cite this article in press as: Arques, J.L., et al., Persistence of apopto
response and IgE antibody production, Mol. Immunol. (2008), doi:10.101

en to naive T cells, however, activation of T cells by DCs has to
e kept under strict control to avoid an otherwise uncontrollable
eaction. To this end, T cell-mediated DC apoptosis serves as a
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own-regulatory mechanism and it exerts a form of control on
arious subtypes of DCs at least at two different time points dur-
ng DCs life time. First, TH-2 cells down-regulated pre-DC type

subset through IL-4-mediated killing (Rissoan et al., 1999)
nd second, T cells induced rapid apoptosis in both DC line and
reshly isolated murine DCs in antigen-specific, MHC-restricted
anner following DC–T cells cognate interaction (Matsue et al.,

999; Nicoletti et al., 2006). These observations pointed to an
mportant role of T cell-mediated DC cell death in the physio-
ogic regulation of immune responses. Indeed, this mechanism

ay represent a strategy that allows T cells to control the death
r survival of appropriate DC populations in an antigen-specific
sis-resistant T cell-activating dendritic cells promotes T helper type-2
6/j.molimm.2007.12.004

anner.
Recently, we reported that antigen-specific MHC-restricted

cell-mediated DCs apoptosis was significantly impaired in a
ouse model of food allergy (Man et al., 2004). Indeed, large

dx.doi.org/10.1016/j.molimm.2007.12.004
mailto:claudio.nicoletti@bbsrc.ac.uk
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roportion of DCs displayed a remarkably higher resistance
o T cell-mediated apoptosis compared with their counterpart
rom non-sensitized mice. This led us to hypothesize that the
alfunctioning of this regulatory pathway might have a pro-

ound influence on the development of allergic reactions but the
iological relevance of these events to the development of IgE-
ediated allergic responses remained to be determined. Allergic

isease is an increasing problem in Western countries; the preva-
ence of allergy was found to be doubled in American children
Sicherer et al., 2003) and recently emergency room visits due to
llergic reactions have increased by a factor of six in the United
ingdom (de Block et al., 2007). This increased in prevalence

s also accompanied by more cases of anaphylaxis (Gupta et al.,
004), which is potentially fatal and although our knowledge
f cellular and molecular events underlying allergic reactions
as increased markedly over the past few years, many basic
spects of adverse IgE-mediated reactions remain to be fully
nderstood. Here, we sought to investigate the regulatory fea-
ures of apoptosis-resistant DCs in order to determine their role
n the development of allergy-associated TH-2 responses and
ubsequent IgE production. We report that apoptosis-resistant
Cs, independently of the sensitization status of the host, have

cquired greater capability to generate antigen-specific TH-2
ells in vitro and in vivo and to induce IgE responses in vivo
ompared to freshly isolated DCs. These data demonstrated
hat sensitization-associated increased numbers of TH2-driving
poptosis-resistant DCs has a significant impact on the develop-
ent of allergic disease.

. Materials and methods

.1. Mouse model of IgE sensitization

Female Balb/c mice, 5 weeks old were maintained in a clean,
ccess-restricted room in conventional conditions throughout
he experiments. Experiments were conducted under the current
talian law on animal experimentation. Mice were sensitized
s described previously (Blumchen et al., 2004). 5–6 weeks
ld Balb/c mice were sensitized to ovalbumin (OVA) (Sigma,
K) by six intraperitoneal (i.p.) injections of 10 �g/mouse
f OVA over a period of 3 weeks. Mice injected with PBS
re referred as naı̈ve; mice that received a single i.p. injec-
ion (10 �g/mouse) of OVA and produced OVA-specific IgG
esponse but not detectable levels of IgE are referred as immu-
ized. DCs were isolated from all groups 24 h after last injection.
pecific IgE and IgG responses were evaluated at serum and
ellular level by ELISA and ELISPOT assay respectively as
escribed previously (Chambers et al., 2004).

.2. Cell preparation and DCs apoptosis assay

Splenic CD11c+/hiB220−DCs were isolated according to
stablished protocol described in detail elsewhere (Chambers et
Please cite this article in press as: Arques, J.L., et al., Persistence of apopto
response and IgE antibody production, Mol. Immunol. (2008), doi:10.101

l., 2004; Man et al., 2004). To generate OVA-T cells mice were
mmunized by subcutaneous injection of 100 �g of OVA in CFA
nto foot pad, and boosted twice at biweekly intervals with OVA
50 �g/dose). Seven days after the last injection spleens were
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emoved and cultured in the presence of irradiated syngeneic
plenocytes plus OVA (50–100 �g/ml) and IL-2 (10–30 U/ml)
or 10 days. The resulting population was 96–98% CD4+ and
as cultured for 10 days in the presence of antigen and syngenic

plenocytes. T cells harvested showed significant reactivity to
utologous OVA-pulsed CD11c+/hi/B220−DC. Antigen-specific

cells were maintained in culture and fed at 3-week inter-
al with antigen-pulsed splenocytes and IL-2. Similar protocol
as used to generate keyhole limpet hemocyanine (KLH)-

pecific T cells as described (Nicoletti et al., 2006). Apoptosis
ssay of DCs after co-incubation with antigen-specific T cells
as carried out as described elsewhere (Matsue et al., 1999;
an et al., 2004). Phenotypic analysis of all DCs studied
as carried out by flow cytometry using fluorescein isothio-

yanate (FITC)-labelled antibody anti-Ia, CD80, CD40, CD11b
BD Biosciences), CD86 (AMS Biotechnology), CD8� (Ebio-
cience) and DEC205 (NLCD-145) and ICAM-1 (Pharmingen).
n some cases, apoptosis of DCs was induced by incubation with
ther anti-MHC class II antibody (clone 14-4-44) or treated with
arbamoyl cyanide m-chlorophenyl-hydrazone (CCCP) to arti-
cially abolish mitochondrial membrane potential (�Ψm) as
escribed (Mclellan et al., 2000); �Ψm was determined using
he 3,3′-dihexyloxacarbocyanide iodide (DiOC6) dye (Leverkus
t al., 2003).

.3. Apoptosis-resistant DCs

CD11c+/annexin V− DCs from both OVA-sensitized and
VA-immunized mice that survived DC–T cell co-culture
ere sorted and co-cultured with freshly isolated OVA-specific
D62LhiCD44low naı̈ve T. Prior to co-culture with T cells
poptosis-resistant and freshly isolated DCs were subjected
o acid extraction to remove MHC class II-bound peptide as
escribed (Sugawara et al., 1987) without altering expression
f MHC class II molecules. Both the latter and post-extraction
ell viability were evaluated by flow cytometry using specific
nti-class II antibody (BD Biosciences) and p.i. up-take, respec-
ively. DCs were then pulsed for 3 h with OVA peptide 323–339
ISQAVHAAHAEINEAGR) or peptide 947–963 (FNNFTVS-
WLRVPKVSA) from tetanus toxoid (TT) for specificity
ontrol.

.4. DCs–naı̈ve T cell co-cultures

T cells were obtained from splenocytes from 8 to 10 weeks
ld DO11.10 OVA TCR transgenic mice (Charles River). Fol-
owing 1 h incubation at 37 ◦C non-adherent splenocytes were
hen used to obtain CD4+T cells by using CD4+T cell nega-
ive selection kit (Miltenyi Biotec) according to manufacturer
nstructions. Naı̈ve CD62LhiCD44low T cells were then sorted.
D4+ T cells were 97–99% pure. Co-cultures were carried
ut at high (TH2-inducing) and low (TH1-inducing) DC–T
ell ratios (1:10 and 1:3, respectively) (Langenkamp et al.,
sis-resistant T cell-activating dendritic cells promotes T helper type-2
6/j.molimm.2007.12.004

000). After 24–36 h cells were transferred to 24-well plate
nd allowed to expand for 3 days; T cells were then cultured
n 96-well plate coated with anti-CD3� (5 �g/ml) and soluble
nti-CD28 (5 �g/ml) for secondary stimulation as described by

dx.doi.org/10.1016/j.molimm.2007.12.004
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Fig. 1. T cell-mediated apoptosis of splenic DCs from immunized (DC.im,
shaded bar) naı̈ve (DC.naı̈ve, black bar) or sensitized (DC.s, empty bar) mice.
High levels of DC apoptosis were seen when these were cultured in the pres-
ence of both OVA and OVA-specific T cells (DC–T/OVA–OVA). Number of
DCs undergoing apoptosis were significantly (*p < 0.001) reduced in sensitized
mice. Co-culture in presence of KLH-specific T cells (DC/T-klh/OVA) and anti-
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wasaki and Kelsall (1999). Supernatant were then collected
nd levels of IL-4 and IFN-� determined at various intervals
y ELISA. Expression of chemokine receptors by DC-primed T
ells was assessed by flow cytometry using PE-labelled antibody
nti-CXCR3 (R&D System), anti-CCR5 (Ebioscience), FITC-
abelled anti-CCR9 (Ebioscience), anti-CCR4 and anti-CCR8
Biocompare). Finally, T cell proliferation was monitored by
ncorporation of [3H]-thymidine.

.5. Cytokine production

Freshly isolated and apoptosis-resistant DCs were cultured
1 × 105/ml) alone or in presence of LPS (30–50 ng/ml); produc-
ion of IL-10, IL-12p70, IL-6, TNF-� and IL-4 was monitored
y ELISA in 18–20 h culture supernatant; expression of OX40L
as assessed by flow cytometry using specific PE-labelled anti-
ouse antibody (clone RM 134L, Ebioscience).

.6. Adoptive transfer of DCs and ensuing humoral and
ellular immune responses

Mice (n = 7/group) were injected i.v. with freshly isolated or
poptosis-resistant DCs ((1–2) × 105/mouse) from either OVA-
ensitized or OVA-immunized mice. IgE and IgG responses,
ncluding IgG1 and IgG2a isotypes, were evaluated at serum
nd cellular level by ELISA or ELISPOT assay as above. Finally,
he number of individual CD4+T cells secreting IL-4 or IFN-�
n the spleen of mice undergoing adoptive transfer of DCs was
ssessed by ELISPOT following in vitro antigen recall challenge
s described previously (Chambers et al., 2004). Anti-IFN-� or
L-4 (R4-6A2 or BVD4-1D1, respectively) were used as coat-
ng antibody and anti-IFN-� XMB1.2 or anti-IL-4 BVD6-24G2
all antibodies were from Pharmingen) were used as detection
ntibody.

.6.1. Statistical analysis
Data were analysed by Mann Whitney W test and p values

onsidered significant at p < 0.05. The Pearson correlation coef-
cient, r, between the natural logarithm of the concentrations of
gE and IgG was also determined.

. Results

.1. T cell-mediated DC apoptosis in OVA-sensitized mice

We previously showed that T cell-mediated DC apoptosis
s impaired in an oral mouse model of food allergy (Man et
l., 2004). Thus, we assessed these events in a different mouse
odel of sensitization to OVA. We observed that rapid T cell-
ediated DC apoptosis took place only in complete co-culture
here DCs, OVA-specific T cells and OVA were simultaneously
resent (Fig. 1) and also that levels of apoptosis were signif-
cantly lower (p < 0.001) in CD11c+DCs from OVA-sensitized
Please cite this article in press as: Arques, J.L., et al., Persistence of apopto
response and IgE antibody production, Mol. Immunol. (2008), doi:10.101

37.5 ± 8%) compared to OVA-immunized mice (68 ± 9%) or
aı̈ve (67 ± 7%). Culture of DCs in the presence of OVA and
LH-specific T cells or of anti-class II antibody completely

bolished T cell-mediated apoptosis. Thus, increased resistance

i
o
f
a

lass II antibody (DC/T-ova/OVA/Ia) abolished DC apoptosis. Data represent
eans ± S.D. of two independent experiments.

o T cell-mediated apoptosis of DCs appeared to be a feature of
he sensitized immune system independent of both the nature of
he allergen and sensitization protocol used.

.2. Apoptosis-resistant DCs showed differential
ymphokine production

Cells from DC–T cell co-cultures were pooled and the sur-
iving apoptosis-resistant CD11c+annexinV− DCs (Fig. 2A)
rom both OVA-sensitized (Fig. 2B, black histogram) and
VA-immunized, mice (Fig. 2B, shaded histogram) were anal-
sed for the expression of DC surface markers and compared
ith freshly isolated CD11c+B220−DCs from OVA-sensitized
ice (Fig. 2B, empty histogram). Expression of CD40 was

ncreased in apoptosis-resistant DCs while the other markers
ere expressed at similar levels in all populations tested. Freshly

solated DCs from naı̈ve and OVA-immunized mice did not dif-
er from the freshly isolated DCs from OVA-sensitized mice
data not shown). Freshly isolated DCs from immunized (F.I.im)
r sensitized (F.I.s) or apoptosis-resistant and from immunized
APO-R.im) or sensitized (APO-R.s) mice were then cultured
n presence of bacterial LPS and levels of regulatory cytokines

easured (Fig. 3). All groups of cells produced very low lev-
ls of IL-10 (Fig. 3A); instead levels of both TNF-� (Fig. 3B)
nd IL-12 (Fig. 3C) were significantly higher in freshly isolated
Cs. Levels of IL-6 (Fig. 3D) appeared to be higher, although
ot significantly different in apoptosis-resistant DCs. Production
f IL-4 was not detected in none of the DC groups (Fig. 3E) and
imilar levels of expression of OX40L was seen in freshly iso-
ated DCs from sensitized mice compared to APO-R.s (Fig. 3F)
uggesting that these DCs have not acquired an active TH2-
nducing phenotype; finally, we observed a reduced expression
sis-resistant T cell-activating dendritic cells promotes T helper type-2
6/j.molimm.2007.12.004

f CD86 on APO-R.s DCs compared to freshly isolated DC
rom sensitized mice (F.I.s) (Fig. 3G). The latter would indicate
n exhausted phenotype (Kajino et al., 2006).

dx.doi.org/10.1016/j.molimm.2007.12.004
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.3. Apoptosis-resistant DCs promoted the differentiation
f TH-2 cells

Levels of IFN� produced by T cells following secondary
timulation with CD3� and CD28 significantly declined when
hese were primed with apoptosis-resistant DCs from either sen-
itized (APO-R.s) or immunized (APO-R.im) mice (Fig. 4A).
n contrast, these T cell produced significantly higher levels of
L-4. Freshly isolated DC from immunized (F.I.im.) and sen-
itized (F.I.s) did not differ in their ability to polarize T helper
esponses. T cell primed with apoptosis-resistant DCs expressed
iverse CRs repertoire (Fig. 4B). While expression of CCR9 and
XCR3 by T cells did not vary according to the type of DC
sed for in vitro priming, differences were observed in regards
o expression of CCR4, CCR8 and CCR5. The first two were
p-regulated (p < 0.01 and p < 0.001, respectively) following
riming with apoptosis-resistant from both immunized (APO-
.im) and sensitized (APO-R.s) DCs. Expression of CCR8 was
lso increased (p < 0.01) in naı̈ve T cells primed with freshly
solated DCs from sensitized mice while, CCR5 expression was
igher (p < 0.01) in T cells primed with freshly isolated DC from
mmunized mice (F.I.im.) compared to T cells exposed to the
ther DC populations tested. Also, apoptosis-resistant DCs did
ot differ from their freshly isolated counterpart in stimulat-
ng T cell proliferation (Fig. 4C). Thus, induction of T cells
hat produced high levels of IL-4 and low levels of IFN-� and
xpressed the TH2-associated chemokine receptors CCR4 and
CR8 (Bonecchi et al., 1998; Zingoni et al., 1998) suggested

hat apoptosis-resistant DCs may participate in TH2-skewing.

.4. Adoptive transfer of apoptosis-resistant DCs induced
igh levels of specific IgE antibody

Adoptive transfer of freshly isolated DCs from sensitized
ice (FI.s) induced a significant increase (p < 0.001) of OVA-

gE specific antibody forming cells (AFC) (Fig. 5A) compared
o freshly isolated DCs from immunized mice (FI.im). The num-
er of OVA-specific IgE AFC increased significantly (p < 0.001)
hen apoptosis-resistant DCs from both sensitized (APO-R.s)

nd immunized (APO-R.im) were used in the adoptive trans-
er. At serum level a significant increase of OVA-specific IgE
as observed on day 21 following transfer of freshly isolated

ensitized DCs (88.8 ± 43 ng/ml) compared to immunized DCs
sis-resistant T cell-activating dendritic cells promotes T helper type-2
6/j.molimm.2007.12.004

<10 ng/ml) (p < 0.001). Also in this case apoptosis-resistant
Cs from either immunized (182 ± 63 ng/ml) or sensitized

178 ± 66 ng/ml) showed superior ability to induce specific
gE compared to freshly isolated sensitized DCs (p < 0.001).

ig. 2. Phenotypic analysis of apoptosis-resistant DCs that survived T cell-
ediated apoptosis. CD11c+Annexin V− DCs were sorted (Fig. 2A, boxed

rea) and then levels of expression of DC markers were assessed (Fig. 2B) in
poptosis-resistant DCs from both OVA-sensitized (black histograms) and OVA-
mmunized (shaded histograms) and freshly isolated DCs from OVA-sensitized

ice (empty histograms). Expression of CD40 was increased on apoptosis-
esistant DCs irrespective of the sensitization status of the donor, while the
ther markers tested were expressed at similar levels. The data depicted here
epresents one of three independent experiments producing similar results.

dx.doi.org/10.1016/j.molimm.2007.12.004
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Fig. 3. Profile of limphokines production by apoptosis-resistant (APO-R) and freshly isolated (F.I.) DCs from OVA-immunized (im), sensitized (s) and naı̈ve mice.
DCs were cultured in presence of LPS and levels of TNF-� (Fig. 3A), IL-10 (3B), IL-6 (Fig. 3C), IL-12p70 (Fig. 3D) and IL-4 (Fig. 3E) determined by ELISA at
several time points. Asterisks (*) indicate when p values started to be significantly different. Data represent means ± S.D. of three independent experiments. Also, no
d C fro
i exha

L
i
b
s
D

(

ifference was observed in the expression of OX40L between freshly isolated D
n contrast, the latter showed a reduced expression of CD86, thus suggesting an

evels of serum IgG were also analyzed (Fig. 5C). No signif-
Please cite this article in press as: Arques, J.L., et al., Persistence of apopto
response and IgE antibody production, Mol. Immunol. (2008), doi:10.101

cant difference was observed between IgG responses elicited
y freshly isolated immunized (562 ± 101 ng/ml) and sen-
itized (430 ± 116 ng/ml) DCs. However, apoptosis-resistant
Cs from both sensitized (337 ± 100 ng/ml) and immunized

O
i
(
(

m sensitized mice (dotted line) compared to APO-R.s DCs (continuous line);
usted phenotype (Fig. 3G).

338 ± 121 ng/ml) mice showed a reduced ability to induce
sis-resistant T cell-activating dendritic cells promotes T helper type-2
6/j.molimm.2007.12.004

VA-specific IgG compared with freshly isolated DCs from
mmunized mice (p = 0.001) but not from sensitized mice
p = 0.1). Levels of IgE and IgG were inversely correlated
r = −0.61; p = 0.0005) (Fig. 5D). In Fig. 5E we show that

dx.doi.org/10.1016/j.molimm.2007.12.004
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Fig. 4. Apoptosis-resistant DCs from either OVA-sensitized (APO-R.s) or OVA-immunized (APO-R.im) mice differed from their freshly isolated counterpart in
polarizing T helper response. OVA-specific naı̈ve T cells (Fig. 4A) produced high levels of IFN-� when primed with freshly isolated DCs from both immunized
(F.I.im) and sensitized (F.I.s) mice. Instead, they produced higher levels of the TH2 lymphokine IL-4 when primed with apoptosis-resistant DCs irrespective of
the sensitization status of the donor. Asterisks (*) indicate statistically significant difference between two representative groups. Fig. 4B shows the expression of
c s. Apoptosis-resistant DCs from both OVA-immunized and sensitized mice increased
t s from immunized or sensitized mice induced increase of CCR5 (*) and CCR8 (**),
r ion (Fig. 4C). Data represent means ± S.D. of three to four independent experiments.
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Table 1
Serum levels of OVA-specific IgG1 and IgG2a following adoptive transfer of
DCs

Adoptive transfer IgG1 (�g/ml) IgG2a (�g/ml) r (IgG1/IgG2a)

F.I.im 155 ± 56 250 ± 35 0.62
F.I.s 130 ± 60 155 ± 30 0.83
APO-R.im 100 ± 25 89 ± 15 1.23
APO-R.im 125 ± 20 90 ± 27 1.38

Levels of OVA-specific IgG1 (TH2-associated) and IgG2a (TH1-associated)
and their ratio (r) were determined by ELISA in sera of recipient Balb/c
(7 mice/group) on day 21 post-adoptive transfer of freshly isolated DCs from
OVA-immunized (F.I.im) or OVA-sensitized (F.I.s) or apoptosis-resistant DCs
from OVA-immunized (APO-R.im) or sensitized (APO-R.s) mice. IgG1/IgG2a
r
e
I

s
d
M
f
i

hemokine receptors on naı̈ve OVA-specific T cells following co-culture with DC
he expression of CCR4 and CCR8 (*), while co-culture with freshly isolated DC
espectively. All DC populations used induced similar levels of T cells proliferat

on-apoptotic DCs (APO-R. DC–T) that were recovered from
o-culture with OVA-specific T cell alone after 16–20 h cul-
ures, did not induce in vivo IgE responses following adoptive
ransfer into naı̈ve syngenic recipients (5/6 mice groups) com-
ared to APO-R.s DCim. This would suggest that the ability of
poptosis-resistant DCs to induce TH2 is either T cell-dependent
r it appears at later stage in culture. Finally, the importance of
PO-R DCs in shaping TH2 responses was also confirmed by

he observations that their adoptive transfer was accompanied by
lteration of IgG1 (TH2-associated) and IgG2a (TH1-associated)
atio (Table 1) and an increase in, the numbers of IL-4-producing
D4+T cells (Table 2) as determined following antigen recall
hallenge in vitro.

.5. DCs from sensitized and immunized mice did not differ
n their susceptibility to MHC-mediated apoptosis induced
y anti-MHC antibody

MHC class II-mediated apoptosis has been investigated
ainly by using specific anti-class II antibody (Leverkus et al.,

003; Bertho et al., 2002). Thus, we determined levels of apopto-
is (Fig. 6A) and changes of mithocondrial membrane potential
Please cite this article in press as: Arques, J.L., et al., Persistence of apopto
response and IgE antibody production, Mol. Immunol. (2008), doi:10.101

�Ψm) (Fig. 6B and C) in DCs when cultured in the presence of
arious concentration of anti-class II antibody (clone 14-4-44).
n contrast to what we observed in DC–T cell co-cultures, DCs
rom immunized and sensitized donors did not show differential

4

2

atios varied according to the type of DCs transferred with APO-R DCs from
ither immunized or sensitized mice favouring the production of TH2-associated
gG1 isotype

usceptibility to anti-class II antibody-induced apoptosis. These
ata showed that DC apoptosis induced by the engagement of
HC II by monoclonal antibody does not mimic faithfully the

ull range of events taking place during DC–T cell cognate
nteraction.
sis-resistant T cell-activating dendritic cells promotes T helper type-2
6/j.molimm.2007.12.004

. Discussion

Allergic responses are linked to TH2 cells; (Turcanu et al.,
003; Romagnani, 2000); however, neither TH1 nor TH2 orig-
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Table 2
IL-4 and IFN�-producing T cells following adoptive transfer of DCs

Adoptive transfer Day 0 Day 7 Day 21

IL-4 IFN� r IL-4 IFN� r IL-4 IFN� r

F.I.im 195 ± 2 98 ± 10 1.9 178 ± 15 90 ± 14 1.9 210 ± 15 101 ± 8 2.0
F.I.s 220 ± 1 80 ± 12 2.7 195 ± 25 85 ± 9 2.1 195 ± 20 92 ± 10 2.1
APO-R.im 190 ± 1 95 ± 18 2.0 *380 ± 40 100 ± 20 3.8 *715 ± 112 125 ± 40 5.7
APO-Rs 185 ± 18 85 ± 21 2.1 *410 ± 42 112 ± 30 3.6 *660 ± 126 108 ± 35 6.1

Splenocytes from naı̈ve Balb/c that had received adoptive transfer of freshly isolated DCs from OVA-immunized (F.I.im) or OVA-sensitized (F.I.s) or apoptosis-
resistant DCs from OVA-immunized (APO-R.im) or sensitized (APO-R.s) mice were cultured in vitro in antigen (OVA) recall challenge at various times following
adoptive transfer. Following their isolation T cells were used to determine the number of IL-4 and IFN�-producing T cells by ELISPOT in duplicate. Values represent
the mean ± S.D. On Days 7 and 21 numbers of IL-4 producing cells significantly (*) increased in mice that underwent adoptive transfer of both APO-R.im and
APO-R.s compared to mice that had received both F.I.im and F.I.s DCs. Means were used to calculate IL-4/IFN� ratio (r).

Fig. 5. Apoptosis-resistant DCs from either OVA-sensitized (APO-R.s) or OVA-immunized (APO-R.im) mice differed from their freshly isolated counterpart in
inducing OVA-specific IgE and IgG responses following adoptive transfer into naı̈ve recipients. Numbers of IgE-antibody forming cells (AFC) were enumerated by
ELISPOT at various intervals following the transfer (Fig. 5A). Freshly isolated DCs from sensitized mice induced a significant increased of OVA-specific AFC (*)
compared to their counterpart from immunized mice. Numbers of IgE-specific AFC were higher when apoptosis-resistant DCs from either sensitized or immunized
mice were used in the transfer (**). Serum levels of IgE (Fig. 5B) and IgG (Fig. 5C) OVA-specific antibody were also evaluated. Finally, levels of IgE and IgG were
inversely correlated (Fig. 5D). Finally, non-apoptotic DCs recovered from co-culture with OVA-specific T cells alone after 16–20 h culture did not induce serum IgE
in vivo after their transfer into naı̈ve syngenic recipients (Fig. 5E).

dx.doi.org/10.1016/j.molimm.2007.12.004
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Fig. 6. DCs from naı̈ve (DCnaive), immunized (DC.im) and sensitized (DC.s) did not differ in their susceptibility to MHC class II-mediated apoptosis (Fig. 6A)
induced via direct binding of anti-class II antibody for 10–12 h (shaded bars). These values are compared, for each DC population with levels of apoptosis induced
by antigen-specific T cells (black bars). Lack of differential susceptibility to MHC II-mediated apoptosis induced in DC from immunized (Fig. 6B) or sensitized
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Fig. 6C) by anti-class-II antibody was confirmed by determining the mitochon
ultured with either anti-class II antibody (anti-class II) or with carbamoyl cyan

nate from distinct precursor; instead these develop from a
ommon progenitor following cognate interaction with DCs at
he time of antigen presentation. We previously found that the
nely balanced interplay between DCs and T cells was altered

n sensitized mice (Man et al., 2004). DCs from sensitized mice
ad acquired an increased resistance to antigen-specific T cell-
ediated apoptosis, a mechanism that is thought to be important

n down-regulating DC-mediated activation of T cells (Rissoan
t al., 1999; Matsue et al., 1999; Yokota et al., 2003; Nat et
l., 2002). The notion that in allergic mice DCs evaded T cell-
ediated apoptosis prompted us to test the hypothesis that the

urvival of DCs following cognate T cell interaction could lead
o a sustained and prolonged T cell activation that favoured
Please cite this article in press as: Arques, J.L., et al., Persistence of apopto
response and IgE antibody production, Mol. Immunol. (2008), doi:10.101

H2 responses and IgE production. This hypothesis stemmed
rom the notion that kinetics of DCs activation is important
or the polarization of T helper responses (Langenkamp et al.,
000). Although experimental evidence support the existence of

T
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o
t

membrane potential (�Ψm) by DiOC6 staining in DC left untreated (control),
-chlorophenyl-hydrazone (CCCP).

wo separate DC lineages, DC type 1 (DC1) TH1-inducer and
C type 2 (DC2) TH2-inducer, at an early stage of activation,
Cs challenged with appropriate stimuli displayed a remarkable

apacity to induce a TH1 response; however, after 48 h, when
hey became exhausted these DCs had acquired the capacity to
olarize TH2 response. Thus, it was plausible to hypothesize
hat apoptosis-resistant DCs had acquired TH-2 inducing prop-
rties of exhausted cells, thus promoting TH2 allergic responses.
e found that apoptosis-resistant DCs promoted TH2 polariza-

ion of antigen-specific naı̈ve T cells. The lack of production
f IL-4, low expression of OX40L and reduced expression of
D86 (Kajino et al., 2006) strongly suggested that these cells
re exhausted DCs rather than DCs that have acquired an active
sis-resistant T cell-activating dendritic cells promotes T helper type-2
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H2-inducing phenotype, The observation that splenic DCs have
cquired DC2 features is even more remarkable in consideration
f their intrinsic ability to stimulate TH1 responses as opposed
o gut-derived TH2-inducing DCs (Iwasaki and Kelsall, 1999). T
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ell-mediated DC apoptosis is strictly MHC class II-dependent.
lthough this form of apoptosis required cytoskeleton motion,
ivalent cations and phosphatase activity neither caspase acti-
ation, cellular respiration, RNA or protein synthesis, nitric
xide production nor CD95:CD95L interactions were required
Mclellan et al., 2000). However, the same study showed that
D40 counter-acted the pro-apoptotic effect of MHC class-II,

hus exerting a protective effect and it would be tempting to
peculate that the higher levels of CD40 seen in apoptosis-
esistant DCs may contribute to the acquisition of superior
esistance to MHC II-mediated apoptosis. Within this scenario
he CD40-CD154 (CD40L) interaction may play an important
ole. The expression of CD154 on T cells is transient, reach-
ng its peak within 2 h and then being markedly reduced after
4 h (Spriggs et al., 1992); this led to hypothesize that the
ithdrawal of the CD154 signal could lead to an increase sus-

eptibility to MHC II-dependent apoptosis. Thus, the increased
xpression of CD40 on apoptosis-resistant DCs may compen-
ate the reduced levels of CD154 and in so doing it might
ontribute to maintaining high resistance to MHC II-mediated
poptosis.

Most, if not all data on the mechanisms underlying MHC
I-mediated apoptosis have come from study that involved the
se of anti-class II antibodies (Leverkus et al., 2003; Bertho
t al., 2002; Mclellan et al., 2000). However, in contrast to
hat observed during DC–T cell co-culture experiments the

evels of MHC II-mediated apoptosis induced via antibody
id not differ in DCs from either immunized or sensitized
onors. This notion suggested that the engagement of MHC
I is not the sole event leading to DC apoptosis and that
ther molecules (cytokine/co-stimulatory) are involved in these
vents. Apoptosis-resistant DCs showed a differential profile of
ytokine production. Reduced levels of TNF-� and IL-12p70
nd slightly increased levels of IL-6 were detected following
PS challenge in vitro compared to their freshly isolated counter-
art. In particular, variations of the levels of both IL-12 and IL-6,
lthough the latter not being statistically significant, by DCs
ould play an important role in the development of food allergy
nd in the increased resistance of DCs to T cell-mediated apopto-
is, respectively. First, lack of DC-derived IL-12 may contribute
o IgE production either directly, by not counter-balancing TH2
esponse, or indirectly by not providing the required support to
ther cell type, such as cytotoxic type 1 and 2 CD8+T cell nec-
ssary to suppress antigen-specific IgE (Thomas et al., 2002).
econd, it is possible that even minor increase of levels of IL-
may have a direct impact on these events given its powerful

nti-apoptotic activity (Leu et al., 2003; Cavarretta et al., 2007).
The potential role of long-term stimulation of TH2 cells by

llergen-loaded DCs has been previously addressed in allergic
eactions to airborne antigens (Julia et al., 2002) A specific sub-
et of CD11c+CD11b+DCs that captured Leishmania LACK
ntigens and remained able to stimulate the expansion of
ntigen-specific TH2 long after antigen exposure was described
Please cite this article in press as: Arques, J.L., et al., Persistence of apopto
response and IgE antibody production, Mol. Immunol. (2008), doi:10.101

n the broncheoalveolar lavage in mice. In this case it was not
stablished whether these cells had survived T cell-mediated
poptosis but it was suggested that the persistence of TH-2
ctivating DCs within the airways could play a major role in
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topic asthma. The finding that apoptosis-resistant DCs have
he ability to promote TH2 responses and robust allergen-
pecific IgE responses in vitro and in vivo would suggest that
he sensitization-associated persistence of greater numbers of
poptosis-resistant TH2-inducing DCs contribute to generate
gE-mediated allergic reactions.

cknowledgements

This work was sponsored by grants from the Biological and
iotechnology Research Council (to CN) and the University
f Siena, Italy (to EB), JLA is funded by a fellowship from
inisterio de Educación y Ciencia, Spain. We wish to thank P.

ople for his help in computing work.

eferences

ertho, N., Blancheteau, V.M., Setterblad, N.M., et al., 2002. MHC class-II
mediated apoptosis of mature dendritic cells proceeds by activation of the
protein kinase C-� isoenzyme. Int. Immunol. 14, 935–942.

lumchen, K., Gerhold, K., Schwede, M., et al., 2004. Effects of established
allergen sensitization on immune airway responses after secondary allergen
sensitization. J. Allergy Clin. Immunol. 118, 615–621.

onecchi, R., Bianchi, G., Bordignon, P.P., et al., 1998. Differential expression
of chemokine receptors and chemotactic responsiveness of type 1 T helper
cells (TH1s) and TH2s. J. Exp. Med. 187, 129–134.

avarretta, I.T., Neuwirt, H., Untergasser, G., et al., 2007. The antiapoptotic
effect of IL-6 autocrine loop in a cellular model of advanced prostate cancer
is mediated by Mcl-1. Oncogene 26, 2822–2832.

hambers, S.J., Bertelli, E., Winterbone, M.S., et al., 2004. Adoptive transfer
of dendritic cells from allergic mice induces specific immunoglobulin E
antibody in naive recipients in the absence of antigen challenge without
altering the T helper 1/T helper 2 balance. Immunology 112, 72–79.

e Block, B.M.J., Dibois, A.E.J., Hourihane, J.O’.B., 2007. Impact of food aller-
gies on quality of life. In: Mills, C., Wichers, H., Hoffmann-Sommergruber,
K. (Eds.).

upta, R., Sheikh, A., Strachan, D.P., et al., 2004. Burden of allergic disease
in the UK; secondary analyses of national database. Clin. Exp. Allergy 34,
520–526.

wasaki, A., Kelsall, B.L., 1999. Freshly isolated Peyer’s patch, but not spleen,
dendritic cells produce IL-10 and induce the differentiation of T helper type
2 cells. J. Exp. Med. 190, 229–239.

ulia, V., Hessel, E.M., Malherbe, L., et al., 2002. A restricted subset of dendritic
cells captures airborne antigens and remains able to activate splenic T cells
long after antigen exposure. Immunity 16, 271–328.

ajino, K., Nakamura, I., Bamba, H., et al., 2006. Involvement of IL-10 in
exhaustion of myeloid dendritic cells and rescue by CD40 stimulation.
Immunology 120, 28–37.

angenkamp, A., Messi, M., Lanzavecchia, A., et al., 2000. Kinetics of dendritic
cell activation: impact on priming of Th1, Th2 and non-polarized T cells.
Nat. Immunol. 1, 311–316.

eu, C.M., Wong, F.H., Chang, C., et al., 2003. Interleukin 6 acts as an anti-
apoptotic factor in human esophageal carcinoma cells through the activation
of both STAT3 and mitogen-activated protein kinase pathways. Oncogene
22, 7809–7818.

everkus, M., McLellan, A.D., Heldmann, M., et al., 2003. MHC class II-
mediated apoptosis in dendritic cells: a role for membrane-associated and
mitochondria signalling pathways. Int. Immunol. 15, 993–996.

an, A.L., Bertelli, E., Regoli, M., et al., 2004. Antigen-specific T cell-mediated
sis-resistant T cell-activating dendritic cells promotes T helper type-2
6/j.molimm.2007.12.004

apoptosis of dendritic cells is impaired in a mouse model of food allergy. J.
Allergy Clin. Immunol. 113, 965–972.

atsue, H., Edelbaum, D., Hartman, A.C., et al., 1999. Dendritic cells undergo
rapid apoptosis in vitro during antigen-specific interaction with CD4 T cells.
J. Immunol. 162, 5287–5298.

dx.doi.org/10.1016/j.molimm.2007.12.004


 IN+Model
M

1 r Imm

M

N

N

O

R

R

S

S

S

T

T

Y

ARTICLEIMM-2618; No. of Pages 10

0 J.L. Arques et al. / Molecula

clellan, A., Heldmann, M., Terbeck, G., et al., 2000. MHC class II and
CD40 play opposing roles in dendritic cell survival. Eur. J. Immunol. 30,
2612–2619.

at, R., Radu, E., Regalia, T., Popescu, L.M., 2002. Apoptosis in the immune
system: 1. Fas-induced apoptosis in monocytes derived human dendritic
cells. J. Cell Mol. Med. 6, 223–234.

icoletti, C., Temblay, J.N., Regoli, M., et al., 2006. Differential regulation of
dendritic cell–T cell cross talk in the gut-associated lymphoid tissue. Mol.
Immunol. 43, 542–549.

pferman, J.T., Korsmeyer, S.J., 2003. Apoptosis in the development and main-
tenance of the immune system. Nat. Immunol. 4, 410–415.

issoan, M.C., Soumelis, V., Kadowaki, N., et al., 1999. Reciprocal control of
T helper cell and dendritic cell differentiation. Science 283, 1183–1186.

omagnani, S., 2000. The role of lymphocytes in allergic disease. J. Allergy
Please cite this article in press as: Arques, J.L., et al., Persistence of apopto
response and IgE antibody production, Mol. Immunol. (2008), doi:10.101

Clin. Immunol. 105, 399–408.
icherer, S.H., Munoz-Furlong, A., Sampson, H.A., 2003. Prevalence of peanut

and tree nut allergy in the US determined by means of random digit dial
telephone survey: a five-year follow-up study. J. Allergy Clin. Immunol.
112, 1203–1207.

Z

 PRESS
unology xxx (2008) xxx–xxx

priggs, M., Armitage, K., Strockbine, R.J., 1992. Recombinant human CD40
ligand stimulates B cell proliferation and immunoglobulin E secretion. J.
Exp. Med. 176, 1534–1550.

ugawara, S., Abo, T., Kumagai, K., 1987. A simple method to eliminate the
antigenicity of surface class I MHC molecules from the membrane of viable
cells by acid treatment at pH3. J. Immunol. Method 100, 83–90.

homas, M.J., Noble, A., Sawicka, E., et al., 2002. CD8 T cells inhibit IgE via
dendritic cell IL-12 induction that promotes Th1 T cell counter-regulation.
J. Immunol. 168 (1), 216–223.

urcanu, V., Maleki, S.J., Lack, G., 2003. Characterization of lymphocyte
responses to peanuts in normal children, peanut allergic children and
allergic children who acquired tolerance to peanuts. J. Clin. Invest. 111,
1065–1072.

okota, A., Oikawa, A., Matsuda, C., et al., 2003. Cell mediated fas-based
sis-resistant T cell-activating dendritic cells promotes T helper type-2
6/j.molimm.2007.12.004

lysis of dendritic cells which are apparently resistant to anti-Fas antibody.
Microbiol. Immunol. 47, 776–782.

ingoni, A., Soto, H., Hedrick, J.A., et al., 1998. The chemokine receptor
CCR8 is preferentially expressed in Th2 but not Th1 cells. J. Immunol.
161, 547–551.

dx.doi.org/10.1016/j.molimm.2007.12.004

	Persistence of apoptosis-resistant T cell-activating dendritic cells promotes T helper type-2 response and IgE antibody production
	Introduction
	Materials and methods
	Mouse model of IgE sensitization
	Cell preparation and DCs apoptosis assay
	Apoptosis-resistant DCs
	DCs-nave T cell co-cultures
	Cytokine production
	Adoptive transfer of DCs and ensuing humoral and cellular immune responses
	Statistical analysis


	Results
	T cell-mediated DC apoptosis in OVA-sensitized mice
	Apoptosis-resistant DCs showed differential lymphokine production
	Apoptosis-resistant DCs promoted the differentiation of TH-2 cells
	Adoptive transfer of apoptosis-resistant DCs induced high levels of specific IgE antibody
	DCs from sensitized and immunized mice did not differ in their susceptibility to MHC-mediated apoptosis induced by anti-MHC antibody

	Discussion
	Acknowledgements
	References


