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B S T R A C T

ackground: Anunderstandingof themechanisms responsible for the development andmaintenance of allergic
flammation and their clinical implications is needed to develop specific and successful treatment for allergy.
bjectives: To characterize in vitro T-cell responses to Der p 2, one of the major allergens of house dust mite
DM), and investigate potential correlations between clinical and laboratory parameters.

Methods: Forty-two patients monosensitized to HDM and 10 age-matched, healthy children were studied.
Dendritic cells pulsed with Der p 2 were used to stimulate autologous CD14� cells. Der p 2especific T-cell
activation markers, proliferation, and cytokine production profiles were examined.
Results: Der p 2especific T-cell activation markers, proliferation, and TH2 cytokine production were signifi-
cantly higher in HDM patients compared with healthy controls. Moreover, a significant correlation between
proliferation and TH2 cytokine production was observed. Within the allergic group, skin reaction to HDM was
significantly stronger in patients with a Der p 2especific T-cell response. Levels of HDM-specific IgE directly
correlated with interleukin 5 and interleukin 13 levels andwith skin prick test results and, ultimately, with the
patient’s familyhistoryof allergy. Furthermore, thepresenceof atopicmarchcorrelatedwithT-cellproliferation.
Conclusions: We found that, in HDM patients, Der p 2especific TH2 responses, promoted by autologous
dendritic cells in vitro, correlate with clinical parameters.
� 2012 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.
Introduction

Allergy to house dust mites (HDMs) of the Dermatophagoides
species, Dermatophagoides farinaes and Dermatophagoides pter-
onyssinus, is one of the most relevant health problem in childhood,
affecting approximately 15% of the individuals in Western countries.
Several allergens are involved in the immune responses to HDM,
althoughgroup1 (Der f 1 andDerp1)andgroup2 (Der f 2 andDerp2)
allergens are considered the major HDM allergens in terms of clinical
symptoms.More than97%ofHDM-sensitive individuals are sensitized
to the major Der p 1 and Der p 2 allergens,1 but it is well known that
muno-allergologie et rhumatolo-
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there is an important cross-reactionbetweenDerp andDer f allergens
because human sensitivity to both mites is frequently observed.2

The hallmark of the immune reactivity to allergens is a TH2
skewed response that causes a cascade of cellular events (eg,
eosinophilia, B-cell isotype switching to IgE, and mast cell
degranulation) in target tissues. Moreover, recently it has emerged
that some HDM allergens, due to their constitutive characteristics,
can induce a broader spectrum of immune responses, including the
triggering of the innate immune system. For instance, the role of
Der p 2 in promoting modifications of structural airway cells has
been recently highlighted.3,4 Indeed, through interaction with Toll-
like receptor 2 and Toll-like receptor 4, Der p 2 activates nuclear
factor-kB and mitogen-activated protein kinases and promotes the
secretion of proinflammatory cytokines in airway smooth muscle
cells and epithelial cells.4-6 Notably, airway smooth muscle cells
cultured with Der p 2 displayed increased ERK1/2 phosphorylation
and c-Fos expression, important factors involved in promoting TH2
immune responses.5 These findings indicate that, in addition to
their immunogenic properties, nonproteolytic allergens, such as
Immunology. Published by Elsevier Inc. All rights reserved.
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Der p 2, can exacerbate respiratory airway diseases by activating
respiratory epithelial cells.

As for other forms of allergy, therapeutic options for HDM-
related allergic diseases are limited to symptom-controlling
drugs, even though allergen specific immunotherapy has gained
wide acceptance.7,8 However, despite the many efforts to improve
allergen specific immunotherapy efficacy and safety, there is still
a need to characterize the immunologic mechanism specific for
each allergen and to identify biomarkers that may predict the
clinical response to the treatment.

Recently, we demonstrated that autologous monocyte-derived
dendritic cells (DCs) pulsed with Der p 2 (Dp2-DCs) are efficient
in promoting Der p 2especific TH2 response in T cells from HDM-
allergic patient but not in healthy controls.9 Thus, in the present
study, in a cohort of children allergic to HDM, we evaluated the
in vitro responses of T cells stimulated by Dp2-DCs with the aim of
investigating potential correlations between clinical and immu-
nologic parameters.

Methods

Study population

The study included 42 allergic children (18 girls and 24 boys;
mean [SD] age, 102.8 [39.6] months; age range, 36-172 months)
with a history of mild allergic symptoms (eg, asthma, rhino-
conjunctivitis, and atopic dermatitis) after HDM exposure. The
diagnosis of HDM allergywas determined by positive skin prick test
(SPT) results to Der p and Der f extracts (Stallergenes, Milan, Italy;
extract titer, 100 IR/mL; Der p 2 concentration, 4 mg/mL) and/or an
elevated specific IgE level (CAP/FEIA; Phadia & Upjohn, Uppsala,
Sweden). A positive SPT result was defined as awheal 3 mm greater
in diameter than the negative control reaction. Patients tested
negative for cow milk, egg, grass, birch, Alternaria alternata,
Aspergillus fumigatus, Cladosporium, Olea tree, and cat and dog
dander. Severity of allergic symptoms was graded according to the
classification of the Global Initiative for Asthma,10 Allergic Rhinitis
and its Impact on Asthma,11 and SCORAD (SCORing Atopic
Dermatitis) Index for dermatitis.12 Twenty of 42 patients had
a history of atopic march, defined as the clinical evolution and
Table 1
Characteristics of the study cohort

Characteristic Finding (n¼42)

Sex, F/M, No. 18/24
Age, mean (SD), mo 102.8 (39.6)
Family history, No. (%)
Allergy 30/42 (71.4)
Asthma 7/30 (23.3)
Rhinoconjunctivitis 6/30 (20.0)
Atopic dermatitis 3/30 (10.0)

Family history of autoimmunity 8/42 (19.0)
Main symptom of allergy, No. (%)
Asthma 16/42 (38,1)
Rhinoconjunctivitis 19/42 (45.2)
Atopic dermatitis 7/42 (16.7)
Atopic marcha 20/42 (47.6)

Symptoms duration, mean (SD), mo 45.4 (32.3)
Respiratory infections during the follow-up, No. (%) 3/42 (7.1)
Total IgE, mean (SD), IU/mL 169.9 (208.2)
Specific IgE for Der p, mean (SD), kUA/mLb 21.6 (33.6)
Specific IgE for Der f, mean (SD), kUA/mLb 12.2 (19)
Skin prick test for Der p, mean (SD), mmc 6.3 (1.5)
Skin prick test for Der f, mean (SD), mmc 6.5 (1.7)
Therapy, No. (%)d 39/42 (86.7)

aAtopic march was defined as the clinical evolution and progression of allergic
symptoms from cutaneous to respiratory manifestations.
bSpecific IgE were considered positive if 0.35 kUA/mL or higher.
cPositive skin prick test result was defined as a wheal 3 mm greater in diameter than
the negative control reaction.
dOral antihistamine treatment administered only in patients with active symptoms.
progression of allergic symptoms from cutaneous to respiratory
manifestations.13 At the time of enrollment all children underwent
a 2-week steroid washout. The demographic and clinical charac-
teristics of the patients are reported in Table 1. Ten age-matched,
healthy children (5 boys and 5 girls; mean [SD] age, 140.4 [49.2]
months; age range, 42.0-207.6 months), without a personal and
familial history of allergy, were used as controls to evaluate the
specificity of the response of the allergic children. The study was
approved by the local medical ethics committee (Policlinico di Tor
Vergata, Tor Vergata University, Rome, Italy), and informed oral
consent was obtained from parents.

Cells preparation

Peripheral blood mononuclear cells (PBMCs) were separated
from peripheral venous blood of patients and controls by Ficoll-
Hypaque density gradient centrifugation (Amersham Biosciences,
Uppsala, Sweden).

Dendritic cell differentiation

CD14þ monocytes were isolated from PBMCs by positive selec-
tion using anti-CD14econjugated magnetic Microbead (MACS;
Miltenyi Biotec, Belgish Gladbach, Germany) according to the
manufacturer’s instruction. The negative fraction (CD14�), mostly
constituted by T cells (CD3þ routinely >85%, as checked by flow
cytometry), was collected and cryopreserved for later use.

DCs were differentiated from CD14þ monocytes and left unsti-
mulated or culturedwith extractive purified endotoxin-free Der p 2
(1 mg/mL; Lofarma, Milan, Italy) (Dp2-DCs) for 2 days, as previously
described.9 Purity and maturation state were routinely checked by
flow cytometric analysis by determination of CD14, CD1a, CD80,
CD83, CD86, and HLA-DR expressions.9

Der p 2especific T-cell proliferative response

Autologous CD14� cells (5 � 104 per well) were thawed and
cultured with immature DC (iDCs) and Dp2-DCs (5 � 103 per well)
(CD14� cell to DC ratio of 10:1) in 96-well, round-bottom
microplates in triplicate in a final volume of 200 mL of medium.
After 5 days of culture, proliferation was assessed by overnight
[3H]thymidine incorporation (1 mCi per well; Amersham Interna-
tional, Amersham, United Kingdom). Before [3H]thymidine incor-
poration, 50 mL of supernatant from each well was collected for
cytokine analysis. The value of cell proliferation was normalized to
the one observed after stimulation by iDCs (stimulation index [SI]).
Responder was defined as any patient with an SI greater than or
equal to the mean SI plus 2 SDs obtained by stimulating CD14� cells
of healthy controls. On this basis the cutoff was set at an SI of 1.4.

To test the specific response to Der p 2, DCs of 3 patients were
stimulated with extract of cow’s milk protein mix, a-lactoalbumin,
b-lactoglobulin, and a-casein (10 mg/mL each; Sigma-Aldrich, St
Louis, Missouri) during the 2 last days of culture (CM-DCs). Cow’s
milk proteins were previously tested for endotoxin content by the
LAL test (Cambrex Bio Science, Walkersville, Maryland) and resul-
ted in less than 10 EU/mL. Autologous CD14� cells (5�104 per well)
were cultured with iDCs, Dp2-DCs, and CM-DCs (5 � 103 per well)
at a 10:1 T cell/DC ratio in 96-well, round-bottom microplates in
triplicate in a final volume of 200 mL of medium. After 5 days of
culture, CD14� cell proliferation was assessed as described.

T-cell characterization

CD14� cells were stained before and after 5 days of culture with
Dp2-DCs with monoclonal antibodies against surface phycoery-
thrin (PE)ecyanine 5 (Cy5)eCD3, fluorescein isothiocyanate
(FITC)eCD4, FITC-CD8, PE-CD25, and intracellular PEecytotoxic
T-lymphocyte antigen 4 (CTLA-4), as well as isotype controls,
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FITC- or PE-, Cy5-, and APCeconjugated (all from BD Biosciences,
San Jose, California). For intracellular expression of CTLA-4, after
surface staining, a Cytoperm/Cytofix kit (BD Pharmingen, San
Diego, California) was used, according to the manufacturer’s
instructions. After washing twice, cells were incubated with anti-
eCTLA-4 for 20 minutes, washed, and analyzed by multiparametric
flow cytometry with FACSCalibur (Becton Dickinson), interfaced
with Cellquest software (BD Biosciences).

Cytokine production assay

The levels of interleukin (IL) 4, IL-5, IL-10, IL-13, and interferon g

(IFN-g) were determined in CD14�-DC culture supernatants after 5
days of culture with the Bioplex Protein Array System according to
the manufacturer’s instruction (BioRad, Hercules, California).

Statistical analysis

To verify the distribution of samples, a 1-sample Kolmogorov-
Smirnov test was used. Results are presented as mean (SD) or
mean (SEM) (only for cytokines production analysis), unless differ-
ently stated. The t test was used to compare the means of cell
proliferation and cytokine production between patients and
controls and among different cell culture conditions and to compare
SI values between patients with or without atopic march.When the
values were nonparametric, we used the Mann-Whitney test.
Association among the variables was assessed using the parametric
Pearson correlation test or the nonparametric Spearman correlation
test as appropriate. P<.05 was considered statistically significant.

Results

Der p 2epulsed DCs and a Der p 2especific T-cell response

A significant increase of CD25þCD4þ T-cell frequency was
observed after culture with Dp2-DCs (11.3% [5.2%] vs 29.9% [13.1%]
in CD4þ T cells before and after coculture, respectively; n¼14;
P=0.000002
P=0.000128
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Figure 1. Der p 2 pulsed dendritic cells (DCs) promote T-cell activation and TH2 cell respo
stimulated with autologous immature DC (Ti) and Der p 2 DCs (TDp2) at a 10:1 ratio for
concentration was determined with the Bioplex Protein Array system. Surface expression o
CD4þ Tcells were evaluated by FACS analysis at day 0 (T0) and after 5 days of coculture (T5). (
(IL) 5 (n¼28) (B), IL-13 (n¼22) (C), and interferon g (IFN-g) (D) by Ti and TDp2 cells. Gray
Responder was defined as any patient displaying a stimulation index of �mean SD plus 2 S
P<.001). Moreover, we observed that the percentage of CTLA-
4þCD4þ T cells after 5 days of coculture was significantly higher
compared with time 0 (2.3% [0.9%] vs 26.0% [11.3%] at time 0 and
time 5, respectively; n¼11; P<.001) (Figure 1A). Notably, CD25
expression correlated with total IgE production (n¼13, P¼.02, data
not shown).

The proliferative response of CD14� cells cultured with Dp2-DCs
expressed as the SI was significantly higher in HDMpatients (n¼42)
than in the control group (n¼10) (3.0 [2.9] vs 1.0 [0.2], P<.001).
Among allergic children, Der p 2especific proliferation was
observed in 33 of 42 patients (78.6% responders).

To evaluate allergen specificity, CD14� cells from 3 Der p 2
responders were tested in parallel for proliferationwith autologous
CM-DCs, and no response was observed (0.8 [0.2] vs 3.3 [1.3]
CMP-DCs vs Dp2-DCs, respectively; P¼.04).
Der p 2epulsed DCs and a TH2 Cell response in HDM patients

We then evaluated the ability of CD14� cells cultured with
Dp2-DCs to secrete IL-5 and IL-13. CD14� cells stimulated with
Dp2-DCs from 28 HDM patients (n¼24 Der p 2 responders and
4 Der p 2 nonresponders) secreted significantly higher amounts
of IL-5 (294.1 [385.6] pg/mL, n¼28) compared with cells acti-
vated with iDCs (31.8 [77.6] pg/mL, P¼.005) (Figure 1B). Simi-
larly, CD14� cells cultured with Dp2-DCs from 22 HDM patients
(n¼18 Der p 2 responders and 4 Der p 2 nonresponders)
secreted higher levels of IL-13 (165.3 [311.0] pg/mL, n¼22)
compared with CD14� cells activated with iDCs (6.9 [14.2]
pg/mL) (Figure 1C).

CD14� cells from 26 patients stimulated with Dp2-DCs secreted
IFN-g at similar levels to those produced by CD14� cells primed
with iDCs (83.0 [165.4] pg/mL vs 80.1 [163.4] pg/mL, respectively;
n¼26; Figure 1D). Notably, nonresponder patients (n¼4), compared
with responder patients (n¼24 and 18), produced small amounts of
IL-5 and IL-13 despite a conserved production of IFN-g (Fig 1A-C).
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We also tested the production of IL-10, and, as expected, we
found that CD14� cells stimulated with autologous Dp2-DCs
produced small amounts of IL-10 (4.6 [4.7] pg/mL, n¼25).

Correlation of clinical and immunologic parameters

Within the cohort of HDM patients, we evaluated possible
correlations between clinical and immunologic parameters. As
expected, in all patients, IL-5 production significantly correlated
with IL-13 production (P<.001). Moreover, we observed a signifi-
cant correlation between the production of both TH2 cytokines, IL-5
and IL-13, and SI (P¼.001, n¼25, and P¼.003, n¼20, respectively)
(Fig 2A and B).

As shown in Figure 3A and B, specific IgE and SPT to the allergen
Der p correlated with the levels of IL-5 (P¼.001 and .001, respec-
tively; n¼22) and IL-13 produced by CD14� cells stimulated with
Dp2-DCs (P¼.03 and .05, respectively; n¼22). In all patients, Der
pespecific IgE correlated with the corresponding SPT results
(P<.001, n¼42). Furthermore, the size of skin reaction to HDM, as
evaluated by SPT, was significantly greater in responder vs nonre-
sponder patients (P¼.045) (Fig 4A). Interestingly, in all patients, Der
pespecific IgE correlated with the patients’ family history of allergy
(P¼.046, datanot shown)andproliferationof CD14� cells stimulated
withDp2-DCswith the presence of atopicmarch (P¼.01) (Fig 4B). No
other correlations between the clinical and the immunologic
parameters evaluated were found.

Discussion

We report the in vitro T-cell response to autologous DCs pulsed
with Der p 2, one of the major allergens of HDM, in a cohort of
allergic children monosensitized to HDM. This group of patients
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Figure 2. TH2 cytokine production (interleukin [IL] 5 and IL-13) correlates with
T-cell proliferation to Der p 2. CD14� cells from house dust mite allergic patients
(n¼42) were stimulated with autologous immature dendritic cells and Der p 2
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immature dendritic cells and Der p 2 dendritic cells at a 10:1 ratio for 5 days. Culture
supernatants were collected after 5 days of coculture, and cytokine concentration
was determined by the Bioplex Protein Array system. A, Der p specific IgE correlation
with interleukin (IL) 5 and IL-13 production. Each dot refers to an individual patient
(n¼22). B, Correlation of Der p skin prick test with IL-5 and IL-13 production (n¼22).
Histograms represent the mean (þSEM). Statistical analysis was performed by the
Spearman correlation test.
belongs to a larger cohort already investigated with the aim of
demonstrating that it is possible to down-modulate T-cell response
to Der p 2 through the manipulation of DCs.9

In the present study, first we confirmed and expanded the
notion that stimulation of T cells with DCs pulsed with CD14� is
a powerful tool to activate T cells and induces a Der p 2especific
T-cell proliferation and a TH2 cytokine production (IL-5 and IL-13).
Second, but more important, the study led to the identification of
several correlations between immunologic and clinical parameters
that might have important clinical and therapeutic implications.

Concerning the characterization of T cells, in our cohort of
HDM-allergic children, activation of TcellswithDp2-DCs resulted in
the upregulation of CD25 andCTLA-4 onCD4þ Tcells. Sicherer et al14

recently reported that after in vitro stimulation with milk or egg
allergen, 70% to 80% of mononuclear cells express CD3, CD4, and
CD25. CD25 is the receptor of IL-2, and it has been established
that the IL-2 pathway has a crucial role in the homeostasis of
T-regulatory cells and therefore in the tolerance to allergens. In
murine models of asthma and allergy, it has been found that the
activation of the CTLA-4 pathway can prevent or block airway
hyperreactivity and allergic immune response.15,16 Thus, it can be
speculated that the upregulation of CD25 and CTLA-4 induced in
CD4þ T cells by Dp2-DCs in vitro is required in vivo for dampening
T-cell response to HDM.

Using Der p2-DCs, we demonstrated that T cells from HDM
children, but not from healthy controls, proliferate specifically to
Der p 2. Within the atopic cohort, 78.6% of the patients responded
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to Der p 2, consistent with previous reports in which 80% to 90% of
mite-sensitive individuals have IgE antibodies to Der p 1 and 2
allergens.1,17 The reported high frequency of Der p 2 reactive
patients is probably due to the presence of an immunodominant
T-cell epitope in Der p 2 that behaves like a universal epitope
recognized by most human major histocompatibility class II
molecules.18

Furthermore, we found that Dp2-DCs, in most of our cohort,
induced a TH2 cytokine profile. The ability of allergen-pulsed DCs to
stimulate a TH2 cell response in an autologous system has been
previously demonstrated. For instance, autologous Der p 1epulsed
DCs have been found to be able to stimulate T cells from allergic
patients and to preferentially increase IL-4 production without
modifying IFN-g production. Conversely, autologous Der p
1epulsed DCs favored a type 1 response in healthy donors.19 Our
results on Der p 2 are substantially in line with several previous
reports in which stimulation of total PBMCs from HDM allergic
patients with Der p 2 promoted T-cell proliferation and TH2 cyto-
kine induction20,21 and with the work of Sung et al,22 who
demonstrated that DCs derived from adult allergic patients, stim-
ulated with Der p 2, are able to elicit a strong TH2 response.

An increase of the TH1 response has been also reported in
chronic allergic inflammation,23 and IFN-g production by T cells
stimulated with allergen was observed.22,24 In our patient we also
detected IFN-g production, but no correlations were observed
between the amounts of IFN-g and other immunologic or clinical
parameters in our cohort; therefore, we would not envisage this
cytokine as a valuable clinical marker.

We then investigated IL-10 and found that it was poorly
produced by our patients. Although in an animal model of atopic
eczema it has been demonstrated that IL-10 produced by antigen-
presenting cells and T cells plays a key role in TH2 cell develop-
ment,25 the extensive research performed in the last years on IL-10
demonstrated a mainly regulatory role for this cytokine in
allergy.23,26-29 Our results are in line with this concept.

In addition to the immunologic findings, several key, clinically
relevant observations were made. With respect to the correlation
between the tests performed in vivo with Der p whole extract and
the tests performed in vitro with purified Der p 2, the difference of
the reagents might raise some concern. Nevertheless, it is known
that all Der p extracts contain Der p 1 and Der p 2 and that the
contribution of minor allergens to the overall reactivity of mite
allergic patients to the commercial diagnostic tests is minimal.
Therefore, we considered the reactivity of our patients to
commercial standardized extracts of Der p as expression of reac-
tivity to major antigens.

It is known that atopic infants have an earlier and steeper
increase in serum IgE levels during their early years of life
comparedwith nonatopic controls.30 Moreover, it has recently been
demonstrated that Der p 1especific IgE concentrations are signif-
icantly higher in children with asthma sensitized to HDM with
respect to healthy controls and the levels tend to increase over
time.31 In our patients, we did not observe a significant correlation
between Der pespecific IgE values and age or disease duration.
Nevertheless, we found that the Der pespecific IgE levels signifi-
cantly correlate with the size of wheal and flare after SPT. Both
parameters correlated with IL-5 and IL-13 but not with IFN-g
in vitro production, extending the notion that both of these cyto-
kines are specifically important in the pathogenesis of allergic
disease.25,32

Our findings demonstrate that patients whose T cells responded
in vitro to Dp2-DCs had the greatest skin reaction to HDM extract.
The correlationbetweenSPTandT-cell proliferation to allergenswas
rarely observed, andmost of the studies reached the conclusion that
skin reactivity is not a good indicator of T-cell response in allergic
patients.33 Besides the different nature of the allergen, this
discrepancy should also be ascribed to the different method used;
allergen responsiveness canbebetterdetectedwithDCspulsedwith
the allergen than with PBMCs.22 Although only Der p 2especific
responses were evaluated in this study, our results suggest that SPT
is a reliable indicator for the intensity of T-cell responses against the
specific allergen and might allow the identification of Der p
2eallergic patients who do not display detectable specific IgE in the
serum.

Moreover, we identified a correlation between serum levels of
specific IgE toDer p and patients’ family history of allergy. If parental
history can be considered an indicator of inherited susceptibility, as
suggested in previous reports,34 our study supports the notion that
potential gene-environment interactions contribute to the etiology
of sensitization and atopic manifestations.

Interestingly, we detected higher levels of T-cell proliferation in
patients who underwent atopic march compared with patients
who were clinically stable. This finding, to our knowledge, has
never been reported and, once confirmed in a larger cohort of
patients, might provide a useful marker to predict the evolution of
symptoms in HDM allergic patients.

In conclusion, by using Dp2-DCs to promote T-cell responses to
Der p 2, we demonstrated that the allergen specific immunologic
events induced in vitro in T cells of HDM allergic patients correlate
with some of their clinical features. The advances in the knowledge
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of the role of DCs in allergic disease and the identification of
predictive markers specific for clinical outcome could be helpful in
the design of novel immunotherapies both in terms of disease
targeting and prediction of successful responses to allergen specific
immunotherapy.
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