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Background: Modified allergens with reduced IgE-binding

activity represent an elegant approach to circumvent the risk of

anaphylactic reactions in allergen-specific immunotherapy.

Objective: The current work investigated the effect of heat

denaturation on the allergenic properties of recombinant

ProDer p 1, a precursor form of the major house dust mite

allergen Der p 1.

Methods: The IgE reactivity was estimated by direct and

competition ELISA. The immunogenicity of heat-denatured

ProDer p 1 was evaluated in naive and Der p 1-allergic mice.

Results: Heat denaturation in reducing conditions drastically

reduced the in vitro ProDer p 1 IgE reactivity toward human

allergic sera. In naive mice, heat-denatured ProDer p 1

generated mixed TH1-TH2 responses characterized by the

absence of specific IgE with concomitant rise in specific IgG2a

titers and the presence of IL-5 and IFN-g in splenocyte

cultures. In contrast, natural Der p 1 or native ProDer p 1

induced typical strict TH2-biased allergic responses with strong

IgG1 and IgE titers, whereas spleen cells exhibited only high

IL-5 secretion. Moreover, native or heat-denatured ProDer p 1

vaccinations prevented airway eosinophil infiltrations after

challenge. Although native or heat-treated ProDer p 1

adjuvanted with SBAS1b induced mixed TH1-TH2 responses in

allergic mice, heat-denatured ProDer p 1, compared with

native ProDer p 1, proved to be more effective in redirecting

the TH2-allergic response toward TH1.

Conclusion: Taken together, our results suggest that variants

of Der p 1 with reduced IgE-binding reactivity could

represent hypoallergenic molecules suitable for allergen-

specific immunotherapy. (J Allergy Clin Immunol 2004;

114:545-52.)

Key words: Allergy, TH1-TH2 polarization, vaccination, ProDer p 1,

denaturation
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factors associated with various allergic diseases such as
asthma.1 Among these allergens, Der p 1 is the most
immunodominant antigen because the prevalence of
antieDer p 1 IgE antibodies in patients with allergy is
>80%.2 The potent allergenicity of Der p 1 is not fully
understood, but recent data provided evidence that the
proteolytic activity of Der p 1 biases the immune system in
favor of the activation of CD4+ TH2 cells.

3-8

Although several Der p 1 T-cell epitopes were
extensively characterized,9-13 only few studies were
performed to identify its IgE-binding epitopes. B-cell
epitopes carried by Der p 1 were shown to be susceptible
to thermal and chemical denaturation, and the absence of
continuous IgE-binding epitopes in Der p 1 was clearly
evidenced by using overlapping peptides covering the
entire allergen sequence.14-16 Taken together, these data
indicated that the Der p 1 allergenic determinants are
conformational epitopes.
The production of recombinant allergens provides

promising tools for allergy diagnosis as well as for the
development of novel compounds for the treatment of
allergic diseases.17,18 Moreover, the modification of the
allergen B-cell epitopes represents an approach for the
design of hypoallergens that display low or no IgE-
binding activity but retain T-cell epitopes to evoke T-cell
responses.19,20 The use of hypoallergenic modified
allergens would increase the safety of immunotherapy
by reducing the risks of anaphylactic reactions. We
successfully produced at high yield a recombinant pre-
cursor form of Der p 1, secreted as ProDer p 1 in Chinese
hamster ovary cells.21 Because ProDer p 1 was shown to
be enzymatically inactive and to display very low
histamine releasing capacity, we could consider that
ProDer p 1 is less allergenic than Der p 1. However, we
recently showed that mice immunizations with Der p 1 or
ProDer p 1 induced typical allergic TH2-biased immune
responses characterized by high titers of antieDer p 1
IgG1, large amounts of specific IgE antibodies, and aweak
Der p 1especific IgG2a response.22

The aim of the current study was to investigate the
effect of heat denaturation on the allergenic properties of
ProDer p 1.

Abbreviations used

MPL: Monophosphoryl lipid A

QS21: Saponin adjuvant from Quillaja saponaria
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METHODS

Antigens

Natural Der p 1 was isolated from whole D pteronyssinus culture
as previously described.21 Recombinant ProDer p 1was purified from

Chinese hamster ovary spent culturemedium.21 Recombinant ProDer

p 1 was heat-denatured for 5 minutes at 1008C in the presence of 50

mmol/L b-mercaptoethanol. Endotoxin levels were determined by

using the limulus assay (Limulus amebocyte lysate QCL 1000, Bio

Whittaker, Verviers, Belgium). The antigens used for the vaccina-

tions contained < 0.2 U/10 lg.

Immunization protocols

Female Balb/C mice (6 weeks old) were obtained from Harlan

(Horst, The Netherlands). For allergenicity studies, groups of 10

naive animals were immunized at weekly intervals for 4 weeks with 5

lg natural Der p 1 or native or denatured ProDer p 1 adsorbed to 200
lg alum (Fig 1). As control, 1 group of mice was immunized with

adjuvant alone. Mice were bled from the retro-orbital venous plexus

on days 7, 14, 21, 28, and 38, and sera were collected. To induce

airway inflammation, mice were airway allergenechallenged 10 days

after the last sensitization by exposition to aerosolized crude D
pteronyssinus extract over a 30-minute period for 7 consecutive days.

The protein concentration of crude mite extract was 300 lg/mL.

In a therapeutic approach, mice were TH2-sensitized with 4 doses

of 5 lg natural Der p 1 adjuvantedwith alum at weekly intervals, then

challenged as described below (Fig 1). Two weeks after the last

airway challenge, the animals were vaccinated 3 times with 5 lg
natural Der p 1 or native or denatured ProDer p 1 formulated with

SBAS1b adjuvant, a combination of monophosphoryl lipid A (MPL)

and saponin adjuvant from Quillaja saponaria (QS21; proprietary

formulation of GlaxoSmithKline, Rixensart), at 2-week intervals.23

Sera were collected on days 38, 45, 59, 73, and 88.
Measurement of ProDer p 1especific IgG, IgG1, IgG2a, and

IgE. Sera were assayed for antieProDer p 1 IgG, IgG1, and IgG2a
antibodies by ELISA as previously described.22

IgE-binding activity assay

Immunoplates were coated overnight with Der p 1 or native or

denatured ProDer p 1 (500 ng/well) at 48C. Plates were then washed 5

times with 100 lL per well of TRIS-buffered saline (TBS)eTween

FIG 1. Experimental protocol for the evaluation of the immune

responses in naive and allergic mice.
buffer (50 mmol/L TRIS-HCl, pH 7.5; 150 mmol/L NaCl; 0.1%

Tween 80) and saturated for 1 hour at 378C with 150 lL of the same

buffer supplemented with 1% BSA (Sigma, Bornem, Belgium). Sera

from 22 patients allergic to D pteronyssinus diluted 1:8 (all of the

individual sera had a RAST value >100 kU/L) were then incubated

for 1 hour at 378C. Plates were washed 5 times with TBS-Tween

buffer, and the allergen-IgE complexeswere detected after incubation

with a mouse anti-human IgE antibody (Southern Biotechnology

Associates, Birmingham, Ala) coupled to alkaline phosphatase

(dilution 1:7500 in TBS-Tween buffer; Promega, Leiden, the

Netherlands). The enzymatic activity was measured by using the p-

nitrophenylphosphate substrate (Sigma) dissolved in diethanolamine

buffer (pH 9.8). OD410nm was measured in a Biorad Novapath

ELISA reader (Nazareth Eke, Belgium).

For IgE inhibition assays, plates were coated with natural Der p 1

(500 ng/well). A pool of 20 human sera from patients with mite

allergy (RAST value > 100 kU/L) were preincubated overnight at

48C with various concentrations (0.004-3.6 lmol/L) of Der p 1 or

native or heat-denatured ProDer p 1 in reduced or unreduced

conditions as inhibitors. The sera were then added on ELISA plates,

and IgE-binding activity was measured as described above.

Proliferation and cytokine assays

The Der p 1especific T-cell proliferative responses and the level

of IFN-c and IL-5 in the supernatants were measured as previously

described.22

Briefly, spleen cells from immunized mice were stimulated with

serial dilutions of ProDer p 1. After 72 hours, cells were pulsed with 1

lCi/well [3H]-thymidine (Amersham, Roosendaal, The Netherlands)

for 16 hours. Cells were harvested, and [3H]-thymidine uptake was

measured by scintillation counting. Culture supernatants from

restimulated splenocytes were assayed for the presence of IFN-c
and IL-5 by using ELISA kits supplied by PharMingen.

Bronchoalveolar lavage

The bronchoalveolar lavages as well as the differential cell counts

were performed as described previously.22 Briefly, the lungs from

mice were washed, the lavage fluid was centrifuged, and the cells

were counted in a Thoma hemocytometer (Sigma). Cytospin

preparations from 50-lL aliquots were stained with May-Grünwald

Giemsa stain for differential cell counts.

Statistical analysis

Group data were compared by using the Student t test. Differences

were considered significant for P values < .05.

RESULTS

ProDer p 1 denaturation reduces drastically
IgE-binding reactivity toward allergic sera

In direct ELISA, we characterized the IgE-binding
capacity of recombinant ProDer p 1 after thermal de-
naturation. Plates were coated with native or denatured
ProDer p 1 and incubated with 22 individual sera from
house dust miteesensitized patients. Heat denaturation of
ProDer p 1 reduced drastically the IgE-binding reactivity
of the Der p 1 precursor (P < .0001; Fig 2). The addition
of reducing agent during the heat denaturation step
amplified the alteration of binding of serum antieDer p
1 IgE (P < .0001). It must be pointed out that the
pretreatment of the allergens with a reducing agent (50
mmol/L b-mercaptoethanol) before coating did not in-
fluence their IgE-binding capacity (data not shown).
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The IgE reactivity of denatured ProDer p 1 was further
analyzed by competitive inhibition assays (Fig 3) in which
pooled serum from patients was preincubated with various
concentrations of ProDer p 1 forms. As previously ob-
served, natural Der p 1 was able to inhibit IgE binding to
coated Der p 1 more efficiently than native ProDer p 1
used at the same concentrations. The inhibition capacity of
heat-denatured ProDer p 1 was reduced compared with
that of native ProDer p 1. Der p 1 and native and denatured
ProDer p 1 exhibited a 50% inhibition in IgE binding for
an allergen concentration of 0.003, 0.03, and 2 lmol/L. In
contrast, no inhibition of IgE binding to Der p 1 was
observed with serum samples incubated with denatured
and reduced ProDer p 1 (P < .001 compared with other
allergens).

ProDer p 1 denaturation in reducing
conditions prevents the IgE synthesis and
induces the production of IgG2a and IFN-g
in naive mice

Balb/C mice were immunized with denatured and
reduced ProDer p 1 and were subsequently exposed to
aerosolized house dust mite extracts to provoke airway
inflammation. The specific immune responses were com-
pared with that induced after injection with natural Der
p 1 or native ProDer p 1. Mice immunized by 4 injections
of natural Der p 1 produced high titers of antieProDer p 1
IgG and IgG1 as well as large amounts of specific IgE
antibodies. In contrast, the antieProDer p 1 IgG2a
responses were absent (Table I). Similar results were
obtained after vaccination with native ProDer p 1
(P > .05). Denatured and reduced ProDer p 1 was shown
to be less immunogenic than Der p 1 or native ProDer p 1
(P = .021). However, modified ProDer p 1 immunizations
induced significant production of antieProDer p 1 IgG2a
(P < .001) and, strikingly, prevented the development of

FIG 2. Effect of heat denaturation on the IgE reactivity of

recombinant ProDer p 1. The IgE reactivity of natural Der p 1 and

different preparations of recombinant ProDer p 1 were evaluated in

direct ELISA and by using radioallergosorbent positive sera to D

pteronyssinus.
specific IgE antibodies (P < .001). The profiles of these
humoral immune responses were not modified after
bronchoprovocations. Comparison of the IgG1:IgG2a
ratio between groups clearly confirmed that immune
responses induced by denatured and reduced ProDer p 1
are TH1-oriented, even in the presence of a pro-TH2
adjuvant such as alum.

Splenocytes from denatured and reduced ProDer p
1evaccinated mice proliferated in a dose-dependent
manner after native ProDer p 1 stimulation (data not
shown). Moreover, the stimulation index values were
comparable with those measured from proliferations of
lymphocytes isolated from Der p 1eimmunized or native
ProDer p 1eimmunized animals (P > .05). Supernatants
from cultured, stimulated lymphocytes were harvested
and assayed for IFN-c and IL-5. A typical TH2 cytokine
profile characterized by high production of IL-5 and low
or no secretion of IFN-c was elicited by native ProDer p 1
or Der p 1 vaccinations (P > .05; Fig 4, A). Again, the TH1
bias of the immune response induced by heat-denatured
and reduced ProDer p 1 was confirmed because animals
immunized with modified ProDer p 1 secreted respec-
tively large and low amounts of IFN-c and IL-5 on re-
stimulation (P = .037 for IL-5 compared with ProDer p 1;
P = .019 for IFN-c compared with ProDer p 1). No IFN-c
or IL-5 secretion was produced by mice vaccinated with
alum alone.

Prevention of airway eosinophilia by ProDer
p 1 vaccinations is independent of the
structure of the allergen

Differential cell counts showed the development of an
important airway eosinophilia in bronchoalveolar lavage
fluids from animals immunized with Der p 1 and
challenged with aerosolized house dust mite extracts
(Table II). On the other hand, the presence of eosinophils
was not observed in bronchoalveolar lavage fluids from

FIG 3. Inhibition of IgE binding to natural Der p 1. IgE binding to

immobilized natural Der p 1 was inhibited by preincubation of sera

with increasing concentrations of natural Der p 1 (C) and native

(n), heat-denatured (�), or reduced, heat-denatured (,) recombi-

nant ProDer p 1. Results are shown as 100% (IgE binding in the

presence of inhibitor/IgE binding in the absence of inhibitor).
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TABLE I. AntieProDer p 1 antibodies from naive mice immunized with different antigens*

Antigen Bleeding IgG IgG1 IgG2a IgE (OD dil 103) IgG1/IgG2a

Der p 1

Day 14 173 ± 65 743 ± 311 < 10 0.44 ± 0.41 >74.3

Day 21 6074 ± 3826 52686 ± 94661 < 10 0.26 ± 0.19 >5268.6

Day 28 14336 ± 6394 67997 ± 43783 < 10 0.25 ± 0.08 >6799.7

Day 38 24654 ± 14589 72802 ± 52011 < 10 0.26 ± 0.11 >7280.2

ProDer p 1

Day 14 320 ± 169 855 ± 575 < 10 0.48 ± 0.30 >85.5

Day 21 3623 ± 3318 16517 ± 12317 < 10 0.47 ± 0.23 >1651.7

Day 28 18820 ± 9569 62673 ± 2742 < 10 0.34 ± 0.18 >6267.3

Day 38 24873 ± 11429 116566 ± 53216 < 10 0.28 ± 0.12 >11656.6

Denatured ProDer p 1

Day 14 142 ± 46 95 ± 49 89 ± 80 0.00 ± 0.00 1.06

Day 21 1824 ± 1013 3844 ± 3854 1244 ± 703 0.00 ± 0.00 3.09

Day 28 4443 ± 1796 11853 ± 5721� 3872 ± 2121� 0.00 ± 0.00� 3.06

Day 38 4659 ± 2121� 10522 ± 3799� 5043 ± 3548� 0.01 ± 0.01� 2.08

Alum

Day 14 < 50 < 50 < 10 0.00 ± 0.00 —

Day 21 < 50 < 50 < 10 0.00 ± 0.00 —

Day 28 < 50 < 50 < 10 0.01 ± 0.01 —

Day 38 < 50 < 50 < 10 0.01 ± 0.01 —

*Specific IgG titers were identified as the reciprocal of the dilution giving a signal corresponding to 50% of the maximal OD410nm value. For IgE titers, results

are expressed as OD410nm values for a 1:10 dilution of sera. Results are expressed as the means of individual titers ± SDs from 10 mice.

�P < .001 compared with Der p 1evaccinated or native ProDer p 1evaccinated mice.
mice vaccinated with alum or native or denatured ProDer p
1, indicating that ProDer p 1 maintains its capacity to
prevent the development of airway eosinophilia after
challenge even after its thermal denaturation.

Vaccination of allergic mice with denatured
and reduced ProDer p 1 redirects the unique
TH2 immune response toward a mixed
TH1-TH2 response

To determine whether denatured and reduced ProDer p
1 immunization was able to shift a typical allergic TH2-
biased immune response to a nonallergic TH1-biased
response, Der p 1esensitized and challenged animals
were immunized with native or modified ProDer p 1. In
our model, the proteins were adjuvanted with the pro-TH1
SBAS1b adjuvant to encourage the redirecting of the
immune response.

As expected, a decline of the specific IgG and IgG1 titers
was observed in Der p 1esensitized animals vaccinated
with the adjuvant alone together with the maintenance
of the specific IgE response (Table III). Allergic mice
receiving native ProDer p 1 immunotherapy developed
a specific TH1-TH2 immune response as reflected in
a significant increase of specific IgG2a (P < .001
compared with allergic mice vaccinated with adjuvant
alone or not vaccinated) and IgE responses (P < .01)
and no detectable modification of the specific IgG1 titers
(P > .1). The typical TH2 allergic response was also
redirected by vaccination with adjuvanted denatured and
reduced ProDer p 1. However, the production of specific
IgG2a antibodies after this treatment was more intense
than that induced after native ProDer p 1 vaccinations
(P < .001). Moreover, no significant increase of the speci-
fic IgE response could be demonstrated after denatured and
reduced ProDer p 1 immunotherapy (P > .1).

The mixed TH1-TH2 response after native ProDer p 1
immunotherapy was confirmed by the production of both
IL-5 and IFN-c by splenocytes restimulated with native
ProDer p 1. Again, the TH1 bias was more pronounced
after denatured and reduced ProDer p 1 immunotherapy
(Fig 4, B). This treatment elicited, respectively, a higher
and a weaker production of IFN-c (P = .047) and IL-5
(P = .025) compared with that measured after native
ProDer p 1 vaccination of allergic mice. The IL-5:IFN-c
ratio decreased from 2.5 in the native ProDer p 1etreated
group to 0.6 in the modified ProDer p 1etreated animals.

DISCUSSION

Because the proteolytic activity of Der p 1 has a direct
influence on the immune system to drive the activation of
CD4+ TH2 cells,3-8 vaccination with ProDer p 1 might be
suggested for immunotherapies of house dust mite
allergies. Indeed, ProDer p 1 was shown to be enzymat-
ically inactive and a low histamine release inducer,
contrary to natural Der p 1.21 Thermal denaturation of
ProDer p 1 could represent an efficient way to strengthen
the hypoallergenic character of ProDer p 1, because we
and others demonstrated that the allergenicity of Der p 1
was heat-sensitive.14

By direct ELISA and competition experiments, we
clearly showed that thermal denaturation of ProDer p 1
influences drastically its IgE-binding capacity. Similar
results were also obtained with natural Der p 1 (data not
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shown) and also were previously reported for food
allergens: the major potato allergen Sol t 1,24 the class I
chitinases PvChI from green bean, Prs a 1 from avocado,25

or ovalbumin.26

Although the affinity of native ProDer p 1 for specific
IgE was not reduced in the presence of a reducing agent
(b-mercaptoethanol), the reduction of the disulfide bonds
of heat-denatured Der p 1 or ProDer p 1 further altered its
allergenicity. These results suggested that the disulfide
bonds of Der p 1 could be accessible only after a drastic
structural change and could influence moderately the IgE-
binding reactivity of the allergen.

Gel filtration chromatography profile analysis showed
that, unlike natural Der p 1 or native ProDer p 1, heat-
denatured and reduced Der p 1 or ProDer p 1 was
polymerized solubly in physiologic conditions, forming
oligomers of different sizes ranging from 120 kd to >600
kd (data not shown). The allergen polymerization into
high molecular weight molecules was previously ob-
served with heat-treated Der f 2,27 ovalbumin,26,28 Sol t
1,24 and Ara h 1.29 By attenuated total reflectanceeFourier
transform infrared spectroscopy, we demonstrated that
thermally induced ProDer p 1 aggregation is associated
with transformation of a-helical into b-sheet structures
(data not shown). These b structures are likely composed
of intermolecular antiparallel b-sheets, as previously
observed.30 This structural modification of ProDer p 1
could hide or disrupt B-cell epitopes recognized by IgE.
This suggestion would be consistent with our results
obtained by ELISA competition studies.

To confirm that heat-denatured and reduced ProDer p 1
is hypoallergenic, we studied its immunogenicity in dust
miteeallergic and naive mice. To our knowledge, this is
the first study in which the administration of denatured
group 1 dust mite allergen was evaluated in mice. Because
unadjuvanted Der p 1 or ProDer p 1 injections resulted
in very weak antibody response (data not shown), the
proteins were adjuvanted with alum.

The current study demonstrated that the regulation of
ProDer p 1 specific IgE and IgG2a responses was
dependent of the antigen conformation in naive mice,
because the absence of IgE and the presence of IgG2a
occurred only after vaccination with denatured and
reduced ProDer p 1. The allergen denaturation in reducing
conditions also induced a shift in cytokine profile
characterized by an enhanced production of IFN-c and
decreased IL-5 release, confirming that a TH1-TH2
response preferentially TH1-oriented was generated by
denatured and reduced ProDer p 1. The incomplete shift
from TH2 to TH1 immune response after denatured ProDer
p 1 administration could be attributed to the use of alum,
a strong TH2-inducing adjuvant. Nevertheless, our data
correlated with the results obtained with other aggregated
antigens such as ovalbumin.31-33

In this study, ProDer p 1 was used as the plate-coated
antigen in ELISA for the detection of specific antibodies
and also as the restimulating antigen in lympho-
proliferative assays, because the source of natural Der
p 1 was too limited. Moreover, the autocatalytic pro-
cessing of ProDer p 1 generated mature Der p 1 at a
very low yield (data not shown). Therefore, antibodies
directed to the proregion and T cells responsible for
peptides within the prosequence were not negligible.
ELISA and lymphoproliferative assays performed with
natural Der p 1 as coated and restimulating antigen,
respectively, resulted in weaker specific antibody titers
and cytokine production (data not shown). However, if
the intensity of the humoral and cellular responses was
modulated, the TH1-TH2 polarization was not modified.

Sequence polymorphisms have been found in Der p 1
cDNA clones, and different isoforms can contribute in
different ways to the antigenic and allergenic behavior
of Der p 1.13,34,35 Notably, the Ala/Val polymorphism
at residue 124 within the immunodominant region
clearly affects T-cell responses. In our experiments,
ProDer p 1 displayed the same polymorphism as natural
Der p 1, with, notably, an alanine residue at position
124 instead of a valine residue, with the ProDer p 1
cDNA originating from the mite cultures used for the
natural Der p 1 isolation.36 It must be pointed out that
peptide with alanine at position 124 stimulated more
effectively T-cell responses of mice immunized with
Der p 1.13

FIG 4. IL-5 and IFN-c concentrations in supernatants from ProDer p

1erestimulated splenocytes. The production of IL-5 and IFN-c by

ProDer p 1eactivated splenic cells from vaccinated naive (A) or

allergic (B) mice was measured as described in the section

Materials and Methods. Results are expressed as the means ±

SDs from 10 mice.
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TABLE II. Cellular composition in bronchoalveolar lavage fluids after challenge with aerosolized house dust mite extracts*

Cell percentage

Antigen Cell number (3 105/mL) Macrophages Lymphocytes Neutrophils Eosinophils

Der p 1 42.2 ± 8.6� 4.8 ± 2.9 66.6 ± 15.5� 4.6 ± 4.1 23.5 ± 16.11�
ProDer p 1 14.4 ± 3.3 6.0 ± 1.4 85.8 ± 4.5 2.5 ± 0.9 5.6 ± 3.4

Denatured ProDer p 1 16.4 ± 9.3 5.1 ± 1.2 88.1 ± 3.8 1.4 ± 0.9 5.1 ± 3.3

Alum 13.9 ± 3.7 4.5 ± 2.7 92.4 ± 5.4 1.3 ± 1.6 2.0 ± 1.5

*Values are expressed as the means ± SDs from 10 mice. Total cell counts were performed in a Thoma chamber.

�P < .05 compared with other groups of vaccinated mice.

TABLE III. Modulation of the IgG, IgG1, IgG2a, and IgE ProDer p 1especific responses in allergic mice vaccinated with

adjuvanted native or denatured ProDer p 1*

Antigen Bleeding IgG IgG1 IgG2a IgE (OD dil 103) IgG/IgG2a

Der p 1esensitized and

challenged (day 38)

31679 ± 19488 148140 ± 75138 < 10 0.81 ± 0.32 >14814

ProDer p 1

Day 45 29385 ± 13727 114624 ± 41001 < 10 0.76 ± 0.27 >11462

Day 59 22907 ± 5656 143215 ± 41231 2833 ± 1336 1.92 ± 0.67 50.6

Day 73 29459 ± 9235 156234 ± 48293 8895 ± 6321 1.79 ± 0.57 27.3

Day 88 26268 ± 9539 145892 ± 46664 9099 ± 5601 1.71 ± 0.58 16.0

Denatured ProDer p 1

Day 45 29158 ± 17216 104481 ± 57256 < 10 0.74 ± 0.36 >1651.7

Day 59 27856 ± 5899 98108 ± 60463 360 ± 90 1.08 ± 0.55 272.5

Day 73 50368 ± 16536 126483 ± 55863 36276 ± 13324 1.00 ± 0.43 3.5

Day 88 41650 ± 13636 102072 ± 54591 34186 ± 12499 1.07 ± 0.47 2.9

SBAS-1b

Day 45 32033 ± 16605 143469 ± 63246 < 10 0.77 ± 0.22 >14346

Day 59 18919 ± 8668 93392 ± 35604 < 10 0.62 ± 0.18 >9339

Day 73 15395 ± 8017 62435 ± 37058 < 10 0.73 ± 0.34 >6243

Day 88 9987 ± 4190 32980 ± 17069 < 10 0.57 ± 0.20 >3298

*Specific antieProDer p 1 IgG, IgG1, and IgG2a titers were identified as the reciprocal of the dilution giving a signal corresponding to 50% of the maximal

OD410 nm value. Results are expressed as the means of individual titers ± SDs from 10 mice. For IgE titers, results are expressed as OD410 nm values for a 1:10

dilution of sera.
To compare the effectiveness of native or denatured
ProDer p 1 for their capacity to switch typical TH2 allergic
response to TH1 nonallergic immunity in allergic mice, the
allergens were formulated with a combination of mono-
phosphoryl lipid A and QS21 for 3 reasons. First,
adjuvanted ProDer p 1 has been found to be more
immunogenic than nonadjuvanted allergen, whatever the
type of adjuvant used. Second, the combination of QS21
with MPL was able to enhance humoral and cellular
immune responses and polarization of the T-cell response
to the type 1 subtype by stimulation of IL-12 production
and B7-1 expression.23 Third, incorporation of MPL
adjuvant in the immunization of rats prevented a secondary
specific IgE response.37

Immunization of allergic mice with native or modified
adjuvanted ProDer p 1 switched the strong TH2 immune
response to a mixed TH1-TH2 response. Interestingly,
immunotherapy using denatured and reduced ProDer p 1
induced a more pronounced TH1 bias than vaccination
with native ProDer p 1 in allergic mice, as evidenced by
the comparison of the IgG1:IgG2a and IL-5:IFN-c ratios.
The weak TH1 polarization observed after native ProDer p
1 administration likely reflects more the influence of the
adjuvant than the effect of the recombinant allergen itself.
In another experiment, we clearly observed that the
immunotherapeutic potential of heat and reduced ProDer p
1 vaccinations was not related only to the recombinant
product. Indeed, similar results were obtained after the
immunotherapeutic treatment of allergic mice with ther-
mally denatured Der p 1. As in the case of ProDer p 1,
comparison of the IgG1:IgG2a and IL-5:IFN-c ratios
indicated that vaccination with heat-denatured Der p 1
more markedly induced the TH2-TH1 shift than injections
with a native form of Der p 1 (data not shown).

Whereas it was reported that MPL, like LPS, can
enhance the generation of a specific immune response
without being associated directly with the antigen,38

treatment with SBAS1b adjuvant alone did not influence
the TH2-polarized immune responses.

During long-term immunotherapy in human beings39

and mice,40 the specific IgE was shown to increase during
the first period of the immunotherapy. Thereafter, a clear
decline of the IgE concentration was observed in
conjunction with the concomitant rise in allergen-specific
IgG and particularly of IgG2a isotype. During the current
short-term immunotherapy, we detected an increase of
specific IgE only after native ProDer p 1 administration.
Remarkably, this increase of specific IgE was not
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observed with denatured and reduced ProDer p 1 vacci-
nation. The increase of ProDer p 1 specific IgG2a after
therapeutic vaccination might block IgE-facilitated aller-
gen presentation, mimicking the protective functions of
IgG4 in human beings.

Several studies reported that the efficacy and safety of
long-term immunotherapy were dependent on the dose of
the allergens used.41,42 Moreover, it was recently
demonstrated that restimulation of T cells from patients
allergic to house dust mite with high allergen con-
centrations increased the number of IFN-ceproducing
T cells and induced apoptosis of CD4+IL-4+ T cells and
T-cell anergy.43 These results suggested that high allergen
exposure might induce tolerance by shifting the pro-
duction of allergen-specific antibodies from IgE to IgG4.
In this context, we also addressed the influence of the
modified allergen dose on the induction of the TH2-TH1
shift in allergic mice. Groups of allergic mice vaccinated 3
times at 2-week intervals with different doses of heat-
denatured Der p 1 or ProDer p 1 (1, 5, or 25 lg) developed
a mixed TH1-TH2 response (data not shown). Significant
and dose-dependent differences were encountered in the
specific IgG1 and IgG2a titers but not in the IgE antibody
concentrations. In the same time, the ProDer p 1einduced
proliferation of spleen cells from vaccinated mice as well
as the secretion of IFN-c and IL-5 did not increase with the
injected allergen concentration. Consequently, the com-
parison of the IgG1:IgG2a and IL-5:IFN-c ratios showed
that the TH1-TH2 polarization was not allergen dosee
related but was dependent on the conformation of the
allergen.

The influence of the 3-dimensional structure of the
allergen is critical in the development of the distinct T-cell
cytokine profile by preferential usage of different antigen-
presenting cells.44,45 The IgE-mediated antigen presenta-
tion through IgE bound to Fc� receptors on B and dendritic
cells facilitates allergen presentation to T cells and
promotes the induction of TH2-type cytokine and IgE
formation. Consequently, heat denaturation in reducing
conditions of ProDer p 1 might inhibit the IgE-facilitated
antigen presentation of the allergen, resulting in a re-
duction of TH2 polarization of the immune response.
Immunotherapy in patients with allergy has been sug-
gested to induce allergen-specific TH1 cells that might
suppress the effector function of allergen-specific TH2
cells and alter allergen-specific IgE. Although reduced
TH2-type cytokine production by allergen-specific T cells
after immunotherapy has been demonstrated in most
studies,46 increased TH1-type cytokines are not always
concomitant.47,48 The current study suggested that
immunotherapy with SBAS1b-adjuvanted ProDer p 1
could trigger the induction of ProDer p 1especific TH1-
type cells to counterbalance the TH2 celleinduced allergic
reaction. However, treatment of allergic mice with the
adjuvanted recombinant allergen might also generate
CD8+ regulatory T cells, as previously shown during
allergen immunotherapy in human beings and animals;
this area is also a source of IFN-c, leading to the rise in
IgG2a levels.49,50
In conclusion, this report demonstrated that ProDer p 1
conformation plays a critical role in its allergenicity.
Aggregation of ProDer p 1 by thermal denaturation is an
efficient way to obtain a hypoallergenic variant of ProDer
p 1 with a dramatic reduction of IgE reactivity. Denatured
ProDer p 1 may be a valuable tool for improved immu-
notherapy for the treatment of house dust mite allergy.
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