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The recombinant major allergen of Parietaria judaica and its hypoallergenic
variant: in vivo evaluation in a murine model of allergic sensitization
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Introduction

Summary

Background Par j 1 represents the major allergenic component of Parietaria judaica pollen. Its
three-dimensional structure is stabilized by four disulphide bridges. A family of three-dimensional
mutants of the recombinant Par j 1 (rPar j 1) allergen, showing reduced allergenicity and retained T
cell recognition has been recently developed by site-directed mutagenesis.

Objective To develop and characterize a murine model of IgE sensitization to rPar j 1. To evaluate
similarities between the murine model and the human IgE response. To investigate in this model the
recognition of a hypoallergenic mutant of Par j 1, and to study the immune responses elicited in mice
by the mutant itself.

Methods BALB/c mice were sensitized by two intraperitoneal immunizations with rPar j 1 in alum
on days 0 and 21. Allergen-specific serum IgE and IgG responses were studied by direct ELISA and
immunoblotting, ELISA inhibition and competitive ELISA. Cell proliferation was evaluated in
splenocyte cultures.

Results  Sensitization with rPar j 1 induced high levels of IgE and IgGl vs. low levels of IgG2a.
Mouse antibodies specific to rPar j 1 were able to compete with human IgE for recognition of rPar j
1. IgE from mice immunized with rPar j 1 showed a significantly reduced binding activity towards the
hypoallergenic variant rPjC, which lacks three disulphide bridges. On the contrary, rPjC was
recognized by IgG1 and IgG2a antibodies as well as rPar j 1. The proliferative response to rPjC by
splenocytes from mice immunized with rPar j 1 was comparable to that stimulated by rPar j 1.
Immunization with rPjC induced low levels of IgE antibodies to the rPjC itself, while IgG and
proliferative responses were similar to those induced by rPar j 1.

Conclusion Conformational variants of allergens, displaying reduced allergenicity accompanied by
retained IgG and T cell recognition, offer a safe, specific and flexible approach to immunotherapy of
type I allergy. Our mouse model of IgE sensitization to a recombinant allergen, mimicking the
human response to its native counterpart, could provide valuable information for pre-clinical testing
of such hypoallergenic molecules.
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subjects, has been characterized, purified and cloned [5-7].
The recombinant Par j 1 (rPar j 1) protein produced in

Type 1 allergy represents a relevant health problem in
industrialized countries and affects almost 15-30% of the
European population [1]. Allergic symptoms such as rhino-
conjunctivitis, asthma, atopic dermatitis or anaphylactic
shock are elicited by environmental allergens. Among
inhalant allergens, Parietaria judaica pollen is one of the
main causes of allergy in the Mediterranean countries [2]. The
composition of the allergenic extract of P. judaica pollen has
been extensively studied [3-4]. The major allergen Par j 1,
recognized by 95% of the sera from Parietaria-allergic
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Escherichia coli shows molecular and immunological proper-
ties comparable to its native counterpart [6]. A three-
dimensional model of Par j 1 has been proposed on the basis
of the structural homology with a family of plant proteins
named ‘non-specific lipid transfer proteins’ (nsLTPs), show-
ing an o—o. — oo — o — B structure with four disulphide bridges
necessary for the correct folding of the protein [8]. The same
study reported the importance of the cysteine pairing in the
formation of an immunodominant IgE epitope in the 1-30
region of the molecule, involving amino acid residues K21,
K23, E24 and K27 comprised in the loop between cysteines
14 and 29. According to these observations, disulphide bonds
have been shown in other allergens to contribute to the
overall allergenicity of the molecule [9-15].
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Although allergic symptoms can be controlled by pharma-
cological treatment, specific immunotherapy (SIT) represents
the only curative approach toward type I allergy. The clinical
efficacy of SIT performed with classical allergenic extracts has
been documented in several clinical studies [16], although the
underlying mechanism leading to desensitization is less clearly
understood. One major disadvantage of SIT is that the
administration of crude allergenic preparations may cause
severe anaphylactic side reactions [16]. In addition, the use of
complex allergenic mixtures may lead to sensitization towards
new allergens [17, 18]. The use of recombinant allergens as
substitutes for native counterparts has been proposed to
overcome these difficulties [19]. Indeed, they can be used for
novel forms of immunotherapies tailored according to the
sensitization profile of the patient [20]. However, the risk of
unwanted anaphylactic reactions still remains, since pure
allergenic recombinant preparations used in vivo may be very
potent in evoking IgE responses. To overcome these
problems, it is now possible to modify allergens in a targeted
way so that their IgE reactivity is reduced but the T cell
response remains not affected. These modified allergens could
lead to an improved and safer immunotherapy, which
combines the advantage of reducing the risk of IgE-mediated
anaphylactic side-effects with the possibility of down-
regulating the broad repertoire of T cell specificities [21-22].
On the basis of a detailed knowledge of the IgE-binding
regions, hypoallergenic recombinant derivatives can be
generated by recombinant DNA technology applied to
allergen engineering [23]. In particular, site-directed mutagen-
esis targeted to critical positions in the amino acidic sequence
of allergens has been successfully employed to generate
hypoallergenic molecules that are equally recognized by
allergen-specific T lymphocytes, but display a significantly
reduced IgE-binding capacity [21-22, 24-26]. Recently, this
approach has been applied to the development and char-
acterization of a family of three-dimensional mutants of the
rPar j 1 allergen [27].

While these molecules have been studied for their ability to
interact with human antibodies, T cells and monoclonal
antibodies, a limited number of studies have up to now
approached the in vivo evaluation of such hypoallergens in a
suitable animal model [28-32]. Such murine models of IgE
sensitization could be particularly useful for pre-clinical
testing of new candidate molecules, and could represent
unique tools for understanding the immunological mechan-
isms involved in the induction of IgE responses.

In the present study, we first established and characterized a
murine model of IgE sensitization to rPar j 1. We then
evaluated the similarities between the murine model and the
human IgE response. Finally, we investigated in this model
the recognition of a hypoallergenic mutant of Par j 1, as well
as the features of the immune response elicited in mice by the
mutant itself.

Materials and methods

Recombinant and native antigens

rPar j 1 and the rPjC mutant (Cys4 — Ser, Cys29 — Ser and
Cys30 — Ser) were produced according to Bonura et al. [27].

All the recombinant allergens were expressed in a prokaryotic
vector containing a six histidine tag (6xHis tag) for their
affinity purification. The concentration of recombinant pro-
teins was determined by densitometric analysis of SDS-PAGE
gels stained with Coomassie brilliant blue, previously vali-
dated by both the Bradford method and the measurement of
OD absorbance at 280 nm.

Pollen from the wall pellitory (P. judaica) was purchased
from Allergon AB (Angelholm, Sweden). P. judaica pollen
extract (PJE) was prepared as previously described [33],
lyophilized and stored at 4 °C until use. Protein concentration
was determined by the method of Bradford [34] with bovine
serum albumin (BSA) as standard (BioRad, Richmond, CA,
USA).

Animals and immunizations

Eight-week-old female BALB/c mice were purchased from
Charles River Laboratories (Milan, Italy). Animals were
maintained in the Animal Care Unit of the Istituto Superiore
di Sanita according to the local guidelines for animal care. In
a preliminary set of experiments, several immunization
protocols were tested, including administration of different
concentrations of protein (up to 10 pg/mouse), and repeated
immunizations (up to six times) every 2 weeks. We obtained
the highest production of specific IgE antibodies with the
lowest dose (1pg of the recombinant allergen/mouse ad-
sorbed to 2.5 mg of AI(OH);, on days 0 and 21). Therefore, in
the present study, groups of five mice were immunized as
above by the intraperitoneal route. Before each immuniza-
tion, a suspension was prepared by mixing a 100 x antigen
solution (500 ug/mL) to the commercial alum gel suspension
(13mg/mL, 200 puL/mouse, Sigma—Aldrich, Milan, Italy) in
order to obtain a final antigen concentration of 5ug/mL
(1 pg/mouse plus 2.5 mg of AI(OH);). Control groups received
Al(OH); only, at the same time points. Blood samples were
collected from the retro-orbital plexus 7 days after the last
immunization. Individual sera were stored at —20°C until
analysed.

ELISA, ELISA inhibition and competitive ELISA

Microtitre plates (Greiner Bio-One, Frickenhausen, Ger-
many) were coated with the recombinant allergens (5 pg/mL)
or PjE (20 ug/mL) in carbonate/bicarbonate buffer, pH 9.6,
for 3h at 37°C and overnight (o.n.) at 4°C, respectively.
Unless otherwise indicated, serum samples and antibodies
were diluted in phosphate-buffered saline (PBS), 0.5% w/v
BSA, 0.05% v/v Tween-20 and plates were washed between
each incubation step with PBS, 0.05% v/v Tween-20. Non-
specific-binding sites were blocked with PBS, 1% w/v BSA for
2h at room temperature (r.t.). Serum samples were added in
duplicates (diluted 1:20 for IgE measurement, 1: 100 for IgG,
IgGl1 or IgG2a) and incubated o.n. at 4 °C in the IgE ELISA
or 2h at r.t. in the [gG ELISA. Pre-immune sera from each
individual mouse were used in parallel as controls. After
washing, bound antibodies were detected by adding a biotin-
conjugated rat monoclonal anti-mouse IgE (BD Biosciences
Pharmingen, San Diego, CA, USA) for 5h at r.t. followed by
avidin-peroxidase (Sigma—Aldrich) at 2.5 ug/mL for a further
30min, or peroxidase-labelled rat monoclonal anti-mouse
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IgG, IgG1, IgG2a for 1h at r.t. All the secondary antibodies
were diluted 1:500. The peroxidase substrate (ortho-pheny-
lenediamine chloride, OPD (Sigma—Aldrich)) for IgG
determination, and 2,2’'-azino-bis(3-ethylbenz-thiazoline-6-
sulphonic acid), ABTS (Sigma—Aldrich) for IgE assay was
then added, and absorbance was determined with an ELISA
reader (BioRad) at 492 or 405 nm, respectively.

In the IgE-ELISA inhibition experiments, plates were
coated with rPar j 1 as previously described, serum samples
were pre-incubated for 3h at r.t. with decreasing concentra-
tions of the allergen used as inhibitor (PjE: from 100 to
0.16 pg/mL; rPar j 1: from 5 to 0.04 ng/mL; rPjC: from 5 to
0.04 pg/mL) in dilution buffer. Binding of IgE was then
evaluated as described above.

In the competitive ELISA, rPar j 1-coated plates were pre-
incubated o.n. at 4 °C with serial dilutions (1:20, 1:40, 1:80)
of mouse immune sera anti-rPar j 1 or with the pre-immune
sera as controls. After washing, plates were incubated o.n. at
4°C with a pool of sera from Parietaria pollen-allergic
patients, diluted 1:20 in dilution buffer. Bound human IgE
antibodies were then detected with alkaline phosphatase-
labelled goat anti-human IgE (KPL, Gaithersburg, MD,
USA) diluted 1:1000 in dilution buffer, for 1h at 37 °C. The
alkaline phosphatase substrate p-nitrophenyl-phosphate
(pNPP, Sigma-Aldrich) was then added, and absorbance
was determined with an ELISA reader (BioRad) at 405 nm.
The percentage of reduction of human IgE binding after
incubation with mouse sera was determined according to the
formula: % inhibition of IgE binding=100-[ODI/
ODP x 100], where ODI and ODP represent the absorbance
after pre-incubation with immune serum and pre-immune
serum, respectively.

Immunoblotting analysis after SDS-PAGE

rPar j 1 (1pg/lane) and PJE (10 pg/lane) were separated by
15% SDS-PAGE under reducing conditions [35], and
electroblotted to nitrocellulose membranes (Schleicher &
Schuell, Dassel, Germany) according to Towbin et al. [36].
Nitrocellulose strips were blocked in blocking buffer (PBS,
0.05% v/v Tween-20, 3% w/v gelatin) for 1 h at r.t. and then
incubated o.n. at r.t. with 1:50 (IgE) or 1: 1000 (IgG) mouse
immune sera or with pre-immune sera as controls, diluted in
blocking buffer. After washing, strips were exposed to 1: 1000
biotin-conjugated rat monoclonal anti-mouse IgE (BD
PharMingen) for 3h at r.t. followed by avidin-peroxidase
(Sigma-Aldrich) at 2.5 pg/mL, or 1:5000 peroxidase-labelled
goat anti-mouse IgG (Bio-Rad) for 1h at r.t., all diluted in
blocking buffer. The peroxidase substrate (3,3’-diaminoben-
zidine, Sigma-Aldrich) was then added to develop the
colorimetric reaction.

Spleen cell proliferation assay

Two weeks after the last immunization, mice were killed by
cervical dislocation. Individual spleens were aseptically
removed and minced, and cell suspensions were prepared.
After erythrocyte lysis, spleen cells were resuspended in
complete medium (RPMI 1640 containing 10% fetal bovine
serum, 2mM L-glutamine, 25mM Hepes, 100 IU/mL penicil-
lin, 100 pg/mL streptomycin) and counted. Proliferation

assays were performed by plating cell suspensions at a
concentration of 2 x 10°/well in 96-well round-bottomed
plates (Costar, Corning Life Sciences, Acton, MA, USA) in
triplicate, and stimulating the cells with 2 ug/mL of rPar j 1 or
rPjC, or medium alone as controls. Tritiated thymidine
(1 pCi/well) (ICN Pharmaceuticals, Biomedical Division,
Milan, Italy) was added on day 6, and cells were harvested
18 h later on Microbeta filter mats using a 96-well harvester.
The stimulation index (SI) was calculated with the following
formula: mean c.p.m. in allergen-stimulated cultures/mean
c.p.m. in controls.

Statistics

Data represents mean values = SEM, with the number of
mice/group indicated in each figure. Differences between
mean values were analysed by the Mann—Whitney rank sum
test and the Wilcoxon signed-ranks test. P-values <0.05 were
considered statistically significant.

Results

Mice immunized with rPar j 1 in alum produce high levels
of specific IgE and IgG1 antibodies that are able to
recognize native Par j 1

Allergen-specific IgE and IgG responses were analysed by
rPar j 1-specific ELISA after two immunizations with rPar j 1
in alum on days 0 and 21. Production of IgE to rPar j 1 could
be detected in the mouse sera 1 week after the last
immunization and could be still revealed up to serum dilutions
of 1:320 (Fig. la). No rPar j 1-specific IgE response was
observed in control mice immunized with alum alone. Specific
IgE induced by rPar j 1 were able to recognize in
immunoblotting (Fig. 1b, lanes 1) the Par j 1 component of
the whole PjE and the rPar j 1 itself. The molecular size of
rPar j 1 appeared to be larger than the band corresponding to
the native allergen in PJE probably because of the presence of
the His tag, which influences the migration of proteins in SDS-
PAGE. Some degradation products with lower molecular size
were also recognized by mouse antibodies. No reactivity was
observed when blotted allergens were incubated with pooled
mouse pre-immune sera (Fig. 1b, lanes 2). Likewise, in ELISA
inhibition experiments PjE could inhibit in a similar fashion
the binding of mouse IgE (elicited in mice by rPar j 1
immunization), to rPar j 1 adsorbed onto the plate (Fig. 1c).

We then measured rPar j 1-specific I[gG responses induced
after sensitization with rPar j 1 in alum. High levels of specific
IgG, in particular those of the IgG1 subclass, were produced
whereas a low production of rPar j l-specific IgG2a was
observed (Fig. 2a). As already shown for IgE, mouse anti-
rPar j 1 IgG antibodies reacted with nitrocellulose-blotted
whole PjE (Fig. 2b). Taken together, these results indicate
that rPar j 1 is a good immunogen and that it retains the IgE
and IgG epitopes as its native counterpart represented in PjE.

Mouse antibodies specific to rPar j 1 compete with human
IgE for recognition of the same molecule

Next, we evaluated, by a competitive ELISA, whether rPar j
1-specific mouse antibodies induced in our model were able to
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Fig. 1. Specific IgE response to recombinant Par j1 (rPar j 1) in mice
intraperitoneally sensitized with rPar j 1 in Al(OH)3, and bled 7 days after
the last immunization. (a) Titration of serum IgE specific to rPar j 1; dotted
line represents the background value (negative control without antigen and
immune serum). (b) Immunoblotting analysis after SDS-PAGE showing
IgE-binding activity to Pj extract (PJE), and rPar j 1, of pooled sera from
mice immunized with rPar j 1 in A[(OH);. Lane 1: mouse immune sera
diluted 1:50; lane 2: mouse pre-immune sera diluted 1:50. (c) Inhibition of
mouse IgE binding to rPar j 1, by PJE and rPar j 1. Data are representative
of five or six experiments. Titration results are expressed as the mean of
individual sera from mice (n=5) £ SEM.

compete with Parietaria-specific human IgE for recognition of
the same allergen. As shown in Table 1, pre-incubation of the
rPar j 1-coated ELISA plate with serial dilutions of pooled
mouse immune sera inhibited the binding of IgE from allergic
patients. This finding suggests that antibodies produced in
mice after the sensitization protocol shared the specificity to
rPar j 1 with human IgE-specific antibodies.

W

e
1

o

rPar j 1-specific Ig (OD490 nm)
N
1

lgG IgG1 lgG2a
(b)

kDa PJE rParj 1

Lane 1: sera from mice immunized
97

66 —»
45 —»

with rParj 1
Lane 2: preimmune mouse sera
31 —»
215

44— '

12 12

Fig. 2. Specific IgG response to recombinant Par j 1 (rPar j 1) in mice
intraperitoneally sensitized with rPar j 1 in AI(OH)s. (a) Total IgG, IgG1 and
IgG2a subclasses. Sera were used at 1:100 dilution. Data are represen-
tative of five experiments. Results are expressed as mean of individual sera
from mice (n=5) + SEM. (b) Immunoblotting analysis after SDS-PAGE
showing 1gG-binding activity to Pj extract (PjE), and rPar j 1, of pooled sera
from mice immunized with rPar j 1. Lane 1: mouse immune sera, diluted
1:1000; lane 2: mouse pre-immune sera, diluted 1:1000.

Table 1. Mouse anti-rPar j 1 antibodies inhibit binding of rPar j 1-specific
human IgE*

Human IgE binding Human IgE binding

after incubation with  after incubation with Inhibition of
Mouse sera  pre-immune mouse mouse anti-rPar j human IgE
(dilution) sera (ODP) 1 immune sera (ODI)  binding (%)
1/20 0.844 0.124 85.3
1/40 0.682 0.112 83.6
1/80 0.639 0.151 76.4

*ELISA plates coated with rPar j 1 were pre-incubated with mouse anti-rPar j 1
immune sera or with the corresponding pre-immune sera. Then, a pool of sera
from Parietaria-allergic patients was added, and bound IgE antibodies were
detected. The percentage of reduction of human IgE binding after pre-
incubation with mouse sera was determined according to the formula: %
inhibition of IgE binding =100 — (ODI/ODP x 100), where ODI and ODP
represent the absorbance after pre-incubation of the ELISA plate with immune
serum and pre-immune serum, respectively. Human IgE binding in the
absence of murine antibodies was 0.986 OD. Background mean value
(negative control without antigen) was 0.095 OD.

IgE antibodies from mice immunized with rPar j 1
recognize to a lower extent the disulphide bond variant of
rPar j 1, rPjC, whereas this mutant is equally recognized by
IgG, IgG1 and IgG2a

Among the mutant molecules generated by Bonura et al. [27],
the rPjC mutant, lacking the Cys14-Cys29, Cys30-Cys75
and Cys4-Cys52 bridges, showed a markedly reduced human
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IgE-binding activity and was therefore chosen to be tested in
our mouse model. When sera from mice immunized with rPar j
1 were tested in direct IgE ELISA using the rPjC mutant as
antigen to coat the plate, we observed a significantly reduced
binding activity of mouse IgE to this mutant molecule (Fig. 3a).
This result was confirmed by IgE inhibition assays (Fig. 3b),
where increasing amounts of the rPjC mutant, pre-incubated
with a pool of sera from mice immunized with rPar j 1,
inhibited the binding of IgE to rPar j 1 (adsorbed onto the
ELISA plate) from 15.3% to 26.3%. On the other hand,
when the rPar j 1-specific IgG response elicited in the same
mice was analysed by ELISA, we found that the rPjC mutant
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Fig. 3. (a) IgE recognition of recombinant Par j 1 (rPar j 1) and its
disulphide bond variant rPjC by sera from mice immunized with rPar j 1.
Sera were used at 1:20 dilution. *P<0.05. (b) Inhibition of mouse IgE
binding to rParj 1, by rPar j 1 and by rPjC. (c) IgG recognition of rParj 1 and
rPjC by sera from mice immunized with rPar j 1. Sera were used at 1:100
dilution. Data are representative of four experiments. Results are
expressed as mean of individual sera from mice (n=5) + SEM.

was recognized to a comparable extent as the rPar j 1 by IgG
as well as by the IgG1 and IgG2a subclasses (Fig. 3c).

Mice immunized with the mutant allergen rPjC produce
lower levels of IgE, and similar levels of IgG than mice
immunized with rPar j 1

Having characterized the immune response induced in mice
by rPar j 1 and its similarities with the human IgE response,
we then studied the immune responses in mice sensitized with
the mutant allergen rPjC. To this end, groups of five mice
were immunized either with rPjC or with rPar j 1 in alum. The
IgE response anti-rPar j 1 induced by the mutant rPjC was
significantly lower than that induced by rPar j 1 (Fig. 4a,
white histograms). Moreover, mice immunized with rPjC
produced very low levels of specific IgE antibodies against the
rPjC mutant itself (Fig. 4a). On the other hand, rPjC was able
to induce a comparable IgG response as the rPar j 1 allergen
(Fig. 4b: IgG1; Fig. 4c: 1gG2a).

Immunization with rPar j 1 or rPjC induces similar in vitro
proliferative responses to either rPar j 1 or rPjC

Finally, we characterized the proliferative response both in
mice immunized with rPar j 1 and in mice immunized with the
rPjC mutant.

First, we evaluated antigen-specific proliferation of spleno-
cytes isolated from mice immunized with rPar j 1 (Fig. 5).
Spleen cells were stimulated in vitro with rPar j 1 as well as
with rPjC mutant. In all the experiments performed (n = 6),
rPjC was able to induce a proliferative response comparable
to that stimulated by rPar j 1 [stimulation indices ranging
from 4.5 to 14.9 for rPjC-stimulated cultures and from 7.0 to
13.7 for rPar j 1-stimulated cultures (P = 0.528)], suggesting
that rPjC, which shows a reduced binding activity to IgE, yet
retained the relevant Par j 1-specific T cell epitopes.

Next, to study the proliferative response of mice immunized
with the rPjC mutant, we stimulated splenocytes from these
mice with either rPjC itself or rPar j 1 as antigens. In all the
experiments (n=4), the proliferative response stimulated
in vitro by the two antigens was not statistically different
[stimulation indices ranging from 4.0 to 13.0 for rPjC-
stimulated cultures and from 5.0 to 11.0 for rPar j
I-stimulated cultures (P =0.151)] (Fig. 5). In addition, the
extent of the proliferative response in splenocytes from mice
sensitized with rPjC was similar to that induced in splenocytes
from mice immunized with rPar j 1.

Discussion

Recombinant allergens have become attractive candidates for
improving diagnosis and immunotherapy of allergic diseases,
replacing the use of poorly characterized allergen extracts.
Moreover, the use of recombinant allergens modified to
reduce their IgE reactivity has been proposed.

A critical point is represented by the modification of the
three-dimensional structure of allergens. As a result of the
linearity in T cell epitopes as opposed to conformation
dependence in B cell epitopes, this approach allows a
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Fig. 4. Specific IgE (a), IgG1 (b) and IgG2a (c) binding to rPar j 1 (white
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differential regulation of allergen-specific T cell cytokine
patterns and IgE : 1gG production.

In this context, the progress of recombinant techniques has
allowed the development of different approaches to reduce
the allergenic potential. Genetic engineering has enabled
fractionation or oligomerization of allergens [30, 37-41], as
well as the mutation or deletion of amino acids crucial for
B cell epitopes, including those involved in the disulphide bond
formation [10-12, 14, 15, 22, 27, 40]. Thus, hypoallergenic
variants have been developed and extensively characterized
for their ability to recognize human IgE and IgG antibodies,
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Fig. 5. Proliferation of splenocytes from mice immunized with rPar j 1 or
rPjC, and stimulated in vitro with rPar j 1 (white histograms) or rPjC (black
histograms). Results are expressed as mean stimulation index (SI) + SEM,

obtained with five individual mice. Data are representative of four to six
experiments.

and to induce skin prick test and histamine release activity, as
well as in vitro T cell activation, and binding of monoclonal
antibodies. However, only a few studies have evaluated the
in vivo activity of such hypoallergens [28-32].

Therefore, the primary aim of this study was to establish a
murine model of IgE sensitization to the recombinant major
allergen of P. judaica pollen, rPar j 1, to test an allergen
mutant (e.g. rPjC) displaying, in humans, low IgE-binding
activity.

We sensitized BALB/c mice with rPar j 1, and obtained
high levels of specific IgE and IgG1 vs. low levels of IgG2a,
indicative of a Th2-type response induced by this regimen of
sensitization. IgE and IgGl antibodies from rPar j 1-
sensitized mice cross-reacted with the homologous allergen
present in Parietaria pollen extract. Similar results were
obtained in other murine models of sensitization using
recombinant grass pollen allergens [42] and recombinant
Ole e 1 [43]. Moreover, serum antibodies produced after
immunization with rPar j 1 were able to inhibit the binding of
human IgE to the same allergen. The fact that antibodies
from sensitized mice bound epitopes recognized also by
human IgE further supports the hypothesis that mice
sensitized with rPar j 1 represent a suitable animal model
for the investigation of allergen-specific IgE-binding ability.

In this setting, we studied the ability of a conformational
mutant of rPar j 1 (rPjC) [27] to be recognized by rPar j 1-
specific murine IgE. The binding of this modified allergen to
serum IgE from mice immunized with rPar j 1 was
significantly reduced, and the result was confirmed by IgE
inhibition assays. On the other hand, the ability of rPjC to
bind serum IgG was not affected by the changes in the three-
dimensional structure of the allergen. Thus, conformational
and/or discontinuous epitopes are involved in the allergeni-
city of rPar j 1, but not in its overall antigenicity.

T lymphocytes are crucial cellular components in the
induction of IgE, as well as in the down-regulation of IgE
responses during SIT [44]. The feature of the Par j 1
conformational mutant to retain the ability to activate
allergen-specific T lymphocytes was proved in a proliferation
assay employing splenocytes from mice sensitized to rPar j 1.
Therefore, we evaluated the ability of the rPjC mutant itself
to induce an immune response. Our results demonstrate that
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the mutant allergen used as an immunogen induced a poor
IgE response when compared to that evoked by rPar j 1, and
that IgE antibodies raised against rPjC recognized signifi-
cantly lesser rPar j 1. On the other hand, immunization with
rPjC resulted in T cell activation and IgG responses, which
were similar to those induced by rPar j 1 itself. These data
provide evidence that the disruption of the three-dimensional
structure of the Par j 1 allergen does not affect the T cell
epitopes required for T cell activation nor those for the
induction of IgG responses.

Taken together, our data demonstrate that the murine IgE
sensitization model here described is a suitable system for the
in vivo testing of conformational mutant allergens. They also
demonstrate that immunization with this mutated allergen
results in a lower level of IgE production, with a conserved
ability to induce T cell activation. These conformational
variants of allergens, displaying reduced allergenicity accom-
panied by retained IgG and T cell recognition, offer a safe,
specific and flexible approach to immunotherapy of type I
allergy. Our mouse model of IgE sensitization to a
recombinant allergen, mimicking the human response to its
native counterpart, could provide valuable information for
pre-clinical testing of such hypoallergenic molecules.

Acknowledgements
We thank Mr Antonio Di Virgilio and Mr Agostino Eusepi
for their technical assistance in animal management. This

work was in part supported by grant no. 0AA/F/00-02 from
the Italian Ministry of Health.

References

Antico A. Environmental factors and allergic airway diseases.

Aerobiologia 2000; 16:321-9.

2 D’Amato G, Spieksma FT, Liccardi G et al. Pollen-related allergy
in Europe. Allergy 1998; 53:567-78.

3 Geraci D, Oreste U, Ruffilli A. Purification and characterization of
allergens from Parietaria officinalis pollen. Immunochemistry 1978;
15:491-8.

4 Corbi AL, Carriera J. Identification and characterization of
Parietaria judaica allergens. Int Arch Allergy Appl Immunol 1984;
74:318-23.

5 Polo F, Ayuso R, Carriera J. HPLC purification of the main
allergen of Parietaria judaica pollen. Mol Immunol 1990; 27:151-7.

6 Costa MA, Colombo P, 1zzo V et al. cDNA cloning, expression
and primary structure of Par j 1, a major allergen of Parietaria
Judaica pollen. FEBS Lett 1994; 341:182—6.

7 Duro G, Colombo P, Costa MA et al. Isolation and characteriza-
tion of two cDNA clones coding for isoforms of the Parietaria
Judaica major allergen Par j 1.0101. Int Arch Allergy Appl
Immunol 1997; 112:348-55.

8 Colombo P, Kennedy H, Ramsdale T et al. Identification of an
immunodominant IgE epitope of the Parietaria judaica major
allergen. J Immunol 1998; 160:2780-5.

9 Vailes LD, Ying L, Bao Y, DeGroot H, Aalberse RC, Chapman

MD. Fine specificity of B-cell epitopes on Felis domesticus allergen

1 (Fel d I): effect of reduction and alkylation and deglycosilation

on Fel d I structure and antibody binding. J Allergy Clin Immunol

1994; 93:22-33.

10

11

12

13

14

15

16

17

20

2

—_

22

23

24

25

26

27

Smith AM, Chapman MD. Reduction in IgE binding to allergen
variants generated by site-directed mutagenesis: contribution of
disulphide bonds to the antigenic structure of the major house dust
mite allergen Der p 2. Mol Immunol 1996; 33:399-405.

Olsson S, van Hage-Hamsten M, Whitley P. Contribution of
disulphide bonds to antigenicity of Lep d 2, the major allergen of
the dust mite Lepidoglyphus destructor. Mol Immunol 1998;
35:1017-23.

Takai T, Ichikawa S, Yokota T, Hatanaka H, Inagaki F, Okumura
Y. Unlocking the allergenic structure of the major house dust mite
allergen Der f 2 by elimination of key intramolecular interactions.
FEBS Lett 2000; 484:102-7.

Sen M, Kopper R, Pons L, Abraham EC, Burks AW, Bannon GA.
Protein structure plays a critical role in peanut allergen stability
and may determine immunodominant IgE-binding epitopes.

J Immunol 2002; 169:882-7.

Gonzalez EM, Villalba M, Lombardero M, Aalbers M, van Ree R,
Rodriguez R. Influence of the 3D-conformation, glycan component
and microheterogeneity on the epitope structure of Ole e 1, the
major olive allergen. Use of recombinant isoforms and specific
monoclonal antibodies as immunological tools. Mol Immunol
2002; 39:93-101.

Banerjee B, Kurup VP, Greenberger PA, Kelly KJ, Fink JN.
C-terminal cysteine residues determine the IgE binding of Aspergillus
fumigatus allergen Asp f 2. J Immunol 2002; 169:5137-44.
Bousquet J, Lockey R, Malling HJ. Allergen immunotherapy:
therapeutic vaccines for allergic diseases. A WHO position paper.
J Allergy Clin Immunol 1998; 102:558-62.

Ball T, Sperr WR, Valent P et al. Induction of antibody responses
to new B cell epitopes indicates vaccination character of allergen
immunotherapy. Eur J Immunol 1999; 29:2026-36.

Moverare R, Elfman L, Vesterinen E, Metso T, Haahtela T.
Development of new IgE specificities to allergenic components in
birch pollen extract during specific immunotherapy studied with
immunoblotting and Pharmacia CAP System. Allergy 2002;
57:423-30.

Chapman MD, Smith AM, Vailes LD, Arruda LK, Dhanarai V,
Pomes A. Recombinant allergens for diagnosis and therapy of
allergic disease. J Allergy Clin Immunol 2000; 106:409-18.
Valenta R, Lidholm J, Niederberger B, Hayek B, Kraft D,
Gronlund H. The recombinant allergen-based concept of compo-
nent-resolved diagnostics and immunotherapy (CRD and CRIT).
Clin Exp Allergy 1999; 29:896-904.

Akdis CA, Blaser K. Regulation of specific immune response by
chemical and structural modifications of allergens. Int Arch Allergy
Immunol 2000; 121:261-9.

Ferreira F, Wallner M, Breiteneder H, Hartl A, Thalhamer J,
Ebner C. Genetic engineering of allergens: future therapeutic
products. Int Arch Allergy Immunol 2002; 128:171-8.

Valenta R, Vrtala S, Focke-Tejkl M et al. Genetically engineered
and synthetic allergen derivatives: candidates for vaccination
against type I allergy. Biol Chem 1999; 380:815-24.

Ferreira F, Ebner C, Kramer B et al. Modulation of IgE reactivity
of allergens by site-directed mutagenesis: potential use of hypoal-
lergenic variants for immunotherapy. FASEB J 1998; 12:231-42.
Schramm G, Bufe A, Petersen A et al. Discontinuous IgE-binding
epitopes contain multiple continuous epitope regions: results of an
epitope mapping on recombinant Hol I 5, a major allergen from
velvet grass pollen. Clin Exp Allergy 2001; 31:331-41.

Swoboda I, De Weerd N, Bhalla PL et al. Mutants of the major
ryegrass pollen allergen, Lol p 5, with reduced IgE-binding
capacity: candidates for grass pollen-specific immunotherapy. Eur J
Immunol 2002; 32:270-80.

Bonura A, Amoroso S, Locorotondo G et al. Hypoallergenic
variants of the Parietaria judaica major allergen Par j 1: a member
of the non-specific Lipid Transfer Protein plant family. Int Arch
Allergy Immunol 2001; 126:32-40.

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:470-477



The recombinant major allergen of Parietaria judaica and its hypoallergenic variant

477

28

29

30

31

32

33

34

35

36

Yasue M, Yokota T, Fukada M et al. Hyposensitization to
allergic reaction in rDer f 2-sensitized mice by the intranasal
administration of a mutant of rDer f 2, C8/119S. Clin Exp
Immunol 1998; 113:1-9.

Astori M, von Garnier C, Kettner A, Dufour N, Corradin G,
Spertini F. Inducing tolerance by intranasal administration of long
peptides in naive and primed CBA/J mice. J Immunol 2000;
165:3497-505.

Vrtala S, Akdis CA, Budak F et al. T cell epitope-containing
hypoallergenic recombinant fragments of the major birch pollen
allergen, Bet v 1, induce blocking antibodies. J Immunol 2000;
165:6653-9.

Wiedermann U, Herz U, Baier K et al. Intranasal treatment with a
recombinant hypoallergenic derivative of the major birch pollen
allergen Bet v 1 prevents allergic sensitization and airway
inflammation in mice. Int Arch Allergy Immunol 2001; 126:68-77.
Linhart B, Jahn-Schmid B, Verdino P et al. Combination vaccines
for the treatment of grass pollen allergy consisting of genetically
engineered hybrid molecules with increased immunogenicity.
FASEB J 2002; 16:1301-3.

Giuliani A, Pini C, Bonini S, Mucci N, Ferroni L, Vicari G.
Isolation and purification of a major allergen from Parietaria
officinalis pollen. Allergy 1987; 42:434-40.

Bradford MM. A rapid and sensitive method for quantitation of
microgram quantities of protein utilizing the principle of protein—
dye binding. Anal Biochem 1976; 72:248-54.

Laemmli UK. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 1970; 227:680-5.
Towbin H, Stachelin T, Gordon J. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets. Proce-
dure and some applications. Proc Natl Acad Sci USA 1979;
76:4350-4.

37

38

39

40

41

4

43

44

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:470-477

Flicker S, Vrtala S, Steinberger P et al. A human monoclonal IgE
antibody defines a highly allergenic fragment of the major timothy
grass pollen allergen, Phl p 5: molecular, immunological, and
structural characterization of the epitope-containing domain.

J Immunol 2000; 165:3849-59.

Focke M, Mahler V, Ball T et al. Nonanaphylactic synthetic
peptides derived from B cell epitopes of the major grass pollen
allergen, Phl p 1, for allergy vaccination. FASEB J 2001;
15:2042-4.

King TP, Jim SY, Monsalve RI, Kagey-Sobotka A, Lichtenstein
LM, Spangfort MD. Recombinant allergens with reduced aller-
genicity but retaining immunogenicity of the natural allergens:
hybrids of yellow jacket and paper wasp venom allergen antigen 5 s.
J Immunol 2001; 166:6057-65.

Schramm G, Kahlert H, Suck R et al. ‘Allergen engineering’:
variants of the timothy grass pollen allergen Phl p 5b with reduced
IgE-binding capacity but conserved T cell reactivity. J Immunol
1999; 162:2406-14.

Xiang P, Beardslee TA, Zeece MG, Markwell J, Sarath G.
Identification and analysis of a conserved immunoglobulin
E-binding epitope in soybean Gla and G2a and peanut Ara h 3
glycinins. Arch Biochem Biophys 2002; 408:51-7.

Vrtala S, Ball T, Spitzauer S et al. Immunization with purified
natural and recombinant allergens induces mouse IgG1 antibodies
that recognize similar epitopes as human IgE and inhibit the
human IgE-allergen interaction and allergen-induced basophil
degranulation. J Immunol 1998; 160:6137-44.

Batanero E, Barral P, Villalba M, Rodriguez R. Sensitization of
mice with olive pollen allergen Ole e 1 induces a Th2 response. Int
Arch Allergy Immunol 2002; 127:269-75.

Akdis CA, Blaser Mechanisms of allergen-specific immunother-
apy. Allergy 2000; 55:522-30.



