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Allergen-specific immunotherapy (SIT) leads to a long-term amelioration of IgE- and
Th2-mediated allergic diseases. However, SIT efficiency is low, with years of treatment
along with frequent allergic side effects. The goal of this study was to reduce the side
effects by destroying IgE-binding epitopes, i.e. by heat-denaturation, while preserving
the therapeutic effect. Mice were immunised with bee venom, birch pollen, grass pollen
or cat hair allergens, or with ovalbumin. Heat-denatured allergens bound less IgE but
enhanced Th1-dependent IgG2a production as measured by ELISA. The strong IgG2a
antibody responses also prevented allergic anaphylaxis in mice, as measured by body
temperature drop after a challenge with a high allergen dose. We found that optimal
heat-denaturation of allergens left a small proportion in the native conformation to
sufficiently stimulate B cells, while non-B cell-mediated effects were probably
amplified. The enhanced immunogenicity of heat-denatured allergens is likely
explained by enhanced antigen presentation to T cells due to the particulate nature
of heat-denatured proteins. This enables Th1 skewing of the immune response with
strong production of IgG2a in mice. Therefore, heat-denaturation represents probably
the simplest way to enhance the efficiency of SIT while reducing its side effects.

Introduction

IgE-mediated type I hypersensitivity is characterised by
prominent activity of mast cells, eosinophils, T helper
type 2 (Th2) cells and cytokine actions. Allergen-
specific immunotherapy (SIT) leads to long-term
amelioration of allergic symptoms and is therefore
recommended as a first-line therapy for allergies [1].
During SIT, gradually increasing allergen doses are
subcutaneously administered until a maintenance dose

is reached, and then treatment continues for 3–5 years.
Such lengthy treatment, requiring 30–80 allergen
injections, is very costly [2]. Also, SIT frequently causes
adverse events due to the interaction of specific IgE with
the injected allergen. These adverse events frequently
include a local reaction at the site of allergen injection,
but also life-threatening systemic reactions such as
asthma and anaphylaxis. This is why the administered
allergen doses must be kept relatively low, which
unfortunately favours Th2 immune responses in con-
trast to higher doses [3–5].

Several strategies have been developed to tackle the
problems of SIT, i.e. to reduce its side effects and to
enhance its immunogenicity. One strategy is to replace
the currently used aluminium salts, which have Th2-
polarizing properties, with novel adjuvants such as Toll-
like receptor ligands [6, 7] that trigger Th1 responses.
Another strategy is to increase safety and tolerability of
SIT by injecting the allergen in a form that is not
recognised by IgE, such as naked DNA vaccines
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expressing the allergen [8]. Recombinant DNA technol-
ogy has also allowed the production of mutated
allergens with low IgE-binding capacity [9–14], such
that higher therapeutic doses can be used [15, 16]. For
the same reasons, short, synthetic peptide sequences
corresponding to T cell epitopes from the allergen have
been used for SIT. This approach was able to modify
surrogate markers of allergy including cutaneous
responses to allergen challenge and ex vivo parameters
of T cell activation [17–19]. Finally, chemical cross-
linking of allergens by use of bi-functional aldehydes to
produce so-called allergoids [20] has been shown to
reduce reactogenicity with IgE while yet improving
antigen processing, Th1 cytokine secretion, and efficacy
[21–23].

Heat-denaturation is well known to reduce the
reactogenicity of allergens with IgE, as cooked foods
are usually well or better tolerated by allergic indivi-
duals [24–26]. In this study, we tested whether this very
simple strategy to reduce the reactogenicity of allergens
might be useful for SIT, by investigating the effect of
heat-denaturation on reactogenicity versus immuno-
genicity of several frequently used allergens. Heat-
denatured allergen extracts of bee venom (BV), cat hair,
grass pollen and birch pollen were studied in mice for
their stimulation of specific immune responses. Ex-
pectedly, heat-denatured allergens showed reduced
reactogencity with IgE. Surprisingly, heat-denaturation
of allergens markedly enhanced Th1-type immune
responses characterised by antibody production of the
IgG2a subclass. In allergic mice, the strong antibody
responses induced by heat-denatured allergens were

protective against anaphylaxis upon challenge with the
native allergen. Moreover, denatured allergens had little
IgE-binding capacity but were recognised by human
IgG4 equally well as native allergens, demonstrating a
strong therapeutic potential of heat-denatured allergens
also in humans.

Results

Heat-denaturation reduces the sensitising
potential of allergens

The effect of heat-denaturation on the sensitisation
potential of an allergen was evaluated in CBA mice
sensitised by intraperitoneal injections, a route that
predominantly induces IgE. Heat-denatured BV extract
was prepared by heating a 0.1 mg/mL aqueous solution
on a thermoblock at 80�C for 2 h. As illustrated in
Fig. 1A, heating reduced the capability of BV in
aluminium hydroxide to stimulate IgE production
(p <0.05 for dilutions 1 : 20 through 1 : 80) but
increased IgG production. Interestingly, while heat-
denaturation of BV enhanced production of IgG1
(p <0.05 for dilutions 1 : 80 through 1 : 640), a
subclass that is dependent on Th2, serological conver-
sion of the Th1-dependent IgG2a was only observed in
mice treated with the heat-denatured BV; IgG2a is rarely
secreted upon low-dose intraperitoneal immunisation.
Blood samples drawn at earlier time points than the
illustrated 10 wk showed similar results (data not
shown).

Figure 1. Heat-denaturation reduces the sensitis-
ing potential of allergens. Mice (n = 3) were
sensitised by seven weekly intraperitoneal injec-
tionswith 0.3 lg native (filled symbols and bars) or
heat-denatured (open symbols and bars) BV (A, C)
or ovalbumin (B, D) in Al(OH)3. Anti-PLA2 antibody
isotypes were measured by ELISA. Representative
results from two experiments show titration
curves of sera prepared 10 wk after the priming
dose. At 12 wk after priming and 6 wk after the last
injection, mice were challenged with 30 lg
PLA2 (C) or 300 lg ovalbumin (D) intraperitoneally,
and anaphylaxis was measured as temperature
drop after 30 min.
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To analyse whether the effect of heat-denaturation
on IgG production was a particular characteristic of BV,
we treated CBA mice with weekly injections of 0.3 lg
ovalbumin intraperitoneally. Heat-denaturation (80�C,
2 h) improved IgG2a production, although less sig-
nificantly than for BV, while only non-significant
changes in the IgG1 production were observed (Fig. 1B).

A common method for testing allergy in mice is to
induce anaphylaxis by means of high doses of systemi-
cally administered allergens. We therefore injected the
mice described in Fig. 1A, B with 30 or 300 lg
phospholipase A2 (PLA2) or ovalbumin, respectively,
6 wk after the last sensitisation injection. After 30 min,
we analysed anaphylaxis as changes in rectal tempera-
ture. Mice sensitised with native BV (Fig. 1C) or
ovalbumin (Fig. 1D) had a profound drop in body
temperature. In contrast, mice that were originally
sensitised with the heat-denatured formulation had
developed less allergy and, consequently, showed lesser
changes in body temperature (p = 0.035 for BV and
p = 0.050 for ovalbumin).

Heat-denaturation triggers Th1-associated IgG2a
isotype production

To further test the IgG-stimulating capacity of heat-
denatured allergens in a vaccination approach, we
immunised CBA mice by four semi-weekly administra-
tions ofBVdirectly into the inguinal lymphnodes (Fig.2).
The BV was prepared by heating a 0.1 mg/mL aqueous
solution at 60�C or 80�C for 1 or 2 h, respectively. In
contrast to intraperitoneal injections (Fig. 1), native
BV with aluminium hydroxide was only weakly
immunogenic under the described experimental condi-
tions and only IgG1 was induced. Heat-denaturation at
60�C for 1 h insignificantly improved IgG1 induction.
However,moreexcessivedenaturationat80�Cfor2 hhad
a highly significant effect on the immunogenicity
(p <0.05). High titres of IgG1 were obtained, and again
most surprisingly, very high titres of the Th1-dependent
isotype IgG2a were secreted. None of the preparations
induced detectable IgE antibodies against PLA2, as
typically found for the intralymphatic route of admin-
istration (unpublished observations). Blood samples
drawn at time points earlier than the illustrated 14 wk
showed similar results (data not shown).

The effect of heat-denaturation was further demon-
strated with other allergens, namely cat hair, grass
pollen and birch pollen allergen extracts (Fig. 3). After
heat-denaturation at 80�C for 2 h, also these allergens
gained immunogenicity in terms of IgG2a secretion.
With the exception of birch pollen, which showed
increased IgG1 immunogenicity after heating, the grass
pollen and cat dander gained no IgG1 benefit by heat-
denaturation.

A low amount of native allergen is required to
achieve strong and specific IgG2a immune
responses and prevents allergy in mice

To test whether an optimum condition for heat-
denaturation existed or whether the IgG2a responses
continuously increased as a function of temperature and
time, we immunised mice intralymphatically as de-
scribed above with 0.3 lg BV untreated or heated at 60,
80 or 99�C for 1, 2 and 20 h, respectively. The results
again showed that heating at 60�C and especially 80�C
increased the BV immunogenicity for IgG2a, but not
notably for IgG1 (Fig. 4). However, treatment at 99�C
and for 20 h fully abolished BV immunogenicity. This
could be partly (IgG1) or fully (IgG2a) restored by the
addition of a minute amount of native BV (0.03 lg).
Most interestingly, when mice were first sensitised with
native BVand then de-sensitised with differentially heat-
denatured BV, a subsequent challenge with a high but
not lethal dose of PLA2 caused anaphylaxis in mice
treated with the fully destroyed BV. In contrast, the
addition of a minute amount of native BV prevented
anaphylaxis (Fig. 5). The addition of 0.03 lg native BV

Figure 2. Heat-denaturation triggers Th1-associated IgG2a
isotype production. Mice were immunised four times semi-
weekly with 0.2 lg native or heat-denatured BV in Al(OH)3 by
intralymphatic injections. Anti-PLA2 IgG1, IgG2a and IgE
antibodies were measured by ELISA. Representative results
from three experiments (n = 3–4 mice) show titration curves of
sera prepared 14 wk after the first dose.
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to 0.3 lg untreated (4�C) or partly treated (60�C and
80�C) BV did not further improve protection (Fig. 4, 5).
Taken together, these experiments demonstrate that
heat-denaturation provides strong immunogenicity,
which is, however, dependent on residual amounts of
native allergen, and more importantly, heat-denatured
BV can be used therapeutically to prevent allergy.

Heat-denatured allergens have therapeutic
potentials in humans

Having demonstrated the therapeutic potential of heat-
denatured BV in mice, we tested whether native and
heat-denatured PLA2 or BV could be recognised by
human immunoglobulins. This was analysed by a
competitive inhibition assay using human antibodies
specific for IgG4 and IgE. Both native and denatured
allergens were recognised by human IgG4 (Fig. 6A, B),
results which were verified in Western blot analysis
(data not shown). However, the IgE-binding capacity
was virtually abolished upon heat-denaturation of the
allergens (Fig. 6C, D). Hence, while maintaining a
therapeutic potential, the risk of an adverse reaction is
reduced.

Discussion

Type I hypersensitivity is mediated through IgE bound to
the surfaces of mast cells and basophils. Subsequent
exposure to the allergen can cross-link the IgE and cause
degranulation of the cells with the release of histamine

Figure 3.Thevaccination potential of heat-denatured allergens
is applicable to awide range of allergens.Micewere immunised
four times semi-weekly by intralymphatic injections of native
(filled symbols) or heat-denatured (2 h, 80�C; open symbols) cat
hair extract (A), grass pollen allergen extract (B) or birch pollen
allergen extract (C) in Al(OH)3. IgG1 and IgG2a antibodies were
measured by ELISA 12 wk after the priming dose using the
allergen extract as coating allergen. Comparable results were
obtained at earlier time points, and only non-significant levels
of IgE were detected (not shown).

Figure 4.A low amount of native allergen is required to achieve
strong and specific immune responses. Mice were immunised
with 0.3 lg native or differentially heat-denatured BV in
Al(OH)3 four times semi-weekly by intralymphatic injections
(filled symbols). Alternatively, to the same vaccine modifica-
tions were added another 0.03 lg native BV prior to injection
(open symbols). Anti-PLA2 IgG1 and IgG2a antibodies were
measured by ELISA 10 wk after the priming dose.

Figure 5. Heat-denatured BV can be used therapeutically to
prevent allergic anaphylaxis. Mice (n = 3) were sensitised by
sevenweekly intraperitoneal injectionswith 0.3 lg native BV in
Al(OH)3. At 4 wk thereafter, they were immunised as described
in Fig. 4 with 0.3 lg native or differentially heat-denatured BV
in Al(OH)3 (filled bars) or with the same vaccines with the
addition of 0.03 lg native BV in Al(OH)3 prior to injection (open
bars). For induction of anaphylactic responses, mice were
challenged intraperitoneally with 30 lg PLA2. The change in
rectal temperature was measured after 30 min.
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and other mediators of allergic symptoms. While current
treatment is generally symptomatic, the only treatment
with a long-lasting effect that can also stop progression
of the allergy is SIT. However, SIT is time consuming,
costly and bears the risk of allergic side effects. The latter
can be reduced by pretreatment with anti-histamines
[27, 28], or by the use of allergen-derived peptides
[17–19], chemically modified allergens [29, 30] or
recombinant allergens [11–13, 31] with a reduced
capacity to bind IgE. For instance, by producing fusion
proteins of major allergens, one aim was to reduce IgE
binding and therefore the allergic side effects, while yet
retaining the immunotherapeutic potential due to
preserved T cell epitopes, changes in protein folding
and relative exposure of B cell epitopes [9]. As an
alternative and easier method to achieve the same result,
we tested whether the disruption of the secondary and
tertiary structure of protein allergens by a simple
physical treatment such as heat-denaturation would
reduce IgE-binding capacity, probably due to damaging
of crucial B cell epitopes, while promoting Th1 skewing
of the immune response by exposure of other epitopes
with new immunodominance.

As expected, we found that heat-denaturation of
allergen extracts or purified proteins reduced IgE-
binding capacity. This was previously reported for other
allergens [25, 26, 32] and fits well with the clinical
observations that allergic individuals usually tolerate
cooked food better than raw food [25]. We also found
that heat-denatured allergens showed a lower potential
to sensitise mice. Animals immunised intraperitoneally
with heat-denatured BV allergen extract or ovalbumin
produced less IgE than their littermates that had
received the native allergen. The significance of this
difference in IgE induction was attested by the fact that
challenge with the native allergen induced anaphylaxis
only in mice immunised with the native allergen, but not
in mice immunised with heat-denatured allergens
(Fig. 1). Since heat-denatured allergens bound and
induced less IgE, they would be safer for use in SIT. In
addition, the fact that allergic mice could be treated with
heat-denatured allergens, which also were recognised
by human IgG, would make such vaccine preparations
ideally suited for SIT.

However, not only must the vaccine be safe, but it
must also be immunogenic. In case of SIT, the desired
immune response is a cytokine environment favourable
for the protection against a subsequent natural exposure
to the allergen with the production of IgG [1]. Rather
strikingly, heat-denaturation of allergens markedly
enhanced IgG2a production in mice (Fig. 1–3). In
contrast, mice immunised with a native preparation of
BV extract, BV PLA2, birch pollen extract, grass pollen
extract or cat dander extract produced high titres of IgG1
but not IgG2a, indicating a predominant Th2-type
response for native proteins. This capacity of heat-
denatured allergens to enhance the immunogenicity of
allergens and to shift the cellular response towards Th1
would ideally fulfil the consensus requirements for
successful SIT [1]. Although the frequencies of reg-
ulatory CD4-positive T cells and the levels of secreted IL-
10 have been shown to increase in PBMC from
desensitised patients [33–36], the fact that clinical
symptoms develop within seconds of a bee sting suggests
that neutralising antibodies play an important role in
protection, unless there exist regulatory T cells that
exert a more direct effect on mast cells and basophils.
The importance of antibodies is further underlined by
the fact that short immunotherapy with heat-denatured
allergens, but not with native allergens, protected
allergic mice against naturally induced anaphylaxis
(Fig. 5). This superior immunotherapeutic effect of heat-
denatured allergens correlated with enhanced IgG2a
production, but less with the presence of IgG1 (Fig. 4).
In mice, antibodies of the IgG2a subclass have high
neutralising capacity and are, in contrast to IgG1 and IgE
antibodies, compatible with strong T cell responses and
the production of Th1-type cytokines [37, 38].

Figure 6. Heat-denatured allergens have impaired IgE-binding
capacity but unaffected IgG-binding capacity in human anti-
serum. In vitro inhibition of human IgG4 (A, B) and IgE (C, D) by
native (filled symbols) and heat-denatured (open symbols)
PLA2 (A, C) and BV (B, D). Inhibition plates were prepared by
incubating titrations of the native or the heat-denatured
allergens with a seropositive human serum against BV. The
ELISA plateswere coatedwith PLA2 and the inhibitionmixtures
were subsequently added. The results are representative of
three experiments.
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One possible explanation for enhanced IgG2a
production by heat-denatured allergens could be the
exposure of a different set of epitopes. It is clear that heat-
denaturation generates newB cell epitopes by formation
of novel conformational epitopes and by exposure of
linear epitopes that are hidden inside the native allergen.
However, it is difficult to envision why the newly
generated or exposed epitopes would preferentially
induce a different subclass of antibodies, such as IgG2a.

Our hypothesis is that heating only partially
denatured the allergens and that residual amounts of
native allergen were sufficient to stimulate specific
B cells. However, after heating, most of the allergen will
be denatured and aggregated. Such particulate proteins
are typically more immunogenic and more Th1-
stimulating than soluble proteins [39]. The improved
immunogenicity could not only be a result of heat-
induced aggregation of BV proteins, since such micro-
scopic aggregation increased with the applied tempera-
ture and time (not shown). In fact, allergen treated with
excessive heating at 99�C for over 20 h no longer
induced detectable IgG, unless a small amount of native
allergenwas added. The latter preparation fully restored
the IgG2a response and protection against anaphylaxis,
whereas neither components alone, i.e. the excessively
heat-denatured allergen nor the small amount of native
allergen, were immunogenic. This may indirectly
implicate non-antibody-mediated mechanisms in which
the heat denaturation results in a mixture of fully
denatured antigen (T cell inducer) and minute amounts
of native-like antigen (B and T cell inducers).

We extended our findings to humans by demonstrat-
ing that the binding capacity of heat-denatured BV
extract to human IgG (by Western blot; not shown) and
human IgG4 (by competitive inhibition assay; Fig. 6)
was comparable to that of native BV, whereas the IgE-
binding capacity of heat-denatured BV was decreased.
This further illustrates the dichotomy between epitopes
bound by different isotypes, and suggests that heat-
denatured allergens could also be useful in SIT in
humans. Moreover, it allows the use of higher
therapeutic doses, which per se is known to promote
Th1 immune responses [40, 41] and to be favourable in
combating allergic immunopathology [15, 16].

In conclusion, heat-denatured allergen extracts show
reduced IgE binding and therefore would increase the
safety and tolerability of SIT. Yet surprisingly, heat
denaturation of allergen extracts enhanced production
of the Th1-dependent IgG2a subclass, which worked
therapeutically in allergic mice. We also present
evidence that these findings can be extended to humans.
As extracts are easily available and produced, and
because heat-denaturation is simple, our findings may
represent a socio-economically very viable strategy to
improve the efficacy and safety of SIT.

Materials and methods

Immunisation protocols

Young female CBA mice from Harlan (Horst, The Netherlands)
were immunisedwith native or heat-denaturated extracts of BV
and grass pollen (ALK-Abell�, Denmark) and cat hair
(Stallergenes, France) purchased from Trimedal Ltd. (Brutti-
sellen, Switzerland). Ovalbumin was purchased from Sigma-
Aldrich (Buchs, Switzerland). Denaturation was performed
using concentrated allergen solutions in saline containing
human serum albumin under agitation at 60, 80 and 99�C
using a Compact Thermomixer from Eppendorf. Allergens
were injected with 30% v/v of a 2% suspension of aluminium
hydroxide (Alu-Gel-S; Serva, Heidelberg, Germany) in phos-
phate-buffered saline. For intraperitoneal and intralymphatic
injections, 50 and 10 lL, respectively, of the vaccine was
injected; intralymphatic injections were performed under
anaesthesia with Ketamin and Xylazin as described [42].
Serum was prepared from clotted blood collected from the tail
vein and was frozen at –20�C until analysed by ELISA.

For induction of anaphylactic responses, sensitised mice
were challenged intraperitoneally with 30 lg PLA2 purified
from BV (purchased from Sigma Aldrich) or mice were
challenged with 300 lg ovalbumin. Rectal temperature was
measured with a calibrated digital thermometer after 30 min.
All animal experiments were performed according to guide-
lines formulated by the Federal Swiss Veterinary Service.

Antibody determination

For detection of antibodies, microtitre 96-well plates (Nunc
Maxisorb) were coated at 4�C overnight with 100 lL of 5 lg/
mL PLA2, 1 lg/mL whole birch pollen extract, 1 lg/mL whole
cat hair allergen extract, or 2 lg/mL whole grass pollen
extract, respectively, in buffered carbonate (pH 9.4). Plates
were washed with PBS-0.05% Tween-20 (PBST) and saturated
with 150 lL 2.5% non-fat dry milk (PBSTM) at room
temperature (RT) for 1 h. After washing, serial dilutions of
individual sera in 100 lL PBSTM were added to the plates,
which were then incubated at RT for 2 h. Plates were washed
and then incubated with 1 lg/mL goat anti-mouse IgG1 or
IgG2a conjugated to biotin (BD Biosciences Pharmingen, San
Diego, CA) in 100 lL PBSTM at RT and for 2 h. After further
washing and incubation with 100 lL of a 1 : 1000 dilution of
strepatavidin-conjugated horseradish peroxidase (HRP) (BD
Pharmingen) at RT for 1 h, the plates were washed again and
100 lL of the enzyme substrate 2,20-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) di-ammonium salt (ABTS; Sig-
ma) in 1 M sodium dihydrogen phosphate was added. The
absorption was read at 405 nm after 20 min of substrate
incubation.

For detection of PLA2-specfic IgE, plates were coated with
5 lg/mL of a mouse anti-IgE antibody (6HD5) kindly provided
to us by Rolf M. Zinkernagel. As secondary reagent to bound
mouse serum, biotinylated PLA2 (in-house preparation) was
used at 3 lg/mL.
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Inhibition assay

To evaluate the recognition of native and heat-denatured
allergens by human antibodies, the allergens were tested in an
ELISA inhibition assay. This was performed by coating 96-well
plates at 4�C overnight with 100 lL of a 5 lg/mL PLA2 solution
in buffered carbonate (pH 9.4). Subsequently, the plates were
blocked with PBSTM. In a second series of plates, twofold
dilutions of the native and heat-denatured allergens were
prepared at 60 lL. These were incubated at 37�C and for 2 h
with 60 lL of 1 : 400 dilutions of a seropositive human serum
against BV. Subsequently, 100 lL of the antiserum-allergen
solutions were transferred to the washed and emptied PLA2-
coated and blocked plates for further incubation at 37�C for
2 h. After discarding the solution and washing the plates,
100 lL of biotinlyated anti-human IgG4 or IgE antibodies were
added for 1.5 h, as recommended by the provider (BD
Pharmingen). The plates were finally developed with strepta-
vidin-HRP (1 : 1000) and ABTS as described above.
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