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Abstract
Background: Lepidoglyphus destructor is a common
dust mite causing IgE-mediated sensitization. The major
allergen, Lep d 2, has previously been cloned and ex-
pressed as several double Cys to Ser mutants with the
purpose of producing hypoallergenic variants for immu-
notherapy. Our aim was to investigate the reactivity pat-
tern of IgG1, IgG4 and IgE antibodies to wild-type (wt)
rLep d 2 and four mutants among atopic and nonatopic
subjects in relation to sensitization and exposure to L.
destructor. Methods: Inhibition and sandwich ELISA
were used to compare IgG1, IgG4 and IgE antibody reac-
tivities to rLep d 2 variants in serum of 20 atopic and 18
nonatopic farmers naturally exposed to L. destructor. A
group of 22 urban subjects served as controls. Results:

Atopic farmers demonstrated correlating IgE and IgG4
levels to rLep d 2(wt) (rs = 0.70; p ! 0.0001) which were
significantly (p ! 0.0001) higher than those of nonatopic
farmers and urban controls. No IgG4 antibodies were
detected in nonatopic farmers despite chronic allergen
exposure. A parallel reactivity pattern of IgE and IgG4 to
all rLep d 2 mutants was observed. The mutant lacking
all 3 disulfide bonds, rLep d 2.6Cys, demonstrated nei-

ther any IgE nor IgG4 reactivity. In contrast, IgG1 anti-
bodies had a different reactivity pattern and were de-
tected among most subjects irrespective of atopy, expo-
sure to L. destructor or disulfide impairments in rLep d 2.
Moreover, IgG1 levels to rLep d 2(wt) and rLep d 2.6Cys
correlated (n = 60; rs = 0.65; p ! 0.0001). Conclusions: IgE/
IgG4 Ab to rLep d 2 were restricted to atopic farmers and
demonstrated parallel recognition patterns of conforma-
tional epitopes. In contrast, IgG1 antibodies are ubiqui-
tously found and mainly recognize sequential structures.
The observed isotypic difference and interindividual
variation in antibody specificities among atopic and non-
atopic subjects imply careful investigation of hypoaller-
genic variants destined for immunotherapy.

Copyright © 2001 S. Karger AG, Basel

Introduction

Allergy to dust mites is a problem in most parts of the
world and many of the individual allergens have now
been identified and characterized. It has been established
that besides house dust mites also storage mites lead to
sensitization and clinical symptoms [1]. In farming envi-
ronments the storage mite Lepidoglyphus destructor is one
of the dominating sources of allergens causing respiratory
allergy [1, 2].
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Allergen-specific immunotherapy is classically used to
treat allergic disorders such as hay fever and asthma.
Although the underlying mechanisms are still largely un-
solved clinical improvements have been associated with
changes in T cell responses [3, 4], suppression of IgE anti-
body synthesis and induction of mainly IgG1/IgG4 block-
ing antibodies (Ab) [5–7]. Allergen-specific IgG Ab but at
lower levels are also commonly found among untreated
atopic subjects [5–7]. Modified recombinant (r) allergens
having reduced IgE but preserved T cell reactivity are
presently under investigation as potential tools for im-
proved immunotherapy [8]. Modifications of entire aller-
gens have an advantage over T cell-reactive peptides as a
more complete epitope repertoire is represented. The risk
of adverse reactions is reduced and induction of new B
cell responses to various components present in whole
extracts is avoided [9].

Oligomerization, fragmentation and site-specific mu-
tagenesis have been used to produce several hypoallergen-
ic recombinant variants of common major allergens, e.g.
Bet v 1, Der p 2 and Der f 2 [8, 10–13]. One approach to
produce hypoallergenic variants of the group 2 house dust
mite allergens Der p 2 and Der f 2 has been to eliminate
proper disulfide bridge formation by replacing cysteine
(Cys) with other amino acid residues [10–13]. In vivo
studies on mice and monkeys have shown that the mutant
Der f 2 (C8/119S) can provide desensitization compara-
ble to that of wild-type allergen [14, 15].

The major allergen of L. destructor, Lep d 2, has been
cloned [16]. It demonstrates a 40% sequence identity with
the group 2 allergens Der p 2 and Der f 2 and the six cys-
teine residues forming 3 disulfide bonds are highly con-
served among this group of allergens [17]. With the pur-
pose of producing hypoallergenic variants of rLep d 2 sev-
eral mutants having Cys to Ser substitutions were pre-
viously expressed [18]. One mutant, rLep d 2.6Cys, lack-
ing all three naturally occurring disulfide bonds, had no
detectable in vitro IgE reactivity. Moreover, we recently
demonstrated that most L. destructor-sensitized subjects
tested in skin prick test were negative to this mutant while
significant cellular responses were recorded [Kronqvist et
al., Eriksson et al., unpubl. data].

The aim of this study was to compare the IgG1, IgG4
and IgE Ab reactivity patterns to wild-type and mutant
forms of rLep d 2 among atopic and nonatopic subjects
with an expected high (farmers) or low (urban population)
natural exposure to L. destructor. The results provide
information on isotypic and interindividual differences in
the humoral immune response in relation to structure and
usefulness of modified allergens in immunotherapy.

Material and Methods

Recombinant Allergens
Cloning, Escherichia coli expression and affinity purification of

wild-type (wt) and mutant forms of rLep d 2 have been described [16,
18]. Briefly, mutants including a C-terminal 6!His-tag were ob-
tained by site-directed mutagenesis of the isoform Lep d 2.01 [16]. In
3 double mutants, C8/117S, C21/26S and C72/77S, two paired Cys
positions were mutated to Ser resulting in the removal of one disul-
fide bond each. In one mutant, Lep d 2.6Cys, all 6 cysteines were
mutated leading to removal of all 3 disulfide bonds in Lep d 2. The
control allergen rMal f 1, from the yeast Malassezia furfur, was simi-
larly produced (kindly provided by Dr. P. Whitley).

Serum Samples
Serum samples from a total of 60 subjects were selected and

divided into four groups according to IgE-CAP results (CAP System
RAST FEIA, Pharmacia & Upjohn Diagnostics AB, Uppsala, Swe-
den) and degree of exposure to the dust mite L. destructor. Group 1
comprised 20 sera taken from atopic farmers suffering from asthma
(n = 2), rhinoconjunctivitis (n = 4) or both (n = 14). These 20 farmers
had a positive (60.35 kU/l) IgE-CAP to both L. destructor extract
(median 2.7 kU/l; range 0.47–17) (d71; Pharmacia & Upjohn Diag-
nostics AB) and to rLep d 2 (median 4.5 kU/l; range 0.39–29) [19].
Group 2 included 18 sera from nonatopic farmers having a negative
IgE-CAP to rLep d 2 and to 22 common allergens. Groups 3a and b
represented 22 sera from an urban population including 11 atopic
subjects positive in IgE-CAP to birch (t3; Pharmacia & Upjohn Diag-
nostics AB) but negative to L. destructor extract (d71), and 11 non-
atopic subjects with a negative IgE-CAP to both L. destructor extract
and Phadiatop (Pharmacia & Upjohn Diagnostics AB) screening test.
The farmers from groups 1 and 2 are occupationally exposed to L.
destructor [2] whereas the urban subjects from groups 3a and b are
considered to have had a low natural exposure. None of the subjects
had undergone L. destructor-specific immunotherapy.

Antibody Assays by ELISA
Allergen-specific IgG1, IgG4 and IgE Ab were determined by

sandwich ELISA using monoclonal Ab essentially as previously
described [20, 21]. Briefly, microtiter plate wells were coated with
purified allergens (5 Ìg/ml). All serum samples were assayed at a final
50-fold (IgG1), 10-fold (IgG4) or 5-fold (IgE) dilution following
preincubation with the corresponding allergen (10 Ìg/ml) or diluent
alone. The net results in optical density at 405 nm were used to inter-
polate the concentrations of Ab from standard curves of chimeric
IgG1, IgG4 and IgE anti-NIP hapten Ab run in parallel using BSA-
NIP conjugate (10 Ìg/ml) as coating antigen [20]. Taking the serum
dilution into account and considering a net optical density of 0.020
as cutoff, the serum sensitivity in these assays were 4.0 (IgG1), 0.30
(IgG4) and 0.20 (IgE) arbitrary units (AU)/ml. In the calculations
undetectable levels were given half the value of the detection level,
e.g. 0.10 AU/ml for IgE.

The inhibitory activity of the wild-type and mutant forms of rLep d
2 was compared in inhibition ELISA using selected sera containing
elevated levels of IgG1, IgG4 and/or IgE Ab to wild-type rLep d 2. Six
5-fold (IgG4 and IgE) or three 10-fold (IgG1) dilutions of allergen start-
ing with a concentration of 5 Ìg/ml and diluent alone were incubated
overnight at room temperature with suitable dilutions of the serum
samples. The residual antibody activity was determined and the results
expressed in percentage of that obtained with diluent alone.
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Fig. 1. Serum levels of IgG1, IgG4 and IgE
Ab to rLep d 2(wt) in 20 atopic farmers sen-
sitized to L. destructor (group 1), 22 non-
atopic farmers (group 2) and 22 urban con-
trol subjects (group 3) as measured by
ELISA. Horizontal bars indicate medians
and dashed lines the sensitivity of the assays.
The statistical differences between groups
are indicated at the top. *** p ! 0.001. NS =
Not significant.

Similar coating efficiency and concentrations of the different
rLep d 2 protein preparations were ascertained in sandwich ELISA
using an anti-His-tag monoclonal Ab (clone BMG-His-1, Boehringer
Mannheim, Stockholm, Sweden). Alkaline-phosphatase-conjugated
rabbit anti-mouse Ig Ab [20] was used as secondary reagent to detect
the response of 4-fold diluted allergen concentrations starting with
16 Ìg/ml.

Statistical Analysis
Medians between groups were compared by Mann-Whitney U

test or Kruskal-Wallis test, and correlations by Spearman rank corre-
lation. A two-tailed p ! 0.05 was considered significant.

Ethics
The study was approved by the Ethics Committee of Karolinska

Institutet, Stockholm.

Results

Antibodies to rLep d 2(wt)
A highly significant correlation (rs = 0.94; p ! 0.0001;

n = 20) was registered for the 20 atopic farmers between
the IgE-CAP levels to rLep d 2(wt) and those obtained
with IgE-ELISA (median 2.2 AU/ml; range !0.20–42)
(fig. 1). No positive IgE-ELISA (60.20 AU/ml) was found
in the 18 nonatopic farmers or among the 22 urban sub-
jects (fig. 1). As no significant differences in the IgE, IgG1

and IgG4 Ab levels to rLep d 2(wt) were observed between
groups 3a and b (data not shown) the two were combined
into one urban control group 3.

Also, IgG4 Ab to rLep d 2(wt) were almost exclusively
detected among the atopic farmers whose levels (n = 20;
median 10.3 AU/ml; range !0.30–86 AU/ml) were signif-
icantly (p ! 0.0001) higher compared to both those of the
nonatopic farmers (n = 18; median !0.30 AU/ml; range
!0.30–0.95) and the urban controls (n = 22; all !0.30
AU/ml) (fig. 1).

In contrast, most individuals (69–95%) in the three
groups had detectable IgG1 Ab to rLep d 2(wt) with the
highest proportion among the atopic farmers, but no sig-
nificant differences in the median levels between the three
groups were found (fig. 1).

The IgE and IgG4 Ab levels to rLep d 2(wt) correlated
significantly among the atopic farmers (n = 20; rs = 0.70;
p ! 0.001) whereas the corresponding IgE/IgG1 (rs =
–0.17) and IgG4/IgG1 (rs = –0.15) Ab levels did not.

Antibodies to rLep d 2.6Cys
No IgE reactivity was detected to rLep d 2.6Cys in any

subject in the three groups with sandwich ELISA. Similar
results were observed for IgG4, where low levels only
(0.37–0.56 AU/ml) were detected in 1 subject from each
group. In contrast, most individuals (75–95%) in the three
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Fig. 2. Serum levels of IgG1, IgG4 and IgE
Ab to the wild-type and 6Cys mutant of rLep
d 2 in 20 atopic farmers sensitized to L. des-
tructor as measured by ELISA. Horizontal
bars indicate medians and dashed lines the
sensitivity of the assays. The statistical dif-
ferences between groups are indicated at the
top. *** p ! 0.001. NS = Not significant.

groups had detectable levels of IgG1 Ab to rLep d
2.6Cys.

The differences in Ab levels to rLep d 2.6Cys and rLep
d 2(wt) were highly significant (p ! 0.0001) for IgE and
IgG4, but not for IgG1, as shown for the 20 L. destructor-
sensitized farmers (fig. 2). There were no significant dif-
ferences in the medians of anti-Lep d 2.6Cys Ab levels for
any isotype between the three groups (data not shown).
Significant correlations were registered between the IgG1
levels to rLep d 2(wt) and rLep 2.6Cys in all three groups
analyzed separately (rs = 0.58–0.90; p ! 0.01–0.001) or
together (n = 60; rs = 0.65; p ! 0.0001).

Inhibitory Reactivity of rLep d 2 Mutants with
Anti-rLep d 2(wt) Ab
To further study the reactivity pattern of IgE and IgG4

Ab, the inhibitory capacities of rLep d 2(wt) and the four
rLep d 2 mutants C8/117S, C21/26S, C72/77S and 6Cys
were compared in inhibition ELISA. Four sera from L.
destructor-sensitized farmers having both high IgE and
IgG4 Ab levels to rLep d 2(wt) were used. IgE and IgG4
reacted in a parallel way within these 4 sera, and two reac-
tion patterns, represented by 2 sera each, could be distin-
guished as exemplified (fig. 3a–d). In line with the results
from the sandwich ELISA, rLep d 2.6Cys demonstrated
neither any inhibitory activity with IgE nor with IgG4 Ab

at the highest concentration tested (5 Ìg/ml) correspond-
ing to at least a 100-fold reduction in activity compared to
rLep d 2(wt). The C8/117S mutant had a similar inhibi-
tory activity as rLep d 2(wt). Interestingly, the inhibitory
activity of C72/77S could be divided into two patterns. In
subject 2 (fig. 3c, d), it had no inhibitory activity whereas
in subject 1 it reacted with both IgE and IgG4 Ab (fig. 3a,
b), although the reactivity was much weaker than that of
rLep d 2(wt). Furthermore, the C21/26S mutant demon-
strated a 5- to 10-fold more efficient inhibitory capacity
than the wild-type protein. The control allergen rMal f 1
did not exhibit any inhibitory activity (fig. 3a–d).

The reactivity pattern of IgG1 Ab to rLep d 2 mutants
was also investigated by inhibition ELISA using 4 sera
having elevated titers of IgG1 Ab to rLep d 2(wt). The
results for 2 sera from atopic farmers, and 1 serum from a
nonatopic farmer were similar and showed that all mu-
tants including rLep d 2.6Cys and wild-type rLep d 2 had
comparable inhibitory activities as exemplified with a
serum from an atopic farmer (fig. 4a). Also in the serum
from a nonatopic urban control subject (group 3) all Lep
d 2 recombinants were inhibitory but interestingly the
pattern was different in that two mutants, rLep d 2.6Cys
and C8/117S, were substantially (110-fold) more efficient
(fig. 4b). The similarly produced control rMal f 1 had no
inhibitory activity (fig. 4a, b).
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Fig. 3. Inhibitory profiles of rLep d 2 aller-
gen variants with IgG4 and IgE anti-rLep d
2(wt) Ab in 2 atopic farmers with different
reactivity patterns: patient 1 (a, b) and pa-
tient 2 (c, d). Serial dilutions of recombinant
proteins were preincubated with serum and
the residual antibody activity determined
with ELISA.

Fig. 4. Inhibitory profiles of rLep d 2 aller-
gen variants with IgG1 anti-rLep d 2(wt) Ab
in serum from an atopic farmer patient 3 (a)
and a nonatopic urban control subject 4 (b).
Serial dilutions of recombinant proteins
were preincubated with serum and the resid-
ual antibody activity determined with
ELISA.

3

4
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Fig. 5. IgE and IgG4 Ab levels to five rLep
d 2 allergen variants in 12 atopic farmers
sensitized to L. destructor as measured by
ELISA. Horizontal bars indicate medians
and dashed lines the threshold of sensitivity.
Four nonatopic farmers and 4 urban con-
trols tested had undetectable Ab levels to all
rLep d 2 variants (data not shown).

IgG4 and IgE Ab Reactivity to C21/26S, C72/77S and
C8/117S Mutants
As the inhibition ELISA pointed to differences in reac-

tivity patterns among mutants, additional experiments
were performed with IgE and IgG4 sandwich ELISA using
the C21/26S, C8/117S and C72/77S mutants as solid
phase antigen. Twelve sera from atopic farmers, 4 from
nonatopic farmers and 4 from the urban control group
were tested. No IgE or IgG4 antibody activity was regis-
tered to any of the mutants among the 8 sera from non-
atopic farmers and urban controls (data not shown). As
shown for the 12 atopic farmers the reactivity towards
C72/77S was significantly reduced (p ! 0.0001), whereas
those to C21/26S and C8/117S were indistinguishable
from the one to rLep d 2(wt) for both isotypes (fig. 5). A
further significant (p ! 0.001) loss in reactivity for both
isotypes was registered between C72/77S and rLep d
2.6Cys (fig. 5). These results were mirrored by the signifi-
cant correlations (p ! 0.001) for both the IgG4 and IgE Ab
levels to rLep d 2(wt) as compared to C21/26S (rs = 0.92–
0.96) and C8/117S (rs = 0.80–0.96) but not to C72/77S
(rs = 0.39–0.44). The lack of correlation for C72/77S sug-
gests diversity in the polyclonal IgE and IgG4 specificity.

Discussion

In this study we have used recombinant wild-type and
several mutant forms of the major allergen Lep d 2 to
demonstrate differences in reactivity pattern of IgG1,
IgG4 and IgE Ab among atopic and nonatopic subjects
expected to have different levels of natural exposure to the
dust mite L. destructor.

There are very few studies on the humoral response in
subjects naturally exposed to aeroallergens as compared
to the vast literature associated with immunotherapy [5–
7]. Moreover, most studies have been performed with
whole allergen extracts as opposed to the few with recom-
binant wild-type or modified allergens. It is considered
that immunotherapy gives a rise in mainly the IgG1 and
IgG4 subclasses and that the magnitude, the ratio or
kinetic appearance between the two isotypes may predict
the outcome of treatment [5, 22]. The few studies on natu-
ral exposures suggest a similar pattern [23, 24] or perhaps
more IgG4-restricted response to aeroallergen extracts
among atopics as compared to nonatopics [25–28]. Our
data with recombinant Lep d 2(wt) are in agreement with
the latter studies and the levels of IgG4 and IgE clearly
correlated as previously reported in some studies [28] but
not others [25]. It is noteworthy that among the farmers it
is only those sensitized to L. destructor who develop IgG4
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Ab despite an expected similar level of exposure to dust
mite allergen among all farmers [2]. Thus, chronic expo-
sure does not seem sufficient for induction of IgG4, impli-
cating also other factors, e.g. degree of exposure, sensitiza-
tion route and adjuvants [7].

It has previously been shown for the group 2 dust mite
allergens Der p 2 and Der f 2 [10–13] as well as Lep d 2
[18] that the 3 disulfide bonds are of differential impor-
tance for IgE reactivity. We show here that the disulfide
bonds in rLep d 2 follows the same order of importance
for IgG4 reactivity as that for IgE, i.e. Cys72-Cys77 11

Cys8-Cys117 1 Cys21-Cys26. Moreover, the rLep d
2.6Cys mutant lacking all 3 disulfides was devoid of both
IgE and IgG4 reactivity, confirming and extending our
previous IgE results with immunoblotting and RAST
inhibition [18].

Thus, among farmers sensitized to L. destructor, IgG4
and IgE, but not IgG1, presented parallel and quite simi-
lar reactivity patterns to all recombinant variants of Lep
d 2. To our knowledge there are no comparative studies of
IgE/IgG4/IgG1 specificity to modified allergens among
atopic and nonatopic subjects following a natural allergen
exposure. Some serological studies have indicated differ-
ent epitope recognition for IgE and IgG4 to Bet v 1 [7], Fel
d 1 [7, 29] and rDer p 2 [30], but also similar specificities
may be envisaged from a transcriptional level [31]. Our
results suggest overlapping, if not identical, epitope recog-
nition for IgG4 and IgE in line with a sequential switch
from IgM to IgG4/IgE [31, 32]. Moreover, the repertoire
of IgE/IgG4 Ab varied between individual atopic subjects
pointing to the necessity of using many individual sera as
well as several assay approaches in the evaluation of mod-
ified recombinant allergens.

One of the suggested mechanisms behind successful
immunotherapy is the quantitative increase in IgG1/IgG4
acting as blocking Ab [5–7]. As our results suggest that
IgG4 and IgE are directed against similar conformational
epitopes, the outcome of allergen vaccination with modi-
fied derivatives might be less efficient than anticipated.
However, it was recently reported that unfolded allergens
could give alternative IgG4 immune responses in vitro
depending on antigen-presenting cells [33]. The in vivo
induction of such IgG4 as well as IgG1 may give overlap-
ping specificities, which would be beneficial for block-
ing [9].

Although our inhibition results are based on a few
patients, it seems clear, also from the sandwich ELISA
with rLep d 2.6Cys, that the IgG1 epitopes are different
from those of IgE and IgG4. One may assume that the IgE
and IgG4 epitopes are mainly conformational (which

agrees with the lack of IgE binding to Lep d 2-derived pep-
tides [34]) whereas the IgG1 epitopes appear mostly
linear. With another methodological approach, recent
studies have suggested differences in the fine specificity of
IgG Ab to Der p 1 and bovine ß-lactoglobulin between
allergics and healthy controls [35, 36]. In line with our
IgG4 findings allergic subjects had IgG Ab preferentially
directed to conformational epitopes. Moreover, although
the substantially increased inhibitory capacity of rLep d
2.6Cys and C8/117S that we observed in an urban control
could be circumstantial it might suggest some kind of dif-
ference in IgG1 Ab specificity also between farmers and
urban subjects.

We found similar levels of IgG1 Ab to both rLep d
2(wt) and rLep d 2.6Cys in farmers and urban subjects
irrespective of sensitization and degree of allergen expo-
sure. Such findings have also been reported with L. de-
structor allergen extract [27]. Others have reported similar
IgG1 levels to rDer p 2 in children regardless of atopic
status [23, 25]. Although the levels were lower in children
with a documented low exposure to Dermatophagoides
there was still no atopy-related difference [23]. However,
also increased levels of allergen-specific IgG1 Ab among
atopics have been registered by ELISA [24] and immuno-
blotting [27]. The nature of allergen, epitope presentation,
affinity of Ab, methodological principle or population
selected may partly explain these discrepancies [5, 26].
Nonetheless the IgG1 results should be viewed in relation
to the high frequency of allergen-specific T cell responses
observed also among nonatopic subjects [37] resulting
from either cross-reacting epitopes or some natural expo-
sure.

In summary, our findings show that farmers sensitized
to L. destructor mount parallel IgE and IgG4 responses to
Lep d 2. The reactivity patterns of mutant variants sug-
gest that the three disulfide bonds in rLep d 2 can be
ranked in the same order of importance Cys72-Cys77 11

Cys8-Cys117 1 Cys21-Cys26 for both IgE and IgG4 reac-
tivity. However, omission of all 3 bonds, as in rLep d
2.6Cys, seems necessary to get an allergen variant practi-
cally devoid of IgE and IgG4 reactivity. The lack of IgG4
response among nonatopic farmers implicates that factors
besides chronic allergen exposure are needed to induce
this isotype. In contrast IgG1 reactivity was detected in
most subjects irrespective of disulfide bond impairment
in rLep d 2, sensitization or degree of exposure to L. de-
structor. Thus, our results suggest similar specificity
among IgE/IgG4 Ab clearly different from that of IgG1
Ab in line with conformational Lep d 2-specific and linear
epitopes, respectively. The observation of interindividual
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variation in the antibody specificity to modified allergens
among different techniques emphasizes the need for care-
ful in vitro as well as in vivo evaluation before selecting
hypoallergenic candidates for immunotherapy.
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