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A major problem with allergen-specific immunotherapy involving repeated injections of allergens is
the risk of an anaphylactic reaction. We engineered the major house dust mite allergen, Der f 2, to
reduce its capacity to induce skin test reactivity and histamine release from peripheral blood basophils
in allergic patients. The engineered allergen, in which the disulfide bond that linked the N- and C-termi-
nal sequences of Der f 2 was disrupted, retained T-cell epitopes essential for immunotherapy and ability
to stimulate T-cell proliferation. Such engineered allergens are potentially useful for safer and more

effective immunotherapy for allergies.
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More than 20% of the world’s population suffers from IgE-medi-
ated type I allergic symptoms. Allergens are proteins characterized
by their ability to induce a pathogenic IgE response in susceptible
individuals", giving rise to asthma, rhinitis, and atopic dermatitis.
Allergen-specific immunotherapy involves repeated injections of
allergens over prolonged periods and has been performed since the
early 1900s’. Clinical trials of allergen-specific immunotherapy
using short peptides containing T-cell epitopes have been shown to
induce unresponsiveness of T cells or a change in the pattern of
cytokines produced by CD4" T cells**. Peptides can have the
advantage of not being able to cross-link the complex of the aller-
gen-specific IgE and the IgE receptor (FceRI) on the surface of
mast cells and basophils—which would induce the release of medi-
ators—because of an absence or reduction in the number of IgE
epitopes’”. Therefore, peptide-based immunotherapy has the
advantage of reduced risk of anaphylactic reaction over conven-
tional allergen-specific immunotherapy. The drawback of peptide-
based immunotherapy is the large diversity in T-cell epitopes due
to the diversity of major histocompatibility complex (MHC) and
T-cell receptor (TCR) among individuals®*™*.

House dust mite (Dermatophagoides farinae and
Dermatophagoides pteronyssinus) allergens are major causative fac-
tors associated with various allergic diseases'*™, and the major
allergens are classified as group 1 (Der f 1 and Der p 1, Mr 25,000)
or group 2 (Der f 2 and Der p 2, Mr 14,000)""". The majority of
sera from patients allergic to house dust mites have binding activi-
ties to both group 1 and 2 allergens. Genetic linkage between spe-
cific IgE responses to these allergens and genes on human
chromosomes has been intensively investigated"’. Analysis of B-
cell’”? and T-cell epitopes'** of the major allergens also has been
carried out to clarify their relationships to immunogenicity and to
apply such epitope moieties to immunotherapy**”.

cDNA clones for Der f 2, the group 2 allergen of D. farinae®?,
encode proteins consisting of 129 amino-acid residues with
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marked homology to Der p 2, the group 2 allergen of D. pteronyssi-
nus. It has been suggested that IgE epitopes of Der f 2 and Der p 2
are dependent on the integrity of the conformational structure of
the allergens rather than the contiguous sequence of amino
acids’”. We determined the location of three disulfide bonds of
native Der 2 (Cys8-Cys119, Cys21-Cys27, and Cys73-Cys78)* and
assumed that some of them played critical roles in expressing IgE-
binding capacity.

We show that two of the three intramolecular disulfide bonds
involved in the maintenance of the antigenic structure of Der f 2
were required for recognition by IgE in allergic patient sera by ana-
lyzing nine cysteine mutants of Der f 2 expressed in Escherichia
coli. One of the mutants, C8/119S, in which the disulfide bond that
linked the N- and C-terminal sequences of Der f 2 was disrupted,
had a markedly reduced capacity to induce in vivo skin test reactiv-
ity and in vitro histamine release from peripheral blood basophils
in mite-allergic patients. However, C8/119S retains complete activ-
ity to stimulate T-cell proliferation. Thus, C8/119S is potentially
useful for immunotherapy with a reduced risk of anaphylaxis even
at high dose’'™. Engineered allergens with reduced reactivity to
IgE and composed of almost the entire amino-acid sequence of the
native allergen, including most of the T-cell epitopes essential for
immunotherapy, might be useful for the treatment of allergies.

Results

Reactivities of cysteine mutants of Der f 2 to IgE in allergic
patient sera. We generated nine variants of Der f 2, six with a
mutation of each of six cysteines to a serine and three with double
mutations of each of the pairs of cysteines forming the disulfide
bonds to a pair of serines (Fig. 1A). The reactivities of IgE in aller-
gic patient sera to the wild-type and the mutant Der f 2s expressed
in E. coli were examined by immunoblot analysis. Sera from all ten
patients tested showed similar IgE-binding patterns. The mutants
€8S, C119S, and C8/119S showed no or markedly low IgE binding.
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Figure 1. {A) Schematic representation of variants of Der f 2. Native Der f 2 purified from mite extract and the wild-type and nine cysteine
mutants of Der f 2 expressed in E. coli with a methionine at the first N-terminal residue are shown. (B) Expression of the wild-type and nine cys-
teine mutants of Der f 2 and their binding to IgE from an allergic patient analyzed by immunobiotting.
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Figure 2. RAST-EIA and inhibition assay using purified wild-type and three cysteine double-mutants of Der f 2. (A) IgE-binding profiles of four
patients allergic to house dust mite. Initials of the patients’ names are indicated (DN, HK, 1Y, and SN). The concentration of antigens in the immo-
bilization step was 50 ng/ml. (B) IgE-binding profile of patient SN. (C) Inhibition of IgE binding to the immobilized wild-type Der f 2 by addition

of Der f 2 variants. The sera from patient SN was used.
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Figure 3. Reactivities of the wild-
type and cysteine mutants of Der
f 2 to three mouse Mabs: 13A4,
: 15E11, and 18G8. (A) Immunoblot
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Figure 4. Histamine reiease from basophils stimulated with
the wild-type Der f 2 and its cysteine double-mutant,
C8/1198. Peripheral blood leukocytes were obtained from mite-
allergic patients whose initials are indicated (KS, NE, SG, Tl, and TN).

The mutants C73S, C78S, and C73/785 showed moderately
reduced IgE binding. The mutants C21S, C27S, and C21/27S
showed no or little reduction of IgE binding (Fig. 1B).

Three cysteine double-mutants, C8/119S, C73/78S, and
C21/27S, were selected for detailed experiments using purified
recombinant proteins because cysteine singie-mutants potentially
cause incorrect intramolecular disulfide bonds, dimerization or
aggregation of the protein in solution. The correct disulfide bond
formations of the purified wild-type and three cysteine double-
mutants were confirmed by peptide mapping®.

The IgE-binding capacities of the refolded recombinant pro-
teins with correct disulfide bonds were determined by radioaller-
gosorbent test-enzyme immunoassay (RAST-EIA)”. All patients
tested showed similar profiles of IgE-binding capacity: marked
reduction in the mutant C8/119S compared with the wild-type,
moderate reduction in C73/78S, and significant but not remark-
able reduction in C21/27S (Fig. 2A and B). The capacities of the
mutant Der f 25 to inhibit IgE binding to the wild-type Der f 2
were also examined using serum from patient SN by inhibition
assay (Fig. 2C). IgE binding to the wild-type Der f 2 was almost
completely inhibited by addition of an excess amount of each cys-
teine double-mutant of Der f 2. On the other hand, an approxi-
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Figure 5. Proliferative response of T cells stimulated with the wild-
type Der f 2 and its cysteine double-mutant, C8/119S. Peripheral
blood mononuclear cells were obtained from 16 mite-allergic
patients. Results are presented as stimulation indices that were cal-
culated as the ratio of the counts/min of culture wells containing
allergen with that of wells containing medium alone. The mean of
four points for each patient is shown.

mately 100-fold increase in the concentration of the mutant
C8/119S was required to achieve the levels of inhibition obtained
with the wild-type Der f2.

Reactivities of cysteine mutants of Der f 2 to anti-Der f 2
monoclonal antibodies (Mabs). Epitope analysis of Der f 2 for
mouse anti-Der f 2 Mabs is important for understanding the
antigenic structure of Der f 2 recognized by polyclonal human
IgE. Therefore, the reactivities of the wild-type and cysteine
mutants of Der f 2 to three mouse Mabs™ were examined by
immunoblot analysis and enzyme-linked immunosorbant assay
(ELISA) (Fig. 3). The reactivity to the Mab, 13A4, was markedly
reduced in the mutants C8S and C8/119S. The reactivity to
15E11 was markedly reduced in C8/119S, C73S, C78S, and
C73/78S. The reactivity to 18G8 was markedly reduced in C73S,
C78S, and C73/78S.

Activity of C8/119S to induce histamine release from basophils
from allergic patients. Peripheral blood basophils from five allergic
patients were stimulated with the wild-type Der f 2 or C8/119S, and
histamine release was measured (Fig. 4). The threshold concentra-
tion of C8/1198 (approximately 0.1 wg/ml) to stimulate peripheral
basophils to release histamine was about 100 times more than that
of the wild-type Der f 2 (approximately 0.001 pg/ml).

Activity of C8/119S to stimulate proliferation of T cells from
allergic patients. Proliferation of T cells in peripheral blood
mononuclear cells from 16 mite-allergic patients stimulated with
the wild-type Der f 2 or C8/119S was assayed. The proliferation of
polyclonal T cells stimulated with C8/119S was the same as, or
higher than, that stimulated with wild-type Der £2 (Fig. 5).

Activities of cysteine mutants of Der f 2 to induce urticarial type
I reactions in allergic patients. The capacity of the wild-type and
three cysteine double-mutants to elicit cutaneous reactions was eval-
uated in three volunteers by in vivo skin prick test™. Using the wild-
type Der f 2, C21/278, or C73/78S, typical urticarial type I reactions
were observed, while C8/119S skin prick tests were negative (Fig. 6).
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Figure 6. Skin prick test with the recombinant Der f 2 and its three
cysteine double mutants, C8/119S, C21/27S, and C73/78S.

Discussion

The structure of the wild-type Der 2 is maintained by three rigid
disulfide bonds”. We concluded that Cys8-Cys119 is the most
essential of the three disulfide bonds for maintaining the Der {2
structure required to bind human IgE, followed by the Cys73-
Cys78 disulfide bond. The result shown in Fig. 2C suggests that
every cysteine double-mutant of Der f 2 has almost all the IgE epi-
topes, but the total affinity of IgE epitopes in the mutant C8/119S
was markedly reduced compared with that in the wild-type Der f
2. These findings on IgE binding correlate well with data obtained
using other variants of Der f 2 to which a deletion or point muta-
tion was introduced. This suggested an important contribution of
the residues around the disulfide bond Cys8-Cys119, and a signifi-
cant contribution of the residues around Cys73-Cys78, for main-
taining the IgE binding structure of Der £ 2 (refs. 21,23).

The mAb binding data presented in Figure 3 further supports
our conclusion. Cys73 and Cys78 are included in the sequence
(67-90) of Der f 2 that contains the core of the epitopes for the
mAbs”. Further epitope analysis for the monoclonal Abs will pro-
vide useful insights into the polyclonal IgE epitopes in patient sera
of Der £2.

Der f 2 is homologous to Der p 2 from the dust mite species
D. pteronyssinus”. Smith and Chapman® reported on the IgE
reactivity of cysteine variants of Der p 2. Using a glutathione-S-
transferase fusion protein system, they showed that two mutant
Der p 2 molecules, C8G and C119Y, in which a single mutation
had been introduced at each of the two cysteine residues involved
in the disulfide bond of Cys8-Cys119, maintain the same reactiv-
ity to IgE as the wild type Der p 2. On the other hand, we used
recombinant Der f 2 variants with an additional methionine at
the first N-terminal residue and confirmed the correct disulfide
bond formation in the three cysteine double-mutants. The dis-
crepancy between our findings and theirs might result from dif-
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ferences between either Der f 2 and Der p 2, the patients, the
amino acids substituted for cysteine, or the preparation of
recombinant products.

Allergen-specific immunotherapy involves the stepwise subcu-
taneous injection of increasing concentrations of specific allergens
to which a patient is sensitive to achieve a state of immunological
tolerance™. Secrist et al.” reported that CD4" T cells from allergic
donors produced little interleukin 4 (IL-4) when stimulated with
high concentrations of allergen, although they produced high lev-
els of IL-4 when stimulated with low concentrations of allergen.
Their findings suggest that, ideally, allergen should be adminis-
tered at a higher dose to change the Th1/Th2 bias”. This may,
however, cause an anaphylactic reaction, induced by the release of
mediators from mast cells and basophils stimulated by aggregation
of the complex of allergen-specific IgE and FceRI on the cell sur-
face cross-linked with allergen®. The variant of the major house
dust-mite allergen Der f 2, C8/119S had a much lower affinity to
IgE in patient sera. Furthermore, peripheral basophils and skin
mast cells do not degranulate in the presence of C8/119S in allergic
patients (Figs. 4 and 6). Therefore, allergen-specific immunother-
apy with C8/119S should not cause anaphylaxis even at relatively
high doses.

Clinical trials of allergen-specific immunotherapy using short-
lengthed peptides containing T-cell epitopes of allergens have been
carried out*’, As with immunotherapy using a modified allergen
such as C8/119S, the peptide-based immunotherapy has the
advantage of less IgE binding’. A problem associated with peptide-
based immunotherapy, however, is a diversity of T-cell epitopes
due to the diversity of MHC class II molecules and TCRs in
humans*'**. Immunotherapy with engineered allergens such as
C8/119S, which retain most of the T-cell epitopes, would solve this
problem. We observed that the proliferation of polyclonal T cells
(Fig. 5) reactive to Der f 2 from mite-allergic patients stimulated
with C8/119S was the same as, or even higher than, that stimulated
with wild-type Der f 2. The higher activities of C8/119S to stimu-
late patient T cells suggest that C8/119S is processed more effi-
ciently in antigen-presenting cells than the wild-type Der f2 as a
result of disruption of the disulfide bond. Therefore, the cysteine
double-mutant of Der f 2, C8/119S, is potentially useful for
immunotherapy specific for house dust mites in that it not only
reduces the risk of anaphylaxis, but it also maintains most of the T-
cell epitopes.

Experimental protocol

Expression of the wild-type and cysteine mutants of Der f 2. The wild-type
and nine cysteine mutants of Der f 2 (€8S, C119S, C8/119S, C218, C27S,
C21/278S, C73S, C78S, and C73/78S) were expressed in E. coli BL21 (ref. 21)
transformed with expression vectors constructed by site-directed mutagenesis.

Immunoblot analysis. The method was as described previously”. Briefly,
total cellular proteins expressed in E. coli BL21 transformed with expression
vectors of the wild-type and nine cysteine mutants of Der f 2 were subjected
to sodium dodecyl sulfate polyacrylamide electrophoresis (18% acrylamide)
and electroblotted. The membranes were stained with Coomasie brilliant
blue, probed with a combination of mouse anti-Der f 2 antiserum (or mouse
Mabs) and horseradish peroxidase-conjugated anti-mouse IgG antibodies
(Biorad, Richmond, CA), or that of a mite-sensitive human allergic serum
and horse radish peroxidase-conjugated anti-human IgE (e-specific) anti-
bodies (Cappel, Malvern, PA).

Purification of the wild-type and cysteine mutants of Der f 2. The wild-
type and three cysteine double-mutants of Der £ 2 (C8/1195, C21/27S, and
C73/78S) produced as inclusion bodies in E. coli BL21 were recovered, solu-
bilized with buffer containing urea, refolded by dialysis against buffer, and
purified by anion exchange column chromatography using CM-Sepharose
(Pharmacia, Uppsala, Sweden) or DEAE-Toyopearl (Tosoh, Tokyo, Japan) as
described”. The correct disulfide bond formation of the purified recombi-
nant Der f 2 and its cysteine double-mutants was confirmed by peptide map-
ping as described™.
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RAST-EIA. IgE reactivities of the purified wild-type Der £ 2 and its cys-
teine double-mutants were measured by RAST-EIA using a RAST-EIA kit
(Pharmacia) as previously described®. Briefly, serum of each allergic
patient was incubated with paper discs coupled with each of the purified
wild-type Der f 2 and its cysteine double-mutants in various amounts.
Then, the IgE that bound to the disc was detected with B-galactosidase-
conjugated anti-human IgE antibodies by measuring the absorbance at
420 nm.

Inhibition assay. The method was as described™. Briefly, the serum of each
allergic patient was incubated with various concentrations of each of the
purified wild-type Der f 2 and its cysteine double-mutants, and then the
solution was added to a paper disc presoaked in wild-type Der f 2. The IgE
that bound to discs was detected with B-galactosidase-conjugated anti-
human IgE antibodies.

ELISA. The method was as described™. Briefly, each solution containing
mouse Mabs was added into wells of micro-titer plates immobilized with
each of the purified wild-type Der f 2 and its cysteine double-mutants in var-
ious amounts and incubated. Then, Mab that bound to the well was detected
with biotinylated anti-mouse IgG antibodies and alkaline phosphatase-con-
jugated avidin by measuring the absorbance at 405 nm.

Histamine release. The leukocytes used for histamine release assays were
obtained from peripheral blood of allergic volunteers”. The leukocytes were
separated from heparinized blood by dextran sedimentation, washed with
tyrode buffer 3 times, and incubated with serially diluted antigens at 37°C
for 40 min. Cell-free supernatants and whole cells solubilized with 0.1%
Triton X 100 were collected and analyzed for histamine content using a
Histamine Release Test Kit (Miles, Spokane, WA). The percentage of released
histamine was calculated as the relative amount of histamine in the super-
natant to the total of supernatant and cellular histamine.

T-cell proliferation assays. T cells from peripheral blood mononuclear
cells from mite-allergic volunteers were cultured in 96-well round-bottomed
culture plates with the wild-type Der f 2 or C8/119S (10 pg/ml), and [*H]-
thymidine incorporation was measured as described*'.

Skin prick test, Skin prick test was performed as described”. Solutions of
the wild-type and three cysteine double-mutants of Der f 2 (20 ng/20 ul)
were applied.
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