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Antigenic Determinants of Der p 1: Specificity and
Cross-Reactivity Associated with IgE Antibody Recognition

Jill Glesner,* Lisa D. Vailes,* Caleb Schlachter,” Nicholas Mank,” Wladek Minor,*
Tomasz Osinski,lk Maksymilian Chruszcz,* Martin D. Chapman,* and Anna Pomés*

Der p 1 and Der f 1 are major allergens from Dermatophagoides pteronyssinus and D. farinae, respectively. An analysis of antigenic
determinants on both allergens was performed by site-directed mutagenesis. The analysis was based on the x-ray crystal struc-
tures of the allergens in complex with Fab fragments of three murine mAbs that interfere with IgE Ab binding: the two Der p 1-
specific mAbs SH8 and 10B9, and the cross-reactive mAb 4C1. On one hand, selected residues in the epitopes for mAb SH8 and
mAb 4C1 were substituted with amino acids that resulted in impaired Ab binding to Der p 1. On the other hand, an epitope for the
Der p 1-specific mAb 10B9, which partially overlaps with mAb 4C1, was created in Der f 1. The mutation of 1-3 aa residues in Der
f 1 was sufficient to bind mAb 10B9. These residues form hydrogen bonds with CDRs of the Ab other than H CDR3. This
observation unveils an exception to the dominant role of H CDR3 commonly observed in Ag recognition. Overall, this study
resulted in the identification of important residues for mAb and IgE Ab recognition in group 1 mite allergens. This information
can be used to engineer allergen mutants with reduced IgE Ab binding for immunotherapy. The Journal of Immunology, 2017,

198: 000-000.

ouse dust mites produce proteins that are important in-
H ducers of allergic reactions around the world (1). Mite
allergies are associated with the development of asthma,
allergic rhinitis, and atopic dermatitis. The predominant genus
Dermatophagoides comprises two mite species, D. pteronyssinus
and D. farinae, which coexist in most geographical areas (2).
D. pteronyssinus has a preference for temperate and tropical coastal
regions, whereas D. farinae is more tolerant of low humidity and
survives in drier climates (i.e., Midwest region of the United
States) (3). The major allergens Der p 1 and Der f 1 play a
dominant role in IgE cross-reactivity between both species. Both
allergens are cysteine proteases and may be present in large
quantities in house dust (up to 100,000 ng/g) (4). The x-ray crystal
structure of natural Der f 1 revealed a degree of surface conser-
vation with Der p 1 of ~71% amino acid identity and an over-
lapping catalytic site (5).
To gain insight into the antigenic relationships between both
allergens, x-ray crystal structures of the natural allergen in complex
with fragments of murine mAbs were determined. Allergen-Ab
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structures provide the most accurate information about the con-
formational epitopes involved in these interactions. Three mAbs
were selected based on their ability to interfere with IgE Ab binding
from a set of murine mAbs raised against Der p 1 and Der f 1 (6-8).
This set of mAbs comprised just over 3% (2 out of 53) of cross-
reactive Abs, and predominantly recognized species-specific epi-
topes (7, 8). First, the structures of complexes of Der p 1 or Der f 1
with the cross-reactive mAb 4C1 revealed a common epitope
between both allergens (9). Recently, the structures of the Der
p l-specific epitopes for mAbs SH8 and 10B9 were determined
(10). Epitopes comprise a limited number of amino acids forming
different kinds of interactions with the Ab (hydrogen bonds,
cation-7 interactions, hydrophobic interactions, etc.). The struc-
tural analysis of epitopes, such as the one performed here, informs
the engineering of molecules with either reduced ability to bind
Abs or with new epitopes. Specific residues can then be replaced
by site-directed mutagenesis with amino acids that either decrease
or improve Ab binding.

The first goal of the current study was to identify determinants
of species specificity and cross-reactivity in Der p 1 and Der f 1
interactions with Abs. For this purpose, the epitopes for species-
specific (mAbs SH8 and 10B9) and cross-reactive (mAb 4C1)
Abs were selected for mutagenesis analysis. The Der p 1—specific
mAb 10B9 was able to inhibit the binding of the cross-reactive
mAb 4C1 to Der p 1, but not to Der f 1 (7). The existence of these
two Abs that presumably bound to overlapping or adjacent sites on
Der p 1 presented a unique opportunity to assess the molecular
basis of recognition. The amino acids that confer specificity to
mADb 10B9 were analyzed by engineering a new epitope in Der f 1
that would bind this Ab. The new epitope was created in a step-
wise manner by substituting amino acids in Der f 1 to residues in
equivalent positions in Der p 1 that were found to participate in
mAb 10B9 binding.

The second goal was to identify the main residues involved in
specific allergen-Ab interactions and generate mutants with re-
duced capacity to bind Abs. Most importantly, the mutagenesis
analysis led to the identification of residues involved in IgE Ab
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binding given the overlap between mAb and IgE Ab binding sites.
Allergens with reduced IgE Ab binding capacity were also pro-
duced, and the information obtained about IgE epitopes will
contribute to the design of candidate allergens for future immu-
notherapy against mite allergies.

Materials and Methods

Rational design of mutagenesis

Design of site-directed mutagenesis was based on the structures of Der p 1
or Der f 1 in complex with Fab fragments of either the cross-reactive mAb
4Cl1 or the Der p 1-specific mAbs SH8 or 10B9; Protein Data Bank (PDB)
accession codes: 3RVV (Der f 1-4C1), 3RVW and 3RVX (Der p 1-4C1),
4PP1 (Der p 1-5H8), and 4PP2 (Der p 1-10B9) (9, 10). Structural images
were created with PyMol (11). The shape correlation statistic or shape
complementarity index (S.) was used as a measure of the geometric sur-
face complementarity of protein-protein interfaces based on the relative
shape of the opposing surfaces and interactions between the surfaces. The
S. assumes values from O to 1, where 1 defines the perfect fit and O defines
topologically unrelated surfaces (12). The program SC included in the
CCP4 program suite was used to calculate the S. between allergen-Ab
complexes (13).

Site-directed mutagenesis of Der p 1 and Der f 1

Der p 1 and Der f 1 mutants were expressed in Pichia pastoris and purified
by affinity chromatography. Single or multiple mutants were produced:
1) Der p 1 mutants with substitutions in residues involved in mAb 5H8
and/or 4C1 binding, and 2) seven recombinant Der f 1 mutants with -4 aa
substitutions within the corresponding area of the mAb 10B9 epitope in
Der p 1. The templates for mutagenesis were DNA encoding for degly-
cosylated pro-Der p 1.0105-N52Q and pro-Der f 1.0107-N53Q allergens as
previously described (9). The DNA was inserted into P. pastoris expression
vectors pPICZaC and pPICZaB, respectively, for methanol-inducible ex-
pression. The difference in amino acid numbering between Der p 1 and
Der f 1 is due to a deletion in Der p 1 of a serine present in Der f 1 at
position 8. Site-directed mutagenesis was performed using QuikChange
(Stratagene, La Jolla, CA). The sequence of the mutated DNA was confirmed
before linearization and transformation into the P. pastoris strain KM71.

Production of mite group 1 natural and recombinant allergens

Natural Der p 1 and Der f 1 (termed nDer p 1 and nDer f 1, respectively)
were purified from mite cultures as described previously (5, 9, 10). The
recombinant Der p 1 and Der f 1 (termed rDer p 1 and rDer f 1, respec-
tively) wild type and mutant allergens were expressed as proenzymes in
P. pastoris and purified by affinity chromatography using either mAb 4C1
(for mAb 5H8 and 10B9 epitope mutants) or mAb SHS (for mAb 4C1
epitope mutant) coupled to CNBr-activated Sepharose 4B beads (GE
Healthcare, Piscataway, NJ). Each sterile filtered supernatant was loaded
onto the column and the allergen was eluted with basic elution buffer
(0.005 M glycine in 50% ethylene glycol, pH 10). The column fractions
were combined, concentrated, and acid dialyzed (0.1 M sodium acetate,
pH 4.2) to fully remove the proregion and then dialyzed into PBS.

Measurement of group 1 mite allergens and dose-response
curves of epitope mutants by immunoassays

Quantification of expressed allergens was performed by ELISA and by
Advanced Protein Assay (Cytoskeleton, Denver, CO). The effect of mu-
tations on Ab binding was assessed by direct binding or ELISA inhibition.
The mAb epitope mutants were compared with the allergens with wild type
epitopes (recombinant with or without proregion and/or natural Der p 1 or
Der f 1) by performing dose-response curves using two-side ELISA. ELISA
plates were coated overnight at 4°C with a capture mAb (4C1, SH8, or the
Der f 1-specific 6A8, depending on the assay as explained below).

Standards and samples were added, incubated for 1 h at room temper-
ature, followed by 1 h incubations with a mAb that binds to the epitope that
was mutated. Biotinylated mAbs SHS or 4C1 (B-5HS8 or B-4C1) were used
as detection Abs for the mAb 5SH8 and 4C1 epitope mutants that had been
captured with mAbs 4C1 or 5HS, respectively. The Der f 1 mutants,
captured with Der f 1—specific 6A8, were detected with either B-4C1 or
B-10B9. The biotinylated Abs were used at dilutions that would provide a
sufficient window of Ab binding activity (absorbance up to 3 at 405 nm).
This was followed by an incubation with streptavidin peroxidase (Sigma-
Aldrich, St. Louis, MO), and subsequent assay development using ABTS/
H,0, as substrate. Absorbance was read at 405 nm using a microplate
reader (BioTek Instruments, Winooski, VT).

ANTIGENIC DETERMINANTS OF GROUP 1 MITE ALLERGENS

Affinities of Der f 1 mutants determined by surface plasmon
resonance

Affinities of the allergens for mAbs were measured by surface plasmon
resonance (SPR) with a Biacore 3000 (GE Healthcare, Marlborough, MA).
ThenDerp 1, tDerp 1, nDer f 1, and all rDer f 1 mutants were inactivated by
overnight incubation with 5 mM E-64 protease inhibitor at 4°C. CM-5
chips were covalently coated by activation with 0.4 M 1-ethyl-3-(3-
dimethylamino) propyl carbodiimide hydrochloride and 0.1M N-hydrox-
ysuccinimide (NHS), followed by 8 w.l/min injection of the mAb 10B9 (90
ng/ml) for 8 min in 50 mM HEPES pH 7.4 and 0.005% Tween 20.
Unreacted NHS esters were inactivated with 1.0 M of ethanolamine/NaOH
(pH 8.5). The nDer p 1, rDer p 1, nDer f 1 and rDer f 1 mutants were
flowed at 30 pl/min for 10 min in a five concentration series ranging from
0to 1 wM; nDer f 1 was flowed in a concentration series ranging from 0 to
2 wM. The affinity was determined using Langmuir binding with mass
transfer and drifting baseline models in the Scrubber2 software suite
(BioLogic Software, Campbell, Australia) and Biacore 3000 control soft-
ware (GE Healthcare).

Inhibition of mAb or IgE Ab binding to Der p 1 or Der f 1 by
epitope mutants

Ab binding inhibition assays were performed by ELISA to compare mAb
5H8 and mAb 10B9 epitope mutants for their capacity to inhibit binding of
murine IgG mAbs or human IgE Abs to Der p 1. Briefly, for inhibition of
mAD binding experiments, mutants, nDer p 1 or nDer f 1 were preincubated
for 1 h at room temperature with biotin-labeled mAb SH8 at 1:2000 dilution
to assess SH8 epitope mutants, or with biotinylated mAb 10B9 at 1:10,000
dilution or more to assess 10B9 epitope mutants. The allergen-Ab mixture
was then added to microtiter plates coated with 10 pwg/ml Der p 1. The
allergens were used as inhibitors at concentrations ranging between 0.001
and 100 pg/ml. After 1 h incubation, plates were washed and incubated for
30 min with streptavidin peroxidase. Plates were developed by addition of
ABTS/H,0, and read as above.

For IgE inhibition experiments, allergens were preincubated for 1 h at
room temperature with IgE Abs (plasma diluted to have a ~1-3 window of
absorbance or plasma pool diluted 1:2) and then added to microtiter plates
coated as above. After a 3 h incubation, plates were washed and incubated
for 30 min with peroxidase labeled goat anti-human IgE (or streptavidin
peroxidase if anti-human IgE was biotinylated) and developed as above.
Plasma from dust mite allergic patients (n = 17) used in IgE inhibition and
direct Ab binding assays was obtained from Plasmalab International
(Everett, WA) which operates in full compliance of Food and Drug Ad-
ministration regulations. Informed donor consent was obtained from each
individual prior to the first donation. The average of Ab titers were 1883.6
AU/ml total IgE, 171.1 AU/ml Der p 1 and 20.7 AU/ml Der f 1, measured
by multiplex array as previously described (14). A pool was made using
four plasmas that had higher levels of specific IgE for Der p 1 than for Der
f 1. In this plasma pool, the average of Der p 1-specific IgE was 5.8 times
larger than the average of Der f 1-specific IgE (147.5 versus 25.4 AU/ml,
respectively).

Direct IgE Ab binding assays

Direct IgE Ab binding assays were performed by ImmunoCAP. Bio-
tinylation of the allergens was carried out using the EZ-Link Sulfo-NHS-
LC-Biotin, No-Weigh Format (Pierce; Thermo Fisher Scientific, Rockford,
IL), with biotin added at a 10-fold molar excess to the allergens. Zeba
Desalt Spin Columns (Pierce; Thermo Fisher Scientific) were used to
remove any excess biotin from the biotinylated allergens. A Quant*Tag
Biotin Kit (Vector Laboratories, Burlingame, CA) was used to quantify the
number of biotins per molecule. IgE detection and quantification in plasma
samples were determined using Specific IgE detection streptavidin
ImmunoCAP on the Phadia 100 (Thermo Fisher Scientific, Portage, MI).
After testing several concentrations of allergen (from 0.25 to 10 wg/ml),
streptavidin ImmunoCAPs were loaded with 5 g per CAP of biotinylated
allergen and incubated for 30 min. IgE measurements were performed
according to standard ImmunoCAP procedures.

Cysteine protease activity

Cysteine protease activity of the allergen mutants was determined by a
fluorometric assay. Purified allergens were diluted to 25 pg/ml in either
50 mM sodium phosphate and 1 mM EDTA buffer (inactive enzyme) or
50 mM sodium phosphate and 1 mM EDTA buffer containing 1 mM re-
ducing agent diothiothreitol (Pierce DTT; Thermo Fisher Scientific) (ac-
tivated enzyme). The diluted allergens were heated in a 37°C shaking
incubator for 10 min. Ten microliters of the heated allergen was added to a
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cuvette containing 980 wl of the corresponding buffer plus 10 wl of sub-
strate (BOC-GIn-Ala-Arg-MCA; Peptides International, Louisville, KY).
The final concentrations were 0.25 pg/ml for the allergen and 125 wM for
the substrate. Enzymatic activity was measured as the difference in relative
fluorescence unit (RFU) at times 0 and 3 min in a Versafluor Fluorometer
System (Bio-Rad, Hercules, CA) set at excitation and emission wave-
lengths of 360 = 20 and 460 *= 5 nm, respectively.

Results
Site-directed mutagenesis based on crystal structures of
allergen-Ab complexes

The rationale for mutagenesis was to identify: 1) determinants of
species specificity and cross-reactivity in Der p 1 and Der f 1, and 2)
residues involved in IgE Ab binding in mAb epitopes that overlap
with IgE Ab binding sites (9, 10). The specificity of the anti-Der
p 1| mAb 5H8 was analyzed by substituting important allergen
residues involved in Ab interaction with amino acids that would
impair Ab binding. In contrast, the specificity of anti-Der p 1 mAb
10B9 was evaluated by creating an epitope in Der f 1 that would
bind mAb 10B9. The contact residues involved in these Der p 1
Ab complexes had recently been identified by x-ray crystallog-
raphy, thus the structures of the 4C1, SH8 and 10B9 epitopes were
known (9, 10). These mAbs have different specificities and the
epitopes for mAbs 4C1 and 10B9 overlap (Fig. 1). The epitopes
were formed by 14-19 allergen residues from which three to four
were selected, taking into account their significant involvement in
allergen-Ab binding as explained below. The residues selected for
mutagenesis, marked in the Der p 1 and Der f 1 sequences, show the
conformational nature of the three epitopes (Figs. 2, 3, Table I).

Mutagenesis of mAb 4C1 epitope

Three amino acids were selected to express a Der p 1 multiple
mutant with these substitutions: R156A, Y185V, and D198A
(Figs. 2, 3, Table I). Arg156 was selected due to its dominant role
in the interactions between Der p 1 (and Der f 1) and the L chain
of 4C1 (Table I). Alrg156 was in a marginal site of the 4C1 epitope
(Fig. 2), and participated in four hydrogen bonds with the three
CDRs of the L chain of the Ab. Two hydrogen bonds were formed
by Alrgl56 main chain oxygen atom and side chains of Tyr32 and
Arg® from mAb 4C1, and two were formed by Arg'>® side chain
with the side chain of Asp®® from the Ab (Table I).

Two additional amino acids more centrally located in the epi-
tope, Tyr'®® and Asp'®®, were also mutated. Tyr'®® participated in
hydrophobic interactions with the H chain and residue Tyr'® from
H CDR3. The side chain of Asp'®® interacted through one hy-
drogen bond with the H CDR3 (main chain of Arg'®®) of the Ab.
Tyr' and Asp'®® form part of the core of the 4C1 binding epi-
tope. This core is composed of seven residues that have almost the
same conformation in the Ab-bound form and in the free form of
the allergen. Arg'” was also mutated to Thr but this mutant did not
express. As the side chain of Arg'” is involved in multiple hy-
drogen bonds and hydrophobic interactions with several residues,
the mutation most likely destabilizes Der p 1. Arg'” was part of an
a-helix and interacted with Tyr'® from H CDR3 and Tyr** from
H CDR2. In addition, Arg'” participated in a cation-m interaction
with Tyr'%? from the H chain (3.3 A) (9). Table I shows details of
the allergen-Ab interactions.

Mutagenesis of mAb 5HS epitope

Four mutants of the mAb 5H8 epitope were expressed: Q53T,
Y93S, Q109R-F111Y, and S114R. Amino acids in Der p 1 were
substituted to residues that were either present in the equivalent
position in Der £ 1 (Q53T, Y93S, F111Y), which does not bind SH8
and/or to larger residues that could generate a steric hindrance and
prevent the Ab binding (Q109R-F111Y, S114R) (Figs. 2, 3). The

3
A mAb 4C1 mAb 6A8
~3% (2/53) 88% (16/18)
11% (4/35)
71% (25/35)
Derp1 Derf1

FIGURE 1. Antigenic determinants of group 1 mite allergens. (A)
Schematic representation of antigenic determinants in Der p 1 and Der f 1
for four mAb previously described (7, 8). Most mAbs raised against Der
f 1 were species-specific (6A8; 16 out of 18; 88.9%), whereas only two also
bound Der p 1 (4C1; 2 out of 18; 11.1%) (8). Most mAbs raised against
Der p 1 were directed to the same epitope (SHS8; 25 out of 35; 71.4%) and
four were directed to another epitope (10B9; 4 out of 35; 11.4%) (7). In
total, only two out of 53 mAbs raised against Der p 1 or Der f 1 were cross-
reactive (2 out of 53; 3.8%). (B) Epitopes for mAb 4C1 (blue), mAb 10B9
(pink), and mAb 5SHS8 (orange) are indicated on Der p 1 structure (green).
The overlapping region of 4C1 and 10B9 epitopes is marked in lilac. The
figure was generated by superposition of crystal structures of Der p 1-Ab
complexes (PDB accession codes: 3RVW [Der p 1-4C1], 4PP1 [Der p 1-5HS],
and 4PP2 [Der p 1-10B9]). (€) Relative position of the three epitopes.

four residues Glu>, Tyr®, Glu'%, and Ser!'* were selected from
the 12 aa forming hydrogen bonds with SHS based on their ability
to form strong hydrogen bonds with the Ab. Phe''' forms mainly
hydrophobic interactions with Trp>> and Tyr'%? of the V region of
the H chain as well as Tyr47 of Der p 1 (Table I) (10). Residues
Glu'” and Phe''" are in the core of the epitope, whereas Glu™,
Tyr®, and Ser''* are in the rim. An additional criterion was related
to the fact that all these residues are significantly different from the
corresponding residues in Der f 1 that does not bind this Ab.

Mutagenesis to form a mAb 10B9 epitope in Der f 1

A partial overlap between the epitopes for the cross-reacting mAb
4C1 and the Der p 1-specific mAb 10B9 was taken into consid-
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FIGURE 2. Molecular surface of natural Der p 1. The
amino acids that were mutated from the epitopes for mAb 4C1
(blue), mAb 10B9 (pink), and mAb 5HS (orange) are shown in
white.

eration for the design of a mAb 10B9 epitope in Der f 1. Der f 1
residues in equivalent positions to those in Der p 1 recognized by
mAb 10B9, but not involved in mAb 4C1 binding, were selected
for mutagenesis (Figs. 2, 3). Four serines in Der f 1 were se-
quentially mutated into the residues in equivalent positions in Der
p 1: S13A, S19Q, S180N, and S200N. Ser'? and Ser'®” are closer
to the center of the allergen-Ab interface, whereas Ser'® and
Ser?® are in the rim of the interface. The residues glutamine and
asparagine are bulkier than serine, and may serve as anchors for
the mAb 10B9 in Der p 1. The S200N substitution was selected
because the equivalent to Ser”® in Der f 1 is Asn'® in Der p 1.
Asn'®” forms a strong hydrogen bond with Arg>* from the L chain
of mAb 10B9. On the contrary, the residue Ser'® was changed to a
less bulky residue to prevent possible interference with binding.
The mutants generated contained either one of the substitutions
(single mutants S19Q and S180N), a combination of two or three
mutations (double mutants S13A S19Q, S13A S180N and S19Q

ANTIGENIC DETERMINANTS OF GROUP 1 MITE ALLERGENS

S180N; triple mutant S13A S19Q S180N), or four mutations
(quadruple mutant S13A S19Q S180N S200N).

Cysteine protease activity as proof of correct folding of
catalytic site

The presence of cysteine protease activity in Der p 1, Der f 1, and
allergen mutants was used to assess the proper folding of the
proteins required for enzymatic activity. Because the catalytic site
of Der p 1 is formed by nonsequentially located residues (GIn*®,
Cys*, His!", and Asn'®°) (Fig. 3), the presence of the enzymatic
activity was used as an indicator of correct folding of the protein.
The Der p 1 mAb 4C1 epitope triple mutant (substitutions R156A,
Y185V, and D198A) and the Der p 1 mAb SHS epitope quadruple
mutant (substitutions Q109R-F111Y, Y93S, and S114R) were
enzymatically active. The mAb 5SH8 epitope mutant had an
equivalent enzymatic activity to the wild type (73.8 versus 60.3
RFU/min per 0.25 pg/ml for the mutant and wild type, respectively),

pro-Der p RPSSIKTFEEYKKAFNKSYATFEDEEAARKNFLESVKYVQSNGGAINHLS
(AR e S R A R R R R RN RN
pro-Der £ RPASIKTFEEFKKAFNKNYATVEEEEVARKNFLESLKYVEANKGAINHLS
1
pro-Der p DLSLDEFKNRFLMSAEAFEHLKTQFDLNAETNACSING-NAPAETIDLRQM 19
(R AR R RN N NN N R NN N N I I R A B I
pro-Der f DLSLDEFKNRYLMSAEAFEQLKTQFDLNAETSACRINSVNVPSELDLRSL 20
A Q
53 13 19
28 34 T
pro-Der p RTVTPIRMQGGCGSCWAFSGVAATESAYLAYRQQSLDLAEQELVDCASQH 69
FEErrrreerr e e et ettt e et
pro-Der £ RTVTPIRMQGGCGSCWAFSGVAATESAYLAYRQTSLDLSEQELVDCASQH 70
29 35
93 109 114 FIGURE 3. Comparison of pro-Der p 1
s RY R and pro-Der f 1 amino acid sequences. Amino
pro-Der p GCHGDTIPRGIEYIQHNGVVQESYYRYVAREQSCRRPNAQRFGISNYCQI 119 acid alignment of pro-Der p 1 and pro-Der f 1
(AR e N e e e N R A R RN RN showing the residues involved in epitopes
pro-Der f GCHGDTIPRGIEYIQQONGVVEERSYPYVAREQRCRRPNSQHYGISNYCQI 120 for mAb 4C1 (blue), mAb SHS (orange)
and mAb 10B9 (red). Residues forming the
12 6 active site are in green and underlined.
pro-Der p YPPNANKIREALAQTHSAIAVIIGIKDLDAFRHYDGRTIIQRDNGYQPNY 169
RN R R N R A RN R N R
pro-Der £ YPPDVKQIREALTQTHTAIAVIIGIKDLRAFQHYDGRTIIQHDNGYQPNY 170
185 198
170 v 190 A
pro-Der p HAVNIVGYSNAQGVDYWIVRNSWDTNWGDNGYGYFAANIDLMMIEEYPYV 219
(AR A RN Y P A R RN R RN
pro-Der f HAVNIVGYGSTQGVDYWIVRNSWDTTWGDSGYGYFQAGNNLMMIEQYPYV 220
171 N 191 N
180 200
pro-Der p VIL 222
Il:
pro-Der £ VIM 223
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Table I. Mutations for analysis of mAb recognition

Interacting mAb

Mutations on Allergen” Name Chain CDR” Residue Interaction Distance (A)°
Derp 1
RI156A 4C1 L CDR1 Tyr*? H-bond 27,26
L CDR2 Arg™® H-bond 32,32
L CDR3 Asp”? Two H-bonds 27,2.8/3.0,3.0
Y185V H CDR3 Tyr' ™ Hydrophobic 4.0
DI198A H CDR3 Arg'® H-bond 2.8,3.0
Q53T 5H8 H CDR2 Asp”® H-bond 25,27
H CDR3 Tyr'® H-bond 32
Y938 H CDR1 Thr* H-bond 25,26
QI09R H CDR2 Gly> H-bond 29,3.1
F111Y H CDR2 Trp® 2 Hydrophobic
H CDR3 Tyr'%? Hydrophobic
S114R L CDRI Tyr*? H-bond 2.9, 3.0
L CDR2 Tyr™® H-bond 3.1,3.0
Der f 14
S13A 10B9 H CDR2 Tyr>? H-bond 27,26
S19Q L CDR3 Gly”! H-bond 33,33
L CDR3 Asn®? H-bond 33,35
H CDR3 Tyrlo7 van der Waals
S180N H CDRI Ser®!, Gly*? H-bond 28,26
H CDRI Gly* H-bond 238,29
S200N L CDR2 Arg> H-bond 25,27

“Residues in bold indicate the amino acid from the allergen involved in mAb recognition.

P refers to Ab L chain, H refers to Ab H chain.

“The two values of distance for interactions with mAb 4C1 refer to two forms of the structure of Der p 1 in complex with Fab of the mAb with PDB accession codes 3RVW

and 3RVX, respectively.

“Mutations were performed on Der f 1, to create a binding site for mAb 10B9 that is Der p 1-specific, and were based on the structure of the Der p 1-mAb 10B9 complex.

H-bond, hydrogen bond.

in agreement with the fact that the epitope for mAb SHS resides
far from the catalytic area that comprises Cys>* and His'"°, as well
as from the substrate binding site. The mutant of the mAb 4C1
epitope showed a reduced enzymatic activity (8.3 RFU/min per
0.25 pg/ml) that, interestingly, could be associated with the lo-
cation of the mutations close to the active site. In particular, the
substitution Asp'®®* is on the same loop as Trp'®?, which is very
close to the catalytic residue His'’®. In addition, it is quite likely
that the vicinity of Trp'®? participates in substrate binding. Al-
though disruption of the catalytic site and/or substrate binding by
the mutation may have caused the reduction in enzymatic activity,
the fact that enzymatic activity was detected indicates overall
correct folding of this mutant, together with the fact that IgE
binding to this mutant presented by mAb 5SHS8 could be measured
at similar levels as the wild type for a couple of plasmas (data not
shown). The triple (S13A S19Q S180N) and quadruple (S13A

A Effect of mAb 5H8 epitope mutations on
direct mAb 5H8 binding to rDer p 1
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S19Q S180N S200N) 10B9 Der f 1 mutants had comparable en-
zymatic activity to rDer f 1 (data not shown). These results indi-
cate that the mutations did not abolish enzymatic activity. In
addition, to show the validation of the expression and purification
quality of the mite allergens and the corresponding mutants, group
1 mite allergens were run by SDS-PAGE, displaying the expected
m.w. (data for Der p 1 were added as Supplemental Fig. 1).

Effect of mutations in Der p 1 epitopes for mAb SHS and mAb
4CI on mAb and IgE Ab binding

The capacity of the mAb SHS or 4C1 epitope mutants to bind the
respective mAb was reduced versus the wild type allergen in
different degrees and depended on the mutation according to the
displacement of the mAb direct binding or inhibition curves
(Fig. 4). The relative effect of the mutations on mAb 5H8 binding
was as follows: the double mutant QI09R-F111Y showed the

B Inhibition of mAb 5H8 binding to rDer p 1
by mAb 5H8 epitope mutants
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FIGURE 4. Reduction of mAb 5H8 binding due to mutations in the associated epitope. (A) Dose-response curves showing the effect of mutations of the
SH8 epitope on mAb SH8 binding. (B) Inhibition assay showing that mutations of the SH8 epitope reduce the mAb SH8 binding to pro-rDer p 1. The
allergen pro-rDer f 1 was used as a negative control. Data are arithmetic mean = SD from an experiment representative of four assays performed.
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Inhibition of IgE ab binding to pro-rDer p 1
by Der p 1-mAb 4C1 and 5H8 epitope mutants
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FIGURE 5. Effect of mutations in epitopes for mAbs 4C1, 5H8, and
10B9 on IgE Ab binding to group 1 mite allergens by inhibition assays. (A)
Reduction of IgE Ab binding to multiple epitope mutants versus the wild
type, using pooled plasma from mite-allergic patients (n = 4). Inhibitors
are the Der p 1 mAb 4C1 epitope triple mutant and the Der p 1 mAb 5H8
epitope quadruple mutant. (B) Increase of IgE Ab binding to the Der f 1
triple mutant compared with Der f 1, using the same plasma pool as in (A).
Representative experiment out of two performed.

most reduced mAb 5H8 binding (up to 40 times in inhibition
assays, Fig. 4B), followed by the other three mutants in this order:
Y93S > S114R > Q53T. GIn'® forms a hydrogen bond with
Gly™ of the Ab, and is important for binding the Ab (along with

ANTIGENIC DETERMINANTS OF GROUP 1 MITE ALLERGENS

two water molecules) because it fills a cavity that is located among
all three H chain CDRs. Phe''! mainly forms the two hydrophobic
interactions mentioned above. Therefore, replacement of the polar
residue GIn'® with a more bulky and charged Arg residue, in
addition to the F111Y substitution, would have contributed to the
reduction of SHS binding observed for the mutant Q109R-F111Y.

Interestingly, initial assessment of the effect of individual mu-
tations in the mAb 5SHS epitope on IgE Ab binding showed small or
no effect in two mite-allergic patients by IgE inhibition assays and
only mutations Q109R-F111Y or S114R showed a reduction of IgE
Ab binding (up to 10-fold) (data not shown). Therefore, the mu-
tations QI09R-F111Y, Y93S, and S114R were combined in one
mAb 5H8 epitope multiple mutant. Similarly, three mutations in
the mAb 4C1 epitope (R156A, Y185V, and D198A), which were
previously proven to individually abolish the mAb 4C1 binding
and reduce IgE Ab binding up to 10-fold (9), were combined into
a mAb 4Cl1 epitope multiple mutant. The SH8 and 4C1 multiple
mutants were tested in a pool of plasma from four mite-allergic
patients and showed a significant reduction in IgE Ab binding by
inhibition assays (at least 100-fold for one of the mutants)
(Fig. SA). When tested for individual patients in inhibition assays,
a reduction in IgE Ab binding to the mutants versus the wild type
was also observed for all plasmas tested (n = 8), and the differ-
ences between both multiple mutants varied per patient (small for
some plasmas and up to >100-fold difference for two of the
plasmas tested) (data not shown). Using direct binding assays by
ImmunoCAP, a decrease in IgE Ab binding to mutants versus the
wild type was also observed for most patients using individual
plasma (n = 12) (Table II). The maximum reduction in IgE Ab
binding versus the wild type was 41.9% for the rDer p 1-5H8-QM,
32.0% for rDer p 1-4C1-TM and 81.7% for the Der f 1 allergen for
three different patients (with mean reductions = SD for n = 12 of
340 = 5.8%, 12.0 = 10.5% and 38.7 *= 24.4%, respectively)
(Table II). These reductions are significant, considering the
polyclonal nature of IgE. The changes observed in IgE Ab binding
to the mutants versus the wild type could not be explained by the
variability in measurements of protein loaded to the InmunoCAP
(4.0%) or the variability of the ImmunoCAP assays (9.8%). Also,
there was no correlation between changes in cysteine protease
activity and changes in IgE Ab binding between wild type and
mutants. In fact, the largest decrease in IgE binding was found for
the mAb 5H8 mutant, which had an equivalent enzymatic activity
to the wild type. As expected, IgE Ab binding to Der f 1 did not
correlate with binding to Der p 1 (i.e., plasmas 9 and 12) (and

Table II. IgE Ab binding to Der p 1 multiple mutants by direct Ab binding assays (ImmunoCAP)
IgE Ab Binding (kUA/L) IgE Ab Binding (%) Reduction in IgE Ab Binding (%)

rDer p 1- rDer p 1- pro- rDer p 1- rDer p 1- pro- rDer p 1- rDer p 1- pro-

Plasma rDer p 1 5H8-QM 4C1-TM rDer f 1 rDer p 1 5SH8-QM 4C1-TM rDer f 1 rDer p 1 5SH8-QM 4C1-TM rDer f 1
1 15.1 9.4 12.6 5.1 100.0 62.1 83.4 334 0.0 37.9 16.6 66.6

2 4.6 2.7 4.7 4.7 100.0 58.1¢ 102.0°  101.5" 0.0 41.9° -20* -1.5
3 8.9 54 7.4 7.4 100.0 60.6 82.9 83.1 0.0 394 17.1 16.9
4 3.6 2.4 34 1.9 100.0 65.8 93.1 52.2 0.0 342 6.9 47.8
5 20.3 14.4 17.7 9.1 100.0 70.9 87.2 44.9 0.0 29.1 12.8 55.1
6 14.5 8.5 9.9 11.3 100.0 58.9 68.0¢ 77.9 0.0 41.1 32.0° 22.1
7 9.6 7.0 8.3 7.9 100.0 72.7° 86.4 82.1 0.0 27.3¢ 13.6 17.9
8 11.0 6.5 10.9 53 100.0 59.4 99.1 48.3 0.0 40.6 0.9 51.7

9 8.4 6.0 8.3 1.5 100.0 71.2 98.6 18.3¢ 0.0 28.8 1.4 81.7"
10 38.4 27.4 31.5 17.8 100.0 71.4 82.0 46.4 0.0 28.6 18.0 53.6
11 22.8 16.3 22.4 15.5 100.0 71.5 98.2 68.0 0.0 28.5 1.8 32.0
12 28.6 19.9 21.4 22.8 100.0 69.6 74.8 79.7 0.0 30.4 25.2 20.3
Mean 15.5 10.5 13.2 9.2 100.0 66.0 88.0 61.3 0.0 34.0 12.0 38.7
SD 10.4 7.6 8.4 6.6 0.0 5.8 10.5 24.4 0.0 5.8 10.5 24.4

Lowest % values in a column are indicated by “ and highest % values by ”.
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served as a different allergen control), because exposure and sen-
sitization to both allergens is expected to differ per patient. These
results proved the importance of specific residues in the allergen-Ab
interaction and an overlap between IgE and mAb binding sites.

Comparison of Der p 1 recognition by mAb 10B9 versus mAb
4C1

The epitopes for mAb 4C1 and mAb 10B9 significantly overlap and
the relative positions of paratopes are rotated (Fig. 6A) (10). Due to
this rotation, the H chain of mAb 4C1 overlaps quite closely in
space with the L chain of mAb 10B9 (Fig. 6B). Interestingly, a
loop containing the H chain CDR3 of mAb 4C1 protrudes to in-
teract with an area on the surface of Der p 1 that also interacts
with the H chain CDR3 of mAb 10B9. The latter adopts an
a-helical shape upon Ab binding (Fig. 6C, arrow).

Most of the amino acids from Der p 1 that are involved in in-
teractions with the CDR3 are common to both mAbs, but form
interactions with different amino acids in the respective Abs
(Table III) (15). The kind of interaction also differs in some cases.
Mutations Y185V and DI198A, designed to reduce mAb 4Cl1
binding, also affected 10B9 binding by Ab binding assays (data
not shown).

As part of the structural analysis of Der p 1 epitopes, the S of the
interface formed between Der p 1 and each of the mAbs was
calculated. These values were 0.624 and 0.649 between Der p 1
and mAb 5HS, and 0.673 and 0.702 between Der p 1 and mAb
10B9; in both cases two copies were found in the asymmetric unit.
These values are in a range expected for Ab-antigen complexes
(12, 16). However, the S. values of the interface formed between
the mAb 4C1 and either Der p 1 or Der f 1 were 0.763 and 0.782,
respectively. Such high S. values indicate better shape comple-
mentarity and are in the range expected for interfaces of oligo-
meric proteins. The common area shared by the epitopes binding
4C1 and 10B9 Abs has S, values of 0.761 for 4C1 binding epitope
and 0.633 and 0.677 for 10B9 binding epitope (for two copies of
complex in the asymmetric unit).

De novo creation of a mAb 10B9 epitope on Der f 1

Seven rDer f 1 mutants were expressed with each containing 1-4 aa
substitutions within the corresponding area of the mAb 10B9
epitope in Der p 1. As more substitutions were present in the Der
f 1 mutants, the dose-response curves using mAb 10B9 as de-
tection Ab were displaced to the left with increased saturation
levels of Ab binding (Fig. 7A). In contrast, parallel dose-response
curves using mAb 4C1 as detection Ab revealed that the mutations
did not modify mAb 4C1 binding, which indicates that most likely
the mutants preserved the same folding as the wild type allergen
(in line with the cysteine protease activity mentioned above)
(Fig. 7B). These results prove the creation of a binding site for the
Der p 1-specific mAb 10B9 in Der f 1, and an increase in mAb
10B9 Ab affinity for the allergen with the addition of up to three to
four mutations in Der f 1. The presence of only one mutation was
reflected by minimal mAb 10B9 binding. Three double mutants
(SI13A S19Q, S13A S180N, and S19Q S180N) revealed the rel-
ative importance of three residues in mAb binding: 13 > 180 >
19. The importance of the triple mutant for binding was also
observed by inhibition assay (data not shown). These results were
confirmed by measuring the affinities of the mutants for the mAb
10B9 binding by SPR. There was an increase of about one or two
orders of magnitude by each step of sequential addition of one,
two, or three to four mutations to Der f 1, with an ~1000-fold
increase in affinity for the mAb 10B9 by the multiple mutants
versus Der f 1 (Table IV). The single mutants showed larger af-
finities (range of Kp 0.25-3 wM) than the Der f 1 affinity for mAb

FIGURE 6. Spatial overlap of Fab from mAbs 4C1 and 10B9. (A) Su-
perposition of Fab for mAb 4C1 (blue) and 10B9 (red-orange). (B) H chain
(dark blue) from mAb 4C1 and L chain of mAb 10B9 (orange) coincide in
space. (C) H chains from mAb 4C1 (dark blue) and mAb 10B9 (red) bind
to the same area of Der p 1. White arrow indicates the a-helix formed by
the CDR3 from the H chain of mAb 10B9.

10B9 (mean = SD, 39.1 £ 3.1 uM). Overall, the affinities of the
single mutants were lower or comparable to the ones for the
double mutants (Kp 124-309 nM). Mutations S13A and S180N
had a strong combined effect on binding. The triple and quadruple
mutants showed affinities for the mAb of 2 = 19 and 33 = 19 nM,
respectively, that are very close to the affinities measured for rDer
p1 (54 = 8 nM) and nDer p 1 (1 £ 19 nM). The analysis sug-
gested that the mutation of three or four residues creates epitopes
with an affinity within the same order of magnitude as the full
epitope in Der p 1 (Table IV). The ability of the rDer f 1 with the
three mutations (S13A S19Q S180N) to bind 10B9 was compa-
rable to the ability of rDer f 1 to bind mAb 4C1 (Kp ~18 nM) (5)
(Fig. 8). This indicates that a mAb 10B9 epitope was created in
Der f 1.

A comparison of H chain CDRs from four mAbs specific for
group 1 mite allergens is shown in Table V, and reviewed in the
Discussion.

Epitope for mAb 10B9 overlaps with IgE Ab binding site

To investigate if the residues that had been mutated to create a
mADb 10B9 epitope in Der f 1 were involved in IgE Ab binding, the
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Table III.  Amino acids involved in allergen-Ab interactions at the level
of H chain CDR3 of mAbs 4C1 and 10B9

Residues Involved in
Der p 1-mAb 10B9 Interaction

Residues Involved in
Der p 1-mAb 4C1 Interaction

Derp 1 mAb 4C1 Derp 1 mAb 10B9
@n Arg!®? @13 Arg®
— e Asp' Tyr'??
Arg'? Tyr!04 Arg' Asn!95

Tyrm2 (cation-Tr)
. Glu'% o o
(Thr'®! in

Der f 1)

Tyr'® Close contacts with Tyr'® Asn'%
Tyr'® and Pro'®

Asp'®® Arg'® Asp'”® Tyr'%

Tyr?% Hydrophobic and — —

H-bond with Tyr'%*

Most interactions are hydrogen bonds unless indicated. Distances were measured
using Coot (15) and a cut-off of 3.3 A.

Der p 1 residues recognized by both Abs are underlined.

“Tyr*® forms a 3.32 A bond with Tyr'®, which is most likely not important for
direct allergen-Ab interaction, and a hydrophobic contact with Tyr1°4. This residue is
probably more important for keeping Arg'” in proper orientation, to facilitate a strong
interaction between Arg'” and the Ab.

—, not present; H-bond, hydrogen bond.

Der f 1 triple mutant was compared with Der p 1 and Der f 1 by
IgE inhibition assay. A plasma pool was used containing four
selected plasmas based on their higher (at least 1.5-fold) specific
IgE Ab levels to Der p 1 versus Der f 1. Der p 1 had the strongest
capacity to inhibit IgE Ab binding to Der p 1, followed by the
triple Der f 1 mutant, and finally by Der f 1, which had an inhi-
bition curve more displaced to the right versus the other two
curves (Fig. 5B). The relative effect of the three molecules showed
that addition of the three mutations conferred to Der f 1 a higher
capacity to bind IgE Abs. These results indicate that the mAb
10B9Y epitope is involved in IgE Ab binding.

Discussion

Most of the interactions of inhalant allergens with IgE Abs depend
on conformational epitopes defined by the three-dimensional
structure of the allergen (17). In this study, the antigenic deter-
minants of Der p 1 and Der f 1 were analyzed by site-directed
mutagenesis based on four x-ray crystal structures of group 1 dust
mite allergens in complex with Fab fragments of mAbs. The mAbs
5HS, 4C1, and 10B9 were selected based on their capacity to
interfere with IgE Ab binding and/or their immunodominance (6—
8). The mutagenesis analysis of the mAb specificity was designed
based on two complementary approaches: 1) to reduce binding of
mAbs SH8 and 4C1 to Der p 1, and 2) to create a new epitope for
the Der p 1-specific mAb 10B9 in Der f 1. The ultimate goal was
to identify IgE Ab binding sites by analyzing the effect of amino
acid substitutions on IgE Ab binding, given the overlap between
IgE and mAb binding epitopes.

For the first approach, specific Der p 1 residues in the epitopes for
mAb 5H8 and 4C1 were substituted with amino acids that were
expected to impair Ab binding due to: 1) their presence in
equivalent positions in Der f 1 that does not bind the Ab, 2) their
larger size that could lead to steric clashes, or 3) a change in charge
or polarity. Individual substitutions affected mAb binding in dif-
ferent degrees, revealing the relative importance of specific resi-
dues for Ab recognition. Overall, substitutions in the mAb epitopes
had a stronger effect on mAb binding than on IgE Ab binding. A
10-100 fold reduction of mAb binding could be easily achieved
with 1-2 aa substitutions, whereas a 2—10 fold reduction of IgE

ANTIGENIC DETERMINANTS OF GROUP 1 MITE ALLERGENS

Ab binding was observed here for mAb SHS8 epitope mutants and
in our previous study for single mAb 4C1 epitope mutants (9).
This is an expected result given the polyclonal nature of IgE. Only
the binding of a fraction of the population of polyclonal anti-Der p
1 IgE Abs produced by B cell clones would be impaired by a
single mutation. As expected, single mutations did not abolish
mAb recognition because the allergen-Ab interaction involves
several residues. Therefore, mutants with multiple amino acid
substitutions in the epitopes for either mAb SHS or 4C1 were
expressed by combining single mutations that were proven ef-
fective in the reduction of Ab binding. The effect of these multiple
mutants on IgE Ab binding was significant by inhibition and direct
Ab binding assays. In inhibition assays, up to at least 100-fold
reduction in IgE Ab binding was observed for a mutant in pooled
plasma and in two out of eight individual patients tested. The
reductions in direct IgE Ab binding to the mutants versus the wild
type by ImmunoCAP were significant when considering the
polyclonal nature of IgE Abs. The number of epitopes involved in
the IgE response to Der p 1 is unknown. A reduction of 50 or 33%
would be expected if one out of two or three epitopes involved in
IgE response (with equivalent amounts of Ab per epitope), re-
spectively, were abolished. The maximum reductions of 42 and
32% observed for each of the two mutants are in line with the
existence of at least two to three immunodominant epitopes on the
allergen. The different effect of epitope mutations per patient in-

Effects of mutations on mAb 10B9 binding to rDer f 1
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FIGURE 7. Dose-response curves of rDer f 1 wild type and mutants. (A)
As the number of mutations in rDer f 1 increases, the ability to bind mAb
10B9 also increases. (B) As positive controls, mutations in rDer f 1 to create a
mAb 10B9 epitope site did not interfere with mAb 4C1 binding. (B) Overall,
mutating only three to four residues led to the strongest binding of the mAb
10B9. Data are arithmetic mean * SD of duplicates from one representative
experiment out of two to four experiments performed for each panel.
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Table IV.  Summary of SPR measurements for allergen-mAb 10B9 interactions

Kp Maximum Response Units

Construct” Mean SD Mean SD
nDer f 1 39.1 puM 3.1 uM 3560 217
S19Q 3 uM 1 M 589 172
S180N 250 nM 20 nM 59.0 2.00
S19Q S180N 268 nM 1 nM 25.5 3.00
S13A S180N 124 nM 38 nM 36.5 1.64
S13A S19Q 309 nM 77 nM 216 26.3
S13A S19Q S180N 2 nM 19 nM 97.0 3.00
S13A S19Q S180N S200N 33 nM 19 nM 93.6 7.64
rDer p 1 54 nM & nM 99.3 2.16
nDer p 1 1 nM 19 nM 251 41.7

“Prefix n, natural; prefix r, recombinant.

dicates differences of IgE epitope recognition by patient. Overall,
these results proved that important IgE Ab binding sites had been
identified on Der p 1.

In the current study, differences in recognition of two Abs that
bind overlapping epitopes were evaluated in detail by comparing
the epitopes for mAbs 4C1 and 10B9. Structural evidence for
recognition of a single epitope by two distinct Abs has been
reported previously with different kinds of overlaps for different
sets of molecules. Two Abs bound hemagglutinin of influenza virus
with similar affinities and orientation, and one-third of the inter-
actions were conserved in the two complexes (18). The interaction
of two Abs with influenza virus neuraminidase involved a rotation
(of 72°) of the two Abs binding a common epitope. The same set
of residues was used in interactions differing sterically and
chemically in both complexes (19). In the current study, more than
70% of the 10B9 binding epitope overlaps with the epitope for the
mAb 4C1. However, the 4C1 paratope is rotated counterclockwise
by ~90° with respect to the 10B9 paratope, and the H chain
CDR3s adopt different conformations (an unusual a-helix induced
upon mAb 10B9 binding versus a loop for mAb 4C1) (10). In-
terestingly, although the H chain CDR3 of mAbs 10B9 and 4C1
recognize a similar area on Der p 1, a superposition of the

Dose-response curves of rDer f 1 wild type and
triple mutant with detection mAb 10B9 or 4C1
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FIGURE 8. Evaluation of new epitope for mAb 10B9 on rDer f 1 triple
mutant. The rDer f 1 with three mutations (S13A S19Q S180N) was able to
bind 10B9, but not the wild type rDer f 1. This ability was comparable to
the ability of rDer f 1 to bind mAb 4C1. As positive controls, mAb 4Cl1
recognizes both wild type and mutated rDer f 1 (both presented by mAb
6A8), and mAb 10B9 recognizes rDer p 1 presented by mAb 5SHS. Data are
indicated in circles for mAb 10B9 and in triangles for mAb 4C1. Data for
mAb 10B9 are arithmetic mean + SD of duplicates from a representative
experiment out of four.

structures of both complexes showed that overall the H chain of
mADb 4C1 overlaps with the L chain of mAb 10B9 in the space. The
H chain CDR2s from both mAbs bind to completely different areas
of Der p 1, despite their high amino acid sequence identity (75% for
CDR2s versus 60% for CDR1s and 27% for CDR3s). Most of the
allergen residues involved in recognition by the H chain CDR3 are
the same for both mAbs but interact in different ways (Table III).
Most interestingly, four residues in common, Glu'?, Arg'’, Tyr'®,
and Asp'®®, are not sufficient for binding mAb 10B9 to Der f 1. To
create a mAb 10B9 binding site in Der f 1, selected residues were
substituted with amino acids present in equivalent positions in
Der p 1 and not involved in mAb 4C1 binding. The sequential
substitutions S13A, S19Q, and S180N in Der f 1 to the equivalent
residues in Der p 1 led to the creation of a mAb 10B9 binding site.
Ab binding immunoassays showed an increase in allergen-Ab af-
finity as additional mutations were added to form the epitope, and
SPR confirmed an exponential increase in binding affinities (up to
~1000 fold). This de novo creation of an epitope led to three in-
teresting conclusions. First, only few residues (1-3) were sufficient
to form an Ab binding site (although additional residues are ex-
pected to be involved in the full mAb 10B9 epitope). This obser-
vation is in line with a study which proved that a limited number of
mutations in the Ag binding site can alter specificity or add a dis-
tinct specificity to create a bispecific Ab (20).

Second, residues mutated to bulkier amino acids than serine
(glutamine and asparagine) resulted in mAb 10B9 binding. This is
in contrast with the mutations to bulkier residues performed for
mAb 5SHS, which were designed to lead to steric clashes that would
prevent binding. To interpret these results, a hypothesis was pos-
tulated that the molecular surfaces involved in binding the mAb
4C1 to Der p 1 would be more complementary and close to each
other than those involved in mAb 10B9 binding. Consequently, few
bulkier residues in Der p 1 (absent in Der f 1) would act as an
anchor for 10B9 to bind above the level of 4C1 binding. This
possibility was further investigated by analyzing the surface
complementarity of allergen-Ab interfaces (12). In agreement with
the hypothesis, the calculated S. was significantly higher for the
interface formed between the mAb 4C1 and both Der p 1 or Der f
1 than the same statistic calculated for the interface formed be-
tween mAb 10B9 or SH8 and Der p 1 (16). The S, was also
significantly higher for the common area on the Der p 1 surface
shared between mAbs 4C1 and 10B9. This suggests a better
ability of 4C1 to bind these two allergens despite small confor-
mational differences in its epitopes on the surface of Der p 1 and
Der f 1, and may also contribute to the fact that 10B9 and SHS8 are
binding only to Der p 1. The shape complementarity analysis led
to formulate a possible reason of cross-reactivity for mAb 4C1 and
lack thereof for mAbs 10B9 and SHS.
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Table V. Comparison of H chain CDR length and sequence identities among four mAbs against group 1 mite allergens

Length (Amino Acids)

4C1 10B9 5H8 6A8 Mean SD
CDRI1 6 5 5 5 5.3 0.5
CDR2 16 16 17 17 16.5 0.6
CDR3 12 14 10 12 12.0 2.0¢

Sequence Identity (%)

4C1-CDRI1 — 60.0 40.0 50.0 50.0 26.3
4C1-CDR2 — 75.0 333 333 47.2 32.9
4C1-CDR3 — 27.3 30.0 22.2 26.5° 36.9
10B9-CDR1 60.0 — 50.0 25.0 45.0 31.2
10B9-CDR2 75.0 — 26.7 26.7 42.8 36.6
10B9-CDR3 27.3 — 50.0 44.4 40.6" 31.3
SHS8-CDRI1 40.0 50.0 — 25.0 38.3 32.5
5H8-CDR2 333 26.7 — 43.8 34.6 33.5
5H8-CDR3 30.0 50.0 — 12.5 30.8° 37.8
6A8-CDR1 50.0 25.0 25.0 — 333 35.4
6A8-CDR2 333 26.7 43.8 — 34.6 33.5
6A8-CDR3 222 444 12.5 — 26.4° 39.2

CDR as defined in (5).
“CDR3 is the most variable CDR in length.

®CDR3 is the most variable CDR in sequence (lowest means of CDR sequence homologies with three other mAb).

—, 100% identity.

Finally, our results illustrate an exception to the general idea that
the H chain CDR3 is sufficient for most Ab specificities and has a
dominant role in Ag recognition (21). A comparison of H chain
CDRs from four mAbs specific for group 1 mite allergens (4Cl1,
10B9, 5H8, and anti-Der f 1 6A8) showed the highest variability
in length and sequence for CDR3 (Table V). In agreement with
our observations, H chain CDR3s have been reported to be the
most variable in length, sequence, and structure (21, 22). How-
ever, most of the residues interacting with the H chain CDR3 from
the mAb 4C1 are also present in Der f 1, but are not sufficient for
binding the mAb 10B9. The creation of a new mAb 10B9 binding
site in Der f 1 proved that additional hydrogen bonds involving
other CDRs (CDR1 and CDR2 from H chain and CDR2 and
CDR3 from L chain) were required for mAb 10B9 binding. These
results are in line with recent observations that H chain CDR3
diversity is not required for Ag recognition by synthetic Abs (23).

Mapping of binding sites for human IgE and IgG Abs on Der p 1
has been performed previously either by immunoassays using
recombinant allergen fragments or by phage display technology
(24-27). In the early 1990s, the use of small peptides limited the
first approach to the identification of mostly linear epitopes, such
as residues 155-187 (25). Nevertheless, three regions (60-80, 81—
94, and 101-111) strongly bound IgE and appeared to be close in
space in the folded molecule, most likely comprising a confor-
mational IgE Ab binding site. In another study, peptides with more
than 30 aa were required for consistent Ab binding, which is in
agreement with the importance of conformational epitopes for IgE
Ab binding to Der p 1 (24). Later on, phage display technology
had been used to identify mimotopes from phage peptide libraries
screened with Abs specific for Der p 1 (26, 27). Szalai et al. (26)
identified five mimotopes in Der p 1 corresponding to a single
patch in conserved areas between Der p 1 and Der f 1. This patch
includes a few of the residues that form the cross-reactive mAb
4C1 epitope. Furmonaviciene et al. (27) found a Der p 1 sequence
(Leu"*"-Glu'®”) that also comprises part of this epitope. Some of
the sequences reported by these studies contain residues that were
identified here as IgE Ab binding sites (i.e., Arg'*®) by combining
high resolution x-ray crystallography with detailed site-directed
mutagenesis analysis. This strategy allowed the precise identifi-
cation of only a few (3 to 4) amino acids that are important for
allergen-Ab recognition while considering the three-dimensional

structure of the allergen that forms conformational epitopes. The
analysis of antigenic determinants performed here for Der p 1 and
Der f 1, and previously for the cockroach allergen Bla g 2, can
also be applied to other major mite allergens such as Der p 2 and
the recently reported Der p 23 for which the three-dimensional
structures are known (28-31). The information generated provides
a basis for the design of allergen mutants showing reduced IgE Ab
binding with potential for future use in immunotherapy.
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Supplemental Figure S1. Silver stained SDS-PAGE gel showing recombinant Der p 1 wild type
(1), multiple epitope mutants rDer p 1-4C1-MM (2) and rDer p 1-5H8-MM (3), and natural Der
p 1 (4) (purified in the same way as the allergen that was used to determine the structure of
native Der p 1 by X-ray crystallography, which demonstrated correct folding of the allergen). All
allergens run at the expected MW (24 kDa) with the occasional formation of 48 kDa dimers at
certain concentrations. A larger smear in the natural allergen is most likely due to glycosylation.

Molecular weight markers are in lane 5.



