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Summary

Background and objective—The major cat allergen Fel d 1 represents one of the most
important respiratory allergens. Aim of this study was to engineer recombinant Fel d 1 derivatives
with reduced IgE reactivity and preserved T cell epitopes for vaccination and tolerance induction.

Methods—Seven recombinant mosaic proteins were generated by reassembly of non-IgE-
reactive peptides of Fel d 1 which contained the sequence elements for induction of allergen-
specific blocking 1gG antibodies and T cell epitopes. Mosaic proteins were expressed in
Escherichia coli using codon-optimized synthetic genes and compared with Fel d 1 regarding
structural fold by circular dichroism, IgE-binding capacity, activation of allergic patients’
basophils and ability to induce allergen-specific blocking IgG antibodies upon immunization.

Results—Although each of the mosaic proteins had lost the alpha-helical fold typical for Fel d 1,
a strong reduction in IgE reactivity as well as allergenic activity in basophil activation assays was
only obtained for three constructs, two reassembled fragments (Fel d 1 MB, Fel d 1 MC) and a
fusion of the latter two (Fel d 1 MF) in which the cysteines of Fel d 1 MC were replaced by
serines. Immunization of rabbits with Fel d 1 MB, MC and MF induced high levels of 1gG
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antibodies that inhibited IgE reactivity of cat-allergic patients to Fel d 1 in a comparable manner
as IgG induced with the wild-type allergen.

Conclusions—We report the development of hypoallergenic reassembled Fel d 1 proteins
suitable for vaccination and tolerance induction in cat-allergic patients.

Keywords

allergen-specific immunotherapy; cat allergy; Fel d 1; hypoallergenic vaccine; recombinant
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Introduction

The domestic cat (Felis domesticus) is one of the most common sources of indoor allergens
and is responsible for IgE-mediated allergic disease in about 20% of atopic patients [1-3].
Symptoms of cat allergy range from mild manifestations of rhinitis and conjunctivitis to
severe forms of asthma. Fel d 1 is the major cat allergen which is recognized by more than
90% of cat-allergic patients [4] and accounts for 60-90% of the total allergenic activity in
cat dander [5]. Crystal structure analysis revealed that Fel d 1 is an a-helical protein [6]
which forms tetramers consisting of two 18-kDa non-covalently linked heterodimers [7, 8].
Each dimer is composed of two antiparallel polypeptides, chain 1 and chain 2. In nature,
these polypeptides are encoded by two separate genes [9] and are subsequently covalently
linked by three disulphide bonds [7]. Bond et al. [10] showed that each Fel d 1 chain
displays IgE-binding activity and is able to induce histamine release, although at a lower
level than the naturally occurring Fel d 1 heterodimer. Therefore, recombinant Fel d 1, a
chain 2 to chain 1 fusion protein [rFel d 1 (2 + 1)], mimicking immunological properties of
the natural allergen has been produced [11].

Allergen-specific immunotherapy (SIT) is the only disease-modifying treatment for allergy
and has longlasting effects even after discontinuation [12, 13]. SIT has been shown to be
clinically effective for cat-induced asthma in several studies. Patients’” benefits were
reported to be associated with the induction of 1gG antibodies specific for the major cat
allergen Fel d 1 and reduced cutaneous and respiratory symptoms [14-18]. However, SIT
with cat allergen extracts is limited by severe side effects. For example, Mellerup et al. [19]
reported that 41% of patients that underwent specific immunotherapy with cat-allergen
extracts experienced severe side effects.

Therefore, several molecular approaches were developed for reducing SIT-induced side
effects. T cell epitope-containing peptides for the induction of tolerance have been tested in
several clinical trials with the goal of developing a tolerogenic cat vaccine [20-23]. Another
approach was the development of recombinant hypoallergens of Fel d 1 by disrupting the
disulfide bonds and duplicating selected T cell epitopes [24, 25]. We recently described an
approach based on recombinant fusion proteins consisting of non-allergenic Fel d 1 peptides
fused to hepatitis B PreS protein [26]. Other approaches comprise Fel d 1 coupled to
bacteriophage QpB-derived virus-like particles, Fel d 1 linked to human IgG or vitamin D3 or
Fel d 1 fusion proteins with a target signal for MHC |1 presentation [27-30].

Clin Exp Allergy. Author manuscript; available in PMC 2015 December 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Curinetal.

Page 3

In this study, we aimed to develop recombinant hypoallergenic Fel d 1 derivatives which
may be useful both for vaccination and induction of blocking 1gG antibodies as well as for
tolerance induction. We report the rational design, structural, immunological and pre-clinical
characterization of seven recombinant Fel d 1 derivatives containing either the whole Fel d 1
sequence or fragments containing approximately half of the Fel d 1 sequence. Based on IgE
reactivity testing, assessment of allergenic activity in basophils of allergic patients and
immunization experiments searching for the derivatives which induce robust allergen-
specific IgG responses blocking allergic patients IgE binding to the wild-type allergen, three
derivatives were identified as possible candidates for vaccination and tolerance induction.

Materials and methods

Allergic patients, synthetic peptides

IgE reactivity testing and assessment of allergenic activity by basophil activation were
performed with blood samples from twenty-one cat-allergic patients. Patients reported
clinical symptoms of conjunctivitis, rhinitis and/or asthma upon exposure to cats (Table S1).
They exhibited IgE antibodies to cat dander extract (e1) as measured by ImmunoCAP
(Phadia, Uppsala, Sweden) and IgE antibodies to rFel d 1 as determined by ELISA and/or in
a microarray assay (ISAC, Phadia, Uppsala, Sweden). Blood samples from three non-
allergic subjects were used as controls. Blood and serum samples were analysed in an
anonymous manner after informed written consent was obtained from patients with approval
of the local ethics committee, Medical University of Vienna, Austria (EK number
565/2007).

Fel d 1-derived peptides (Table S2) were synthesized using an Applied Biosystems peptide
synthesizer Model 433A (Foster City, CA, USA) and purified by HPLC [31].

Expression and purification of the recombinant hypoallergenic Fel d 1 derivatives

rFel d 1 was purified as previously described [11]. Genes (codon-optimized for Escherichia
coli expression) coding for the hypoallergenic Fel d 1 derivatives were synthesized (ATG:
biosynthetics, Merzhausen, Germany and GenScript, Piscataway, USA) and inserted into the
Ncol/EcoRl sites of pET-28b (Fel d 1 M, Fel d 1 MA, Fel d 1 MB) or into Ndel/EcoRl sites
of pET-27b (Fel d 1 MC, Fel d 1 ME and Fel d 1 MF; Novagen, Darmstadt, Germany). All
Fel d 1 derivatives also contained sequences coding for a hexahistidine tag at the C-
terminus. The DNA sequences were confirmed by means of restriction enzyme analysis with
corresponding restriction enzymes (Roche, Mannheim, Germany) and by automated
sequencing of both DNA strands. E. coli BL 21 DE3 (Stratagene, La Jolla, California)
transformed with pET-28b-M, MA, MB or pET-27b-MC, ME, MF were grown at 37°C in a
GFL 3033 incubator (GFL, Burgwedel, Germany) in LB medium containing kanamycin (30
pg/mL) for approximately 8 h at 37°C until a cell density (ODggg nm) of 0.3-0.6 was
reached. Protein expression was induced by adding 0.5 mw isopropyl-R3-
thiogalactopyranoside (Calbiochem, Merck, Darmstadt, Germany). Cells were harvested by
centrifugation at 10 408 g for 10 min and lysed with an Ultra-Turrax (Janke & Kunkel-1KA
Labortechnik, Staufen, Germany) in 100 mu NaH,PO4 10 mw Tris-HCI, 8 w Urea, pH 8.
Recombinant proteins were purified by Ni2* metal ion affinity chromatography (Qiagen,
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Hilden, Germany) and refolded by extensive dialysis against distilled water. The purity of
the recombinant proteins was analysed by SDS-PAGE, and the molecular mass was
determined by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(Bruker, Billerica, MA, USA). The final protein concentrations were determined using a
Micro-BCA Protein Assay Kit (Pierce, Rockford, IL, USA). The stability of MF was studied
after 28 months of storage at -20°C by SDS-PAGE performed under reducing and non-
reducing conditions and by size-exclusion chromatography (SEC) as described [32].

Circular dichroism (CD) analysis

The CD spectra of the purified recombinant proteins were measured on a JASCO (Tokyo,
Japan) J-810 spectropolarimeter. Measurements were carried out at protein concentrations of
0.1 mg/mL in a rectangular quartz cuvette with a path length of 0.2 cm. Spectra were
recorded from 190 to 260 nm with a resolution of 0.5 nm at a scan speed of 50 nm/min and
were the result from three scans. Final spectra were corrected by subtracting the baseline
spectra obtained with the buffers alone. Results are expressed as the mean residue
ellipticities (©) at given wavelengths. The secondary structure contents of the proteins were
calculated with the secondary structure estimation program CDSSTR [33].

IgE reactivity, T cell reactivity and allergenic activity of Fel d 1 and hypoallergenic Fel d 1

derivatives

Serum IgE reactivity of hypoallergenic Fel d 1 derivatives and synthetic peptides was
determined by means of direct ELISA. For this purpose, 3 pg/mL of Fel d 1, Fel d 1
derivatives or peptides were coated onto the ELISA plates. Sera from 21 cat-allergic patients
and three non-allergic individuals were then added to the ELISA plates in a dilution of 1 : 10
in TBS containing 0.5% v/v Tween 20 (TBS-T), and bound human IgE was detected with
HRP-coupled goat anti-human IgE antibodies diluted 1 : 2500 (KPL, Gaithersburg, MD).
The OD values corresponding to bound antibodies were measured at 405 and 490 nm. All
determinations were conducted as duplicates, and results were expressed as mean values
with a variation coefficient of less than 5%. For liquid-phase ELISA competition
experiments, sera from cat-allergic patients (n = 12) were diluted 1 : 10 in TBST and were
pre-incubated with rFel d 1, M, MA, MB, MC and MF (10 pg/mL), respectively, and, for
control purposes, with buffer alone or with the unrelated grass pollen allergen rPhi p 1
overnight at 4°C. Sera were then added to ELISA plates coated with rFel d 1, and ELISA
was developed as described above. The percentage of inhibition of IgE binding was
calculated as follows: 100—(ODa % 100)/ODg where ODp and ODg represent the OD
values after pre-incubation with the antigen or the buffer (TBS-T), respectively. To calculate
the amount of Fel d 1 needed for 50% of inhibition, sera of five patients were pre-incubated
with raising amounts of rFel d 1 overnight at 4°C, then added to ELISA plates coated with
Fel d 1 and developed as described above.

Peripheral blood mononuclear cells (PBMCs) were obtained from cat-allergic patients and
cultured as described [26]. Cells were stimulated with different concentrations of rFel d 1 (2
+ 1), rFel d 1 MB, MC, MF (5 and 1.25 ug per well) or with equimolar amounts of rFel d 1,
MB, MC, MF and peptides 1-8 (0.132 nmol). For control, 4 U Interleukin-2 per well
(Boehringer Mannheim, Germany) or medium alone was tested. Mean cpm values were
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calculated from the triplicates, and stimulation indices (SI) were calculated as the quotient of
the cpm obtained for the antigen-stimulated cultures and medium control [26].

In vitro basophil activation tests were performed with heparinized peripheral blood from
nine patients with cat allergy. Blood samples (100 L) were incubated with serial dilutions
of rreld 1 (2 + 1), M, MA, MB, MC, MB+C, MF (0.01-0.00001 mg/mL), a monoclonal
anti-1gE antibody (1 pg/mL; Immunotech, Marseille, France) or with PBS for 15 min at
37°C. CD203c expression on basophils was measured by flow cytometry with the
phycoerythrin-conjugated mAb 97A6 (CD203c). Allergen-induced upregulation of CD203c
on basophils was expressed as the stimulation index, as described previously [34].

To compare IgE reactivity with allergenic activity for each of the 21 patients studied, rat
basophil leukemia cells (RBL) expressing human high-affinity IgE receptor FceRI [35] (1 x
10°/well) were loaded overnight with sera from the 21 cat-allergic patients and, for control
purposes, with serum from one non-allergic individual at a dilution 1 : 30. Cells were
washed three times with Tyrode’s buffer (Sigma, Vienna, Austria) and exposed to serial
dilutions of allergen (0.0001, 0.001, 0.01 and 0.1 pug/mL of rFel d 1 (2 + 1), MB + MC and
MF, respectively) for 1 h. Supernatants were analysed for f-hexosaminidase activity as
described previously [36]. Experiments were carried out in triplicates, and results are
presented as mean percentages of total f-hexosaminidase released after addition of 10%
Triton X-100 + SE of the mean (SEM).

Immunization of rabbits, determination of IgG antibody titres and epitope maping

Rabbits were immunized with 200 pg of rFel d 1 (2 + 1), M, MB, MC, MF and MB + C in
equimolar amounts using Freund’s complete adjuvant, followed by two booster injections
with 200 pg of the immunogens using Freund’s incomplete adjuvant (first booster injection
after 4 weeks and a second booster injection after 7 weeks; Charles River Breeding
Laboratories, Kisslegg, Germany) [26]. For immunization with aluminium hydroxide
AI(OH)3, two rabbits were immunized with 200 pg of rFel d 1 and two with 200 pg of Fel d
1 MF (booster injections after 4, 7, 9 and 12 weeks). Pre-immune sera were obtained from
the rabbits before immunization.

Rabbit immune responses were analysed by ELISA titrations. For the measurement of
specific rabbit 1gG antibodies, ELISA plates were coated overnight with 5 pg/mL rFel d 1.
After blocking, the plates were incubated overnight with serial dilutions of the
corresponding rabbit antisera, or the corresponding pre-immune sera (1 : 1000, 1 : 5000, 1 :
10000, 1 : 20 000 and 1 : 50 000). Bound rabbit IgG antibodies were detected witha 1 :
1000 diluted horseradish peroxidase—labelled donkey anti-rabbit 1gG antiserum (Amersham
Biosciences, Little Chalfont, UK).

Epitope mapping was performed by direct ELISA. Synthetic peptides P1-P8 were coated on
the ELISA plates at a concentration of 2 ug/mL, and after washing and blocking, 1 : 1000
diluted antisera were added, and bound rabbit 1gG was detected with HRP-labelled donkey
anti-rabbit 1gG.
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ELISA competition assay for analysing the inhibition of human IgE binding to rFel d 1 by
IgG specific for the hypoallergenic Fel d 1 derivative

ELISA plates (Nunc, Roskilde, Denmark) coated overnight with 1 pg/mL rFel d 1 were pre-
incubated for 24 h with each of the anti-hypoallergenic Fel d 1 derivatives antisera, anti-rFel
d 1 antiserum, or, for control purposes, with the corresponding pre-immune sera (dilutions:
1 : 50 for CFA-immunized rabbits or 1 : 5 with AI(OH)3-immunized rabbits, respectively).
After overnight incubation with sera from cat-allergic patients (diluted 1 : 10), bound IgE
antibodies were detected with the horseradish peroxidase—labelled goat anti-human IgE
antibodies (KPL). The percentage reduction in IgE binding achieved by means of pre-
incubation with rabbit antisera was calculated as follows: 100—(OD,/ODp) x 100). OD, and
ODp represent optical density values after pre-incubation with the rabbit immune serum or
pre-immune serum, respectively.

Statistical analysis

For statistical analyses, the statistical program sess (2008; version 16.0 SPSS Inc, Chicago,
USA) was used. P-values < 0.05 were considered significant. Differences between the
groups are compared using Mann-Whitney U-test.

Results

Design of hypoallergenic rFel d 1 derivatives

Fel d 1 peptides (Table S2: P1-P8; Fig. 1a) were shown to exhibit reduced IgE reactivity
(Fig. 2, Table S3). To obtain hypoallergenic Fel d 1 molecules preserving Fel d 1-specific T
cell epitopes, P1-P5 were recombined as mosaic derivatives of Fel d 1. As a fully IgE- and
T cell-reactive reference molecule, we used rFel d 1 (2 + 1) in which chain 1 and chain 2
have been fused [11]. The first Fel d 1 derivative, Fel d 1 M1, was produced by engineering
a fusion protein consisting of an N-terminal chain 1 in which the positions of P1 and P2
were exchanged and of an altered C-terminal chain 2 in which P3 and P5 had been
exchanged (Fig. 1a). However, this derivative showed IgE reactivity comparable to rFel d 1
(2 + 1) and precipitated in biological buffers and therefore was not studied further (data not
shown). We assumed that the reassembly of P1 and P2 might have restored IgE reactivity
and therefore we divided chain 1 into three shorter peptides (peptides 6, 7 and 8; Table S2;
Fig. 1a). The derivative Fel d 1 M was then obtained by reassembling P6-P3-P7-P4-P8-P5
from the N- to the C-terminus. As M exhibited residual IgE reactivity (Fig 2, Table S3) and
allergenic activity, we thought to disrupt it by preparing the derivatives MA and MB
consisting of P6-P3-P7 and P4-P8-P5 of M, respectively, as well as MC consisting of P7-P3-
P6 (Fig. 1a). Interestingly, we observed that the residual allergenic activity resided in MA
whereas MC showed lower allergenic activity although it consisted of the same peptides as
MA,, yet in another order. Finally, we recombined MC and MB to obtain a single
hypoallergenic molecule containing all primary sequence elements of Fel d 1. For this
purpose, ME consisting of a N-terminal MC and a C-terminal MB was generated, and MF
which was identical to ME except that the three cysteines in MC were exchanged to serines
(Fig. 1a).
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Expression, purification and structural characterization of recombinant Fel d 1
hypoallergens

The Fel d 1 mosaic derivatives (Fig. 1a) were expressed in E. coli under laboratory scale
conditions (2-6 mg/L culture) and could be purified by affinity chromatography to more
than 90% purity (Fig. 1b). The calculated mass for the Fel d 1 derivatives corresponded with
the mass determined by matrix-assisted laser desorption/ionization time-of-flight analysis
(i.e. M: 18 921.69 Da; MA: 10 384.06 Da; MB: 9501.92 Da; MC: 10 218.98 Da; ME: 18
755.62 Da; MF: 18 748.72 Da). CD analyses showed the altered fold of the mosaic
derivatives when compared to rFel d 1 (Figure S1).

The analysis of a preparation of MF which had been stored for 28 months at —20°C showed
no evidence for degradation of the protein when it was run on SDS-PAGE under reducing
conditions but the protein occurred in the form of a dimer and higher oligomeric forms in
non-reducing SDS-PAGE and in solution appeared as a tetramer and higher molecular
weight aggregates as demonstrated by SEC (Figure S2).

rFel d 1 derivatives show reduced IgE reactivity and allergenic activity but retained T cell
reactivity in comparison with Fel d 1

Serum IgE reactivity of the purified proteins was determined by means of direct ELISA
(Fig. 2, Table S3). Each of the 21 patients showed IgE reactivity to Feld 1 while no
reactivity to HSA was observed. Fel d 1 derivatives showed either complete loss of IgE
reactivity in some patients or strong reduction in others. Fel d 1 M showed a significantly
reduced IgE reactivity as compared to Fel d 1 (Fig. 2, P < 0.001). Each of the other mutants
(i.e. MA, MB, MC and MF) showed an even more reduced IgE reactivity which was
significantly reduced as compared to Fel d 1 M (Fig. 2). There was a consistent reduction in
IgE reactivity for each of the tested patients (Table S3). Similar results were found for fluid-
phase ELISA competition experiments (Table S4) where rFel d 1 almost completely
inhibited IgE reactivity in sera of cat-allergic patients (n=12) to rFel d 1 (i.e. 89% mean
inhibition), whereas pre-incubation of sera with the hypoallergenic derivatives caused less
than 16% mean inhibition of IgE reactivity to Fel d 1 (Mean inhibitions, M: 15%; MA: 12%);
MB: 13%; MC: 16%; MF: 12%).

The fluid-phase inhibition was performed in antigen excess because a 50% inhibition of IgE
reactivity to Fel d 1 was obtained with concentrations of rFel d 1 ranging from 0.0008 to 0.1
pg/mL (data not shown), and the inhibitions were performed with a concentration of 10
ug/mL of inhibitors.

Next we investigated the allergenic activity of the Fel d 1 derivatives in basophil activation
experiments (Fig. 3a). Fel d 1 MB and Fel d 1 MC did not cause a relevant upregulation of
the CD203c expression up to the highest applied antigen concentration (i.e. 10 pg/mL) in the
tested patients, whereas Fel d 1 started to induce upregulation at a concentration of 0.01
pg/mL in three out of four patients. In two patients, Fel d 1 M started to induce basophil
activation at 0.1 pg/mL and Fel d 1 MA at 1 pg/mL. In a second set of experiments (Fig. 3b),
we sought to additionally test equimolar mixes of fragments Fel d 1 MB and Fel d 1 MC and
found a 1000-fold reduction in allergenic activity in comparison with rFel d 1. We then
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compared Fel d 1 MF with rFel d 1 and an equimolar mix of Fel d 1 MB and MC. The MB +
MC mix as well as Fel d 1 MF showed an at least 100-fold reduced allergenic activity in
comparison with rFel d 1 (Fig. 3c). The variants Fel d 1 M B, Fel d 1 MC and Fel d 1 MF
which had shown the strongest reduction in allergenic activity were subjected to a detailed
comparison with Fel d 1 using sera from all 21 cat-allergic patients by using rat basophil
cells which had been transfected with the a-chain of the human Fce receptor (Fig. 4). MB +
MC and MF did not induce any relevant basophil activation, whereas rFel d 1 wild type
induced a dose-dependent activation in 15 of the 21 patients indicating a more than 1000-
fold reduction in allergenic activity of the derivatives as compared to Fel d 1 (Fig. 4).

Since Fel d 1 MB, MC and MF showed the greatest reduction in allergenic activity, we
tested these molecules regarding the presence of T cell epitopes. When PBMC from two cat-
allergic patients 21 and 16 (Table S1) were exposed to two concentrations of each of the
molecules, we found that the hypoallergenic derivatives Fel d 1 MB, MC and MF induced
comparable (patient 21: SI1 0.25 ug/mL: Fel d 1: 2.6; Fel d 1 MB: 2.9; Fel d 1 MC: 2.7; Fel d
1 MF: 3.7; SI 1 pg/mL: Fel d 1: 3.1; Fel d 1 MB: 2.8; Fel d 1 MC: 3.0; Fel d 1 MF: 3.6) or
even stronger (patient 16: SI 0.25 pg/mL: Fel d 1: 3.3; Fel d 1 MB: 5.3; Fel d 1 MC: 7.7; Fel
d1MF:7.0;SI Lpg/mL: Feld1: 2.8; Feld 1 MB: 8.9; Feld 1 MC: 8.6; Fel d 1 MF: 7.4) T
cell proliferation compared to Fel d 1 wild type indicating that Fel d 1-specific T cell
epitopes were retained. To further compare the derivatives with the rFel d 1 wild type for T
cell activation and to study T cell-reactive peptides, PBMC from three additional patients
were exposed to the equimolar concentrations of Fel d 1 derivatives and peptides. Table S5
shows that peptides 1, 2, 3, 4, 6, 7 and 8 induced T cell proliferation (SI = or > 1.5) in
PBMCs from patients with cat allergy. MF induced T cell proliferation in each of the tested
patients.

Immunization with Fel d 1 derivatives induces IgG antibodies that recognize rFel d 1 and
inhibit patients’ IgE binding to rFel d 1

As shown in Figure S3, the immunization with Fel d 1 derivatives (i.e. Fel d 1 M, Fel d 1
MF, Fel d 1 MB and MC, mix of Fel d 1 MB and MC) induced in rabbits Fel d 1-specific
IgG antibody responses. In the individual rabbits, antibody responses were comparable to
those obtained with rFel d 1 except for the two rabbits which were immunized with Fel d 1
MB and MC, respectively. In these rabbits, antibody responses were lower than the ones
induced with rFel d 1 (Figure S3). Interestingly, rabbit antibodies induced with the Fel d 1
derivatives recognized more synthetic Fel d 1 peptides and also with greater intensity than
rabbit antibodies induced with rFel d 1 wild type (Fig. 5).

We then investigated whether Fel d 1 mosaic derivative—induced rabbit 1gG antibodies can
inhibit the binding of cat-allergic patients’ serum IgE to the wild-type rFel d 1 in an ELISA
competition assay. Antibodies induced by immunization with rFel d 1 derivatives strongly
inhibited patients’ IgE reactivity to Fel d 1 (Table S6). Anti—rFel d 1 M antibodies inhibited
the binding of patients IgE to rFel d 1 between 36.9% and 90.3% (67.8% mean inhibition)
which was close to the inhibition obtained with anti-rFel d 1 antibodies (56.6% and 88.1%,
mean inhibition 74.9%; Table S6). The anti—-rFel d 1 MB-antiserum showed inhibition rates
between 36.9% and 77.7% (56.6% mean inhibition), and the anti-rFel d 1 MC-antiserum
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inhibited between 56.8% and 86.7% (73.7% mean inhibition). Interestingly, the rabbit
antibodies obtained by immunization with an equimolar mix of fragments MB and MC
(anti-rFel d 1 MB + MC) showed comparable inhibition rates (72.3% mean inhibition) with
antibodies against fragment C alone (anti-Fel d 1 MC, 73.7%). Anti-Fel d 1 MF antibodies
inhibited IgE binding to Fel d 1 between 61.6% and 89.9% (mean 70.9%) which was
comparable to the inhibition achieved with anti-rFel d 1 antibodies. As CFA cannot be used
in patients, two rabbits were immunized with Fel d 1 and two rabbits with Fel d 1 MF using
alum, an adjuvant which is frequently used for SIT. We found that anti-Fel d 1 MF
antibodies inhibited the binding of the patients’ sera similar to antibodies raised with Fel d 1
(Table 1).

Discussion

In this study, we have used a combination of two strategies to reduce IgE reactivity and
allergenic activity of an important respiratory allergen, the major cat allergen, Fel d 1. In a
first set of experiments, we used rational molecular re-assembly of hypoallergenic fragments
of Fel d 1 to identify recombinant hypoallergenic derivatives by IgE testing and analysis for
allergenic activity using patients basophils. To improve solubility of the hypoallergenic
mosaic protein which contained the entire primary sequence of Fel d 1 (i.e. Fel d 1 ME), we
exchanged cysteines in its N-terminal building block Fel d 1 MC with serine residues. The
latter manipulation reduced the aggregation of the recombinant mosaic protein which most
likely had occurred by intermolecular disulphide bond formation. The strategy of molecular
reassembly was based on previous IgE epitope mapping data where five hypoallergenic Fel
d 1 peptides were identified [26] and which served in the initial constructs in a re-assembled
form. After the initial IgE reactivity tests, the peptides were modified (i.e. shortened/
prolonged) to further reduce the allergenic activity of the constructs. It was previously
demonstrated for important respiratory allergens from grass pollen Phl p 2 [37] and Phl p 12
[38] that simple head to tail restructuring of non-IgE reactive fragments leads to
hypoallergenic molecules. In the case of Fel d 1, this approach was not applicable as
derivative Fel d 1 M1 showed IgE reactivity almost comparable to rFel d 1. Therefore, a
more thorough restructuring was required to obtain a suitable hypoallergenic derivative
which was based on further fragmentation of chain 1 and a rearrangement of these new
fragments. One of the reasons for the persistence of IgE reactivity of Fel d 1 M1 could be
the fact that Fel d 1 contains in addition to conformational also some sequential IgE
epitopes. In fact, IgE epitopes as short as 14 amino acids have been reported [39]. Natural
Fel d 1 consists of two chains which are linked by three disulphide bonds. They are formed
between Cys3 of chain 1 and Cys73 of chain 2, Cys44 of chain 1 and Cys48 of chain 2, and
between Cys70 of chain 1 and Cys7 of chain 2 [10]. It was previously reported that
exchange of cysteines to serines contributes to solubility and reduced IgE reactivity of some
respiratory allergens [24, 40]. As derivative ME containing all six cysteins showed only
limited solubility, three of its cysteins were exchanged with serines (Cys 3 and Cys 44 of
chain 1 and Cys 7 of chain 2) taking care that only one cysteine residue from each pair
constituting disulfide bonds was exchanged to minimize divergence from the original Fel d 1
amino acid sequence. The resulting derivative MF indeed showed enhanced solubility in
comparison with ME and could be well expressed and purified. Even after a storage of 28
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months at -20°C, Fel d 1 MF showed no signs of degradation. However, the protein
occurred as tetramer and in the form of high molecular weight aggregates. The latter does
not speak against the use of MF for SIT because also allergoids which are registered for SIT
represent denatured allergen extracts occuring in the form of high molecular weight
aggregates, and a recombinant trimer of Bet v 1 which forms aggregates has been used in
clinical SIT trials [32, 41]. Quite on the contrary, aggregated allergen derivatives such as the
trimeric Bet v 1 were highly immunogenic and induced high titres of allergen-specific
blocking antibodies. However, it will be necessary to develop GMP conditions which allow
monitoring and standardizing the aggregation behaviour and the immunogenic as well as
allergenic properties of the protein.

In total, we produced seven rFel d 1 derivatives of which five showed reduced IgE reactivity
in liquid phase in comparison with rFel d 1 (2 + 1) (i.e. M, MA, MB, MC and MF). Basophil
activation assay experiments and immunization experiments finally enabled us to select
three candidate molecules: MB, MC and MF showed higher reduction in allergenic activity
compared to the constructs M and MA. We observed an at least 100-fold reduction in
allergenic activity for MB, MC and MF compared with that of wild-type rFel d 1 indicating
that allergic patients should theoretically tolerate an up to 100-fold higher dose of these
hypoallergens compared with Fel d 1 in the course of SIT.

In addition to hypoallergenicity, the ability to induce high levels of allergen-specific
blocking 1gG antibodies seems to be important for the suitability of a molecule which is
used for subcutaneous immunotherapy [42—-44]. Interestingly, when we performed
immunization experiments of rabbits with our candidate molecules, MC showed the highest
capacity of inducing allergen-specific blocking IgG although it contained only
approximately half of the Fel d 1 sequence. Yet, the advantage of MF over MC or a mix of
MB and MC is that it combines the whole Fel d 1 sequence within one protein. This
property may to some degree be dispensable for a vaccination approach aiming mainly at the
induction of allergen-specific blocking IgG antibodies, but for the induction of tolerance, a
complete representation of T cell epitopes may be desired.

In this context, it has been demonstrated that it is quite difficult to make peptide-based
tolerogenic vaccines because they need to contain a broad variety of many peptides to cover
the major T cell epitopes of an allergen as demonstrated recently [23]. The latter was also
confirmed in our study because we found that T cells from cat-allergic patients recognize
several different epitopes (Table S5). Most of these sequences are part of MF, and we could
show that MF induces comparable T cell proliferation as Fel d 1 wild type. MF may
therefore be used to develop a tolerogenic vaccine based on one single recombinant protein.
Moreover, MF, MC or a combination of MC and MB may also be used for the development
of vaccines inducing high levels of allergen-specific 1gG antibodies. Fel d 1 hypoallergens
have been reported in other studies [24, 27, 45] but the reduction in their IgE reactivity and
allergenic activity was much lower than that of the hypoallergenic derivatives described
here. For example, three Fel d 1 mutants rFel d 1 (DTE I), rFel d 1 (DTE II) and rFel d 1
(DTE 1) [24] started to induce catallergic patient’s basophil activation already at the
concentration of 0.01 pg/mL while our best molecules (MB, MC and MF) started to induce
basophil activation at concentrations of 1 ug/mL indicating that they are at least 100-fold
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more hypoallergenic. Likewise, our recombinant mosaic proteins appear to be less allergenic
than the MAT-Fel d 1 construct which exhibits a 100-fold reduced allergenic activity as
compared to wild type Fel d 1 [30]. Another approach to produce hypoallergenic cat
vaccines describes chemical coupling of intact rFel d 1 to virus-like particles [27]. Although
this vaccine showed high immunogenicity and reduced allergenicity in mouse model, it
induced activation of human basophils already at concentration of 0.001 pg/mL. Another
form of immunotherapy based on a chimeric fusion protein comprised of human Fcy and
intact Fel d 1 has been proposed by Zhu et al. [28]. They could show that Fcy-Fel d 1
inhibited degranulation of human basophils in vitro as well as in sensitized human mast cells
invivo in an allergen-specific manner. Nevertheless, repeated administration of this
molecule might induce autoantibodies against human Fcy.

Fel d 1-PreS [26] a previously developed peptide carrier fusion protein was efficient in
inducing allergen-specific blocking IgG antibodies but it contained only ~40% of Fel d 1
sequence and therefore cannot be used for direct induction of tolerance in T cells viathe T
cell receptor. As animal models, in particular murine models for cat allergy are based on
artificial sensitization protocols and IgE and T cell epitope recognition in such models is
different from that in allergic patients, next steps in evaluating our vaccine will be skin test
studies in allergic patients to assess in vivo the allergenic activity of the components
followed by safety and dose finding SIT studies in patients.

In conclusion, we have engineered and characterized hypoallergenic Fel d 1 derivatives
which should be useful for several therapeutic or preventive approaches for cat allergy.
These approaches include therapeutic and prophylactic tolerance induction as well as
vaccination concepts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Hypoallergenic Fel d 1 derivatives. (a) Representation of the recombinant Fel d 1 allergen
and its mosaic derivatives. Peptides (P1-P8) used for construction of hypoallergenic Fel d 1
derivatives (Fel d 1 M1, M, MA, MB, MC, ME, MF) are indicated in rFel d 1 consisting of
an N-terminal chain 2 and a C-terminal chain 1 in different colours. Cysteines (C), serines
(S), N- and C-termini of proteins as well as C-terminal hexa-histidine tags (6XHis) are
indicated. (b) Coomassie-stained SDS-PAGE of purified rFel d 1 and rFel d 1 derivatives.
M, molecular weight marker (kDa).
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IgE reactivity of cat-allergic patients to Fel d 1, Fel d 1 peptides and derivatives as tested by
ELISA in 21 patients. OD values correspond to bound IgE and are represented in box plots,
where boxes mark the interquartile range containing 50% of the data and lines across the
boxes indicate the median. O represent outliers and * are extreme values. P values are
shown.
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Stimulation Index

Allergenic activity of rFel d 1 and rFel d 1 derivatives as determined by basophil activation.
Basophils from cat-allergic patients were exposed to increasing concentrations (0.01-10
pg/mL) of rFel d 1 and equimolar concentrations of rFel d 1 derivatives (a: rFel d 1 M, MA,
MB and MC). In (b), two patients were also tested with an equimolar mixture of MB plus
MC, and in (c), the latter mix and MF was tested in three patients. Anti-IgE served as a
positive control and unstimulated control were basophils stimulated with PBS only. The
stimulation indices (SI) representing the upregulation of CD203c expression are shown on
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the y-axes. Sl was calculated as a ratio of mean fluorescence intensities of stimulated and
unstimulated basophils and is displayed as means + standard deviation (SD) of triplicates.
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Allergenic activity of rFel d 1 and rFel d 1 derivatives as determined using rat basophil
leukemia cells (RBL) transfected with human FceRI. RBL cells were loaded with sera of
cat-allergic patients (1-21) or with serum from a non-allergic person and were then exposed
to increasing concentrations (0.0001, 0.001, 0.01 and 0.1 pg/mL) of rFel d 1, or equimolar
concentrations of rFel d 1 derivatives (rFel d 1 MB + MC, Fel d 1 MF). B-hexosaminidase
releases are displayed as percentages of total f-hexosaminidase on the y-axes + standard
error mean (SEM) of triplicates.
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Fig. 5.

Reactivity of rabbit anti-Fel d 1 and anti-Fel d 1 variant antibodies with Fel d 1-derived
peptides. Shown are the OD values corresponding to bound 1gG antibodies (y-axis) specific

for synthetic Fel d 1 peptides (P1-P8) for the individual antisera.
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