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a  b  s  t  r  a  c  t

Peanut  allergy  is  an  IgE-mediated  severe  hypersensitivity  disorder.  The  lack  of a  treatment  of  this  poten-
tially fatal allergy  has  led  to intensive  research  on  vaccine  development.  Here,  we describe  the  design
and  initial  characterization  of  a carrier-bound  peptide  derived  from  the  most  potent  peanut  allergen,
Ara  h  2, as  a candidate  vaccine.  Based  on the  adjuvant  capability  of  bacterial  surface  (S-)  layers,  a  fusion
protein  of  the  S-layer  protein  SlpB  from  Lactobacillus  buchneri  CD034  and  the  Ara  h 2-derived  peptide
AH3a42  was  produced.  This  peptide  comprised  immunodominant  B-cell  epitopes  as  well  as  one  T  cell
epitope.  The  fusion  protein  SlpB-AH3a42  was  expressed  in  E.  coli,  purified,  and  tested  for  its IgE  binding
capacity  as well  as for its ability  to activate  sensitized  rat basophil  leukemia  (RBL)  cells.  The  capacity
of  Ara h  2-specific  IgG  rabbit-antibodies  raised  against  SlpB-AH3a42  or Ara h 2  to  inhibit  IgE-binding
was determined  by  ELISA  inhibition  assays  using  sera  of  peanut  allergic  patients  sensitized  to  Ara  h  2.
IgE  specific  to the  SlpB-AH3a42  fusion  protein  was  detected  in 69%  (25 of 36)  of  the  sera.  Despite  the
recognition  by  IgE,  the  SlpB-AH3a42  fusion  protein  was unable  to induce  �-hexosaminidase  release  from
sensitized  RBL  cells  at concentrations  up to  100  ng per  ml. The  inhibition  of IgE-binding  to  the  natural
allergen  observed  after  pre-incubation  of  the  20 sera  with  rabbit  anti-SlpB-AH3a42  IgG  was  more  than

30%  for  four  sera,  more  than  20%  for  eight  sera,  and  below  10%  for eight  sera.  In comparison,  anti-Ara  h 2
rabbit  IgG  antibodies  inhibited  binding  to Ara h  2 by 48%  ±13.5%.  Our  data  provide  evidence  for  the feasi-
bility  of  this  novel  approach  towards  the  development  of  a peanut  allergen  peptide-based  carrier-bound
vaccine.  Our  experiments  further  indicate  that  more  than one  allergen-peptide  will be needed  to  induce

atient
a broader  protection  of  p

. Introduction
Peanut seeds are widely utilized in the food industry due to
heir high protein and oil content but, at the same time, they are
ne of the most common causes for severe allergic reactions (Bock

Abbreviations: CBB, colloidal Coomassie Brilliant Blue R, 250; GdHCl, guanid-
nuium hydrochloride; GRAS, generally regarded as safe; OD, optical density; RBL
ells, rat basophilic leukemia cells; S-layer, cell surface layer.
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et al., 2001; Bock et al., 2007). Allergen sensitization develops early
in life, but in contrast to other food allergies in childhood, such
as cow’s milk allergy, peanut allergy tends to persist into adult-
hood and thereby affects 0.6–0.8% of the adult population (Osborne
et al., 2011; Skolnick et al., 2001; Soller et al., 2012). An efficient
therapy is not available and therapeutic approaches that modify
the immune response to peanut allergens and induce oral toler-
ance are being intensively investigated (reviewed in (Bublin and
Breiteneder, 2014a; Commins et al., 2016; Kingwell, 2016)).

Several attempts have been made to design hypoallergenic vari-
ants of the major peanut allergens to avoid serious side effects, but
still to generate tolerance or desensitization when used as vaccine

components. Use of genetically modified peanut allergens with a
highly reduced capacity to bind IgE but without compromising the
ability of T cell stimulation is widely investigated (Burks et al., 1999;
King et al., 2005; Rabjohn et al., 2002; Rolland et al., 2009; van
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offen et al., 2014). Several immunotherapy trials were conducted
ith hypoallergenic peanut proteins and heat-killed bacteria as

djuvants (Li et al., 2003a,b; Wood et al., 2013). Another attrac-
ive approach is the use of short, linear peptides representing T cell
pitopes of the major allergens that are able to modulate allergen-
pecific T cell responses without the ability to cross-link IgE and to
ctivate effector cells (Sicherer and Sampson, 2007).

Bacterial surface (S-) layers, which are two-dimensional crys-
alline arrays of (glyco)protein subunits that make up the
utermost layer of many bacteria, are excellent candidates to be
sed as antigen carriers in vaccine development (Sleytr et al.,
007; Sleytr et al., 2014). Proof-of-principle was accomplished by
he translational fusion of the major birch pollen allergen Bet v

 to the S-layer protein SbsC from Geobacillus stearothermophilus
esulting in an Escherichia coli-produced fusion protein which
howed reduced allergenicity and immunomodulatory capacity
Bohle et al., 2004; Gerstmayr et al., 2007; Gerstmayr et al., 2009).
-layers from lactic acid bacteria are particularly interesting can-
idates for carrier molecules in vaccine research because of their
generally regarded as safe” (GRAS) status. Currently, lactic acid
acteria are being intensively investigated as live vaccine deliv-
ry systems (Berlec et al., 2012; Trombert, 2015). Furthermore,
heir ability to withstand the passage through the gastrointestinal
ract makes them an ideal oral antigen delivery system (Hynönen
nd Palva, 2013). In this context, the development of Lactobacillus
trains carrying S-layers composed of tailored fusion proteins and,
hus, displaying thousands of regularly arranged copies of antigenic
eptides on the bacterial cell surface, is of great interest. Model pep-
ides have already been fused to and displayed on each monomer
f the S-layer of Lactobacillus brevis (Avall-Jääskeläinen et al., 2002)
nd Lactobacillus acidophilus (Smit et al., 2002) by chromosomal
ntegration based on homologous recombination.

An important feature of B-cell epitope–based vaccines is that the
se of a strongly immunogenic carrier allows induction of allergen-
pecific IgG antibodies also against allergens that intrinsically are
oorly immunogenic and, thus, would induce a poor blocking IgG
esponse when used as natural allergen. However, regarding food
llergy, little is known until now about such vaccines based on an
mmunogenic carrier protein.

In this study, we investigated the S-layer protein SlpB from Lac-
obacillus buchneri CD034 as a carrier of a peptide derived from a

ajor peanut allergen for peanut allergen-specific immunother-
py. Out of sixteen peanut allergens reported to date (www.
llergen.org; reviewed in (Bublin and Breiteneder, 2014b)), Ara h

 was described as the most dangerous one and was  identified as
 predictor of clinical reactivity to peanut (Nicolaou et al., 2010;
icolaou et al., 2011; van Erp et al., 2016). Of ten identified Ara h

 IgE-binding epitopes, three are immunodominant and located of
he exposed and structurally flexible regions in the native protein
King et al., 2005; Stanley et al., 1997). Multiple T cell epitopes of
ra h 2, with three amino acid regions containing the majority of
eptides that reacted with T cells from most patients, have been
eported and the results hinted at the potential use of these pep-
ides to treat peanut allergy (Glaspole et al., 2005; Prickett et al.,
011, 2013).

Here, we produced and characterized a carrier-bound Ara h 2-
erived peptide. This fusion protein consisted of the recombinant
-layer protein SlpB from Lactobacillus buchneri CD034 and the
ra h 2-derived immunodominant peptide AH3a42. The recombi-
ant fusion protein (His6-SlpB-AH3a42) was expressed in E. coli,
urified, and tested for its IgE-binding capacity as well as for the
bility to release mediators from sensitized rat basophilic leukemia

RBL) cells. The recombinant construct without the Ara h 2-derived
eptide served as control. Additionally, the generation of peanut
munology 85 (2017) 81–88

allergen blocking IgG antibodies in rabbits after immunization with
the SlpB-AH3a42 construct was investigated.

2. Materials and methods

2.1. Bacterial strains and culture conditions

Escherichia coli DH5� (Life Technologies, Vienna, Austria) and
E. coli BL21 (DE3) (Thermo Fisher Scientific, Life Technologies,
Waltham, MA  USA) were cultivated at 37 ◦C and 200 rpm in
lysogeny broth (LB) medium supplemented with 50 �g kanamycin
(Kan) per ml.

2.2. Cloning of the recombinant SlpB fusion constructs

The expression vector pET28a(+) (Novagen, Madison, WI,  USA)
was used for the production of N-terminally hexahistidyl-tagged
SlpB and the Ara h 2-derived peptide fusion construct. The
gene encoding SlpB devoid of its N-terminal signal sequence
was PCR-amplified from genomic DNA of L. buchneri CD034.
The construct His-SlpB was  PCR amplified with the primer pairs
(Thermo Fisher Scientific, Life Technologies, Waltham, MA  USA)
His SlpB NcoI for/SlpB XhoI rev (Table 1). The construct His-SlpB-
AH3a42 was in a first step PCR-amplified with primer pair
SlpB NheI for/SlpB AH3a42 1 rev and in a second step, with the
primer pair SlpB NheI for/SlpB AH3a42 2 XhoI rev using the PCR
product from step 1 as a template (Table 1). The final products
His-SlpB and His-SlpB-AH3a42 were digested with NcoI/XhoI and
NheI/XhoI and ligated into the NcoI/XhoI and NheI/XhoI linearized
expression vector.

2.3. Expression and purification of the recombinant SlpB and
SlpB-AH3a42 fusion protein

The resulting recombinant plasmids (pET28a-His-SlpB and
pET28a-His-SlpB-AH3a42) were propagated into E. coli BL21 Star
(DE3) cells for production of hexahistidyl-tagged proteins. The
transformed strains were grown in 800 ml  of LB medium, each, sup-
plemented with kanamycin (50 �g/ml) at 37 ◦C and 200 rpm. At the
mid-exponential growth phase (OD600 ∼ 0.6), protein expression
was induced with 1 mM isopropyl �-d-1-thiogalactopyranoside
and cultivation was continued for 4.5 h at 37 ◦C. Cells were pel-
leted by centrifugation, washed with 0.9% NaCl, resuspended in
lysis buffer (50 mM sodium citrate buffer, pH = 6.2, 0.1% Triton X-
100) and, after addition of lysozyme (800 �g/ml; Sigma-Aldrich,
St. Louis, MO,  USA) and benzonase (50 U/ml; Sigma-Aldrich),
incubated for 30 min at 37 ◦C. Bacteria were further lysed by ultra-
sonication (Branson Sonifier, duty cycle 50%; output 6) applying
ten cycles of 10 pulses with 30 s breaks, each, and insoluble inclu-
sion bodies containing the recombinant proteins were pelleted.
The proteins were extracted from the pellets with binding buffer
(50 mM sodium citrate buffer, pH = 5.5, 5 M GdHCl, 20 mM imi-
dazol, 0.5 M NaCl) for 1 h at 4 ◦C. The extracts were centrifuged
and membrane-filtered (0.45-�m pore size). The resulting pro-
tein samples were applied to a 1-ml HisTrap HP column (Thermo
Fisher Scientific, Waltham, MA  USA) and recombinant proteins
were recovered with elution buffer (50 mM sodium citrate buffer,
pH = 5.5, 5 M GdHCl, 1 M imidazol, 0.5 M NaCl). Recombinant SlpB
and the SlpB-based fusion protein were dialyzed against PBS at 4 ◦C
for 24 h and concentrated using Amicon ultra-15 centrifugal filter
units (Merck Millipore, Darmstadt, Germany) with 30 kDa cut off.
Precipitates were removed from soluble proteins by centrifugation.

The absorption of the protein solutions at 280 nm was  measured by
a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA USA) and protein concentrations were calculated.
The aggregation profile of the recombinant proteins His-SlpB and

http://www.allergen.org;
http://www.allergen.org;
http://www.allergen.org;
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Table  1
Oligonucleotide primers used for PCR amplification reactions.

Oligonucleotide Sequence (5′ → 3′)a

His SlpB NcoI for ctgctgCCATGGGCCACCACCACCACCACCATAAATCATATGCCAAAGTTACATC
SlpB NheI for aatcaGCTAGCAAATCATATGCCAAAGTTACATC
SlpB XhoI rev ctgctgCTCGAGTTAATTAAACGGTGTAACAGTAACAG
SlpB His XhoI rev aatcaCTCGAGTTAATGATGATGATGATGATGGCTGCTGCCGCTGCCGCGCGGCACCAGCGCATTAAACGGTGTAACAGTAAC
SlpB AH3a42 1 rev CTGCATTAAATGCTGTTCGCACGGGCGTAAGTTCGCGCGTTCTAACTGGCTCTGGCAGCGGCGATTAAACGGTGTAACAGTAAC

TACG

y intr
i

H
D
U

2

e
L
l
t
(

2

b
P
L

d
C
a
a
(
7

2

i
w
e
C
a
f
c
j
o
A
(

2

a
(
p
0
a
d
l
P
p

SlpB AH3a42 2 XhoI rev aatcaCTCGAGTTA ATACGGATCCTGGCTCGGGCTA

a Artificial restriction sites are underlined. Lowercase letters indicate artificiall
ndicated in bold italic.

is-SlpB-AH3a42 were measured on a Dynamic Light Scattering
ynaPro NanoStar (Wyatt Technology Corp., Santa Barbara, CA,
SA).

.4. SDS-PAGE

SDS-PAGE was carried out on an 8% slab gel in a Mini Protean
lectrophoresis apparatus (Bio-Rad, Vienna, Austria) according to
aemmli (Laemmli, 1970). Protein bands were visualized with col-
oidal Coomassie Brilliant Blue R-250 (CBB) staining reagent, and
he gel was visualized at 700 nm using the Odyssey imaging system
LICOR, Lincoln, NB, USA).

.5. Immunoblotting

Polyclonal rabbit antiserum was raised against purified recom-
inant His6-tagged SlpB (EF-BIO s.r.o., Bratislava, Slovakia).
olyclonal rabbit anti-Ara h 2 antibodies were obtained from the
eibniz-Zentrum Borstel (Borstel, Germany).

Proteins were transferred from the SDS-PAGE gel to a polyvinyli-
ene difluoride membrane (Bio-Rad) using a Mini Trans-Blot
ell (Bio-Rad). S-layer-specific antiserum and Ara h 2-specific
ntiserum were used in combination with IR Dye 800CW goat
nti-mouse antibody and IR Dye 680CW goat anti-rabbit antibody
LI-COR), respectively, and detection was performed at 800 nm and
00 nm,  respectively, using the Odyssey Infrared Imaging System.

.6. Sera of peanut allergic patients

Serum samples from 36 peanut allergic patients were included
n the study and tested for IgE reactivity to His-SlpB-AH3a42. Sera

ere selected according to clinical allergen reactivity on peanut
xposure and sensitization to Ara h 2 as determined by IgE Immuno-
AP (Ackerbauer et al., 2015). The characteristics of the 20 sera (10
dolescents and adults older than 14 years and 10 children) used
or the IgE inhibition assays are shown in Table 2. A negative control
onsisted of three sera from atopic but not peanut-sensitized sub-
ects and three sera from non-atopic subjects. Ethical approval was
btained by the respective institutional review boards of Lower
ustria (GS4-EK-4/143-2011) and the Medical University of Graz

24-006 ex11/12) and signed informed consent was obtained.

.7. IgE ELISA

Peanut allergic patients’ IgE reactivity to recombinant His-SlpB
nd His-SlpB-AH3a42 was determined as described previously
Bublin et al., 2013) with some modifications. Briefly, microtiter
lates (Nunc Maxisorp, Roskilde, Denmark) were coated with
.5 �g/ml of fusion protein. After blocking, diluted sera from peanut
llergic patients containing Ara h 2-specific IgE were applied in

uplicates onto the plates. Bound IgE was detected with alka-

ine phosphatase-conjugated mouse anti-human IgE antibody (BD
harmingen, San Diego, CA, USA). Sera of individuals without
eanut allergy were included as negative controls. Optical densisty
GATCGCGGCCATAGCTATCTTCATCGCGCTGAATTTTCTGCATTAAATGCTGTTCG

oduced nucleotides to improve restriction enzyme cutting. The AH3a-42 gene is

(OD) values at 450 nm were counted as positive if they exceeded
the mean OD of the negative controls by more than 3 SDs.

2.8. Mediator release assay

The biological activity of recombinant His-SlpB-AH3a42 and
His-SlpB was  compared to that of natural Ara h 2 by mediator
release assays. Rat basophilic leukemia cells RS-ATL8 expressing
�-, �- and �-chains of the human high-affinity IgE receptor (Fc�RI)
(Nakamura et al., 2010; Nakamura et al., 2012) were plated into 96-
well polystyrene cell culture plates (Corning Inc., Corning, NY, USA)
and incubated with diluted peanut allergic patients’ sera in mini-
mum  essential medium containing 10% fetal calf serum (Gibco, Life
Technologies, Carlsbad, CA, USA) at 37 ◦C overnight. Ten-fold serial
dilutions of allergens (0.01–100 ng/ml) were added for 1 h. Degran-
ulation was measured in the supernatants as �-hexosaminidase
release using the fluorescent substrate 4-methylumbelliferyl-N-
acetyl-�-d-galactosaminide (Sigma-Aldrich, St. Louis, MO,  USA) at
355 nm excitation and 460 nm detection wavelength. Percent acti-
vation was  calculated relative to the �-hexosaminidase content of
cells lysed with Triton X 100 (100% release) and the supernatant of
untreated cells (0% release).

2.9. Analysis of the peptide-specific rabbit antibody response

His-SlpB-AH3a42-specific rabbit antibodies were obtained by
immunization of New Zealand white rabbits three times in monthly
intervals with 330 �g of the antigen adsorbed to complete (immu-
nization I) or incomplete Freund’s adjuvant (immunizations II–III).
For control purposes, rabbits were immunized with purified natu-
ral Ara h 2 or His-SlpB. Rabbits were maintained in the animal care
unit of the Department of Toxicology (Slovak Medical University,
Bratislava, Slovakia) according to the local guidelines for animal
welfare.

Induction of allergen- and peptide-specific rabbit IgG responses
were measured by ELISA. Microtiter plates (Nunc Maxisorp) were
coated with 0.5 �g/ml of His-SlpB, His-SlpB-AH3a42 and Ara h 2,
and incubated with 1:500-, 1:1000-, and 1:2000-diluted rabbit sera.
Antigen-specific IgG antibodies were detected by 1:1000-diluted
alkaline phosphatase-conjugated swine anti-rabbit IgG antibod-
ies (DAKO, Hamburg, Germany). For negative controls, the ELISA
was performed with pre-immune rabbit sera, without any sera or
without the primary antibody.

2.10. IgE ELISA inhibition experiments

Inhibition of binding of IgE from peanut allergic patients to
Ara h 2 was determined by IgE-inhibition ELISA. ELISA plates
were coated with 0.5 �g/ml of Ara h 2 and incubated at 37 ◦C
overnight. After blocking, plates were pre-incubated overnight

with pooled and 1:50-diluted rabbit sera obtained by immunization
with His-SlpB-AH3a42, and for control proposes, with rabbit sera
obtained by immunization with His-SlpB or Ara h 2. After washing,
diluted sera from patients allergic to peanut were added for 4 h,
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Table 2
Clinical characteristics of peanut allergic patients reacting to S-layer fusion protein SlpB-AH3a42.

Patient Age Gender symptoms to peanut Other food allergies IgE(IU/ml)

Total Peanut Ara h 1 Ara h 2 Ara h 3

1 17 m anaphylaxis soy 2236 >100 >100 >100 93.3
2  25 f anaphylaxis egg, milk, hazelnut 212 12.8 0.84 8.48 0.67
3  10 m angioedema none 345 15.9 8.57 7.36 0.32
4  15 f anaphylaxis none 157 5.57 23.1 84.5 7.16
5  5 f anaphylaxis none 157 5.57 23.1 84.5 7.16
6  20 m anaphylaxis milk 208 66.4 20.05 98.4 4.08
8  7 m anaphylaxis soy and buckwheat 732 >100 >100 87.7 13.6
9  7 f urticaria, erythema egg 95.1 40.9 1.85 17 0.08
10  6 m anaphylaxis none ND 10.1 0.41 6.21 0.07
12  6 f deterioration of eczema hazelnut, sesame 135 22.8 0.11 10.7 0.03
14  24 f anaphylaxis soy, coconut 708 >100 60.4 47.3 10.3
15  5 m anaphylaxis egg 1268 56.1 10.6 38.9 2.75
16  10 m anaphylaxis none 421 >100 60.4 >100 9.07
17  10 f deterioration of eczema soy, hazelnut, walnut 1010 >100 32.5 90.3 1.19
19  9 m anaphylaxis other nuts 3000 >100 >100 >100 <100
24  23 m anaphylaxis hazelnut 677 >100 >100 >100 26.4
28  32 f angioedema hazelnut 229 4.13 0.21 1.71 0.14
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30  22 f urticaria hazelnu
32  24 m anaphylaxis soy, haz
33  25 f anaphylaxis hazelnu

nd bound human IgE was  detected with a 1:6000-diluted HRP-
onjugated goat anti-human IgE antibody (KPL, Gaithersburg, MD,
SA). The percentage of inhibition of IgE-binding to Ara h 2 after
re-incubation with anti-His-SlpB-AH3a42 rabbit IgG and anti-Ara

 2 rabbit IgG are given as percent reduction of bound IgE compared
o the controls where anti-His-SlpB rabbit IgG has been added.

. Results

.1. Expression, purification and characterization of recombinant
usion proteins consisting of the L. buchneri S-layer protein SlpB
nd an Ara h 2-derived immunodominant peptide

The peptide AH3a42 (Fig. 1A) derived from a region of Ara h
 consisting of immunodominant B-cell epitopes and one T cell
pitope (Glaspole et al., 2005; King et al., 2005; Prickett et al.,
011; Stanley et al., 1997) was fused to the C-terminal end of
he His6-tagged S-layer protein SlpB of L. buchneri CD034 (Fig. 1B)
nd produced as a recombinant fusion protein in E. coli BL21 Star
DE3). His6-tagged SlpB devoid of the allergen peptide was pro-
uced as a negative control. The hexahistidyl tag was added to
oth protein constructs for the purification by nickel affinity chro-
atography. Proteins were purified to homogeneity as revealed by

 CBB-stained SDS-PAGE and concentrated to 0.5 mg/ml. His-SlpB
nd His-SlpB-AH3a42 migrated close to their theoretical molecu-
ar weight of 56 kDa and 63 kDa, respectively (Fig. 1C). Recognition
y SlpB- and Ara h 2-specific antisera verified the expression of
he S-layer protein and the AH3a42 peptide, respectively (Fig. 1D).
he result of dynamic light scattering analysis showed that only
onomeric forms of both recombinant proteins were present in

olution (data not shown).

.2. IgE reactivity and biological activity of recombinant
is-SlpB-AH3a42 fusion protein

In preliminary experiments to select sera containing IgE specific
or the AH3a42 peptide, IgE reactivity to the purified His-SlpB and
he His-SlpB-AH3a42 fusion protein was tested using 36 peanut
llergic patients’ sera containing Ara h 2-specific IgE. IgE specific

or the AH3a42 peptide was detected in 69% (25 of 36) of the sera
rom patients sensitized to Ara h 2 (Fig. 2). AH3a42-positive sera
howed IgE reactivity of varying intensity but with no significant
ssociation to Ara h 2-specific IgE levels. None of the 36 Ara h 2-
nut 297 80.1 66.7 40.5 8.6
, apple 717 >100 >100 >100 41.7
nut 4357 7.72 0.18 8.35 0.2

positive sera showed IgE reactivity to His-SlpB. Sera from peanut
non-allergic patients and non-atopic controls reacted neither with
His-SlpB-AH3a42 nor with His −SlpB (data not shown).

Next, we compared the biological activity of His-SlpB-AH3a42
and His-SlpB with natural Ara h 2 in RBL cell mediator release
assays. RBL cells expressing the high-affinity receptor for human
IgE were incubated with sera from three peanut allergic patients
(serum number 5, 24 and 32) positive for His-SlpB-AH3a42
and containing high levels of Ara h 2-specific IgE (>84 IU/ml)
(Table 2). Beta-hexosaminidase release was measured in a con-
centration range between 0.01 and 100 ng/ml. Already the lowest
concentration of natural Ara h 2 (0.01 ng/ml) induced a high �-
hexosaminidase (30–46%) release when incubated with sera of
all three allergic patients (Fig. 3). The maximal �-hexosaminidase
release of 75, 56 and 52% was  induced for all three sera at a 0.1 ng/ml
concentration of natural Ara h 2. The carrier protein SlpB alone did
not induce any release of �-hexosaminidase up to the maximum
concentration of 100 ng/ml (Fig. 3).

3.3. His-SlpB-AH3a42 fusion protein induces Ara h 2-specific IgG
antibodies in rabbits and inhibits the binding of Ara h 2-specific
IgE

The ability of the His-SlpB-AH3a42 fusion protein to induce an
IgG antibody response to the natural allergen was investigated in
rabbits. Immunization of rabbits with His-SlpB-AH3a42 or natural
Ara h 2 induced a strong Ara h 2–specific IgG response, however, the
level of the Ara h 2-specific IgG response induced with His-SlpB-
AH3a42 was approximately 60% lower than the response induced
with natural Ara h 2 (data not shown).

The capacity of the Ara h 2-specific IgG rabbit-antibodies raised
against His-SlpB-AH3a42 or Ara h 2 to inhibit IgE-binding was
determined by ELISA inhibition assays using 20 sera of peanut aller-
gic patients sensitized to Ara h 2 and containing IgE specific for
AH3a42 (Table 2 and Fig. 2). The mean inhibition of IgE-binding
to the natural allergen observed after pre-incubation of the 20
sera with anti-His-SlpB-AH3a42 was 16.4% ± 14.1% (range 0–53%)
(Fig. 4). Seven of 20 sera (35%) showed an inhibition of IgE binding

lower than 10% and IgE binding of eight sera (40%) was  inhibited by
anti-His-SlpB-AH3a42 more than 20%. The mean inhibition of IgE
observed after pre-incubation of the 10 sera from adult patients
(19.3% ± 11.53%) was  higher than the mean inhibition observed
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Fig. 1. Construction and characterization of the SlpB-based proteins. (A) Amino acid sequence of Ara h 2 indicating IgE epitopes (dotted lines), T cell epitopes in bold, �-helices
i . (B) S
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n  grey and the fragment which was  fused to the L. buchneri S-layer protein in red
DS-PAGE (12%) and (D) immunoblot analysis of recombinant proteins probed wi
ageRuler Plus pre-stained protein ladder (Thermo Scientific).

fter preincubation of the 10 sera from peanut allergic children
13.4% ± 16.35%) (Fig. 4).

IgE binding to Ara h 2 of four sera was inhibited by more
han 30%. Anti-Ara h 2 rabbit IgG antibodies inhibited binding to
ra h 2 by 48.3% ± 13.5% (range 14–78%) (Fig. 4). The inhibition
f IgE-binding to Ara h 2 by anti-Ara h 2 rabbit IgG antibod-

es was comparable in both children (50.2% ± 18.2%) and adults
46.4% ± 6.6%). No correlation between inhibitions of anti-Ara h

 rabbit IgG antibodies and anti-His-SlpB-AH3a42 antibodies was
bserved (P > 0.5; r = 0.28).

. Discussion

In this study, we constructed a fusion protein consisting of the
. buchneri CD034 S-layer protein and a peptide derived from a
ajor peanut allergen as a potential vaccine-component for peanut

llergy. The DNA coding for the S-layer protein SlpB from L. buchneri
D034 was fused to the DNA encoding the peptide AH3a42 derived

rom the peanut allergen Ara h 2 and expressed in E. coli cells
Fig. 1). The peptide AH3a42 was previously determined as contain-
ng immunodominant IgE epitopes of Ara h 2 and also defined as an
gE-reactive biomarker for the identification of patients with symp-
omatic peanut allergy (King et al., 2005; Lin et al., 2012; Stanley
t al., 1997). In addition to the IgE-binding epitopes, the peptide
H3a42 also contains an immunodominant T cell epitope (Glaspole

t al., 2005; Prickett et al., 2011). Pricket et al. demonstrated that
his Ara h 2 peptide contains epitopes which can be presented by all
hree HLA types (Prickett et al., 2011). HLA-DQ and HLA-DP alleles
re much less diverse than HLA-DR alleles and, therefore, inclusion
chematic presentation of the recombinant S-layer-based proteins, (C) CBB-stained
 h 2- and SlpB-specific antisera. Lane 1, His-SlpB-AH3a42; lane 2, His-SlpB; Mm,

of HLA-DQ and HLA-DP-restricted epitopes in a vaccine component
will more likely result in a positive immune response when treating
a population of HLA-DR diverse individuals (Larché, 2008).

Vaccines based on allergen-derived peptides bound to allergen-
unrelated carrier molecules are currently being tested as candidates
for allergy treatment by inducing allergen-specific IgG with T cell
help from carrier-derived epitopes (Focke et al., 2010; Valenta et al.,
2016). Such B cell epitope–based vaccines appear to be safer than
vaccines comprising allergen-specific T cell epitopes (Valenta et al.,
2016). Furthermore, the use of peptides which contain IgE epitopes
allows to better induce an allergen-specific IgG response that is
directed against these IgE-binding sites of the allergens resulting
in better therapeutic outcomes (Marth et al., 2013). The first proof-
of-principle studies used allergen-derived peptides from the major
timothy grass pollen allergen Phl p 1 and from the major birch
pollen allergen Bet v 1 chemically coupled to keyhole limpet hemo-
cyanin (Focke et al., 2001, 2004). As further carrier proteins, the
viral proteins VP1 from human rhinovirus74 and PreS from hepati-
tis B75 were used (Edlmayr et al., 2011). This study found that these
fusion proteins induced allergen-specific IgG responses similar to
those induced by an allergen specific immunotherapy trial.

Bacterial S-layers have been shown to possess strong adju-
vant properties (Sleytr et al., 2014). S-layers from Lysinibacillus
sphaericus or Thermoanaerobacter thermohydrosulfuricus chem-
ically conjugated to the major birch pollen allergen Bet v

1 modulated the cytokine production from a Th2 phenotype
towards a Th0/Th1 one (Jahn-Schmid et al., 1996, 1997). Subse-
quently, S-layer-allergen fusion proteins consisting of SbsC from G.
stearothermophilus or SpbA from L. sphaericus fused to Bet v 1 pro-
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Fig. 3. RBL assay showing the ability of His-SlpB-AH3a42, His-SlpB, and natural Ara
h  2 to induce mediator release Comparison of the ability of His-SlpB-AH3a42, His-
SlpB, and natural Ara h 2 to induce mediator release in an RBL assay. RBL RS-ATL8
cells were sensitized with sera from three peanut allergic patients positive to Ara h
ig. 2. IgE reactivity of Ara h 2-positive sera to His-SlpB-AH3a42 tested by ELISA.

oted the induction of allergen-specific Th0/1 cells and regulatory
 -cells (Bohle et al., 2004; Breitwieser et al., 2002; Gerstmayr et al.,
007, 2009; Ilk et al., 2002).

We  selected the L. buchneri CD034 S-layer protein as a strong
djuvant and as a source of T cell epitopes to induce an IgG anti-
ody response that would also be directed against the peptide. In
act, the fusion protein of the carrier and the peptide derived from
he major peanut allergen Ara h 2 resulted in a highly immuno-
enic vaccine component (Fig. 1).The peptide AH3a42 was  fused to
he C-terminus of SlpB because in this orientation it is better acces-
ible to antibodies. We  were able to show that 70% of the tested
era containing Ara h 2-specific IgE showed reactivity to AH3a42
used to SlpB, confirming the previously described importance of
his Ara h 2-derived peptide for binding patients’ IgE (King et al.,
005; Lin et al., 2012; Stanley et al., 1997) (Fig. 2). Despite the IgE
ecognition of this peptide by more than two thirds of the patients,
lpB-AH3a42 was unable to induce �-hexosaminidase release from
BL cells at concentrations up to 100 ng/ml (Fig. 3). This is in stark
ontrast to the allergen Ara h 2, which provoked a release already
t 10 pg/ml (Fig. 3). Although show only for three sera from peanut
llergic patients, these results suggest that the fusion protein has

 strongly reduced ability to cross-link IgE and activate effectors
ells. Whether this might indicate reduced side effects of such a
accine in a clinical setting would need to be proven by additional

n vitro and in vivo experiments

The induction of blocking IgG antibodies is a good indication for

he efficacy of an allergy vaccine (Valenta et al., 2016). We  tested the
bility of IgG antibodies induced in rabbits by our vaccine to inhibit
2  and His-SlpB-AH3a42 followed by stimulation with increasing concentrations of
the antigens (0.01–100 ng/ml).

the binding of IgE present in peanut allergic patients’ sera specific
for the allergen Ara h 2. We  observed inhibition values ranging from
0 to 53% in contrast to Ara h 2-induced antibodies with inhibition

values from 14 to 78% (Fig. 4). In detail, IgE-binding from eight of
20 sera were inhibited by less than 10%, eight sera were inhibited
by more than 20%, and four sera were inhibited by more than 30%
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Fig. 4. Percentages of inhibition of IgE binding of sera from peanut allergic patients
to  Ara h 2 by anti-His-SlpB-AH3a42 and anti-Ara h 2 antibodies. Open circles, sera
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Jackson, K.J., Dixit, V.P., King, J., Lyu, S.C., Jenks, J., Hamilton, R.G., Nadeau, K.C.,
rom peanut allergic children (n = 10); black circles, sera from peanut allergic adults
n  = 10). Mean values are indicated.

Fig. 4). This reflects the fact that Ara h 2-specific blocking IgG anti-
odies were induced by our peptide vaccine. The range of inhibition
alues illustrates that individual patients possess distinct IgE recog-
ition profiles for a given allergen. This was previously shown for
he birch pollen allergen Bet v 1 (Gepp et al., 2014), the soybean
llergen Gly m 4 (Husslik et al., 2016), and for the major peanut
llergens Ara h 1 and Ara h 2 (Hoh et al., 2016). We  demonstrated
hat an allergen-derived peptide that contains IgE epitopes when
used to an L. buchneri surface protein can induce blocking antibod-
es that interfere with the binding of IgE to the allergen. As each
atient recognizes different epitopes, additional allergen-derived
eptides used as vaccine components would induce a broader spec-
rum of protective IgG as was previously shown for Bet v 1 and Fel

 1 (Marth et al., 2013; Niespodziana et al., 2011).

. Conclusions

In conclusion, this study describes the initial immunological
haracterization of a fusion protein consisting of an L. buchneri S-
ayer protein and an Ara h 2-derived peptide. Our data provide
vidence for a novel approach for the development of a peanut
llergen peptide-based carrier-bound vaccine. Our experiments
learly indicate that more than one allergen-peptide will be needed
o induce a broader protection of patients allergic to Ara h 2. So
ar, several attempts to produce peanut allergy vaccines have not
roduced the desired results (Bublin and Breiteneder, 2014a). The
xpression of the AH3a42 fusion protein on the cell surface of L.
uchneri CD034 could provide the basis for a future form of oral
accination against peanut allergy.
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