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Purpose of review

a,b,c

More than 30 years ago, the first molecular structures of allergens were elucidated and defined
recombinant allergens became available. We review the state of the art regarding molecular AIT with the
goal to understand why progress in this field has been slow, although there is huge potential for treatment

and allergen-specific prevention.

Recent findings

On the basis of allergen structures, several AlT strategies have been developed and were advanced into clinical
evaluation. In clinical AT trials, promising results were obtained with recombinant and synthetic allergen
derivatives inducing allergen-specific IgG antibodies, which interfered with allergen recognition by IgE whereas
clinical efficacy could not yet be demonstrated for approaches targeting only allergen-specific T-cell responses.
Available data suggest that molecular AIT strategies have many advantages over allergen extractbased AlT.

Summary

Clinical studies indicate that recombinant allergen-based AIT vaccines, which are superior to existing allergen
extractbased AIT can be developed for respiratory, food and venom allergy. Allergen-specific preventive
strategies based on recombinant allergen-based vaccine approaches and induction of T-cell tolerance are on
the horizon and hold promise that allergy can be prevented. However, progress is limited by lack of
resources needed for clinical studies, which are necessary for the development of these innovative strategies.
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Immunoglobulin E (IgE)-associated allergy is the
most common immunologically mediated hypersen-
sitivity disease world-wide [1%,2,3]. The analysis of
the development of IgE sensitization to allergens in
birth cohorts has made major progress through the
use of micro-arrayed allergen molecules, which allow
studying the development of IgE sensitization in
childhood towards a large number of allergen mole-
cules [4-8,9""]. There are two major approaches for
the treatment of allergy. One possibility is based on
the reduction of allergic inflammation by pharmaco-
therapy and/or biologics [10,11]. Major disadvan-
tages of symptomatic treatments are that the
effects of treatment are gone immediately after dis-
continuation of therapy, that there is no beneficial
disease-modifying effect, the clinical efficacy is lower
than that of allergen-specific immunotherapy (AIT)
and the costs for biologics are extremely high [12].
The second approach for treatment is based on aller-
gen-specific forms of intervention. This approach
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requires the identification of the disease-causing
allergens as rational basis for allergen avoidance
strategies as well as for prescription of the correct
AIT [13]. The need for detailed diagnosis may be
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KEY POINTS

e AlT is an exiremely cost-effective and the only disease-
modifying treatment for allergy but is limited by the low
quality of natural allergen extracts.

o AIT based on recombinant and synthetic allergen
derivatives, which induces allergen-specific blocking
IgG has been shown to be clinically effective and can
overcome limitations of allergen-extract-based AlT.
Preventive allergen-specific strategies based on
vaccination and tolerance induction are on the horizon.

e Lack of resources is a major bottle neck for new
molecular strategies for AlT and allergy prevention to
make the transition from the bench to
clinical application.

considered as a disadvantage of allergen-specific
treatment but has been greatly facilitated by molecu-
lar allergy diagnosis [4,14,15,16%,17%]. Major advan-
tages of AIT are that the treatment is relatively
inexpensive, it is highly effective if performed with
high-quality allergens, treatment effects are long-
lasting after discontinuation if the treatment was
performed for more than 2 years and AIT has
disease-modifying effects preventing the progression
from  mild-to-severe  manifestations  [12,18].
Importantly, allergen-specific forms of intervention
may be also used for the prevention of allergic
sensitization [19-22].

AIT is based on the administration of the disease-
causing allergens with the goal to induce a protec-
tive immune response [23,24]. Unfortunately, it is
almost impossible to manufacture allergy vaccines
based on natural allergen extracts, which fulfill the
requirements of regulatory authorities regarding
production according to Good Manufacturing Prac-
tice (GMP) and only for few allergen extract-based
AIT vaccines clinical efficacy has been documented
according to Good Clinical Practice (GCP) guide-
lines in large double-blind, placebo-controlled clin-
ical trials [25]. Currently, only few allergen extract-
based AIT vaccines fulfill the requirements of regu-
latory authorities. In this context, we would like to
mention studies, which demonstrate that peanut
allergen extracts, which are used for oral and epi-
cutaneous immunotherapy induce only an incom-
plete IgG response against certain peanut allergens
potentially leaving a considerable subset of patients
untreated [26"",27,28"]. Likewise it has been shown
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that treatment with a subcutaneous house dust mite
(HDM) allergy vaccine induced only IgG antibodies
against Der p 1 and Der p 2 but not against other
important HDM allergens, and hence improved
nasal symptoms only in Der p 1-sensitized and/or
Der p 2-sensitized patients [29*%]. For HDM, the
presence of bacterial components has been demon-
strated in HDM extracts [30"]. Absence of immuno-
logically active (i.e. immunogenic) allergens from
natural allergen extracts is one major problem of
extract-based AIT vaccines but also side effects
because of allergenic activity of the extracts and
inconvenient administration schedules involving
multiple applications are important problems of
extract-based AIT [31]. Thus, the quality of allergen
extracts is a major bottleneck for the improvement
of AIT which can only be overcome by the applica-
tion of recombinant technologies and molecular
approaches [25].

More than 30 years ago, the first allergen-encoding
DNAs were isolated [32]. Since then, several forms of
molecular AIT have been developed (Fig. 1). They
include the production of wild type recombinant
allergens, which resemble all of the properties of the
corresponding natural allergens, the synthesis of
peptides containing allergen-derived T-cell epitopes
without IgE reactivity, the use of allergen-encoding
nucleic acids, and recombinant and synthetic hypo-
allergens, which exhibit strongly reduced IgE-bind-
ing capacity and allergenic activity but at the same
time contain allergen-specific T-cell epitopes (i.e.
long synthetic peptides, recombinant hypoaller-
genic allergen derivatives) or instead of allergen-
specific T-cell epitopes, they contain carrier ele-
ments providing T-cell help (e.g. Peptide carrier-
based B-cell epitopes). Patient-tailored AIT based
on the individual sensitization profiles of patients
is possible in principle. However, according to cur-
rent guidelines, safety and clinical efficacy would
need to be demonstrated for each of the molecules
separately and their possible combinations, which
makes such an approach impossible. Therefore,
molecular AIT vaccines will have to cover a panel
of clinically relevant allergen molecules for a given
allergen source.

Allergen-specific immunotherapy with
recombinant wildtype allergens

Everybody would have thought that AIT with
recombinant wildtype allergens had been the first
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Overview of molecular strategies for AIT. Based on the identification of the allergen-encoding DNAs it is possible
to deduce the amino acid sequences for allergens and to engineer recombinant allergens equaling the natural wildtype

allergens and various forms of allergen-derivatives with reduced allergenic activity such as recombinant hypoallergens and

synthetic allergen-derived peptides.

molecular AIT approach because it would be a logic
first step to replace allergen extracts with defined
recombinant allergen molecules, which have the
same properties as the natural allergens. In fact,
recombinant wildtype allergens contain the IgE
and T-cell epitopes of the natural allergens and
can be used to induce blocking allergen-specific
IgG antibodies by immunization and eventually
T-cell tolerance. Their disadvantage is that they
induce immediate and late phase side effects in
the same way as the natural allergens (Table 1). This
may have been the reason why research groups and
companies have focused on hypoallergenic molec-
ular AIT approaches instead of replacing allergen
extracts with defined allergen molecules. In fact,
only two companies have tried evaluating molecular
AIT vaccines based on recombinant wildtype aller-
gens. The German company Allergopharma was the
first to study subcutaneous AIT (SCIT) with a mix of
the major timothy grass pollen allergens [33]. They
continued the clinical evaluation by conducting
safety studies [34] and went even on to a phase III
study (Table 2). The vaccines were well tolerated,
induced allergen-specific 1gG-blocking antibodies,
reduced skin reactivity in the patients and exhibited
clinical efficacy. However, no product has been
registered up to now. Possible reasons for this may
have been that it was difficult to produce a vaccine
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containing five different recombinant proteins
according to GMP and it is possible that the phase
IIT study had enrolled not enough patients to reach
the clinical endpoints. The French company Staller-
genes was the second company to evaluate a recom-
binant wildtype AIT vaccine based on recombinant
Bet v 1, the major birch pollen allergen. They con-
ducted a double-blind, placebo-controlled random-
ized multicenter clinical SCIT trial in which natural
birch pollen extract, purified natural Bet v 1 and rBet
v 1 were compared in two treatment years [35]. So far
this trial was the only head-to-head comparison
between crude extract-based and molecular AIT. It
showed that treatment with rBet v 1 was clinically as
effective as treatment with birch pollen extract or
natural Bet v 1. However, this study was not per-
formed to obtain a registered SCIT based on rBet v 1
but to show the equivalence of rBet v 1 with birch
pollen extract for the consecutive development of a
sublingual tablet-based AIT (SLIT) vaccine based on
rBet v 1. Unfortunately, the development of SLIT
with rBet v 1 has not yet led to a registered product
presumably because sublingually applied Bet v 1 can
induce oral allergy syndrome and side effects may
have been a hurdle for the registration of a high-dose
SLIT treatment for birch pollen allergy (Table 2) [36].
The fact that no rBet v 1-based SCIT treatment was
developed is very unfortunate because the phase II
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Table 1. Mechanisms, advantages and disadvantages of different allergen-specific immunotherapy molecules

Molecules

Mechanism

Advantages

Disadvantages

Recombinant wildtype
allergens

Short synthetic peptides

Contiguous long
overlapping peptides

Nucleic acid-based
strategies

Recombinant hypoallergens

(fragments, folding
variants, mosaics,
mutants)

Second generation
recombinant
hypoallergens (peptide
carrier fusion proteins)

Recombinant allergen-
specific antibodies

Since B-cell and T-cell epitopes
are infact, induces blocking
IgGs and targets T cells

Peptides derived from T-cell
epitopes of allergens are meant
to induce tolerance

Long peptides covering all linear
epitopes of allergen for
induction of tolerance and
protective IgGs

Vaccination with DNA or RNA-
encoding allergens should drive
immune response toward Th1

Reduced IgE reactivity because of
altered structure but maintained
B-cell and Tcell epitopes for
IgG induction and tolerance
induction

B-cell epitopes from allergens
fused to viral carrier protein for
induction of blocking IgGs
against allergen and against
viral protein

Passive immunotherapy with
recombinant high-affinity
allergen specific IgGs that
compete with the binding of IgE

Good immunogenicity and
induction of blocking IgGs

Tell tolerance induction, possible

No early phase reactions because
of loss of IgE reactivity

Possible activation of regulatory T
cells

Immunogenicity and induction of
protective IgGs

No early phase reactions because
of loss of three-dimensional
structure

Reduced risk of inducing systemic
side effects

Potential for preventive
approaches

Good immunogenicity and
protective IgGs

T-cell tolerance induction, possible

Reduced early phase reactions
because of lack of IgE reactivity

Good immunogenicity and
protective IgGs

No late phase reactions as
allergen-specific Tcell epitopes
are reduced and T-cell help
comes from viral carrier

Protective against allergy and
against virus that was used as a
carrier

Applicable fo simple and complex
allergen sources

Suitability for preventive
approaches

No induction of IgE responses

Good effectiveness with minimal
side effects

Immediate allergic reactions possible

as all IgE epitopes are intact

Late-phase skin reactions because of

allergen-specific T-cell epitopes

No induction of allergen-specific

blocking IgGs as peptides are foo
short

Late-phase skin reactions possible

because of activation of allergen
specific T cells

Late-phase skin and pulmonary

symptoms observed because of
maintained allergen-specific T-cell
epitopes

Applicable only for simple allergen

sources like birch but not for
complex allergen sources

DNA may integrate into genome

Mostly studied in animal models, only

few clinical studies in humans

Late-phase skin reactions because of

allergen-specific T-cell epitopes

Folding variants may be difficult for

production

Applicable only for allergen sources

with dominant major allergens like
cat or birch

Costly

Effects not long-lasting

IgG, Immunoglobulin G.
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Table 2. Clinical trials with recombinant allergens, allergen derivatives and synthetic peptides

Molecules/approximate time frame

and refer

Description of the v:

Study design and clinical trial b

Recombinant wildtype allergens
rBet v 1/ 2002-2008

rPhl p 1, rPhlp 2, rPhlp 5a-+b, rPhl p 6/
2002-2014

rBet v 1 tablets/2006-2013

Sublingual immunotherapy of Birch
pollen-associated Apple Allergy/2012-
2016

Peptide-based technology
AllervaxCAT/1996-1999

ToleroMune Cat/2008-2018

ToleroMune Grass/2010-2016

ToleroMune HDM/2009-2016

ToleroMune Ragweed/2009-2016

AllerT/2012-2018

Nucleic acid-based strategies

CryJ2-DNA-LAMP plasmid vaccine for
allergy to Japanese Red Cedar/2012-
2015

Recombinant hypoallergens

Bet v 1 trimer, Bet v 1 fragments/ 2000-
2001

Folding Variant of Bet v 1/2002-2014

ILIT with MAT-Fel d 1/2008-2010

Ara h 1, Ara h 2 and Ara h 3/2009-
2013

Fcyl1-Fel d1 fusion protein/2011-2014
FAST-Fish/2013-2017

Second generation recombinant hypoallergens

BM 32/ 2012-2017

Recombinant allergen-specific antibodies

Anti-Fel d 1 1gG4 for passive
immunotherapy/ 2013-2017

To compare rBet v 1 with nBet v 1 and birch pollen
extract in SCIT in birch allergic patients [35].

Recombinant grass pollen allergen cocktail [33,34]

rBet v 1 administered as sublingual tablets in birch
pollen-allergic individuals [36].

Recombinant Mal d 1 [37"].

Two Fel d 1-derived peptides of 27 amino acid
[52,53,54]

Fel d 1-derived synthetic peptides for induction of
tolerance in cat allergic patients [55,56].

Short peptides from grass pollen allergens [57].

Short peptides derived from house dust mite
allergens

Short peptides from Amb a 1

Bet v 1-derived contiguous overlapping peptides

[58,59,60"]

DNA plasmid-encoding CryJ2 allergen and
lysosomal associated membrane protein 1 (LAMP-

1) [69].

Hypoallergenic recombinant derivatives of Bet v 1
[61].

Hypoallergenic recombinant folding variant of the
maijor birch pollen allergen (rBet v 1-FV) [77,78].

Intralymphatic immunotherapy for cat allergy [79].

Rectal application of Escherichia coli-encapsulated,
recombinant modified peanut proteins Ara h 1,
Ara h 2, and Ara h 3 [80].

Intradermal human Fey1-Fel d1 fusion protein [81].

Food allergy-specific treatment for fish allergy based
on subcutaneous application of mutated

parvalbumin (rCyp p 1) [83,84].

Hypoallergenic vaccine for immunotherapy of grass
pollen allergy consisting of four major allergens
and PreS carrier [99-102,103"%,104].

human IgG4 antibodies, REGN1908 and
REGN1909, specific for Fel d 1 block allergen
binding to IgE [62™"].

Phase Il completed, SCIT/DBPC
(NCT00410930)

Phase Ill completed, SCIT/DBPC
(NCT00671268, NCT00309036,
NCT01353755, NCT00666341, 2007-
002808-18)

Phase Il completed, SLIT, DBPC
(NCT00901914, NCT00396149,
NCT00889460)

Single-center, double-blind, placebo-controlled
explorative study (NCT0144978¢)

SCIT, DBPC

Phase Ill completed, Intradermal/ DBPC,
(NCT01620762, NCT02311413,
NCT01604018, NCT02040844)

Phase llb, Intradermal/DBPC (NCTO1166061,
NCT02795273, NCT02161107,
NCT02292875, NCT01923779)

Phase Il, Intradermal /DBPC, (NCT01949441,
NCT02150343, NCT01008332,
NCT01447784, NCT01923792)

Phase I, Intradermal /DBPC, (NCTO1198613,
NCT02061709, NCT02396680,
NCT01448603, NCT00878774)

Phase llb, SCIT/ DBPC (NCT01720251,
NCT02143583,NCT02271009,
NCT01719133, NCT02943720) Long-term
follow-up of a phase IIb study ANOOAT

Safety and immunogenicity phase I, 1B and IC
studies (NCTO1707069, NCT01966224,
NCT02146781).

Phase Il completed, SCIT/ DBPC

Phase Ill completed, SCIT/ DBPC
(NCT00266526, NCT00309062,
NCT00554983, NCT00841516,
NCT01490411)

Phase | (NCT00718679)

Phase | completed, safety study
(NCT00850668)

Safety study (NCT01292070)

Phase lla (NCT02017626) Phase IIb
(NCT02382718)

Phase Ilb completed, SCIT/DBPC,
(NCT01350635, NCT01445002,
NCT01538979, NCT02643641) hepatitis
B: NCT03625934

Multicenter phase 1b, randomized, double-
blind, placebo-controlled, single SC dose,
proof-of-mechanism study completed

(NCT01922661, NCT02127801)

DBPC, double-blind, placebo-controlled; HDM, house dust mite; SCIT, subcutaneous immunotherapy; SLIT, sublingual immunotherapy; IgG, Immunoglobulin G.
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study had shown that rBet v 1-based SCIT is well
tolerated, induces blocking IgG antibodies and was
clinically effective. There has been also a small
academic trial using rMal d 1, the major apple
allergen for SLIT [37"] but no other recombinant
wildtype allergens have been evaluated in clinical
trial, although several recombinant candidate mol-
ecules have been produced and characterized exten-
sively in preclinical research, such as Fel d 1 (cat
allergy) [38], Amb a 1 (ragweed pollen allergy) [39],
Ole e 1 (olive pollen allergy) [40], a single grass
pollen hybrid containing the four major timothy
grass pollen allergens (Phl p 1, Phl p 2, Phl p 5 and
Phl p 6) [41,427], the major Parietaria allergens, Par j
1 and Par j 2 [43], the important house dust mite
allergens (Der p 1, 2, 5, 7, 21 and 23) [44,45"], the
major dog allergens [46%], the major peanut aller-
gens [47], the major bee and wasp allergens [48] to
name just some important allergen sources.

Allergen-specific immunotherapy with
synthetic peptides

The idea of using T-cell epitope-containing allergen
peptides for AIT originally has been pursued by
ImmuLogic Pharmaceutical Corp. a company,
which had been located in Waltham, Massachusetts
and was founded in 1987. Scientists from Immu-
Logic were among the first to isolate allergen-encod-
ing DNA and succeeded to clone the major cat
allergen, Fel d 1 and the major ragweed allergen,
Amb a 1 [49,50]. The T-cell peptide concept was
based on studies carried out in mice showing that
peripheral T cell tolerance against the major cat
allergen, Fel d 1 could be induced by injection of
T-cell epitope-containing short peptides [51]. As the
T-cell epitope-containing peptides were short and
lacked IgE reactivity, it was expected that the treat-
ment would not induce immediate allergic side
effects but induce T-cell tolerance, which was hoped
to have effects on allergen-specific IgE production
(Table 1). Interestingly, T-cell peptide-based AIT for
cat allergy was the first to enter clinical studies,
which were conducted soon after the cloning of
the major cat allergen [52-54]. However, it turned
out that the treatment was clinically not effective
and treated patients did not develop allergen-spe-
cific IgG antibodies because the peptides were too
short to induce allergen-specific IgG responses.
Immunologic was then closed in 1999. Despite
the disappointing clinical study results, the T-cell
epitope peptide approach was continued. Again T-
cell peptide treatment did not induce robust aller-
gen-specific IgG production and clinical effects were
observed mainly regarding late-phase allergic symp-
toms in exposure chamber studies whereas it
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remained unclear if the treatment had strong effects
on immediate symptoms because of mast cell and
basophil degranulation [55-57]. The T-cell peptide
approach was pursued by the company Circassia to a
large phase 111 field study for cat allergy but the study
was not successful, although more than 1000
patients were included (Table 2).

Also another company, Anergis based in
Switzerland, used allergen-derived synthetic pepti-
des (Tables 1 and 2). In contrast to the Circassia
approach, Anergis used longer peptides, which were
adjuvanted using aluminum hydroxide. Interest-
ingly, the longer adjuvanted peptides, termed con-
tiguous overlapping peptides, induced allergen-
specific IgG antibodies and showed clinical efficacy
even in field trials (Table 2) [58,59,60%]. This AIT
approach was thus very similar to the treatment
with hypoallergenic recombinant Bet v 1 fragments,
which had induced allergen-specific IgG blocking
antibodies and had shown beneficial clinical effects
[61]. However, when analyzing the results obtained
with the adjuvanted recombinant Bet v 1 fragments,
it became clear that the induction of allergen-spe-
cific IgG antibodies is important for clinical efficacy.
This assumption is also supported by the fact, that
passive vaccination with allergen-specific 1gG-
blocking antibodies was effective in reducing aller-
gic symptoms in a clinical trial [62"].

Allergen-specific immunotherapy with nucleic
acid-based strategies

The concept of using allergen-encoding nucleic
acids for AIT goes back to two studies, which dem-
onstrated in murine models that immunization
with allergen-encoding DNA induced allergen-spe-
cific Th1 responses and reduced allergen-specific IgE
production [63,64]. DNA vaccination for AIT was
then developed by the company Dynavax but con-
cerns arose when experimental animal studies
showed that DNA vaccination can lead to uncon-
trolled allergen transcription in different tissues
[65]. The development of DNA vaccines for AIT
was, therefore, not further pursued by Dynavax
and instead the company focused on conjugating
immunomodulatory DNA (CpG) sequences to aller-
gens with the goal to obtain conjugates with
reduced allergenic activity and Th1-inducing prop-
erties [66]. The latter concept of using CpG-conju-
gated allergen for AIT was then moved into clinical
trials. It could be shown that CpG-conjugated major
ragweed allergen, Amb a 1, induced allergen-specific
IgG responses, had clinical effects and reduced
boosting of allergen-specific IgE production caused
by seasonal allergen exposure [67]. However, conse-
cutive clinical trials were not as successful and it
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seems that the chemical coupling of CpG motifs to
the allergens was technically challenging. This
approach was, therefore, not further pursued.
Instead it was tried to use CpG motifs without added
allergen for unspecific immunomodulation.

In order to reduce the risk of uncontrolled syn-
thesis of allergen-encoding DNA in tissues, other
research groups have developed concepts for genetic
AIT based on mRNA vaccination [68]. However, up
to now, there are only few clinical phase I studies
performed with DNA-based AIT from which no
conclusions can be drawn if DNA-based AIT induces
a protective allergen-specific immune response and
regarding possible clinical effects (Table 2) [69].
mRNA vaccination has not yet been evaluated in
clinical trials so far (Tables 1 and 2) [70%].

Allergen-specific immunotherapy with
recombinant hypoallergenic allergens or
peptides capable of inducing IgG responses

The term ‘recombinant hypoallergenic allergen deriv-
atives’ describes recombinant molecules, which are
based on modifications of the sequence of the wild-
type allergens with the goal to reduce IgE reactivity
and/or allergenic activity (Fig. 1 and Table 1) [71]. The
approach of synthetizing long immunogenic allergen
peptides by peptide chemistry as exemplified by the
contiguous long overlapping peptides was originally
thought to be used for targeting T cells similar as the
short T-cell epitope-containing allergen peptides
described before until it was found that immuniza-
tion with such long adjuvanted peptides can induce
protective allergen-specific 1gG antibodies [58,72-
74]. The contiguous long overlapping Bet v 1 peptides
(Tables 1 and 2) [59,60"] thus function according to
the same principle as the recombinant Bet v 1 frag-
ments, which have been described much earlier
[75,76] and which was in fact the first recombi-
nant-based AIT form, which has been evaluated in
clinical trials in allergic patients together with a
recombinant hypoallergenic Bet v 1 trimer [61].
The common feature of all these first generation
hypoallergenic allergen derivatives is that they
induce upon immunization allergen-specific 1gG
responses in the patient, which compete with IgE
binding and thus, depending on the titers and spe-
cificities of the blocking IgG response, reduce IgE-
mediated mast cell and basophil degranulation, and
thus immediate allergic symptoms as well as IgE-
facilitated allergen presentation and thus T-cell acti-
vation and late-phase allergic responses. Further-
more, treatment may reduce allergen-specific IgE
production boosted by allergen contact and thus
may reduce allergen-specific IgE levels. Recombinant
hypoallergenic allergen derivatives have been
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evaluated in clinical trials for the treatment of respi-
ratory and food allergy quite successfully showing
good safety, immunogenicity and beneficial clinical
effects (Table 2) [61,77-85]. A folding variant of the
recombinant birch pollen allergen, Bet v 1, obtained
by chemical denaturation of the rBet v 1 molecule was
successtully evaluated in clinical trials up to phase III
(Table 2) [77,78]. However, it turned out that the
chemical modification process developed for the rBet
v 1 molecule was not suitable for large scale produc-
tion. A recombinant mutant developed for the major
fish allergen parvalbumin was evaluated in phase II
clinical trials of the European Union project FAST
showing good safety and immunogenicity (Table 2)
[82-85]. However, presumably because of low num-
ber of patients with clinically relevant fish allergy,
clinical effects in the studies were modest and the
approach was not further developed. Thus SCIT with
recombinant hypoallergens induces protective aller-
gen-specific IgG blocking antibodies and shows clini-
cal efficacy and is suitable for the development of
recombinant AIT vaccines. Moreover, it seems that
one can build up high levels of allergen-specific IgG-
antibodies with much fewer injections of recombi-
nant hypoallergenic allergen derivatives as compared
with recombinant wildtype allergen because of their
reduced allergenic activity, which allows administer-
ing higher doses as compared with wildtype allergens
already in the built-up phase of AIT. However, the first
generation recombinant hypoallergenic allergen
derivatives were constructed to maintain allergen-
specific T-cell epitopes and it turned out that they
still could induce late-phase side effects in the
patients [86]. Studies investigating the underlying
mechanisms indicated that non-IgE-reactive allergen
derivatives containing T-cell epitopes can induce
non-IgE-mediated but T-cell-dependent and MHC-
dependent late phase allergic inflammation [87-
89]. In order to reduce also the T-cell-mediated late-
phase side effects, second generation recombinant
hypoallergens were developed [31,90%].

Allergen-specific immunotherapy with second
generation recombinant hypoallergens

Second generation recombinant hypoallergens are
based on hypoallergenic and/or nonallergenic pep-
tides with a length of approximately 20-40 amino
acids, which are derived from the IgE-binding sites
of allergens, and which are rendered immunogenic
by coupling to a per se non-allergenic carrier protein
[91,92]. Originally, we have suggested this approach
as one possibility for construction hypoallergenic
AIT vaccines [93] and demonstrated that one can
covalently couple nonallergenic allergen peptides
chemically to carrier molecules, such as
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Keyholelimpet hemocyanin to obtain a vaccine,
which will induce upon immunization allergen-spe-
cific IgG antibodies, which block allergic patient’s
IgE binding to the allergen and block allergen-IgE-
mediated basophil activation [94,95]. In order to
obtain a generally applicable method for the pro-
duction of peptide carrier-based AIT vaccines suit-
able for large-scale GMP production, we developed
recombinant peptide carrier-based vaccines, which
are based on recombinant fusion proteins consisting
of a nonallergenic carrier protein fused to nonaller-
genic allergen-derived peptides to induce blocking
IgG antibodies with T-cell help from the carrier thus
reducing allergen-derived T-cell epitopes in the vac-
cine [96,97]. As carriers we used viral proteins
because they would induce eventually also a protec-
tive virus-specific immune response that would be
rather beneficial for the patient and not harmful
[98]. The grass pollen allergy vaccine BM32 consist-
ing of four recombinant fusion proteins including
hepatitis B-derived PreS fused to nonallergenic pep-
tides of the four major timothy grass pollen aller-
gens [99] showed an excellent safety profile, induced
robust allergen-specific blocking IgG responses with
few injections and had good clinical efficacy
(Tables 1 and 2) [100-102,103""]. Interestingly,
BM32 induced also IgG responses, which block hep-
atitis B infection of liver cells in vitro [104] and the
component BM325 is currently being evaluated in a
clinical trial for vaccination against hepatitis B
(NCT03625934). The concept of using PreS-bound
allergen-derived peptides for the development of
AIT vaccines seems to be broadly applicable for all
allergen sources. Importantly, PreS-based allergy
vaccines do not boost allergen-specific IgE
responses, and therefore may be very useful for
prophylactic allergy vaccination [101,103™].

Passive allergen-specific immunotherapy
with recombinant allergen-specific
antibodies

The classical study by Cooke et al [105]. in 1935
demonstrated that the transfer of allergen-specific
IgG from AlT-treated patients into nonallergic indi-
viduals can suppress passively transferred cutaneous
allergen sensitivity. Several in-vitro studies showed
that allergen-specific blocking IgG antibodies can
suppress allergen-induced basophil and mast cell
activation as well as IgE-facilitated allergen presen-
tation and T-cell activation [106-108] In addition,
experimental animal studies indicated that the
administration of allergen-specific IgG can reduce
allergic symptoms. The assumption that allergen-
specific IgG-blocking antibodies are a major mecha-
nisms of successful AIT was corroborated recently by
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a clinical trial, which showed that the passive
administration of human monoclonal IgG-blocking
antibodies specific for the major cat allergen Fel d 1
suppressed strongly symptoms of cat allergy in a
double-blind, placebo-controlled exposure chamber
study [62"].

The importance of allergen-specific
prevention

Several studies monitoring the evolution of IgE sen-
sitization to allergen molecules in birth cohorts have
demonstrated that children often start with a clini-
cally silent IgE sensitization and then progress to
develop mild and later on in life, more severe symp-
toms [5-8,9"]. It is, thus, logic to consider early
intervention and prevention strategies for early
allergy prevention [21,109-112]. In fact, several clin-
ical studies based on allergen-specific strategies have
been conducted with the goal to prevent the devel-
opment allergic disease and/or its progression from
mild-to-severe manifestations. In this context, the
PAT studies should be mentioned, which indicated
that early AIT can prevent the progression from
rhinitis to asthma [113-115]. Likewise, it has been
shown that early introduction of food allergens, such
as peanut allergens into the diet, presumably via a
mechanism of early oral immunotherapy (OIT), may
prevent the development of food allergy [116,117"].
Furthermore, SLIT studies have been performed in
children with natural allergen extracts with the goal
to prevent the progression from silent IgE sensitiza-
tion to the development of allergic symptoms
[19,20,118,119]; however, the results have not
been conclusive.

Can allergen-specific prevention be realized
with allergen extract-based technologies?

We think that AIT with natural allergen extracts for
prevention of allergy in a primary or even secondary
preventive approach will be very difficult. First of all,
the quality of natural allergen extracts is a major
hurdle. Currently, manufacturers of AIT products
struggle to fulfill the requirements for quality and
documentation of allergen extract-based AIT prod-
ucts set by authorities and it is unclear how many of
these products can be maintained in the market [25].
Second, administration of natural allergens and in
particular sublingual administration of natural aller-
gens has been shown to strongly boost allergen-spe-
cific IgE responses [120]. Thus natural allergens may
eventually induce allergic sensitization whenever
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administered to not yet sensitized in individuals or
boost the allergic IgE responses in individualss with
only clinically silent IgE sensitization to increase and
eventually lead to the development of symptoms.
We, therefore, suggest to consider defined hypoaller-
genic recombinant allergen derivatives for preven-
tive AIT because they represent defined substances
with proven reduced allergenic activity [21,22].

Preventive vaccination with recombinant
hypoallergenic allergen derivatives

Big advantages of recombinant hypoallergenic
derivatives for a potential use in preventive AIT
approaches are that they represent defined mole-
cules with known properties, which can be pro-
duced under GMP conditions in a reproducible
manner [21,22,121%,122]. In fact, hypoallergenic
allergen derivatives have already been used for
immunization in nonallergic individuals in two
small clinical trials [123,124"]. In a recently pub-
lished double-blind, placebo-controlled study, it
could be shown that vaccination with recombinant
hypoallergenic fragments of the major birch pollen
allergen, Bet v 1 induced IgG antibodies in nonal-
lergic individuals, which could block IgE binding of
birch pollen allergic patients to Bet v 1 [124*]. Thus
these derivatives should be useful for preventive
vaccination because they induce a protective IgG
response. In this context, it should be mentioned
that another study provided evidence that maternal
allergen-specific IgG may prevent against allergic
sensitization in the offspring [125%*]. Children from
mothers containing high levels of allergen-specific
IgG did not develop IgE sensitizations against these
allergens when followed up to the age of 5 years
[125""]. One may, therefore, speculate that it may be
possible to increase the levels of allergen-specific
IgG in pregnant women by AIT with hypoallergenic
allergen derivatives to prevent the development of
allergic sensitization in the offspring.

Allergen-specific antibodies for prevention

In addition to vaccination of pregnant mothers with
hypoallergenic allergen derivatives, one may con-
sider to increase the levels of allergen-specific IgG
antibodies by passive immunization of mothers
with allergen-specific IgG antibodies [21]. Several
studies performed in experimental animal models
demonstrate that passive immunization of mothers
or of the off-springs early in life can prevent subse-
quent allergic sensitization [126-129]. In fact, the
study performed by Orengo et al. [62*°] showed that
human monoclonal allergen-specific IgG antibodies
can be developed as a biological treatment for
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allergy and one can, therefore, envisage that such
therapeutic antibodies could be also used for the
prevention of allergy.

Tolerance induction with synthetic T-cell
epitope-containing allergen peptides
Although AIT with peptides containing allergen-
specific T-cell epitopes was so far not successful,
peptides may be considered for the induction of
preventive T-cell tolerance [22]. One possibility to
induce prophylactic allergen-specific tolerance is
oral tolerance induction shortly after birth [22]. This
possibility is discussed in the context of early studies
showing effective prophylactic oral tolerance in
experimental animal models [22,130]. However,
also systemic administration of tolerogenic peptides
may be considered as a prophylactic strategy for
allergy as it is already considered for other hyper-
sensitivity diseases [131].

Tolerance induction with stem cell-based
technologies

The administration of hematopoetic stem cells
expressing transplant antigens, autoantigens and
allergens for long-lasting prophylactic tolerance
induction has been successfully demonstrated in
experimental animal models [132-136]. Such a stem
cell-based prophylactic approach may be feasible for
allergy because the molecular structures and sequen-
ces of the most important allergens are known and it
should be technically feasible to prepare constructs
for the transformation of hematopoetic stem cells
obtained from cord blood to be introduced into
newborns for tolerance induction. However, addi-
tional major hurdles need to be overcome. For
example, it will be necessary to develop methods
for expression of the antigens on the stem cells,
which are well tolerated. Furthermore, suitable pro-
tocols for stem cell transplantation need to be devel-
oped, which are not immunosuppressive.

AIT is an extremely effective, inexpensive and the
only disease-modifying therapy for allergy. More-
over, AIT can be used for specific prophylaxis. How-
ever, the further development of AIT is severely
hampered by the quality of natural allergen extracts
and can only be achieved with molecular AIT strat-
egies. Most of the disease-causing allergen molecules
have been identified and several molecular forms of
AIT have been developed, which have the potential
to revolutionize AIT and eventually allergen-specific
prevention. However, resources are needed to
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develop the new molecular approaches in clinical
trials to become available in daily allergy care. Clin-
ical studies performed with molecular approaches
indicate that the success of AIT depends strongly on
the induction of allergen-specific IgG antibodies,
which inhibit allergic patient’s IgE binding to the
allergen and consecutive immediate and late phase
allergic reactions. Moreover, it has been recently
shown that passive immunotherapy with recombi-
nant allergen-specific human monoclonal IgG anti-
bodies is effective in reducing allergic symptoms.
Molecular AIT approaches, therefore, should induce
allergen-specific IgG-blocking antibodies to be suc-
cessful in clinical trials. AIT approaches, such as T-
cell peptide therapy targeting only allergen-specific
T cells without inducing allergen-specific IgG anti-
bodies have so far not been successful; however,
such approaches may have a high potential for
prophylactic tolerance induction whenever given
in early life. Further molecular approaches for pre-
vention of allergy include preventive vaccination
with recombinant hypoallergenic allergen deriva-
tives, passive immunization with allergen-specific
blocking antibodies and eventually stem cell-based
therapy approaches.
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