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Purpose of review

Despite reaching high percentages of desensitization using allergen-specific immunotherapy (SIT) in
patients with food allergy, recent studies suggest only a low number of patients to reach persistent clinical
tolerance. This review describes current developments in strategies to improve safety and long-term efficacy

of SIT.

Recent findings

Modified allergens or tolerogenic peptides, ultimately optimized for human leukocyte antigen background
of the patient, are explored for tolerance induction, whereas anti-IgE antibody (Omalizumab) may be used
to facilitate SIT safety. Adjunct therapies to enhance efficacy may make use of Tyy1 polarizing agents, for
example, CpG-oligodeoxynucleotides combined with modified allergen packaged in nanoparticles.
Preclinical studies showed insulin-like growth factor-2, intravenous immunoglobulin, Tregitopes or allergen
encased oligomannose-coated liposomes capable of inducing regulatory T-cells, recognized for their
importance in clinical tolerance induction. Dietary intervention strategies utilizing herbal formula 2, VSL#3,
nondigestible short-chain galacto-oligosaccharides and long-chain fructo-oligosaccharides (scGOS/IcFOS)
plus Bifidobacterium breve M-16V or n-3 long-chain polyunsaturated fatty acids may facilitate safety
and/or a favourable milieu for tolerance induction.

Summary

Combining SIT using (adapted) allergens or tolerogenic peptides with adjunct therapy may be essential to
improve safety and/or efficacy. Beyond using targeted approaches, specific dietary components may be
explored to reduce side-effects and support clinical tolerance induction by SIT.
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The rising prevalence of allergic diseases relates to
the increase in noncommunicable diseases, and
food allergy may be seen as an early onset non-
communicable disease [1]. Food allergy is one of
the first manifestations of atopic constitution and
affects 6% of children and 3 to 4% of adults in
westernized countries. Cow’s milk and hen’s egg
are the main contributors to early childhood allergy
and are outgrown in 80% of patients, by contrast,
peanut allergy is resolving in less than 20%. Intake
of the culprit food results in local (oropharyngeal/
gastrointestinal) and/or systemic (atopic dermatitis,
asthma) symptoms, ranging from mild (itching) to
extremely severe (anaphylactic shock). Food allergen-
specific immunotherapy (SIT) is being explored, but
safety and long-term efficacy issues currently ques-
tion its applicability for general clinical practice
[2,3]. This review provides an update on clinical
trials published over the last year using SIT in IgE-
mediated cow’s milk, hen’s egg and peanut allergy.
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Furthermore, novel developments in allergen modi-
fication and adjunct therapies to improve safety and
(long-term) efficacy are discussed.

Food allergy results from a defect in the adaptive
immune response upon presentation of food
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Immunotherapy and new treatments

KEY POINTS

e Specific OIT for egg, milk or peanut allergy results in
desensitization in the majority of cases.

e Tolerogenic peptides from allergen sequences having
low allergenic properties are being selected.

e Omalizumab may enhance SIT safety; DARPins are
novel effective desensitizing agents.

e Supporting allergen-specific functional Treg may pave
the way for clinical folerance induction.

e Dietary FAHF-2, VSL#3, scGOS/IcFOS or n-3 LCPUFA

may favour the immune milieu for SIT.

proteins by antigen-presenting cells to T-cells result-
ing in Ty2 polarization and IgE-producing plasma
cells rather than tolerance [3]. Allergen-specific IgE
binds fragment crystallizable epsilon receptor 1
(FceRI) on mast cells and basophils (sensitization)
and allergen reencounter cross-links membrane-
bound IgE triggering degranulation, resulting in
allergic symptoms [3]. Immunotherapy involves
desensitization ultimately by reducing antigen-
specific IgE and internalization of membrane-bound
allergen-specific IgE [4], while increasing IgG4.
Immunotherapy also aims at restoring tolerance
by supporting Tyl and regulatory T-cells (Treg)
(CD4"CD25M8"FoxP3*, Trl or Ty3 cells). Treg sup-
press Ty2-prone immune responses via secretion of
[L-10and/or TGF-B [5,6",7%]. Indeed, allergen-
induced Treg were recently found to associate with
reestablishment and maintenance of clinical toler-
ance using SIT [6™].

SIT for food allergy utilizes conventional or rush
(within days) allergen dose-escalation protocols
followed by daily home maintenance with the
tolerated threshold dose. Dose escalation aims at
desensitizing, increasing the threshold dose for
clinical reactivity to the culprit food. Maintenance
aims at reaching (persistent) clinical tolerance (no
clinical symptoms for the threshold dose after
ceasing therapy for at least 4 weeks) [2,3]. For food
allergy, oral immunotherapy (OIT) and sublingual
immunotherapy (SLIT) are most often studied [2,3].
OIT lowers the relative risk ratio for reactions to 0.19
as a result of desensitization [8]. However, only in a
few studies [6™,9%], clinical tolerance after ceasing
therapy was determined and results are disappoint-
ing. Apart from OIT and SLIT, also subcutaneous
immunotherapy was shown effective in, for example,
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peanut allergy, but coincided with a high frequency
of severe side-effects [3]. Novel approaches include
epicutaneous immunotherapy (EPIT).

Oral immunotherapy

Several recent studies [6*%,10,11,12%13] for peanut
allergy showed desensitization in patients under-
going OIT. Anagnostou ef al. [10] found 62% desen-
sitization allowing an eliciting dose threshold
increase of 25 times compared with the placebo
group, but 20% of OIT patients experienced respir-
atory difficulties and in one case, epinephrine was
administered. These adverse effects are not uncom-
mon for OIT and pose a serious drawback (Table 1).
Immunological changes required to reach a state of
clinical tolerance rather than desensitization are
largely unknown. Recently, OIT in peanut-allergic
patients increased the frequency of highly suppres-
sive antigen-induced forkhead box P3 (FoxP3)
expressing Treg in tolerant participants. Only 13%
of all participants in the OIT group remained unre-
sponsive after 6 months of peanut avoidance, but
persistent hypomethylation of the FoxP3 locus was
associated with maintaining clinical tolerance [6™].
Keet et al. [97] also found that persistent clinical
tolerance was only reached in 31% of patients
undergoing OIT in cow’s milk allergy. It was
suggested that the duration of OIT plays a role in
sustained unresponsiveness [14]. OIT is a common
method for inducing desensitization in hen’s egg-
allergic children and raw egg extract desensitized
80-90% [15,16]. Current recruiting clinical trials are
implementing baked egg or egg protein to desensi-
tize patients [17].

Sublingual immunotherapy

SLIT is extensively investigated as potential therapy
for food allergies [12%,18%]. Fleischer et al. [18"]
showed desensitization in 70% of participants in a
peanut SLIT trial compared with placebo controls.
Adverse effects mostly included mild oral-pharyngeal
symptoms [18%]. Another recent study found OIT to
a greater extent to induce immunological changes,
such as lowering the peanut IgE over IgG4 ratio, than
SLIT. Also, dose-eliciting thresholds were higher and
more stable in OIT-treated patients than SLIT-treated
patients [12"]. Although the efficacy of SLIT is lower
compared with OIT, its safety profile could be
beneficial for further clinical trials [12%,19].

Epicutaneous immunotherapy

EPIT can induce effector responses via Langerhans
cells, which are activated by a skin-patch containing
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allergenic proteins [19]. Current phase I/II trials for
peanut allergy are ongoing; so far, results regarding
safety seem promising [19]. An EPIT trial in peanut-
sensitized mice demonstrated the contribution of
Treg to desensitization, which maintained their
suppressive capacity after treatment was completed
[20].

Adaptations of food allergens to reduce allergenic-
ity, while retaining their capacity to induce desensi-
tization or tolerance induction, can improve safety
and efficacy of SIT. Allergenic proteins in cow’s milk
and hen’s egg comprise conformational heat labile
[e.g. B-lactalbumin, ovalbumin (OVA)], as well as
sequential heat stable [e.g. as-casein, ovomucoid
(OVM)] IgE-binding epitopes [21]. Hence, heating
will not completely reduce the allergenic risk, and in
a recent study [22], it was shown that 64% of egg-
allergic children could tolerate baked egg. The heat-
ing process may influence tolerogenic properties of
the allergenic protein as was tested in mice express-
ing T-cell receptors (TCRs) specific for dominant
T-cell epitope OVA3,3_3309. Unheated egg white, 80
or 121°C heated egg white enhanced the allergenic-
ity or immunogenicity, whereas 100°C heated egg
white showed reduced allergenicity while maintain-
ing tolerogenic capacities [23]. Indeed, in OVM-
sensitized mice, desensitization via OIT was equally
effective using the native or heated OVM, and intro-
duction of baked egg in the diet of egg-allergic
patients resulted in desensitization for raw egg in
50% of cases [24,25].

As an alternative for (adapted) allergen treatment,
an increasing amount of encouraging preclinical
data is published on peptide SIT for food allergy
[26]. OIT wusing OVM immunodominant T-cell
epitope-containing peptides reduced the frequency
of clinical signs and allergen-specific IgE in OVM-
allergic mice, while increasing Treg frequency in
the circulation [27]. T-cell epitopes as candidates
for peanut allergy SIT are selected on the basis of
proliferation of CD4" T-cell lines generated from
peanut-allergic patients, on basophil activation
assays identifying the non-IgE cross-linking
peptides and human leukocyte antigen (HLA)-
genotyping [28,29]. A recent genome-wide associ-
ation study [30™] in 5.789 allergen-sensitized indi-
viduals versus 10.076 controls showed, amongst
others, that sensitization is associated with HLA-B
and -DQ beta (DQB)1. T-cell responses towards
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allergens are initiated by allergen internalization
and degradation followed by peptide presentation
in the context of HLA molecules. Cognate T-cell
help is required for isotype class switching and
induction of antigen-specific memory B cells and
plasma cells [31]. Specific HLA molecules exhibit
distinct peptide specificities; thus, the responsive-
ness of individuals to epitopes within allergens can
theoretically be predicted per individual, grouped
according to their major histocompatibility com-
plex background. By using NETMHCII algorithms,
a number of Ara h 2 peptides binding to histocom-
patibility complex class II were identified and
proven to be functional as similar peptides were
shown to induce T-cell proliferation [32]. In a direct
approach to identify Ara h 1-specific peptides, T-cell
stimulation with 20-mer overlapping peptides from
different individuals resulted in 145 Ara h 1-specific
T-cell clones. HLA restriction analysis showed HLA-
DQ and -DR as presenting molecules for different
peptides defining apparently without a background
preference for specific (e.g. DR beta 1x03:01) alleles
[29]. Prickett et al. [29] designed seven short peptides
containing 10 core T-cell epitopes of Ara h 1 and
three peptides containing five core T-cell epitopes of
Ara h 2 [28]. It is suggested that a potential peptide
immunotherapy with the combined Ara h 1 and Ara
h 2 peptides targets a HLA-diverse patient popu-
lation; however, preclinical and clinical studies still
need to examine the therapeutic potential of those
peanut peptides. In cow’s milk allergy, T-cell epito-
pes have been identified for both beta-lactoglobulin
[33"] and alpha-lactalbumin [34]. Oral delivery
of two specific beta-lactoglobulin T-cell epitope
peptides prior to whey sensitization reduced the
development of the whey-induced acute allergic
skin response in mice [33"]. Innovative approaches
for peptide immunotherapy aim at enhancing the
tolerogenic properties, for example, by adding sugar
moieties suggested to induce Treg by activating
C-type lectin receptor specific intercellular adhesion
molecule 3 (ICAM-3) grabbing nonintegrin-related
1 on tolerogenic dendritic cells [35,36].

Approaches using allergen delivery to mucosal sur-
faces via nanoparticles or bacterial vectors are under
development. Recently, EMP-123, a rectally admin-
istered suspension of killed Escherichia coli express-
ing encapsulated modified recombinant Arah 1, Ara
h 2, Ara h 3 and shown effective in mice, induced
severe acute side-effects, including two anaphylactic
reactions in five out of 10 peanut-allergic patients
[37]. An alternative for the use of E. coli as a vector
may be the Lactococcus lactis [38]. Prophylactic oral
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delivery of L. lactis engineered to secrete Ara h 2
or have cell wall anchored Ara h 2 reduced
peanut-specific IgE and Ty2 polarization in peanut-
sensitized mice [38].

Humanized anti-IgE antibody Omalizumab binds
free IgE and dissociates IgE from the surface of mast
cells, consequently reducing FceRl expression
[39,40]. Combining SLIT or OIT with Omalizumab
seems promising as in a pilot study in high-risk
peanut-allergic patients rapid oral desensitization
was reached with only mild adverse effects, while
monotherapy with Omalizumab resulted in high
rates of severe side-effects in patients with peanut
allergy [2,39,40]. Designed ankyrin repeat proteins
(DARPins) also prevent binding of free IgE and
DARPin bi53_79 completely dissociated IgE
from FceRI and blocked cutaneous anaphylaxis in
mice expressing human FceRla chain better than
Omalizumab [39]. Hence, beyond anti-IgE anti-
bodies, in future DARPin may be added to SIT as
adjunct therapy to improve safety (Fig. 1).

Toll-like receptor 9 agonists, for example, bacterial
cytosine phosphate guanine (CpG) DNA rich in non-
methylated cytosine guanine motifs or synthetic
CpG-oligodeoxynucleotides (ODN), induce Tyl
polarization. Oral delivery of digestion-protected
CpG-ODN-treated allergic symptoms in peanut-
sensitized mice [41], type B and C CpG-ODN (i.p.)
proved to be most effective [42]. In a phase I/Ila trial
with house dust mite-allergic asthma patients QbG10
(bacteriophage Qbeta-derived virus-like particle with
CpG-motif G10 inside) containing type A CpG as
adjuvant in allergen-specific subcutaneous immuno-
therapy, effectively relieved symptoms lasting for
38 weeks after treatment [43]. QbG10 without aller-
gen treatment also reduced asthmatic symptoms
and improved the forced expiration volume up until
12 weeks after steroid withdrawal [44]. Combined
injection of Ara h 2 with CpG-ODN packaged in
biodegradable protamine (proticles) suppressed
generation of Ara h 2-specific IgE in BALB/c mice
[45]. Indicating nanoparticles as a novel way of com-
bined delivery of allergens and adjuvant in SIT.

Apart from enhancing Tyl polarization, allergen-
specific Treg may improve SIT efficacy (Fig. 1).
Recently, the insulin-like growth factor-2 (IGF-2)
receptor was found to be expressed on
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CD4"CD25"FoxP37CD127~ Treg in mouse and
human [7*"]. IGF-2 induced proliferation of func-
tional Treg upon concurrent TCR activation, while
preventing oral OVA sensitization in mice [7"].
Intravenous immunoglobulins (IVIg) (polyclonal
I1gG) provide another way of enhancing Treg
numbers. The sialic acid fraction of IVIg instructs
tolerogenic dendritic cells via binding of dendritic
cell immunoreceptor. In-vivo treatment with sialic
acid IVIg (i.p.), as well as adoptive transfer of OVA
primed ex-vivo sialic acid IVIg exposed dendritic
cells, prevented OVA-induced airway hyperrespon-
siveness in mice, while enhancing pulmonary
Treg frequency [46™]. Furthermore, HLA class II
restricted peptides, selected on the basis of Treg cell
epitope sequences (Tregitopes) on the IgG Fc and
F(ab)2 regions, suppress immune responses to coad-
ministered antigens by stimulating the expansion
of Treg [47]. Combined allergen with adjuvant
exposure by intranasal treatment with OVA encased
oligomannose-coated liposomes was also found to
expand Treg and suppressive CD8" T-cells, while
reducing OVA-specific IgE and allergic symptoms
in mice by targeting specific ICAM-3 grabbing non-
integrin-related and complement receptor 3 on den-
dritic cells [48]. Biologic agents, such as Lactobacillus
rhamnoses (Lcr35), may also install tolerogenic
dendritic cells. Adoptive transfer of Lcr35-treated
dendritic cells or feeding Lcr3S5 prior to sensitization
lowered the allergic airway response in OVA-allergic
mice, while enhancing Treg in the mesenteric
lymph nodes [49].

Dietary components favouring SIT may involve
herbal formula-2 (FAHF-2), probiotic mixture
VSL#3, nondigestible oligosaccharides or n-3 long-
chain polyunsaturated fatty acids (n-3 LCPUFA)
(Fig. 1). FAHF-2, a traditional Chinese medicine
cocktail of nine herbs, of which active components
include alkaloids berberine, palmatine and jatror-
rhizine, successfully treated peanut allergy in mice,
without using allergen. Beyond systemic Ty1 polar-
ization FAHF-2 suppressed mast cell FceRI expres-
sion and reduced mast cell and basophil numbers.
FAHF-2 is currently being tested in a phase II trial in
peanut-allergic patients [50]. Beyond using herbs
also treatment with VSL#3, enhanced Treg while
suppressing Ty2 and peanut-allergic symptoms in
mice [51]. A 9:1 mixture of short-chain galacto-
oligosaccharides and long-chain fructo-oligosac-
charides (scGOS/IcFOS) reduces the incidence of
atopic dermatitis in infants at risk [52]. In-vitro
scGOS/IcFOS combined with bacterial CpG DNA
enhanced release of soluble type lectin galectin-9
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FIGURE 1. Future possibilities for adjunct therapy to be combined with SIT using adapted allergens or tolerogenic peptides in
food allergy (preclinical data). CpG-ODN treatment enhanced systemic Tyy1 (IFN-y), reduced T42 (I-13, IL-5) and decreased
peanut IgE and/or increased IgG2a while suppressing mast cell degranulation and allergic symptoms in mice [41,42]. Similar
findings were observed for FAHF-2 [50] and VSL#3 (a cocktail of four different lactobacilli spp., three bifidobacteria spp. and
Streptococcus thermophilus) [51]. IGF-2 enhanced antigen-specific Treg by binding IGF-2R on Treg and suppressed T2 (IL-4,
IL-13, IL-5), OVAsspecific IgE, and allergic symptoms, when injected during oral OVA sensitization of mice [7*%]. IVIg binds
DCIR hereby inducing tolerogenic DC that instruct Treg and prevent OVA induced airway hyperresponsiveness [46**]. OVA
encased oligomannose-coated liposomes instruct tolerogenic DC via SIGNRT and CR3 and intranasal treatment suppressed
food-allergic symptoms in OVA-sensitized mice [48]. Omalizumab and DARPin bind IgE and induce internalization of FceRI
contributing fo desensitization [39]. Dietary scGOS/IcFOS and Bifidobacterium breve M-16V increasee galectin-9, and
reduce allergic symptoms when provided during whey sensitization [54]. Dietary n-3 LCPUFA enhanced the frequency of
tolerogenic DC and Treg and prevented allergic sensitization and symptoms in mice [55]. CpG-ODN, CpG-
oligodeoxynucleotides; CR3, complement receptor 3; DARPin, designed ankyrin repeat proteins; DC, dendritic cells; IGF-2,
insulin-like growth factor-2; LCPUFA, long-chain polyunsaturated fatty acids; OVA, ovalbumin; SIGNR1, specific ICAM-3
grabbing nonintegrin-related 1; SIT, specific immunotherapy; scGOS/IcFOS, short-chain galacto-oligosaccharides and long-

chain fructo-oligosaccharides; Treg, regulatory T-cells.

(known to bind IgE) by human intestinal epithelial
cells and instructed Treg and Ty1 polarization [53].
Dietary intervention with scGOS/IcFOS reduced
allergic symptoms in whey-sensitized mice in cor-
relation with increased serum galectin-9 levels, most
effectively when combined with Bifidobacterium
breve M-16V [54]. Furthermore, n-3 LCPUFA, found
in oily fish, prevented allergic sensitization in mice
by increasing the frequency of tolerogenic dendritic
cells and Treg and suppressing the allergic effector
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response [55,56]. Studies are warranted using these
dietary components as adjunct therapy in SIT.

CONCLUSION

Improvement of SIT regarding persistence of clinical
tolerance while reducing risk of treatment-related
side-effects is needed. Safety of SIT can be enhanced
by using modified allergens. Heat treatment retains
desensitizing properties of allergens, while reducing
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allergenicity, but is not tolerated by all patients.
Small peptides derived from immunodominant
T-cell epitopes of allergens, ultimately matching
the HLA background of the patient, are now being
tested for their tolerogenic properties. Beyond aller-
gen modification, adjunct therapies are developed.
Combining Omalizumab with OIT may improve
safety, and future adjunct therapies for safety may
involve DARPin, which bind IgE and effectively
dissociate IgE from FceRI. SIT efficacy can be
enhanced by instructing Ty 1 polarization and com-
bined exposure of CpG-ODN with modified aller-
gens, for example, packaged in nanoparticles, could
facilitate this. Preclinical studies have shown IGF-2,
sialic acid IVI9, Tregitopes or allergen encased oli-
gomannose-coated liposomes capable of inducing
allergen-specific Treg, which may be key for clinical
tolerance induction and maintenance. Dietary
FAHF-2 induces Tyl polarization and suppresses
effector responses, and is now tested in a phase II
clinical trial in peanut-allergic patients. VSL#3 indu-
ces Treg, and TGF-B depending Ty2 suppression
while lowering peanut-allergic symptoms in mice.
Furthermore, dietary scGOS/ICFOS plus B. breve
M-16V enhanced serum galectin-9 levels correlating
with reduced allergic symptoms in mice and may be
explored as SIT adjunct therapy. Furthermore,
adequate n-3 LCPUFA status may facilitate a favour-
able milieu for tolerance induction. Combining SIT
using (adapted) allergens or tolerogenic peptides
with adjunct therapy may be essential to further
improve safety and/or efficacy.
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