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Abstract

Food allergy is a growing public health epidemic with few available treatments beyond
allergen avoidance and rescue medications for accidental exposures. A major focus of
therapeutic development for food allergies is allergen-specific immunotherapy (AIT) in
which patients are exposed to increasing amounts of allergen in controlled dosing to
induce desensitization or tolerance. The work of the past few decades has culminated in
the recent FDA approval of a peanut product for oral AT for peanut allergies. Despite
these advances, current AIT protocols are cumbersome, take a long time to reach clinical
benefit and often have significant side effects. Therefore, there is a great need to
develop new therapeutics for food allergy. One area of research aims to improve AIT
through the use of adjuvants which are substances traditionally added to vaccines
to stimulate or direct a specific immune response. Adjuvants that induce Th1-polarized
and regulatory immune responses while suppressing Th2 immunity have shown the most
promise in animal models. The addition of adjuvants to AIT may reduce the amount and
frequency of allergen required to achieve clinical benefit and may induce more
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long-lasting immune responses. In this chapter, we highlight examples of adjuvanted AIT
and vaccines in development to treat food allergies.

Abbreviations

AIT allergen-specific immunotherapy
alum aluminum adjuvant
EPIT epicutaneous immunotherapy

LAMP lysosomal-associated membrane protein

MPLA  monophosphoryl lipid A

OIT oral immunotherapy
PLGA  poly-p-L-lactide-co-glycolide
SCIT subcutaneous immunotherapy

SLIT sublingual immunotherapy
TLR toll-like receptor

Treg regulatory T cell

TSLP  thymic stromal lymphopoietin
VLP virus-like particle

1. Introduction

Food allergy prevalence has increased significantly over the past 2
decades and is estimated to affect 8% of children and 4-10% of adults in
the United States (Gupta et al., 2019). Food allergy can have a large impact
on quality of life for both patients and their families due to dietary limitations
and significant social and emotional impact. Until recently, the only
approved treatments for food allergy included allergen avoidance and rescue
medications, including epinephrine and antihistamines, for emergency use
following accidental exposure (Sicherer & Sampson, 2014). There have
been major advances in the development of therapeutics for food allergy
in recent years, culminating in 2020 with the approval of the peanut immu-
notherapy product Palforzia, the first FDA-approved therapeutic specifically
for food allergy.

This chapter will focus on IgE-mediated food allergy which accounts
for the majority of allergic reactions to foods. In the case of food allergies,
sensitization results from the development of Th2-polarized cellular
immune responses to food and the generation of allergen-specific IgE anti-
bodies. The immunological development of these responses occurs when
pro-inflammatory cytokines termed alarmins (IL-25, IL-33 and thymic
stromal lymphopoietin (TSLP)) are released by epithelial cells, which results
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Fig. 1 Mechanisms of allergic sensitization. Sensitization to foods occurs when food
allergens cross epithelial borders and the secretion of innate cytokines, including
IL-25, IL-33 and TSLP lead to the generation of Th2 cells and IgE-producing B cells.
Allergic reactions occur when allergen binds to IgE that is loaded on the FceR1 on mast
cells. Crosslinking of IgE leads to rapid mast cell degranulation and release of inflamma-
tory mediators. Figure created using BioRender.com.

in dendritic cells (DCs) that promote the differentiation of naive CD4"
T cells into Th2 cells. Th2 cells produce key cytokines (IL-4, IL-5,
IL-9, and IL-13) that are responsible for mediating allergic reactions and
inducing B cell class switching to IgE (Fig. 1). Allergen-specific IgE binds
to its receptor (FceR1) on mast cells and basophils. When these cells are
exposed to allergen, IgE antibodies on the cell surface cross-link, leading
to degranulation and the release of inflammatory mediators, such as hista-
mine, prostaglandins and leukotrienes which cause the clinical manifestations
of allergic reactions and anaphylaxis (Tordesillas, Berin, & Sampson, 2017).

A number of biologics are currently being tested for the treatment of
food allergies. Omalizumab (Genentech), an anti-IgE antibody currently
FDA approved for allergic asthma, is under clinical investigation for food
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allergy. Monoclonal antibodies that target the cytokines that mediate allergic
disease are also in clinical trials for food allergy, including the anti-1L-4
receptor alpha antibody dupilumab (Regeneron Pharmaceuticals) and the
anti-IL-33 antibody etokimab (AnaptysBio) (Chinthrajah et al., 2019;
Rial, Barroso, & Sastre, 2019). While these biologics suppress allergic disease
in a non-allergen-specific manner, the majority of the therapeutics in clinical
development are allergen specific, and this chapter will focus on these
allergen-specific immunotherapies and vaccines for food allergy.

2. Allergen-specific immunotherapy

Allergen-specific immunotherapy (AIT) has demonstrated great
promise for the treatment of allergic disease. In simple terms, AIT involves
the exposure of an allergic individual to gradually increasing doses of aller-
gen with the goal of inducing desensitization or tolerance (Wood, 2016).
The first reported use of AIT was in 1911 for the treatment of grass pollen
allergies (Noon, 1911). Since these first attempts over 100years ago,
numerous advances have been made including the development of AIT
protocols for many allergens and the investigation of multiple routes of
delivery. AIT has been well-studied for treatment of allergic rhinitis, con-
junctivitis, asthma and venom allergy, and in some cases it has been demon-
strated to induce tolerance (Larenas Linnemann, 2012). The development of
AIT protocols for food allergy has increased in the past decade, with the recent
approval of an oral immunotherapy (OIT) product and protocol for peanut
allergy (Kim & Burks, 2020; Palisade Group of Clinical Investigators et al.,
2018; Sampath, Sindher, Alvarez Pinzon, & Nadeau, 2020). Unlike AIT for
allergic rhinitis, there 1s a lack of evidence that OIT can induce long-term tol-
erance to food allergy in a majority of cases. However, remaining on mainte-
nance therapy does provide significant benefits to patients. Itis likely that further
research of patients who remain on food AIT for longer times may uncover
protocols capable of inducing long-term eftects, as has been reported for
AIT for allergic rhinitis (Sampath et al., 2020).

Traditionally AIT has been based on either subcutaneous (SCIT) or sub-
lingual (SLIT) administrations of allergen extracts. Allergen can also be
delivered orally (OIT) or epicutaneously (EPIT), and these routes have been
most extensively studied for food allergies. In SCIT, allergen is injected at
increasing doses each week for several weeks, followed by monthly main-
tenance injections that continue for at least 3years to achieve clinical pro-
tection. SCIT has demonstrated positive clinical effects, especially in
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treating seasonal allergic rhinitis, and is widely used in the clinic today for
aeroallergens (Jutel, Kosowska, & Smolinska, 2016). However, while early
clinical trials of SCIT with unmodified food extracts suggested similar effi-
cacy, they also resulted in adverse events, including anaphylaxis (Nelson,
Lahr, Rule, Bock, & Leung, 1997). Current research on SCIT for food
allergy is focusing on modifying food allergens to generate hypoallergenic
proteins that can be used in AIT without triggering reactivity (Feuille &
Nowak-Wegrzyn, 2018; Jongejan, van Ree, & Poulsen, 2016). Because
SCIT for food AIT is not currently considered safe, the majority of the clin-
ical development of food AIT has adapted SCIT protocols to deliver allergen
via sublingual, oral and epicutaneous routes which have improved safety
profiles.

Safety and efficacy of food AIT is variable, depending on the route of
administration and the type and dose of food used. Two studies directly
compared OIT and SLIT and demonstrated increased efficacy with OIT
(Keet et al., 2012; Narisety et al., 2015). Recent efforts have been focused
on developing OIT and EPIT products protocols for food allergy, but these
are mostly still considered investigational. The United States Food and Drug
Administration recently approved a standardized peanut product for OIT
(Palforzia, Aimmune Therapeutics) in peanut allergic children 4—17 years
of age based on extensive clinical studies (Palisade Group of Clinical
Investigators et al., 2018). Sixty-seven percent of participants in the Phase
III clinical trial passed an oral food challenge of at least 600 mg peanut pro-
tein, compared to only 4% in the placebo arm. Adverse events were com-
mon during peanut OIT, with 1 in 13 participants experiencing an adverse
event requiring epinephrine usage and 1 in 15 participants withdrawing
from therapy (Grzeskowiak, Tao, Knight, Cohen-Woods, & Chataway,
2020). Adverse events mostly occurred during the up dosing portion of ther-
apy, and epinephrine use was low during the long-term maintenance phase.
In a Phase II1 clinical trial of EPIT using the Viaskin Peanut patch in children
aged 4—11years, significantly reduced systemic side eftects were observed
compared with peanut OIT with no incidents of severe anaphylaxis
(Fleischer et al., 2019). However, efficacy was more modest, with 35.3%
of participants receiving EPIT passing a food challenge, compared with
13.6% in the placebo arm. Both of these AIT protocols require long dura-
tions of treatment to provide a protective benefit, and to date no food AIT
approaches have demonstrated the induction of tolerance in a large percent-
age of patients. Clinical trials have investigated the length of protection or
sustained unresponsiveness, which is determined by passing an oral food
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challenge after stopping AIT for a period of weeks to months. These studies
have demonstrated that as the period of allergen avoidance after AIT
increases, the rate of sustained unresponsiveness decreases (Vickery et al.,
2014). Protocols for OIT for other foods are being developed, including
ongoing clinical trials and in clinical practice without FDA approval
(Freeland et al., 2017; Wasserman et al., 2019). Further study is needed
to refine protocols for food AIT and determine markers to indicate
continued desensitization or induction of tolerance.

The immune mechanisms by which food AIT induce desensitization or
tolerance have not been fully defined; however, many correlates of protec-
tion have been determined in both animal and human studies. AIT is asso-
ciated with increased allergen-specific I[gG4 and IgA, which may indicate a
role for blocking antibodies in protection (Jones et al., 2017; Keet et al.,
2012; Narisety et al., 2015). The protective effects often correlate with
changes to allergen-specific T cells. AIT results in reduced production of
allergen-specific Th2 cytokines (IL-4, IL-5, IL-13), which may be mediated
by specific deletion of allergen-specific Th2 cells or induction of anergy due
to constant allergen exposure (Wambre et al., 2014). AIT-induced regulatory
T cells (Tregs) can also suppress allergic immune responses through produc-
tion of cytokines, including IL-10 and TGF-f, that can also mediate inhibi-
tion of Th2 immunity and suppression of mast cell reactivity (Feuille &
Nowak-Wegrzyn, 2018). There may also be a role for regulatory B cells
in suppression of Th2 cell function and modulation of the humoral immune
response (Kim et al., 2016; van de Veen et al., 2016). AIT could also suppress
allergic reactivity through the induction of allergen-specific Th1 immunity,
as IFN-y suppresses Th2 cells and reduces IgE production (Wambre et al.,
2014). Successful AIT has been associated with high levels of IFN-y and
IL-10, suggesting the induction of antigen-specific Th1 and regulatory cells
as key components mediating the suppression of allergic disease (Akdis &
Akdis, 2014). These immunologic changes are often transient with AIT
and require continuation on maintenance therapy to retain the immunolog-
ical and clinical benefits (Gorelik et al., 2015).

‘While food AIT has shown significant promise for the future of treating
food allergies, at present, there has not been a protocol that has demonstrated
the induction of tolerance or cure in a significant number of patients.
Responder rates for OIT, SLIT and EPIT vary greatly, and these therapies
also carry risks of adverse events. OIT has shown more instances of allergic
reactions than EPIT which has been demonstrated to be well-tolerated
(Dupont et al., 2010; Feuille & Nowak-Wegrzyn, 2018). However, despite
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Table 1 Immunotherapies and vaccines under development for food allergy.

Selected references

Allergen-specific immunotherapy (AIT)

Subcutaneous
(SCIT)

Nelson et al. (1997)

Sublingual (SLIT) Keet et al. (2012); Narisety et al. (2015)

Oral (OIT)

Freeland et al. (2017); Palisade Group of Clinical Investigators
et al. (2018)

Epicutaneous
(EPIT)

Dupont et al. (2010); Fleischer et al. (2019); Jones et al. (2017)

Modified hypoallergenic allergens

Allergoids Carnes, Gallego, Moya, and Iraola (2018); van der Kleij et al.
(2019)

Peptides Dhar and Larché (2019); Prickett et al. (2011); Rupa and Mine
(2012); Simms et al. (2015)

Recombinant Bindslev-Jensen et al. (2017); Wood et al. (2013);

allergens Zuidmeer-Jongejan et al. (2015)

Genetic vaccines

mRNA vaccines

Roesler et al. (2009); Scheiblhofer, Thalhamer, and Weiss
(2018)

DNA vaccines

Li et al. (1999); Li, Saade, and Petrovsky (2012)

Targeted DNA

vaccines

¢ LAMP1 fusion

Li, Song, Su, Heiland, and Sampson (2015); Liu (2011)

* DEC-205 Maaske et al. (2016)
fusion
Microbial products
Probiotics Barletta et al. (2013); Meijerink et al. (2012)
Heat-killed Li, Srivastava, Grishin, et al. (2003); Li, Srivastava, Huleatt,
bacteria et al. (2003); Wood et al. (2013)

TLR ligand-based adjuvants

CpG

Kulis, Gorentla, Burks, and Zhong (2013); Srivastava et al.
(2016); Zhu, Kandimalla, Yu, and Agrawal (2007)

Continued
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Table 1 Immunotherapies and vaccines under development for food allergy.—cont'd
Selected references

MPLA/GLA Graver et al. (2016); Soos et al. (2016)

Particle delivery systems

Virus-like Storni et al. (2020)

particles

Liposomes Bednar et al. (2017); Orgel et al. (2017)
Biodegradable

polymers

* PLGA Jilek, Walter, Merkle, and Corthesy (2004)

* Chitosan Li et al. (2009); Roy, Mao, Huang, and Leong (1999)

Nanoemulsions O’Konek et al. (2018, 2020)

the risk of adverse events, the benefit conferred by AIT is sufficient for many
patients (Anagnostou et al., 2014; Feuille & Nowak-Wegrzyn, 2018).
Despite the major advances in recent years, there remains an unmet need
to develop other therapies for food allergy, which may increase efficacy
and longevity of protection with reduced side effects. There are multiple
modalities currently under development that aim to improve food AIT
by reducing the amount and/or frequency of allergen exposure and increas-
ing long-term desensitization or tolerance induction. A wide variety of ther-
apeutics to enhance AIT for food are under development, including use of
modified food allergens, adjuvants and vaccines. A selection of these
therapies are listed in Table 1.

3. Modified hypoallergenic proteins for the treatment
of food allergy

The safety of food AIT may be increased through the development of
hypoallergenic modified food allergen proteins that can be used for AIT
without inducing reactivity (Yang & Kulis, 2019). Various methods have
been used to modify allergen structure to reduce IgE binding to prevent
allergenicity. Modified allergens include heated or baked food, recombinant
proteins engineered for reduced IgE binding, and peptides. Modified aller-
gens are also under investigation for use in vaccines to treat food allergy,
which will be discussed in more detail later in this chapter.
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High heat can denature conformational epitopes of proteins, which may
lead to decreased capacity to bind to IgE. This is also supported by milk and
egg allergic individuals who can tolerate these foods in baked form, as evi-
dence suggests that regular consumption of baked egg or milk can promote
the development of tolerance in egg and milk allergic patients (Lemon-Mule
etal., 2008). Similarly hydrolyzed egg protein has been tested in OIT in both
mice and humans, and demonstrated reduced allergenicity (Giavi et al.,
2016; Hacini-Rachinel et al., 2014). This suggests that for some allergens,
the safety of OIT could be improved through the use of extensively heated
allergen, leading to desensitization to the native form of the allergen.

3.1 Allergoids

Allergens can also be modified to reduce allergenicity through crosslinking
and polymerization of denatured native allergens to form allergoids (Carnes
et al., 2018). Allergoids retain the linear epitopes required for T cell acti-
vation but lack conformational epitopes required for IgE binding. Allergoids
have been mostly used in AIT for aeroallergens (Huser etal., 2017). The appli-
cation of allergoids for food AIT remains to be determined, but preclinical
studies have generated allergoids to reduce the allergenicity of many different
food allergens such as egg, milk, Brazil nut and peanut (Bencharitiwong, van
der Kleyj, Koppelman, & Nowak-Wegrzyn, 2015; Salgado, Casadevall,
Puignero, & Queralt, 1996; Smit et al., 2013; van der Klejj et al., 2019;
Villas-Boas, Fernandes, de Lima Zollner, & Netto, 2012). These studies
provide proof of concept for the use of these hypoallergenic allergen proteins
in vaccines for food AIT.

3.2 Peptide-based immunotherapy

Another method to reduce the risk of adverse reactions to food AIT is uti-
lizing peptides (approximately 10—20 amino acids in length) comprising
T cell epitopes of allergens that cannot cross-link IgE on mast cells or baso-
phils. The goal of this approach is to identify peptides that contain epitopes
to activate T cell responses without binding to IgE. AIT with these peptides
has been shown to induce the positive outcomes of AIT without causing
anaphylaxis (Gupta, Kumar, Das, & Dwivedi, 2014).

Peptides are chosen by epitope mapping in which potential T cell epi-
topes are identified by cloning allergen-specific T cells from large cohorts of
allergic patients. These T cell lines are used to screen a library of synthetic
peptides spanning the length of the allergen’s proteins. Dominant T cell
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epitopes are identified based on the capacity of the peptides to stimulate
T cells (Ali & Larche, 2005). Immunotherapy with T cell epitopes has been
used to treat cat, house dust mite and bee venom allergies and has demon-
strated the ability to confer altered T cell responses to whole allergen extracts
(Hoyne, O’Hehir, Wraith, Thomas, & Lamb, 1993; Muller et al., 1998;
Oldfield, Larche, & Kay, 2002).

Peptide-based vaccines are in an earlier stage of development for food
AIT. T cell epitopes have also been identified for food allergens, including
egg, peanut and cow’s milk (Prickett et al., 2011; Ruiter et al., 2006;
Yang & Mine, 2009). Studies in murine models of allergy to egg and peanut
have demonstrated the potential for safety and efficacy of synthetic
peptide-based vaccines for food allergy (Rupa & Mine, 2012; Simms
et al.,, 2015). A Phase I clinical trial of PVX108, an intradermal vaccine
containing T cell epitopes of major peanut allergens Ara h1 and Ara h2,
is ongoing in Australia (ACTRN12617000692336), and preliminary results
indicate that it is safe and tolerable in individuals with peanut allergy
(Dhar & Larché, 2019).

3.3 Recombinant allergen vaccines

Similar to peptide-based immunotherapy, recombinant food allergens have
been engineered to have decreased ability to bind IgE but still retain the epi-
topes necessary to stimulate T cell responses (Bannon et al., 2001; King et al.,
2005; Mine, Sasaki, & Zhang, 2003). Recombinant allergens have been
tested in both traditional food AIT and vaccines as alternatives to native
allergens (Li, Srivastava, Grishin, et al., 2003; Li, Srivastava, Huleatt,
et al., 2003; Rupa & Mine, 2006a). Because of their reduced binding to
IgE, higher doses of allergen can be administered without reactivity
(Zhernov, Curin, Khaitov, Karaulov, & Valenta, 2019). This may eliminate
the need for long periods of dose escalation, thus reducing the time of
treatment required to induce desensitization.

Generation of recombinant proteins with reduced capacity to bind IgE
can be accomplished by several methods, including removal of amino acids
in the IgE-binding epitopes, denaturation to alter protein folding, or
reassembly of allergens to form mosaics (Valenta, Linhart, Swoboda, &
Niederberger, 2011). Clinical trials for the treatment of aeroallergens includ-
ing birch and grass pollens using recombinant allergens have demonstrated
safety and efficacy, and this approach is currently being investigated for the
treatment of food allergies (Jutel et al., 2005; Pauli et al., 2008).
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For peanut allergy, IgE-binding domains and immunodominant T cell
epitopes have been mapped for the major allergens Ara h1, Ara h2 and Ara
h3. Identification of these epitopes allowed for the design of recombinant
variants of these allergens which do not contain IgE-binding motifs but
retain their T cell stimulatory function (Bannon et al., 2001). A Phase
I trial was completed for EMP-123, a vaccine composed of three recom-
binant peanut allergens (Ara h1, Ara h2, and Ara h3) encapsulated in heat
and phenol inactivated Escherichia coli (Wood et al., 2013). Adverse events
were common in peanut allergic subjects, with 20% having severe allergic
reactions. Another peanut allergy vaccine, HAL-MPE1, a chemically mod-
ified peanut extract adsorbed on aluminum hydroxide and delivered by the
subcutaneous route, was well-tolerated in a small group of 17 peanut aller-
gic adults in Denmark (Bindslev-Jensen et al., 2017). A larger Phase I study
of HAL-MPE1 is currently ongoing in the United States and Canada
(NCT02991885). Modified hypoallergenic egg proteins have been devel-
oped and have been shown to induce desensitization without reactivity in
mouse models (Rupa & Mine, 2006b). A European Union funded Food
Allergy Specific Immunotherapy (FAST) project focused on the develop-
ment of SCIT for food allergy by modifying allergens to improve safety and
tolerability. Fish and peach allergy were chosen, as these are each predom-
inantly caused by a single defined allergen, Cyp ¢ 1 and Pru p 3, respectively
(Zuidmeer-Jongejan et al., 2012), and modified recombinant fish protein
has been tested in a subcutaneous vaccine for patients with fish allergy
(Zuidmeer-Jongejan et al.,, 2015). Both Phase I (NCT02017626) and
Phase IIb (NCT02382718) studies have been completed, but results have
not been published (Jongejan et al., 2016).

4. mRNA and DNA vaccines

Another novel approach to the treatment of food allergies is the use of
mRNA or DNA vaccines. In contrast to vaccines that contain protein anti-
gens, genetic vaccines contain only mRNA or DNA (in the form of plas-
mids) which are taken up by cells in the patient and translated into
protein by the host machinery. The protein is then loaded into MHC com-
plexes on the cell surface to present to T cells (Tang, DeVit, & Johnston,
1992). Plasmid DNA or mRNA vaccines induce immune responses similar
to those associated with viral infections, including the induction of strong
Th1-polarized immune responses (Roesler et al., 2009). This approach is
in development for many types of vaccines and has been tested in numerous
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clinical trials mainly for anti-cancer vaccines (Weide, Garbe, Rammensee, &
Pascolo, 2008). Because these vaccines induce strong Th1-biased immunity,
mRNA and DNA vaccines have been pursued as therapeutic allergy vac-
cines, and their ability to modulate established Th2-polarized allergic
immunity has been investigated (Scheiblhofer et al., 2018).

The first studies of DNA vaccines for allergy involved intramuscular
immunization with plasmid DNA encoding house dust mite allergens driven
by a CMV promoter. This vaccine was shown to prevent sensitization to
house dust mite and later demonstrated to suppress established allergic dis-
ease (Weiss et al., 2006). This genetic vaccine approach has also been tested
in multiple murine models of food allergy. In a study by Li et al., three
weekly immunizations with plasmid DNA encoding Ara h2 induced com-
plete protection against challenge with Ara h2 in certain strains of mice
(Li et al., 1999). A major caveat of this approach is that results from human
clinical trials using DNA vaccines have generally not demonstrated impres-
sive efficacy, and better routes of vaccine delivery may be required to
enhance efficacy of DNA vaccines (Li et al., 2012).

Multiple strategies have been used to improve DNA and mRNA vac-
cines. The addition of LIMP (lysosome membrane protein) or LAMP
(Iysosomal-associated membrane protein) sequences in the DNA plasmid
targets the allergen to the endolysosomal compartment and results in
increased loading of the allergen peptides onto MHC-II molecules.
A next-generation DNA vaccine platform encodes LAMP-1 in plasmids
with allergens to elicit enhanced efficacy of DNA vaccines (Liu, 2011).
Upon immunization, antigen presenting cells take up the vector and trans-
late the allergen that is associated with LAMP-1. In contrast to traditional
DNA vaccines which primarily result in presentation on MHC-I and
corresponding activation of CD8" T cell responses, the LAMP-1-allergen
complexes induce significantly more CD4" T cell responses and increase
production of antibodies and cytokines. LAMP-1 DNA wvaccines for
Japanese Red Cedar allergy were shown to induce Th1l-polarized immune
responses in mice, and a Phase I clinical trial demonstrated safety in humans
(Su, Connolly, Marketon, & Heiland, 2016; Su et al., 2017). This approach
is also under development for the treatment of peanut allergy. ARA-
LAMP-Vax, a DNA plasmid vaccine encoding multivalent peanut allergen
(including Ara h1, h2 and h3) and LAMP DNA, reduced peanut-specific
IgE and clinical symptoms of anaphylaxis following peanut challenge in
mice (Li et al., 2015). The peanut-specific cellular immune responses were
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also shifted from Th2 cytokines to IFN-y and IL-10, suggesting that pro-
tection was associated with immune modulation. The safety and tolerability
of this multivalent peanut-LAMP-1 DNA vaccine (ASP0892; Astellas
Pharma Inc.) is currently being evaluated in a Phase I clinical trial for adults
with peanut allergy (NCT02851277). Utilization of the LAMP-Vax plat-
form should prevent adverse reactions to the vaccine, as the synthesized
allergen-LAMP fusion protein is directed to the lysosome without
secretion of native allergen from the cell.

In addition to targeting the endolysosomal compartments, DNA vac-
cines have been engineered to express proteins that will target the vaccine
directly to DCs (Chen et al., 2016). DNA vaccines encoding DEC-205
allergen fusion proteins have been demonstrated to suppress allergic asthma
in mice (Maaske et al., 2016). This approach resulted in increased Tregs,
compared with non-targeted vaccines, and reactivity to the vaccine was also
reduced. These studies provide evidence that targeted allergy vaccines may
increase safety by sequestering allergen away from effector cells to avoid
reactivity to the vaccine.

Plasmid DNA-based vaccines have been tested in a number of clinical
trials without demonstrating serious adverse events. However, there are
concerns regarding safety of this approach to vaccination, namely that per-
sistence of the plasmid DNA or integration into the genome could lead to
adverse immunological effects due to long-term expression of the antigen/
allergen (Weiss et al., 2006). Methods to improve safety include the use of
DNA vaccines encoding hypoallergenic allergen fragments, mutant aller-
gens, or DNA encoding CD4" or CD8" T cell epitopes that do not bind
IgE (Weiss et al., 2006). mRINA vaccines may offer an improved safety pro-
file as these are degraded by host RNases and cannot integrate into the host
genome.

Genetic vaccines have the potential to enhance both the safety and effi-
cacy of food AIT. The exposure of allergic patients to allergen DNA or
mRNA rather than allergen protein may reduce the adverse reactions that
occur with traditional food AIT. No native allergen is secreted, so exposure
of effector cells to allergen may be more limited. Additionally, this
vaccine-based approach would eliminate the requirement for daily allergen
exposure and may reduce the duration required to achieve clinical benefit.
Because of the evidence that genetic vaccines for allergens induce
Th1-polarized immune responses as well as regulatory T cells, this approach
has the potential to provide long-term protection.
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5. Adjuvants

Adjuvanted immunotherapy is an emerging area of research to
improve AIT. The most common disadvantages of current AIT for food
allergy are dosing frequency, amount of allergen required, adverse side
effects, and the lack of long-term protective effects once AIT is discon-
tinued. All of these issues could potentially be ameliorated by augmenting
food AIT with immunological adjuvants. Adjuvants are substances added
to vaccines to enhance or direct the immune response, typically through
the activation of innate signaling pathways (McKee & Marrack, 2017).
Traditional vaccines that contain inactivated pathogens or protein subunits
often include adjuvants to enhance the magnitude as well as to direct the
skewing of the humoral and cellular immune responses to antigen.

Adjuvants could improve AIT in multiple ways. Adjuvants may decrease
the amount of allergen required to see a clinical benefit, thus reducing side
effects due to allergen exposure. Adjuvants elicit more durable immunolog-
ical responses, so the intervals between doses could be increased from daily
to monthly or longer. Because vaccine adjuvants induce durable immunity
lasting for years, this approach has the potential to dramatically increase the
length of suppression of reactivity. With the development of novel
next-generation vaccine adjuvants that activate distinct immunological
pathways, there is the opportunity for rational drug design to develop adju-
vants that specifically suppress the Th2 immune responses associated with
allergic disease.

Aluminum adjuvant (alum) has been the most commonly used adjuvant
in vaccines for infections agents for almost 100years (Glenny, Pope,
Waddington, & Wallace, 1926). Alum has also been included in SCIT
for aeroallergens and bee venom where repeated administrations ultimately
result in the generation of blocking IgG antibodies and suppression of Th2
immunity and allergic reactivity (Jensen-Jarolim, 2015). Alum is likely not a
good candidate for food AIT, as SCIT has been demonstrated to be unsafe
for food AIT. Alum also can result in an initial elevation of IgE antibodies
and Th2 immune responses which could enhance reactivity. Therefore,
there is ongoing research aimed at finding the best adjuvants to augment
AIT for foods.

Adjuvants often stimulate immunity through the activation of innate
immune pathways that are critical for host defense (McKee & Marrack,
2017). Many adjuvants were discovered and continue to be engineered
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based on the understanding of how the innate immune system recognizes
pathogen-associated molecular patterns (PAMPs). The innate immune sys-
tem is comprised of many different pattern recognition receptors that rec-
ognize these PAMPs to be able to quickly mount an immune response to
invading pathogens. Through the activation of different innate receptors,
including toll-like receptors (TLRs) and Nod-like receptors (NLRs), adju-
vants can induce varied immune responses. Current research suggests that
the optimal adjuvants for AIT would stimulate Th1 immune responses
and/or suppress Th2 immunity.

5.1 Microbial flora and probiotics

The microbiome plays critical roles in the regulation of homeostasis and is
important for many aspects of human health. Microbial flora have been impli-
cated in the regulation of immune responses to food antigens, as microbes that
colonize the skin and gut mucosa interact with and influence the immune sys-
tem. Reduced microbial exposure, as investigated with the use of antibiotics
or germ-free mice, can result in increased Th2 immune responses and a
greater severity of allergic reactions in murine models (Stetka et al., 2014).
Furtherstudies have demonstrated thata reduced ability of the host to respond
to microbial stimulation also can enhance allergic disease, as mice lacking
toll-like receptor 4 (TLR 4), which recognizes bacterial cell wall components,
have increased severity of allergic reactions (Bashir, Louie, Shi, & Nagler-
Anderson, 2004). Investigation of the role of the microbiome in food allergy
has also uncovered difterences in the composition of the gut microbiome of
food allergic and non-allergic patients, as well as an association of factors that
influence microbiome content (antibiotic use, breastfeeding, route of birth,
etc.) with the incidence of allergic disease (Stephen-Victor, Crestani, &
Chatila, 2020). Lacking proper balance of bacterial in the gut microbiome
or having a reduced ability to interact with microbial products may be critical
for the development or maintenance of allergic sensitization. Certain bacteria
have been associated with protection from the development of food allergy
and animal studies suggest that treating mice with specific bacteria can reduce
allergic responses (Iweala & Nagler, 2019). Taken together, this suggests that
interactions between the immune system and the gut microbiome are impor-
tant in food allergy and beneficial microbes or microbial-derived substances
may be useful adjuvants for food AIT.

Ingestion of probiotics may have immunomodulatory effects and may
be useful adjuvants to improve the efficacy of food AIT. Probiotics have
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been used safely for years as nutritional supplements. However, it is still not
clear how probiotics modulate immunological and metabolic processes, so
the use of probiotics may also carry risks (Doron & Snydman, 2015).
Lactobacilli and Bifidobacteria are commonly used in probiotic formulations
and have demonstrated an ability to lessen the severity of peanut allergy reac-
tions in mice (Barletta et al., 2013; Meijerink et al., 2012). Suppression of
allergic reactivity by supplementation with these bacteria was associated with
increased regulatory T cells, suppression of Th2 cytokines and reduction in
allergen-specific IgE. This suggests that in conjunction with AIT, microbial
products may be useful for modulation of allergic immunity.

5.2 Heat-killed bacteria

Heat-killed bacteria retain the adjuvant properties described above, how-
ever these bacterial products may be safer, as innate immune responses
can be activated without the risk of exposure to live bacteria. This approach
has been tested for the treatment of peanut allergy. Subcutaneous immuni-
zation with peanut proteins (Ara h1, 2, and 3) and heat-killed Listeria mono-
cytogenes reduced peanut-specific IgE and Th2 cytokines and protected from
oral allergen challenge in mouse and dog models of peanut allergy (Frick,
Teuber, Buchanan, Morigasaki, & Umetsu, 2005; Li, Srivastava, Huleatt,
etal., 2003). A similar study utilized heat-killed E. coli engineered to express
Ara hl, 2, and 3 proteins and demonstrated similar effects at suppressing
allergic disease (Li, Srivastava, Grishin, etal., 2003). This led to a Phase I clin-
ical trial of EMP-123, recombinant peanutallergens (Arah 1, 2, and 3) encap-
sulated within heat-killed E. coli. Further modifications of this approach are
required, as significant adverse events occurred in half of the patients (Wood
etal., 2013).

5.3 TLR ligand-based adjuvants

The use of TLR ligands, as opposed to whole pathogens, may induce more
specific effects and be less inflammatory. Microbial cellular components or
metabolic products are also known to play a role in immune modulation
(Belkaid & Hand, 2014). These specific components have the potential
to increase safety, as they do not require the administration of living
microbes. The adjuvant properties of these products are dependent upon
stimulation of these innate receptors and activation of downstream signal-
ing pathways to initiate immune responses (Georg & Sander, 2019). As
many of these microbial products stimulate Th1 type immunity, they have
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Fig. 2 Mechanisms of adjuvanted immunotherapy. The addition of adjuvants to AIT or
allergy vaccines stimulates innate immune receptors on DCs to lead to generation of
allergen-specific Th1 or Treg cells as well as the suppression of allergen-specific Th2
cells. Allergy vaccines can also decrease allergen-specific IgE, leading to reduced IgE
on mast cells to prevent degranulation and release of inflammatory mediators.
Increased IgG and IgA function as blocking antibodies to prevent allergen from initiat-
ing the allergic cascade. Figure created using BioRender.com.

been tested for their ability to suppress allergic disease, and preclinical
models have suggested that using Thl-polarizing TLR ligands may be
effective at suppressing established Th2 immunity (Fig. 2).

Unmethylated CpG oligodeoxynucleotides are TLR9 ligands which
promote strong Th1l-polarized immune responses in both mice and humans
and have been studied for use as adjuvants in AIT with promising results
(Chu, Targoni, Krieg, Lehmann, & Harding, 1997; Simons, Shikishima,
Van Nest, Eiden, & HayGlass, 2004). CpG also has been shown to suppress
Th2 responses such as IL-5, IL 13, IgG1 and IgE and has been formulated
into nanoparticles and virus-like particles (VLP) to enhance delivery.
Subcutaneous administration of CpG VLPs formulated with house dust
mite extract were tested in Phase I and II clinical trials (Klimek et al.,
2011; Senti et al., 2009). Patients treated with CpG-adjuvanted VLPs
had significantly reduced symptoms of allergic rhinitis and asthma, and con-
junctival provocation tests demonstrating a 10-fold increase in amount of
allergen that could be tolerated. CpG has also demonstrated promise in
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preclinical work in murine models of peanut allergy where it both
prevented sensitization and suppressed established allergic disease (Kulis
et al., 2013; Srivastava et al., 2016; Zhu et al., 2007). Therapeutic efficacy
correlated with suppression of Th2 immune responses and IgE as well as
increased IFN-y and Tregs (Fig. 2). Redirection of the immune response
with Treg induction may suggest long-term functionality of this approach.
The ability of this Thl-polarizing adjuvant to reduce Th2 immune
responses and provide clinical benefit in patients with allergic disease sug-
gests that other adjuvants that induce Th1 immune response are also worth
further investigation for the treatment of food allergy. The TLR4 agonist
monophosphoryl lipid A (MPLA) is a derivative of lipopolysaccharide
(LPS) from the cell wall of Gram-negative bacteria (Qureshi,
Takayama, & Ribi, 1982). Animal model studies using MPLA or a syn-
thetic analog glucopyranosyl lipid A (GLA) as a vaccine adjuvant indicate
that it induces Thl-polarized immune responses (de la Torre, Baeza,
Najera, & Zubeldia, 2018), and MPLA/GLA-adjuvanted vaccines have
been effective in controlling pollen allergies in humans and peanut allergies
in mice (Graver et al., 2016; Soos et al., 2016). The use of adjuvants that
increase Th1, Tregs and IL-10 or antagonize Th2 immune responses are
being considered as potential adjuvants for AIT for allergic asthma or
rhinitis and may also be useful in augmenting AIT for foods.

6. Nanoparticle vaccine delivery systems and adjuvants

In recent decades nanoparticle technologies have been investigated in
immunomodulatory therapies to enhance efficacy and reduce toxicity mainly
in the context of treatments for infectious diseases and cancer. Many
nanoparticles (defined as being 1-1000 nm in diameter) have been designed
as vaccine delivery systems, but some formulations have also been shown to
have adjuvant activity to enhance or direct the cellular immune responses to
the antigen. Nanoparticles can be formulated from many different compo-
nents, including biodegradable polymers such as poly-D-L-lactide-co-
glycolide (PLGA), chitosan, oils and surfactants (Jilek et al., 2004; Smith,
Simon, & Baker, 2013). Nanoparticles such as virus-like particles and the
oil-in-water emulsion MF59 are currently in use, while many more are under
development (Del Giudice, Rappuoli, & Didierlaurent, 2018; Storni et al.,
2020). The physicochemical properties of nanoparticles (size, charge, hydro-
phobicity, stability) vary based on components and formulation. Engineering
nanoparticles to change these properties alters the mucosal delivery of allergen
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as well as the magnitude and the skewing of the immune response (Wong etal.,
2015). Therefore, these physiochemical properties are key components of
rationale design of the next-generation adjuvants capable of enhancing AIT.

Nanoparticles have been formulated with additional vaccine adjuvants to
increase the magnitude of the induced immune response as well as promote
skewing toward Th1l. CpG containing virus-like particles were studied in
Phase I and II clinical trials for patients with house dust mite allergy. This
therapy improved symptoms of allergic rhinitis and asthma and required sig-
nificantly less allergen to be administered to see this effect (Klimek et al.,
2011; Senti et al., 2009). These studies demonstrate that the addition of adju-
vants in AIT can improve efficacy while reducing the dose of allergen
required for achieving clinical benefit.

Nanoparticles may also enhance oral immunization when engineered to
be resistant to degradation by stomach acid (De et al., 2014). Studies have
demonstrated that encapsulation of allergens or allergen extracts within
nanoparticles induces IL-10 responses and promotes tolerance (Srivastava
et al., 2016). The addition of Thl-polarizing adjuvants to nanoparticle
formulations may improve the immunomodulatory function of allergen-
containing nanoparticles, as was demonstrated in a murine model of peanut
allergy in which CpG and peanut containing nanoparticles reduced allergic
reactivity to peanut (Srivastava et al., 2016). Nanoparticles made of the poly-
saccharide chitosan have been used to improve oral delivery of allergen to
suppress food allergy in mice (Li et al., 2009; Roy et al, 1999).
Nanoparticles can also be engineered to target specific cell types, including
liposomes formulated to express a ligand for CD22, a Siglec expressed on
B cells. The combination of allergen and CD22 targets the liposomes to
allergen-specific B cells to induce apoptosis, resulting in loss of
allergen-specific IgE and induction of tolerance in mouse models of peanut
allergy (Bednar et al., 2017; Orgel et al., 2017).

Nanoscale emulsion adjuvants are oil-in-water emulsions formulated
with different oils, solvents and surfactants. The squalene-based nano-
emulsion MF59 has been used clinically in seasonal and pandemic influenza
vaccines. MF59 is a potent adjuvant and induces Thl-polarized cell-
mediated immune responses (Seubert et al., 2011). The soybean oil based
nanoemulsion W805EC has been shown to safely induce potent Th1- and
Th17-polarized mucosal, humoral and cellular immune responses after its
intranasal administration in both animal models and humans (Makidon
et al., 2008; Stanberry et al., 2012). The adjuvant activity of this nano-
emulsion formulation is primarily dependent on the positive charge of
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the nanoscale droplets that facilitates binding to negatively mucin proteins
in the nasal mucosa and penetration of the mucous layer. The droplet size
facilitates cellular uptake and trafficking to the draining lymph nodes,
resulting in induction of innate and adaptive immune responses
(Farazuddin et al., 2019; Makidon et al., 2012). Intranasal immunotherapy
with a nanoemulsion adjuvant and peanut or milk proteins suppressed reac-
tivity at allergen doses that did not have any effect when delivered without
adjuvant (O’Konek et al., 2018, 2020). Nanoemulsion adjuvants are
antigen-sparing and induced protection in mice after only three adminis-
trations of 20pg of allergen which is significantly lower than milligram
quantities required for OIT. Additionally, this approach achieved sustained
unresponsiveness for over 4months following the last dose. Taken
together, the data from these vaccine approaches indicate that the use of
adjuvants may increase the efficacy and duration of protection of AI'T while
reducing adverse reactions from allergen exposure.

Nanoparticles modulate immune responses through multiple diverse
mechanisms. Nanoparticles function as delivery systems that can be targeted
to lymphoid organs based on particle size dependent tissue trafficking and
enhanced antigen uptake by antigen presenting cells. Macrophages
and DCs take up the particles and associated allergen allowing for a swift
and strong immune response while keeping the allergen shielded so it does
not bind to IgE on mast cells triggering an allergic reaction (Scholl et al.,
2004). Nanoparticles often promote the stability and persistence of anti-
gens, and this depot effect results in gradual and sustained release of antigen.
The immunomodulatory effects associated with nanoparticles typically are
associated with activation of the innate immune system through pattern
recognition receptors including TLRS, resulting in the release of cytokines,
chemokines and other mediators that regulate immune responses (Liu,
Hardie, Zhang, & Rotello, 2017). In addition to immune activation and
enhancement, nanoparticles can also have immunosuppressive effects on
certain immune cells, including B and T cells or antigen presenting cells
(Smarr et al., 2016). Nanoparticle-induced secretion of TGF-f and
IL-10 induce regulatory cells, including Tregs, which can further dampen
the immune response. While nanoparticles have shown promise in mouse
models of food allergy, this approach has not yet been well-studied in
humans, and investigation of both efficacy and safety of this approach to
adjuvanted AIT should be a priority.

While several types of vaccine adjuvants have been evaluated for their
ability to modulate allergic immune responses, there is the potential for
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many other adjuvants and vaccines to be beneficial for treating food allergy.
Adjuvants that downregulate immune responses that promote allergy, such
as Th2 cytokines and IgE, or enhance regulatory and Thl-polarized
responses are currently in preclinical development and may be useful in
novel adjunctive therapies to improve AIT for food allergies.

7. Conclusion

Food allergy remains a growing public health concern worldwide,
with the incidence of food allergy increasing over time and few approved
treatment options. There is currently only one FDA-approved treatment
for peanut allergy, and standard of care is strict dietary avoidance with the
use of epinephrine following accidental exposures. Although multiple food
AlTs via the oral, sublingual, and epicutaneous routes are under active clin-
ical investigation, standardized protocols are still lacking on how such ther-
apies should be implemented into daily practice, and the risk of IgE-mediated
reactions remains a substantial concern. The use of peptide-based immuno-
therapy, recombinant allergen vaccines, or DNA-based vaccines have dem-
onstrated promise as a way to improve safety and enhance efficacy of
immunotherapy. The use of vaccine adjuvants may improve AIT by reduc-
ing the amount of allergen and number of doses required to achieve protec-
tive effects, but further studies, particularly in human subjects, will be
necessary to confirm safety and efficacy. Food allergy vaccines represent a
hope for a future in which immunology-driven precision medicine can
improve therapy for food allergies.

Conflict of interest

J.J.O. is an inventor on patent application that has been submitted for a nanoemulsion
adjuvant for the suppression of allergic disease that is described in this chapter (PCT/
US2015/054943). This technology has been licensed to Blue Willow Biologics, and the
University of Michigan has a financial interest in Blue Willow Biologics. J.J.L. has no
conflicts of interest to disclose.

References

Akdis, M., & Akdis, C. A. (2014). Mechanisms of allergen-specific immunotherapy: Multiple
suppressor factors at work in immune tolerance to allergens. The Journal of Allergy and
Clinical Immunology, 133(3), 621-631. https:/doi.org/10.1016/j.jaci.2013.12.1088.

Ali, F.R., & Larche, M. (2005). Peptide-based immunotherapy: A novel strategy for allergic dis-
ease. Expert Review of Vaccines, 4(6), 881-889. https:/doi.org/10.1586/14760584.4.6.881.

Anagnostou, K., Islam, S., King, Y., Foley, L., Pasea, L., Bond, S., et al. (2014). Assessing
the efficacy of oral immunotherapy for the desensitisation of peanut allergy in children


https://doi.org/10.1016/j.jaci.2013.12.1088
https://doi.org/10.1016/j.jaci.2013.12.1088
https://doi.org/10.1586/14760584.4.6.881
https://doi.org/10.1586/14760584.4.6.881

250 Jeffrey J. Landers and Jessica J. O'Konek

(STOP 1II): A phase 2 randomised controlled trial. Lancet, 383(9925), 1297—-1304.
https:/doi.org/10.1016/S0140-6736(13)62301-6.

Bannon, G. A., Cockrell, G., Connaughton, C., West, C. M., Helm, R, Stanley, J. S., et al.
(2001). Engineering, characterization and in vitro efficacy of the major peanut allergens
for use in immunotherapy. International Archives of Allergy and Immunology, 124(1-3),
70-72. https://doi.org/10.1159/000053672.

Barletta, B., Rossi, G., Schiavi, E., Butteroni, C., Corinti, S., Boirivant, M., et al. (2013).
Probiotic VSL#3-induced TGF-beta ameliorates food allergy inflammation in a mouse
model of peanut sensitization through the induction of regulatory T cells in the gut
mucosa. Molecular Nutrition & Food Research, 57(12), 2233-2244. https://doi.org/10.
1002/mnfr.201300028.

Bashir, M. E., Louie, S., Shi, H. N., & Nagler-Anderson, C. (2004). Toll-like receptor 4
signaling by intestinal microbes influences susceptibility to food allergy. Journal of
Immunology, 172(11), 6978-6987. https://doi.org/10.4049/jimmunol.172.11.6978.

Bednar, K. J., Shanina, E., Ballet, R., Connors, E. P., Duan, S., Juan, J., etal. (2017). Human
CD22 inhibits murine B cell receptor activation in a human CD22 transgenic mouse
model. Journal of Immunology, 199(9), 3116-3128. https:/doi.org/10.4049/jimmunol.
1700898.

Belkaid, Y., & Hand, T. W. (2014). Role of the microbiota in immunity and inflammation.
Cell, 157(1), 121-141. https://doi.org/10.1016/j.cell.2014.03.011.

Bencharitiwong, R., van der Kleij, H. P., Koppelman, S. J., & Nowak-Wegrzyn, A. (2015).
Effect of chemical modifications on allergenic potency of peanut proteins. Allergy and
Asthma Proceedings, 36(3), 185—191. https:/doi.org/10.2500/aap.2015.36.3840.

Bindslev-Jensen, C., de Kam, P.-]J., van Twuijver, E., Boot, D. B., El Galta, R, Mose, A. P.,
et al. (2017). SCIT-treatment with a chemically modified, aluminum hydroxide
adsorbed peanut extract (HAL-MPE1) was generally safe and well tolerated and showed
immunological changes in peanut allergic patients. Journal of Allergy and Clinical
Immunology, 139(2), AB191. https:/doi.org/10.1016/jjaci.2016.12.623.

Carnes, J., Gallego, M. T., Moya, R., & Iraola, V. (2018). Allergoids for allergy treatment.
Recent Patents on Inflammation & Allergy Drug Discovery, 12(2), 110-119. https:/doi.org/
10.2174/1872213X12666180221155908.

Chen, P., Liu, X., Sun, Y., Zhou, P., Wang, Y., & Zhang, Y. (2016). Dendritic cell targeted
vaccines: Recent progresses and challenges. Human Vaccines & Immunotherapeutics, 12(3),
612—622. https://doi.org/10.1080/21645515.2015.1105415.

Chinthrajah, S., Cao, S., Liu, C., Lyu, S. C,, Sindher, S. B, Long, A., et al. (2019). Phase 2a
randomized, placebo-controlled study of anti-IL-33 in peanut allergy. JCI Insight, 4(22).
https:/doi.org/10.1172/jci.insight. 131347.

Chu, R. S., Targoni, O. S., Krieg, A. M., Lehmann, P. V., & Harding, C. V. (1997). CpG
oligodeoxynucleotides act as adjuvants that switch on T helper 1 (Th1) immunity. The
Journal of Experimental Medicine, 186(10), 1623-1631. https:/doi.org/10.1084/jem.186.
10.1623.

De,S.R.]J.,Irache,]. M., Camacho, A. 1., Gastaminza, G., Sanz, M. L., Ferrer, M., etal. (2014).
Immunogenicity of peanut proteins containing poly(anhydride) nanoparticles. Clinical and
Vaccine Immunology, 21(8), 1106—1112. https:/doi.org/10.1128/CVI.00359-14.

dela Torre, M. V., Baeza, M. L., Najera, L., & Zubeldia, J. M. (2018). Comparative study of
adjuvants for allergen-specific immunotherapy in a murine model. Immunotherapy,
10(14), 1219-1228. https:/doi.org/10.2217/imt-2018-0072.

Del Giudice, G., Rappuoli, R., & Didierlaurent, A. M. (2018). Correlates of adjuvanticity:
A review on adjuvants in licensed vaccines. Seminars in Immunology, 39, 14-21. https:/
doi.org/10.1016/j.smim.2018.05.001.

Dhar, S., & Larché, M. (2019). PVX108 peptide immunotherapy significantly reduces
markers of peanut-induced anaphylaxis in a dose-dependent manner. Journal of Allergy
and Clinical Immunology, 143(2), AB426. https://doi.org/10.1016/jjaci.2018.12.959.


https://doi.org/10.1016/S0140-6736(13)62301-6
https://doi.org/10.1016/S0140-6736(13)62301-6
https://doi.org/10.1159/000053672
https://doi.org/10.1159/000053672
https://doi.org/10.1002/mnfr.201300028
https://doi.org/10.1002/mnfr.201300028
https://doi.org/10.1002/mnfr.201300028
https://doi.org/10.4049/jimmunol.172.11.6978
https://doi.org/10.4049/jimmunol.172.11.6978
https://doi.org/10.4049/jimmunol.1700898
https://doi.org/10.4049/jimmunol.1700898
https://doi.org/10.4049/jimmunol.1700898
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.2500/aap.2015.36.3840
https://doi.org/10.2500/aap.2015.36.3840
https://doi.org/10.1016/j.jaci.2016.12.623
https://doi.org/10.1016/j.jaci.2016.12.623
https://doi.org/10.2174/1872213X12666180221155908
https://doi.org/10.2174/1872213X12666180221155908
https://doi.org/10.2174/1872213X12666180221155908
https://doi.org/10.1080/21645515.2015.1105415
https://doi.org/10.1080/21645515.2015.1105415
https://doi.org/10.1172/jci.insight.131347
https://doi.org/10.1172/jci.insight.131347
https://doi.org/10.1084/jem.186.10.1623
https://doi.org/10.1084/jem.186.10.1623
https://doi.org/10.1084/jem.186.10.1623
https://doi.org/10.1128/CVI.00359-14
https://doi.org/10.1128/CVI.00359-14
https://doi.org/10.2217/imt-2018-0072
https://doi.org/10.2217/imt-2018-0072
https://doi.org/10.1016/j.smim.2018.05.001
https://doi.org/10.1016/j.smim.2018.05.001
https://doi.org/10.1016/j.smim.2018.05.001
https://doi.org/10.1016/j.jaci.2018.12.959
https://doi.org/10.1016/j.jaci.2018.12.959

Vaccines as therapies for food allergies 251

Doron, S., & Snydman, D. R. (2015). Risk and safety of probiotics. Clinical Infectious Diseases,
60(Suppl. 2), S129-S134. https:/doi.org/10.1093/cid/civ085.

Dupont, C., Kalach, N., Soulaines, P., Legoue-Morillon, S., Piloquet, H., &
Benhamou, P. H. (2010). Cow’s milk epicutaneous immunotherapy in children:
A pilot trial of safety, acceptability, and impact on allergic reactivity. The Journal of
Allergy and Clinical Immunology, 125(5), 1165-1167. https://doi.org/10.1016/jjaci.
2010.02.029.

Farazuddin, M., Goel, R. R., Kline, N. J., Landers, J. J., O’Konek, J. J., & Baker, J. R, Jr.
(2019). Nanoemulsion adjuvant augments retinaldehyde dehydrogenase activity in den-
dritic cells via MyD88 pathway. Frontiers in Immunology, 10, 916. https:/doi.org/10.
3389/fimmu.2019.00916.

Feuille, E., & Nowak-Wegrzyn, A. (2018). Allergen-specific immunotherapies for food
allergy. Allergy, Asthma & Immunology Research, 10(3), 189-206. https:/doi.org/10.
4168/2a1r.2018.10.3.189.

Fleischer, D. M., Greenhawt, M., Sussman, G., Begin, P., Nowak-Wegrzyn, A., Petroni, D.,
et al. (2019). Effect of epicutaneous immunotherapy vs placebo on reaction to peanut
protein ingestion among children with peanut allergy: The PEPITES randomized clin-
ical trial. Journal of the American Medical Association, 321(10), 946-955. https://doi.org/10.
1001/jama.2019.1113.

Freeland, D. M. H., Manohar, M., Andorf, S., Hobson, B. D., Zhang, W., & Nadeau, K. C.
(2017). Oral immunotherapy for food allergy. Seminars in Immunology, 30, 36—44. https:/
doi.org/10.1016/5.smim.2017.08.008.

Frick, O. L., Teuber, S. S., Buchanan, B. B., Morigasaki, S., & Umetsu, D. T. (2005).
Allergen immunotherapy with heat-killed Listeria monocytogenes alleviates peanut and
food-induced anaphylaxis in dogs. Allergy, 60(2), 243-250. https:/doi.org/10.1111/j.
1398-9995.2004.00711.x.

Georg, P., & Sander, L. E. (2019). Innate sensors that regulate vaccine responses. Current
Opinion in Immunology, 59, 31—41. https://doi.org/10.1016/j.c01.2019.02.006.

Giavi, S., Vissers, Y. M., Muraro, A., Lauener, R., Konstantinopoulos, A. P., Mercenier, A.,
et al. (2016). Oral immunotherapy with low allergenic hydrolysed egg in egg allergic
children. Allergy, 71(11), 1575—-1584. https://doi.org/10.1111/all.12905.

Glenny, A. T., Pope, C. G., Waddington, H., & Wallace, U. (1926). Immunological notes.
XVII-XXIV. The Journal of Pathology and Bacteriology, 29(1), 31—40. https://doi.org/10.
1002/path.1700290106.

Gorelik, M., Narisety, S. D., Guerrerio, A. L., Chichester, K. L., Keet, C. A,
Bieneman, A. P., et al. (2015). Suppression of the immunologic response to peanut dur-
ing immunotherapy is often transient. The Journal of Allergy and Clinical Immunology,
135(5), 1283-1292. https://doi.org/10.1016/j jaci.2014.11.010.

Graver, K., Qian, G., Wu, X,, Li, L., Chen, D., Fernandez, M., et al. (2016). Effects of the
toll-like receptor 4 (TLR4) agonist glucopyranosyl lipid a (GLA) on allergen-induced
inflammation and anaphylaxis in a mouse model of peanut allergy. Journal of Allergy
and Clinical Immunology, 1372 Suppl). https:/doi.org/10.1016/j.jaci.2015.12.955,
AB236.

Grzeskowiak, L. E., Tao, B., Knight, E., Cohen-Woods, S., & Chataway, T. (2020).
Adverse events associated with peanut oral immunotherapy in children—A systematic
review and meta-analysis. Scientific Reports, 10(1), 659. https:/doi.org/10.1038/s41598-
019-56961-3.

Gupta, K., Kumar, S., Das, M., & Dwivedi, P. D. (2014). Peptide based immunotherapy:
A pivotal tool for allergy treatment. International Immunopharmacology, 19(2),
391-398. https://doi.org/10.1016/j.intimp.2014.01.030.

Gupta, R. S., Warren, C. M., Smith, B. M., Jiang, J., Blumenstock, J. A., Davis, M. M., et al.
(2019). Prevalence and severity of food allergies among US adults. JAMA Network Open,
2(1). https:/doi.org/10.1001/jamanetworkopen.2018.5630, ¢185630.


https://doi.org/10.1093/cid/civ085
https://doi.org/10.1093/cid/civ085
https://doi.org/10.1016/j.jaci.2010.02.029
https://doi.org/10.1016/j.jaci.2010.02.029
https://doi.org/10.1016/j.jaci.2010.02.029
https://doi.org/10.3389/fimmu.2019.00916
https://doi.org/10.3389/fimmu.2019.00916
https://doi.org/10.3389/fimmu.2019.00916
https://doi.org/10.4168/aair.2018.10.3.189
https://doi.org/10.4168/aair.2018.10.3.189
https://doi.org/10.4168/aair.2018.10.3.189
https://doi.org/10.1001/jama.2019.1113
https://doi.org/10.1001/jama.2019.1113
https://doi.org/10.1001/jama.2019.1113
https://doi.org/10.1016/j.smim.2017.08.008
https://doi.org/10.1016/j.smim.2017.08.008
https://doi.org/10.1016/j.smim.2017.08.008
https://doi.org/10.1111/j.1398-9995.2004.00711.x
https://doi.org/10.1111/j.1398-9995.2004.00711.x
https://doi.org/10.1111/j.1398-9995.2004.00711.x
https://doi.org/10.1016/j.coi.2019.02.006
https://doi.org/10.1016/j.coi.2019.02.006
https://doi.org/10.1111/all.12905
https://doi.org/10.1111/all.12905
https://doi.org/10.1002/path.1700290106
https://doi.org/10.1002/path.1700290106
https://doi.org/10.1002/path.1700290106
https://doi.org/10.1016/j.jaci.2014.11.010
https://doi.org/10.1016/j.jaci.2014.11.010
https://doi.org/10.1016/j.jaci.2015.12.955
https://doi.org/10.1016/j.jaci.2015.12.955
https://doi.org/10.1038/s41598-019-56961-3
https://doi.org/10.1038/s41598-019-56961-3
https://doi.org/10.1038/s41598-019-56961-3
https://doi.org/10.1016/j.intimp.2014.01.030
https://doi.org/10.1016/j.intimp.2014.01.030
https://doi.org/10.1001/jamanetworkopen.2018.5630
https://doi.org/10.1001/jamanetworkopen.2018.5630

252 Jeffrey J. Landers and Jessica J. O'Konek

Hacini-Rachinel, F., Vissers, Y. M., Doucet-Ladeveze, R., Blanchard, C., Demont, A.,
Perrot, M., et al. (2014). Low-allergenic hydrolyzed egg induces oral tolerance in mice.
International Archives of Allergy and Immunology, 164(1), 64=73. https:/doi.org/10.
1159/000363110.

Hoyne, G. F., O’Hehir, R. E., Wraith, D. C., Thomas, W. R., & Lamb, J. R. (1993).
Inhibition of T cell and antibody responses to house dust mite allergen by inhalation
of the dominant T cell epitope in naive and sensitized mice. The Journal of
Experimental Medicine, 178(5), 1783—1788. https://doi.org/10.1084/jem.178.5.1783.

Huser, C., Dieterich, P., Singh, J., Shah-Hosseini, K., Allekotte, S., Lehmacher, W., et al.
(2017). A 12-week DBPC dose-finding study with sublingual monomeric allergoid tab-
lets in house dust mite-allergic patients. Allergy, 72(1), 77—84. https:/doi.org/10.1111/
all.12913.

Iweala, O. 1., & Nagler, C. R. (2019). The microbiome and food allergy. Annual Review of
Immunology, 37, 377—403. https:/doi.org/10.1146/annurev-immunol-042718-041621.

Jensen-Jarolim, E. (2015). Aluminium in allergies and allergen immunotherapy. World Allergy
Organization Journal, 8(1), 7. https://doi.org/10.1186/540413-015-0060-5.

Jilek, S., Walter, E., Merkle, H. P., & Corthesy, B. (2004). Modulation of allergic responses
in mice by using biodegradable poly(lactide-co-glycolide) microspheres. The Journal of
Allergy and Clinical Immunology, 114(4), 943-950. https:/doi.org/10.1016/].jaci.2004.
05.065.

Jones, S. M., Sicherer, S. H., Burks, A. W., Leung, D. Y., Lindblad, R. W., Dawson, P., etal.
(2017). Epicutaneous immunotherapy for the treatment of peanut allergy in children and
young adults. The Journal of Allergy and Clinical Immunology, 139(4). https:/doi.org/10.
1016/7.jac1.2016.08.017. 1242-1252.¢9.

Jongejan, L., van Ree, R., & Poulsen, L. K. (2016). Hypoallergenic molecules for subcuta-
neous immunotherapy. Expert Review of Clinical Immunology, 12(1), 5-7. https://doi.org/
10.1586/1744666X.2016.1103182.

Jutel, M., Jaeger, L., Suck, R., Meyer, H., Fiebig, H., & Cromwell, O. (2005).
Allergen-specific immunotherapy with recombinant grass pollen allergens. The Journal
of Allergy and Clinical Immunology, 116(3), 608—613. https:/doi.org/10.1016/].jaci.
2005.06.004.

Jutel, M., Kosowska, A., & Smolinska, S. (2016). Allergen immunotherapy: Past, present, and
future. Allergy, Asthma & Immunology Research, 8(3), 191-197. https:/doi.org/10.4168/
aair.2016.8.3.191.

Keet, C. A., Frischmeyer-Guerrerio, P. A., Thyagarajan, A., Schroeder, J. T.,
Hamilton, R. G., Boden, S., et al. (2012). The safety and efficacy of sublingual and oral
immunotherapy for milk allergy. The Journal of Allergy and Clinical Immunology, 129(2),
448-455, 455.e1-5. https:/doi.org/10.1016/jjaci.2011.10.023.

Kim, E. H., & Burks, A. W. (2020). Food allergy immunotherapy: Oral immunotherapy and
epicutaneous immunotherapy. Allergy, 75(6), 1337—1346. https://doi.org/10.1111/all.
14220.

Kim, A. R., Kim, H. S., Kim, D. K., Nam, S. T., Kim, H. W, Park, Y. H., et al. (2016).
Mesenteric  IL-10-producing CD5+ regulatory B cells suppress cow’s milk
casein-induced allergic responses in mice. Scientific Reports, 6, 19685. https:/doi.org/
10.1038/srep19685.

King, N., Helm, R., Stanley, J. S., Vieths, S., Luttkopf, D., Hatahet, L., et al. (2005).
Allergenic characteristics of a modified peanut allergen. Molecular Nutrition & Food
Research, 49(10), 963—971. https:/doi.org/10.1002/mnfr.200500073.

Klimek, L., Willers, J., Hammann-Haenni, A., Pfaar, O., Stocker, H., Mueller, P., et al.
(2011). Assessment of clinical efficacy of CYT003-QbG10 in patients with allergic
rhinoconjunctivitis: A phase IIb study. Clinical and Experimental Allergy, 41(9),
1305-1312. https:/doi.org/10.1111/j.1365-2222.2011.03783.x.


https://doi.org/10.1159/000363110
https://doi.org/10.1159/000363110
https://doi.org/10.1159/000363110
https://doi.org/10.1084/jem.178.5.1783
https://doi.org/10.1084/jem.178.5.1783
https://doi.org/10.1111/all.12913
https://doi.org/10.1111/all.12913
https://doi.org/10.1111/all.12913
https://doi.org/10.1146/annurev-immunol-042718-041621
https://doi.org/10.1146/annurev-immunol-042718-041621
https://doi.org/10.1186/s40413-015-0060-5
https://doi.org/10.1186/s40413-015-0060-5
https://doi.org/10.1016/j.jaci.2004.05.065
https://doi.org/10.1016/j.jaci.2004.05.065
https://doi.org/10.1016/j.jaci.2004.05.065
https://doi.org/10.1016/j.jaci.2016.08.017
https://doi.org/10.1016/j.jaci.2016.08.017
https://doi.org/10.1016/j.jaci.2016.08.017
https://doi.org/10.1586/1744666X.2016.1103182
https://doi.org/10.1586/1744666X.2016.1103182
https://doi.org/10.1586/1744666X.2016.1103182
https://doi.org/10.1016/j.jaci.2005.06.004
https://doi.org/10.1016/j.jaci.2005.06.004
https://doi.org/10.1016/j.jaci.2005.06.004
https://doi.org/10.4168/aair.2016.8.3.191
https://doi.org/10.4168/aair.2016.8.3.191
https://doi.org/10.4168/aair.2016.8.3.191
https://doi.org/10.1016/j.jaci.2011.10.023
https://doi.org/10.1016/j.jaci.2011.10.023
https://doi.org/10.1111/all.14220
https://doi.org/10.1111/all.14220
https://doi.org/10.1111/all.14220
https://doi.org/10.1038/srep19685
https://doi.org/10.1038/srep19685
https://doi.org/10.1038/srep19685
https://doi.org/10.1002/mnfr.200500073
https://doi.org/10.1002/mnfr.200500073
https://doi.org/10.1111/j.1365-2222.2011.03783.x
https://doi.org/10.1111/j.1365-2222.2011.03783.x

Vaccines as therapies for food allergies 253

Kulis, M., Gorentla, B., Burks, A. W., & Zhong, X. P. (2013). Type B CpG
oligodeoxynucleotides induce Th1 responses to peanut antigens: Modulation of sensiti-
zation and utility in a truncated immunotherapy regimen in mice. Molecular Nutrition &
Food Research, 57(5), 906-915. https://doi.org/10.1002/mnfr.201200410.

Larenas Linnemann, D. E. (2012). One hundred years of immunotherapy: Review of the first
landmark studies. Allergy and Asthma Proceedings, 33(2), 122—128. https://doi.org/10.
2500/aap.2012.33.3515.

Lemon-Mule, H., Sampson, H. A., Sicherer, S. H., Shreffler, W. G., Noone, S., &
Nowak-Wegrzyn, A. (2008). Immunologic changes in children with egg allergy
ingesting extensively heated egg. The Journal of Allergy and Clinical Immunology,
122(5), 977-983.e1. https://doi.org/10.1016/j.jaci.2008.09.007.

Li, X., Huang, C. K., Schofield, B. H., Burks, A. W., Bannon, G. A., Kim, K. H., et al.
(1999). Strain-dependent induction of allergic sensitization caused by peanut allergen
DNA immunization in mice. Journal of Immunology, 162(5), 3045-3052.

Li, L., Saade, F., & Petrovsky, N. (2012). The future of human DNA vaccines. Journal of
Biotechnology, 162(2-3), 171-182. https:/doi.org/10.1016/j.jbiotec.2012.08.012.

Li, X.-M.,, Song, Y., Su, Y., Heiland, T., & Sampson, H. A. (2015). Immunization with
ARA h1,2,3-Lamp-Vax peanut vaccine blocked IgE mediated-anaphylaxis in a peanut
allergic murine model. Journal of Allergy and Clinical Immunology, 135(2), AB167. https:/
doi.org/10.1016/j jaci 2014.12.1482.

Li, X. M., Srivastava, K., Grishin, A., Huang, C. K., Schofield, B., Burks, W., et al. (2003).
Persistent protective effect of heat-killed Escherichia coli producing “engineered,” recom-
binant peanut proteins in a murine model of peanut allergy. The Journal of Allergy and Clinical
Immunology, 112(1), 159-167. https:/doi.org/10.1067/mai.2003.1622.

Li, X. M., Srivastava, K., Huleatt, ]. W., Bottomly, K., Burks, A. W., & Sampson, H. A. (2003).
Engineered recombinant peanut protein and Theat-killed Listeria  monocytogenes
coadministration protects against peanut-induced anaphylaxis in a murine model. Journal
of Immunology, 170(6), 3289-3295. https:/doi.org/10.4049/jimmunol.170.6.3289.

Li, F., Wang, L., Jin, X. M., Yan, C. H., Jiang, S., & Shen, X. M. (2009). The immunologic
effect of TGF-betal chitosan nanoparticle plasmids on ovalbumin-induced allergic BALB/c
mice. Immunobiology, 214(2), 87-99. https:/doi.org/10.1016/j.1mbio.2008.07.007.

Liu, M. A. (2011). DNA vaccines: An historical perspective and view to the future.
Immunological Reviews, 239(1), 62-84. https:/doi.org/10.1111/7.1600-065X.2010.
00980.x.

Liu, Y., Hardie, J., Zhang, X., & Rotello, V. M. (2017). Effects of engineered nanoparticles
on the innate immune system. Seminars in Immunology, 34, 25-32. https://doi.org/10.
1016/5.smim.2017.09.011.

Maaske, A., Devos, F. C., Niezold, T., Lapuente, D., Tannapfel, A., Vanoirbeek, J. A., etal.
(2016). Mucosal expression of DEC-205 targeted allergen alleviates an asthmatic pheno-
type in mice. Journal of Controlled Release, 237, 14-22. https://doi.org/10.1016/j.jconrel.
2016.06.043.

Makidon, P. E., Belyakov, I. M., Blanco, L. P., Janczak, K. W., Landers, J., Bielinska, A. U.,
etal. (2012). Nanoemulsion mucosal adjuvant uniquely activates cytokine production by
nasal ciliated epithelium and induces dendritic cell trafficking. European Journal of
Immunology, 42(8), 2073-2086. https://doi.org/10.1002/¢ji.201142346.

Makidon, P. E., Bielinska, A. U., Nigavekar, S. S., Janczak, K. W., Knowlton, J., Scott, A.].,
et al. (2008). Pre-clinical evaluation of a novel nanoemulsion-based hepatitis B mucosal
vaccine. PLoS One, 3(8), €2954. https:/doi.org/10.1371/journal.pone.0002954.

McKee, A. S., & Marrack, P. (2017). Old and new adjuvants. Current Opinion in Immunology,
47, 44-51. https:/doi.org/10.1016/j.c01.2017.06.005.

Meijerink, M., Wells, J. M., Taverne, N., de Zeeuw Brouwer, M. L., Hilhorst, B.,
Venema, K., et al. (2012). Immunomodulatory effects of potential probiotics in a mouse


https://doi.org/10.1002/mnfr.201200410
https://doi.org/10.1002/mnfr.201200410
https://doi.org/10.2500/aap.2012.33.3515
https://doi.org/10.2500/aap.2012.33.3515
https://doi.org/10.2500/aap.2012.33.3515
https://doi.org/10.1016/j.jaci.2008.09.007
https://doi.org/10.1016/j.jaci.2008.09.007
http://refhub.elsevier.com/S1054-3589(21)00003-X/rf0265
http://refhub.elsevier.com/S1054-3589(21)00003-X/rf0265
http://refhub.elsevier.com/S1054-3589(21)00003-X/rf0265
https://doi.org/10.1016/j.jbiotec.2012.08.012
https://doi.org/10.1016/j.jbiotec.2012.08.012
https://doi.org/10.1016/j.jaci.2014.12.1482
https://doi.org/10.1016/j.jaci.2014.12.1482
https://doi.org/10.1016/j.jaci.2014.12.1482
https://doi.org/10.1067/mai.2003.1622
https://doi.org/10.1067/mai.2003.1622
https://doi.org/10.4049/jimmunol.170.6.3289
https://doi.org/10.4049/jimmunol.170.6.3289
https://doi.org/10.1016/j.imbio.2008.07.007
https://doi.org/10.1016/j.imbio.2008.07.007
https://doi.org/10.1111/j.1600-065X.2010.00980.x
https://doi.org/10.1111/j.1600-065X.2010.00980.x
https://doi.org/10.1111/j.1600-065X.2010.00980.x
https://doi.org/10.1016/j.smim.2017.09.011
https://doi.org/10.1016/j.smim.2017.09.011
https://doi.org/10.1016/j.smim.2017.09.011
https://doi.org/10.1016/j.jconrel.2016.06.043
https://doi.org/10.1016/j.jconrel.2016.06.043
https://doi.org/10.1016/j.jconrel.2016.06.043
https://doi.org/10.1002/eji.201142346
https://doi.org/10.1002/eji.201142346
https://doi.org/10.1371/journal.pone.0002954
https://doi.org/10.1371/journal.pone.0002954
https://doi.org/10.1016/j.coi.2017.06.005
https://doi.org/10.1016/j.coi.2017.06.005

254 Jeffrey J. Landers and Jessica J. O'Konek

peanut sensitization model. FEMS Immunology and Medical Microbiology, 65(3),
488-496. https:/doi.org/10.1111/5.1574-695X.2012.00981 .x.

Mine, Y., Sasaki, E., & Zhang, J. W. (2003). Reduction of antigenicity and allergenicity of
genetically modified egg white allergen, ovomucoid third domain. Biochemical and
Biophysical Research Communications, 302(1), 133—137. https:/doi.org/10.1016/50006-
291x(03)00117-7.

Muller, U., Akdis, C. A., Fricker, M., Akdis, M., Blesken, T., Bettens, F., et al. (1998).
Successful immunotherapy with T-cell epitope peptides of bee venom phospholipase
A2 induces specific T-cell anergy in patients allergic to bee venom. The Journal of
Allergy and Clinical Immunology, 101(6 Pt. 1), 747-754. https:/doi.org/10.1016/
S0091-6749(98)70402-6.

Narisety, S. D., Frischmeyer-Guerrerio, P. A., Keet, C. A., Gorelik, M., Schroeder, J.,
Hamilton, R. G., et al. (2015). A randomized, double-blind, placebo-controlled pilot
study of sublingual versus oral immunotherapy for the treatment of peanut allergy.
The Journal of Allergy and Clinical Immunology, 135(5), e1—6. https:/doi.org/10.1016/].
jaci.2014.11.005. 1275-1282.

Nelson, H. S., Lahr, J., Rule, R., Bock, A., & Leung, D. (1997). Treatment of anaphylactic
sensitivity to peanuts by immunotherapy with injections of aqueous peanut extract. The
Journal of Allergy and Clinical Immunology, 99(6 Pt. 1), 744=751. https:/doi.org/10.1016/
s0091-6749(97)80006-1.

Noon, L. (1911). Prophylactic inoculation against hay fever. The Lancet, 177(4580),
1572-1573. https://doi.org/10.1016/S0140-6736(00)78276-6.

O’Konek, J.J., Landers, J. J., Janczak, K. W., Goel, R. R., Mondrusov, A. M., Wong, P. T.,
etal. (2018). Nanoemulsion adjuvant-driven redirection of TH2 immunity inhibits aller-
gic reactions in murine models of peanut allergy. The Journal of Allergy and Clinical
Immunology, 141(6), 2121-2131. https:/doi.org/10.1016/jjaci.2018.01.042.

O’Konek, J. J., Landers, J. J., Janczak, K. W., Lindsey, H. K., Mondrusov, A. M.,
Totten, T. D., etal. (2020). Intranasal nanoemulsion vaccine confers long-lasting immu-
nomodulation and sustained unresponsiveness in a murine model of milk allergy. Allergy,
75(4), 872-881. https:/doi.org/10.1111/all.14064.

Oldfield, W.L.,Larche, M., & Kay, A. B. (2002). Eftect of T-cell peptides derived from Feld 1 on
allergic reactions and cytokine production in patients sensitive to cats: A randomised con-
trolled trial. Lancet, 360(9326), 47-53. https://doi.org/10.1016/50140-6736(02)09332-7.

Orgel, K. A., Duan, S., Wright, B. L., Maleki, S. J., Wolf, J. C., Vickery, B. P., et al. (2017).
Exploiting CD22 on antigen-specific B cells to prevent allergy to the major peanut aller-
gen Ara h 2. The Journal of Allergy and Clinical Immunology, 139(1), 366—369.¢2. https://
doi.org/10.1016/j.jaci.2016.06.053.

Palisade Group of Clinical Investigators, Vickery, B. P., Vereda, A., Casale, T. B.,
Beyer, K., du Toit, G., et al. (2018). AR101 Oral immunotherapy for peanut allergy.
The New England Journal of Medicine, 379(21), 1991-2001. https:/doi.org/10.1056/
NEJMoa1812856.

Pauli, G., Larsen, T. H., Rak, S., Horak, F., Pastorello, E., Valenta, R., et al. (2008). Efficacy of
recombinant birch pollen vaccine for the treatment of birch-allergic rhinoconjunctivitis.
The Journal of Allergy and Clinical Immunology, 122(5), 951-960. https:/doi.org/10.1016/
7jaci.2008.09.017.

Prickett, S. R, Voskamp, A. L., Dacumos-Hill, A., Symons, K., Rolland, J. M., & O’Hebhir,
R. E. (2011). Ara h 2 peptides containing dominant CD4 + T-cell epitopes: Candidates
for a peanut allergy therapeutic. The Journal of Allergy and Clinical Immunology, 127(3).
https:/doi.org/10.1016/5.jac1.2010.09.027. 608-615.e1-5.

Qureshi, N., Takayama, K., & Ribi, E. (1982). Purification and structural determination of’
nontoxic lipid A obtained from the lipopolysaccharide of Salmonella typhimurium. The
Journal of Biological Chemistry, 257(19), 11808—11815.


https://doi.org/10.1111/j.1574-695X.2012.00981.x
https://doi.org/10.1111/j.1574-695X.2012.00981.x
https://doi.org/10.1016/s0006-291x(03)00117-7
https://doi.org/10.1016/s0006-291x(03)00117-7
https://doi.org/10.1016/s0006-291x(03)00117-7
https://doi.org/10.1016/S0091-6749(98)70402-6
https://doi.org/10.1016/S0091-6749(98)70402-6
https://doi.org/10.1016/S0091-6749(98)70402-6
https://doi.org/10.1016/j.jaci.2014.11.005
https://doi.org/10.1016/j.jaci.2014.11.005
https://doi.org/10.1016/j.jaci.2014.11.005
https://doi.org/10.1016/s0091-6749(97)80006-1
https://doi.org/10.1016/s0091-6749(97)80006-1
https://doi.org/10.1016/s0091-6749(97)80006-1
https://doi.org/10.1016/S0140-6736(00)78276-6
https://doi.org/10.1016/S0140-6736(00)78276-6
https://doi.org/10.1016/j.jaci.2018.01.042
https://doi.org/10.1016/j.jaci.2018.01.042
https://doi.org/10.1111/all.14064
https://doi.org/10.1111/all.14064
https://doi.org/10.1016/s0140-6736(02)09332-7
https://doi.org/10.1016/s0140-6736(02)09332-7
https://doi.org/10.1016/j.jaci.2016.06.053
https://doi.org/10.1016/j.jaci.2016.06.053
https://doi.org/10.1016/j.jaci.2016.06.053
https://doi.org/10.1056/NEJMoa1812856
https://doi.org/10.1056/NEJMoa1812856
https://doi.org/10.1056/NEJMoa1812856
https://doi.org/10.1016/j.jaci.2008.09.017
https://doi.org/10.1016/j.jaci.2008.09.017
https://doi.org/10.1016/j.jaci.2008.09.017
https://doi.org/10.1016/j.jaci.2010.09.027
https://doi.org/10.1016/j.jaci.2010.09.027
http://refhub.elsevier.com/S1054-3589(21)00003-X/rf0390
http://refhub.elsevier.com/S1054-3589(21)00003-X/rf0390
http://refhub.elsevier.com/S1054-3589(21)00003-X/rf0390

Vaccines as therapies for food allergies 255

Rial, M. J., Barroso, B., & Sastre, J. (2019). Dupilumab for treatment of food allergy. The
Journal of Allergy and Clinical Immunology. In Practice, 7(2), 673—674. https://doi.org/10.
1016/5.jaip.2018.07.027.

Roesler, E., Weiss, R., Weinberger, E. E., Fruehwirth, A., Stoecklinger, A., Mostbock, S.,
etal. (2009). Immunize and disappear-safety-optimized mRINA vaccination with a panel
of 29 allergens. The Journal of Allergy and Clinical Immunology, 124(5), e1-11. https://doi.
org/10.1016/.jaci.2009.06.036. 1070-1077.

Roy, K., Mao, H. Q., Huang, S. K., & Leong, K. W. (1999). Oral gene delivery with
chitosan—DNA nanoparticles generates immunologic protection in a murine model
of peanut allergy. Nature Medicine, 5(4), 387-391. https:/doi.org/10.1038/7385.

Ruiter, B., Tregoat, V., M'Rabet, L., Garssen, J., Bruijnzeel-Koomen, C. A., Knol, E. F.,
et al. (2006). Characterization of T cell epitopes in alphasl-casein in cow’s milk allergic,
atopic and non-atopic children. Clinical and Experimental Allergy, 36(3), 303-310. https:/
doi.org/10.1111/j.1365-2222.2006.02436.x.

Rupa, P., & Mine, Y. (2006a). Engineered recombinant ovomucoid third domain can desen-
sitize Balb/c mice of egg allergy. Allergy, 61(7), 836—842. https:/doi.org/10.1111/j.
1398-9995.2006.01143 x.

Rupa, P., & Mine, Y. (2006b). Engineered recombinant ovomucoid third domain can mod-
ulate allergenic response in Balb/c mice model. Biochemical and Biophysical Research
Communications, 342(3), 710=717. https://doi.org/10.1016/j.bbrc.2006.01.174.

Rupa, P., & Mine, Y. (2012). Oral immunotherapy with immunodominant T-cell epitope
peptides alleviates allergic reactions in a Balb/c mouse model of egg allergy. Allergy,
67(1), 74-82. https:/doi.org/10.1111/j.1398-9995.2011.02724 x.

Salgado, J., Casadevall, G., Puignero, V., & Queralt, J. (1996). Characterization of allergoids
from ovalbumin in vitro and in vivo. Immunobiology, 196(4), 375-386. https://doi.org/
10.1016/S0171-2985(96)80060-X.

Sampath, V., Sindher, S. B., Alvarez Pinzon, A. M., & Nadeau, K. C. (2020). Can food
allergy be cured? What are the future prospects? Allergy, 75(6), 1316—1326. https:/
dot.org/10.1111/all.14116.

Scheiblhofer, S., Thalhamer, J., & Weiss, R.. (2018). DNA and mR NA vaccination against aller-
gies. Pediatric Allergy and Immunology, 29(7), 679—688. https:/doi.org/10.1111/pai.12964.

Scholl, I., Weissenbock, A., Forster-Waldl, E., Untersmayr, E., Walter, F., Willheim, M.,
et al. (2004). Allergen-loaded biodegradable poly(D,L-lactic-co-glycolic) acid
nanoparticles down-regulate an ongoing Th2 response in the BALB/c mouse model.
Clinical and Experimental Allergy, 34(2), 315-321. https:/doi.org/10.1111/5.1365-
2222.2004.01884.x.

Senti, G., Johansen, P., Haug, S., Bull, C., Gottschaller, C., Muller, P., et al. (2009). Use of
A-type CpG oligodeoxynucleotides as an adjuvant in allergen-specific immunotherapy
in humans: A phase I/Ila clinical trial. Clinical and Experimental Allergy, 39(4),
562-570. https:/doi.org/10.1111/j.1365-2222.2008.03191 .x.

Seubert, A., Calabro, S., Santini, L., Galli, B., Genovese, A., Valentini, S., et al. (2011).
Adjuvanticity of the oil-in-water emulsion MF59 is independent of Nirp3
inflammasome but requires the adaptor protein MyD88. Proceedings of the National
Academy of Sciences of the United States of America, 108(27), 11169-11174. https://doi.
org/10.1073/pnas.1107941108.

Sicherer, S. H., & Sampson, H. A. (2014). Food allergy: Epidemiology, pathogenesis, diag-
nosis, and treatment. The Journal of Allergy and Clinical Immunology, 133(2), 291-307. quiz
308. https:/doi.org/10.1016/j.jac1.2013.11.020.

Simms, E., Rudulier, C., Wattie, J., Kwok, W. W., James, E. A., Moldaver, D. M., et al.
(2015). Ara h 1 peptide immunotherapy ameliorates peanut-induced anaphylaxis.
Journal of Allergy and Clinical Immunology, 135(2), AB158. https:/doi.org/10.1016/].
jaci.2014.12.1456.


https://doi.org/10.1016/j.jaip.2018.07.027
https://doi.org/10.1016/j.jaip.2018.07.027
https://doi.org/10.1016/j.jaip.2018.07.027
https://doi.org/10.1016/j.jaci.2009.06.036
https://doi.org/10.1016/j.jaci.2009.06.036
https://doi.org/10.1016/j.jaci.2009.06.036
https://doi.org/10.1038/7385
https://doi.org/10.1038/7385
https://doi.org/10.1111/j.1365-2222.2006.02436.x
https://doi.org/10.1111/j.1365-2222.2006.02436.x
https://doi.org/10.1111/j.1365-2222.2006.02436.x
https://doi.org/10.1111/j.1398-9995.2006.01143.x
https://doi.org/10.1111/j.1398-9995.2006.01143.x
https://doi.org/10.1111/j.1398-9995.2006.01143.x
https://doi.org/10.1016/j.bbrc.2006.01.174
https://doi.org/10.1016/j.bbrc.2006.01.174
https://doi.org/10.1111/j.1398-9995.2011.02724.x
https://doi.org/10.1111/j.1398-9995.2011.02724.x
https://doi.org/10.1016/S0171-2985(96)80060-X
https://doi.org/10.1016/S0171-2985(96)80060-X
https://doi.org/10.1016/S0171-2985(96)80060-X
https://doi.org/10.1111/all.14116
https://doi.org/10.1111/all.14116
https://doi.org/10.1111/all.14116
https://doi.org/10.1111/pai.12964
https://doi.org/10.1111/pai.12964
https://doi.org/10.1111/j.1365-2222.2004.01884.x
https://doi.org/10.1111/j.1365-2222.2004.01884.x
https://doi.org/10.1111/j.1365-2222.2004.01884.x
https://doi.org/10.1111/j.1365-2222.2008.03191.x
https://doi.org/10.1111/j.1365-2222.2008.03191.x
https://doi.org/10.1073/pnas.1107941108
https://doi.org/10.1073/pnas.1107941108
https://doi.org/10.1073/pnas.1107941108
https://doi.org/10.1016/j.jaci.2013.11.020
https://doi.org/10.1016/j.jaci.2013.11.020
https://doi.org/10.1016/j.jaci.2014.12.1456
https://doi.org/10.1016/j.jaci.2014.12.1456
https://doi.org/10.1016/j.jaci.2014.12.1456

256 Jeffrey J. Landers and Jessica J. O'Konek

Simons, F. E., Shikishima, Y., Van Nest, G., Eiden, J.]., & HayGlass, K. T. (2004). Selective
immune redirection in humans with ragweed allergy by injecting Amb a 1 linked to
immunostimulatory DNA. The Journal of Allergy and Clinical Immunology, 113(6),
1144-1151. https://doi.org/10.1016/].jaci.2004.03.003.

Smarr, C. B., Yap, W. T., Neef, T. P., Pearson, R. M., Hunter, Z. N., Ifergan, 1., et al.
(2016). Biodegradable antigen-associated PLG nanoparticles tolerize Th2-mediated
allergic airway inflammation pre- and postsensitization. Proceedings of the National
Academy of Sciences of the United States of America, 113(18), 5059-5064. https://doi.org/
10.1073/pnas.1505782113.

Smit, J., Pieters, R., van Roest, M., Kruijssen, L., Koppelman, S., Opstelten, D. J., et al.
(2013). A novel peanut allergoid is safe and effective in immunotherapy in a peanut
allergy mouse model. Clinical and Translational Allergy, 3(3), P1. https:/doi.org/10.
1186/2045-7022-3-S3-P1.

Smith, D. M., Simon, J. K., & Baker, J. R., Jr. (2013). Applications of nanotechnology for
immunology. Nature Reviews. Immunology, 13(8), 592—605. https://doi.org/10.1038/
nri3488.

Soos, T.]., Li, L., Graver, K., Schiding, J., Xenos, A., Chen, D., etal. (2016). Glucopyranosyl
lipid a (GLA) a toll-like receptor 4 (TLR 4) agonist for use as an adjuvant in combination
with peanut allergen immunotherapy. The Journal of Allergy and Clinical Immunology,
137(2 Suppl), AB129. https:/doi.org/10.1016/j jaci.2015.12.555.

Srivastava, K. D., Siefert, A., Fahmy, T. M., Caplan, M. J., Li, X. M., & Sampson, H. A.
(2016). Investigation of peanut oral immunotherapy with CpG/peanut nanoparticles
in a murine model of peanut allergy. The Journal of Allergy and Clinical Immunology,
138(2), 536-543.e4. https://doi.org/10.1016/j jaci.2016.01.047.

Stanberry, L. R., Simon, J. K., Johnson, C., Robinson, P. L., Morry, J., Flack, M. R, et al.
(2012). Safety and immunogenicity of a novel nanoemulsion mucosal adjuvant W805EC
combined with approved seasonal influenza antigens. Vacine, 30(2), 307-316. https:/
doi.org/10.1016/j.vaccine.2011.10.094.

Stefka, A. T., Feehley, T., Tripathi, P., Qiu, J., McCoy, K., Mazmanian, S. K., et al. (2014).
Commensal bacteria protect against food allergen sensitization. Proceedings of the National
Academy of Sciences of the United States of America, 111(36), 13145-13150. https:/doi.org/
10.1073/pnas.1412008111.

Stephen-Victor, E., Crestani, E., & Chatila, T. A. (2020). Dietary and microbial determinants in
food allergy. Immunity, 53(2), 277-289. https://doi.org/10.1016/j.immuni.2020.07.025.

Storni, F., Zeltins, A., Balke, 1., Heath, M. D., Kramer, M. F., Skinner, M. A., et al. (2020).
Vaccine against peanut allergy based on engineered virus-like particles displaying single
major peanut allergens. The Journal of Allergy and Clinical Immunology, 145(4),
1240-1253. https://doi.org/10.1016/j.jaci.2019.12.007.

Su, Y., Connolly, M., Marketon, A., & Heiland, T. (2016). Cry]-LAMP DNA vaccines for
Japanese red cedar allergy induce robust Thl-type immune responses in murine model.
Journal of Immunology Research, 2016, 4857869. https://doi.org/10.1155/2016/4857869.

Su, Y. Romeu-Bonilla, E., Anagnostou, A., Fitz-Patrick, D., Hearl, W., &
Heiland, T. (2017). Safety and long-term immunological effects of CryJ2-LAMP plasmid
vaccine in Japanese red cedar atopic subjects: A phase I study. Human Vaccines &
Immunotherapeutics, 13(12), 2804-2813. https://doi.org/10.1080/21645515.2017.1329070.

Tang, D. C., DeVit, M., & Johnston, S. A. (1992). Genetic immunization is a simple method
for eliciting an immune response. Nature, 356(6365), 152—154. https://doi.org/10.

1038/356152a0.

Tordesillas, L., Berin, M. C., & Sampson, H. A. (2017). Immunology of food allergy.
Immunity, 47(1), 32-50. https:/doi.org/10.1016/j.immuni.2017.07.004.

Valenta, R., Linhart, B., Swoboda, I., & Niederberger, V. (2011). R ecombinant allergens for
allergen-specific immunotherapy: 10 years anniversary of immunotherapy with


https://doi.org/10.1016/j.jaci.2004.03.003
https://doi.org/10.1016/j.jaci.2004.03.003
https://doi.org/10.1073/pnas.1505782113
https://doi.org/10.1073/pnas.1505782113
https://doi.org/10.1073/pnas.1505782113
https://doi.org/10.1186/2045-7022-3-S3-P1
https://doi.org/10.1186/2045-7022-3-S3-P1
https://doi.org/10.1186/2045-7022-3-S3-P1
https://doi.org/10.1038/nri3488
https://doi.org/10.1038/nri3488
https://doi.org/10.1038/nri3488
https://doi.org/10.1016/j.jaci.2015.12.555
https://doi.org/10.1016/j.jaci.2015.12.555
https://doi.org/10.1016/j.jaci.2016.01.047
https://doi.org/10.1016/j.jaci.2016.01.047
https://doi.org/10.1016/j.vaccine.2011.10.094
https://doi.org/10.1016/j.vaccine.2011.10.094
https://doi.org/10.1016/j.vaccine.2011.10.094
https://doi.org/10.1073/pnas.1412008111
https://doi.org/10.1073/pnas.1412008111
https://doi.org/10.1073/pnas.1412008111
https://doi.org/10.1016/j.immuni.2020.07.025
https://doi.org/10.1016/j.immuni.2020.07.025
https://doi.org/10.1016/j.jaci.2019.12.007
https://doi.org/10.1016/j.jaci.2019.12.007
https://doi.org/10.1155/2016/4857869
https://doi.org/10.1155/2016/4857869
https://doi.org/10.1080/21645515.2017.1329070
https://doi.org/10.1080/21645515.2017.1329070
https://doi.org/10.1038/356152a0
https://doi.org/10.1038/356152a0
https://doi.org/10.1038/356152a0
https://doi.org/10.1016/j.immuni.2017.07.004
https://doi.org/10.1016/j.immuni.2017.07.004

Vaccines as therapies for food allergies 257

recombinant allergens. Allergy, 66(6), 775—783. https:/doi.org/10.1111/j.1398-9995.
2011.02565.x.

van der Kleij, H. P. M., Warmenhoven, H. J. M., van Ree, R., Versteeg, S. A., Pieters, R. H.
H., Dreskin, S. C., et al. (2019). Chemically modified peanut extract shows increased
safety while maintaining immunogenicity. Allergy, 74(5), 986-995. https:/doi.org/10.
1111/all.13687.

van de Veen, W., Stanic, B., Wirz, O. F., Jansen, K., Globinska, A., & Akdis, M. (2016).
Role of regulatory B cells in immune tolerance to allergens and beyond. The Journal
of Allergy and Clinical Immunology, 138(3), 654—665. https:/doi.org/10.1016/j.jaci.
2016.07.006.

Vickery, B. P., Scurlock, A. M., Kulis, M., Steele, P. H., Kamilaris, J., Berglund, J. P., et al.
(2014). Sustained unresponsiveness to peanut in subjects who have completed peanut
oral immunotherapy. The Journal of Allergy and Clinical Immunology, 133(2),
468—475. https:/doi.org/10.1016/j.jaci.2013.11.007.

Villas-Boas, M. B., Fernandes, M. A., de Lima Zollner, R., & Netto, F. M. (2012). Effect of
polymerization with transglutaminase on in vitro digestion and antigenicity of
B-lactoglobulin. International Dairy Journal, 25(2), 123—131. https:/doi.org/10.1016/j.
idairyj.2012.02.007.

Wambre, E., DeLong, J. H., James, E. A., Torres-Chinn, N., Pfutzner, W., Mobs, C., et al.
(2014). Specific immunotherapy modifies allergen-specific CD4(+) T-cell responses in
an epitope-dependent manner. The Journal of Allergy and Clinical Immunology, 133(3),
872-879.e7. https://doi.org/10.1016/j,jaci.2013.10.054.

Wasserman, R. L., Hague, A. R., Pence, D. M., Sugerman, R. W., Silvers, S. K.,
Rolen, J. G., et al. (2019). Real-world experience with peanut oral immunotherapy:
Lessons learned from 270 patients. The Journal of Allergy and Clinical Immunology. In
Practice, 7(2), 418—426.e4. https:/doi.org/10.1016/j.jaip.2018.05.023.

Weide, B., Garbe, C., Rammensee, H. G., & Pascolo, S. (2008). Plasmid DNA- and mes-
senger RINA-based anti-cancer vaccination. Immunology Letters, 115(1), 33—42. https:/
doi.org/10.1016/j.imlet.2007.09.012.

Weiss, R., Scheiblhofer, S., Gabler, M., Ferreira, F., Leitner, W. W., & Thalhamer, J. (2006).
Is genetic vaccination against allergy possible? International Archives of Allergy and
Immunology, 139(4), 332-345. https:/doi.org/10.1159/000091946.

Wong, P. T., Leroueil, P. R., Smith, D. M., Ciotti, S., Bielinska, A. U., Janczak, K. W, et al.
(2015). Formulation, high throughput in vitro screening and in vivo functional character-
ization of nanoemulsion-based intranasal vaccine adjuvants. PLoS One, 10(5), ¢0126120.
https://doi.org/10.1371/journal.pone.0126120.

Wood, R. A. (2016). Food allergen immunotherapy: Current status and prospects for the
future. The Journal of Allergy and Clinical Immunology, 137(4), 973-982. https:/doi.
org/10.1016/.jac1.2016.01.001.

Wood, R. A, Sicherer, S. H., Burks, A. W., Grishin, A., Henning, A. K., Lindblad, R., et al.
(2013). A phase 1 study of heat/phenol-killed, E. coli-encapsulated, recombinant mod-
ified peanut proteins Arah 1, Arah 2, and Ara h 3 (EMP-123) for the treatment of peanut
allergy. Allergy, 68(6), 803—808. https:/doi.org/10.1111/all.12158.

Yang, L., & Kulis, M. (2019). Hypoallergenic proteins for the treatment of food allergy.
Current Allergy and Asthma Reports, 19(2), 15. https://doi.org/10.1007/s11882-019-
0846-6.

Yang, M., & Mine, Y. (2009). Novel T-cell epitopes of ovalbumin in BALB/c mouse:
Potential for peptide-immunotherapy.  Biochemical —and  Biophysical — Research
Communications, 378(2), 203-208. https://doi.org/10.1016/5.bbrc.2008.11.037.

Zhernov, Y., Curin, M., Khaitov, M., Karaulov, A., & Valenta, R. (2019). Recombinant
allergens for immunotherapy: State of the art. Current Opinion in Allergy and Clinical
Immunology, 19(4), 402—414. https:/doi.org/10.1097/ACI.0000000000000536.


https://doi.org/10.1111/j.1398-9995.2011.02565.x
https://doi.org/10.1111/j.1398-9995.2011.02565.x
https://doi.org/10.1111/j.1398-9995.2011.02565.x
https://doi.org/10.1111/all.13687
https://doi.org/10.1111/all.13687
https://doi.org/10.1111/all.13687
https://doi.org/10.1016/j.jaci.2016.07.006
https://doi.org/10.1016/j.jaci.2016.07.006
https://doi.org/10.1016/j.jaci.2016.07.006
https://doi.org/10.1016/j.jaci.2013.11.007
https://doi.org/10.1016/j.jaci.2013.11.007
https://doi.org/10.1016/j.idairyj.2012.02.007
https://doi.org/10.1016/j.idairyj.2012.02.007
https://doi.org/10.1016/j.idairyj.2012.02.007
https://doi.org/10.1016/j.jaci.2013.10.054
https://doi.org/10.1016/j.jaci.2013.10.054
https://doi.org/10.1016/j.jaip.2018.05.023
https://doi.org/10.1016/j.jaip.2018.05.023
https://doi.org/10.1016/j.imlet.2007.09.012
https://doi.org/10.1016/j.imlet.2007.09.012
https://doi.org/10.1016/j.imlet.2007.09.012
https://doi.org/10.1159/000091946
https://doi.org/10.1159/000091946
https://doi.org/10.1371/journal.pone.0126120
https://doi.org/10.1371/journal.pone.0126120
https://doi.org/10.1016/j.jaci.2016.01.001
https://doi.org/10.1016/j.jaci.2016.01.001
https://doi.org/10.1016/j.jaci.2016.01.001
https://doi.org/10.1111/all.12158
https://doi.org/10.1111/all.12158
https://doi.org/10.1007/s11882-019-0846-6
https://doi.org/10.1007/s11882-019-0846-6
https://doi.org/10.1007/s11882-019-0846-6
https://doi.org/10.1016/j.bbrc.2008.11.037
https://doi.org/10.1016/j.bbrc.2008.11.037
https://doi.org/10.1097/ACI.0000000000000536
https://doi.org/10.1097/ACI.0000000000000536

258 Jeffrey J. Landers and Jessica J. O'Konek

Zhu, F. G., Kandimalla, E. R., Yu, D., & Agrawal, S. (2007). Oral administration of a syn-
thetic agonist of Toll-like receptor 9 potently modulates peanut-induced allergy in mice.
The Journal of Allergy and Clinical Immunology, 120(3), 631-637. https://doi.org/10.1016/
7jaci.2007.05.015.

Zuidmeer-Jongejan, L., Fernandez-Rivas, M., Poulsen, L. K., Neubauer, A., Asturias, J.,
Blom, L., etal. (2012). FAST: Towards safe and eftective subcutaneous immunotherapy
of persistent life-threatening food allergies. Clinical and Translational Allergy, 2(1), 5. https:/
doi.org/10.1186/2045-7022-2-5.

Zuidmeer-Jongejan, L., Huber, H., Swoboda, 1., Rigby, N., Versteeg, S. A., Jensen, B. M.,
et al. (2015). Development of a hypoallergenic recombinant parvalbumin for first-in-
man subcutaneous immunotherapy of fish allergy. International Archives of Allergy and
Immunology, 166(1), 41-51. https://doi.org/10.1159/000371657.


https://doi.org/10.1016/j.jaci.2007.05.015
https://doi.org/10.1016/j.jaci.2007.05.015
https://doi.org/10.1016/j.jaci.2007.05.015
https://doi.org/10.1186/2045-7022-2-5
https://doi.org/10.1186/2045-7022-2-5
https://doi.org/10.1186/2045-7022-2-5
https://doi.org/10.1159/000371657
https://doi.org/10.1159/000371657

	Vaccines as therapies for food allergies
	Introduction
	Allergen-specific immunotherapy
	Modified hypoallergenic proteins for the treatment of food allergy
	Allergoids
	Peptide-based immunotherapy
	Recombinant allergen vaccines

	mRNA and DNA vaccines
	Adjuvants
	Microbial flora and probiotics
	Heat-killed bacteria
	TLR ligand-based adjuvants

	Nanoparticle vaccine delivery systems and adjuvants
	Conclusion
	Conflict of interest
	References




