Immunotherapy for the Treatment of Allergic Diseases
Abstract
Allergen Immunotherapy (hereafter AIT) is the only disease-modifying medication available
for allergic diseases!. Currently, there are several AIT options available on the market, with
varying routes of administration, limitations, and implications. However, possible side
effects of those treatment options raise the necessity for novel options of AIT with with
improved carriers, improved safety profile, or shorter treatment course duration.
This review summarizes the current types of treatments of allergic diseases available on the
market, their routes of administration, and possible limitations associated with them. It also
touches upon the core principles involved in allergic diseases, the main cells involved, and
explains the medical need for novel AIT options. Moreover, the current AIT options are
explained, and the core underlying mechanisms are described. Subsequently, the review
focuses on the novel AIT options available in the market, or that are under development.
Some of those novel AIT options include novel adjuvants, allergoids, or recombinant
proteins.
The availability or novel carriers, such as liposomes or probiotics for AIT shows a promising
outlook on the further improvement of allergic disease treatment or cure. However, most
studies suggest that more research is needed for the development of a long-term safety
profile, and larger scale studies are necessary, before those new active substances can enter
the market.
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Introduction

Allergies have been prevalent throughout history. One of the first mentions of intolerances
or adverse effects from foods were in the Old Testament. Several foods were considered
unfit for consumption, because of the possible reactions they could cause. Some of these
foods included fish without scales and reptiles. Hippocrates has noticed that products, such
as milk could cause a rash among some people. A distinct way of food allergy management
was mentioned in the Babylonian Talmud, which described instructions for egg white
preparation to prevent intestinal egg sensitivity>3. Furthermore, a prime mention of Allergic
Rhinitis (hereafter AR) management was found in texts from ancient Egypt and Ayurvedic
traditions in India. Texts mentioned how inhalation of certain plants could be used for
achieving an anticholinergic effect and treating AR-induced ailments*>,

It has been known that allergies have been prevalent for centuries and are still highly
prevalent till this day. From 1997 to 2007, the occurrence of pediatric food allergies has
increased by 18%°. In 2021, around 7.8% of the population has hay fever. Additionally,
between 10-30% of the global population has AR. One of the causes of increased allergy
occurrence is the global rapid urbanization. Urbanization induces lowered exposure to
microbes, which is correlated with the increased rate of allergies’.

In addition to high occurrence, allergic diseases cause a significant financial burden on the
healthcare system. In 2005, the costs associated with allergic rhinitis in the US were
estimated to be around $11,2 billion. A similar study conducted in 2007 showed that asthma
associated costs to the society were $56 billion. Despite the high cost associated with allergy
treatment, they only manage the symptoms associated with allergic diseases.

One of the novel treatment options that goes beyond managing allergy-related symptoms is
Allergen Immunotherapy (hereafter AIT). This novel treatment option attempts to modify
the disease itself and treat allergies by inducing immunity to the allergen in question.

This literature review focuses on reviewing the current state of AT, types of AlTs, its
mechanism of action and challenges associated with it. Additionally, the novel versions of
AIT are outlined, discussed, and evaluated. AIT was the topic of choice due to its unique
nature. The well-known disease-modifying property of AIT makes it an intriguing subject of
interest for the review®. Understanding the novel treatment options for allergic diseases
might help meet the medical need for allergy treatment options.

Background Information

Allergic Diseases

Allergies are characterized by hypersensitivity of the immune system to a substance that is
normally harmless. The most common allergies are hay fever, food allergies, insect stings,
and venom. Main symptoms of allergies are red eyes, a rash, difficulty breathing, and
swelling. Most allergic reactions of all groups are mild; however, severe cases can lead to a
fatal outcome.

Allergic responses are characterized with high levels of IgE. These molecules are generated
by B cells in response to the allergen entering the system. The IgE molecules circulate in
blood and bind to Ig-E receptors on cells such as mast cells. Once exposed to the same
allergen for the second time, an IgE receptor induced cascade of events starts; this results in
an immediate Ig-E mediated immune response®.

The core reasons why some people develop allergic diseases are not entirely clear®. It is,
however, known, that both genetic and environmental factors can increase susceptibility,
and that immune responses have a polymorphic nature!!. Several genetic factors involved in



allergic diseases have been found during the genome-wide association studies (GWAS). An
example of such factors are T-helper 2 (Th2) cytokine genes. Additional factors that were
identified were genes encoding for a -chain of the high affinity receptor of Igk, RAD50,
which is located next to the gene for IL-13, and signal transducer and activator of
transcription 6, which is regulated by IL-4 and IL-13'2. However, there were no overlaps in
the GWAS studies. It is believed that environmental factors influence the occurrence of
allergies more than genetic factors. Genetic factors are more inclined to influence the
severity of allergic diseases, and how strongly they will be expressed!314,

Diagnosis of Allergic Diseases

Two main methods of allergy diagnosis are skin prick tests and blood tests. Both of these
diagnostic techniques are cost-effective and do not cause a significant healthcare burden?®>.
Skin prick testing is primarily used for diagnosing a suspected type | hypersensitivity (the
immediate type). This diagnostic technique was first used by Helmtraud Ebruster in 1959;
since then it was used as a standard for allergic diagnosis'®. In contrast with skin prick
testing, first patch tests were performed in 1895; since then, scholars worked on
standardizing this method of testing.

Skin prick testing shows immediate results, that are reproducible if the test is performed
correctly. It can take about half an hour before results are shown'’. As mentioned
previously, skin prick testing is used for IgE mediated responses. On the contrary, patch
testing is used for diagnosing allergies that cause non-Ig mediated responses. It tests
delayed reactions, that may take hours or days after allergen exposure. The recommended
site for patch test is the upper back. Patches are applied to the tested area and checked
after approximately 48 hours. Circular or square-shaped patches with diameters between 8-
10 mm are used for this diagnostic technique. Larger patch units are used for detecting
weak sensitization to some allergens'®!°. Other methods, such as blood testing are available
for patients that cannot undergo the abovementioned tests.

Blood tests for allergies focus on measuring IgE levels in blood against allergens.?°. Blood
tests are sometimes the preferred diagnostic option because other techniques come with
possible inaccuracies. Previous studies show that combination of medical history evaluation
in combination with physical examination do not have an accuracy level of above 50%2 .
During blood tests, IgE levels are measured via several main types of immunoassays. Some
of these assays include enzyme-linked immunosorbent assays (ELISAs), fluorescent enzyme
immunoassays (FEIAs), and radioallergosorbent assays (RASTs)?°. These assays use IgE
binding labelled with radioactive isotopes for quantifying the IgE levels in the blood. The
final IgE levels are calculated from the amount of fluorescent antibodies present in
blood?%23,

It is worth mentioning that while diagnosing food allergies it is crucial to determine whether
the allergic reaction is IgE mediated or non-IgE mediated. Medical history of the patient is
used to establish the type of allergic reactions. If the symptoms are evident after a few
minutes of exposure, it is a sign of an IgE mediated food allergy. Some of these symptoms
could be erythema, vomiting, anaphylaxis, or diarrhea. Non-IgE mediated responses involve
symptoms that my take hours to show, such as eczema or frequent loose stools?*.

Once the nature of the allergic reaction is established, medical practitioners can proceed
with the diagnosis. If the patients’ medical history implies it was a non-IgE mediated allergic
reaction, the allergen is eliminated from the diet and reintroduced weeks later?. The
diagnosis of FAs may be challenging, since food allergies are at times confused with FAs?°.



Similarly, diagnosis of AR may be challenging among children in the first few years of their
lives. In the first 2-3 years of life, children frequently get viral respiratory infections, which
have similar symptoms to AR. This high occurrence of viral respiratory infections makes it
challenging for practitioners to diagnose toddlers with AR?’.

Currently, there are several main ways of managing allergies. More novel allergy
management options are allergen-specific immunotherapy and peptide-based
immunotherapy.

Pathophysiology of Allergic Diseases
There are several main types of allergies; they have a lot in common when it comes to their
mechanisms. This section describes general mechanisms and cells involved in allergic
reactions and allergic diseases.
Allergic diseases, such as allergic rhinitis or food allergies, are a combination of symptoms
induced by inflammatory reactions. These inflammatory reactions can be categorized into
IgE-mediated, non-IgE mediated, and mixed reactions. The reactions may vary on the
region, for instance the nasal mucosal layer during allergic rhinitis, or the lips during food
allergies. The first step of allergies is the exposure to the allergen. Some common allergens
for AR are seasonal pollens, molds, pets, dust mites, and pests?®. For food allergies, some
common allergens are cow’s milk, chicken eggs, and shellfish?°,
During Ig-E mediated responses, allergic reactions happen within minutes after exposure.
They are induced by Th2 cells, that play an irreplaceable role in allergic inflammation; they
release cytokines such as IL-4, IL-5, IL-9, and IL-13 and initiate allergic inflammation?7,3931,
Th2 cells have an irreplaceable role in allergic inflammation; they release cytokines such as
IL-4, IL-5, IL-9, and IL-13 and initiate allergic inflammation3°. Once the exogenous allergen,
e.g., pollen is inhaled, they are broken down by DCs and present T-cell epitopes to naive T
cells. Simultaneous activation of epithelial cells by nonantigenic pathways release epithelial
cytokines, which transition the sensitization process into a Th2 response. During this
transition, type2 innate lymphoid cells (ILC2) and basophils release Th2-producing cytokines,
i.e., IL-13 and IL-4. Th2 cells differentiate after IL-4 is released. Once DCs present the
allergen, Th2 activate B cells, which respond and produce IgE, which later sensitizes mast
cells and basophils by binding to the high-affinity IgE (FCER1) receptor.
Mast cells and basophils release mediators, such as histamine or cysteinyl leukotrienes that
cause symptoms of AR, such as mucous production. During AR, IL-9, and stem-cell factor
(SCF) aid mucosal mast cells’ recruitment to the mucosal layer. SCF cells are released from
epithelial cells. SCF and mast cells contact via SCF’s tyrosine kinase receptor (c-Kit)3%33. Once
Th2 sensitivity is developed, the subsequent exposure to the same allergen result in Ig-E
induced hypersensitivity reactions, and AR symptoms. These symptoms are caused by the
activation of sensory nerves and vasodilation, which cause obstruction of the nasal
passages.3*37,
In contrast with Ig-E mediated responses, non-IgE mediated responses take longer to occur
and have a chronic nature3?, In essence, non-IgE mediated responses precipitate allergic
reactions involving other parts of the immune system other than IgE antibodies. Ig-E
mediated responses cause an immediate reaction, which is often noticeable minutes after
exposure, whereas non-Igk mediated responses cause delayed reactions, that show
symptoms days or weeks after exposure. It is crucial to establish the nature of the allergic
reaction to accurately and optimally treat its symptoms°. Examples of non-IgE mediated
FAs are food protein-induced enterocolitis syndrome, food-protein enteropathy, and food



proteinOinduced enterocolitis syndrome. Most of these disorders have gastrointestinal
symptoms that also extend to respiratory symptoms*°

Evidence from clinical and pre-clinical trials shows that basophils and mast cells play a
significant role in food allergic reactions. Examples of mixed IgE and non-IgE reactions are
eosinophilic esophagitis, or atopic dermatitis.

Current Treatment Options
Currently, allergies do not have a cure. Conventional treatment options for allergies include
antihistamines, glucocorticoids, adrenaline, or mast cell stabilizers. In this section, some of
the common treatment options are described, and some side effects are mentioned.

Antihistamines

Antihistamines are mostly prescribed for AR. An example of antihistamines are intranasal
antihistamines, that are prescribed as a first-line treatment for AR. Intranasal antihistamines
have been shown to suppress numerous immune response mediators, such as histamines,
leukotrienes, cytokines, chemokines, mast cells, eosinophils, and neutrophils. Higher
concentrations of antihistamines show anti-inflammatory effects*!. Because of its local
delivery, antihistamines are shown to have high effectivity treating the symptoms of AR*?.
There are several types of antihistamines, such as intranasal, first generation and second-
generation antihistamines.

First generation antihistamines lack compound specificity. They lack recognition by the P-
glycoprotein efflux pump, which grants them permeability. They tend to cross the blood-
brain barrier and cause sedation due to their lipophilic nature*3. Some examples of first-
generation antihistamines include alimemazine, chlorphenamine, or clemastine.

In contrast, second generation antihistamines have lower affinity for muscarinic receptors,
resulting in poor penetration into the CNS. They also have a higher molecular weight and
affinity for the P-glycoprotein efflux pump?3.

Decongestants

Decongestants are mostly prescribed to patients with AR that also actively experience
congestion. This type of medication is more relevant for patients with seasonal AR. In
contrast with other treatment options, decongestants can be obtained without a
prescription, which makes it a more accessible option for some patients. The main
therapeutic agents in this group are phenylephrine and pseudoephedrine, that are received
orally. There are also the options of topical sprays and an inhaler, that has to be used on a
regular basis**. These agents mostly work by stimulating a-adrenergic receptors, reducing
edematous mucosal tissue volume and reduce mucus production, that result in the
alleviation in AR-induced symptoms. Even though decongestants are safe for most patients,
they include side effects, such as stimulation of the CNS*.

Antileukotriene agents

Leukotrienes are molecules released by mast cells during an asthma attacks and AR, that
induce bronchoconstriction?®. They are released after triggering events, such as antigen-
antibody reactions, cold, or similar events that increase intercellular calcium?”48,

These agents were first approved for treatment of asthma, however, later they were also
approved for the treatment of AR. The main agents in the US are montelukast and zafirulast,



which inhibit leukotriene receptors. Another agent is zileuton, which inhibits leukotriene
synthesis®.

Antileukotriene causes very few side effects, however, reports of agitation, aggression,
suicidal thoughts and depression have been made by Merck and Co-the manufacturer of
Montelukast?*. This combination of side effects makes it an unavailable option for patients
with mental health problems.

Intranasal Steroids

This method of treatment is first-line therapy that reduces AR symptoms, such as
inflammation and nasal congestion. Like decongestants, most intranasal steroids require
prescription in the Netherlands.

The most common side effects of intranasal steroids are headache and pharyngitis>®>2,
Those side effects can be minimized by proper application technique. However, regular use
of intranasal steroids among children is associated with greater is of cataracts and ocular
hypertension®4,

Topical Steroids

Topical steroids are commonly used for managing skin-related symptoms induced by allergic
reactions; some of these symptoms are eczema and dermatitis. There are multiple side
effects associated with topical steroid application. Locally, it can cause acne and rosacea?.
Chronic use of highly concentrated topical steroids can induce steroid rosacea, or steroid
withdrawal. These side effects can significantly affect one’s quality of life>3>4.

Medical Need for Treatment Options
The evolutionary high occurrence of allergic diseases does not only induce a significant
burden on the healthcare system, but also results in a lower standard of life among a
significant fraction of the population. Allergic diseases, such as AR, also affect the corporate
environment, by greatly contributing to health-related absenteeism and lowering
productivity levels among workers. Research by Lamb et al. concluded that AR-induced
productivity and opportunity cost loss is the highest among employees in the United
States™>.
High frequency of allergic disorders in combination with the lethal outcome of severe
allergic reactions raise the medical need for novel treatment options for allergic disorders.
When it comes to food allergies, the most common allergies among children are milk
allergies and egg protein allergies. The standard of care for children and adolescents with
allergies can be overwhelming for parents. It is crucial to manage potential nutritional
deficits and growth impairment among children>®, which can be challenging depending on
accessibility to healthcare. Like AR, FAs can be a burden for the guardians of children with
allergies, since they are encouraged to read labels and regularly consult nutritionists.
Moreover, they should always carry epinephrine, and watch out for severe allergic
reactions, which causes stress and anxiety. It is also worth mentioning that currently
available pharmaceutical agents only manage the symptoms, meaning the symptoms will
persist after the administration of medication is discontinued™®.
A potentially disease-modifying therapeutic agent could reduce the patient burden, and
potentially cure allergic disorders. Even though AIT was shown to be effective in clinical
studies for both AR and FAs, it comes with challenges, and requires novelties, which will
cause less side effects.



In contrast to the current treatment options described previously, AlT is the only potentially
disease-modifying treatment option, which can possibly cure allergic disorders, which makes
it a relevant subject for research.

Search Strategy
Major search engines, such as PubMed were used. Keywords Allergen-specific
immunotherapy, allergies, allergic rhinitis, food allergies were used. For more thorough
research, keywords, such as peptide-specific immunotherapy, novel immunotherapy
options were used. For more detailed explanation of immunotherapy treatments, keywords
such as intranasal steroids, antihistamines, and corticosteroids were used.

Immunotherapy for Allergies
Immunotherapy for allergic disorders is not historically new. There are records of food
desensitization attempts from the early 20" century. Some of these attempts include
Finkelstein conceptualizing oral immunotherapy (OIT), by desensitizing infants by giving
drops of milk and gradually increasing the dose®’. Another well-known example of AIT
involved the treatment of grass pollen allergy during seasonal hay fever. Leonard Noon
treated seasonal hay fever with grass pollen extract. He injected increasing doses of the
allergen for several years once the maintenance dose was established. Evidence suggested
that this method was effective for treating seasonal hay fever, cat allergies and insect
venom allergies>®0,
Allergen-specificimmunotherapy is a novel treatment option for several allergic diseases,
such as allergic rhinitis, asthma, and sting insect hypersensitivity®!. AIT has also been used
for the treatment of FAs, e.g. peanut allergy among children and adolescents®2.
It generally works by gradually increasing the dose of the allergen and administering
maintenance doses for the next three years. AR patients that still experience symptoms
after pharmacotherapy and avoidance are good candidates for the AIT treatment. Patients
with uncontrolled or severe asthma, however, are not eligible for the treatment®3.
Comorbidities should be taken into consideration before prescribing AIT, which is why
diagnosis is done on individual basis.
It is a type of therapy that can be used on a specific group of patients. It is used for patients
that have specific IgE antibodies, that are specific to the allergens in question.
The most widely used AIT types are subcutaneous (SCIT), sublingual (SLIT) with unmodified
allergen extracts. Among the two most popular types of AlTs, SLIT was shown to be the
more patient-friendly route of administration, which also helped saving patient time in the
hospitals. Since these are new emerging treatment options, both of those methods require
supervision in the beggining®. SLIT can also be administered by daily drops or tablets of the
allergen extract, which can be later self-administered by the patient at home, which reduces
hospitalization burden. Both of these routes of administration have been shown to be
effective for AR®.
For FA, the main routes of AIT administration are oral, epicutaneous, sublingual, and
subcutaneous. The most researched route of administration was OIT. Most OIT trials focus
on milk, egg, and peanut allergies. On the contrary, the SCIT method using unmodified food
extracts was not further researched because of the severe allergic reactions it showed after
administration®®’, Like AR, the patients are given the increased dose of the allergen
throughout several years to achieve constant unresponsiveness to the allergen after
remission. OIT for FA usually has a higher starting dose compared to SLIT and EPIT, which



are administered as drops under the tongue. The low doses make SLIT and EPIT safer for
patients, however, they are also less efficacious methods®®. Table 1 summarizes the main

routes of AIT administration.

A study conducted by Durham et al. in 2016 compared the efficacy of SLIT to that of
montelukast (a leukotriene receptor antagonist), desloratadine (an Hi antagonist), and
mometasone (an intranasal steroid) for management of seasonal and perennial AR. Overall,
grass and ragweed-based SLITs were shown to be 16.3% and 17.1% more effective than
placebo respectfully. On the other hand, montelukast, desloratadine, and mometasone
were shown to be 5.4, 8.5, and 22.2% respectively. The main conclusion of the analysis was
that SLIT options were nearly as effective as conventional therapies for treating seasonal
and perennial AR. SLIT was shown to be more effective than montelukast and desloratadine,
and nearly as great as mometasone. It was concluded that SLIT offered an additional long-
term efficacy to the treatment, and makes it a favorable option for the treatment of AR®.

Table 1: Main routes of AIT administration.

Route of Administration

Advantages

Disadvantages

Epicutaneous (EPIT)

Administration does
not require needles,
making it more
suitable for
children’®.

Overall well
established safety
profile’®.

Larger antigen doses
can induce mild
drug-related adverse
effects, e.g.
eczema’? 7’4,

Intralymphatic (ILIT)

Reduced number of
sessions, and
treatment
duration’>.

Is shown to be a safe
treatment option?®.

Requires physicians
for administration,
and is ultrasound
guided??.

Oral (OIT)

Effective treatment
option for FAs””/78,

Can cause adverse
reactions to the
treatment’®.
Efficacy is not well
established®°,

Subcutaneous (SCIT)

Established safety
and efficacy profiles.
Can be used for
venom
immunotherapy®?®.

Must be
administered
repeatedly.
Relatively long
course of
treatment®2.
May result in
hypersensitivity
reactions, such as
redness or
pruritus®3.




favorable than
SCIT84,

e Requires accessibility
to hospitals’?.
Sublingual (SLIT) e More economically e Relatively low

efficacy compared to
SCIT®>,

Mechanism of Action

Even though the mechanism of action of AIT is not fully known, the core principle of AIT is
the gradual exposure to the antigen to gradually induce desensitization to the antigen®6. AIT
It is the only clinically effective disease-modifying treatment for AR®”88, The mechanism of
action it may vary depending on the route of administration.

In essence, the mechanism of AIT encapsulates early desensitization effects, in combination
with T- and B-cell response modulation and inhibition of eosinophil, basophil and mast cell
migration to tissues®.

The underlying mechanism and effects of AIT can be categorized in three stages: the initial
reaction to AIT, intermediate effects, and long-term effects. The summary of AIT effects is
shown in Figure 1.

Initially, administration of the AIT dose hinders basophil and mast cell reactivity, which
results in lower reactivity from the patient. The mechanisms of the induction of this low
reactivity are not fully known, however, mast cell desensitization has been shown in
multiple studies. In a study conducted by Woo et al., mice were desensitized to penicillin V
via oral AIT. In their results, oral desensitization to penicillin V was achieved, and antigen-
specific mast-cell desensitization was associated with it*°.

Once AlT is injected, a rapid increase in IgE is noticed, which decreases later throughout the

duration of the treatment.
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Figure 1: Events taking place during different stages of AIT®.

During AIT, increased levels of anti-inflammatory cytokines IL-10 and TGF-3 are produced by
Treg cells, which launch peripheral T-cell tolerance®!. The increased levels of IL-10 possibly



suppress stronger allergic responses and cause 1gG4 production. In addition to increased
IgG4 production, there is an increase in antigen-specific IgA, 1gG1, and IgE production.
However, in later stages of AIT, IgE production is decreased in the long-term, which is
effective especially for seasonal AR. These changes in IgE production are usually noticeable
after 12-18 months of AIT. AIT induces lowered mononuclear cell production of histamine-
releasing factors, mast cells, and eosinophils®?. As a result, patients show lowered skin prick
test reactivity®3.

During subcutaneous immunotherapy for different allergies, elevations of 1gG4 were
detectable in the serum. These changes could possibly be caused by the allergen-immune
system interactions taking place in the oral mucosa in the regional lymph nodes. A study by
Scadding and Durham describes AIT mechanism of action for patients with AR. The main
focus of the therapy is to reduce the seasonal increase of pollen allergen specific IgE
concentrations and reduce the increase of allergen-specific 1gG4 in serum®*°>.

Challenges and Limitations Associated with AIT

AIT is a unique disease-modifying treatment option for patients with IgE-induced allergic
diseases, however, it comes with challenges. Despite its high efficacy, some patients do not
respond well to the treatment, and experience relatively severe allergic reactions®.
Evaluation of AIT effectiveness is challenging at times. Various clinical trials define successful
outcome of therapy differently. For instance, when it comes to OIT in FAs, the perfect
outcome is the complete incorporation of allergen-containing foods in the diets of
participants. However, assuming how much the product will be incorporated in one’s diet it
relatively challenging and is not always incorporated in studies®.

Additionally, more research is required for identifying better biomarkers for confirming
clinical responsiveness of AIT. Currently, there are a few indicators, such as basophil
responsiveness, amount of IL-10 producing regulatory T and B cells, and IgE/IgG4 ratio.
However, more research is required to establish causation, and to show the relationship
between these markers and AIT effectiveness’.

Other limitations of AIT include the heterogenous nature of patients with perennial AR, and
possible severe allergic reactions to the allergen extract. A study by Biregani et al points out
that patients may be sensitive to the components in the allergen extract, which might
precipitate an IgE response, resulting in more inflammation and allergic reactions®®.
Various studies have evaluated the disadvantages associated with AIT. A study by Linda Cox
outlined the practical considerations when it comes to AIT. For example, SCIT can easily
cause adverse side effects due to its narrow therapeutic window. Therefore, it requires
medical supervision and a longer wait period?’.

Even though AIT is the only disease-modifying treatment option for IgE-mediated allergies,
the side effects can be of severe nature. Some of the severe side effects include anaphylaxis
resulting in lethal outcomes. The number of AIT associated anaphylactic reactions has
increased after the introduction of standardized and more potent extracts. Some of the
causes of the sensitivity reactions are errors in allergen dosage. The potential risk factors
and the long commitment duration result in patients discontinuing the therapy.

A limitation worth mentioning is the possible enzymatic degradation associated with OIT.
Once the medication surpasses through the stomach, it might be dissolved, resulting in
decreased absorption, and lower efficacy. To overcome this limitation, novel strategies of
AIT delivery are currently being developed, e.g., nanoparticles, that can protect the
encapsulated antigen. Once the OIT vaccine is protected by a nanoparticle capsule, it can



survive the harsh conditions of the gastrointestinal tract, such as high acidity of the
stomach?®,

Novel AIT Options
Even though AIT comes with challenges, there have been developments to make
advancements to it. The increasing understanding of T-cells’ role in allergy caused an
increased interest in the use of short T-cell peptides as an alternative to AIT. Evidence
suggests that IgE-binding epitopes were redundant in immunotherapy, and removing them
could increase safety and efficacy’. A review by Rajakulendran et al. outlines nine novel
strategies in immunotherapy?®. This section discusses some of the relatively novel
approaches to AlT.

Peptide-based Immunotherapy (PIT)

PIT is a novel method for treating allergic diseases. In contrast to conventional AIT, T-cell
epitopes are used instead of B-cell epitopes. Conventional AIT uses B cell epitopes, which
results in adverse reactions. In PIT, the lack of B-cell epitopes is believed to result in less
adverse reactions to the allergen®. The effectiveness of PIT varies through clinical trials. PIT
is further researched and developed for allergic and autoimmune diseases®©.

One of the main distinctions between PIT and AIT is the use of T cell epitopes in PIT. To
understand mechanisms involved in PIT, it is important to understand the role of molecules
involved in a T-cell mediated immune response. Generally, T cells recognize the epitopes
presented by major histocompatibility complex (hereafter MHC) on the surface of cells.
They recognize the harmless “self” peptides and peptides that come from pathogens, or
allergens. After recognition of harmful epitopes, T cells undergo activation to initiate an
immune response®. In contrast to B-cell induced immune responses, T-cells antigen
receptors can only recognize the antigen when it is bound to cell surface molecules that
were encoded by the MHC. This differentiation between B- and T-cells was first observed
from studies conducted by Gell and Benacerraf in 1950s, when lymphocytes were not
divided into varying classes. They hypothesized that the recognition of antigens relied on
the tertiary configuration of the immunizing protein, the cells effecting the delayed type
hypersensitivity response had the ability to recognize peptides defined by the primary
amino acid sequence'®. In short, T-cell activation starts after a ternary complex consisting
of the T-cell receptor, nominal antigen, and class-I or -Il MHC molecules is formed'01.192,
Additional molecules necessary for T-cell activation are CD4 and CD8 co-receptors, that are
present on CD4*and CD8* receptors respectfully’?®. Moreover, the CD3 complex is necessary
to aid the transduction of signals in T-cell activation%4. Lastly, CD28 co-receptor that binds
to B7, which is a molecule present in nucleated antigen presenting cells'9>1%,

A study by Tarzi et al. evaluates the effectiveness of HLA-DR based phospholipase2
(hereafter PLA;) vaccine in individuals with a mild honeybee allergy in an open, controlled
study. HLA-DR is one of three variants of class 2 MHC (hereafter MHC) molecules that are
expressed by human antigen presenting cells. It is a type 1 membrane glycoprotein that
presents peptides; these peptides are later recognized by T-cell receptors and helper T
cells'%’, PLA, is a glycoprotein, that is the main allergen found in bee venom?,

12 participants with sensitivity to bee venom were selected; these volunteers received
injections containing PLA; peptides.

The effectiveness of the vaccine was evaluated by the size of the late-phase reaction to the
allergen, peripheral blood mononuclear cell (hereafter PBMC) proliferation, cytokine
release, and gene expression’®,



Allergoids

Traditional allergen extracts are made from natural allergen sources, and come with
disadvantages, such as an undefined amount of nonallergenic materials, that can cause Th2
responses. Allergoids are allergen extracts that have been chemically modified by
glutaraldehyde or formaldehyde. First, allergens are depigmented with acid, then they are
polymerized with glutaraldehyde®'®, The chemical modifications result in a higher molecular
weight and cause less sensitivity. Modified allergens were developed because they are less
likely to cause severe allergic reactions, yet could be used for retaining immunogenicity***.
They are modified to be used in desensitization procedures and inducing tolerance. A
significant advantage of allergoids is the opportunity of faster increase of the dose during
allergen therapy!. The latter results in a shorter duration of treatment.

A study by Henmar et al. compared allergenicity of four grass pollen allergoid with three
grass pollen allergen vaccines used during SCIT in vitro. Allergenicity was measured via IgE
inhibition and basophil activation assays. The allergoids were found to cause lower
allergenicity as well as lower T-cell activation rates. It was concluded that the commercially
available allergoids did not contain high doses of immunogenic ingredients!!3,

A study by Gallego et al studied the effects of a mixture of two types of dust mite
(Dermatophagoides pteronyssinus and Dermatophagoides farina) allergoids for the
treatment of asthma patients. The allergoid had the commercial name Depigoid. After
receiving the treatment for approximately a year (54 weeks), reduced use of emergency
medication was reported. Additionally, less respiratory and ocular symptoms were present
among participants compared to the placebo group*4.

Currently, grass pollen allergoid vaccines are commercially available; several studies are
evaluating this methods cost-effectiveness compared to conventional AIT, which is believed
to be more immunogenic!?>.

Another example of allergoids is Pollinex Quattro- a four-injection allergoid therapy used for
the treatment of AR and allergic asthma. A study by Rosewich et al. describes the steps of
allergoid preparation and the immunological changes after the treatment. Allergoids are
prepared based on patient needs and the types of pollen they are sensitive to. Natural
allergens are extracted and diafilterd via nominal molecular weight and treated with
glutaldehyde to form allergens Once the allergoids are synthesized based on patients’ needs
and sensitivities, they receive gradually increasing doses of the allergoid throughout a four-
week treatment. Once the treatment is finished, it suppresses the allergy-induced IgE
production, and therefore decreases patient sensitivity. 6. Results from 12 patients were
analyzed after they received Pollinex Quatro. Patients that took the allergoid therapy
showed decreased expression of CD34, DC54 and HLA-DR- Il on B cells compared to the
subjects from the placebo group; the decreased expression is an indication of reduced B-cell
activation, and therefore decreased immunogenicity. The clinical efficacy of this therapeutic
agent was also clinically shown''’. After the Pollinex Quattro treatment, patients show less
sensitive skin-prick sensitivity reactions!'&-120,

Immunostimulatory Sequences (ISS)

Immunostimulatory sequences (ISS) work by inducing a strong Th1 response. It also acts as
an immunotherapy adjuvant. Immunostimulatory DNA that contains unmethylated CpG
motifs is recognized by toll-like receptor9 (TLR9), which result in the activation of innate



immune responses. The activation of innate immune responses results in the subsequent
activation of adaptive immune responses®?.

Once pathogen exposure takes place, pattern recognition receptors (PRRs), such as TLRs,
recognize the pathogen. The most studied TLR is TLR9, which is expressed on APCs, such as
DCs, B cells, or macrophages!?2. Once TLR9 encounters a pathogen-associated molecular
pattern (PAMP), such as a pathogen lipid or a peptide, it moves to endosomal
compartments. PAMPs are by nature unmethylated CpG-containing pathogenic DNA. CpG is
a dinucleotide that is necessary for TLR9 activation'?3. TLR9 ligands can include DNA from
viruses, bacteria, plasmids, or short, synthetic oligodeoxynucleotide (ODN) sequences, that
are modified with one or more CpG units. The ODN sequences engineered with CpG units
are the ones that are referred to as ISSs. Those ISS ODN units are used as a core constituent
of vaccinations'?4-126,

Small-scale clinical studies for ISS show improvements in symptoms among subjects with
AR'?’, Pre-clinical in vitro studies using food allergen sequences resulted in lower
suppressed IgE levels!?8129,

Monoclonal Antibodies

Monoclonal anti-IgE and anti-IL-4 antibodies (hereafter mAb) are generally used for treating
allergy-related asthma?. In recent studies, mAbs such as Omalizumab have been studied as
potential treatment options for FA in children. In FA, Omalizumab is conventionally used for
managing reactions, such as anaphylactic shock!3°. A study by Guilleminault et al. has
combined conventional OIT with Omalizumab to explore its effects on the quality of life and
safety of OIT administration. The choice of Omalizumab in this study could be explained by
two major reasons. First, Omalizumab is one of the more extensively studied mAbs; there is
high abundance of literature explaining its mechanism of action. Second, Omalizumab’s
effect on IgE has been studied in detail'31132, The effects of Omalizumab in combination
with conventional OIT have been summarized in Figure 2. The main results of the study
were that OIT in combination with Omalizumab could decrease the risk of post-
administrative severe adverse reactions, by therefore increasing the day-to-day quality of
life. In essence, the combination of mAbs with conventional OIT can increase the patient
pool eligible for the treatment. One of the downsides of conventional OIT is the cause of
severe hypersensitivity reactions after exposure. Administering Omalizumab pre-OIT can
also alter the threshold of reactivity and potentially prevent severe reactions.
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Figure 2: Changes in the immune system during FA (A), treatment with Omalizumab (B), and
Omalizumab in combination with OIT (C). During FA (A), the allergen is engulfed by DCs, and
allergen-derived peptides are presented, resulting in T cell differentiation into CD4+ Th2 cells.
This leads to recombination of B cells towards Ig-E producing plasma cells. Once there is re-
exposure to the same antigen, histamine and other inflammatory mediators are released.
When treating FAs with only Omalizumab (B), the anti-IgE mAB, the binding of IgE to FceRl is
inhibited, resulting in mast cell and basophil not showing sensitivity to the allergen. Lastly,
when combining OIT with Omalizumab, subsequent decrease of IgE production, and
inhibition of mast cell and basophil activation is shown. The risk of adverse reactions shown
during OIT is reduced while Omalizumab is used as a pre-treatment for OIT.*33,

Because of the high cost of mAbs, this option is not a convenient modality of first-line
treatment for most patients. However, it is a more suitable option for patients that have
shown hypersensitivity to conventional OIT and are not eligible for first line OIT. To reduce
the financial burden of this novel treatment option, the patient pool can be selected based
on biomarkers and previous history of severe reactions associated with FAs. As mentioned
in studies, the combination of mAbs with OIT seems promising particularly for the treatment
of FAs. Lastly, more research is required for the approval of those new active substances for
the purpose of alleviating FA-associated hypersensitivity reactions.

Carriers

Currently, AIT is administered using various carriers or adjuvants to ensure highest efficacy
and best possible delivery route. Like adjuvants in vaccines, adjuvants in AIT aim to establish
a healthy immune response in the long run and ameliorate the state of the pathology. Some
of the available adjuvants in the market are alum, calcium phosphate, microcrystalline



tyrosine, and monophosphoryl lipid A 134135, Most of those adjuvants have been used for
decades in AIT, with alum being the most prevalent adjuvants due to its convenience, easy
preparation, and high stability’3. Even though the alum adjuvant has been in use for
decades, it does cause concern when it comes to long-term application. If the alum adjuvant
is ingested during a full OIT course, it exceeds the recommended oral intake levels by World
Health Organization. A full OIT course takes between three and four years. Ingestion of alum
during an AIT course, such as OIT or SCIT for a substantial period may result in toxicity. The
long-term excision of alum should be avoided if there are advanced alternatives of AIT*?’.
Incorporating novel carriers into AIT can potentially improve drug delivery and therefore
improve treatment efficacy. Some of the novel carriers for AIT include nanoparticles,
liposomes, virus-like particles (hereafter VLPs), and chitosan.

Nanoparticles have been utilized previously in fields such as oncology for improving the
safety and the efficacy of the treatment!38. Recently, nanoparticles have been proposed for
the treatment of allergic diseases, due to their properties, such as easy tissue permeation,
defined size, or relatively easy production'34. Studies have been conducted for comparing
the efficacy of nanoparticles to that of microparticles. For instance, a study by Palmer et al.
investigated the effect of transdermal delivery of amorphous silicon dioxide nanoparticles
(hereafter SiNPs) during contact dermatitis. During the study, the effect of SiNPs was
reported on healthy mouse skin and mouse skin with contact dermatitis. The results showed
that SiNPs showed almost no effect on healthy mouse skin, whereas there was an
immunomodulatory effect on the skin with contact dermatitis. The main conclusion of the
study was the confirmation of SiNPs to treat allergic diseases, such as contact dermatitis, yet
more research is required?3°. Another study by Hirai et al. compared the skin permeation
and localization of monodisperse amorphous silica nanoparticles in mice. The study showed
that nanoparticles result in improved localization of AIT. The studies show AIT’s ability to
permeate the skin barrier!*. Upon improved and more detailed research is conducted
regarding nanoparticles and AIT, it can be used for relatively novel AIT administration
routes, e.g., the intranasal route!4?,

Like nanoparticles, liposomes are a novel carrier option for allergens in AIT. Studies have
been conducted for studying liposomal ability to alleviate allergy symptoms. Due to
liposomal nature, they can encapsulate both hydrophobic and hydrophilic antigens, prevent
them from degranulation, and release the antigen at a the designed rate*?. A study by
Kawakita et al. used oligomannose-coated liposomes (hereafter OMLs) in allergen-sensitized
mice to prevent allergic diarrhea. The study was based on the previously established
connection between CD8+ regulatory T cells and the prevention of allergic diarrhea. CD8+
regulatory T cells have the established ability to prevent allergic diarrhea. Therefore, the
ability of OMLs to induce CD8+ regulatory T cells for the prevention of those allergic
symptoms was studied. The results of the study suggested that intranasal immunization of
mice can be effective against FAs, since it prevented allergic diarrhea symptoms43,

Efficacy of liposomes was also shown in a study conducted by Arora and Gangal, where they
studied the efficacy of pollen allergen combination with liposomes for downregulation of
sensitivity reactions in mice. The study resulted in mice treated with liposomal antigens
showing higher immunogenicity and higher IgG levels. This novel approach works by
preventing IgE synthesis and downregulate the immune response among infected mice. It
was concluded that liposomal ability of entrapping antigens and delivering them could play
an important role in managing typel hypersensitivity reactions!#*. In essence, liposomes are
a promising approach to drug delivery during AlIT.



Moreover, virus-like particles (hereafter VLPs) have also been studied as a novel carrier for
allergens during AIT. Previously, VLPs have shown high tolerance and effectiveness in
vaccines, such as hepatitis B, or human papillomavirus (HPV); they are still being applied in
clinical research#>. Due to their convenience, they have also been used for development of
unconventional vaccines, such as a vaccine against nicotine addiction'4®. VLPs are a suitable
target for allergen delivery due to their low allergenicity, high immunogenicity, and relative
ease at preparation. An example of such VLPs is the bacteriophage Qbeta, which is
conventionally used for increasing antibody count in cancer immunotherapy. Research
suggests it can also be used during allergy immunotherapy. For instance, a study by Beeh et
al. investigated the clinical efficacy of bacteriophage Qbeta-derived VLP containing CpG-
motif G10 (hereafter QbG10) in patients with persistent allergic asthma. The results showed
improvement in all the parameters they used for measurement patient wellbeing. The
placebo group of the study showed deterioration in their condition. After a two-week
period, two-thirds of patients in the experimental group had their asthma under control and
managed the symptoms relatively well. The main conclusion of the study was that QbG10
had potential to aid patients in asthma control*’. Overall, studies demonstrate that further
long-term research is required for establishing the safety profile and the long-term
effects!4®,

Lastly, chitosan was proposed as a carrier for AIT for alleviating side effects and local
irritation induced by non-invasive inhaled antihistamines. Even though AR is well managed
by antihistamines, such as ketotifen (hereafter KT) or cetirizine (hereafter CTZ), it results in
local irritation and raising the medical need for improved less allergenic treatment options.
A study by Sun et al. incorporated KT and CTZ decorated hydroxybutyl chitosan
nanoparticles (hereafter CNPs) for long term AR treatment and management. The results of
the study demonstrated that CNP use resulted in longer inhibition of histamine release
compared to that of free KT and CTZ molecules without chitosan nanoparticles. CNP and
free KT and CTZ administration resulted in 24- and 12-hour inhibition of histamine release
respectfully. In short, CNPs showed comparative efficacy to that of free form antihistamines,
i.e., KT and CTZ. However, they showed those results after a reduced number of
administrative treatments, and with a lower dose. The study came to the conclusion that
CNPs application is effective in low doses for alleviating the symptoms associated with AR
therapy, and could possibly be a more advanced alternative to already available free
antihistamines!®.

Recombinant Proteins

The core principle behind recombinant proteins application lies in cloning allergens and
using them during AIT. Even though AIT has been applied for about a century, AIT with
recombinant allergens has been used in clinical practice for about a few decades*°. In the
last decade, the genetic code of hundreds of allergens has been deciphered. The replicated
allergen is intended to make AIT safer due to their lower allergenic nature®®. In contrast to
conventional preparation of allergens, recombinant proteins have a more precise molecular
composition, resulting in more optimal treatment. For instance, a study by Focke et al. has
used commercially available timothy pollen allergen extracts from eight different sources to
compare their molecular composition. The results showed composition differences, and
some allergens were either degraded or almost undetectable. The study suggested that
using recombinant grass pollen allergen can reduce those differences in allergen amount
and composition. It was stated in the discussion that this difference in compositions was



overcome in another study by using a synthesized recombinant allergen instead of
previously approved free allergens. In a study by Lundberg et al., recombinant allergen was
used for treating medical latex allergy. Recombinant allergens showed to be an effective
and a more advanced way of AT preparation. The conclusion of the study mentioned that
sometimes it can be challenging to reproduce some allergens, yet the available antigens are
potentially solving the problem of heterogenicity of allergens in AIT*2153,

Multiple studies have shown the effectiveness of recombinant allergens for AIT. For
instance, a study by Niederberger et al. used a recombinant-protein based allergy vaccine
for the treatment of major birch pollen allergy. The results of the double-blind placebo-
controlled study showed that the use of genetically engineered allergens induced the
production of protective IgG antibodies that later inhibited inflammatory reactions. Patients
showed less pollen-induced IgE production®°. The basic principle of recombinant protein
application in AIT is depicted in Figure 3.
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Figure 3: Encapsulation of cDNA production and its application in AIT diagnosis and
treatment. cDNA is produced based on the allergy in question. First, the allergen is selected,
and the allergen encoding cDNA is isolated. Subsequently, the recombinant allergens are
synthesized and used for diagnosis and treatment of Specific Allergen Immunotherapy
(hereafter SIT) and AIT*>Y,

Probiotics

Lastly, probiotics have been used as adjuvants for AIT. They have been also prominent for
their ability to boost the immune system of patients!>*. Their potential as AIT adjuvants has
been demonstrated in multiple recent studies. A study by Liu et al. studied the efficacy of
AIT in combination with probiotics to free AIT. They have suggested that using probiotics,



such as Clostridium butyricum (hereafter CB) increases the efficacy of AIT for asthma
patients. The results of the study showed that AIT alone helped asthma patients, yet other
biomarkers did not change their value. On the contrary, AIT in combination with CB, serum
levels of those markers, such as (IL)-4, IL-5, IL-13 were improved. The duration of the
therapeutic effect was also significantly different between the control and experimental
groups. In the control group, the patient’s therapeutic effect lasted only for two months.
However, patients that received both AIT and CB experienced the therapeutic effect for
about 12 months, which is a significant improvement. The main difference between these
two treatments was that CB was capable to induce IL-10+ B cells (hereafter B10), that
resulted in the conversion of antigen specific B cells to antigen specific regulatory B cells.
The production of B10 cells is crucial in the process of AIT since they can produce mast-cell
blocking 1gG4 cells'>>. The study showed that using a combination of AIT with probiotics
such as CB is beneficial for patients with asthma due to events, such as B10 production, and
inhibition of inflammatory effects for a longer period of time*>®.

Conclusion and Future Insights

AIT is the only disease-modifying treatment option for allergic diseases, such as AR or FA.
Despite the possible limitations and downsides among various types of IT, novel options are
in development and in use to overcome those limitations. This review outlined the current
AIT options and focused on describing the novel options that are in clinical development.
More research is required for investigating the side effects of novel AIT options. Currently,
there are many AIT options in development; most studies show that there are better AIT
options for patients with allergic diseases. However, all studies conclude that more research
is required before we can apply those AIT options.

For instance, more studies could be conducted for establishing factors that can reduce
immunogenicity of AIT, or reduce the severity of side effects. Additionally, more allergens
could be isolated for the production of recombinant proteins for AIT and for allergy
diagnosis. As mentioned above, about 200 of the main allergens were isolated for this novel
AIT option. The production of more variants of recombinant proteins could increase the
patient pool eligible for recombinant AIT.

Studies also mention novel carrier options, such as parasites, herbal medicine or vitamin D
for AIT. However, currently there is not enough research to suggest those carriers’ viability
and safety. More research into the mechanisms behind those carriers associated with AIT
could open up new possibilities for the patients who could not use conventional AIT. In
conclusion, multiple AIT variations are being developed to make allergy treatment
accessible for all patients with allergic diseases due to their high prevalence and the need of
management.
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