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Presently, allergy diagnosis and therapy procedures are undergoing a transition
phase in which allergen extracts are being step-by-step replaced by molecule-
based products. The new developments will allow clinicians to obtain detailed in-
formation on sensitization patterns, more accurate interpretation of allergic symp-
toms, and thus improved patients’ management. In this respect, recombinant
technology has been applied to develop this new generation of molecule-based al-
lergy products. The use of recombinant allergens allows full validation of identity,
quantity, homogeneity, structure, aggregation, solubility, stability, [gE-binding and
the biologic potency of the products. In contrast, such parameters are extremely
difficult to assay and standardize for extract-based products. In addition to the pos-
sibility of bulk production of wild type molecules for diagnostic purposes, recom-
binant technology opened the possibility of developing safer and more efficacious
products for allergy therapy. A number of molecule-based hypoallergenic prepara-
tions have already been successfully evaluated in clinical trials, bringing forward
the next generation of allergy vaccines. In this contribution, we review the latest
developments in allergen characterization, molecule-based allergy diagnosis, and
the application of recombinant allergens in therapeutic setups. A comprehensive
overview of clinical trials using recombinant allergens as well as synthetic pep-
tides is presented.

Key Words: Recombinant allergens, allergen characterization, molecule-based al-
lergy diagnosis, allergen-specific immunotherapy

INTRODUCTION

Allergic diseases such as allergic rhinitis or hay fever, allergic asthma, food aller-
gy, allergic skin inflammation, and anaphylaxis affect up to 25% of the population
in industrialized countries and their incidence is continuously rising, particularly in
children and young adults.'? The social and economic impact of allergic diseases
is large, including costs of health care, lost work and school hours, and lower qual-
ity of life.?

Type I allergy is characterized by an overwhelming expansion of allergen-spe-
cific T helper 2 cells resulting in class switching of B cells to produce IgE antibod-
ies specific to common environmental allergens originating from various sources,
including pollen of grasses, weeds, or trees, spores of molds, foods, mites, cock-
roaches, and dander from pets and other domestic animals. The etiology of allergic
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diseases is multi-factorial: genetic susceptibility, route of
exposure, the dose of the allergen, and in some instances,
also the nature or structural characteristics of the allergen
appear to influence the development of allergic disorders.!?

Recombinant technology in the field of Allergology has
brought tremendous advances in allergen characterization
and vaccine development,** as well as in the knowledge of
immune mechanisms involved in allergic diseases.®” These
advances have brought fresh opportunities for innovation in
diagnostic and therapy of allergic diseases. Recent clinical
trials with novel allergen preparations (synthetic peptides
comprising T cell epitopes, recombinant allergens, and ge-
netically engineered hypoallergens)” and adjuvants derived
from bacterial origin (monophosphoryl-lipid A or immunos-
timulatory DNA sequences)'’ have delivered encouraging
results. In addition, these new molecule-based vaccines offer
the possibility of standardization in order to meet the highest
pharmaceutical standards. Promising approaches to improve
allergen-specific immunotherapy (SIT) include engineered
hypoallergens (Ferreira), alternative delivery routes,! and
genetic immunization.'>"

MOLECULAR CHARACTERIZATION
OF ALLERGENS

Starting with the first attempts to understand allergic diseases
at the beginning of the 20th century, allergen extracts have
been developed for diagnostic and therapeutic purposes.'
Due to their biologic nature, extracts represent a heteroge-
neous mixture of proteins, glycoprotein, and polysaccharides
from a given allergenic source, which makes standardization
difficult, not to say practically impossible. The quality of an
allergen extract is influenced by the production process but
also by the source material, which may cause considerable
variations. In fact, several studies have shown that the aller-
gen content of extracts varies between different manufactur-
ers as well as between batches.'>!¢ Standardization protocols
to determine the potency of an extract start with skin prick
tests on selected sensitized patients. According to the severi-
ty of the wheal-and-flare reaction an in-house reference is
generated, which is used to validate the potency of subse-
quent batches of the allergenic product. For this purpose, se-
rum pools are used in IgE-based inhibition assays. A good
quality pool will consequently always contain enough IgE to
determine the major allergenic compounds of an extract;
however, differences in ratios of different allergens within a

source are most likely masked by the assay. To improve ex-
tract quality and batch-to-batch consistency, the World Health
Organization and the Allergen Standardization Sub-com-
mittee of the International Union of Immunological Societ-
ies developed in the 1980s reference preparations as refer-
ence standards for five allergenic preparations. However,
these extracts, which were essentially identical to commer-
cial products, never found broad acceptance among allergen
manufacturers. Instead, the in-house references continued to
be used.' The United States Food and Drug Administration
has currently standardized 19 allergenic extracts, including
nine pollen, six venom, two mite, and two cat epidermal ex-
tracts, using ELISA with serum pools of allergic patients."”
Thus, manufacturers are required to demonstrate constancy
and compliance of their products by using those standards.'®

In the early 1990s, the European Union funded an initia-
tive entitled “Development of Certified Reference Materi-
als for Allergenic Products and Validation of Methods for
their Quantification” also known under the acronym CRE-
ATE. The multi-disciplinary consortium included six aller-
gen manufacturers, two biotech companies, three regulato-
ry bodies, eleven clinicians, and six research institutions.
The overall goal of the project was to generate reference
standards based on the use of purified recombinant aller-
gens and to develop and validate methods for the quantifi-
cation of allergen content of extracts.'* As gold standards,
purified natural allergens were used for evaluating the prop-
erties of recombinant proteins. In total, eight major inhalant
allergens, among them birch Bet v 1, grass Phl p 1 and Phl p
5, mite Der p 1 and Der p 2, as well as Der f 1 and Der f 2,
and olive Ole e 1 were selected for the project. All allergen
preparations were physicochemically and immunologically
characterized using diverse IgE binding assays (i.e., immu-
noblots, ELISA, or mediator release assays). Moreover,
storage conditions for allergen preparations and long term
stability were analyzed. Two of the investigated recombi-
nant allergens, Bet v 1 and Phl p 5, qualified as candidates
for allergen-standards.'® As a follow-up of this groundbreak-
ing initiative to implement the use of recombinant allergens
as certified reference standards, the European Directorate
for the Quality of Medicines funded the Biological Stan-
dardization Program BSP090. The mission of this program
is, amongst others, to elaborate European Pharmacopoeia
Reference Standards and to develop test methods for bio-
logical ** Based on the results of the CREATE project, re-
combinant Bet v 1 and the Phl p 5a isoform were selected
as candidates to generate reference standards. Moreover, four
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ELISA systems from different manufacturers were included
to quantify the respective allergens in both natural and re-
combinant preparations. The project was divided into three
phases, a preliminary testing phase, an extended feasibility
phase, and a phase confirming transferability of the methods.
In brief, the results showed that both candidates proved suit-
able for the intended purpose and three out of four ELISA
methods were positively evaluated.?!

The full characterization of an allergen product beyond
analyses of IgE potency seems mandatory to describe the
full spectrum of molecular properties of a protein. There-
fore, physicochemical analyses for the determination of
identity, quantity, homogeneity, structural elements, aggre-
gation, solubility, and stability can help to complement the
picture obtained in ELISA or mediator release assays. As a
gold standard to determine protein identity, a combination
of mass spectrometric analyses with amino acid analysis
has proven very efficacious. The latter method can further
be used for protein quantification. To evaluate homogeneity
and protein aggregation, size-exclusion chromatography
combined with light scattering techniques and sodium do-
decyl sulfate polyacrylamide gel electrophoresis has been
frequently applied. To analyze folding and denaturation,
spectroscopic techniques such as circular dichroism or Fou-
rier transformed infrared spectroscopy provide valuable in-
formation. In addition, the immunologic parameters are

=

Allergen Extracts

Allergen Molecules

usually assayed in ELISA and ELISA inhibition assays.?
Since allergens provide the raw material for many allergy-
related products, the emphasis on careful allergen charac-
terization has definitely contributed to increase the quality
of diagnostic as well as therapeutic products.

RECOMBINANT ALLERGENS FOR
DIAGNOSIS

Presently, allergy diagnosis is in a transition phase and a

general process of rethinking the classical diagnostic proce-
dures is ongoing (Fig. 1). Molecular or component-resolved
allergy diagnosis is gaining importance and being increas-
ingly applied in routine care.”* Below, recent developments
in allergy diagnosis will be reviewed demonstrating that
molecule-based approaches may offer more than simple
IgE recognition profiles towards several dozens of allergen-
ic molecules.

Typically, allergen sources contain multiple allergenic
proteins, some of them being specific for a given source,
while others show broad cross-reactivity. Moreover, differ-
ent allergens are usually differently recognized by allergic
patients and may also show different potencies in vivo. As
demonstrated for the grass pollen allergens Phl p 4 and Phl
p 13, their IgE recognition frequency was at 85% and 56%,

=)

Allergen Microarrays
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Fig. 1. The shift from extract-based to molecule-based allergy diagnosis. For molecule-based singleplex approaches, the number of tests
to be performed can be very high. Allergen microarrays offer the advantage of testing a large panel of molecules in one single test.
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respectively, though skin prick tests revealed that they ex-
hibited a five- to nine-fold lower allergenic activity com-
pared to Phl p 1, 2, or 5. In a study published in 2012 by
Tripodi, et al.,”* a cohort of 200 allergic children with respi-
ratory symptoms was screened using nine different pollen
extracts. Children reactive to Phleum extract were further
tested with a panel of eight different grass pollen allergens.
Among 176 grass pollen allergic children, 39 different pro-
files of sensitization could be detected. This high heteroge-
neity strikingly demonstrates the limitations of extract-
based diagnosis.

Weed pollen allergies caused by Asteraceae species rag-
weed and mugwort represent a serious health problem in
late summer until autumn. Despite their botanical relation-
ship, the major allergens of ragweed and mugwort have
been identified as members of two distinct protein families.
Amb a 1, the major ragweed allergen, belongs to the pec-
tate lyase family, whereas the major allergen of mugwort,
Art v 1, was classified as a two-domain glycoprotein. Rag-
weed Amb a 4 and mugwort Art v 6 represent the respec-
tive homologues of Art v 1 and Amb a 1, but both proteins
have only been described as minor allergens within their
source. Moreover, profilin and calcium-binding allergens
have been identified within the two Asteracea species.?® In
areas where both plants are endemic it seems virtually im-
possible to distinguish between molecular cross-reactivity
and co-sensitization using allergen extracts for diagnosis.
Co-sensitization by these two species seems a quite com-
mon phenomenon and cross-reactivity is mostly elicited by
the panallergens profilin and Ca**-binding proteins.””* A
similar problem has been reported for venom allergies. In
skin tests with Hymenoptera venom extracts, double positive
results to extracts from bee and wasp venom are frequently
observed, which could either be a result of cross-reactivity or
true co-sensitization. Moreover, correct extract-based diagno-
sis of bee and wasp venom allergy is hampered by the fact
that approximately 40% of venom allergic patients have spe-
cific IgE towards cross-reactive carbohydrate determinants
(CCD:s),” which can further lead to false-positive diagnostic
results due to sensitization to unrelated allergen sources
(e.g., glycosylated food or pollen allergens).®® In this respect,
species-specific marker allergens available as non-glycosyl-
ated recombinant proteins have been shown to be suitable
tools for a more accurate venom allergy diagnosis.*!

For the precise diagnosis of food allergies double-blind
placebo-controlled food challenges still represent the gold
standard; nevertheless, the method is costly, bears a high

risk of inducing adverse side reactions, and is not always ac-
cessible. However, the use of extracts for the diagnosis of
food allergies is problematic, as pointed out by several stud-
ies. For example, in a survey of the US population using
skin prick test diagnosis with extracts, the sensitization rate
to peanut was 8.6%, whereas the actual rate of clinical pea-
nut allergy during the same time in the US population was
between 0.5% and 1%.%>* There is no clear explanation for
this high discrepancy: it has been suggested that IgE cross-
reactivity with pollen allergens (e.g., Bet v 1 or profilins) or
CCDs may produce positive tests without causing peanut
allergy.™

MOLECULE-BASED ALLERGY
DIAGNOSIS

Because limitations of allergens extracts are evident, mo-
lecular allergy diagnosis has been developed as an alterna-
tive to investigate specific IgE binding to purified mole-
cules (natural as well as recombinant). Beginning with the
cloning of the first allergens in 1988, more than 2500 aller-
genic molecules have been identified so far.*>* This huge
number of allergens represents one of the pitfalls of molec-
ular allergy diagnosis, and thus, the possibility to profile pa-
tients’ IgE reactivities with a large number of allergens cre-
ates the need for algorithms to distill clinically important
information out of the bulk of generated data (Fig. 1). Pres-
ently, manufacturers offer molecular allergy diagnosis in
singleplex (i.e., Thermo Fisher ImmunoCAP, Siemens Im-
muLite, and HyCor HyTec) or multiplex [Thermo Fisher
Immuno-Solid phase Allergen Chip (ISAC)] formats; both
systems have their advantages and limitations. Whereas in
the singleplex format allergen extracts are frequently used
to detect specific IgE, the current version of the microarray
chip ISAC 112 offers the detection of 112 purified natural
or recombinant allergens.’” On the other hand, unlike the
singleplex assays, in the microarray format specific immu-
noglobulins are in excess relative to the amount of spotted
allergen, which may render the assay biased towards the de-
tection of high affinity antibody populations. Moreover, IgG
interference with IgE binding might affect diagnostic out-
comes.* Nevertheless, one of the biggest advantages of mo-
lecular allergy diagnosis over extract-based methods is the
ability to distinguish between genuine sensitization versus
cross-reactivity. The performance of allergen microarrays to
replace conventional extract-based allergy diagnosis has
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been evaluated in a series of studies summarized in Table 1.

Sensitivity and specificity are two crucial parameters in
allergy diagnosis. The assay specificity is intimately con-
nected with the selection of allergens included in the array
system, which is reliant on the population to be investigated
and on the quality of the protein preparations. A study on
peanut allergy in a Spanish cohort population using the al-
ready revised ISAC 103 showed that the microarray had
low diagnostic value because the peanut allergen Ara h 9, a
non-specific lipid transfer protein, was not included in the
array. There are reports on the cross-reactivity of Ara h 9
with peach Lipid Transfer Protein Pru p 3, which is consid-
ered a main sensitizer in the Mediterranean population.*® Of
note, in the current version of the ISAC chip (112), Arah 9
has been included in the allergen panel. Similarly, Wohrl, et
al.* found that microarray diagnosis of mugwort allergy
based on the use of recombinant Art v 1 was insufficient. A
study by Gadermaier, et al.?® included a panel of five differ-
ent mugwort pollen allergens (Art v 1, 3, 4, 5, and 6) and
showed that. Besides Art v 1, sensitization to Art v 3 was
frequently observed. In addition, cross-reactive allergens
belonging to the polcalcin and profilin families showed
considerable reactivity rates. In the same study, batches of
natural as well as recombinant Amb a 1 were also tested.
Whereas natural Amb a 1 was a good predictor of ragweed
allergy, the recombinant protein failed to bind patients’ se-
rum IgE, demonstrating that the quality of the spotted aller-
gens is decisive in assay performance.”

One of the biggest challenges of in vitro allergy diagnosis
is to discriminate between sensitization and true allergy. Bet
v 1-mediated birch pollen allergies are frequently associat-
ed with food allergies caused by cross-reactive IgE antibod-
ies. Skin tests with fresh material usually show an excellent
negative predictive value; however, positive prediction is
low. Similarly, cross-reactivity of Bet v 1-induced IgE with
various food sources is observable in vitro and often does
not correlate with clinical allergy. In order to address this
problem, several studies attempted to distinguish between
true allergy and clinically irrelevant sensitization to Bet v
I-related food allergens. However, when using in vitro di-
agnosis, it is not yet possible to distinguish between sensiti-
zation and real allergy. Noteworthy, there was no significant
difference in the assay performance of conventional sIgE
tests or microarrays.***! In general, it has been demonstrat-
ed that in vitro diagnosis of clinical allergy is dependent on
marker allergens. For instance, positive IgE-binding to kiwi
Act d 1 was claimed as a predictive marker for genuine

sensitization to kiwi fruit,” and IgE binding to Ara h 2 has
been suggested as a discriminator between tolerance and
reactivity to peanuts.”® For the discrimination between latex
allergy and sensitization, the latex allergens Hev b 1, 3, 5, 6,
and 8, as well as a marker for CCD, were successfully tested
in a molecule-based approach. Hev b 1, 3, 5, and 6 were
identified as markers for latex allergy, while IgE binding to
the latex profilin Hev b 8 was indicative for asymptotic sen-
sitization.*

In summary, molecular allergy diagnosis is a valuable
tool for a more accurate diagnosis. Especially for complex
sensitization profiles, the identification of the disease-elicit-
ing allergens is decisive for accurate prescription of therapeu-
tic intervention. This question has actually been addressed by
Sastre, et al.*® who determined the agreement coefficient for
SIT before and after additional diagnosis with ISAC. In fact,
there was agreement in only 46% of the cases after ISAC,
indicating the additional value of molecular diagnosis for
allergies.

RECOMBINANT ALLERGENS FOR
SPECIFIC IMMUNOTHERAPY

Allergic diseases are complex immunologic disorders caused
by various cellular and molecular mechanisms that lead to
the pathophysiology of the allergic inflammation. SIT rep-
resents an intervention strategy capable of modifying the
course of the disease even after its cessation. In parallel with
developments in molecule-based allergy diagnosis to replace
allergen extracts, attempts to generate SIT therapeutics based
on highly purified and standardized molecules have emerged.
A summary on clinical trials using molecule-based vaccine
preparations is given in Table 2.

Recombinant technology not only allows the unlimited
production of a particular protein, it also offers the possibil-
ity to fine-tune the intrinsic properties of the antigen. In oth-
er words, by using molecular approaches, IgE binding of
wild-type allergens can be reduced, resulting in the genera-
tion of so-called hypoallergens, while the immunogenic
properties of such molecules can be modulated. A problem
arising with the use of recombinant allergens for therapy is
the number of allergenic molecules within a given source.
Some allergies (e.g., birch pollen or cat) are dominated by a
single major allergen, whereas the majority of allergenic
sources harbor more than one clinically relevant allergen.*
For instance Phleum pratense group 1, 2, 4, 5, and 6 aller-
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Do Allergen source Allergens Patients Objective T
route no.
Inhalation Ragweed and Ambal,5,6,8,9,10 19 ragweed and/or mugwort Evaluation of sensitization patterns 28]
mugwort pollen Artv1,3,4,5,6 sensitized patients of weed pollen-allergic patients
15 Fagales pollen-allergic To determine the sensitization
Inhalation ~ Fagales pollen B Ll L v 1L Gl L patients from Austria and profiles towards different Fagales [70]
Queal,Cass 1, Fags1 .
Italy species
To test the performance of a
Inhalation ~ Grass and birch pollen Phip1,2,5,6,Betv1,2 51 pollen-allergic patients microarray in a serological [71]
analytical study
DR, o o el ] el ey LSRG e g2
Inhalation  birch, grass, and . . microarray vs. ImmunoCAP for [39]
pL,2,5,6,7,and Artv 1 were classified as allergic . .
mugwort pollen patients reactive to aeroallergens
43 grass pollen-allergic To compare sensitivity and
Inhalation Grass and cypress Phip1,2,4,5,6,7,11,12,Cupa  patients, 26 controls; specificity of microarray with 7]
pollen 1 based on ISAC 12 cypress pollen-allergic extract based diagnosis by
patients, 92 controls ImmunoCAP
Olive, cypress, Japanese .
cedar, plane, timothy grass, Olee 1, Cups 1, Cryj 1, Plaal, To evaluate whether microarray
; 2,Phlp 1,4,5,6,11,12,Cynd I, . . o
. Bermuda grass, Russian 141 patients with pollen diagnosis would change SIT
Inhalation . . Salk 1,Alng1,Betv 1,Coral, S [45]
thistle, alder, birch, hazel, . allergy indication compared to extract
Amba I, Artv 1,3, Parj 1 based " 3
ragweed, mugwort, based diagnosis
. on ISAC
pellitory
123 mite-allergic patients, To compare microarray with crude
Inhalation ~ Dust mite allergy Derp 1,2, 10, CCD based on microarray testing was extract based diagnosis of dust mite [73]
ISAC . . .
performed with 24 patients allergies
. Cow’s milk and hen’s Gald 1,2, 4, o-, -, and x-casein, 130 infants and children \Ylth Eva}luate the utlllty of allgrgen
Ingestion suspected allergy to cow’s microarrays for diagnosis of food [74]
egg Bosd4,5 . ,
milk or hen’s egg allergy
20 birch pollen-allergic
. Birch pollen associated patients with, and 17 without ~ Evaluate the discrimination of apple
Ingestion apple allergy Mal d I'based on ISAC apple OAS, 8 healthy sensitization versus apple allergy [40]
controls
’ Birch, apple, peach, Betv 1, Mald 1, Prup 1, Glym 1, 'y b}rch pollen-allergic Asgay the chmcalpseﬁllnes's of
Ingestion  soy, peanut, celery, Arah 8. Avie 1. Danc L Actd S patients, among them 19 microarrays to diagnose birch [41]
carrot, kiwi APLE L ’ without and 23 with OAS pollen-associated food allergies
. Peanut, grass and birch Arah1,2,3,8 Phlp1,4,5b,7, 29 peanut-allergic children, Dqtermme whether microarray
Ingestion . diagnosis can discriminate between [43]
pollen, peach 12, Betv 1, Prup 3,CCD 52 peanut tolerant subjects
peanut allergy and tolerance
.. s Bos d lactoferrin, Bos d 4, 5, 6,7, 8, . L Assay clinical performance of
Ingestion Cow’s milk and hen’s 8a, 8b, 8k, Gald 1,2, 3,4, 5 based 1t c%uldr.en allerg1? to either microarray compared to traditional [75]
egg cow’s milk or hen’s egg
on ISAC sIgE assays
Ineestion Kiwi Actd1,2,4,5,6,7,8,9, 11 based 237 kiwi-allergic patients, Evaluate the performance of [42]
& on a customized ISAC 198 tolerant controls microarray to diagnose kiwi allergy
il D9 Comparison of microarray with food
Ingestion  Hen'’s egg Gald 1,2, 3, 5 based on ISAC and boiled egg, 14 to raw chalrl)en o to diaenose ¢ Y aller [76]
egg, and 35 tolerant to both & EHOSC cgg allcley
G/B/“(-glladm, hlgh molecular 17 patients with wheat- Determine the diagnostic value of
. weight glutenin alpha-amylase L .
Ingestion ~ Wheat C2 O I dependent exercise-induced microarrays for wheat-dependent [77]
inhibitor dimer, wheat lipid . o .
. anaphylaxis, 20 controls exercise-induced anaphylaxis
transfer protein
L Apply microarray diagnosis for
Ingestion ~ Soy ISAC 112 Ayl sl ipitens i soy-allergic patients and compare [78]

birch pollen environment

with conventional diagnosis
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Table 1. Continued

itz Allergen source Allergens Patients Objective etizies
route no.
26 peanut-allergic patients Compatjson Qf ImmunoCAP,
. Arah1,2,3, 8 based on . ? basophil activation test, and
Ingestion ~ Peanut 8 atopic and 11 non-atopic . . . [38]
ISAC microarray for the diagnosis of
controls
peanut allergy
Hevb1,3,5,6,7,8,9,10,11 14 latex-allergic patients and Discrimination between latex allergy
(Gl Latex based on ISAC 27 controls and sensitization (7]
N Determine the diagnostic
Hevb1,3,5,6,8,9,10, 11 52 latex-allergic patients and .
Contact Latex based on ISAC 50 controls pgrformance of latex allergens in a [80]
microarray
22 latex-allergic and 20 latex- Determine whether microarray
Contact Latex Hevb1,3,5,6,8 CCD sensitized patients without diagnosis allows the disctimination 4]

based on ISAC

clinical latex allergy,
26 healthy controls

between latex sensitization and
clinical allergy

CCD, cross-reactive carbohydrate determinant; ISAC, Immuno-Solid phase Allergen Chip; SIT, specific immunotherapy; OAS, oral allergy syndrome.

gens have been classified as major allergens, showing IgE
reactivity with more than 50% of patients’ sera; meanwhile,
the pan allergens Phl p 12 (profilin) and Phl p 7 (calcium-
binding protein) show IgE reactivities beyond 20%.4%47

For dust mite allergies, 24 allergen families have been
identified to date (www.allergen.org). Moreover, in the case
of house dust mite allergens a distinction between mite aller-
gies in temperate and tropical climate zones has to be taken
into consideration. In temperate climate zones, the Derma-
tophagoides species are dominant, whereas in the tropics
Blomia species are the major source of allergens. The most
dominant Dermatophagoides allergens are represented by
group | and 2 allergens, accounting for 50% of IgE binding
in mite extracts, whereas group 4, 5, 7, and 21 allergens
were classified to be of medium potency. In Blomia, group 5
and 21 proteins are the disease dominating allergens, where-
as the allergenicity of other mite allergens seems to be rath-
er low. The highly cross-reactive tropomyosin shows a con-
siderable degree of variation in IgE binding within different
tested patients’ cohorts.”® Such heterogeneous IgE recogni-
tion patterns represent a huge problem for the development
of molecule based SIT reagents. Therefore, current develop-
ments for molecule-based immunotherapy focus on several
aspects: 1) the identification of the most important disease-
relevant components to diminish the number of allergens
necessary for effective therapy; 2) the modification of these
components to reduce IgE binding and consequently the
possibility of side effects; and 3) optimization of the formu-
lation and route of application of the allergens in order to
maximize therapeutic efficacy. As mentioned above, the
questions of how many allergens are necessary for an effec-
tive treatment and which one(s) to take could be readily an-

swered for birch pollen or cat allergies. In fact, a randomized
double-blind placebo-controlled clinical trial comparing the
treatment efficacy of recombinant Bet v 1 with the natural
protein or birch pollen extract in 134 birch pollen allergic
patients showed a significant improvement in the patients’
rhinoconjunctivitis scores paralleled with a reduction in
skin reactivity. The improvement was independent of the
intervention strategy, but not surprisingly, the extract-based
treatment led to de novo induction of IgE towards the birch
profilin Bet v 2 in three patients and to the elevation of Bet
v 2-specific IgE antibodies in one subject. Of note, despite
wild-type allergens were applied for therapy, the side ef-
fects of active and placebo-treated groups were similar.*
Presently, a tablet based on the use of recombinant Bet v
1.0101 is being developed, and in a phase IIb/III study, all
three tested doses led to an improvement of the average ad-
justed symptom scores, defined as the primary endpoint of
the study.™

For the treatment of grass pollen allergy, five dominant
grass pollen allergens (Phl p 1, 2, Phl p 5 isoforms, and Phl
p 6) were combined into a single vaccine, which was ap-
plied via subcutaneous injection. In a randomized double-
blind placebo-controlled trial, 62 subjects received active
treatment over a period of 1.5 years, which led to the induc-
tion of grass pollen specific IgG antibodies and suppression
of specific IgE. Symptom and combined symptom-medica-
tion scores were significantly improved by the treatment,
compared to placebo, and in a rhinitis quality of life ques-
tionnaire, significant differences between active and placebo
treatment were observed in five out of seven categories. Re-
ported side effects were mostly related to the injection sites;
nevertheless, severe side effects including urticaria, dys-
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pnea, and asthma exacerbation were reported. Reactions to
placebo were most likely due to histamine included in the
treatment.® In a dose finding study performed with the same
mixture of grass pollen allergens, four different mainte-
nance doses ranging from 20 to 120 pg were tested follow-
ing an up-dosing phase, which uniformly started with 0.156
pg/injection. As a primary end point of the study, the as-
sessment of systemic reactions with a relationship to the in-
tervention was defined. Recorded adverse systemic side ef-
fects grade I and II were rare and evenly distributed within
the different groups. For determining treatment efficacy,
conjunctival provocation tests were performed at which the
40 pg dose performed best. Furthermore, active treatment
led to the induction of IgG antibodies and beneficial effects
on late phase reactions, as determined by intra-cutaneous
testing.’"!

CLINICAL TRIALS WITH
RECOMBINANT HYPOALLERGENS

To reduce the risk of treatment-induced side effects during
SIT, recombinant hypoallergens showing diminished IgE
binding properties have been developed and tested in clini-
cal trials. The first hypoallergenic molecules to be tested
were two recombinant fragments and a trimeric version of
the major birch pollen allergen Bet v 1. In vitro, the frag-
ments showed almost no IgE reactivity, whereas the T-cell
activating properties, analyzed by re-stimulating Bet v
1-specific T cell clones, were retained.”” Similar findings
were reported for the trimer. Both the fragments, as well as
the trimer, were tested in a multicenter, placebo-controlled,
double-blind, parallel-group, randomized trial on 124 birch
pollen allergic patients. The intervention led to significant
induction of Bet v 1-specific IgG antibodies, which were
able to block allergen-induced mediator release on baso-
phils.’ Active treatment showed trends to improve patients’
wellbeing and nasal scores. However, the birch pollen sea-
son in one of the centers was very weak, thus by excluding
this particular center, statistical significance in wellbeing
was achieved in the trimer-treated group. In general, com-
pared to the fragments, the trimer was more effective in ame-
liorating symptoms of birch pollen allergy. However, also
side effects were most frequently associated with treatment
with the trimer affecting 59.5% of patients compared to
37.8 and 30.6% for the fragments and placebo. Immediate
side effects were generally mild and restricted to the injec-

tion site, but most side effects appeared several hours post
injection and were very likely non-IgE mediated. Neverthe-
less, the high IgG titers induced by the hypoallergens plus
the fact that de novo sensitizations, a common phenomenon
of extract SIT, were not observed using recombinant hy-
poallergens encouraged further developments in this direc-
tion.* The topic was therefore picked up by the group of
Fiebig who developed a Bet v 1 hypoallergen by chemical-
ly altering the structure of the protein resulting in a fold
variant of the major birch pollen allergen (Bet v 1-FV).*
Presently, the protein has been evaluated in clinical safety,
efficacy, and dose finding studies. However, only the results
of a rather small dose finding study have been published,
stating that active treatment with Bet v 1-FV led to a signif-
icant increase of IgG1, but not IgG4, in all treatment groups,
compared to placebo. Total symptom scores also decreased
significantly in all actively treated groups. Side-effects were
mostly associated with the two highest doses (160 and 320
w), while the 80 pg dose showed even lower incidence of
adverse effects than the lowest dose of 20 pg, indicating
that the risk to benefit ratio with 80 pg Bet v 1-FV would
be most favorable.*

More recently, the treatment of food allergies with SIT
has been considered problematic since wild type allergen
containing formulations might cause life-threatening side
effects. Therefore, the hypoallergen concept provides an ele-
gant alternative for the generation of safe vaccine candidates
for food allergies. Along this line, two concepts have been
developed, one for the major carp allergen Cyp s 1 and one
for peach LTP Pru p 3. These approaches should ideally re-
sult in the generation of suitable hypoallergenic candidate
molecules for food SIT. In both cases, the approach consists
in the generation of several candidate molecules designed
to be unable to adopt the WT-like structure, followed by in
vitro and in vivo screening for most promising candidates,
which should in turn be tested in Phase I/Ila, IIb random-
ized double-blind placebo-controlled trials. One focus of
the ambitious project will be to understand the mechanisms
of food SIT, which will guide future developments in this
sector.”” Unlike carp or peach allergies, which are dominat-
ed by single disease eliciting allergens, allergic reactions to
peanut are driven by multiple allergenic components, thus
complicating the question of the optimal SIT vaccine com-
position. In a phase I study a combination of hypoallergenic
variants of the peanut allergens Ara h 1, 2, and 3, which
were encapsulated in heat/phenol killed, £. coli has been
tested in five healthy subjects and 10 peanut allergic pa-
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tients. To reduce IgE binding of peanut allergens, the aller-
gens were dissected into linear epitopes, IgE binding was
assessed and immunodominant epitopes were identified.
Within the individual epitopes single amino acid positions
were exchanged, abolishing IgE binding to the respective
epitope.®®* The proteins were thereafter expressed in E. coli
and, after harvesting the cells carrying the respective aller-
gens, were inactivated by heat/phenol treatment. The for-
mulated product was applied rectal. All healthy individuals
tolerated the product well; however, in the allergic group
only four patients experienced no treatment-induced reac-
tion. One patient had mild reactions; however, five experi-
enced adverse reactions, which led to study dropout: three
of these five subjects had more severe reactions including
two cases of anaphylaxis. In general, the reactive subjects
had higher IgE baseline, compared to non-reactive patients.
Despite efficacy was not defined as study goal, skin prick
test and basophil reactivity were significantly reduced by
active treatment. Nevertheless, the high number of adverse
side effects might have a negative impact on further devel-
opments in this direction.®

PEPTIDE IMMUNOTHERAPY
APPROACHES

Besides using hypoallergens, several clinical studies have
been conducted based on the use of peptides or fragments
from major allergens of cat, grass pollen, ragweed, bee ven-
om, and house dust mites (Table 2). Peptide immunothera-
py is based on the rationale that IgE epitopes of most com-
mon allergens-food allergens represent an exception in this
context-are conformational, thus by disruption of the aller-
gen sequence into short fragments, IgE reactivity will be
abrogated. During SIT, administered peptides will therefore
not be able to induce IgE crosslinking, thus hindering the
generation of an inflammatory milieu, which will lead to T
cell tolerance in consequence (reviewed in®'). In 2003, Fell-
rath, et al.®? published the results of a double-blind placebo-
controlled phase I trial where long overlapping synthetic
peptides covering the whole sequence of the major bee
venom allergen phospholipase A2 were used to treat bee
venom allergic patients. In general, the peptide therapy was
well tolerated; especially, in the rapid up-dosing phase of
3.5 hours, no adverse reactions were reported. Thereafter,
only mild side effects were observed in 2 of 9 actively treat-
ed patients. Peptide treatment induced specific IgG4 and T

cell hypo-responsiveness in test subjects after an initial
boost in T cell activation. Moreover, the cytokine profile
was shifted towards IL-10 and IFN-Y production. Of note, a
similar approach using overlapping peptides was recently
tested for the birch allergen Bet v 1. In ELISA Bet v 1-de-
rived peptides did not bind patients’ IgE and also in human
basophil mediator release assays mixtures of overlapping
peptides were unable to activate degranulation. Moreover, in
skin prick tests with birch pollen allergic donors, peptide
combinations did not induce wheel and flare reactions.®
Still T cell reactivity and immunogenic properties in hu-
mans need to be researched. To address the problem of im-
munogenicity, Marth, et al.** fused non IgE-reactive pep-
tides of Bet v 1 to the hepatitis B surface protein, PreS, an
approach that has also been tested for the major olive aller-
gen Ole e 1.% The hypothesis of this peptide carrier concept
was to bypass the allergic IgE, as well as T cell reaction,
and at the same time, to induce blocking antibodies against
the WT allergens. Presently, the concept was tested in ani-
mal models and it will be interesting to know if this ap-
proach will also perform successfully in clinical trials.®

As an alternative to generate antibodies, peptides can also
be used to precisely target allergen-specific T cells and to
induce T cell tolerance during a therapeutic application. For
many major allergens, T cell epitopes have been mapped,
facilitating such an approach. In a randomized double-blind
placebo controlled study on cat allergic individuals, the study
subjects received either 6 nmol of a cat peptide formulation
with 4-week intervals, 3 nmol in two-week intervals, or
placebo. In total, seven different Fel d 1-derived peptides
were mixed in an equimolar ratio. All peptides have previ-
ously been shown to be hypoallergenic.®” Rhinoconjunctivi-
tis scores were assessed at 18 to 22 and 50 to 54 weeks
post-treatment. After 1 year, the total rhino-conjunctivitis
scores of the 6-nmol group were significantly improved
over those of the 3-nmol and placebo groups. Moreover,
active treatment with either concentration induced similar
side effects as placebo, but none of the side effects were se-
vere.®® Besides cat allergy, T cell peptide-based therapeutics
for the treatment of allergies to grass, ragweed, and dust
mites are under clinical investigations.

A cocktail of three T cell epitopes of the bee venom aller-
gen phospholipase A2 were tested in five allergic patients
and the clinical, as well as immunologic effects, were com-
pared to conventional venom SIT. Peptide therapy did not
induce side effects and after 2 months of therapy, all pa-
tients tolerated a challenge with 10 pg phospholipase A2, a
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dose which would correspond to the amount injected dur-
ing a bee sting, without severe reactions. In fact, three pa-
tients did not show any reaction, while 2 patients developed
mild symptoms. Of note, peptide therapy did not influence
the antibody level per se, but the allergen challenge induced a
significant increase in specific IgE, as well as IgG4 antibod-
ies; nevertheless, the antibody ratio was in favor of [gG4. An
increase in specific [gG4 was also seen in conventional SIT.
In general, successful peptide SIT has been shown to have a
suppressive effect on T cell activation.®
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