Mechanisms of allergic diseases

Molecular diagnosis for allergen immunotherapy @ ® cneckiorupdaies
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The extensive use of allergen molecules in birth cohort studies
revealed that atopic sensitization is a sequential IgE response to
distinct non—cross-reacting molecules from the same allergenic
source (ie, molecular spreading), starting with an initiator
molecule. This phenomenon reaches different degrees of
progression (monomolecular, oligomolecular, and
polymolecular) according to the individual atopic propensity
and allergen exposure, thus producing an extreme heterogeneity
of IgE sensitization profiles in patient populations. In patients
with allergic rhinitis, the broader the IgE molecular
sensitization profile, the greater is the risk of asthma and other
allergic comorbidities, such as oral allergy syndrome. Hence it
has been proposed to anticipate immunologic intervention at
disease onset (early allergen immunotherapy) or even earlier
during the preclinical sensitization stage (allergen
immunoprophylaxis). Diagnostic algorithms based on singleplex
or multiplex molecular IgE tests allow the discrimination of
genuine from cross-reacting sensitization and the selection of
the right extracts for allergen immunotherapy composition.
Patients with extreme molecular poly-sensitization and greater
risk of asthma or other IgE-mediated comorbidities, can be
easily identified by means of allergen microarray or macroarray
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procedures and might benefit from anti-IgE treatment. IgE
molecular tests have opened the era of precision allergology, and
their routine use should aim at cost-effectiveness, according to
the principles of the Choosing Wisely initiative. (J Allergy Clin
Immunol 2019;143:831-43.)
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asthma, biomarker, component-resolved diagnostics, diagnostic al-
gorithm, IgE, IgE tests, molecular allergology, molecular spreading

Allergen immunotherapy (AIT) is the only curative approach
for allergic diseases, targeting their antigen-specific immunologic
mechanisms. Since the first treatment, performed more than
100 years ago by Noon,' AIT has evolved in all its aspects:
allergen content, vehicle, adjuvant, route and schedule of
administration, production, distribution, and documentation.”
Although the conventional routes of administration are subcu-
taneous immunotherapy (SCIT), sublingual immunotherapy
(SLIT), or oral immunotherapy, others, such as the epicutaneous
and intralymphatic routes, are under investigation.™"

For more than 90 years, allergens used for the diagnosis and
therapy of allergic diseases have been produced through
extraction from primary sources. Manufacturing stages are
distinguished in native, intermediate, and bulk allergenic
preparations. Intermediate extracts often undergo various
modifications, including different chemical (eg, conjugation
with formaldehyde/glutaraldehyde) and physical (eg, adsorption
onto different media and integration into liposomes/
microspheres) processes, as well as addition of biologically
active agents (eg, LPS derivatives).” With these methods, the
reagent is first manufactured, and the composition of the final
product is defined only afterward by using downstream tests.
Thus, the exact concentration of allergenic and nonallergenic
molecules remains unknown in allergen extracts derived from
raw biological sources.® Therefore no information on the role of
individual allergenic molecules can be obtained by means of
detection of IgE reactivity to an allergenic extract.’

With regard to the standardization of allergen extracts, several
in vivo and in vitro methods have been proposed.® Production of
certified reference materials for allergenic products has been
initiated by the World Health Organization and the International
Union of Immunological Societies.” This European
Union—funded project led to the introduction of 2 major allergens
(Bet v 1 and Phl p 5a) as reference materials by the European
Pharmacopoeia Commission.'’ Despite this important success,
only a few allergens out of a multitude are covered, and
standardization remains a challenging topic for both
manufacturers and prescribers. The former also face several
regulatory difficulties concerning the registration of allergen
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Abbreviations used
AIP: Allergen immunoprophylaxis
AIT: Allergen immunotherapy
BAMSE: Children, Allergy, Milieu, Stockholm, Epidemiology
CRD: Component-resolved diagnostics
EAACI: European Academy of Allergy and Clinical Immunology
MAS: Multicenter Allergy Study
OAS: Oral allergy syndrome
SLIT: Sublingual immunotherapy
SPT: Skin prick test

products because they are classified as medicinal products by the
European Medicines Agency, irrespective of whether they are
used in a diagnostic or therapeutic setting. As such, the
registration of allergen extracts is often difficult, especially
because of the lack of a standardized approach between
regulatory agencies from different regions of the world.""

MOLECULAR ALLERGOLOGY: INNOVATIVE
APPROACHES AND OPEN ISSUES

IgE antibodies are not only the major contributor to but also a
marker for immediate hypersensitivity reactions and atopic
diseases.'> Since the late 1960s, serologic tests for
allergen-specific IgE antibodies have been used to identify
triggers of allergic symptoms.'” Remarkably, the results of

GLOSSARY

ALLERGEN IMMUNOPROPHYLAXIS (AIP): Administration of an
allergen preparation to prevent onset of allergic symptoms in healthy
children with IgE antibodies against the corresponding allergenic
source.*”

COSENSITIZATION: Genuine sensitization to multiple allergen sources,
requiring multiple extracts in an immunotherapy prescription. This
contrasts with genuine sensitization to an allergenic source, as well as
sensitization to cross-reactive components from other allergen sources.

CROSS-REACTIVITY: The ability of an antigen to bind with an antibody
that was raised to a different antigen. This can occur through multivalent
antigens with shared epitopes or epitopes with conformational
similarity. More than 70% identity in the primary sequence is considered
necessary for clinical cross-reactivity in food allergy. Antibody affinity,
which can be affected by protein conformation, affects expression of
clinical cross-reactivity.

EARLY ALLERGEN IMMUNOTHERAPY (e-AIT): “Allergen immuno-

therapy started within 6 months after allergic symptom onset”.*

IgE INHIBITION TEST: Varying quantities of an extract are added into an
assay to determine the amount necessary to inhibit IgE binding of
pooled sera from allergic donors to a solid-phase antigen. This test
allows for a direct comparison among multiple different extracts, as well
as comparison with national standards.

INITIATOR MOLECULE: “The allergenic molecule within an allergenic
source responsible for induction of the first IgE antibody response to

that allergenic source”.*®

LIPOSOME: A spherical membranous structure composed of a phos-
pholipid bilayer and an aqueous core. Liposomes can be phagocytosed
by immune cells and are used in vaccine design and drug delivery.
MICROSPHERES: A shell comprised of a biodegradable polymer used
for controlled drug release.
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traditional IgE assays based on allergen extracts are strongly
affected by the composition of the extract.'* Therefore IgE assays
produced by different companies often produce different
quantitative and sometimes even nonconcordant qualitative
results (positive vs negative).

In 1988 and 1989, cDNA encoding allergens was cloned for the
first time from hornet venom, birch, and house dust mites. This
achievement marked the beginning of molecular allergology."
Consequently, the precision of diagnostic procedures in
allergology has improved significantly through the production
of recombinant and purified allergenic molecules for serologic
and skin test diagnostics.'® This goes along with the worldwide
trend toward precision medicine, which pursues the goal of
providing personalized treatment strategies based on individual
genotypes and phenotypes of disease.'”'® Although the allergen
composition and concentration in commercial extracts often
varies,'*"? the use of recombinant/purified single proteins allows
us to choose specific molecules of interest according to the
clinical history of the patient.

There are several arguments in favor of the targeted use of
allergen molecules in diagnostic tests*' °: (1) analytic sensitivity
is increased, especially in the case of an underrepresentation or to-
tal absence of important molecules in the extract and (2) analytic
and diagnostic specificity is enhanced, particularly when the
presence of IgE antibodies against an allergenic molecule
provides additional information on potential risks, possible
cross-reactivity versus primary (species-specific and genuine)
sensitization, and the stability of recognized allergens to changes

MOLECULAR SPREADING: “Sequential development of antibody (IgE)
response to distinct non-cross-reacting molecules from the same
antigenic (allergenic) source, starting with an “initiator” (allergenic)

molecule”.®®

NASAL PROVOCATION: Also known as nasal allergen challenge. An
objective measurement of nasal airway allergen responsiveness
through intranasal administration of progressively increasing amounts
of allergen extract. Nasal symptoms are assessed after each dose of
extract, and the procedure is stopped after a predetermined threshold of
symptoms is achieved.

OVERPOWERED IMMUNIZATION (MISMATCH TYPE 2): “Allergen
immunotherapy performed with a preparation containing more
molecules of the targeted allergenic source than those to which the
patient is IgE sensitized”.?’

POTENCY: Allergenicity of an extract. This is often determined by
calculating the log dose producing 50 mm of erythema after
intradermal skin testing (IDso) of subjects maximally reactive to
reference concentrates. IDso values are used to assign bioequivalent
allergy unit (BAU) values. Surrogate in vitro potency assays (eg, IgE
inhibition tests) are available to assign potency units to manufactured
extract lots.

PR.10 MOLECULES: Pathogenesis-related protein family 10. Like profi-
lins, PR.10 proteins are known as panallergens because of their presence
in a variety of different plant families. They can be found in pollen, as
well as other plant tissues, including ingested sources. PR.10 family
proteins are plant steroid carriers and include Bet v 1 from birch pollen.
UNDERPOWERED IMMUNIZATION (MISMATCH TYPE 1): “Allergen
immunotherapy performed with a preparation not containing all the
molecules of the targeted allergenic source to which the patient is IgE
sensitized”.?”

The Editors wish to acknowledge Daniel Searing, MD, for preparing this glossary.
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in heat or pH, which can be considered for -clinical
recommendations. Therefore IgE tests using individual allergenic
molecules are considered a more precise and informative option
than those based on allergenic extracts, particularly for
polysensitized patients.?’

A growing spectrum of molecules, representing single
allergens of clinical relevance, have been identified,
characterized, and produced for commercial in vitro assays. The
use of component-resolved diagnostics (CRD) allows a detailed
molecular profiling of the polyclonal IgE repertoire of the allergic
patient.'®~’ Still, the correct interpretation of new and bigger data
sets produced within this “allergomics” approach represents a
challenge for the clinical daily life of allergists.”’ Therefore
several databases of allergenic molecules and advanced Web
platforms have been created to make proper information
available.”®

A molecular approach to allergy diagnosis still has some open
issues. The list of important allergenic molecules cloned or
purified and introduced for diagnostic purposes, although rapidly
increasing,”® is still incomplete.”” New relevant allergenic
molecules, such as Der p 23 for Dermatophagoides
pteronyssinus®® and Pru p 7 for peach,’’ have been discovered
only recently and made available as diagnostic tests. Furthermore,
the costs of IgE assays using individual allergens exceed those of
extract-based test methods, and this is even more evident for
microarrayed or macroarrayed multiplex tests. It is thus clear
that the use of molecular assays in allergology needs to be
balanced with a reasonable distribution of the scarce resources
of public health systems.'’ This might be particularly relevant
for IgE microarrays testing more than 100 individual allergenic
molecules in a single analysis.””

The American Academy of Allergy, Asthma & Immunology
recently published a Choosing Wisely initiative and alerted its
members against performing an indiscriminate battery of IgE
tests in the evaluation of allergy.3 * It is further underlined that the
cost/benefit use of molecular assays in allergy diagnosis must be
validated.'”* In other words, precision allergology will
progressively grow, but it needs to be well integrated in a
Choosing Wisely scenario. Given these premises, both the
in vitro IgE assays based on allergenic extracts and those based
on molecules will probably coexist in clinical practice for many
years to come.

NOVEL CONCEPTS FROM MOLECULAR
ALLERGOLOGY
Molecular spreading of the IgE response and the
initiator molecule

Cross-sectional studies in patient populations have shown that
the number of allergenic molecules recognized by IgE antibodies
is greater in older patients.””* Birth cohort studies have
prospectively examined the evolution of IgG and IgE responses
to allergen molecules within the individual patient since the early
years of life. One of the biggest European birth cohorts on atopic
diseases, the German Multicenter Allergy Study (MAS), provides
insight not only on the onset and evolution of IgE responses in
atopic versus healthy children but also on the humoral state before
the appearance of IgE or allergic symptoms. Serologic analyses
have shown that healthy and atopic children express a broad
repertoire of IgG antibodies to a wide array of allergen molecules
already at 2 years of age.” The intensity and frequency of these
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“normal” IgG responses are maximal to animal food allergens,
intermediate toward vegetable food allergens, and only minimal
when directed against airborne allergens. Interestingly, atopic
children show stronger and more frequent IgG responses than
their nonatopic peers.””

A study zooming in on the IgE response to Bet v 1 and other
PR.10 molecules revealed a second type or “(pre)-atopic” IgG
response. This response, although directed against airborne
allergens, is persistent and precedes or accompanies IgE
production against the same molecule. This observation led to
the assumption that the IgE response to Bet v 1 in children with
birch allergy represents the final stage of a broader “abnormal”
humoral response involving “(pre)-atopic” IgG antibodies
directed to the same antigens.”® A broader study confirmed and
expanded this concept, showing that the “default” IgG response
to major allergenic molecules becomes stronger and persistent
in atopic subjects with IgE responses to the same molecules
from mites, pollen, or molds.”’

Once an IgE response has emerged, several patterns of
evolution have been described in various cohorts. Again, among
subsets of children from the MAS cohort, studies showed a
sequential broadening of the IgE response to Phleum pratense
molecules. The broadening evolution from an initial
monomolecular through an oligomolecular sensitization pattern
toward a polymolecular sensitization pattern could be observed
in many, although not all of the children allergic to Timothy
grass and it has been determined as molecular spreading
(Fig 1).*®% Interestingly, in almost all children, the initial IgE
response is directed against Phl p 1, a sort of initiatory molecule
of this IgE response. Only a few children develop a full-blown
polymolecular response to all 8 allergenic molecules of
P pratense. The molecular spreading process starts often in the
preclinical stages of sensitization. IgE to Phl p 1 has been
observed up to 5 years before the child starts to perceive first
allergic symptoms.3 8

A very similar process has been described in children with IgE
sensitization to D pteronyssinus.” Sensitization started against
Der p 1 and/or Der p 2 and/or Der p 23 (defined as group
A molecules); then involved Der p 4, Der p 5, Der p 7, and Der
p 21 (group B molecules); and ended up with IgE to Der p 11,
Der p 14, Der p 15, Der p 18, and clone 16 (group C molecules).
This progression could be defined as the ABC march of mite
allergy (ie, molecular spreading of the IgE repertoire against
D pteronyssinus allergens).41 Moreover, an early IgE sensitization
onset, parental hay fever, and greater exposure to mites were
associated with a broader polymolecular IgE sensitization
pattern. Interestingly, participants reaching the broadest ABC
IgE sensitization stage had a significantly greater risk of
mite-related  allergic  rhinitis and asthma than the
monomolecularly  sensitized participants.  Finally, IgE
sensitization in healthy children to Der p 1 or Der p 23 at age
5 years or less predicted asthma at school age.‘m

The Manchester Asthma and Allergy Study revealed a similar
trend among 235 children whose sera have been tested for IgE
toward Timothy grass pollen and mite allergens.”” The study
group identified 3 sensitization slopes related to mite allergy
among children aged 5 to 11 years: group 1 sensitization
(to Der f 1 and Der p 1), group 2 sensitization (to Der f 2 and
Der p 2), and complete mite sensitization. Although children
exhibiting group 1 and complete mite sensitization trajectories
had a significantly increased risk for asthma, eczema, and rhinitis,
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FIG 1. Molecular spreading of the IgE response to P pratense and implications for allergen-specific
immunologic intervention in a child with hay fever (from the MAS birth cohort). This child started having
symptoms of seasonal allergic rhinitis at the age of 6 years. The IgE response against P pratense started
3 years before with a weak monomolecular sensitization to Phl p 1. The IgE response was stronger and
directed also to Phl p 2 and Phl p 4 at disease onset. After disease onset, the IgE response was much
stronger and directed also to Phl p 5, Phl p 6, and Phl p 11. In clinical practice, AIT would be normally
prescribed at this advanced stage after some years of symptoms (age 10 years). An interesting hypothesis
is that AIT would be more efficient if started much earlier, ideally at disease onset (age 6 years; early AlT).
Moreover, it could be investigated whether an immune intervention at the earliest preclinical stages (age
3years in this case) of disease could even better change the natural history of the sensitization and prevent
or delay disease onset (AIP). Modified with permission from Matricardi.*®

the highest risk for asthma (odds ratio, 7.15; 95% CI, 3.80-13.44)
was observed among subjects of the complete mite sensitization
group. With regard to grass sensitization, a molecular broadening
of the IgE response similar to molecular spreading among MAS
participants was observed. Interestingly, an early onset of the
IgE response to grass molecules was related to asthma and
diminished lung function, whereas a late onset appeared to be
associated with allergic rhinitis.*’

In the Swedish Children, Allergy, Milieu, Stockholm,
Epidemiology (BAMSE) study, sensitization to Fel d 1 and Can
f 1 in childhood and polysensitization to either cat or dog allergen
molecules predicted cat and dog allergy cross-sectionally and
longitudinally significantly better than IgE to cat or dog extract.”
Also, in patients with food allergies, the onset and molecular
profile of the IgE response in childhood and adolescence seem
to be crucial, as shown by the BAMSE population-based birth
cohort. Researchers identified 2 distinct phenotypes in the
development of peanut allergy before adulthood. Although an
early onset of sensitization to Ara h 2 is associated with an
increased risk of systemic reactions after peanut exposure, the
second phenotype, starting later in childhood and being related
to Ara h 8, goes along with nonsystemic reactions after peanut
ingestion.”* When broadening the data analysis to all IgE results
against 132 allergen molecules, the authors could further identify
4 risk molecules to which an IgE response was associated with an
increased risk of asthma, allergic rhinitis, or both, namely Arah 1
(peanut), Bet v 1 (birch), Fel d 1 (cat), and Phl p 1 (grass). The
results for airborne molecules could be replicated within the
Manchester Asthma and Allergy Study cohort, adding Der f 2
(dust mite) and Phl p 5 (grass) as disease predictors.45

This novel understanding of the progressive molecular
spreading of the immune response, especially to airborne

allergens, led to speculation that an immunologic intervention
(AIT) should ideally be anticipated because this might prevent the
development of more complex and strong IgE responses.”” The
initiator molecules, such as Phl p 1 for grass pollen; Bet v 1 for
birch pollen; Der p 1, Der p 2, and Der p 23 for mites; and
Fel d 1 for cat might be optimal targets of an allergen
immunoprophylaxis (AIP) aimed at preventing the onset of
allergic rhinitis and asthma in children during a preclinical
sensitization stage.3 8.39

IgE molecular sensitization profiles and their
heterogeneity

An Italian cross-sectional study among 176 children with
grass pollen allergy showed the vast amount of additional
information provided by molecular versus extract-based
diagnostic testing. Examining the sera in a classic ELISA based
on the allergenic extract of Timothy grass, all patients with grass
pollen allergy looked the same from a qualitative point of view.
Although exhibiting different degrees of amplitude, they were
all positive. When instead using a molecular assay, the alleged
homogeneity is replaced by a remarkable diversity of responses.
Overall, a series of 39 different IgE sensitization profiles to grass
pollen molecules could be observed.”’ This figure increased to
87 in another study examining 1120 children cross-sectionally
(Fig 2).*%%° Both studies included patients sensitized to only 1
molecule (in most cases Phl p 1), as well as those sensitized to
all 8 allergenic molecules examined. Differences in the
molecular sensitization profile were also linked to clinical
phenotypes. To provide an example, Phl p 7 was a reliable
biomarker of asthma, whereas Phl p 12 served as a biomarker
of oral allergy syndrome (OAS). Sensitization to Phl p 7 was
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FIG 2. Molecular profiles of IgE sensitization to D pteronyssinus (A) and P pretense (B). Fig 2, A, Profiles of
IgE to 12 D pteronyssinus molecules in 119 subjects (every line represents 1 profile, and the frequency of
each profile is indicated on the right for each line) with an IgE reaction to D pteronyssinus at 20 years of
age and a complete data set. Absolute frequencies are shown. Profiles are ordered by decreasing frequency.
Fig 2, B, Molecular profiles of IgE sensitization (>0.35 KUa/L) to P pratense molecules: rPhl p 1, rPhl p 2,
rPhlip 4, rPhlp 5, rPhl p 6, rPhl p 7, rPhl p 11, and rPhl p 12 in 1120 children with a skin reaction to P pratense
(wheal >3 mm) and tested for sIgE to all considered molecules. The number of children belonging to that
specific code (numbers) and the relative frequency (percentages) are shown. Profiles are ordered by
decreasing frequency. Modified with permission from Posa et al*® (Fig 2, A) and Cipriani et al*® (Fig 2, B).

also associated with a greater severity of seasonal allergic
rhinitis.”®

A comparison of molecular IgE results to P pratense molecules
with nasal and conjunctival provocation tests has been performed
by a German study group among 101 adult patients with
pollinosis. Apart from observing a substantial heterogeneity in
sensitization profiles, the group described a positive correlation
between the number of recognized molecules and the likelihood
of a positive provocation test result. Interestingly, none of the
IgE profiles matched exactly the composition of a previously
published  component-resolved  specific =~ immunotherapy
containing Phl p 1, Phl p 2, Phl p 5a/b, and Phl p 6.*’

Similarly, the individual sensitization profiles of 119 patients
with house dust mite allergy from the German MAS cohort were
extremely heterogenous at age 20 years, with 27 subjects
responding to only 1 molecule (monomolecular profile),
50 responding to 2 to 4 molecules (oligomolecular profile), and
32 producing IgE to 5 or more of the 12 molecules (polymolecular
profile, Fig 2, A).*°

A study investigating IgE profiles in 243 sera of patients with
D pteronyssinus allergy from 4 European countries (Austria,
France, Italy, and Sweden) was aimed at determining allergen
panels needed for diagnostic purposes. Although more than
50% reacted to more than 1 molecule, the group found that
97% of the participating patients could be given a diagnosis of
a combination of Der p 1 and Der p 2.** By contrast, a more recent
study among 97 patients showed that 16 mite allergic patients had
negative test results to Der p 1, Der p 2, and Der p 10. Indeed,
5 patients were monosensitized to Der p 23, and 11 patients
with positive skin prick test (SPT) responses, intranasal
provocation and IgE results to D pteronyssinus extract of UniCAP
class 1 or greater showed no IgE to any of the 13 tested compo-
nents on the Mechanisms of the Development of Allergy chip.‘w

IgE sensitization profiles to dog allergens have been
investigated by a Swedish group testing IgE against 6
allergenic molecules of dog dander in 60 children aged 10 to
18 years. Comparing the results with nasal provocation test
outcomes, the authors concluded that a broader panel of
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FIG 3. Matching and mismatching categories of IgE sensitization to P pretense against specific
immunotherapy. Matching molecular profiles of IgE sensitization to P pratense against the composition
of a molecularly designed specificimmunotherapy preparation in 176 children with grass pollen respiratory
allergies. Five categories have been created with all 5 different possible typologies of matching/
mismatching between sensitization profiles and composition of the specific immunotherapy preparation.

Modified with permission from Tripodi et al.?’

recognized allergens increases the likelihood of a positive
challenge test result.””

AIT composition versus the patient’s IgE
sensitization profile: Five classes of molecular
matching and mismatching

The major requirements for a standardization of allergens are a
consistent composition combined with a stable potency related to
clinical efficacy. The Monograph on Allergen Products, a
European regulation, permits a wide range of variation (from
50% to 200% tested by IgE inhibition tests) for the representation
of individual allergenic molecules in an extract.”' This means that
for a relatively simple allergen extract containing, for example,
only 3 major allergenic proteins, there can be some batches
with a very low and others with a very high allergenic content,
including all intermediate possibilities.

Reflecting these regulations, allergen extracts from different
manufacturers differ greatly in their molecular composition and
potency, although representing the same allergen sources. This

underlines that allergen extract standardization remains difficult,
if not impossible.”** Translating the problem into daily clinical
practice, it is not surprising to see divergent SPT wheal reactions
for the same pollen or mite species in the same patient elicited by
allergen extracts from different manufacturers.’>>* Similarly,
part of the variability of in vitro IgE test results to extracts of
the same allergen source can probably be attributed to the extract
composition.” Standardization of allergen extract for diagnosis
and therapy is still an open issue in allergology.

Recently, new European regulations put into effect that
allergen extracts for in vivo diagnostics (eg, SPT reagents) are
subject to the same registration procedures as used for equivalent
therapeutic products.’® As this means very high registration costs
for each allergen extract used in the clinical routine, the supply of
SPT reagents available on the market will soon be reduced to
those few extracts corresponding to a registered immunotherapy
preparation.”’

An interesting yet unanswered question is whether
sensitization profiles affect the individual outcomes of AIT.
Although there is significant interest for patient-tailored
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immunotherapy,”®* no product has reached the commercial

market yet. It is not clear whether patients with different sensiti-
zation profiles respond differently to the same allergen-specific
immunotherapy. A theoretical approach to this question was
used in a study” comparing all possible combinations between
the molecular sensitization profiles of 176 study participants
and the molecular profile of an allergen AIT preparation previ-
ously clinically tested for Timothy grass pollen allergy.®” The 5
categories of molecular matching/mismatching between the IgE
sensitization profile of the patient and the molecular composition
of an AIT preparation have been thoroughly analyzed and
described (Fig 3)*"

e Class 1: Perfect matching—The molecular composition of
the AIT corresponds exactly to the patient’s IgE molecular
sensitization profile.

o Class 2: Underpowered immunization—Some patients
were sensitized to more allergenic molecules than
contained in the immunotherapy. In this case the efficacy
of the immunization might be insufficient.

e Class 3: Overpowered immunization—The immuno-
therapy preparation contains more molecules than the indi-
vidual patient’s sensitization profile. Three consequences
could result: a beneficial induction of IgG antibodies and/
or prevention of new IgE sensitization,”’ an unwanted
IgE sensitization to these molecules,’' and no effect.®>%

o Class 4: Underpowered/overpowered immunization—This
category includes patients with a mixed (type 1 and type
2) match/mismatch. Also, the expected effects of such a
mismatch might be any of the previously mentioned
options.

o Class 5: Unrelated immunization—In this case the immuni-
zation does not fit the sensitization profile of the patient.
Logically, this category bears the lowest (if any) expected
benefit, as well as the highest risk of unwanted effects.

Yet there has not been an analysis with enough statistical power
to test the abovementioned combinations of matching versus
mismatching IgE results and immunotherapy outcomes. Given
the synergistic role of individual molecules in triggering
IgE-mediated degranulation of mast cells, the overall immune
response to specific immunotherapy can be linked more to the
overall concentration of IgE antibodies directed against an
allergenic source than to the nature of the individual molecules
that they recognize. Thus far, the effect of multiple sensitization
on the efficacy of AIT has been examined only at the extract
level. ¢ A study in polysensitized patients with allergic rhinitis
has shown that SLIT for D pteronyssinus and/or D farinae
improved nasal symptoms and rescue medication scores equally
well as in monosensitized patients.®’

DIAGNOSTIC USE OF MOLECULES FOR AIT
PRESCRIPTION
Comparing outcomes of extract- versus molecular-
based IgE tests

Two laboratory strategies targeted to the same objective often
produce different results. Ideally, a positive IgE extract assay
result should always be associated with a positive outcome in 1 or
more of the IgE assays using the extract’s individual molecules.
Similarly, a negative IgE extract assay result should always
correspond to negative outcomes in molecular-based IgE assays
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covering all the extract’s components. Nevertheless, IgE anti-
bodies of allergic subjects can sometimes react to allergenic
extracts of a given source (eg, cat) but not to its molecules (eg, Fel
d1,Feld4,or both).(’8 Nonconcordant outcomes among extract-
and molecular-based IgE assays can have several characteristics
and explanations that have been thoroughly described
elsewhere'” and can be summarized as follows (Table 1)°:

® Positive extract versus negative molecules: 1gE antibodies
can recognize certain molecules that are not included in
the used molecular assay. Another possibility is a lower
limit of quantitation in the molecular assay when compared
with the extract so that low specific IgE levels could be
detected only by using the extract-based test.®®

® Negative extract versus positive molecules: IgE antibodies
can recognize components in a molecular assay that are
missing or underrepresented in the corresponding extract.
In the case of low specific IgE levels, a lower analytic
sensitivity of the extract assay can also explain this
constellation.®”

e Positive extract versus negative genuine molecules: In this
case IgE antibodies can recognize only minor and highly
cross-reactive components of an allergenic extract but not
its genuine, species-specific (major) components. Positive
IgE results to many different allergenic extracts can be
found often in patients sensitized to panallergens who
therefore falsely appear to be highly polysensitized.””
Similarly, sera of patients sensitized to cross-reactive
carbohydrate determinants will only produce positive
results to extracts and not to the corresponding molecules
because these lack posttranslational modifications, such
as cross-reactive carbohydrate determinants.”’

e Low positive extract versus very highly positive molecules:
Levels of serum IgE to an allergenic extract can be much
lower than the sum of IgE levels to its components. This
is most likely due to an underrepresentation of particular
molecules recognized by the individual patient.”> An
additional explanation is the potential cross-reactivity
between structurally nonrelated allergens (ie, Ara h 1, 2,
and 3) from different protein families.

Advantages of molecular diagnosis and their effect
on the doctor’s AIT prescription

Molecular diagnosis offers a higher level of definition in
identification of the offending allergen source to be used for AIT
(Table IT).'7-2627-73 They are mainly based on an improved assay
performance and/or on new possibilities of interpretation, such as
in terms of risk assessment or differentiation between genuine
(primary) sensitization and cross-reat:tivity.22 Although these
arguments clearly support the use of allergen molecules in clinical
routine, we need to be careful not to overinterpret results of
molecular allergy diagnostics and to respect clear limitations
when it comes to predicting clinical outcomes. Specific IgE test
results, regardless of whether using extracts or single molecules,
always need to be interpreted in the context of the clinical history.
Still, guidelines for the use of molecular assays in allergology are
essential. Accordingly, the World Allergy Organization,”* as well
as the European Academy of Allergy and Clinical Immunology
(EAACI),” published consensus documents and a user’s guide
on molecular allergology, including rationale, methods, and
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TABLE |. Discrepancies between allergen extract and allergen molecular IgE assay results*

Extracts Molecular Explanations
Absolute disagreement
(qualitative differences)
A Positive Negative (1) Serum IgE binds only to the extract’s molecules that are not (yet) available in
molecular assays.
(2) The molecular assay is less analytically sensitive than the extract-based assay.
B Negative Positive (1) Serum IgE binds to molecules tested as components that were missing or of
low abundance in the extract.
(2) The extract assay is less analytically sensitive than the molecular assay.
Relative disagreement
(quantitative differences)
C Positive Negative to major Serum IgE binds only to highly cross-reactive, minor allergenic molecules, or
components CCD determinants.
D Lower levels Higher levels Serum IgE binds to molecules tested as components being of low abundane in the

extract.

CCD, Cross-reactive carbohydrate determinant.
#Modified with permission from Matricardi et al.”’

TABLE Il. Usefulness of molecular diagnosis in prescription of
AIT

1 Identification of clinically relevant inhalant allergen sources (ie,
tree, grass, or weed pollen) is required before allergen-
specific immunotherapy.

2 In the case of IgE sensitization to plant panallergens (minor
allergens profilin and/or polcalcin), diagnostic pollen extracts
lack analytic specificity and show positive and thus
misleading results.

3 Molecular marker allergens for allergen-specific IgE detection
help to separate specific sensitizations to tree and/or grass
and/or weed pollen from IgE sensitization to pollen
panallergens.

4 Candidates for molecular allergy diagnostics to identify specific
allergen sensitivities (ie, major allergen markers) are Bet v 1
(birch, hazel, alder, beech, and oak), Ole e 1 (olive and ash),
Jun a 1 (cedar), Phl p 1/5 (Pooidea grasses), Amb a 1
(ragweed), Art v 1 (mugwort), and Par j 2 (pellitory).

5 Allergen extract compositions based on confirmed IgE
sensitizations to major allergen markers might facilitate more
targeted allergen-specific immunotherapy.

*Reprinted with permission from Klein-Tebbe et al.”*

diagnostic algorithms to use molecular allergy diagnosis for
clinical decisions.

A typical example of the use of molecular diagnosis for the
etiological diagnosis and AIT prescription for grass pollen allergy
is shown in Fig 4.% Patients with allergic rhinitis symptoms
during the grass pollen season and a positive SPT/IgE assay
response to grass pollen extracts are further investigated to
detect serum IgE antibodies to Phl p 1, Phl p 2, Phl p 5, Phl p 7,
Phl p 11, and Phl p 12. Identification of 1 or more of IgE
antibodies to Phl p 1, Phl p 2, Phl p 5, and/or Phl p 11 is followed
by the prescription of grass pollen AIT. Identification of IgE to Phl
p 12 (profilin) is followed by further investigation of OAS and it is
relevant to better interpret results of SPT/IgE assays with other
pollen extracts or vegetables. Identification of IgE to Phl p 7 alerts
the doctor of a worse prognosis, a greater severity of the disease,
and asthma (Fig 4). Interestingly, it has also been shown that co-
sensitization to Phl p 5 and Phl p 12 predicts the appearance of

side effects during AIT.”” Moreover, a molecular classification
of pollen-food syndrome associated with seasonal allergic rhinitis
has been recently proposed.’®

Especially in polysensitized patients with pollinosis, clinicians
often face a difficult setting for the decision on AIT prescription.
This challenge has been recognized and resulted in concrete
recommendations for a reasonable diagnostic workup of these
complex patients.”” Particularly in the Mediterranean area, where
many botanical sources have overlapping pollination periods,
diagnostic algorithms for an optimized immunotherapy candidate
selection are fundamental.”’

A major advantage of CRD in allergology is the possibility of
distinguishing a cosensitization that might underlie conditions
recently being considered as primary atopic disorders’® from a
cross-sensitization.”” A study among 651 Italian children with
moderate-to-severe pollen-related allergic rhinitis showed that
in a significant number of patients presenting with a clinical
history and SPT results concordant with pollen allergy, no specific
IgE antibodies to the major allergens of the expected source could
be found. IgE to profilins, polcalcins, or both could explain 173
(37%) of 464 SPT reactions. When reconsidering the AIT
prescription after receiving the results of CRD, the SPT-based
decision on specific immunotherapy prescription or composition
was changed in 277 (42%) of 651 or 315 (48%) of 651 children
according to the European or American approach, respectively.’’
This study shows that the effect of CRD on prescription and
composition of AIT is high, especially in geographic areas in
which polysensitization airborne allergens is frequent.

Similar conclusions were reached in a study investigating
sensitization patterns to major grass and olive pollen allergens
in 1263 Spanish patients with seasonal allergic rhinitis and
positive SPT responses to grass and olive pollens. Based on a
traditional diagnostic approach, 922 (73%) patients would have
received an AIT prescription with both grass and olive pollens;
however, the investigators changed the composition of AIT
based on additional CRD IgE antibody data in 56.8% of the
patients.*”

A recent comparative clinical study has shown that the
multiplex analysis of IgE to allergenic molecules is a reliable
diagnostic tool, which also has proved to be time efficient by
decreasing the number of performed SPTs.®' Concerning the
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FIG 4. Diagnostic algorithm for AIT prescription in patients with grass pollen allergy. Patients with allergic
rhinitis symptoms during the grass pollen season and a positive SPT/IgE assay result to grass pollen
extracts are further investigated to detect serum IgE antibodies to Phl p 1, Phl p 2, Phlp 5, Phl p 7, Phl p 11,
and Phl p 12. Identification of 1 or more IgE antibodies to Phl p 1, Phl p 2, Phl p 5, and/or Phl p 11 is followed
by prescription of grass pollen AIT (after considering other factors, such as availability and compliance).
Identification of IgE to Phl p 12 (profilin) is followed by further investigation of OAS, and it is relevant to
better interpret the results of SPT/IgE assays with other pollen extracts or vegetables. Identification of IgE to
Phl p 7 alerts the doctor of a worse prognosis and greater severity of the disease. Courtesy of Dr Jorg Kleine-
Tebbe and modified with permission from Matricardi et al.?®

costs for molecular diagnostic tests, a study among 95 patients
from Kazakhstan showed that although the costs for SPT-based
diagnosis per patient were lower, component-based serologic
diagnosis was more precise in detecting the disease-eliciting
allergen. This resulted in a lower need of immunotherapy
treatments (119 after CRD vs 275 after extract-based diagnosis),
which considerably reduced the total costs for diagnosis and for a
3-year treatment.®

Which tests? Singleplex, microarrays, macroarrays,
multiplex customized

Serologic analyses based on biotechnologically engineered
allergens can be performed in singleplex assays testing one
allergen at a time or in a multiplex approach allowing the
simultaneous determination of IgE toward a multitude of
molecules. Especially for pediatric patients, a multiplex assay
seems attractive because very small amounts of serum (20 p.L) are
already sufficient to provide a broad set of information.*’
Depending on the diagnostic approach (“from symptoms to
molecules” or “from molecules to symptoms™),”’ different test
systems are suitable.

® Microarrays and macroarrays: Although a multiplex
approach produces a broad set of information, it is also
relatively costly, and the clinical relevance of its results
needs to be evaluated. According to the chosen method
(microarray or macroarray), the doctor is confronted with
IgE results toward plenty of allergenic molecules: 112

(ImmunoCAP ISAC; Thermo Fisher Scientific, Uppsala,
Sweden)*” or 176 (MeDALL allergen chip)®**®> in the
case of microarrays or up to 282 (ALEX; MADX, Vienna,
Austria)®® in a macroarray setting. Based on this broad
information, clinical relevance needs to be assessed by
taking a precise clinical history.

e Singleplex: If an extensive clinical history is collected
before obtaining serologic information and the test assay
is being chosen based on the clinical picture, then
singleplex assays (ImmmunoCAP) might be favorable
because they are much more cost-effective and do not
provide potentially irrelevant information.”® On the other
hand, the doctor needs to know very clearly which
allergenic proteins to assess.

o Disease-oriented, customized multiplex tests: An intermedi-
ate option between singleplex assays and microarrays or
macroarrays are the customized allergen profiles (Euroline;
Euroimmun, Liibeck, Germany), which combine allergen
extracts and a set of the most relevant related allergenic
molecules to distinguish cross-reactivity, genuine
sensitization, and possible assess the risk proﬁle.87 The
assembled allergens are chosen according to the clinical
profile (eg, pollen in Northern Europe, pollen in Southern
Europe, food allergy in different geographic regions and
others) of the patient.

There is still no general rule or guidelines suggesting the use of
one or the other test. When choosing, it is extremely important to
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FIG 5. Timing and targets of immunologic intervention according to the stage of the IgE response.
A, Patient with persistent monomolecular sensitization (not undergoing molecular spreading). B, Patient
with modest molecular spreading, reaching an oligomolecular sensitization to 1 allergen source only.
C, Patient with intensive molecular spreading to 3 different allergen sources. In clinical practice AIT would
be normally prescribed at an advanced stage after some years of symptoms. An interesting hypothesis is

that AIT would be more efficient if started much earlier, ideally at disease onset (early AIT [e-AlT]

)'39

Moreover, it could be investigated whether an immune intervention at the earliest preclinical stages of
disease could even better change the natural history of the sensitization and prevent or delay disease onset
(AIP).“® Finally, in patients with extreme polysensitization and comorbidities, AIT might have less chance of
success, and experimental use anti-IgE therapy, addressing simultaneously multiple IgE responses and

comorbidities, could be considered.®®

evaluate the level of analytic precision of the assays. Moreover,
the decision on diagnostic method remains the doctor’s and
depends also on the test’s availability and cost versus
reimbursement conditions.

APPROACHES TO IMMUNOLOGIC INTERVENTION
INSPIRED BY MOLECULAR ALLERGOLOGY

As discussed in previous sections, allergic patients are very
different in their propensity to produce weak or strong IgE responses
to a given allergen source. We can observe a minority of patients
with persistent monomolecular sensitization (not undergoing
molecular spreading); patients with modest molecular spreading,
reaching an oligomolecular sensitization to 1 allergen source only
and patients with intensive molecular spreading to many different
allergen sources (Fig 5).*”** We and others have proposed that the
timing, typology, and objectives of an immunologic intervention
can be adapted to the stage and expansion of the IgE response of
the individual patient. Accordingly, we can distinguish in
preventative, early therapeutic, allergen-specific, and non—
allergen-specific approaches, as indicated below (Fig 5).

AIP

AIP (ie, allergy prevention through controlled administration
of allergens in healthy subjects) is not a synonymous with AIT.
The schedule, administration route, and preparations that can be
used for AIP (ie, to prevent the onset of allergic inflammation and
the onset of symptoms) might be quite different (shorter or less
invasive) than those used to suppress an already established
allergic inflammation and the corresponding symptoms.” Patrick
Holt’s proposal of “immunoprophylaxis of atopy” can today be
expanded from a “primary” prevention concept for nonsensitized
patients®”” to a “secondary” AIP for patients (mainly children)
already sensitized to grass pollen but still healthy.”’ The

Preventive Allergy Treatment (PAT) study proved the
disease-modifying potential of AIT when applied early enough.’ .
We can also postulate that the immune response is more suscep-
tible for modification in the weaker, preclinical, monomolecular
stages than in advanced, stronger, polymolecular conditions.™
Therefore early monitoring of the IgE response might be helpful
to start an allergen-specific intervention as soon as possible. In
regard to the risk of a first allergic disease, a recent randomized
controlled trial proved the disease-modifying potential of AIT
when applied early enough in previously healthy subjects.”
Moreover, the simplicity of a preclinical IgE response
(monomolecular or oligomolecular stage) suggests that a tailored
prophylactic at early stages would be more feasible’* than a ther-
apeutic at later stages.54 Such an intervention has been also
defined as component-resolved prophylaxis,”® similar to the
concept of component-resolved therapy.'®

Healthy preschool children with IgE to grass pollen and parents
affected by hay fever are at high risk of seasonal allergic rhinitis.”
These children might also be eligible for AIP during their
preclinical window of opportunity for immunologic intervention.
A prophylactic intervention with grass pollen extract would be
targeted to prevent the onset of seasonal allergic
rhinoconjunctivitis or to delay disease onset and make symptoms
milder. From a biological perspective, AIP might prevent
molecular spreading and block an increase in the concentration
of IgE to grass pollen (Fig 5). Considering the breeding role of
IgE-driven inflammation on later IgE responses,”® a secondary
outcome would also be prevention of new sensitizations to
additional pollens or other airborne allergenic sources.

Early AIT
Similarly, it might be expected that allergen-specific immuno-
therapy would have greater efficacy if started immediately after
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disease onset instead of years later, as usually done. This concept
of early AIT deserves to be tested in properly designed clinical
trials.”” A recent systematic review and meta-analysis from the
EAACI AIT Task Force has assessed the current evidence of
AIT for the prevention of allergy’’ and found an AlT-related
reduction in the short-term risk of asthma in patients with allergic
rhinitis, as well as a diminution of new sensitizations in allergic
patients (Fig 5).03:98:99

Anti-IgE treatment

In patients with multimorbidities (eg, allergic rhinitis,
conjunctivitis, asthma, and food allergies) and extreme genuine
polysensitization to several non—cross-reacting major allergenic
proteins from different allergenic sources, AIT might have a
lower chance of success given the high amount of antigens that
should be administered and protective immune responses that
should be induced. At this very advanced stage of the IgE
response, experimental use of anti-IgE therapy (ie, omalizumab)
could be considered.”” Anti-IgE is addressing simultaneously
multiple IgE responses and comorbidities (eg, allergic
rhinoconjunctivitis, OAS, and asthma) and might be cost-
effective in patients with extreme IgE polymolecular sensitization
and multiple comorbidities. These patients can be well
identified by using IgE microarrays'*’ and macroarrays®
(Fig 5). This hypothesis, although attractive, can be balanced by
health-economic issues but deserves to be tested in
experimental trials.'"’

Molecular biomarkers of AIT efficacy

Several clinical studies on the efficacy of AIT have successfully
used allergenic molecules to monitor changes in the specific
antibody repertoire of treated patients.*®'%> An EAACI Task
Force on “Biomarkers for monitoring the clinical efficacy of
allergen Immunotherapy” concluded that those biomarkers
should be grouped in 7 domains. The first 2 domains are IgE (total
IgE, specific IgE, and specific IgE/total IgE ratio) and IgG (sIgG;
and sIgGy, including the specific IgE/IgG, ratio) subclasses.'””
A very recent study has shown that the efficacy of SLIT in patients
with mite allergy is highly influenced by the IgE sensitization
profile before AIT starts. The negative outcome of a trial of
SLIT in patients with mite-persistent allergic rhinitis would
have been converted to be positive if only patients with IgE
sensitization limited to Der p 1 or Der p 2 had been included.
By contrast, SLIT had no efficacy in the group of patients also
sensitized to other D pteronyssinus molecules.'”* This study
seems to confirm that the efficacy of AIT might be lower in
patients with stronger molecular spreading, as previously
proposed (see “mismatch type 1, underpowered immunization”;
Fig 3).””"%%° This further reinforces the hope that the use of
molecular assays in predicting and monitoring AIT efficacy is a
promising approach, needing more investigation to be considered
a model of predictive biomarker of efficacy.

THE COMING ERA OF PRECISION ALLERGOLOGY
The use of defined molecules for allergy diagnostics and
therapy was organized for the first time in a formal theory and
program by Rudolf Valenta and colleagues in 1990s.'® Most
allergists and clinicians, who were initially skeptical, are now
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accepting the evidence that molecules add value to allergen
extracts in the management of the allergic patient in a cost-
effective fashion, according to the principles of the Choosing
Wisely initiative.”” Hence molecular allergology has outgrown
infancy and adolescence and has reached adulthood, opening at
last the era of precision allergology.'’-'*#>:10
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