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Allergenic source materials include pollen, molds, animal
dander, and insects; food allergens from nuts, grains, and
animals; venoms; and salivary proteins from insects and ticks.
Clinical diagnostic tests have used heterogeneous extracts from
allergen source materials for skin prick tests (SPTs). In vitro
laboratory methods using immunoassays or microarrays can
detect serum IgE directed against allergenic proteins where
clinical testing may not be suitable. Clinicians rely primarily on

“Food Allergy Research and Resource Program, University of Nebraska, Lincoln,
Neb

®Indoor Biotechnologies, Inc., Charlottesville, Va

“Division of Bacterial, Parasitic, and Allergenic Products, Office of Vaccines
Research and Review, Center for Biologics Evaluation and Research, US Food
and Drug Administration, Silver Spring, Md

Research reported in this publication was supported in part by the National Institute
of Allergy and Infectious Diseases of the National Institutes of Health under
Award Number RO1AI077653 to M. D. Chapman. The content is solely the re-
sponsibility of the authors and does not necessarily represent the official views of
the National Institutes of Health.

Conflicts of interest: R. E. Goodman is the Manager of the Allergenonline.org and
Chairman of the WHO/IUIS Allergen Nomenclature Sub-Committee and reports
funding from Food Allergy Research and Resource Program, from Unilever and

2506

licensed commercial extracts of allergens for SPTs.
Manufacturers and regulatory agencies have standardized
selected extracts for identity, composition, and potency. Allergen
sources contain multiple proteins. The IgE antibody responses to
these proteins vary between allergic subjects as does the quantity
of specific IgE. Component-resolved molecular diagnostics can
be used to improve the specificity of allergy testing and resolve
clinical cross-reactivities that may affect treatment outcomes.
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Abbreviations used
¢GMP- Current Good Manufacturing Practice
EDQM- The European Directorate for Quality of Medicines and
Healthcare
FDA- US Food and Drug Administration
1UIS- International Union of Immunological Societies
mAb- Monoclonal antibodies
MS- Mass spectrometry
NMR- Nuclear magnetic resonance
PNU- Protein nitrogen unit
RAST- Radioallergosorbent test
SPT- Skin prick test
WHO- World Health Organization

This clinical commentary will review methods for the pro-
duction, evaluation, and standardization of allergen extracts
from the perspective of diagnostic testing that may be useful
for allergists in practice. © 2020 American Academy of
Allergy, Asthma & Immunology (J Allergy Clin Immunol
Pract 2020;8:2506-14)

Key words: Allergens; Standardization; Molecular diagnostics;
Allergy testing; Component-resolved diagnostics; IgE responses

There has been marked evolution in the manufacture and use
of allergenic materials as in vivo diagnostic reagents since 1873,
when Charles Blackley determined that grass pollen would elicit
hay fever symptoms when applied to his nasal mucosa or
conjunctivae.1 In 1906, von Pirquet coined the term “allergy” to
describe the immediate reactions to antigen in the skin.' In the
1940s, aqueous extracts of allergenic materials such as short
ragweed pollen (Ambrosia artemisiifolia) were used in skin testing
to diagnose hay fever caused by inhalation of pollen.” The dis-
covery of IgE by the Ishizaka’s in 1967 as the mediator of im-
mediate hypersensitivity responses seen in skin prick tests (SPTs)
allowed in vitro tests for measuring IgE antibodies in serum to be
developed.” As allergen extracts became available for a greater
number of plant, insect, fungal, and animal species and allergen
skin testing grew in popularity among allergists, the purity of the
test materials was questioned in relation to accuracy of diag-
nosis.” This prompted research to identify the relevant allergens
from many different sources with the aim of defining the most
important, clinically relevant, molecular entities. One outcome
of this research was that in many cases selected allergens that
bound to serum IgE in >50% of allergic individuals were pu-
rified. Specific IgE for these molecules could be used as diag-
nostic markers for sensitization as an indicator of clinical allergy.
A systematic nomenclature was developed for the identification
and naming of allergens, which is maintained by a subcommittee
of the International Union of Immunological Societies with the
World Health Organization (WHO/IUIS) using a database that
is publicly available (www.allergen.org). The committee reviews
candidate allergenic proteins that have human serum IgE binding
data and assigns the correct nomenclature.” However, names for
allergens are often assigned before publication, and a few of the
977 named allergens in the database are not supported by
published proof of allergy. The WHO/IUIS database is the
primary source for allergen nomenclature. A second allergen
database that provides postpublication reviews of data and
sequence comparisons is the www.allergenonline.org database of
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the Food Allergy Research and Resource Program at the Uni-
versity of Nebraska.® It connects the taxonomy of the source and
the proteins that are identified as allergens.

This clinical commentary will review biological source mate-
rials and established manufacturing methods used to prepare
allergenic products for use by allergists in clinical practice. The
relative merits of standardized and nonstandardized extracts are
compared together with factors that influence allergenic potency.
We overview purified allergen proteins used in component-
resolved or molecular diagnostics as new tools for differential
allergy diagnosis. Technological advances and quality standards
for allergen molecules are reviewed, together with representative
examples of the clinical relevance of IgE molecular diagnostics.

ALLERGENS IN SPECIFIC EXTRACTS

Over more than 40 years, researchers have identified and
characterized hundreds of proteins that bind human IgE and, in
some cases, cause the degranulation of basophils or skin mast cells.
However, the amount and potency of the various allergenic pro-
teins in extracts have not been documented for most allergen ex-
tracts. In principle, the potency of a diagnostic allergen extract
should reflect its ability to induce degranulation of skin mast cells
in allergic individuals. Because allergen extracts are heterogeneous
complexes and the allergens recognized by affected individuals may
vary, the relevant allergens that need to be measured in an extract
are not simple. For those few allergen extracts that are approved as
standardized by the US Food and Drug Administration (FDA),
relevant allergens or allergen activities are being measured.

Short ragweed pollen and perennial ryegrass pollen extracts
were standardized by intradermal skin tests using intradermal
injections of extracts in subjects with allergy to these pollen
species. The technique was developed by scientists at the FDA
and Johns Hopkins University.” Allergen extracts in buffered
saline with 50% glycerol and at 4°C to 8 °C maintain their
potencies for 3 years.” The first purified protein fraction of a
ubiquitous outdoor mold Alternaria alternata, previously called
Alternaria tenuis, was quantitated by a radioallergosorbent test
(RAST) inhibition assay using sera from 16 allergic subjects
having rhinitis and/or asthma coincidental with the Alternaria
season.” The serum donors were qualified by a positive skin test,
IgE antibody measurement, bronchiolar inhalation tests, and
leukocyte histamine release analyses. The RAST inhibition assay
has become a model assay for comparing the potency of allergens
in the United States. Major and minor allergens of chicken egg
white have been determined by similar methods that showed
strong reactivity for ovalbumin and ovomucoid and much lower
reactivity for lysozyme and conalbumin.'’

NONSTANDARDIZED EXTRACTS

Most extracts used for allergy diagnosis and immunotherapy
in the United States are not standardized and do not have po-
tency assignments similar to standardized products. Extracts
from common grass pollens, weed pollens, and tree pollens,
although nonstandardized, have been licensed and used suc-
cessfully in skin tests to identify allergic sensitization. Likewise,
food extracts have not been standardized. However, cashew nut
extracts have been characterized for potency. In clinically defined
study subjects, positive SPTs with characterized cashew extract
with confirmatory specific IgE determinations were predictive of
positive food challenges."' Tree nut extraction must be
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optimized for individual species as protein solubility varies
especially for walnut and possibly other nuts.

INFLUENCE OF CLIMATE CHANGE ON ALLERGENS
USE IN DIAGNOSIS

Changing weather patterns involving climate change can
modify the expression of some allergenic proteins in pollen.
Increasing carbon dioxide and nitric oxide in the atmosphere can
increase the expression and abundance of some allergens
including Amb a 1 by 1.5% or more and some other allergens in
ragweed pollen in controlled studies as well as increased global
distribution of the plant itself from North America to Europe
and much of Asia.'*"* Changing weather and NO in the at-
mosphere may play important roles in the geographic prevalence
of environmental allergies to certain pollens and fungi. Correct
diagnosis requires the availability of well-characterized extracts,
whether standardized or nonstandardized, and an assessment of
the geographical distribution of the allergen species relative to the
patient’s domicile.'” The geographical location and movement of
people exposes them to different aeroallergens. Thus, the allergist
should investigate the history of their patients. For instance,
people who live or once lived in areas where birch pollen or alder
pollen are common can produce IgE antibodies that can bind to
the homologous Gly m 4 protein in soybean, making the diag-
nosis of soy allergies problematic.'®

How allergen extracts are made

The manufacture of allergen extracts has 3 essential compo-
nents: source material selection and collection, extraction, and
filtration and storage.

Source material selection and collection. Because
allergen extracts are essentially unselective aqueous extraction
products, the choice and handling of the allergen source material
is the single most important step in manufacturing. Source material
selection and handling is especially critical for US allergen ex-
tracts that are nonstandardized (see below). Important criteria to
consider in the selection of source materials include:

o Speciation: For some materials (animals, pollens, mites, molds,
insects, most foods) speciation is straightforward. For others
(wild-caught insects, store-bought fish, and seafood) speciation
can be challenging and manufacturers will need appropriate
expertise to do so with confidence.

o Part selection: Species identification is not the only feature of a
source material that requires identification and control. An
organism has many distinct anatomical parts. For some
allergen extracts (pollens, animal danders and pelts, Hyme-
noptera venoms), those parts are named with specificity.
However, other extracts are named without part designation,
even though allergen content may be significantly affected by
parts included in the extraction. Examples include dust mites
and cockroaches, where feces and, for cockroaches, egg casings
are enriched for allergens not otherwise present in the whole
bodies. Product consistency can only be assured if proportional
part content is maintained.

o Environmental factors: Other factors that warrant attention, if
not control, are time and weather (pollen allergen content may
vary by season) and other environmental factors (mold content
varies by growth conditions and life cycle stage).
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o Cleaning and initial preparation: Depending on the species,
most source materials need to be washed and defatted before
further processing. Pollens and animal danders are sieved and
washed to reduce airborne contaminants; cultured mites are
sieved and washed to remove culture media; mold cultures
may be washed to remove culture media unless elemental
media are used.'”

Defatting produces an allergen source material that is largely
decolorized and easier to store, apportion, weigh, and extract. It
has been assumed, erroneously, that the removed lipid-soluble
components are largely nonallergenic, although even older pro-
tocols recognized that the fat-soluble residue could be retrieved
and used for patch testing.18 Once selected, cleaned, and tested,
manufacturers need to store source materials properly to preserve
relevant allergen content, with attention to containers, temper-
ature, and humidity.

Most allergenic proteins are rapidly soluble in water and well
represented in aqueous extracts. However, for both standardized
and nonstandardized allergenic extracts, the possibility exists that
certain important allergen molecules will be missing from the
extracted material. For example, the latex allergen Hev b 5 was
missing from early glove extracts and Pru ar 5 was missing from
some aqueous peach and apricot extracts, even though molecular
diagnostics have shown these to be important allergens.'”

Extraction and filtration. Allergen extracts are prepared
from source materials by aqueous extraction in one of several
buffered saline solutions. Extraction is performed at 4°C to 8°C
for 24 to 72 hours under agitation. The extract is then separated
from the extracted source material by serial centrifugation and/or
filtration; a “settling” step is sometimes needed to further clarify
the extract. Aseptic filtration through a 0.2-pm filter precedes
aseptic vial filling, typically into a sterile bulk container. Glycerol
and phenol, which function as preservatives and stabilizers, may
be added to the extraction buffer before extraction or after; less
often, human albumin (0.03%) is added as a stabilizer.?’

Storage. Standardized allergen extracts undergo stability
testing to define the optimal storage conditions and duration.
Because the unitage for nonstandardized allergen extracts cannot
support scientifically valid stability evaluations, the expiry for
these products was established in the regulations (formerly 21
CFR 610.53) and incorporated into the respective biological li-
cense applications at 3 to 6 years from the date of manufacturing
for glycerinated products.

How the FDA regulates allergen extracts

Over 40 years, 2 aspects of the FDA regulatory program have
had a significant impact on allergen manufacturers and have
enhanced the safety of allergen extracts marketed to the Amer-
ican public.”’ The first feature is the enforcement of current Good
Manufacturing Practice (¢<GMP) standards (21 CFR 210, 211,
and 680) on the manufacture of allergen products. cGMP
standards are broad and comprehensive, and address organization
and personnel, buildings and facilities, equipment, control of
components and drug product containers and closures, produc-
tion and process controls, holding and distribution, quality
control, laboratory controls, and records and reports.

The second feature is the standardization of allergenic extracts.
Standardization is the process by which a reference extract is
selected, and methods and procedures are developed to
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quantitatively compare a test extract with a reference extract to
establish equivalence.”’ * Allergen standardization became a
reality in the United States in the late 1970s when the first
allergen extracts were produced to meet FDA criteria for potency
and composition. Standardization ensures that the assayed
property of the extract is clinically relevant for defining potency
and safety and that test methods for estimating the clinically
relevant property are accurate and precise.”” The FDA stan-
dardized allergenic extracts for iz vivo human use are assessed for
biological potency by quantitative intradermal skin testing,
together with in vitro IgE testing and biochemical evaluation of
the extract composition. Biological testing is important because
the extracts are for iz vivo use. Extracts that have been validated
by biological testing are often incorporated into in wvitro tests.
However, in vitro IgE tests do not require GMP manufactured
allergens and are validated for performance parameters using
clinical laboratory practices to assess allergic sensitization.””**

Unitage for the standardized allergen extracts is assigned based
on the nature of the allergens and the immunodominant im-
mune response. The specific allergen content of certain allergen
extracts is the basis for unitage for 2 standardized allergenic ex-
tracts, short ragweed pollen and cat hair/pelt, for which the
immunodominant allergens (Amb a 1 and Fel d 1, respectively)
have been identified and defined. For those standardized extracts
where no immunodominant allergen has been identified (mites
and grass pollens), overall IgE binding forms the basis for
unitage. Finally, the Hymenoptera venoms are labeled based on
mass unitage of venom or venom protein.

In contrast, nonstandardized allergen extracts have no US
standard of potency and are manufactured and labeled based on
protein nitrogen unit (PNU) or on the weight of the source
material extracted with a given volume of extracting fluid (w/
v).”® The PNU or w/v units for these extracts have no direct
correlation to biological potency, and, unlike standardized
allergen extracts, no formal assessments of nonstandardized
allergen extract efficacy have been performed. The level of
detailed knowledge needed across-allergic populations and vari-
ation in allergic responses in individuals and populations pro-
vides enormous challenges for selecting and verifying standards.
In many cases, multiple allergens have been identified within 1
source material with IgE binding from some population of
allergic subjects. The variation of the concentration of allergens
has been noticed in various similar sources that may represent
genomic differences or environmental differences. Standardiza-
tion based on a fixed concentration of 1 or 2 proteins under the
reality of such variation would likely not benefit the majority of
the allergic population. The value of the nonstandardized extracts
for diagnosis depends to a great degree on the source material
identity and quality, extraction efficiency, and preservation of
proteins as controlled by the individual manufacturer.”” The
responsibility of the FDA then is to inspect the facilities and
procedures and ensure that the extracts are safe and correctly
identified as to product labels.

Efficacy review activities (1972 +) and conclusions

When regulation of allergen extracts transferred from the
National Institutes of Health to the FDA in 1972, the Agency
initiated a broad review of the efficacy and safety of these
important products.”® As previously noted, “the transfer of al-
lergenics to the FDA had 2 major implications for manufacturers
and their products. First, allergen extracts were now under the
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jurisdiction of a regulatory agency with an unambiguous and
mature compliance-based apparatus. Second, allergenics were
now subject to the 1962 Kefauver-Harris amendments, which
require manufacturers to submit evidence of effectiveness and
not just safety before marketing approval.” That review was
achieved in multiple stages, involving external experts and in-
ternal scientific and medical staff.

Notable features of the review, in all stages, included an
exclusive dependence on published literature and an acceptance
of well-described case reports and certain cross-reactivity data as
supportive of effectiveness. Applying these standards, only half of
reviewed licensed allergen extracts had literature that supported
effectiveness.

IMPLICATIONS FOR PRACTITIONERS AND
PRACTICE GUIDELINES?°-3°

o Allergen extracts are potent and stable: Standardized allergen
extract potency is based on the measurement of biologically
relevant allergens or immune response (Table I). For the
nonstandardized allergen extracts this cannot be done—
assurance of potency relies on consistency of the source ma-
terials and manufacture processes. FDA regulations and in-
spections increase the likelihood of maintaining this
consistency, but there are limitations imposed by this reliance,
notably the inability to make lot-to-lot comparisons and assess
stability over time.

e Standardized extracts are more clinically reliable than non-
standardized extracts, but nonstandardized extracts may be
useful nonetheless: based on the FDA’s efficacy review of
nonstandardized allergen extracts, only half of these products
had literature that supported their effectiveness.”® These are
licensed products, but their licenses were issued long before
the current clinical standards were in place. As noted in an
Advisory Committee discussion at the time (Allergenic Prod-
ucts Advisory Committee meeting, 201 1),34 FDA staff relied
on published data alone to support their conclusions. Clini-
cians and researchers alike should be aware of the limitations of
these products and take this into account when using them.

o Clinical utility of fruit/vegetable extracts: All food allergen ex-
tracts in the United States are nonstandardized. As with all
nonstandardized allergen extracts, no valid potency measure
exists for these extracts. In practice guidelines,”” based on a study
of individuals with oral allergy syndrome,3 Sitis suggested that
skin testing with fresh fruits/vegetables may be necessary to di-
agnose these allergies, even though the risk of a generalized re-
action to fresh food testing may be higher in young children.

o Clinical utility of dog extracts: Nonstandardized dog allergen
extracts exist in the United States in 2 formulations, conven-
tional and “acetone-precipitated.” As with all nonstandardized
allergen extracts, no valid potency measure exists for these dog
extracts. In spite of this, authoritative literature reports™® and
practice parameters’’ suggest that the use of the acetone-
precipitated product will yield better clinical results associ-
ated with their higher Can f 1 levels. These recommendations
are not based on clinical studies, and a recent report suggests
that the immune response to the dog is more complex than
previously thought.””

In general, the standardized allergen extracts were licensed

more recently, and under more stringent regulatory
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TABLE |. Standardized and licensed allergen extracts in the United States
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Allergen extract

Current lot release tests

Labeled unitage

Dust mite (Dermatophagoides farinae)
Dust mite (Dermatophagoides pteronyssinus)
Cat pelt (Felis domesticus)

Cat hair (Felis domesticus)

Bermuda grass pollen (Cynodon dactylon)

Red top grass pollen (Agrostis alba)

June (Kentucky blue) grass pollen (Poa pratensis)
Perennial ryegrass pollen (Lolium perenne)

Orchard grass pollen (Dactylis glomerata)

Timothy grass pollen (Phleum pratense)

Meadow fescue grass pollen (Festuca elatior)
Sweet vernal grass pollen (Anthoxanthum odoratum)

Short ragweed pollen (Ambrosia artemisiifolia)

Competition ELISA
Protein*
Fel d 1 (RID)

IEF
Protein

Competition ELISA
IEF
Protein*

Amb a 1 (RID)

AU/mL (equivalent to BAU/mL)

BAU/mL

5-9.9 Fel d 1 U/mL = 5000
BAU/mL
10-199 Fel d 1
U/mL = 10,000 BAU/mL
BAU/mL

Amb a 1 units

Yellow hornet (Vespa species) Hyaluronidase and g protein
Wasp (Polistes species) phospholipase activity
Honey bee (Apis mellifera)
White faced hornet (Vespa species)
Yellow jacket (Vespula species)
Mixed vespid (Vespa + Vespula species)
Product Manufacturer Unit Basis
Parenteral Nonstandardized Several companies PNU/mL w/v Measured protein or mass/volume
Sublingual tablets Short ragweed pollen ALK Amb a 1 units Based on skin prick test size. 100 IR
Timothy grass pollen ALK BAU has same geometrical mean
Sweet vernal, orchard, perennial rye, Stallergenes/Greer IR diameter wheal size as codeine
timothy, and Kentucky blue grass phosphate control®'*?
pollens
Mites ALK SQ-HDM Based on biologic potency, major

allergen content and complexity of
the allergen extract™

AU, Allergy units; BAU, bioequivalent allergy units; ELISA, enzyme-linked immunosorbent assay; /EF, isoelectric focusing; RID, radial immunodiffusion.
The table was reformatted with permission from Elsevier from Chapter 29 of Middelton’s Allergy: Principles and Practice. 9th ed. (authors: Bridgewater, Slater, and Rabin).

*Test for informational purposes only.

requirements, than the nonstandardized extracts.”° Other recent
allergen product approvals (Prescribing information—GRAS-
TEK grass tablet; PALFORZIA, peanut powder; RAGWITEK,
ragweed extract inclusion for dysphonia; ORALAIR, 5 grass
extrac; ODACTRA, house dust mite extract)’’>>74! were
conducted under a modern, rigorous review program that re-
quires affirmative evidence of clinical effectiveness and safety in
addition to consistent safe manufacture under cGMP, and la-
beling that expresses meaningful biological potency.

A challenge for clinicians, manufacturers, and regulators is the
fact that patients are exposed to a variety of allergenic sources,
and the immune responses in a population to these materials may
be heterogeneous. For example, the major peanut allergens are
Arah 1, Arah 2, Arah 3, and Ara h 6. Yet in northern Europe
where people are often sensitized to birch pollen, the Bet v 1
homolog Ara h 8 can be an important allergen for a small
number of patients.” People in Spain and Italy may be sensitized
to lipid transfer proteins and be sensitive to Ara h 9.* If peanut
extract is standardized by the concentrations Ara h 1, 2, 3, or 6,
levels of Ara h 8 and Ara h 9 will not be adequately controlled.

ALLERGEN MOLECULES —THE ESSENTIAL
COMPONENTS OF MOLECULAR DIAGNOSTICS

Allergens are among the most well-defined groups of mole-
cules in biomedical research in terms of their structure, biologic
effects, and function. The WHO/IUIS Allergen Nomenclature
website lists 979 allergens included in the systematic nomen-
clature.* More than 500 allergens have been sequenced and
expressed, and, remarkably, more than 100 structures of allergens
and allergen antibody complexes are listed in the Protein Data-
base (Table 11).>%° Allergens belong to a diverse group of 180+
protein families and include, among others, enzymes, ligand
binding ?fcc))teins, seed storage, and pathogenesis-related
proteins.™’ b

The tremendous progress in allergen proteomics has improved
the manufacture of conventional diagnostic and therapeutic
allergenic products, greatly facilitated allergen standardization
worldwide, and has underpinned the development of
component-resolved or molecular diagnostics, ushering in a new
era of personalized medicine in allergy.”*

Several technological advances have fueled this progress:
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TABLE II. Allergen molecules—at a glance

® 979 allergen molecules in the systematic WHO/IUIS Allergen
Nomenclature Database (www.allergen.org)

e >500 allergens cloned, sequenced, and expressed as recombinant
proteins

e ~ 108 three-dimensional allergen structures in the Protein Database
(PDB), www.rcsb.org. An additional 20+ structures of allergen-
antibody complexes are in the PDB

e Occur in approximately 180 families in the Protein Family database
(Pfam); have diverse structures and biologic functions (www.sanger.ac.
uk/Software/Pfam)

e Can be manufactured at 95% to 99% purity and validated using
monoclonal antibodies, IgE antibodies, and mass spectrometry

IUIS, International Union of Immunological Societies; WHO, World Health
Organization.

o Monoclonal immunoassays are used for precise quantification of
major allergens in allergenic products used in clinical practice.
Allergen measurement is required by regulatory authorities in
Europe and has enabled manufacturers to improve the lot-to-
lot consistency and reproducibility of their skin test and
therapeutic extract products.”>* In the United States, mea-
surements of Amb a 1 and Fel d 1 are required by the FDA for
potency assessment of short ragweed pollen and cat allergen
extracts. Thus, cat extracts with a potency of 10,000 BAU/mL
contain 10-19.9 FDA units/mL Fel d 1 and can be used to
determine doses of allergen administered over the course of
immunotherapy.”® The European Directorate for Quality of
Medicines and Healthcare (EDQM), together with the Paul-
Ehrlich Institute (Langen, Germany) and researchers in
academia and industry, has developed a certified enzyme-
linked immunosorbent assay for birch pollen allergen, Bet v
1, as part of the BSP 090 allergen standardization project.”’
This assay is expected to be included in the European Phar-
macopoeia in 2020. In both cases, the outcome for allergists is
greater comparability of cat and birch pollen extracts between
manufacturers and more reliable and consistent dosing to in-
crease the safety and efficacy of immunotherapy.

® Recombinant allergens are manufactured in high-level expres-
sion vectors, including Escherichia coli and Pichia pastoris.
Recombinant or purified natural allergens are the molecular
targets for IgE antibodies and are being used to develop the
next generation of in vitro tests for allergy diagnosis. Purified
allergens are being developed as empirical standards for im-
munoassays and mass spectrometry (MS). As part of the BSP
090 project, the EDQM consortium has produced and vali-
dated recombinant allergen standards for Bet v 1 and Phl p 5
that are part of the European Pharmacopoeia.’’

® X-ray crystallography and nuclear magnetic resonance (NMR)
analyses of the 3-dimensional structure of allergens.”’ Ad-
vances in the computation of X-ray diffractions patterns (eg,
using HKL 3000 software) allow crystal structures to be
resolved within days of obtaining allergen or antibody crys-
tals.”” Structures can be resolved within months rather than
years. Structural studies allow the precise location of amino
acids involved as isoforms, variants, IgE, or monoclonal anti-
body binding and catalytic sites to be determined on or within
the allergen molecule. They provide the molecular basis for
allergenic cross-reactivity and allow further investigation of
clinical significance.
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e MS is coming of age and being used for compositional analyses
of allergenic extracts and to assess the purity of purified al-
lergens for diagnostic use.”””® The latest generation of
“benchtop” Orbitrap instruments with multiplexing capabil-
ities provide sophisticated analyses of protein identification,
post-translational modifications, relative protein abundance,
and absolute protein quantification.”®”” MS has multiple
applications in allergen proteomics. Natural extracts, for
example, cockroach, can be analyzed to determine the reper-
toire and concentration of allergens present in the sample
using multiple reaction monitoring MS.>* Milk caseins (Bos
d 8) can be analyzed to determine the relative abundance of a-
, B-, and K-caseins. Peanut flour products for use in preclinical
and clinical trials as early intervention therapeutics are being
formulated based on Arah 1, Arah 2, Arah 3, and Arah 6
compositions. MS is particularly useful when immunoassays
are not available. Another key advantage of MS is the moni-
toring of allergenic products or foods that have been chemi-
cally modified or denatured (eg, allergoids) or processed by
heat or other food processing methods. Finally, MS is a critical
tool for analyzing the purity of allergens used in molecular
diagnostics. For natural allergens, trace contamination with
other allergens can be determined, and for recombinant al-
lergens, contamination with host cell proteins can be
assessed.”” Accurate and absolute quantification of allergen
proteins use in molecular diagnostics or as allergen reference
materials can be achieved using isotope-labeled peptides in
M, 54:58:59

Together, monoclonal immunoassay, recombinant allergens,
X-ray crystallography/NMR, and MS have transformed the field
of allergen proteomics, which is essential for allergen-specific
molecular diagnostics and new therapeutic strategies. There
have been more than 15 clinical trials of allergen immunotherapy
recombinant allergens.”” Most of these trials have used Bet v 1
for the treatment of birch pollen allergy or several recombinants
for grass pollen allergy. In most cases, measurements of these
major allergens, together with cGMP allergen manufacturing and
purity assessments, similar to those described here, have been
used to validate recombinant allergens for therapeutic use.

PURIFIED ALLERGENS FOR MOLECULAR
DIAGNOSIS OF ALLERGIC DISEASES

There would be several significant advantages of the use of
purified, recombinant allergens for the skin test diagnosis of
allergic diseases including manufacturing supply, product con-
sistency, and, in principle, more accurate diagnosis and better
immunotherapeutic options.”' Although regulatory pathways for
the approval of such iz vive products are available, none are on
the market anywhere at this time.

The situation regarding in wvitro testing, however, is more
promising. Assessments of IgE-mediated sensitization using pu-
rified allergens in in vitro tests have several advantages compared
with use of allergen extracts: (i) monitoring of IgE responses to
individual allergens from multiple sources; (ii) greater diagnostic
precision and unambiguous determination of cross-reactivity;
(iii) improved diagnostic efficacy and risk assessment; and (iv)
association of IgE responses to specific allergens as predictors of
disease progression and severity.*”%” Sensitization to birch pollen
is a classic example of molecular diagnostics in action. Patients
sensitized to Bet v 2 (profilin) frequently develop oral allergy
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FIGURE 1. Structural homology between birch pollen and food allergens that are pathogenesis-related group 10 proteins. Patients who
are primarily sensitized to Bet v 1 may also show cross-sensitization to cherry, celery, or peanut and may have oral allergy syndrome. In
Central Europe, where consumption of celeriac is common, Api g 1 is the primary cause of sensitization and food allergy symptoms.

TABLE lll. Allergen molecules as predictors of disease severity

Allergen(s) Disease severity

Der p 1, Der f 2, Der p 23 Asthma

Betv 1 Allergic rhinitis, asthma

Feld 1 Allergic rhinitis, asthma

Phlp 1,Phlp 7 Allergic rhinitis, asthma

Phl p 12 Oral allergy syndrome

Arah 2 Anaphylaxis, severe food allergy

syndrome as a result of cross-reactivity with soft fruits and veg-
etables, which also contain homologous cross-reactive profilin
allergens. Patients sensitized to Bet v 1 may also have IgE anti-
bodies to peanut allergen, Ara h 8, and show positive skin test
responses to peanut. These reactions are caused by the structural
and antigenic homology between Bet v 1 and similar
pathogenesis-related proteins found in cherry (Pru av 1), celery
(Api g 1), and peanut (Ara h 8) (Figure 1). However, patients
with IgE to Ara h 8 are at low risk of developing severe reactions
to peanut and, in most cases, can consume peanuts as part of
their diet without adverse effects. In several cases, the measure-
ment of IgE to specific allergens (eg, Fel d 1, Can f 1, Ara h 2,
and Phl p 1) is a better predictor of clinical sensitivity than
measuring IgE to allergen extracts.”® Evidence is emerging that
sensitization to 1 or more “initiator” molecules in early life
predicts progression to allergic rhinitis, asthma, or food allergy
later in life. In the German Multicenter Allergy Study cohort,
sensitization to Der p 1 and Der p 23 in the first 5 years of life
was associated with asthma at age 12, whereas in the Manchester
Asthma and Allergy Study cohort, Der f 2 was also predictive.
These studies also showed that “molecular spreading” of IgE
responses to a larger number of allergens was associated with
greater disease severity. Similar disease progressions have been
associated with IgE responses to other major allergens
(Table 111).%¢

Multiplex technologies and “lab-on-a-chip” nanotechnology
are used in microarrays for allergy diagnostics.””** The earliest
and most widely used microarray has 112 allergens on a glass
slide and can be used to test 4 sera.®’ Recently, under the Eu-
ropean Union—funded project “Mechanisms for the Develop-
ment of Allergies (MeDALL),” an array of 170 allergens has been
developed (http://medall-fp7.cu/).°® Most allergy diagnostics
manufacturers have incorporated molecular diagnostics into their
IgE test platforms, and several biotech start-ups are entering the

field to develop better, faster, patient-centered diagnostic tech-
nologies. The broad spectrum of allergens for which IgE de-
terminations are being made prompted the European Academy
of Allergy and Clinical Immunology to publish a 250-page
molecular allergology user guide to aid allergists and other cli-
nicians in result interpretation and clinical significance.’” The
European Academy of Allergy and Clinical Immunology user
guide includes recommendations for the diagnostic workup of
allergic patients using molecular diagnostics, together with the
benefits and limitations of this approach using single or multiple
allergen components.”” This issue of the journal also contains a
detailed review of methods used for sIgE molecular diagnostic
testing.”” One downside, especially for large static arrays of 100+
allergens, is that much of the IgE data generated may not be
relevant to an individual patient. Efficient data processing could
alleviate this problem, together with the development of flexible,
focused arrays for allergen groups—foods, indoor allergens,
pollens, venoms.®” Yet, appropriate diagnosis always requires the
clinician to consider the specific history of the patient and in-
formation related to exposure and symptoms because specific IgE
alone only suggests plausible causes of allergy.””

Manufacturers face several hurdles and challenges in devel-
oping new diagnostic devices.”® Producing 100+ purified natural
or recombinant allergens with validated purity, immunoreac-
tivity, and IgE binding activity requires significant investment in
infrastructure, process development, and scientific expertise.
Some recombinant allergens are difficult to express (eg, pectate
lyase allergens from weed and cedar pollens).”® However, the
most pressing challenge faced by manufacturers is sourcing sera
from allergic patients for IgE binding validation studies, which
typically involve 20 to 50 sera from patients with 0.35 to >100
kU/L IgE antibody to individual allergen molecules.”” This is
especially difficult for allergens that are more prevalent in chil-
dren, such as food allergens. Help is on the way! Smith et al at
Vanderbilt University have developed panels of human IgE
monoclonal antibodies to dust mite, cat, dog, Aspergillus, and
food allergens (peanut, milk, egg, cashew, and walnut). The IgE
monoclonal antibodies (mAb) are derived from allergic patients
using proprietary technology and, as such, are natural antibodies,
of high affinity, that can be produced in mg amounts in cell
culture or by recombinant antibody technology.”” This
remarkable technological breakthrough will, for the first time,
enable human IgE mADb to be used for allergen identification, for
quantification of IgE antibody responses, for molecular reference
standards, for epitope analysis, and in mast cell and basophil
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activation assays. In addition to their use in research and allergy
diagnostics, human IgE antibodies may have therapeutic appli-
cations through defining specific allergenic epitopes that can be
modified to produce hypoallergens or to derive specific inhibitors
of IgE antibody binding.”’ Basic research on the IgE repertoire,
IgE B-cell transcriptomes, and sequencing of high-affinity
allergen specific IgE antibodies will facilitate the development
of further functional reagents for potential use in allergy di-
agnostics.”| 7

CONCLUSIONS

This review discusses the current state of allergenic extracts in
the United States for diagnosis and with licensed products,
immunotherapy. The process of standardization is complex, and
maintaining high-quality extracts requires extensive work by
developers and approval by the FDA. The value and utility of
extracts of nonstandardized products depends on the identity of
the source material and care in production and storage. Purified
or recombinant allergens can be used to provide a more detailed
understanding of the individual allergic subject and the proteins
that are the dominant allergens for them. As our knowledge
builds and with the refinement of methods, we can improve
diagnostic accuracy. In the future, we may be able to provide
immunotherapy to the specific proteins that are dominant for the
individual rather than relying on natural extracts.
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