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Introduction
The first aeroallergens to be identified were pollen grains, de-

scribed in 1873 by Charles Blackley, who showed these particles were
able to induce symptoms in patients with hayfever (1). It was nearly
100 years later that the outdoor allergens from ragweed and rye were
purified and biochemically characterized (2,3). Significant changes in
the lifestyle of Western society took place during the course of the
20th century, and people are now spending up to 95% of their time
indoors. Epidemiologic studies have demonstrated a strong relation-
ship between development of IgE antibodies to indoor allergens and
asthma. Allergens from cats, dogs, house dust mites, cockroaches,
and fungi consistently show the strongest association with bronchial
hyperreactivity using a variety of study designs and diffferent popu-
lation groups (4,5).

The characterization of indoor aeroallergens began in the 1970s.
Ohman and colleagues (6,7) characterized allergens from mammalian
sources including cat, rat, mouse, guinea pig and rabbit. In 1980, the
house dust mite allergen Der p 1, was purified from dust mite extract
using conventional protein chemistry techniques and subsequently
shown to be carried within the mite fecal particle (8,9). Additional
dust mite allergens as well as allergens from other natural sources have
since been identified including cockroach allergens Bla g 1 and Bla g 2,
and fungal allergens from Alternaria, Aspergillus, and Trichophyton
(10–13). The purification of important allergens led to the development
of sensitive immunoassays for the quantitation of allergen levels in
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environmental samples as well as for measuring allergen specific IgE
from allergic patients (14). The introduction of molecular biology tech-
niques over the past 15 years has provided a new approach to the
identification and characterization of allergens. The aims of this arti-
cle are to outline basic techniques for cloning allergen genes, the in-
formation obtained from cDNA sequence homology profiles, and the
relevance of recombinant allergens to the diagnosis and treatment of
allergic disease.

Allergen Cloning
Cloning involves the isolation of the genetic material that en-

codes a particular protein. Either DNA or messenger RNA (mRNA)
can be used as the template for a recombinant allergen. In most cases
mRNA is isolated from the natural source (for example, cockroach
bodies or cat salivary gland), copied in vitro into complementary
DNA (cDNA), and introduced into bacteriophage genomic DNA. The
result is a cDNA expression library, containing DNA encoding pro-
teins from the source organism. Allergens produced from bacteria
infected by phage from such a library can be identified by immunoas-
say using sera from allergic subjects, or using polyclonal or mono-
clonal antibodies (MAb) raised to the natural allergen.

Bacteriophage containing allergen genes are isolated, and the nu-
cleotide sequence encoding for the allergen is determined and trans-
lated into the primary amino-acid sequence of the protein. The correct
reading frame is confirmed by comparison with any partial protein
sequence from the purified natural allergen. Occasionally, several
clones are obtained that correspond to different isoforms of the same
allergen. Following the WHO/IUIS allergen nomenclature recommen-
dations, the allergens are classified based on their degree of homology
as isoallergens (when they share ≥ 67% amino-acid sequence identity)
or as variants (if the homology is close to 100%) (15).

By screening a cDNA library with sera from cockroach allergic
patients, Bla g 4 and Bla g 5 from the German cockroach (Blattella ger-
manica) were cloned in our laboratory (16,17). Using murine MAb
raised to natural Bla g 1, the DNA encoding this allergen was isolated
from the same library and Bla g 2 was detected using a high-titer
polyclonal murine antisera also raised to the natural allergen (18,19).
Per a 1, from a cDNA library prepared from the American cockroach
(Periplaneta americana), was identified based on its antigenic crossreac-
tivity with Bla g 1, that is, using IgE antibody in sera from patients
allergic to the German cockroach (20).

Other approaches for cloning allergen genes have also been success-
ful. These include polymerase chain reaction (PCR)-based techniques
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that use synthetic oligonucleotides designed using knowledge of par-
tial protein sequences obtained from purified natural allergens. This
approach was used for the successful cloning of the major cat aller-
gen Fel d 1and for Eur m 1 and Eur m 2 from the house dust mite
Euroglyphus maynei (21,22).

Protein Families and Function
Cloning techniques allow the study of allergens at the level of their

primary, secondary, and tertiary structure. Once the primary structure
of the allergen is known, homology data obtained by comparison with
other protein sequences in data bases (such as GenBank), may provide
clues about structure or biological function. Table 1 shows a classifica-
tion of indoor allergens by function (F) or by homology (H) with pro-
teins of known function. They are grouped mainly in four groups:

1. Enzymes;
2. Binding proteins;
3. Proteins involved in muscle contraction; and
4. Other homologies.

The table also lists allergens of unknown function or homology.

Enzymes
Many allergens show homology with proteases (23). Proteases

are grouped into families based on their substrate specificity and
their names usually reflect amino acids that are involved in the
enzyme active site. Proteolytic enzymes are common components of
digestion and are produced in the gastrointestinal tract in large
excess. The Group 1 mite allergens are cysteine proteases that are
produced in the digestive tract and excreted within the feces. The
Group 3, 6, and 9 allergens are serine proteases with distinct sub-
strate specificities similar to trypsin, chymotrypsin, and collagenase,
respectively. Another subfamily within the serine protease family are
the subtilisins and it has been shown that a Trichophyton rubrum aller-
gen, Tri r 2, has sequence homology to these proteases (24). The cock-
roach allergen Bla g 2 has homology to the aspartic protease family
of enzymes (19).

Functional enzymatic activity has been demonstrated for several
of the mite allergens, including Der p 1 and Der f 3. Stewart and oth-
ers (25–28) have proposed that proteolytic activity contributes to the
allergenicity of mite proteins. An in vitro study has shown that Der p 1
and Der p 9 induce cytokine release from cultured epithelium (29).
Other investigators have demonstrated that Der p 1 is able to cleave
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the low-affinity IgE receptor (CD23) from the surface of B-cells as well
as the alpha subunit of the IL-2 receptor (CD25) (27,28).

The glutathione-S-transferases (GST) are a group of enzymes that
catalyze the oxidation of glutathione; glutathione is an important anti-
oxidant and GST is upregulated during the cell stress responses. Bla g 5
and Der p 8 are members of the GST family (17,30).

Amylase, an enzyme that hydrolyses starch, is also a common
constituent of the digestive system of most organisms, and allergens
belonging to this family of enzymes have been isolated from mite
(Der p 4) and fungi (Asp o 2) (31,32). Another allergen from Asper-
gillus (Asp f 1) is homologous to the cytotoxic ribonuclease U2 family
of proteins that inhibit protein synthesis (12).

Binding Proteins
When the cockroach allergen Bla g 4 was cloned, a new family of

allergens was described that includes mouse and rat urinary aller-
gens, dog allergens Can f 1 and Can f 2, and others (16,33,34). These
allergens are members of the lipocalin family of ligand-binding pro-
teins. The lipocalins are extracellular proteins that bind hydrophobic
molecules with high affinity and selectivity. They have a broad range
of biological functions, from transport of serum proteins to modula-
tion of the immune system. The proteins within this group have di-
verse sequences but retain three structurally conserved regions (SCR),
with characteristic sequence motifs. These regions are also found in
another group of binding proteins, the intracellular fatty-acid binding
proteins (FABP). Flower and colleagues (35) have proposed the term
calycin to describe a structural superfamily that includes the lipo-
calins and FABP.

Figure 1 shows the residues in common (bold) in the three SCR
among seven different ligand-binding proteins. The lipocalin indoor
allergens (Can f 1, Can f 2, and mouse urinary proteins [Mus m 1])
display this characteristic in common with other lipocalin allergens:
the bovine allergen Bos d 2, the horse allergen Equ c 1 (36,37). A food
allergen, the milk protein β-lactoglobulin, is also a member of the
lipocalin family (38).

The ligands carried by the mouse and rat urinary proteins are
pheromones that influence rodent behavior (39). The dog lipocalin
Can f 1 is 50% identical to a human salivary protein, the von Ebner’s
gland protein (VEGh) (40). Can f 1 and VEGh are cysteine protease
inhibitors, also known as cystatins. Recently, Ichikawa and colleagues
(41) have reported the cDNA cloning of a cat allergen which shows
homology to the cystatins. The cystatins are considered a subfamily of
the lipocalins.
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Proteins Involved in the Regulation of Contraction
Several allergens are proteins that are associated with the regula-

tion of actin. The Group 10 allergens from Dermatophagoides spp. and a
recently cloned allergen from the American cockroach Periplaneta amer-
icana are tropomyosins (42,43). The cockroach protein shares homology
to other allergenic proteins described in arthropods, crustacea (shrimp),
and arachnids (44). Allergens from Blomia tropicalis and Blattella german-
ica are troponins (45,46). Bla g 6 is homologous to troponin C. Troponin
C is the calcium-binding subunit of the troponin complex, which also in-
cludes troponin I (actin-binding subunit) and troponin T (tropomyosin-
binding subunit). Tropomyosin and the troponin complex inhibit the
interaction of actin with myosin until the intracellular Ca2+ levels are
boosted by a nerve impulse. Together, these protein constitute about
one-third of the mass of a contractile thin filament.

A high molecular weight allergen from Dermatophagoides farinae
has been identified as paramyosin, a structural protein of invertebrate
muscle (47).

Other Homologies
The Group 2 mite allergens show 29 and 25% sequence identity

to epididymal secretory proteins from human (HE1) and chimpanzee
(EPI-1), respectively, and 25% sequence identity to the moth protein
esr1 (48,49). Although the function of esr1 is not known, mRNA lev-
els increase prior to molting of the pupal and larval stages, suggest-
ing that this protein is involved in molting or ecdysis. Mueller and
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Fig. 1. Structurally conserved regions (SCR) of the ligand-binding protein
or lipocalin family of allergens. The SCR1 and SCR2 contain conserved resi-
dues, indicated in bold type (*), and conservative substitutions (o), that are com-
mon to the lipocalins. In addition, SCR3 contains a conserved contact residue
(lysine or arginine) at position 137.



colleagues (50) speculate that the Group 2 mite allergens may be in-
volved in shedding of the exoskelton. Based on the homology with
the epididymal proteins, first described by Chua and Thomas (51),
these allergens may have a role in mite reproduction.

The major cat allergen, Fel d 1, is composed of two polypeptide
chains linked by disulfide bonds. Chain 1 is homologous to rabbit
uteroglobulin; to date, no homologies have been identified for Chain 2
(21). Uteroglobulin is thought to have immunomodulatory activity
based on its ability to bind steroids as well as inhibit phospholipase A2
activity. However, uteroglobulin is a homodimer and the Fel d 1
chains are distinctly different from each other, thus the significance of
the homology to the function of Fel d 1 in unclear.

The crossreactive allergens Bla g 1 and Per a 1, show 30% homol-
ogy to a mosquito (Anopheles gambiae) protein precursor ANG12, which
is secreted only in the female insect after a blood meal (18). This sug-
gests that these allergens may have a digestive function. Homology
searches for Bla g 1 and Per a 1 in the GenBank revealed the existence
of a 4058 nucleotide sequence from B. germanica described as Bla g Bd90K
by Helm et al. (52), and four sequences from P. americana described by
Wu et al. (53). These proteins, denominated the Group 1 cockroach
allergens, share a singular primary structure: each protein is composed
of tandem repeats of ~100 amino acids. Figure 2 illustrates a com-
puter dot-plot matrix analysis that compares one sequence with
another. When both are the same, the program plots a diagonal to
indicate the identity of the sequence with itself. A parallel line to the
diagonal shows that part of the sequence is repeated in another frag-
ment of the molecule. Sequence analysis also identified a mitochon-
drial energy transfer protein domain in the primary structure of the
Group 1 cockroach allergens, which suggests that they may have orig-
inated in this organelle. In addition, sequences of Group 1 allergens
contain myristoylation sites suggesting possible post-translational
modifications of the molecules. Immunohistochemical studies have
identified Bla g 1 and Per a 1 in the digestive tract and fecal particles
of cockroaches (18,20).

Allergens of Unknown Function or Homology
Although homology searches of the protein and nucleic acid data

bases has yielded a wealth of information about the biochemical char-
acteristics of allergens, there are still several cloned allergens that do
not show homology to other proteins, including the Group 5 and 7
mite allergens, and fungal allergens from Alternaria and Cladosporium
(54–58). In these cases, more studies are required to uncover the bio-
logic function.
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Allergen Structure
Determining the tertiary structure of allergens can provide clues

about function as well as important information concerning the poten-
tial antigenicity of these proteins. For those allergens with homology
to proteins of known structure, a three-dimensional model of the aller-
gen can be generated. For example, Der p 1 has been modeled based
on its homology with papain and actinidin (59). The X-ray crystal
structures of these cysteine proteases have been determined; the pro-
teins consist of two globular domains. One domain is composed of
three alpha helices and the other domain is a beta sheet structure with
two helices at opposite ends. The model of Der p 1 shows this
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Fig. 2. Sequence analysis of the Group 1 cockroach allergens reveals a
repeated domain of 100 amino acids. The top panel illustrates the dot-plot
matrix analysis of Bla g 1.01 showing four amino-acid repeats as parallel lines.
The bottom panel shows the amino acid sequence alignment of the four Bla g
1.01 repeats.



arrangement of the domains as well as the active site cleft and the jux-
taposition of the residues involved in proteolysis.

Bla g 4 has been modeled on the lipocalins bilin binding protein
and rat urinary protein (Fig. 3A). The lipocalins have a characteristic
cup shape formed from an eight strand antiparallel beta barrel (16).
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Fig. 3. Tertiary structure of Bla g 4 and Der p 2. The tertiary structure of Bla g 4
(A) was modeled on the structures of the bilin binding protein from the butterfly
and the rat urinary protein, using SYBYL (Tripos Inc., St. Louis, MO) and CONGEN
(Congenemics, Princeton, NJ) modeling programs. The structure of Der p 2 (panel B)
was solved using nuclear magnetic resonance (NMR) spectroscopy.



For allergens of unknown function, protein structure can often
provide clues by revealing structural motifs or domains. Recombinant
allergens can be produced in large quantities (see Table 2) and purified
to homogeneity. This makes it possible to perform X-ray crystallo-
graphic and spectroscopic studies to determine the tertiary structure.
The structure of Der p 2 has been determine using nuclear magnetic
resonance spectroscopy (NMR) (60) and X-ray crystallography (D. Ben-
jamin and U. Derewenda, personal communication). These studies
reveal that the protein is composed of two beta sheets arranged in an
immunoglobulin-like fold (Fig. 3B). The relevance of this structure to
the function of the Group 2 allergens is still unknown, but Ichikawa
and colleagues (61) have suggested that Der f 2 may be involved in
host defense. They speculate that Der f 2 may have antibacterial prop-
erties based on their study showing binding of the allergen to
Escherichia coli.

Expression of Recombinant Allergens In Vitro
Cloning of allergen genes has been accompanied by the develop-

ment of high-level expression systems for the production of recombi-
nant allergens. In vitro systems for protein expression take advantage
of the molecular machinery of a cell to produce large quantities of a
certain protein encoded by a gene that is introduced into that cell.

Indoor Environmental Allergens 275

Clinical Reviews in Allergy and Immunology Volume 18, 2000

Table 2
Expressed Recombinant Indoor Allergens

Expression Yield MW
Allergen system Vector (mg/L) (kDa)

Cockroach
Per a 1 P. pastoris pPIC9 10 20
Bla g 2 P. pastoris pPIC9 14 36
Bla g 4 P. pastoris pPIC9 50 23
Bla g 5 E. coli pET21a 3–4 23
Mite
Der f 1 Baculovirus pBlue Bac III 50 28
Der p 2 E. coli pET 20 14
Der p 2 S. cerevisiae pSAY 2, 3-p 2 8 14
Der p 5 E. coli pGEX-2T 3 14
Blo t 5 E. coli pGEX-4T1 3 14
Mammalian
MUP P. pastoris pHIL-D2 270 18.7
Fel d 1* Baculovirus pAcSAG-LIC 1–2 50

*Chain 1 and chain 2 of Fel d 1 are joined by a 15aa linker and fused to the C-
terminus of the H22 sFv (62).



Depending on the expression system, the host is bacteria (E. coli),
yeast (Pichia pastoris or Saccharomyces cerevisiae), or insect cells. The
choice of expression system may depend on characteristics of the aller-
gen as well as the end use of the allergen (e.g., skin testing, which re-
quires microgram amounts of allergen, or X-ray crystallography, which
requires tens of milligrams). Some examples of expression systems
and yields of important recombinant allergens are shown in Table 2.

E. coli is often the first choice as an expression host system based
on the minimal nutrient requirements and rapid generation time of this
organism. Indeed, most recombinant allergens have been expressed
in bacteria. However, prokaryotic organisms lack the posttransla-
tional modification machinery of higher organisms and are unable to
glycosylate proteins or process proenzymes into their mature form.
Yeast and insect cell systems can provide these processing and modifi-
cation steps.

Most commercially available expression systems include features
designed to aid in the purification of the recombinant protein. These
may include plasmids that incorporate a protein or peptide tag in frame
with the cloned allergen. These tags permit affinity chromatography,
independent of the recombinant allergen, to be used for purification.

To provide useful reagents, recombinant allergens should show
comparable immunoreactivity to their natural counterparts, when
available. This is determined by in vitro immunoassays comparing
the reactivity of the natural allergen with the recombinant, by hista-
mine release assays, and in vivo, by quantitative skin testing. The
rDer p 2 is recognized by MAb specific for the natural allergen, as
well as with IgE from the majority of mite allergic subjects (50,63–65).
The major allergen rDer p 1 has been the exception. Initially produced
in E. coli, rDer p 1 showed poor reactivity with IgE antibody, sug-
gesting that the recombinant allergen was incorrectly folded (66,67).
IgE reactivity was improved when the allergen was expressed in Sac-
charomyces, but the protein yield was low (68). Shoji and colleagues
(69,70), working with the Group 1 homolog Der f 1, have established
an expression system in insect cells and have produced Der f 1 at 25
mg/L. This rDer f 1 gives overlapping IgE binding curves with the
natural Der f 1 and also shows comparable protease activity. The key
to this successful system appears to be in the correct processing of the
proenzyme sequence to produce the mature protein.

Increasingly, recombinant allergens are identified before the nat-
ural allergen is known. For example, there are no purified allergens
from Blomia tropicalis, a mite important in tropical and subtropical
regions of the world. Arruda and colleagues (46) cloned a 14kDa al-
lergen, designated Blo t 5, from a Blomia cDNA library. In this case
the immunoreactivity of the recombinant allergen was established by
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radioallergosorbent testing (RAST) using sera from patients with IgE
antibody to Blomia extract. Skin testing was also used to demonstrate
that rBlo t 5 was an important allergen. Blomia extracts are not com-
mercially available and the production of recombinant allergens will
make it possible to investigate the role of Blomia sensitization in asthma.

Clinical Relevance
Allergen cloning has become the method of choice for identifying

and defining important allergens. The use of recombinant allergens
has had an impact on several aspects of allergic disease as follows.

Standardization of Allergen Extracts
MAb-based immunoassays are now used for the standardization

of dust-mite and cat extracts. The availability of recombinant allergens
will aid in the development of immunoassays for standardizing other
preparations such as cockroach extracts and fungal extracts (71). The
goal is to provide a measurement, in mass units, of the major aller-
gens in an extract. This will alleviate the variability of the biological
units. These assays can also be applied to environmental samples for
assessing allergen exposure and for assessing the effectiveness of al-
lergen avoidance measures. In addition, recombinant allergens them-
selves provide reproducible standards and could potentially replace
natural allergens for both diagnosis and treatment.

Allergen Crossreactivity
Allergen cloning and sequencing has helped to address the issue

of allergen crossreactivity. The relationship between allergens can now
be described in terms of primary amino acid sequence homology and
families of allergens can be defined. For example, tropomyosins from
mite and cockroach share homology with tropomyosins from shrimp
and snails. van Ree and colleagues (72) have documented the devel-
opment of oral allergy syndrome to shellfish in three patients receiv-
ing immunotherapy for dust mite hypersensitivity. In two of the three
patients, tropomyosin was identified as the crossreacting allergen (72).
Knowledge of the relationship between major allergens may help im-
prove the diagnosis of specific allergen hypersensitivity.

Diagnosis
Most recombinant allergens show comparable immunoreactivity

to their native counterparts. In vitro IgE assays and skin testing of
allergic individuals with recombinant mite and cockroach allergens
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has shown promising results. Arruda et al. (46) measured IgE anti-
body to recombinant Blo t 5 in 69% of sera from Blomia allergic chil-
dren in Brazil. The recombinant allergen also showed good skin test
reactivity in patients that were skin test positive to the natural Blomia
extract. It may be possible to replace allergen extracts with one or two
well defined recombinant allergens for diagnosis (71,73). This would
be especially useful for allergens such as Blomia, where the availabil-
ity of commercial extracts is limited.

Treatment
New treatment strategies have emerged as a result of cloning

studies. The availability of the primary amino-acid sequence of a
given allergen allows investigators to use synthetic peptides to deter-
mine T-cell epitopes. Peptide immunotherapy has gone through clini-
cal trials for the treatment of cat allergic subjects and also for ragweed
(74,75). Another strategy derived from recombinant allergens is the
use of engineered hypoallergenic variants for immunotherapy. These
variants have reduced IgE reactivity but retain T-cell epitopes; it is
thought that these proteins may be more efficacious than conventional
immunotherapy owing to decreased risk of side effects (76). Plasmid
DNA vaccines and allergen-DNA conjugates are also being developed
for the treatment of allergic disease. In a rat model, Hsu and col-
leagues (77) showed that a plasmid harboring the gene for the Der p 5
mite allergen could effectively prevent the development of IgE Ab
and airway hyperresponsiveness when given intramuscularly to naïve
animals. In addition, treatment of previously sensitized animals with
the plasmid vaccine could reduce airway hyperresponsiveness upon
subsequent exposure to the allergen (77). Raz and colleagues found
similar results in a mouse model using the antigen β-galactosidase
(78). This group characterized the DNA sequences, termed ISS for
immunostimulatory sequences, outside the allergen gene regions that
were responsible for an adjuvant effect that elicited IFN-γ and IL-12
(79). Subsequently, it has been shown that ISS can be administered
with a protein antigen to achieve an antigen-specific Th1-type re-
sponse (80,81). It is unclear how bacterial DNA sequences interact
with cells of the immune system, and this approach to treatment of
allergic disease is under active investigation.

In summary, the application of techniques of gene cloning and
sequencing has led to the identification and characterization of a large
number of indoor allergens. Research is now directed to using this
information to address the immune mechanisms underlying allergic
disease, to develop sensitive tests for diagnosis, to evaluate environ-
mental exposure, and to develop new forms of treatment.
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