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Abstract
Skin testing is a basic diagnostic procedure widely used
to explore immediate-type reactions to allergen prepara-
tions in vivo. Despite their reliability, if standardized
extracts are used, skin tests suffer from limited reproduc-
ibility due to difficulties in preparing consistently stan-
dardized extracts from natural raw material. Starting
from allergen-encoding cDNAs, large amounts of highly
pure allergens with a high batch-to-batch consistency
satisfying the quality requirements of medicinal prod-
ucts manufactured by recombinant DNA technology can
be produced. These reagents are expected to be qualita-
tively superior to the commercially available allergen
preparations used for the in vitro and in vivo diagnosis of
allergic conditions. In this article the current literature
available on skin testing with such recombinant aller-
gens (rAllergens) is reviewed and critically analyzed. To
date many different rAllergens of various pollens,
moulds, mites, bee venom, latex and celery have been
used in skin testing in more than 1,600 allergic and con-
trol individuals. Skin prick tests as well as intradermal
skin tests with rAllergens prove to be highly specific and
safe. The diagnostic sensitivity of single rAllergens is
generally lower than those obtained with allergen ex-
tracts, but can be considerably increased by using rAl-

lergen panels covering the most important allergenic
structures present in a given complex allergenic extract.
Moreover, quantitative skin testing with single rAller-
gens allows interesting insights into correlations be-
tween the in vivo and in vitro sensitization to a given
allergen. In conclusion, skin testing with rAllergens of-
fers a highly specific and safe additional diagnostic tool
to elucidate patient- and disease-specific sensitization
patterns which will be needed for the development of
patient-tailored immunotherapeutic treatments.

Copyright © 2001 S. Karger AG, Basel

Introduction

Immediate-type allergies, also called type I allergies,
are a daily problem in each allergologist’s practice. The
diagnosis of IgE-mediated allergy is based on clinical his-
tory and skin test reactivity to appropriate allergen prepa-
rations corroborated by in vitro allergen-specific IgE de-
terminations. Rather seldom, the diagnosis is verified by
additional provocation tests.

Skin prick tests (SPT) and intracutaneous or intrader-
mal skin tests (IDT) performed with commercially avail-
able extracts are the most commonly used techniques.
According to the technique used, a lower (SPT) or higher
(IDT) sensitivity can be achieved. The scratch skin test
method should be used only in limited cases due to a low
specificity [1]. Skin tests are easy to perform and allow a
visualization of sensitization within a few minutes. A
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wide choice of skin test solutions is commercially avail-
able, including numerous inhalant, food and other aller-
gens. Also crude material such as raw food (prick-to-prick
technique) or samples of house dust or animal dander can
be used as test solution [2]. Skin tests have also been
shown to be generally safe, sensitive and reliable if stan-
dardized allergen extracts are used. Both the American
Academy of Allergy, Asthma and Immunology [3] and the
European Academy of Allergology and Clinical Immunol-
ogy [1] strongly recommend the use of standardized
extracts for the diagnosis of allergic conditions. However,
it is widely acknowledged that there are several pitfalls
associated with current standardization methods (see be-
low). In fact only a few internationally recognized refer-
ence allergen extracts are available [3]. The goal of stan-
dardization is to produce allergen extracts consistent from
manufacturer to manufacturer and with a high batch-to-
batch reproducibility. This will improve sensitivity and
specificity of the diagnosis which is a prerequisite for
improvement in safety and efficacy of extracts used for
immunotherapy [4]. The application of new technologies
to allergen standardization, particularly the use of recom-
binant allergens (rAllergens) as standardized single com-
ponents, bears a high potential to facilitate objective com-
parisons of test results obtained in different studies. Due
to simplicity, safety and rapid results obtained, skin test
procedures are among the most helpful basic tools avail-
able for management of allergic patients. Here we summa-
rize the state of the art resulting from the use of rAllergens
in clinical practice.

Use of Crude Allergens or Allergen Extracts for
Skin Testing – and Its Limitations

Allergen extracts prepared from natural sources are
complex mixtures containing, besides the relevant aller-
genic proteins in unknown concentrations, many non-
allergenic proteins, carbohydrates, and low-molecular-
weight substances like histamine [5] or immunosuppres-
sive compounds [6]. The quality of the extracts is in-
fluenced by many factors including quality of the starting
raw material [7], extraction procedure [8], protease con-
tent [9] and storage conditions [10]. These factors strongly
influence the final composition, potency and stability of
allergen preparations and, as a consequence thereof, the
outcome of diagnostic tests in vitro [11] and in vivo [12].
Most extracts derived from natural sources vary in aller-
gen composition and content and generate discrepant
results between simultaneously performed in vitro IgE

determination and skin tests [13]. Standardization of aller-
gen extracts is therefore essential to avoid variation in sen-
sitivity and specificity of allergy diagnoses [1]. The quality
of a given extract does not depend only on the extraction
procedure [8, 14], but also from the starting material used
for preparation. It makes a huge difference if whole-body
extracts of honey bees or just the poison is used as allergen
source [15], if dander of pelt extracts or saliva of cats are
used [16] or if a mould extract is prepared from a young or
from an old culture [14, 17, 18]. Moreover, natural allergen
extracts can be contaminated with allergens from other
sources [19], and their composition is subject to variation
resulting form proteases co-extracted during preparation
[20]. Proteolytic enzymes may or may not be allergenic
components of the extract [21, 22], but cause in any case
degradation and loss of potency of the extracts either used
for diagnostic or immunotherapeutic purposes [10]. Batch-
to-batch variations in allergen extracts represent one of the
main problems for the reproducibility of the diagnosis of
allergy [12] and hamper direct comparison of results
obtained in different studies [23, 24].

Standardization of allergen extracts has improved con-
siderably during the last decades concomitantly with the
progress achieved in the fields of biochemistry and pro-
tein chemistry. For most inhalant allergens, biological
standardization procedures based on intradermal skin
testing of the most sensitive patients have been intro-
duced [1, 3]. To date, standardized extracts approved by
the FDA are available for cat hair, cat pelt, Dermatopha-
goides farinae, Dermatophagoides pteronyssinus, short
ragweed and for most of the Hymenoptera venoms [3].
Many reasonably standardized pollen extracts are com-
mercially available [3]. Most allergen preparations de-
rived from complex allergenic sources like fungi, moulds,
yeasts, food allergens and some pollens are still not yet
available as internationally recognized, standardized
products [2, 3]. In contrast to most pollen and Hymenop-
tera venoms, these allergenic sources contain complex
patterns of allergenic molecules ranging from 20 to over
80 different molecular structures [25, 26]. Many of these
single allergens are unstable and therefore strongly in-
fluenced by the storage procedure [27]. On the other hand,
the time-dependent production of different allergens dur-
ing different phases of cultivation of moulds and fungi
makes a standardization of these extracts an almost im-
possible task [14, 17, 18]. It is well recognized that due to
the reasons mentioned, significant differences in both
sensitivity and specificity between extracts purchased
from different manufacturers do exist [28]. Extracts used
to prepare immunoCAPs, the most widely used method
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for the determination of allergen-specific IgE in vitro
which is standardized against the WHO standard for IgE
[29], are not available as skin test solutions. Therefore, in
most cases a comparison between skin reactivity and
allergen-specific serum IgE is of limited value. Besides
unassessed toxic effects, unspecific histamine release and
potential infectiosity of crude material used in skin test-
ing, the unknown concentration of each single allergenic
molecule in commercial extracts should be regarded as a
major problem in comparative studies. Skin reactivity
depends basically on two variables: the allergen concen-
tration of the test preparation used that can be directly
influenced by standardization and the sensitivity of the
subject which cannot be directly influenced at the time
point of the first diagnosis. Thus, the importance of stan-
dardization of allergen extracts which can be directly
influenced by manufacturing procedures can hardly be
overestimated.

Recombinant Allergens

The general aspects of rAllergens for diagnostic and
therapeutic use has recently been extensively reviewed
elsewhere [30–34]. The rapid progress achieved in the
fields of protein analysis and allergen cloning offers new
opportunities for improved standardization of allergen
preparations. Many of the relevant allergens from pollen
[35], dust mites [36], animal danders [37], moulds and
fungi [38, 39], insect venoms [40] and foods [41] have
now been defined at molecular level through gene cloning.
Starting from the encoding cDNAs the corresponding
recombinant antigens/allergens can be biotechnologically
expressed in heterologous hosts at laboratory scale up to
industrial production and easily purified to homogeneity
[42].

Recombinant allergens produced in several expression
systems like bacteria [42], yeast [43] or insect viruses [44]
often show allergenic properties comparable to those of
the biochemically purified natural allergens. However, in
contrast to the natural allergens present in extracts, single
rAllergens can be carefully quantified in terms of protein
concentration and IgE reactivity. Although cloning and
characterization of single allergens may be time-consum-
ing, the advantages are manifold. The biotechnological
processes allow the production of large quantities of high-
ly pure proteins with reproducible batch-to-batch consis-
tency satisfying the requirements needed for pharmaco-
logical use. Therefore, problems related to contamination
of the preparation with IgE-binding natural components

[19], altered allergenicity due to extraction procedures
and variability on allergen content can be circumvented.
Moreover, the same allergen preparation can be used for
both in vitro and in vivo tests allowing a direct compari-
son of the diagnostic results obtained with different meth-
ods [45–47]. Beside diagnostic applications, rAllergens
are powerful reagents to study the mechanisms involved
in allergic reactions [48] and to study structure-function
relationships [49]. The elucidation of the primary struc-
ture of allergens has already strongly contributed to our
understanding of cross-reactivity among apparently unre-
lated allergenic sources. Shared T- and B-cell epitopes
between structurally related allergens present in different
allergenic sources [50] offer a rational explanation for the
old known problem of polysensitization [51]. It has be-
come evident that recognition of a protein by IgE anti-
bodies strongly depends on the three-dimensional struc-
ture of the allergen and that receptors on T cells recog-
nizes allergens as processed linear peptides in association
with MHC class II molecules on antigen-presenting cells
[52, 53]. Although the allergenicity of proteins does not
depend directly on their primary structure, determination
of the three-dimensional structures of allergens, either by
NMR techniques, x-ray crystallography, or computer-
based modelling provided further evidence for the impor-
tance of structural shapes in IgE binding [52, 54–59].
Molecular biology provides us with powerful tools suit-
able to study allergy in details which need to be fully
exploited to improve diagnosis and treatment of allergic
diseases.

The Potential or rAllergens for Diagnostic
Application

The crucial question for the use of rAllergens in diag-
nosis – and also therapy – of allergic conditions is if the
recombinant proteins show a comparable allergenicity to
their natural counterparts. Due to incorrect folding, lack
of post-translational modification, or cloning of isoforms,
differences in the relevant IgE-binding capacity compared
to the natural counterpart may arise [43]. However, it has
been largely demonstrated that rAllergens with compara-
ble or even superior IgE-binding capacity to their native
counterpart can be produced [60, 61]. Of course, the per-
formance of each single allergen needs to be assessed indi-
vidually if applied to a new diagnostic technology [29].
Nevertheless, rAllergens have demonstrated to be far
superior to conventional extracts in serologic detection of
allergic bronchopulmonary aspergillosis [62], a complex
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clinical syndrome related to exposure to Aspergillus fumi-
gatus difficult to be discriminated from A. fumigatus
allergy [63]. The fact that rAllergens can be used as immo-
bilized allergens in the Pharmacia CAP System allows an
automated serologic diagnosis of allergic conditions [29,
64]. This makes a direct correlation of the quantitatively
determined allergen-specific serum IgE with the results
obtained in skin tests possible [46, 65].

Repertoire cloning using advanced technologies based
on phage surface display and high throughput screening of
enriched libraries [66, 67] allowed the elucidation of vir-
tually all IgE-binding molecules produced by A. fumigatus,
probably one of the most complex allergenic sources. The
availability of the allergen repertoire in the form of single
standardized recombinant components will allow to deter-
mine individual reactivity patterns for each single subject
tested. This component-resolved diagnosis (CRD) opens
new perspectives for the preparation of patient-tailored
mixtures to be used in specific immunotherapy [60, 68].

A good example showing the practical potential of basic
allergy research for clinical applications is bee venom aller-
gy. Mapping of T-cell epitopes allowed exact definition of
the fragments of PLA2 involved in T-cell help [48]. The
chemically synthesized peptides were successfully used to
immunize bee-venom-allergic subjects without side effects
[69]. This provides the proof of concept for clinical exploi-
tation of knowledge derived from studies devoted to eluci-
date the mechanisms of immune responses in vitro
studying the responses of cell cultures to allergen exposure
[48]. A great potential for future applications in immuno-
therapy derives from the possibility to manipulate the cod-
ing sequences of allergens to produce hypoallergenic vari-
ants, e.g. molecules retaining the important structural fea-
tures for the induction of T-cell-mediated immune re-
sponses but lacking the capability to bind IgE [70]. For
various allergenic sources including birch and grass pollen
allergens, as well as peanut and mite allergens, hypoallerg-
enic variants have been genetically engineered, produced
and partly evaluated in clinical studies [71–80].

However, the final proof that a recombinant allergen
acts as such in vivo has to be delivered by clinical tests. The
by far simplest and least dangerous experimental assess-
ment of the allergenicity of a substance is its use in skin tests
[1, 3, 81]. Mostly due to ethical and legal restrictions regu-
lating the use of recombinantly produced proteins in
humans, skin tests with rAllergens have been rarely per-
formed. The first skin tests with rAllergens were described
in 1992 [82], many years after cloning of the first allergen
from house dust mite [83]. Recently, more and more work
has been done in this direction and rAllergens from pollen,

mites, various fungi, bee venom, celery and latex (table 1)
have been evaluated in skin tests. The rapidly increasing
data acquired in this field are summarized below.

rAllergens Evaluated in Skin Tests
A wide range of allergens covering different molecular

structures have been tested for their performance in skin
tests and will be summarized according to the correspond-
ing allergenic source. Detailed data regarding the skin test
method and allergen concentration used, number of indi-
viduals tested and pertinent references are reported in
table 1.

Pollens
From the over 700 publications reported in the litera-

ture describing rAllergens, more than 250 deal with clon-
ing and characterization of pollen allergens, highlighting
the predominant role of pollen as a cause of allergic dis-
eases. With the exception of one report describing the
reactivity of rOle e 1 from olive pollen [84], and several
studies evaluating rPhl p 1, 2, 3 and 6 from timothy grass
[60, 85, 86], all other reports concern the major birch pol-
len allergen Bet v 1 and the minor allergen Bet v 2 of Betu-
la verrucosa (see details reported in table 1). The Bet v 1
family consists of a considerable number of highly homol-
ogous pathogenesis-related proteins identified in species
from the entire plant kingdom [35]. Bet v 1-homologous
proteins from apple, celery, carrot and cherry consist of
153–159 amino acid residues and share sequence similar-
ities of approximately 60% [35]. The three-dimensional
structure of Bet v 1 has been solved [54, 55] and recently
co-crystallization of Bet v 1 with a Bet v 1-specific Fab
fragment has been reported [52]. Thus, Bet v 1 represents
the best investigated allergen at all. Many isoforms of Bet
v 1 have been reported, some of them lacking the ability to
bind IgE but retaining the full capability of stimulating
T-cell proliferation [70]. These naturally occurring iso-
forms as well as genetically engineered variants lacking
IgE-binding capability are considered as potential candi-
dates for improvement of allergen-specific immunothera-
py [71–76]. Bet v 1 fragments as well as dimerized and
trimerized molecules have been examined for their ability
to elicit type I skin reactions in vivo delineating new pos-
sibilities for the generation of potentially safe vaccines by
genetic engineering [61, 72, 76]. Profilin, a minor allergen
of the birch B. verrucosa (Bet v 2), is a phylogenetically
highly conserved protein regulating actin polymerization
[87] which has been demonstrated to be an allergen
present in many sources [88]. This ubiquitous 14-kD
actin-binding protein family has been proposed to be one
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Table 1. Recombinant allergens used for skin testing

Allergen Production
host

cDNA source Type of
skin test

Patientsa Concentration
used

Side
effects 

Ref.

rDer p 5
rDer p 2

E. coli D. pteronyssinus IDT 45 mite allergics
11 healthy controls

1 mg/l No 97

rDer p 2
rDer p 5
rDer p 7

E. coli D. pteronyssinus SPT 60 mite allergics
12 healthy controls

1, 10, 100 mg/l No 98

rDer p 2 E .coli D. pteronyssinus SPT 170 mite allergics 1, 10, 100 mg/ l No 99
rBlo t 5
rDer p 5

E. coli B. tropicalis
D. pteronyssinus

SPT
IDT

7 allergics
7 healthy controls

5 mg/l
10–5–10 mg/l

No 100

rDer p 5 E. coli D. pteronyssinus SPT
IDT

75 mite allergics
31 mite allergics

20 mg/l
10–5–100 mg/l

No 101

rBlo t 5 E. coli B. tropicalis SPT
IDT

75 mite allergics
31 mite allergics

No 101

rDer f 11 E. coli D. farinae IDT 21 mite allergics 1 mg/l No 94
rCra-A E. coli P. americana SPT 22 cockroach allergics

15 healthy controls
100 mg/l No 155

rBlo t 5
rDer p 2
rDer p 5

E. coli B. tropicalis SPT 51 mite allergics 5–50 mg/l No 96

rLep d 2

rTyr p 2

E .coli/
Baculovirus
E. coli

L. destructor

T. putrescentiae

SPT 44 allergics
19 atopics
19 healthy controls

1, 10, 100 mg/l No 95

Pollen
rBet v 1

rBet v2

E coli B. verrucosa SPT 35 birch allergics
16 atopics
7 healthy controls

3–50 mg/l No 93

rBet v 1
rBet v 2

E. coli B. verrucosa
B. verrucosa

SPT 20 birch allergics
2 healthy controls

r Bet v 1 5/20 mg/l
r Bet v2 5/20 mg/l

No 92

rBet v 1 E .coli B. verrucosa SPT
IDT

51 birch allergics
8 healthy controls

100 mg/l
10–2–10–6 mg/l

No 156

rBet v 1
rBet v 2

E. coli B. verrucosa SPT 28 birch allergics
27 atopics
10 healthy controls

1–10 mg/l No 60

rBet v 1
Fragments
Trimerb

E. coli B. verrucosa SPT
IDT

23 birch allergics
12 healthy controls

1, 10, 100 mg/l
10–4–1 mg/l

No 72

rBet v 1d E. coli B. verrucosa SPT
IDT

48 birch allergics
11 atopics
10 healthy controls

10 mg/l
10–2–10 mg/l

No 61

rBet v 1
Fragments
Dimer, trimerb

E. coli B. verrucosa SPT

IDT

29 birch allergics
10 healthy controls

nBet v1 r Bet v1:
10/50 mg/l
fragments, dimer, trimer
10, 100, 1,000 mg/l
0.1 mg/l

No 76

rOle e 1 P. pastoris O. europaea SPT 33 olive allergics
10 atopics
10 healthy controls

0.1–100 mg/l No 84

rPhl p 1
rPhl p 2
rPhl p 3

E. coli P. pratense
P. pratense
P. pratense

SPT 52 grass allergics
1 atopic

10 healthy controls

1–10 mg/l No 60

Fungal
rAsp f I/a E. coli A. fumigatus SPT

IDT
9 ABPA
5 asp. allergics
6 atopics
7 healthy controls

100 mg/l
10–2–10–5 mg/l

No 82

rAsp f I/a E. coli SPT
IDT

15 ABPA
10 asp. allergics
6 atopics
7 healthy controls

100 mg/l
10–2–10–5 mg/l

No 45

rAsp f 3 E. coli A. fumigatus IDT 11 ABPA
8 asp. allergics
4 healthy controls

0.1–10 mg/l No 46
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Table 1 (continued)

Allergen Production
host

cDNA source Type of
skin test

Patientsa Concentration
used

Side
effects

Ref.

E. coli A. fumigatus IDT 15 atopic dermatitis
10 asp. allergics
10 healthy controls

10–5–10 mg/l No 107

rAsp f I E. coli A. fumigatus SPT 30 ABPA
10 Asp f -allergic

100 mg/l No 64

rAsp f 6 E. coli A. fumigatus IDT 4 asp. f 6 all
2 atopics
2 healthy controls

10–5–1 mg/l No 103

rAsp f I/a E. coli A. fumigatus SPT 6 CF-ABPA
25 CF-asp. allergics
13 CF controls

100 mg/l No 13

rAsp f 1
rAsp f 3
rAsp f 6

E. coli A. fumigatus
A. fumigatus
A. fumigatus

IDT 60 ABPA
40 asp. allergics
20 healthy controls

0.1–1 mg/l No 62

rAsp f 3 E. coli A. fumigatus IDT 11 ABPA
8 asp. allergics
8 healthy controls

0.1–1 mg/l No 46 

rAsp f 4
rAsp f 6

E. coli A. fumigatus IDT 12 ABPA
12 asp. allergics
5 healthy controls

10–2–10 mg/l No 65

rAsp f 8 E. coli A. fumigatus IDT 8 asp. allergics
2 healthy controls

10–5–1 mg/l No 104

rCop c 1 E. coli C. comatus SPT 5 C. comatus allergics
5 atopic controls

11 pg/Ìl–479 ng/Ìl No 111

Bee venom
rPLA 2
refolded/nonrefolded

E. coli A. mellifera IDT 6 BV allergics
6 healthy controls

10–8–10–2 mg/l No 116

rPLA 2 E. coli A. mellifera IDT 85 BV allergics
21 healthy controls

10–8–10–2 mg/l No 117

Latex
rHev b
2, 3, 5, 6, 7, 8

E. coli H. brasiliensis SPT 29 latex allergics
5 atopics
5 healthy controls

Hev b 2, 5, 7
1,000 mg/l
Hev b 6, 8, 500 mg/l
Hev b 3, 200 mg/l
Plus serial 10-fold dilutions

No 134

Celery
rApi g 1 E. coli A. graveolens SPT

IDT
24 celery & birch
allergics (CH)
12 celery allergics (F)
5 healthy controls

10, 100, 1,000 mg/l
10–2–10 mg/l

No 121

a Atopic: individuals without sensitization to the investigated allergen suffering from allergy to other sources; asp. allergics = individuals sensitized to
A. fumigatus; ABPA = patients suffering from allergic bronchopulmonary aspergillosis; CF = patients suffering from cystic fibrosis.
b Genetically engineered fragments, dimers and trimers of Bet v 1.

of the factors accounting for the observed cross-reactivity
occurring between pollinosis and vegetable-food allergy
[89]. Profilin was the first human molecular structure
shown to be able to bind IgE from birch-sensitized indi-
viduals in vitro [90]. However, skin reactivity of the
human recombinant protein could not yet be demon-
strated [91]. In contrast, Bet v 2 shows skin reactivity in
some birch-sensitized individuals [29, 60, 92, 93], and it
would be of interest to test different profilins with regard
to their cross-reactivity in vivo.

Mites
Mite allergens can be classified into different structural

groups according to their sequence homology [36, 83].
Although cysteine proteases (group 1) represent major
allergens of the mites cloned from different species [36,
83], they have not yet been used for skin tests. On the
other hand, group 2 allergens including Der p 2 of D. pte-
ronyssinus, Lep d 2 from Lepidoglyphus destructor, Der
f 2 from D. farinae [94] and Tyr p 2 from Tyrophagus
putrescentiae, have been evaluated in skin tests. Group 2
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allergens, although not yet defined in terms of biological
function, are recognized by the majority of the mite-sensi-
tized allergics [95–99]. Unfortunately, group 5 and group
7 allergens could also not be assigned to a functional class
of proteins with the exception of their ability to bind IgE
from sensitized individuals [36]. rDer p 5 and rDer p 7
from D. pteronyssinus and Blo t 5 from Blomia tropicalis
have been confirmed to be able to elicit type 1 reactions in
clinical studies [95–98, 100, 101]. However, in view of the
shared sequence homology, members of a distinct group
of structurally related allergens can be expected to be
cross-reactive as demonstrated in vitro for some of the
mite allergens [102]. Cross-reactive allergens bear the
potential to conspicuously contribute to a reduction of the
number of structures needed for a patient-tailored immu-
notherapy [60, 68].

Moulds and Fungi
Moulds are among the most complex allergenic sources

and are able to produce large amounts of IgE-binding mol-
ecules covering many different structures. Repertoire
cloning with advanced technologies revealed that A. fumi-
gatus, Cladosporium herbarum, Coprinus comatus and
Malassezia furfur are able to synthesize an impressive
number of species-specific and cross-reactive allergens
[66, 67]. Moreover, A. fumigatus MnSOD [103], P2 acidic
ribosomal protein [104] and thioredoxin [unpubl. results]
show IgE-mediated cross-reactivity to their human coun-
terpart. In view of the difficulties encountered in standar-
dizing fungal extracts [66, 67] and the huge number of
allergenic molecular structures covered by moulds, re-
combinant allergens are especially important in this field.
rAsp f 1, a fungal ribotoxin with solved three-dimensional
structure [105], has been widely tested in clinical studies
involving asthmatic patients with or without allergic
bronchopulmonary aspergillosis (ABPA) [62], suffering
from cystic fibrosis (CF) [47, 106] and atopic dermatitis
[107]. Skin tests in over 300 patients and controls have
been performed with this allergen. No adverse reactions
have been reported so far. Additional A. fumigatus aller-
gens tested clinically are a peroxisomal protein cross-reac-
tive with the homologous yeast structures [46, 50] and
rAsp f 4 [47, 65], a protein with unknown biological func-
tion serving as specific marker for ABPA and manganese
superoxide dismutase (rAsp f 6) [62, 65]. Moreover, 4
patients sensitized to the A. fumigatus P2 ribosomal pro-
tein (rAsp f 8) showed positive skin reactions and T-cell
proliferation to both the fungal and human P2 ribosomal
protein, demonstrating the involvement of autoreactivity
in chronic fungus-related allergic diseases [103, 104]. The

two allergens rAsp f 4 and rAsp f 6 have been used as
disease-specific allergens to facilitate the diagnosis of
ABPA, both in serology and skin tests [47, 62, 63, 65]. In
terms of diagnostic specificity, the recombinant A. fumi-
gatus allergens have proven to be superior to allergen
extracts, allowing a direct correlation between allergen-
specific IgE in serum and wheal and flare reaction in skin
test [46, 65, 108]. Alt a 1, the major allergen of Alternaria
alternata [109, 110], and Alt a 5 corresponding to enolase
[53] showed the ability to elicit type I reactions in a lim-
ited number of patients [53, 109]. All the 7 allergic
patients tested could be diagnosed using the two allergens,
whereas 10 control individuals scored negative in skin test
with mould extract and rAllergens. Although the results
need to be confirmed in larger studies, these results indi-
cate that the number of structures required to diagnose
allergy to A. alternata could be rather limited. The only
fungal allergen so far tested in the clinics, Cop c 1 from the
basidiomycete C. comatus [111], showed skin reactivity
in the picomole range (11 pg/Ìl–450 ng/Ìl) in sensitized
individuals fulfilling the criteria to be classified as a clini-
cally relevant allergen.

Bee Venom
Honey bee venom contains basically four allergens,

phospholipase A2 (PLA2) [112], hyaluronidase [44], acidic
phosphatase [36, 113] and mellitin [114], and represents,
therefore, a relatively simple allergenic source. PLA2 was
the first allergen crystallized at all [115] and the cloned
PLA2 molecule has served as a model system to study and
to elucidate the basic mechanisms of allergic reactions
[48]. It was demonstrated that PLA2 as major single aller-
gen of bee venom was about 10 times more potent in skin
test than the venom itself [116]. rPLA2 was slightly less
potent than nPLA2, probably due to small differences in
folding, however, the lack of glycosylation of the recombi-
nant protein and of the enzymatic activity did not signifi-
cantly influence the allergenicity of the protein [117]. The
clinical tests with rPLA2 clearly showed the requirement
of a correct three-dimensional structure for the allergenic-
ity of the protein, since non-refolded recombinant protein
was unable to elicit type I reactions [116, 117]. Moreover,
it was demonstrated that, although in vivo and in vitro
diagnostic tests with bee venom are more sensitive, diag-
nostic tests with rPLA are clearly more specific [117].
Thus it is possible to produce rAllergens showing in vivo
activity similar to that of purified natural allergens. Site-
directed mutagenesis of the PLA2 molecule was used to
generate fully allergenic, enzymatically inactive protein
[118] offering an easy method for the conversion of toxic
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allergens into nontoxic products without influencing their
allergenicity. Other insect venom allergens have so far not
been evaluated in skin tests.

Celery
Allergy to celery is almost always associated with sensi-

tization to birch and/or mugwort pollen [119]. Structur-
ally, IgE cross-reactivity between celery and other plant
allergens is related to at least three classes of proteins
[120]. Api g 1, a major celery allergen [121], belongs to the
type 10 class of pathogenesis-related proteins [122], pro-
filin (Api g 4), a member of ubiquitously present actin-
binding proteins [123] and high-molecular-weight aller-
gens [120]. Little is known about the higher-molecular-
weight allergens, except that they cross-react with other
plant and food allergens [124]. Api g 1 [125] and Api g 4
[126] have been cloned and produced as rAllergen. The
only celery structure evaluated so far in skin tests is Api g
1, a homologous to Bet v 1 [121]. This interesting study
documents that rApi g 1 allows accurate in vivo diagnosis
of celery allergy but only in areas where birch trees are
common. In areas where birch is rare, sensitization to
rApi g 1 could not be detected. These results show that
allergy to celery is not necessarily dependent on sensitiza-
tion to birch and more work will be required to elucidate
the additional structures involved in celery allergy.

Latex
Many IgE-binding proteins have been identified in the

latex of Heveae brasiliensis and at least ten different pro-
teins have been identified at molecular level [127]. Latex
as such is not a natural source of exposure and, therefore,
latex allergy is limited to restricted groups of risk includ-
ing occupational exposure in healthcare workers [128]
and spina bifida patients [129–131]. Structurally, many
latex allergens are related to other allergens detected in
fruits [132] and moulds [133]. They include b-1,3-gluca-
nase (Hev b 2), chitinase (Hev b 6.02) and profilin (Hev
b 8) also present in fruits [132] as well as enolase (Hev b 9)
and MnSOD (Hev b 10) recently described to be cross-
reactive with the corresponding mould allergens [133].
The allergens Hev b 2, 3, 5, 6, 7 and 8 have been evaluated
in SPT in a group of 29 latex-allergic individuals [134].
This is, so far, the only report describing the evaluation of
latex rAllergens in a clinical study. Although limited in
terms of tests performed, the investigation showed that all
rAllergens tested were able to elicit type 1 reactions and
that a combination of Hev b 5, 6, and 7 was sufficient to
diagnose latex allergy with a sensitivity of 93 and 100%
specificity. Also in this case, the sensitivity and specificity

of SPT with rAllergens was superior to those reported for
latex-specific serum IgE measurements in a large popula-
tion which reached 73 and 97%, respectively [131].

Specificity and Sensitivity of rAllergens in Skin
Testing

The specificity of an allergen preparation is the most
important criterion because false-positive reactions need
to be excluded for a safe diagnosis. A high specificity
allows to confirm sensitization but can miss weak sensiti-
zations that should be detected in routine screenings. In
the studies analyzed, rAllergens were compared to aller-
gen extracts and in most cases also to the clinical symp-
toms. The use of rAllergens for skin tests gives an excel-
lent specificity which often reaches 100% for both param-
eters (table 2). However ‘sensitivity’ of skin tests with rAl-
lergens is generally lower than those obtained with com-
mercial extracts. Skin tests with single rAllergens are, par-
ticularly in IDT, extremely sensitive as shown by the elici-
tation of type 1 reactions in the pico- to fentomole range
[135]. The lower ‘sensitivity’ results from the lower inci-
dence of sensitization to the single allergen in the popula-
tion tested. As shown in different studies, parallel tests
with increasing numbers of rAllergens in the group of
patients tested drastically increase the sensitivity of the
diagnosis and will reach 100% if all allergens present in a
given extract can be produced as recombinant proteins
and tested simultaneously. Combined with their excellent
specificity, rAllergens will allow a high standard CRD of
sensitization.

Type of Skin Test and Optimal Allergen Dosage

Standard SPT and IDT can both be used also with rAl-
lergens. Most of the studies reported so far used SPT alone
or in combination with IDT, while in about one third of
the investigations only IDT were performed. SPT are
simpler to perform, faster, more comfortable for the
patient and, most importantly, considered to be at lower
risk than IDT for provocation of anaphylactic reactions
[81, 136]. Therefore, SPT are recommended for routine
assessments, epidemiological studies and in surveys in-
volving large populations [1, 3]. However, IDT is 102–103

times more sensitive than SPT and should therefore be
used to re-assess sensitization in individuals scoring nega-
tive in SPT [136]. The optimal allergen concentration to
be used in SPT has not been determined so far. Concen-
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Table 2. Specificity and sensitivity of skin tests with rAllergens

rAllergens Specificitya, % Sensitivity, %b Type of
skin test

Max.c used
Ìg/ml

Ref.

rDer p2 0/43 (100) 256/346 (64) SPT, IDT 100 96–98, 100, 101
rDer p 5 0/12 (100) 36/60 (60) SPT 96, 98, 100
rDer p 7 n.g. 31/60 (52) SPT 100 98
rDer f 11 n.g. 15/21 (62) SPT 1 94, 157
rBlo t 5 n.g. 25/53 (47) SPT, IDT 10 96, 100, 101
rLep d 2 0/38 (100) 24/41 (59) SPT 100 95
rTyr p 2 0/38 (100) 14/25 (56) SPT 100 95
rPer a 1 1/15 (94) 12/22 (54) SPT 100 155

Pollen
rBet v 1 0/80 (100) 301/343 (87) SPT, IDT 100 33, 60, 61, 72, 92,

93, 145, 158
rBet v 2 0/12 (100) 20/49 (41) SPT 20 60, 92
rPhle p 1 0/10 (100) SPT 20 60
rPhle p 2 0/10 (100) SPT 20 60
rPhle p 3 0/10 (100) SPT 20 60
rOle e 1 0/20 (100) 33/33 (100) SPT 100 84

Fungal
rAsp f 1 1/103 (99) 220/244 (90) SPT, IDT 100 29, 62, 82, 106–108
rAsp f 3 0/20 (100) ABPA: 67/69 (97)

Af allergics: 35/48 (73)
IDT 10 46, 62

rAsp f 4 0/5 (100) ABPA: 8/12 (75)
Af allergics: 0/12 (0)

IDT 10 65

rAsp f 6 0/5 (100) ABPA: 5/12 (42)
Af allergics: 0/12 (0)

IDT 10 65

rAsp f 8 0/6 (100) 4/4 IDT 100 104
rCop c 1 n.g. 5/5 SPT 0.475 111

Bee venom
rPL A 2 0/21 (100) 81/81 (95) IDT 1 117

Latex
rHev b 2,5, 7
rHev b 6, 8
rHev b 3

0/10 (100) 27/29 (93) SPT 1000
500
200

134

Celery
rApi g 1 0/5 (100) 24/24 (100) SPT, IDT 100 35

a Specificity is defined as number of positive skin tests with rAllergen/number of controls with negative skin test
with the corresponding commercial extract (n.g. = not given).
b Sensitivity is defined as the number of positive skin tests with rAllergens/number of positive skin tests with
conventional allergen extract.
c Maximal allergen concentration used in skin tests, either SPT or IDT.

trations used vary between 5 and 100 Ìg/ml, although
concentrations up to 1,000 Ìg/ml have been occasionally
used (see tables 1 and 2). Taking all available data togeth-
er, it seems to be reasonable to use 100 Ìg/ml to achieve a
good sensitivity and keep an excellent specificity in SPT.
IDT have usually been performed applying serial 10-fold

dilutions starting with absolute allergen amounts corre-
sponding to 1 ng. Taking into account the anaphylactic
risk derived from IDT and the large number of tests per-
formed, 1-ng challenges seem to be safe to start the provo-
cation tests, although some patients may give positive
skin reactions also at lower concentrations [61, 65, 135].
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Sources of rAllergens Used in Skin Tests

For the expression of recombinant allergens, prokar-
yotic and eukaryotic hosts such as Escherichia coli, yeasts
or baculovirus are used [34]. Proteins may not fold cor-
rectly if expressed in prokaryotic systems, while they
might fold easier into a native-like structure in eukaryotic
expression systems [44]. However, the great majority of
rAllergens used so far in skin tests in humans have been
produced in E. coli. This enterobacterium is the most
widely used organism to produce recombinant proteins of
pharmaceutical grade and is considered as safe for such
applications. Nowadays, powerful techniques have been
developed to purify recombinant proteins and in spite of
some limitations related to the lack of post-translational
modifications [43] and protein folding, E. coli still repre-
sents the first choice for biotechnological applications.

Beside E. coli, the yeasts Saccharomyces cerevisiae [43,
90, 137] and Pichia pasteuris [84, 130, 138–140] have
been used to efficiently express allergens not easily pro-
duced by E. coli. In two cases, rLep d 2 [95] and hyaluron-
idase from bee venom [44], the allergenic proteins have
been produced using insect cells infected with baculovi-
rus. The mite allergen rLep d 2 was also compared to the
recombinant counterpart produced in E. coli and no dif-
ference in skin test reactivity was found [95].

Although the quality of the rAllergens expressed in
baculovirus is reported to be superior to the correspond-
ing proteins expressed in E. coli [44], their use in vivo
cannot be recommended. It is known that baculovirus is
able to quantitatively infect human liver hepatocytes
[141] and it cannot be excluded that traces of DNA con-
taminations in the allergen preparations could be of risk
for the individuals tested. Unfortunately, none of the rAl-
lergens are available as standard solution for skin testing
and only a few of them are available as ImmunoCAPs for
determination of allergen-specific IgE.

Quantitative Skin Testing (End-Point Titration)
with rAllergens

The end-point titration method in skin testing has been
shown to estimate allergenic activities with good repro-
ducibility. Skin test results obtained with this method also
correlate with bioassays in vivo and RAST inhibition
measurements performed in parallel [142]. rAllergens can
be applied in exactly quantifiable amounts as virtually
pure proteins. Therefore, the use of rAllergens for end-
point titration studies in skin testing allows interesting

insights into the correlation between allergen load, skin
test reactivity and in vitro findings. The best documented
studies in this field have been performed using recombi-
nant bee venom PLA2 [116].

Correlation between Allergen-Specific Serum
IgE and Skin Reactivity

rAllergens as highly pure proteins can be used for the
development of commercial reagents for fully automated
detection of allergen-specific serum IgE. So far, rBet v 1, 2
and 4 from B. verrucosa, rPhl p 1, 2, 4, 5, 6, 7, 11 and 12
from Phleum pratense and rAsp f 1, 2, 3, 4 and 6 from A.
fumigatus are commercially available for routine assess-
ments in the Pharmacia CAP System. The results ob-
tained with rAsp f 1 [13], rAsp f 3 [46], rAsp f 4 and rAsp
f 6 [65] ImmunoCAPs were in perfect accordance with the
results from SPT or IDT and with the manual ELISA
determinations. Interestingly, skin test studies with all
these four rAllergens showed that all patients with a posi-
tive wheal-and-flare reaction to a given rAllergen also
showed detectable levels of allergen-specific serum IgE
antibodies. Furthermore, the levels of allergen-specific
IgE significantly correlated with the magnitude of the
wheal surface [46, 65]. Thus, a direct correlation between
in vitro and in vivo tests has been shown with rAllergens,
in contrast to fungal extracts where discrepancies between
results of skin tests and allergen-specific IgE determina-
tions have been reported [143]. The quantitative determi-
nation of allergen-specific IgE compared to the skin test
outcomes allowed determining a threshold value of aller-
gen-specific serum IgE required for a positive skin reac-
tion close to 2 Ìg/l [65], whereas the lowest amount of
allergen able to elicit a positive skin reaction is !1 ng.
This demonstrates the high biologic activity of the rAl-
lergens used.

Provocation Tests with Recombinant Allergens

Besides skin testing, provocation tests can be used to
determine the allergenicity of a protein preparation in
vivo. Provocation tests are even more sensitive than skin
tests allowing a biologically relevant assessment of the
allergenicity of a given protein [144]. So far, provocation
tests with rAllergens have been reported only for Bet v 1,
the major birch pollen allergen, and for the isoforms Bet
v 1 d, a naturally occurring variant of Bet v 1 lacking the
ability to bind IgE from sera of Bet v 1 sensitized individ-
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uals [61]. Thirty-three of 48 birch-pollen-allergic patients
reacted positively in conjunctival provocation with Bet
v 1, but scored negative with the Bet v d isoforms [61]. Bet
v 1d elicited positive skin test reactions only at a 100- to
1,000-fold increased concentration compared to Bet v 1.
This indicates a relevantly reduced capability for IgE
binding of the Bet v 1d isoform. However, the ability of
Bet v 1d to induce T-cell proliferation was comparable to
the proliferation induced by rBet v 1 also at low concen-
trations. In another study, nasal and bronchial challenges
with nBet 1 and rBet v 1 were performed in 13 patients
allergic to birch pollen, in addition to SPT with both aller-
gen forms [145]. Although slightly higher concentrations
of the recombinant form was necessary to elicit positive
challenge reactions, no significant differences between the
native and recombinant allergen were found. These find-
ings demonstrate that engineered isoforms of a defined
allergen can show significantly reduced IgE-binding ca-
pacity in vitro and in vivo as shown by skin and provoca-
tion tests retaining, however, a high immunogenicity for
T cells. Therefore, modified forms of genetically-engi-
neered recombinant allergens depleted from IgE binding
might be promising candidates for use in specific immu-
notherapy.

Risk and Side Effects of Skin Testing with
Recombinant Allergens

Large local reactions, or rarely also systemic allergic
reactions, are well-known risks of skin tests [146]. Espe-
cially skin tests with crude material such as food allergens
(Crustacea, peanuts) or skin tests performed in highly sen-
sitized patients (e.g. latex) have been reported to induce
such deleterious reactions [129, 147]. One of the major
problems in skin testing with undefined allergen prepara-
tions results from the unknown amounts of allergens
applied which do not allow an estimation of the risk asso-
ciated with the test. In contrast, rAllergens can be applied
in exactly defined amounts contributing to an exact defi-
nition of the amount of allergen required for a positive
skin test reaction [65]. So far, no side effects related to the
use of rAllergens in skin tests have been reported in spite
of the fact that more than 1,600 allergic individuals have
been tested with 21 different rAllergens cloned from 14
different allergenic sources. Obviously, such side effects
have to be expected if higher doses of rAllergens would be
used in skin testing to achieve a higher sensitivity, espe-
cially in intradermal tests. Performing SPT or titration
series starting with very low concentrations in IDT sub-

stantially reduce this risk for both conventional and rAl-
lergens. In summary, it can be concluded that skin tests
with rAllergens does not bear a higher risk compared to
skin testing with conventional, commercially available
extracts. Moreover, false-positive skin tests with rAller-
gens are extremely rare as reported (see table 2), contrib-
uting to safe diagnoses of allergic conditions.

Ethical and Legal Aspects

Besides all similar risks encountered also with conven-
tional extracts, recombinant products theoretically bear
the following additional risks [148]: (1) Products from
naturally occurring genes expressed in foreign hosts may
deviate structurally, biologically or immunologically from
their natural counterparts. (2) The choice of the expres-
sion system and purification procedure may result in
products contaminated with DNA or endotoxins. (3) Un-
controlled culture conditions may favour the expression
of modified gene products.

Apparently, the use of rAllergens does not bear an
increased risk of side effects compared with commercial
extracts. However, ethical aspects concerning the use of
recombinant material produced in heterologous hosts
such as bacteria or yeasts may be raised. Standardized
methods of protein expression and purification widely
used for the production of pharmacological grade proteins
for human use warrant that exclusively the wanted rAl-
lergen is contained in the final preparation used for skin
tests. Of course, a theoretical risk deriving from DNA
contaminations of the producing host should be consid-
ered in ethical assessments. This risk is not to be consid-
ered higher than the risk derived from the use of other
medicinal products like antibiotics which are also subject
to DNA contaminations derived from the producing
organism [149]. rAllergens expressed in baculovirus bear
a certain, not yet assessed, risk derived from DNA con-
taminations. As clearly shown, this virus is able to quanti-
tatively infect human liver hepatocytes [141].

Mostly due to restrictions by ethical and legal restric-
tions, skin tests have been performed only in a limited
number of countries including Austria [60], Brazil [100],
Canada [134], France [71, 76, 93], Singapore [101], Spain
[84], Sweden [28, 72, 150, 151], Switzerland [46, 47, 61–
63, 82, 103, 106, 107, 111, 116, 152–154], Taiwan [94,
155] and Venezuela [98, 99]. Authors from other nations,
including the USA, have collected extensive data with
recombinant allergens; however, the skin tests with the
rAllergens had to be performed elsewhere.
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The following precautions should, however, be in-
cluded to minimize potential risks associated with the use
of rAllergens in skin tests: (1) Producers should exactly
describe the host cell and the expression vector used. (2)
Full details of the nucleotide sequence of the gene insert
and flanking regions should be given. (3) The procedure
used for fermentation and purification of the expressed
protein including criteria used for purity controls should
be described and performed under good manufactory
practice-like conditions. (4) Toxicity and mitogenicity
should be assessed in human cell cultures [46]. (5) For
clinical studies the patients have to be well selected and
symptoms occurring spontaneously or after challenge
have to be recorded, controlled and validated.

Conclusions

rAllergens for skin testing represent a new powerful
diagnostic tool. They can be biotechnologically produced
in large amounts as highly pure reagents with a high
batch-to-batch consistency satisfying the quality require-
ments of medicinal products manufactured by recombi-
nant DNA technology. These products are qualitatively
superior to many commercially available allergen extracts
currently used for the in vitro and in vivo diagnosis of
allergic diseases.

To date, many different rAllergens of various pollens,
moulds, mites, bee venom, latex and celery have been
used in skin testing in more than 1,600 allergic and con-
trol individuals. SPT as well as IDT with rAllergens
proved to be highly specific and safe. The diagnostic sen-
sitivity of single rAllergens is generally lower than those
obtained with allergen extracts, but can be considerably
increased using rAllergen panels covering the most impor-
tant allergenic structures present in a given complex aller-
genic extract. Moreover, quantitative skin testing with
single rAllergens allows interesting insights into correla-

tions between the sensitization determined in vivo and in
vitro. However, there are also limitations for the wide-
spread use of rAllergens. Identification and cloning of all
relevant allergens from a complex source can be very
time- and resource-consuming, despite modern tech-
niques. The highly specific answer that rAllergens elicit in
skin test reactions together with low sensitivity requires
panels of rAllergens from each allergenic source to identi-
fy allergic patients with a high sensitivity. Of course,
recombinant allergens also bear the same risk to elicit ana-
phylactic reactions as conventional extracts if used in
vivo. Depending on the host where rAllergens are pro-
duced, a certain risk of contamination with DNA or endo-
toxins cannot be excluded. However, allergens produced
in E. coli can be considered safe. Presently a wider use of
rAllergens in vivo is limited by ethical and legal restric-
tions, as in many countries their application in patients is
not yet allowed. However, in the long series of skin tests
with rAllergens reviewed in this article, neither anaphy-
lactic, toxic nor infectious side effects were reported.

In conclusion, skin testing with rAllergens offers a
highly specific, fast and safe additional diagnostic tool to
elucidate patient- and disease-specific sensitization pat-
terns. Allowing precise, reproducible skin test reactions,
rAllergens are expected to contribute to a relevant im-
provement of allergy diagnosis in the near future.
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