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Abstract Subcutaneous immunotherapy is a well-documented treatment of
allergic rhinitis and asthma. The major limitation is the risk of anaphylactic side
effects. The documentation of clinical efficacy is based on crude allergenic extracts
sometimes containing varying amounts of individual allergens including allergens
to which the patient may not be sensitized. The introduction of recombinant
allergens offer a possibility to use well-defined molecules with consistent phar-
maceutical quality defined in mass units. The proof-of-concept of the clinical
efficacy of recombinant allergens is based on two studies published as full articles.
One study applied a mixture of five Phleum pratense major allergens in a maxi-
mum dose of 40 pg protein. The clinical efficacy showed a significant efficacy with
about 40% reduction in disease severity. The second study compared a commercial
birch extract with both recombinant Bet v 1 and purified Bet v 1 in dosages of
15 pg allergen. The clinical effect was around 60% additional efficacy. Systemic
side effects occurred more frequently with grass allergens. A third study used
hypoallergenic fragments and a trimer of Bet v 1. The study did not show efficacy
and a rather high frequency of systemic side effects. The advantages of using
recombinant allergens for immunotherapy are obvious but more large-scale clin-
ical studies are needed before the overall value in terms of efficacy and safety can
be determined.
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1 Introduction

Allergen-specific immunotherapy has traditionally been based on the administration of
allergenic extracts containing natural allergens. These extracts are complex mixtures
of allergens, and not all are well characterized and almost no standardization between
different manufacturers exists. The development of recombinant allergens allow the
use of well-defined allergen extracts with consistent pharmaceutical quality, in defined
mass units of major allergens (van Ree et al. 2008). Non-allergenic proteins and
impurities are excluded. During the last decade the potential advantages of using
genetic engineering in improving both diagnosis and specific treatment has been
advocated (Valenta and Niederberger 2007; Vrtala 2008). Animal experiments indi-
cate that it is possible to convert important allergens into hypoallergenic derivatives
that have the potential to be safe immunotherapeutic agents as they exhibit decreased
IgE-binding capacity, contain T cell epitopes and induce IgG antibodies (Ferreira et al.
2002; Vrtala et al. 2004). However, before recombinant allergens and hypoallergenic
derivatives can be considered for immunotherapy in allergic patients their immuno-
genic properties must be evaluated in vivo. The value of a new allergenic product in
terms of efficacy and safety must be demonstrated in double-blind, placebo controlled,
randomized studies (optimally in comparative studies including natural extracts) and
by the use of appropriate statistical methods. This review validates clinical studies with
recombinant wild-type allergens as well as recombinant hypoallergenic derivatives.

2 Strategies for Improving Efficacy of Allergen-Specific
Immunotherapy

Research for candidate molecules for immunotherapy has been intense during the
last decade. Two approaches are obvious. In monosensitized patients like birch
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pollinosis, with a dominant major allergen (Bet v 1), the use of the disease eliciting
allergen only in recombinant form is applicable. In grass pollinosis with several
important allergens, the use of a cocktail of recombinant allergens is another
approach. Since the mid-1990s a lot of scientific work has focused on engineering
allergenic molecules with reduced IgE reactivity in order to improve the safety of
subcutaneous immunotherapy. As the mechanisms underlying successful immu-
notherapy is only partly understood, several approaches have been investigated. T
cell epitope-derived peptides, from a single allergen which can induce T cell non-
responsiveness as demonstrated with T cell épitopes derived from Fel d 1 (Briner
et al. 1993), from Der p 1 (Hoyne et al. 1993), from Cry j 1 and Cry j 2 (Hirahara
et al. 2001) have been investigated. Other approaches include hypoallergenic
variants with an altered tertiary structure obtained by making mutations and
deletions in allergens around B cell épitopes (IgE-binding) areas as shown for Der
f 2 (Takai et al. 1997), Bet v 1 (Ferreira et al. 1998; Holm et al. 2004), Lol p 5
(Swoboda et al. 2002), Hev b 6 (Drew et al. 2004), Par j 1 (Orlandi et al. 2004),
Ole e 1 (Mazaruela et al. 2006).

The limitations of natural allergenic extracts for subcutaneous immunotherapy
are predominantly related to the inclusion of numerous poorly defined epitopes to
which the patient may not be sensitive (but may become sensitized), a lack of or
insufficiency in important allergens, and variation in allergen potencies and ratios
(Valenta and Niederberger 2007). In terms of standardization regulatory authori-
ties have problem with defining allergenic extracts as modern drugs (Geifler
2006). Molecular biotechnology made it possible to clone allergens in the early
1990s (Valenta et al. 1991, 1992). A number of concerns were however raised as
to the applicability of recombinant allergens for both diagnosis and therapy. In
diagnosis a major problem is related to mimicking the properties of natural
allergens (an intact three-dimensional structure is critical for the IgE-binding),
which may not be important for immunotherapy (Adkis and Adkis 2009). Another
question is related to whether a limited spectrum of recombinant allergens is useful
for immunotherapy in patients with multiple sensitivities (Vrtala 2008). Based on
experiences with T-cell epitopes, the conformational structure of allergens may not
be important in immunotherapy (Norman et al. 1996; Oldfield et al. 2002).

3 Clinical Trials

Despite all the promising experimental work and the potentials (Valenta and
Niederberger 2007), the number of clinical trials with recombinant allergens is
rather limited. Only two studies (published in full length in peer-reviewed jour-
nals) have been performed with wild-type recombinant allergens, one with a
cocktail of five recombinant allergens from grasses (Jutel et al. 2005), and one with
rBet v 1 (Pauli et al. 2008), and a single study performed with hypoallergenic
derivatives of Bet v 1, including two groups treated with either a trimer or a mix of
two fragments of Bet v 1 (Purohit et al. 2008). A study using a folding variant of
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Bet v 1 published as an abstract only is not considered in this review (Klimek et al.
2005).

4 Clinical Efficacy and Side Effects of Recombinant Allergens

Clinical efficacy can be estimated by the clinical symptoms, as the primary out-
come (different symptom scores can be included, i.e., the nose, the eyes, and the
respiratory tract). As the total burden for the patients is a combination of symp-
toms and the need for rescue drugs, medications need to be taken into account to
give a complete picture of the disease-reducing capacity of immunotherapy.
Medication score giving a differentiated weight to the drugs used according to their
relative potency (corticosteroids score higher than anti-histamines) should be
included in the primary outcome. Either symptom score and medication score
could be handled individually and then combined to a common score or they could
be scored globally as a total symptom score (Canonica et al. 2007). Skin tests,
conjunctival, and nasal provocation tests are used in some studies as secondary
end-points, they are performed before therapy, after the first pollen season and/or
1 year after beginning the immunotherapy injections. Activity of an allergenic
extract used for immunotherapy may be evaluated by clinical and biological
markers: modification of cutaneous tests, modification of specific IgG (especially
IgG1 and IgG4), specific IgE. Cytokine production was evaluated in some studies.

4.1 Recombinant Grass Allergen Immunotherapy

The first study using recombinant allergens for subcutaneous immunotherapy, was
performed by Jutel et al. (2005). The study included adults (21-30 years) grass
pollen allergic rhinitics (not excluding mild asthma). A total of 64 subjects were
enrolled and 62 randomized to treatment, the “intention-to-treat” (ITT) popula-
tion. The “per-protocol” (PP) population consisted of 29 actively treated and 28
placebo treated patients. Treatment was continued for approximately 20 months
and efficacy evaluated during the second grass pollen season (defined as the 42-day
period encompassing the main pollen exposure). The immunotherapy preparation
used was a mixture of five Phleum pratense-derived allergens given in a maximum
dose of 40 pg total protein (10 pg Phl p 1,5 pg Phl p 2, 10 pg Phl p Sa, 10 pg Phl
p 5b, 5 pg Phl p 6).

The clinical efficacy is published as both, individual score and combined score.
Based on the ITT-population, the symptom score did not reach statistical signifi-
cance. However, based on the PP-population, the median difference between
actively treated and placebo was 37% for symptom score and 37% for medication
score. The combined score showed a 39% (P = 0.44) reduction in disease severity
for actively treated patients compared to placebo. As a secondary outcome, a
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rhinitis quality of life questionnaire (Juniper and Guyatt 1991) was used, and
differences exceeding 0.5 score was observed for the domains “total”, “activi-
ties”, “non-hay fever symptoms”, “practical problems”, “nasal symptoms”, “eye
symptoms” and “emotional” in the ITT-population.

Active treatment induced a statistically significant increase in IgG1 and IgG4
Phleum pratense specific antibodies. Specific Phleum pratense IgE levels
decreased significantly in actively treated with no change in the placebo group. No
patients developed IgE antibodies to Phl p 5a/b despite four actively treated
patients did not had an IgE-response to this allergen before immunotherapy.

Systemic side effects were observed in 7 out of 29 actively treated (24%). These
include two cases of generalized urticaria (one with additional dyspnea), two cases
of local urticaria, one case of rhinoconjunctivitis and one with asthma.

4.2 Recombinant Birch Allergen Immunotherapy

The second study using wild-type recombinant allergen, compared treatments
performed with molecular compounds (natural and recombinant Bet v 1) with
treatments performed with a commercial birch pollen extracts and placebo (Pauli
et al. 2008). It showed for the first time that the efficacy of immunotherapy with a
molecular allergen was at least equal to treatment with allergenic extracts con-
taining natural allergens. A total of 165 subjects were screened and 147 ran-
domized to treatment after a baseline season (randomized based on minimization
taking symptom severity and degree of birch sensitization into consideration), the
ITT-population (due to 13 discontinued before receiving any treatment) consisted
of 134 adults aged 18-50 years suffering from birch pollen-induced rhinitis and
possible mild asthma. Patients were randomized to four groups receiving either
placebo, a commercial birch pollen extract, rBet v 1, or purified natural Bet v 1.
The PP-population consisted of 33 (first year); 29 (second year) placebo treated, 28
(first year); 25 (second year) receiving birch pollen extract, 27 (first year); 25
(second year) treated with rBet v 1 and 24 (first year) and 24 (second year) nBet v
1 treated patients. Treatment was continued for 2 years and efficacy evaluated
during both birch pollen seasons (defined as the period between the first and the
last day with at least 40 grains/m>/24 h). The immunotherapy schedule included
after a build-up phase monthly injection of 15 pg Bet v 1 allergen or placebo.
The clinical efficacy is published as individual daily symptom score and rescue
medication score. Based on the ITT-population, the mean difference between
actively treated and placebo was 48% for birch pollen extract, 49% for rBet v 1
and 58% for nBet v 1 with respect to symptom score and 67% for birch pollen
extract, 64% for rBet v 1 and 64% for nBet v 1 for medication score during the first
season after 6 months of treatment. Figure 1la and b shows the daily rhinicon-
junctivitis score and medication score during the first treatment season. Combining
symptom and medication scores (equivalent weight) indicate a 59% reduction in
disease severity in patients treated with birch pollen extract, 57% for rBet v 1 and
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57% for nBet v 1 compared to placebo. Statistical analysis indicate no difference in
symptom and rescue medication reduction between the three actively treated
groups. Identical results were obtained during the second birch pollen season.

Active treatment induced a statistically significant increase in IgG1, IgG2, and
IgG4 Bet v 1 specific antibodies of identical value in the three actively treated
groups. Three patients in the birch pollen extract group developed de novo IgE
antibodies to Bet v 2. No new sensitizations to Bet v 2 was observed in the r- and
nBet v 1-treated groups. Skin sensitivity (as estimated by SPT wheal diameter)
decreased to half size (identical for first and second treatment year) in actively
treated patients (no change in placebo-treated patients).

Systemic side effects were observed almost equally in all actively treated (most
mild reactions were almost as common in the placebo group). One patient in the
nBet v 1 group developed anaphylaxis with urticaria and hypotension. Local
reactions at the injection site occurred more frequently in the rBet v 1 group.

4.3 Recombinant Birch Allergen Derivatives Immunotherapy

The second study using recombinant birch pollen allergen compared treatments
performed with molecular modified derivatives of recombinant Bet v 1 compared
to placebo (Purohit et al. 2008). A total of 124 subjects were randomized to
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treatment; the ITT-population aged 23-57 years suffering from birch pollen-
induced rhinitis and possible mild asthma. Patients were randomized to three
groups receiving placebo, rBet v la trimer (created by expressing three copies of
the gene in sequence) Bet v 1 fragments (two recombinant peptides that together
represent the whole sequence of Bet v 1). The ITT-population consisted of 49
placebo treated, 37 treated with rBet v 1 trimer and 38 Bet v 1 fragments treated
patients. The PP-population was reduced to 68% of the ITT-population and con-
sisted of 37 placebo treated, 28 treated with rBet v 1 trimer and 19 Bet v 1
fragments treated patients (only half of the randomized patients). Treatment
consisted of 4-5 months preseasonal injections and efficacy evaluated during a
8-week period encompassing the whole birch pollen seasons. The immunotherapy
schedule included after a build-up phase, monthly injection of 80 pg protein.

The clinical efficacy is published as a combined symptom-medication score.
Based on the PP-population, there was no difference between the trimer-group and
placebo and the mean difference between the fragments-treated and placebo was
28% (NS), during the birch pollen season.

Active treatment induced a statistically significant increase in IgG1 and IgG4
Bet v 1 specific antibodies (a 100-fold increase compared with baseline) in the two
actively treated groups. No significant difference in skin sensitivity and nasal
challenge test between the three groups, 12 month after initiating immunotherapy
was observed.

Systemic side effects related to injections were observed in both actively treated
groups. Generalized urticaria was observed in 21% of fragments-treated and 16%
of trimer-treated. One patient in the fragments-group developed anaphylaxis with
hypotension requiring epinephrine, one generalized urticaria with severe gastro-
intestinal disorders. Secondary systemic reactions occurred equally during the
build-up phase or the maintenance phase; only five adverse general reactions out of
28 appeared within 30 min.

5 Discussion

Avoidance of side effects is essential if new therapeutic products are introduced.
On the other hand using a safe immunogenic product that has no clinical efficacy is
nonsense. According to the World Allergy Organization recommendations
(Canonica et al. 2007) the magnitude of efficacy should be established as the
percentage of reduction of the global clinical scores in the active versus placebo
group. Additional efficacy inferior to the one established by antihistamines is not
considered acceptable, and consequently the minimal clinically relevant efficacy
should be at least 20% higher than placebo—and be statistically significant
(Canonica et al. 2007). Based on the three published studies, applying recombinant
allergens either as wild-type or hypoallergens that exhibit reduced activity by
genetic engineering, the magnitude of the additional efficacy (combined symptom-
medication scores) is illustrated in Fig. 2.
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Fig. 2 The magnitude of efficacy determined as the additional clinical efficacy compared to
placebo. The yellow bar represents data from Jutel et al. (2005) using a mixture of recombinant
Phleum pratense allergens. The green bars show data from Pauli et al. (2008) comparing a crude
birch pollen extract, recombinant Bet v 1 and a purified natural Bet v 1 allergen. The red bars
present the study by Purohit et al. (2008) using fragments and a trimer of recombinant Bet v 1

5.1 Clinical Efficacy and Safety of Recombinant Allergens

In the design of the recombinant Phl p study (Jutel et al. 2005), it was planned to
include 80 patients in order to ensure a sufficient power of the study. Only 62
patients were included in the ITT-population, and although the data from the
PP-population (57 patients) just managed to show statistical clinical efficacy
(P = 0.44), the magnitude of the additional efficacy was as high as 39% (for the
ITT-population, the additional efficacy was also 39% but not significant). The
explanation for the latter may relate to a wide variation in the individual scoring of
patients. The value of the treatment is reinforced by the excellent improvement in
quality of life. The study clearly documented the general view, of pure allergens
being safer than crude extracts is not correct. Systemic reactions in 24% of the
patients is higher than that published for natural allergens (Malling 1998). The
high frequency of the systemic side effects may be related to the rather high dose
of allergens injected (40 ng rPhl p) (Bousquet et al. 1998).

The rBet v 1 study (Pauli et al. 2008) not only confirm the proof-of-concept of
the clinical efficacy of recombinant allergens, but also (for the birch system) that
recombinant allergens are as clinically effective as purified allergen and the crude
allergen extract. The magnitude already after 6 months of treatment in the order of
60% additional efficacy is very impressive (and the efficacy is consistent during the
second season). The clinical results were obtained with a rather modest dose of Bet
v 1 (15 pg), which may also be of importance in the low frequency of severe
systemic reactions (only one patient developed anaphylaxis).
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5.2 Clinical Efficacy and Safety of Recombinant Hypoallergenic
Derivatives

The development plan behind the investigation of hypoallergenic derivatives of
Bet v 1 (Purohit et al. 2008) was very ambitious at a time where the potential
efficacy of rBet v 1 was not documented. However, the idea was to investigate
the potential of a safer (and effective) immunotherapy by avoiding IgE-binding
allergens in order to reduce the risk of inducing IgE-mediated side effects while
retaining the therapeutic potential. A major problem in the study is the high
number of drop-outs (in one of the centers, half of the patients were lost during
the study). Power calculation is not presented and the low number of partici-
pants in the actively treated groups is a major obstruction for demonstrating
clinical efficacy. The symptom score is reduced in both the fragments and the
trimer group (58% for fragments and 44% for trimer) but it seems that this is
caused predominantly by increasing the intake of rescue medication (almost
50% more than placebo in both the fragments group and the trimer group). Of
special interest is the finding that a molecule consisting of three consecutive
Bet v 1 molecules were completely without clinical efficacy based on the
primary outcome—the combined symptom-medication score. The authors try to
explain the deficiency of efficacy by a very low pollen count in one of the
centers, but when looking at data from the other two centers, the magnitude of
efficacy become even poorer (20% for the fragments). Looking at the immu-
nogenicity based on the increase in IgG1 and IgG4, both the fragments and the
trimer are able to stimulate the immune system. The clinical results from this
study clearly indicate that induction of IgG-antibodies alone is not responsible
for the clinical efficacy. This may be related to not differentiating between
immunoreactive IgG4 (as estimated by ELISA) and functional inhibitory IgG4
antibodies (inhibition in vitro of IgE-facilitated allergen presentation) (James
and Durham 2008).

Despite the anticipation that hyporeactive derivatives of Bet v 1 should be less
allergenic (as documented by skin and provocation testing) (van Hage-Hamsten
et al. 1999, 2002; Pauli et al. 2000) the frequency of systemic side effects is
considerably higher than that in the wild-type recombinant studies. The compar-
isons of the rate of systemic reactions by sensitivity to Bet v 1 (evaluated by skin
prick tests with different dilutions of Bet v 1 and measurement of specific IgE to
Bet v 1 at inclusion in the trial) indicated that patients who experienced systemic
side effects were not significantly more sensitive to Bet v 1 than those without
systemic side effects. Kruskal-Wallis’ test (results not published) showed no
statistically significant difference in IgE variations, nor in changes in IgG1 and
IgG4. No statistically significant difference in occurrence of allergen specific IgE
to either trimer of fragments were observed between the group with and without
side effects. This may indicate (together with the observation that most of the
side effects appeared later than 1 h after injection that these side effects were not
IgE-mediated.
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5.3 Future Perspectives

As a proof-of-concept, the clinical efficacy of recombinant allergens has been shown.
For the birch system this was to be anticipated as Bet v 1, is a very dominating allergen
responsible for the majority of the birch pollen allergen activity (Niederberger and
Pauli 1998). The study of the mixture of five different grass pollen allergens indicate
that this may be essential for obtaining clinical efficacy in grass pollen allergics.
A study using only one grass allergen would be of interest, but would likely not be
effective. From a regulatory point of view (Paul-Ehrlich) licensing a single allergen
would not represent major problems, but the idea of tailor-made mixtures of
recombinant allergens according to the patient’s sensitization profile (Valenta and
Niederberger 2007; Vrtala 2008) will be a challenge to Regulators (Pfleiderer 2006).
To further develop recombinant allergens for subcutaneous immunotherapy, we need
to see more studies with complex allergen systems and to optimize efficacy and safety,
there is an urgent need for dose-efficacy/dose-safety studies. Further investigation of
hypoallergenic recombinant molecules might improve the safety of subcutaneous
immunotherapy. An additional advantage of using defined molecules instead of crude
allergen extract-based mixtures might be an opportunity to investigate further and
more precisely the mechanisms underlying immunotherapy.

Recombinant allergens are also being applied for the sublingual mode of
administrating immunotherapy. Presently a phase III study is being conducted with
recombinant Bet v 1, and the results seem promising.

6 Conclusions

The two clinical trials performed with wild-type recombinant allergens have
demonstrated both the clinical efficacy and the immunogenic power of genetically
engineered allergens. The single study with hypoallergenic recombinant allergenic
molecules show interesting perspectives, but the final form has not been achieved
as no clinical efficacy has been achieved. The occurrence of side effects point out
the difficulty in determining the maximum tolerated doses of molecules thought to
be hypoallergenic. This cannot be predicted by previous in vitro studies or by
cutaneous tests performed in sensitized patients contrary to many hopeful ideas.
Even if the content of the extracts using modified hypoallergenic proteins are
accurately known it remains necessary to perform clinical studies assessing clin-
ical responses and adverse reaction rates related to different dosage regimens.
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