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bstract

Development of vaccines targeting important self-molecules like tumor antigens, IgE, cytokines or other regulatory molecules, brings about
hallenges that are not met in classical vaccine development. Tolerance inducing mechanisms reduce the levels of therapeutic antibodies in the
accinated subject, and anti-self antibody titers are frequently more than 50-fold lower than the anti-non-self response to the carrier. In order
o overcome this limitation in efficacy we have explored various methods to enhance the immunogenicity of the vaccine antigen. Vaccination
ith a molecule containing two IgE C�3 domains and thereby a low level of repetitiveness markedly increased the efficacy. The anti-IgE

ntibody titers in the animals treated with the dimeric vaccine antigen were 4.5, 5 and 8 times higher than in the animals treated with the
onomer, in three independent experiments. In addition, this increase in efficacy was not masked by the use of potent adjuvants. The effect

ersisted even in the presence of Freunds or Montanide ISA 51, two mineral oil based adjuvants. This in contrast to most Toll-like receptor
TE

TLR) agonists, which appear to enhance the immune response only when administrated together with weak adjuvants. This clearly shows
hat the introduction of a moderately repetitive structure is enough to substantially increase the efficacy of a therapeutic vaccine.

2006 Published by Elsevier Ltd.
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. Introduction

Vaccines are classically based on crude preparations of
ttenuated or killed viruses and bacteria. However, safety
onsiderations have made it difficult to launch new vac-
ines based on such uncharacterized and complex antigens.
any new vaccines are instead based on subunits or modified

ecombinant antigens of very high purity. These antigens are
owever, usually much less potent in inducing strong immune
esponses. In new areas of vaccine development, like thera-
eutic vaccines this phenomenon is even more pronounced.
U
N

C
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in antibody titers with moderately repetitive variants of a therapeutic all

ost presently studied therapeutic vaccines target various
elf-molecules, and immune responses against self-antigens
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re normally heavily suppressed by tolerance inducing mech-
nisms. We have previously observed more than 50-fold
ower antibody titers to the self-region of the antigen, the IgE
�3 domain, compared to the response against the foreign
arrier epitopes [1–3]. In order to achieve good therapeutic
ffects with vaccines against self-molecules it is therefore of
ajor interest to enhance the immunogenicity of these vac-

ines. One possibility is to use characteristic features of viral
nd bacterial antigens.

What are the reasons for the superior efficacy of crude
irus or bacterial vaccine antigens? One important factor is
robably that these preparations often contain one or several
olecules interacting with pattern recognition receptors of
increasing the efficacy of recombinant vaccines; marked increase
ergy vaccine, Vaccine (2006), doi:10.1016/j.vaccine.2006.10.055

he Toll-like receptor family (TLR) [4]. Activation of the 26

LRs then provides the danger signals needed to trigger 27

nnate immune mechanisms. This is in turn a prerequisite 28

or efficient induction of adaptive immunity. Examples 29
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Fig. 1. Schematic drawings of vector constructs and the dimerized fusion
proteins ORO and ORORO. Panel A shows the vector constructs of the two
fusion proteins. Individual domains, cystein bridges, the N-terminal signal
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f molecules that bind and activate TLRs are, bacterial
ipopolysaccarides, different fungal or bacterial carbohy-
rates and lipids, double stranded or single stranded RNA
nd DNA fragments containing unmethylated CpG motifs
4,5]. Such molecules can be used as additives to the vaccine
ormulation to activate the immune system. Large efforts are
resently being made in this area to find formulations that
re safe and still have good effect [4,5].

The use of potent adjuvants may in itself, however, not
e sufficient to obtain good clinical effect for therapeutic
accines. We have therefore studied additional differences
etween recombinant proteins and whole bacteria or viruses
o see if they can be used as immuno stimulators in future
herapeutic vaccines. One example of such a difference is the
act that, viral and bacterial antigens frequently are present in
highly repetitive manner. Repetitive epitopes on the surface
f both bacteria and viruses have been observed to effectively
timulate B cells [6]. The immune response to many anti-
ens has also been shown to increase markedly by covalent
oupling to virus coat protein [6,7]. However, fusion pro-
eins between a target antigen and a coat protein of a virus or
hage impose certain very important restrictions. For exam-
le, only small peptides or small stable domains can normally
e coupled to the surface of a virus due to folding constraints
8]. However, more complex structures and larger antigenic
egions are required for many applications.

We have encountered this problem during the develop-
ent of a therapeutic vaccine against one of major challenges

f modern medicine, IgE-mediated allergies [2,9]. The tar-
et region of the allergy vaccine antigen is the C�3 domain
f IgE, and this domain is particularly difficult to produce
s a recombinant protein. Due to its size and complexity,
his protein cannot be produced as a fusion with a viral coat
rotein. We therefore tested the possibility of using a low
evel of repetitiveness as a way to enhance immunogenic-
ty. The results from a study of the stimulatory effects of
his dimeric variant of the hybrid IgE like molecule are here
resented. An increase in the anti-IgE titer by 4–8 times
ompared to a monomeric antigen was observed in three inde-
endent experiments. This clearly shows that the introduction
f a moderately repetitive structure is enough to substantially
ncrease the efficacy of a therapeutic vaccine.

. Materials and methods

.1. DNA constructs

The following DNA constructs were made from cDNA
lones by using PCR amplification and subsequent sub-
loning (Fig. 1A). ORO: a hybrid IgE like molecule con-
aining the C2, C3 and C4 domains of IgE. The C2 and C4
U
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omains were derived from opossum IgE �-chain [10] and
he C3 domain of rat �-heavy chain [11]. For a more detailed
escription of the construct and primers see Ref. [2]. ORORO:
construct encoding a duplicated C2C3 region from the ORO

i
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 P
equence and the six histidine region are indicated. The signal sequence
leavage site is also indicated. Panel B shows a schematic drawing of the
esulting fusion proteins in their dimeric cystine-bridged form.

accine antigen followed by the opossum C4 domain. The
riginal cDNA clones encoding the �-heavy chain of opos-
um (Monodelphis domestica) and rat (Rattus norvegicus)
gE were derived from total spleen cDNA libraries [10,11].

For purification purposes, the 5’ primers directed against
he N-terminal region of the opossum C2 domains (oligo
94-5′ OpC2) both contained an 18 nucleotide (nt) region
ncoding a histidine hexapeptide downstream of an EcoRI
ite. In addition, the native sequence was altered at one base
*A) in both 5′ C2 primers in order to avoid an unpaired
ysteine residue and the formation of unwanted interchain
ysteine bridges [2].

All PCR amplifications were carried out under the follow-
ng conditions: 0.1 �g template DNA, 50 mM KCl, 10 mM
ris–HCl, pH 9.0, 0.1% Triton X-100, 1.5 mM MgCl2,
.25 mM of each of the four nucleotide triphosphates, approx-
mately 1.5 �g of each of the two oligonucleotides used to
btain the various fragments, and 1 unit of Taq DNA poly-
erase (Promega, WI, USA). The reactions were initiated
ith a 2 min incubation at 90 ◦C followed by 35 cycles of
0 s at 94 ◦C, 60 s at 60 ◦C and 90 s at 72 ◦C in a MJ Research
ini cycler (MJ Research, Inc., MC, USA).

.2. Cloning and expression

PCR products were purified from agarose gels and cloned
increasing the efficacy of recombinant vaccines; marked increase
ergy vaccine, Vaccine (2006), doi:10.1016/j.vaccine.2006.10.055

nto the expression vector pCEP-Pu2. Nucleotide sequences 106

ere confirmed using the dideoxy chain-termination method. 107

The pCEP-Pu2 vector is a modified version of the pCEP4 108

ector (10.4 kb, Invitrogen, Netherlands). The major modifi- 109
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ations, including replacement of the hygromycin resistance
ene with the gene for puromycin resistance to allow for
uromycin selection in mammalian cells, and insertion of a
05 bp region containing some of the 5’UTR and the sig-
al peptide sequence region of human BM40, were done by
ohfeldt and coworkers and resulted in the vector pCEP-
u/BM40s ([2,12,13]. We modified this vector further. An
coRI site positioned upstream of the ampicillin-resistance
ene was removed by fill-in treatment and religation. In addi-
ion, the polylinker was extended to include an EcoRI and

NotI site between the NheI and XhoI sites. The resulting
xpression vector was named pCEP-Pu2.

Human Embryonic Kidney Cells, 293-EBNA (Invitro-
en, Netherlands), were cultured to about 70% confluency in
cm2 wells, washed with neutral PBS and serum-free Dul-
ecco’s Modified Eagle’s Medium (DMEM) (Gibco BRL,
ife Technologies), respectively, and transfected as follows.
bout 15 �g DNA in 50 �l sterile TE (10 mM Tris, pH 7.5,
mM EDTA) and 40 �l Lipofectamine (Gibco BRL) were
ach diluted in serum-free DMEM to 800 �l. Subsequently,
he DNA and Lipofectamine preparations were combined,

ixed by vigorous vortexing and incubated for 45 min at
oom temperature. The DNA/Lipofectamine mixtures were
hen diluted to 6 ml with serum-free DMEM and added to
he washed cells. After 12–16 h, the medium was supple-

ented with FBS (Gibco BRL) to a final concentration of
0%. The cultures were split 1:4 the following day and 1–2
ays later selection was initiated by the addition of 0.5 �g/ml
uromycin (P8833) (Sigma Chemical Co., MO, USA) to
he culture medium: DMEM supplemented with 2 mM l-
lutamine (Gibco BRL), 50 mg/ml gentamicin (Gibco BRL),
% FBS and 0.25 mg/ml G418 Sulphate (Geneticin) (Cal-
iochem, CA, USA). Growing cells were expanded and con-
itioned media were collected every 4–5 days. Cells and
ebris were removed by centrifugation for 10 min at about
200 × g.

.3. Protein purification

Ni-NTA Agarose slurry (QIAGEN GmbH, Germany)
ontaining about 0.5 ml beads in 20% ethanol (EtOH) was
dded per 500 ml of conditioned media. Following overnight
ncubation at 4 ◦C on a shaker, the Ni-NTA Agarose was
elleted by centrifugation for 5 min at about 500 × g and
ransferred to columns. The beds were washed with PBS, pH
.0, in the presence of 1 M NaCl and 0.1% Tween-20 and
luted with 100 mM imidazole (Merck, Germany) in 20 mM
ris, pH 8.0, with 0.1 M NaCl, according to the manufac-

urer’s protocol. Protein-containing fractions were pooled
nd dialyzed against PBS, pH 7.0, using a membrane with a
olecular weight cut-off of 12,000–14,000 Da (Spectra/Por
Membranes, Spectrum Medical Industries, Inc., CA, USA).
U
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n order to reduce the volume required for immunization,
ome of the samples were concentrated using Minicon-B15
icroconcentrators (Amicon, Inc., MA, USA). Final protein

oncentrations were estimated both by comparison with a
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SA standard curve on SDS-PAGE and by Bradford (BIO-
AD Protein Assay, Bio-Rad Laboratories, CA, USA).
Rainbow protein molecular weight marker (Amersham

nternational plc, England) was used for size estimation.

.4. Immunization of animals

Separate groups of animals were vaccinated with ORO or
RORO. An initial s.c. injection of 100 �g ORO or ORORO

n 100 �l neutral PBS mixed 50:50 with FCA (Difco Labo-
atories, MI, USA) or with Montanide ISA 51 (Seppic, Paris,
rance) was administered to Wistar rats. The week of the

nitial vaccination was designated week 0. The rats received
ooster vaccinations with 100 �g ORO or ORORO in 100 �l
BS, mixed 50:50 with IFA or Montanide ISA 51 in week
of the experiment. Blood samples were taken at weeks 0

nd 5. The blood was allowed to coagulate over night and the
erum was collected. The resulting serum was stored frozen
t −20 ◦C until further processing.

.5. Anti-rat IgE ELISA

Plates, Nunc-ImmunoTM Plate MaxiSorpTM Surface
NUNC Brand Products, Denmark), were coated with
�g/ml of rat IgE derived from the IR 2 immunocytoma

a kind gift from Prof. H. Bennich, Tucson, Arizona and Dr.
. Karlsson, Pharmacia Diagnostics, Uppsala, Sweden) in
arbonate buffer, pH 9.6. The 1:5 serial dilutions (1:5, 1:25,
:125, 1:625, 1:3125, 1:15625) of the samples were prepared
n horse sera (SVANOCLONE, SVA, Håtunaholm, Sweden)
nd horse serum was used as assay blank. In order to correlate
he values, serial dilutions of two of the samples were assayed
n every plate. Equal amounts of biotinylated mouse anti-rat
gG1/IgG2a and anti-rat IgG2b (G28-5, RG7/11.1, PharMin-
en, CA, USA) served as the secondary antibody. Alkaline-
hosphatase-labeled streptavidin (DAKO, Denmark) was
dded and p-nitrophenyl phosphate disodium tablets (Sigma
04 phosphatase substrate tablets, Sigma diagnostics, Inc.,
t. Louis, USA) in diethanolamine buffer, pH 9.8, served as
ubstrate. The absorbance at 405 nm (A405) was read in a
ultiscan photometer (Labsystems Multiskan® MCC/340).

. Results

.1. Design of new vector constructs and the production
f vaccine antigens

Many mammalian proteins or protein domains are very
ifficult to produce in soluble and properly folded form
n other expression systems than in mammalian cells. We
ave experienced a particularly difficult example of this phe-
increasing the efficacy of recombinant vaccines; marked increase
ergy vaccine, Vaccine (2006), doi:10.1016/j.vaccine.2006.10.055

omenon during the development of an allergy vaccine target- 208

ng IgE [2,9]. The early prototype vaccine antigens consisted 209

f a fusion protein between the C2C3 domains of rat or human 210

gE and a parasite or bacterial protein produced in a bacterial 211
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xpression system. The majority of these fusion proteins were
ound to form insoluble inclusion bodies or not to fold prop-
rly. Pichia pastoris expression systems were also tested but
o recombinant protein could be detected in the conditioned
edia. The lack of secreted protein indicated aberrant fold-

ng and lysozomal degradation, a phenomenon commonly
bserved when expressing immunoglobulin-like domains in
ungal expression systems.

The difficulties in expressing the IgE C�3 domain in bac-
erial expression systems is most likely caused by the lack of a
arbohydrate structure, which apparently is needed for proper
olding. This carbohydrate addition site is conserved among
ll presently characterized IgE and IgG molecules, from the
gg-laying monotremes to placental mammals [14]. The fold-
ng of this domain probably also needs the help from several
haperons. The lack of certain such chaperones is probably
he primary reason why these proteins are difficult to produce
n fungal expression systems.

In order to solve the problem with solubility and fold-
ng, we looked into alternative expression systems and other
otential fusion partners. We decided to try to produce the
arget region, the IgE C�3 domain, as a fusion protein with
he C�2 and C�4 domains in the form of a chimeric IgE

olecule. The C�3 domain was derived from the IgE gene
f the species to be vaccinated, here rat, dog or human and
he carrier domains originate from a non-placental mammal.
he flanking domains were aimed to function both as struc-

ural support for the C�3 domain and as a carrier providing
cell help. For initial tests in an animal model we produced
fusion protein consisting of the C�2 and C�4 domains of

he American Opossum (M. domestica), a marsupial, and the
�3 domain of the domestic rat [2]. When being expressed

n a mammalian expression system this molecule, which was
esignated ORO, folded properly and was exported from the
roducer cell line as a disulphide-linked dimer (Figs. 1 and 2)
2].

To study the immuno stimulatory effect of repeated epi-
opes, a chimeric IgE molecule with two target domains
as produced. This new vaccine antigen contains two rat
3 domains and two C2 domains from opossum IgE. This

ecombinant protein, named ORORO thus holds five Ig
omains (C2-C3-C2-C3-C4) (Fig. 1A). The ORO and the
RORO vaccine antigens were expressed in 293-EBNA
uman embryonic kidney cells in an average yield of
bout 2 and 0.5 mg protein per liter of conditioned media,
espectively. SDS-PAGE analysis under reducing conditions
evealed that ORO and ORORO migrate as proteins with
olecular weights of ∼48 and 85 kDa, respectively (Fig. 2).
owever, under non-reducing conditions, most of the pro-

ein migrates at ∼100 and 230 kDa, respectively, suggesting
hat recombinant ORO and ORORO are both produced as a
isulfide-linked homodimers (Fig. 2).
U
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We also produced vector constructs for two additional
ariants of the vaccine antigens with three and four C3
omains, respectively (ORRORO and ORRRORO). How-
ver, it was difficult to obtain sufficient protein quantities

p
T
d
o

ig. 2. SDS-PAGE analysis of Ni column purified ORO and ORORO under
educing and non-reducing conditions.

n sufficiently high purity to analyze the effect of these mul-
imeric variants in an animal model. These proteins were
herefore not further analyzed.

.2. Effects of vaccination with ORO and ORORO

Groups of Wistar rats were injected with ORO or ORORO
n Freunds complete adjuvant or Montanide 51 (Montanide
1 is a pure mineral oil based adjuvant). Three weeks after the
rst injection the animals were administered a booster dose

n Freunds incomplete adjuvant or Montanide 51. Five weeks
fter initiation of the experiment serum samples were taken
nd analyzed for anti-IgE titers. Antibodies against native rat
gE were detected in the sera of all ORO-and ORORO vac-
inated animals, and the most prominent anti-IgE antibody
esponse was observed in the ORORO treated rats (Fig. 3).
n three independent experiments with two different adju-
ants (Freunds and Montanide ISA 51) the anti-IgE antibody
iters, were 4.5, 5 and 8 times higher in the ORORO treated
nimals than in the ORO treated animals (Fig. 3). In each of
he three independent experiments four rats were included in
ach group, ORO and ORORO, which in total was 12 animals
increasing the efficacy of recombinant vaccines; marked increase
ergy vaccine, Vaccine (2006), doi:10.1016/j.vaccine.2006.10.055

er antigen variant. A statistical analysis using the Student’s 288

-test of all 24 animals showed a highly statistical significant 289

ifference between the two groups of animals with a p-value 290

f 0.00018 (***). When comparing all 24 animals the differ- 291

dx.doi.org/10.1016/j.vaccine.2006.10.055
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Fig. 3. Analysis of anti-IgE antibody levels in rats vaccinated with ORO or
ORORO. Absorbance values of individual animals are indicated by black
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ots, and the mean value in each group of animals is shown by hatched bars.
hree independent experiments are depicted separately, one using Freunds
s adjuvant and two with Montanide ISA 51.

nce in titer of was found to be 5.3 between the two groups.
he reason why we chose to do divide the study into three

ndependent experiments, which were separated in time by
everal months and using three independent shipments of ani-
als was to avoid errors coming from an individual shipment

r a potential unrecognized infection during an experiment.

. Discussion

Vaccines have one very important advantage over treat-
ent strategies using pre-produced proteins directly targeting

he specific organ or the target molecule in that a therapeu-
ic effect can usually be achieved by the use of very low
mounts of protein. For example, the amounts of recombi-
ant protein required for the treatment with a therapeutic
accine is estimated to 10,000–20,000 times lower than for
he treatment with monoclonal antibodies [2]. This is one
mportant reason why therapeutic vaccines most likely will
ecome an interesting alternative to conventional therapies.
he concept of therapeutic vaccines has also been boosted
y the enormous number of potential patients in both human
nd veterinary medicine, and is being studied extensively
n such important areas as birth control, cancer, allergy and
utoimmunity [15]. Initial tests in various animal models have
een very promising [2,9,16–19]. However, recent clinical
rials have not met the high expectations from the field. A
U
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ecent clinical trial with an anti-TNF-� vaccine induced no
etectable antibody titers against native TNF-� [20]. A recent
tudy with the tumor antigen HER-2 has also been rather
iscouraging. Only 6 out of 10 patients showed detectable
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nti-HER-2 antibody titers. In addition, the anti-HER-2 anti-
ody levels in two of these six patients were barely detectable
Pharmexa, www.pharmexa.com). In both of these studies,
he antigen was administered together with Alum, a relatively
eak adjuvant. These studies therefore implicate that more
otent adjuvants and other modifications increasing the effi-
acy of a vaccine antigen are needed in order to obtain good
linical affect.

The development of therapeutic vaccines is a demanding
ask where numerous important questions that have to be
ddressed. The vaccine antigen has to be produced in a sol-
ble and properly folded form to elicit an immune response
hat is also directed against the native target protein. Purifica-
ion schemes with sufficient yield have to be developed for the
roduct to be within reasonable price range. Animal models
hat can give information concerning the potential efficacy of
he different vaccines have to be available. Although these
teps in the development process are often both cost and
ime consuming, most of these issues can normally be solved.
owever, an additional critical issue in the development of
accines against self-antigens is the strong tolerizing effect
f the self-antigen on the B cell response, which may result
n poor vaccine efficacy.

Many factors can influence the development of tolerance.
owever, for therapeutic vaccines the level of the particular

elf-protein appears to be the critical factor. High levels of
he self-protein appear to suppress the antibody response very
fficiently at the B cell level [2,9,21,22]. In contrast, the T
ell tolerance is to a large extent circumvented by the cova-
ent coupling of the self-antigen to a foreign carrier protein,
s exemplified by bacterial proteins or the opossum C2 and
4 domains of the hybrid IgE molecule used in this study

2,9]. These carrier regions contain multiple non-tolerized
cell epitopes, which leads to an efficient recruitment and

ctivation of T cells directed against the vaccine antigen.
owever, the B cell responses are down regulated by bind-

ng of self-antigen in the absence of costimulatory signals
ike CD40–CD40 ligand interactions and cytokines [22,23].
n order to overcome the limited B responses strong adju-
ants or structural modifications of the antigen that increase
he antigenicity are probably necessary. We may even have to
se both strategies simultaneously, in particular with target
elf-proteins that are present in relatively high concentrations
n vivo [3].

In our previous work, we have studied the effect of differ-
nt adjuvants on anti-IgE levels and anti-carrier antibody lev-
ls to optimize the adjuvant for therapeutic vaccines. Almost
ll tested adjuvants were shown to induce high antibody titers
gainst the non-self regions, the carrier. Of the five adjuvants
ested, i.e. Freunds, Montanide 51, Montanide 720, Alum and
scoms, only one, Alum, yielded significantly lower titers
han the other adjuvants [1]. Alum is the most commonly
increasing the efficacy of recombinant vaccines; marked increase
ergy vaccine, Vaccine (2006), doi:10.1016/j.vaccine.2006.10.055

sed adjuvant in humans. However, this adjuvant is known to 372

ave relatively weak immuno stimulatory properties and to 373

how a clear TH2 profile [1,24]. Alum has recently also been 374

hown to induce contact hypersensitivity to aluminum in a 375
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igh percent of the patients (77%) and this adjuvant remains
t the injection site for several months to years, making it a
ess favorable alternative in therapeutic vaccines [25].

We also analyzed the antibody titers elicited against the
elf-component. In contrast to the anti-carrier responses
he responses against the self-component varied markedly
etween adjuvants. The only adjuvants that did induce a
trong anti-self response were the mineral oil based adju-
ants, Freunds and Montanide 51. This clearly indicates that
here is a large difference in the effect of adjuvants in inducing
nti-self and anti-non-self responses.

Thus, mineral oil-based adjuvants appeared to be the most
romising alternative. However, mineral oils also confer a
ubstantial risk of adverse side effects and there are serious
oubts concerning their future use in vaccine development.
ne very interesting alternative was identified in an analy-

is of biodegradable adjuvants in combination with various
oll-like receptor agonists. Montanide 720 is a squalene-
ased adjuvant with relatively low activity when adminis-
rated without additional immuno stimulatory substances.
owever, when administrated together with the lipid A por-

ion of bacterial lipopolysaccarides this adjuvant turned out
o induce anti-IgE levels almost at 60% of the titers induced
y Freunds and Montanide 51 [1]. Surprisingly, the Toll-like
eceptor agonists did not augment anti-IgE levels when added
o the strong mineral oil-based adjuvants [1]. Thus, the effect
f the TLR agonists was primarily seen with weak or mod-
rately potent adjuvants.

It was an extremely encouraging finding that a combina-
ion of TLR agonists and biodegradable adjuvants like Mon-
anide 720 gave almost as good effect as with the strongest
nown adjuvants, the mineral oil based adjuvants. However,
or many therapeutic vaccines this may not be sufficient, due
o high in vivo levels of the target antigen. In order to obtain
vaccine that have a good therapeutic effect we may need to
nhance the immunogenicity even further. A very promising
omplement is here repetitive epitopes. For example, the use
f empty virus particles is a powerful way to increase the
mmunogenicity of small peptides or small protein domains.
owever, for many therapeutic vaccines this is not an alter-
ative due to folding constraints. The study presented here
ntroduces another promising alternative. The results are very
ncouraging as an only moderately repetitive variant, the
imer, increased the efficacy of the vaccine by 4–8-fold. It
hould her be noted that the same amount of antigen was used
or both groups and the experiment was not performed under
quimolar conditions. An even larger difference between the
wo groups of animals may have been observed if equimolar
onditions had been used. One additional important finding
as that this enhancing effect persisted with strong adju-
ants. The effect was seen in the presence of two mineral
il based adjuvants, Freunds and Montanide 51. This indi-
U
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ates that the effect most certainly also will remain after
ptimizing the adjuvant formulation. The enhancing effect
f multimeric variants of vaccine antigens has previously
lso been observed in experiments with recombinant aller-
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ens [26,27]. Interestingly, hybrid allergens with epitopes
rom two or several allergens seems also to have a similar
ffect [28–30]).

In summary, the use of detoxified TLR agonists as immuno
timulators in vaccine formulations will most likely substan-
ially increase the chances of obtaining good clinical effects in
uture clinical trials. In addition moderately or highly repet-
tive variants of vaccine antigens can also further increase
accination efficacies. With these two new alternatives to
nhance immunogenicity at hand chances have increased dra-
atically that many important therapeutic vaccines not only

emain in the development stage but also reach the clinic.
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