














Results

Fig. 3.34: Testing the polyclonal
antibody to detect different
variants of antigen
LinJ08.1140

The ability to detect soluble antigen (A)
and the AIDA-08.1140 fusion protein
(B) was tested. A: E. coli lysates before
and after induction with IPTG; left panel
coomassie stained SDS gel, right panel:
western blot using anti-08.1140 (1:10%)
and secondary peroxidase labelled anti-
mouse IgG. B: Salmonella lysates after
induction of Pp.ec, left panel: western
blot using peroxidase labelled anti-HA
antibody, right panel: western blot using
anti-08.1140 (1:10%) and secondary
peroxidase labelled anti-mouse IgG.
Anti-08.1140 was additionally blocked
with 100 pg SL3261-lysate.

Figure 3.34A shows a coomassie stained gel (left panel) of lysates of recombinant F.
coli cells before and after induction of antigen-expression using IPTG (see section
3.2.5). Induced protein is clearly visible around the 11 KDa mark. Lysates were
blotted onto PVDF membranes (right panel) and antigen was detected using anti-
08.1140 (1: 10%) and a peroxidase-labelled anti-mouse secondary antibody. To prevent
unspecific binding of salmonella carrier specific antibodies, 100 pg of salmonella
lysate was added to the primary antibody. Two bands became visible after detection,
one at 11 KDa likely corresponding to monomeric LinJ08.1140 and another one just
below 25 KDa suggesting dimer formations. Only a slight cross-reaction with E. coli
protein around the 18 KDa mark was detected. Figure 3.34B shows Western blot
analysis of cell lysates of salmonella vaccine strain expressing LinJ08.1140 on the
surface and the control SL3261 after induction of vaccine-antigen expression by
culture in minimal medium with low Mg®" concentration (see section 3.2.5).
Detection using anti-08.1140 antibody revealed a single band of the expected size for
the AIDA-08.1140 fusion protein (right panel). The cross-reacting bands typically
seen after detection using anti-HA antibody (left panel) were absent. However,
detection of LinJ08.1140 in L. major lysates was not successful (data not shown). It
was possible that, despite extensive washing, residual FCS used for leishmania
cultivation was interfering with proper transfer and prevented transfer of leishmania

proteins to the PVDF membrane.
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The polyclonal anti-08.1140 antibody from mice prime-boosted with LinJ08.1140
recognised specifically the antigen from serum-free preparations such as bacterial
preparations (fig. 3.34) and can therefore be used for the detection of the antigen in
the parasites using fluorescence microscopy.

In order to visualise antigen LinJ08.1140 in parasites, a late log-phase promastigote
culture of L. major 173::DsRed K2 was harvested and fixed on glass slides for
subsequent staining. Parasites were permeabilised with saponin and stained either
with the polyclonal antibody against LinJ08.1140 (1:50) or an equal concentration of
an antiserum from a mouse immunised with SL3261 as control. To prevent cross-
reaction both antibodies were blocked with salmonella lysate and detection was
performed using a Cy2-labelled anti-mouse IgG antibody (1:500). As an additional
control some parasites were stained with secondary antibody only. Pictures were
acquired with the Leica SP5 confocal laser-scanning system and processed using
VOLOCITY (Improvision) software. Figure 3.35 shows that while controls did not
show any significant signal, a strong signal was observed in promastigotes stained

with the anti-08.1140 antibody.
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Interestingly parasites which appear to be in the process of cell division (fig. 3.35,
arrows) exhibited the strongest signal, whereas the fluorescence signal in non-
dividing parasites was much weaker. In the majority of dividing cells with bright
signals nuclei appeared to have already separated (not shown) while the flagellum was
not fully developed and cells were still attached to each other. This indicated that the
expression of antigen LinJ08.1140 by leishmania promastigotes may be cell cycle

dependent and suggested a functional role in this process.

3.5.3 Mapping of MHC-I specific epitopes using in silico peptide prediction

Antigens are presented via molecules of the major histocompatibility complex
(MHC). External antigens are processed in the phagolysosome of antigen presenting
cells (APC) and loaded onto MHC class II molecules. After transport to the surface
the MHC-II/peptide complex is presented to CD4" helper T cells. Antigens located in
the cytosol, however, are processed in a proteasome-dependent fashion and resulting
peptides subsequently are transported into the ER and loaded onto MHC class I
molecules for presentation to cytotoxic T cells (CTL). The involvement of CD8" T
cells in resistance against visceral leishmaniasis has been acknowledged in several
studies (Basu et al., 2007a; Murray et al., 1989; Stager et al., 2003b). Moreover,
salmonella-induced cross-presentation has been reported (Winau et al., 2004; Salerno-
Goncalves and Sztein, 2009). Therefore, it was assumed that salmonella vaccine
strains expressing leishmania antigens will, along with CD4" T cells, also activate
specific CD8" T cells.

LinJ08.1140 is a newly discovered antigen, which has been shown here to be
potentially protective in mouse models of leishmaniases when delivered by
recombinant salmonella vaccine strains. Furthermore it would be of interest to try this
antigen in other more epitope based vaccine formulations, since they allow precise
initiation, regulation and control of immune responses. LinJ08.1140 comprises 99
amino acids, thus 91 putative peptides (nonamers) for MHC-I presentation. However,
not all of these peptides will be immunogenic and experimental evaluation of all
peptides is cost and labour intensive. Therefore, epitope prediction programs were

employed to examine putative MHC-I binding peptides in LinJ08.1140 and, for
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reference, KMP-11, since epitopes for the latter were predicted and tested
experimentally (Basu et al., 2007b).

More than 30 prediction programs based on different algorithms are available on the
internet. A comparative study published last year (Lin et al., 2008) assessed
performance and reliability of MHC prediction programs using a set of model
antigens. The study revealed that matrix based programs (e.g. BIMAS and
SYFPEITHI) were outperformed by non-linear predictors like NetMHC which is
based on artificial neural networks (ANN). Therefore analysis of LinJ08.1140 and
KMP-11 was performed using NetMHC (Buus et al., 2003; Nielsen et al., 2003;
http://www.cbs.dtu.dk/services/NetMHCY/).

Another obstacle is the choice of appropriate MHC-I haplotypes/alleles. Genes of the
MHC family are highly polymorphic with several hundred variants reported to date.
Analysing all of them would exceed the scope of this work and therefore it was
decided to focus on a set of haplotypes considered relevant for the major vaccine
target, the population of India.

The population of India is, however, highly diverse with several thousand
endogamous groups, 325 functioning languages and 25 scripts (The Indian Genome
Variation Consortium, 2005). Moreover, cultural aspects like the cast system, religion
and migration highly contributed to genetic diversity. However, visceral leishmaniasis
is endemic in only three states in the North of India. Focussing only on Bihar, where
90 % of all cases of VL are reported, eastern Uttar Pradesh and West Bengal (Bora,
1999), the composition of ethnic populations could be better defined. Within the
framework of the Indian Genome Variation Consortium it was established that the
majority population of these states is Caucasian (Uttar Pradesh, Bihar and admixture
in West Bengal) and Australoid (West Bengal) with mongoloid influence. This was
further confirmed by another study involving Asian Indians of the Delhi area. It was
suggested that the Indian population is, although essentially Caucasoid, in reality a
mixture of Caucasian and oriental haplotypes/alleles (Mehra, 2000). According to this
review the most common HLA class I alleles in the Indian population were A*02,
A*24, A*11, A* 33 in the HLA-A locus and B*07, B*35, B*40, B*57 and B*58 in
the B locus. Thus, for the purpose of predicting vaccine antigen-derived epitopes and
it was decided to restrict the analysis to these most common haplotypes. Interestingly

the most ubiquitous Caucasian allele
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A*0201 is absent in the Indian population and hence was replaced with the more
frequent A*0211.

The result of the epitope prediction is shown in figure 3.36. Analysis of KMP-11
(bottom half) generates a cluster of binding peptides in the N-terminal region of the
protein, with one classified as strong binder (black, threshold affinity < 50 nM)
starting at position 2 and a number of weak binding peptides (grey, threshold affinity
<500 nM) in the region 2-21. The C-terminus in comparison is a lot less represented
with one strong binder starting at position 78 and a couple of weak binders. This is to
a certain degree coherent with experimental data (Basu et al., 2007b), which also
showed clustered binding regions N-terminal (1-30) and C-terminal (71-90).
Interestingly, the majority of peptides found, did match HLA-A haplotypes, while
only one weak binder for the chosen HLA-B haplotypes was detected. Due to the
coherence with experimental data for KMP-11, it was assumed that a similar analysis
with LinJ08.1140 would be valid.

Epitope prediction for LinJ08.1140 using the same haplotypes showed a higher
frequency of peptides with strong and weaker binding ability both for HLA-A and
HLA-B than KMP-11. A cluster comprising strong binder for HLA-A was found
between position 17 and 64, while clusters of weak binders were found for both loci
between position 46 and 78. Additionally one strong binder was found for each of the
loci starting around amino acid 80. Overall peptide prediction revealed several
candidate peptides for CD8" activation, which in a next step will have to be evaluated

in a practical experiment.
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4. Discussion

Leishmaniasis is a grossly neglected tropical disease and currently threatens more
than 350 million people in 88 countries world wide (Desjeux, 1996). The emergence
and spread of HIV, migration due to civil unrest and the phenomenon of global
warming contribute to the rise of leishmaniasis (www.who.int/leishmaniasis/en/).
Treatment is available, but expensive, toxic or prone to resistance development in
parasites, underlining the need for a vaccine. The concept of vaccination is feasible
and during the past decades a lot of effort has been invested to understand parameters
like immune responses linked to susceptibility or resistance or genetic factors
associated with disease. In order to reach the ultimate aim, a vaccine against different
forms of leishmaniasis, several strategies such as whole live or dead organism, single
antigens in combination with different adjuvant and recombinant delivery systems
have been more or less successfully tested (Khamesipour et al., 2006; Kedzierski et
al., 2006; Coler and Reed, 2005; Palatnik-de-Sousa, 2008). Some of these vaccines
progressed to clinical studies, but despite all effort no such vaccine has become
available yet.

The immunisation with attenuated live pathogens in order to induce a protective
immune response in the host has had a long tradition. A major drawback of this
approach is that under certain circumstances attenuated strains may gain virulence and
become pathogenic again. This is especially in regard to the severity of visceral
leishmaniasis not acceptable. A solution to this problem is the use of sub-unit
vaccines, instead of the whole organism, with the ambition to induce a protective
immune response but not disease. A live vaccine using recombinant, attenuated
S. typhimurium has been developed and described in this thesis. Furthermore, novel
antigen candidates have been identified and evaluated using different in vivo models
for visceral leishmaniasis. In an attempt to further improve the vaccine effect
achieved, outer membrane vesicles have been engineered to inducibly express
leishmania antigens and consequently have been tested for their potential to augment

antigen specific immune responses.
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4.1 In silico selection of novel antigen candidates

Several methods to successfully identify putative antigens candidates have been
described in the literature. Melby and colleagues, for example, screened a cDNA
library which has been generated from L. donovani amastigotes. An estimated 30 000
constructs have then been tested in pools and the most protective ones have been
further analysed in sub-pools. A major finding was, however, that the sub-pools were
less protective. The resulting decrease in protection has been attributed to the loss of
synergistic effects of some of the cDNAs. Altogether, the authors describe this
method as very laborious and no particular cDNAs have been singled out as vaccine
candidates (Melby et al., 2000). A further method, involving the fractionation of
L. major lysate on SDS-Gels and subsequent transfer to PVDF membranes has been
described (Zeinali et al., 2007). Immunoreactive proteins were identified by
incubation of the membrane with serum from patients who recovered from CL and
subsequently eluted from the membrane for identification. Serum from healed and
immunocompetent patients is also used in immunoproteomics. Lysates of pathogens
were separated on two-dimensional electrophoresis and potential antigen candidates
are subsequently identified using the anti-sera from patients with healed or active
infection and reactive protein spots were then analysed by mass spectrometry. This
approach has been used for a number of pathogens such as Neisseria meningitides,
Chlamydia, H. pylori and L. donovani (Williams et al., 2009; Karunakaran et a.,l
2008; Haas et al., 2002; Forgber et al., 2006; Theinert et al., 2005). The disadvantage
of this method is the requirement of patient serum, which is not always available in
excess and more importantly not all protective antigens are immunogenic during
disease.

For that reason it was decided to use an in silico method to identify and select novel
antigen candidates from proteomics data derived by comparative analysis of L.
mexicana life cycle stages (Paape et al., 2008). The majority of these antigens were
also detected in another study (table 3.1) using leishmania proteomics but was only
published in 2008 (Rosenzweig et al., 2008) that is after this thesis project had started.
The proteomic approach took advantage of the completion of sequencing projects for
L. major and L. infantum, respectively (Ivens et al., 2005; Peacock et al., 2007). The
sequencing of the L. major Friedlin strain led to the prediction of 8272 proteins. Five

hundred and nine of these open reading frames have been identified in the
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comparative proteome project (Paape et al., 2008). This is equivalent to 6.2 percent of
the whole proteome and reflects the most abundant proteins present in both life cycle
stages.

The in silico selection of antigens for vaccine development has been successfully
described for the gastric pathogen H. pylori (Sabarth et al., 2002), which led to the
confirmation of HPO0231, an antigen which was previously discovered by
immunoproteomics (Haas et al., 2002) and was later included in a clinical vaccination
study (Aebischer et al., 2008). According to Sabarth et al. it was presumed that
vaccination against abundant protein from pathogens facilitates recognition and thus
response by the immune system. For the purpose of the development of an anti-
leishmania vaccine, it can be assumed that the 6.2 % of proteins identified in the
proteomics study are representing the most abundant proteins.

Genetic diversity clearly exists for Leishmania species (Ivens et al., 2005; Peacock et
al., 2007). Therefore it was considered important to favour antigens which are highly
conserved among Leishmania spp. A comparative sequence analysis using ClustalW
has been done for all antigens selected in this thesis (fig 3.2 and supplementary
material), which showed a high grade of homology. Furthermore, it is known that
vaccination with proteins can induce autoimmune reactions and suboptimal immune
responses, due to cross-reactivity with host proteins. Therefore it was of importance
that the antigens in question have no homologues in humans or mice. None of the
selected antigens showed any homologies. Taken together, five antigens have been
selected for this thesis using the in silico approach. Two of them have been shown to
be partially protective (discussed in the next section), which reflects a high success

rate.

4.2 Discovery of two novel protective antigens to vaccinate against L. major

and L. donovani

Five antigens have been selected to be tested in murine models of VL. In addition
KMP-11 was chosen to serve as a reference control. Its immunogenic potential as
antigen in prophylactic and therapeutic vaccines against VL has been shown in
previous studies using KMP-11 expressed by Toxoplasma gondii (Ramirez et al.,

2001), KMP-11 DNA vaccine (Basu et al., 2005) and a KMP-11 transfected hybrid-
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cell vaccine (Basu et al., 2007a). Due to the encouraging results of these studies
KMP-11 is currently being developed for clinical studies (T. Aebischer, personal

communication).

However, results of vaccination of susceptible BALB/c mice with KMP-11-
expressing S. typhimurium SL3261 and subsequent challenge with L. major were
disappointing. Lesion development for the cytosolic expression strain was comparable
with the SL3261 carrier control (fig. 3.16A and 3.30A) in several experiments and a
reduction in parasitic burden in the spleen was only transient (fig. 3.16B).
Interestingly, expression of KMP-11 on the surface of salmonella resulted in an
increased parasitic burden compared to control mice (fig. 3.16B). Bhaumik and
collegues have shown that vaccination of BALB/c mice with KMP-11-encoding
plasmids required the addition of IL-12 to induce a protective immune response,
which is in contrast to L. donovani, where this kind of vaccination alone was
sufficient for protection (Bhaumik ez al., 2009). This could be an explanation for the
failure of KMP-11 formulated as a recombinant salmonella vaccine; hence results
from a challenge with L. donovani were expected to be more promising. However,
data obtained after L. donovani challenge reflected and confirmed the previous
observations. Mice vaccinated with cytosolic expression strain pcVAC1-KMP
showed reduced parasite burdens in spleen and liver at day 28 and 68 after infection
(fig. 3.21) compared to sham-immunised mice but no differences were detected in
comparison to the carrier control SL3261. Determination of antigen-specific antibody
titres in serum showed IgG1 and IgG2a of similar levels in the L. major model, which
indicated the presence a mixed Ty1/Ty2 response considered to be of advantage for
protection against L. donovani (Basu et al., 2005; Basu et al., 2007a; Stager et al.,
2003a). KMP-11 vaccinated mice from the L. donovani study however produced more
IgG1 (data not shown), thus were biased towards Ty2 response. Interestingly, mice
from both negative control groups (naive and carrier control SL3261) showed a
similar antibody response after infection, with high levels of KMP-11-specific IgG1.
Overall these findings suggest that despite promising results for KMP-11 in DNA
vaccines and cell-hybrid vaccines, salmonella were presumably not the ideal vaccine
carrier for KMP-11, although the novel antigens described in this study were highly

protective when delivered by recombinant salmonella. This shows that not only the
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nature of the antigen is of importance for vaccine development but also the way of its
delivery.

Two out of five antigen candidates initially selected for this study have delivered
promising results against both pathogens L. major and L. donovani. LinJ23.0410 is a
small protein of unknown function, which can be expressed in the cytosol as well as
the surface of S. typhimurium. Mice that had been vaccinated with either variant
showed a delayed onset of disease, although surface expression of LinJ23.0410 did
deliver better results. Throughout the studies, animals vaccinated with the cytosolic
strain, pcVAC1-23.0410 produced antigen-specific IgG2a, whereas IgG1 was below
detection limit. After infection however, the ratio IgG1 versus IgG2a varied between
different experiments, but overall titres remained relatively low (~100) in comparison
with other antigens (~1000 for KMP-11 and LinJ08.1140). Interestingly, the surface
expression strain did not elicit any detectable antibody response against LinJ23.0410.
Purification experiments have shown this protein to be very hydrophobic. After
extraction from inclusion bodies and on-column refolding the protein was eluted in
buffer containing imidazole for stabilising purpose, which had to be removed in a
dialysis step. This resulted in rapid precipitation of the protein shortly after. In
salmonella transportation of this highly hydrophobic protein to the bacterial surface
may have resulted in precipitation and thus blockage of the AIDA-pore. Furthermore,
pore blockage might be an explanation for the observation that wild type as well as
RBS mutant strains showed similar levels of protein expression and bacterial fitness

(fig. 3.6 and 3.9) indicating limited toxicity.

The second and particularly protective antigen was LinJ08.1140. Similar to
LinJ23.0410 it is a hypothetical protein of unknown function, selected from the
comparative proteome analysis. Surface expression of this antigen resulted in a
significant reduction of parasitic burden in the spleen and a significant delay in lesion
development after challenge with L. major. Serum analysis of L. major infected mice
showed that the initially Tyl biased immune response was averted towards Tp2,
which is in agreement with the observation that vaccination did not fully prevent
disease and with the fact that progressive disease in BALB/c mice has been correlated
with a Ty2 type immune response. In the L. donovani study however, the majority of

LinJ08.1140 vaccinated mice show a Ty1 biased response (data not shown) on day 28

107



Discussion

which persisted till later stages of infection at day 68 and reflected the fact that
disease did not progress in vaccinated mice.

Elevated organ weights for spleen and liver were observed in LinJ08.1140-vaccinated
mice at day 28 after infection. This was very likely a result of vaccine-induced
inflammation and recruitment of immune cells in response to parasite infection. A
similar observation was described in resistant C57BL/6 mice where the effect was
attributed to the presence of IL-12, which promoted rapid development of granulomas
(Satoskar et al., 2000), and in BALB/c mice when function of CTLA-4, a negative
regulator of T cell activation was blocked (Murphy et al., 1998). This hypothesis was
supported by the low LDU numbers measured in spite of the elevated organ weight.
Overall, the level of protection observed for this particular antigen, LinJ08.1140, is
considered to be very good. A similar protection status was achieved after vaccination
of mice with recombinant antigen HASPBI1 (Stager et al., 2000). As a result HASPB1
is included in a clinical study which is currently in preparation (T. Aebischer,

personal communication).

Most studies using single vaccine antigen formulations did not report sterile
immunity, a fact that has also been observed in this thesis. It therefore can be assumed
that vaccination against VL will require more than one antigenic target to achieve
sterile immunity if ever possible. LinJ08.1140 and LinJ23.0410 were the most
protective antigens studied in this work. Like for many other antigens vaccination
with these proteins significantly delayed onset of disease and reduced parasitic burden
in visceral organs. In order to test for synergy, the respective salmonella vaccine
strains emerging from the first in vivo evaluation psVAC5-08.1140, psVAC0-23.0410
and pcVACI1-23.0410 had been combined to one vaccine, called “vaccine allstars”.
Both antigens seemed to synergize (see figure 3.18), enhancing the vaccination effect
against L. major significantly. In the L. donovani model, no difference between the
vaccine allstars and the single expression strain psVAC5-08.1140 was found. Both
formulations showed a remarkable reduction in parasitic burden in spleen and liver.
Interestingly, an increase in liver and spleen weights, as seen in LinJ08.1140
vaccinated mice, was not observed, when LinJ08.1140 was combined with
LinJ23.0410, thus suggesting a counterbalancing effect of the latter with respect to
inflammation. Due to the hypothetical nature of both antigens the mechanism leading

to this synergy remains unclear. Synergy can be due to additive effects of
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immunogenic antigens or to the immuno-modulatory properties of one or more
antigens. This kind of effect has been previously demonstrated for Leish-111f, a
recombinant poly-protein, proven to be effective against L. infantum. Two of its
components, TSA and LmSTI1 have been shown to elicit a protective immune
response in BALB/c mice when administered with IL-12. The third component, LelF
was only partly protective (Skeiky et al., 1998), but found to be a strong Ty1 inducer
stimulating the immune system to produce IL-12, IL-18 and IFNy, thus making the
co-administration of IL-12 redundant (Coler and Reed, 2005; Coler et al., 2007).
Another vaccine, combining protective antigens KMP-11 and HASPBI, is currently
in development (T. Aebischer, personal communication). Thus, the novel candidates

discovered here may be incorporated into a future multi-component vaccine.

The remaining three antigen candidates tested during the course of this thesis did not
confer any significant protection and were not further analysed. Immunisation with
salmonella expressing LinJ25.1680 on the surface (psVAC5-25.1680) led to
significant exacerbation and rapid disease progression in mice after challenge with
L. major. Interestingly a second vaccine strain (psVACO0-25.1680) expressing far
more LinJ25.1680 antigen under in vivo conditions (fig 3.9) did not show
exacerbation but similar results as the SL3261 carrier control. The mechanism leading

to that observation remains unclear though potentially interesting.

4.3 Vaccine-independent factors to influence and modulate vaccine induced

immune response

Unspecific immuno-stimulatory effects such as additional stress, carrier effects and
the nutritional status of the mice can modulate the response to vaccination, as
observed in this thesis.

Stress can highly influence the immune system and therefore mice are held under
equal conditions to allow comparative analysis of immunological data. However,
during one experiment, mice suffered additional stress originating from a broken
water bottle in that particular cage. Mice from this cage were previously immunised
with cytosolic expression strain pcVAC1-23.0410 and were highly protected from

L. major challenge. Stress related hormones affect major immune functions and are
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known to shift immune responses towards an anti-inflammatory Ty2 response. This
would mean a major disadvantage for these mice. However, it has also been shown
that stress, especially short term, can enhance skin delayed-type hypersensitivity
(DTH) reaction in rodents, due to rapid infiltration of immune cells from the blood to
the skin (summarised by Elenkov and Chrousos, 2006). This reaction might be a
possible mechanism and explanation for the delayed onset of disease after
subcutaneous injection of L. major parasites.

Dependent of the source of mice; oral administration of the aroA™ salmonella strain
SL3261 had a major impact on their health. Despite attenuation of the salmonella
strain, mice displayed symptoms typical for typhoid fever in mice, such as scrubby
fur, weight loss and apathy, and recovery could take up to four weeks. Lowering the
CFU of salmonella to 1x 10°, a dose which is normally well accepted did not lead to
any improvement. These severe symptoms were only observed in mice purchased
from Harlan UK and it was speculated that nutrition and an altered intestinal flora
played a major role in the apparently enhanced virulence of the attenuated vaccine
strain. Similar observations were recently discussed by Round and collegues (Round
and Mazmanian, 2009). As a result mice which received SL3261 carrier control
showed a faster lesion development and disease progression than their PBS
counterparts. This might also be an explanation for the observation that immunisation
of C57BL/6 mice (Harlan UK) with the vaccine allstars in general did not yield the
same level of protection as observed with BALB/c mice (bred at University facilities
or purchased from Charles River UK).

Vaccination with live carrier such as salmonella alone can confer protection against
experimental infection to certain extends. This effect has been observed in mice from
other sources than Harlan UK, which did not encounter salmonella-induced disease as
described above. Carrier effects are quite common and are very likely due to
unspecific stimulation or the presence of leishmania parasite cross-reactive antigens
expressed by the salmonella carrier.

In addition, contamination of the animal facility with murine pathogens occurred
during the course of the present studies. One of these pathogens, pinworm Syphacia
obvelata, is known to induce a Ty2 response with the production of IL-4, IL-13 and
specific 1gGl (Michels et al., 2006). This, of course, may have modulated the
outcome of vaccination experiments against leishmaniasis using L. major parasites

where a Ty 1 response is required for protection.
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4.4 Attenuated salmonella as live carrier vaccine against visceral

leishmaniasis

The heterologous expression of antigens in attenuated S. fyphimurium or S. typhi for
vaccination of mice and humans, respectively, has been studied against a number of
pathogens (reviewed by Galen et al., 2009). Immune responses are generally dose-
dependent (reviewed by Zinkernagel et al., 1997) and it has been shown in
S. typhimurium, that abundantly produced proteins are more likely to be recognized
by the immune system and result in activation of specific CD4" T cells (Rollenhagen
et al., 2004).

Heterologous antigen expression in salmonella can result in the loss of bacterial
fitness due to toxicity, and therewith impair the delivery of antigen and its
presentation to the immune system. To overcome this obstacle the in vivo inducible
Ppagc promoter from salmonella was used for this study. The promoter and
subsequently antigen expression is activated by low Mg”" concentrations which
typically prevail in the phagosome of APCs, where antigen can be processed and
directly loaded onto MHC molecules. Expression of the well studied fusion protein
GFP_OVA from this promoter showed no effect on bacterial fitness compared to the
carrier control, as demonstrated by in vivo colonisation assays (Bumann, 2001). Work
by Bumann showed that this promoter has a low in vitro activity (<4000 copies of
GFP_OVA per cell) compared to a very high activity in vivo (> 90 000 copies of the
protein per cell), thus reducing rapid plasmid loss in vivo. However, here hypothetical
proteins of unknown function from leishmania were to be expressed. No information
about potential cytotoxicity or their impact on the metabolic burden of the vaccine
carrier was available. Over-expression in E. coli showed that four proteins
accumulated in inclusion bodies, while one; LinJ35.0240 was not expressed at all,
thus indicating a negative impact on the host strain. Indeed, the majority of these
antigens were not expressible from Pp,.c in the cytosol of salmonella under in vivo
conditions, suggesting that expression of these antigens even at reduced levels in RBS
mutant strains was not well tolerated.

Bacterial fitness can be increased by fine regulation of protein expression. One
possibility to control intracellular expression levels is the selection of promoters of
different strengths. The disadvantage of such a system is that promoters may react

different in diverse carrier systems thus complicating transfer of results from one
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vaccine model to the other (e.g. mouse/S. typhimurium to human/S. typhi). Therefore,
regulation of antigen expression on a translational level seemed to be the better
option, as it allowed the use of a single optimised promoter system. This has been
done by introduction of point mutations into the ribosomal binding site (RBS) in this
study and elsewhere (J. Schroeder, unpublished data). These mutations influence the
binding of the ribosome to the mRNA transcript, resulting in altered translation
efficiency. A study probing different mutations and their influence on bacterial fitness
was previously carried out using H. pylori antigen HP0231. Bacterial fitness is
determined by counting the CFU in Peyer’s patches at day 7, which in general shows
the peak colonisation and has been used as a surrogate for total colonisation. The
factorial combination of in vivo antigen levels and bacterial numbers fit for antigen
delivery showed a direct correlation with vaccine-induced immune responses such as
specific IgG and T helper cell mediated protection against H. pylori challenge (fig.
4.1, Schroeder et al., unpublished data).
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Fig. 4.1: Effect of HP0231 abundance on salmonella antigen delivery, bacterial
fitness and immunogenicty

A: Peyer’s patches colonization of salmonella expressing various amounts of HP0231
at day 7 post immunization. Based on these colonization data and the estimated in
vivo HP0231 levels, the total amount of HP0231 was calculated (solid triangles).
Means and SEM’s for group of 3 to 7 mice are shown. B: Serum anti-HP0231 IgG
titres (open triangles) seven weeks after immunization with salmonella expressing
various HP0231 amounts, and Helicobacter pylori stomach loads three weeks after
challenge infection (and ten weeks after immunization; open circles).

Therefore this strategy was also applied for the expression of leishmania antigens
during this project. For example antigen LinJ23.0410 expression reduced bacterial
fitness to a minimum, as no in vivo colonisation was detectable at day 7 after oral

vaccination. The introduction of a single point mutation in the RBS resulted in a
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reduced antigen expression but higher bacterial fitness. This strain, pcVAC1-23.0410
was consequently included in protection studies and was able to reduce parasitic
burden in mice. However, antigens LinJ08.1140, LinJ09.1180, LinJ25.1680 and
LinJ35.0240 could not be expressed by either wild-type or RBS mutated strains. This
was most likely due to toxicity, favouring the outgrowth of strains carrying amber
mutations in the cDNA coding the antigen.

However, these antigens were successfully expressed on the surface of salmonella and
protection studies resulted in the discovery of psVACS5-08.1140 which was
particularly protective. Antigen localisation plays an important role for the induction
of an immune response (reviewed by Zinkernagel et al., 1997) and surface
presentation presumably eases access of proteolytic enzymes in the phagosome of
macrophages and loading of peptides onto MHC-II molecules (Verma et al., 1995;
Hess et al., 1996). Furthermore it is known that, like all Gram negative bacteria,
salmonella undergo constant membrane shedding. The release of outer membrane
vesicles intra- and extracellularly may activate the MHC-II machinery, thus allowing

loading of antigenic peptides derived from OMVs.

Leishmania parasites are released into the skin by their sand fly vector. Starting from
the site of infection, parasites remain local in case of CL or disseminate to internal
organs in case of VL. No sterile immunity after challenge with L. major or
L. donovani was achieved in this study or in any other (Yang et al., 1990; Xu et al.,
1995; McSorley et al., 1997; Lange et al., 2004) using salmonella-based or other
vaccines. This poses the question whether oral vaccination with recombinant typhoid
salmonella is a good strategy to address early infection at the site of transmission, or
what is needed to improve the vaccine. Oral administration of vaccine strain S. #yphi
Ty21a, registered for human vaccination against typhoid fever and proposed as one of
the possible carrier strains for heterologous antigens, was shown to induce mainly gut
homing lymphocytes. A vast majority (99 %) of responding lymphocytes carried gut
homing receptor ouf; integrin, whereas L-selectin responsible for homing to
peripheral lymph nodes and spleen was found on 42 % and cutaneous lymphocyte
antigen (CLA) for skin homing was found only on 1 % of specific circulating T and B
lymphocytes (Kantele ef al., 1997; Salerno-Goncalves et al., 2005; Kantele et al.,
2003; Lundin et al., 2002). However, intra-muscular injection of formalin-killed

salmonella resulted in L-selectin expression on 86 % of cells, whereas 58 % were
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positive for asf7, indicating that the intra-muscular route of immunisation is able to
activate the against VL important systemic immune response (Kantele et al., 1997).
The same research group investigated the effect of administering multiple doses of
salmonella via different routes. Oral re-immunisation led to an up-regulation of skin
homing receptor CLA by 34-48 % of reactive lymphocytes independent of the
priming route. The group proposed a possible connection between gut and skin in
association with food allergies, where skin homing lymphocytes are also up-regulated.
They further discuss that the skin area of the body comprises less than 2 m?, whereas
the intestinal surface is estimated to be 400 m”. Consequently, more specific T cells
are required to cover the considerably larger intestinal area. This would be an
explanation for the different percentages in homing receptors expressed after
salmonella uptake as excessive accumulation of T cells in the skin might be harmful
(Kantele et al., 2003). For vaccination against VL as demonstrated during this project
it can be argued that this one percent skin homing and the 42 % spleen homing is
sufficient to significantly reduce parasitic burden in the foot pad (CL) and in the
spleen (VL), but that by combining intra-muscular priming with oral boost, the
vaccination effect might be further improved.

Protection against leishmaniasis is cell mediated and a relevant vaccine is required to
activate antigen-specific CD4" and CD8" T cells. Oral vaccination of mice in this
study resulted in the activation of CD4" T cells, as measured by flow cytometry and
indirectly by ELISA. The T cell response monitored by cytometry was not
compelling, despite indication that psVAC5-08.1140 mediates the activation of
IFNy/TNFo. double producing CD4" T cells. This was most likely due to the low
sensitivity of the re-stimulation assay, lacking the addition of fresh antigen presenting
cells, or the choice of fluorescence-labelled antibody, especially against [FNy, or the
number of cells acquired, factors which all might improve sensitivity of the assay.
Activation of specific CD8" T cells was not detectable at all and is in coherence with
other studies (Yang et al., 1990; Lange et al., 2004). However, antigen-specific

activation of CD8" T cells against intracellular parasites would be of advantage.

Several possibilities to exploit salmonella live vaccine carrier to target CD8" T cells
have been published. Xiang and collegues used S. typhimurium as a DNA-delivering
vaccine against cancer. The cancer specific antigen CEA was expressed from a CMV

promoter and oral vaccination resulted in the activation of antigen specific CD8" T
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cells and their production of IFNy, IL-12 and GM-CSF, which more importantly was
also detected in the spleen (Xiang et al., 2001). This would be a good method for non-
cytotoxic antigens like KMP-11 or LinJ23.0410. The most protective antigen of this
LinJ08.1140, however, cannot be expressed in the cytosol of S. typhimurium.
Moreover, expression from mammalian DNA vaccine vector pcDNA3.1 did not result
in any detectable protein in HeLa and P815 cells, despite the presence of specific
mRNA (data not shown). This characteristic might exclude LinJ08.1140 for DNA
vaccination, unless smaller potions such as epitope coding regions are used.

Another attractive method to enhance CD8" T cell response is the employment of the
S. typhimurium type III secretions system (T3SS). Genes encoded by salmonella
pathogenicity island 2 (SPI-2) are up-regulated upon entry to the phagosome of
macrophages. Fusion of heterogeneous proteins or epitopes from Listeria
monocytogenes to substrates of the T3SS such as SifA and sspH2 resulted in their
appearance in the cytosol of host cells 6 to 24 h after oral administration. This led to
the activation of CD8" T cells and also the induction of effector memory T cells and
central memory T cells in spleen and blood (reviewed by Panthel et al., 2008; Galen
et al., 2009). An essential requirement for CD8" activation is the presence of MHC-I
epitopes on the antigen. An in silico analysis for the protective LinJ08.1140 has
therefore been conducted in this thesis. Prediction programs for MHC analysis have a
limited reliability. However, a comparative analysis revealed NetMHC to be the most
reliable server available online (Lin et al., 2008). Simultaneously to LinJ08.1140,
KMP-11 was analysed and the results were compared with experimental data for
KMP-11 (Basu et al., 2007b). Some of the experimentally confirmed epitopes for
KMP-11 were also predicted by the server. However, the online prediction seemed to
be less sensitive, as not all of the experimental epitopes were recovered. The study by
Basu was conducted in Germany and the blood donors used were very likely of
Caucasian origin. The MHC 1 allele A*0201 is highly prevalent in European
populations but is completely absent in the Indian population (Mehra, 2000).
Presumably, A*0201 specific epitopes were among the experimental data, thus were
not included in the in silico prediction which used A*0211 instead. Nevertheless,
more MHC-I epitopes and especially more strong binding peptides have been
predicted for LinJ08.1140 than KMP-11 which is consistent with experimental

observations in mouse protection studies. Interestingly no MHC-I epitopes have been
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predicted for BALB/c (H-2%) or C57BL/6 (H-2) mice, which may explain the lack of
detectable of CD8" T cell activation.

4.5 Recombinant outer membrane vesicles to augment vaccine-induced

immune responses

Outer membrane vesicles are a common feature of Gram-negative bacteria and have
been exploited for vaccine development against a number of pathogens such as
N. meningitides, Vibrio cholerae and S. typhimurium (Holst et al., 2005; Schild et al.,
2009; Schild et al., 2008; Alaniz et al., 2007). It has been demonstrated that intra-
peritoneal injection of purified salmonella OMVs drastically reduced bacterial burden
in mice that have subsequently been intra-veneously challenged with S. typhimurium
(Alaniz et al., 2007). It was reasoned that OMVs carrying respective leishmania
antigens could reduce parasitic burden and increase protection against VL. To date
only homologous OMVs were produced for vaccination. There is no reason, however,
not to produce recombinant OMVs carrying heterologous antigens.

It was assumed that antigens targeted to the surface will automatically appear on
OMVs. Therefore the AIDA autotransporter system, already described for salmonella
surface expression was used. The in vivo inducible Pp,c promoter showed very low
activity in vitro (Bumann, 2001) and was hence replaced by a recently developed
plasmid based propionate inducible system using the P,,g promoter (Lee and
Keasling, 2005; Lee and Keasling, 2006). Sodium propionate is an inexpensive
chemical used as food preservative (Glass et al., 2007) and as such is non-toxic in
contrast to the for protein induction more commonly used IPTG (Figge et al., 1988).
Vaccination trials against meningococcal infections in humans have shown that a
single dose of OMV corresponding to 25 pg total protein is immunogenic (Gorringe
et al., 2009). This is close to the 5 to 10 ug doses used in respective mouse
experiments (Moe et al., 2002; O'dwyer ef al., 2004). OMVs prepared from one litre
of culture routinely yielded about 10 mg of protein, and in that context provide more
than 100 immunogenic doses. Therefore, recombinant OMV offer a strategy for the
development of affordable vaccine combinations since bacterial culture at industrial

scale in large fermenters is economically viable even if products are sold at very low
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prices. This is in particular relevant in the context of neglected tropical diseases such

as leishmaniasis.

Leishmania parasites are released into the skin after exposure to infected sand flies.
Therefore it was decided to administer OMV preparations as a booster injection sub-
cutaneously in an attempt to attract CD4" and CDS8" T cells to the primary site of
infections. In this thesis a salmonella-based vaccine against VL has been developed
and tested. However, salmonella vaccination predominantly activates gut-homing T
cells as discussed before. Antibody responses were determined to characterise the
salmonella-prime/OMV-boost concept, although protection against leishmania
infection is dependent on the activation of CD4" and CD8" T cells. IgG1 and IgG2a
responses are dependent of CD4" T cell help and indicative of IL-4 producing Ty2 or
INFy producing Tyl responses, respectively, the latter being crucial for anti-parasite
immunity (Murray et al., 2005). Based on the humoral response, KMP-11 expressing
live vaccines induced both Tyl and Ty2 T cell help. Vaccines expressing LinJ08.1140
and to a far lesser extend LinJ23.0410, however, showed an elevated IgG2a isotype
titre indicative for a Tyl biased response. As mentioned and discussed before, surface
expression strain psVAC0-23.0410 did not induce any detectable antigen-specific
antibodies. Consistent with a recent KMP-11 vaccine study (Bhaumik ez al., 2009)
and results from this work, immunisation of BALB/c mice with the live vaccine alone
did not confer a significant protective local (foot pad) or systemic (spleen) effect
against L. major challenge. Only animals boosted with the respective OMVs showed a
tendency to reduce systemic parasitic burdens, while no improvement was found in
psVACS5-08.1140 and pcVACI-23.0410 vaccinated mice. Interestingly, the only
strain where boosting with the respective OMV led to a significant decrease in
systemic parasitic burden was the strain expressing LinJ23.0410 on the surface but
completely lacking the induction of antigen-specific antibodies. Antibodies have been
implicated in exacerbating leishmania infection (Miles et al., 2005; Anderson et al.,
2002; Buxbaum, 2008). The sub-cutaneous route of application has been chosen
deliberately not only to attract T cells to the skin but also because the other options
intra-venous and intra-peritoneal application would not be viable in human
vaccination. It can be speculated that i.p. application in mice, as done by Alaniz and
colleagues might have resulted in better protection, since this route targets systemic

immunity which is required against VL.
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Nevertheless, recombinant OMVs are a versatile platform to express heterologous
proteins or antigens for a wide range of applications. For vaccine development
different requirements such as safety have to be met. OMV-based vaccines against
meningitis have shown clear, but mostly moderate side effects (Gorringe et al., 2009;
Lennon, 2007; Nokleby et al., 2007). Immunisation of individuals in a clinical study
resulted in adverse reactions such as pain and erythema. Systemic reactions were in
general mild with headache and malaise reported by up to half of the vaccinated
individuals. Acceptability of these adverse reactions may depend on the disease
targeted but may be less problematic for veterinary vaccines e.g. dogs in the case of
VL.

Purified antigens on their own are most often not immunogenic and require the
addition of adjuvant to induce an immune response. However, OMVs harbour
immuno-stimulatory molecules such as lipoprotein, lipopolysaccharide and
peptidoglycan, which are recognised by TLRs 2 and 4 on APCs. Activation of these
receptors results in the induction of an inflammatory response and can induce specific
T and B cells, thus making the addition of adjuvant redundant. This was shown for
OMVs derived from salmonella (Alaniz et al., 2007) and V. cholerae where, in
addition, vesicles were shown to be immunogenic when applied orally (Schild et al.,
2009; Schild et al., 2008). In this thesis it was shown that a single injection with
recombinant OMVs, containing approximately 0.5 pg of the vaccination antigens
(data not shown), and increased specific antibody titres in mice primed with
salmonella vaccine strains 6-40 fold. In a similar study, salmonella primed mice were
boosted with 10 pg of antigen absorbed to alum, which resulted in approximately 50
fold higher titres (Londono-Arcila et al., 2002). This comparison indicates that
recombinant OMVs very potently boosted the antigen specific response.

During the ongoing development of recombinant OMV for this thesis other attempts
to derive recombinant OMVs have been reported. For example, fusion constructs of
E. coli cytotoxin ClyA were engineered to study the process of OMV generation (Kim
et al., 2008) and outer membrane proteins of pathogenic N. meningitides strains were
expressed in non-pathogenic neisseria to derive recombinant OMV for vaccination
(O'dwyer et al., 2004). In addition, OMVs of recombinant V. cholerae expressing
periplasmic PhoA from E. coli were shown to induce PhoA-specific antibodies
(Schild et al., 2009). This together with the results from this thesis strongly supports

the use of recombinant OMVs for vaccination purposes. Compared to these
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approaches, however, AIDA provides a more versatile platform, which allows the
display of heterologous proteins from different species including Gram-positive

bacteria and parasites, and a useful tool for the development of prime-boost reagents.

4.6 Outlook

In this study, two novel antigens have been discovered and prototypic live vaccines
expressing these antigens have been developed. These vaccine strains conferred
significant protection in susceptible BALB/c mice against challenge with L. major
and more importantly L. donovani. It is clear that further improvements are needed
but the results show that live attenuated salmonella are a valid carrier concept to target

visceral leishmaniasis.

Dogs are one of the main reservoirs for L. infantum, and vaccination would certainly
decrease the risk of humans living in close proximity to become accidental hosts.
Immunisation of dogs with a DNA vaccine encoding leishmania antigens KMP-11,
LACK, gp63 and TRYP failed to induce protection against L. infantum (Rodriguez-
Cortes et al., 2007). Attenuated S. typhimurium has been used to vaccinate dogs
against salmonellosis (McVey et al., 2002) and also in recombinant form against
Echinococcus granulosis (Chabalgoity et al., 2000; Petavy et al., 2008). Salmonella
expressing antigen LinJ08.1140 showed the highest protection throughout this project
and as a first measure the prototypic vaccine developed in this thesis can be used to
vaccinate dogs. Studies by Petavy showed that an attenuated S. typhimurium isolate
from dogs is more immunogenic than mouse adapted strain SL3261. Due to the
plasmid based concept applied here, a transfer of the plasmid into a dog adapted

S. typhimurium strain should be unproblematic.

During this thesis LinJ08.1140 emerged as a particularly protective antigen. It is still
classified as hypothetical protein and therefore has not been fully characterised yet.
However, for its safe applications in humans and in order to explore its full potential,
more research regarding structural and functional properties is necessary. MHC-I
epitopes have been predicted in this study but experimental confirmation is required,

so that peptides can be used in other epitope-based vaccine formulations.
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Leishmania promastigotes have been stained with a polyclonal antibody raised against
LinJ08.1140. Fluorescence microscopy revealed a strong signal in dividing parasites,
thus suggesting a role of LinJ08.1140 in cell division. This still needs confirmation in
amastigotes and further experiments, e.g. Western blots of stage-specific parasite
lysates need to be conducted. In addition, a genetic knock-out in leishmania would

certainly contribute towards investigating its relevance for the parasite.
The approach to produce recombinant outer membrane vesicles developed here

(Schroeder and Aebischer, 2009) may provide an attractive vaccination system in

cases where antibodies are of particular importance.
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S-1  ClustalW analysis for selected antigens, supplementary to figure 3.2

KMP-11
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Difference in foot pad swelling [mm]

Evaluation of all vaccine candidates, supplementary to figure 3.16
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S-3  Purification of soluble KMP-11, supplementary figure to section 3.24
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