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A recombinant alpha-hemolysin polypeptide of Staphylococcus aureus,
having a deletion in the stem domain and heterologous sequences inserted

[0001] The invention is related to the development of an engineered form of
bacterial alpha-hemolysin. In particular, the present invention refers to a
recombinant single-chain alpha-hemolysin polypeptide of Staphylococcus aureus,
which has a deletion in the stem domain and comprises at least one additional
heterologous sequence inserted into permissive sites of said recombinant alpha-

hemolysin polypeptide.

[0002] Since the development of recombinant DNA techniques in the late
1970s, gene fusion technology has been used for generating multifunctional
proteins for a broad range of applications. Fusion proteins are utilised in protein
science research for diverse applications. In order to construct such fusion
proteins, two types of connection are possible. One is ‘end to end’ fusion in which
the N-terminus of one domain is linked to the C-terminus of the other domain. The
second is “insertional” fusion in which one domain is inserted in-frame into the

middle of the other parent domain.

[0003] Proteins or fragments thereof are used for active immunization.
Active immunization involves trying to stimulate humoral and cellular immune
responses by administering antigens. These antigens can be killed or weakened
forms of the disease-causing agents, subunits of the infectious agents and
recombinant proteins corresponding to the native proteins or to polyepitopes.
Passive immunization involves giving antibodies called gamma globulins to

someone who was infected with the disease.

[0004] A major obstacle in vaccine development is variability, complexity
and adaptability of pathogens. For instances, the variability of S. aureus is
associated with its twelve serotypes which are related to the capsular
polysaccharide composition. The complexity of this microorganism is due to its
phenotype because S. aureus is able to produce more that forty virulence factors.
The adaptability is related to the capacity of the bacteria to accumulate mutations
and to become resistant to antibiotic treatment or even more to escape to the
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immune system. This explains the tendency of some pharmaceutical groups to
develop multivalent vaccine by combining several antigens in a same vaccine
formulation. In this context, a vaccine consisting of a single protein would be less
costly to manufacture and has the advantage of a practical production process and
more straightforward quality control testing than a vaccine consisting of several

recombinant proteins.

[0005] Epitope characterization is medically important in application such as
vaccination and antibodies developments. There are a number of advantages to
immunize only with the epitope rather than with the entire organism or with the
isolated antigen such as the safety, the difficulties to obtain pure antigens, the
problems of immunodominance of some epitopes or the possibility to focus the
immune response on protein regions which are of crucial importance for the

biological activity of the protein.

[0006] If various epitope mapping techniques have permitted to unravel
antibody/antigen interactions, the possibilities to deliver these small B cell epitopes
to the immune system are lacking. According to the literature, the classical
approaches that consist simply to fuse epitopes gives rise to polypeptides that are
poorly antigenic. An alternative approach of epitope-vaccines is the conjugation to
a carrier able to elicit an efficient T cell help for antibody producing B cells.
Consequently, this is this feature that limits drastically the use of epitope-vaccines
obtained by gene fusion. In this way, virus-like particles have demonstrated to be
suitable molecular scaffold of B cell epitopes. But this approach is often confronted
to the “assembly problem” occurring when the epitope fusion or insertion prevent

assembling of the core protein to form the virus-like particle.

[0007] Staphylococcal alpha-hemolysin (HA) is secreted by most strains of
Staphylococcus aureus as a water soluble monomer of 293 residue polypeptide.
This toxin forms heptameric pores in membranes of susceptible cells such as
platelets, erythrocytes, peripheral blood monocytes, macrophages, keratinocytes,
fibroblasts and endothelial cells. HA is endowed with haemolytic, cytotoxic,
demonecrotic and lethal properties as well in humans as in animals. A role of this
toxin in Staphylococcus aureus biofilm formation and more precisely in cell-to-cell
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interactions was also reported. The crystal structure of the heptamer HA in
detergent indicates a mushroom-shaped object in which the lower half of the stem
(K110 to Y148), a 14 strand B-barrel, forms a transmembrane channel made up of
residues from the seven central-glycine-rich regions of the polypeptide chains
(Figure 1). The N- and C-terminal third of the polypeptide is organized in a B-
sandwich structure that participates to the formation of the cap of the mushroom

located outside of the targeted cell.

[0008] Staphylococcus aureus is a hardy, Gram-positive bacterium that is
frequent cause of both community-acquired and nosocomial disease. Transient
asymptomic colonization is common, occurring in up to 40% of children and adults.
In a minority of cases, S. aureus infection is associated with severe disease,
including bacteremia, osteomyelitis, endocarditis, meningitis and abscess
formation. S. aureus infections are relatively difficult to treat, and invasive diseases

and relapse may occur following antibiotic treatment.

[0009] The infections caused by S. aureus are also problematic in animals.
Bovine mastitis is the most costly disease to the dairy industry worldwide, with
losses estimated at 2 billion dollars per year in the United States alone. Mastitis is
the primary reason for culling, e.g. mastitis was reported to be the reason for 15%
of the cows culled in the USA. S. aureus is one of the most frequent causes of
bovine mastitis, and despite several decades of research aimed at controlling this
pathogen, it remains a substantial economic problem to milk producers worldwide.

[0010] Treatment is made more difficult by the increasing number of strains
that are resistant to multiple antibiotics, including methicillin. Resistance to
vancomycin, an antibiotic of last resort, has also developed recently. Disease
prevention is therefore the best way to limit the morbidity and mortality caused by
this organism as well in humans as animals. As whole-cell live or killed vaccines
largely fail to generate protective immune responses, alternative immunizations

have been tested such as:

[0011] Active immunizations:
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[0012] - Capsular polysaccharides act as virulence factors by reducing the
ability of host polymorphonuclear neutrophils to opsonise the bacteria. Although 12
S. aureus capsular polysaccharides have been identified, types 5 and 8 have
historically accounted for the majority of S. aureus diseases. A vaccine has been
developed that contains type 5 and 8 polysaccharides (StaphVAX, Nabi
Biopharmaceuticals). Its protective capacity has been demonstrated in a mouse
model. It has also been shown to be safe and immunogenic in humans. Although it
is the only staphylococcal vaccine to date that has been tested in a Phase Il
clinical trial, it failed to meet the goals of this Phase Il clinical trials.

[0013] - Immunization with poly-N-acetylglucosamine, a S. aureus surface
carbohydrate synthesized by icaABC products, has been shown to protect mice
against staphylococcal disease.

[0014] - Subunit vaccines composed of individual surface proteins, for
example, clumping factor A (CIfA), clumping factor B (CIfB), iron-regulated surface
determinant B (IsdB), or fibronectin-binding protein (FnBP), generate immune
responses that afford partial protection against S. aureus challenge of

experimental animals.

[0015] - Passive immunizations:
[0016] Monoclonal antibodies were currently being tested for their ability to
interfere with staphylococcal infections. A formulation containing high levels of

opsonising antibodies against S. aureus capsular polysaccharide types 5 and 8

(AltastaphTM, Nabi Biopharmaceuticals) is currently in clinical trials.

[0017] Teichoic acid is a polymer expressed on the surface of S. aureus that
is present in two forms: wallteichoic acid (WTA), a major component of
staphylococcal cell wall, and lipoteichoic acid (LTA), which is connected to the cell
membrane. A monoclonal anti-LTA antibody is currently being tested for its ability
to prevent coagulase-negative staphylococcal sepsis. A phase I/ll double-blind,
placebo-controlled study of the anti-LTA monoclonal antibody demonstrated that
the antibody is safe and tolerable in premature infants and shows linear
pharmacokinetics. Efficacy trials have not been reported.
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[0018] Veronate, a passive immunotherapy developed by Inhibitex, based

on the humanized monoclonal antibodies recognizing the S. aureus CIfA protein

and S. epidermidis SdrG. These monoclonal antibodies show some protective

efficacy in animal models of S. aureus infection.

[0019] The document WO2007/145689 A1 refers to vaccines comprising an
S. aureus alpha-toxin and a pharmaceutically acceptable carrier, wherein the S.
aureus alpha-toxin antigen may contain at least two alterations that reduce its
toxicity and/or may be conjugated to or co-administrated with another bacterial
antigen. The vaccines may comprise one or more other bacterial antigens.
According to W0O2007/145689 alpha-hemolysin protein alone is used as antigen
and/or is chemically conjugated with other S. aureus antigens. However, the
disadvantage of conjugated proteins is that cross-linking will compromise
structure, activity, immunogenicity and antigenicity. Further, each protein
component to be mixed together or to be conjugated has a different purification
history due to different physico-chemical properties, has a different degree of
purity, and possibly has different impurities. In addition, it is difficult to control the
stoechiometry of the chemical conjugation between the different proteins leading
to a problem of heterogeneity in the protein solution. Therefore, maintaining the
same quality of different charges is difficult. In addition, conjugation of proteins

result in a mixture of different products which can not properly defined.

[0020] The object of the present invention was to develop a versatile tool
which permits:

[0021] (i) to overproduce polypeptides difficult to express;

[0022] (i) to display simultaneously one to several heterologous

polypeptides in a unique protein;

[0023] (iii) to design new multivalent antigens that could be used in vaccinal
preparations, particularly for the preventive and/or therapeutic treatment of

diseases caused by Staphylococcus;
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[0024] (iv) to design new multivalent antigens that could be used in as

antigenic sources for antibody developments;

[0025] (v) to elicit antibody production against heterologous polypeptides
corresponding to native epitopes and/or mimotopes.

[0026] (vi) to provide a system for an oriented immobilisation of proteins at
the surface of liposomes or any types of lipidic layers, for studying protein

interactions by using diverse techniques such as ELISA, Biacore, Biosensor.

[0027] (vii) to provide a defined protein e.g. for use as medicament or
vaccine, which can be prepared in essentially the same purity and quality.

[0028] The object of the present invention is solved by a recombinant single-
chain alpha-hemolysin polypeptide of Staphylococcus aureus, having a deletion in
the stem domain for removing hemolytic activity, wherein at least one
heterologous sequence is inserted in a region selected from the group consisting
of regions defined by amino acid position 108 to 151 (site 1), amino acid position 1
to 5 (site 2), amino acid position 288 to 293 (site 3), amino acid position 43 to 48
(site 4), amino acid position 235 to 240 (site 5), amino acid position 92 to 97 (site
6), amino acid position 31 to 36 (site 7), amino acid position 156 to 161 (site 8) in
respect to the wild-type sequence SEQ ID NO: 1, with the proviso that, if the
heterologous sequence contains five or more consecutive histidine residues the
moiety of the heterologous sequence other than the moiety represented by said
five or more consecutive histidine residues has a minimum length of 11 amino acid

residues.

[0029] The present invention is also solved by a variant of said recombinant
single-chain alpha-hemolysin polypeptide, wherein in addition to said deletion in
the stem domain and said insertion of heterologous sequence, 1 to 50 amino acid
residues are added, substituted or deleted in respect to the wild-type sequence
SEQ ID NO: 1 and has the activity to form oligomers and to bind to lipidic bilayers,

including lipidic mono layers and lipidic bilayers, or cell membranes.
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[0030] The deletion in the stem domain or the insertion of heterologous

sequences into the mentioned insertion sites do not abolish the activity to form

oligomers or to bind to lipidic layers, including lipidic mono layers and lipidic

bilayers, or cell membranes.

[0031] If the heterologous sequence contains five or more consecutive
histidine residues the moiety of the heterologous sequence other than the moiety
represented by said five or more consecutive histidine residues has a minimum
length of preferably 15, further preferred 20, more preferred 25 amino acid

residues.

[0032] In further preferred embodiments a variant of said recombinant
single-chain alpha-hemolysin polypeptide preferably is provided, wherein 1 to 40
amino acid residues, preferred 1 to 25 amino acid residues, further preferred 1 to
20 amino acid residues, further preferred 1 to 15 amino acid residues, still further
preferred 1 to 10 amino acid residues, most preferred 1 to 5 amino acid residues
are added, substituted or deleted in respect to the wild-type sequence SEQ ID NO:
1, in addition to said deletion in the stem domain and said insertion of
heterologous sequence and has the activity to form oligomers and to bind to lipidic
layers, including lipidic mono layers and lipidic bilayers, or cell membranes.

[0033] A further preferred embodiment of the present invention is that the
alpha-hemolysin polypeptide comprises at least one heterologous sequence
inserted in a region selected from the group consisting of regions defined by amino
acid position 108 to 151 (site 1), amino acid position 43 to 48 (site 4), amino acid
position 235 to 240 (site 5), amino acid position 92 to 97 (site 6), amino acid
position 31 to 36 (site 7), amino acid position 156 to 161 (site 8) in respect to the
wild-type sequence SEQ ID NO: 1. In addition to said insertion the recombinant
alpha-hemolysin polypeptide may have at least one further heterologous sequence
inserted in a region defined by amino acid position 1 to 5 (site 2) and/or amino acid

position 288 to 293 (site 3) in respect to the wild-type sequence SEQ ID NO: 1.

[0034] In an even further preferred embodiment the alpha-hemolysin

polypeptide comprises at least one heterologous sequence inserted in a region
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defined by amino acid position 108 to 151 (site 1) in respect to the wild-type
sequence SEQ ID NO: 1. In addition to said insertion the recombinant alpha-
hemolysin polypeptide may have at least one further heterologous sequence
inserted in a region selected from the group consisting of regions defined by amino
acid position 1 to 5 (site 2), amino acid position 288 to 293 (site 3), amino acid
position 43 to 48 (site 4), amino acid position 235 to 240 (site 5), amino acid
position 92 to 97 (site 6), amino acid position 31 to 36 (site 7), amino acid position
156 to 161 (site 8) in respect to the wild-type sequence SEQ ID NO: 1.

[0035] As mentioned above, the recombinant alpha-hemolysin polypeptide
according to the invention has a deletion in the stem domain: this deletion in the
stem domain serves the purpose to abolish toxicity of the alpha-hemolysin and is
achieved by that the polypeptide does not anymore form a pore in the cell
membrane. The stem domain lies within the amino acid sequence from Thr109 to
GIn150 in respect to the wild-type sequence SEQ ID NO: 1. In a preferred
embodiment the amino acid sequence from Thr109 to GIn150 in respect to the
wild-type sequence SEQ ID NO: 1 is partially or completely removed. Further
preferred, the amino acid sequence from Thr109 to GIn150 in respect to the wild-
type sequence SEQ ID NO: 1 is completely removed.

[0036] Further preferred, the region (Thr109 to GIn150) which includes the
stem region (K110 to Y148) and some amino acids of the triangle region, has been
substituted with the tripeptide PGN (see table 1). The nucleotide sequence of the
tripeptide is used to create an insertion site of heterologous polypeptides in the
nucleotidic sequence of the alpha hemolysin encoding gene. As a result, the
protein loses its hemolytic activity. The region Thr109 to GIn150 of alpha-
hemolysin is very suitable for insertion and display of large polypeptides. This is
because the substitution of this region does not damage the other biological
activities of the protein (correct folding, binding to lipidic layer, oligomer formation).
In regard to the 3D structure, the present inventors found that the stem domain
and thus the insertion site are flanked with a natural linker which corresponds to
the triangle region. This region spaces the core of the protein to the stem domain
so that they have a folding which is independent to the other. This explains why
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insertion of polypeptides having a higher size than the stem domain is still

permissive (for instance see results with PBP2a [SEQ ID NO: 10] and CIfA [SEQ

ID NO: 14]). No previous data describes this feature.

[0037] In a preferred embodiment of the present invention the heterologous
sequence has a minimum length of 5 amino acid residues, preferably at least 8, at
least 10, at least 12, at least 15, at least 20, at least 30, at least 50, at least 75, at

least 100, at least 150, at least 200, at least 300 amino acid residues.

[0038] In a further preferred embodiment of the present invention the
heterologous sequence has a maximum length of 3000 amino acid residues,
preferably a maximum length of 2000, further preferred a maximum length of
1500, even further preferred a maximum length of 1000, still further preferred a
maximum length of 500, further preferred a maximum length of 250 and most
preferred a maximum length of 100 amino acid residues.

[0039] According to a further preferred embodiment of the present invention
the recombinant alpha-hemolysin polypeptide comprises at least two heterologous
sequences inserted in the same of said insertion sites or inserted in different of
said insertion sites. This means that each of two or more heterologous sequences
are inserted separately into the provided insertion sites. As alternative two or more
heterologous sequences may also be arranged consecutively and inserted into the
provided insertion sites. The two or more heterologous sequences inserted into
the same or different insertion sites may be the same sequence or different.
Preferably, each of two or more heterologous sequences different from each other
are inserted separately into the provided insertion sites. As alternative two or more
heterologous sequences different from each other may also be arranged
consecutively and inserted into the provided insertion sites.

[0040] As used herein the term “heterologous sequence” refers to any
amino acid sequence other than alpha-hemolysin sequence. The “heterologous
sequence” or “heterologous sequences” may be of any origin including virus,
bacteria, plant, fungi, parasites, animal or human or even an arbitrary artificial

sequence. The heterologous sequence could correspond to B-cell or T-cell
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epitopes. It also includes mimotopes, peptide which mimics the structure of an
epitope. Because of this property it causes an antibody response identical to the
one elicited by the native epitope. In this case, the native epitope could also
correspond to macromolecules which are not related to protein such as
peptidoglycan, teichoic acid, capsular polysaccharide.

[0041] In a particularly preferred embodiment the heterologous sequence or
heterologous sequences is/are exclusively derived from Staphylococcus species,
preferably Staphylococcus aureus.

[0042] The S. aureus genome is composed of core and auxiliary genes
which encode secreted proteins, peptidoglycan and membrane-anchored proteins
and cytoplasmic proteins. The majority of genes comprising the core genome are
those associated with central metabolism and other housekeeping functions of the
vegetative life of the bacteria, such as DNA replication, protein synthesis, and
carbohydrate metabolism. Supplementing these are auxiliary genes that are not
essential for growth and survival, including virulence genes. The majority of

virulence genes are:

(i) Surface binding proteins, several of these related proteins bind extracellular-
matrix molecules and have been designated MSCRAMM for microbial-surface
components recognizing adhesive matrix molecules (e.g. clumping factors,
fibronectin-binding proteins, collagen-binding proteins, and bore sialoprotein-
binding proteins).

(i) Virulence factors involved in evading and/or destroying host defenses such
Leukocidins (e.g., PVL and y-toxin), capsular polysaccharides (e.g., 5 and 8),
protein A, Extracellular adherence protein (Eap).

(iii) Virulence factors involved in tissue invasion and/or penetration such
proteases, lipases, nucleases, hyaluronate lyase, phospholipase C, and
metalloproteases.

(iv) Virulence factors involved in toxin-mediated disease and/or sepsis such
Enterotoxins, toxic shock syndrome toxin-1, exfoliative toxins A and B, a-toxin.

(v) Virulence factors involved in persistence such biofilm accumulation, small-

colony variants.
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(vi) Virulence factors involved in antibiotic resistance mechanism such -

lactamase, PBP2a a resistant penicillin-binding protein.

(vii) Mimotopes corresponding to a variety of Staphylococcal antigens, including
peptidoglycan, teichoic acid, lipoteichoic acid and capsular polysaccharides.

[0043] A mimotope is a macromolecule, often a peptide, which mimics the
structure of an antigen epitope, When applied for immunizations they induce
desired antibody specificities exclusively based on the principle of molecular
mimicry. The concept of mimotope not only provides a clue for analyzing antigen
epitope, but also presents a new way for development of vaccine. Mimotope
usually represents a polypeptide structure that can mimic an antigen epitope and
has a reactionogenicity similar to that of native antigen. When the mimotope is
conjugated to a suitable carrier, it may exhibit similar immunogenicity (the native
antigen may not comprise an identical or similar sequence or spatial structure).
The studies of some antigens that are difficult to be obtained or identified can
hardly be conducted, because their antigen epitopes can hardly determined, but
this problem may be solved by obtaining their mimotopes. Mimotope provides a
clue for analyzing antigen epitope and gives a new way for development of
vaccine; moreover, it promotes the researches of conformational epitopes and

non-protein antigen epitopes.

[0044] Further preferred, the heterologous sequence or heterologous
sequences is/are selected from the group consisting of SEB (Staphylococcus
aureus enterotoxin B), TSST (toxic shock syndrome toxine), FnBP (fibronectin-
binding protein), BlaZ (B-lactamase), CIfA (Clumping Factor A), PBP2a (penicillin-
binding protein 2a), Protein A, all derived from Staphylococcus species, preferably

Staphylococcus aureus.

[0045] In yet another particularly preferred embodiment the heterologous
sequence or heterologous sequences is/are selected from sequences SEQ ID
NOs: 7 to 18 (see table 2).

[0046] In addition, the present invention provides the recombinant alpha-

hemolysin polypeptides according to table 3.
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[0047] In a further particularly preferred embodiment the heterologous
sequence comprises a fragment of the immunoglobulin G-binding domain of
protein A of Staphylococcus species, preferably of Staphylococcus aureus;
wherein said fragment of the immunoglobulin G-binding domain of protein A is
having a minimum size of 5 amino acid residues and has no or reduced binding
activity to Fc or Fab domain of immunoglobulin G compared to full-length protein
A. In a preferred embodiment of the present invention the fragment of the
immunoglobulin G-binding domain of protein A is having a minimum length of 5
amino acid residues, preferably at least 8, at least 10, at least 12, at least 15, at
least 20, at least 25, at least 30 amino acid residues.

[0048] In a further preferred embodiment of the invention the fragment of the
immunoglobulin G-binding domain of protein A is having a length of 5 to 35 amino
acid residues, preferably 5 to 30 amino acid residues, further preferred 10 to 30
amino acid residues, and even further preferred 10 to 25 amino acid residues.

[0049] Further preferred, the fragment of the immunoglobulin G-binding

domain of protein A covers not more than two complete alpha-helices.

[0050] In a further preferred embodiment of the present invention said
fragment of the immunoglobulin G-binding domain of protein A has no or reduced
binding activity to Fc and has no or reduced binding activity to Fab domain of
immunoglobulin G compared to full-length protein A. In a particularly preferred
embodiment of the present invention said fragment of the immunoglobulin G-
binding domain of protein A has no significant binding activity to Fc and has no
significant binding activity to Fab domain of immunoglobulin G.

[0051] The selection of a certain limited size of the fragment of the
immunoglobulin G-binding domain of protein A makes sure that the fragment does
not have a significant Fab or Fc binding activity. As mentioned above, the binding
activity of protein A immunoglobulin G binding domains requires the presence of
the three alpha-helices (helix 1, helix 2 and helix 3). For the purpose to develop a
vaccine against Staphylococcus the fragment of the immunoglobulin G-binding
domain of protein A shall have no significant Fab or Fc binding activity. The person
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skilled in the art will be able to chose fragments of protein A immunoglobulin G
binding domains for insertion into the detoxified HA molecule so that said fragment
will have no significant Fab or Fc binding activity, e.g. by choosing a fragment
covering not more than one or two complete helices of the three-helical bundle fold
(helix 1, helix 2 and helix 3).

[0052] In a further preferred embodiment the fragment of protein A
immunoglobulin G binding domains comprises the sequence of not more than one
complete helix selected from helix 1, helix 2 and helix 3 of the immunoglobulin G
(IgG)-binding domains E, D, A, B, and C.

[0053] In yet another particularly preferred embodiment the fragment of
protein A is selected from sequences SEQ ID NOs: 16 to 18 (see table 2).

[0054] According to a preferred embodiment the alpha-hemolysin moiety of
the recombinant polypeptide of the present invention is having the sequence SEQ
ID NO: 3 or SEQ ID NO: 5 (ICHA I, ICHA II). In addition, variants of the said
recombinant single-chain alpha-hemolysin polypeptide are comprised wherein the
alpha-hemolysin moiety has 80% or more, preferably 85% or more, further
preferred 90%, most preferred 95% or more amino acid identity in respect to the
sequences SEQ ID NO: 3 or SEQ ID NO: 5.

[0055] The present invention also provides a polynucleotide encoding the
above described recombinant alpha-hemolysin polypeptide according to the
present invention. Further provided is a vector comprising said polynucleotide
encoding the above described recombinant alpha-hemolysin polypeptide. Also
provided is a transformant comprising the polynucleotide encoding the above
described recombinant alpha-hemolysin polypeptide or the vector comprising said
polynucleotide encoding the above described recombinant alpha-hemolysin
polypeptide.

[0056] The recombinant polypeptide can be used in prevention and/or
therapy, particularly of diseases caused by Staphylococcus spec. particularly of
Staphylococcus aureus. The polynucleotide or the vector as mentioned above can
be used in DNA vaccination.
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[0057] The object is also solved by a medicament or vaccine comprising a
recombinant single-chain alpha-hemolysin polypeptide of Staphylococcus aureus,
having a deletion in the stem domain for removing hemolytic activity, wherein at
least one heterologous sequence is inserted in a solvent-exposed loop of alpha-
hemolysin polypeptide, wherein the heterologous sequence or heterologous
sequences is/are selected from  Staphylococcus  species, preferably
Staphylococcus aureus. The heterologous sequence or heterologous sequences
is/are selected from the house keeping proteins, virulence factors (cytoplasmic,
secreted, and anchored proteins to the cytoplasmic membrane or peptodoglycan)
and mimotopes corresponding to a variety of Staphylococcal antigens, including

peptidoglycan, teichoic acid, lipoteichoic acid and capsular polysaccharides.

[0058] As used herein the term “solvent-exposed loop” means that the
respective part of the amino acid sequence of alpha-hemolysin polypeptide, which
is forming a loop, is exposed to and accessible from an aqueous medium or

biological fluids such a blood.

[0059] In a preferred embodiment of the medicament or vaccine the
heterologous sequence or heterologous sequences is/are selected from the group
consisting of SEB (Staphylococcus aureus enterotoxin B), TSST (toxic shock
syndrome toxine), FnBP (fibronectin-binding protein), BlaZ (B-lactamase), CIfA
(Clumping Factor A), PBP2a (penicillin-binding protein 2a), Protein A, all derived
from Staphylococcus species, preferably Staphylococcus aureus.

[0060] In a preferred embodiment of the medicament or vaccine the
heterologous sequence is inserted in a region selected from the group consisting
of regions defined by amino acid position 108 to 151 (site 1), amino acid position 1
to 5 (site 2), amino acid position 288 to 293 (site 3), amino acid position 43 to 48
(site 4), amino acid position 235 to 240 (site 5), amino acid position 92 to 97 (site
6), amino acid position 31 to 36 (site 7), amino acid position 156 to 161 (site 8),
preferably into a region defined by amino acid position 108 to 151, in respect to
the wild-type sequence SEQ ID NO: 1.
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[0061] In yet another particularly preferred embodiment of the medicament
or vaccine the heterologous sequence or heterologous sequences is/are selected
from sequences SEQ ID NOs: 7 to 18 (see table 2). It is preferred that at least 2,
preferably at least 3, further preferred at least 4 different heterologous sequences
are selected from sequences SEQ ID NOs: 7 to 18.

[0062] In addition, in a further particularly preferred embodiment the
medicament or vaccine comprises a recombinant alpha-hemolysin polypeptide
selected from the group as shown in table 3.

[0063] As mentioned above, the recombinant alpha-hemolysin polypeptide
according to the invention comprised in the medicament or vaccine has a deletion
in the stem domain, namely within the amino acid sequence from Thr109 to
GIn150 in respect to the wild-type sequence SEQ ID NO: 1. In a preferred
embodiment the amino acid sequence from Thr109 to GIn150 in respect to the
wild-type sequence SEQ ID NO: 1 is partially or completely removed. Further
preferred, the amino acid sequence from Thr109 to GIn150 in respect to the wild-

type sequence SEQ ID NO: 1 is completely removed.

[0064] According to a preferred embodiment of the medicament or vaccine
the alpha-hemolysin moiety of the recombinant polypeptide of the present
invention is having the sequence SEQ ID NO: 3 or SEQ ID NO: 5 (ICHA I, ICHA
I). In addition, variants of the said recombinant single-chain alpha-hemolysin
polypeptide are comprised wherein the alpha-hemolysin moiety has 80% or more,
preferably 85% or more, further preferred 90%, most preferred 95% or more amino
acid identity in respect to the sequences SEQ ID NO: 3 or SEQ ID NO: 5.

[0065] A preferred embodiment of the medicament or vaccine has the
proviso that, if the heterologous sequence contains five or more consecutive
histidine residues the moiety of the heterologous sequence other than the moiety
represented by said five or more consecutive histidine residues has a minimum

length of 11 amino acid residues.

[0066] If the heterologous sequence contains five or more consecutive
histidine residues the moiety of the heterologous sequence other than the moiety
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represented by said five or more consecutive histidine residues has a minimum

length of preferably 15, further preferred 20, more preferred 25 amino acid

residues.

[0067] The recombinant single-chain  alpha-hemolysin  polypeptide
comprised in the medicament or vaccine according to the invention may comprise
any one or more of the features described above for the recombinant single-chain

alpha-hemolysin polypeptide.

[0068] The medicament or vaccine may also comprise a variant of said
recombinant single-chain alpha-hemolysin polypeptide, wherein in addition to said
deletion in the stem domain and said insertion of heterologous sequence, 1 to 50
amino acid residues are added, substituted or deleted in respect to the wild-type
sequence SEQ ID NO: 1 and has the activity to form oligomers and to bind to
lipidic layers, including lipidic mono layers and lipidic bilayers, or cell membranes.
In a further preferred embodiment the variant of said recombinant single-chain
alpha-hemolysin polypeptide preferably has 1 to 40, further preferred 1 to 25
amino acid residues, still further preferred 1 to 20 amino acid residues, even
further preferred 1 to 15 amino acid residues, particularly preferred 1 to 10 amino
acid residues and most preferred 1 to 5 amino acid residues, which are added,
substituted or deleted in respect to the wild-type sequence SEQ ID NO: 1, in
addition to said deletion in the stem domain and said insertion of heterologous
sequence and has the activity to form oligomers and to bind to lipidic layers,
including lipidic mono layers and lipidic bilayers, or cell membranes.

[0069] The synthesis of a multivalent vaccine as a single protein by using an
antigen of the targeted pathogen as a carrier protein is advantageous to prevent
the pathogenesis of complex infectious agents such as S. aureus by inducing

humoral and/or cellular immune responses.

[0070] According to the invention the recombinant single-chain alpha-
hemolysin polypeptide may be used for the preparation of antibodies. When using
the recombinant single-chain alpha-hemolysin polypeptide for the preparation of
antibodies, preferably a mixture of antibodies is obtained comprising antibodies
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directed to alpha-hemolysin and antibodies directed to the respective heterologous

sequence or sequences. In case a passive immunization with a mixture of

antibodies against a disease caused by Staphylococcus is desired the

heterologous sequence or sequences all are derived from Staphylococcus.

[0071] In an alternative method antibodies directed to different antigens may
be separated. Further, monoclonal antibodies may also be prepared according to

methods well-known for the person skilled in the art.

[0072] The recombinant single-chain alpha-hemolysin polypeptide according
to the present invention may also be used in assays for detecting and/or selecting
an agent binding to the heterologous sequence, preferably for detecting antibodies
directed to the heterologous sequence. The recombinant polypeptide therefore is
suitable to screen for ligands, for example finechemicals, peptides or proteins,
which bind to the heterologous sequence. The recombinant polypeptide is also
suitable for epitope mapping. A further application is the use of the recombinant
polypeptide for detecting antibodies in a sample, e.g. blood or serum sample,
which antibody is directed to the heterologous sequence. In such an assay the
recombinant alpha-hemolysin polypeptide according to the present invention may
be bound to a liposome which is bound to a solid support. The binding of the
liposome to a solid support may be preferably achieved by avidin/strepavidin

binding. A suitable solid support may be the surface of a well of a multi-well plate.

[0073] The advantages of the recombinant polypeptide according to the

present invention is that:

[0074] (i) Polypeptides can be overproduced which are difficult to express.
[0075] (i) One to several heterologous polypeptides may be displayed
simultaneously in a single protein; wherein the display is performed in fusion and

into solvent-exposed loops of a carrier protein (alpha hemolysin according to the

invention).
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[0076] (iii) Multivalent antigens can be designed that can be used in vaccinal

preparations, particularly for the preventive and/or therapeutic treatment of

diseases caused by Staphylococcus.

[0077] (iv) Multivalent antigens can be designed that can be used as
antigenic sources for antibody development and preparation.

[0078] (v) Antibody production against heterologous polypeptides
corresponding to native epitopes and/or mimotopes can be elicited.

[0079] (vi) A system is provided for an oriented immobilisation of proteins at
the surface of liposomes or any types of lipidic layers, for studying protein
interactions by using diverse techniques such as ELISA, Biacore, Biosensor. The
immobilisation of proteins at the surface of liposomes is due to the interaction of
the carrier moiety (alpha-hemolysin) with lipidic layer such as liposomes. This
system is also promising when using liposomic adjuvant in vaccinology and

antibody developments.

[0080] Further, the recombinant polypeptide of the present invention may be
used for display of randomized protein fragment libraries. The parent domain
(alpha hemolysin as constructed according to the present invention) can serve as
a scaffold to display random protein fragment libraries. The heterologous protein
or polypeptide fragments are expected to be conformationally constrained,
stabilized and protected against proteolysis. By using phage display, bacterial
display, ribosome display and yeast display, this approach can be used for making
antigen fragment libraries and mapping epitopes recognised by monoclonal and
polyclonal antibodies. The recombinant polypeptide of the present invention
constitutes an original tool not only for epitope mapping but also in immunoassay
development.

[0081] In addition, the recombinant alpha-hemolysin polypeptide as a single-
chain protein is less costly to manufacture and has the advantage of a practical
production process and more straightforward quality control testing than a vaccine
consisting of several recombinant proteins. Therefore, the recombinant alpha-
hemolysin polypeptide is particularly useful as medicament and vaccine.



10

15

20

25

30

WO 2010/081875 ‘9 PCT/EP2010/050453
[0082] An alternative embodiment of the present invention is directed to a
recombinant single-chain alpha-hemolysin polypeptide of Staphylococcus aureus,
having a deletion in the stem domain for removing hemolytic activity, containing a
fragment of the immunoglobulin G-binding domain of protein A of Staphylococcus
species, preferably of Staphylococcus aureus inserted into a permissive site. As
explained in the following said fragment of the immunoglobulin G-binding domain
of protein A is having a minimum size of 5 amino acid residues and has no or
reduced binding activity to Fc or Fab domain of immunoglobulin G compared to
full-length protein A.

[0083] Staphylococcal protein A (SpA) plays a key role in the pathogenicity
of S. aureus. SpA is a protein of 42 kDa and comprises several regions with
different functions (Figure 14): the repeat region Wr, which are used for spa typing,
the Wc region, which confers anchoring to the bacterial cell wall, the signal
sequence (S region) in the N-terminal part and the four or five highly homologous
immunoglobulin G (IgG)-binding domains, designated E, D, A, B, and C which
share 65 — 90% amino acid sequence identity (Figure 15). The Z domain of SpA
reported in literature is an engineered analogue of the IgG-binding domain B. The
size of these domains is relatively small; each contains ~ 58 amino acid residues.
The solution structures of two of these domains, the B and E domains, as well as
the very similar Z domain, have been determined by NMR spectroscopy. These
structural analyses revealed that these IgG-binding domains adopted a classical
“up—down” three-helical bundle fold. Cristallography and NMR studies indicated
that the helix 1 and helix 2 interact with the Fc part of Ig while helix 2 and helix 3
bind to the Fab domain of Ig. These studies also indicated that the binding activity
of SpA Ig-binding domains requires the presence of the three helices and is
dependent of its 3D structure.

[0084] The binding activity of SpA acts to cloak the bacterial cell with 1gG,
thus blocking any interaction with Fc receptors on neutrophils and hindering
phagocytosis. As well as binding the Fc region of 1gG, each individual SpA domain
also interacts with VH3 Fab fragments of many IgM, IgA, IgG, and IgE molecules
via the heavy chain, although this does not interfere with the antibody’s antigen-
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binding site. Because of this ability to bind to Fab, SpA acts as a B-cell

superantigen, inducing proliferation and subsequent depletion of the B-cell

repertoire. SpA-bound IgG also inhibits complement fixation by the classical

pathway.

[0085] The use of SpA as candidate for a vaccine against the S. aureus
infections was never used in the past. The problems related to the use of SpA in a
vaccine preparation are related to the capacity of SpA to bind the Fc part of
immunoglobulins and thus to escape the immune system and to cause a depletion
of the B-cell repertoire. Immunization assays performed by the present inventors
by using ICHA 1 009 confirmed that the display of a functional |g-binding domain of
SpA into ICHA did not trigger the induction of anti-SpA antibodies (data not

shown).

[0086] Another problem related to the use of functional SpA Ig-binding
domain in human vaccine is the risk to cause an anti-idiotypic response which is
characterised by the apparition of auto-antibodies. This occurs when the paratope
of the anti-SpA antibodies stimulates the immune system to generate secondary
antibodies which display a paratope that mimics the structural and biological
properties of the antigen.

[0087] Anti-idiotypic  antibodies recognize the idiotypic determinants
(paratope) expressed in the variable region of a particular antibody or the variable
regions of a group of related antibodies. It has been proposed that anti-idiotypic
antibodies are expressed in order to regulate the expression of antibodies that
dominate the response to a particular antigen. Suppression of B cells expressing
these dominant antibodies would allow for the proliferation of other antibodies
using alternative variable region sequences and ultimately to the diversification of
the antibody response. While the expression of anti-idiotypic antibodies would
normally decline with the decreased expression of the antibodies to which they are
responding, anti-idiotypic antibodies that cross-react with something so ubiquitous
as self-IgG have the potential to be continually propagated.
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[0088] Therefore a further objection of the present invention was to provide

an vaccine on the basis of protein A which does not involve the drawbacks of the

state of art.

[0089] The present invention therefore also provides a recombinant single-
chain alpha-hemolysin polypeptide of Staphylococcus aureus, having a deletion in
the stem domain for removing hemolytic activity, wherein at least one
heterologous sequence is inserted into a permissive site, and wherein the
heterologous sequence comprises a fragment of the immunoglobulin G-binding
domain of protein A of Staphylococcus species, preferably of Staphylococcus
aureus; wherein said fragment of the immunoglobulin G-binding domain of protein
A is having a minimum size of 5 amino acid residues and has no or reduced
binding activity to Fc or Fab domain of immunoglobulin G compared to full-length
protein A;

or a variant thereof, wherein in addition to said deletion in the stem domain and
said insertion of heterologous sequence, 1 to 50 amino acid residues are added,
substituted or deleted in respect to the wild-type sequence SEQ ID NO: 1 and has
the activity to form oligomers and to bind to lipidic bilayers, including lipidic mono
layers and lipidic bilayers, or cell membranes.

[0090] In a further preferred embodiment of the present invention said
fragment of the immunoglobulin G-binding domain of protein A has no or reduced
binding activity to Fc and has no or reduced binding activity to Fab domain of
immunoglobulin G compared to full-length protein A. In a particularly preferred
embodiment of the present invention said fragment of the immunoglobulin G-
binding domain of protein A has no significant binding activity to Fc and has no
significant binding activity to Fab domain of immunoglobulin G.

[0091] Since the SpA’s capacity to interact with the Fc or the Fab region of
immunoglobulin molecules is strongly reduced or abolished in the recombinant
alpha-hemolysin polypeptide of the present invention, the above mentioned
drawbacks can be overcome and antibodies can be raised against Staphylococcus
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antigens, particularly directed against Staphylococcus protein A antigen, and

mammals can be vaccinated against Staphylococcus much more effectively.

[0092] As mentioned above the deletion in the stem domain or the insertion
of heterologous sequences into the mentioned insertion sites do not abolish the
activity to form oligomers or to bind to lipidic layers, including lipidic mono layers
and lipidic bilayers, or cell membranes.

[0093] In a preferred embodiment of the present invention the fragment of
the immunoglobulin G-binding domain of protein A is having a minimum length of 5
amino acid residues, preferably at least 8, at least 10, at least 12, at least 15, at
least 20, at least 25, at least 30 amino acid residues.

[0094] In a further preferred embodiment of the invention the fragment of the
immunoglobulin G-binding domain of protein A is having a length of 5 to 35 amino
acid residues, preferably 5 to 30 amino acid residues, further preferred 10 to 30
amino acid residues, and even further preferred 10 to 25 amino acid residues.

[0095] Further preferred, the fragment of the immunoglobulin G-binding

domain of protein A covers not more than two complete alpha-helices.

[0096] The selection of a certain limited size of the fragment of the
immunoglobulin G-binding domain of protein A makes sure that the fragment does
not have a significant Fab or Fc binding activity. As mentioned above, the binding
activity of protein A immunoglobulin G binding domains requires the presence of
the three alpha-helices (helix 1, helix 2 and helix 3). For the purpose to develop a
vaccine against Staphylococcus the fragment of the immunoglobulin G-binding
domain of protein A shall have no significant Fab or Fc binding activity. The person
skilled in the art will be able to chose fragments of protein A immunoglobulin G
binding domains for insertion into the detoxified HA molecule so that said fragment
will have no significant Fab or Fc binding activity, e.g. by choosing a fragment
covering not more than one or two complete helices of the three-helical bundle fold
(helix 1, helix 2 and helix 3).
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[0097] In a further preferred embodiment the fragment of protein A

immunoglobulin G binding domains comprises the sequence of not more than one

complete helix selected from helix 1, helix 2 and helix 3 of the immunoglobulin G

(IgG)-binding domains E, D, A, B, and C.

[0098] In yet another particularly preferred embodiment the fragment of
protein A is selected from sequences SEQ ID NOs: 16 to 18 (see table 2).

[0099] In another preferred embodiment the permissive site is located within
an solvent-exposed loop, preferably selected from the group consisting of regions
defined by amino acid position 108 to 151, amino acid position 1 to 5, amino acid
position 288 to 293, amino acid position 43 to 48, amino acid position 235 to 240,
amino acid position 92 to 97, amino acid position 31 to 36, amino acid position 156
to 161 in respect to the wild-type sequence SEQ ID NO: 1.

[00100] As used herein the term “solvent-exposed loop” means that the
respective part of the amino acid sequence of alpha-hemolysin polypeptide, which
is forming a loop, is exposed to and accessible from an aqueous medium or

biological fluids such a blood.

[00101] A further preferred embodiment of the present invention is that
permissive site of the alpha-hemolysin polypeptide is located in a region selected
from the group consisting of regions defined by amino acid position 108 to 151
(site 1), amino acid position 43 to 48 (site 4), amino acid position 235 to 240 (site
5), amino acid position 92 to 97 (site 6), amino acid position 31 to 36 (site 7),
amino acid position 156 to 161 (site 8) in respect to the wild-type sequence SEQ
ID NO: 1.

[00102] In an even further preferred embodiment the alpha-hemolysin
polypeptide comprises said heterologous sequence inserted in a region defined by
amino acid position 108 to 151 (site 1) in respect to the wild-type sequence SEQ
ID NO: 1.

[00103] As mentioned above, the recombinant alpha-hemolysin polypeptide
according to the invention has a deletion in the stem domain: this deletion in the
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stem domain serves the purpose to abolish toxicity of the alpha-hemolysin and is
achieved by that the polypeptide does not anymore form a pore in the cell
membrane. The stem domain lies within the amino acid sequence from Thr109 to
GIn150 in respect to the wild-type sequence SEQ ID NO: 1. In a preferred
embodiment the amino acid sequence from Thr109 to GIn150 in respect to the
wild-type sequence SEQ ID NO: 1 is partially or completely removed. Further
preferred, the amino acid sequence from Thr109 to GIn150 in respect to the wild-
type sequence SEQ ID NO: 1 is completely removed.

[00104] Further preferred, the region (Thr109 to GIn150) which includes the
stem region (K110 to Y148) and some amino acids of the triangle region, has been
substituted with the tripeptide PGN (see table 1). The nucleotide sequence of the
tripeptide is used to create an insertion site of heterologous polypeptides in the
nucleotidic sequence of the alpha hemolysin encoding gene. As a result, the
protein loses its hemolytic activity. The region Thr109 to GIn150 of alpha-
hemolysin is very suitable for insertion and display of large polypeptides. This is
because the substitution of this region does not damage the other biological
activities of the protein (correct folding, binding to lipidic layer, oligomer formation).
In regard to the 3D structure, the present inventors found that the stem domain
and thus the insertion site are flanked with a natural linker which corresponds to
the triangle region. This region spaces the core of the protein to the stem domain
so that they have a folding which is independent to the other.

[00105] In yet another preferred embodiment the alpha-hemolysin moiety is
having the sequence SEQ ID NO: 3 (ICHA 1) or SEQ ID NO: 5 (ICHA 1I), or
variants thereof wherein the alpha-hemolysin moiety has 85%, preferably 90%,
further preferred 95% or more amino acid identity in respect to the sequences
SEQ ID NO: 3 or SEQ ID NO: 5.

[00106] The present invention also provides a polynucleotide encoding the
recombinant recombinant single-chain  alpha-hemolysin  polypeptide  of
Staphylococcus aureus, having a deletion in the stem domain for removing
hemolytic activity, wherein at least one heterologous sequence is inserted into a

permissive site, and wherein the heterologous sequence comprises a fragment of
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the immunoglobulin G-binding domain of protein A of Staphylococcus species,
preferably of Staphylococcus aureus; wherein said fragment of the
immunoglobulin G-binding domain of protein A is having a minimum size of 5
amino acid residues and has no or reduced binding activity to Fc or Fab domain of
immunoglobulin G compared to full-length protein A; or a variant thereof, wherein
in addition to said deletion in the stem domain and said insertion of heterologous
sequence, 1 to 50 amino acid residues are added, substituted or deleted in
respect to the wild-type sequence SEQ ID NO: 1 and has the activity to form
oligomers and to bind to lipidic bilayers, including lipidic mono layers and lipidic

bilayers, or cell membranes.

[00107] The present invention also refers to a vector comprising said
polynucleotide and to a transformant comprising said polynucleotide or said

vector.

[00108] The recombinant polypeptide can be used in prevention and/or
therapy caused by Staphylococcus spec. particularly of Staphylococcus aureus.
The polynucleotide or the vector as mentioned above can be used in DNA

vaccination.

[00109] Further, the present invention provides a medicament or vaccine
comprising a recombinant single-chain alpha-hemolysin polypeptide of
Staphylococcus aureus, having a deletion in the stem domain for removing
hemolytic activity, wherein at least one heterologous sequence is inserted into a
permissive site, and wherein the heterologous sequence comprises a fragment of
the immunoglobulin G-binding domain of protein A of Staphylococcus species,
preferably of Staphylococcus aureus; wherein said fragment of the
immunoglobulin G-binding domain of protein A is having a minimum size of 5
amino acid residues and has no or reduced binding activity to Fc or Fab domain of
immunoglobulin G compared to full-length protein A;

or a variant thereof, wherein in addition to said deletion in the stem domain and
said insertion of heterologous sequence, 1 to 50 amino acid residues are added,
substituted or deleted in respect to the wild-type sequence SEQ ID NO: 1 and has
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the activity to form oligomers and to bind to lipidic bilayers, including lipidic mono

layers and lipidic bilayers, or cell membranes.

In a further preferred embodiment of the medicament of present invention said
fragment of the immunoglobulin G-binding domain of protein A has no or reduced
binding activity to Fc and has no or reduced binding activity to Fab domain of
immunoglobulin G compared to full-length protein A. In a particularly preferred
embodiment of the present invention said fragment of the immunoglobulin G-
binding domain of protein A has no significant binding activity to Fc and has no
significant binding activity to Fab domain of immunoglobulin G.

Detailed description and definitions

[00110] The invention is related to the development of an engineered form of
the staphylococcal alpha-hemolysin (HA), termed ICHA for Inactivated Carrier
Hemolysin Alpha. The ICHA encoding gene was obtained by insertion of
numerous restriction sites in the coding sequence of the Hemolysin Alpha (HA)
and by substitution of the nucleotidic sequence coding for the HA fragment
Thr109-GIn150 with an additional restriction site. The resulting protein loses its
haemolytic activity but is still able to interact with lipidic layers, to form oligomer
and to induce neutralizing antibodies against HA. The restriction sites created in
the ICHA encoding gene corresponds to permissive insertion sites that are used to
display at least one heterologuous polypeptide at the surface of the carrier protein.
The heterologuous polypeptides can be display in fusion with ICHA or into ICHA.

The displayed polypeptides can be peptides, protein fragments or proteins.

[00111] As used herein the term “heterologous sequence” refers to any
amino acid sequence other than alpha-hemolysin sequence. The “heterologous
sequence” or “heterologous sequences” may be of any origin including virus,
bacteria, plant, fungi, parasite, animal or human or even an arbitrary artificial
sequence. In a particularly preferred embodiment the heterologous sequence or
heterologous sequences is/are exclusively derived from Staphylococcus species,
preferably Staphylococcus aureus. The heterologous sequence could correspond

to B-cell or T-cell epitopes. It also includes mimotopes, peptide, which mimics the
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structure of an epitope. Because of this property it causes an antibody response

identical to the one elicited by the native epitope. In this case, This native epitope

could also correspond to macromolecules which are not related to protein such as

peptidoglycan, teichoic acid, lipoteichoic acid, capsular polysaccharide.

[00112] As used herein the term “permissive site” means that insertion of a
sequence in such a permissive site does not significantly alter the characteristics
and activity of the alpha-hemolysin polypeptide construct as defined in the present
invention (with hemolytic activity being removed). Here the permissive site
preferably is located within an solvent-exposed loop, which further preferred is
selected from the group consisting of regions defined by amino acid position 108
to 151, amino acid position 1 to 5, amino acid position 288 to 293, amino acid
position 43 to 48, amino acid position 235 to 240, amino acid position 92 to 97,
amino acid position 31 to 36, amino acid position 156 to 161 in respect to the wild-
type sequence SEQ ID NO: 1.

[00113] As used herein the term “solvent-exposed loop” means that the
respective part of the amino acid sequence of alpha-hemolysin polypeptide, which
is forming a loop, is exposed to and accessible from an aqueous medium or

biological fluids such a blood.
Production of the polypeptides of the Invention

[00114] The polypeptides of the current invention can, for example, be
produced using recombinant methods and techniques known in the art. Although
specific techniques for their preparation are described herein, it is to be
understood that all appropriate techniques suitable for production of these

polypeptides are intended to be within the scope of this invention.

[00115] Generally, these techniques include DNA and protein sequencing,
cloning, expression and other recombinant engineering techniques permitting the
construction of prokaryotic and eukaryotic vectors encoding and expressing each

of the peptides of the invention.
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[00116] The polypeptides of the invention may be produced by expression of
a nucleic acid (polynucleotide) encoding the polypeptide of interest. Expression of
the encoded polypeptides may be done in bacterial, yeast, plant, insect, or
mammalian hosts by techniques well known in the art. The polypeptides could be
also obtained by chemical synthesis or by in vitro transcription/translation using
cell-extracts or purified proteins of the transcription/translation machineries.

[00117] In an embodiment, a polypeptide of interest of the invention is
obtained by cloning the DNA sequence into a vector. A host cell is transformed

with the modified nucleic acid to allow expression of the encoded polypeptide.

[00118] Methods for cloning DNA into a vector and for inserting, deleting and
modifying polynucleotides and for site directed mutagenesis are described, for
example, in Promega Protocols and Applications Guide, supra. Cells or bacteria
may be transfected with a vector, preferably with an expression vector, having the
desired DNA sequence attached thereto, by known techniques including heat
shock, electroporation, calcium phosphate precipitation and lipofection, among
others. The terminal peptides or other analogues or fragments may then be
extracted and purified by, for example, high pressure liquid chromatography
(HPLC), ion exchange chromatography or gel permeation chromatography.
However, other methods and techniques known in the art of conducting the
different steps or combinations of these steps necessary to derive the peptide of
this invention or equivalent steps are contemplated to be within the scope of this

invention.

[00119] The following terms are used to describe the sequence relationships
between two or more nucleic acids or polynucleotides: "reference sequence”,
"comparison window", "sequence identity", "percentage of sequence identity", and
"substantial identity". A "reference sequence" is a defined sequence used as a
basis for a sequence comparison; a reference sequence may be a subset of a
larger sequence, for example, as a segment of a full-length cDNA or gene
sequence given in a sequence listing, or may comprise a complete cDNA or gene

sequence.
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[00120] Optimal alignment of sequences for aligning a comparison window
may, for example, be conducted by the local homology algorithm of Smith and
Waterman Adv. Appl. Math. 2:482 (1981), by the homology alignment algorithm of
Needleman and Wunsch J. Mol. Biol. 48:443 (1970), by the search for similarity
method of Pearson and Lipman Proc. Natl. Acad. Sci. U.S.A. 85:2444 (1988), or
by computerized implementations of these algorithms (GAP, BESTFIT, FASTA,
and TFASTA in the Wisconsin Genetics Software Package Release 7.0, Genetics
Computer Group, 575 Science Dr., Madison, WI).

[00121] As applied to polypeptides, the terms "substantial identity" or
"substantial sequence identity" mean that two peptide sequences, when optimally
aligned, such as by the programs GAP or BESTFIT using default gap weights,
share at least 80 percent sequence identity, preferably at least 90 percent
sequence identity or more. "Percentage amino acid identity" or "percentage amino
acid sequence identity" refers to a comparison of the amino acids of two
polypeptides which, when optimally aligned, have approximately the designated
percentage of the same amino acids. For example, "95% amino acid identity"
refers to a comparison of the amino acids of two polypeptides which when
optimally aligned have 95% amino acid identity. Preferably, residue positions
which are not identical differ by conservative amino acid substitutions. For
example, the substitution of amino acids having similar chemical properties such
as charge or polarity are not likely to effect the properties of a protein. Examples
include glutamine for asparagine or glutamic acid for aspartic acid.

[00122] The phrase "substantially purified" or "isolated" when referring to a
peptide or protein, means a chemical composition which is essentially free of other
cellular components. It is preferably in a homogeneous state although it can be in
either a dry or aqueous solution. Purity and homogeneity are typically determined
using analytical chemistry techniques such as polyacrylamide gel electrophoresis
or high performance liquid chromatography. A protein which is the predominant
species present in a preparation is substantially purified. Generally, a substantially
purified or isolated protein will comprise more than 80% of all macromolecular
species present in the preparation. Preferably, the protein is purified to represent



10

15

20

25

WO 2010/081875 PCT/EP2010/050453
-30 -

greater than 90% of all macromolecular species present. More preferably the

protein is purified to greater than 95%, and most preferably the protein is purified

to essential homogeneity, wherein other macromolecular species are not detected

by conventional techniques.

Nucleic Acids of the Invention

[00123] Also provided herein are isolated nucleic acids that comprise DNA or
RNA sequences (polynucleotides) encoding the peptides of the invention. The
nucleic acids of the invention may further comprise vectors for expression of the
peptides of the invention. It is understood by one of ordinary skill in the art that
because of degeneracy in the genetic code, substitutions in the nucleotide
sequence may be made which do not result in changes in the encoded amino acid
sequence. It is further understood by one of ordinary skill in the art that both
complementary strands of any DNA molecule described herein are included within
the scope of the invention.

[00124] As used herein, the term "vector" refers to a vehicle made of a
polynucleotide or which contains a polynucleotide which can transfer a
polynucleotide sequence or gene of interest to a target cell. The vector may be a
“viral vector” or a “plasmid vector” or may combine both properties in one
construct. Examples of a vector include vectors which are capable of self
replication or capable of being incorporated into a chromosome within host cells
(e.g., prokaryotic cells, yeast, animal cells, plant cells, insect cells, whole animals,
and whole plants), and contain a promoter at a site suitable for transcription of a

polynucleotide or gene.

[00125] As used herein, the term "expression vector" refers to a nucleic acid
sequence comprising a structural gene and a promoter for regulating expression
thereof, and in addition, various regulatory elements in a state that allows them to
operate within host cells. The regulatory element may include, preferably,
terminators, selectable markers such as drug-resistance genes (e.g., a kanamycin
resistance gene, a hygromycin resistance gene, etc.), and enhancers. It is well
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known to those skilled in the art that the type of an organism, expression vector

and the type of a regulatory element may vary depending on the host cell.

[00126] As used herein, the term "promoter” refers to a base sequence which
determines the initiation site of transcription of a gene and is a DNA region which
directly regulates the frequency of transcription. Transcription is started by RNA
polymerase binding to a promoter.

[00127] As used herein, the terms "transformation”, "transduction" and
"transfection” are used interchangeably unless otherwise mentioned, and refers to
introduction of a nucleic acid into host cells. As a transformation method, any
technique for introducing DNA into host cells can be used, including various well-
known techniques, such as, for example, the electroporation method, the particle
gun method (gene gun), the calcium phosphate method, and the like.

[00128] As used herein, the term "transformant” refers to the whole or a part
of an organism, such as a cell, which is produced by transformation. Examples of
a transformant include prokaryotic cells, such as bacteria (e.g. Escherichia coli),
yeast, animal cells, plant cells, insect cells and the like. Transformants may be
referred to as transformed cells, transformed tissue, transformed hosts, or the like,
depending on the subject. As used herein, all of the forms are encompassed,

however, a particular form may be specified in a particular context.
Vaccines

[00129] Vaccines of the invention may also comprise a pharmaceutically
acceptable carrier. A pharmaceutically acceptable carrier is a material that can be
used as a vehicle for the antigen because the material is inert or otherwise
medically acceptable, as well as compatible with the active agent, in the context of
vaccine administration. In addition to a suitable excipient, a pharmaceutically
acceptable carrier can contain conventional vaccine additives like diluents,
adjuvants and other immunostimulants, antioxidants, preservatives and
solubilizing agents. For example, polysorbate 80 may be added to minimize
aggregation and act as a stabilizing agent, and a buffer may be added for pH

control.
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[00130] Methods for making vaccines are generally known in the art. In
addition, the vaccines of the present invention may be formulated so as to include
a "depot" component to increase retention of the antigenic material at the
administration site. By way of example, in addition to an adjuvant (if one is used),
alum (aluminum hydroxide or aluminum phosphate), QS-21, dextran sulfate or
mineral oil may be added to provide this depot effect.

[00131] The present invention also provides a method of treating or
preventing an infection by administering any of the above-described vaccines to a
subject in need thereof. A target subject population for the treatment and
prevention methods described herein includes mammals, such as
humans/bovines/pigs, who are infected with, or at risk of being infected by,
bacterial pathogens, such a S. aureus. In some embodiments, the infection to be
treated or prevented is associated with a methicillin-resistant S. aureus. In
particular embodiments, the methicillin-resistant S. aureus produces alpha-toxin.

[00132] A therapeutically or prophylactically effective amount of the inventive
vaccines can be determined by methods that are routine in the art. Skilled artisans
will recognize that the amount may vary with the composition of the vaccine, the
particular subject's characteristics, the selected route of administration, and the
nature of the bacterial infection being treated or prevented. General guidance can
be found, for example, in the publications of the International Conference on
Harmonization and in REMINGTON'S PHARMACEUTICAL SCIENCES (Mack
Publishing Company 1990). A typical vaccine dosage may range from 1 ug - 400
ug of antigen.

[00133] The vaccine may be administered with or without an adjuvant. If an
adjuvant is used, it is selected so as to avoid adjuvant-induced toxicity. For
example, a vaccine according to the present invention may comprise a B-glucan
as described in U.S. Patent No. 6,355,625, or a granulocyte colony stimulating

factor.

[00134] The vaccine may be administered in any desired dosage form,

including dosage forms that may be administered to a mammal intravenously,
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intramuscularly, or subcutaneously. The vaccine may be administered in a single
dose, or in accordance with a multi-dosing protocol. Administration may be by any
number of routes, including subcutaneous, intracutaneous, and intravenous. In
one embodiment, intramuscular administration is used. The skilled artisan will
recognize that the route of administration will vary depending on the bacterial
infection to be treated or prevented and the composition of the vaccine.

[00135] The vaccine may be administered in conjunction with an anti-infective
agent, an antibiotic agent, and/or an antimicrobial agent, in a combination therapy.
Exemplary anti-infective agents include, but are not limited to vancomycin and
lysostaphin. Exemplary antibiotic agents and antimicrobial agents include, but are
not limited to penicillinase-resistant penicillins, cephalosporins and carbapenems,
including vancomycin, lysostaphin, penicillin G, ampicillin, oxacillin, nafcillin,
cloxacillin, dicloxacillin, cephalothin, cefazolin, cephalexin, cephradine,
cefamandole, cefoxitin, imipenem, meropenem, gentamycin, teicoplanin,
lincomycin and clindamycin. The anti-infective, antibiotic and/or antimicrobial
agents may be combined prior to administration, or administered concurrently or

sequentially with the vaccine composition.
Antibodies

[00136] The invention also refers to the preparation of antibodies. The
present invention further provides compositions comprising antibodies that
specifically bind to an S. aureus alpha-hemolysin antigen and antibodies that
specifically bind to the heterologous sequence(s). The antibodies may be
monoclonal antibodies, polyclonal antibodies, antibody fragments or any
combination thereof. The antibodies may be formulated with a pharmaceutically
acceptable carrier.

[00137] The term "antibody,” as used herein, refers to a full-length (i.e.,
naturally occurring or formed by normal immunoglobulin gene fragment
recombinatorial processes) immunoglobulin molecule (e.g., an IgG antibody) or an
immunologically active (i.e., specifically binding) portion of an immunoglobulin
molecule, including an antibody fragment. "Antibody" and "immunoglobulin” are
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used synonymously herein. An antibody fragment is a portion of an antibody such
as F(ab"2, F(ab)2, Fab', Fab, Fv, sFv, Nanobodies and the like. Nanobodies are
antibody-derived therapeutic proteins that contain the unique structural and
functional properties of naturally-occurring heavy-chain antibodies. The Nanobody
technology was originally developed following the discovery that camelidae
(camels and llamas) possess fully functional antibodies that lack light chains.
These heavy-chain antibodies contain a single variable domain (VHH) and two
constant domains (Cnh2 and Cu3). Importantly, the cloned and isolated VHH
domain is a perfectly stable polypeptide harbouring the full antigen-binding
capacity of the original heavy-chain antibody. The antibodies could be obtained

using immunization in human and animals (mouse, rabbit, camel, lama, hen, goat).

[00138] Regardless of structure, an antibody fragment binds with the same
antigen that is recognized by the full-length antibody, and, in the context of the
present invention. Methods of making and screening antibody fragments are well-

known in the art.

[00139] An anti-alpha-hemolysin antibody or antibodies directed to the
homolgous sequence which can be obtained according to the present invention
may be prepared by a number of different methods. For example, the antibodies
may be obtained from subjects administered the recombinant polypeptide
according to the present invention. The antibodies also may be obtained from
plasma screened for alpha-toxin antibodies and/or bacterial antigen antibodies, as
discussed in more detail below. In some embodiments, the antibodies may be
made by recombinant methods. Techniques for making recombinant monoclonal
antibodies are well-known in the art. Recombinant polyclonal antibodies can be
produced by methods analogous to those described in U.S. Patent Application
2002/0009453, using the recombinant polypeptide according to the present
invention as the immunogen(s). Said antibody obtained in accordance with the
invention may be a murine, human or humanized antibody. A humanized antibody
is a recombinant protein in which the CDRs of an antibody from one species; e.g.,
a rodent, rabbit, dog, goat, horse, camel, lama or chicken antibody (or any other
suitable animal antibody), are transferred from the heavy and light variable chains
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of the rodent antibody into human heavy and light variable domains. The constant
domains of the antibody molecule are derived from those of a human antibody.
Methods for making humanized antibodies are well known in the art. More
recently, it was reported that it is possible to generate hybridomas directly from
human B-cells. Consequently, the recombinant polypeptide according to the
present invention could be used to stimulate proliferation of human B-cell before to

proceed to the generation of hybridomas.

[00140] The above-described antibodies can be obtained by conventional
methods. For example, the recombinant polypeptide according to the present
invention can be administered to a subject and the resulting IgGs can be purified

from plasma harvested from the subject by standard methodology.
Antibody Compositions

[00141] The invention also refers to the preparation of antibodies and
antibody compositions suitable for administration, such as compositions
comprising an antibody and a pharmaceutically acceptable carrier. The antibody
compositions may be formulated for any route of administration, including
intravenous, intramuscular, subcutaneous and percutaneous, by methods that are
known in the art. In one embodiment, the antibody composition provides a
therapeutically or prophylactically effective amount of antibody, i.e., an amount
sufficient to achieve a therapeutically or prophylactically beneficial effect. In a
further embodiment, the antibody is a protective antibody composition that

neutralizes infection and/or provides protection against infection.

[00142] In one embodiment, the antibody composition is an IVIG
composition. As used herein, "IVIG" refers to an immunoglobulin composition
suitable for intravenous administration. IVIG compositions may contain, in addition
to immunoglobulin, a pharmaceutically acceptable carrier. The IVIG compositions
may be "specific IVIG," meaning that the IVIG contains immunoglobulins that
specifically bind to the antigen(s) represented by the recombinant polypeptide
according to the present invention.
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[00143] In one embodiment, the specific IVIG composition comprises both an
antibody that specifically binds to an S. aureus alpha-hemolysin antigen (and that
optionally neutralizes the alpha-hemolysin antigen) and an antibody that
specifically binds to another antigen (and that optionally neutralizes the other
antigen), represented by the homologous sequence(s). The antibodies and
antigens may be any of those previously described. For example, the other
antigen may be SEB (Staphylococcus aureus enterotoxin B), TSST (toxic shock
syndrome toxine), FnBP (fibronectin-binding protein), BlaZ (B-lactamase), CIfA
(Clumping Factor A), PBP2a (penicillin-binding protein 2a), protein A all derived
from Staphylococcus species, preferably Staphylococcus aureus.

Methods of Making IVIG Compositions

[00144] The present invention also provides methods of making IVIG
compositions, including specific IVIG compositions. An IVIG composition is
prepared by administering the recombinant polypeptide according to the present
invention to a subject, then harvesting plasma from the subject and purifying

immunoglobulin from the plasma.

[00145] The subject that is challenged, or administered, the antigen(s), such
as the recombinant polypeptide according to the present invention, may be a
human or may be another animal, such as a mouse, a rabbit, a rat, a chicken, a
horse, a dog, a non-human primate, or any other suitable animal. Antibodies that
specifically bind the antigen(s) may be obtained from the animal's plasma by
conventional plasma- fractionation methodology.

[00146] Antibodies raised against peptides of the invention may also be used
to detect the presence of those peptides in various assays. Preferred assays are
enzyme immunoassays or radioimmunoassay. The antibodies could be also used

to develop affinity chromatography to purify specific proteins or macromolecules.
Treatment and Prevention of Infections with Antibody Compositions

[00147] The present invention also refers to a method of treating or
preventing infection by administering the above-described antibody compositions,
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such as the above-described IVIG compositions, to a subject in need thereof. A

target patient population for the treatment and prevention of infection includes

mammals, such as humans, who are infected with or at risk of being infected by

bacterial pathogens. In one embodiment, the infection to be treated or prevented is

an S. aureus infection, including an infection of methicillin-resistant S. aureus or S.

aureus that produces alpha-toxin, or an S. epidermidis infection.

[00148] In accordance with one embodiment, the invention provides a
method for treating or preventing an S. aureus infection using compositions
comprising an antibody or antibodies directed to the antigens provided with the
recombinant polypeptide according to the present invention, and a
pharmaceutically acceptable carrier. In yet another embodiment, the antibodies

are monoclonal antibodies.

[00149] A therapeutically or prophylactically effective amount of the antibody
compositions can be determined by methods that are routine in the art. Skilled
artisans will recognize that the amount may vary according to the particular
antibodies within the composition, the concentration of antibodies in the
composition, the frequency of administration, the severity of infection to be treated
or prevented, and subject details, such as age, weight and immune condition, hi
some embodiments, the dosage will be at least 50 mg IVIG composition per
kilogram of body weight (mg/kg), including at least 100 mg/kg, at least 150 mg/kg,
at least 200 mg/kg, at least 250 mg/kg, at least 500 mg/kg, at least 750 mg/kg and
at least 1000 mg/kg. Dosages for monoclonal antibody compositions typically may
be lower, such as 1/10 of the dosage of an IVIG composition, such as at least
about 5 mg/kg, at least about 10 mg/kg, at least about 15 mg/kg, at least about 20
mg/kg, or at least about 25 mg/kg. The route of administration may be any of those
appropriate for a passive vaccine. Thus, intravenous, subcutaneous,
intramuscular, intraperitoneal and other routes of administration are envisioned. As
noted above, a therapeutically or prophylactically effective amount of antibody is
an amount sufficient to achieve a therapeutically or prophylactically beneficial
effect. A protective antibody composition may neutralize and/or prevent infection.
A protective antibody composition may comprise amounts of anti-alpha-hemolysin
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antibody and/or antibody against the homologous sequence that are not protective
on their own, but which, in combination, yield a protective antibody composition.

[00150] The antibody composition may be administered in conjunction with
an anti-infective agent, an antibiotic agent, and/or an antimicrobial agent, in a
combination therapy. Exemplary anti-infective agents include, but are not limited to
vancomycin and lysostaphin. Exemplary antibiotic agents and antimicrobial agents
include, but are not limited to penicillinase-resistant penicillins, cephalosporins and
carbapenems, including vancomycin, lysostaphin, penicillin G, ampicillin, oxacillin,
nafcillin, cloxacillin, dicloxacillin, cephalothin, cefazolin, cephalexin, cephradine,
cefamandole, cefoxitin. imipenem, meropenem, gentamycin, teicoplanin,
lincomycin and clindamycin. The anti-infective, antibiotic and/or antimicrobial
agents may be combined prior to administration, or administered concurrently or

sequentially with the IVIG composition.

[00151] In some embodiments, relatively few doses of antibody composition
are administered, such as one or two doses, and conventional antibiotic therapy is
employed, which generally involves multiple doses over a period of days or weeks.
Thus, the antibiotics can be taken one, two or three or more times daily for a
period of time, such as for at least 5 days, 10 days or even 14 or more days, while
the antibody composition is usually administered only once or twice. However, the
different dosages, timing of dosages and relative amounts of antibody composition
and antibiotics can be selected and adjusted by one of ordinary skill in the art.

Figures

[00152] Figure 1 shows the three-dimensional structure of the heptameric
form of alpha-hemolysin (panel A). Panel B shows the monomeric structure in the
multimer. Panel C shows a zoomed view of the triangle region. The triangle region,
formed by residues Asp103 to Thr109 and Val149 to Asp152, connects the stem
domain (residues Lys110 to Tyr148) to the B-sandwich core.

[00153] Figure 2 shows the construction of ICHA, ICHA | and ICHA Il. The
numbers 1 to 8 correspond to the different protein regions where insertion sites
have been created.
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[00154] Figure 3 shows the production and purification of HA and ICHA |
under denaturing conditions. Panel A shows a coomassie stained SDS-PAGE of
samples prepared during the purification of HA. Lane M, molecular weight markers
with the size of the proteins indicated; lane TE, supernatant formed from the
insoluble fraction containing overexpressed HA; lane IB, inclusion bodies; lane P,
purified HA protein by IMAC chromatography. Panel B shows a coomassie stained
SDS-PAGE of samples prepared during the purification of ICHA. Lane M:
molecular mass marker with the size of the proteins indicated; lane S: soluble
fraction isolated from E. coli BL21(DE3) transformed with pET28b-ICHA after 4
hours of recombinant protein expression induction with 1 mM IPTG at 37°C; lane

IB: inclusion bodies; lane P: purified ICHA | protein by IMAC chromatography.

[00155] Figure 4 shows haemolysis assays showing the absence of
haemolitic activity of ICHA |, ICHA II.

[00156] Figure 5 shows the binding and oligomer formation of HA, ICHA |
and ICHA | 008 in the presence of rabbit erythrocytes.

[00157] Figure 6 shows binding of HA and ICHA | to rabbit erythrocytes.

[00158] Figure 7 shows far UV circular dichroism spectra performed over a
wave-length range of 190 — 250 nm.

[00159] Figure 8 shows intrinsic fluorescence of HA, ICHA | and ICHA I,
using an excitation wavelength of 280 nm and the emission spectra were recorded
from 300 to 400 nm.

[00160] Figure 9 shows the results in respect to the antibody production
against CIfA (501-559) in response to immunizations with CIfA (501-559) and
ICHA | 008. The immunizations were performed in BALB/c mice. Panel A
corresponds to serotitration curves of total IgG anti-CIfA. Panel B corresponds to
the induction kinetic of total IgG anti-CIfA. Panel C describes the percentage of
immunized BALB/c mice which develop a positive IgG anti-CIfA response.

[00161] Figure 10 shows the results in respect to the antibody production
against protein A (224-248) in response to immunizations with ICHA | 014. The
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immunizations were performed in BALb/c mice. Panel A corresponds to
serotitration curves of total IgG anti-HA. Panel B corresponds to the induction
kinetic of total IgG anti- protein A (224-248). Panel C describes the percentage of
immunized BALB/c mice which develop a positive 1gG anti-HA and anti- protein A
(224-248) response at day 70.

[00162] Figure 11 shows the results in respect to the antibody production
against total protein A in response to immunizations with ICHA | 014. The
immunizations were performed in BALb/c mice. Panel A describes the technique
used to perform the serotitration. Panel B corresponds to the serotitration of total
lgG anti- protein A at days 0 and 70.

[00163] Figure 12 shows the serotitration of rabbit polyclonal serum obtained
after immunization with ICHA | 003. Pre and Imm correspond to the preimmune
serum and the serum obtained after 3 injections (day 72), respectively. The
serotitrations were realized against HA and two distinct MBP fusion proteins
containing either the epitope SEB or the epitope TSST-1.

[00164] Figure 13 shows the results in respect to the immunization of rabbit
with ICHA | 003 induce neutralizing antibodies against HA. Pre and Imm
correspond to the preimmune serum and the serum obtained after 3 injections,
respectively. Haemolysis assays have been performed according to the procedure

described in Figure 4.

[00165] Figure 14 shows the structural organization of the Staphylococcal
protein A. “S” represents the signal sequence; “W” represents the wall-spanning
region; “Wr” is composed of an octapeptide repeat, and “Wc” is a non-repeated

region. "A, B, C, D, E” represent extracellular regions.

[00166] Figure 15 shows the alignment of the amino acid sequences of the
five naturally occurring Staphylococcal protein A domains. The three a helices are

delimited by arrows.

[00167] Figure 16 shows the ELISA reactivity of the SpA (Staphylococcus

protein A) derivatives ICHA polytopes to mouse anti-CIfA monoclonal antibody.
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The full immunoglobulin-binding domain (ICHA | 009) and the three a-helices of
the SpA domain were coated into microtitre ELISA plates. The protein ICHA | 000
was taken as control. The five polyepitopes were tested for the recognition of
mouse 1gG antibody in ELISA experiments. The bound antibodies were detected
with horseradish peroxidase (HRP)-labelled goat anti-mouse IgG. The reaction
was developed using TMB substrate during 10 minutes, the enzyme reaction was
stopped by addition of 1M H2S04 and the absorbance was read at 450 nm.

[00168] The present invention will be described further by the following
examples which are not to be understood to limit the scope of the present

invention in any way.

Examples

Example 1: Construction of inactivated carrier hemolysin alpha (ICHA | and
ICHA 1I).

[00169] The inactivated carrier hemolysin alpha (HA) (ICHA | and ICHA 1I)
according to the present invention was constructed as follows: The inactivation of
hemolysin alpha (HA) toxicity was performed by the substitution of 42 amino acids
of the central domain encompassing the residues Thr109 to GIn150 with the
tripeptide Pro-Gly-Asn (Figure 2, table 1). This peptide permits the creation of a
Smal restriction site in the corresponding nucleotide sequence, which allows the
subsequent internal cloning of large heterologous nucleotidic sequences into the
ICHA encoding gene. The substituted fragment corresponds to the stem domain of
HA (Figures 1 and 2). This domain is flanked at its N- and C-terminal extremities
by the triangle region. The stem domain is characterized by the two anti-parallel
B-strands of the central glycine-rich domain and participates to the formation of the

channel wall by self-assembling in a 14 strand B-barrel.

[00170] The challenge of this step consisted of both, to develop a toxin that
loses its haemolytic activity and to create a permissive insertion site of large
heterologous polypeptides without interfering with the other biological properties of
the carrier. These ones are structure related characteristics of the native protein,
the capacity to bind lipidic bilayers and to form oligomer, and the ability to induce
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neutralizing antibodies of the HA haemolytic activity. To maintain these conditions,

the stem domain was substituted while the integrity of the triangle region

essentially was maintained. This region is used as a natural linker to avoid steric

hindrance between the insert and the carrier.

[00171] The insertion of additional restriction sites into the gene encoding
ICHA gives rise to ICHA | and ICHA II. These restriction sites offer the possibility
to display small polypeptides at the surface of the carrier protein. In regard to the
3D structure of HA, no insertion site was created in the rim domain of HA in order
to avoid structural modification and thus its immunogenicity. High resolution
crystallographic studies of HA-phospholipid complexes define the interaction
region in a crevice between the rim and the stem domains. Consequently,
seroneutralization of HA could be obtained by prevention of the interaction of the
HA monomer to cell membrane by way of the binding of antibodies to the rim
domain. All the modifications introduced into HA are listed in Table 1.

[00172] The engineered genes coding for ICHA | and ICHA |l were cloned
into pET28b to give pET28b ICHA | and pET28b ICHA Il. For each of these
constructions, it was possible to express the protein in fusion with a polyhistidine
tag at its C-terminal extremity. The amino acid sequences of alpha hemolysin and
its related mutated forms ICHA | and ICHA Il are described in the sequence
listings. SEQ ID NO: 1 refers to the wild-type alpha hemolysin of Staphylococcus
aureus, whereas SEQ ID NO: 3 and SEQ ID NO: 5 refer to the constructs ICHA |
and ICHA Il, which are modified according to the details given in table 1.

Plasmid construction
Hemolysin Alpha:

[00173] The alpha-HL gene was obtained by PCR amplification of the
genomic DNA of S. aureus strain using the NcolHL primer and the H3HLHis
primer (table 4). The NcolHL primer creates a new initiation codon and an Ncol
site immediately before the Ala codon of the mature polypeptide. The H3HLHis
creates a new Hindlll site in the 3’ end.
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[00174] The 26 amino acid hydrophobic leader sequence was deleted. The

PCR amplified fragment was directly inserted into the pGEM vector. The alpha-HL

coding gene was completely sequenced and recloned between the Ncol and

Hindlll sites of the pET28b(+) expression vector.

ICHA:

[00175] DNA encoding central residues Thr109 — GIn150 was removed from
the HA gene by the overlap extension PCR method. In separate PCRs, two
fragments of the target gene were amplified. The first reaction used the flanking
NcolHL primer which hybridized upstream from the hemolysin alpha encoding
gene and the internal antisense HL108- primer which hybridized with the site of
deletion. The second reaction used the flanking antisense H3HLHis primer which
hybridized downstream of the hemolysin alpha encoding gene and the internal
sense HL108+ primer which hybridized with the site of deletion. The two fragments
were purified by agarose gel electrophoresis and fused by denaturating and
annealing them in a subsequent primer extension reaction. By addition of extra
flanking primers, the 778 bp fragment was further amplified by PCR, purified and
cloned into pGEM vector. The ICHA gene was sequenced in its entirety. No
sequence differences from the HL gene were observed except for the deleted
residues (Thr109 — GIn150), which were replaced by Pro-Gly-Asn in the ICHA
gene. The ICHA coding gene was recloned between the Ncol and Hindlll sites of
the pET28b(+) expression vector.

ICHAII:

[00176] The overlap extension PCR method was used to introduce a new
restriction endonuclease sites onto the ICHA coding gene. In separate PCRs, two
fragments of the target gene were amplified. The first reaction used the flanking
NcolHL primer and the internal restriction endonuclease site-reverse primer which
hybridized with the site of insertion. The second reaction used the flanking
H3HLHis primer and the internal restriction endonuclease site-reverse-sense
primer which hybridized with the site of insertion. The two fragments were purified
by agarose gel electrophoresis and fused by denaturating and annealing them in a
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subsequent primer extention reaction. By addition of extra flanking primers, the
ICHA | plus the new restriction site fragment was further amplified by PCR, purified
and cloned into pGEM vector. The ICHA I plus the new restriction site coding gene
was completely sequenced and used as maitrix to introduce a second new
restriction endonuclease site onto the ICHA coding gene. This strategy has been
used to create the restriction endonuclease sites for BamHI, Pstl, Sacl, EcoRI and
Nhel.

Table 1. Modifications introduced into alpha-hemolysin. The table shows the
amino acid sequence region where amino acids have been added. Amino acid
residues inserted are shown in bold. In site No: 1 the underlined amino acids are
the tripeptide Pro-Gly-Asn that substitutes the 42 amino acids at position 109 to
150 of the central domain of the wild-type sequence.

region of alpha-
restriction site ICHA | amino ICHA Il amino
. . . hemolysin amino . .
(insertion site No:) ] acid sequence acid sequence
acid sequence *
Ncol (site No: 2) 1 ADSDI 5 MADSDI MADSDI
BamHI (site No: 7) 30 KENGMH 35 KENGSGMH
Pstl (site No: 4) 43 IDDKNH 48 IDDLQKNH
Sacl (site No: 6) 92 DNEVAQ 97 DNEELVAQ
. 106 SID 108
Smal (site No: 1) SIDPGNPDF SIDPGNPDF
—151 PDF 153
EcoRI (site No: 8) 155 TILESP 160 TILEFESP
Nhel (site No: 5) 235 DRKASK 240 DRKASASK
Hindlll (site No: 3) 288 KEEMTN 293 KEEMTNKL KEEMTNKL

* numbers indicate amino acid positions in respect to SEQ ID NO: 1

Example 2: Engineering of polyepitopes related to ICHA I.

[00177]

2. The resulting polyepitopes are listed and described in table 3.

All the heterologous epitopes displayed into ICHA | are listed in table




WO 2010/081875

- 45 -

PCT/EP2010/050453

Table 2: Epitopes and amino acid sequences used as homologous sequence for

integration in the recombinant alpha hemolysin polypeptide.

localization on
entry name insertion
virulence amino acid the virulence
and accession site in ICHA |
factor fragment factor (amino
humber No:
acid positions)
SEB P01552 SEQID NO:7 179-188 2
SEB ETXB _STAAU | SEQID NO:8 176-191 3
P06886
TSST-1 SEQ ID NO: 9 87-101 3
TSST_STAUU
P07944
PBP2a SEQ ID NO: 10 376-451 1
PBP_STAUU
P00807
BlaZ SEQ ID NO: 11 134-190 1
BLAC_STAUU
764-780
FnBP Q8NUU7 SEQID NO: 12 1+3
802-818
FNBA_STAAW
FnBP SEQ ID NO: 13 842-855 1+3
Q6GIK4
CIfA SEQ ID NO: 14 501-559 1
CLFA_STAAR
Protein A SEQ ID NO: 15 187-248 1
Protein A A1KDX6 SEQ ID NO: 16 187-205 1
Protein A STAUU SEQ ID NO: 17 206-223 1
Protein A SEQ ID NO: 18 224-248 1
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Table 3: The series of ICHA polyepitopes constructed in the present

invention.

construct insertion site No: 1 insertion site No: 2 | insertion site No: 3

ICHA 1 000

ICHA 1001 SEB (179-188)
ICHA 1002 TSST (87-101)
ICHA 1003 SEB (179-188) TSST (87-101)
ICHA 1004 SEB (176-191)
ICHA1005 | PBP2a (376-451)
ICHA 1006 BlaZ (134-190)
CHA 1 0gy | MEP (764780 842-

855)
ICHA 1008 CIfA (501-559)

ICHA 1009 Protein A (187-248)

FnBP (764-780 /

ICHA 1010 CIfA (501-559) 842-855)

SEB (176-191)/

ICHA 1 011 CIfA (501-559) TSST (87-101)

Protein A (187-205)

ICHA 1 012
helix 1
Protein A (206-223)
ICHA 1013
helix 2
Protein A (224-248)
ICHA 1 014
Helix 3

5 The recombinant ICHA | polypeptide wherein the heterologous sequence is
inserted to the site 1.

[00178] The heterologous sequence was amplified by PCR from the genomic
DNA of S. aureus using specific oligonucleotide primers (table 4). The DNA
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amplification was performed using pfx DNA polymerase; the PCR product was

cloned into a Smal site into pET28b-ICHA vector to produce the recombinant

peptide.

The recombinant ICHA | polypeptide wherein the heterologous sequence is
fused to the site 2 or 3.

[00179] The large heterologous sequence was amplified by PCR from the
genomic DNA of S. aureus using specific oligonucleotide primers. The primers
used create the flanking Ncol or Hindlll sites. The DNA amplification was
performed using pfx DNA polymerase; the PCR product was cloned into an Ncol
or Hindlll site into pET28b-ICHA vector to produce the recombinant peptide.

[00180] The small heterologous sequence was amplified by hybridation of
two complementary oligonucleotide primers. The oligonucleotide primers used
create a new Ncol or Hindlll restrictions site flanking the heterologous sequence.
The hybridation product was cloned into an Ncol or Hindlll site into pET28b-ICHA
vector to produce the recombinant peptide.
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Example 3: Production, purification and renaturation of HA, ICHAI, ICHA Il

and ICHA polyepitopes.

[00181] The procedure employed to deliver purified and refolded protein
depends of the presence of a polyhistidine tag at the C-terminal extremity of the
protein.

Production

[00182] The recombinant HA protein and its derivatives were overproduced in
E. coli BL21(DE3) harbouring the desired pET28b plasmid. Ten millilitre culture of
LB containing 50ug/ml kanamycin was initiated from a single colony of freshly
transformed plate and grown overnight at 37°C. One liter of TB medium containing
50ug/ml kanamycin was inoculated and allowed to grow at 37°C. When the OD600
nm reached a value of 1.2, IPTG was added at a final concentration of 1 mM and
the culture was allowed to grow for an additional 4 h at 37°C. At this temperature,
the protein is mainly produced in the form of inclusion bodies. Soluble protein
expression can be obtained when inducing at 18°C.

Purification and renaturation of His-tagged proteins

[00183] The bacteria were pelleted at 3000xg for 15 minutes at 4°C. It was
found that most of the protein existed in the form of inclusion bodies. The cells
were resuspended in buffer A (50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 100 mM
NaCl) and were lysed by mild sonication. The insoluble protein fraction was
recovered by centrifugation at 12,000xg for 30 min at 4°C and resuspended in
buffer B (50 mM Tris-HCI, pH 8.0, containing 0.5% (v/v) Triton X-100) and allowed
to shake for 16 h at 4°C. The inclusion bodies were successively recovered by
centrifugation at 30,000xg for 30 minutes at 4°C, resuspended in buffer C (50 mM
Tris-HCI, pH 8.0, 8 M urea) and incubated at 4°C for 16 h, with shaking. The
inclusion bodies were then centrifuged 30,000xg for 30 minutes, and the
supernatant was loaded onto a metal chelate affinity column (NINTA agarose)
equilibrated in buffer C. The proteins were eluted with a linear gradient of 500 mM
imidazol in buffer C. Fractions were collected and analyzed by SDS-PAGE. Peak



10

15

20

25

WO 2010/081875 PCT/EP2010/050453
-52.

fractions were pooled and diluted in tenfold phosphate buffer saline (PBS)

containing 0.5% N-Lauroyl-sarcosine. The protein was renatured by dialysis

against PBS buffer and concentrated by ultrafiltration with an Amicon PM-10

membrane. Figure 3 illustrates the purification of the recombinant HA and the

recovery of its haemolytic activity after the renaturation step, respectively.

Purification and renaturation of non-His-tagged proteins

[00184] The inclusion bodies were prepared as described above for His-
tagged proteins and resuspended in buffer D (50 mM Tris-HCI, pH 8.5, 8 M urea)
and incubated at 4°C for 16 h, with shaking. The inclusion bodies were then
centrifuged 30,000xg for 30 minutes, and the supernatant was subjected to anion-
exchange chromatography on Source 15Q (GE Healthcare) column previously
equilibrated with five column volumes of buffer D. After washing the column with
five column volumes of equilibration buffer, the bound proteins were eluted at a
flow rate of 3 ml/min with a linear gradient of 500 mM NacCl in buffer D over 10
column volumes. Fractions were collected and purity was assessed by SDS-PAGE
as greater than 98%. Peak fractions were pooled and diluted in tenfold phosphate
buffer saline (PBS) containing 0.5% N-Lauroyl-sarcosine. The protein was
renatured as described above for His-tagged proteins.

Example 4: Absence of haemolytic activity with ICHA | and ICHA II.

[00185] The purified proteins HA, ICHA | and ICHA 1l were assayed at a final
concentration of 0.3 mg/ml for haemolytic activity against washed defibrinated
rabbit erythrocytes (rRBC) diluted 1/20 in PBS. These erythrocytes are
hypersensitive to HA. In comparison, a 400-fold-higher concentration of the toxin is
required to lyse human erythrocytes. After 30 minutes of incubation at 30°C, the
rRBC are pelleted by centrifugation and the haemolysis is monitored by measuring
haemoglobin in the supernatant at 540 nm. The Figure 4 attests of the absence of
haemolytic activity when using large quantities of ICHA | and ICHA II. In addition, a
comparative analysis with a commercial HA purified from S. aureus supernatant,

indicates that the refolding of HA according to our process is efficient.



10

15

20

25

WO 2010/081875 PCT/EP2010/050453
-53 -

Example 5: ICHA I, ICHA Il and ICHA polyepitopes bind to lipidic bilayer,

form oligomer and conserve spectroscopic features of HA.

Analysis by Western blotting

[00186] 40 g of proteins (HA, ICHA | and ICHA | 008) was incubated at 37°C
during 15 minutes with 300ul of a 1:20 red blood cells dilution. Membrane fraction
was then isolated by 30 minutes centrifugation at 13,000g. The pellet was
resuspended in 300 pul cold water and denaturating solution (0.06 M Tris-HCI, pH
6.8, 1% SDS, 9.5% glycerol, 3.3% mercaptoethanol, 0.002% bromophenol blue)
was added. Samples were loaded on a SDS 10%-PAGE. Binding and oligomer
formation were examined by Western blotting using a monoclonal anti-HA
antibody and a monoclonal anti-lgG mouse conjugated to HRP (Amersham
Pharmacia). Each loaded sample corresponded to 1.8 ug of protein. The results
are presented in Figure 5. As a conclusion, it is demonstrated that ICHA | and its
related polyepitopes are still able to bind to lipidic bilayer and to form oligomer in a
similar way that HA.

Analysis by direct fluorescence

[00187] HA and ICHA | proteins were labeled with the AMCA-X fluorophore
(AnaTagTM AMCA-X Protein Labeling kit, ANASpec), excitation at 347 nm and
emission at 447 nm. Erythrocytes were then incubated for 10 minutes at 25°C with
40 ug of HA-AMCA-X or ICHA I-AMCA-X. Cells were washed twice with PBS and
then were photographed with a cooled AxioCam MRm (Zeiss) mounted on an
Zeiss Axio Imager.Z1 microscope through an EC Plan-NEOFLUAR 100 x 1.3 oil
immersion objective in fluorescence (with a filter set 20 (Zeiss)). Images were
taken using the AxioVision Rel 4.5 (Zeiss). The results are presented in Figure 6.
These data confirm that ICHA [ is still able to bind to the lipidic bilayer and to form
protein rafts at the surface of cell membranes.

Analysis by fluorescence and far UV-CD

[00188] Circular Dichroism (CD)
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[00189] In order to evaluate the secondary structure changes induced by site
insertion on the HA protein, far UV circular dichroism spectra were measured from
190 — 250 nm using a JASCO J-810 spectropolarimeter. The scanning speed was
50 nm / minute. Ten scans per sample were performed and the protein
concentrations were 4.2 uM in PBS buffer for the two proteins. The mean residue
ellipticity, [6], is given in deg. cm2.dmol™: [6] = [6]oes (MRW/10 Ic), where [6]ops iS
the ellipticity measured in millidegrees, MRW, is the mean residue molecular
weight of the protein, ¢ is the concentration of the sample in mg/ml, and | is the

optical path length of the cell in cm.

[00190] The CD spectra indicate that the ICHA | protein possesses a high B-
sheet content and are similar to CD spectra of alpha-hemolysin (Figure 7).

[00191] Fluorescence spectroscopy

[00192] Structural changes induced by the insertion sites on the HA protein
were examined by intrinsic fluorescence using an excitation wavelength of 280 nm
and the emission spectra for 1.5 uM HA, ICHA | and ICHA Il were recorded from
300 to 400 nm. All spectra were recorded at protein concentrations of 4.2 uM in
PBS buffer. Fluorescent measurements were performed on AMINCO SLM 8100

spectrofluorometer.

[00193] Both fluorescence spectroscopy and far UV CD spectra for the HA
derivatives are highly similar to those of the HA protein, indicating that the ICHA |

and ICHA |l obtained retains its native conformation (Figure 8).

Example 6: ICHA polyepitopes immunopotentiate antibodies against the

inserts and HA in a murine model.

Immunization and antibody response against ICHA | 008 and CIfA fragment.

[00194] A 177 bp CIfA fragment, corresponding to amino acid Gly501 to
Glu559 of the wild- type CIfA, was amplified by PCR from the pET28b-ICHA-CIfA
plasmid using primers that incorporated sequences for restriction endonucleases
Ncol site at the 3’ and Hindlll site at the 5’ ends. The amplified fragments were

double digested with Ncol and Hindlll and ligated into the same sites of the
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pET28b vector to produce the recombinant peptide. His-tagged CIfA fragment was

purified by affinity chromatography using metal chelate affinity column (NiNTA

agarose).

[00195] Female BALb/c mice, 8 to 10 weeks old, were purchased from
Harlan (Horst, The Netherlands). Three groups of ten mice were immunized
subcutaneously with 1.33 nmoles of ICHA | 008 (50 ug) or CIfA fragment (10.8 ug)
or ICHA | (40 pg) emulsified in Quil A adjuvant. Immunizations were done two
times giving three weeks interval between immunizations. One more mice group
was immunized with the same volume of Quil A adjuvant in PBS and was taken as
control. Sera were collected on days 0, 35 and 52 (indicated in the figure legend
as j0, j35 and j52 respectively) by tail bleeding and stored at —20°C until use.
Specific antibodies responses were screened by ELISA for reactivity with MBP-

CIfA fusion protein as coating antigen.

[00196] Sera collected at each time point from individual mice (test and
control groups) were tested for the recognition of CIfA fragment by ELISA.
Microtitre ELISA plates (Nunc-Immuno Plate, Roskilde, Denmark) were coated
with MBP-CIfA (250 ng/well) in coating buffer (0.05 M carbonate-bicarbonate
buffer, pH 9.6) and incubated during one hour at 20°C. The plates were washed
three times with phosphate buffered saline containing 0.05% Tween 20 (PBST)
and blocked with 150 ul of 3% casein hydrolysate in PBS for 1 h at 20°C. Test
sera serially diluted two fold in PBST starting with 1:50 were incubated in wells (50
ul/well) for 1 h at 20°C. The wells were washed three times with PBST. The bound
antibodies were detected by 30 minutes incubation at 20°C with horseradish
peroxidase (HRP)-labelled goat anti-mouse IgG. The reaction was developed
using tetramethylbenzidine (TMB) during 10 minutes, the enzyme reaction was
stopped by addition of 1M H>SO4 and the absorbance was read at 450 nm.

[00197] The analysis of total IgG levels (Figure 9a) shows that the
immunizations with CIfA fragment displayed into ICHA | 008 induce the stronger
serum anti-CIfA responses compared to immunizations with CIfA alone,
suggesting that the carrier protein elicit the immune response against this
polypeptide.
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[00198] Sera from immunized mice were compared for anti-CIfA antibodies
by ELISA at a serum dilution 1:800 as a function of time (in days) (see Figure 9b).
In the case of ICHA | 008, high titers of anti-CIfA are induced and a maximum is
reached at day 35 indicating that the second immunization is not require to obtain
this maximum. For immunizations with the CIfA fragment alone, the monitoring of
anti-CIfA antibodies indicates that a second immunization was required to increase
the immune response against CIfA and that no plateau was detected at day 52.
These results suggest that the carrier protein elicit the immune response against
this polypeptide.

[00199] Figure 9c¢ indicates that all the animals elicited antibodies against
CIfA when they received ICHA | 008. The low variability observed for the humoral
responses indicated that the ten mice of these group had a similar response to the
CIfA fragment. In the case of immunizations with CIfA alone, one of the ten treated
mice gave a negative response against CIfA fragment.

Immunization and antibody response against ICHA | 014.

[00200] Female BALB/c mice were injected three times, at 2-week intervals
with 50 pg ICHA | 014. HA and protein A (224 — 248) specific antibodies were
detected by ELISA. Ninety-six-well microtiter plates were coated with 250 ng/50 pl
of HA per well for the detection of antibodies against the carrier ICHA, and with
250 ng/50 ul of MBP-protein A (224 — 248) fragment fusion protein per well for the
detection of antibodies against the protein A fragment. After washing, 150 pl of
blocking buffer (casein hydrolysate) was added to each well and plates were
incubated at 20°C for 60 minutes. After washing with PBS containing 0.05%
Tween 20, serial two-fold dilution (starting at 1:50) of sera in blocking buffer were
added and incubated for 1 h at 20°C.

[00201] The bound antibodies were detected by 30 minutes incubation at
20°C with horseradish peroxidase (HRP)-labelled goat anti-mouse IgG. The
reaction was developed using tetramethylbenzidine (TMB) during 3 minutes, the
enzyme reaction was stopped by addition of 1M H>.SO4 and the absorbance was
read at 450 nm.
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[00202] lgG antibody responses against the carrier and the protein A (224 —
248) fragment insert were plotted on graphs A and B of the Figure 10. The results
indicate that immunizations with ICHA 014 induce both anti-HA and anti-Protein A
(224 — 248) specific antibodies. The panel C of Figure 10 shows the percentage of
immunized mice which develop a positive IgG anti-HA and anti-Protein A response
at day 70.

[00203] A positive anti-HA |gG and anti-Protein A (224 — 248) response were
observed 3 weeks (J21) after the first protein injection. The level of anti-Protein A
(224 — 248) 1gG was much lower than that of the antibody directed against the
carrier protein. Nevertheless, we noted that the humoral response increased with
the number of injections. Six weeks after the first injection the level of anti-Protein
A (224 — 248) 1gG was as high as that of the antibody directed against the carrier

protein.
[00204] In order to evaluate the binding of the sera, obtained from the nine
mice immunized with ICHA | 014, to the whole Protein A, we have developed an

immunoassay. Protein A binds strongly to the constant region of the heavy chains
of gamma-globulins, it is possible that false positive results may be obtained from
non-specific binding of the antibodies to Protein A. To overcome this difficulty,
Protein G-coated magnetic beads were used for the immobilization of sera
immunoglobulins. Specific binding happened at the Fc part of the antibody, thus
controlling its orientation and making its paratopes fully available to react with
Protein A. Furthermore, the binding of the Protein G-magnetic beads to the
constant region of the heavy chain did not interfere with the Protein A binding site

on the antibodies, thereby allowing evaluation of the Protein A antibodies.

[00205] Protein G conjugated to magnetic beads was incubated with the
different sera during 40 minutes at 20°C. Then, after the washing step that permits
to remove the unbound antibodies, recombinant Protein A-biotin solution was
allowed to bind for 60 minutes at 20°C in a 50 pl final volume. After washing step,
an incubation was performed with Steptavidine conjugated to the HRP. This
incubation was done at 20°C during 30 minutes. After the last washing step, TMB
substrate solution was added to each well and the reaction were allowed to
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proceed for 3 minutes at 20°C. The reactions were stopped by adding 100 pl of 1M

H.SO,4. The absorbance of each well was determined using a microplate reader

fitted with a 450 nm filter. Control wells contained sera obtained at J-1, magnetic

bead-Protein G and Protein A-biotin.

[00206] The results obtained show that all the sera obtained from the
immunization with ICHA | 014, contain a specific antibodies that interact with

Protein A via their paratopes (Figure 11).

Example 7: ICHA polyepitopes raise antibodies against the inserts and HA in

a rabbit model.

[00207] The purified ICHA | 003 was used to immunize New Zeeland white
rabbit. In this construction, two linear epitopes are displayed into ICHA. Because
of their small sizes, these epitopes are not immunogenic if they are directly
injected as a form corresponding to small peptides. Two hundred pg of ICHA |
003, each contained in 500 ul of PBS were mixed with an equal volume of
complete Freund’s adjuvant until a stable emulsion was obtained. One ml of this
emulsion was used to immunize one rabbit. The rabbit was boosted with three
additional immunizations at day 14, 28 and 56. Final bleeding was performed at
day 72.

[00208] To verify the induction of antibodies against the carrier and the
inserts after immunization with ICHA | 003, serotitration experiments were
performed by incubating dilutions of the sera (preimmune serum and serum at day
72) with HA and two distinct MBP fusion proteins displaying the epitope SEB or
TSST-1.

[00209] The serotitration curves are presented in Figure 12. The data indicate
that the injection of the polyepitope stimulates a humoral response against both
the native staphylococcal alpha-hemolysin HA and the two heterologous epitopes
(SEB and TSST-1) displayed on the carrier. In addition, the results on Figure 13
show that the antibodies induced with ICHA | 003 neutralize completely the

haemolytic activity of HA.
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Example 8: Protection against S. aureus challenge by active immunization

with ICHA polytopes.

8.1 Lethality test

[00210] In order to demonstrate the effect of ICHA and its derivatives in a
vaccination against highly virulent S. aureus isolates, female BALB/c mice, 9
weeks old, were randomized into clean cages and quarantined for 7 days prior to
study initiation. Groups of 5 or 10 animals each were immunized via subcutaneous
route with 50 ug of purified ICHA polytope, each contained in 230 ul of PBS, mixed
with a volume of 20ul QuilA adjuvant at a concentration of 1mg/ml. Control mice
received only PBS. The mice were boosted with two additional immunizations at
day 21 and day 42 with the same amount of antigen or PBS. Blood samples were
collected from both vaccinated and control groups before the beginning of the
experiment (day 0) and the first 35 and 56 days. At day 56, mice were challenged
intraperitoneally (IP) by 8.10" CFU/ml of virulent S. aureus isolate 118. Post-
challenge morbidity and mortality per individual group were recorded at 24 and 48
hours after challenge (in table 5 time of challenge is indicated by To). The survival
data per individual treated group is outlined in table 5. In the table in the first

column the number of animals per group is indicated in parenthesis.

Table 5: Survival of mice immunized with various ICHA polytope vaccines and
challenge with virulent S. aureus strain 118.

Groups To +24h +48h

PBS (10) 100% 0% 0%
ICHA | 000-QuilA (5) 100% 100% 100%
ICHA 1 012-QuilA (10) 100% 94% 74%
ICHA 1 013-QuilA (10) 100% 87% 54%
ICHA 1 014-QuilA (10) 100% 38% 25%
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[00211] Al control mice infected with 8.10" CFU died within 24 hours
following the challenge. In contrast, in the group of mice (5) receiving ICHA | 000-
QuIlA, no death has occurred until 48 hours after the challenge. In addition, only
6 % and 13 % of the mice immunized with ICHA | 012-QuilA and ICHA | 013-QuilA
respectively died within 24 hours after the challenge.

[00212] Mice that were administered Polytope ICHA | 012-QuilA, ICHA | 013-
QuilA and ICHA | 014-QuilA showed 74 %, 54% and 25% protection respectively
48 hours after the challenge.

8.2 Evolution of the clinical signs

[00213] The mice were monitored for clinical signs after 24 hours and 48
hours post-challenge. Disease severity was assessed using a 0 to 4 score (score
0: the mouse is in a fine shape, moves normally, eats and drinks normally and
does not present abnormal behaviors; score 1: the mouse is dispirited, moves
slowly, has dry hair, eats and drinks with difficulties; score 2: the mouse is very
dispirited, no longer moves, has very dry hair, is no longer eats and drinks; score
3: the mouse is dying; and score 4: the mouse died). Table 6 shows the average
of the scores observed in all mice of each group. In the table in the first column the
number of animals per group is indicated in parenthesis.

Table 6: Average of the clinical scores observed in all the mice of each group
immunized with ICHA polytope vaccines or PBS for the control group and
challenge with virulent S. aureus strain 118.

Groups To +24h +48h

PBS (10) 0 4 4
ICHA | 000-QuilA (5) 0 2 3
ICHA 1 012-QuilA (10) 0 1.3 2.3
ICHA 1 013-QuilA (10) 0 1.7 3
ICHA 1 014-QuilA (10) 0 3.12 3.25
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[00214] The results show that the clinical signs observed related to the
infection are less important in the four immunized groups. Among these 4 groups,
3 are those where less mortality is observed. Thus, 24 hours post-challenge, the
groups immunized with the polytopes ICHA | 000, ICHA | 012-QuilA and ICHA |
013-QuilA present less severe clinical signs than the other groups.

[00215] In conclusion, control animals infected with S. aureus were highty
susceptible and died rapidly compared with animals immunized with ICHA
polytope vaccine. Animals immunized with ICHA | 000-QuilA, ICHA | 012-QuilA
and ICHA | 013-QuilA displayed even fewer symptoms and signs of disease and
less mortality.

8.3 Colonization of internal organs

[00216] Vaccine efficacy is conveniently expressed as the reduction in the
number of CFU per kidney or spleen in vaccinated compared to control animals at
selected times after challenge.

[00217] In order to determine whether the low mortality observed in the
immunized mice was related to decreased bacterial burden in their organs, four
groups of 20 BALB/c and one group of 5 mice (ICHA | 000-QuilA) each were
immunized according to the protocols described before. Control mice received
only PBS. At day 56, mice were challenged intraperitoneally with a sublethal dose
(2.3 107 CFU/ml) of virulent S. qureus isolate 118.

[00218] Twenty-four hours after inoculation, the mice were euthanized and
necropsied. The spleen and the kidney of each animal were then taken, weighed
and homogenized with a homogenizer. Dilutions of homogenates were plated onto
Chapman agar plates in triplicate. The plates were incubated at 37°C for 24 hours,
for bacteria counting. After incubation, the number of S. aureus colonies was
enumerated and expressed as CFU per organ. Table 7 summarizes the CFU
recovery from the tissues of mice of all the groups. In the table in the first column

the number of animals per group is indicated in parenthesis.
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Table 7: The CFU recovery from the tissues of mice of all the groups.

Spleen Kidney
P P
Groups CFU count erce_nt CFU count erce_nt
reduction reduction
PBS (20) 315 0 % 736 0 %
ICHA | 000-QuilA (5) 176 44 % 361 52 %
ICHA 1 012-QuilA (20) 117 63 % 99 87 %
ICHA | 013-QuilA (20) 18 94 % 23 97 %
ICHA | 014-QuilA (20) 108 66 % 129 83 %
[00219] Bacteria recovery within the 24 hours post-challenge was

approximately 2 fold higher in the spleen and in the kidney of the control mice
5 challenged with S. aureus than in the organs of immunized mice by ICHA | 000

polytope.

[00220] The bacterial number declined in the 2 groups of animals immunized
by ICHA | 012-QuilA, and ICHA | 014-QuilA. Decrease was much more
pronounced in mice group immunized with ICHA | 013-QuilA, bacteria recovery

10 was approximately 17-fold lower in the spleen, and 32-fold lower in the kidney of
the mice immunized with ICHA | 013-QuilA polytope than in the control mice
challenged with S. aureus.

[00221] Thus, active immunization targeting ICHA polytopes protects animals
from S. aureus infection; this protection correlates with reduced microbiological

15 colonization.
Conclusion.

[00222] In the studies of the present invention it was shown that the
immunization with ICHA polytope conferred protection against S. aureus challenge
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in the mouse model of infection. This example demonstrated that an active

protection against S. aureus could be achieved by administration of polytopes

derived from recombinant ICHA proteins.

Example 9: Fragments of protein A which lack binding to Fc and Fab domain
of immunoglobulin G are suitable inserts for ICHA.

[00223] Staphylococcal protein A (SpA) plays a key role in the pathogenicity
of S. aureus. SpA is a protein of 42 kDa and comprises several regions with
different functions (Figure 14): the repeat region Wr, which are used for spa typing,
the Wc region, which confers anchoring to the bacterial cell wall, the signal
sequence (S region) in the N-terminal part and the four or five highly homologous
immunoglobulin G (IgG)-binding domains, designated E, D, A, B, and C which
share 65 — 90% amino acid sequence identity (Figure 15). The Z domain of SpA
reported in literature is an engineered analogue of the IgG-binding domain B. The
size of these domains is relatively small; each contains ~ 58 amino acid residues.
The solution structures of two of these domains, the B and E domains, as well as
the very similar Z domain, have been determined by NMR spectroscopy. These
structural analyses revealed that these IgG-binding domains adopted a classical
“up—down” three-helical bundle fold. Cristallography and NMR studies indicated
that the helix 1 and helix 2 interact with the Fc part of Ig while helix 2 and helix 3
bind to the Fab domain of Ig. These studies also indicated that the binding activity
of SpA Ig-binding domains requires the presence of the three helices and is
dependent of its 3D structure.

[00224] The binding activity of SpA acts to cloak the bacterial cell with 1gG,
thus blocking any interaction with Fc receptors on neutrophils and hindering
phagocytosis. The capacity of SpA to bind the Fc part of immunoglobulins allows
to escape the immune system and to cause a depletion of the B-cell repertoire.

[00225] Further, immunization assays performed by the present inventors by
using ICHA | 009 confirmed that the display of a functional Ig-binding domain of
SpA into ICHA did not trigger the induction of anti-SpA antibodies (data not

shown).
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Engineering of SpA derivatives polyepitopes related to ICHA I.

[00226] The heterologous SpA epitopes displayed into ICHA | are listed in
table 2. The resulting polytopes are listed and described in table 3. The
polyepitopes ICHA | 009, ICHA |1 012, ICHA | 013 and ICHA | 014 corresponds to
the full-length E domain (amino acid 187 to amino acid 248), helix 1 (aa 187 —
205), helix 2 (aa 206 — 223) and helix 3 (aa 224 — 248) of SpA, respectively. The

four polyepitopes were produced and purified as described in example 3.

[00227] In order to further analyse the IgG-binding characteristics of the full
immunoglobulin-binding domain and the three a-helices of the SpA domain, the
four polyepitopes were tested for the recognition of mouse IgG antibody in ELISA

experiments.

[00228] Microtitre ELISA plates (Nunc-Immuno Plate, Roskilde, Denmark)
were coated with the four SpA derivatives ICHA polytopes (250 ng/well) in coating
buffer (0.05 M carbonate-bicarbonate buffer, pH 9.6) and incubated overnight at
4°C. The protein ICHA | 000 was taken as control. The plates were washed three
times with phosphate buffered saline containing 0.05% Tween 20 (PBST) and
blocked with 150 ul of 3% casein hydrolysate in PBS for 1 h at 37°C. Mouse
monoclonal antibody IgG anti-CIfA serially diluted 100 fold and 1000 fold in PBST
were incubated in wells (50 pl/well) for 1 hour at 37°C. The wells were washed
three times with PBST. The bound antibodies were detected by 1 hour incubation
at 37°C with horseradish peroxidase (HRP)-labelled goat anti-mouse IgG. The
reaction was developed using tetramethylbenzidine (TMB) during 10 minutes, the
enzyme reaction was stopped by addition of 1M H.SO,4 and the absorbance was
read at 450 nm.

[00229] The ELISA reactivities of the SpA derivatives ICHA polytopes is
shown in Figure 16. These indicate that the E-domain of SpA displayed into ICHA
(ICHA 1 009) was still able to interact with I1gG. In contrast, ICHA 1012, ICHA | 013,
and ICHA | 014 were clearly unreactive. This indicates that the truncation of SpA

|g-binding domain was sufficient to abrogate 1gG binding.
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[00230] An important conclusion that could be drawn from these results is
that SpA’s capacity to interact with Fc region of immunoglobulin molecules was

absent in the individual a-helix of the SpA domains.

[00231] In the studies of the present invention it was shown that the active
vaccination with ICHA | 009 did not confer protection against S. aureus in
challenge assays (data not shown). In contrast, the vaccination with ICHA | 012,
ICHA 1 013 and ICHA | 014 polytopes protected animals from S. aureus infection
(see example 8).
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Claims

1. A recombinant single-chain alpha-hemolysin polypeptide of Staphylococcus
aureus, having a deletion in the stem domain for removing hemolytic activity,
characterized in that at least one heterologous sequence is inserted in a region
selected from the group consisting of regions defined by amino acid position 108
to 151, amino acid position 1 to 5, amino acid position 288 to 293, amino acid
position 43 to 48, amino acid position 235 to 240, amino acid position 92 to 97,
amino acid position 31 to 36, amino acid position 156 to 161 in respect to the wild-
type sequence SEQ ID NO: 1, with the proviso that, if the heterologous sequence
contains five or more consecutive histidine residues the moiety of the heterologous
sequence other than the moiety represented by said five or more consecutive
histidine residues has a minimum length of 11 amino acid residues;

or a variant thereof, wherein in addition to said deletion in the stem domain and
said insertion of heterologous sequence, 1 to 50 amino acid residues are added,
substituted or deleted in respect to the wild-type sequence SEQ ID NO: 1 and has
the activity to form oligomers and to bind to lipidic bilayers, including lipidic mono
layers and lipidic bilayers, or cell membranes.

2. The recombinant alpha-hemolysin polypeptide according to claim 1,
wherein the stem domain lies within the amino acid sequence from Thr109 to
GIn150 in respect to the wild-type sequence SEQ ID NO: 1 and is partially or

completely removed.

3. The recombinant alpha-hemolysin polypeptide according to claim 1 or 2,
wherein the heterologous sequence has a minimum length of 5 amino acid
residues, preferably at least 8, 10, 12, 15, 20, 30, 50, 75, 100, 150, 200, 300

amino acid residues.

4. The recombinant alpha-hemolysin polypeptide according to any one of
claims 1 to 3, which comprises at least two heterologous sequences inserted in

the same of said insertion sites or inserted in different of said insertion sites.

5. The recombinant alpha-hemolysin polypeptide according to any one of
claims 1 to 4, wherein the heterologous sequence or heterologous sequences
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is/are  exclusively derived from  Staphylococcus species, preferably

Staphylococcus aureus.

6. The recombinant alpha-hemolysin polypeptide according to any one of
claims 1 to 5, wherein the heterologous sequence or heterologous sequences
is/are selected from the group consisting of SEB (Staphylococcus aureus
enterotoxin B), TSST (toxic shock syndrome toxine), FnBP (fibronectin-binding
protein), BlaZ (B-lactamase), CIfA (Clumping Factor A), PBP2a (penicillin-binding
protein 2a), Protein A, all derived from Staphylococcus species, preferably

Staphylococcus aureus.

7. The recombinant alpha-hemolysin polypeptide according to any one of
claims 1 to 6, wherein the alpha-hemolysin moiety is having the sequence SEQ ID
NO: 3 (ICHA 1) or SEQ ID NO: 5 (ICHA 1), or variants thereof wherein the alpha-
hemolysin moiety has 85%, preferably 90%, further preferred 95% or more amino
acid identity in respect to the sequences SEQ ID NO: 3 or SEQ ID NO: 5.

8. A polynucleotide encoding the recombinant alpha-hemolysin polypeptide

according to any one of claims 1 to 7.
9. A vector comprising the polynucleotide according to claim 8.

10. A transformant comprising the polynucleotide according to claim 8 or the
vector according to claim 9.

11. A medicament or vaccine comprising a recombinant single-chain alpha-
hemolysin polypeptide of Staphylococcus aureus, having a deletion in the stem
domain for removing hemolytic activity, wherein at least one heterologous
sequence is inserted in a solvent-exposed loop of alpha-hemolysin polypeptide,
wherein the heterologous sequence or heterologous sequences is/are selected
from Staphylococcus species, preferably Staphylococcus aureus;

or a variant thereof, wherein in addition to said deletion in the stem domain and
said insertion of heterologous sequence, 1 to 50 amino acid residues are added,
substituted or deleted in respect to the wild-type sequence SEQ ID NO: 1 and has
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the activity to form oligomers and to bind to lipidic bilayers, including lipidic mono

layers and lipidic bilayers, or cell membranes.

12.  The medicament or vaccine according to claim 11, wherein the at least one
heterologous sequence is inserted in a region selected from the group consisting
of regions defined by amino acid position 108 to 151, amino acid position 1 to 5,
amino acid position 288 to 293, amino acid position 43 to 48, amino acid position
235 to 240, amino acid position 92 to 97, amino acid position 31 to 36, amino acid
position 156 to 161, preferably into a region defined by amino acid position 108 to

151, in respect to the wild-type sequence SEQ ID NO: 1.

13.  Use of the recombinant single-chain alpha-hemolysin polypeptide according

to any one of claims 1 to 7 for the preparation of antibodies.

14.  The use according to claim 13, wherein a mixture of antibodies is obtained
comprising antibodies directed to alpha-hemolysin and antibodies directed to the
respective heterologous sequence or sequences.

15.  Use of the recombinant single-chain alpha-hemolysin polypeptide according
to any one of claims 1 to 7 in assays for detecting and/or selecting an agent
binding to the heterologous sequence, preferably for detecting antibodies directed
to the heterologous sequence.

16. A recombinant single-chain alpha-hemolysin polypeptide of Staphylococcus
aureus, having a deletion in the stem domain for removing hemolytic activity,
characterized in that at least one heterologous sequence is inserted into a
permissive site, and in that the heterologous sequence comprises a fragment of
the immunoglobulin G-binding domain of Protein A of Staphylococcus species,
preferably of Staphylococcus aureus; wherein said fragment of the
immunoglobulin G-binding domain of Protein A is having a minimum size of 5
amino acid residues and has no or reduced binding activity to Fc or Fab domain of
immunoglobulin G compared to full-length Protein A;

or a variant thereof, wherein in addition to said deletion in the stem domain and
said insertion of heterologous sequence, 1 to 50 amino acid residues are added,
substituted or deleted in respect to the wild-type sequence SEQ ID NO: 1 and has
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the activity to form oligomers and to bind to lipidic bilayers, including lipidic mono
layers and lipidic bilayers, or cell membranes.

17.  The recombinant alpha-hemolysin polypeptide according to claim 16,
wherein the fragment of the immunoglobulin G-binding domain of Protein A is
having a length of 5 to 35 amino acid residues, preferably 5 to 30 amino acid
residues, further preferred 10 to 30 amino acid residues, and even further

preferred 10 to 25 amino acid residues.

18.  The recombinant alpha-hemolysin polypeptide according to claim 16 or 17,
wherein the fragment of the immunoglobulin G-binding domain of Protein A covers
not more than two complete alpha-helices.

19. The recombinant alpha-hemolysin polypeptide according to any one of
claims 16 to 18, wherein the permissive site is located within an solvent-exposed
loop, preferably selected from the group consisting of regions defined by amino
acid position 108 to 151, amino acid position 1 to 5, amino acid position 288 to
293, amino acid position 43 to 48, amino acid position 235 to 240, amino acid
position 92 to 97, amino acid position 31 to 36, amino acid position 156 to 161 in
respect to the wild-type sequence SEQ ID NO: 1.

20. The recombinant alpha-hemolysin polypeptide according to any one of
claims 16 to 19, wherein the stem domain lies within the amino acid sequence
from Thr109 to GIn150 in respect to the wild-type sequence SEQ ID NO: 1 and is
partially or completely removed.

21. The recombinant alpha-hemolysin polypeptide according to any one of
claims 16 to 20, wherein the alpha-hemolysin moiety is having the sequence SEQ
ID NO: 3 (ICHA 1) or SEQ ID NO: 5 (ICHA 1), or variants thereof wherein the
alpha-hemolysin moiety has 85%, preferably 90%, further preferred 95% or more
amino acid identity in respect to the sequences SEQ ID NO: 3 or SEQ ID NO: 5.

22. A polynucleotide encoding the recombinant alpha-hemolysin polypeptide

according to any one of claims 16 to 21.

23. A vector comprising the polynucleotide according to claim 22.
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24. A transformant comprising the polynucleotide according to claim 22 or the

vector according to claim 23.

25. A medicament or vaccine comprising a recombinant single-chain alpha-
hemolysin polypeptide of Staphylococcus aureus, having a deletion in the stem
domain for removing hemolytic activity, characterized in that at least one
heterologous sequence is inserted into a permissive site, and in that the
heterologous sequence comprises a fragment of the immunoglobulin G-binding
domain of Protein A of Staphylococcus species, preferably of Staphylococcus
aureus; wherein said fragment of the immunoglobulin G-binding domain of Protein
A is having a minimum size of 5 amino acid residues and has no or reduced
binding activity to Fc or Fab domain of immunoglobulin G compared to full-length
Protein A;

or a variant thereof, wherein in addition to said deletion in the stem domain and
said insertion of heterologous sequence, 1 to 50 amino acid residues are added,
substituted or deleted in respect to the wild-type sequence SEQ ID NO: 1 and has
the activity to form oligomers and to bind to lipidic bilayers, including lipidic mono
layers and lipidic bilayers, or cell membranes.
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