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Glyconjugate Vaccines

Field

The present invention relates to glycoconjugate vaccines and methods for their production.

Background
Streptococcus pneumoniae (the pneumococcus) is an obligate human pathogen that is one of the most

common causes of pneumonia, septicaemia and meningitis, and consequently is responsible for a
considerable burden of morbidity and mortality worldwide. S. pneumoniae meningitis is of particular concern
owing to its high case fatality rate and the reduced quality of life associated with its neurological sequelae,

especially amongst children and the elderly.

The introduction of the pneumococcal conjugate vaccine (PCV) has been very effective in reducing the
incidence of S. pneumoniae infections, including meningitis caused by vaccine serotypes (1-8). For example,
PCV has led to the considerable reduction in S. pneumoniae infections caused by vaccine serotypes in
vaccinated children, and also in the unvaccinated adult population due to herd immunity (1, 2, 4, 13).
However, the current PCV has three major disadvantages. Firstly, the dominant disease causing serotypes
(STs) vary geographically and with age group, yet the existing PCV formulation is fixed and not readily
altered. Thus the current PCV has a variable impact on S. pneumoniae incidence amongst different
populations and/or diseases (9). For example S. pneumoniae meningitis continues to cause substantial
morbidity and mortality worldwide especially in sub-Saharan Africa where a S. pneumoniae meningitis can
affects as many as 98 per 100,000 children under one annually (38). Secondly, as there are over 90 S.
pneumoniae capsular serotypes and PCV prevents nasopharyngeal colonisation (the bacterium’s usual
ecological niche) by only 13 of these, the introduction of PCV has been associated with a major expansion of
non-vaccine serotypes including amongst meningitis cases (5, 7, 8). The natural competence of the
bacterium indicates that the number of S. pneumoniae capsular serotypes is likely to increase further,
leading to a coincident increase in disease incidence as the prevalence of non-vaccine serotypes expands
(10-13). Thirdly, PCV vaccines are expensive, restricting their use in low and middle-income countries
(LMICs), where the burden of disease is heaviest and preventing the vaccine from being cost effective in
adults (14, 15). Hence a low cost S. pneumoniae vaccine that prevents childhood and adult disease, is
flexible in antigen content to adjust for changes on S. pneumoniae ecology, and provides some form of

cross-serotype protection remains a global imperative.

Current manufacture of PCV is expensive and time-consuming, requiring purification of individual capsular
polysaccharides and a multistep process of chemical coupling to a protein carrier. The Wren group has
pioneered an alternative approach termed Protein Glycan Coupling Technology (PGCT), using a
Campylobacter oligosaccharyltransferase enzyme, CjPgIB, to produce recombinant protein/glycan structures
in Escherichia coli (16, 17). PGCT requires co-expression in E. coli of the target glycan genes, a gene
encoding the carrier protein antigen with additional ‘glycotag’ sequences to ensure protein/glycan
conjugation, and the coupling enzyme CjPgIB (18). Vaccine products are produced by a single step Ni?+
affinity chromatography procedure from E. coli batch culture that can readily be scaled up for manufacture.

In addition, PGCT would allow greater flexibility in the serotypes included within a PCV, allowing the vaccine
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to be tailored to the dominant serotypes in different target populations and geographical locations, and rapid

reformulation in response to changes in S. pneumoniae ecology.

Another advantage of PGCT is that different protein antigens can be readily combined with the capsular
antigen. The basic science of chemically conjugated vaccines has scarcely been advanced since their first
commercialisation for Haemophilus influenzae type b in 1990. To date, only four major carrier proteins have
been licensed in glycoconjugate vaccine formulations; deactivated toxins from Clostridium tetanus and
Corynebacterium diphtheria (CRM197), and surface expressed proteins of H. influenza (Protein D) and N.
meningitidis serogroup B (19, 20). The immunological potential of a wide range of proteins has not been
tested, yet the efficiency of the antibody response to the glycan component of a glyconconjugate varies
between different peptides (21, 22). Identifying additional proteins that stimulate good antibody responses
when fused to glycan antigens could aid development of glycoconjugate vaccines. Using an S. pneumoniae
protein antigen as a carrier protein could also provide the additional advantage of inducing an adaptive
response to the protein. Multiple S. pneumoniae protein antigens have been described that when used as
vaccines can generate protective immunity in animal models through antibody-mediated
opsonophagocytosis (23), inhibition of bacterial protein function (24, 25) and by stimulating Th17 cellular
responses (26-28), some of which have been taken forward to phase 1 trials in man. Protective S.
pneumoniae protein antigens could be used as carrier proteins for a PGCT approach to making a PCV that
can result in serotype independent immunity mediated by adaptive immunity to the protein component. Such
a vaccine may also have theoretical advantages in preventing meningitis as antibodies to selected surface

protein antigens could prevent penetration of the blood brain barrier (29-31).

PCGT has been used to make an effective prototype vaccine against Francisella fularensis (32), and a
Shigella flexneri PGCT vaccine has recently completed phase one trials (33). Recently, it was confirmed that
PGCT can be used to make glycoconjugates with four different types of S. pneumoniae capsular serotypes,
including serotype 4 (17). However, whether or not a PCV made using PGCT can induce protective anti-
capsular responses, and has a similar efficacy to existing commercial PCVs has not been established.
Furthermore, there are no data on whether S. pneumoniae protein antigens can act as effective carrier

proteins for capsular antigen and are also able to stimulate protective responses.

Summary
The present inventors have recognised that S. pneumoniae protein antigens can be used as carriers for an

immunogenic S. pneumoniae capsular polysaccharide in a glycoconjugate vaccine that is able to generate a

protective immune response against multiple capsular serotypes.

A first aspect of the invention provides a glycoprotein comprising a S. pneumoniae protein antigen

glycosylated with an S. pneumoniae capsular polysaccharide.
Preferred S. pneumoniae protein antigens include NanA, PiuA and Sp0148, most preferably PiuA.

A second aspect of the invention provides a vaccine composition comprising one or more glycoproteins of

the first aspect.
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A third aspect of the invention provides a method of treatment of S. pneumoniae infection comprising;
administering a glycoprotein of the first aspect or a vaccine composition of the second aspect to an

individual in need thereof.

A fourth aspect of the invention provides a glycoprotein of the first aspect or a vaccine composition of the

second aspect for use in a method of treatment of S. pneumoniae infection in an individual.

Treatment of S. pneumoniae infection according to the third and fourth aspects may include prophylactic or

protective treatment.
Other aspects and embodiments of the invention are described in more detail below.

Brief Description of the Figures

Figure 1 shows that vaccination with recombinant glycoproteins generates antibodies to the pneumococcal
capsule and carrier protein. Antibody levels in antiserum measured from mice (n=8) vaccinated with
recombinant glycoproteins (closed circles) or cognate unglycosylated antigens (open squares) by ELISA.
Figures 1A-E show anti capsular polysaccharide antibodies were measured using plates coated with purified
type 4 capsular polysaccharide. Antiserum from Prevnar-13 (closed circles) and sham vaccinated (open
squares) animals were used as controls. Figures 1F-H show anti carrier protein antibodies were measured
from mice vaccinated with Combo (Sp4) (closed circles) or Combo (open squares) by sandwich ELISA using
a monoclonal anti-His capture antibody and recombinant, unglycosylated carrier proteins. Data are displayed

as mean = SEM from technical replicates.

Figure 2 shows that vaccination with recombinant glycoproteins generates antibodies that recognise
homologous and heterologous pneumococcal isolates. Anti-ST4 (Fig 2A) and anti-ST2 (Fig 2B) antibodies
were measured by whole cell ELISA using pooled antiserum from the glycosylated and unglycosylated
vaccine groups. Data are displayed as mean + SEM from three separate cultures. *P<0.05 vs PBS #P<0.05
protein vs glycoprotein One-way ANOVA with Bonferroni’s post-test. Figure 2C shows immunoblot analysis
of concentrated lysate from ST4 and ST2 overnight cultures using pooled antiserum from the glycosylated

and unglycosylated vaccine groups. Molecular mass markers are given in kilodaltons.

Figure 3 shows flow cytometry analysis of antibody deposition on streptococcal species. Figure 3A shows
examples of flow cytometry histograms for antibody deposition on a S. mitis strain expressing the S.
pneumoniae serotype 4 capsule termed S. mitis(Sp4) in 10% antiserum from glycosylated (red shading) and
unglycosylated (grey shading) vaccine groups. Sham vaccinated serum (dashed line) was included as a
control. Figure 3B shows antibody deposition measured using a flow cytometry assay on S. mitis (Sp4) in
10% murine antiserum (n=8) from glycosylated (closed circles) and unglycosylated (open squares) vaccine
groups. Red dots indicate reactions containing reduced antiserum concentrations (5% vs 10%) in high titre
samples. * p<0.05 Kruskal-Wallis with Dunn’s post-test (vs PBS). Figure 3C shows examples of flow
cytometry histograms for antibody deposition on the TIGR4 S. pneumoniae strain in 2% (red shading), 0.2%

(grey shading) and 0.02% (dashed line) antiserum from glycosylated vaccine groups. Figure 3D shows
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antibody deposition on TIGR4 in pooled antiserum from mice vaccinated with glycosylated or unglycosylated
vaccines. Deposition titres were determined using bacteria incubated with decreasing concentrations of
Prevnar-13 antiserum to generate a standard curve. Results displayed as mean + SEM from technical

replicates.

Figure 4 shows antibody deposition on non-serotype 4 pneumococci. Figures 4A-D show representative
histograms and antibody deposition on homologous and heterologous pneumococcal isolates in 1% pooled
antiserum from mice vaccinated with glycosylated NanA (grey shading), Sp0148 (red shading) or PiuA (blue
shading) or normal mouse serum (dashed line). Black bars represent the percentage of PE+ bacteria and
grey bars represent the gMFI of the positive population. Gates were set such that 5-10% of events were PE*
in the NMS reactions to account for strain specific differences in autofluorescence. Data are displayed as
mean + SEM from technical replicates. Figure 4E shows immunofluorescent staining of homologous and
heterologous pneumococcal isolates using antiserum from mice vaccinated with the combination vaccine

(green channel) and pneumococcal omni serum (red channel).

Figure 5 shows the effect of antiserum samples on interaction of S. pneumoniae with human neutrophils.
Figure 5A shows examples of flow cytometry histograms for fresh human neutrophils incubated with FAM-SE
labelled TIGR4 when opsonized in 20% antiserum from glycosylated (red shading) or unglycosylated (grey
shading) vaccine groups and 5% baby rabbit complement. Sham vaccinated serum (dashed line) was
included as a control. Figure 5B shows percent association of fresh human neutrophils with TIGR4 when
opsonized in 20% antiserum (n=8) from glycosylated (closed circles) or unglycosylated (open squares)
vaccine groups and 5% baby rabbit complement. Antiserum from Prevnar-13 (closed circles) and sham
vaccinated (open squares) animals were included as controls. * p<0.05 Kruskal-Wallis with Dunn’s post-test
(vs PBS). Figure 5E shows percent association of fresh human neutrophils with non-type 4 pneumococci
when opsonized in 20% antiserum (n=6) from glycosylated (closed circles) or unglycosylated (open squares)
vaccine groups and 5% baby rabbit complement. Antiserum from Prevnar-13 (closed circles) and sham

vaccinated (open squares) animals were included as controls.

Figure 6 shows that vaccination with recombinant glycoconjugates provides homologous but not
heterologous protection against pneumococcal pneumonia. Mice were vaccinated with the glycosylated and
unglycosylated combination vaccines and challenged intranasally with 1x10” CFU of TIGR4 for 48 h (7A-B)
or Serotype 4 (7C-E). Bacterial burdens were determined by serial dilution and plating. * p<0.05 Kruskal-
Wallis with Dunn’s post-test (vs PBS).

Detailed Description

This invention relates to recombinant glycoproteins for use in vaccine compositions, in particular
glycoproteins comprising a S. pneumoniae protein antigen glycosylated with a S. pneumoniae capsular
polysaccharide. These glycoproteins generate protective immune responses against multiple S. pneumoniae
serovars and may be useful in the preventative or therapeutic treatment of S. pneumoniae infections, such

as meningitis.
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A glycoprotein described herein may comprise a S. pneumoniae protein antigen and one or more N-linked S.
pneumoniae capsular polysaccharides i.e. the capsular polysaccharides may be covalently linked to Asn
residues of the protein antigen (N-glycosylation). The capsular polysaccharides and the S. pneumoniae
protein antigen may be heterologous i.e. the S. pneumoniae protein antigen may not be glycosylated with the

capsular polysaccharide in natural systems.

Bacterial pathogen cells, such as S. pneumoniae, are commonly encapsulated by a polysaccharide capsule
which forms a protective outer layer around the cell. Capsule polysaccharide may interact directly with host
B cells and induce antibody synthesis in the absence of T-cells. An S. pneumoniae capsular polysaccharide
may comprise one or more B cell epitopes. The polysaccharides in the capsule are homo- or heteropolymers
of monosaccharide sub-units joined by glycosidic linkages. The configuration of the monosaccharide sub-
units in the capsular polysaccharide differs between cells of different serotypes of the bacterial pathogen. For

example, over 90 different capsular serotypes of S. pneumoniae have been identified to date.

An S. pneumoniae capsular polysaccharide for use in a glycoprotein described herein may include common
S. pneumoniae serotypes, such as 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F and 23F. The structures of
capsular polysaccharides from S. pneumoniae serotypes are well-known in the art (Bentley and Spratt PLoS
Genet. 2006 Mar; 2(3):e31. Epub 2006 Mar 10).

In some preferred embodiments, the capsular polysaccharide may be a serotype 4 capsular polysaccharide.

A glycoprotein as described herein may comprise one or more capsular polysaccharide moieties, for
example two, three, four, five or more capsular polysaccharide moieties. In some embodiments, a
glycoprotein may comprise two capsular polysaccharide moieties. For example, capsular polysaccharide
moieties may be attached to glycosylation sequons within the glycoprotein, for example at the N and C

termini of the protein antigen.

Multiple capsular polysaccharide moieties attached to a glycoprotein may be the same polysaccharide or

different polysaccharides.

The S. pneumoniae protein antigen may be any protein expressed in S. pneumoniae that is capable of
eliciting an immune response, preferably a T cell response, in a host. For example, a S. pneumoniae protein
may comprise one or more T-cell epitopes. Preferred S. pneumoniae protein antigens induce cross-
protective immunity against multiple strains of S. pneumoniae and support strong antibody responses to

capsular polysaccharide attached to it.

Suitable S. pneumoniae proteins are known in the art and include neuraminidase A (NanA; spr1536;
EC3.2.1.18), PiuA (Sp1872), and Sp0148. most preferably PiuA (Sp1872).

A suitable PiuA protein antigen may comprise the amino acid sequence of database accession number
KGI34864.1, AOG58833.1, ANO37655.1, KGI33012.1 or SEQ ID NO: 3 or a fragment or variant of any one

of these.
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A suitable NanA protein antigen may comprise the amino acid sequence of database accession number
NP_359129.1 or SEQ ID NO: 6 or a fragment or variant of any one of these. For example, the protein

antigen may comprise the N-terminal lectin-like domain of NanA.

A suitable Sp0148 protein antigen may comprise the amino acid sequence of database accession number
ABJ55394.1 or WP_000724951.1 or SEQ ID NO: 9 or a fragment or variant of any one of these.

A variant of a reference polypeptide sequence, such as one of SEQ ID NOs: 3, 6, or 9 may comprise an
amino acid sequence having at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least

95%, at least 98% or at least 99% sequence identity to the reference polypeptide sequence.

Nucleotide and amino acid sequence identity is generally defined with reference to the algorithm GAP (GCG
Wisconsin Package™, Accelrys, San Diego CA). GAP uses the Needleman & Wunsch algorithm to align two
complete sequences that maximizes the number of matches and minimizes the number of gaps. Generally,
the default parameters are used, with a gap creation penalty = 12 and gap extension penalty = 4. Use of
GAP may be preferred but other algorithms may be used, e.g. BLAST, BLASTP or BLASTN (which use the
method of Altschul et al., FASTA (which uses the method of Pearson and Lipman, or PSI-Search which uses

the Smith-Waterman algorithm), generally employing default parameters [54-56, 75].

A protein antigen may, for example, comprise an amino acid sequence which differs from a reference
polypeptide sequence, such as one of SEQ ID NOs: 3, 6, or 9 by insertion, addition, substitution or deletion
of 1 amino acid, 2, 3, 4, 5-10, 10-20, 20-30, or 30-40 or more amino acids.

A protein antigen may be a fragment of a reference polypeptide sequence, such as one of SEQ ID NOs: 3, 6,
or 9, or a variant of a reference polypeptide sequence. A fragment is a truncated polypeptide consisting of
fewer amino acids than the fulllength sequence that comprises at least one immunogenic determinant of the
full-length sequence and retains immunogenicity. Suitable fragments may comprise at least 100, at least

150, at least 200, at least 250 or at least 300 amino acids of the full-length sequence.

A fragment of a full-length protein antigen is capable of raising an immune response (if necessary, when
suitably adjuvanted) that recognises the full-length antigen as well as the S. pneumoniae serotype or strain
from which the protein antigen was derived and preferably other serotypes or strains. Suitable fragments
may for example be identified by in silico modelling of potential immunogenic sites, followed by the

generation of panels of fragments, and in vivo testing in mammalian protection models.
Suitable protein antigens for use in vaccine compositions may lack a signal peptide sequence.

The S. pneumoniae protein antigen may comprise a glycosylation sequon. A glycosylation sequon is a short
sequence of consecutive amino acids within a protein that forms the site of attachment for a polysaccharide
moiety. The capsular polysaccharide may be covalently linked to an Asn residue within the glycosylation

sequon of the protein antigen.



10

15

20

25

30

35

40

WO 2019/211386 _7- PCT/EP2019/061266

The choice of glycosylation sequon may depend on the oligosaccaryltransferase used to produce the
glycoprotein. A suitable glycosylation sequon recognised by Campylobacter jejuni PgIB may comprise the
sequence D/E-Y-N-X-S/T, where Y and X are any amino acid except P. For example, the glycosylation
sequon may comprise the sequence DQNAT. Other glycosylation sequons suitable for use with other

oligosaccaryltransferases may be readily determined.

The glycosylation sequon may be heterologous i.e. the sequon may not be naturally present in the sequence
of the protein antigen and may be incorporated by recombinant techniques. Suitable methods for
incorporating a glycosylation sequon into the sequence of a protein antigen are well-known in the art. In
some embodiments, a heterologous glycosylation sequon may be flanked by linker residues, such as one or

more G residues, for example G, or GG.

The protein antigen may comprise one glycosylation sequon or multiple glycosylation sequons. For example,
a protein antigen may comprise two glycosylation sequons. Conveniently, the glycosylation sequons may be
located at the N terminus of the protein antigen (or immediately adjacent to the N terminal leader sequence)

or at the C terminus of the protein antigen (or immediately adjacent to the C terminal purification tag).

In some embodiments, a protein antigen may be coupled to a leader peptide to direct secretion of the
glycoprotein from cell into the culture medium as a precursor. A range of suitable leader peptides are known
in the art and include the DsbA leader sequence MKKIWLALAGLVLAFSASAAQ or a variant thereof. The
leader peptide may be heterologous to the protein antigen i.e. it may be a leader sequence that is not
naturally associated with the protein antigen. The leader peptide may be located at the N terminus of the
precursor glycoprotein. The leader peptide is removed by post-translational processing after expression of

the precursor to generate the glycoprotein.

The glycoprotein may further comprise a purification tag. A purification tag is a heterologous amino acid
sequence which forms one member of a specific binding pair. Polypeptides containing the purification tag
may be detected, isolated and/or purified through the binding of the other member of the specific binding pair
to the polypeptide. For example, the purification tag may form an epitope which is bound by an antibody

molecule.

Various suitable purification tags are known in the art, including, for example, MRGS(H)s, DYKDDDDK
(FLAG™), T7-, S- (KETAAAKFERQHMDS), poly-Arg (Rs.s), poly-His (He-10), poly-Cys (C4) poly-Phe(F11) poly-
Asp(Ds-16), Strept-tag Il (WSHPQFEK), c-myc (EQKLISEEDL), Influenza-HA tag [66], Glu-Glu-Phe tag [67],
Tag.100 (Qiagen; 12 aa tag derived from mammalian MAP kinase 2), Cruz tag 09™ (MKAEFRRQESDR,
Santa Cruz Biotechnology Inc.) and Cruz tag 22™ (MRDALDRLDRLA, Santa Cruz Biotechnology Inc.).

In some preferred embodiments, a poly-His purification tag, such as a C-terminal (His)1o sequence, may be
employed. Following expression, the glycoprotein comprising the poly-His tag may be isolated by affinity

chromatography using an affinity resin containing bound bivalent nickel or cobalt ions. The purification of
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poly-His tagged glycoproteins using affinity resins is well known in the art. Optionally, the poly-His tag may

be removed by proteolytic cleavage after purification to produce the protein antigen.

A suitable S. pneumoniae protein antigen comprising glycosylation sequons, His tag and leader peptide may
comprise the amino acid sequence of any one of SEQ NOs: 2, 5 or 7, or a fragment or variant of any one of

these. Also disclosed herein are SEQ NOs: 2, 5 or 7 without the leader peptide and optionally the His tag.

A glycoprotein described above may be produced by any suitable method. Preferably, a glycoprotein is
produced by Protein Glycan Coupling Technology (PGCT) (see for example 16-18, 41, 42). For example, a
method of producing a glycoprotein as described herein may comprise;
expressing in a microbial cell;
(i) an oligosaccharyltransferase;
(i) a S. pneumoniae capsular polysaccharide; and
(iii) a S. pneumoniae protein antigen;
such that the oligosaccharyltransferase glycosylates the pathogen protein antigen with the pathogen

capsular polysaccharide to produce the glycoprotein.
The microbial cell may be a prokaryotic cell, preferably an E coli cell.

A microbial cell for the production of a glycoprotein may comprise (i) heterologous nucleic acid encoding an
oligosaccharyltransferase, (ii) a heterologous capsular polysaccharide biosynthesis locus and (iii)
heterologous nucleic acid encoding a pathogen protein antigen. The heterologous nucleic acids and locus
may be present on extrachromosomal plasmids in the microbial cell or may be integrated into the genome of

the microbial cell.

The microbial cell may be produced by a method comprising transforming a microbial cell with;
(i) heterologous nucleic acid encoding an oligosaccharyltransferase;
(i) a heterologous S. pneumoniae capsular polysaccharide biosynthesis locus; and

(iii) heterologous nucleic acid encoding a S. pneumoniae protein antigen.

Suitable methods of transforming microbial cells are well-known in the art. The heterologous nucleic acids
and locus may be contained in one or more vectors, for example plasmids. In some embodiments, the
heterologous nucleic acids and locus may all be contained in separate vectors. In other embodiments, two or

more of the heterologous nucleic acids and heterologous locus may be contained in the same vector.

The microbial cell may be cultured under standard conditions in a cell culture vessel, such as a bioreactor or

fermenter, in order to express the oligosaccharyltransferase, protein antigen and capsular polysaccharide.

Oligosaccharyltransferase (EC 2.4.1.119) catalyses the glycosylation of the Asn residue of a glycosylation
sequon of the protein antigen with the capsular polysaccharide. A suitable oligosaccharyltransferase for the
attachment of any particular capsular polysaccharide substrate may be readily identified using standard

techniques. In some preferred embodiments, the oligosaccharyltransferase may be PgIB, preferably a
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bacterial PgIB, such as Helicobacter pullorum PgIB, Desulfovibrio desulfuricans PgIB, Campylobacter lari
PgIB, and Campylobacter jejuni PgIB. A preferred PgIB may comprise the amino acid sequence of database
accession number ASI187642.1 or YP_002344519.1 or SEQ ID NO: 10 or a variant or fragment thereof.

S. pneumoniae protein antigens and S. pneumoniae capsular polysaccharides are described in more detail
above. An S. pneumoniae capsular polysaccharide for attachment using PGCT may be attached to an
undecaprenol pyrophosphate lipid anchor. In some embodiments, for example when the
oligosaccharyltransferase is Campylobacter jejuni PgIB, the capsular polysaccharide may comprise a

reducing-end sugar containing an acetamido group in the C2 position.

The S. pneumoniae capsular polysaccharide may be produced in the microbial cell from a heterologous
capsular polysaccharide biosynthesis locus or operon. A polysaccharide biosynthesis locus is a region of the
S. pneumoniae genome that comprises the genes that are required to generate the capsular polysaccharide
in the microbial cell. The polysaccharide biosynthesis locus is located in the S. pneumoniae genome
between the AliA and DexB genes and has four conserved genes at its N terminal end. Polysaccharide
biosynthesis loci for different S. pneumoniae serovars have been reported in the art (see for example,
Bentley and Spratt PLoS Genet. 2006 Mar;2(3):e31. Epub 2006 Mar 10) and may be identified in any S.

pneumoniae genome using standard genetic analysis techniques.

The biosynthesis locus for an S. pneumoniae capsular polysaccharide may be obtained from cells of an S.
pneumoniae serovar and cloned into a vector for expression in the microbial cell to generate the capsular
polysaccharide. The generation of capsular polysaccharides from heterologous biosynthesis loci in a cell is
well-established in in the art (16-18, 41, 42).

The glycoprotein may be isolated and/or purified, after production in the microbial cell. This may be achieved
using any convenient method known in the art. Techniques for the purification of recombinant glycoprotein
are well-known in the art and include, for example HPLC, FPLC or affinity chromatography. In some

embodiments, purification may be performed using an affinity tag on the glycoprotein, as described above.

The glycoprotein may be formulated with a pharmaceutically acceptable excipient and optionally an adjuvant
and/or one or more different glycoproteins as described herein, for example to produce an immunogenic
formulation or vaccine composition for therapeutic use. Vaccine compositions are described in more detail

above

Both the capsular polysaccharide and the protein antigen are immunogenic and an adaptive immune
response against both capsular polysaccharide and the protein antigen may be elicited in an individual to
whom the glycoprotein is administered. The immune response may include T cell dependent immune
responses and T-cell independent immune responses, such as antibody production. In some preferred
embodiments, a glycoprotein may elicit both T cell dependent immune responses and T-cell independent

immune responses.
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The glycoprotein may be capable of providing a protective immune response against S. pneumoniae. For
example, the glycoprotein may stimulate, promote or enhance a protective immune response when the
individual is subsequently exposed to S. pneumoniae. The glycoprotein may stimulate a protective immune
response against the S. pneumoniae serotype from which the capsular polysaccharide and/or protein
antigen was derived or S. pneumoniae serotypes other than the S. pneumoniae serotype from which the
capsular polysaccharide and/or protein antigen was derived. For example, the glycoprotein may stimulate
protective immune responses against multiple S. pneumoniae serotypes. In some embodiments, a protective

immune response may be serotype independent.
One or more glycoproteins as described above may be formulated into a vaccine composition.

A vaccine composition is an immunogenic formulation comprising one or more immunogenic components
that is capable of generating protective immune responses in an individual to the one or more immunogenic
components. The immunogenic components of the vaccine composition described herein may be contained
in the S pneumoniae protein antigens and S pneumoniae capsular polysaccharides of the one or more

glycoproteins.

The vaccine compositions described herein comprise protein and polysaccharide antigens from S.
pneumoniae that are capable of eliciting an immune response against S. pneumoniae in an individual. The
protein and polysaccharide antigens may, for example, be immunoreactive against S. pneumoniae-exposed

serum, such as S. pneumoniae exposed human serum.

A vaccine composition may comprise one glycoprotein as described above or more preferably, multiple
glycoproteins, for example 2, 3, 4, 5, 6, 7, 8, 9, 10 or more different glycoproteins. The multiple glycoproteins
in the composition may comprise multiple different protein antigens and/or multiple different capsular
polysaccharides. For example, the vaccine composition may comprise glycoproteins with multiple different
S. pneumoniae capsular polysaccharides and the same S. pneumoniae protein antigen; multiple different S.
pneumoniae protein antigens and the same S. pneumoniae capsular polysaccharide; or multiple different S.

pneumoniae protein antigens and multiple different S. pneumoniae capsular polysaccharides.

A vaccine composition may further comprise an adjuvant. An adjuvant is a non-immunogenic agent that
increases or enhances the immune response to an antigen in an individual (for a review, see, e.g, and

Vaccine Adjuvants: adjuvants: preparation methods and research protocols Ed O’Hagan (2000) Springer).

Examples of suitable adjuvants include aluminium and aluminium salts such as aluminium hydroxide and/or
aluminium phosphate; oil-emulsion compositions (or oil-in-water compositions), including squalene-water
emulsions, such as emulsigen™ (MVP Technologies Inc), Addavax™ and MF59™ (see, for example WO
90/14837); saponin formulations, such as, for example, Q521 and Immunostimulating Complexes (ISCOMS)
(see for example U.S. Pat. No. 5,057,540; WO 90/03184, WO 96/11711, WO 2004/004762, WO
2005/002620); Toll-like receptor (TLR) agonists, such as TLR7 agonists (see for example WO 2012/117377),
optionally in combination with an aluminium salt; bacterial or microbial derivatives, such as monophosphoryl
lipid A (MPL), 3-O-deacylated MPL (3dMPL), flagellin, CpG-motif-containing oligonucleotides, muramyl
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dipeptide (MDP) and/or trehalose dycorynemycolate (TDM) ADP-ribosylating bacterial toxins, such as E. coli
heat labile enterotoxin LT and cholera toxin CT and their non-enzymatic binding subunits, poly | :C, anionic
polymers, including acrylic acid polymers, such as polymethylmethacrylate, acrylic acid crosslinked with allyl
sucrose (for example Carbopol™, Lubrizol and polyethylene-imine (PEI)), cytokines selected from the group
consisting of e.g. GMCSF, interferon gamma, interferon alpha, interferon beta, interleukin 12, interleukin 23,
interleukin 17, interleukin 2, interleukin 1 , TGF, TNFa, and TNF.

A method of making a vaccine composition may comprise;
admixing one or more glycoproteins as described above with a pharmaceutically or veterinarily

acceptable excipient and optionally an adjuvant..

The term “pharmaceutically acceptable” or “veterinarily acceptable” as used herein pertains to compounds,
materials, compositions, and/or dosage forms which are, within the scope of sound veterinary or medical
judgement, suitable for use in contact with the tissues of a subject (e.g. human or other mammal) without
excessive toxicity, irritation, allergic response, or other problem or complication, commensurate with a
reasonable benefit/risk ratio. Each carrier, excipient, etc. must also be “acceptable” in the sense of being

compatible with the other ingredients of the formulation.

Suitable excipients and carriers include, without limitation, water, saline, buffered saline, phosphate buffer,
alcoholic/aqueous solutions, emulsions or suspensions. Other conventionally employed diluents, adjuvants,
and excipients may be added in accordance with conventional techniques. Such carriers can include
ethanol, polyols, and suitable mixtures thereof, vegetable oils, and injectable organic esters. Buffers and pH-
adjusting agents may also be employed, and include, without limitation, salts prepared from an organic acid
or base. Representative buffers include, without limitation, organic acid salts, such as salts of citric acid
(e.g., citrates), ascorbic acid, gluconic acid, carbonic acid, tartaric acid, succinic acid, acetic acid, phthalic
acid, Tris, trimethylamine hydrochloride, or phosphate buffers. Parenteral carriers can include sodium
chloride solution, Ringer's dextrose, dextrose, trehalose, sucrose, lactated Ringer's, or fixed oils. Intravenous
carriers can include fluid and nutrient replenishers, electrolyte replenishers, such as those based on Ringer's
dextrose, and the like. Preservatives and other additives such as, for example, antimicrobials, antioxidants,
chelating agents (e.g., EGTA; EDTA), inert gases, and the like may also be provided in the pharmaceutical
carriers. The vaccine compositions described herein are not limited by the selection of the carrier. The
preparation of these pharmaceutically-acceptable compositions, from the above-described components,

having appropriate pH, isotonicity, stability and other conventional characteristics, is within the skill of the art.

Suitable carriers, excipients, etc. can be found in standard pharmaceutical texts, for example, Remington’s
Pharmaceutical Sciences [71] and The Handbook of Pharmaceutical Excipients, 4th edit., eds. R. C. Rowe et
al, APhA Publications, 2003.

A vaccine composition may conveniently be presented in unit dosage form and may be prepared by any
methods well-known in the art of pharmacy. Such methods include the step of bringing the one or more
isolated immunogenic polypeptides into association with a carrier or excipient as described above which may

constitute one or more accessory ingredients. In general, the formulations are prepared by uniformly and
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intimately bringing into association the active compound with liquid carriers or finely divided solid carriers or
both.

Vaccine compositions described herein may be produced in various forms, depending upon the route of
administration. For example, the vaccine compositions can be made in the form of sterile aqueous solutions
or dispersions, suitable for injectable use, or made in lyophilized forms using freeze-drying techniques.
Lyophilized vaccine compositions are typically maintained at about 4°C, and can be reconstituted in a
stabilizing solution, e.g., saline or HEPES, with or without adjuvant. Vaccine compositions can also be made

in the form of suspensions or emulsions.

These vaccine compositions may contain additives suitable for administration via any conventional route of
administration. The vaccine compositions may be prepared for administration to subjects in the form of, for
example, liquids, powders, aerosols, tablets, capsules, enteric-coated tablets or capsules, or suppositories.
Thus, the vaccine compositions may also be in the form of, but are not limited to, suspensions, solutions,
emulsions in oily or aqueous vehicles, pastes, and implantable sustained-release or biodegradable
formulations. Compositions for sustained release or implantation may comprise pharmaceutically acceptable
polymeric or hydrophobic materials, such as an emulsion, an ion exchange resin, a sparingly soluble

polymer, or a sparingly soluble salt.

Formulations suitable for parenteral administration (e.g. by injection, including intramuscular), include
aqueous and non-aqueous isotonic, pyrogen-free, sterile injection solutions which may contain anti-oxidants,
buffers, preservatives, stabilisers, bacteriostats, and solutes which render the formulation isotonic with the
blood of the intended recipient; and aqueous and non-aqueous sterile suspensions which may include
suspending agents and thickening agents. Examples of suitable isotonic vehicles for use in such
formulations include Sodium Chloride Injection, Ringer’s Solution, or Lactated Ringer’s Injection. Typically,
the concentration of the active compound in the solution is from about 1 ug/ml to about 100 mg/ml, for
example, from about 10 pyg/ml to about 50 mg/ml. In some formulations for parenteral administration, the
active ingredient may be provided in dry (i.e., powder or granular) form for reconstitution with a suitable
vehicle (e.g., sterile pyrogen free water) prior to parenteral administration of the reconstituted composition.
Other useful parenterally-administrable formulations include those which comprise the active ingredient in

microcrystalline form, in a liposomal preparation, or as a component of a biodegradable polymer system.

Vaccine compositions may be presented in unit-dose or multi-dose sealed containers, for example,
ampoules and vials, and may be stored in a freeze-dried (lyophilised) condition requiring only the addition of

the sterile liquid carrier, for example water for injections immediately prior to use.

The vaccine composition may be administered to a subject by any convenient route of administration. In
some embodiments, administration is by parenteral routes, such as intramuscular, intranasal, trans-dermal
or sub-cutaneous routes. For example, the vaccine composition may be administered by injection, preferably

intramuscular injection.
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It will be appreciated that appropriate dosages of the vaccine compositions can vary from individual to
individual, or population to population, depending on the circumstances. Determining the optimal dosage will
generally involve the balancing of the level of therapeutic benefit against any risk or deleterious side effects
of the administration. The selected dosage level will depend on a variety of factors including, but not limited
to, the route of administration, the time of administration, the rate of excretion of the vaccine composition,
other drugs, compounds, and/or materials used in combination, and the species, breed, maturity, sex,
weight, condition and general health of the individual. The amount of vaccine composition and route of
administration will ultimately be at the discretion of the veterinary surgeon or physician, although generally
the dosage will be to achieve serum concentrations of the vaccine composition which are sufficient to

produce a beneficial effect without causing substantial harmful or deleterious side-effects.

Treatment may comprise the administration of a therapeutically effective amount of a vaccine composition to
the individual. “Therapeutically effective amount" pertains to that amount of a vaccine composition that is
effective for producing some desired therapeutic effect, commensurate with a reasonable benefit/risk ratio.
For example, a suitable amount of a vaccine composition for administration to an individual may be an
amount that generates a protective immune response against each polysaccharide or protein antigen that is

present in the composition in the individual.

An individual to whom a vaccine composition described herein has been administered may display acquired
and/or adaptive immune responses against S pneumoniae when subsequently exposed to it. These
responses may confer protection against morbidity or mortality caused by infection with S pneumoniae. The
vaccine composition may for example, reduce the likelihood of infection with S pneumoniae, reduce the
severity or duration of the clinical signs of infection in the individual, prevent or delay the onset of clinical
signs of infection or prevent or reduce the risk of the death of the individual following infection with S

pneumoniae.

Administration in vivo can be effected in one dose, continuously or intermittently (e.g., in divided doses at
appropriate intervals). In some embodiments, vaccine compositions may be administered more than once to
the same individual with sufficient time interval to obtain a boosting effect in the individual, e.g., at least 1
week, 2 weeks, 3 weeks or 4 weeks, between administrations, preferably about 2 weeks. A prime dose of
the vaccine composition may be administered to the individual followed by a booster dose. For example, a
prime dose may be administered to a let at 1-4 weeks old and a booster dose at 3-6 weeks old. Methods of
determining the most effective means and dosage of administration are well known to those of skill in the art
and will vary with the formulation and the subject being treated. For example, in some embodiments, the
prime dose of the vaccine composition may be administered when the levels of maternal derived antibodies
in the let have declined (e.g. after 2-4 weeks) followed by a booster dose two weeks later. Single or multiple
administrations may be carried out with the dose level and pattern being selected by the veterinary surgeon

or physician.

A glycoprotein or vaccine composition as described herein may be for use in a method of treatment of the
animal or human body. Aspects of the invention provide a glycoprotein or vaccine composition as described

herein for use in the treatment of S. pneumoniae infection in an individual or population of individuals; the
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use of a glycoprotein or vaccine composition as described herein for the manufacture of a medicament for
use in the treatment of S. pneumoniae infection in an individual or population of individuals; and a method of
treating S. pneumoniae infection comprising administering a glycoprotein or vaccine composition as

described herein to an individual or population of individuals in need thereof.

S. pneumoniae infection includes infection with S. pneumoniae of any serotype or strain, for example S.
pneumoniae serotype 4, as well as clinical signs of S. pneumoniae infection, and conditions associated with
S. pneumoniae infection, including bacterial meningitis, septicaemia, pneumonia,otitis media, cardiac

infections, pericarditis, septic arthritis and spontaneous peritonitis.
S. pneumoniae infection may be identified or diagnosed using standard diagnostic criteria.

Treatment as described herein may prime the immune system of the individual or population to generate an
immune response upon exposure to S. pneumoniae. This may achieve a desired therapeutic effect, for
example, increased protection against or resistance to morbidity or mortality caused by S. pneumoniae

infection.

More preferably, treatment as described herein may be prophylactic or preventative treatment i.e. the
individual or population may not be suffering from S. pneumoniae infection and/or may not be displaying
clinical signs of S. pneumoniae infection at the time of treatment. In some embodiments, the individual or

population may be susceptible to or at risk of S. pneumoniae infection.

For example, the glycoprotein or vaccine composition may be useful in the vaccination or immunisation of an
individual or population against S. pneumoniae. The treatment of S. pneumoniae infection as described
herein may prevent subsequent S. pneumoniae infection in the individual or population or ameliorate its
effects. Prophylactic or preventative treatment may reduce the susceptibility of the individual or population to
S. pneumoniae infection, prevent or inhibit nasopharyngeal colonisation by S. pneumoniae, reduce the risk
or likelihood of infection with S. pneumoniae, delay or reduce the severity or duration of lesions or other
clinical signs of a S. pneumoniae infection, or prevent or delay the onset of clinical signs of S. pneumoniae in
the individual or population, and/or reduce or prevent morbidity or mortality caused by a S. pneumoniae

infection.

An individual or population suitable for treatment with a glycoprotein or vaccine composition described herein
may be human or non-human mammal, for example a non-human mammal susceptible to S. pneumoniae

infection, including equine mammals, such as horses.

A glycoprotein or vaccine composition described herein may reduce the incidence of S. pneumonia related
morbidity or mortality in a population relative to unimmunised populations. For example, the incidence of
lesions or other clinical signs of S. pneumonia infection may be reduced in the immunised population relative
to unimmunised populations, following exposure to S. pneumoniae. In some embodiments, immunisation of

a population with a vaccine composition as described herein may reduce the number of individuals in the
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population showing clinical signs of S. pneumoniae infection by at least 50% more preferably at least 60%, at

least 65%, at least 70%, or at least 75%, most preferably at least 80% compared to an untreated population.

Other aspects and embodiments of the invention provide the aspects and embodiments described above
with the term “comprising” replaced by the term “consisting of” and the aspects and embodiments described

above with the term “comprising” replaced by the term “consisting essentially of”.

It is to be understood that the application discloses all combinations of any of the above aspects and
embodiments described above with each other, unless the context demands otherwise. Similarly, the
application discloses all combinations of the preferred and/or optional features either singly or together with

any of the other aspects, unless the context demands otherwise.

Modifications of the above embodiments, further embodiments and modifications thereof will be apparent to
the skilled person on reading this disclosure, and as such, these are within the scope of the present

invention.

All documents and sequence database entries mentioned in this specification are incorporated herein by

reference in their entirety for all purposes.

“and/or’ where used herein is to be taken as specific disclosure of each of the two specified features or
components with or without the other. For example “A and/or B” is to be taken as specific disclosure of each

of (i) A, (ii) B and (iii) A and B, just as if each is set out individually herein.

Experimental
The following experiments employ PGCT to conjugate an N-terminal fragment of the brain endothelial cell

invasin NanA (29), the Th17 stimulating antigen Sp0148 (24) and the ABC transporter PiuA (34), to capsular
serotype 4 antigen and test the efficacy of these glycoconjugates using mouse models of vaccination and S.

pneumoniae infection.

1. Materials and Methods

1.1 Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 1. Escherichia coli isolates were routinely cultured
in modified super optimal broth (SSOB) or agar at 28°C. Where appropriate cultures were supplemented with
100 pg/ml ampicillin, 20 pg/ml tetracycline and/or 80 pg/ml spectinomycin. S. pneumoniae were cultured on
Columbia horse blood agar plates (E&O laboratories) or in brain heart infusion (BHI) broth at 37 °C + 5%
CQO2. Where appropriate, cultures were supplemented with 5 ug/ml gentamycin or 75 ug/ml streptomycin.
Streptococcus mitis was cultured in Todd-Hewitt broth supplemented with 0.5% yeast extract at 37 °C + 5%
CO2. S. pneumoniae and S. mitis were cultured to an ODeoo of approximately 0.4-08 and stored in single use

1 ml aliquots at -80 °C in 20% glycerol. Stocking densities were determined by serial dilution and plating.

1.2 Synthesis and genetic modification of carrier protein genes
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DNA sequences, codon optimised for expression in E. coli, encoding neuraminidase A (NanA, Spd1504) and
the ABC transporter proteins PiuA (Sp1872) and Sp0148 were synthesized commercially in pUC57 and sub
cloned into pEXT21 . Owing to the size of full length NanA, which made recombinant production at high
yields difficult in early experiments , the N-terminal lectin-like domain of the protein which is essential for
protein function, was sub cloned from pEXT21 (nanA) as outlined in the supplementary methods (29). To
facilitate PgIB glycosylation, synthetic carrier protein sequences were modified with the sequon DQNAT,
flanked by two spacer glycine residues, at the N and C terminus of the mature protein. Periplasmic targeting
was facilitated by exchanging native signal peptides for the DsbA leader sequence
MKKIWLALAGLVLAFSASAAQ. C-terminal deca-His sequences were included to facilitate Ni-NTA
purification. In NanA, internal EcoRI and Xbal sites were replaced with synonymous mutations. Commercial
plasmid constructs were cloned into library efficient DH5a cells (Life Technologies) according to the
manufacturer’s instructions and stored at -80°C in 20% glycerol. Synthetic carrier protein sequences were
sub cloned in the expression vector pEXT21 using the restriction enzymes EcoRI and Xbal (New England
Biolabs).

1.3 Preparation of Expression Strains

E. coliw3110 and W311B pB4-4 cell cultures were inoculated 1:100 from overnights and grown to an ODeoo
of 0.3-0.6. Cultures were chilled on ice, pelleted at 4000 x g for 10 min and washed sequentially with 0.5
volumes and then 0.25 volumes of ice cold 10% glycerol. Competent cells were resuspended in 1/250t"
volume ice cold 10% glycerol and 50 pl aliquots were transformed with pEXT21(nanA), pEXT21(piuA) or
pEXT21(sp0148) in a 0.2 cm gap cuvette at 2.5 kV, 200 Q and 25 pF. To investigate the role of lipid linked
Sp4 in the generation of anti-capsule immunity, W3110 pB4-4 cells were transformed with pEXT21 (piuA).

Isolates confirmed for expression were stored at -80°C in 20% glycerol.

1.4 Recombinant Protein Preparation

W3110 pEXT21 (nanA/piuA/sp0148) and W311B pB4-4 pEXT20 pEXT21 (nanA/piuA/sp0148) isolates were
cultured overnight at 28°C and sub cultured 1:100 into SSOB. The bacteria were cultured for 2-3 h prior to
overnight induction with 1 mM IPTG and 4 mM MnCl: at 28°C. The cells were pelleted at 14,000 x g and
lysed using a pressure cell homogeniser (Stanstead). Lysates were treated with 25 U/ml Benzonase
Nuclease (Sigma-Aldrich) for 20 min at RT and 0.2 ym filtered using Millex-GP Syringe Filters (Millipore). In
initial studies, recombinant (glyco)proteins were purified using the Ni-NTA purification system (Thermo
Fisher Scientific) according to the manufacturer’s instructions. For vaccination studies, recombinant
(glyco)proteins were isolated using GE Healthcare His-trap FF columns and an AKTA purifier with a linear
imidazole gradient of 25 to 250 mM. Fractions containing only recombinant (glyco)proteins were identified by
SDS-PAGE and Coomassie staining, pooled and buffer exchanged into PBS using Vivaspin 20 Centrifugal
Concentrators (10,000 MWCO). Protein concentrations were determined using the Pierce Coomassie Plus
(Bradford) Assay Kit (Thermo Fisher). Recombinant (glyco)proteins were filter sterilised, normalised to 200
pg/mlin PBS and stored at -80 °C. Sample purity was confirmed by SDS-PAGE.

1.5 SDS-PAGE and immunoblotting
Recombinant proteins (10 ul) were combined with 4 pl of 4x LDS sample buffer (thermos fisher) and 2 pl of
0.5 M dithiothreitol (Sigma-Aldrich) and heated to 70 °C for 10 min. Samples were separated on NUPAGE
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12% bis-tris protein gels in MOPS buffer and transferred to nitrocellulose membrane using the iblot2 transfer
system according to the manufacturer’s instructions. Membranes were blocked with PBST supplemented
with 2.5% skimmed milk powder (Marvel) and 0.1% normal goat serum (Thermo Fisher). Serotype 4 rabbit
anti-capsule antibody (Statens Serum Institut, Denmark) and monoclonal mouse anti-His IgG (Abcam) were
used as primary antibodies at a dilution of 1:1000 and 1:5000 respectively. After 1 h incubation membranes
were washed three times with PBST and incubated for 45 min with secondary goat anti-rabbit IgG
(IRDye800) and goat anti-mouse IgG (IRDye680) conjugate antibody at a dilution of 1:10000. Membranes
were washed a further three times in PBST before detection with the LI-COR odyssey fluorescent imaging
system (LI-COR Biosciences UK Ltd).

TIGR4 and D39 lysates were prepared by pressure lysis of overnight cultures. Lysates were 0.2 ym filtered
and 10x concentrated using Vivaspin 20 Centrifugal Concentrators (10,000 MWCOQO). 10 ul aliquots of
concentrated lysate were analysed by immunoblotting using a 1:1000 dilution of murine antiserum and a
1:10,000 dilution of goat anti-mouse IgG (IRDye800) as outlined above. Densitometry was performed using

the LI-COR odyssey fluorescent imaging system.

1.6 Vaccination Studies

Female 5-6-week CD1 mice were purchased from Charles River and housed in cages of 4. For antiserum
generation and pneumonia challenge studies mice were vaccinated intraperitoneally with 10 ug of
recombinant (glyco)protein emulsified 1:1 in Sigma adjuvant (Sigma-Aldrich) on day 0. Booster
immunisations were given subcutaneously on day 21 and 35. Positive control groups were vaccinated and
boosted with 20 yl of Prevnar-13 (Wyeth) diluted 1:5 PBS. Negative control groups were sham vaccinated
with PBS and Sigma adjuvant alone. Colonisation studies were performed using mice vaccinated
intraperitoneally as outlined above and boosted intranasally under light isoflurane anaesthesia with 2 ug of
recombinant protein (no adjuvant), or 20 pl of diluted Prevnar-13 or PBS. For pneumonia studies mice were
infected with 1x 107 CFU of TIGR4 in 50 ul of PBS under isoflurane anaesthesia. Mice were culled 24 h post

infection and bacterial burdens in the lung and blood were assessed.

1.7 Anti-capsule and anti-protein ELISAs

To measure anti-capsule responses, Nunc Maxisorp 96 well plates were coated with 0.5 pug/well purified type
4 pneumococcal polysaccharide (Statens Serum Institut, Denmark) in PBS overnight at 4 °C. Wells were
blocked with PBST supplemented with 2.5% skimmed milk powder and 0.1% normal goat serum and
incubated with 10-fold dilutions of murine antiserum in PBS supplemented with 0.1% BSA and 0.01% sodium
azide for 1 h at 28°C. Wells were washed three times with PBST and incubated with a 1:20,000 dilution of
HRP-conjugated goat anti-mouse IgG (Abcam) 1 h at 28°C. Following a further three washes bound
antibodies were detected using 50 pl of tetramethylbenzidine. The reaction was halted using 50 pl of 1M
H2S04 and the OD4s0 was measured using an EL800 Microplate reader (BioTek Instruments) and a
reference wavelength of Asso) Where appropriate anti-capsule antibody titres were determined by
comparison to a standard curve generated using anti-Prevnar antiserum with an arbitrary titre of 1:10,000.
Anti-protein responses were measured by sandwich ELISA using plates coated with 0.1 ug of monoclonal
rabbit anti-his IgG (Abcam) in PBS overnight at 4 °C. Wells were washed three times with PBST and

incubated with 1 pg/well of recombinant protein in PBS for 2h at 28 °C. Following a further three washes,
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plates were blocked and incubated with 10-fold dilutions of murine antiserum and HRP-conjugated goat anti

mouse IgG as outlined above.

For whole cell ELISAs, TIGR4 and D39 cultures were grown to an ODeco of approximately 0.4-08, washed
and resuspended to an ODeoo of 0.4 in 10% glycerol. Plates were incubated with 100 pl/well of normalised
bacteria for 2 h at RT and bacteria were fixed with 4% formaldehyde for 20 min. Plates were washed and
incubated with a 1:1000 dilution of murine antiserum for 2 h at 28 °C and HRP-conjugated goat anti mouse

IgG as outlined above.

1.8 Antibody deposition assays

Antibody deposition assays were performed as previously described using frozen stocks of S. pneumoniae
and S. mitis. Briefly, 2x10°® CFU/well bacteria were incubated with diluted murine antiserum in a final volume
of 50 ul for 30 min at 37 °C with agitation at 225 rpm. The bacteria were pelleted at 3000 rpm, washed twice
with PBS and incubated for a further 30 min with a 1:100 dilution of PE-conjugate goat anti mouse IgG (25
pl/well). Following a further two washes, the bacteria were fixed with 200 pl/well of 4% paraformaldehyde
and the fluorescence intensity of the bacterial population was measured by flow cytometry using the
FACSVerse system. TIGR4 deposition titres were determined by comparison to a standard curve, generated

using anti-Prevnar antiserum with an arbitrary titre of 1:10,000.

1.9 Opsonophagocytic uptake assays

Opsonophagocytic uptake assays were performed using neutrophils purified from healthy human donors
using the MACSexpress magnetic purification system according to the manufacturer’s instructions. Frozen
stocks of S. pneumoniae were resuspended in 1 ml of 0.1 M sodium bicarbonate and incubated with FAM-
SE for 30 min at 37 °C. The bacteria were washed three times with PBS and 2x10® CFU/well bacteria were
incubated with diluted murine antiserum in a final volume of 50 pl for 30 min at 37 °C with agitation at 225
rpm. 2x10* neutrophils were added per well in 50 pl of PBS and the reactions were incubated for a further 30
min. The reactions were fixed with 100 pl/well 4% paraformaldehyde and the fluorescence intensity of the

neutrophil population was measured by flow cytometry using the FACSVerse system.

1.10  Statistical analysis
Statistical analyses, appropriate for the group size and number of comparisons, were performed using

GraphPad Prism. Flow cytometry data analysis was performed using FlowJo software.

1.11  Recombinant protein production

The N-terminal lectin-like domain of NanA was sub cloned from pEXT21 (nanA) using the primers listed in
Table S2. Two fragments of the commercially synthesised NanA construct were amplified from
pEXT21(nanA) using Q5 High-Fidelity 2X Master Mix (New England Biolabs) and the primer pairs pEXT-
F/nanA-R and pEXT-R/nanA-F with the conditions: 98°C 10 s, 60°C 30 s, 72°C 30 s for 30 cycles.
Fragments were PCR purified (QIAquick PCR Purification Kit, Qiagen) and digested with Avrll (New England
Biolabs). Digested fragments were PCR purified and ligated using T3 DNA ligase (New England Biolabs).
The religated reaction mixture was used as the template for NanA (N-terminus) amplification using the

pEXT-F/pEXT-R primer pair as outlined above. The resulting insert was PCR purified and cloned into
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pEXT21 using the restriction enzymes EcoRI and Xbal. Plasmid pEXT21(NanA), containing the lectin-like
domain of NanA and the genetic components required for PgIB glycosylation and Ni-NTA purification, was

transformed into DH5a cells and stored at -80°C in 20% glycerol.

2. Results
2.1 Vaccination with recombinant glycoconjugates generates antibodies against the capsule and carrier
protein

NanA(Sp4), PiuA(Sp4) and Sp0148(Sp4) were prepared from isolates and used to vaccinate groups of eight
F CD1 mice separately (10 ug/mouse/injection) or in combination (4 pug each protein/mouse/ vaccination) as
outlined above. Cognate unglycosylated antigens, Prevnar-13 and PBS alone (Sham) vaccine groups were
included as controls for anti-protein and anti-capsule responses. In serum recovered from mice 7 days after
the last vaccination, circulating anti-capsule antibodies were above the limit of detection in all glycosylated
antigen groups, with no reactivity detected in groups vaccinated with protein alone (Figure 1A-E). Anti-
capsule antibody levels varied markedly between groups but did not appear to correlate with the relative
levels of glycoprotein present within the different preparations. While the highest level of glycosylation
occurred in the NanA samples, PiuA glycoconjugates stimulated the most robust anti-capsular immune
responses (Figure 1A). Vaccination with all three glycoconjugates combined generated a strong anti-capsule
response that was similar to the response generated with Prevnar-13. Anti-carrier protein responses were
assessed by sandwich ELISA and confirmed that all vaccine groups had seroconverted to the selected
carrier proteins (Figure 1F-H). Strong humoral immune responses were generated to the protein antigens
regardless of whether they carried the serotype 4 glycan, indicating that glycosylation had no discernible

effect on protein antigenicity.

2.2 Antibody recognition of S. pneumoniae in sera from mice vaccinated with recombinant
glycoconjugates

Antibody recognition of S. pneumoniae in sera from vaccinated mice was assessed using whole cell ELISAs
and plates coated with the homologous S. pneumoniae serotype 4 TIGR4 and heterologous serotype 2 D39
strains (Figure 2A-B). Sera from mice vaccinated with glycoconjugates recognised TIGR4 with a similar
ELISA titre, for the Sp0148 group and higher titres for the PiuA or combined three protein glycoconjugates,
as sera from mice vaccinated with Prevnar 13 (Fig. 2A). Mice vaccinated with the NanA glycoconjugate
generated a non-significant increase in anti-TIGRA4 titres. Significant antibody titres were also generated
against TIGR4 in serum from mice vaccinated with the unglycosylated PiuA and the combination of all three
proteins. As expected, the titres for the D39 whole cell ELISAs did not differ for sera recovered from mice
vaccinated with the glycoconjugates or the corresponding proteins, with significant increases in antibody titre
seen with mice vaccinated with Sp0148 or the combination of all three proteins (Fig 2B). Recognition of
natural pneumococcal antigens was confirmed by immunoblotting S. pneumoniae lysates with sera from
mice vaccinated with the different PGCT glycoconjugates and their cognate proteins (Figure 2C).
Recognition of the three proteins selected for study was confirmed in TIGR4 lysates, as well as recognition
of the type 4 pneumococcal capsule in the samples probed with glycoconjugate antiserum. Consistent with
the results of the anti-capsule ELISAs (Figure 2A), the different protein-glycan conjugates gave variable
levels of reactivity with the serotype 4 capsule, with the strongest signal occurring with sera from mice

vaccinated with the PiuA(Sp4) and Combo(Sp4) glycoconjugates. Consistent with the results of the whole
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cell ELISAs, the lipoproteins Sp0148 and PiuA were also identified when D39 lysates were probed with sera
from vaccinated mice, although the PiuA signal was close to the limit of detection. Together these data
indicate that vaccination with the glycoconjugate molecules generated antibodies that recognise both anti-

capsular and anti-protein antigen and therefore homologous and heterologous S. pneumoniae isolates.

2.3 Vaccination with recombinant glycoconjugates stimulates the production of antibodies that are able
fo opsonise live S. pneumoniae

Flow cytometry assays were used to assess whether vaccination with PGCT glycoconjugates can lead to
antibody recognition of live whole S. pneumoniae. To specifically investigate anti-capsular recognition, sera
from the vaccinated groups were used to assess IgG binding to a Strepfococcus mitis mutant expressing the
S. pneumoniae serotype 4 capsule (S. mitis(SpT4)) (36). No recognition of wild type S. mitis was detected,
but S. mitis (SpT4) was recognised by individual sera from all groups selected for study (Figure 3A-B). The
degree of IgG binding varied between vaccine groups, with sera from only four and six mice recognising S.
mitis(SpT4) in the Sp0148 and NanA (Sp4) vaccinated groups respectively, whereas sera from all eight mice
vaccinated with the PiuA glycoconjugate or all three protein glycoconjugates caused significant 1G binding to
S. mitis(SpT4) (Figure 3B). For these two groups the level of antibody binding was comparable to that
achieved for the Prevnar-13 vaccinated group. No antibody deposition on the S. mitis(SpT4) strain was seen
in sera from mice vaccinated with any of the unglycosylated protein antigens, confirming a lack of cross
reactivity between the pneumococcal carrier proteins and the S. mitis cell surface. These data support the
ELISA results that while each of the novel glycoconjugates selected for study can stimulate an anti-Sp4
capsule immune response, a more robust response was stimulated by the PiuA glycoconjugate than the

NanA and Sp0148 glycoconjugates.

Flow cytometry IgG binding assays were repeated using the TIGR4 strain. Incubation of TIGR4 with
descending dilutions of pooled murine antiserum from the glycoconjugate vaccinated mice groups
demonstrated dose dependent IgG binding (Figure 3C). Comparison of the gMFI readings to a standard
curve generated using antiserum from Prevnar-13 vaccinated mice revealed high surface antibody titres in
the reactions incubated with serum from mice vaccinated with the four glycoconjugates (Figure 3D). In
addition, in sera from mice vaccinated with the unglycosylated Sp0148 or combination of all three proteins
there were detectable levels of surface IgG binding (Figure 3D). Surface deposition of IgG were no different
to the negative control in sera obtained from NanA or PiuA unglycosylated antigens. To assess recognition
of the individual protein antigens independent of antibody recognition of the capsule, IgG binding to S.
pneumoniae with other capsular serotypes was assessed using a fixed concentration of pooled antiserum
from mice vaccinated with each glycoconjugate. IgG recognition of non-serotype 4 strains in sera from
vaccinated mice was generally weaker than for the TIGR4 strain, and varied between strains (Figure 4A-D).
While there was good levels of IgG binding to the serotype 23F strain, and reasonable levels to the serotype
2 strain, there was little binding to the 6B strain. The ability of different antigens to promote IgG binding
varied between strains, with for example NanA inducing the weakest responses for the serotype 23F strain
and Sp0148 for the TIGR4 strain, perhaps reflecting differences between the expression level and surface

accessibility of individual protein antigens.
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24 Visualisation of antibody binding to S. pneumoniae in sera from PGCT glycoconjugate vaccinated
mice

Recognition of homologous and heterologous pneumococcal isolates was further investigated by
fluorescence microscopy using antiserum from the combination vaccine groups and fluorescently labelled
anti-mouse secondary antibodies (Figure 4E). Incubation of the TIGR4 strain in sera from mice vaccinated
with all three PGCT glycoconjugates resulted in bright, uniform surface staining across the bacterial cell
similar to the results seen for sera from Prevnar-13 vaccinated mice, confirming a high level of IgG binding to
the homologous serotype. In contrast, and in keeping with the flow cytometry data, fluorescent staining of the
non-serotype strains in sera from PGCT glycoconjugated vaccinated mice was weaker, patchy, and more
variable between strains. However, stained cocci were visible in all serotypes when sera from mice
vaccinated with either a glycosylated or unglycosylated mix of all three protein antigens, including the
serotype 2 strain that is not recognised by sera from Prevnar-13 vaccinated mice. Together the ELISA, flow
cytometry and immunofluorescence data demonstrate that PGCT glycoconjugates can induce anti-capsular
IgG responses that vary in strength between carrier proteins but which can be similar in strength (e.g. PiuA
glycoconjugates) to that achieved after vaccination with Prevnar-13. In addition, the PGCT glycoconjugates
stimulate significant antibody responses to protein antigens that can opsonise the heterologous S.

pneumoniae serotypes and which potentially provide protection against multiple S. pneumoniae strains.

2.5 Protective efficacy of vaccination of mice with recombinant glycoconjugates produced by PGCT

To determine if the density of antibody deposition on TIGR4 was sufficient to promote opsonophagocytosis,
neutrophil uptake assays were performed using freshly isolated human neutrophils (37). Incubation in sera
from mice vaccinated with the PiuA(Sp4) glycoconjugate or a combination of glycoconjugates from all three
proteins both promoted neutrophil uptake of the TIGR4 S. pneumoniae strain, indicating that a functional
anti-capsular humoral immune response was being generated in response to recombinant type 4 capsular
antigen made using PGCT (Figure 5A). However, sera from mice vaccinated with the Sp0148 (Sp4),
NanA(Sp4) or the unglycosylated proteins (individually or in combination) failed to promote neutrophil
phagocytosis in this assay (Figure 5B). The combination conjugates also failed to promote neutrophil

phagocytosis for non-serotype 4 strains tested (Figure 5C-E)

Mouse models of infection were used to assess the protective efficacy of glycoconjugates made using
PGCT. Mice were vaccinated with Prevnar, or a combination of all three PGCT glycoconjugates or of the
unglycosylated proteins, and then challenged by intranasal inoculation of the TIGR4 strain (pneumonia with
sepsis model) or the serotype 4 strain, which is known to cause meningitis. After 48 hours, mice were culled
and the level of infection assessed using target organ CFU. In the TIGR4 challenge model, vaccination with
the three PGCT glycoconjugates in combination almost completely prevented septicaemia and resulted in an
approximately log+o reduction in lung CFU, a very similar level of protection to that provided by vaccination
with Prevnar-13 (Figure 6A-B). Although not statistically significant, there was also a reduction in median
CFU /ml recovered from the blood in mice vaccinated with the combination of the unglycosylated proteins
alone. In the meningitis model, vaccination with the three PGCT glycoconjugates in combination completely
prevented septicaemia and meningitis, and resulted in an approximately 3 log1o reduction in lung CFU
(Figure 6C-E). Again, this was a very similar level of protection to that provided by vaccination with Prevnar-

13. For mice vaccinated with the combination of the unglycosylated proteins alone, median blood, lung and
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brain CFU were all lower than results for the negative control although only the blood data were statistically
significant. The data from these mouse models demonstrate that a S. pneumoniae capsular and protein
antigen made using PGCT can be highly protective against infection with the homologous S. pneumoniae
serotype, providing a level of protection as good as vaccination with an existing commercial PCV
preparation. Furthermore, the protein components also generated a protective response independent of

capsular antigen, suggesting a PGCT vaccine will be able to provide cross-serotype protection.

In the experiments above, protein glycan coupling technology is used to produce a low cost multicomponent,
glycoconjugate vaccine that incorporates three surface antigens glycosylated with recombinant serotype 4
capsule. The findings include: (a) a S. pneumoniae glycoconjugate made using PGCT is as immunogenic as
a commercial PCV and offers a similar level of protection in mouse models of pneumonia and meningitis; (b)
a S. pneumoniae protein antigen can be used as a carrier protein for a PCV vaccine instead of one of the
established conjugate vaccine carrier proteins; (c) the anti-capsular immunogenicity of a glycoconjugate
made using PGCT varies markedly with the carrier protein; (d) the carrier proteins are immunogenic,
stimulating an antibody response that is able to offer some degree of protection against meningitis and
sepsis independent of capsular antibody. The data demonstrate that PGCT may provide an alternative
methodology for manufacturing PCV that is cheaper than existing chemical conjugation methodologies and
generates a similar level of serotype-specific protection that can be used in the developing world to prevent
severe S. pneumoniae infections including meningitis. In addition, PGCT could make a PCV that includes a
range of S. pneumoniae protein carrier proteins and thereby provide at least some degree of serotype-

independent immunity.

A major finding from our data that has wide implications for vaccine development is the identification of
additional carrier proteins that promote antibody responses to capsular antigens. At present only four
proteins have been used for making glycoconjugates, but our data show that PiuA would be an additional
option. The other two proteins used to make glycoconjugates, Sp_0148 and NanA, were considerably less
effective at generating anti-glycan responses than PiuA. Indeed, it is conceivable that most of the anti-
capsule response generated by the combination vaccine resulted from the presence of glycosylated PiuA.
The reasons why there were such marked differences in the efficacy of the carrier protein in promoting anti-
capsular antibody is not clear. Immunoblots suggested that this is not simply due to a greater quantity of
PiuA glycoconjugate, as in fact the NanA glycoconjugate seemed to be the most abundant. The choice of
carrier protein and site of glycosylation is important for the generation of a robust anti-capsule IgG response,
and recent data suggest glycoconjugates generate an antibody response to glycan by presentation of a
glycosylated epitope bound to MHCII directly to the T cell receptor (21, 22). This mechanism would explain
our data, as the strength of the anti-capsular antibody responses will be affected by the choice of carrier
protein, and perhaps by the site of covalent linkage to capsular antigen. These data suggest that screening
additional S. pneumoniae proteins should identify additional carrier proteins for glycoconjugate vaccines that

are able to result in strong antibody responses to capsular or other glycan antigens.

The major advantage of using S. pneumoniae protein antigens as carrier proteins for a PCV made using
PGCT is that these proteins can induce an additional immune response that can be protective. This immune

response to protein antigens could also include T cell mediated immunity including TH17 responses (24, 40)
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which could theoretically enhance mucosal immunity compared to pure antibody responses. We
investigated whether a combination glycoconjugate produced using PGCT incorporating the type 4
pneumococcal capsule conjugated to three conserved S. pneumoniae protein antigens, the endothelial cell
invasin NanA (29), the Th17 stimulating antigen Sp0148 (24) and the ABC transporter PiuA (34), could
stimulate homologous and heterologous immunity against S. pneumoniae. Our data confirm that vaccination
with the carrier proteins was able to generate a good antibody response that could recognise different strains
of live S. pneumoniae. Vaccination with these proteins alone reduced bacterial CFU present in blood and
meninges after challenge with S. pneumoniae, confirming the protective potential of antibody responses to
the carrier protein component. However, despite selecting a known Th17 inducing antigen (SP_0148)
vaccination with the proteins alone did not prevent infection at the lung level and the level of protection
against systemic infection was weaker than that provided by anticapsular responses. Furthermore, the

antibody responses to the three proteins differed in their ability to recognise different S. pneumoniae strains.

In summary, the data presented here demonstrate that PGCT can make a S. pneumoniae glycoconjugate
that is as efficacious as an existing commercial PCV in preventing serotype specific infection but in addition

can stimulate protective immunity against heterologous serotypes.
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Species Strain Description

E. coli W3110 K12 derivative

E. coli W311B W3110 derivative containing
chromosomally inserted
oligosaccharyltransferase PgIB

E. coli W3110 pB4-4 W3110 containing Spn. type 4 capsule
operon

E. coli W311B pB4-4 W311B containing Spn. type 4 capsule
operon

E. coli W3110 pEXT21(NanA)* recombinant NanA production

E. coli W3110 pEXT21(PiuA)* recombinant PiuA production

E. coli W3110 pEXT21(Sp0148)* recombinant Sp0148 production

E. coli W311B pB4-4 pEXT21(NanA) glycosylated NanA production

E. coli W311B pB4-4 pEXT21(PiuA) glycosylated PiuA production

E. coli W311B pB4-4 pEXT21(Sp0148) glycosylated Sp0148 production

E. coli W311B pB4-4 pEXT20 Enhanced Sp4 glycosylation

E. coli W311B pB4-4 pEXT21(NanA) pEXT20 | glycosylated NanA production

E. coli W311B pB4-4 pEXT21(PiuA) pEXT20 | glycosylated PiuA production

E. coli W311B  pB4-4  pEXT21(Sp0148) | glycosylated Sp0148 production

pEXT20
E. coli W3110 pB4-4 pEXT21(PiuA) pEXT20 | recombinant PiuA/LLO production

S. pneumoniae TIGR4 Serotype 4

S. pneumoniae D39 Serotype 2

S. pneumoniae EF3030 Serotype 19F
S. pneumoniae 6B Serotype 6B
S. pneumoniae 23F Serotype 23F

S. mitis

S. mitis expressing WT capsule

S. mitis

S. mitis expressing Spn. type 4
capsule

*Used for vaccine production

Table 1
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Sequences

TTAAAAGTTCACTGGACGAGGTCAAACTTTCCAAAGTTCCTGAAAAGATTCGTGACCTTTGACCTCGGCGCTGCGGATACTATTCGCGCTTTAGGATTTGAAAAAAATATCGTCG
GAATGCCTACAAAAACTGTTCCGACTTATCTAAAAGACCTAGTGGGAACTGTCAAAAATGTTGGTTCTATGAAAGAACCTGATTTAGAAGCTATCGCCGCCCTTGAGCCTGATT
TGATTATCGCTTCGCCACGTACACAAAAATTCGTAGACAAATTCAAAGAAATCGCCCCAACCGTTCTCTTCCAAGCAAGCAAGGACGACTACTGCACTTCTACCAAGGCTAATA
TCGAATCCTTAGCAAGTGCCTTCGGCGAAACTGGTACACAGARAGCCAAGCGAAGAATTGACCAAGCTAGACAAGAGCATCCAAGAAGTCGCTACTAAAAATGAAAGCTCTGACA
AAAAAGCCCTTGCGATCCTCCTTAATGAAGGAAAAATGGCAGCCTTTGGTGCCAAATCTCCTTTCTCTTTCTTGTACCAAACCTTGAAATTCAAACCAACTGATACAAAATTTG
AAGACTCACGCCACGGACAAGAAGTCAGCTTTGAAAGTGTCARAGAAATCAACCCTGACATCCTCTTTGTCATCAACCGTACCCTTGCCATCGGTGGGGACAACTCTAGCAACG
ACGGTGTCCTAGAAAATGCCCTTATCGCTGAAACACCTGCTGCTARAAAATGCTAAGATTATCCAACTAACACCAGACCTCTGCTATCTAAGCGGAGGCGGACTTGAATCAACAA

SEQ ID NO: 1 (PiuA coding sequence) with sequons (dashed underline),

MKKIWLALAG LVLAFSASAA QGCDQNATGG ALVASFLLLL GACSTNSSTS QTETSSSAPT EVTIKSSLDE VKLSKVPEKI VTFDLGAADT
IRALGFEKNI VGMPTKTVPT YLKDLVGTVK NVGSMKEPDL EATAALEPDL IIASPRTQKF VDKFKEIAPT VLFQASKDDY WISTKANIES
LASAFGETGT QKAKEELTKL DKSIQEVATK NESSDKKALA ILLNEGEMAA FGAKSRFSFL YQTLKFKPTD TKFEDSRHGQ EVSFESVKEI

NPDILFVINR TLAIGGDNSS NDGVLENALI AETPAAKNGK IIQLTPDLWY LSGGGLESTK LMIEDIQKAL KGGDQNATGG HHHHHHHHHH
SEQ ID NO: 2 PiuA amino acid sequence with sequons (solid underline),His tag (italics) and leader peptide

(dotted underline).

ALVASFLLLL GACSTNSSTS QTETSSSAPT EVTIKSSLDE VKLSKVPEKI VTEFDLGAADT IRALGFEKNI VGMPTKTVPT YLKDLVGTVK
NVGSMKEPDL EAIAAIEPDL ITASPRTQKF VDKFKEIAPT VLFQASKDDY WTSTKANIES LASAFGETGT QKAKEELTKL DKSIQEVATK
NESSDKKALA ILLNEGKMAA FGAKSRESFL YQTLKFKPTD TKFEDSRHGQ EVSFESVKEI NPDILFVINR TLAIGGDNSS NDGVLENALT
AETPAAKNGK IIQLTPDLWY LSGGGLESTK LMIEDIQKAL K

SEQ ID NO: 3 (PiuA amino acid sequence)

ATAAGCAAGAACAAGAAAGGAAAGATAAGCAAGAAGAAAAAATTCCAAGAGATTACTATGCACGAGATTTGGAAAATGCTCGAAACAGTGATAGAAAAAGAAGATGTTGAAACCA
ATGCTTCAAATGGTCAGAGAGTTGATTTATCAAGTGAACTAGATAAACTARAGARACTTGAAAACGCAACAGTTCACATGCGAGTTTAAGCCAGATGCCAAGGCCCCAGCATTCT
ATAATCTCTTTTCTGTGTCAAGTGCTACTARAAAAGATGAGTACTTCACTATGGCAGTTTACAATAATACTGCTACL CTAGAGGGGCGTGGTTCGGATGGGAAACAGTTTTACA
ATAATTACAACGATGCACCCTTAAAAGTTAAACCAGGTCAGTGGAALTCTGTGACTTTCACAGTTGAAAAACCGACAGCAGAACTACCTAAAGGCCGAGTGCGCCTCTACGTAA
ACGGGGTATTATCTCGAACAAGTCTGAGATCTGGCAATTTCATTARAGATATGCCAGATGCTAACGCATGTGCAAATCGGAGCAACCAAGCGTGCCAACAATACGGTTTGGGGGT
CARATCTACAGATTCGGAATCTCACTGTGTATAATCGTGCTTTAACACCAGAAGAGGTACAAAAACGTAGTCAACTTTTTARACGCTCAGATTTAGAAARAAAAACTACCTGAAG
GAGCGGCTTTAACAGAGAAAACGGACATATTCGAAAGCGGGCGTAACGGTAAACCAAATAAAGATGGAATCAAGAGTTATCGTATTCCAGCACTTCTCAAGACAGATARAGGAA
CTTTGATCGCAGGTGCAGATGAACGCCGTCTCCATTCGAGTGACTGGGGTGATATCGGTATGGTCATCAGACCTAGTGAAGATAATGGTAAAACTTGGGGTGACCGAGTAACCA
TTACCAACTTACGTGACAATCCAAAAGCTTCTGACCCATCGATCGGTTCACCAGTGAATATCGATATGCTGTTGGTTCAAGATCCTGAAACCAAACGAATCTTTTCTATCTATG
ACATGTTCCCAGAAGGGAAGGGAATCTTTGGAATGTCTTCACAAAAAGAAGAAGCCTACAAAAAAATCCGATGCAAAAACCTATCARATCCTCTATCGTGAAGGAGAAAAGGGAG
CTTATACCATTCGAGAAAATGGTACTGTCTATACACCAGATGGTAAGGCGACAGACTATCGCGTTGTTGTAGATCCTGTTARACCAGCCTATAGCGACAAGGGGGATCTATACA
AGGGTAACCAATTACTAGGCAATATCTACTTCACAACAAACAAAACTTCTCCATTTAGAATTGCCAAGGATAGCTATCTATGGATGTCCTACAGTGATGACCACGGGAAGACAT
GGTCAGCGCCTCAAGATATTACTCCGATGGTCARAGCCGATTGGATGAAATTCTTGGGTGTAGGTCCTGCAACAGGAATTGTACTTCGGAATGGGCCTCACAAGGGACGGATTT
TGATACCGGTTTATACGACTAATAATGTATCTCACTTARATGGCTCGCAATCTTCTCGTATCATCTATTCAGATGATCATGGAAAAACTTGGCATGCTGGAGAAGCGGTCAACG
ATAACCGTCAGGTAGACGGTCAAAAGATCCACTCTTCTACGATGAACAATAGACCTGCGCAAAATACAGAATCAACGCTGGTACAACTAAACAATGCGAGATGTTAAACTCTTTA
TGCGTGGTTTGACTGGAGATCTTCAGCTTGCTACAAGTAAAGACGGAGGAGTGACTTGGGAGAAGGATATCAAACGTTATCCACAGCTTAAAGATGTCTATGTTCAAATGTCTG
CTATCCATACGATGCACGAAGGAARAAGAATACATCATCCTCAGTAATGCAGCTGGACCGAAACGTGAAAATGCCATGCTCCACTTGGCACGTGTCGAAGAARAATGGTGAGTTGA
CTTGGCTCAAACACAATCCAATTCAAAAAGGAGAGTTTGCCTATAATTCGCTCCAAGAATTAGGAAATGGGGAGCTATGGCATCTTGTATGAACATACTGAAAAAGGACAAAATG
CCTATACCCTATCATTTAGAAAATTTAATTGGGACTTTTTGAGCAAAGATCTGATTTCTCCTACCGAAGCGAAAGTGAAGCGAACTAGAGAGATGGGCAAAGGAGTTATTGGCT
TGGAGTTCGACTCAGAAGTATTGGTCAACAAGGCTCCAACCCTTCAATTGGCAAATGGTARAACAGCACGCTTCATGACCCAGTATGATACAAAAACCCTCCTATTTACAGTGG
ATTCAGAGGATATGGGTCAAAAAGTTACAGGTTTGGCAGAAGCTGCAATTGAAAGTATGCATAATTTACCAGTCTCTGTGGCGGGCACTAAGCTTTCCGAATGGAATGAACGGAA
GTGAAGCTGCTGTTCATGAAGTGCCAGAATACACAGGCCCATTAGGGACATCCGGCGAAGAGCCAGCTCCAACAGT CCGAGAAGCCAGAATACACAGGCCCACTAGGGACATCCG
GCGAAGAGCCAGCCCCGACAGTCGAGAAGCCAGAATACACAGGCCCACTAGGGACAGCTGGTGAAGAAGCAGCTCCAACAGTCGAGAAGCCAGAATTTACAGGGGGAGTTAATG
GTACAGAGCCAGCTGTTCATGAAATCGCAGAGTATAAGGGATCTGATTCGCTTGTAACTCTTACTACAAAAGAAGATTATACTTACAAAGCT CCTCTTGCTCAGCAGGCACTTC
CTGAAACAGGAAACAAGGAGAGTGACCTCCTAGCTTCACTAGGACTAACAGCTTTCTTCCTTGGTCTGTTTACGCTAGGGAARAAGAGAGAACAAGGAGGCGATCAGAACGCGA
CCGGTGGCCATCACCATCATCACCATCATCACCATCATTAATTAAGTCTAGAGGATCC

SEQ ID NO: 4 (NanA coding sequence)

MKKIWLALAG LVLAFSASAA QGCDQNATGG EQPLANETQL SGESSTLTDT EKSQPSSETE LSCNKQEQER KDKQEEKIPR DYYARDLENV ETVIEKEDVE
TNASNGQRVD LSSELDKLKK LENATVHMEF KPDAKAPAFY NLFSVSSATK KDEYFTMAVY NNTATLEGRG SDGKQFYNNY NDAPLEVKPG QWNSVTETVE
KPTAELPKGR VRLYVNGVLS RTSLRSGNFI KDMPDVTHVQ IGATKRANNT VWGSNLQIRN LTVYNRALTP EEVQKRSQLF KRSDLEKKLP ECAALTEKTD
IFESGRNCKP NKDGIKSYRI PALLKTDKGT LIAGADERRL HSSDWGDIGM VIRRSEDNGK TWCDRVTITN LRDNPKASDP SIGSPVNIDM VLVQDPETKR
IFSIYDMFPE GKGIFCMSSQ KEEAYKKIDG KTYQILYREG EKGAYTIREN GTVYTPDGKA TDYRVVVDPV KPAYSDKGDL YKGNQLLGNI YFTTNKTSPF
RIAKDSYLWM SYSDDDGKTW SAPQDITPMV KADWMKFLGV GPGTGIVLRN GPHKGRILIP VYTTNNVSHL NGSQSSRIIY SDDHGKTWHA GEAVNDNRQV
DGQKIHSSTM NNRRAQNTES TVVQLNNGDV KLFMRGLTGD LQVATSKDGG VTWEKDIKRY PQVKDVYVOM SATHTMHEGK EYITLSNAGG PKRENGMVHL
ARVEENGELT WLKHNPIQKG EFAYNSLQEL GNGEYGILYE HTEKGQNAYT LSFRKENWDE LSKDLISPTE AKVKRTREMG KGVIGLEFDS EVLVNKAPTL
QLANGKTARF MTQYDTKTLL FTVDSEDMGQ KVTGLAEGAI ESMHNLPVSV AGTKLSNCMN GSEAAVHEVP EYTGPLGTSC EEPAPTVEKP EYTGPLGTSG
EEPAPTVEKP EYTGPLGTAG EEAAPTVEKP EFTGGVNGTE PAVHEIAEYK GSDSLVTLTT KEDYTYKAPL AQQALPETGN KESDLLASLG LTAFFLGLET
LCKKREQGGD QNATGGHHHH HHHHHH

SEQ ID NO: 5 NanA amino acid sequence with sequons (solid underline),His tag (italics) and leader peptide

(dotted underline).

EQPLANETQL SGESSTLTDT EKSQPSSETE LSGNKQEQER KDKQEEKIPR DYYARDLENV ETVIEKEDVE TNASNGQRVD LSSELDKLKK LENATVHMEFR
KPDAKAPAFY NLFSVSSATK KDEYFTMAVY NNTATLEGRG SDGKQFYNNY NDAPLKVKPG QWNSVTEFTVE KPTAELPKGR VRLYVNGVLS RTSLRSGNFEFI
KDMPDVTHVQ IGATKRANNT VWGSNLQIRN LTVYNRALTP EEVQKRSQLF KRSDLEKKLP EGAALTEKTD IFESGRNGKP NKDGIKSYRI PALLKTDKGT
LIAGADERRL HSSDWGDIGM VIRRSEDNGK TWGDRVTITN LRDNPKASDP SIGSPVNIDM VLVQDPETKR IFSIYDMFPE GKGIFGMSSQ KEEAYKKIDG
KTYQILYREG EKGAYTIREN GTVYTPDGKA TDYRVVVDPV KPAYSDKGDL YKGNQLLGNI YFTTNKTSPF RIAKDSYLWM SYSDDDGKTW SAPQDITPMV
KADWMKFLGYV GPGTGIVLRN GPHKGRILIP VYTTNNVSHL NGSQSSRIIY SDDHGKTWHA GEAVNDNRQV DGQKIHSSTM NNRRAQNTES TVVQLNNGDV
KLFMRGLTGD LQVATSKDGG VTWEKDIKRY PQVKDVYVQM SAIHTMHEGK EYIILSNAGG PKRENGMVHL ARVEENGELT WLKHNPIQKG EFAYNSLQEL
GNGEYGILYE HTEKGQONAYT LSFRKENWDE LSKDLISPTE AKVKRTREMG KGVIGLEFDS EVLVNKAPTL QLANGKTARF MTQYDTKTLL FTVDSEDMGQ
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KVTGLAEGATI ESMHNLPVSV AGTKLSNGMN GSEAAVHEVP EYTGPLGTSG EEPAPTVEKP EYTGPLGTSG EEPAPTVEKP EYTGPLGTAG EEAAPTVEKP
EFTGGVNGTE PAVHEIAEYK GSDSLVTLTT KEDYTYKAPL AQQALPETGN KESDLLASLG LTAFFLGLFT LGKKREQ

SEQ ID NO: 6 (NanA amino acid sequence)

CCAATGGATCACCAAAGCCATTTATCTATGAAGARAATGGCGAATTGACTGCTTACGAGATTGAAGTCGTTCGCGCTATCTTTAAAGATTCTGACAAATATGATGTCAAGTTTG
AAAAGACAGAATGGTCAGGTGTCTTTGCTGGTCTTGACGCTGATCGTTACAATATGGCTGTCAACAATCTTAGCTACACTARAGAACGTGCGGAGAAATACCTCTATGCCGCAC
CAATTGCCCAAAATCCTAATGTCCTTGTCGTGAAGAAAGATGACTCTAGTATCAAGTCTCTCGATGATATCGCTGGARAATCGACGGAAGTCGTTCAAGCCACTACATCAGCTA
AGCAGTTAGAAGCATACAATGCTGAACACACGGACAACCCAACTATCCTTAACTATACTAAGGCAGACTTGCAACAAATCATGGTACGTTTGAGCGATGGACAATTTGACTATA
AGATTTTTGATAAAATCGGTGTTGAAACAGTGATCAAGAACCAAGGTTTGGACAACTTGARAGTTATCGAACTTCCAAGCGACCAACAACCGTACGTTTACCCACTTCTTGCTC
AGGGTCAAGATGAGTTGAAATCGTTTGTAGACAAACGCATCARAGAACTTTATAAAGATGGAACTCTTGAAAAATTCGTCTARACAATTCTTCGGAGACACTTATCTACCGGCAG

SEQ ID NO: 7 Sp0148 coding sequence

MKKIWLALAG LVLAFSASAA QGCDQNATGG AALALVAAGV LAACSGGAKK ECEAASKKEI IVATNGSPKP FIYEENGELT GYEIEVVRAI FKDSDKYDVK
FEKTEWSGVE AGLDADRYNM AVNNLSYTKE RAEKYLYAAP IAQNPNVLVV KKDDSSIKSL DDIGCKSTEV VQATTSAKQL EAYNAEHTDN PTILNYTKAD
LOQIMVRLSD GQFDYKIFDK IGVETVIKNQ GLDNLKVIEL PSDQQPYVYP LLAQGQDELK SFVDKRIKEL YKDGTLEKLS KQFFGDTYLP AEADIKGGDQ

NATGGHHHHH HHHHH

SEQ ID NO: 8 Sp0148 amino acid sequence with sequons (solid underline),His tag (italics) and leader
peptide (dotted underline).

AATALVAAGYV LAACSGGAKK EGEAASKKEI IVATNGSPKP FIYEENGELT GYEIEVVRAI FKDSDKYDVK FEKTEWSGVE AGLDADRYNM AVNNLSYTKE
RAEKYLYAAP TAQNPNVLVV KKDDSSIKSL DDIGGKSTEV VQATTSAKQL EAYNAEHTDN PTILNYTKAD LQQIMVRLSD GQFDYKIFDK IGVETVIKNQ
GLDNLKVIEL PSDQQPYVYP LLAQGQDELK SEFVDKRIKEL YKDGTLEKLS KQFFGDTYLP AEADIK

SEQ ID NO: 9 (Sp0148 amino acid sequence)

1
61
121
181
241
301
361
421
481
541
601
661

mlkkeylknp
gardmiagfh
neykrplmgf
ialplfigiy
gsaiivilfa
ltggfmyfnv
vlgflalkgg
fihiynyvkap
gkdnffpsfa
flaslskpdf
dvkngeiyls
lkdsaipyaqg

ylvlfamiil
gpndlsyygs
vaallasian
lwwypssytl
lfalegkrln
ngtigevenv
lrftiysvpv
tvfsgneasl
lskdegaaan
kidtpktrdi
ngvvlsddfr
filmdktmfn

ayvfsvfcrf
slstltywly
syynrtmsgy
nvaliglfli
fmiigilgsv
dlsefmrris
malgfgflls
Inglknianr
marlsveyte
yvlymparmsl
sfkigdnvvs
sayvgmfflg

ywvwwasefn
kitpfsfesi
ydtdmlvivl
ytlifhrkek
tliflilsgg
gseivflfsl
efkailvkky
edyvvtwwdy
ksfyalgndi
ifstvasfaf
vnsiveinsi
nydknlfdsv

eyvffnnglmi
vliymstflss
pufilffmvr
ifyiavisss
vdpilyglkf
fgfawllrkh
sgltsnvciv
gypvryysdv
lktdilgamm
inldtgvldk
kggeykitpi
insrdakvik

SEQ ID NO: 10 (Campylobacter jejuni PgIB amino acid sequence)

isndgyafae
lvvipiilla
milkkdffsl
ltlsniawfy
yifrsdesan
ksmimalpil
fatiltlapv
ktlvdggkhl
kdyngsnvdl
pftfstaypl
ddkagfyify
1ki
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Claims:

1. A glycoconjugate comprising a S. pneumoniae protein antigen glycosylated with an S. pneumoniae

capsular polysaccharide.
2. A glycoconjugate according to claim 1 wherein the protein antigen is PiuA.

3. A glycoconjugate according to claim 2 wherein the PiuA protein antigen comprises an amino acid

sequence having at least 80% sequence identity to SEQ ID NO: 3.
4. A glycoconjugate according to claim 1 wherein the protein antigen is NanA.

5. A glycoconjugate according to claim 4 wherein the NanA protein antigen comprises an amino acid

sequence having at least 80% sequence identity to SEQ ID NO: 6.
6. A glycoconjugate according to claim 1 wherein the protein antigen is Sp0148.

7. A glycoconjugate according to claim 6 wherein the Sp0148. protein antigen comprises an amino acid

sequence having at least 80% sequence identity to SEQ ID NO: 9.

8 A glycoconjugate according to any one of claims 1 to 7 wherein the protein antigen comprises a

heterologous glycosylation sequon.

9. A glycoconjugate according to claim 8 wherein the heterologous glycosylation sequon comprises the

sequence D/E-Y-N-X-S/T, where Y and X are any amino acid except P

10. A glycoconjugate according to claim 8 or claim 9 wherein the protein antigen comprises two or more

heterologous glycosylation sequons.

11. A glycoconjugate according to any one of claims 8 to 10 wherein the protein antigen comprises an

amino acid sequence having at least 80% sequence identity to any one of SEQ ID NOs: 2, 5 or 7.

12. A glycoconjugate according to any one of the preceding claims wherein the capsular polysaccharide

is a serotype 4 capsular polysaccharide.

13. A vaccine composition comprising one or more glycoproteins according to any one of claims 1 to 12

and a pharmaceutically acceptable excipient.

14 A vaccine composition according to claim 13 further comprising an adjuvant.
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15. A method of making a vaccine composition comprising;
admixing one or more glycoproteins according to any one of claims 1 to 12 with a pharmaceutically

acceptable excipient and optionally an adjuvant.

16. A method of treatment of S. pneumonia infection comprising;
administering a glycoprotein according to any one of claims 1 to 12 or a vaccine composition

according to claim 13 or claim 14 to an individual in need thereof.

17. A glycoprotein according to any one of claims 1 to 12 or a vaccine composition according to claim 13

or claim 14 for use in a method of treatment of S. pneumonia infection in an individual.

18. A method according to claim 16 or a glycoprotein or a vaccine composition for use according to

claim 17 wherein the S. pneumonia infection is bacterial meningitis, septicaemia, pneumonia or otitis media.

19. A method according to claim 16 or claim 18 or a glycoprotein or a vaccine composition for use

according to claim 17 or claim 18 wherein treatment is preventative treatment.
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