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Next Generation Vaccines:
Development of a Novel Streptococcus 

pneumoniae Multivalent Protein Vaccine

Abstract

P
olysaccharide-based vaccines are widely 
used to protect against Streptococcus 
pneumoniae (S. pneumoniae) infections 
in infants and the elderly. However, their 

use is limited by strain specificity, which restricts 
both their geographical and economical utility. 
There is an urgent need for protein-based vaccines 
that are likely to provide broader, more economical 
protection against the global burden of pneumo-
coccal disease. 

In this paper, we describe the pre-clinical devel-
opment of a multi-subunit protein vaccine that can 
be manufactured efficiently and economically to 
meet this need. Genetically engineered Streptococcus 
pneumoniae TIGR4 B7.1 PlyD6 cell substrate was 
constructed to deliver non-toxic Ply. PnuBioVax™ 
S. pneumoniae vaccines were produced at ImmBio in 
a 1 L-scale fermenter as development batches. The 
process has been successfully “tech transferred” to 
a CMO for scale-up and production of toxicology 
and clinical supplies. 

Pre-clinical immunogenicity tests showed prom-
ising results for PnuBioVax. Rabbit sera generated 
by PnuBioVax were able to produce surface bind-
ing antibody and complement-mediated killing of 
S. pneumoniae for both TIGR4 and the heterologous 
strain 15B (not covered by pneumococcal conjugate 
vaccine [PCV]-13). No overall benefit to the immuno-
genicity by the addition of Alhydrogel was seen in 
the total IgG response. In passive protection studies 
in mice, serum raised against PnuBioVax in rabbits 
protected against challenge by S. pneumoniae TIGR4.

Introduction
Streptococcus pneumoniae (S. pneumoniae) is a gram-

positive encapsulated bacterium originally isolated and 
described independently by Louis Pasteur and George 
Sternberg in 1881.[1, 2] It is a facultative anaerobe with a 
polysaccharide capsule that shows significant variation 
in composition, and based on capsular differences, more 
than 90 pneumococcal serotypes have been described 
with distinct geographical and epidemiological distribu-
tions. The pneumococcal genome is a closed, circular DNA 
structure of approximately two million base pairs, and the 
sequencing of an increasing number of clinical isolates has 
revealed a genetically diverse family with sequences that 
can vary up to 10% between strains. Some of this genetic 
variability reflects the fact that the bacterium is naturally 
transformable. The phenomenon was originally discov-
ered in 1928 by Frederick Griffith who demonstrated that 
an unencapsulated avirulent pneumococcal strain could 
become encapsulated and virulent after the addition of 
a “transforming factor” from a heat-killed, encapsulated 
strain.[3] In 1944, Dr. Oswald T. Avery and colleagues demon-
strated that the transforming factor in Griffith’s experiment 
was not protein but nucleic acid, thereby establishing DNA 
as the basis of genetic inheritance, and laying the founda-
tions of modern molecular biology.[4]

 Humans are the main host for S. pneumoniae as it can-
not survive in the environment and does not have any 
significant animal reservoir.[5] The main ecological niche 
for the pneumococcus is the human nasopharynx where 
it forms part of the normal flora, and asymptomatic car-
riage is most prevalent in young children. Up to 60% of 
children attending day care centres carry a number of 
strains in the nasopharynx.[6] Although transient colo-
nization, rather than disease, is the normal outcome of 
exposure to S. pneumoniae, it is a major human patho-
gen causing substantial morbidity and mortality when 
bacteria reach alveoli, enter the bloodstream, or cross 
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the blood-brain barrier, causing pneumonia, sepsis, or 
meningitis.[7, 8] In addition, S. pneumoniae can cause more 
benign conditions such as otitis media and sinusitis.[8] 
Certain individuals have an increased risk of acquiring 
pneumococcal infections due to age, genetic background, 
socioeconomic status, immune condition, geographic 
location, and underlying disease. These factors determine 
the incidence of non-invasive and invasive pneumococcal 
disease (IPD).[8,9]

Each year, up to one million children worldwide die of 
pneumococcal pneumonia (non-invasive), and sepsis or 
meningitis (both invasive).[8, 9] This is especially prevalent 
in low-income countries where IPD is a leading health 
problem in infants where 75% of all IPD cases are occur-
ring before one year of age.[10] Pneumococcal serotypes 
differ in carriage prevalence and disease incidence, and the 
spectrum of prevailing capsular types varies with age, time, 
and geographical region.[8, 11] Numerous epidemiological 
studies have investigated which serotypes are the most 
prevalent causes of disease, and results indicate that most 
pneumococcal diseases are caused by a rather restricted 
number of serotypes.[8, 11, 12]

The main strategy to prevent pneumococcal infections 
is through vaccination, and the development of effective 
and affordable vaccines has been a global health priority 
with considerable success. However, there remain several 
challenges, especially with regard to the development of 
affordable vaccines for use in the developing world where 
the need remains the greatest.[8, 13] Two types of vaccines 
are currently available to prevent pneumococcal infection, 
and both are based on capsular polysaccharides, namely 
pneumococcal polysaccharide vaccines (PPV) and poly-
saccharide conjugate vaccines (PCV).[8, 13] PPV is based on 
capsule components of the 23 most common serotypes 
that cause severe pneumococcal disease in the developed 
world, and has been in use since the 1970s.[13, 14] It is cur-
rently recommended for the elderly (beyond 65 years of 
age) and other groups with an increased risk of pneu-
mococcal disease. Antibodies specific to the capsular 
polysaccharide antigens provides serotype-specific pro-
tection against pneumococcal infections.[8, 14] However, 
these T-independent PPVs induced inadequate antibody 
production to the capsular polysaccharide antigens in 
infants and small children. This led to the development of 
PCVs where the capsular polysaccharides are covalently 
coupled to a protein carrier.[8, 15] These vaccines are highly 
immunogenic in all age groups and have been shown to 
reduce nasopharyngeal carriage in vaccinated children, 
thereby reducing the transmission of certain vaccine-
specific pneumococci in the community.[8, 15, 16]

However, although PCV has been shown to be effec-
tive against both invasive and non-invasive disease, 
currently licensed products contain a limited number 
of serotypes and do not provide protection against car-
riage or disease caused by non-vaccine serotypes.[8, 13] 
Challenges are posed when determining which capsu-

lar types should be included in polysaccharide-based 
vaccines due to changing serotype characteristics.[11, 13] 
This is clearly illustrated by the lack of PPV or PCVs covering 
the strains most prevalent in developing countries, despite 
the considerable burden of disease caused by S. pneumo-
niae in Africa and Asia, which together account for 95% of 
all pneumococcal deaths.[8, 11, 13] 

The inadequate immunogenicity of PPV in infants and 
children along with the limited serotype coverage of PCVs 
have stimulated interest in pneumococcal protein vac-
cines.[17] Pneumococcal protein antigens are immunogenic 
in young children and can potentially provide protection 
against pneumococci, regardless of serotype.[13, 18] Many 
of these new vaccine strategies focus on the use of highly 
conserved immunogenic surface-associated proteins. 
But while many recombinant protein vaccine candidates 
have been investigated, the search for a protein-based 
universal pneumococcal vaccine covering all serotypes 
remains unfulfilled.[17] However, though protein vaccines 
are expected to provide serotype-independent protection, 
the requirement for broad immunity to elicit protection in 
all age groups may require the use of multiple antigens, 
and the recombinant protein vaccine may no longer be 
inexpensive to produce, as evidenced by the develop-
ment of a protein vaccine for meningitis B.[19] A low-cost 
alternative approach has been pursued to develop a killed, 
whole-cell vaccine using an unencapsulated strain to pro-
vide coverage irrespective of serotype, making it suitable 
for use in developing countries.[20] The whole-cell vaccine 
was shown to be effective in preventing nasopharyngeal 
colonization with encapsulated pneumococci in mice, 
and the current clinical plan is to evaluate this vaccine in 
PCV-primed infants.[21]

ImmBio has been developing an alternative approach 
that provides a self-adjuvanting system that is designed 
to directly target a multi-antigen composition to den-
dritic cells (DCs), the key antigen presenting cells that 
control the immune response.[22-24] The technology 
platform based on this approach, ImmBioVax™ vaccine 
technology, has now been applied to the development 
of a multi-subunit pneumococcal vaccine, PnuBioVax™, 
and is described in this paper. The ImmBioVax approach 
utilises novel cell fermentation production processes to 
stress the target bacterial pathogen, thereby mimicking 
the natural immune response to infection. This process 
has been designed to generate a multi-antigen vaccine 
that includes key S. pneumoniae antigens, pneumococcal 
surface protein A (PspA) and the non-toxic pneumoly-
sin protein, and also to enrich the vaccine for families of 
heat shock proteins (HSPs). HSPs, which are key compo-
nents that enhance the efficacy of the product, stimulate 
innate immune responses and engineer the delivery of 
immunogenic cargo peptides to DCs, enabling them to 
induce effector responses in both CD4 and CD8 T-cells, 
thereby leading to specific antibody and cellular immune 
responses against S. pneumoniae.[23-25]
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Major advantages to this approach include:
•	 A high level of efficacy against strain variants, antibiotic- 

resistant strains, and newly emergent strains, through 
the presentation of multiple antigens

•	 Multiple proteins appropriately presented to address 
human and pathogen diversity 

•	 Adjuvants, or the addition of DC-targeting vehicles, are 
not required 

•	 Low production costs essential for many markets

This paper summarises the process development and 
production scale-up of the PnuBioVax vaccine material 
needed for use in immunogenicity and toxicology stud-
ies. The vaccine is produced by the fermentation of an 
S. pneumoniae cell substrate and, following harvesting, 
protein antigens are extracted and purified using ion 
exchange chromatography (IEC). Results of immunoge-
nicity testing indicate the potential for PnuBioVax as 
a broadly protective and cost-effective, multi-antigen 
pneumococcal vaccine.

Materials and Methods

Process Development: Cell Substrate Derivation
S. pneumoniae strain TIGR isolate 4 was obtained from 

the American Type Culture Collection (ATCC® BA-334™). 
The original isolate came from the blood culture of a 
30-year old male patient in Kongsvinger, Norway. The 
clinical isolate, referred to as TIGR4 JNR.7/87, was subse-
quently re-cloned to obtain a single-colony isolate, and 
the complete genomic sequence determined by random 
shotgun sequencing.[26] The sequenced ATCC TIGR4 isolate 
was deposited in the ATCC collection by Dr. Hervé Tettelin 
with The Institute of Genomic Research (TIGR) in Rockville, 
Maryland USA. 

A single ampoule of the lyophilized ATCC S. pneumoniae 
TIGR4 was re-suspended in 0.5 mL of Hoeprich's (liquid) 
media, and 0.25 mL of bacterial suspension was spread 
onto two Columbia agar plates containing 5% horse 
blood. The plates were incubated overnight at 37°C with 
5% CO2. On the following day, from the bacterial lawn 
observed, a bacterial streak was transferred into 40 mL 
Hoeprich's (liquid) media and grown at 37°C, 50 rpm, to 
an OD600nm = 0.3. From this culture, a cell bank of 40 × 1 mL 
vials was frozen (-80°C) in Hoeprich's growth media with 
10% sterile glycerol and used for the genetic detoxification 
of the pneumolysin gene (as described later) employing a 
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recombination protocol based on the method described 
by Kloosterman et al.[27, 28] that uses suicide mutagenesis 
to create an unmarked gene deletion in the S. pneumoniae 
chromosome (Figure 1).

The plasmid pORI280 and Escherichia coli (E. coli) host 
strain EC1000 were kindly provided by Prof. Jan Kok.[27] The 
plasmid pORI280 lacks the replication initiation protein 
RepA and was propagated in the E. coli host strain EC1000, 
which provides RepA in trans, and sequenced to confirm 
its identity. For preparation of plasmid recombination, 
genomic DNA from TIGR4 was used as template DNA, and 
oligonucleotide primers were designed to bind to genomic 
DNA. They were used to amplify regions including flanking 
sequences and they were inserted into plasmid pORI280 
and utilised to transform S. pneumoniae. 

Preparation of Pneumolysin  
Mutant TIGR4 B7.1 PlyD6

Pneumolysin mutant TIGR4 B7.1 (PlyD6) was constructed 
following a two-step plasmid recombination protocol 
(Figure 2, following page). The first recombination event 
resulted in insertion of plasmid pORI280 plymut which con-
tained the appropriate flanking sequences and the mutated 
pneumolysin gene. The plasmid was inserted into the TIGR4 
genome at the required site by homologous recombination. 
The second required recombination event resulted in dele-
tion of the lac Z and erythromycin resistance (emR) selection 
markers and retention of the mutated pneumolysin gene. 
The recombinant, pneumolysin mutant TIGR4 B7.1 (PlyD6), 
exhibited the expected phenotype and is unmarked, con-
taining no antibiotic resistance genes or inserted foreign 

FIGURE 1. Two-step recombination protocol with gene deletion example. 
Suicide mutagenesis to create an unmarked gene deletion in the S. pneumoniae chromosome. 

Schematic: Genomic DNA from TIGR4 was used as template DNA. Oligonucleotide primers were designed to bind to genomic DNA and 
were used to amplify regions (flanking sequences) upstream (blue) and downstream (red) of the gene to be deleted. Flanking sequences 
were inserted into plasmid pORI280 (1). The plasmid was transformed into S. pneumoniae and plated onto erythromycin-containing plates. 
The plasmid backbone contains an erythromycin resistance gene (emR) but cells will only survive when the plasmid recombines with the 
chromosome, as the plasmid cannot replicate in S. pneumoniae. Recombination occurs between two identical sequences of DNA (2), which 
are either the upstream region of the plasmid and chromosome (not shown) or downstream regions (3). When the transformants are grown 
without antibiotics, they can lose the second copy of the up or downstream regions by a second recombination event, which also results 
in the loss of the pORI280. The loss of pORI280 from the chromosome can be screened for by adding Xgal to the plates. Xgal is a substrate 
for β-galactosidase which is constitutively expressed by the gene lac z on pORI280, and the product is blue. Therefore, white colonies have 
lost the plasmid backbone and blue colonies have not. Recombination between the upstream regions results in the gene being removed 
from the chromosome (4). Recombination between the downstream regions results in the gene remaining in the chromosome (5).
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DNA. The pneumolysin coding 
sequence was derived from the 
whole genome sequence of 
TIGR4 (NCBI database accession 
number NC_003028) and the 
pneumolysin coding sequence 
(Ply 1831896-1833311 bp). Up and 
downstream flanking sequences 
were prepared by overlap poly-
merase chain reaction (PCR) 
to yield a single PCR product 
incorporating the six base pair 
deletion (1832871bp-1832876) 
designed to inactivate the pneu-
molysin gene. The six base pair 
inactivating deletion removes 
an alanine  (A) and arginine (R) 
which was first described by 
Kirkham et al.[29] 

S. pneumoniae  TIGR4 was 
transformed using the method 
described by Berry et al.[30] and 
single colonies were grown in 
96-well plates for approximately 
four hours, then screened using 
Xgal to identify clones contain-
ing the lac Z insert (Figure  2). 
The selected clone B7 was sub-
cultured into Hoeprich's broth, 
in the absence of erythromycin, 
and grown for approximately 
four hours at 37°C, 50 rpm, and 
then dilution-cloned by the tilt 
method on Columbia agar plates 
containing 5 % horse blood. 
Single colonies were picked 
into 0.1 mL Hoeprich's broth in 
96-well plates and grown before 
being subcultured into two 
replicate 96-well plates; one of 
which was frozen, and the other 
screened for functional inactiva-
tion of pneumolysin. 

For phenotypic screening 
of recombinants carrying inac-
tivated pneumolysin (PlyD6), 
bacterial pellets were lysed by 
repeated freeze/thaw cycles, 
and the lysates were screened for 
haemolytic activity in the 96-well 
plate format by the addition of 
0.025 mL of supernatant to 0.1 mL 
sheep red blood cells (5%) in PBS. 
Plates were incubated at room 

FIGURE 2. Scheme for preparation of pneumolysin mutant TIGR4 B7.1 (PlyD6).
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temperature for 30 minutes and centrifuged to pellet intact 
red blood cells denoting an absence of lytic activity. Positive 
supernatants were also screened to demonstrate the presence 
of pneumolysin protein by Western blot. 

The final selected clone B7.1 expressing an inactive PlyD6 
protein was cultured in Hoeprich's broth for approximately 
four hours at 37°C, 50 rpm, and was dilution-cloned by the 
tilt method on Columbia agar plates containing 5% horse red 
blood cells and used to prepare a development cell bank (dCB). 
The colony-forming unit (cfu)/mL of the dCB was determined 
as 1.85 × 1010 using the tilt method on Todd-Hewitt agar (plus 
Vitox) plates. Ampoules were frozen at 1.0 mL volume in 
Hoeprich's media containing 15% glycerol, and subsequently 
transferred to a CMO for preparation of the manufacturing 
master cell bank (MCB). Both cell banks were used to pro-
duce a number of vaccines for the pre-clinical development 
programme (Table 1).

Small-Scale Vaccine Production Process
Fermentation development was conducted in 1 L vessels 

at ImmBio, and the effect of temperature on growth and HSP 
induction was investigated. 

For fermenter runs, 100 mL pre-warmed Hoeprich’s modified 
medium with 100 mM HEPES (pH 7.8) in a sealed, non-baffled 
shake flask was inoculated with MCB and incubated at 30 °C 
or 37 °C at 50 rpm. At an OD600nm of 2.0 –2.5, the entire cul-
ture was used to inoculate a 1 L fermenter. Dissolved O2 and 
OD600nm were monitored at hourly intervals, and regular sam-
ples for assaying viability and glucose content were taken. At 
an OD600nm of between 4.0–4.5, the culture was heat-shocked 
at 37 °C or 40°C for 30 minutes. The culture was cooled before 
harvesting cells by centrifugation, and cell pellets were frozen 
at -80°C for downstream processing (Figure 3). 

For homogenisation, cell pellets were thawed and resus-
pended in a 40 mM Tris, 20 mM NaCl, pH 7.8 lysis buffer, and 
sodium deoxycholate (NaDOC) was added to a final concen-
tration of 0.5%. Cells were disrupted using an EmulsiFlex 
homogeniser (Avestin) and Triton X-100® (Dow Chemical) was 
added to the lysate to achieve a final concentration of 1% 

FIGURE 3. Flowchart for the small-scale upstream process.

TABLE 1. Vaccines detailed in this article.

Batch Cell Bank Process Scale Production Site Use

IPS004 TIGR4 B7.1 
PlyD6 
dCB 

1 L ImmBio Development 
batch for 
immunogenicity 
and stability

IPS014A

IPS015

IPS016/16A

IPS017

IMM1501 MCB 10 L CMO Stability and 
toxicology batch
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FIGURE 4. IEC chromatograms for the vaccine production processes: 
(A) small-scale; and (B) scaled-up. 
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at 4°C. The lysate was then centrifuged and the superna-
tant clarified by filtering through a depth filter (Cuno Zeta 
Plus® Biocap25) followed by a 0.2 µm sterile filter (Sartorius). 
The filtered lysate was stored at -80°C in 10 mL aliquots and 
a sample was checked for the lack of viable bacteria, by 
growth on agar plates, before further processing to yield 
vaccine preparation (Figure 3).

For preparation of candidate vaccines, 30 mg of the ster-
ile, clarified lysates were loaded onto a HiTrap Capto Q 5 mL 

IEC column (GE Life Sciences) and the column was washed 
with 40 mM Tris, 100 mM NaCl, pH 8.0. Vaccine fractions 
were then collected by elution with 40 mM Tris, 500 mM 
NaCl, pH 8.0, and analysed for the presence of HSPs and 
pooled fractions, and finally formulated in 40 mM Tris, 
150 mM NaCl, pH 8.0 for use in immunogenicity studies. 
Representative chromatograms of two vaccine prepara-
tions are shown in Figure 4, and these were used for the 
analytical and immunogenicity studies described later.

 A

 B
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Scaled-Up Vaccine Production Process
The prototype process developed (described earlier) was 

transferred to a CMO and run initially in a 10 L scale-up process 
fermenter to provide vaccine for immunogenicity studies. The 
process was run in a 30 L fermenter which was inoculated 
using a three-stage seed generation (Figure 5). For large-
scale fermentation, 1 L of the final stage seed culture was 
used to inoculate 10 L of buffered Hoeprich's medium in the 
30 L fermenter and cultured using setpoints of 30°C tempera-
ture, 70 rpm agitation, pH 7.8, monitoring DO2 only. OD600nm 
was monitored at hourly intervals and regular samples were 
taken to assess viability and glucose. For HSP induction, the 
temperature was raised to 37 °C for 30 minutes. The cooled 
culture was harvested by centrifugation. The supernatant was 
discarded and the pellets were collected and frozen at -80°C 
for subsequent processing (Figure 4). 

For vaccine purification, cells were thawed and resus-
pended in a 40 mM Tris, 20 mM NaCl, pH 7.8 lysis buffer at 
a ratio of 1 g per 10 mL buffer, and NaDOC was added at a 
final concentration of 0.5% at 4°C. The cell suspension was 
homogenised using an Avestin EmulsiFlex by four passages 
using a back pressure of 10,000 psi. Triton X-100 was added 
to the lysed cells to a final concentration of 1% and the lysate 
was clarified by centrifugation. The clarified supernatant 
was filtered through a Sartopore® 2 PES 0.2 μm capsule filter 
(Sartorius) and a sample was analysed for protein concentra-
tion and sterility.

For IEC, 6 g of the sterile lysate was loaded onto a 1 L 
Capto Q resin column (GE Life Sciences). The column was 
washed with 7 column volumes (CV) of 40 mM Tris, 20 mM 
NaCl, pH 7.8, and 3 CV of 40 mM Tris, 100 mM NaCl, pH 7.8. 
Proteins were eluted using 40 mM Tris, 500 mM NaCl, pH 8.0 
(= 50 % buffer B). Eluted fractions were analysed by Western 
blotting for the presence of HSPs, and pooled fractions were 
buffer exchanged using a Sephadex G-25 fine column (GE Life 
Sciences) into 40 mM Tris, 150 mM NaCl, pH 8.0 for the final 
vaccine formulation (Figure 5). 

FIGURE 5. Flowchart for the scaled-up upstream process.
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FIGURE 6. (A) SDS-PAGEs and (B) Western blots of final vaccines (loaded at 3 μg and 5 μg).

FIGURE 7. Electropherograms of vaccines IMM1501 and IPS014A.

Next Generation Vaccines: Development of a Novel Streptococcus pneumoniae Multivalent Protein Vaccine

Vaccine Characterisation
The final vaccines were com-

pared by SDS-PAGE and the 
presence of key antigens, namely 
HSP70 (DnaK), HSP60 (GroEL), 
PlyD6, and PspA, were confirmed 
by Western blotting (Figure  6). 
To obtain a more quantitative 
analysis, candidate vaccines were 
characterised using the deltaDOT® 
capillary gel electrophoresis (CGE) 
protocols that utilise their propri-
etary Label-Free Intrinsic Imaging 
(LFII®) technology on the deltaDOT 
Peregrine system.[31, 32] The sam-
ples were heated at 70°C for ten 
minutes and run under non-re-
ducing conditions with data 
processed using the general sep-
aration transform (GST) algorithm 
to produce electropherograms. 
CGE analysis was used to evaluate 
manufacturing consistency from 
multiple runs and process modifi-
cations (Figure 7). 

 A

 B
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In addition to the Western blot analysis, a sandwich 
ELISA was used to measure the PlyD6 antigen content of the 
vaccines using a rabbit polyclonal antisera raised against 
the recombinant PlyD6 cloned from the recombinant cell 
substrate described above (Figure 8). 96‑well MaxiSorp™ 
ELISA plates (Thermo Fisher Scientific) were coated with a 
pooled anti-Ply rabbit polyclonal serum at 1:400 dilution 
in PBS, 100 µL/well, and incubated overnight at 4°C. Plates 
were then washed ×3 with PBS containing 0.05% Tween 20 
and blocked with 5% bovine serum albumin (BSA) in PBS 
and 0.05% Tween 20. Vaccine samples were added at 100, 
50, or 10 μg/mL and PlyD6 was detected with a mouse 
anti-pneumolysin antibody (abcam®) at 1:1600 dilution in 
PBS containing 1% BSA and 0.05% Tween 20. Goat anti-
mouse IgG-HRP (Jackson Immune Research) was used as 
the secondary detection antibody and visualised using a 
TMB chromogenic substrate. Figure 8 shows the PlyD6 
ELISA analysis for a number of vaccine candidates that 
were further tested for immunogenicity to select can-
didates for progression into manufacturing scale-up for 
GMP manufacture. 

Finally, all vaccines were tested for DNA and endo-

toxin as potential in-process impurities. DNA was assayed 
using the fluorometric dsDNA quantitation (Table 2) and 
endotoxin assays were performed using Endosafe®-PTS™ 
cartridges (Charles River) with a standard curve range of 
5.0–0.005 EU/mL, except for IPS015 and IPS016A where the 
range was 1.0–0.01 (Table 2). 

Preclinical Immunogenicity
 Groups (n =2) of New Zealand white rabbits were 

immunised subcutaneously on days 0 and 21 with 375 µg of 
the PnuBioVax with or without 2 mg Alhydrogel® adjuvant 
(InvivoGen) and sera was collected at day 35. Polyclonal 
serum against the PCV-13 vaccine was also raised in rabbits 
using an identical protocol. 

Pooled sera were tested by ELISA for antibodies against 
S. pneumoniae TIGR4 lysate prepared from a large-scale 
fermenter run. Lysate at 2.0 µg/mL in PBS was used as the 
coating antigen by transferring 100 µL lysate per well to a 
96-well Maxisorp ELISA plate, and after overnight incuba-
tion at 4°C, plates were washed with PBS and then blocked 
with PBS containing 0.05% Tween 20. Rabbit serum sam-
ples were diluted to a starting dilution of 1:100–1:300 with 

TABLE 2. DNA and endotoxin levels in final vaccines.

Vaccine Protein 
Concentration 

(µg/mL)

DNA 
(µg/mg total 

protein)

Endotoxin Units 
(EU/mg 

total protein)

IPS004 1020 4.52 ± 0.52 5.020

IPS014 980 1.65 ± 0.05 <0.120

IPS014A 890 8.12 ± 0.28 0.070

IPS015 850 6.68 ± 0.26 0.270

IPS016 870 6.25 ± 0.04 0.070

IPS016A 1200 6.67 ± 0.38 <1.000

IPS017 890 7.35 ± 0.34 <0.075

IMM1501 1080 0.80 ± 0.13 <1.000

FIGURE 8. PlyD6 content of vaccines. 10, 50, and 100 μg/mL total protein of vaccines were used in these experiments.
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diluent buffer (0.05% Tween 20 and 1% BSA in PBS), and 100 µL 
of each dilution was transferred in duplicate to the coated 
ELISA plate. After incubation at 37°C for one hour, the plates 
were washed and incubated with 100 µL donkey anti-rabbit 
IgG-HRP (Jackson Immuno Research), diluted 1:70,000) at 37°C 
for one hour, washed and visualised using TMB substrate, and 
read at OD450nm. Endpoint titres were calculated using the 
linear part of each titration curve.

Figure 9 shows the total IgG log10 endpoint titres (EPT) of 
individual rabbit sera (with geometric mean). EPTs are in arbi-
trary units. Results indicate that the rabbits immunised with 
PnuBioVax, with or without Alhydrogel, had similar total IgG 
responses against TIGR4 lysate. In addition, PnuBioVax gave 
a higher total IgG response as compared to PCV-13.

Serum IgG antibodies to 27 pneumococcal protein antigens 
were also measured using a direct binding electrochemilu-
minescence-based multiplex assay.[33] The assay was based 
on that described for pneumococcal polysaccharide anti-
gens utilising the MesoScale Discovery (MSD) technology 
(MesoScale Diagnostics LLC) [34] and conducted via The 
Institute of Child Health laboratory of Professor Goldblatt, 
University College London. 

When compared to the negative control serum, signif-
icant binding of the sera from the PnuBioVax-immunised 
animals was detected against the antigens in the MSD assay 
(Figure 10). In this assay, the addition of Alhydrogel adjuvant 
to PnuBioVax resulted in sera that demonstrated higher bind-
ing to PsaA, PiuA, PiaA, PspA (family 2), RrgB, and RrgA than 
PnuBioVax alone, though this was not evident in the binding 
of these antibodies to Ply and PspA (family 1).

PspA is highly immunogenic and protective against inva-
sive disease as well as nasal colonisation in mice. PspA is 
classified into three families, with no more than 50% sequence 

divergence within each family. The three PspA fami-
lies are made up of six clades that diverge from each 
other by no more than 20% sequence identity within 
them: family 1 (clades 1 and 2), family 2 (clades 3, 4, 
and 5), and family 3 (clade 6), which is relatively rare. 
The distribution of PspA families  1 and 2 in clinical 
isolates is approximately 50 % of each family.[35, 36] 
S. pneumoniae TIGR4 has PspA family 2. PspA clades are 
independent of capsular serotypes. Despite the great 
variation in the sequences of PspA, mouse and human 
antibodies against PspA have reported as cross-reac-
tive and cross-protective against invasive disease in 
mice (reviewed by Darrieux et al.[17]). The MSD results 
(Figure 10) using rabbit serum indicated that antibodies 
induced by IPS014 recognised both PspA family 2 (PP15) 
and PspA family 1 (PP16), indicating cross-reactivity. 
PsaA is a highly conserved pneumococcal protein.[37] 
Immunisation of mice with PsaA was modestly protec-
tive against lethal systemic (invasive) pneumococcal 
infection. This relatively limited vaccine efficacy was 
correlated with inaccessibility of antibodies to PsaA on 

FIGURE 9 (above). Total IgG log10 
endpoint titres of pooled rabbit 
sera from ZUM0004.

FIGURE 10 (left). IgG binding of 
ZUM0004 rabbit sera to pneumo-
coccal proteins.
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the cell surface.[38] Other studies have demonstrated that 
mucosal immunisation of mice with PsaA is highly protec-
tive against pneumococcal carriage.[39]

The MSD results also show significant immunogenicity 
against proteins PiuA and PiaA. These are lipoprotein com-
ponents of two S. pneumoniae iron ABC transport systems 
called Piu (pneumococcal iron uptake) and Pia (pneumo-
coccal iron acquisition). The Piu and Pia transport systems 
are essential for iron uptake and are also required for full 
virulence in murine systemic and pulmonary infection 
models.[40] PiuA and PiaA have been shown to be present in 
all pneumococci examined, and immunisation of mice with 
purified recombinant PiuA and PiaA showed that they are 
capable of eliciting protective immunity against systemic 
challenge with S. pneumoniae.[41]

In addition, the MSD showed the induction of antibod-
ies against members of the RrgB protein family which are 
important for adhesion to epithelial cells. S. pneumoniae 
pilus 1 is encoded by a genetic islet (PI-1) present in 30–50% 
of strains and is implicated in adhesion to epithelial sur-
faces, lung infection, and virulence.[40] Pilus 1 is composed 
of a backbone subunit RrgB, the adhesion RrgA, and the 
minor component RrgC. There are three different variants 
of the pilus backbone RrgB (clades I, II, and III) which have 
a degree of protein homology in the range of 48–60 %. 
RrgB proteins expressed by strains belonging to the same 
clade share >99 % sequence identity.[42] In line with this, 
antisera generated against each of three RrgB variants were 
able to recognise the pili of different strains belonging to 
the homologous clade, both by Western blotting and flu-
orescence-activated cell sorting (FACS). In animal models, 
each of the RrgB variants was protective against challenge 
with strains of the same clade, but no cross-protection was 
observed between clades. A fusion protein comprising all 
three RrgB variants, RrgB321, elicited antibodies against pro-
teins from organisms in the three clades and protected mice 

against challenge with piliated pneumococcal strains.[43] 
When RrgB321 antisera were tested for complement-depen-
dent opsonophagocytosis at The Institute of Child Health 
laboratory, functional activities with a serotype 6B strain 
and lower activity with a serotype 14 were observed.[43] 
There was no opsonic killing of serotype strains 18C, 19A, 
and 23F, which were not piliated. Unexpectedly, no func-
tional activity was observed against a serotype 4 piliated 
strain.[43] The MSD results in this study (Figure 10) show 
that antibodies induced by IPS014 recognise both RrgB T4 
and RrgB 6B. This indicates cross-reactivity across two RrgB 
clades and suggests the vaccine may thus provide good 
protection against piliated pneumococci.

IgG Cell Surface Binding FACS Assay
For the detection of antibodies directed against cell 

surface proteins of S. pneumoniae strains, a FACS-based 
cell surface binding assay was adapted and used to assess 
the ability of IgG antibodies to bind to live S. pneumoniae 
strains (Figure 11A). It has been suggested that flow cyto-
metric binding to whole bacteria may be a more reliable 
correlate of cross-protection for protein-based serotype-
independent vaccines than the whole-cell ELISA.[44] 

S. pneumoniae cells were prepared using 1 mL of fro-
zen bacterial stock that was added to 20 mL pre-warmed 
Hoeprich’s medium and grown at 37 °C, 50 rpm agitation, 
until the OD600nm reached 1.2. Cells were centrifuged and 
washed twice, the final pellet was resuspended in 10 mL 
carbonate buffer, and the OD600nm was checked. Prevnar 13® 
(Pfizer), a PCV, is known to induce antibodies against pneu-
mococcal cell wall polysaccharides (CWPS) as well as the 
serotype-specific capsular polysaccharides. Although ini-
tial studies with PnuBioVax did not show any anti-CWPS 
antibodies, all sera samples were pre-adsorbed with CWPS 
Multi adsorption material (Statens Serum Institut). Sera 
were incubated one hour at 37°C with 10 µg/mL CWPS and 

Next Generation Vaccines: Development of a Novel Streptococcus pneumoniae Multivalent Protein Vaccine

FIGURE 11A. FACS IgG binding assays against TIGR4 and 15B strains. 
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then used in the FACS cell binding assay. 
For flow cytometry, 100 µL of bacterial suspension was 

placed in each 5 mL FACS tube and incubated overnight 
at 4 °C. The next day, the cells were washed with PBS 
containing 0.1% Tween 20 (PBS-T). Pre-adsorbed sera sam-
ples were diluted serially (two-fold) in PBS with 1% BSA, 
and bacterial cells and sera were incubated together for 
two hours at room temperature and then washed with 
PBS-T. For detection, fluorescein isothiocyanate (FITC) con-
jugated goat anti-rabbit IgG antibody (Jackson Immuno 
Research) in PBS containing 1% BSA was added and incu-
bated for two hours. Cells were then fixed with a 10 % 
solution of formalin (Sigma-Aldrich®) for 30 minutes at 
room temperature. Following washing in PBS-T, samples 
were resuspended in PBS containing 1% foetal calf serum 
(FCS) for FACS analysis. The mean fluorescence intensity 
(MFI) was read by flow cytometry, acquiring 100,000 
events for each sample.

This FACS assay was run using both the homologous 
pneumococcal strain TIGR4 as well as a number of het-
erologous strains including the non-PCV-13 serotype, 
strain 15B. Fluorescence intensity for total IgG-FITC (x axis) 
was plotted against a number of events (y axis) for the 
binding of sera samples of PnuBioVax, plus or minus adju-
vant and Prevnar 13, and compared to the pre-vaccination 
sera (Figure 11A). The results demonstrate an increased 
binding of IgG from PnuBioVax-immunised animals as com-
pared to both Prevnar 13 and negative control sera for both 
TIGR4 and 15B. In addition, the fluorescence pattern in the 
histograms was significantly different for the PnuBioVax 
and Prevnar 13 sera, with the PnuBioVax serum showing a 
population of highly fluorescent cells (Figure 11A).

Opsonophagocytosis Assay (OPA) 
OPAs were conducted using HL60 cells (Public Health 

England) maintained in Iscove's modified Dulbecco's 

media (IMDM) supplemented with 10% heat-inactivated 
FCS and 20 U/mL penicillin/streptomycin, and differen-
tiated according to the method used by Fleck et al.[45] 
Briefly, HL60 cells were cultured in IMDM (as above) 
with the addition of 1 mM all-trans-retinoic acid (ATRA), 
6 × 10-12 M 1α,25-dihydroxyvitamin D3, and 30 ng/mL gran-
ulocyte-colony stimulating factor (GCSF) for 96 hours. 
HL60 cells differentiated in this way express CD16, 32, 
64, 35, and 11b. Sera to be tested were serially diluted in 
opsonophagocytosis (OP) buffer (PBS with calcium/mag-
nesium, 10 % FCS, and 0.1% gelatin) across a microtitre 
plate. Bacteria with the target serotype were thawed and 
diluted in OPA buffer to a cell density of 1.2 × 105/mL and 
then 10 µL was added to each well. After incubation at 
room temperature, the plates were placed on a shaking 
platform (400 rpm) for 30 minutes. Then 10 µL of active or 
heat-inactivated rabbit complement was added to all wells 
followed by 40 µL of 1 × 107/mL differentiated HL60 cells 
in OP buffer. Following incubation at 37 °C for 60 minutes 
in a gassed incubator (5%  CO2) on a shaking platform 
(400 rpm), OPA was stopped by incubating the plate on 
ice for 15 minutes. Bacterial loss was measured by plating 
well contents and counting the colonies grown overnight 
on blood agar plates (Columbia blood agar with 5% defi-
brinated horse blood). 

Results shown in Figure 11B demonstrate that rabbit 
sera generated by PnuBioVax immunisations, with and 
without added adjuvant or Prevnar 13, are able to bring 
about complement-mediated OPA killing of S. pneumoniae 
TIGR4. The level of OPA killing was dependent on the serum 
concentration used in the assay. In addition, the sera from 
the PnuBioVax-immunised animals showed OPA killing 
consistent with their strong binding to the surface of the 
non-Prevnar serotype 15B in the FACS assay. Also, as pre-
dicted in this assay, the Prevnar serum did not show any 
OPA killing of S. pneumoniae 15B (Figure 11B).

FIGURE 11B. OPA IgG binding assays against TIGR4 and 15B strains. 
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Passive Protection Against 
Live Challenge

Finally, the ability of the anti-
bodies induced by PnuBioVax 
IPS004 to protect against live 
bacterial challenge was inves-
tigated using a passive transfer 
model with the administration 
of the immune rabbit sera to 
mice followed by S. pneumoniae 
challenge.[46] Protection against 
TIGR4 challenge was investigated 
using intraperitoneal injections 
of 200 µL rabbit serum (pre-bleed 
pool, PnuBioVax or Prevnar) in four 
groups (n=5) of CD-1 mice. After 
four hours, mice were infected 
with 3.4 × 106 cfu TIGR4 adminis-
tered by intravenous inoculation, 
and after an additional four hours, 
mice were culled and blood dilu-
tions were plated for bacterial 
cfu counts. Antibodies from rab-
bits immunised with PnuBioVax 
were as equally effective as those 
immunised with Prevnar in pre-
venting disease symptoms, as 
assessed by clinical scores in the 
challenged animals (Figure  12). 
Most impor tantly,  the anti -
body-treated animals showed a 
significant reduction in bacterial 
load in both the blood and spleens 
of the animals challenged with 
live S. pneumoniae (Figure  13). 
These results show that the pro-
tein vaccine PnuBioVax can elicit 
protective immunity against 
pneumococcal disease, at least 
comparable to that seen with a 
PCV and, as a multi-component 
protein vaccine, should provide 
broader serotype coverage than 
carbohydrate-based vaccines. 

Next Generation Vaccines: Development of a Novel Streptococcus pneumoniae Multivalent Protein Vaccine

FIGURE 12. Clinical scores for bacterial 
load following live challenge (perito-
neal infection) with S.  pneumoniae 
TIGR4 (Xen 35).

FIGUR E 13.  Bac ter ia l  load in: 
(A)  spleen and (B) blood following 
live challenge (peritoneal infection) 
with S. pneumoniae TIGR4 (Xen 35).

 A

 B
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A genetically engineered S. pneumoniae TIGR4 B7.1 
PlyD6 cell substrate was constructed to carry a non-toxic 
Ply for use as a cell substrate in a multi-component pneu-
mococcal protein vaccine. A cell bank was prepared from 
the recombinant strain and used to generate a MCB for the 
vaccine manufacturer at an external CMO. The cell bank 
was also used to develop both an upstream fermentation 
process and a downstream purification process to produce 
vaccine candidates for immunogenicity studies. The final 
process was used to produce a candidate pneumococ-
cal protein vaccine, PnuBioVax, and the manufacturing 
consistency was demonstrated using a number of devel-
opmental runs in a 1 L-scale fermenter. The final process 
was then tech-transferred to an external CMO for scale-up 
and production of material for toxicology and clinical sup-
plies. The vaccines showed a similar protein profile in 
both SDS-PAGE and CGE, demonstrating that the process 
is consistent and can be successfully reproduced in an 
external CMO. In addition, the content of a number of key 
proteins, including HSPs, Ply, and PspA, are the consistent 
components of the vaccines prepared at both small and 
large-scale production. 

PnuBioVax was used to vaccinate rabbits alone, or with 

the addition of an adjuvant, and it was compared with 
PCV-13 response. Pre-clinical potency tests showed prom-
ising results for the PnuBioVax. A total IgG assay showed 
that there was no overall benefit to the immunogenicity 
of PnuBioVax by the addition of Alhydrogel as an adjuvant, 
suggesting that the vaccine has intrinsic adjuvant activity. 
More detailed analysis showed that the antibodies raised 
against PnuBioVax bound to multiple S. pneumoniae pro-
teins including PspA, Ply, PsaA, PiuA, PiaA, RrgA, and RrgB. 
All of these proteins have been proposed as potential 
vaccine components by other groups, and some of these 
are undergoing clinical testing as recombinant products. 
FACS analysis of the sera from immunised animals showed 
a higher surface antibody binding for PnuBioVax, in com-
parison to Prevnar, and negative control sera for both 
TIGR4 and 15B (not covered by PCV-13). Consistent with 
the surface binding, rabbit sera generated by PnuBioVax 
immunisation showed complement-mediated OPA killing 
of S. pneumoniae for both TIGR4 and 15B. Most importantly, 
the passive transfer of these antibodies was induced in 
rabbits by vaccination with PnuBioVax protected mice 
against live challenge with S. pneumoniae TIGR4 in passive 
protection studies.

Conclusions
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