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Standard Vaccinology: the Pasteur principles to
develop vaccines
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New technologies during the past 30 years 
expanded the pool of human vaccine targets
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Neisseria meningitidis: a dreadful pathogen

N. meningitidis is a strictly human pathogen and the leading
cause of bacterial sepsis and meningitis in children and 
young adults

When the patients survive, they are often left with important
disabilities which range from neurological disorders to limb
amputation

N. meningitidis can cause outbreaks, but it’s also endemic
in certain regions, such as Africa (the “meningitis belt”)

Of the 13 serotypes associated with N. meningitidis only
five cause disease (A, B, C, Y, W)

N. meningitidis has many serotypes – Each with 
a distinct coat polysaccharide Polysaccharides are not Good Vaccine Antigens

Vaccine

Polysaccharides trigger a limited 
immune response 
• B cell response only 
• Lacks potency, durability and memory 

(boost)

Infants do not respond to 
polysaccharide vaccines 
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Glycoconjugation improves the immunogenicity
of polysaccharides

C antigen

A glycoconjugate against 
serotype C was developed 
early 1990’s

CRM, TT

MenC Conjugate Vaccine (red) Induced high level of 
Bactericidal Antibodies in Infants. 
Plain Polysaccharide (blue) was a poor Immunogen

In 2000, Conjugate vaccine for MenC Eliminated the 
Disease in the UK  

A antigen C antigen W antigen Y antigen

Menveo® was Developed to Protect All Ages 
Against Meningococcus A,C,Y, W

The B Serotype of N. meningitidis is the Most 
Feared

Vaccinologists Have Tried for Many Years to 
Develop a Vaccine for MenB Without Success

Failed: 
Poorly 

immunogenic and 
insufficient strain 
coverage

Purified proteins

Failed: 
Insufficient strain 

coverage

OMV1 vaccines

Failed:
Self antigen -

unable to trigger a 
response

Polysaccharide 
vaccines

1980s 1990s 2000s

1 Outer membrane vesicle
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The Pasteur’s Principles Did Not Work for MenB
Genomics and “Reverse Vaccinology”

Computer Prediction Start from 
the whole 
genomic 
sequence

In silico vaccine 
candidates

Expression of 
recombinant 

proteins

11--2 2 
yearsyears

VaccineVACCINE VACCINE 
DEVELOPMENTDEVELOPMENT

Immunogenicity testing Immunogenicity testing 
in animal modelsin animal models Secreted proteins

Outer membrane proteins
Porin-like structures
Lipoproteins

Periplasmic proteins

Inner membrane proteins

Computer prediction of novel antigens 

Proteins selected by computer analysis 600

Proteins successfully expressed 350

outer
membrane or

secreted
proteins

lipoproteins periplasmic
proteins

inner
membrane
proteins

proteins with
interesting
homologies

350 expr
0

50

100

150

200

Results: Topology features and rate of 
successful expression Serology results

Is the protein expressed by the bacterium?
Is the protein really surface exposed (as predicted)?
Is the protein able to elicit functional Abs?

600 potential vaccine candidates 
identified

350 proteins successfully expressed
in E.coli

344 proteins purified and used
to immunize mice

91 novel surface-exposed
proteins identified

28 novel proteins
have bactericidal

activity

5 vaccine candidates

18 
months

2
years

Clinical trial

MenB Vaccine:  A pilot project for the Reverse 
Vaccinology

600 Antigens Selected, 350 Tested, 3 Main 
Antigens Included in a Vaccine 
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New surface proteins were discovered
5 were used to make a vaccine

Vaccine composition
•NadA
•GNA2091-fHBP
•NHBA-GNA1030

The MenB vaccine is in Phase III clinical trials

Reverse Vaccinology explains Biology
One of the MenB antigens binds Factor H

•Complement is the first barrier that protects humans from
invasion of pathogens

•Several bacteria interfer with complement factors to escape
phagocytosis

•Factor H is a negative regulator of the complement cascade
and protects self tissues from complement’s attack

•Surface proteins able to strongly bind FH protect the 
bacterium from complement attack and can survive in the 
blood

The complement system 

Bacteria are recognized as “non self” by the alternative 
pathway of complement, C3 binds and complement kills
them

Binding Factor H is a survival mechanism for MenB
4 out of the 5 vaccine components bind FH

N. meningitidis coated by FH is not recognized as “non-
self” by C3, survives and multiplies in human blood
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Reverse vaccinology has become a routine 
discovery approach

Group B Streptococcus Group A 
Streptococcus

Gonococcus

Pneumococcus

ExPEC Extraintestinal E. coli

Chlamydia
trachomatis and Pneumoniae

Yersinia pestis

Porphyromonas gingivalis

StaphylococcusMalaria

Tuberculosis

A step further: the Group B Streptococcus

Serotype V

GBS generally behaves as a commensal 
organism that colonizes the genital tract of 25-
40% of healthy women

GBS is the major Gram+ cause of sepsis
and meningitis in infants

Eight serotypes, of which 5 are associated
with disease

Increasingly important cause of systemic
infection in the elderly

Bacteremia
Skin or soft tissue infection
Pneumonia
Urosepsis
Endocarditis

Summary of the Reverse Vaccinology Approach
on GBS

•473 antigens selected in silico
•357 antigens successfully expressed (75.5%)

•62 antigens showed protection in mouse model and/or high 
surface expression

•To assess the presence/absence/conservation of the 
genes, a DNA chip of the complete genome was hybridized
with total DNA from 20 different GBS isolates belonging to 6 
serotypes (CGH)

Is one genome enough for exhaustive antigen 
identification?

CGH against multiple isolates shows that approximately 18% of the 
reference genome is absent from at least one strain!

How many surface proteins have been lost during our first antigen selection?   

Seven additional GBS genomes were sequenced
Reverse Vaccinology applied to the GBS pan-
genome identified new potential candidates

Total proteins (364)

53

80

102

129

Surface proteins (24)

2 1

5

16

conserved in 5 genomes
conserved in 4 (any combination)
conserved in 3 (")
conserved in 2 (")

Threshold = 90% id 
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Universal protection of a protein-based GBS 
vaccine

The protective vaccine was formulated using 4 antigens, 
none of which is shared by all strains

Surface digestion of live bacterial cells: 
The Group A streptococcus example

Digestion with proteases

Peptide recovery

Protein identification by MS

Membrane 
proteins: 37

Cytoplasmic: 4

Lipoproteins: 11

Secreted: 4

Cell wall: 11

72 surface-exposed proteins identified by
Proteomic approach in GAS S. pneumoniae disease burden

S. pneumoniae is a gram-positive encapsulated diplococcus, that 
expresses more than 90 different types of capsular polysaccharides.

It causes approximately 25% of the vaccine preventable disease on a 
global scale (more than 150 million cases in children < 5yrs).

Worldwide mortality is 1.6 million people, including more than 800,000 
children under age five, annually (95% in developing countries).

Conjugate vaccines cannot cover the >90 
serotypes and overtime “non vaccine types”
emerge

A combined approach for vaccine candidates 
selection

80 candidates

Reverse
vaccinology

Library
immuno

screening

Gene 
variability
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High-throughput screening of the antigens

intraperitoneal         intravenous intranasal

80 Candidates80 Candidates

mouse models of infection

FACS 
analysis
FACS 

analysis

Conserved antigens display cross-protection

Development of antigen combinations

4 2 3 35B

Ag1 >97%  +++  +  ++  -  -

Ag2 >99%  +/- (secreted)  +  +  ++  ++

Ag3 >99%  +/- (secreted)  ++  ++  -  -

Ag4 >96%  +++  ++  ++  ++  -

Ag5 >99%  ++  ++  -  +  +

Ag6 >99%  +  ++  ++ n.d.  -

Ag7 >99%  +  ++  - n.d.  ++

Ag8 >99%  ++  ++  + n.d. n.d.

Ag9 >99%  +/- (secreted)  +/-  +/-  - n.d.

          Protection against serotypes                
Ag Id Conservation FACS

Pneumo antigen combinations comparable to
Prevnar

3 Ag 
combination

2 Ag 
combination

Prevnar ctrl FA
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i.p. immunization
i.v. challenge (TIGR4, 100 cfu)

The Pneumococcal pilus: source of additional 
antigens

rrgBrrgA srtCrrgC srtD IS1167’IS1167’ rlrA srtB

α-RrgB

RrgC

RrgB

RrgA

α -RrgA, RrgB, RrgC

12 kb

Piliated Pneumococci are more adherent in vitro
(Barocchi et al, PNAS 2006)
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RrgB pilus antigen is highly protective in 
different in vivo models of infection 

Rrg
B

ctr
l L

TK63

ctr
l s

ali
ne

0
1
2
3
4
5
6
7
8
9

10

RrgB
ctr

l F
A

0
1
2
3
4
5
6
7
8
9

10

su
rv

iv
al

 ti
m

e 
 (d

ay
s)

Rrg
B

ctr
l F

A

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14

RrgB                    ctrl FA                       RrgB      ctrl FA                RrgB    ctrl LTK63     ctrl PBS

intraperitoneal challenge intravenous challenge intranasal challenge 

U-test:      <0.05                                                <0.01                                           <0.05

•RrgB is the best protective protein antigen ever reported in the literature
•Inclusion of RrgB could provide an added value to the vaccine
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Understanding the molecular architecture
of the pilus

a-RrgB

RrgB x-ray native pilus
reconstruction

Conclusions and Future Perspectives

Genome-based approaches have proved successful for the 
identification of novel candidates for the development of 
vaccines against important human pathogens

Following these approaches new vaccines are in clinical
trials or in late stage of preclinical development

Other human pathogens are currently being addressed by
genomics (E. coli, C. difficile, Pseudomonas, etc)

What about animal pathogens?

Bacteria like Staph aureus, S. suis, S. equis, S. uberis, S. 
dysgalactiae could be easily approached by using similar
strategies!
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