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Abstract. The encapsulated bacteria Sreptococcus pneumoniae (the pneumococcus), Neisseria
meningitidis (the meningococcus) and Haemophilus influenzae type b (Hib) are the main causes of
purulent meningitis, the peak incidence of whichisseenin thefirst two years of life. The polysaccha-
ride capsule of these bacteriaisan essential virulence determinant, and antibodiesto it are protective,
suggesting that a polysaccharide vaccine could prevent these diseases. The young child is, however,
unable to respond with antibody production to these polysaccharides, making such vaccines useless
in infancy. Conjugation of the polysaccharide to a protein carrier has proven a way to solve the
problem. Immunization of infants with such a Hib conjugate vaccine was shown in 1987 to result in
the desired antibody production and protection from Hib meningitis and bacteremia. The Hib vaccine
isnow a part of national infant immunization programs in large parts of Europe, the Americas and
Australia, and has resulted in the virtual disappearance of Hib disease from these areas. A group C
meningococcal and 7-valent pneumococcal vaccine, available since 2000, arelikewise proving highly
effective in preventing bacteremic disease. Further advantages of the conjugate vaccines are their
ability to eicit immunologic memory and to reduce asymptomatic carriage of the bacteria, resulting
in marked herd immunity. This paper was delivered as a lecture in January 2003 in Bangkok on the

occasion of the Prince Mahidol Award for alife'swork in the field of vaccinology.

ENCAPSULATED BACTERIA AS CAUSES
OF DISEASE

Purulent meningitisisthe most severe acute
bacterial disease, nearly always lethal if not
treated with antimicrobials. The three most com-
mon bacteria causing it are Streptococcus
pneumoniae (the pneumococcus), Neisseria
meningitidis (the meningococcus) and Haemo-
philusinfluenzae type b (Hib), in neonatal infec-
tion also group B streptococci (GBS) and Escheri-
chia coli of capsular type K1. The disease inci-
dence is highest in the first one or two years of
life, although the meningococcus is also an im-
portant cause of adult disease, often occurring as
epidemics, and the pneumococcus in very old or
immunosuppressed persons, including the HIV-
infected.

In addition to meningitis, these bacteriaal so

cause other forms of invasive (bacteremic) dis-
ease and the pneumococcus is also a common
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cause of other disease entities like otitis media,
sinusitis and pneumonia. Recently also Hib has
been shown to be an important cause of pneumo-
niainyoung children, accounting for an estimated
20% of their pneumoniaswith X-ray proven con-
solidation (Mulholland et al, 1997). A further
common feature is that these bacteria often live
on the mucosa of the nose and pharynx as parts
of their normal microflora. This colonization or
carriage is an important part of the chain of in-
fection, ie transmission of the bacteria to new
hosts.

ROLE OF CAPSULE

All these bacteria depend on their polysac-
charide capsule for survival in the host; if they
loose the capsule they are quickly killed by pha-
gocytes. The same happens if there are antibod-
ies around that bind to the capsular polysaccha
ride, activate complement and are easily bound
by the phagocytic cells. Such antibodies develop
asaresult of mucosal carriage of the bacteriaor,
at least in the case of Hib, of other, “ cross-react-
ing” bacteriawith polysaccharidesresembling the
Hib capsule (Robbinset al, 1975). Therefore, the
antibody concentrations and thereby the protec-
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tion from disease that they offer increase with age.

However, this would not fully explain the
sharp peak of diseaseinthefirst 1-2 yearsof age.
We have only recently learned that thisis associ-
ated with the inability of the infant and young
child to respond to many polysaccharides with
antibody production (Méakela et al, 1995).
Polysaccharidesareknown as T cell-independent
antigens, which meansthat they do not react with
T cellsbut do directly stimulate B cells. Thiswill
in most cases|ead to antibody production; sowhy
not in the infant? The answer islogical: therela-
tive immaturity of the infant’s B cells (Siegrist,
2001). This explains the susceptibility of the
young child to the encapsulated bacteria. It also
explains why polysaccharide vaccines, prepared
from their capsules, are effective in adults and
older children but not in infants.

EARLY EXPERIENCE WITH Hib
POLY SACCCHARIDE AND CONJUGATE
VACCINES

The specific lack of immunogenicity of
polysaccharide antigens in infants was clearly
demonstrated in an efficacy study with an experi-
mental Hib polysaccharide vaccine conducted in
Finland in 1974-75 (Peltolaet al, 1977). There-
sults showed that children who were older than
1.5 years when receiving the vaccine were pro-
tected, while children younger than thiswere not,
and the protection correlated with aclearcut anti-
body response.

This led to focused new research to find a
way to improve the vaccine' simmunogenicity in
infancy. Several attempts proved fruitless before
the advent of conjugation — a technique well
knownin experimental immunol ogy to make non-
antigenic small molecules immunogenic by co-
valently linking them to a good protein antigen.
In 1985 such a conjugate of the Hib polysaccha-
ride with the known vaccine antigen, diphtheria
toxoid was shown immunogenic in infants, and
two years later its protective efficacy was dem-
onstrated in a randomized field trial (Eskola et
al, 1985; 1987).

DIFFERENT CONJUGATE VACCINES

Since the first experience with Hib conju-
gate vaccine, a lot of work has been carried out
tolearn to understand the properties and function
of conjugate vaccines. The Hib polysaccharide
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has been linked to other proteins (tetanustoxoid
TT, a nontoxic mutant diphtheria toxin called
CRM 197, meningococcal outer membrane pro-
tein complex OMPC) and different conjugation
techniques have been used resulting in slightly
differing chemical structures at the site of link-
age. The general finding has been that al these
worked without major differences. On closer look,
the conjugate with OMPC has had somewhat dif-
ferent properties, probably because of its content
of a small amount of endotoxin. The molecular
size of the polysaccharide component could also
be varied within a wide frame (M&kela et al,
1995).

Conjugate vaccines have also been prepared
from pneumococcal polysaccharides (7-, 9- and
11-valent vaccinesin clinical trials) and menin-
gococci of groupsA and C (the group B capsular
polysaccharide is not immunogenic probably be-
cause of immunologic tolerance due to its simi-
larity to the polysaccharidein the human cell sur-
face protein N-CAM). Overall, their properties
aretypical of conjugate vaccines as demonstrated
by the Hib conjugates, although surely some dif-
ferencesarefound in afineanalysis (Mékeldand
Kéayhty, 2002).

MAIN IMMUNOLOGIC PROPERTIES OF
CONJUGATE VACCINES

The conversion of a T cell-independent an-
tigento aT cell-dependent one is a critical step.
Protein antigens as arule are T cell-dependent:
after uptake and digestion by antigen presenting
cells (APC) peptides deriving from them are
bound by the MHC class || molecules on the sur-
face of the APC, and this combination is recog-
nized by T cells of the T-helper type. Thisresults
in stimulation of the T cell to synthesis of
cytokines promoting maturation and proliferation
of nearby B cells. If theprotein antigen waslinked
to a polysaccharide (as in the case of conjugate
vaccines), it would have drawn B cells recogniz-
ing this polysaccharide to the site of vaccine in-
jection, and these cellswould now respond to the
combined stimulation of the polysaccharide anti-
gen and the cytokines produced by the T cells,
with production of antibody to the polysaccha-
ride. In addition, they would proliferate, giverise
to alarge number of progeny B cells producing
more antibody; a fraction of the progeny cells
would further develop into memory cells that
would respond to alater antigen stimulus with a
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rapid production of antibody.

TheT cell dependence of the conjugate vac-
cineisin practice seen asimmunogenicity inin-
fants. Also typical of aT cell-dependent antigen
isthefinding that antibody productionisenhanced
by subsequent exposureto the antigen. Thus most
of the conjugates give avery low or nonexistent
response to the first injection, but an enhanced
response to the second injection (only the OMPC
conjugatesresult in antibody production after the
first dose) (Kurikka et al, 1995; Goldblatt et al,
1998). The antibody concentrations achieved are
clearly higher than obtainable after injection of a
polysaccharide vaccine. Further injections even
yearslater result in further enhanced antibody re-
sponsesdueto thememory cells. At the sametime
the avidity of the antibodiesincreases, which has
been suggested as ameansto demonstrate T cell
dependence of a new conjugate vaccine candi-
date (Anttila et al, 1999; Usinger and Lucas,
1999).

Quite low concentrations of anti-Hib of the
order of 0.15 ug/ml are sufficient for protection
from invasive disease (Kéyhty et al, 1983). It is
likely that the high antibody levelsare associated
with protection from carriage. This means that
conjugate vaccines, in contrast to polysaccharide
vaccines, are able to prevent or reduce carriage:
thiseffect isquite strong for Hib, and also clearcut
with pneumococcal conjugates (Takala et al,
1991; Dagan et al, 1996). On the other hand, the
Hib-OMPC vaccine produces only moderatelev-
els of antibody and has less effect on carriage
(Galil et al, 1999).

DURATION OF IMMUNITY

From a practical standpoint it is important
to know how long the immunity provided by a
vaccinewill last. With the Hib conjugateswe have
follow-up dataover 8 years; the satisfactory find-
ing was that after aninitial decrease of the mean
antibody concentrationsit soon (after acouple of
years) stabilized and did not decrease further
(Mé&keldet al, 2003). Thisinitialy surprising find-
ing appearsto be dueto frequent new stimuli giv-
ing rise, in the presence of memory, to astrong
antibody response. Mathematical modeling
showed that such stimuli would occur about once
infour years. In avaccinated populationinwhich
Hib bacteriahad practically disappeared because
of theeffect of thevaccine on carriage thesewould
be dueto cross-reactive bacteria. Because of their

Vol 34 No. 2 June 2003

frequency, immunity after Hib conjugate vaccine
may be lifelong, without the need of further
booster doses.

EFFICACY OF Hib CONJUGATES

The protectiveefficacy of Hib conjugate vac-
cines has been demonstrated in anumber of con-
trolled field trias, both in industrialized [(Fin-
land, UK, USA (Mékelé et al, 1995)] and devel-
oping [the Gambia, Chile (Mulholland et al, 1940;
Levineet al, 1999)] countries. In these trials the
vaccine has been given together with DTPincor-
porated in the national infant immunization pro-
gram, and protection from invasive Hib disease
has been seen dready after the second dose, reach-
ing 90% or more after the third.

After the first of these trials in Finland in
1985-86, the vaccine was offered to all children
coming for their DTP vaccinations, and the cov-
erage reached was over 95%. Thisresulted in an
immediate disappearance of invasive Hib disease
from the vaccinated age groups, and after afew
years also from older children who had never re-
ceived the vaccine. Thisvery strong herd immu-
nity effect — protection of also unvaccinated in-
dividuals — was clearly due to the effect of the
vaccineon carriage of Hib, whichinturn reduced
the chances of being infected. Later on, model-
ing of Hib transmission, immunity and invasive
disease (Leino et al, 2002) and simulation stud-
iesin apopulation model has shown very clearly
the importance of carriage on the epidemiology
of Hib. On apractical level, Hib has disappeared
from areas using conjugate vaccines that are
highly effective in preventing carriage but re-
mained at a low level in areas using a vaccine
(OMPC-conjugate) lesseffectivetowards carriage
(Peltola, 2000; Galil et al, 1999).

WORLDWIDE USE OF CONJUGATE
VACCINES

In the 1990s, Hib vaccine was included in
the infant immunization programsin alarge part
of Europe aswell as North America and Austra-
lia. In each case, this resulted in a near elimina
tion of invasive Hib disease, and was determined
to be highly cost-effective (Lieu et al, 2000). The
introduction of the vaccine in developing coun-
tries has, however, been slow inspite of the good
resultsreported from the Gambia (Mulholland et
al, 1997). In fact, this latter trial produced new
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datathat have amajor importance to the expected
benefits of the vaccine in developing countries.
In addition to the expected reduction of invasive
Hib infections, the results showed an unexpected
20% reduction of pneumoniadefined by consoli-
dation in chest radiograms. The same protection
from pneumonia was subsequently shown in a
randomized trial in Chile (Levine et al, 1999).
This means that Hib causes at least 20% of the
X-ray proven pneumonias, a much higher figure
than thought previously. On this basis one can
calculate that Hib vaccine could prevent 20% of
the 2 million deaths from acute respiratory infec-
tion occurring in children under 5 (Williams et
al, 2002), ie 400,000 deaths annually.

OTHER CONJUGATE VACCINES

As soon asthe good results with Hib conju-
gate vaccines started coming in, it waslogical to
ask whether the same principle and technology
could be applied to other bacteria. The greatest
hopeswere put in apneumococcal conjugate vac-
cine because of the importance of these bacteria
in not only invasive disease but also in pneumo-
niaand the very common otitis media. Problems
were foreseen in the many serotypes of pneumo-
cocci causing these infections. A seven-valent
pneumococcal conjugate vaccine givento infants
was soon shown to be highly efficaciousin pre-
venting invasiveinfections caused by the vaccine
serotypes, and licensed in USA in 2000 (Black et
al, 2000). It wasreceived enthusiastically, and the
present experience, after two years of its use,
shows already herd immunity effects in
nonvaccinated age groups.

The pneumococcal conjugate is also effec-
tive against carriage and otitis media caused by
the vaccine serotypes, although less so than
against invasive infections (Dagan et al, 1996;
Eskolaet al, 2001). The worry hereis, however,
that other serotypes not represented in the vac-
cine seem able to take the place of the vaccine
serotypeshothin carriageandin otitismedia. The
vaccine serotypeswereinitially selected to bethe
ones most common in invasive disease of chil-
dren and thereforelikely to be most virulent; then
their replacement (in carriage) by other types
would be acceptable, since these would be less
virulent and therefore would not cause invasive
disease. The early experience supports this view
but does not eliminate the possibility of emer-
gence of new, virulent types.
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A pneumococcal conjugate vaccine could,
in the best case, be a very welcome vaccine for
developing countries because of the presumed
prominence of pneumococci in pneumonia mor-
tality. Two key questions, however, remain open:
first, the efficacy of the vaccine against pneumo-
nia, and second, the proportion of pneumonias
and pneumonia deaths due to pneumococci. In
the Californiatria for invasive disease a so pneu-
moniawas recorded; the observed reduction was
20% (Black et al, 2002). In arandomized trial in
South Africa, using a 9-valent study vaccine bet-
ter covering serotypes in a developing country
setting, there was also 20% reduction of X-ray
defined pneumonia (Klugman, 2002). In both
casesthe confidencelimitsof theestimate arevery
wide and we do not know how much of the pneu-
moniawas due to pneumococci or, evenless cer-
tain, due to vaccine serotypes. Thus further data
are needed before we can start introduction of
pneumococcal conjugate vaccine in developing
countries. Then there are other issues to discuss:
which serotypes should be included, will there
be a separate cocktail for developing versus in-
dustrialized countries and how to make the price
of the vaccine low enough to be affordable.

Meningococcal conjugate vaccineswould be
primarily needed to prevent the large epidemics
of group A organisms or the smaller, often local,
outbreaks of group C meningococci. Both conju-
gates have been made and shown to be immuno-
genic and safe (Leach et al, 1997). In 2001, the
group C conjugate was included in the national
immunization program in UK ; the effectiveness
of the program is already clear (Ramsay et al,
2000), and other European countries are consid-
ering to follow suit. The group A vaccine has not
proven attractive to vaccine manufacturers,
clearly because its magjor markets would be in
Africa, but it is now on the agenda of the public-
private partnership GAVI, the Global Alliancefor
Vaccines and Immunization (GAVI, see www.
vaccinealliance.org).
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