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Ágrip 

Árlega deyja um það bil 3 milljónir barna undir 6 mánaða aldri úr 
smitsjúkdómum um heim allan. Til eru bóluefni sem vernda gegn mörgum 
sýklum, en flest bóluefni sem notuð eru í dag þarf að gefa nokkrum sinnum til 
að vekja verndandi mótefnamagn. Tíðni smitsjúkdóma, alvarleiki og 
dánartíðni af þeirra völdum er hæst á fyrstu mánuðum ævinnar, áður en 
reglubundnar ungbarnabólusetningar hefjast eða áður en verndandi 
ónæmissvar hefur myndast. Mótefni gegn bóluefnum lækka á 6-9 mánuðum 
frá bólusetningu í þessum aldurshópi og endurbólusetning á öðru ári er 
nauðsynleg til að viðhalda verndandi ónæmissvari og ónæmisminni. Hið 
ákjósanlega bóluefni væri gefið í einum skammti, helst án þess að nota 
sprautunál, og myndi vekja verndandi ónæmi strax og jafnframt veita 
langtímavernd. Best væri að bólusetja við fæðingu, sem gæti stuðlað að hárri 
þekjun bólusetninga, en víða um heim er fæðingin áreiðanlegasti tíminn fyrir 
aðgang að heilbrigðisþjónustu. Til þess að ná þessu markmiði hafa verið 
gerðar rannsóknir á viðbót öruggra og virkra ónæmisglæða í bóluefni, til þess 
að efla þróun bestu bóluefna og bólusetningaleiða fyrir nýbura. 

Doktorsritgerðin fjallar um myndun og viðhald sértækra mótefna og 
minnisfrumna gegn pneumókokkafjölsykru (e. pneumococcal polysaccharide, 
PPS) í nýburamúsum eftir bólusetningu með hreinni fjölsykru eða 
próteintengdu fjölsykrubóluefni, og hvort ónæmisglæðarnir LT-K63 og CpG-
ODN og ólíkar bólusetningarleiðir geti yfirunnið takmarkanir í ónæmissvörum 
nýbura. Músalíkan fyrir bólusetningar og pneumókokkasýkingar var aðlagað 
að nýburamúsum og músarungum. Bóluefni úr fjölsykru af hjúpgerð 1 tengt 
við stífkrampaprótein (Pnc1-TT) reyndist vera ónæmisvekjandi og vernda 
gegn lífhættulegum pneumókokkasýkingum í nýburamúsum og músarungum. 
Bæði mótefnasvar og vernd reyndist þó vera aldursháð. Hrein 
pneumókokkafjölsykra vakti hvorki mótefnasvar í nýburamúsum né 
músarungum, sem er sambærilegt við skort á ónæmissvörum gegn 
fjölsykrum í ungbörnum. Við Pnc1-TT bólusetningu nýburamúsa með stungu 
undur húð (s.c.) og dropum á nefslímhúð (i.n.) juku ónæmisglæðarnir LT-K63 
og CpG-ODN fjölsykrusértæk IgG mótefni marktækt og vernduðu gegn 
pneumókokkasýkingum.  

Aukning IgG mótefnasvars vegna ónæmisglæðanna endurspeglaðist í 
auknum fjölda mótefnaseytandi frumna (e. antibody secreting cells, AbSC) í 
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milta. En það var munur á áhrifum ónæmisglæðanna á myndun 
kímstöðvarhvarfs (e. germinal center, GC) og þroskun kímstöðvarfrumna (e. 
follicular dendritic cell, FDC), sem eru aðaltakmörkunarþættir ónæmissvara 
nýbura. LT-K63, en ekki CpG1826, jók myndun kímstöðva marktækt, vegna 
aukinnar þroskunar FDC, sem leiddi til aukinnar bindingar ónæmisvaka í 
mótefnafléttum, sýnt með litun á FDC-M2 sameindinni. Þetta hélst í hendur 
við far MOMA-1+ jaðarátfrumna (e. marginal metallophilic macrophages) í 
kímstöðvar, en þekkt er að þeir auka kímstöðvarhvarf og virkjun B frumna. 
Kannað var í gegnum hvaða ferla LT-K63 miðlaði hröðun og aukningu í 
þroskun FDC. Í nýburamúsum sem voru bólusettar með Pnc1-TT+LT-K63 
reyndist litun á FDC-M2+, sem einkennir þroskaðar FDC, vera á sama stað 
og aukin tjáning af TNF-α greindist, en TNF-α er nauðsynlegt fyrir viðhald 
þroskaðra FDC og er lítið tjáð í nýburum. Hins vegar var ekki aukning á TNF-
α tjáningu í nýburamúsum sem voru bólusettar með Pnc1-TT+CpG-ODN. LT-
K63 jók einnig viðhald langlífra AbSCs í beinmerg nýburamúsa, sem voru 
sértækar fyrir bóluefnið. 

Í ritgerðinni er einnig lýst myndun fjölsykrusértæks ónæmisminnis við 
endurbólusetningu með hreinni fjölsykru í nýburamúsum, músarungum og 
fullorðnum músum, eftir frumbólusetningu með Pnc1-TT, með eða án LT-
K63. Í nýburamúsum og músarungum leiddi endurbólusetning með hreinni 
fjölsykru af hjúpgerðum 1 eða 19F, undir húð en ekki um nefslímhúð, til 
skerðingar á fjölsykrusértæku mótefnasvari, sem frumbólusetning með Pnc-
TT hafði vakið, en slík skerðing varð ekki í fullorðnum músum. Orsök 
skerðingarinnar var hömlun á Pnc1-TT miðluðu kímstöðvarhvarfi, sem leiddi 
til eyðingar á fjölsykrusértækum AbSCs í milta og takmörkun á fari þeirra í 
beinmerg. Ekki varð frekari lækkun á tíðni fjölsykrusértækra AbSCs í milta og 
beinmerg eftir að mýsnar voru endurbólusettar með öðrum eða þriðja 
fjölsykruskammtinum undir húð. Við hverja endurbólusetningu með hreinni 
fjölskykru um nefslímhúð lækkaði tíðni fjölsykrusértækra AbSCs í beinmerg, 
en minna en við bólusetningu undir húð.  

LT-K63 eykur þannig ónæmisminni gegn bóluefninu Pnc1-TT og 
langtímavernd gegn pneumókokkasýkingum í nýburamúsum. Hins vegar 
veldur bólusetning með hreinni fjölsykru undir húð eyðingu fjölsykrusértækra 
minnisfrumna og langlífra mótefnaseytandi frumna sem hafa myndast við 
frumbólusetningu með próteintengdri pneumókokkafjölsykru. Þetta leiðir svo 
til varanlegrar  fjölsykrumiðlaðar skerðingar ónæmissvars. 

Lykilorð: Nýburi, próteintengt fjölsykrubóluefni gegn pneumókokkum, 
ónæmisglæðar, B frumu minni, skerðing ónæmissvars 
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Abstract 

Each year approximately 3 million children under the age of 6 months die 
worldwide from infectious diseases. Vaccines that protect against many 
pathogens are available, but several administrations of most (currently used) 
pediatric vaccines are needed to induce protective levels of antibodies (Abs). 
Infectious disease incidences, severity and mortality are highest during the 
first months of life, before routine vaccinations are initiated or protective 
immune responses elicited. Vaccine induced Ab immunity wanes 6–9 months 
after vaccination in this age group and a booster dose during the second year 
is essential to maintain the protective immunity and immunological memory. 
The ideal vaccine would be a single dose, preferably needle-free, that would 
ultimately lead to an immediate and long-lasting protection. It should 
preferably be given at birth, due to potentially high vaccine coverage as birth 
is the most reliable contact with healthcare providers worldwide. In order to 
achieve this goal addition of safe and effective adjuvants to vaccine 
formulations has been investigated to advance the design of optimal neonatal 
vaccination strategies. 

This thesis describes the generation and maintenance of pneumococcal 
polysaccharide (PPS)-specific Abs and memory in neonatal mice following 
immunizations with plain PPS or PPS-conjugate vaccine, and whether 
adjuvants, LT-K63 and CpG-ODN, and alternative immunization routes can 
overcome the limitations in neonatal immune responses. A murine model of 
pneumococcal immunization and infection was adapted to early life. PPS of 
serotype 1 conjugated to tetanus toxoid (Pnc1-TT) proved to be immunogenic 
and efficacious against lethal pneumococcal infection in neonatal and infant 
mice. However, both Ab responses and protective efficacy were age-
dependent. Plain PPS-1 induced no Ab response in either neonatal or infant 
mice, as has been observed in human infants. The adjuvants, LT-K63 and 
CpG-ODN, significantly enhanced the PPS-1-specific IgG response elicited 
by subcutaneous (s.c.) and intranasal (i.n.) immunization of neonatal mice 
with Pnc1-TT and protection against pneumococcal infection.  

The adjuvant-enhanced IgG response was reflected in enhanced 
frequency of Ab secreting cells (AbSC) in spleen. However, the adjuvants 
differed in their effects on the induction of germinal center (GC) reaction and 
maturation of follicular dendritic cell (FDC), the major limitations of neonatal 
immune response. LT-K63, but not CpG1826, significantly enhanced 
induction of GCs, through acceleration of the maturation of FDC networks, 
that leads to enhanced retention of antigens in immune complexes, detected 
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by FDC-M2 staining. This coincided with migration of MOMA-1+ 
macrophages into the GCs, known to enhance the GC reaction and B cell 
activation. The possible mechanism of the accelerating effects of LT-K63 on 
FDC maturation was explored. Staining of mature FDC-M2+ FDC networks in 
neonatal mice immunized with Pnc1-TT+LT-K63 colocalized with increased 
expression of TNF-α, which is critical for the maintenance of mature FDCs 
and is poorly expressed in neonates. In contrast, enhanced TNF-α 
expression was not detected in neonatal mice immunized with Pnc1-
TT+CpG-ODN. Furthermore, the long-term persistence of vaccine-specific 
AbSCs in bone marrow of neonatal mice was also enhanced by LT-K63. 

This thesis also describes the induction of PPS-specific memory in 
response to boosters with plain PPS in neonatal, infant and adult mice, 
previously primed with Pnc-TT with or without LT-K63. Plain PPS booster 
either PPS-1 or PPS-19F administered by the s.c. but not i.n. route, 
compromised the ongoing Pnc-TT-induced PPS-specific Ab response in 
neonatal and infant mice, but not in adult mice. This was due to abrogation of 
Pnc1-TT-induced GC reaction resulting in depletion of PPS-1-specific AbSCs 
in spleen and limited homing to the BM. There was no further decrease in the 
frequency of PPS-1-specific AbSCs in spleen and BM after the mice received 
the second or third PPS-1 booster s.c.. Repeated i.n. administration of PPS-1 
also reduced the frequency of PPS-1-specific AbSCs in BM, although less 
profoundly than s.c. immunization.  

Thus, LT-K63 improves Pnc-1-TT induced immunological memory and 
long-term protection in neonatal mice. However, subcutaneous administration 
of plain PPS-1 depletes the PPS-1-specific memory and long-lived plasma 
cells established by conjugate priming, resulting in PS-induced 
hyporesponsiveness. 

Keywords: Neonate, pneumococcal polysaccharide-conjugate vaccine, 
adjuvants, B cell memory, hyporesponsiveness 
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1  Introduction 

1.1 Susceptibility to infectious diseases during the neonatal 
period 

High susceptibility to infectious diseases characterizes the neonatal and 
infant period due to immaturity of the immune system, making them a major 
target group for vaccination. Annually more than 2 million deaths occur in 
infants 1 to 6 months of age due to acute respiratory infections (e.g. 
Respiratory syncytial virus, Bordetella pertussis, Haemophilus influenzae 
type b, Streptococcus pneumoniae) or diarrhea (e.g. rotaviruses, Salmonella 
spp., Shigella spp.), mostly in resource poor countries, many of which are 
vaccine preventable (1, 2). The neonatal mortality, i.e. deaths occurring 
during the first four weeks after birth, is believed to be underestimated in 
many of the high-mortality areas but has been recorded to be 3.0 million 
deaths per year, mostly due to preterm birth complications (1.0 million), but 
0.8 million deaths due to meningitis, pneumonia and sepsis (3). This 
susceptibility highlights the need for effective strategies to prevent infection in 
the neonatal and early infant period and the main focus has been on 
maternal and neonatal vaccination. Furthermore, birth has been shown to be 
globally the most reliable healthcare contact, thus neonatal vaccination has 
the benefits of higher vaccine coverage than immunization at later time-points 
or maternal immunization. There is an obvious need to develop new 
approaches that would be more effective very early in life and require fewer 
doses to generate protective immunity (reviewed in (4, 5)). 

The fetal immune system is under the physiological pressure to avoid 
potentially harmful cellular immunity like polarization of CD4+ T cells to T 
helper cell of type 1 (Th1), excess inflammatory reactions or other 
immunological factors that could induce alloimmune reactions between the 
mother and the fetus (reviewed in (6)). Thus, phenotypic differences among 
cells of the same subtype along with different proportions have been 
described in neonates compared with adults. This distinct immaturity in fetal 
and early neonatal immune cells results in susceptibility to many viral and 
bacterial pathogens and contributes to impaired neonatal immune responses 
to most vaccines (reviewed in (4, 5)).  Currently three vaccines are 
administered at birth in many countries, Bacille Calmette–Guerin (BCG), 
hepatitis B virus (HBV) vaccine and oral polio vaccine (OPV). The BCG 
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vaccine is a live attenuated mycobacterium bovis vaccine and is administered 
within the first few days of life in countries with high burden of tuberculosis. 
The protective efficacy of BCG is 64–73% against meningitis and 77–78% 
against miliary tuberculosis (7). The HBV vaccine is composed of a virus-like 
particle containing the viral envelope protein hepatitis B surface antigen. The 
current strategy to prevent high risk transmission of HBV from mother-to-
infant is by passive immunization of HBV immunoglobulins (Ig) and neonatal 
vaccination. It has been shown that immunization initiated at birth, even in the 
absence of HBV-Ig administration, is 70–80% effective in preventing the HBV 
transmission (8). Administration of attenuated OPV at birth is recommended 
in polio endemic countries and it has been reported that 70–100% of 
newborns develop local intestinal immunity and 30–50% develop serum 
antibodies (reviewed in (9)). However, like for other vaccines administered in 
the first 6 months of life, several doses are required for the induction of 
protective immunity, with the exception of BCG vaccine where only one dose 
is administered. Furthermore, the HBV and OPV vaccines induce lower 
interferon (IFN)-γ (Th1) responses in neonates than in adults (10, 11) as for 
HBV a higher Th2 memory response is induced in neonates than in adults 
(10). In contrast, BCG vaccine is capable of inducing strong Th1 immune 
responses in human neonates (12), where the magnitude of the responses is 
similar to those of infants immunized at 2 or 4 months of age (13). This 
demonstrates that it is possible to manipulate the neonatal immune system, 
possibly through certain antigen-adjuvant combinations in a vaccine 
formulation in order to induce adult-like persistent long term protective 
immunity. 

1.2 Neonatal innate immunity 
The innate immune system is the first line of defense that shields the body 
from microbial invasion, by reducing the number and virulence of 
microorganisms. It also bridges the interval between the pathogenic exposure 
and the induction of adaptive immune response, and it coordinates and 
instructs the adaptive immune response. This system is made up of surface 
barriers like skin and mucous membranes along with the immune cells, such 
as macrophages, dendritic cells (DC), neutrophils, monocytes, eosinophils, 
basophils, mast cells, natural killer (NK) cells and soluble factors. These 
soluble mediators bind to structures on pathogens leading to either 
agglutination, interference with receptor binding, opsonization, neutralization, 
direct membrane damage or recruitment of additional soluble and cellular 
elements through inflammation (reviewed in (14)). The innate immune system 
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detects pathogen-associated molecular patterns (PAMPs) on microorganisms 
(their products e.g., bacterial cell wall components, flagellin, nucleic acids) 
and damage/danger associated molecular patterns (DAMPs) that are 
released by dying or damaged cells (cytokines, intracellular proteins, and/or 
mediators) by means of pattern-recognition receptors (PRRs). PRRs include 
the toll-like receptors (TLRs), the nucleotide-binding oligomerization domain 
(NOD)-like receptors (NLRs), both NOD and NACHT-leucine rich repeat and 
pyrin-domain containing proteins (NALP), the retinoic acid inducible gene 
(RIG)-like receptors (RLRs), and DNA receptors (cytosolic sensors for DNA) 
(reviewed in (15)). PPR activation allows for pathogen-specific tailoring of the 
innate immune response and provides protection against the majority of 
invading microorganisms. PRR activation also leads to production of innate 
inflammatory cytokines that mediate cellular defense responses and killing of 
the pathogen, but is also necessary to prime long-lived adaptive immunity. 

The innate immune defenses are crucial for survival during the first days 
of life, as newborns are confronted with a vast array of potential pathogens in 
contrast to the sterile environment of the uterus. At this age, cellular 
components of the adaptive immune system are in a naive state, relatively 
slow to respond, thus the newborn is dependent on the innate immune 
system and maternally derived antibodies to provide the initial protection. 
However, there is growing evidence that the innate immune system functions 
distinctly from that of adults (reviewed in (6)). 

Following birth, the neonatal skin and the mucosal epithelia are rapidly 
colonized with microbial flora. Newborns are born with a layer of vernix 
caseosa on their skin, secreted by fetal sebaceous glands in the uterus 
during the last trimester, containing antimicrobial proteins and peptides 
(APPs) like lysozyme, α-defensins, ubiquitin and psoriasin, as well as 
antimicrobial free fatty acids that bear protective functions such as antifungal 
activity, opsonizing capacity, protease inhibition, parasite inactivation and 
direct killing of microorganisms (16). Furthermore, the vernix provides a 
barrier to water loss, improves temperature control, and is important for 
maintenance of the pH balance of the skin and thus sets the stage for 
appropriate colonization with commensal organisms instead of pathogens 
(17). At birth there is an increased expression of innate immune soluble 
molecules like cathelicidin and β-defensin peptides by skin epithelium, 
however, in contrast, the cellular concentration of lysozyme 
bactericidal/permeability-increasing protein (BPI) in neutrophils is lower 
compared with adults (18). Early activation of the immune system through 
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commensal flora is important for the maturation of the neonatal immune 
system as the cytokines interleukin-1β (IL-1β) and IL-6 activate the 
transcription factor CCAAT/enhancer-binding protein (C/EBP) that triggers 
hepatocytes to initiate their production of plasma proteins, such as the C-
reactive protein (CRP), lipopolysaccharide (LPS)-binding protein (LBP) (19), 
soluble CD14 (20) and mannose-binding lectin (MBL) (reviewed in (21)), 
which play an important role in clearance and detoxification of microbes and 
microbial toxins. The levels of these molecules are low at birth but rise during 
the first week of life. 

The fetal intestinal tract is bathed in sterile amniotic fluid, but upon 
delivery there is a rapid transition to primary colonization as the newborn is 
exposed to maternal and environmental microbes (22). Establishment of 
certain colonization patterns of the gut microbiota during the first few weeks 
of life influences the development of the immune system, but  can be 
influenced by mode of infant delivery, neonatal nutrition, antibiotic exposure, 
stress and degree of hygiene (reviewed in (23)). For example, early 
Bifidobacterium colonization has been associated with enhanced maturation 
of the mucosal immunoglobulin A (IgA) system (24) and breast fed infants 
have higher colonization levels of Bifidobacteria spp (25). Breast milk 
contains high concentrations of immune modulatory factors like IgA, 
nucleotides, oligosaccharides, APPs, like lactoferrin, lysozyme and soluble 
CD14 (26). 

Maturation of IgA secreting plasma cells is induced by the initial microbial 
flora colonization following birth which can be influenced by several factors, 
including mode of delivery and neonatal nutrition. Passive transfer of 
maternal IgA with the breast milk has a considerable protective role against 
potential and commensal pathogens, it shields the neonatal immune system 
from the microbiota that initially is acquired from the mother. Thus, 
environmental factors can play a role in the design of optimal strategy to 
improve vaccine-induced immunity in early life (reviewed in (23)). 

The mucosal and epithelial surfaces form the first line of defenses against 
infection but beneath the epithelium the defense against invading 
microorganism is first provided by residential tissue macrophages, DCs, mast 
cells and soluble factors, such as the APPs and complement factors. During 
the initial detection the pathogen is recognized nonspecifically via scavenger 
receptors (SRs) that interact directly with the pathogen, Fc receptors 
recognizing opsonizing serum antibodies (Abs) or complement receptors 
binding activated complement factors, but also through PRRs that recognize 
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PAMPs. Following detection these cells amplify the recruitment of 
neutrophils, monocytes, DCs and lympocytes through production of 
inflammatory mediators (complement, cytokines, coagulation factors, and 
extracellular matrix proteins), phagocytosis and present pathogen antigens 
(Ags) to cells of the adaptive immune system. Initial pathogen detection and 
innate responses by these cells are critical for the development of an 
effective host immune response (reviewed in (27)). 

1.2.1  Complement and APPs 

The complement system plays a sentinel role in innate defenses against 
many pathogens. Complement components are expressed in the fetus, and 
their production increases with age after birth reaching adult levels around 6-
18 months of age. C3 is lower in serum of human infants (28) and neontal 
mice compared with adults (29). Neonatal and infant B cells have low 
expression of CD21 (complement receptor 2; CR2) which explains their 
inadequate response to polysaccharides, as CD21 cannot bind 
polysaccharide-C3d complexes sufficiently and antibodies are not produced 
(30). 

MBL recognizes a variety of carbohydrate patterns on infectious 
microorganisms. MBL concentrations in premature and full term neonates are 
lower than in adults (31), but rise steadily during the first weeks of life, 
possibly as a consequence of the skewing of neonatal cytokine responses 
towards IL-6 that induces acute phase response as previously described.  

APPs, expressed by leukocytes and epithelial cells, are believed to be 
ancient components of innate immune defense and possess the ability to kill 
microorganisms and neutralize their surface components. Some APPs can 
modulate the adaptive immune response, like BPI, a neutrophil-derived 
primary granule protein with endotoxin binding activity, shown to enhance 
antigen presenting cell (APC) function (32). Neonatal neutrophils are deficient 
in BPI expression (18) which could impair delivery of naturally shed Gram-
negative bacterial LPS outer membrane blebs to APCs. Neonatal neutrophils 
contain similar amounts of myeloperoxidase and defensins as adults, but less 
of lactoferrin and elastase (6). Indeed there is an age-dependent maturation 
in expression of a broad range of APPs in human neonatal blood, and thus 
the extent these molecules contribute to modulating the adaptive immune 
responses (33). As mentioned previously the production of APPs that are 
found at the surface of epithelium layers seems not be delayed early in life. 
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1.2.2    Toll-like receptors 

Toll-like receptors (TLRs) are the most studied PRRs and are type I 
transmembrane proteins with ectodomains composed of extracellular leucine-
rich repeat (LRR) motifs that mediate the recognition of PAMPs. Intracellular 
toll–interleukin 1 (IL-1) receptor (TIR) domains are required for downstream 
signal transduction. TLRs are expressed by many cell types, including non-
immune cells like epithelial cells. In humans and mice, 10 and 12 functional 
TLRs have been identified, respectively, with TLR-1–TLR-9 being conserved 
in both species. TLR-1, -2, -4, -5, -6 and -11 are expressed on the cell 
membrane and recognize mainly microbial membrane components, such as 
lipids, lipoproteins, peptidoglycans and proteins. TLR-3,-7, -8 and- 9 are 
expressed in intracellular vesicles, such as the endoplasmic reticulum, 
endosomes, lysosomes and endolysosomes, where they recognize microbial 
nucleic acids. Each TLR has its individual specificity and a distinct function in 
terms of PAMP recognition and immune response (reviewed in (27)).  

During the first 5 years of life the expression of TLRs by mononuclear 
cells appears to be stable with similar patterns as in adults (34) (35). 
However, the cytokine productions induced by most TLR agonists are distinct 
from those of adults with the characteristics of impaired Th1 cytokine 
responses, especially IL-12, tumor necrosis factor-alfa (TNF-α), and IFN-γ, 
but similar or greater production of IL-6, IL-23 (Th17) and IL-10 (anti-
inflammatory) (reviewed in (36)). The production of IL-10, IL-6, and IL-23 
declines over the first years of life and completely parallels with the steady 
increase in production of the proinflammatory cytokines TNF-α, IL-1β in 
whole blood, monocytes and conventional DCs (37-39).  

The underlying molecular mechanisms responsible for the developmental 
change of TLR-mediated innate functions early in life have not been fully 
clarified. The best-studied differences between newborns and adults in 
transcriptional regulation of innate immune genes are the interferon response 
factor (IRF) family of transcription factors, IRF3, IRF5, and IRF7 (40). 
Production of type 1 IFN after TLR-7 and TLR-9-ligand stimulation is 
strikingly reduced in newborns compared with adults and seems to be due to 
impaired nuclear translocation of IRF7, that mediates the production of IFN-α 
and -β (41). However, there is a rapid maturation of type 1 IFN production 
around 2 months of age, but compared with adult responses it remains lower 
throughout the first 18 months of life (42). The TLR-3 or TLR-4-ligand 
stimulation through TRIF-dependent activation of IRF3 is also compromised 
in neonatal DCs, which leads to impaired production of type 1 IFNs and 
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interferon-dependent genes. Induction of IL-12p35, which together with IL-
12p40 is necessary for production of IL-12p70, requires direct recruitment of 
IRF3 and activation of the autocrine feedback loop triggered by type 1 IFNs 
(43) and the IL-12p70 production does not reach adult levels until after 2 
years of age. The myeloid differentiation factor 88 (MyD88)-dependent 
pathway is similar in adult and neonatal cells, although lower MyD88 
expression has been reported in cord blood monocytes and neutrophils (44, 
45). In contrast, IRF5 nuclear translocation and activation of the transcription 
factors nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
and mitogen-activated protein kinases (MAPK) that are crucial for the 
expression of IL-12 p40 and IL-23 p19 are not impaired in newborns. TLR 
agonist stimulation of neonatal mononuclear cells induces coordinated 
expression of p19 and p40, resulting in higher IL-23 secretion than in adults 
(37, 38). Mycobacterium activates immune response via TLR-2, -4, -8 and -9, 
and its ability to induce high Th1-polarized immune responses at birth is 
believed to be due to its activation through TLR8 (reviewed in (33)). 
Accordingly, TLR-8 and TLR- 7/8 agonists (synthetic imidazoquinolines and 
single-stranded viral RNA) induce robust immune responses in human 
neonatal cord blood-derived monocytes and myeloid DCs through 
phosphorylation of p38 MAPK, NF-κB activation, leading to production of 
TNF-α and IL-12, and up-regulation of costimulatory molecules like CD40, 
similar to that in adults (46). It has recently been reported that prenatal skin 
already expresses the same spectrum of TLRs as adult skin and many TLRs 
are significantly higher expressed in prenatal (TLRs 1-5), infant and child 
(TLRs-1 and -3) skin than in adult skin (47). 

Little is known about the developmental expression of NLRs and RLRs at 
birth or in neonates. RLRs are cytosolic sensors for viral RNA that is 
produced during viral infections, that leads to IRF3 and NF-κB activation, 
whereas NLRs detect cytosol bacterial components and include members of 
the NOD subfamily (reviewed in (33)). 

It has recently been demonstrated that whole-blood concentrations of 
innate immune cells and TLR-mediated cytokine responses could be 
modulated by environmental exposure during the first month of life, and 
breastfeeding had the most influence on both (48). Breast milk contains many 
TLR modulating factors, including soluble TLR-2, which competitively inhibits 
signaling through TLR-2 and another factor that activates TLR4-mediated 
transcriptional responses in human intestinal epithelial and mononuclear cells 
(reviewed in (6)). A dramatic difference in the ontogeny of the TLR-induced 
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responses has been demonstrated between different populations, the 
resource-rich vs. resource-poor countries (37-39, 49-52), especially to the 
TLR-4 ligand, LPS, or TLR-9 ligand, unmethylated cytosine-phosphate-
guanosine oligodeoxynucleotide (CpG-ODN), where the IFN-γ and IL-12p70 
production increased over the first year of life in resource-rich infants (37, 39) 
but decreased or no response was detected in infants from resource-poor 
countries (49, 50, 52, 53). This supports the notion that environmental 
exposure is a major immunomodulator of TLR-mediated cytokine production 
and affects the maturation of the neonatal immune system (reviewed in (54, 
55)). 

1.2.3   Cells of the innate immune system 

Activation of residential tissue macrophages, dendritic cells and mast cells 
against any pathogen that breaks the physical barriers of the mucosal and 
epithelial surfaces has multiple effects, including secretion of inflammatory 
cytokines and recruitment of many immune cells. Neutrophils are the first 
cells to be recruited, followed by circulating monocytes that differentiate into 
tissue macrophages or DCs when crossing the endothelial barrier (depends 
upon stimulation, macrophage colony-stimulating factor (M-CSF) or 
granulocyte/macrophage colony-stimulating factor (GM-CSF) and IL-4, 
respectively) and release proinflammatory cytokines along with the residential 
tissue macrophages and DCs (reviewed in (56)). The stress associated with 
the birth process is an often-overlooked influence on immune function in 
neonates. Corticosteroids are elevated in cord blood and the plasma during 
birth, and are known to affect inflammatory responses, cell trafficking, cell 
survival, lymphocyte proliferation, antigen processing and presentation, and 
cytokine expression, favoring Th2 type responses (reviewed in (57)). 
Furthermore, low oxygen tension due to prolonged labor, uterine contractions 
and/or fetal distress are known to increase the production of IL-6, IL-8 and 
adenosine, an endogenous purine metabolite that inhibits TLR2-mediated 
TNF production through the activation of A3 adenosine receptors on neonatal 
mononuclear cells (reviewed in (58)). 

Monocyte and macrophages. Monocytes differentiate into tissue 
macrophages or DCs when crossing the endothelial barrier and release 
proinflammatory cytokines (reviewed in (56)). Monocytes and macrophages 
in the newborns are comparable in numbers to those in adults but are 
functionally immature, as they were unable to respond appropriately to TLR 
stimulation (35, 59). Isolated CD11b+ neonatal murine splenic monocytes and 
macrophages expressed adult like levels of major histocompatibility complex 
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class II (MHC class II), CD86, SR-A, CR3 and F4/80 after LPS stimulation but 
produce less proinflammatory cytokines, such as TNF-α, IL-1β IL-6 and IL-
12, due to defective transcriptional mechanism, and three- to fivefold more IL-
10 than in adults (59). This is associated with excessive p38 MAPK activity 
that seemed to inhibit TLR-2-, -4-, and -9-induced production of 
proinflammatory cytokines (60) and lead to the inability of neonatal mouse 
macrophages to support adequate B cell responses. Accordingly, isolated 
macrophages from spleen of neonatal and infant mice stimulated with killed 
pneumococci in vitro showed significantly reduced cytokine production, 
including that of chemokine (C-X-C motif) ligand 1 (CXCL1)  or keratinocyte-
derived chemokine (KC), granulocyte colony-stimulating factor (G-CSF), GM-
CSF, CCL2 (macrophage chemoattractant protein 1 (MCP-1)), IL-6, IL-1 α, 
TNF-α, and IFN-γ, whereas IL-10 expression was significantly increased 
compared with adult macrophages (61). MHC class II expression was 
decreased but their ability to phagocytose pneumococci was not reduced 
(61), as also shown with Escherichia coli (62). However, delayed clearance of 
Pneumocystis carinii by alveolar macrophages from the neonatal mice has 
been reported (63). Thus, it could depend on the size of the particle to be 
phagocytosed. 

Mast cells are found in most tissues of the body, particularly in close contact 
with the external environment, such as in skin, airways, and intestines. Mast 
cell activation leads to production of vasoactive mediators and cytokines and 
promotes inflammation. It has been shown that mast cells can be activated 
by interacting directly with pathogens through PRRs, including the TLRs, 
NLRs, C-type lectins such as Dectin-1 and the glycosylphosphatidylinositol-
anchored protein CD48 (reviewed in (64)). Mast cells can also directly kill 
organisms by phagocytosis and production of reactive oxygen species. They 
produce APPs, like cathelicidins, both constitutively and in response to 
stimulation (reviewed in (65)) and are able to produce extracellular traps in 
vitro, which kill organisms (66). It has been speculated that mast cells might 
function as APCs as activated mast cells can up-regulate expression of MHC 
class II and co-stimulatory molecules and they have been visualized in vivo 
physically interacting with CD4+ T cells and have been reported to present Ag 
to human CD4+ T cells (reviewed in (65)),(67). Thus, mast cells seem to play 
a major role in modulating both innate and adaptive immune responses, 
along with macrophages and DCs. Little has been reported on the 
maturational status of mast cells in neonates except that neonatal mast cells 
secrete significantly more of the vasoactive mediator histamine following 
stimulation than adult mast cells (68). Histamine is able to modify immune 
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responses through histamine receptor 2 by altering DC cytokine production, 
increasing IL-10 and down-regulating IL-12 production, subsequently 
enhancing the T cell polarization towards the Th2 phenotype (69). Thus, in 
neonates mast cells contribute to the bias against Th1-cell-polarizing 
differentiation and its tendencies towards tolerance induction (reviewed in (4)) 

Neutrophils are polymorphonuclear cells of the granulocyte family. 
Neutrophils are one of the major phagocytes and upon invasion of pathogens 
are rapidly recruited into the infected tissues (reviewed in (70)). Neonates 
have less storage pool of bone marrow neutrophils due to insufficient number 
of myeloid progenitor cells (approx. ¼  of adult number), leading to 
inadequate production of neutrophils in response to stress conditions, 
contributing to the high incidence of morbidity and mortality in neonatal 
bacterial sepsis (reviewed in (71)). Furthermore, neonatal neutrophils have 
various functional deficiencies, especially during the first weeks (reviewed in 
(72)). There is a massive release of neutrophils right after birth peaking 
around 6-8 hours of age in human neonates (reviewed in (73)). In <1 month 
old children neutrophils have limited capacity to adhere to vascular 
endothelium as they express lower levels of L-selectin than in adults (74). 
Furthermore, impaired recruitment of neonatal neutrophils to inflammatory 
sites could be due to high concentration of IL-6 in serum of human neonates 
(19), as IL6 has been shown to reduce neutrophil migration to inflammatory 
site (reviewed in (75)). Reduced levels of IgG antibodies and complement 
proteins in infancy also play a part in decreased phagocytosis, leading to 
impaired opsonization, along with reduced expression of CR3 and Fragment, 
crystallizable γ receptor (FcγR) III, which reach adult expression at 2 weeks 
of age (76). Formation of neutrophil extracellular traps (NETs), a mechanism 
to localize and contain pathogens, is nearly absent in neonates, thus 
predisposing neonates to widespread sepsis (reviewed in (77)). 

NK cells are an essential part of the innate immune responses to infections, 
especially to broad range of viruses. Activation and function of NK cells is a 
tightly regulated interplay between inhibitory and activating signals induced 
by receptors expressed on their surface and cytokines produced by the NK 
cells themselves or other innate immune cells, such as macrophages and 
DCs (reviewed in (78)). NK cell blood counts are higher in newborns than in 
adults especially during pediatric infections but with less ability to produce 
IFN-γ, increased expression of the inhibitory CD94/NKG2A receptor and a 
lower cytolytic capacity (reviewed in (79)). Recently, it was demonstrated that 
transforming growth factor β (TGF-β)  signaling limits maturation of NK cells 
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in neonates, explaining partially the deficient NK cell response during the 
neonatal period (80). 

1.2.4   Dendritic cells, the link between the innate and adaptive 
immune system 

DCs play a major role in linking the innate immune system with the adaptive 
immunity, acting as the primary professional APCs initiating, coordinating and 
instructing the adaptive immune responses. DCs are a heterogeneous cell 
population, that belongs to the hematopoietic system and arise from CD34+ 
stem cells in the bone marrow that differentiates into common DC precursor 
cells that proliferate and migrates to lymphoid and non-lymphoid tissues. At 
least two major subgroups of DCs have been described, the myeloid DCs 
(mDCs) and plasmacytoid DCs (pDCs) (reviewed in (81)). The mDCs are the 
„conventional” DCs that have a strong capacity to capture antigens in the 
periphery and migrate to the lymphoid organs to initiate the adaptive immune 
response. They express high levels on their surface of MHC class II and 
CD11c, and the costimulatory molecules CD80 and CD86, that has been 
established as hallmarks of DC maturation during an immune response, with 
CD86 expressed at early stages but CD80 (and CD83) up-regulated on 
mature DCs (reviewed in (82)). pDCs are found in the circulation and 
peripheral lymphoid organs and secrete large amounts of IFN-α and IFN-β 
upon activation (reviewed in (83)). A new population of DCs has been 
identified, called monocyte-derived dendritic cells (moDCs), as it 
differentiates from monocytes during infection/inflammation (reviewed in 
(81)). Immature mDCs travel throughout the body and can invade peripheral 
tissues to take up antigens from infected or dying cells via macropinocytosis, 
phagocytosis, and endocytosis. The receptors of the C-type lectin family play 
a big role in directly capturing Ags and directing them to Ag processing. DCs 
can also recognize intracellular host factors released to the extracellular 
space due to cell damage/apoptosis, including DAMPs like HMGB1 and 
S100A/B proteins. mDCs express TLR-1, TRL-2, TRL-4, TLR-5, and TLR-8, 
while pDCs express mainly TLR-7 and TLR-9. Activation of the TLR-signaling 
cascade leads to DC activation, maturation, expression of immune activating 
mediators and migration to afferent lymph nodes to present Ags to T cells 
and B cells (reviewed in (84)). Mature mDCs secrete high amounts of 
inflammatory cytokines, such as IL-12p70, necessary for the differentiation of 
naïve T cells towards Th1 cells. In principle, DCs unite at least four signals in 
the immune synapse through: 1) MHC:Ag that interacts with the T cell 
receptor complex, 2) interaction between CD80/CD86 and CD28 on T cells, 
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3) the establishment of the interaction between CD40 on DCs and CD40L on 
T cells, 4) leading to increased IL-12p70 production by the DC, Th1 
polarization and IFN-γ secretion, which is necessary for the recruitment of 
macrophages and cytotoxic T cells (reviewed in (84)). 

The total number of DCs in major lymphoid organs of neonatal mice is not 
only 12-50 fold lower than in adults (85-88) but the splenic DC subset 
composition also differs. The pDCs (CD11clow) are 30-40% of total spleen 
DCs during the first 2 to 3 weeks of life, compared with 10-15% in adult 
spleen, in contrast, 60-70% of neonatal DCs in spleen are mDCs (CD11chigh) 
compared with 85-90% in adults (87). Expression of MHC class II on splenic 
DC is also low during the first days of life but reaches adult levels by 2 weeks 
of age (88). However, in neonatal mice intraperitoneal injection of CpG-ODN 
1826 (to mimic microbial stimulation in vivo) induces a strong up-regulation of 
MHC II, CD40, CD86 and CD25 on DCs (87). Accordingly, in vitro stimulation 
of neonatal DCs with LPS has been shown to induce a strong up-regulation 
of these activation markers to a similar extent as on adult DCs (85). 
Furthermore, the fraction of CD4−CD8α+ mDCs in spleen is higher in 
neonates (50–60% compared with 20–25% in adult) and the fraction of 
CD4+CD8α− DC is lower (10–20% compared with 50–60% in adult)(88), and 
does not increase until 2 weeks of age (87). After in vitro stimulation of 
CD8α+ DCs with GM-CSF, IFN-γ, IL-4, and CpG-ODN 1668 the IL-12p70 
production in 7 days old neonatal mice was 2-3 fold lower than from adult 
CD8α+ DCs, but similar amount was produced by CD8α− DCs from the two 
age groups. The characteristic pattern of CD8α+ DCs as the major IL-12p70 
producer, as in adult mice, was established by 2 weeks of age (88). 
Furthermore, in vitro stimulation with TLR9 and TLR3 agonists (CpG1826 
and Poly I:C, respectively) induced higher IFN-γ and IFN-α secretion by 
neonatal DCs than by adult DCs (87). It has also been shown that neonatal 
DC can efficiently take up, process and present Ag to T cells in vitro and 
induce specific cytotoxic T lymphocyte (CTL) responses in vivo (85). So, 
even though there are fewer DCs in neonatal mice and their subset 
distribution differs from that in adults, there seems to be a fully functional Ag 
uptake, activation and cytokine production capacity of DCs at 7 days of age. 

Human neonatal DCs studies have mostly been carried out by using in 
vitro moDCs from cord blood or isolated cord blood DCs, due to low 
frequency of DCs in peripheral blood. Both have been reported to express 
reduced IL-12p70 and IL-12p35 mRNA after activation with various stimuli 
compared with adult DCs, including lower expression of MHC class II, CD80, 
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CD86 and CD40 (reviewed in (89)), but MHC class II and CD54 up-regulation 
did not differ upon TLR-9-ligand stimulation of cord blood pDCs (90). In 
contrast to pDCs from neonatal mice, pDCs isolated from human cord blood 
show impaired IFN-α production in response to CpG-ODN (90) and as 
mentioned previously, pDCs isolated from cord blood show defective TLR-9 
mediated activation due to a limited IRF7 nuclear translocation (41). MoDCs 
from cord blood have also been reported to produce lower TNF-α, IL-1, IL-6, 
and IL-12 after LPS stimulation, combined or not with IFN-γ, compared with 
adult moDCs (reviewed in (89)). This neonatal deficiency might partly be due 
to the high cytosolic concentrations of inhibitory cAMP in cord-blood 
mononuclear cells that is induced during birth (reviewed in (58)). In contrast, 
recent data demonstrated that neonatal cord blood pDCs can potently 
participate in innate immunity in the context of viral infection (90). However, a 
study using a whole-blood assay in order to take into account the possible 
implication of plasma factors on TLR responses, demonstrated that surface 
expression on mDCs of CD80 and MHC class II reached adult levels within 
the first 3 months of life but 6–9 months of life on monocytes and pDCs (39). 
Production of TNF-α, IP-10 and IL-12p70 after LPS stimulation reached adult 
levels between 6–9 months of life. However, production of type I IFN-
dependent chemokines (IP-10 and CXCL9) gradually increased with age but 
was still limited in 1 year old infants compared with adults after CpG-ODN 
stimulation (39).  

DCs are the primary source of IL-12 and IL-23, both existing as 
heterodimers with a common p40 subunit. The p40 subunit mainly functions 
in conjunction with either p35, to form IL-12, or p19, to form IL-23, that 
support differentiation and maintenance of Th1 or Th17 cells, respectively 
(reviewed in (91)). In term neonates p19 and p40 are expressed, but p35 is 
barely detectable, resulting in a profound lack of IL-12 that results in higher 
production of IL-23, leading to the Th2 and Th17 bias observed during early 
life (38, 92) which will be further discussed in the T cell chapter (1.3.1). 

Taken together both human and mouse APCs are evidently deficient in 
their Ag presenting abilities but under certain circumstances these cells are 
competent to function at adult levels. However, the neonatal innate immunity 
remains far from completely understood but it is evident that environmental 
exposure is a major modulator of innate immune ontogeny. 
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1.3  Neonatal adaptive immunity 
Adaptive immunity plays a critical role at later stages of infection and 
responses to vaccination that include the generation of Ab responses, 
induction of Ag-specific cells, discriminating between ‘self’ and ‘nonself’ 
antigens, and recruitment of immune cells to the site of infection or challenge. 
This leads to the killing of infected cells and/or clearance of the Ag and 
importantly also the development of specific immunological memory. The two 
main cellular components of the adaptive immunity, the B and T cells are 
responsible for the generation of humoral and cellular immunity, respectively. 
In many species, absolute counts of both B and T lymphocytes are low at 
birth, but increase rapidly in the first weeks of life. However, in humans the 
total counts of B and T cells are high from birth compared with adults and 
increase rapidly during the first 6 weeks and remain higher than in adults for 
at least 1 year (reviewed in (57)). 

1.3.1  T cells 

T cells are classified into subsets based on expression of the T cell receptor 
(TCR), either αβ or γδ and its co-receptors (CD4+ or CD8+). Naive CD4+ T 
cells differentiate into effector cells with specialized cytokine secretion to 
perform critical immunologic functions and provide flexibility to the immune 
response. However, it depends upon the nature and strength of the Ag 
stimulus and the cytokine milieu into which subset of effector cell CD4+ T 
cells differentiate: T helper (Th) cells, Th1, Th2, Th17, Th9, T follicular helper 
(Tfh) cells or the regulatory T (Tregs) cells (reviewed in (93)). Th1 cells 
promote cell-mediated immunity to intracellular pathogens and develop from 
naïve CD4 T cells after activation via TCR engagement in the presence of IL-
12. They express the Th1 lineage-associated transcription factor T-bet that 
drives secretion of IFN-γ, the signature cytokine of Th1 cells. Th2 cells 
develop after activation in the presence of IL-4 and express the lineage-
associated transcription factor GATA3. They secrete IL-4, IL-5, IL-10, and IL-
13, and are important in responses against helminths and environmental 
allergens (reviewed in (94)). Th17, Th9, Tfh and Tregs mediate disease 
progression and/or tune down the immune response (93). 

The early life T cell immune response is skewed towards Th2-/Th17-
polarization and anti-inflammatory cytokine production due to relatively 
impaired Th1-promoting cytokine production, along with other features that 
promote the neonatal Th2 bias (reviewed in (4, 6, 36)).   
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Circulating human and mouse neonatal T cells have been reported to be 
fundamentally different from naïve adult T cells as a high proportion bears the 
characteristics of recent thymic emigrants, high frequencies of proliferating T 
cells along with proneness to go into apoptosis (95, 96, 97). However, most 
neonatal naïve T lymphocytes express the CD45 RA isoform, the 
costimulatory molecules CD27 and CD28, like adult naïve T cells, but in 
contrast naïve neonatal T cells express CD38 (reviewed in (98)). T cells are 
around 40% of spleen cells in adult mice, but less than 5% in neonatal mice. 
In contrast, their proportion is similar in lymph nodes (reviewed in (4)). 

A Th2 bias has been well documented in neonatal mice (reviewed in (4, 
99-101)) and human newborns ((102-106), 98) in association with high 
production of IL-4 and IL-13, but low IFN-γ and IL-2 production. In murine 
neonates CD4+ lymph node cells were shown to produce high levels of both 
IL-4 and IL-13 within 24 hr of activation prior to any cell divisions (107), 
contrary to adult CD4+ T cells that require many days of differentiation, 
proliferation and genetic modifications before Th2 cytokines production is 
initiated (93). The Th2 locus in naïve neonatal CD4+ T cells has pre-existing 
epigenetic characteristics similar to effector Th2 cells in adult mice, with DNA 
hypomethylation at regulatory regions of the Th2 locus, but is absent at the 
Ifng and Foxp3 loci (108). This explains the immediate production of Th2 
cytokines and the rapid development into Th2 cells, and was primarily 
observed in murine spleen, but not lymph nodes. In  humans low production 
of IFN-γ by cord blood CD4+ T cells is associated with hypermethylation at 
CpG and non-CpG (CpA and CpT) sites within and adjacent to the IFN-γ 
promoter (104) in contrast to hypomethylated regions downstream of the IL13 
gene (105). Furthermore, it has been shown that the delayed maturation of 
CD4-CD8α+ DCs and their low IL-12 production results in higher expression 
of IL-13 receptor α1 (IL-13Rα1) in neonatal Th1 cells that forms a 
heteroreceptor with IL-4Rα which upon re-challenge results in IL-4-driven 
apoptosis by CD4+ T cells that are able to differentiate into a Th1 cell (109, 
110). This up-regulation of IL-13Rα1 expression in neonatal Th1 cells 
gradually declines as IL-12 productions increases. However, in neonatal 
murine models strong Th1-inducing adjuvants, such as DNA vaccines (111) 
and CpG-ODN (112) elicit adult-like Th1 responses. Similarily, human 
newborns produce a Th1 response against the tuberculosis vaccine BCG, 
which is quantitatively and qualitatively similar to that in adults (12, 13). Thus, 
neonates are competent to develop mature Th1 responses when sufficient 
amount of co-stimulation and/or Th1-inducing substances are provided. 
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Th17 cells, express the lineage-associated transcription factor retinoic 
acid receptor-related orphan receptor γ-t (RORγt) and secrete IL-17A and IL-
17F as well as IL-1β, IL-6, TNF-α, IL-21, and IL-22. Their differentiation from 
naive CD4+ T cells requires TGF-β+IL-6 (mice)  or IL-6+IL1-β ( humans), 
which primes initial differentiation of IL-17-producing Th17 cells and 
expression of RORγt, but subsequent exposure to IL-23 produced by DCs 
and macrophages is required for the functional maturation and pathogenic 
function of Th17 cells. Th17 cells have been shown to be critical in protection 
against bacterial infections, including Streptococcus pneumoniae, and in 
linking the innate and adaptive immune responses, particularly at epithelial 
surfaces as IL-17A is a potent inflammatory cytokine, due to its ability to 
mobilize, recruit and activate neutrophils (reviewed in (94)). Th17 responses 
may be more easily triggered in young children, possibly as a result of 
preferential production of the IL-12(p40)/IL-23(p19) heterodimer by DCs from 
human newborn (92). Accordingly, whole blood cells from South African 
infants were reported to produce higher levels of the Th17 promoting 
cytokines, IL-23 and IL-6 upon in vitro TLR-2/1,-3 and -7/8 activation than 
cells from adults (50). IL-17A response of peripheral blood mononuclear cells 
(PBMCs) to whole cell antigens (WCA) from killed pneumococci was lower in 
Swedish children than adults, whereas no age-dependant difference was 
found between children and adults from Bangladesh (113). However, IL-17A 
response to phytohemagglutinin was significantly lower in PBMCs from 
children than in adults from both countries, but children´s PBMCs from 
Bangladesh produced significantly more IL-17A than cells from Swedish 
children (113). In mice, lower production of IL-17A has been found in 
neonatal than adult mice after a mucosal administration of WCA plus a 
cholera toxin adjuvant (61). 

Tfh cells are essential in providing help to B cells and triggering their 
differentiation into plasma cells (PCs) or memory B cells. Tfh cells can 
differentiate from either a naïve CD4+ T cell or an effector Th1, Th2 or Th17 
cell after they have provided the crucial help to B cells that leads to the 
induction of germinal center (GCs  reaction (114). Tfh cells are mainly located 
in follicles or active GCs and express the follicle homing chemokine receptor, 
CXCR5, other molecules critical for their differentiation and function are the 
transcriptional repressor B cell lymphoma 6 (Bcl-6), programmed cell death 
protein 1 (PD-1) and ICOS. Tfh cells produce IL-21 that is essential for their 
maintenance of the GC reaction (reviewed in (115)). Although the initial 
movement of Tfh cells into follicles can occur without their association with B 
cells, there is a functional correlation between the development of Ag-specific 
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GC B cells and Tfh cells that is essential for the maintenance of Tfh 
phenotype within GCs. GC Tfh and follicular dendritic cells (FDCs) regulate 
the fate of Ag-specific GC B cells that express high-affinity Ig (reviewed in 
(116)). The molecular crosstalk between GC B cells and Tfh influences the 
survival, proliferation and differentiation of each cell type that promotes the 
development of memory B cells and long-lived PCs (117). Accordingly, 
without Tfh cells, GCs are short-lived and ineffective in generating high-
affinity antibodies and B cell memory (118). One of the key cytokines that Tfh 
secrete is IL-21, and a substantial loss of GC B cells occurs in its absence 
(117). Thus, the differentiation of Tfh and their regulation of B cell 
development is critical for effective vaccine responses. Recently, it was 
demonstrated that immunization of neonatal mice induced CD4+ 
CXCR5highPD-1high Tfh cells that expressed Bcl6, c-Maf, ICOS, and IL-21, 
which were able to migrate into the GCs but failed to expand and to acquire a 
full-blown GC Tfh phenotype, indicating that the expansion and differentiation 
was limited by both the microenvironment and T cell-intrinsic determinants in 
the neonate (119). Accordingly, the limited Tfh differentiation was reflected in 
low GC B cells and antibody secreting cells (AbSCs) during early murine life. 
In another study, early life Tfh cells were shown to produce lower levels of IL-
21 and express less GL7, a marker that indicates their localization in GCs 
and full differentiation status (120). DCs have been reported to promote Tfh 
cell formation in vitro through production of IL-6 in mice and IL-12 in humans 
(reviewed in (121)) and low production of IL-6 is found in spleen of mice and 
IL-12 in both species as mentioned previously. This demonstrates that a main 
characteritic of Tfh development in early life is their failure to complete 
differentiation into fully activated GC Tfh cells, thus failing to optimally support 
GC B cell differentiation and survival. 

The characteristic of the newborn immune system is not only its Th2 bias 
but also its tendency to induce tolerance (reviewed in (4)) by Tregs, which 
are believed to be a developmentally and functionally distinct T cell 
subpopulation that is engaged in sustaining immunological self-tolerance and 
homeostasis. Tregs that are CD4+CD25+Foxp3+ and develop in the thymus 
are termed the “natural” Tregs (nTregs). nTregs are specific for self Ags 
presented by thymic epithelial cells and their main function is to control 
autoreactive T effector cells and prevent autoimmune diseases. In contrast, 
Tregs that differentiate in peripheral lymphoid tissues from CD4+ T cells 
through TCR ligation in the presence of TGF-β and IL-2, and up-regulate 
Foxp3+ upon differentiation are called “induced” Treg cells (iTreg). iTreg cells 
are specific for non-self Ags and acquire a regulatory phenotype in response 
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to pathogens or inflammation (reviewed in (122)). At birth, the murine thymus 
contains few nTregs, which increase significantly over the first week of life 
and approach adult numbers by 3 week of age (123). iTregs can be detected 
in 3-day-old mice (124) but do not reach adult levels in peripheral lymphoid 
tissues until 1 week of age (125). In contrast, humans display similar 
frequency of nTregs in fetal and infant thymus (126), but the frequency of 
iTregs in peripheral lymphoid organs falls from ∼15 to 20% of total CD4+ T 
cells at 12 to 20 gestational weeks to ∼3 to 7% at birth. Human neonatal 
CD4+ T cells have an intrinsic "default" mechanism to become Tregs in 
response to various stimulations that dimishes at 2 week of age (127) iTregs 
are believed to play an important role in maintaining the tolerance between 
the mother and fetus (126) as naïve fetal T cells readily differentiate into 
Tregs in response to stimulation. Recently, it was demonstrated that recent 
thymic emigrants are the preferential precursors of iTregs in the periphery 
(128) and high proportions of peripheral T cells in newborns have the 
characteristics of recent thymic emigrants (96), explaining partially the 
readiness of naïve T cells to differentiate into Tregs with suppressive ability in 
early life (127). Tregs play a key role in the control of various aspects of 
immune response, including maintenance of immune tolerance and 
prevention of autoimmunity but early in life they also seem to play a role in 
low and Th2-biased immune responses to vaccination (129), infection (130) 
and persistent pneumococcal nasopharyngeal carriage (131). In a murine 
study, depletion of Tregs by anti-CD25 prior to immunization enhanced IFN-γ 
responses, increased parasite control and durable immunity compared with 
vaccine alone (132). Thus, Tregs need to be taken into account in the 
development of an optimal neonatal vaccination strategy.  

CD8+ T cells differentiate into CTLs that play an important role in immunity 
against viral infection and intracellular pathogens through cytokine production 
and killing of infected target cells (133). Human newborns and young infants 
are vulnerable to various infectious agents, particularly viral pathogens, such 
as respiratory syncytial virus (RSV) and influenza that cause acute infections. 
These are ultimately resolved, suggesting that there is a delayed viral 
clearance rather than a persistent inability to clear the pathogen (reviewed in 
(134)). Human infant CD8+ T cells are able to mount an adult-like response, 
as human cytomegalovirus (HCMV) infection in utero leads to expansion and 
differentiation of mature HCMV-specific CD8+ T cells, which have similar 
characteristics to those in adults (135). However, murine neonatal effector 
CD8+ T-cell responses are deficient both in magnitude and functionality 
during an in vivo viral challenge with influenza (136), herpes simplex virus 
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(125) and RSV (137). Human infants have reduced CD8+ T cell responses to 
herpes simplex virus (138) and the lung tissue of infants with fatal RSV and 
influenza virus demonstrated near absence of a CTL response (139). 
However, despite these differences reported that suggest a deficient cytolytic 
response, a more “adult-like” CD8+ T cell response can be generated under 
certain circumstances, including DNA vaccination and vaccinations with TLR 
ligands (112, 140, 141).  

Taken together, it seems that both neonates and neonatal mice can 
develop mature functional T cells under certain circumstances, although 
prone to Th2 differentiation. Further understanding of the differentiation of 
neonatal T CD4+ and CD8+ cells is a key to intelligent design of future 
neonatal vaccination strategies providing optimal long-lasting protection. 

1.3.2 B cells 

B cells develop primarily in the bone marrow (BM). They first express B cell 
receptor (BCR) on their surface in the form of IgM and as such are classified 
as immature B cells. In adult mice around 1-2 × 107 immature B cells are 
generated daily, where only ~ 3% survive negative selection and are able 
migrate from the BM to secondary lymphoid organs. The majority of them die 
but few are able to pass through the transitional stages of the B cell 
development, T1 and T2, and become mature follicular (FO) or marginal zone 
(MZ) B cells expressing IgM and IgD (142).  

Upon activation, B cells secrete antibodies which can neutralize 
pathogens and their products. Their activation is initiated when a B cell 
encounters an Ag recognized by its BCR so called membrane bound Ig. B 
cells can respond to both soluble and membrane-associated Ag, although it 
has been suggested that membrane-associated Ags are more important for B 
cell activation in vivo (reviewed in (143)). Following antigenic stimulation, B 
cells can process and present Ag-derived peptides in MHC class II 
molecules, thereby recruiting specific CD4+ T cells that stimulate B cell 
proliferation and differentiation, known as T cell dependent (TD) response 
(144). FO B cells, are localized within follicles in the spleen and lymph nodes 
and are responsible for the TD responses. T cells recognize the peptide in 
MHC class II on B cells and CD80 and/or CD86 and CD40 on the B cell bind 
to CD28 and CD40L on the T cells that have previously been activated by 
APCs. B cells can differentiate via distinct pathways: 1) form extrafollicular 
plasmablasts that are essential for rapid antibody production, initially IgM, 
and early protective immune responses or 2) enter GCs, where they 
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proliferate, go through affinity maturation and class-switching from IgM to 
IgG, IgA or IgE and differentiate into either PCs, which secrete high-affinity 
antibodies, or memory B cells. Both long-lived PCs that have homed to the 
bone marrow and memory B cells confer long-lasting protection (reviewed in 
(145)). FO B cells are 80-90% of B cells in adult mouse spleen and 
recirculate among the follicles. MZ B cells are 5-10% of the B cells in adult 
spleen and located primarily in the MZ (146). In vivo MZ B cells differentiate 
into PCs in response to low doses of Ags, much faster than FO B cells (147), 
initiating the plasmablast wave during the first 3 days, mainly IgM, particularly 
against T cell independent (TI) Ags (reviewed in (148)). TI Ags are mainly 
highly conserved carbohydrate and glycolipid determinants that have been 
further categorized into two types, type 1 are microbial products such as 
lipopeptides and LPS that provide a second stimulating signal via TLRs. TI 
type 2 Ags are typically multivalent that lead to extensive crosslinking of 
BCRs, deliver a prolonged and persistent signal to the B cell via Bruton's 
tyrosine kinase (Btk) (reviewed in (148)). 

 

1.4 B cell responses in early life 
Most currently used vaccines mediate their protective efficacy through the 
generation of neutralizing antibodies. Immaturity of the humoral immune 
system in early life causes relatively weak vaccine-induced responses. 
Neonatal Ab responses are delayed in onset, reach lower levels, have lower 
affinity and are of shorter duration than in adults. Persistence of maternal 
antibodies (MatAbs) that decline at 3-6 months after birth may limit neonatal 
and infant Ab responses. Thus, multiple primary doses are needed in early 
infancy and boosting during the second year of life (reviewed in (4, 5, 149-
151)). There are great qualitative differences between adult and neonatal Ab 
responses, although significant TD (IgG) responses can be induced both in 
human infants and young mice, indicating that the T cell help is sufficient to 
promote isotype switching from IgM to IgG in early life B cells. However, the 
IgG subclass pattern differs, with relatively high IgG1/IgG2a and IgG1/IgG2 
ratios in mouse and human infants, respectively reflecting Th2 biased 
condition (reviewed in (4)), although the relationship between Th1/Th2-
associated cytokines and IgG subclasses in humans is less clear. The 
peripheral B cell pool during infancy is predominantly composed of 
transitional and naïve B cells that decreases rapidly during the first years of 
life, whereas a gradual increase of memory B cell population occurs with age 
(152). The inability of neonates and infants to respond to polysaccharides 
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(PS) that are TI type 2 (TI-2) Ags, contributes to their high susceptibility to 
infections caused by PS encapsulated bacteria, like S. pneumonia, H. 
influenzae type b and Neisseria meningitidis (reviewed in (153)). Vaccines 
based on PS conjugated to carrier proteins were first developed in the 1980´s 
(154). 

Age-dependent increase in magnitude of the vaccine-induced Ab levels is 
well documented for all infant vaccines, even when vaccinations are 
repeatedly administered (reviewed in (5)). In a study with combined vaccine 
of diphtheria, tetanus, and pertussis, the schedule was accelerated to 6–8 
weeks of age with repeated vaccinations at 4-week interval, which led to 
higher proportion of infants who failed to respond (155). Also after 
meningococcus C conjugate vaccination at 2, 3 and 4 months of age the Ab 
response peaked at 5 months but dropped sharply thereafter (156). 
Environmental factors also play a role, as shown in a twin study in the 
Gambia, where genetic determinants controlled the early phase of Ab 
response, but environmental factors predominantly influenced Ab persistence 
and avidity (157). This suggests that environmental exposure is a major 
modulator of the immune ontogeny where the innate immunity plays the 
central role in bridging the interval between the pathogenic exposure and the 
induction of adaptive immune response, where it coordinates and instructs 
the adaptive immune response leading to immunological memory. 

Adult-like B cell responses can be achieved in early life under specific 
conditions, but lack of Ab persistency is one of the main limitations (reviewed 
in (5, 9)). Understanding the mechanisms that account for these limitations 
and the possibility to overcome them, is important for the design of effective 
neonatal immunization strategy. 

1.4.1 Delayed induction of primary antibody response 

Ab responses elicited by multiple primary doses during the first months wane 
rapidly to such extent that most children have low or undetectable Abs 
around 9-12 months of age, opening a window of vulnerability to infections 
unless a booster is administered during the second year of life (reviewed in 
(9)).   

Abs are produced by B-1 cells and conventional B cells, that are 
subdivided into IgMhighIgDlowCD21highCD23low MZ B cells and 
IgMlowIgDhighCD21lowCD23high FO B cells. The B cell follicles are located 
adjacent to T cell zones where the FO B cells participate mainly in TD 
responses to protein Ags, express primarily monoreactive BCRs and respond 
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poorly to TLR agonists, in contrast to MZ B cells or B-1 cells. Many MZ B 
cells express polyreactive BCRs that bind multiple microbial molecular 
patterns like PS (reviewed in (148)). By Ag encounter, MZ B cells initiate the 
plasmablast wave to TI-2 Ags (158, 159), whereas recirculating FO B cells go 
though TD activation and affinity maturation, which involves GCs, before 
differentiating into PCs or memory B cells. IgM levels in the serum are high 
and represent important early defense mechanism. IgM is mainly produced 
as natural antibody by B-1 cells or as Ag-induced by B-2 cells, mostly MZ B 
cells, and regulates the kinetics and magnitude of IgG response following 
infection (160). But FO B cells can also recirculate through the BM, where 
they are positioned in organized aggregates around BM perisinusoids and 
secrete IgM Abs to blood-borne pathogens in a TI dependent manner (161).  

MZ B cells are a mixture of naive and memory B cells that mediate rapid 
responses to TI-1 and TI-2 Ags, differentiating into short-lived extrafollicular 
PCs (reviewed in (162)). Naïve MZ B cells have some properties that 
resemble those of memory cells including a pre-activated phenotype and the 
ability to self-renew and to survive for as long as the life-span of the host 
(reviewed in (163)). MZ B cells show mutations in the Ig heavy chain variable 
region genes, confirming the presence of memory B cells in the MZ (164). 
The memory B cell marker CD27 is also expressed on the majority of CD21+ 
MZ B cells in human adults (165), demonstrating that CD27+IgM+-only 
(CD27+IgM+IgD-) memory B cells are not restricted to peripheral blood (164). 
MZ B cells express high levels of CD21 that binds the C3d and is able to bind 
most TI-2 Ags (166). TLRs play a role in signaling in MZ B cells (159), which 
express high TLR levels allowing them to cross the conventional boundaries 
between the innate and adaptive immune systems (167). Rapid localization 
of pneumococcal PS was demonstrated in the splenic MZ of rats 15 minutes 
after intraperitonial (i.p.) immunization. At 2 hours the Ag could be traced in 
the primary follicles and T cell zone, and after 3-5 days on FDC in the GCs 
(168). MZ B cells shuttle between the MZ and follicles to deliver blood-borne 
Ags to FDCs (169, 170). Also, high expression of the antigen-presenting 
molecule CD1d allows MZ B cells to act as APCs for NKT cells (171), playing 
a role in NK-Tfh-dependent responses (see next chapter). The MZ appears to 
be dedicated to rapid humoral responses to blood-borne Ags, regardless of 
whether they are TD, TI-1 or TI-2 (162). It has been shown that FO B cells 
can give rise to MZ B cells (reviewed (172)). In mice, MZ B cells produce 
natural Abs that recognize molecular signatures shared by foreign and 
autologous cells (including certain nucleic acids and membrane 
phospholipids) and may therefore facilitate the clearance of both intruding 
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microorganisms and host apoptotic cells (reviewed in (148)). Mouse MZ B 
cells produce IgG1 and IgG2 in response to microbial proteins following 
follicular or extrafollicular TD pathways (173, 174), but more IgG3 and also 
IgG2 to infection-associated LPS by co-engaging BCRs and TLRs (175) 
(146).  

The response of human MZ B cells is less studied, but they can undergo 
class-swithching after immunization with TI or TD Ags. In particular, PS 
immunization (TI-2 Ags) induces the production of IgG1, as well as that of 
IgG2 and IgA2 the two subclasses preferentially produced by B cells after TI-
2 stimulation (176, 177). Complement opsonins decorating Ag deliver 
additional activating signals to MZ B cells via CD21 (CR2) and CD35 (CR1), 
which enhance BCR signalling by interfering with the expression of the 
inhibitory receptor PD-1 (reviewed in (148)). Complement opsonins may 
further activate MZ B cells via CD40 that can also be engaged by CD40L on 
neutrophils, NK cells and iNKT cells. Many non-classical helper cells interact 
with B cells and provide the necessary signals for full activation and 
differentiation, which in some cases includes GC formation, providing an 
additional layer of complexity in the interplay between the innate and 
adaptive immune responses (reviewed in (178)). B cell helper neutrophils 
(NBH cells) colonize the human splenic MZ area providing help to MZ B cells. 
Splenic but not circulating NBH cells interact with MZ B cells via NET-like 
structures, inducing their activation-induced cytidine deaminase (AID) 
expression that initiate somatic hypermutation and isotype swithcing. Class 
switching to IgG and IgA alos depends upon the production of the TNF 
family, including the B cell activating factor (BAFF), the proliferation-inducing 
ligand (APRIL) and IL-21. Human NBH cells have similar morphological and 
structural features as conventional neutrophils, but produce higher levels of 
BAFF, APRIL, CD40L, IL-6, IL-21 and the chemokine CXCL12, and can 
spontaneously activate MZ B cells. NBH cells have been shown to suppress 
T cell proliferation (reviewed in (179)). Splenic colonization by NBH cells 
starts during fetal life and is strongly increased as early as 2 days after birth 
in human neonates and may coincide with mucosal colonization by bacteria 
(176). The functional capacity of NBH in newborns has not been 
demonstrated. However, the CD21+ MZ B cells do not localize in the MZ 
before 2 years of age in humans (165) and 3-4 week in mice (180) which is 
believed to play a major role in the lack of TI-2 responsiveness in early life.  

Glycolipid Ags can elicit B cell responses independently of conventional 
help from T cells. This depends on cognate interaction with iNKT cells, that 
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express an invariant T cell Ag receptor α-chain and recognize synthetic, self 
and microbial glycolipids and self phospholipid antigens presented by CD1d 
(reviewed in (181)). This interaction of B cells and iNKT cells in the absence 
of T cells generates the early waves of IgM and IgG Abs to pathogens. 
Similarly, macrophages, DCs, neutrophils, basophils, mast cells and other 
innate cells initiate rapid B cell responses at sites that are continuously 
exposed to Ags, including the MZ of the spleen and mucosal surfaces 
through help from CD4+ T cells by serving as APCs or via secretion of T cell–
activating cytokines (reviewed in (178, 182)). Activation of iNKT is initiated by 
α-galactosylceramide–presenting DCs through signaling via CD40 and IL-12 
that can lead to their differentiation to NKTfh cells, which express the typical 
Tfh cell-associated molecules, CD40L, IL-21, ICOS and PD-1, both in 
humans and mice. NKTfh cells, expressing Bcl-6, aid the Tfh-differentiation 
pathway and form a cognate interaction with CD1d-expressing MZ B cells, 
leading to a rapid extrafollicular plasmablast response with production of IgM 
and IgG (183). The maturation status of iNKT B helper cells during early life 
is so far unknown.  

B-1 cells are mainly found in the pleural and peritoneal cavities but small 
numbers are found in the spleen. Unlike conventional B-2 cells, which are 
produced throughout life in the BM, B-1 cells are thought to arise early in 
ontogeny from dedicated self-renewing and self-sustaining progenitors found 
in the greatest abundance in fetal liver. They consist of B-1a (CD5+) and B-1b 
(CD5−) cells. The B-1b is only described in mice. The existence of B-1 cells in 
humans is controversial, populations that appear to be similar to the mouse 
B-1 phenotypes have been reported, but B1-a and B1-b populations still lack 
definition (184, 185). B-1 cells are highly sensitive to stimulation with LPS 
and participate in TI-2 responses to bacterial capsular PS and differentiate 
into extrafollicular PCs (reviewed in (186)). B-1a cells spontaneously secrete 
IgM and provide a first line of defense against encapsulated bacteria like S. 
pneumoniae, whereas Ab production by B-1b cells has a role in the ultimate 
clearance of pathogens and in providing long-term protection (187). B-1b 
cells give rise to long-lived TI memory B cells and PCs (188, 189). In mice, B-
1 cells have a prominent role in immune defense against mucosal pathogens 
and produce IgA in TI responses (reviewed in (186)). In neonates the splenic 
B cell population contains proportionally more CD5+ B-1 cells (142) and they 
are believed to play a major role in first line of defense during the neonatal 
and infant period. The developmental pathway of B-1b is less clear as their 
precursors have not been identified in the developing embryo. B-1b cells are 
believed to be reconstituted from fetal liver like B-1a cells but B-1 cell-
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committed precursors have been found in adult bone marrow and are 
believed to lack self-renewal abilitiy (186). 

Human neonatal B cells express lower levels of the co-stimulatory 
molecules CD40, CD80 and CD86 compared with adults, which decreases 
their responses to CD40L and IL-10 expressed by T cells (190). The CD40 
and CD40L molecules belong to the TNF receptor (TNFR) and TNF family, 
respectively. The TNF family also includes BAFF and APRIL; both are crucial 
in the regulation of B cell function and survival (reviewed (191)). BAFF and 
APRIL bind to the receptors B cell maturation antigen (BCMA, also known as 
TNFRSF17) and transmembrane activator and calcium modulator and 
cyclophilin ligand interactor (TACI, also known as TNFRSF13B), and BAFF 
also binds to BAFF receptor (BAFF-R, also known as BR3 or TNFRSF13C). 
BAFF and APRIL are mainly produced by neutrophils, macrophages, 
monocytes, DCs and FDCs, although T cells and activated B cells can also 
produce BAFF and APRIL. Their production is increased by IFN-γ, IL-10 and 
G-CSF and when TLR4 or TLR9 are activated (reviewed in (191)). TACI is 
expressed by peripheral B cells, particularly MZ B cells and B-1 cells  and is 
decreased on neonatal mouse (192) and human B cells, particularly those 
from premature neonates (190), leading to defective Ig secretion in response 
to BAFF or APRIL stimulation. This may be critical for the susceptibility of 
newborns to infections with encapsulated bacteria and impaired immune 
responses to PS vaccines. However, BAFF and APRIL expression in mouse 
spleen is not delayed during early life (192). 

1.4.2  Antigen capture and transport 

Several immune cell types are involved in the initial deposition of immune 
complexes (ICs) on FDCs in the B cell follicles, including the marginal 
metallophilic macrophages (MMMs) in the spleen (Figure 1) and the 
subcapsular sinus macrophages (SSMs) of lymph nodes that express 
sialoadhesin/CD169/MOMA-1 (193,194,195), MZ B cells (169, 170) and DCs 
(196, 197). Lymph nodes are strategically positioned at branches throughout 
the lymphatic system that enables continuous and extensive Ag sampling of 
the lymphatic fluid. It contains chemokines and Ags from the body, entering 
the lymph node through the afferent lymph vessel and is filtered as it flows 
through trabecular sinuses towards the efferent lymph vessel. Small soluble 
antigens (<70kDa) diffuse from the subcapsular sinus (SCS) to FO B cells in 
follicles, in contrast to larger antigens (>70kDa), ICs and viruses, which are 
taken up by SSMs and presented to either cognate or non-cognate FO B 
cells (198). The spleen plays a central role in filtrating the blood and in the 
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marginal sinus the blood flow is reduced in speed, where the arterial 
bloodstream opens (199) and allows intimate contact between Ags and 
effector cells. MMMs are located on the inner border of the MZ between the 
marginal sinus and splenic white pulp (Figure 1), and are essential for 
initiation of response to particulate TD (200) and TI-2 Ags (201). SSMs are 
involved in capture of Ag (198, 202) and ICs (193, 195) and delivery to FO B 
cells (195, 198) and FDCs (193). MMMs retain Ags and ICs on their surface 
through expression of Fc-γRII, CR3 and CR1/2 (203, 204) like SSMs (195). 
SSMs and MMMs are distinct macrophage populations with limited 
phagocytic capacity, that can capture opsonized Ags, and sialylated Ags 
through CD169, which is also a ligand for the mannose receptor (MR), that 
can be released in soluble form (reviewed in (205)). FO B cells acquire Ags 
directly from the macrophages via their specific BCR but in the case of 
opsonized Ags, non-cognate B cells acquire them via CR1 and CR2 and 
facilitate Ag delivery to FDCs (Figure 1) (reviewed in (205))  the main 
nucleators of the GC reaction (reviewed in (206)). Expression of CD169 in 
the spleen is detected in one week old mice, but less and not as structural 
around the follicles as in adult mice (201). Thus, the functional abilities of 
MMMs and SSMs to transport Ag or IC are possibly delayed during early life. 
In humans, the macrophages that express CD169 form a pericapillary 
sheaths in the perifollicular zone, adjacent to the MZ. CD169+ marcrophages 
have also been implicated to play a role in facilitating activation of other 
lymphocyte subsets, such as iNKT cells and CD8+ T cells. Furthermore, it 
has been shown that Ag targeted to MMMs is preferentially transferred to 
CD8α+ DCs. During interaction with CD8+ T cells, CD169+ macrophages can 
themselves also be targeted by activated CD8+ T cells (reviewed in (207)).  

Another Ag transporting cell is the MZ B cell that transports Ag or IC to 
either FO B cells or directly to FDCs (Figure 1) (199, 169, 170). The shuttling 
of MZ B cells depends upon regulated expression of the receptor 
sphingosine-1-phosphate (S1P), which positions the MZ B cells in the MZ, 
and CXCR5 which in contrast positions cells in the follicle (170). MZ B cells 
are larger than FO B cells and they exhibit a probing, dendritic morphology 
(208). However, Ag uptake by MZ depends upon intial trapping by blood DCs 
(209) or MZ SIGN-R1+ MARCO+ macrophages (210) that transfer the Ag to 
MZ B cells. 

DCs are the masters of Ag transport to the T cell zone and activators of 
CD4+ and CD8+ T cells in secondary lymphoid organs (reviewed in (211)). 
However, Ags can reach lymphoid organs, especially lymph nodes hours 



  

27 

 

before migratory DCs arrive explaining the major role that MMMs and SSMs 
play in capturing incoming Ags leading to their processing and presentation 
to lymphocytes. Furthermore, ICs displayed by FDCs provide a depot of Ag 
for which newly mutated B cells compete as ICs induce expression of AID, 
leading to class switch recombination and somatic hypermutation and affinity 
maturation (reviewed in (206)). Thus, the maturation status of MMMs and 
SSMs in early life needs to be investigated as they play a major role in the 
activation of adaptive immunity and vaccine responses. 

1.4.3  Germinal center reaction 

GCs are specialized microenvironments within secondary lymphoid tissues in 
which B cells undergo extensive rounds of proliferation, somatic 
hypermutations, and affinity driven selection and differentiation (Figure 1) 
(reviewed in (145)). B cells that up-regulate expression of B lymphocyte-
induced maturation protein 1 (Blimp1; also known as PRDM1) and maintain 
expression of the orphan G protein-coupled receptor Epstein–Barr virus-
induced gene 2 (EBI2; also known as GPR183) move to the bridging 
channels or junction zones at the boundary between the T cell zones and the 
red pulp of the spleen or move to lymph node medullary cords. At these sites 
they grow as plasmablasts and differentiate into extrafollicular plasma cells, 
which undergo a moderate degree of Ig class switching and tend to die after 
three days by apoptosis. However, if a B cell up-regulates Bcl-6 expression 
and down-regulates EBI2 it will differentiate into a GC B cell and undergo 
CXCR5-mediated migration to the follicles. FDCs and follicular stromal cells 
mediate recruitment of CXCR5+ cells into the follicles through CXCL13 
production (212). The IC bearing FDCs promote the GC formation (213), 
survival of GC B cells (214) through BAFF (215), Ig class switching by 
inducing expression of AID in B cells (216), somatic hypermutation and 
selection of B cells with high-affinity receptors (214). Delays in establishment 
of GCs have been reported in human neonates (165). Accordingly, limited 
GC induction due to delayed maturation of FDCs has been demonstrated in 
early life murine models, resulting in low frequency of AbSCs and low Ab 
responses (217). Ab responses with avidity-profiles comparable to those 
observed in adults may be elicited after immunization of neonatal mice with 
protein vaccines and Alum as an adjuvant (218). FDC precursors accumulate 
in the splenic MZ and are dependent on lymphotoxin beta receptor (LT-βR)  
expression for the follicular migration and require LT-α1β2 expression by B 
cells (212), but both are delayed in early life (219). 
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Selection of high affinity memory B cells and generation of PCs takes 
place in GCs (145, 214, 220) and is mediated by a functional FDC network 
capable of retaining ICs through complement- and Fc-receptors (Figure 1) 
(213). Accordingly, increased IC deposition enhances the selection of B cells 
and production of memory B cells with high affinity for the Ag retained by the 
FDCs (214).  

 
Figure 1. The Germinal center reaction in the spleen. 

Antigen-activated B cells, which have received T cell help (pre-T follicular helper cell 
(Tfh)), differentiate into centroblasts that reside in the dark zone of the germinal center 
(GC) and undergo clonal expansion. Tfh cells that have established stable 
interactions with B cells at the outer T cell zone also enter the GC. During 
proliferation, somatic hypermutations introduce base-pair changes into the V(D)J 
region of the rearranged genes encoding the Ig variable region (IgV) of the heavy 
chain and light chain; that lead to enhanced affinity for the Ag. The centroblasts also 
undergo Ig class-switch recombination where the BCR changes from IgM to either 
IgG, IgA or IgE. Centroblasts then differentiate into centrocytes and move to the light 
zone, where the modified BCR, with help from immune helper cells, including Tfh cells 
and follicular dendritic cells (FDCs), select the B cells with the highest affinity for the 
Ag and provide them with survival signals. Centrocytes that produce unfavorable 
BCRs undergo apoptosis and are removed by tingible body macrophages. The 
centrocytes selected eventually differentiate into either antibody secreting cells or 
memory B cells. 

Delayed Ab response in neonates may also be due to the influence of 
MatAbs which can bind to vaccine Ags in an epitope-specific manner and 
therefore prevent infant B cells from accessing the main immunogenic 
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epitopes (reviewed in (221)). Ingleifs group has shown that low or moderate 
levels of pneumococcal PS-specific MatAb, but not high levels, enhance Ab 
response elicited by pneumococcal conjugate in neonatal and infant mice 
(222). 

Tfh cells are key players in the GC reaction. They express CD40L 
(CD154) and cytokines, such as IL-21, IL-4 and IFN-γ, that promote 
proliferation of B cells, initiate class switching and induce differentiation of B 
cells into short-lived extrafollicular PCs, early memory B cells or GC B cells 
(115). In early life, Tfh cells produce less IL-21 (120). In absence of IL-21, 
low-affinity cells are produced in the initial phase of immune response as Bcl-
6 expression is not maintained in GC B cells and they exit the GC too early. 
This led to accumulation of low-affinity post-GC (memory phenotype) B cells 
(223), just like what is seen in neonates (reviewed in (5)). The numbers of Tfh 
cells are tightly controlled to avoid the emergence of low affinity and 
autoreactive B cell clones. This involves the T cell subset, follicular regulatory 
(Tfr) cells that originates from precursors, expressing Foxp3, characteristic 
for Tregs, and exert a suppressive activity on GC B cells and Tfh cells (224). 
Tfr cells limit the outgrowth of non-Ag-specific GC B cells and optimize Ab 
affinity maturation by controlling the number of Tfh cells, but in their absence 
greater numbers of Tfh cells and GC B cells are generated with a prominent 
overrepresentation of non-Ag-specific B cells (224). IL-10-producing 
regulatory B cells, B10 cells, have been identified as a subset of 
CD19+CD5+CD1dhigh B cells that represent 1~3% of adult mouse spleen B 
cells and negatively regulate immune responses through their IL-10 
production (225, 226). CD1dhiCD5+ B cells are virtually absent in neonatal 
spleen. However, the frequency of IL-10-producing B cells was 6.8-fold 
higher in neonatal spleen than the normal 1–2% frequency in adult mice, but 
they had the CD1dloCD5+ phenotype. The CD1dhiCD5+ B10 cells in mouse 
spleen expand with age (225). The relationship between B10 population and 
B-1 and B-2 cells is currently unclear. These regulatory B cells share some 
functional (producing IL-10) and phenotypical (CD19hiCD5+) characteristics 
with B-1a cells, but they also have characteristics similar to those of MZ B 
cells (CD1dhighCD21high)(186). 

1.4.4  B cell memory 

The importance of immunization is not only to elicit production of Abs but also 
to induce memory B cells, which respond strongly, rapidly and with high 
affinity Abs upon subsequent exposure to Ag (227-229). The GC reaction 
peaks at day 10-12 after Ag challenge (230). Interaction with Ag and Ag-
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driven selection leads to differentiation into memory and PCs (231), with 
distinct accumulation and circulation, where long-lived PCs accumulate in BM 
and splenic red pulp, but memory B cells circulate between peripheral 
lymphoid organs (230, 232, 233). Memory B cells are long-lived, with lower 
threshold for activation, higher affinity for Ags and an increased ability to 
present Ag to T cells (231).  Some of the long-lived memory B cells are 
generated in both TD and TI responses and are retained in the splenic MZ for 
long periods of time after antigenic challenge (234). However, mutation rate 
for TI GCs is much lower than what is found in TD GCs (235). 

GC reaction/activation is usually T cell dependent, the signals provided by 
contact between T and B cells are necessary for differentiation into memory 
cells (Figure 1)(235, 236), where CD40-CD40L and CD28-CD86 interactions 
play the key role (237, 238). Experiments in mice have shown that complete 
inhibition of GC formation and production of memory B cells is obtained with 
blocking the CD40-CD40L pathway by anti-CD40L or soluble CD40 (239, 
240). Mice deficient in CD40, CD40L or CD28 lack GCs (241, 242). Signals 
mediated through OX40-OX40L interaction (243-245), CD21-C3d or IFN-γ 
enhance PC differentiation and Ab production (243, 246). Specific 
phenotypes have been identified for early GC B cells, sIgD+IgM+CD38+ and 
for late GC B cells, sIgD-IgM+CD38+B7+, confirmed by isotype switching 
(233).   

In humans CD27, a member of TNFR family, has been defined as a 
memory B cell marker (247) and is expressed both on subsets of memory B 
and T cells (248, 249). CD27 is the ligand of CD70, which is expressed on 
activated B and T cells.  CD27 is expressed by various B cell differentiation 
stages, but is markedly up-regulated when GC B cells differentiate into PCs. 
IL-10 is essential for this up-regulation (250). The prompt differentiation into 
PCs does not occur in CD27- B cells (248, 251). It is the CD27-CD70 
interaction that promotes the differentiation of human memory B cell into PCs 
(250, 252). In humans about 40 % of the peripheral blood B cell pool is 
memory B cells (248, 253). The main memory B cell subsets are 15% 
CD27+IgM+IgD+, 15% CD27+IgG+/IgA+, 10 % CD27+IgM+-only and less than 
1% are CD27+IgD+-only. CD27 expression increases gradually with age, no 
expression is detected in cord blood, but in 5 year old children the frequency 
of memory B cells has reached around 15% of the peripheral blood B cell 
pool (253). In mice the frequency of memory B cells is about 5-10% (254) 
and they almost exclusively express isotypes other than IgM and IgD, which 
indicates different composition of the memory B cell pool in mice and 
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humans. The ligation of CD27 on murine B cells does not affect their 
activation, proliferation or viability rather it inhibits differentiation of B cells into 
antibody secreting cells (255). It has been shown that CD70 is mainly 
expressed on activated B cells (256). However, subsets of murine memory B 
cells up-regulate CD80, PD-L2, CD73 and CD21/35, independently of each 
other. Furthermore, memory B cells can be divided into cells that bind to 
peanut agglutinin (PNA+) and PNAlow subpopulations (reviewed in (257)). 
Post-GC B cell have been proposed to favor development of long-lived PC 
rather than memory B cells (232), but  opposite has been suggested (227, 
228). Studies of B cell differentiation in defined culture systems have shown 
that signals via CD40 favor a memory phenotype, whereas in the presence of 
IL-2 and IL-10 and absence of CD40L PC differentiation occurs (237). IL-4 
directs GC B cell differentiation into memory B cells (258) supporting 
preferred differentiation of neonatal B cells into memory B cells rather than 
PCs (reviewed in (5)). The availability of T cell help and expression of FasL 
(CD178) regulates selection within GCs, thus affecting the affinity of resulting 
PCs. However, it is not clear if Tfh cells are involved in the decision of 
whether GC B cells differentiate into memory B cells or PCs (reviewed in 
(257)). Furthermore, memory B cells have much less mutations in their BCRs 
than long-lived PCs, and have mutation levels matching those of early, but 
not late GC B cells, indicating that memory B cells emerge relatively early 
from the GCs. In contrast, the mutation frequency of long-lived PCs in the BM 
matches that of the late but not the early GC B cells (259). The induction of 
murine neonatal GC reaction is delayed, less robust and of shorter duration 
than adult GC responses (217) leading to early life generation of fewer long 
lived PC than in adults (260), supporting the preferred differentiation of 
memory B cells rather than PCs during early life. 

The only definitive marker of memory B cells for all species is the 
presence of mutated V-region genes and therefore the presence of 
somatically mutated high-affinity Ag receptors that are critical components of 
the immune response. 

1.4.5  Persistence of antibody response 

The role of PCs is to maintain long-term Ab production with high affinity and 
provide a powerful first line of defence against Ag rechallenge (230, 261). In 
mice long-lived PCs start to accumulate in the BM at day 4-6 (262) after 
immunization and persist more than 9 months (263, 264). In contrast, most of 
the PCs that lodge in splenic red pulp live only a few days (265). Whether 
persisting Ag is required to maintain memory or Ab by long-lived PCs is 
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debated (164, 264, 266). Long-lived PCs are charecterized by lack of 
response to secondary Ag stimulation (230), unlike memory B cells that 
respond rapidly, with massive clonal expansion and lead to generation of 8-
10-fold more PCs than the primary response did (228). The total number of 
murine PCs in the BM increases over time and peaks around 1 years of age, 
becoming 0.4% of all mononucleated cells (267), with similar frequency found 
in humans (264). The survival of long-lived PCs is not dependent on the 
presence of Ag (230, 261), but on survival signals from stromal cells through 
cell adhesion molecules (268-271). Numerous B cell specific surface proteins 
are down-regulated upon plasma cell differentiation, like MHC class II, B220, 
CD19, CD21 and CD22 (272). MHC class II is absent due to lack of class II 
transactivator (CIITA), coactivator required for transcription of MHC class II 
(273). Also, the proteoglycan syndecan-1 (CD138), which recognizes 
extracellular matrix and growth factors, is induced on PCs and is often used 
as a marker (273). CXCR3 and CXCR4 expression of PCs in the spleen is 
required for normal accumulation of these cells in the BM (264), although it 
has been indicated that other chemokine receptors may also play an 
additional role. Several molecules involved in the PC differentiation and 
survival have been identified, such as Blimp-1, Bcl-6, PAX-5-encoded B-cell-
specific activator protein (BSAP) and X-box binding protein 1 (Xbp-1) (272). It 
has been postulated that the survival of PCs depends on availability of space 
for constant number in the splenic red pulp (274), but in the BM it has been 
shown that macrophages, megakaryocytes, basophils, DCs are the main 
players in the maintenance of PC homeostasis (271, 275-277). Eosinophils 
were demonstrated to play a major role in the maintenance of BM PC-
longevity as in their absence PCs go quickly into apoptosis. They produce the 
PC survival factors APRIL, IL-6, IL-4, IL-10 and TNF-α (278). In a neonatal 
murine model it has been shown that plasmablasts generated in spleen 
migrate efficiently to the BM compartment (279), but receive insufficient 
survival signals for long-term persistence (275). Poor expression of the 
survival signal APRIL by BM stromal cells and macrophages resulted in a 
rapid decline of serum Abs in neonatal mice (275), as APRIL is one of the 
crucial factors for the establishment of the BM PC pool (275). Whether the 
limitations in early human life on the establishment and/or persistence of BM 
PCs are similar is not known. Although, studies of human infants have shown 
that the magnitude of primary vaccine Ab responses is controlled by genetic 
determinants but their persistence is influenced by environmental factors 
(157). Persistence of AbSCs is dependent on niches in the spleen, LNs and 
BM that provides the signals enabling long-term survival (reviewed in (280)). 
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Overall systematic adult IgM Ab levels are reached by the second year of life, 
IgG by sixth year of age and IgA by the 15th year (281), although it can vary 
by geographical regions and economical status, depending on the overall 
stimulus of the newborn immune system (54). 

 

1.5 Vaccination strategies to overcome early life limitations 
The high disease burden during the first year of life underscores the need for 
an optimal neonatal vaccination. Around the world the Expanded Program of 
Immunization (EPI) is responsible for immunizing infants less than 12 months 
of age against a number of infectious threats, including polio, HBV, 
tuberculosis, diphtheria, tetanus, pertussis, Hib, measles, rubella, 
pneumococcus and rotavirus. Vaccines provide protection, but obviously they 
need to be given prior to exposure to the infectious agent. This can be 
problematic as many infectious diseases have the highest incidence, severity 
and mortality during the first months of life, before routine vaccinations are 
initiated or a sufficient protective immune response is elicited (reviewed in 
(9)). Thus, vaccination at birth is an attractive solution that not only induces 
protective immunity as soon as possible but also has the benefit of higher 
vaccine coverage than immunization at later time-points or maternal 
immunization. Development of the immune system and vaccine responses 
can vary immensely after populations, especially between resource-poor and 
rich countries (37-39, 49-52, 55, 113, 157, 282, 283) (reviewed in (284) and 
(54)).  

The ideal vaccine should be a single dose given at birth providing 
immediate and long-lasting protection against multiple diseases, and 
preferably avoiding injections. Thus, defining strategies that circumvent the 
early life limitations of vaccine responses could be inclusion of safe and 
effective adjuvants and/or delivery systems that improve priming conditions 
and convert weak and delayed IgG Ab responses of short duration into rapid 
and persistent protective immunity (reviewed in (9)). Adjuvants have 
traditionally been used to increase the magnitude of an adaptive immune 
response to co-administered subunit vaccines, which is often measured by 
Ab levels, since most current vaccines confer protection primarily through 
humoral immunity. However, another role of adjuvants is to instruct the 
adaptive immune response through their effects on the innate system. Thus, 
adjuvants could affect the magnitude and quality of the adaptive immune 
responses; polarize Th1/Th2 responses, increase memory formation and Ab 
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production. They could also reduce the number of immunizations and reduce 
the amount of Ag needed (reviewed in (285)). Such properties are attractive 
for neonatal vaccine formulations. Currently only few adjuvants are licensed 
for human infant vaccine formulations. One is Alum (an Aluminum salt-based 
adjuvant), which is a relatively poor inducer of adult-like immune responses 
and favors Th2 polarization (286), which is not optimal for the already Th2-
biased neonatal immune system (reviewed in (9)), the other MF-59 is Th2 
promoting in mice, but induces a mixed Th1/Th2 response in humans 
(reviewed in (287)). Th1-promoting adjuvants are preferable for neonatal 
vaccine formulations and a considerable effort has been put into the search 
for such adjuvants (reviewed in (288)). 

1.5.1  Immunization routes: systemic vs mucosal immunity 

Most vaccines have been developed for intramuscular (i.m.) or subcutaneous 
(s.c.) administration, but parenteral administration of vaccines may not be 
optimal in preventing infection at mucosal surfaces, the major site of entry 
infectious pathogens. Thus, mucosal vaccination could offer advantages over 
systemic vaccination. The mucosal immune system is more accessible for 
the induction of an immune response and mucosal vaccination induces 
immunity at the site of pathogen entry and can prevent the establishment of 
an infection, and also induces a systemic immune response (reviewed in 
(289)). Stimulation of the mucosal-associated lymphoid tissues (MALT) 
induces production of systemic IgG, in addition to secretory IgA (SIgA), the 
major Ab isotype at mucosal surfaces (290). Injection safety remains an 
issue, a needle-free mucosal vaccine delivery, by ingesting or inhaling the 
vaccine, induces less pain and is attractive for compliance among all age 
groups. Also, simplified manufacturing and storage methods along with less 
need for trained medical personnel for delivery makes mucosal vaccines 
suitable for mass vaccination programs, especially in developing countries or 
during epidemics (reviewed in (291)). The problem is to penetrate the 
mucosal barrier at the right mucosal region in a controlled manner and for 
that adjuvants are required. Improper vaccine formulations can lead to poor 
absorption and limited bioactivity due to mucosal enzyme-mediated 
inactivation and clearance, delivery to improper mucosal site or targetting of 
wrong mucosal cell types (reviewed in (289)). Interference caused by MatAbs 
results in suboptimal responses to vaccine ((222), reviewed in (221)) that 
might in theory be overcome by mucosal vaccination, since vaccine 
immunogenicity at the mucosal surface is less likely to be hindered by 
passively acquired IgG MatAbs. However, inflammation caused by mucosal 
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adjuvants might increase efflux of serum IgG into the mucosal tissues. The 
immunological balance at mucosal surfaces, resulting from the commensal 
flora is dynamic, and to be successful mucosal vaccination must avoid 
inducing mucosal inflammation or tolerance. Also, the exact quantity of the 
mucosal vaccine uptake is difficult to measure (reviewed in (292)). 

1.5.2  Mucosal immune responses in neonates 

Mucosal immune responses are initiated in the MALT (reviewed in (289, 
293)), that  includes the nasopharynx-associated lymphoid tissue (NALT), the 
bronchus-associated lymphoid tissue (BALT), and the gut-associated 
lymphoid tissue (GALT), which comprises Peyer's patches (PPs) and isolated 
lymphoid follicles (ILFs). In mice and humans, most MALT is located in the 
gastrointestinal tract (GALT) in either PP clusters or ILFs distributed along 
the large and small intestines. In mice, PPs and ILFs develop sequentially, 
whereas in humans PPs develope before birth but ILFs after birth, in 
response to the commensal flora (294). In humans, the NALT consists of 
adenoids, pharyngeal, tubal and lingual tonsils, but is not anatomically well-
defined, except at an early age (reviewed in (295)). In rodents the NALT 
consists of bilateral strips at the base of the nasal cavities similar to PPs in 
organization. The MALT comprises functionally distinct inductive and effector 
sites, where the inductive sites include mucosa-associated follicles such as 
intestinal PPs, IFLs and mesenteric lymph nodes. There, Ag-specific T and B 
cells undergo activation, clonal expansion and differentiation into effector 
cells, which migrate to effector sites, comprising non-organized lymphoid 
tissue diffusely distributed throughout the lamina propria (LP), to carry out 
their effector functions (296). The effector sites are defined by the 
juxtaposition of organized lymphoid to specialized lymphoepithelium termed 
the “follicle-associated epithelium (FAE)”. The FAE forms a barrier between 
the intestinal lumen and the internal environment of the body, mediates Ag 
transport and is the portal for particulate Ag entry. It contains specialized 
epithelial cells called microfold cells (M cells) that are also present in the 
crypts of tonsils and adenoids. M cells effectively take up lumenal Ags or IgA-
coated antigens due to their short microvilli, thin mucus layer, abundant 
cytoplasmic vesicles and efficient transcytosis activity that transfers them to 
DCs underneath the epithelium (292). The frequency of M cells in the FAE 
depends on species and age and seems to develop in response to microbial 
stimuli. M cells are present before birth in humans and mice (294), and are 
relatively more abundant in mice. Ag uptake and transport by M cells play a 
crucial role in induction of mucosal immune responses, and Ags that adhere 
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selectively to the M cells are most effective in inducing mucosal immune 
responses. 

The structure of the mucosal immune system is fully developed by 28 
gestational weeks and premature infants older than 28 week of gestation are 
capable of mounting an effective mucosal immune response (297). In mice 
and humans, the formation of secondary lymphoid structures, like PPs and 
MLNs occurs before birth, but their size and the development of GCs depend 
on the postnatal microbial colonization (298). Mucous secreted by goblet 
cells acts as a physical barrier against pathogens by preventing bacterial 
adherence and full expression of the mucin gene has been observed 
between 23rd - 27th gestation weeks (299). Anti-microbial components in the 
saliva contribute to protection against microbial colonization and infection. In 
the lungs of both mouse and humans, TLR-2 and TLR-4 are first expressed 
during the last trimester of pregnancy and expression increases after birth 
(298). The fetal mucosal immune system is essentially devoid of IgA+ 
lymphocytes if the fetus is not exposed to bacterial or viral protein Ags or the 
fetal immune response is induced by maternal anti-idiotypic Abs. Thus, the 
maturation of the IgA-secreting PCs seems to be induced by the microbial 
flora colonization following birth (300). The mucosal permeability is rapidly 
reduced within the first 48 hours after birth. Disappearance of maternally 
derived IgG in the oral mucosa reflects this postnatal mucous membrane 
closure (297) and the maturational process of the gut barrier function is 
enhanced by human milk, especially the human colostrum (first milk). 
However, a considerable amount of ‘gut-closure’ can occur before birth or it 
can take up to 2 years to reach the same level of impermeability as in adults 
(301). In mice the mucosal permeability is not reduced until 3 weeks of age 
(302). It has been suggested that introduction of Ags prior to ‘gut-closure’ 
may be better as they can interact directly with DCs within the sub-epithelial 
dome. The DCs can then present them to T cells within the PPs or ILFs 
which can function as induction sites for mucosal immune responses, rather 
than the Ags being taken up by tolerogenic mucosal DCs which migrate 
preferentially the MLNs (303). 

The human colostrums contains high concentrations of TGF-α, TGF-β, 
TNF-α, IL-6, IL-8, IL-10 and IFN-γ and TGF-β concentration in colostrum has 
been shown to correlate with serum IgA concentrations in infants 1 month 
later (304). Serum IgA levels increase progressively in childhood, from 1% of 
adult levels in the newborn to 20% at 1 year, 50% at 5 years and 75% by 16 
years of age (281). However, mucosal IgA-producing B cell number peaks 
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about 4-6 weeks after birth and approach low adult levels around 18 months 
of age (305). There are also qualitative changes in SIgA after birth, switching 
from monomeric to dimeric SIgA during the first year (306). In the perinatal 
period, IgA1, that is associated with responses to protein Ags, predominates 
in mucosal secretions, but IgA2 increases rapidly after birth and approaches 
adult levels by 6 months of age. This pattern seems to reflect postnatal 
changes in response to antigenic exposure, in particular to polysaccharide 
Ags (307). The number of mucosal IgM producing B cells reaches adult level 
around 4 weeks after birth (308). Secretory component (SC) is essential for 
the transport of SIgA and SIgM across the epithelium. Free SC can be 
detected in saliva of newborn infants (309) as it is expressed as early as 6-28 
weeks of gestation in both respiratory and gastrointestinal epithelium. The 
developmental pressure of SC production coincides with initiation of constant 
stimulation of the mucosal immune system, as SC expression in the salivary 
gland and intestinal epithelium increases markedly the first week after birth 
(300, 308).  

In both mice and humans, the development of the BALT, FAE and M cells 
is induced by microbial stimulus in the airways (298). It has been suggested 
that DCs, at least in part, compensate for the lack of BALT in terms of 
immunological surveillance of the entire airway surface even though DCs are 
absent or present in low numbers before birth but continuously increase from 
birth onwards (298). It has been suggested that postnatal exposure to Ags is 
an important developmental pressure on DCs (310, 311), but the human 
colostrums could also play a role, as it containts high levels of TNF-α and 
IFN-γ as previously mentioned. The lamina propria in infants under the age of 
1 year have lower densities of cells positive for DC‐SIGN, HLA‐DR, CD11a/c, 
CD86, and CD4 (311). Imaturation and function of lung DCs can though be 
shifted by some of predisposing risk factors, like heavy metals, air pollutants 
and environmental tobacco smoke, resulting in reduced expression of TLR-2 
and TLR-4, shift to Th2-biased adaptive immune respons, promotion of 
misregulated (unresolved) inflammation (reviewed in (312)). 

 This indicates that administration of vaccines through the mucosal routes 
can readily induce mature immune responses early in life. The development 
and distribution of DCs, macrophages and mast cells during intestinal 
ontogeny are not well understood. However, it is clear that environmental 
factors affect development of mucosal immune responses in the respiratory 
tract during early life. With appropriate technologies mucosal vaccination has 



  

38 

 

the potential to elicit adult like immune protection at the site of infections in 
the very young. 

1.5.3  Adjuvants 

The word adjuvant comes from the Latin word adjuvare which means “to help 
or aid”. The first licensed human adjuvant was Alum, discovered in 1926 by 
Alexander T. Glenny and colleagues. They showed that precipitation of Ag 
onto insoluble particles of Aluminium potassium sulphate before 
immunization induced better Ab responses than the Ag alone, providing the 
first clue to the adjuvant properties of Aluminium salts. These results led to 
their incorporation into vaccine formulations with tetanus and diphtheria 
toxoids (reviewed in (313)). There are two main types of Aluminum adjuvants, 
Aluminum hydroxide (AH) and Aluminum phosphate (AP). For decades Alum 
was the only licensed human adjuvant, without a clear understanding of its 
mechanisms of action., reflected in Janeway’s famous quote (1989) that 
adjuvants are “the immunologists’ dirty little secret”. For the last two decades 
research has revealed several mechanisms by which Alum and other 
adjuvants act. AS04, is composed of AH combined with monophosphoryl lipid 
A, a derivative of the highly immunogenic bacterial cell wall component LPS. 
The oil-in-water adjuvants, MF-59 and ASO3, used in the seasonal and 
pandemic influenza vaccines, are squalene-in-water emulsions. Virosomes 
used in influenza and hepatitis A vaccines bear the characteristics of an 
adjuvant system, which is biodegradable, non-toxic and comprised of 
phospholipid membrane vesicles containing viral proteins, that can fuse with 
target cells, without inducing Ab responses against themselves (reviewed in 
(286)). 

Alum is the only licensed adjuvant that is administered to children, with 
the exception of MF-59. MF-59 was included in a H1N1 influenza vaccine 
that was licensed in Europe for vaccination of subjects from 6 months of age 
in 2010 during the H1N1 pandemic. MF-59 was shown to be safe in infants 
and young children resulting in significantly enhanced immune responses 
against the influenza virus strains and increased vaccine efficacy in young 
children from 43% to 89% (reviewed in (287)). 

A classic action of many adjuvants referred to as the “depot effect” was 
the first to be proposed in 1926 for the adjuvant activity of Alum. It has been 
demonstrated those effect are not required for adjuvant activity of Alum and 
MF-59 (reviewed in (286)). As previously mentioned, Alum promotes Th2 
biased responses and robust Ab production through a mechanism which is 
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not clearly defined. Several in vitro studies demonstrated that its crucial 
action is through its activation of inflammasome NLRP3 (NLR family, pyrin 
domain containing 3) complex that requires the key pro-inflammatory 
cytokine IL1-β. The effects of Alum are broad, rapid, and seem to involve 
multiple pathways (reviewed in (314)).  

MF-59 consists of uniform particles of ~160nm in size, generated by 
microfluidics technology. Its main constituents are the naturally occurring oil 
squalene and the non-ionic surfactants Tween 80 and Span 85. As Alum, 
MF-59 is a TLR-independent adjuvant were the adaptor molecule MyD88 is 
crucial for the adjuvant effect and the apoptosis-associated speck-like protein 
containing CARD (ASC), which is a common adaptor of inflammasome 
complexes (reviewed in (287)). MF-59 increases phagocytosis and 
pinocytosis, promoting antigen uptake by APCs and stimulates monocytes, 
macrophages and granulocytes to produce the chemokines CCL2, CXCL8, 
CCL3, and CCL4. At the injection site, MF-59 is a stronger activator of 
recruitment of neutrophils, eosinophils, monocytes, macrophages and DCs 
and promotes a more efficient uptake of vaccine Ags and their transport to 
draining lymph nodes (LNs) (48 h post injection) and increased Ag-loaded 
APCs compared with Alum, CpG-ODN and non-adjuvanted vaccine 
(reviewed in (315)). The inclusion of MF-59 into vaccines increases the 
diversity of immune response as broader Ab response is induced with lower 
Ag content and reduced number of doses. Furthermore, MF-59 is more 
potent than Alum in the induction of Abs and CD4+ T cell responses, 
balanced Th1/Th2 responses to some Ags but more Th2 prone to others 
(reviewed in (287)). 

1.5.3.1 LT-K63 

Among the most widely used mucosal adjuvants in animals are cholera toxin 
(CT) from Vibrio cholerae and closely related E. coli heat labile enterotoxin 
(LT), and their mutants and subunits. These enterotoxins are rather known 
for the clinical manifestations in traveler’s diarrhea (316). Both toxins are 
multimeric AB5 toxin, composed of a single A subunit (LTA) associated with a 
ring of five smaller, identical B subunits that are covalently linked together 
and form a cylinder-like structure (LTB). The A subunit has an ADP-
ribosylating activity and the B subunit binds to receptors on the surface of 
eukaryotic cells, mainly ganglioside (reviewed in (317)). During E. coli 
infection, LT is released and its B subunits bind to intestinal epithelial cells, 
the GM1 ganglioside, like CT. Unlike CT it can also bind with low affinities to 
additional gangliosides, including asialo-GM1, lacking a sialic acid residue, 
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GM2, containing a second sialic acid residue (GD1b), polyglycosylceramides 
and polylactosamine-containing glycoproteins (reviewed in (317, 318)). LT 
also binds to A and B glycolipids on human erythrocytes and LPS of E. coli 
(reviewed in (318)). Binding of the B subunits leads to the insertions of the 
toxic A-subunit into the cell where it is cleaved by proteases to yield two 
fragments, A1 and A2. The cleavage is required for the activation of the toxin 
(319). Inside the intestinal cells the A1 fragment catalyzes the ADP-
ribosylation of the stimulatory GTP-binding protein, resulting in increased 
intracellular levels of cyclic AMP causing massive loss of fluid and ions from 
the cell, leading to the symptom of diarrhea (316). 

The mucosal and systemic adjuvant properties of LT and CT have been 
demonstrated in animal models (317) where LT has been shown to enhance 
both Th1 and Th2 type responses and IgG1, IgG2a, IgG2b and mucosal IgA 
(320). Their benefit as potent mucosal adjuvants is limited by their toxicity 
making them unsuitable for use in humans. In a clinical trial an inactivated 
influenza virosome vaccine that contained native LT and was administered 
intranasally, led to many cases of transient facial nerve paralysis (Bell’s 
palsy) (321). Furthermore, as little as 5 μg of purified CT administered orally 
is sufficient to induce significant diarrhea in human volunteers (322). Mutants 
of LT have been constructed by site-directed mutagenesis, retaining their 
binding activity but with reduced toxic activity. The most promising adjuvants 
were LT-K63, that contains a serine-to-lysine substitution in position 63 of the 
A subunit (323), and LT-R72 where substitution of alanine to arginine is at 
position 72 in the A subunit, but this adjuvant shows minimal residual toxicity 
(324). In contrast, LT-K63 has no toxic ADP-ribosyltransferase activity in vitro 
or in vivo (325, 326). LT-K63 and LT-R72 have both shown promising 
adjuvant effects by both mucosal and parental routes with various Ags (323, 
327-333). LT-K63 induces NF-κB translocation in adult murine macrophages 
in vivo and in vitro. NF-κB controls the expression of many proinflammatory 
cytokine genes, like IL-12 and TNF-α, accordingly these two cytokines are 
augmented by LT-K63 along with IFN-γ production (326). ADP-
ribosyltransferase activity would otherwice lead to accumulation of 
intracellular cAMP that blocks the proliferation and cytokine secretion by Th1 
cells but activates Th2 cells (334) and inhibits NF-κB-mediated transcription 
(326, 335). LT-K63 enhances the production of IgG1, IgG2a and mucosal IgA 
(326, 336, 337).  

LTK63 showed good safety profile in preclinical studies (338) and nasal 
delivery of LT-K63 with a trivalent influenza subunit vaccine has been 
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successfully tested in human volunteers, resulting in enhancement of 
protective Ab levels and mucosal IgA response (339). 

1.5.3.2 CpG-ODN 

Defense mechanisms against infections based on the detection of a subtle 
difference in the chemical structure of host DNA from that of viruses and 
bacteria have evolved. TLR-9 detects small oligodeoxyneucleotides (ODN) 
containing un-methylated deoxycytidyl-deoxyguanosine CpG dinucleotides, 
which are relatively common in bacterial and viral genomes and highly 
methylated, an uncommon feature in vertebrate genomes (340). In humans, 
expression of TLR-9 is restricted to B cells (341) and pDCs (342), whereas in 
mice monocytes, macrophages and DCs also express TLR-9 (340). 
However, upon activation TLR-9 expression is induced in additional cell types 
in humans, including neutrophils, monocytes, monocyte-derived cells, CD4+ T 
cells and in nonimmune cells, like keratinocytes, pulmonary and intestinal 
epithelium. TLR-9 activation by CpG-ODNs induces strong Th1 response, as 
it activates pDCs to secrete IFN-α, NK cell to secrete IFN-γ by thus resulting 
in activation of other cells like macrophages, CD4+ T cells and strong CD8+ T 
cell responses (reviewed in (343)). The resulting immune response is 
characterized by production of pro-inflammatory and Th-1 biased cytokines, 
including IL-1β, IL-6, TNF-α, IFN-γ, IL-12, IFN-α, TNF-β, CCL5 (RANTES), 
GM-CSF, CCL3 (MIP-1α) (reviewed in (340, 344-346)). 

Four classes of CpG-ODNs have been identified, the A-, B-, C- and P-
classes which contain different CpG sequence motifs and palindromic 
sequences and activate TLR9-expressing human B cells or pDCs with 
diverse outcomes. The B-Class CpG-ODNs induce strong B cell activation, 
but only moderate IFN-α secretion by pDCs. In contrast, A-Class ODN induce 
high amounts of IFN-α but hardly any B cell stimulation. C-Class ODN has 
combined effects of A- and B-Class CpG-ODN, although to a lower degree. 
Similar to C-Class the P-Class ODN stimulates B cell and pDC activation, but 
like A-Class it induces more IFN-α response (343). Vaccine studies have 
almost exclusively included the B-Class CpG ODN in vaccine formulation due 
to its strongly enhanced B cell responses (346), where the 6mer motif 5′-
GTCGTT-3′ represents the optimal human CpG motif (PF-3512676, formerly 
known as CpG 7909 or 2006)(345), whereas 5′-GACGTT-3′ is the optimal 
murine CpG motif (CpG1826) (347). The strong B cell responses induced by 
CpG-ODN are due to its ability to activate B cells and promote isotype switch 
to IgG1, IgG2 and IgG3 in humans (348), and IgG2a, IgG2b and IgG3 in mice 
(349). Their expression is increased by CpG-ODN in mice (350) and in 
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humans expression of membrane-bound BAFF on B cells is increased (351). 
Thus they amplify the survival signals for B cells during their maturation, as 
BAFF and BAFFR (along with others) control the development and survival of 
FO and MZ B cells, and APRIL regulates CD40-independent class switching 
and promotes PC survival (reviewed in (191)). Furthermore, activation 
through TLR-9 alone is sufficient to drive differentiation of memory B cells 
into PCs (352, 353). 

Several human phase I to phase III clinical trials have evaluated CpG-
ODN (B-Class) as adjuvant combined with vaccines designed to prevent 
malaria, HBV, influenza, anthrax and cancer. CpG-ODN is reasonably well 
tolerated when co-administered with vaccine Ag. However, the frequency and 
severity of local adverse events (injection site reactions such as pain, 
swelling, induration, pruritus, and erythema) and systemic symptoms 
(including flu-like symptoms) were elevated. Most of these adverse events 
were mild-to-moderate, appeared within 24 hours of dosing, and persisted for 
only a few days (reviewed in (343, 354)). 

During early life vaccinations, CpG-ODN has been reported to circumvent 
Th2 polarization of neonatal responses to vaccines (355) (112) but not fully 
redirect Th2 responses after neonatal priming (112). CpG-ODN markedly 
enhanced tetanus toxoid (TT)-specific IgG Ab and splenic AbSC responses in 
neonatal mice (356) in agreement with its effect on the survival factors BAFF 
and APRIL (350) and accelerated neonatal Tfh cell differentiation (119). 
However, it failed to correct the main early life limitation, namely delayed 
maturation of FDCs (217, 356) and poor persistence of long-lived PCs in the 
BM (356). 

 

1.6 Streptococcus pneumoniae 
Streptococcus pneumoniae (pneumococcus) causes morbidity and mortality 
worldwide (357). The World Health Organization (WHO) estimated that 
pneumococcal disease caused 1.6 million deaths annually (358). The global 
pneumococcal disease burden is estimated to be around 13.9 million cases 
of pneumococcal pneumonia among children <5 years of age with the 
estimation of 826,000 deaths in that age group and 90% of these deaths 
occuring in low-income countries (359). The human nasopharynx is the 
natural reservoir of S. pneumoniae that is in most cases carried 
asymptomatically and transmitted to other individuals by respiratory droplets 
(360). Colonization is a necessary step along the path to pneumococcal 
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disease. The carriage rate is highest in young children, the primary source for 
its spread within a community (361). Occasionally the colonizing 
pneumococci spread from the nasopharynx to the surrounding tissue or 
invade the bloodstream, causing disease that can range from a mild upper 
respiratory tract infection (acute otitis media, sinusitis) to a severe and 
potentially life-threatening condition (pneumonia, bacteremia, meningitis) 
(360). 

Pneumococci are Gram-positive bacteria, encapsulated with PS that shields 
them from phagocytosis and is considered to be their most important 
virulence factor. Other virulence factors include pneumolysin, pneumococcal 
surface protein A (PspA), pneumococcal surface protein C (PspC, also called 
choline binding protein A, CbpA) and pneumococcal surface adhesin A 
(PsaA).  

The capsular PS form the basis for classifying pneumococci into serotypes 
and currently 94 different serotypes have been identified including the 
recently reported, 6C, 6D, 11E, and 20A/20B (362). Relatively few serotypes 
account for the vast majority of the global pneumococcal diseases in children 
less than five years of age (363). Protection against infections requires PS-
specific Abs, mainly IgG and complement, which opsonize the bacteria and 
stimulate phagocytosis by neutrophils and macrophages, which eventually 
clears the bacteria (364-367). Therefore, multivalent PS-based vaccines have 
been developed. Twenty-three valent pneumococcal PS vaccine (PPV23) 
was approved in 1983 and had serotype coverage of more than 85% of all 
invasive pneumococcal disease (IPD) at the time (368).  As it is not 
immunogenic in children under 2 years of age, pneumococcal conjugate 
vaccines (PCVs) were developed, the first  7-valent PCV (PCV7) was 
licenced the year 2000 in the US and 2001 in Europe. The serotype coverage 
of PCV7 at the time was approximately 80% of IPD in young children in North 
America, 50% in most other regions and only 30% in Asia (369). Ten- and 
13-valent PCVs have since been licenced, increasing the estimated coverage 
to approximately 70% of global IPD causing seroytpes, ranging from 70% to 
84% and 74% to 88%, respectively (357) (see Pneumococcal Vaccines 
chapter below). 

1.6.1 Pneumococcal infections and diseases 

Once the pneumococcus has colonized the nasopharynx it may migrate 
through the eustachian tubes to cause otitis media (370), descend to the 
respiratory tract to cause pneumonia (371), or invade the bloodstream 
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through the respiratory epithelium to cause bacteremia or meningitis (372).  

Colonization by the pneumococcus may occur at any age, but is most 
common during infancy, with acquisition documented even just after birth 
(373). Most infants are colonized by one or several serotypes simultaneously 
or sequentially (374). Pneumococcal serotypes and strains differ in their 
duration of carriage (375) and their ability to progress from carriage to IPD, 
i.e in their invasiveness (374). Some serotypes are rarely found in carriage, 
like serotypes 1, 5, 7 and 12. These are the ‘invasive types’ that are more 
often the cause of IPD than predicted by colonization (362). Accordingly, 
serotypes 1 and 5 have been reported to have high potential to cause both 
acute otitis media (AOM) and IPD (376, 377) and to cause outbreaks in 
closed communities (378). However, in a Gambian study a higher carriage 
rate of serotypes 1, 5 and 14 in family members of children with IPD caused 
by these serotypes was reported (379). Additional serotypes have also been 
associated with IPD (4, 7F, 8, 12F, 18C, and 19A) others are less invasive 
(6A, 6B, 11A, 15B/C, and 23F) or more associated with carriage (23F, 6B 
and 19F) (362, 377). Carriage is essential for propagation of pneumococcal 
diseases and the local host immune response plays an important regulatory 
role in trafficking of pathogens in the nasopharynx.  

Pneumococcal colonization begins earlier in life in low- and middle-
income countries than in high-income countries (380, 381) and the 
prevalence of pneumococcal carriage is high (382) even mong adults where 
it can reach 40-50% (383, 384). In a Gambian study nasopharyngeal swabs 
were taken within the first 12 hours of delivery and at 2, 5 and 12 months of 
age. Carriage was found to rise from 1.5 % at birth to 80 % at two months of 
age and remain fairly constant until three years of age (380). In contrast, the 
carriage gradually rises from 9 % at 2 months, 17 % at 6 months, 22 % at 12 
months, 37 % at 18 months, and 43 % at 24 months in a high-income country 
(385). Less than 50 % of children in high-income countries have their first 
pneumococcal colonization episode within the first year of life (381) in 
contrast to 98 % in low-income countries (373). The carriage incidence 
continues to increase after one year of age, peaks at the age of three (high-
income countries) and drops thereafter (both low- and high-income countries) 
(386). Neonatal colonization and prolonged carriage are believed to 
contribute to the high incidence and early onset of pneumococcal diseases in 
low-income countries (361). Furthermore, maternal pneumococcal carriage 
and younger maternal age are independent risk factors for early onset of 
pneumococcal carriage in infants in high-risk areas (387). During the first 2 to 
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3 months of life, full-term infants have some protection against pneumococcal 
infections through passive transfer of MatAbs. The incidence of invasive 
pneumococcal diseases peaks between 3 and 18 months of age (reviewed in 
(388)) when PS specific maternally derived IgG Abs have decreased, as the 
halflife of PS specific Abs is 35 days (389), and the immune system is unable 
respond to TD PS antigens (390).  

The PS capsule inhibits phagocytosis of pneumococci by blocking access 
of C3b to the cell wall (391, 392). Capsules expressing larger amounts of 
negative charges per cell were found to be less likely to adhere to epithelial 
surfaces coated with human mucus and more likely to evade initial clearance 
in vivo (393). Furthermore, serotypes with thicker capsules tend to have 
longer nasopharyngeal carriage duration in young children (375) and greater 
ability to escape neutrophil-mediated phagocytosis compared with serotypes 
with thinner capsules (394). The capsule can also influence the invasiveness, 
like serotypes 6A or 23F (the less invasive serotypes) are associated with 
reduced adhesins, including PspC and pneumococcal serine-rich repeat 
protein (PsrP), resulting in decreased adherence to epithelial cells and 
increased ingestion by alveolar macrophages compared with the more 
invasive serotype 4 (395). It has been suggested that the less invasive 
carriage serotypes, like 6A and 6B are able to escape direct neutrophil 
phagocytosis but are more easily cleared by alveolar macrophages in the 
lung or bloodstream by complement-dependent mechanisms, explaining their 
lack of ability to cause invasive diseases. In contrast, strains of greater 
invasive potential like serotype 4 are readily cleared from the upper airway by 
neutrophils but if they escape neutrophil- or alveolar macrophage-mediated 
clearance they can more easily bind to epithelial cells via adhesins and 
translocate across the epithelium. They are also more resistant to 
complement-mediated clearance in the bloodstream, explaining their relative 
success in causing invasive diseases (394). Pneumococcal serotypes 
causing AOM are more prone to be the carriage types (396). A review 
reported that globally, serotypes 3, 6A, 6B, 9V, 14, 19A, 19F, and 23F were 
prone to cause AOM in young children, especially after the introduction of 
PCV7, serotype 19A causing AOM increased immensely (397). 

Other virulence factors include pneumolysin, PspA, PsaA, PspC (CbpA/ 
SpsA), muramidase, peptidoglycan N-acetylglucosamine-deacetylase A 
(PdgA) and an O-acetyltransferase (Adr), pneumococcal phosphorylcholine 
(ChoP) and IgA protease. All these factors contribute to the nasopharyngeal 
colonization of the pneumococcus and its virulence. For example, 
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pneumolysin decreases epithelial cell cilia beating, thereby enabling the 
pneumococcus to bind to epithelial cells without being removed with the 
mucus (398). PsaA is part of an ABC manganese ions transporter in which 
PsaA is the substrate-binding lipoprotein, PsaB is the ATP-binding protein, 
and PsaC is the permease (reviewed in (399)). Muramidase cleaves cell wall 
peptidoglycan, PdgA and Adr deacetylate the peptidoglycan, rendering it 
resistant to lysozyme (400). ChoP binds the platelet-activating factor (PAF) 
receptor on activated epithelial and endothelial cells and enables transcytosis 
of S. pneumoniae (reviewed in (399)). Binding of PspC (CbpA/SpsA) to the 
extracellular portion of epithelial pIgR, the secretory component also allows 
the pneumococcus to be transported between the apical and basal 
membranes of the epithelial cell (401). Furthermore, IgA protease modifies 
the PS-specific IgA1 Ab, thus it augments pneumococcal adherence to 
pharyngeal epithelial cells rather than inhibiting it (402). Several of these 
proteins are being studied as potential vaccine candidates. The high cost of 
existing multivaltent pneumococcal conjugate vaccines and their limited 
serotype coverage in some parts of the world has prompted the development 
of new vaccines based on conserved pneumococcal virulence proteins.  

1.6.2   Immune response to pneumococci 

In its fight for adherence, nutrition and replication the pneumococcus is 
confronted with the host's natural barriers at the respiratory mucosa, the 
host's immune system, and other pathogens colonizing the same niches. 

Pneumococcal binding to the respiratory mucosal surface prevented by 
the respiratory mucus and lysozyme. However, the epithelium releases 
various mediators such as cytokines, chemokines, and antimicrobial 
peptides, like defensins and cathelicidins, contributing to the innate immunity 
against pneumococci (371). Alveolar lining cells produce the pneumococcal-
binding protein, surfactant protein-D (SP-D). Mice deficient for SP-D have 
decreased capacity to clear pneumococci and are prone to infections (403). 
At the nasopharyngeal mucosal site the pneumococcus is also targeted by 
the hosts’ immune system, SIgA, lactoferrin and the complement system. 
Neutralization by serotype specific-SIgA prevents colonization, as shown by 
lack of protection in mice deficient for the pIgR (404). It also contributes to 
complement-dependent opsonophagocytosis and agglutination of 
pneumococci (405, 406). IgA Abs against pneumococcal surface proteins 
have also been described as contributor to protection against pneumococcal 
infection (407). The pneumococcus can avoid neutralization by SIgA, since 
pneumococcal IgA1 protease cleaves capsule-bound IgA at the hinge region, 
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thus inhibiting IgA-mediated opsonization and promoting binding to the 
respiratory mucosa (408). The remaining fragment antigen-binding (Fab) of 
SIgA binds to the pneumococcal cell wall, thereby exposing Cbps and 
decreasing the negative charge of the capsule, which also facilitates bacterial 
adhesion to the epithelial cell (408). 

Lactoferrin is a multifunctional transferrin family protein produced by 
human airway epithelial cells and submucosal gland serous cells (409). It 
functions as an iron scavenger that depletes iron in the environment that is 
necessary for bacterial metabolism. Unbound lactoferrin (apolactoferrin) has 
also direct bactericidal properties, toward various pathogens, including S. 
pneumoniae (410, 411). Expression of lactoferrin can be detected in human 
fetus in neutrophils and in epithelial cells of the developing digestive and 
respiratory tracts during the latter half of gestation (412). Lactoferrin is 
abundant in secretory fluids, highest concentration in human colostrum ("first 
milk", 7 mg/ml) followed by human milk (~1 mg/ml), saliva, tears and nasal 
secretions. How apolactoferrin destroys bacteria is not completely clear, but it 
appears to disrupt the bacterial cell, leading to cell lysis (413). Neutrophils 
are the main source of lactoferrin in plasma after degranulation, which 
therefore increases during infection, but also enhances bacterial 
phagocytosis and killing (410). The pneumococcus can prevent 
apolactoferrin-mediated killing by the expression of PspA which binds human 
apolactoferrin at its active site (411). Airway epithelial TLR-2 signaling 
increases production of lactoferrin in the lungs (414). S. pneumoniae is able 
to activate respiratory epithelial cells and alveolar macrophages through TLR-
2 via their lipoteichoic acid (LTA) and lipoproteins and TLR-4 via pneumolysin 
(415, 416). TLR-9 detects pneumococcal DNA containing unmethylated CpG 
motifs within endosomes of phagocytic cells (417). In addition to inducing 
cytokines, TLR-2 and TLR-9 have been suggested to enhance pneumococcal 
phagocytosis (417, 418) possibly through enhanced production of lactoferrin. 
NLR-dependent signals are also able to modulate and enhance the immune 
response, as NOD2 signaling stimulates the production of CCL2 in response 
to pneumococcal peptidoglycan that results in inflammatory response (IL-1β, 
IL-6, TNF-α, CXCL1, CXCL2, and G-CSF) and promotes the opening of 
epithelial barriers at cellular junctions permitting cytokines, complement, Abs 
and recruitment of alveolar macrophages and neutrophils to the site of 
infection, the lumen, along with transepithelial DCs (419).  

Alveolar macrophages represent the first phagocytic defense in the lungs 
that can phagocytose and kill low numbers of pneumococci (420). 
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Furthermore, the expression of the scavenger receptor MARCO on alveolar 
macrophages is critical for their uptake and killing of S. pneumoniae (421). 
However, when the number of pneumococci has exceeded the limit of 
alveolar macrophages, neutrophils are recruited and become the main 
phagocytic cells, and the role of alveolar macrophages changes to clearing 
apoptotic neutrophils (422). In vitro stimulation of DCs with agonist to TLR-2, 
-4 and -9 leads to the production of IL-23 when there is lack of or low 
concentration of IFN-γ in the vicinity (423), comparable to what would be 
observed in neonates due to their overall low IFN- γ production. IL-23 is a 
potent activator of innate producers of IL-17, such as γδ T cells, and if they 
are stimulated with TLR-2 agonists in the presence of IL-23 this results an 
early expansion of IL-17+ γδ T cells (424). Many other cell populations 
including CD4+ T cells, γδ T cells (mice), NK cells, and neutrophils are 
induced by IL-23 to become IL-17 producers (424). Recently it was reported 
that during S. pneumoniae infection, lung γδ T cells showed the highest level 
of expression of both the IL-17A and IL-17F genes and if IL-17 expression 
was decreased in these cells, it concomitantly reduced neutrophil recruitment 
to the lungs (425). Previous studies showed that Th17 cells and their IL-17A 
production were necessary for protection against pneumococcal colonization, 
where IL-17A increased pneumococcal killing by human neutrophils 
independent of Abs and complement (426, 427). Furthermore, it was 
demonstrated in mice that TLR-2 activation of CD4+ T cells and their 
production of IL-17A were required for recruitment of monocytes-
macrophages (in primary and secondary colonization) and neutrophils (in 
secondary colonization) into the lumen of the upper airway to promote 
efficient clearance (428). IL-17-producing γδ T cells seem to be the first line 
of defense that can orchestrate an inflammatory response to pathogen-
derived as well as environmental signals long before Th17 cells have sensed 
bacterial invasion (429). Significantly increased frequency of Tregs was found 
in adenoids of children with nasopharyngeal pneumococcal carriage 
compared with children with no carriage dected. These Tregs could possibly 
be effector/memory cells with potent inhibitory effect on CD4+ T cell 
proliferation, suggesting an inhibitory effect on the differentiation of Th17 cells 
by adenoidal Tregs which would be consistent with a role of Tregs in the 
persistence of pneumococcal carriage in children (131).  

S. pneumoniae PS capsule can inhibit several aspects of host immunity, 
including NETs and both complement-dependent and complement-
independent neutrophil phagocytosis (430, 431). The complement also plays 
an important role in the immune defence against S. pneumoniae both at the 
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site of colonization and systemically, where the major functions are 
opsonization, leukocyte recruitment and activation (432). Therefore it is no 
surprise that mice and humans with complement deficiencies are more 
susceptible to the transition of pneumococcal colonization to invasive disease 
(433, 434). Pneumococcus can evade complement-mediated immunity, by 
recruiting complement factor H that inhibits the alternative pathway by 
binding to the cell wall protein PspC (435). Factor H binding prevents 
formation of the factor B (Bf)-dependent C3b convertase on the bacterial 
surface, thereby potentially reducing S. pneumoniae opsonization with C3b 
(435, 436) and assisting the degradation of C3b to iC3b. Furthermore, PspA 
inhibits C1q and subsequent C3b deposition (437).  

The cellular response through IL-17-producing T cells evidently plays a 
major role in protection against pneumococcal colonization and clearance. 
However, as soon as the pneumococcus penetrates the host epithelial barrier 
the primary mechanism of protection changes and the humoral response 
involving induction of B cells to produce serotype-specific opsonophagocytic 
Abs becomes the major protective factor (438). The serotype-specific Abs 
opsonize the pneumococci and bind to Fc receptors on the surface of 
macrophages, neutrophils or other phagocytic cells, internalizing the bacteria 
by phagocytosis. Thus, in the presence of anti-capsular Abs the pneumococci 
are rapidly cleared from the blood mainly by the liver and to a lesser extent 
by the spleen. However, complement is necessary to achieve effective 
clearance, whether activated by the classical or to lesser extent the 
alternative pathway, by CRP, Ab, or the PS itself, as complement deposition 
on the capsule (C3b and iC3b) is essential for optimal pneumococcal 
phagocytosis and systemic clearance (439). The ability of anti-PS Abs to 
induce phagocytosis and killing is accepted as a surrogate marker for 
protection, where both Ab concentration and avidity contribute to 
opsonophagocytic activity (OPA) and confer protection in mouse challenge 
models. The most opsonic Ig subclasses in humans are IgG1 and IgG3, but 
IgG2a and IgG2b have been strongly correlated with opsonophagocytosis in 
the mouse (439, 440). Mice and humans with deficiencies in B-1 and MZ B 
cells, including patients with hypo- or agammaglobulinemia, Wiskott-Aldrich 
syndrome and splenectomized individuals, all exhibit increased susceptibility 
to infections with encapsulated bacteria (441). 
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1.7 Pneumococcal vaccines 

1.7.1   Pneumococcal polysaccharide vaccine, TI response 

PS vaccines (PPVs) were first developed and tested in young South African 
gold miners in 1924 (442). In the 1970’s a 13-valent experimental PPV was 
found to be 82.3% efficacious against bacteremia and 78.5% against 
pneumococcal pneumonia (443). Similar results were obtained using 6- or 
12-valent PPVs (444), which led to the development of a 14-valent 
pneumococcal PS vaccine (PPV14), which was licensed in 1977. It was 
estimated that 68% of IPD was caused by the 14 serotypes included in the 
vaccine (445).  

The currently used 23-valent PPV (PPV23) was approved in the year 
1983. PPV23 contains the serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 
11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F and 33F expanding 
serotype coverage to more than 85% of the those causing IPD at that time 
(446). PPV23 contains 25 μg of each PPS serotype in 0.5 ml saline with 
0.25% phenol as a preservative. Since its introduction, several efficacy 
studies have shown that in young adults the PPV23 is highly effective against 
IPD (447, 448), but efficacy is poor in adults at risk (449). PPV23 induces 
mucosal immunity but has little or no impact on nasopharyngeal carriage 
(450, 451). 

PS are TI-2 antigens (439, 452), they are large molecules composed of 
repetitive epitopes, highly resistance to degradation (453) resulting in 
persistence in vivo (454-456). They are not processed by APCs and are, 
therefore, unable to stimulate MHC class II dependent T cell help (452). Plain 
PS does not co-localize with MHC class II on the cell surface but remain 
inside the APC (457). PS can be processed to smaller size in endolysosomes 
but are not presented to T cells (458). However, some PSs have zwitterionic 
charged motifs, including PPS of serotype 1, and may activate CD4+ T cells 
after being processed and presented by MHC class II (459, 460). TI-2 
antigens interact directly with B cells by cross-linking of BCR molecules 
through the repetitive epitopes leading to the induction of Abs in the absence 
of T cells (162). They are poorly immunogenic and the MZ B cells in the 
spleen, peripheral IgM memory B cells (CD27+IgM+) (159) and B-1b cells in 
mice are the main cells that can initiate a rapid, response against these PS 
(187). Children younger than two years of age do not respond to PS vaccines 
but they are immunogenic in older children and adults (162). The Ab 
response is dominated by IgM and IgG2, it is relatively short lived (461, 462) 
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and repeated exposure does not elicit a booster response (463, 464). It was 
previously thought that TI-2 Ags could neither induce affinity maturation of 
Abs nor immunological memory (452, 453, 462, 465), which does not seem 
to be the case (463). The IgG2 isotype is considered the most effective Ab 
against PS, but children under two years of age produce low levels of IgG2 
and IgG4 (466), reaching adult levels at 5-10 years of age in contrast to other 
isotypes that reach adult levels at 2-3 years of age (467).  

The inability of CD21+ B cells to localize in the MZ before 2 years of age 
(165, 199, 468) or 3-4 weeks in mice (180) as well as low serum C3 levels 
(28, 29) are considered to be the major reasons for the lack of Ab response 
to PS in early life, and might contribute significantly to increased risk for 
infections by encapsulated bacteria in this age group. At 2 years of age in 
humans and 3-4 weeks in mice CD21+ B cells start to localize in the MZ. At 5 
years of age the number of CD27+ memory IgM+ B cells reaches a number 
compatible to what is found in adult MZ (165). MZ macrophages are 
disorganized and in lower numbers than in adult MZ (148) which could 
contribute to the lack of Ab response to PS. The initiation of Ab response to 
PS depends on its trapping by splenic MZ SIGN-R1+ MARCO+ macrophages 
that transfer the PS to MZ B cells (210), but the human homologue of these 
SIGN-R1+MARCO+ macrophages has not yet been identified. After 
immunization, plain PPS rapidly localize with MZ B cells in spleen were PS-
C3d complex interacts with CR-2/CD21 (469). Other factors that contribute to 
the lack of PS response in early life include deficiency in IL-1β, IL-6 and TNF-
α, which are important for TI-2 responses (19, 470). Addition of IL-1β, IL-6 
cytokines has been shown to enable neonatal B cells to clonally expand and 
differentiate in response to PS (470, 471). The response to TLR-2, -4, and -9 
agonists leads to less proinflammatory cytokine production (IL-1β, IL-6, TNF-
α, and IL-12p70) by neonatal spleen macrophages but more production of IL-
10 than by adult macrophages. An important factor contributing to the lack of 
response to PS in early life is lower TACI expression by B cells compared 
with B cells from adults (192). Mice lacking TACI are unable to mount 
effective TI-2 Ab responses (472) but signals through TACI and BAFFR can 
induce isotype switching to IgG and IgA without T cell help (191). An 
unexpected role for MyD88 in signal transduction via TACI has been reported 
(473). Following BAFF-binding, TACI interacts directly with MyD88 resulting 
in activation of NF-κB via a signaling cascade dependent on IRAK1, IRAK4, 
TNFR-associated factor 6 (TRAF6), TGFβ-activated kinase 1 (TAK1) and IκB 
kinase (IKK). This suggests that TACI signaling via MyD88 may help to 
promote extrafollicular B cell responses that lead to rapid and sustained IgG 
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and IgA responses to TI-2 Ags, which is lacking in children less than 2 years 
of age (473).  

In a retrospective cohort study PPV23 showed a significant reduction in 
pneumococcal bacteremia with an estimated vaccine efficacy of 44 %, in 
47,365 persons over 65 years of age, but failed to reduce the risk of 
community acquired pneumonia (474). Immunization coverage rates remain 
low, ranging from 12.6 %-36.5 % for people at risk in Europe (475) but 
around 60 % in the elderly in USA (476). In 2009, new vaccination guidelines 
for PPV23 in USA were adopted, recommending vaccination of those ≥ 65 
years of age, 18–65 years of age with underlying medical conditions, 
including all asthmatics and smokers in this age group (477). It is also 
recommended for children 2-18 years of age with underlying medical 
conditions (asplenia, sickle cell disease, HIV, and other 
immunocompromising conditions) after completing all recommended PCV13 
doses. And if they have had infections caused by serotypes not included in 
PCV13, should receive a second dose of PPV23 five years after their first. 
PCV13 naïve adults aged ≥ 19 years with immunocompromising conditions, 
functional or anatomic asplenia, cerebrospinal fluid leaks, or cochlear 
implants should receive priming with PCV13 and a PPV23 booster (478). The 
effectiveness of PPV23 in the elderly is limited to around 3-5 years, thus 
revaccinations might be considered. However, in the USA, the Advisory 
Committee on Immunization Practices (ACIP) does not recommend routine 
revaccinations with PPSV23 because of insufficient data on clinical benefits, 
in particular the degree and duration of protection (477, 479) (480). As 
previous PPSV23 vaccination has been shown to tolerize the immune 
response to subsequent PPSV23 vaccinations, jeopardizing the previous 
vaccine-induced protection and its duration (477, 481-484). Revaccination is 
only recommended for persons ≥ 65 years of age who received their first 
vaccine at <65 years of age, but not for persons who received their first 
vaccination at ≥65 years of age, unless the patient is immunocompromised or 
asplenic (477). 

1.7.2   Pneumococcal conjugate vaccine, TD response 

Poor immunogenicity of PPV23 in infants led to the development of the 
PCVs, effectively converting the TI-2 PS into a TD antigen (452). In the 
1980´s TD response to conjugate vaccines against Hib based on several 
carrier proteins was demonstrated by Rachel Schneerson and collegues 
(154). The success of the Hib conjugate vaccine in reducing invasive Hib 
diseases in infants and young children (485) led to the development of 
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conjugate vaccines designed to prevent infections by other encapsulated 
bacteria, namely pneumococci and meningococci of serogroup C. 

 The first PCV was PCV7 that included capsular PSs of serotypes 4, 6B, 
9V, 14, 18C, 19F, and 23F but other were developed to increase the serotype 
coverage. The 10-valent PCV (PCV10; Synflorix from GlaxoSmithKline) and 
13-valent PCV (PCV13; Prevnar13 from Pfizer) that included additional 
serotypes 1, 5, 7F, or 1, 3, 5, 6A, 7F, and 19A, respectively, were licensed 
the 2009 and 2010, respectively, for children and PCV13 for adults in 2012 
(357, 480, 486, 487). As seven serotypes (1, 5, 6A, 6B, 14, 19F, and 23F) 
are the most common globally and account for 58%–66% of IPD (363) the 
serotypes included in PCV10 and PCV13 increased the estimated coverage 
to approximately 70% of global-IPD causing seroytpes, ranging from 70% to 
84% and 74% to 88%, respectively (357). Vaccine pressure or other 
environmental factors like increased antibiotic use can cause serotype 
replacement (488). Recently it was reported that the PCV7 serotypes had 
nearly disappeared from IPD isolates in young children in European countries 
2-3 years after its introduction into national routine infant vaccinations (489) 
but circulation of the non-PCV7 serotypes 1, 19A, 3, 6A, 6C and 7F was 
increased. In USA 19A is by far the most common serotype followed by 1, 3 
and 7F (490). Increased serotype 19A IPD was though observed before PCV 
introduction in Israel, Spain, and Korea (488). 

Conjugate vaccines are immunogenic in infants and young children, elicit 
IgG Abs specific for the PS and induce immunological memory (491-493). In 
the 1990s, the Kaiser Permanente study of PCV7 in 38,000 infants and 
toddlers yielded spectacular results, showing an overall 98% reduction in 
bacteremia and meningitis (494), a 67% reduction in AOM caused by 
serotypes included in the vaccine. Similar results were observed in a study in 
Finland with 57% reduction in AOM due to vaccine serotypes (495). The 
PCV7 (Prevenar, Pfizer previously Wyeth) was the first PCV available for the 
prevention of pneumococcal disease in children less than two years of age 
and was licensed for routine use in children under 5 years of age in year 
2000 in USA and 2001 in Europe. Its incorporation into routine vaccination 
schedules in 2000 in USA for all infants and children under two years of age 
and high-risk children 2-4 years of age, led to the near disappearance of 
serious disease caused by vaccine serotypes in children and a dramatic 
decrease in the rate of IPD (496, 497). The rate of IPD decreased from an 
average of 25.1 cases/100,000 populations in 1999 to 12.6 cases/100,000 
population in 2004. The decrease was most profound in the vaccinated age 
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group but was also significant among older children, adults, and elderly 
individuals (498, 499). These results led to the adoption of PCV7 into national 
immunization programs (NIP) or universal vaccination recommended by 
health authorities in 14 European countries in 2006 to 2008 (500). In August 
2008, 26 countries offered PCV7 to all children as part of NIP or had 
widespread use of PCV7, with estimated national coverage >50%. None of 
these countries were a low-income or lower-middle income country (501). In 
Iceland PCV10 was implemented into the national routine infant vaccination 
schedule in April 2011.  

Among the PCV7 serotypes are the five serotypes (6B, 9V, 14, 19F and 
23F) that represent 80% of penicillin-non-susceptible isolates at the time of 
licensure (502). In the Kaiser Permanente study, PCV7 was effective at 
reducing episodes of pneumonia in infants in the first year by 32.2% and 
23.4% during the first 2 years of life, but only 9.1% effective in children of >2 
years of age which could be due to the wide range of serotypes that may be 
associated with pneumonia in the older age groups (503). The overall 
efficacy of PCV for preventing X-ray-defined pneumonia was 27%, but 6% for 
clinically diagnosed pneumonia in children under 2 years of age in the 
Philippines (504). Post-PCV7 a decrease in hospitalizations and ambulatory 
care visits for all-cause pneumonia has decreased (505). Incidence of 
pneumonia in adults caused by PCV7 vaccine types has decreased by more 
than 90% in the USA (506). Surveillance data in European countries show 
that the PCV7 serotypes have nearly disappeared from IPD in young children 
but circulation of the non-PCV7 serotypes 1, 3, 6A, 6C, 7F and 19A has 
increased (489). In the pre-PCV7 era, pneumococcus was the most common 
organism isolated from middle ear fluid of children with AOM (507), 
accounting for approximately 50% of a total of 7 million cases of otitis media 
per year in the USA alone (508). Routine vaccination with PCV7 has 
significantly reduced the incidence of AOM caused by vaccine serotypes, but 
unfortunately non-vaccine serotypes continue to play a major role as 
causative agents of AOM (509, 510). PCV7 has reduced the risk for AOM 
related physician visits up to 40% and the need for insertion of pressure 
equalizing tubes by 24.2% (511, 512). The overall efficacy of PCV7 against 
AOM is only around 6-7%, but of vaccine-related serotype up to 65% (495, 
513).  

Another property that distinguishes PCV from PPV23 is that it stimulates 
mucosal immunity and protects against pneumococcal colonization (514). 
PCV-7 elicits mucosal immune responses in immunized hosts most probably 
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due to activation of previously induced IgA-producing B cells enabling 
asymptomatic carriers to clear colonising pneumococci. The role of PS 
specific mucosal Abs after systemic PCV immunization in protection against 
pneumococcal disease and carriage is however less clear. Besides systemic 
IgG, PCVs also induce IgG and IgA in saliva but the magnitude and dynamics 
of these salivary Abs are largely unknown (515). It has also been 
demonstrated that for most serotypes salivary PS-specific IgG and IgA Abs 
are induced by natural boosting via carriage (515). Around 60% reduction in 
vaccine serotype carriage at the age of 24 months, after primary series in the 
first year and a booster dose during the second year compared with 
unvaccinated controls has been observed (515, 516). The vaccine-induced 
PS-specific salivary IgG was suggested to contribute more to protection 
against pneumococcal colonization then IgA. Accordingly, PCV-induced PS-
specific memory B cells have been shown to prevent colonization, but the 
persistence of the PS-specific memory B cell population is not maintained 
within the nasopharynx. A systemic PCV booster immunization led to a 
transient appearance of PS-specific memory B cells within the mucosa, which 
could reflect the re-circulation of systemic memory B cells through the site 
rather than the generation of resident mucosal memory B cells (517). 
Induction of sustained PS-specific memory B cells in the nasopharynx could 
be achieved by mucosal immunization which would also boost local mucosal 
immunity, including activation of CD4+ producing IL-17 to acheive full 
protection against carriage. Accordingly, it has been reported recently that 
domain 4 pneumolysin elicited significant Th17 memory response in NALT 
and PBMCs that was more in children that were negative for pneumococcal 
carriage than in carriage positive children (518).  

Widespread use of the PCV7 has caused a shift in serotype prevalence, 
shown by a significant decrease in vaccine serotypes causing IPD and AOM, 
but increase in non-vaccine serotypes. The replacement serotypes 19A, 1, 5, 
7F, and 33F and serogroup 15 have accounted for the most significant 
increases in IPD in USA (519) and the serotypes 1, 3, 6A, 6C and 7F in 
Europe (489, 500, 520). Serotype 19A became the most prevalent penicillin-
nonsusceptible isolate from clinical specimens (521, 522). IPD coverage of 
PCV7 in developing countries was lowest where the incidence was highest, 
only 43% in Asia and 67% in Africa in contrast to 86% in USA and 74% in 
Europe, mainly due to larger contribution of serotypes 1, 3 and 5 which are 
the major serotypes causing IPD in these parts of the world (523). Reduced 
coverage of PCV7 serotypes led to the development of PCV10 in Canada, 
Australia, and Europe in late 2008 to early 2009. It contains 1 μg of serotypes 
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1, 5, 6B, 7F, 9V, 14 and 23F, and 3 μg of serotypes 4, 18C and 19F 
absorbed in 0.5 mg of Aluminium phosphate (AlPO4 as Al3+). Furthermore, 
each serotype is conjugated to a carrier protein, protein D (an outer 
membrane protein from non-typable Haemophilus influenzae) for serotypes 
1, 4, 5, 6B, 7F, 9V, 14 and 23F, serotype 19F is conjugated to DT and 
serotype 18C to TT. The PCV13 was licensed in Chile and Europe in 2009, 
and USA in 2010 and replaced PCV7. PCV13 contains three additional 
serotypes, 3, 6A, and 19A on top of the PCV10 serotypes, all individually 
conjugated to the nontoxic diphtheria CRM 197 carrier protein absorbed in 
0.125 mg of Aluminium phosphate (AlPO4 as Al3+). The PCV13 dose 
contains approximately 2.2 μg of each 12 PS but approximately 4.4 μg of 
serotype 6B.  

In 2010 seven serotypes (1, 5, 6A, 6B, 14, 19F, 23F) were reported to be 
the most common cause of IPD globally, accounting for more than half of IPD 
in every region and serotype 14 was common in every region. Preliminary 
results suggest that increased serotype coverage with the new PCVs 
(PCV10, PCV13) is already having an effect on pneumococcal infections 
caused by these serotypes (500). 

The precise molecular mechanisms underlying glycoconjugate processing 
and presentation through the MHC class II pathway have not yet been fully 
dissected. It is assumed that an APC ingests the conjugate and degrades the 
protein carrier, generating peptides that are then presented in MHC class II 
molecules as has been demonstrated in vitro (457). In a mouse model and in 
vitro helper T cells recognize the peptide/MHC complexes become activated 
to secrete cytokines, subsequently these activated T helper cells recognize 
the peptide presented by the PS- or carrier-specific B cells, and mediate 
cognate T cell help to the B cells which differentiate into memory B cells or 
plasma cells and also induction of long-lived T cell memory (524, 525) (526). 
Based on microscopy techniques the carbohydrate portion of the monovalent 
conjugates, 14-CRM197 and 19F-CRM197, were presented on the surface of 
APCs in the context of the MHC class II molecule (457). This was supported 
in a study, using group B streptococcal type III PS coupled to a carrier 
protein, showing that in conjunction with a carrier protein-derived peptide. 
The carbohydrate epitope was bound to MHC class II and stimulated 
carbohydrate-specific CD4+ T cell clones and provided T cell help to Ab 
producing B cells (527). Furthermore, a glycoconjugate was constructed were 
~1 peptide per 8 repeating units of PS led to a several-fold increase in 
presentation of carbohydrate epitopes to specific CD4+ T cells that led to 



  

57 

 

enhanced Ab immunogenicity of the conjugate. These results could lead to 
development of new-generation glycoconjugate vaccines with optimal, high-
density presentation of carbohydrate epitopes that would lead to enhanced 
immunogenicity in the very young and possibly with mucosal administration. 

1.7.3   Polysaccharide-induced hyporesponsiveness 

Hyporesponsiveness, defined by a lower Ab level after the second 
immunization compared with the first,  has been observed after repeated 
immunizations with plain PPS/PPV in infants and toddlers for many of the 
PPS serotypes (528, 529) and in the elderly (530, 531). Hyporesponsiveness 
is not restricted to pneumococcal PS, but has been observed for PS from 
other encapsulated bacteria, like N. meningitidis and to a lesser extent Hib                
(532, 533). Mice previously immunized with a TI-2 Ags were unresponsive to 
a second challenge with the same Ags (534, 535). 

PPS-specific memory after primary PCV series in infants has been 
demonstrated by native PPS booster in the second year, using the 
anamnestic response and affinity maturation of PPS-specific IgG as 
surrogate markers for memory (536, 537). However, several studies have 
shown that PPS booster after primary PCV series impairs serotype-specific 
Ab responses to subsequent injections with either PPV (538) or PCV (539). 
Furthermore, an increased risk of acute lower respiratory infections after the 
PPV booster at 18 months of age was found in Australian Indigenous children 
previously primed with 3 doses of PCV during infancy (540). Clinical studies 
have mostly demonstrated enhanced Ab production after PPV booster in 
toddlers after primary series of PCV during infancy (529, 541-543). However, 
the functional activity of the IgG Abs elicited was lower after PPV than PCVs 
booster both in avidity (542, 544, 545, 546) and opsonic activity (529, 546-
548). The mechanism of PS induced hyporesponsiveness is not fully 
understood but it has been suggested that plain PS stimulates existing 
conjugate-induced memory B cells to differentiate terminally into Ab-
producing plasma cells without replenishing the memory pool (153, 532, 
549). It has also been reported that pneumococcal colonization shortly before 
the first infant dose of PCV (550-552) or previous IPD impairs serotype 
specific Ab responses to PCV (553) or PPV (554). Most recently it was 
reported that occurrence of nasopharyngeal colonization during any time of 
the primary series led to inferior responses to PCV (555).  

The physiological features of PS, which are large molecules composed of 
repetitive epitopes, highly resistance to degradation may be contribute to 
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hyporesponsiveness (453). PS were shown to be degraded into smaller 
fragments within endosomes through an oxidative pathway (556). However, 
PS can persist in vivo for long period of time, in mice PPS has been found in 
the circulation for up to 18 months after immunization depending on the 
serotype (454). In humans, pneumococcal C PS can be detected in the urine 
up to 6 months after infection (455) and during pneumococcal carriage in 
healthy children (456). The existence of a pool of memory B cells capable of 
responding to such persistent Ag needs a suppressive mechanism to prevent 
their continuous reactivation leading to overproduction of Abs. Thus, the 
observed B cell fatigue or unresponsiveness elicited by nasopharyngeal 
carriage, IPD or PPV booster could be a preventative mechanism (550, 553). 
In another study where recall exposure to PS induced an 
immunosuppression, it was found to be due to Ag-specific IgG Abs and 
regulated independently of the inhibitory Fc receptor, FcγRIIB (464). 
Furthermore, anti-TI-2 Abs in vitro inhibited recall stimulation of B cells only 
when added within the  first 24 h, but had no effect after 72 h of a 96 h culture 
(535), suggesting that one potential mechanism of PS-induced 
hyporesponsivess could be mediated by Ag-Ab complexes. Furthermore, 
recall response to conjugate has been demonstrated in AID-deficient mice 
that lack IgG but suffer from hyper-IgM syndromes (464). 

In the initiation of Ab response to plain PS, FDCs provide co-stimulatory 
signals to B cells, through C3b and C4b engaged with C4 binding protein 
(C4BP), which co-localizes with ICs on FDCs (557) inducing B cells signals 
via CD40, independent of T cell-derived CD40L (CD154) (557). Notably, 
injection of mice with anti-FDC-M2, which recognizes an epitope on C4 
bound within ICs, inhibits TI-2 GC development (557). This coincides with the 
delayed maturation of FDC in neonatal mice, shown as lack of FDC-M2 
staining (217). Thus, all of these factors and unidentified may play a role in 
PS-induced hyporesponsiveness during childhood, but hyporesponsiveness 
has also been reported in older individuals (532). 

Expression of TACI may play role as it has been demonstrated in adult 
mice, that B cells pre-exposed in vitro to high dose of MenC PS or group B 
Streptococcus serotype V, strongly down regulated TACI expression that led 
to unresponsive BAFF- and APRIL-induced Ig secretion and inhibited IFN-γ-
induced BAFF production by DCs (558). Neonatal B cells expressed severely 
low levels of TACI that resulted in lack of BAFF or APRIL responsiveness by 
neonatal B cells to differentiate into IgG- or IgA-secreting PCs (192). 
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The cost of current PCVs limits their use in resource-poor countries where 
the pneumococcal disease burden is greatest. However, potentially more 
cost-effective alternative schedules have been suggested, by reducing PCV 
primary doses and introducing PPV booster instead of PCV during the 
second year (559, 560). Thus, it is of great importance to dissect the precise 
effects of plain PS on the early life immune system before such a policy 
decision is made. The clinical implications of PS-induced 
hyporesponsiveness following repeated exposure to PS need to be 
extensively studied, but nevertheless the theoretical risk for increased 
disease susceptibility is a possibility (540). This clinical risk could conceivably 
be greater in developing countries and in the very young where recurrent 
exposure to encapsulated pathogens is more likely and pneumococcal 
vaccinations with PCV soon after birth could possibly prevent reduced 
vaccine efficacy. 

 

 

This review is not exhaustive but it is clear that differences do exist in the 
structure and function of the early life immune system between mice and 
men. These differences must be kept in mind when designing mouse 
experiments with the goal of extrapolating the results over to humans. 
However, the important observations are the similarities in the immune 
responses elicited by PS in mice and humans. Both are characterized by little 
heterogeneity and more oligoclonality of Abs, low affinity Abs and small 
anamnestic increase in Abs titers, despite some degree of somatic 
hypermutation (561). Futhermore, newborns of both species lack the ability to 
respond to TI-2 PS capsular Ags. 

The PhD study was intiated by adapting a murine model of pneumococcal 
immunization and infection (333, 336) to early life in order to study the 
immunogenicity, induction of memory and protective efficacy of both plain 
pneumococcal polysaccharide and conjugate vaccines in 1 and 3 weeks old 
mice, corresponding immunologically to human neonates and infants (134, 
562-564). It is important to define the age groups that correspond 
immunologically to the human neonate (first four weeks of life) and infant (2 
to 6 months of life). Siegrist and colleagues proposed, after having assessed 
Ab and T cell responses to various TD antigens in mice, that the 
immunological maturation of 1 week old and 3 weeks old mice corresponds 
to that of human neonates and infants, respectively, and mice older than 6 
weeks of age correspond to human adults (134, 562-564). 
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2 Aims 

2.1  General aims 
The overall aim of the study was to assess in neonatal mice the induction and 
maintenance of polysaccharide-specific memory B cells by pneumococcal 
conjugate vaccine and to assess if novel adjuvants given by different routes 
can overcome early life limitations and enhance long term protective 
immunity against Streptococcus pneumoniae.   

 

2.2 Specific Aims 
 

2.2.1 To assess the effect of age on quality and magnitude of the 
immune response and immunological memory in early life 
after immunization with pneumococcal polysaccharide 
and pneumococcal conjugate vaccines 

2.2.2 To assess if adjuvants and different immunization routes 
enhance antibody responses in early life 

2.2.3 To assess the effects of adjuvants and immunization routes 
on the generation of B cell memory and antibody 
secreting cells in neonatal mice 

2.2.4 To assess if plain polysaccharide compromises B cell 
responses in early life, and elucidate the mechanism 
behind hyporesponsiveness
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3 Materials and methods 

3.1 Mice 
Adult NMRI mice were obtained from M&B AS (Ry, Denmark). The mice 
adapted for at least one week after arrival before an initiation of an 
experiment. They were kept in micro-isolator cages with free access to 
commercial pelleted food and water, and housed under standardized 
conditions at the Institute of Experimental Pathology at Keldur (Reykjavik, 
Iceland) with regulated daylight, humidity and temperature. 

For breeding of mice to produce neonatal and infant mice for the 
experiments, adult female mice were put in the cage of adult male mice for 
two weeks. After the two week period, the female mice were separated from 
the male and kept in separate breeding cages. Breeding cages were checked 
daily for births that were recorded and the pups were kept with the mother 
until weaning at the age of 4 weeks. The Experimental Animal Committee of 
Iceland authorized the animal experiments, which complied with animal 
welfare act 15/95. 

 

3.2 Vaccine and adjuvants 
Pneumococcal polysaccharide (PPS) of serotype 1 or 19F (PPS-1/-19F) was 
conjugated to tetanus-toxoid (TT; Pnc1-TT or Pnc19F-TT) by Sanofi Pasteur 
(Marcy l’Etoile, France) as previously described (565). Plain PPS-1 or -19F 
was provided by Sanofi Pasteur or purchased from American Type Culture 
Collection (ATCC, Rockville, MD, USA). The mutant of Escherichia coli heat-
labile enterotoxin LT-K63 was produced and purified by Novartis Vaccines & 
Diagnostics (former Chiron Srl, Siena, Italy) as described (324). The CpG-
ODN 1826 (TCCATGACGTTCCTGACGTT) was purchased from Oligos Etc., 
Inc. (Willsonville, OR, USA) and CpG-ODN 2006 (TCGTCGTTT 
TGTCGTTTTGTCGTT) provided by Sanofi Pasteur. 

 

3.3 Immunization 
The dose of pneumococcal conjugate, Pnc1-TT or Pnc19F-TT, used in the 
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study was 0.5 µg/mouse, the dose of plain PPS-1/-19F was 5.0 µg/mouse 
and the dose of the adjuvant LT-K63 was 5.0 µg/mouse, for all age groups. 
The dosages of CpG-ODNs adjuvants were different depending on the age of 
the mice, neonatal (seven days old) mice received 20 µg/mouse but infant 
(three weeks old) and adult (6-8 weeks old) mice received 100 µg/mouse.   

Subcutaneous (s.c.) or intraperitoneal (i.p.) immunizations of neonatal, 
infant, and adult mice were with 50 µL, 100 µL and 200 µL of a vaccine 
solution injected in the scapular girdle or into the peritoneum, respectively. 
For intranasal (i.n.) immunization, vaccine solutions (2x 3.0 µl for neonatal 
and infant, or 8.0 µl for adult mice) were slowly delivered into the nares and 
administration of two doses was with 30 min interval. Age-matched mice 
injected with sterile saline were used as unimmunized controls. At first to 
assess the safety of LT-K63 as adjuvant in infant and neonatal mice, weight 
gain was monitored weekly and compared with mice given sterile saline. A 
second dose with the same vaccine dose and route was administered 16 
days after primary immunization, in paper I, II and IV.  

Adult and infant mice received a light sedation by s.c. injection of 
Hypnorm (Jansen Pharmaceutica, Beerse, Belgium) prior to s.c., i.n. and i.p. 
immunization. Neonatal mice did not receive Hypnorm prior to immunization. 
Vaccine solutions and adjuvants were mixed 1 hour prior to immunization. 

 

3.4 Blood and saliva sampling 
Mice were bled from the tail-vein and serum isolated by centrifugation at 
2500 rpm for 10 minutes. The serum was stored at –20°C until use. In paper 
I, saliva was collected from each mouse before i.n. challenge by the insertion 
of absorbent sticks (Polyfiltronics Inc., Rockland, ME, USA) into the mouth. 
After five minutes, the sticks were transferred to phosphate-buffered saline 
(PBS) containing 10.0 µg/ml protease inhibitor (Aprotinin, Sigma Chemicals 
Co., St. Louis, MO, USA) to prevent proteolysis. The dissolved saliva 
samples for each group were pooled and stored at –70°C until use. 

 

3.5 Enzyme-linked immunosorbent assay (ELISA) 

3.5.1   Measurements of PPS-specific antibody in mouse sera 

PPS-specific antibodies (Abs) (IgM, IgG, IgG1, IgG2a, IgG3 and IgA) were 
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measured by using the following ELISA protocol. Microtiter plates (MaxiSorp; 
Nunc AS, Roskilde, Denmark) were coated with 100 µL per well of 5.0 µg 
PPS-1/ml or 10.0 µg PPS-19F/ml (ATCC) in PBS and incubated for 5 hour 
(h) at 37°C. After incubation for 5 h at 37°C, the plates were kept at 4°C until 
use (storage was maximal one month). The plates were washed three times 
with PBS containing 0.05% (v/v) Tween 20 (Sigma; PBS-Tween) before 
blocking with PBS-Tween containing 1% bovine serum albumin (BSA; Sigma) 
at room temperature (RT) for one h. Meanwhile, Abs to cell wall 
polysaccharide (CWPS; Statens Serum Institute, Copenhagen, Denmark) in 
serum, saliva samples and standard were neutralized with 500 µg CWPS/ml, 
in dilution of 1:50 for 30 min. After blocking plates were washed three times 
with PBS-Tween and the neutralized samples were serially diluted and 
incubated in duplicates on PPS-coated plates at RT for 2 h. After two hours 
the plates were washed as before and specific Abs were detected with 
horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody 
(Southern Biotechnology Associates Inc., Birmingham, AL, USA) diluted in 
PBS-Tween with 1% BSA for 2 h in RT. As before the plates were washed 
and development of the enzyme reaction was performed by adding 100 µl of 
3,3´,5,5´- tetramethylbenzidine peroxidase (TMB) substrate (Kirkegaard & 
Perry Laboratories, Gaithersburg, MD, USA) into each well for approximately 
10-30 min and the reaction was stopped with 100 µl of 0.18 M H2SO4 in each 
well. The absorbance was read at 450 nm in a Titertek Multiscan Plus MK II 
spectrophotometer (ICN Flow Laboratories, Irvine, UK). 

3.5.2   Measurements of TT-specific antibody in mouse sera 

For detection of TT-specific IgG antibodies, microtiter plates (MaxiSorp) were 
coated with 5.0 µg purified TT (Sanofi Pasteur) per ml 0.10 M carbonate 
buffer (pH 9.6) and incubated overnight at 4°C. After blocking with PBS-
Tween containing 1% BSA at RT for 1 h, samples and standard diluted 1:50 
in PBS-Tween with 1% BSA, were serially diluted and incubated in duplicates 
on TT-coated plates for 2 h at RT. The detection of TT-specific Abs and the 
development of the reaction were performed as described for PPS-specific 
ELISA.  

 

Results obtained from measurements of PPS- and TT-specific antibodies 
in mouse sera were calculated from standard curves constructed by serial 
dilutions of a serum pool from hyperimmunized adult mice (1st immunization 
with Pnc-TT + Freund´s complete adjuvant and 2nd immunization with Pnc-
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TT+ Freund´s incomplete adjuvant). The titers of the reference serum pool 
corresponded to the inverse serum dilution giving an optical density of 1.0, 
which have been assigned 100 ELISA units per ml (EU/ml). Results were 
expressed as mean log EU/ml ± standard deviation (SD). 

3.5.3   Ab avidity 

Avidity of PPS-1- and TT-specific antibodies in sera was evaluated using a 
modification of the ELISA protocol described before with an incorporation of 
elution step of potassium thiocyanate (KSCN) (566). CWPS neutralized 
standard and sera (1:50) were incubated in 100 µl on PPS-1 or TT coated 
plates for 2 h. Plates were then washed 3 times with PBS-Tween and 
incubated with 100 µl of two-fold dilutions of  KSCN (7.5 -0.117 [M]) to 
displace bound Abs and PBS-Tween (100% binding) for 15 min. Then plates 
were washed 3 times with PBS-Tween and remaining Abs were detected by 
alkaline phosphatase (ALP)-conjugated goat-anti-mouse IgG (Southern 
Biotechnology Associates Inc.) with 2h incubation at RT. The reaction was 
developed by 5 mg p-nitrophenyl phosphate (Sigma) in diethanolamine buffer 
(pH 9.8) and absorbance read at 405 nm Titertek Multiscan Plus MK II 
spectrophotometer.  Results were expressed as avidity index, AI = [M] KSCN 
that is needed to displace 50% of specific IgG Abs bound to the Ag coated on 
microtiter plates. 

 

3.6 Isolation of mononuclear cells from spleen and bone 
marrow 

Spleen, femur and tibias were removed from mice at different time points 
after immunization. Single cell suspensions from femur and tibia were 
obtained by injection of 1.0 ml of complete tissue culture media which 
consisted of RPMI-1640 (Gibco, Invitrogen, Paisley, UK) containing 25mM 
Hepes buffer (Gibco), 100 U/ml penicillin / 100 µg/ml streptomycin (Gibco), 
2mM L-glutamine (Gibco), and 10% foetal calf serum (FCS; Gibco) trough 
femur/tibia and the bone marrow was flushed out. Single cell suspensions 
from spleen were prepared by cutting the organs in several pieces, and the 
pieces were then pressed through a sterile 100 µm nylon cell strainer (BD 
Bioscience, city, CA, USA). The cells were then dissolved in sterile Hanks 
Balanced Salt Solution (HBSS; Gibco) containing 2% (v/v) FCS, and 
centrifuged at 1000 rpm for 10 minutes at 4°C. After washing of all single cell 
suspensions, red blood cells were lysed by incubation in sterile ammonium 
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chloride buffer (pH 7.2) for 5 minutes. After washing, the cells were re-
suspended in 10 ml of complete tissue culture media and settlement of tissue 
fragments allowed for 10 min. The top 9.0 ml were gently transferred to a 
new culture tube and centrifuged at 1000 rpm for 10 minutes at 4°C. The 
number of cells in the samples was estimated by counting cells stained with 
methyl blue using a hematocytometer and microscope. After counting, the 
number of cells in the suspension was adjusted to 107 cells per ml. The cells 
were kept on ice or stored at 4°C during all isolation steps. 

 

3.7 Enumeration of Ab-secreting cell by ELISPOT 
PPS-1- and TT-specific antibody secreting cells (AbSC) were enumerated by 
ex vivo ELISPOT. The single cell suspension from half of the spleen or the 
whole bone marrow obtained from femur and tibia of mice was adjusted to 
contain 108 cells per ml. MultiScreen High protein binding immobilon-P 
membrane (Millipore Corporation, Bedford, MA, USA) was coated with 20 
μg/ml of PPS-1 or 10 μg/ml of TT overnight at 37°C. After washing with PBS 
containing 0.1% Tween 20 and blocking with complete tissue culture medium 
containing 10% FCS, serial dilutions of the single cell suspension were added 
to the plates and incubated for 5 h at 37°C. After washing, the plates were 
incubated with ALP-conjugated goat-anti-mouse IgG overnight at 4°C, 
washed and developed by 5-bromo-4-chloro-3-indolylphosphate and 
nitroblue tetrazolium in AP color development butter (BioRad Labs, Hercules, 
CA, USA). Spots were counted and analyzed with an ELISPOT reader (KS 
ELISPOT, Zeiss, Germany). 

 

3.8 Immunohistochemistry 
Half of each spleen from mice was frozen in Tissue-Tek OCT compound 
(Sakura, Zouterwoude, The Netherlands) and cut into 7 μm cryosections at 
four levels, the first level started 700 µm into the tissue and then 
subsequently each level was separated by 210 μm. Sections were fixed in 
acetone for 10 min and stored at -70 C until staining. 

3.8.1   Immunohistological staining 

To enumerate germinal centers (GCs), four sections from each spleen were 
stained with biotin-conjugateds PNA (Vector Laboratories Inc., Burlingame, 
CA, USA), which is a lectin that specifically binds to Gal-β(1-3)-GalNAc 
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carbohydrates expressed by GC B cells, and detected by ALP-conjugated 
avidin (Mabtech AB, Nacka Strand, Sweden) to enumerate GCs, and with 
IgG-HRP or IgM-HRP (Southern Biotechnology Associates Inc.) to assess 
the frequency of switched and non-switched B cells, respectively. Mature 
FDC were detected with purified mAbs specific for FDC-M2 (AMS 
Biotechnology Limited, Oxfordshire, UK), FDC-M1 (4C11, BD Pharmingen, 
San Diego, CA, USA) and CR1 (8C12, BD Pharmingen) followed by biotin-
labeled poly anti-rat Ig (BD Pharmingen) and detected by ALP (Mabtech AB). 
Staining for CXCL13 was performed with biotin-labeled rat anti-mouse BLC 
(R&D Systems, Minneapolis, MN, USA) and detected poly-HRP40-
streptavidin (RDI Division of Fitzgerald Industries Intl, Acton, MA, USA). For 
detection of metallophilic marginal macrophages, sections were stained with 
MOMA-1 (AbD Serotec, Düsseldorf, Germany) and with MOMA-2 (AbD 
Serotec) for detecting macrophages in the T and B cell zone of white pulp 
and in the outer boarder of the marginal zone (MZ) followed by biotin-labeled 
poly anti-rat Ig (BD Pharmingen) and detected by ALP (Mabtech AB). 

3.8.2 Immunofluorescense staining 

Staining for GC and mature FDC was also performed by fluorescence 
stainings with the purified mAbs specific for PNA-bio (Vector Laboratories 
Inc.) and detected by Texas Red-avidin (Jackson Immunoresearch 
Laboratories, Suffolk, UK) and IgM-FITC (BD Pharmingen). Purified mAb 
specific for biotin-labeled FDC-M2 (AMS Biotechnology Limited, Oxfordshire, 
UK), FDC-M1 (4C11, BD Pharmingen, San Diego, CA, USA) and CR1 (8C12, 
BD Pharmingen) followed by biotin-labeled poly anti-rat Ig (BD Pharmingen) 
was detected by Texas Red-avidin (Jackson Immunoresearch Laboratories) 
or FITC-avidin (BD Pharmingen). For detection of metallophilic marginal 
macrophages, sections were stained with FITC labeled MOMA-1 (AbD 
Serotec, Düsseldorf, Germany). TNF-α was detected with goat anti-mouse 
TNF-α (c-1351; Santa Cruz Biotechnology, Santa Cruz, CA, USA) followed 
by Ig-Alexa Fluor 488 (Invitrogen). Nuclear counterstaining was done with 
DAPI (Invitrogen). 

 

The numbers of GCs and follicles were counted or staining of follicles was 
detected under the microscope (Zeiss, Oberkochen, Germany) equipped with 
10X and 40X objectives, AxioImaging software (Birkerod, Denmark) used for 
both light and three-color immunofluorescence and photographed with a 



  

67 

 

digital camera (AXIOCAM; Zeiss). The average number of GC per follicle 
calculated for each section. 

 

3.9 TNF-α levels in supernatants of spleen cells stimulated 
with TT in vitro 

Single cell suspension from spleen was adjusted to contain 107 cells per ml 
and incubated in 24-well flat bottom plates (Nunc) at 37°C, 5% CO2 in 
complete tissue culture media. The cells were incubated with 10 µg of TT per 
ml of complete tissue culture media, or in complete culture media alone. After 
48 hours of incubation, the cell-culture supernatants were collected, and 
stored at -70°C until the levels of TNF-α in the supernatants were measured 
with sandwich Duoset ELISA (R&D Systems). 

Microtiter plates (MaxiSorp) were coated with 2.0 µg capture anti-mouse 
TNF-α antibody per ml of PBS, and incubated over night at RT. After blocking 
of the coated plates with PBS containing 1% BSA for 1 h at RT, the 
supernatants were added to the coated plates undiluted and incubated for 2 h 
at RT. For detection of bound cytokines, 200 ng biotin-conjugated anti-mouse 
TNF-α antibody per ml PBS containing 1% BSA were incubated for 2h at RT. 
HRP-conjugated avidin (BD Pharmingen) was diluted 1:1000 in PBS 
containing 1% BSA and incubated for 30 min at RT. The development of the 
enzyme reaction was performed as described in the Ab ELISA. 
Concentrations of TNF-α were calculated from a standard curve constructed 
by serial 3-fold dilutions of the respective recombinant mouse cytokine and 
expressed as pg/ml. 

 

3.10 Pneumococcal infection model 
Two or four weeks after 2nd immunization, mice were challenged i.n. with S. 
pneumoniae serotype 1 (ATCC6301, ATTC). The stock solution was 
maintained in tryptose broth with 20% glycerol at -70°C. One day before 
challenge, the bacteria were plated on blood agar made of Tryptonse Soya 
Agar (Oxoid, Cambridge, UK) supplemented with Gentamicin and horse 
serum (Keldur, Reykjavik, Iceland) and incubated at 37°C in 5% CO2 

overnight. Isolated colonies were transferred to Todd Hewitt broth (Oxoid), 
cultured at 37°C to a log-phase for 3.5 hours and resuspended in sterile 
saline. Serial 10-fold dilutions were plated on blood agar to determine the 
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challenge dose, as colony forming units (CFU) in 50 µl. The animals were 
anaesthetized with pentobarbitone sodium BP (50 mg/kg, Icelandic 
Pharmaceuticals, Reykjavik, Iceland) injected s.c.. Twenty to thirty minutes 
later the mice hung on a wire by their teeth and 50 µL of pneumococcal 
suspension were administered i.n. by using a pipette. After aspiration for 10 
minutes, the mice were put back to their appropriate cages for recovery. 
Twenty-four h after i.n. challenge, blood samples were taken from the tail 
vein and 10-fold serial dilutions plated on blood agar that included selective 
supplement for staphylococci and streptococci containing nalidixic acid and 
solistin sulphate (Oxoid) and the plates incubated at 37 °C in 5% CO2 
overnight. Bacteraemia was determined as the number of CFU⁄ml of blood. 
The mice were then sacrificed, lungs removed and homogenized in 3 ml 
saline and serial dilutions plated on blood agar and incubated for 48 h at 
37°C under anaerobic conditions. Pneumococcal lung infection was 
expressed as CFU⁄ ml of lung homogenate. Depending on the first dilution 
used, the detection limit was log 2.2 CFU⁄ml lung homogenate and log 1.3 
CFU⁄ ml blood. 

 

3.11 Statistical analysis 
For comparison between groups and time points Mann Whitney Rank sum 
test was used and Student’s t-test when the data were normally distributed, 
using either the program Sigma Stat (Systat Software Inc., San Jose, CA, 
USA) or GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). A P 
value of <0.05 was considered statistically significant. 
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4 Results  

4.1 The effect of age on quality and magnitude of immune 
response and immunological memory in early life after 
immunization with pneumococcal polysaccharide and 
pneumococcal conjugate vaccines 

Papers I, II and unpublished data: 

4.1.1   Age-dependent response to pneumococcal vaccines 

Immunogenicity of 5.0 µg pneumococcal polysaccharide of serotype 1 (5.0 
µg) and pneumococcal polysaccharide of serotype 1 conjugated to tetanus 
toxoid (Pnc1-TT (also called conjugate), 0.5 µg) was assessed after s.c. 
immunization of neonatal (1 week), infant (3 weeks) and adult (6-8 weeks) 
mice. As control, mice of each age group were immunized with saline. In 
adult mice immunization s.c. with a single dose of plain PPS-1 induced 
significant IgG anti-PPS-1 Abs (P<0.001) compared with saline, 4 weeks 
after administration (Figure 2). Neonatal and infant mice did not respond to a 
single dose of plain PPS-1 as levels of IgG anti-PPS-1 Abs were comparable 
to those in saline immunized mice at all time points. In contrast, s.c. 
immunization with a single dose of the conjugate induced significant anti-
PPS-1 IgG Abs in both neonatal and infant mice, but the response was age-
dependent and significantly lower than in adult mice (Figure 2, Figure 1 in 
paper I and Figure 1 in paper II). 

To assess if the immune responses in early life correlated with the 
protective efficacy against lethal pneumococcal infection, mice were 
challenged i.n. with a virulent strain of serotype 1 pneumococci 4 weeks after 
immunization and pneumococcal infection in blood and lungs evaluated after 
24 hours. The protection against bacteremia and lung infections was related 
to the levels of IgG anti-PPS-1. No reduction of bacteremia or lung infection 
was observed in neonatal and infant mice immunized with plain PPS-1 
compared with saline, in contrast to adult mice that were protected against 
both bacteremia (P<0.001) and lung infection (P=0.02) (Figure 2). 

One dose of the conjugate induced significant reduction of both 
bacteremia and lung infection in neonatal and infant mice, but the protection 
was not as effective as in adult mice (Figure 2, Figure 1 in paper I). 
Interestingly, a single dose of plain PPS-1 induced a significant IgM anti- 
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Figure 2. Immunogenicity and protective efficacy of a single dose of plain PPS-1 or 
Pnc1-TT in neonatal, infant and adult mice. 

PPS-1-specific IgG Ab levels (mean EU/ml±SD) in serum 2 days before and 1, 2, 3 
and 4 weeks after s.c. immunization with native PPS-1 (open squares), Pnc1-TT 
(filled squares) or unimmunized (open circles) neonatal (left), infant (middle) and adult 
(right) mice (upper panels). The mice were challenged with live S. pneumoniae 
serotype 1 to assess the protective efficacy of the Abs against bactermia and lung 
infection (lower panels). Pneumococcal colony forming units (CFU/ml) in blood and 
lungs 24h after challenge shown for each mouse (N=8/group), the median for each 
group is indicated by a line. The detection limit was 1.3 CFU/ml of blood and 2.0 of 
lung homogenate 

PPS-1 response in both neonatal and infant mice, equivalent to that in adult 
mice. However, in conjugate immunized neonatal and infant mice significantly 
less IgM anti-PPS-1 was elicited than in adult mice (P<0.001) (Figure 3). 

Four weeks after immunization with plain PPS-1 hardly any IgG1, IgG2a 
or IgG3 anti-PPS-1 were detectable in neonatal mice (Figure 3) and in infant 
mice only IgG3 anti-PPS-1 was significantly enhanced (P=0.005) compared 
with saline immunized mice. In adult mice, all three subclasses were 
significantly enhanced (P<0.05), especially IgG3, the main subclass elicited 
by PS immunization in mice (452). In contrast to plain PPS-1, conjugate 
elicited detectable levels of IgG subclasses in neonatal and infant mice that 
were significant for IgG1 in neonatal (P=0.006) and infant (P=0.013) mice but 
only in infant mice for IgG3 (P=0.013) (Figure 3). 

In a second set of an experiment the immunogenicity and protection 
efficacy of PPS-1 and Pnc1-TT was assessed upto 12 weeks after the 
administration of a single dose of PPS-1, Pnc1-TT or saline in the same age 
groups (Appendix Figure 1). 
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Figure 3. Levels of IgM and IgG subclasses induced by PPS-1 and Pnc1-TT. 

PPS-1-specific IgM, IgG1, IgG2a and IgG3 levels (mean EU/ml±SD) in serum 
measured 4 weeks after s.c. immunization with plain PPS-1, Pnc1-TT or saline 
immunized in neonatal (white columns), infant (grey columns) and adult (black 
columns) mice. 

The two pneumococcal vaccines differed both in immunogenicity and 
protective efficacy in this early life murine model. No IgG anti-PPS-1 Ab 
response was induced by plain PPS-1 in either neonatal or infant mice, as 
has been observed in human neonates and infants (452, 561). The 
pneumococcal conjugate proved to be immunogenic in early life but both 
antibody responses and protective efficacy were age-dependent and lower 
than in adult mice. Thus, this murine early life immunization model against S. 
pneumoniae reproduces the main features of human infant immune 
responses to both plain PPS and pneumococcal conjugate vaccines. 

4.1.2   The induction of immunological memory 

Next we studied the induction of PPS-1-specific memory by plain and 
conjugated polysaccharide, by immunizing neonatal, infant and adult mice 
with a second dose of either PPS-1 or Pnc1-TT, 16 days after receiving the 
first dose. Age-matched control mice were immunized with saline. 

In adult mice primed with PPS-1 the second dose of plain PPS-1 induced 
a significant IgG response, but not in neonatal or infant mice (Figure 1 in 
paper I), similar to what was observed after one dose of PPS-1 (Figure 2 and 
Figure 3). This supports further the lack of PPS responsiveness in early life. 
In contrast, the second dose of Pnc1-TT induced a rapid and strong increase 
of IgG anti-PPS-1 Ab levels in all age groups previously primed with Pnc1-TT 
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(Figure 1 in paper I and Figure 1 in paper II), indicating that a single dose of 
Pnc1-TT can efficiently prime for memory already at 1 week of age. However, 
an age-dependent difference was still detected where the IgG anti-PPS-1 Ab 
levels were significantly higher in adult mice than in neonatal and infant mice 
following one and two doses of Pnc1-TT, whereas they were comparable in 
neonatal and infant mice after one and two doses of Pnc1-TT (Figure 1 in 
paper I and Figure 1 in paper II). IgG anti-PPS-1 Ab levels remained low in 
both groups of young mice, especially after one dose, but persisted upto 
week 12 after immunization (Figure 1 in paper II). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. IgG subclasses induced by one and two doses of Pnc1-TT 

PPS-1-specific IgG1 (top panels), IgG2a (middle panels) and IgG3 (bottom panels) 
levels (mean EU/ml±SD) in serum at 2, 4, 6, and 12 weeks in neonatal (open 
squares), infant (filled squares) and adult (open circles) mice immunized with Pnc1-TT 
s.c. once (left panels) or twice , the second dose 16 days after the first (right  panels). 

The subclass distribution of IgG anti-PPS-1 Abs was analyzed after one 
and two doses of Pnc1-TT. Compared with adult mice Ab levels of all three 
subclasses were low in neonatal and infant mice, especially after one dose in 
neonatal mice (Figure 4, Table 1 in paper II). IgG1 dominated the Ab 
response in all age groups but only adult mice responded with a significant 
IgG2a and IgG3 anti-PPS-1 Ab levels after a single dose of Pnc1-TT. 
However, the second dose of Pnc1-TT elicited significant IgG2a anti-PPS-1 
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Ab levels in both neonatal and infant mice 4 weeks after immunization (week 
6 after 1st immunization) although the levels were low (Figure 4, Table 1 in 
paper II). Also a significantly enhanced production of IgG3 anti-PPS-1 Ab 
levels was observed two weeks after the second dose of Pnc1-TT in both 
neonatal and infant mice. An age-dependent response was observed for all 
subclasses and the limitation in Ab response to the PPS part of the conjugate 
vaccine was particularly prominent for the Th1-associated subclass IgG2a in 
both neonatal and infant mice. 

Avidity of PPS-1-specific IgG Abs was measured, as a marker of memory 
B cell generation (145) and a critical determinant of protection (567). After 
one dose of Pnc1-TT the avidity of PPS-1-specific IgG Abs was below the 
detection limits in both neonatal and infant mice, therefore statistical 
comparison was not applicable. A slight increase in avidity of IgG anti-PPS-1 
Abs was observed in both neonatal and infant mice after the second dose of 
Pnc1-TT (Figure 2 in paper II). In adult mice avidity of IgG anti-PPS-1 Abs 
was significantly increased after one dose of Pnc1-TT and even more after 
two doses (Figure 2 in paper II), which was in agreement with the increase in 
IgG anti-PPS-1 Ab levels (Figure 1 in paper II). Thus, the avidity maturation is 
age-dependent and is not fully restored by a second dose of Pnc1-TT in early 
life. The kinetic of the affinity maturation of anti-PPS-1 specific IgG is shown 
in appendix 7.2 (Appendix Figure 2). 

Protective efficacy of the pneumococcal conjugate was assessed 4 weeks 
after the first immunization. In neonatal and infant mice a single dose of 
Pnc1-TT protected the majority of the mice from bacteremia and a significant 
reduction of pneumococci in lungs was observed in both neonatal and infant 
mice compared with control mice (Figure 1 in paper I). However, two doses of 
Pnc1-TT fully protected all neonatal mice and five of seven infant mice from 
bacteremia and significantly reducd lung infection in both age groups. Both 
one and two doses of Pnc1-TT were sufficient to protect all adult mice from 
bacteremia and lung infection (Figure 1 in paper I) as previously shown in this 
model (333, 568).  

The pneumococcal conjugate vaccine induced generation of memory 
shown by a rapid and strong increase of IgG anti-PPS-1 Abs after the second 
dose of Pnc1-TT in neonatal and infant mice, in contrast to the PPS-1 
vaccine that did not induce memory. However, neonatal and infant mice 
showed markedly impaired affinity maturation of PPS-1-specific Abs following 
one dose of Pnc1-TT and only a slight increase following the second dose, in 
contrast to adult mice. Thus, the induction of memory is limited and age-
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dependent in our early life murine model, as has been observed in human 
neonates and infants (569, 570). 

 

4.2 Effects of adjuvants and immunization routes on 
antibody responses in early life 

Papers I, II and unpublished data: 
As Pnc1-TT given s.c. was less immunogenic and less effective in inducing 
PPS-1-specific memory and protective efficacy in neonatal and infant mice 
than adult mice, we investigated whether adding adjuvants to the vaccine 
formulation could enhance immune responses in this early life murine model. 

4.2.1   LT-K63 enhances Pnc1-TT-induced generation of PPS-1-
specific memory when administered s.c. to neonatal and 
infant mice 

Neonatal, infant and adult mice were immunized s.c. with 0.5 µg of Pnc1-TT 
formulated with 5.0 µg of the adjuvant LT-K63, a non-toxic mutant of E. coli 
heat-labile enterotoxin. They were re-immunized 16 days later with saline or 
Pnc1-TT+LT-K63. Age-matched control mice received saline at both time 
points. Safety of LT-K63 was assessed by monitoring weight gain and 
number of weekly deaths compared with age-matched control mice. No 
deaths occurred, and no effect on weight gain was observed in infant or 
neonatal mice immunized s.c with Pnc1-TT+LT-K63 compared with saline, 
demonstrating that LT-K63 appears to be safe and has a low reactogenicity 
profile in early murine life (data not shown). 

Addition of LT-K63 to Pnc1-TT significantly enhanced the PPS-1-specific 
IgG response in neonatal and infant mice, both after one and two doses 
(Figure 2 in paper I, Figure 1 in paper II). The second dose of Pnc1-TT+LT-
K63 induced a rapid and strong increase of IgG Ab, indicating efficient 
priming for memory by one dose at an early age. In all immunized groups at 
all ages, the IgG Ab levels persisted for up to week 12 (Figure 1 in paper II). 
A difference in IgG Ab response between the young and adult mice was still 
observed, especially after one dose, but was less if immunized with Pnc1-TT 
than Pnc1-TT+LT-K63. Next we investigated the influence of LT-K63 on IgG 
subclasses (Figure 5, Table 1 in paper II). After one dose, IgG1 anti-PPS-1 
levels in infant mice were equivalent to those in adult mice, but lower levels 
were observed in neonatal mice. This age-dependent difference decreased 
after the second dose of Pnc1-TT. IgG3 was significantly enhanced by LT-
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K63 after both one and two doses and an age-related difference was still 
observed (Figure 5). LT-K63 also induced the Th1 related subclass IgG2a, 
which was detectable at all timepoints after one immunization and was 
significantly enhanced by the second dose, but still an age-dependent 
difference in response was observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. IgG subclasses induced when LT-K63 was added to the Pnc1-TT vaccine  
formulation 

PPS-1-specific IgG1 (top panels), IgG2a (middle panels) and IgG3 (bottom panels) 
levels (mean EU/ml±SD) in serum measured by ELISA 2, 4, 6, and 12 weeks after 
immunization in neonatal (open squares), infant (closed squares) and adult (open 
circle) mice immunized once (left column) or twice (right column) with Pnc1-TT s.c., 
second dose given 16 days after the first. 

Addition of LT-K63 to the Pnc1-TT vaccine formulation significantly 
enhanced the avidity of PPS-1-specifc IgGs both after one and two doses in 
all age-groups, although an age-related difference was observed at all 
timepoints (Figure 2 in paper II, Appendix Figure 3). 

Protective efficacy was assessed four weeks after priming or 2 weeks 
after the second immunization. Mice were challenged i.n. and protection 
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against bacteremia and lung infection was evaluated. After one dose of Pnc1-
TT+LT-K63 all infant mice and 7 of 8 neonatal mice were protected from 
bacteremia and a significant reduction in pneumococci in the lungs was 
observed both in neonatal and infant mice. One of 8 neonatal and 6 of 8 
infant mice had completely cleared the bacteria from their lungs (Figure 2 in 
paper I). All adult mice were fully protected from both bacteremia and lung 
infection. However, two s.c. doses of Pnc1-TT and LT-K63 protected all 
neonatal, infant and adult mice against both bacteremia and lung infection 
(Figure 2 in paper I). 

4.2.2   Mucosal administration of Pnc1-TT with LT-K63 in early life 

Papers I, II and unpublished data: 
Little is known about mucosal immune responses in early life and their 
potential advantages in protective efficacy of Pnc1-TT against pneumococcal 
infection. Furthermore, induction of memory by mucosal immunization with 
Pnc1-TT remains to be explored in early life. 

We immunized neonatal, infant and adult mice intranasally (i.n.) with 0.5 
µg of Pnc1-TT mixed with 5.0 µg of LT-K63 and re-immunized 16 days later 
with Pnc1-TT+LT-K63 or saline by the same route. Control mice for each age 
group received only saline. Neonatal and infant mice responded both with 
significantly enhanced IgG anti-PPS-1 (Figure 3 in paper I and Figure 1 in 
paper II). After a single dose of Pnc1-TT with LT-K63 Ab levels in neonatal 
mice were either higher after i.n. than in s.c. immunization (Figure 5 in paper 
I) or comparable (Figure 1 in paper II). The second dose of Pnc1-TT+LT-K63 
by the same routes induced a further rapid and strong increase of anti-PPS-1 
IgG Abs, indicating efficient priming for memory with one dose at an early 
age (Figure 3 in paper I, Figure 1 in paper II). In i.n. immunized groups at all 
ages, high anti-PPS-1 IgG Ab levels persisted for 12 weeks after first 
immunization (Figure 1 in paper II). However, difference in anti-PPS-1 IgG Ab 
response between the young and adult mice was still observed, especially 
after one dose, but less than after s.c. immunization with only the vaccine, 
Pnc1-TT. Mucosal administration of LT-K63 with Pnc1-TT significantly 
enhanced the avidity of PPS-1-specifc IgG Abs in all age groups, especially 
after two doses in infants, which did not differ from avidity index in adult mice 
(Figure 2 in paper II, Appendix Figure 4). 
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Figure 6. IgG subclasses induced after mucosal immunization with Pnc1-TT+ LT- K63  

PPS-1-specific IgG1 (top panels), IgG2a (middle panels) and IgG3 (lower panels) 
levels (mean EU/ml±SD) in serum measured by ELISA 2, 4, 6, and 12 weeks in 
neonatal (open squares), infant (closed squares) and adult (open circle) mice 
immunized once (left column) or twice (right column) with Pnc1-TT i.n., second dose 
given 16 days after the first. 

Next we assessed the influence of LT-K63 on the IgG subclass profiles 
(Figure 6, Table 1 in paper II). I.n. administration of Pnc1-TT with LT-K63 
significantly enhanced all IgG subclasses of anti-PPS-1 levels in both 
neonatal and infant mice, especially after two doses. In both age groups 
mucosal immunization with Pnc1-TT alone or with LT-K63 induced 
significantly higher Th1-associated sublass IgG2a than in age-matched mice 
immunized s.c., in which the Th2-associated IgG1 subclass was 
predominant. There was a significant difference between Ab levels in 
neonatal and adult mice, but not between infant and adult mice (Figure 6) 
Furthermore, a significant salivary IgA response was observed after i.n. 
immunization with Pnc1-TT and LT-K63 in all age groups (Figure 4 in paper 
I). Protection against both bacteremia and lung infection was achieved, and a 
single i.n. dose of Pnc1-TT and LT-K63 was sufficient to completely protect 
neonatal mice from bacteremia (Figure 3 in paper I). 
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These results demonstrate that immunization with Pnc1-TT and LT-K63 
by either route significantly enhanced Ab response to the PPS part of the 
conjugate vaccine and most importantly the generation of memory, especially 
after two doses. Mucosal immunization seems to be superior in overcoming 
early life limitations, by induction of Th1-associated subclasses and 
protective immunity. 

4.2.3   Effect of CpG-ODN on Pnc1-TT-induced generation of PPS-
1-specific response in early life 

Unpublished data: 
We also assessed the effects of CpG-ODN, another Th1-promoting adjuvant, 
the optimal human CpG2006, now known as PF-3512676 or CpG7909 (345), 
on Pnc1-TT-induced PPS-1-specific Ab responses in neonatal mice, which 
show most limitations in responsiveness to Pnc1-TT.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Effect of CpG2006 on Pnc1-TT-induced Ab response and protective  
efficacy in neonatal mice after parenteral and mucosal administration 

PPS-1-specific IgG (upper panels) levels (mean EU/ml±SD) in serum 2, 3 and 4 
weeks after immunization of neonatal mice with one (open squares) or two (filled 
squares)  doses of Pnc1-TT+CpG2006, two doses of Pnc1-TT (filled circles)  or saline 
(controls, open circles) either s.c. (left column) or i.n. (right column).  Mice were 
challenged with live S. pneumoniae serotype 1 to assess protection against bactermia 
and lung infection (lower panels). Pneumococcal colony forming units (CFU/ml) in 
blood and lungs 24h after challenge are shown for each mouse (N=8/group), with 
median for each group indicated by a line. Depending on the first dilution used the 
detection limit was 1.3 CFU/ml of blood and 2.0 CFU/ml of lung homogenate. 
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Seven day old mice were immunized s.c. or i.n. with 0.5 µg of Pnc1-TT 
formulated with 20 µg CpG2006 and re-immunized 16 days later with Pnc1-
TT and 100 µg of CpG2006 or saline by the same route. Control mice recived 
saline. The protective efficacy was assessed two weeks after the second 
immunization by challenging the mice i.n. with live S. pneumoniae of serotype 
1 and counting CFUs in blood and lungs 24h later. 

Two doses of Pnc1-TT CpG2006 significantly enhanced IgG anti-PPS-1 
levels at 3 (P=0.001) and 4 (P<0.001) weeks after mucosal immunization but 
only 4 weeks (P=0.001) after s.c. immunization (Figure 7).  IgG anti-PPS-1 
levels 4 weeks after two doses of Pnc1-TT with CpG2006 were comparable 
by both routes. However, CpG2006 did not increase the Ab response to one 
dose of Pnc1-TT by either route (Figure 5 and Figure 6 vs Figure 7). 
Accordingly, mice that received two doses of Pnc1-TT+CpG2006 by either 
route were fully protected from bacteremia and pneumococci were only 
detectable in the lungs of 1 out of 8 mice immunized s.c. and 3 out of 8 
immunized i.n. (Figure 7).  

4.2.4   Comparison of pretreatment and simultaneous 
administration of the adjuvant LT-K63 on Pnc1-TT-induced 
responses in neonatal mice 

Unpublished data: 
To evaluate the importance of adjuvant administration timing on Pnc1-TT-
induced immune respone in neonatal mice, we assessed whether the effect 
of LT-K63 was dependent on simultaneous administration with Pnc1-TT or if 
LT-K63 could enhance early life immune responses when administered 1-9 
days prior to Pnc1-TT. Six groups of mice were immunized s.c. with Pnc1-TT 
at 16 days of age, and received LT-K63 simulaneously or 1, 3, 6 or 9 days 
before the conjugate and one group received no adjuvant. Control mice 
received only saline.   

All the mice that were pretreated with LT-K63 had significantly higher IgG 
anti-PPS-1 Abs than mice immunized only with Pnc1-TT at 16 days of age 
(Figure 8). However, neonatal mice that received LT-K63 one day prior to 
Pnc1-TT or simultaneously had significantly higher PPS-1-specific Abs than 
other mice pretreated at other time points, from two weeks after Pnc1-TT 
immunization and unwards. This demonstrates that pretreatment with LT-K63  
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Figure 8. Comparison of pretreatment and simultaneous administration of LT-K63 on 
Pnc1-TT-induced Ab responses in neonatal mice 

Log IgG anti-PPS-1 (mean EU/ml±SD) in serum 2, 3, 4, 5 and 6 weeks old mice 
immunized s.c. with LT-K63 at 7 (open triangles), 10 (filled triangles), 13 (filled 
diamonds) or 15 (open diamonds) days of age and with Pnc1-TT at 16 days of age 
(arrow) as indicated in the figure. One group received saline at 7 days and Pnc1-TT at 
16 days of age (open squares) and the reference group received Pnc1-TT and LT-
K63 simultaneously (filled squares) at 16 days of age. Control neonatal mice received 
saline (open circles). 

makes the neonatal immune system more responsive at least to the 
polysaccharide part of Pnc1-TT. The immune system seems to be in a 
stimulated state for at least 9 days after LT-K63 administration, but its effect 
is optimal if given simultaneously or 1 day prior to the vaccine (Figure 8).  

Taken together, both Th1-promoting adjuvants LT-K63 and CpG2006 
significantly enhanced the immunogenicity and protective efficacy of Pnc1-TT 
in neonatal mice. Futhermore, LT-K63 seemed to enhance the maturational 
status of the immune system as pretreatment with LT-K63 upto 9 days prior 
to Pnc1-TT immunization enhanced the Ab responses at least to the PPS 
part of the conjugate vaccine.   

 

4.3 Effects of adjuvants and immunization routes on the 
generation of B cell memory and antibody secreting 
cells in neonatal mice 

Paper III and unpublished data: 

We assessed the effects of adjuvants on the primary induction of AbSCs and 
on germinal center formation, one of the major limitations in early life immune 
responses. Neonatal and adult mice were immunized s.c. with 0.5 µg of 
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Pnc1-TT alone or formulated with 5.0 µg LT-K63 or 20 µg CpG1826 (the 
optimal murine motif). Control mice received saline. 

4.3.1   LT-K63 administered s.c. enhanced Pnc1-TT-induced 
AbSCs in early life 

PPS-1- and TT-specific IgG AbSCs in spleen were enumerated 14 days after 
immunization of neonatal mice and 10 days after immunization of adult mice 
with Pnc1-TT with or without LT-K63. LT-K63 enhanced primary induction of 
both TT- and PPS-1-specific AbSCs in neonatal mice (Figure 5 in paper III). 
This was reflected in serum IgG anti-PPS-1 and anti-TT Ab levels in serum 
(Figure 5 in paper III). Still, an age-dependent difference in frequency of PPS-
1-specific AbSCs was seen, but not in TT-specific AbSCs, indicating that 
limited primary AbSCs induction in early life is more pronounced for the PS-
part of the conjugate, and is partially overcome by the adjuvant LT-K63. 

4.3.2   Effect of LT-K63 and CpG1826 on Pnc1-TT-induced GCs 

To determine if the enhancing effect of LT-K63 on Pnc1-TT-induced AbSCs 
was due to increased GC formation, spleen sections of neonatal and adult 
mice were stained with PNA to enumerate GCs, and anti-IgM and anti-IgG to 
identify unswitched and switched follicles.  

LT-K63 was able to overcome the limited Pnc1-TT-induced GC formation 
in neonatal mice. Significantly higher frequencies of PNA+ GCs were found in 
neonatal mice immunized with Pnc1-TT+LT-K63 than Pnc1-TT-immunized or 
control mice. Importantly, the GCs were more structured and organized in 
neonatal mice that received Pnc1-TT with LT-K63 than without (Figure 1 and 
Supplemental Figure 1 in paper III). Pnc1-TT by itself induced only limited GC 
reaction, shown by few weakly PNA+ follicles, and no difference in PNA+ GC 
numbers compared with control mice (Figure 1 paper III). Still a difference 
was found between neonatal and adult mice. These results show a clear 
association between impaired GC reaction and limited AbSCs induction after 
Pnc1-TT priming in early life, more pronounced for the PS than protein part of 
the conjugate. 

The lack of GC formation during early life has been shown to be due 
delayed maturation of follicular dendritic cell networks (217). We therefore 
studied whether LT-K63 mediated its enhanced GCs formation through 
effects on FDCs. Cryosections were stained for FDC-M2, FDC-M1 and 
complement receptor 1 (CR1/CD35), characterizing mature FDC networks. 
LT-K63 accelerated the maturation of FDC networks as shown by similar 
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FDC-M2+ FDC staining pattern in neonatal mice immunized with Pnc1-
TT+LT-K63 and adult mice immunized with Pnc1-TT w/wo LT-K63 (Figure 1 
and Supplemental Figure 1 in paper III). LT-K63 is the first adjuvant shown to 
overcome the delayed maturation of FDC networks in neonates. 

Next we investigated the maturational status of CD169+/MOMA-1+ marginal 
metallophilic macrophages (MMM), that are important for capture and 
delivery of Ag and Ag-Ab complexes, and whether the LT-K63-enhanced GC 
induction and FDC maturation could be through its effects on MMM. LT-K63 
enhanced the migration of MOMA-1+ cells into activated GCs in neonates 
that co-localized with FDC-M2+ and FDC-M1+ FDC network clusters, similar 
to that observed in adult mice immunized with Pnc1-TT w/wo LT-K63 
(Figures 1, 2 and Supplemental Figure 1, 3 in paper III). Furthermore, LT-K63 
enhanced the MOMA-1+ staining intensity of cells in the MZ inner layer, 
becoming similar to that observed in adult mice (Figures 1, 2 and 
Supplemental Figure 1 in paper III). 

To investigate whether the acceleration of neonatal FDC network maturation 
by LT-K63 was associated with increased TNF-α expression, spleen sections 
were stained for TNF-α. Mice immunized with Pnc1-TT+LT-K63 as neonates 
showed enhanced TNF-α staining that co-localized with FDC-M2+ cells in 
GCs, similar to that in adult mice (Figure 3 in paper III). In contrast, Pnc1-TT 
immunized neonatal mice that had hardly any detectable TNF-α staining in 
the spleen. Also, TNF-α level in TT-stimulated spleen cell cultures were 
significantly higher in mice immunized as neoantes with Pnc1-TT+LT-K63 
than Pnc1-TT (Figure 4 in paper III). These results demonstrate that LT-K63 
is able to enhance the delayed TNF-α production in the neonatal spleen and 
this parallels with accelerated maturation of FDC networks. 

4.3.3   Effects of CpG1826 on Pnc1-TT-induced AbSCs and  
memory 

In a similar neonatal mouse model CpG1826 was found to enhance TT-
specific Abs and AbSC after immunization with TT absorbed in AL(OH)3, but 
failed to overcome limited GC induction (356) and FDC maturation (217). We 
compared the effects of CpG1826 and LT-K63 in our mouse model by 
immunizing neonatal mice with Pnc1-TT with either 5.0 µg LT-K63 or 20 µg 
CpG1826. LT-K63 enhanced the Pnc1-TT-induced GC formation at days 12, 
14 and 16, whereas CpG1826 had no effect, as shown by few weakly PNA+ 
follicles (Supplemental Fig. 3 in paper III). In neonatal mice immunized with 
Pnc1-TT+LT-K63, but not CpG1826, increased FDC maturation was 
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observed at all time points (Figure 6 and Supplemental Figure 3 in paper III). 
Accordingly, hardly any TNF-α was detectable in spleen of Pnc1-
TT+CpG1826 immunized neonatal mice at days 12 and 14 (Figure 6 in paper 
III), although a weak TNF-α staining was detected at day 16 (Supplemental 
Figure 3 in paper III). Interestingly, LT-K63 and CpG1826 enhanced equally 
the frequency of PPS-1- and TT-specific IgG+ AbSCs in spleen and Abs in 
serum at all time points (Supplemental Figure 4 in paper III). These results 
demonstrate that enhanced maturation of neonatal FDCs parallels enhanced 
TNF-α expression, and so far this has only been achieved by LT-K63. We 
replicated previous results showing that CpG1826 enhanced the induction of 
AbSC and Abs but did not overcome the limited GC induction and FDC 
maturation in early life.  

These results demonstrate for the first time that delayed FDC maturation and 
limited GC induction in early life can be overcome by the adjuvant LT-K63 
which enhanced primary induction of PPS-1- and TT-specific AbSCs. 

4.3.4   Long-term persistance of AbSCs in bone marrow after 
neonatal immunization with Pnc1-TT and LT-K63 

Long-lived plasma cells in the bone marrow are reduced in early life, since 
the few plasmablasts that migrate to the bone marrow fail to persist due to 
insufficient survival signals (275). We therefore studied if LT-K63 affected 
long-term persistence of AbSC in spleen and bone marrow upto 8 weeks 
after immunization of neonatal mice with Pnc1-TT. LT-K63 enhanced the 
long-term persistence of early life AbSCs in spleen and bone marrow (Figure 
7 in paper III). PPS-1- and TT-specific IgG Ab levels and avidity were 
increased by LT-K63 and continued to increase up to 8 weeks after 
immunization (Figure 7 in paper III), explaining the prolonged protective Ab 
levels observed in previous experiments (Figure 1 in paper II).    

4.3.5   Comparison of parenteral and mucosal administration of 
LT-K63 on Pnc1-TT-induced generation of specific AbSCs 
in early life 

Unpublished data: 

To evalutate the effect of immunization routes on the adjuvanticity of LT-K63 
on primary Pnc1-TT-induced generation of PPS-1- and TT-specific AbSCs in 
spleen and their long-term persistence in bone marrow (BM) in early life, 
neonatal mice were immunized s.c. with Pnc1-TT with or without LT-K63, i.n. 
with Pnc1-TT+LT-K63 or saline. 
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Figure 9. Effect of LT-K63 administration by s.c. and i.n. routes on response to Pnc1-
TT and long-term persistence of AbSCs   

PPS-1-specific (left column) and TT-specific (right column) IgG+ AbSCs in spleen (top 
panels) and bone marrow (2nd panel)s, serum IgG Ab levels (3rd panels) and avidity 
(bottom panel) 14, 23, 39 and 55 days after priming of neonatal mice with Pnc1-TT 
(filled circles), Pnc1-TT+LT-K63 s.c. (filled squares), Pnc1-TT+LT-K63 i.n. (open 
squares) or saline (open circles). The results are from 2 experiments, expressed as 
number of spots/106 cells (mean±SD), IgG levels (mean EU/ml±SD) and avidity index 
(mean AI±SD) in 12 mice/group for each time point. 

At day 14, LT-K63 enhanced the frequency of AbSCs in spleen, both PPS-1- 
(s.c.: P=0.002, i.n.: P<0.001) and TT-specific (s.c. and i.n.: P<0.001) (Figure 
9). Frequency of TT-specific AbSCs (P=0.01) was higher after the s.c. than 



  

85 

 

i.n. administration, but no difference in PPS-1-specific AbSCs was found 
between the routes. However, in BM there were significantly more PPS-1-
specific AbSCs already 14 days after mucosal immunization with Pnc1-
TT+LT-K63 (P<0.001) but no difference in TT-specific AbSCs. LT-K63 given 
by either route enhanced the frequency of both PPS-1- and TT-specific AbSC 
in BM. This indicates that enhanced AbSC output of the GCs reaction by LT-
K63 results in more vaccine specific AbSCs that home to the BM, more after 
mucosal than parenteral immunization (Figure 9). Similar results were 
observed at day 23 except that more TT-specific AbSCs had homed to the 
BM after mucosal than s.c immunization with Pnc1-TT+LT-K63 (P<0.001). At 
39 and 55 days no difference was detected between the two routes. 
Interestingly, parenteral immunization with Pnc1-TT+LT-K63 induced 
significantly more TT-specific AbSCs in spleen than mucosal administration 
at all time points which was reflected in significantly higher Ab level in serum. 
Accordingly, levels and avidity of PPS-1- and TT-specific IgG Abs were 
enhanced by LT-K63 by both routes and continued to increase up to 8 weeks 
after immunization (Figure 9). The avidity of vaccine-specific IgG Abs tended 
to be higher after mucosal than parenteral immunization with Pnc1-TT+LT-
K63. 

 

Figure 10. Comparison of the effect of parenteral and mucosal administration of LT-
K63 on Pnc1-TT-induced AbSCs.  

PPS-1-specific (upper panels) and TT-specific (lower panels) IgG+ AbSCs in spleen 
(left column) and bone marrow (middle column) measured by ELISPOT and serum 
IgG Ab levels (right column) 7 days after 2nd administration of saline (white columns) 
or Pnc1-TT+LT-K63 (grey columns) to mice immunized with Pnc1-TT+LT-K63 either 
s.c. or i.n. as neonates. Mice that received saline at both timepoints were used as 
controls (stribe columns). The results are expressed as number of spots/106 cells 
(mean±SD) and IgG levels (mean EU/ml±SD) in 9 mice/group at each time point. 

To evalutate the effect of LT-K63 administration through different routes on 
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Pnc1-TT-induced memory, neonatal mice were immunized twice with Pnc1-
TT and LT-K63 with 16 days interval by either s.c. or i.n. route. Vaccine-
specific AbSCs in spleen and BM were enumerated 7 days later. 

The second dose of Pnc1-TT+LT-K63 enhanced significantly the 
frequency of PPS-1-specific AbSCs in the spleen 7 days later with no 
difference between the routes (Figure 10), reflected in enhanced PPS-1-
specific IgG Ab levels. The frequency of PPS-1-specific AbSC in BM at day 7 
was not enhanced after first dose of Pnc1-TT+LT-K63 s.c. in contrary to i.n. 
administration. The frequency of PPS-1-specific IgG AbSCs in BM of i.n. 
immunized mice was significantly higher at this time point than in s.c. 
immunized mice after one (P<0.001) and two (P=0.05) doses of Pnc1-
TT+LT-K63 (Figure 10). This indicates that the i.n. route may be more 
effective in inducing homing of PPS-specific AbSC to the BM early after 
immunization, as was observed previously (Figure 9).   

 The frequency of TT-specific IgG+ AbSCs in spleen was increased after 
the second dose compared with the first dose of Pnc1-TT+LT-K63 but this 
was significant only after i.n. immunization. The frequency of TT-specific IgG 
AbSCs was significantly higher in mice immunized s.c. than i.n. after one 
(P<0.001) and two (P=0.02) doses of Pnc1-TT+LT-K63 (Figure 10). 
However, significantly more TT-specific AbSCs had homed to the BM after 
one mucosal than parenteral dose of Pnc1-TT+LT-K63 (P=0.01), but after 
two doses of Pnc1-TT+LT-K63 no effect of immunization routes was seen. 
TT-specific IgG Ab levels were enhanced by the second dose of Pnc1-
TT+LT-K63 by both routes but the levels were higher after s.c. than i.n. 
immunization with Pnc1-TT+LT-K63, both after one (P<0.001) and two 
(P=0.003) doses (Figure 10). 

Taken together these results demonstrate that LT-K63 enhances the 
homing of PPS1-specific AbSC to the BM more rapidly by i.n. than s.c. 
administration, whereas s.c. immunization seems to be more effective in 
induction of protein specific responses. 

4.3.6   Comparison of parenteral and mucosal administration of 
LT-K63 on Pnc1-TT-induced GCs 

To compare the effects of LT-K63 administered through s.c. or i.n. routes on 
Pnc1-TT-induced GC reaction, GCs were enumerated 7 days after the 
second dose of Pnc1-TT+LT-K63 or saline. 
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There was no difference in frequency of IgM+ or IgG+ follicles in spleen 
between one and two doses of Pnc1-TT+LT-K63 by either route, or between 
the routes after one or two doses, 7 days after the second immunization or 23 
days after the first immunization. However, the second dose of Pnc1-TT+LT-
K63 by either s.c. and i.n. routes significantly enhanced the frequency of  

Figure 11. The comparison of immunization routes on GCs induction  

Consecutive sections from four levels in spleen were stained with anti-IgM (A), anti-
IgG (B) and PNA (C). Results (mean ± SD) are shown for each group of neonatal 
mice immunized with one dose (open bars) or two doses of Pnc1-TT+LT-K63 (filled 
bars) by s.c. (left) or i.n. (right) routes. (D) Mean GC/follicle ratio was calculated for 
each spleen at all four levels to adjust for age difference in spleen size, and results 
(mean ± SD) are shown for each group. Statistical differences between one or two 
doses are shown. Results in (A)–(D) are from one experiments (n = 9 neonatal mice 
per group). 

PNA+ active GCs (Figure 11). Accordingly, the ratio of active GCs to IgM+ 
follicles was signicantly increased after the second dose of Pnc1-TT+LT-K63 
by both routes (Figure 11). The ratio of PNA+ GCs/IgM+ follicles after one 
dose of Pnc1-TT+LT-K63 was significantly higher after the s.c. than the i.n. 
route (P=0.031), which could reflect the significantly increased frequency of 
TT-specific AbSCs after s.c. compared with i.n. route, as described above 
(chapter 4.3.5). There was no difference in either frequency of IgM+, IgG+, 
PNA+ follicles or in the ratio of PNA+ GCs/IgM+ follicles between two doses of 
Pnc1-TT+LT-K63 by these two routes (Figure 11). 

Thus, Pnc1-TT+LT-K63 is as effective in inducing PPS-1- and TT-specific 
AbSCs and GCs by both i.n. and s.c. routes, although the s.c. route seems to 
be more effective in inducing TT-specific immune response. 
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4.4 Effects of plain polysaccharide on B-cell responses in 
early life 

Paper II, IV and unpublished data: 
Next we assessed the induction of PPS-specific memory in response to plain 
PPS-1 or Pnc1-TT boosters in neonatal, infant and adult mice primed with 
Pnc1-TT 16 days earlier. Age-matched control mice received saline. The 
kinetics and affinity maturation of the PPS-1-specific IgG Ab response were 
used as surrogate markers of PPS-1-specific memory. 

4.4.1   Comparison of s.c. and i.n. booster with plain PPS-1 on 
Pnc1-TT-induced immune response in neonatal mice 

Neonatal and infant mice previously immunized s.c. with Pnc1-TT did not 
respond to plain PPS-1 booster s.c., and the anti-PPS-1 IgG Ab levels were 
even lower than in mice that received no booster (saline) (Figure 1 in paper 
II). Reduced Ab levels were mainly seen for IgG1, the main subclass elicited 
in neonatal and infant mice (Table I in paper II). In adult mice plain PPS-1 
booster induced a transient increase in IgG, mainly IgG1 and IgG3 (Figure 1 
and Table 1 in paper II). But from week 5 the Ab levels tended to be higher 
after saline than PPS booster, although the difference was not significant. 
Thirteen weeks after primary immunization mice received plain PPS-1 
booster again. No response was observed regardless of the booster given 
16 days after Pnc1-TT priming (Figure 1 in paper II). Thus, PPS-1 booster 
was not able to induce PPS-1-specific memory in Pnc1-TT-primed neonatal 
mice, in contrast to Pnc1-TT booster. In neonatal and infant mice, a slight 
increase in avidity of IgG anti-PPS-1 Abs was observed, only after Pnc1-TT 
booster but not PPS-1 (Figure 2 in paper II, Appendix Figure 5). In Pnc1-TT-
primed adult mice, an increase in the avidity of anti-PPS-1 IgG Abs was 
observed from 2 to 8 weeks in mice receiving Pnc1-TT or no booster, but not 
after PPS-1 booster (Figure 2 in paper II, Appendix Figure 5).  

To investigate the potential advantage of adjuvants for the generation of 
PPS-specific memory in early life, we added LT-K63 to the vaccine 
formulations. LT-K63 did not restore the lack of booster response to plain 
PPS-1 administered s.c. in neonatal or infant mice 16 days after priming with 
Pnc1-TT + LT-K63 (Figure 1 in paper II, Figure 1 in paper IV). These results 
demonstrate that early in life, PPS-1 booster s.c. reduced PPS-1-specific 
memory responses and compromised the previously Pnc1-TT-induced Ab 



  

89 

 

response. At week 13 all groups received a booster of PPS-1+LT-K63 s.c. 
and anti-PPS-1 IgG Abs increased in all age groups (Figure 1 in paper II), but 
in neonatal mice the increase was significant only in mice that received a 
saline booster at day 16, but no booster response was observed in neonatal 
mice that had received PPS-1+ LT-K63 s.c. 16 days after priming. 

The avidity of PPS-1-specific IgG Abs increased only slightly in neonatal 
and infant mice especially after Pnc1-TT booster (Figure 2 in paper II, Figure 
5 in paper IV, Appendix Figure 5). In adult mice avidity was lower after PPS 
booster than Pnc1-TT booster or saline at all time points. Furthermore, in 
neonatal mice the protective efficacy was lower after PPS-1 booster s.c. than 
saline (Figure 5 in paper IV, Appendix Figure 5).  

As we previously demonstrated, Pnc1-TT+LT-K63 rapidly induces 
protective immunity against pneumococcal infections in neonatal and infant 
mice, and the i.n. route seemed more effective than the s.c. route. We 
therefore investigated the possible advantage of i.n. administration on 
response to plain PPS-1 booster. Neonatal and infant mice previously primed 
i.n with Pnc1-TT+LT-K63 responded to i.n. PPS-1+LT-K63 booster, but not to 
s.c. booster (Figure 1 in paper II, Figures 1 and 5 in paper IV). Furthermore, 
anti-PPS-1 IgG Ab levels were higher in neonatal and infant mice that 
received the PPS-1+LT-K63 than those that received saline. After i.n. 
administration of PPS-1+LT-K63 at week 13, a response was only observed 
in infant (p=0.009) and adult (p=0.086) mice that had received saline 16 days 
after Pnc1-TT+LT-K63 i.n. priming. The avidity was higher in neonatal and 
infant mice boosted i.n. with PPS-1+LT-K63 than in age-matched mice 
boosted s.c. with PPS-1 with or without LT-K63 (Figure 2 in paper II and 
Figure 5 in paper IV, Appendix Figure 5) and accordingly protective efficacy 
was higher (Figure 5 in paper IV).  

These results demonstrate that i.n. administration of native PPS-1+LT-
K63 can induce a PPS-specific memory response in previously Pnc1-TT 
primed neonatal and infant mice, whereas s.c. booster causes 
hyporesponsiveness. 

4.4.2   Effect of Pnc1-TT priming route on response to PPS 
booster in neonatal mice 

We investigated if the immunization route or adjuvant had any effect on the 
ability of the young mice to respond to PPS-1. Therefore, neonatal mice were 
primed with Pnc1-TT+LT-K63 by either s.c. or i.n. route, and both groups 
were split 16 days later to receive either s.c. or i.n. booster of PPS-1 with or 
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without LT-K63. No IgG booster response was observed after s.c. PPS-1 
booster alone or with LT-K63 in mice 16 days previously primed s.c. or i.n. 
with Pnc1-TT+LT-K63 (Figure 3 in paper II). In contrast, significant increase 
in anti-PPS-1 IgG Abs was observed in neonatal mice boosted i.n. with PPS-
1+LT-K63 following either s.c. or i.n. priming with Pnc1-TT+LT-K63 (Figure 3 
in paper II). Taken together these results clearly demonstrate that priming of 
neonatal mice with Pnc1-TT and LT-K63 by either a s.c. or an i.n. route 
induces PPS-1-specific memory. However, plain PPS-1 elicited a booster 
response only when administered by the i.n. route, but PPS-1 booster s.c. 
compromises the ongoing PPS-1-specific Ab response induced by the Pnc1-
TT priming.  

We also assessed the effect of intraperitoneal (i.p.) route of administration. 
Therefore, neonatal mice were primed with Pnc1-TT and LT-K63 by either 
s.c., i.p. or i.n. route. Sixteen days later plain PPS-1+LT-K63 was 
administered by the s.c., i.p. or i.n. route. IgG anti-PPS-1 Ab levels in serum 
were measured by ELISA upto 28 day after booster. 

 

Figure 12. The response to plain PPS-1 booster by three different routes in mice 
primed as neonates with Pnc1-TT+LT-63 by three different routes 

Neonatal mice primed s.c. (left graph), i.p. (middle graph) or i.n. (right graph) with 
Pnc1-TT+LT-K63 and boosted 16 days later with PPS-1+LT-K63 s.c. (closed 
squares), i.p. (closed triangles) or i.n. (closed circles) or saline (open circles). Serum 
PPS-1-specific IgG Ab titers (EU/ml) were analyzed in serum 2 days before and 7, 14, 
21 and 28 days after booster 

No booster response was observed after booster with PPS-1+LT-K63 by 
the s.c. route in mice primed s.c., i.p. or i.n. with Pnc1-TT+LT-K63 as 
neonates, and Ab levels were reduced compared with saline injection (Figure 
12). In contrast, a significant increase in PPS-1-specific IgG Abs was 
observed in mice boosted i.n. with plain PPS-1+LT-K63, regardless of the 
route of priming. However, plain PPS-1+LT-K63 administered i.p. to i.n. 
primed mice also elicited a booster response but not if the mice had been 
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primed by s.c. or i.p. route. These results demonstrate the advantage of i.n. 
immunization of neonates with pneumococcal conjugate for the induction of 
memory and the ability to respond to plain polysaccharide. 

4.4.3   Effect of the nature and dose of PPS and interval between 
priming and booster on response to PPS booster 

To assess whether the interval between conjugate priming and PPS-1 
booster might explain the lack of a response to PPS-1 booster s.c. at day 16, 
two groups of neonatal mice primed with Pnc1-TT and received PPS-1 
booster 16 days or 4 weeks later. No anti-PPS-1 IgG Ab response was 
observed in either group (Figure S1 in paper IV). Also, different doses of 
PPS-1 booster (0.5 µg, 2.0 µg or 5.0 µg) were compared, and no response to 
any of the doses was observed group (Figure S1 in paper IV). Since PPS of 
serotype 1 is zwitterionic and might therefore be presented within MHC class 
II and activate T-cells (459), we also tested the effects of PPS booster of a 
non-zwitterionic serotype 19F following priming with a conjugate of the same 
serotype, Pnc19F-TT. As seen for PPS-1, the PPS-19F booster s.c. induced 
no anti-PPS-19F IgG Ab response in mice primed with Pnc19F-TT as 
neonates (Figure S1 in paper IV). Thus, lack of response to plain PPS can 
not be explained by zwitterionic properties of the PS. 

4.4.4   The effect of CpG1826 on the ability of neonatal mice to 
respond to native PPS-1 booster 

In order to assess if another adjuvant could have different effects on the 
ability in neonatal mice to respond to plain PPS-1 booster, we immunized 
neonatal mice with Pnc1-TT and CpG1826 by either s.c. or i.n. route and 16 
days later they received Pnc1-TT+CpG1826 or PPS-1+CpG1826 booster or 
saline by the same routes. No anti-PPS-1 IgG Ab response was observed 
after s.c. booster with plain PPS-1 with CpG1826, contrary to i.n. 
administration of PPS-1+CpG1826 in mice primed i.n. with Pnc1-TT and 
CpG1826 as neonates (Figure 13).  

Thus, the route of PPS administration seems to determine if it can elicit a 
booster response or not. Different adjuvants do neither cause nor overcome 
the lack of response to plain PPS booster s.c., whereas administration of 
PPS-1 i.n. with either LT-K63 or CpG1826 elicits a booster response 
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Figure 13. The effect of CpG on the ability of neonatal mice to respond to native PPS-
1 booster 

Neonatal mice primed s.c. (left graph) or i.n. (right graph) with Pnc1-TT+CpG1826 
16 days later received a booster by the same route with Pnc1-TT+CpG1826 (closed 
squares), PPS-1+CpG1826 (closed circles) or saline (open squares). Control mice 
received only saline (open circles). Serum PPS-1-specific IgG Ab titers (EU/ml) were 
analyzed in serum 2 days before and 7 and 14 days after the booster. 

 

4.4.5   The effects of plain PPS-1 booster on Pnc1-TT-induced 
AbSCs 

We determined the effects of a single PPS-1 booster on conjugate-induced 
PPS-1- and TT-carrier-specific B cell memory responses in the spleen, and 
homing of plasma cells to the BM 7 days after PPS-1 booster s.c. of mice 
primed with Pnc1-TT and LT-K63 as neonates.  

The s.c. PPS-1 booster resulted in lower frequency of PPS-1-specific IgG+ 
AbSCs in spleen than saline or Pnc1-TT booster, reflected in lower serum 
IgG anti-PPS-1 Ab levels. There was no difference in the frequency of PPS-
1-specific IgG+ AbSCs in the BM between mice that received PPS-1 booster 
or saline, but it was higher in mice that received Pnc1-TT booster (Figure 1 in 
paper IV). Mice that received i.n. PPS-1 booster had higher frequency of 
PPS-1-specific IgG+ AbSCs in spleen than mice that received saline, but not 
in BM (Figure 1 in paper IV). No differences were observed in frequency of 
PPS-1-specific IgG+ AbSCs in the spleen or BM of mice that received either 
i.n. PPS-1 or Pnc1-TT boosters. The depletion of Pnc1-TT-induced PPS-1-
specific memory by PPS-1 booster s.c. did not affect the frequency of AbSCs 
specific for the TT carrier of the vaccine. 

The results demonstrate that PPS-1 booster s.c. compromises the Pnc1-
TT-induced PPS-1-specific Abs, in other words causes hyporesponsiveness, 
by depleting PPS-1-specific IgG+ AbSCs in spleen. 
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4.4.6   The effects of plain PPS-1 booster on Pnc1-TT-induced 
GCs 

The effect of PPS-1 booster on Pnc1-TT-induced GC reaction was assessed 
by enumerating GCs 7 days after boosters with adjuvanted plain or 
conjugated PPS-1 or saline 

PPS-1 booster s.c. abrogated the Pnc1-TT-induced GCs, resulting in 
fewer mature PNA+ GCs than after saline booster (Figure 2 in paper IV). In 
contrast, PPS-1 booster i.n. enhanced GC formation, shown by higher 
mature PNA+ GC numbers in spleen compared with saline i.n. (Figure 2 in 
paper IV). 

Thus, plain but not conjugated PPS-1 s.c. abrogates the Pnc1-TT-induced 
GC reaction which parallels with reduced frequency of PPS-1-specific IgG+ 
AbSCs in spleen of mice primed with Pnc1-TT as neonates. 

4.4.7   The effects of repeated PPS-1 boosters on Pnc1-TT-
induced AbSCs 

We further investigated the effects of repeated (1, 2 or 3) PPS-1 boosters s.c. 
or i.n. on Pnc1-TT induced PPS-1-specific memory cells in spleen, 
persistence of long-lived plasma cells in BM and PPS-1-specific IgG+ Abs in 
serum. 

No differences were detected in the frequency of PPS-1-specific IgG+ 
AbSCs in spleen and BM between one, two or three PPS-1 boosters at days 
7, 23 and 39 (Figure 6 in paper IV). Thus, a single PPS-1 booster s.c. is 
sufficient to completely deplete the PPS-1-specific memory pool established 
by Pnc1-TT priming of neonatal mice. Repeated i.n. PPS-1 boosters 
compromised the persistence of the PPS-1-specific long-lived plasma cell 
pool in BM, although less profoundly than s.c. PPS-1 boosters (Figure 7 in 
paper IV). 

These studies demonstrate that a single dose of plain pneumococcal 
polysaccharide s.c. is sufficient to completely deplete the PPS-specific 
memory cell pool established by pneumococcal conjugate priming in neonatal 
mice. 
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5 Discussion 

The limited immunogenicity of the 23-valent Pneumococcal polysaccharide 
vaccine in infants and young children led to the development of the first 
pneumococcal 7-valent conjugate vaccine (PCV7, conjugated to CRM197 
carrier protein, Prevnar®) that was licenced for use in children in 2000 in the 
USA and 2001 in Europe. Since the introduction, PCVs of higher valencies 
(PCV10 and PCV13) have been licensed in nearly 100 countries and proven 
highly immunogenic and efficacious (357). However, like for most current 
pediatric vaccines 2-3 primary doses of PCV are required to induce protective 
antibodies, with the first immunization at 6 weeks in developing countries and 
2-3 months of age in industrialized countries. Furthermore, a booster during 
the second year is crucial as antibody responses elicited by the primary 
doses wane rapidly, such that most children have low or undetectable 
antibody levels 6–9 months later (5, 357, 542, 571). The need for repeated 
vaccination can be problematic as visits to health-care centers are infrequent 
in large part of the world, often coinciding with high pneumococcal incidences 
and high percentage of partially or non-vaccinated infants (572). The single 
most common reason for partial vaccination has been reported to be lack of 
knowledge about subsequent doses. Thus it is important to enhance the 
training of health workers concerning vaccinations, their benefits and possible 
side-effects, and to schedule for additional visit and record-keeping (573). 
This can be problematic in many low-income countries where the 
infrastructure of the health care system is suboptimal and resources limited. 
High pneumococcal carriage in early infancy has been shown to reduce the 
response to PCVs in a serotype-specific manner (550, 551). This highlights 
the need for early vaccinations, to reduce the likelihood of impaired immune 
response to PCV, in particular in developing countries where pneumococcal 
colonization occurs soon after birth (380, 574). Safe administration of as few 
vaccine doses as soon as possible after birth would not only induce immunity 
earlier and protect infants during the first months of life, but also lead to 
higher vaccine coverage globally, as birth is the most reliable point of 
healthcare contact (572, 575). However, this is particularly challenging given 
the immaturity of the neonatal immune system (4, 5). In theory the addition of 
safe and effective adjuvants to vaccine formulation could reduce the number 
of doses required to induce persistent protective immunity at early age. 
However, most adjuvants currently registered for human use (Alum, ASO3 
and MF59), preferentially enhance Th2 responses making them less 
attractive for the already Th2 biased neonatal immune system.  
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5.1 Early life immune responses to pneumococcal vaccines 
A murine model of pneumococcal immunization and infection, established by 
our group, was adapted to early life. One and 3 week old mice, which show 
comparable immunological maturation to human neonates and infants, 
respectively (5, 134), were used to define optimal immunization strategies to 
enhance the immunogenicity and protective efficacy of PCV, comparing 
different immunization routes and novel Th1 promoting adjuvants.  

In human neonates and infants vaccination-induced antibody responses 
to various antigens differ from those of adults, especially in magnitude (4, 5, 
134). In the early life murine model no Ab response was induced by 1 or 2 
doses of plain PPS in either neonatal or infant mice (unpublished and paper 
I), similar to what has been found in human infants (452, 561). Accordingly, 
PPS-1 immunized neonatal and infant mice were not protected against 
bacteremia or lung infections. The ability of Pnc1-TT to induce immune 
response was highly age-dependent and correlated with reduced protection 
against invasive pneumococcal infections, as shown in the results in chapter 
4.1.. In human infants the protective efficacy of PCV is stronger against 
invasive diseases than against pneumonia (494), as observed in the early life 
murine model. The majority of the young mice were fully protected against 
bacteremia, but not against lung infection, although significant reduction of 
pneumococcal CFUs in the lungs was achieved. Plain PPS predominantly 
induced IgG3 in mice (452), as was seen in adult mice but was hardly 
detectable in neonatal and infant mice. In humans PPS primarily induces 
IgG2, a subclass that is undetectable under 2 years of age (452, 561, 576). 
The Pnc1-TT elicited predominantly IgG1 in neonatal and infant mice, similar 
to what is observed in humans (4, 5, 134). Furthermore, the Th1-associated 
subclass IgG2a was hardly detectable after PCV immunization in these age 
groups, indicating that the PCV-induced Ab response was Th2-biased, as 
reported for T cell responses induced by PCV in human neonates (577). 
Thus, the murine early life immunization model reproduces the main features 
of human infant immune responses to both plain PPS and pneumococcal 
conjugate vaccines. 

Generation of PPS-1-specific memory by conjugate priming was 
demonstrated in neonatal and infant mice by the rapid and strong IgG anti-
PPS-1 Ab response to the second dose of Pnc1-TT, but was highly age-
dependant. Low expression of CR2/CD21 on B cells (578), the inability of 
CD21+ B cells to localize to the MZ before 2 years of age (165) and low 
production of C3 complement factor (28) are believed to contribute to low 
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immunogenicity of PS Ags in infancy and partially explains the increased risk 
of infections caused by encapsulated bacteria such as Streptococcus 
pneumonia. Elimination of the complement receptors CD21/CD35 (CR2/CR1) 
in mice impairs BCR signaling in response to a TD Ags leading to defective 
plasma cell generation but normal development of the B cell memory pool 
(579). It seems that in the absence of CD21/CD35, high-affinity BCR-Ag 
interaction is not achieved and this impairs the initiation of the plasma cell 
transcriptional pathway and thus their differentiation, but allows the 
generation of memory B cells (579). Thus, as demonstrated by the response 
to the second dose of conjugate, generation of memory B cells was achieved 
by conjugate priming in neonatal mice, but induction of plasma cell 
differentiation to a lesser extent as seen by low IgG anti-PPS-1 levels in 
serum after one dose of Pnc1-TT. The IgG Ab levels were maintained up to 
13 weeks in all age groups, regardless of the number of Pnc1-TT doses 
(paper II), indicating persistence of plasma cells in the bone marrow (227, 
580). However, the sustained Ab levels were lower in neonatal and infant 
mice than in adult mice (paper II), most likely due to limitations in the 
persistence of long-lived plasma cells in the bone marrow (260, 279). Affinity 
maturation of PPS-1-specific Abs in neonatal and infant mice was markedly 
impaired following s.c. priming with Pnc1-TT, but a slight increase was 
observed following a second dose of Pnc1-TT (paper II). Affinity maturation 
was shown to occur following Hib conjugate immunization in early infancy but 
was relatively low after priming but significantly higher after primary series 
(581, 582), as was observed after the second dose of Pnc1-TT in mice 
(paper II). Furthermore, in a PCV vaccination trial performed in Kenya 
neonatal immunization induced greater avidity of IgG Abs specific for 
serotypes 4, 6B, and 19F at 18 weeks of age, after primary vaccination 
series, than infant immunization of the control group (583). It has been 
demonstrated that somatic mutations of immunoglobulin genes can occur at 
a minimal rate in humans from 10 days of age but there was limited evidence 
of selection until 6 months of age (569, 570). Correlating with enhanced 
avidity, the protective efficacy was greatly enhanced by the second dose of 
pneumococcal conjugate. Lung infection was significantly reduced in both 
neonatal and infant mice, the majority of the mice had cleared pneumococci 
from their lungs 24 h after challenge in contrast to what was observed after 
one dose of Pnc1-TT (paper I).  

Next we assessed if Th1 promoting adjuvants, LT-K63 or CpG-ODN, co-
administered with Pnc1-TT could overcome the limited Pnc1-TT-induced 
PPS-1-specific Ab responses in neonatal and infant mice, and evaluated the 
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possible advantage of the i.n. immunization route. Both LT-K63 and CpG-
ODN significantly enhanced the IgG levels and affinity to Pnc1-TT by both the 
s.c. and the i.n. route in all age groups. Still an age-related difference was 
detected, but it was less profound than when conjugate alone was used for 
immunization (paper I, II and unpublished data).  

Increased immunogenicity of PPS by conjugation to a protein is due to the 
activation of carrier-specific T cells by APCs. These T cells provide help to B 
cells that have internalized and processed the conjugate and present carrier 
peptides in the MHC class II molecule (457, 492). In some cases a 
carbohydrate epitope in conjunction with a carrier-derived peptide can be 
presented by the MHC class II molecule and lead to activation of 
carbohydrate-specific CD4+ T cells (527). Murine neonatal B cells and DCs 
are defective in presenting carrier protein and conjugate (TT and MenC-PS-
TT) to T cells, which correlates with the lack of expression of MCH class II, 
CD80 and CD86 but reach adult capacity at 3-4 weeks of age (86). Enhanced 
expression of co-stimulatory molecules and MHC class II on DCs, 
macrophages and B cells can be induced by enterotoxins, leading to an 
increased ability to activate antigen-specific T cells that can provide Ag 
specific help to B cells (326, 584-586). We demonstrated that the non-toxic 
enterotoxin mutant LT-K63 enhances the expression of MHC class II, CD80, 
CD86 and CD40 on DCs and B cells (587, 588) and activation of carrier-
specific T cells (588)(Jakobsen unpublished data). Thus, the adjuvant effect 
of LT-K63 (paper I and II) is likely to be mediated by increased T cell help 
due to enhanced Ag presentation by DCs, and more efficient interaction 
between B and T cells via CD28-B7 and CD40-CD40L, required for optimal 
PS-specific Ab responses to conjugates (524) and induction of memory 
(589). Accordingly, LT-K63 significantly enhanced Ab affinity following 
administration by both s.c. and i.n. routes. Nevertheless, an age-related 
difference was still observed, except in infant mice boosted i.n. with Pnc1-
TT+LT-K63, which showed an adult-like response, both in levels and avidity 
of IgG. Also, i.n. administration of one dose of Pnc1-TT+LT-K63 partly 
circumvented the limitations of Ab responses to PS in neonatal mice, 
inducing Ab levels comparable to those in infant mice. Furthermore, the 
production of the Th1-associated subclass IgG2a was enhanced, especially 
after two i.n. doses of Pnc1-TT+LT-K63 (paper I and paper II). The 
association of human IgG subclasses to Th1 or Th2 cytokine responses is 
not as clear as in the mouse. It has though been demonstrated in vitro that 
the delayed IgG2 response of human cord blood derived B cells could be 
overcome with Th1-associated cytokines (590).  I.n. immunization with Pnc1-
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TT+LT-K63 also induced a vigorous salivary IgA response, whereas 
parenteral immunization did not. This probably explains why a single i.n. dose 
of Pnc1-TT+LT-K63 was sufficient to protect almost all infant and neonatal 
mice from lethal pneumococcal challenge, resulting in complete clearance 
from both blood and lungs, whereas two s.c. doses were required to reach 
the same effect (paper I). It has been demonstrated that the adjuvant LT-K63 
promotes induction of Ag-specific Th17 responses in vitro and in vivo, 
through the Th17-promoting cytokines IL-1β, IL-1α, or IL-23 (585). Th17 cells 
are necessary for protection against pneumococcal colonization and IL-17A 
increases the pneumococcal killing by neutrophils independent of Abs and 
complement (426, 427). Furthermore, IL-17 elevates SIgA levels by 
upregulating polymeric Ig receptor in mucosal epithelia (591) and promotes 
TI B cell differentiation into IgA secreting cells (592). Thus, mucosal 
immunization including the adjuvant LT-K63 could be beneficial in early life 
due to its ability to induce protective IL-17 and Th1 responses. The 
microenvironment in the lymphoid tissues, different cell populations at 
mucosal inductive sites and their maturational responsiveness to stimulation 
(298) may contribute to the striking difference in immune responses elicited 
by s.c. and i.n. conjugate immunization of neonatal mice.  

LT-K63 had no deleterious effect on weight gain, demonstrating low 
reactogenicity profile in early life, consistent with previous reports 
demonstrating undetectable toxicity of LT-K63 both in vitro and in vivo (326, 
593). Clinical trials in humans demonstrated that mucosal application of LT-
K63 with an inactivated influenza vaccine resulted in protective Ab responses 
and a good safety profile (339). However, in a second study two individuals 
experienced transient facial nerve palsy, causing reconsideration of i.n. 
application of this adjuvant (594).   

 

5.2 The effects of adjuvants on B cell memory induction 
The effect of the optimal human CpG2006 motif on Pnc1-TT-induced 

PPS-1-specific responses was also assessed in neonatal mice, the age-
group with most limitations. Similar to LT-K63, CpG2006 significantly 
enhanced PPS-1-specific responses and the protective efficacy, especially 
after two doses (unpublished data), confirming our previous results (595). 
The effects of these two adjuvants on the frequency of Pnc1-TT-induced 
AbSCs in spleen coincided with enhanced Abs response. However, we have 
reported that LT-K63 and CpG-ODN work through different mechanisms in 
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enhancing Pnc1-TT–induced responses in early life. Both adjuvants enhance 
neonatal B cell activation (588). CpG-ODN has been shown to mediate up-
regulation of TACI expression in neonatal B cells that leads to increased 
plasma cell development and secretion of Abs, due to increased sensitivity to 
BAFF and APRIL stimulation (192). Both LT-K63 and CpG-ODN enhanced 
the expression of MHC class II and costimulatory molecules on neonatal DCs 
after in vitro stimulation (587), but unlike LT-K63, CpG-ODN did not enhance 
T cell activation (588, 596). Accordingly, CpG1826/2006 did not enhance 
IFN-γ response in neonatal mice (596) in contrast to what is observed in adult 
mice (597) and unlike LT-K63 in both age groups (588, 596, 598). CpG1826-
mediated TLR-9 signaling in vivo, but not in vitro, has been shown to induce 
high IL-10 secretion by neonatal CD5+ B cells and prevent IL-12 secretion by 
neonatal DCs, thus blocking their Th1-priming capacity (599). Our group has 
reported enhanced IL-10 production of TT stimulated splenocytes from 
neonatal mice immunized with Pnc1-TT+CpG-ODN (588, 596). In contrast to 
adult mouse B cells, neonatal B cells were shown to produce substantial 
amounts of IL-10 in response to a range of TLR agonist (LPS (TLR-4), 
peptidoglycan (TLR-2), and CpG (TLR-9)) but not in response to poly (I:C) 
(TLR-3), RNA40 (TLR-7/8), or flagellin (TLR-5). This led to an IL-10 
dependent suppression of IL-12p40 production and less up-regulation of 
costimulatory molecules by DCs, along with suppression of Th1 responses 
and effective skewing of the response towards Th2, both in vitro and in vivo 
(600). Thus, CpG-ODN seems to act more directly on B cells, possibly 
through up-regulation of TACI as mentioned above. It has also been 
postulated that CpG-ODN acts not only directly on B cells but also on cells of 
the innate system. In humans TLR-9 is expressed in B cells and pDC (341, 
342), but in mice, B cells, monocytes, macrophages and DCs (340). TLR-9 
agonists enhanced production of BAFF, a potent B cell stimulator, also 
expressed by monocytes, macrophages and DCs (350, 351). Thus, BAFF 
and possibly other cytokines produced by these activated cells may be 
sufficient to promote CpG-ODN dependent activation of Ag-specific B cells 
independent of T cell help (601) possibly through up-regulation of TACI. TACI 
and BAFF-R are essential for TI independent Ig isotype switching, as their 
ligands BAFF and APRIL, induce isotype switching to IgA through TACI 
whereas BAFF promotes IgG1 and IgE isotype switching through BAFF-R 
(reviewed in (191)). LT-K63 can bind to every immune cell type through 
binding of its B-unit to GM1 ganglioside that is expressed on the surface of all 
nucleated cells. Therefore, the effect of LT-K63 is broader and is more 
Th1/Th2 balanced than CpG1826 (Jakobsen unpublished data) (320, 596). 



  

100 

 

Accordingly, we demonstrated that pre-treatment with LT-K63 s.c. upto 9 
days prior to Pnc1-TT immunization of 2 week old mice enhanced Ab 
responses to the PPS part of the conjugate, probably by enhancing the 
maturational status of the immune system (unpublished data). 

To determine if enhanced Pnc1-TT-induced AbSCs by LT-K63 and CpG-
ODN was due to increased GC formation, immunostaining of spleen sections 
from neonatal and adult mice, obtained 14 and 10 days after immunization, 
was performed. We demonstrated that s.c. administration of LT-K63 but not 
CpG1826 markedly enhanced Pnc1-TT-induced GC formation, which was 
associated with enhanced maturation of FDC-M2+ FDCs in GCs (paper III). In 
agreement with our results, addition of CpG1826 to a TT+Alum vaccine 
formulation could neither overcome delayed GC induction nor limited FDC 
maturation in early life (217, 356). FDCs retaining immune complexes (ICs) 
through FcR and CR select high-affinity B cells in GCs (213). Increased IC 
deposition enhances the selection of B cells and production of memory B 
cells with high affinity for the Ag retained by the FDCs (214). FDC-M2 reacts 
with the C4 fragment associated with ICs (602). Therefore, enhanced FDC-
M2+ staining in neonatal mice immunized with Pnc1-TT+LT-K63 may reflect 
enhanced capacity of the FDCs to retain ICs, along with accelerated FDC 
maturation, thereby promoting the GC reaction. More FDC-M2+ cells were 
found in the MZ area in neonatal mice immunized with Pnc1-TT or saline 
than those receiving LT-K63 (paper III). Interestingly, it has been reported 
that in TNF and p55TNF-R knockout mice FDC precursors accumulate in the 
splenic MZ and fail to migrate into the white pulp (603), whereas TNF-α 
signaling through TNFRp55 in TNF knockout mice leads to migration of FDC 
precursors into the B cell follicles (604), as observed in neonatal mice 
receiving Pnc1-TT+LT-K63 (paper III). As TNF-α induces FDC proliferation 
and FDC network formation (605) (606), the enhancing effect of LT-K63 on 
GC induction and formation of mature FDC networks in neonatal mice could 
be due to its ability to overcome the delayed developmental expression of 
TNF-α (607) (19). We demonstrated enhanced TNF-α expression in spleen 
sections of mice primed with Pnc1-TT+LT-K63 as neonates that co-localized 
with FDC-M2+ cells in GCs. This was not observed in mice primed with Pnc1-
TT with or without CpG1826.  

Spleen cells stimulated with TT (carrier protein of Pnc1-TT) 3 weeks after 
neonatal immunization with Pnc1-TT+LT-K63 showed significantly higher 
TNF-α secretion than spleen cells from mice immunized with Pnc1-TT alone. 
These findings are in line with studies demonstrating that LT-K63 enhanced 
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NF-κB translocation in adult murine macrophages (326) and increased TNF-α 
production of CD4+ T cells in vivo (608). Although CpG-ODNs are strong 
TNF-α inducers in adult mice (597), CpG1826 failed to overcome the delayed 
TNF-α production in our neonatal murine model, in contrast to LT-K63. As 
previously mentioned CpG-ODN enhances IL-10 production in early life, 
accordingly it has been demonstrated that IL-10 interrupts memory B cell 
expansion in the GC but induces differentiation into plasma cells (609). 
Furthermore, IL-10 is required for CpG-ODN- and BAFF-mediated stimulation 
of IgG production by B cells (348). Thus, one of the mechanisms by which 
LT-K63 accelerates the maturation of FDCs is through enhanced TNF-α 
production, and possibly leading to enhanced LT-α1β2 expression on B cells. 
As follicular migration ability of mature FDCs and MMMs is dependent on 
their expression of LT-β receptor (194, 195) and LT-α1β2 expression on B 
cells (610). Accordingly, the migration of MOMA-1+ MMMs into activated GCs 
was observed in neonatal mice immunized with Pnc1-TT+LT-K63 that co-
localized with FDC-M2+ and FDC-M1+ FDC network clusters (paper III). It has 
been reported that plain PPS rapidly localizes on MZ B cells, whereas after 
PCV immunization, PPS localized in proximity of MMMs (611).  

The function of MMM is still poorly understood. They are located in the 
inner border of the MZ between the marginal sinus and white pulp in the 
spleen or subcapsular sinuses in lymph nodes. They express sialoadhesin or 
CD169 (recognized by mAb MOMA-1), express little MHC class II (612) and 
are poorly phagocytic (193, 195, 613). MMMs have been shown to be 
essential for the initiation of an immune response to TD (200) and TI-2 Ags 
(201). It has been speculated that it could be due to their capacity to migrate 
into developing GCs during an immune response (203, 614-616), their 
involvement in capture of Ag (198, 202) and ICs (193, 195) and delivery to 
either follicular B cells (195, 198) or FDCs (193). MMMs are able to retain ICs 
on their surface for a long period of time (198) (193) but the mechanisms 
promoting the retention of ICs are not clear, although expression of CR1/2 
and FcγRII (CD32) has been found in some studies (203, 204), but not other 
(615). CD169 may be involved in the direct recognition of pathogen-
associated glycoproteins (reviewed in (617)) and binds the sialylated 
lipooligosaccharide of Neisseria meningitides, leading to enhanced 
phagocytosis of intact bacteria by macrophages (618). In all mice immunized 
as neonates with or without adjuvant, a MOMA-1+ ring was present at the 
inner side of the MZ (paper III). This finding is in agreement with  a previous 
report on maturation of MMMs not being delayed in early life (201), but the 
staining pattern seemed to be less intensity of MOMA-1+ MMMs during the 
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first weeks of murine life, as was seen in this study. The presence of MOMA-
1+ macrophages has been shown to increase B cell activation (619) and 
magnitude and quality of the GC response (195). Accordingly, migration of 
MOMA-1+ MMMs into GCs paralleled with increased avidity of PPS-1- and 
TT-specific Abs over a long period of time (paper III). 

The enhancing effect of LT-K63 on Pnc1-TT-induced GC formation and 
correction of delayed maturation of FDCs networks was reflected in 
enhanced output of primary Pnc1-TT-specific IgG producing AbSCs in 
neonatal mice, in particular to the PPS moiety (paper III). In early life 
induction of AbSCs has been shown to be delayed and their persistence 
limited in both spleen and BM (217, 356). Co-administration of LT-K63 not 
only enhanced the primary Pnc1-TT specific AbSCs response and prolonged 
their persistence in spleen but even more in the BM. The persistence of 
AbSCs is dependent on niches in spleen, lymph noids (LNs) and BM that 
provide the signals enabling long-term survival (reviewed in (280)),(275). A 
number of factors that influence growth, maturation, and survival of 
plasmablasts have been identified, including IL-6, CXCL12, TNF-α (620), 
BAFF and APRIL (275, 621). During the neonatal period TNF-α is poorly 
expressed in the spleen (607) and APRIL in the BM (275). Also maintenance 
of differentiated FDCs requires continuous stimulation by membrane-bound 
TNF-α and LT-α1β2 on B cells (622). Thus, the access of late-arriving B cells 
to Ags on FDCs can prolong the GC reaction (623) and increases the GC 
output of AbSCs. The expression of BAFF and APRIL is not delayed in the 
splenic compartment during early life, whereas expression of their receptor 
TACI on B cells is leading to defective Ig secretion in response to BAFF or 
APRIL stimulation (192). TACI deficiency also impairs sustained Blimp-1 
expression in B cells, decreasing long-lived plasma cells in the bone marrow 
(624). Activation through TACI has been shown to support the survival of 
activated B cells and plasmablasts in vitro (621). The mechanism of how LT-
K63 overcomes limited survival of AbSCs remains to be studied further. In 
contrast to LT-K63, other potent adjuvants that induce adult-like B-cell, T-cell 
and DC activation patterns in murine early life models, have not been able to 
enhance the formation of mature FDC network (reviewed in (5)) 
(217)(Unpublished data from our lab).  

We also compared s.c. and i.n. immunization with regard to Pnc1-TT-
induced GC, generation of PPS-1- and TT-specific AbSCs in spleen and their 
long-term persistence in bone marrow (BM) in early life. Induction of PPS-1- 
and TT-specific AbSCs and GCs by Pnc1-TT+LT-K63 immunization was 



  

103 

 

equally effective by both routes. The s.c. route seemed to be more effective 
in inducing TT-specific immune response. Intranasal immunization resulted in 
earlier homing of PPS-1-specific AbSCs to BM. Their frequency was 
significantly higher 14 and 23 days after immunization, but the difference had 
diminished at day 39. The mechanisms responsible for the earlier induction of 
PPS-specific IgG responses and protective immunity following mucosal 
administration remains to be investigated.  

Taken together, LT-K63 is the first adjuvant shown to overcome delayed 
FDC network maturation in early life and enhance the induction and 
magnitude of GC reaction that correlates with increased generation of PS- 
and protein-specific IgG AbSCs and their prolonged persistence in the BM.  

 

5.3 PS-induced hyporesponsiveness 
Hyporesponsiveness is defined as a lower Ab level after the second 
immunization than after the first. Hyporesponsiveness to many PPS 
serotypes has been observed after repeated immunizations with plain 
pneumococcal PS vaccines (PPV) in toddlers (528, 529), as well in the 
elderly (530, 531). This phenomenon is not restricted to pneumococcal PS 
but has also been observed for other bacterial PS, such as from Neisseria 
meningitidis and, to a lesser extent, Haemophilus influenzae type b (532). It 
has been well known for some time that mice previously immunized with TI-2 
Ags are unresponsive to a second challenge with the same Ags (534, 535).  

In papers II and IV we assessed the induction of PPS-specific memory in 
response to plain PPS-1 or Pnc1-TT boosters in neonatal, infant and adult 
mice previously primed with Pnc1-TT. We demonstrated that in mice primed 
as neonates with Pnc1-TT and LT-K63/CpG1826 either s.c. or i.n., 
administration of plain PPS-1 s.c. with or without an adjuvant abrogated the 
PPS-1-specific memory established by the conjugate priming. In contrast, 
PPS-1 administered i.n. with LT-K63 induced a significant booster response, 
although repeated i.n. PPS-1 boosters compromised the persistence of the 
PPS-1-specific long-lived plasma cells in BM, but less profoundly than single 
or repeated s.c. PPS-1 boosters. 

The inability of CD21+ B cells to localize in MZ before 2 years of age in 
humans (165) and before 3-4 weeks in mice (180) and low serum C3 levels 
(28, 29) are considered to be major reasons for the lack of PS 
responsiveness during childhood. By conjugation of PS to a protein carrier, 
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the C3 and MZ B cell dependency for induction of PS-specific IgG response 
is overcome by T cell help (611), leading to T cell dependent GC induction 
and production of short- and long-lived plasma cells and memory B cells 
(625). This is characterized by Ig class-switching and extensive somatic 
hypermutations leading to enhanced Ab affinity for its antigen (589) and a 
rapid response to re-exposure to the Ag, as achieved when neonatal mice 
were primed with Pnc1-TT+LT-K63. In contrast, T cell independent activation 
of PS-specific B cells requires binding of C3d to PS and cross-linking of BCR 
and CD21/CR2 on B cells with the C3d-PS complex (626). Initiation of Ab 
response to plain PS depends on its trapping by blood DCs (209) or splenic 
MZ SIGN-R1+ MARCO+ macrophages (210) that transfer the PS to MZ B 
cells, which rapidly produce IgM Abs (159).  

The MZ in neonates contains low numbers of CD21highCD23low B cells, 
MMMs, MZ macrophages and DCs in contrast to B1 cells which are found in 
increased numbers in newborns (627). TACI, the receptor for BAFF and 
APRIL, is another factor that seems to be essential for the development of an 
Ab response to TI-2 Ags (472, 628). Furthermore, signals through TACI and 
BAFF-R for isotype switching to IgG and IgA can occur without T cell help 
(629). TACI is mostly expressed on MZ B cells (630), thus expression of 
BAFF and APRIL by macrophages and DCs located in MZ provides an 
essential T cell-independent second signal for PS-specific B cells (209, 631). 
It has been shown that in mice knockout for TACI, B cells development is 
normal but their ability to mount Ab responses to TI-2 Ag is deficient and IgA 
production is reduced (472, 628). As mentioned, expression of TACI is 
decreased in newborns (192), which could also play a role in the poor 
response to TI-2 vaccines and possibly their induction of 
hyporesponsiveness. B cells from adult mice that were pretreated with PS 
from meningococcus type C or group B streptococcus serotype V were 
unable to secrete IgG, IgA and IgM when stimulated with BAFF or APRIL. 
The PS-pretreated cells showed increased cell death and expressed 
significantly lower levels of TACI and BAFFR, whereas their expression of 
CD80, CD86, and MHC-II was increased (558). In humans, B cell TACI 
expression on B cells and reduced serum IgG Abs has been reported in 
patients with meningitis, caused by Cryptococcus, a fungus coated with a 
polysaccharide capsule (632). Thus, all these factors may play a role in PS-
induced hyporesponsiveness during childhood, but hyporesponsiveness has 
also been reported in older individuals after a second dose of PS (532).  
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In an in vitro study human monocyte-derived DCs exposed to 
pneumococcal PS and subsequently stimulated with LPS were found to 
preferentially produce IL-10, rather than IL-12 as after TT stimulation (532). 
This could have potential downstream effects on Tregs and other regulatory 
cells like B10 that could affect the Ag-specific Ab responses. However, this 
nonspecific regulatory mechanism could play a role but is unlikely a major 
repressor mechanism, as the induction of hyporesponsiveness is PS-specific. 
In our study (paper IV), PPS-1 booster reduced the frequency of active GCs 
and PPS-1 specific IgG AbSCs, and reduced levels and avidity of IgG Abs, 
compared with saline. Protective efficacy was also lower after PPS-1 booster 
s.c. than saline or Pnc1-TT. In contrast, the frequency of active GCs and 
AbSCs, as well as Ab levels, was also significantly higher after Pnc1-TT 
booster than PPS-1 or saline boosters, further supporting that plain but not 
conjugated PS booster caused hyporesponsiveness by abrogating the GC 
reaction and depleting the PS-specific memory cells.  

Some polysaccharides have zwitterionic charged motifs, including PPS of 
serotype 1, and may activate CD4+ T cells after being processed and 
presented by MHC class II (459, 460). We, therefore, assessed if 
hyporesponsiveness could be induced by both zwitterionic and non-
zwitterionic PPS in our neonatal murine model. We demonstrated that a 
booster s.c. with the non-zwitterionic PPS-19F caused hyporesponsiveness 
in mice primed with a monovalent pneumococcal conjugate, Pnc19F-TT that 
was reflected in reduced Ab levels compared with saline administration. 
Thus, hyporesponsiveness can be induced by both zwitterionic and non-
zwitterionic PPS in our neonatal murine model. Furthermore, 
hyporesponsiveness was induced by PPS-1 booster over a broad dose range 
and time intervals from priming. The detrimental effect of PPS-1 booster s.c. 
on the immune response previously induced by Pnc1-TT was reflected in 
abrogated GC reaction resulting in negligible output of PPS-1-specific plasma 
cells in the spleen 3 weeks later. At that time point, the GC reaction in mice 
that received saline booster is already declining, since the peak of GC 
reaction is around 14 days after immunization of neonatal mice (217). Thus, 
the reduced number of mature GCs and more immature looking GCs after 
PPS-1 booster compared with saline is a strong indicator of the detrimental 
effects of PPS on the GC reaction. In humans PPV was recently reported to 
deplete peripheral serotype-specific memory B cells and B1b cells in adults 
50–70 years of age (633). We have shown in our neonatal murine model that 
meningococcal serogroup C polysaccharide (MenC-PS) also induces 
hyporesponsiveness in mice primed as neonates with a meningococcal C 
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conjugate. The MenC-PS booster induced increased apoptosis of MenC-PS-
specific B cells within 8-12 hours, mostly switched IgG+ memory cells (533). 

The cellular mechanisms responsible for PS-induced hyporesponsiveness 
are not fully elucidated. Our results suggest that PS-induced depletion of PS-
specific B cells by apoptosis, primarily memory B cells, and compromised GC 
reaction is at least one of the mechanisms (paper IV) (533, 633). 
Polysaccharides are large molecules composed of repetitive epitopes, that 
are highly resistant to degradation (453) and can persist in vivo for a long 
time (454-456). It has been speculated that the existence of a memory B cell 
pool capable of responding to such persistent Ags needs a suppressive 
mechanism to prevent their continuous reactivation and overproduction of 
Abs, and that the B cell unresponsiveness elicited by nasopharyngeal 
carriage, IPD or PPV booster could be a preventive mechanism (538, 546, 
550, 551, 553).  
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6 Conclusions 

An early life murine model of immunization and protection against 
Streptococcus pneumoniae was established, which reproduced the main 
features of human infant immune responses, both to plain PPS and 
pneumococcal conjugate vaccine. Plain PPS elicited no response and Pnc1-
TT-induced Ab responses and protective efficacy were age-dependent.  

Using the early life murine model, we show that protection against S. 
pneumoniae can be significantly enhanced by either subcutaneous or 
intranasal immunization with the adjuvants LT-K63 or CpG-ODN (both human 
and murine motifs) when co-administered with the pneumococcal conjugate 
vaccine Pnc1-TT. Intranasal immunization seems to be superior to 
subcutaneous immunization in overcoming early life limitations, shown by 
significantly enhanced induction of Th1-associated subclasses and protective 
immunity after one dose of Pnc1-TT+LT-K63. GC formation induced by Pnc1-
TT+LT-K63 correlates with affinity maturation of PPS-1- and TT-specific IgG 
Abs and is comparable by both immunization routes. Notably, s.c. 
immunization seems to be more effective in inducing response to the protein 
part of the vaccine, but i.n. immunization induces quicker homing of PPS-1-
specific AbSC to the BM. This indicates an advantage of the intranasal route 
to elicit PS-specific memory responses in early life.  

This study demonstrates for the first time, that the main limitation of early 
life immune function, the delayed FDC maturation and limited GC induction, 
can be overcome by LT-K63, when administered by the s.c. route. This leads 
to enhanced primary induction of PPS-1- and TT-specific AbSCs and their 
prolonged persistence in the BM, thus explaining why protective Ab levels are 
sustained for months. Neither CpG1826, the prototype TLR-9 agonist, nor 
other adjuvants are known to accelerate FDC maturation and GC induction. 
The effects of the two adjuvants, LT-K63 and CpG-ODN, on the GC reaction 
are compared in Figure 14. One of the mechanism by which LT-K63 
accelerates FDC maturation is through enhanced TNF-α production. The 
main role of FDCs is to drive the GC reaction, by controlling the selection of B 
cells with high affinity for the Ag. Thus, the GC reaction is a prerequisite for 
the production of high affinity memory B cells and AbSCs. Increased number 
of AbSCs following booster immunization shows the effects of adjuvants on 
generation of memory B cells. 
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Figure 14. Comparison of adjuvant effects on Pnc1-TT-induced germinal center  
reaction in neonatal mice 

 indicates if the adjuvants, LT-K63 (red arrow) and CpG-1826 (blue arrow), 
enhanced the measured factors compared with Pnc1-TT alone. ~ indicates that the 
adjuvants had no effect compared with the vaccine alone. The effects of the adjuvants 
were evaluated 14 days after priming with Pnc1-TT in neonatal mice.   

 

Further studies are needed to dissect the molecular pathways and 
complex interactions of different cell populations that lead to appropriate 
balance of AbSC and memory B cells and sustained protective antibody 
levels in this age group. Our results show that LT-K63 has many unique 
adjuvant properties that make it suitable for immunization in early life. 
However, due to incidences of transient facial nerve palsy observed in a 
clinical trial, its application, at least by the i.n. route, must be reconsidered. 

Administration of plain PPS-1 s.c., with or without LT-K63, compromises 
the ongoing PPS-1-specific response induced by priming neonatal mice with 
Pnc1-TT+LT-K63. The detrimental effect of PPS-1 booster s.c. causing 
hyporesponsiveness is due to abrogation of conjugate-induced GC reaction 
and depletion of PPS-1-specific memory cells and AbSCs established by 
neonatal Pnc1-TT priming. Therefore, limited number of new PPS-specific 
long-lived plasma cells home to and survive in the BM resulting in reduced 
PPS-1-specific IgG Ab levels and protection. The cellular and molecular 
mechanisms leading to PS-induced hyporesponsivenes need to be further 
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studied. Our results and those of others demonstrate that polysaccharides 
deplete memory cells and long-lived plasma cells thereby causing 
hyporesponsiveness in the most susceptible groups targeted by vaccination. 
This warrants reevaluation of all vaccination schedules including 
polysaccharides.  
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Immunization with pneumococcal polysaccharides (PPS) conjugated to tetanus toxoid (TT) (Pnc-TT) elicits
protective immunity in an adult murine pneumococcal infection model. To assess immunogenicity and pro-
tective immunity in early life, neonatal (1 week old) and infant (3 weeks old) mice were immunized intranasally
(i.n.) or subcutaneously (s.c.) with Pnc-TT of serotype 1 (Pnc1-TT). Anti-PPS-1 and anti-TT immunoglobulin
G (IgG) and IgM antibodies were measured in serum and saliva, and vaccine-induced protection was evaluated
by i.n. challenge with serotype 1 pneumococci. Pnc1-TT was immunogenic in neonatal and infant mice when
administered s.c. without adjuvant: a majority of the young mice were protected from bacteremia and a
reduction of pneumococcal density in the lungs was observed, although antibody responses and protective
efficacy remained lower than in adults. The addition of LT-K63, a nontoxic mutant of heat-labile enterotoxin,
as adjuvant significantly enhanced PPS-1-specific IgG responses and protective efficacy following either s.c. or
i.n. Pnc1-TT immunization. Mucosal immunization was particularly efficient in neonates, as a single i.n. dose
of Pnc1-TT and LT-K63 induced significantly higher PPS-1-specific IgG responses than s.c. immunization and
was sufficient to protect neonatal mice against pneumococcal infections, whereas two s.c. doses were required
to induce complete protection. In addition, i.n. immunization with Pnc1-TT and LT-K63 induced a vigorous
salivary IgA response. This suggests that mucosal immunization with pneumococcal conjugate vaccines and
LT-K63 may be able to circumvent some of the limitations of neonatal antibody responses, which are required
for protective immunity in early life.

Streptococcus pneumoniae (pneumococcus) is a major respi-
ratory pathogen which enters the body through the respiratory
mucosa (65) and may cause serious infections such as menin-
gitis, pneumonia, and bacteremia, especially in young children
and the elderly (4, 32). It is also the most common cause of
bacterial otitis media (20). The increase in resistance to anti-
microbial agents is an increasing problem worldwide (3, 10),
and infants are colonized very early by pneumococcus in coun-
tries where resistant strains are prevalent (28, 35). To induce
protection in early life, vaccines that rapidly induce protective
immunity are required, but the immaturity of the immune
system in newborns makes it difficult to induce protective im-
mune responses by vaccination. Preclinical immunization mod-
els using various protein antigens and DNA vaccines during
the neonatal period have demonstrated that induction of an-
tigen-specific B- and T-cell responses (6, 34, 57, 58) and pro-
tection against infections (57) may be achieved. However, early
life responses frequently remain delayed and weaker than
those elicited in immunologically mature hosts (56).

The 23-valent pneumococcal polysaccharide (PPS) vaccine
is immunogenic and protective in healthy adults (9, 52), but
PPS, which are T-cell-independent type 2 antigens (36, 61), are

not immunogenic in those of an early age (17). Immunization
with PPS in adults induces limited class switching of activated
B cells, no affinity maturation, and poor induction of memory
cells. Thus, antibody responses to PPS are characterized by
high levels of immunoglobulin M (IgM) and low levels of IgG
that are primarily of the IgG2 subclass in humans (5, 27) and
of the IgG3 subclass in mice (42). A marked improvement in
the immunogenicity of polysaccharide (PS) antigens has been
achieved by conjugation of PS to various protein carriers (18,
47, 55), and several PPS-protein conjugate vaccines have
proven immunogenic in infants and toddlers (2, 12, 53, 59, 70;
S. T. Sigurdardottir, T. Gudnason, S. Kjartansson, K. Davids-
dottir, K. G. Kristinsson, G. Ingolfsdottir, M. Yaich, O. Leroy,
and I. Jonsdottir, Abstr. 40th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. G-50, 2000), inducing immunologic mem-
ory (1, 41; I. Jonsdottir, G. Ingolfsdottir, E. Saeland, K. Dav-
idsdottir, M. Yaich, O. Leroy, and S. T. Sigurdardottir, Abstr.
40th Intersci. Conf. Antimicrob. Agents Chemother., abstr.
G-43, 2000) and reducing nasopharyngeal carriage of pneumo-
cocci (11, 40). Efficacy against both invasive disease (7) and
acute otitis media (19) in infants has been demonstrated. Ac-
cordingly, PPS-protein conjugate vaccines induce protective
immune responses in various adult experimental animal mod-
els (21, 22, 30, 31, 51, 66).

Recent studies have shown that mucosal delivery of antigens
induces humoral and cell-mediated immune responses in both
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mucosal and systemic compartments. Mucosal immunization is
especially attractive for immunization against respiratory
pathogens, since the first line of defense in the upper respira-
tory tract is assumed to be due to IgA antibodies in mucosal
secretions (62). Mucosal immunization with inactivated vac-
cines usually requires adjuvants. Of the many mucosal adju-
vants under investigation, mutants of Escherichia coli heat-
labile enterotoxin (LT) are among the most promising (14, 45,
46, 69). The adjuvanticity of the two mutants LT-K63 (15, 16)
and LT-R72 (23) has been reported for various antigens and
these molecules are ready to enter clinical trials (44). We
previously demonstrated that mucosal immunization of adult
mice with PPS-protein conjugate vaccines and LT mutants
induces protective immunity against lethal pneumococcal in-
fections of several serotypes (30, 31). However, little is known
about mucosal immune responses in infants and neonates, and
the potential advantage of LT mutants as adjuvants in immu-
nization against pneumococcal infection in early life remained
to be explored. The aim of the present study was thus to
investigate the early life immunogenicity of an experimental
tetanus toxoid (TT) pneumococcal conjugate vaccine of sero-
type 1 (Pnc1-TT) following subcutaneous (s.c.) or intranasal
(i.n.) immunization and the capacity of the nontoxic LT-K63
mutant to enhance vaccine responses. Early life immunization
was performed both in 3- and 1-week-old mice, which best
correspond to the state of immune maturation of human in-
fants and newborns, respectively (56). Vaccine-induced protec-
tion against lethal pneumococcal infections was assessed after
i.n. challenge with a lethal dose of S. pneumoniae of serotype 1,
which is highly virulent in mice and causes severe bacteremia
and pneumonia after i.n. challenge in this mouse model (30,
31).

MATERIALS AND METHODS

Mice. Adult NMRI mice were obtained from M&B AS (Ry, Denmark). The
mice were kept in microisolator cages with free access to commercial pelleted
food and water and were housed under standardized conditions at the Institute
of Experimental Pathology at Keldur (Reykjavik, Iceland), with regulated day-
light, humidity, and temperature. Breeding cages were checked daily for new
births, and the pups were kept with the mother until weaning at the age of 4
weeks.

The animal experiments were authorized by the Experimental Animal Com-
mittee of Iceland and complied with animal welfare act 15/94.

Vaccines and adjuvants. Native PPS-1 was provided by Aventis Pasteur
(Marcy l’Etoile, France). An experimental lot of PPS-1 conjugated to TT (Pnc1-
TT) was produced by Aventis Pasteur using a conjugation technique as previ-
ously described (63). The immunogenicity of this conjugate vaccine has previ-
ously been demonstrated in adult mice (30, 31) and in human infants 70;
Sigurdardottir et al., 40th ICAAC). The mutant LT-K63 was produced and
purified at Chiron SpA (Siena, Italy) as already described in detail elsewhere
(23).

Immunization. Neonatal (1 week old), infant (3 weeks old), and adult (6 weeks
old) mice were immunized with 0.5 �g of Pnc1-TT or 5.0 �g of PPS-1 with or
without 5.0 �g of LT-K63. The LT mutant was physically mixed with the vaccine
antigen 1 h prior to immunization. For i.n. immunization of infant and neonatal
mice, two doses of 3.0 �l of vaccine solution were slowly delivered into the nares,
with 30 min between doses. Anesthesia was avoided so as to limit aspiration into
the lungs. Adult mice were immunized i.n. with two doses of 5.0 �l. For s.c.
immunization of neonatal, infant, and adult mice, 50, 100, and 200 �l of vaccine
solution, respectively, was injected in the scapular girdle. A second dose with the
same antigen dose and route was administered 2 weeks after primary immuni-
zation, where indicated. Age-matched mice injected with sterile saline were used
as controls. To assess the safety of LT-K63 as adjuvant in infant and neonatal
mice, weight gain was monitored weekly and compared to mice given sterile
saline.

Blood and saliva sampling. Mice were bled from the tail vein weekly for 4
weeks until 2 weeks after the second immunization for measurement of anti-
PPS-1 and anti-TT antibodies in serum. Saliva was collected from each mouse by
the insertion of absorbent sticks (Polyfiltronics Inc., Rockland, Maine) into the
mouth. After 5 min, the sticks were transferred to phosphate-buffered saline
(PBS) containing 10.0 �g of protease inhibitor (aprotinin; Sigma Chemical Co.,
St. Louis, Mo.) per ml to prevent proteolysis. The dissolved saliva samples for
each group were pooled and stored at �70°C.

ELISA. PPS-1-specific antibodies (IgM, IgG, and IgA) were measured by
enzyme-linked immunosorbent assay (ELISA) as described elsewhere (30). In
brief, microtiter plates (MaxiSorp; Nunc AS, Roskilde, Denmark) were coated
with 10 �g of PPS (American Type Culture Collection, Rockville, Md.) per ml of
PBS and incubated for 5 h at 37°C. For neutralization of antibodies to cell wall
polysaccharide (Statens Serum Institute, Copenhagen, Denmark), serum or sa-
liva samples and standard were diluted 1:50 in PBS with 0.05% Tween 20
(Sigma) and incubated in 500 �g of cell wall polysaccharide per ml for 30 min at
room temperature. The neutralized sera were serially diluted and incubated in
duplicates in PPS-coated microtiter plates at room temperature for 2 h. Horse-
radish peroxidase-conjugated goat anti-mouse IgM, IgG, or IgA antibodies
(Southern Biotechnology Associates Inc., Birmingham, Ala.) were diluted
1:5,000 in PBS-Tween and incubated for 2 h at room temperature for the
detection of bound antibodies. For development of the enzyme reaction,
3,3�,5,5�-tetramethylbenzidine peroxidase substrate (Kirkegaard & Perry Labo-
ratories, Gaithersburg, Md.) was incubated for 10 min according to the manu-
facturer’s instructions, and the reaction was stopped by adding 0.18 M H2SO4.
The absorbance was measured at 450 nm in an ELISA spectrophotometer
(Titertek Multiscan Plus MK II; ICN Flow Laboratories, Irvine, United King-
dom).

For detection of TT-specific antibodies, microtiter plates (MaxiSorp) were
coated with 5.0 �g of purified TT (Aventis Pasteur) per ml of 0.10 M carbonate
buffer (pH 9.6) and incubated overnight at 4°C. After blocking of the coated
plates with PBS containing 1% bovine serum albumin (Sigma), duplicates of
samples and standard were serially diluted in PBS-Tween, added to TT-coated
plates, and incubated for 2 h at room temperature. The detection of TT-specific
antibodies and the development of the enzyme reaction were performed as
described above.

Reference serum obtained by hyperimmunizing adult mice with the same
conjugate vaccine was included on each microtiter plate. The titer of the refer-
ence serum corresponded to the inverse of the serum dilution giving an optical
density of 1.0. The results of the test serum samples were calculated from the
reference serum and based on a minimum of four data points and parallelism
between the serum samples and the reference curve. The interassay coefficient of
variation was less than 10%, and the detection limit was 1.0 ELISA units (EU)/
ml. Results are expressed as mean log EU/ml � standard deviations, and the rate
of responders is defined as the number of mice with IgG titers 1 log higher than
those in age-matched nonimmunized control mice. The assays were performed at
room temperature and PBS-Tween was used for dilutions and washing. One-
hundred-microliter volumes were used in all incubation steps, with three wash-
ings between.

Pneumococci and mouse challenge. Serotype 1 pneumococcus (ATCC strain
6301) was maintained in tryptoset broth plus 20% glycerol at �70°C. The day
before challenge, stocks were plated on blood agar (Difco Laboratories, Detroit,
Mich.) and incubated at 37°C in 5% CO2 over night. Isolated colonies were
transferred to a heart infusion broth (Difco) with 10% horse serum, cultured at
37°C to log phase for 3.5 h, and resuspended in 0.9% sterile saline. Serial 10-fold
dilutions were plated on blood agar to determine the inoculum density, which
was �7 � 107 CFU/ml. The challenge experiments were performed as previously
described (50). Pneumococcal bacteremia was measured as CFU per milliliter of
blood, whereas pneumococcal lung infection was measured as CFU per milliliter
of lung homogenate. Depending on the first dilution used, the detection limit was
2.2 CFU/ml of lung homogenate and 1.3 CFU/ml of blood.

Statistical analysis. Student’s t test was used to compare log antibody titers
and numbers of CFU (log) between groups and times. A P value of �0.05 was
considered statistically significant.

RESULTS

Pnc1-TT is immunogenic in infant and neonatal mice when
administered s.c. and provides protection against lethal pneu-
mococcal infections after i.n. challenge. To assess the immune
responses to systemic Pnc1-TT immunization in early murine
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life, neonatal (1 week old), infant (3 weeks old), and adult mice
were immunized s.c. with one or two doses of Pnc1-TT. Age-
matched control mice were given sterile saline or immunized
with two doses of native PPS-1 for comparison. The animals
were bled 4 weeks after the first immunization (i.e., 2 weeks
after the second vaccine dose, when given) for measurement of
PPS-1-specific IgG and IgM antibodies. Immunization with
two doses of native PPS-1 induced a significant IgG response in
adults (P � 0.002), but not in infants (P � 0.230) or neonates
(P � 0.910) (Fig. 1A). In contrast, one dose of Pnc1-TT in-
duced a significant PPS-1-specific IgG response in both neo-
natal (P � 0.004) and infant (P � 0.008) mice, with three of
eight neonatal and five of eight infant mice reaching PPS-1-
specific IgG levels higher than 1.0 log EU/ml, previously shown
to protect against bacteremia in a pneumococcal infection
mouse model (30, 31). A second vaccine dose further increased
IgG antibody titers in both neonatal (P � 0.003) and infant
(P � 0.038) mice (Fig. 1A), with six of eight neonatal and five
of seven infant mice reaching a PPS-1-specific IgG response
that was higher than 1.0 log EU/ml. Antibody responses were
not significantly different between mice immunized as infants
or neonates after either one (P � 0.444) or two (P � 0.284)
doses of Pnc1-TT (Fig. 1A). However, there was a trend to-
wards higher anti-PPS-1 IgG titers in infant mice than in neo-
natal mice when data from three independent experiments
were pooled (data not shown). PPS-1-specific IgG responses of
neonatal and infant mice remained significantly lower than
those of adult mice, even after boosting 2 weeks later (P �
0.001). All mice immunized with Pnc1-TT showed significantly
higher PPS-1-specific IgM titers than saline-injected control
mice, with similar age-related differences as observed for the
IgG response (data not shown).

To assess correlation between immune responses in early
life and protective capacity against lethal pneumococcal infec-
tion, mice were challenged i.n. with virulent serotype 1 pneu-
mococci 4 weeks after the first vaccine dose, and development
of pneumococcal disease was evaluated as previously described
(50). All age-matched saline-injected control mice developed
severe bacteremia (Fig. 1B) and had high numbers (CFU) of
pneumococci in their lung homogenates (Fig. 1C). Although
s.c. immunization with two doses of native PPS-1 protected
50% of adult mice from bacteremia, a majority of the young
mice had detectable pneumococci in the blood (Fig. 1B). Im-
munization s.c. with PPS-1 did not lead to bacterial clearance
from the lung of either neonatal or infant mice, whereas 30%
of PPS-1-immunized adults had cleared the pneumococci from
their lungs 24 h after challenge. Thus, as observed in humans,
PPS-1 immunization was significantly less effective in early life
than in adults.

Immunization s.c. with Pnc1-TT (either one or two doses)
was sufficient to protect all adult mice from bacteremia (Fig.
1B) and lung infection (Fig. 1C), which is in agreement with
previous studies using the same pneumococcal conjugate vac-
cine in this pneumococcal infection model (30, 31). A single
dose of Pnc1-TT also protected the majority of infants and
neonatal mice from bacteremia (Fig. 1B), and a significant
reduction in CFU per milliliter of lung homogenates was ob-
served in both neonates (P � 0.001) and infants (P � 0.001)
compared to unimmunized control mice (Fig. 1C). After two
doses of Pnc1-TT, all neonatal and five of seven infant mice

FIG. 1. Pneumococcal conjugate vaccines are immunogenic and
induce protective immunity in neonatal and infant mice after s.c im-
munization. (A) PPS-1-specific IgG antibodies in serum 4 weeks after
the first immunization with one or two doses of Pnc1-TT or PPS-1, as
indicated on the x axis. Bars show mean antibody titers (log 10) for
each group (n � 8) and error bars show standard deviations of the
means. (B and C) For evaluation of vaccine-induced protection against
lethal pneumococcal infections, mice were challenged i.n. 4 weeks after
the first immunization and pneumococcal density in blood (B) and lung
homogenate (C) was evaluated. One dot represents one mouse and dot-
ted lines indicate the detection limits for CFU. The ages of the mice at
administration of the first vaccine dose are indicated in the figure.
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were protected from bacteremia (Fig. 1B). Furthermore, a
significant reduction in CFU per milliliter of lung homogenate
was observed in both neonates (P � 0.001) and infants (P �
0.001) compared to age-matched controls, as three of seven
neonatal and four of seven infant mice had cleared pneumo-
cocci from their lungs 24 h after challenge (Fig. 1C).

These results show that, in contrast to PPS-1, Pnc1-TT is
immunogenic and protective in both neonatal and infant mice
when administered s.c. without adjuvant. However, PPS-1-spe-
cific antibody responses after s.c. immunization with Pnc1-TT
in early life remain significantly lower than in adult mice, such
that optimal protective efficacy requires administration of a
second vaccine dose.

The nontoxic mutant LT-K63 enhances antibody responses
to Pnc1-TT and protection against lethal pneumococcal infec-
tion in early murine life. As s.c. immunization with Pnc1-TT
remained less effective in infant and neonatal mice than in
adult mice, we investigated the possible advantage of adding an
adjuvant to enhance PPS-1-specific IgG responses to Pnc1-TT
and protection against lethal pneumococcal infections in this
early life murine model. Neonatal, infant, and adult mice were
immunized s.c. with one or two doses of Pnc1-TT and a non-
toxic mutant of E. coli LT, LT-K63, as adjuvant. Mice were
immunized s.c. with two doses of native PPS-1 and LT-K63 for
comparison. To assess the safety of LT-K63 as adjuvant in
infant and neonatal mice, weight gain and the number of
deaths were monitored weekly and compared to age-matched
mice given sterile saline. No deaths occurred, and no effect was
observed on weight gain in infant and neonatal mice immu-
nized s.c with Pnc1-TT and LT-K63 compared to unimmunized
mice (data not shown), indicating that LT-K63 is safe and has
a low reactogenicity profile already in early life.

Immunization s.c. with PPS-1 and LT-K63 induced signifi-
cant PPS-1-specific IgG responses in adults (P � 0.001), but
not in infants (P � 0.347) or neonates (P � 0.936) (Fig. 2A).
LT-K63 did not enhance PPS-1-specific IgG responses com-
pared to s.c. immunization with PPS-1 alone in either age
group. In contrast, a significant PPS-1-specific IgG response
was observed after both one and two doses of Pnc1-TT and
LT-K63 for all age groups (P � 0.001; Fig. 2A). The IgG
response after one dose of Pnc1-TT administered s.c. was
comparable with or without LT-K63 in adults (P � 0.441) or
neonates (P � 0.343), whereas LT-K63 enhanced the IgG
antibody response in infants (P � 0.034). A further significant
(P � 0.001) increase in IgG antibody titers was observed after
the second dose in all age groups (Fig. 2A). Significant PPS-
1-specific IgM was detected in all age groups immunized s.c.
with Pnc1-TT and LT-K63, with similar age-related differences
as seen for the IgG response (data not shown).

Four weeks after priming (or 2 weeks after the second im-
munization), mice were challenged i.n. and protection against
bacteremia and lung infection was evaluated as described
above. Immunization with PPS-1 and LT-K63 protected two of
eight adult mice, but none of the young mice, from developing
bacteremia. All neonatal and infant mice and seven of eight
adults had detectable pneumococci in their lungs. One single
s.c. dose of Pnc1-TT with LT-K63 protected all adult mice
from bacteremia (Fig. 2B) and lung infection (Fig. 2C). In
addition, all infant and seven of eight neonatal mice were
protected from developing bacteremia (Fig. 2B), and a signif-

icant reduction in pneumococcal density in lungs was observed
both in neonatal (P � 0.001) and infant (P � 0.001) mice, as
one of eight neonatal and six of eight infant mice had com-
pletely cleared the bacteria from their lungs. Two s.c. doses of
Pnc1-TT and LT-K63 successfully protected all adult, infant,
and neonatal mice against both bacteremia (Fig. 2B) and lung
infection (Fig. 2C).

These results demonstrate that although LT-K63 had no
effect on native PPS-1 immunization, it enhanced PPS-1-spe-
cific IgG responses to a single s.c. dose of Pnc1-TT in infant
mice. Most strikingly, LT-K63 enhanced PPS-1-specific IgG
responses elicited by two s.c. doses of Pnc1-TT in both neona-
tal and infant mice, significantly improving protection against
lethal pneumococcal infections in this early life pneumococcal
infection model.

Intranasal immunization with a single dose of Pnc1-TT and
LT-K63 is sufficient to induce protective immunity against
lethal pneumococcal infections in early murine life. We pre-
viously demonstrated that i.n. immunization of adult mice with
Pnc1-TT and various adjuvants provides complete protection
against bacteremia and lung infection in this murine pneumo-
coccal infection model (30, 31). To explore the potential for
mucosal immunization in early murine life, neonatal and infant
mice were immunized i.n., either once or twice, with Pnc1-TT
with or without LT-K63 as adjuvant. Mice injected i.n. with
saline were used as controls, and immunization with two doses
of native PPS-1 and LT-K63 was done for comparison. To
assess the safety of LT-K63 as adjuvant in infant and neonatal
mice after mucosal immunization, weight gain was monitored
weekly and compared to mice given sterile saline. No delete-
rious effect was observed on the weight gain in mice immu-
nized i.n. with Pnc1-TT and LT-K63 compared to unim-
munized mice (data not shown), and no deaths occurred,
indicating the safety of LT-K63 after mucosal administration in
young mice.

Intranasal immunization with native PPS-1 and LT-K63 in-
duced a significant IgG response in adults (P � 0.001), but not
in infants (P � 0.251) or neonates (P � 0.119) (Fig. 3A). The
response was comparable to that induced by s.c. immunization
with PPS-1 (with or without LT-K63) for all age groups. In
contrast, one single dose of Pnc1-TT administered i.n. with
LT-K63 induced a significant PPS-1-specific IgG response in
all age groups tested (P � 0.001; Fig. 3A). Intranasal immu-
nization of neonatal mice with Pnc1-TT and LT-K63 induced a
significantly higher PPS-1-specific IgG response than s.c im-
munization with Pnc1-TT and LT-K63 (P � 0.001) (Fig. 3A
and 2A). This difference was not found in infants (P � 0.949).
A significantly enhanced response was observed after the sec-
ond dose of Pnc1-TT and LT-K63 given i.n. in neonatal (P �
0.011), infant (P � 0.001), and adult (P � 0.001) mice.
Whereas i.n. immunization with two doses of Pnc1-TT and
LT-K63 elicited significantly higher PPS-1-specific IgG levels
than two s.c. doses of Pnc1-TT alone in all age groups (P �
0.001), i.n. and s.c. immunization with two doses of Pnc1-TT
and LT-K63 induced comparable PPS-1-specific IgG levels,
which is seen by comparing Fig. 2A and 3A. PPS-1-specific IgG
titers after i.n. immunization with either one or two doses of
Pnc1-TT and LT-K63 was significantly higher in adult than in
infant (P � 0.001) and neonatal (P � 0.001) mice. A significant
PPS-1-specific IgM level was detected in all age groups immu-
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nized i.n. with Pnc1-TT and LT-K63, with similar age-related
differences as observed for the IgG response (data not shown).

To evaluate vaccine-induced protection after i.n. immuniza-
tion with Pnc1-TT and LT-K63, mice were challenged i.n. as
described above, and pneumococcal density in blood and lungs
was evaluated 24 h after challenge. A high density of pneumo-
cocci was detected both in blood (Fig. 3B) and lung homoge-
nates (Fig. 3C) from unimmunized control mice of all age
groups. Whereas i.n. immunization with two doses of PPS-1
and LT-K63 protected 50% of adult mice from bacteremia, a
majority of infant and neonatal mice immunized i.n. with
PPS-1 and LT-K63 had pneumococci in their blood (Fig. 3B)
and lungs (Fig. 3C). In contrast, i.n. immunization with one or
two doses of Pnc1-TT and LT-K63 protected all adult, infant,
and neonatal mice from developing bacteremia (Fig. 3B). Re-
markably, a single i.n. dose of Pnc1-TT and LT-K63 induced
complete clearance of bacteria from lungs of all adults, seven
of eight infants, and five of eight neonates, whereas two doses
induced complete clearance of pneumococci from lungs of all
mice in all age groups (Fig. 3C).

Pnc1-TT or PPS-1 administered i.n. without adjuvant (either
one or two doses) did induce significant PPS-1-specific serum
IgG in adults (P � 0.001), but not in infants or neonates (data
not shown). Immunization i.n. with Pnc1-TT alone also did not
induce significant protection against lethal pneumococcal in-
fections in neonatal or infant mice, whereas a reduction in
CFU in blood (P � 0.001) and lungs (P � 0.031) was observed
in adults immunized i.n. with two doses of Pnc1-TT without
adjuvant (data not shown).

These results show that i.n. immunization with Pnc1-TT and
LT-K63 induces a systemic PPS-1-specific IgG antibody re-
sponse in neonatal and infant mice which is significantly higher
than the response elicited by s.c. immunization with Pnc1-TT
without adjuvant and at least as good as that elicited by s.c.
injection with Pnc1-TT and LT-K63. Furthermore, i.n. immu-
nization of neonatal and infant mice with a single dose of
Pnc1-TT and LT-K63 was sufficient to induce complete pro-
tection against lethal pneumococcal disease after i.n. challenge
in this early life mouse model.

i.n. immunization with Pnc1-TT and LT-K63 induces a
strong salivary IgA response in neonatal and infant mice.
Mucosal administration in mice of pneumococcal conjugate
vaccines along with potent adjuvants has been shown to be
efficient in inducing a mucosal antibody response in adult mice
(30, 31). To investigate whether intranasal immunization with
Pnc1-TT and LT-K63 induces a PPS-1-specific mucosal anti-
body response in neonatal and infant mice, saliva was sampled
and PPS-1-specific IgA and IgM antibodies were measured
with ELISA. As shown in Fig. 4, i.n. immunization with Pnc1-
TT and LT-K63 induced a vigorous salivary IgA response in all
age groups, whereas s.c. immunization with Pnc1-TT with or
without LT-K63 did not. Due to volume limitation, saliva sam-
ples were pooled for each group, preventing statistical analysis.
PPS-1-specific IgM antibodies were not detectable in the saliva
samples (data not shown).

Intranasal immunization with Pnc1-TT and LT-K63 is op-
timal for rapidly enhancing PPS-1-specific antibody response
in neonatal mice. As pneumococcal colonization and infection
may occur very early in life, we next compared the kinetics of
the IgG response to the PS and carrier moiety of pneumococ-

FIG. 2. LT-K63 enhances PPS-1-specific antibody responses to
Pnc1-TT in neonatal and infant mice when administered parenterally
and improves protection against lethal pneumococcal infections. (A)
PPS-1-specific IgG antibodies in serum 4 weeks after the first s.c.
immunization with one or two doses of Pnc1-TT or PPS-1 with LT-K63
as indicated on the x axis. Bars show mean antibody titers (log 10) for
each group (n � 8) and error bars show standard deviations of the
means. (B and C) For evaluation of vaccine-induced protection against
lethal pneumococcal infections, mice were challenged i.n. 4 weeks after
the first immunization and pneumococcal density in blood (B) and lung
homogenate (C) was evaluated. One dot represents one mouse and dot-
ted lines indicate the detection limits for CFU. The ages of mice at
administration of the first vaccine dose are indicated in the figure.
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cal conjugate vaccines after either parenteral or mucosal im-
munization with Pnc1-TT with or without LT-K63 as adjuvant.
Neonatal, infant, and adult mice were immunized either s.c. or
i.n. with Pnc1-TT with or without LT-K63, and blood was
sampled weekly for 4 weeks to measure TT- and PPS-1-specific
IgG antibodies in the serum samples (Fig. 5). In adult mice,
responses to both PPS-1 and TT after one single dose of
Pnc1-TT followed similar kinetics regardless of immunization
route or use of the LT-K63 adjuvant (Fig. 5A). In infant mice,
both PPS-1 and TT-specific responses elicited by Pnc1-TT and
LT-K63, either s.c. or i.n., were higher than those elicited by
Pnc1-TT alone (Fig. 5A). The situation was different following
immunization of neonatal mice, where mucosal administration
of a single dose of Pnc1-TT and LT-K63 elicited optimal PPS-1
IgG responses (Fig. 5A). This superiority of mucosal immuni-
zation was not observed for responses to the TT carrier moiety,
as both mucosal and s.c. immunization with Pnc1-TT and
LT-K63 elicited similarly strong TT-specific IgG responses.
Administration of a second vaccine dose enhanced PPS-1 re-

FIG. 3. i.n. immunization with one single dose of Pnc1-TT and
LT-K63 is sufficient to induce protective immunity against lethal pneu-
mococcal infections in infant and neonatal mice. (A) PPS-1-specific
IgG antibodies in serum 4 weeks after the first immunization with one
or two i.n. doses of Pnc1-TT or PPS-1 and LT-K63, as indicated on the
x axis. Bars show mean antibody titers (log 10) for each group (n � 8)
and error bars show standard deviations of the means. (B and C) For
evaluation of vaccine-induced protection against lethal pneumococcal
infections, mice were challenged i.n. 4 weeks after the first immuniza-
tion and pneumococcal density in blood (B) and lung homogenate
(C) was evaluated. One dot represents one mouse and dotted lines
indicate the detection limits for CFU. The ages of mice at administra-
tion of the first vaccine dose are indicated in the figure.

FIG. 4. i.n. immunization with Pnc1-TT and LT-K63 induces a
vigorous mucosal IgA response in neonatal and infant mice. Mice were
immunized once (A) or twice (B) with Pnc1-TT alone or with LT-K63
as indicated on the x axis. Saliva was collected 4 weeks after the first
immunization and PPS-1-specific IgA antibodies were measured in
saliva samples by ELISA. The ages of mice at the first immunization
are indicated in the figure.
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sponses elicited by Pnc1-TT and LT-K63 in all age groups,
regardless of the immunization route (Fig. 5B).

Thus, either i.n. or s.c. immunization with Pnc1-TT and
LT-K63 elicit similar PPS-1 responses in infant mice, while
mucosal immunization appears superior to s.c. immunization
for the induction of primary PPS-1-specific IgG responses in
neonates.

DISCUSSION

In this study, a new murine infant immunization model
against S. pneumoniae which reproduces the main features of
human infant immune responses to native capsular PPS and
pneumococcal conjugate vaccines, as well as the relative pro-
tective efficacy of each vaccine, was established. Using this
early life murine model, we show that protection against S.
pneumoniae can be significantly enhanced by either parenteral
or mucosal immunization with a pneumococcal conjugate vac-
cine and LT-K63 as adjuvant. This strategy could be of partic-
ular interest for early life immunization, as neonatal mice were
only fully protected against S. pneumoniae following parenteral
or mucosal administration of a conjugate vaccine with LT-K63.
Studies on immunogenicity and protective capacity of addi-
tional serotypes of pneumococcal conjugate vaccines are pres-
ently under investigation.

IgG antibodies to the capsular PS of S. pneumoniae mediate
opsonophagocytosis of the bacteria, which plays a major role in
protecting the host from pneumococcal disease (37, 67). How-
ever, infants and young children, who are in the major risk
group for pneumococcal infections, fail to respond to PPS

vaccination with sufficient levels of IgG antibodies. This char-
acteristic feature was also observed in our new early life mu-
rine model of PPS immunization: PPS-1-specific IgG responses
in early murine life remained significantly weaker than in adult
mice and were associated with poor protection against S. pneu-
moniae infection. In contrast, immunization with pneumococ-
cal conjugate vaccines elicits a T-cell-dependent (TD) antibody
response characterized by higher levels of PPS-specific IgG1
antibodies in both humans (68) and mice (29, 48). In the
present study, we demonstrate that an experimental pneumo-
coccal conjugate vaccine, Pnc1-TT, is immunogenic in both
infant and neonatal mice after s.c. immunization. However, the
early life antibody response to Pnc1-TT remained significantly
lower in young than in adult mice. These observations are in
agreement with results from previous studies analyzing anti-
body responses to various TD antigens induced by vaccination
in the neonatal period, which differ from those of adults (56).
Low and weak antibody responses to TD antigens early in life
may be related to immaturity of antigen-presenting cells (38)
and their inability to produce interleukin-12 (IL-12) (24). In
addition, we have shown that the induction of antibody-secret-
ing cells is delayed and limited in early life (43). Our recent
studies suggest that this reflects limitations in germinal center
induction following early life immunization with TD antigens
(C.A. Siegrist et al., unpublished data). Additional factors may
contribute to the low immunogenicity of PS antigens in in-
fancy, such as low expression of complement receptor 2 on B
cells (25) and immaturity of marginal zone B cells, which are
considered to be crucial in the antibody response to PS anti-
gens (26, 60). Interestingly, immunization of infants with pneu-

FIG. 5. i.n. immunization with Pnc1-TT and LT-K63 is optimal for rapidly enhancing antibody responses to the PS moiety of Pnc1-TT in
neonatal mice. Adult, infant, and neonatal mice were immunized either once (A) or twice (B) with Pnc1-TT i.n. or s.c., with or without LT-K63.
Anti-PPS-1 and anti-TT IgG antibodies were measured in serum samples taken weekly for 4 weeks after the first immunization. Modes of
immunization are as follows: Pnc1-TT s.c. without adjuvant (■), Pnc1-TT s.c. with LT-K63 (�), Pnc1-TT i.n. with LT-K63 (Œ). The time at
secondary immunization is indicated by arrows.
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mococcal conjugate vaccines was recently shown to have a
stronger protective efficacy against bacteremia and invasive
diseases than against pneumonia (54). This feature was also
observed in this early life murine immunization model, as
parenteral administration of Pnc1-TT protected the majority
of the young mice against bacteremia and induced a significant
reduction of lung bacterial titers without, however, achieving
bacterial clearance (Fig. 1B and C).

It has been indicated that mucosal immune responses, espe-
cially IgA antibodies in secretions, may contribute significantly
to protection against respiratory pathogens (62). Intranasal
administration of vaccines along with potent adjuvants, such as
nontoxic derivatives of E. coli LT, is effective in inducing vac-
cine-specific immune responses (14, 45, 46). Numerous studies
have shown that mucosal immunization with bacterial, viral,
and parasitic antigens along with LT mutants induces protec-
tive immunity in various adult murine infection models (8, 31,
33, 49, 64). LT is also a potent adjuvant when given parenter-
ally, possibly as a result of its direct and indirect effects on
immunocompetent cells, causing increased expression of co-
stimulatory molecules both on B and T cells, which subse-
quently leads to enhanced antigen presentation and B-cell–T-
cell interactions (39, 69, 71). It is reasonable to believe that use
of a fully nontoxic mutant, such as LT-K63, will have a mini-
mum risk of adverse events (13). However, it is presently un-
known whether LT-K63 will be tolerable in human infants, but
clinical trials for i.n. delivery of LT-K63 are planned in order to
evaluate safety in adults and eventually in the pediatric popu-
lation. In the present study, LT-K63 had no deleterious effect
on weight gain and did not cause any deaths in either neonatal
or infant mice, thus demonstrating its low reactogenicity in
early life. This is consistent with previous reports demonstrat-
ing the undetectable toxicity of LT-K63 both in vitro and in
vivo (23). Parenteral immunization with Pnc1-TT and LT-K63
significantly enhanced PPS-1-specific antibody responses and
protection against lethal pneumococcal infections in infant and
neonatal mice compared to immunization with Pnc1-TT alone.
This indicates that LT-K63 is a safe and potent adjuvant for
early life parenteral immunization with this pneumococcal
conjugate vaccine. Whether this strong early life adjuvanticity
will be observed following immunization with other TD vac-
cines is presently under investigation.

In addition, mucosal immunization with Pnc1-TT and LT-
K63 proved capable of inducing both strong systemic and mu-
cosal PPS-1-specific antibody responses. Remarkably, one sin-
gle i.n. dose of Pnc1-TT and LT-K63 was sufficient to protect
all infant and neonatal mice from lethal pneumococcal infec-
tion, resulting in complete bacterial clearance from both blood
and lungs, whereas two vaccine doses were required when
Pnc1-TT and LT-K63 were given s.c. This enhanced efficacy of
Pnc1-TT following mucosal rather than parenteral immuniza-
tion could reflect the contribution of strong mucosal IgA re-
sponses (Fig. 4). However, enhanced systemic PPS-1-specific
IgG antibody responses may also significantly contribute to
rapid bacterial clearance. Interestingly, mucosal immunization
of neonatal mice with one single dose of Pnc1-TT and LT-K63
induced a significantly higher PS-specific IgG response than
s.c. immunization (Fig. 5), whereas TT-specific IgG responses
were similar. The mechanisms responsible for this optimal
induction of PPS-specific IgG responses and the effect on long-

term protection following mucosal administration remain to be
investigated. Although antibody responses remained slightly
lower than in adults during the first 2 weeks after immuniza-
tion, mucosal administration of conjugate vaccines along with
LT-K63 partly circumvented the limitations of antibody re-
sponses to PS antigens that are responsible for enhanced sus-
ceptibility of neonates and infants to pneumococcal infections.
This suggests that mucosal immunization in the neonatal pe-
riod could be a particularly attractive approach for early life
protection against pneumococcal disease.
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The aim of vaccination is to rapidly elicit protective immunity and generate memory for
sustained protection. We studied the induction and persistence of polysaccharide (PS)-
specific memory in neonatal and infant mice primed with pneumococcal conjugate
(Pnc1-TT) by assessing the response to native pneumococcal PS (PPS-1), the kinetics of
the PPS-1-specific IgG response to a second Pnc1-TT dose and affinity maturation. A
subcutaneous (s.c.) Pnc1-TT booster induced a rapid increase in PPS-1-specific IgG,
indicating efficient priming for memory by a single dose of Pnc1-TTalready at 1 week of
age. High levels were maintained for >12 weeks. However, a PPS-1 booster induced no
response in neonatal or infant mice. The adjuvant LT-K63 significantly enhanced the IgG
response and affinity to Pnc1-TT by both the s.c. and the intranasal (i.n.) route in all age
groups. In neonatal and infant mice, PPS-1 and LT-K63 induced a booster response only
when given i.n. following either s.c. or i.n. priming with Pnc1-TT and LT-K63. In
contrast, PPS-1 with or without LT-K63 administered s.c. compromised the ongoing
PPS-1-specific response elicited in neonatal mice by either s.c. or i.n. priming with Pnc1-
TT and LT-K63. These results demonstrate the advantage of the mucosal route for
elicitation of PS-specific memory responses in early life.

Introduction

Neonates and infants are susceptible to infections due to
immaturity of the immune system and are therefore a
major target group for vaccination. However, neonates
have a frequently delayed and limited ability to generate
effective and persistent antibody (Ab) responses to
T cell-dependent antigens [1]. CD21+ B cells in the
marginal zone (MZ) play a key role in the induction of
Ab responses to polysaccharides (PS) [2, 3], which are
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T cell-independent type 2 antigens [4]. The inability of
CD21+ B cells to localize to the MZ before 2 years of age
is considered a major reason for the lack of Ab responses
to PS and partially explains the increased risk in infancy
for infections caused by encapsulated bacteria such as
Streptococcus pneumoniae [5, 6]. In adults immunization
with PS antigens induces primarily IgM, with hardly any
class switching, affinity maturation or immunological
memory [4, 7]. PS antigens are not immunogenic in
early life [3], but conjugation of PS to proteins renders
them T cell-dependent [8]. Pneumococcal PS (PPS)
conjugate vaccines have proven immunogenic [9] and
efficacious against invasive disease [10] and otitis media
in infants [11].

The aim of vaccination is to rapidly elicit protective
immunity and generate memory cells, which respond
rapidly and strongly to subsequent antigen exposure.
Generation of memory B cells and long-lived plasma
cells is associated with isotype switching and hypermu-
tation of the immunoglobulin genes, resulting in
selection of B cells with high-affinity B cell receptors
[12, 13]. The Ab response in infants is characterized by a
low frequency of somatic hypermutations and poor
selection, which is observed from 6 months of age [14].
PS-specific memory in infants immunized with glyco-
conjugates is demonstrated by challenge with purified
PS, and the anamnestic response and affinitymaturation
of PS-specific IgG are considered surrogate markers for
memory [15]. In a study of Gambian children primed
with meningococcal A/C (MenA/C) conjugate in
infancy, a reduced Ab response to MenA/C PS at the
age of 5 years was demonstrated in those children who
had been boosted with aMenA/C PS at 18–24 months of
age compared to those boosted with conjugate or
placebo [16]. We studied the generation and persistence
of PPS-specific memory in neonatal and infant mice
using an early life murine model recently shown to
reproduce the main features of infant responses to
pneumococcal conjugates [17]. We have also demon-
strated that the adjuvant LT-K63, a non-toxic mutant of
Escherichia coli heat-labile enterotoxin, enhances the
immune response to pneumococcal conjugates in early
life, and the intranasal (i.n.) route seems to be more
effective than the subcutaneous (s.c.) route. Here we
assessed the kinetics of the PPS of serotype 1 (PPS-1)-
specific IgG response to native PPS-1 booster or a second
dose of conjugate and affinity maturation as surrogate
markers of PPS-1-specific memory. The potential of LT-
K63 to enhance the induction of PPS-specific memory
was also studied and the mucosal and parenteral
immunization routes compared.

Results

Parenteral immunization with a pneumococcal
conjugate, Pnc1-TT, induces PPS-1-specific
responses in early life

To study the induction of PPS-specific memory by
immunization with pneumococcal conjugates in early
life, neonatal, infant and adult mice were primed s.c.
with a monovalent conjugate of tetanus toxoid (TT) and
PPS-1 (Pnc1-TT). The mice were boosted 16 days later
with native PPS-1, Pnc1-TT or saline. The kinetics and
affinity maturation of the PPS-1-specific IgG Ab
response was determined.

All age groups immunized with one dose of Pnc1-TT
had significantly higher levels of IgG Ab compared to
unimmunized mice (p<0.001) 4 weeks later (data not
depicted), as previously demonstrated [17]. The Pnc1-
TT booster induced a rapid and strong increase in
neonatal (p=0.002), infant (p=0.006) and adult
(p<0.001) mice, indicating efficient priming for mem-

Fig. 1. PPS-1-specific booster response in Pnc1-TT-primed
mice. Serum PPS-1-specific IgG Ab titers (EU/ml) were analyzed
in adult (AD), infant (INF) and neonatal (NN) mice primed with
Pnc1-TT s.c. without LT-K63 (A), s.c. with LT-K63 (B) or i.n. with
LT-K63 (C). All mice were boosted 16 days later with PPS-1 (~),
Pnc1-TT (&) or saline (*), and all mice received a booster with
native PPS-1 by the same route as the priming 13 weeks after
priming. Arrows indicate the time points of immunization.
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ory by a single dose of Pnc1-TT already at 1 week of age
(Fig. 1A).

In adult mice the native PPS-1 booster induced a
transient increase in IgG (p=0.001). The increase in IgG
Ab was mainly seen for IgG1 (p<0.001) and IgG3
(p=0.012) (data not depicted). Furthermore, the levels
were higher in adult mice boosted with PPS-1 compared
to saline for IgG (p=0.160), IgG1 (p=0.050), IgG2a
(p=0.020) and IgG3 (p=0.020) (Fig. 1A and Table 1). In
contrast, neonatal and infant mice did not respond to the
native PPS-1 booster, and the IgG Ab levels were even
lower than in neonatal (p=0.140) and infant (p=0.003)
mice that received no booster (Fig. 1A). The reduced Ab
levels following PPS-1 booster were mainly observed for
IgG1, the major subclass elicited in neonatal (p=0.160)
and infant (p<0.001) mice. IgG2a and IgG3 were nearly
undetectable in both age groups (Table 1). In all age
groups, the IgG Ab levels were maintained for up to
13 weeks, when the mice were boosted again with PPS-
1. The late PPS-1 booster did not induce a response in
any of the groups (Fig. 1A), regardless of the booster
given 16 days after Pnc1-TT priming.

It has been shown that following immunization with
protein antigens, germinal center formation peaks at
day 14 in neonatal mice compared to day 10 in adult
mice [18]. In order to investigate whether incomplete

development of germinal centers following conjugate
priming of neonatal mice might explain the lack of a
response to the PPS-1 booster at day 16, two groups of
neonatal mice were primed with Pnc1-TT and boosted
with PPS-1 either 16 days or 4 weeks later. No IgG
response was observed in either group (data not
shown). In addition, different doses of PPS-1 booster
(0.5 lg, 2.0 lg or 5.0 lg) were compared, and no
response was observed to any dose (data not shown).

Generation of memory B cells is associated with
affinity maturation of IgG Ab [13]. In neonatal and
infant mice, a slight increase in the avidity of anti-PPS-1
IgG was observed only following a booster with Pnc1-TT
(statistical comparison not applicable) (Fig. 2A). In
Pnc1-TT-primed adult mice, an increase in the avidity of
anti-PPS-1 IgG was observed from week 2 to week 8 in
mice receiving no booster (p=0.031), Pnc1-TT
(p=0.021) or PPS-1 (p=0.130) at day 16 (Fig. 2A),
which was in agreement with the increase in IgG Ab
levels (Fig. 1A). IgG Ab levels were significantly higher
in adult mice than in neonatal (p<0.001) or infant
(p<0.001) mice following booster with either Pnc1-TT
or saline. However, Ab levels were comparable in
neonatal and infant mice after Pnc1-TT booster
(p=0.284) and saline (p=0.444) (Fig. 1A), as previously
shown [17]. Although a booster response to native PPS-1
could not be demonstrated in neonatal or infant mice,
the rapid and strong IgG Ab response to the Pnc1-TT
booster indicated that priming with Pnc1-TT had
induced PPS-1-specific memory.

The Pnc1-TT-induced generation of PPS-1-specific
memory is enhanced by the non-toxic adjuvant
LT-K63 when administered s.c. in early life

To investigate potential advantage of adjuvants for the
generation of PPS-specific memory in early life,
neonatal, infant and adult mice were primed s.c. with
Pnc1-TT + LT-K63. The mice received saline or a booster
of PPS-1 or Pnc1-TT formulated with LT-K63 16 days
later. In mice receiving saline, the IgG Ab continued to
increase from 2–4 weeks post-priming in all age groups
(p<0.001) (Fig. 1B). The Pnc1-TT + LT-K63 booster
induced a further rapid and strong increase of IgG Ab in
neonatal (p<0.001), infant (p=0.002) and adult
(p<0.001) mice, indicating efficient priming for mem-
ory with one dose of Pnc1-TT + LT-K63 at an early age.
The addition of LT-K63 did not restore the lack of a
booster response to native PPS-1 administered s.c. in
neonatal or infant mice 16 days after priming with Pnc1-
TT + LT-K63 (Fig. 1B). Importantly, neonatal mice
boosted with PPS-1 + LT-K63 had significantly lower
IgG Ab than those receiving saline (p=0.040), in
particular IgG1 (p=0.007) and IgG3 (p=0.050) (Ta-
ble 1). In contrast, a significant booster response was

Fig. 2. Affinity maturation of anti-PPS-1 Ab in Pnc1-TT-primed
mice. The avidity index of PPS-1-specific IgG in adult (AD),
infant (INF) and neonatal (NN) mice primed with Pnc1-TT s.c.
without LT-K63 (A), s.c. with LT-K63 (B) or i.n. with LT-K63 (C)
was determined at week 2 before booster administration (*)
and at week 8, 6 weeks after booster (*).
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seen in adult mice (p=0.010) (Fig. 1B). These data
demonstrate that early in life, the PPS-1 + LT-K63
booster s.c. resulted in a lack of PPS-1-specific memory
responses and compromised the ongoing Ab response.

The IgG Ab levels were maintained up to 13 weeks in
all groups, when all were boosted with PPS-1 + LT-K63.
IgG Ab increased in all age groups (Fig. 1B) but only
significantly in neonatal mice receiving saline booster at
day 16 (p<0.001) (Fig. 1B). Adult and infant mice
boosted with PPS-1 + LT-K63 16 days after priming
responded to the PPS-1 + LT-K63 booster at week 13,
although not significantly (Fig. 1B). Importantly, no
booster response was observed in neonatal mice that
had received PPS-1 + LT-K63 s.c. 16 days after priming
(Fig. 1B). These data further indicate that s.c. admin-
istration of the PPS-1 + LT-K63 booster to mice primed
neonatally with Pnc1-TT + LT-K63 prevented later PPS-
1-specific memory responses.

Avidity of the PPS-1-specific IgG increased signifi-
cantly from week 2 to week 8 in adult mice receiving a
Pnc1-TT + LT-K63 booster (p<0.001) or saline
(p=0.007) but only slightly in neonatal and infant mice
(statistical comparison not applicable) (Fig. 2B). The
avidity continued to increase up to 13 weeks after
priming and increasedmost rapidly inmice that received
two doses of Pnc1-TT + LT-K63 (data not depicted).
Following boosting with PPS-1 + LT-K63, adult mice
showed a significant increase in the avidity of anti-PPS-1
IgG (p=0.050) (Fig. 2B), in agreement with the increase
in IgG Ab levels, but affinity maturation was poor in
neonatal and infant mice.

LT-K63 significantly enhanced the response to a
second dose of Pnc1-TT in neonatal (p=0.004) and
infant (p<0.001) mice (Fig. 1B vs. A), and the Ab levels
continued to rise (p<0.001) in mice receiving saline,
although there was an age-related difference between
neonatal and infant mice 4 weeks after priming
(p=0.019). However, when boosted with Pnc1-TT +
LT-K63, all groups showed strong responses, and an age-
related difference was not detected (p=0.510) (Fig. 1B).
No booster response to PPS-1 + LT-K63 could be
demonstrated in neonatal or infant mice, but the
enhanced anamnestic response to a second dose of
Pnc1-TT + LT-K63 indicated that LT-K63 enhanced the
induction of PPS-1-specific memory. These results
further demonstrate that in neonatal mice, s.c. booster
with PPS-1 + LT-K63 compromised an ongoing Ab
response.

Native PPS-1 and LT-K63 administered i.n.
induce a booster response in neonatal and
infant mice

We have previously shown that Pnc1-TT + LT-K63
rapidly induces protective immunity against pneumo-

coccal infections in neonatal and infant mice, and the
i.n. route seems to be more effective than the s.c. route
[17]. We therefore investigated the possible advantage
of i.n. immunization for the generation of PPS-1-specific
memory. Neonatal, infant and adult mice primed i.n.
with Pnc1-TT + LT-K63 received a booster of PPS-1 or
Pnc1-TT formulated with LT-K63 or saline 16 days later.
IgG Ab continued to increase in mice receiving saline
(p<0.001), and a further rapid and strong increase was
observed in all age groups after boostingwith Pnc1-TT+
LT-K63 (p<0.001), indicating efficient i.n. priming with
one dose of Pnc1-TT + LT-K63.

Both neonatal and infant mice primed i.n with Pnc1-
TT + LT-K63 responded to the i.n. booster with PPS-1 +
LT-K63 (p<0.001; Fig.1C), in contrast to the s.c. booster.
The total IgG Ab levels were higher in neonatal
(p=0.060) and infant (p<0.001) mice boosted with
PPS-1 + LT-K63 compared to saline, and IgG1 in
neonatal (p=0.050) and infant (p=0.007) mice and
IgG3 in infant (p<0.001) mice (Table 1). I.n. boosting
with PPS-1 + LT-K63 induced a significant response in
adult mice (p=0.019), as also seen after s.c. adminis-
tration of PPS-1 with or without LT-K63 (Fig. 1A–C).
When PPS-1 + LT-K63 was administered i.n. at week 13,
a response was only observed in i.n.-primed infant
(p=0.009) and adult (p=0.086) mice.

A slight increase in the avidity of PPS-1-specific IgG
was observed in Pnc1-TT + LT-K63-primed neonatal,
infant (statistical comparison not applicable) and adult
(p=0.800)mice that received no booster. After a booster
with Pnc1-TT+ LT-K63, the avidity of PPS-1-specific IgG
increased in neonatal (statistical comparison not
applicable), infant (p<0.001) and adult (p=0.001)
mice. An age-related difference was observed between
neonatal and infant mice (p=0.014) 6 weeks after the
booster. Importantly, the affinity of PPS-1-specific IgG
was comparable in infant and adult mice boosted with
Pnc1-TT+ LT-K63 by the mucosal route (p=0.752). The
avidity was higher (week 8) in neonatal and infant mice
boosted i.n. with PPS-1 + LT-K63 than in age-matched
mice boosted s.c. with PPS-1 with or without the
adjuvant LT-K63 (statistical comparison not applicable)
(Fig. 2C vs. A or B). The IgG Ab levels were comparable
in neonatal and infant mice receiving no booster
(p=0.209) but higher in adult than in neonatal
(p=0.040) and infant (p=0.004) mice. However, after
Pnc1-TT + LT-K63 booster the PPS-1 Ab levels were
comparable in infant and adult mice (p=0.431) but
lower in neonatal mice (p=0.042) (Fig. 1C). The high
IgG Ab levels weremaintained for 13 weeks in all groups
(Fig. 1C). These results indicate the advantages of i.n.
immunization for the PPS-1-specific memory response
in early life, as shown by the ability of neonatal and
infant mice to respond to i.n. boosting with native PPS-1
and LT-K63.
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Neonatal mice primed with Pnc1-TT either s.c.
or i.n. respond to native PPS-1 booster only when
administered i.n.

To further explore the differences observed in the
booster response to native PPS-1 depending on the
immunization route, neonatal mice were primed either
s.c. or i.n. with Pnc1-TT+ LT-K63, and both groups were
split 16 days later to receive either s.c. or i.n. a booster of
PPS-1 with or without LT-K63. For comparison the Ab
response to Pnc1-TT + LT-K63 or saline was assessed. As
before (Fig. 1B, C), a significant increase in IgG Ab was
observed in neonatal mice receiving no booster if primed
with Pnc1-TT + LT-K63 either s.c. (p= 0.009) or i.n.
(p<0.001) (Fig. 3A, B). There was also a further rapid
and strong increase in IgG Ab levels following s.c. or i.n.
booster with Pnc1-TT + LT-K63 in neonatal mice primed
by the same route, s.c. or i.n. (p<0.001) (data not
depicted).

In neonatal mice no IgG booster response was
observed after s.c. administration of PPS-1 alone to mice
primed s.c. (p=0.878) or i.n. (p=0.897) with Pnc1-TT+
LT-K63 (Fig. 3A1, B1). These data demonstrate that the

compromised response to PPS-1 booster described
above was not due to LT-K63. As previously demon-
strated, the addition of the adjuvant LT-K63 to the s.c.
PPS-1 booster did not restore the IgG response,
regardless of the route of priming (s.c. priming:
p=0.505; i.n. priming: p= 0.457) (Fig. 3A2, B2). In
both cases the IgG Ab levels were significantly reduced
following a PPS-1 booster with or without LT-K63
compared to mice receiving saline (s.c. priming: PPS-1
alone, p=0.001 and PPS-1 + LT-K63, p= 0.007; i.n.
priming: PPS-1 alone, p=0.001 and PPS-1 + LT-K63,
p=0.002). The most important finding is that a
significant increase in IgG Ab was observed in neonatal
mice boosted i.n. with PPS-1 + LT-K63 following either
s.c. (p<0.001) or i.n. (p=0.010) priming with Pnc1-TT
+ LT-K63 (Fig. 3A3, B3). In both cases the IgG Ab levels
at week 4 were higher, although not significantly, than
in mice receiving no booster (s.c. priming: p=0.345; i.n.
priming: p=0.399) but lower than following booster
with Pnc1-TT + LT-K63 (s.c.: p<0.001; i.n.: p=0.005)
(data not depicted).

Taken together these results clearly demonstrate that
priming of neonatal mice with Pnc1-TT and LT-K63 by
either a s.c. or an i.n. route induces PPS-1-specific
memory. However, native PPS-1 elicited a booster
response only when administered by the i.n. route,
actually compromising the ongoing PPS-1-specific Ab
response after s.c. administration. This demonstrates the
advantage of mucosal immunization for the elicitation
of PS-specific memory responses in early life.

Discussion

The generation of PPS-specific memory induced by a
pneumococcal conjugate was studied in neonatal and
infant mice, and the effects of the adjuvant LT-K63 and
immunization routes were assessed. We previously
reported that weak and delayed neonatal Ab responses
to Pnc1-TT can be circumvented and protection against
invasive pneumococcal infections obtained through the
use of LT-K63 in immunization by both s.c. and i.n.
routes [17]. In the present study, we confirmed an age-
related difference in PPS-1-specific IgG responses and
enhanced Ab responses to Pnc1-TT priming and booster
when formulated with LT-K63 in all age groups,
irrespective of the immunization route. Notably, infant
mice boosted i.n. with Pnc1-TT + LT-K63 showed an
adult-like response.

The Pnc1-TT booster, with or without LT-K63 and
administered either s.c. or i.n., elicited a strong and
rapid PPS-1-specific IgG response in all age groups,
demonstrating that PPS-1-specific memory had been
induced during priming. The IgG Ab levels were
maintained for up to 13 weeks in all age groups,

Fig. 3. Neonatal mice primed s.c. or i.n. with Pnc1-TT + LT-K63
only respond to an i.n. administered booster with native PPS-1.
Serum PPS-1-specific IgG Ab titers (EU/ml) were analyzed in
neonatal mice primed s.c. (A) or i.n (B) with Pnc1-TT + LT-K63
and boosted 16 days later with PPS-1 alone s.c. (^), PPS-1 + LT-
K63 s.c. (~), PPS-1 + LT-K63 i.n. (~) or saline (*). Arrows
indicate the time points of immunization.
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regardless of the route of priming or boosting, probably
due to long-lived plasma cells [19]. Sustained Ab levels
were lower in neonatal and infant mice than in adult
mice, which may reflect limitations in the homing
capacity of neonatal Ab-secreting B cells to the bone
marrow, as reported using TT as a model antigen [20].
An anamestic IgG response to a native PS booster
following conjugate priming is generally accepted to be
a good indicator of PS-specific memory [21, 22].
However, we could not demonstrate a booster response
to PPS-1 administered s.c. in Pnc1-TT-primed neonatal
and infant mice, which contradicts the rapid and strong
IgG Ab response to a second dose of Pnc1-TT, indicating
the presence of PPS-1-specific memory. In contrast,
adult mice showed a transient booster response to native
PPS-1. The adjuvant LT-K63 mixed with Pnc1-TT for s.c.
priming did not restore the ability of neonatal or infant
mice to respond to the PPS-1 + LT-K63 booster 16 days
later, despite enhanced priming. An important finding is
that administration of the PPS-1 + LT-K63 booster s.c.
compromised the ongoing PPS-1-specific Ab response in
neonatal mice, as demonstrated by lower IgG Ab titers
than in mice that received no booster (Fig. 1B and
Fig. 3A2, B2). Accordingly, PPS-1 + LT-K63 adminis-
tered s.c. at week 13 did not elicit a booster response in
mice boosted s.c. with PPS-1 + LT-K63 16 days after
neonatal priming, in contrast to those receiving no early
booster (Fig. 1B). These results are in agreement with a
reduced Ab response to MenC PS in 5-year-old Gambian
children primed with MenA/C conjugate in infancy and
boosted with a MenA/C PS at 18–24 months compared
to those boosted with conjugate or placebo [16]. In
contrast, no reduction in the PPS-specific Ab response to
a fractional dose of 23-valent PPS was observed in 7-
year-old children primed during infancy with 8-valent
pneumococcal conjugate and boosted at 13 months with
23-valent native PPS compared to those boosted with
conjugate [23]. Thus, native PS injection in infants may
compromise PS-specific memory induced by conjugate
vaccination in early infancy, although this may depend
on the PS, age of priming and booster and other factors.
In contrast to s.c. administration, the i.n. PPS-1 + LT-
K63 booster induced a significant response in neonatal
and infant mice primed i.n. with Pnc1-TT + LT-K63. We
therefore investigated whether the differences in the
response to the native PPS-1 booster could be due to the
route of priming. Neonatal mice were primed either s.c.
or i.n. with Pnc1-TT + LT-K63, and both groups were
split 16 days later to receive a s.c. or i.n. booster with
PPS-1 + LT-K63. The results demonstrate that PS-
specific memory was generated by both s.c. and i.n.
priming, but native PPS-1 elicited a booster response
only when administered i.n. The B-subunits of LT and
cholera toxin can induce apoptosis in CD8+ T cells [24].
We therefore compared the response to the PPS-1

booster with or without LT-K63 in mice primed as
neonates by either the s.c. or the i.n. route. The results
demonstrate that irrespective of the presence or absence
of LT-K63, the administration of PPS-1 compromised the
ongoing PPS-1 Ab response only if given by the s.c.
route. This demonstrates that the immunization route
but not the LT-K63 determined the lack of a booster
response to native PPS-1 (Fig. 3A, B).

Affinity maturation can be used as a surrogate
marker for memory [13, 25]. In contrast to adult mice,
neonatal and infant mice showed markedly impaired
affinity maturation of PPS-1-specific Ab following s.c.
primingwith Pnc1-TT, but a slight increase was observed
following a second dose of Pnc1-TT. However, in all age
groups, LT-K63 significantly enhanced the affinity
following administration both by the s.c. and the i.n.
routes. Nevertheless, an age-related difference was
observed, except that infant mice boosted i.n. with
Pnc1-TT showed comparable avidity to adult mice, in
agreement with high Ab levels. It was recently shown
that following early life immunization with T cell-
dependent antigens, the limitations in germinal center
induction, Ab-secreting cells and Ab response are due to
unresponsiveness of lymphoid-mediated signals at the
level of neonatal follicular dendritic cell precursors [18].
LT mutants up-regulate MHC class II, B7 and CD40 on
B cells [26]. Thus, the effect of LT-K63 may be mediated
by increased T cell help [27], and enhanced interaction
of B and T cells via CD28-B7 and CD40-CD40L, required
for an optimal PS-specific Ab responses to conjugates
[28], associated with increased germinal center forma-
tion [29]. Neonatal B cells and dendritic cells showed a
reduced capacity to present TT and MenC-PS-TT
conjugate to T cells, which was age-dependant and
reached an adult-like capacity at 4 weeks of age [30].
We have shown that immunizationwith Pnc1-TT induces
carrier-specific T cell responses that increase with age
and correlate with PS-specific serum Ab [31]. Further-
more, LT-K63 enhanced Ab responses to both the PPS-1
and TT moieties [17], which was associated with
increased T cell responses [31]. The microenvironment
in the lymphoid tissue and different cell populations at
the mucosal inductive sites [32] may contribute to the
striking difference between the s.c. and i.n. routes in the
ability of PS to elicit memory responses in neonatal mice
primed with the conjugate.

Taken together our results demonstrate that in mice
primed as neonates with Pnc1-TT + LT-K63 either s.c. or
i.n., administration of native PPS-1 s.c. with or without
the adjuvant LT-K63 abrogates the PPS-1-specific
memory established by the conjugate priming. In
contrast, PPS-1 administered i.n. with LT-K63 induces
a significant booster response, which demonstrates the
advantage of the mucosal route for the elicitation of
PPS-specific memory responses in early life.
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Our early life murine model reproduces the main
features of infant responses to pneumococcal conjugates
[17]. It is envisaged that vaccination strategies for
human neonates using conjugates with safe and
effective adjuvants may, in addition to rapid induction
of protective Ab, generate memory cells that will
respond to natural exposure of pneumococci at mucosal
surfaces. However, injection of native PPS into human
neonates or young infants may be detrimental and
should be avoided.

Materials and methods

Mice

Adult NMRI mice were obtained from M&B AS (Ry, Denmark)
or Charles River Wiga (Sulzfeld, Germany). The mice were
kept with free access to commercial pelleted food and water
under standardized conditions with regulated daylight,
humidity and temperature. Breeding cages were checked daily
for births. Pups were kept with the mother until weaning at
4 weeks of age.

Vaccines and adjuvants

PPS-1 was conjugated to TT (Pnc1-TT) by Aventis Pasteur
(Marcy l'Etoile, France) [33]. Native PPS-1 was provided by
Aventis Pasteur. LT-K63 was produced and purified [34] by
Chiron Vaccines (IRIS, Chiron Srl, Siena, Italy).

Immunization

Neonatal (1-week-old), infant (3-week-old) and adult (6-week-
old) mice were immunized s.c. in the scapular girdle with
0.5 lg Pnc1-TTor 5.0 lg PPS-1 (with or without 5 lg LT-K63)
in 50 ll, 100 ll and 200 ll, respectively. For i.n. immuniza-
tion, vaccine solution (2�4.0 ll for neonates and infants,
8.0 ll for adult mice) was slowly delivered into the nares.
Pnc1-TT, PPS-1 or saline (same dose and volume for each age)
was administered 16 days after priming. Unimmunized age-
matched mice were used as controls. Mice were bled from the
tail vein, and isolated serum was stored at –20�C.

Enzyme-linked immunosorbent assay

PPS-1-specific Ab (IgG, IgG1, IgG2a and IgG3) were measured
by ELISA [35]. Microtiter plates (MaxiSorp; Nunc AS,
Roskilde, Denmark) were coated with 10 lg PPS-1/ml (ATCC,
Rockville, MD) in PBS and incubated for 5 h at 37�C. Ab to cell
wall PS (CWPS; Statens Serum Institute, Copenhagen, Den-
mark) in serum and standard (1:50) were neutralized with
500 lg CWPS/ml before a 2-h incubation in PPS-1-coated
plates at room temperature. HRP-conjugated goat anti-mouse
Ab (Southern Biotechnology Associates Inc., Birmingham, AL)
were used for detection. The reaction was developed with TMB
substrate (Kirkegaard & Perry Laboratories, Gaithersburg,
MD) and stopped with 0.18 M H2SO4. The absorbance was
read at 450 nm and the results calculated from standard curves

constructed by hyperimmune reference serum. The titers of the
reference corresponded to the inverse of the dilution giving an
optical density of 1.0, assigned 100 ELISA units (EU)/ml for
each subclass. Results are expressed as mean log EU/ml � SD
[35].

Avidity of PPS Ab

Avidity of anti-PPS-1 IgG was measured by ELISA with a
potassium thiocyanate (KSCN) elution step [36]. After the
serum incubation step, serial dilutions of KSCN (7.5–0.117 M)
or PBS-Tween (100% binding) were added to the plate and the
plate incubated for 15 min at room temperature. The
remaining bound Ab was detected with alkaline phospha-
tase-conjugated goat anti-mouse IgG (Southern Biotechnology
Associates Inc.). The reaction was developed with p-NPP
(Sigma) in diethanolamine buffer (pH 9.8), and absorbance
was read at 405 nm. Results are expressed as avidity index (AI)
= [M] KSCN needed to displace 50% of the Ab.

Statistical analysis

Ab titers or avidity were compared between groups and time
points using the student's t-Test or the Mann Whitney Rank
sum test when normality failed. Responses were assessed by
comparing results obtained before and 2 weeks after vaccina-
tion. Statistical comparison was not applied when Ab were
undetectable in individual mice. A p value of <0.05 was
considered significant.
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The Adjuvant LT-K63 Can Restore Delayed Maturation of
Follicular Dendritic Cells and Poor Persistence of Both
Protein- and Polysaccharide-Specific Antibody-Secreting
Cells in Neonatal Mice

Stefania P. Bjarnarson,*,† Brenda C. Adarna,* Hreinn Benonisson,*,†

Giuseppe Del Giudice,‡ and Ingileif Jonsdottir*,†,x

Ab responses in early life are low and short-lived; therefore, induction of protective immunity requires repeated vaccinations. One

of the major limitations in early-life immunity is delayed maturation of follicular dendritic cells (FDCs), which play a central role

in mediating the germinal center (GC) reaction leading to production of Ab-secreting cells (AbSCs). We assessed whether

a nontoxic mutant of Escherichia coli heat-labile enterotoxin (LT-K63) and CpG1826 as model adjuvants could accelerate FDC

maturation and immune response in neonatal mice, using a pneumococcal polysaccharide of serotype 1 conjugated to tetanus

toxoid (Pnc1-TT) as a model vaccine. In neonatal NMRI mice, a single dose of Pnc1-TT coadministered with LT-K63 enhanced

Pnc1-TT–induced GC reaction. In contrast, CpG1826 had no effect. Accordingly, LT-K63, but not CpG1826, accelerated the

maturation of FDC networks, detected by FDC-M2+ staining, characteristic for adult-like FDCs. This coincided with migration of

MOMA-1+ macrophages into the GCs that can enhance GC reaction and B cell activation. The FDC-M2+ FDC networks

colocalized with enhanced expression of TNF-a, which is critical for the maintenance of mature FDCs and is poorly expressed

in neonates. The accelerated maturation of FDC networks correlated with increased frequency and prolonged persistence of

polysaccharide- and protein-specific IgG+ AbSCs in spleen and bone marrow. Our data show for the first time, to our knowledge,

that an adjuvant (LT-K63) can overcome delayed maturation of FDCs in neonates, enhance the GC reaction, and prolong the

persistence of vaccine-specific AbSCs in the BM. These properties are attractive for parenteral vaccination in early life. The

Journal of Immunology, 2012, 189: 1265–1273.

I
mmaturity of the immune system contributes to susceptibility
to infectious diseases and poor vaccine responses in early life.
Streptococcus pneumoniae causes annually 0.7–1.0 million

deaths in children ,5 y old (1). The incidence of pneumococcal
diseases peaks at 3–18 mo (2) when maternal Abs have decreased
(3) and the immune system is unable to respond to T cell-
independent type 2 polysaccharides (PSs) (4). Protein conjugates
of pneumococcal PSs (PPSs) are T cell dependent, immunogenic,
and efficacious in infants (5). Induction of protective immunity in

infancy requires two to three primary vaccinations; a toddler
booster is essential to maintain protective Ab levels (6). Ab per-
sistence is mediated by long-lived plasma cells in the bone mar-
row (BM) and generation of Ab-secreting cells (AbSCs) from
memory B cells (7). High-affinity memory B cells are selected in
germinal centers (GCs) in lymphoid organs (8), mediated by
follicular dendritic cells (FDCs) retaining immune complexes
(ICs) through FcRs and complement receptors (9). Cells involved
in the initial deposition of ICs on FDCs include marginal metal-
lophilic macrophages (MMMs) in spleen and subcapsular sinus
macrophages of lymph nodes that both express CD169/MOMA-1
(10, 11). IC-bearing FDCs promote the GC formation (9), GC
B cell survival (8), Ig class switching (9), somatic hypermutations,
and selection of B cells with high-affinity receptors (8).
Establishment of GCs is delayed in human neonates (12), and Ab

response is characterized by low somatic hypermutation frequency
and poor selection of AbSCs in the GC during the first 6 mo of life
(13). Accordingly, GC induction is limited in neonatal mice be-
cause of delayed FDC maturation, resulting in few AbSCs and
weak Ab responses (14). The few plasmablasts generated in the
spleen migrate to the BM but receive insufficient survival signal
from a proliferation-inducing ligand (APRIL) to persist (15). All
these factors contribute to the early-life characteristics of low vac-
cine-induced serum Ab levels and their rapid decline. Safe, effective
adjuvants may overcome these limitations. Adjuvants have been
shown to induce adult-like B and T cell activation, without being
able to overcome the delayed FDC maturation in neonatal mice
(12). Because a mature FDC network is critical for the optimal GC
reaction, defining strategies that circumvent these limitations is of
great importance to generate more effective vaccine formulations
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that would ultimately elicit balanced production of AbSCs and
memory B cells, leading to sustained protective Ab production in
childhood.
Using an early-life murine model of pneumococcal vaccination

and challenge that reproduces the main features of human infant
response to pneumococcal conjugate vaccines (16), we have re-
ported that coadministration of the nontoxic adjuvant LT-K63
(nontoxic mutant of Escherichia coli heat-labile enterotoxin)
(17, 18) with pneumococcal polysaccharide of serotype 1 conju-
gated to tetanus toxoid (Pnc1-TT) enhances protection against
pneumococcal infection, correlating with enhanced PPS-specific
Ab levels (16), avidity (19), and activation of B cells, T cells (20),
and dendritic cells in spleen (21).
In this study, we assessed whether adjuvants could overcome the

limited primary GC induction and FDC maturation in neonatal
mice, using LT-K63 and the synthetic oligonucleotide CpG1826 as
model adjuvants and Pnc1-TT as a model vaccine, and how that
related to Ab responses and IgG+ AbSCs in spleen and BM.
Neonatal (1 wk) and adult (6 wk) mice were immunized once with
0.5 mg Pnc1-TT alone or with 5 mg LT-K63 or 20 mg CpG1826.
Spleens and BM were removed for analyses of GCs and AbSCs 14
and 10 d later, respectively, as their induction is age dependent and
peaks at these time points after immunization with tetanus toxoid
(TT) (14). Control mice received LT-K63 or saline.

Materials and Methods
Mice

Adult NMRI mice (M&B AS, Ry, Denmark) were kept with free access to
commercial pelleted food and water, with regulated daylight, humidity, and
temperature. Breeding cages were checked daily for births, and pups were
kept with the mothers until weaning. The experiments were approved by
the Experimental Animal Committee of Iceland.

Vaccine and adjuvants

PPS of serotype 1 (PPS-1) conjugated to TT (Pnc1-TT) (22) was provided
by Sanofi Pasteur (Marcy l’Etoile, France). LT-K63 was produced by
Novartis Vaccines and Diagnostics as described previously (23). CpG-
ODN 1826 (59-TCCATGACGTTCCTGACGTT-39) was purchased from
Oligos Etc. (Willsonville, OR).

Immunization

Neonatal (1 wk) and adult (6 wk) mice were immunized s.c. in the scapular
girdle with 0.5 mg Pnc1-TT with or without 5 mg LT-K63 in 50 or 200 ml
LT-K63 or saline, respectively. Blood was obtained from the tail vein
10 d (adult mice) or 14, 21, 23, 39, and 55 d (neonatal mice) after priming;
serum was isolated and stored at 220˚C. Spleens were removed and half
was mounted in OCT, snap frozen, and kept at 270˚C; the other half was
used to numerate specific AbSCs.

ELISA

PPS-1– and TT-specific Abs (IgG) were measured by ELISA (24).
Microtiter plates (MaxiSorp; Nunc AS, Roskilde, Denmark) were coated
with 5 mg PPS-1/ml (American Type Culture Collection, Rockville, MD)
PBS for 5 h at 37˚C or 5 mg TT (Sanofi Pasteur) per milliliter 0.10 M
carbonate buffer (pH 9.6) overnight at 4˚C and blocked with PBS-Tween
20 and 1% BSA (Sigma). Serially diluted serum samples and standard
neutralized by cell wall PSs (Statens Serum Institute, Copenhagen,
Denmark) were incubated at room temperature for 2 h, followed by HRP
goat anti-mouse Ab (Southern Biotechnology Associates, Birmingham,
AL). The reaction was developed by 3,39,5,59-tetramethylbenzidine-
substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD), stopped
with 0.18 M H2SO4, and read at 450 nm in Titertek Multiscan Plus MK II
spectrophotometer (ICN Flow Laboratories, Irvine, U.K.). Results were
expressed as mean log ELISA units (EU)/ml 6 SD, calculated from a
standard curve (24).

Ab avidity

Avidity of IgG Abs was measured by ELISA with a kaliumthiocyanate
(KSCN) elution step (19). Cell wall PS-neutralized standard and sera (1:50)

were incubated in PPS-1– or TT-coated plates for 2 h. PBS-Tween 20
(100% binding) or KSCN dilutions (7.5–0.117 [M]) were incubated for
15 min to displace bound Abs. Remaining Abs were detected by alkaline
phosphatase (ALP)-goat anti-mouse IgG (Southern Biotechnology Asso-
ciates). The reaction was developed by paranitrophenylphosphate (Sigma)
in diethanolamine buffer (pH 9.8), and absorbance was read at 405 nm.
Results were expressed as avidity index (AI) = [M] KSCN displacing 50%
of Abs.

Enumeration of AbSCs by ELISPOT

PPS-1– and TT-specific AbSC were enumerated by ELISPOT. MultiScreen
High protein binding immobilon-P membrane plates (Millipore Corpora-
tion, Bedford, MA) were coated with 20 mg/ml PPS-1 or 10 mg/ml TT
overnight at 37˚C, blocked with complete RPMI 1640, serial dilutions of
spleen cell (108cells/ml) in complete RPMI 1640 (Life Technologies BRL,
Life Technologies, Paisley, U.K.) (20) were incubated for 5 h at 37˚C,
washed and incubated with ALP-goat anti-mouse IgG (Southern Bio-
technology Associates) overnight at 4˚C, and developed by 5-bromo-4-
chloro-3-indolylphosphate and NBT in AP development buffer (Bio-Rad
Labs, Hercules, CA). Spots were counted using a microscope (Zeiss,
Oberkochen, Germany) and analyzed with KS ELISPOT (Zeiss).

Immunohistochemistry

Spleens were frozen in Tissue-Tek OCT (Sakura, Zouterwoude, the
Netherlands) and cut into 7-mm cryosections at 4 levels, starting 700 mm
into the tissue; the levels were separated by 210 mm, fixed in acetone for
10 min, and stored at 270˚C. Four sections/spleen were stained with
peanut agglutinin (PNA)-bio (Vector Laboratories, Burlingame, CA) that
labels GC B cells followed by ALP-avidin (Mabtech AB, Nacka Strand,
Sweden), to enumerate GCs and to enumerate follicles with IgG-HRP
(switched) or IgM-HRP (nonswitched; Southern Biotechnology Asso-
ciates). Mature FDCs were detected with mAbs to FDC-M2 (AMS Bio-
technology Limited, Oxfordshire, U.K.), FDC-M1 (4C11; BD Pharmingen,
San Diego, CA), and complement receptor 1 (CR1; 8C12; BD Pharmin-
gen) followed by biotin-Ig (BD Pharmingen) and ALP- (Mabtech AB) or
Texas Red-avidin (Jackson Immunoresearch Laboratories, Suffolk, U.K.).
CXCL13 was detected with biotin-BLC (R&D Systems, Minneapolis,
MN), metallophilic marginal macrophages with MOMA-1 (AbD Serotec,
Düsseldorf, Germany), and C3-producing macrophages with MOMA-2
(AbD Serotec). TNF-a was detected with goat anti-mouse TNF-a
(c-1351; Santa Cruz Biotechnology, Santa Cruz, CA) followed by Ig-Alexa
Fluor 488 (Invitrogen, Eugene, OR). Nuclear counterstaining was done
with DAPI (Invitrogen). Sections were photographed with a digital camera
(AXIOCAM; Zeiss) using a microscope (Zeiss) equipped with 310
and 340 objectives and AxioImaging software (Birkerod, Denmark) for
light and three-color immunofluorescence.

TNF-a levels in supernatant of spleen cells stimulated with TT
in vitro

Three weeks after neonatal priming with Pnc1-TTwith or without LT-K63,
107 spleen cells/ml in complete RPMI 1640 were incubated with or
without TT (10 mg/ml) in 24-well plates (Nunc) at 37˚C, 5% CO2 for 48 h
(20). Supernatants (kept at 270˚C) were incubated for 2 h in plates
(MaxiSorp; Nunc), coated with anti-mouse TNF-a (R&D Systems), and
blocked with PBS 1% BSA (Sigma). Biotin anti–TNF-a (R&D Systems)
in PBS 1% BSA was incubated for 2 h and HRP-avidin (1:1000; BD
Pharmingen) for 30 min. The reaction was developed as described earlier.
TNF-a concentrations were calculated from a standard (R&D Systems)
and expressed as pg/ml.

Statistical analysis

For comparison between groups and time points, Mann–Whitney rank sum
test was used and Student t test when the data were normally distributed,
using GraphPad Prism (GraphPad Software, La Jolla, CA). A p value
,0.05 was considered statistically significant.

Results
Pneumococcal conjugate-induced GC formation in neonatal
mice is enhanced by LT-K63

The effect of LT-K63 on Pnc1-TT–induced GC formation was
studied by staining consecutive spleen sections with PNA, anti-
IgM, and anti-IgG. Pnc1-TT induced limited GC reaction, shown
by few weakly PNA+ follicles, and no difference in PNA+ GC
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numbers between mice immunized with Pnc1-TT or saline (Fig.
1A, 1E). LT-K63 enhanced the Pnc1-TT–induced GC reaction in

neonatal mice significantly, leading to higher PNA+ GC frequen-

cies than in Pnc1-TT–immunized or control mice (LT-K63 or

saline; Fig. 1D). Despite the increase of GC numbers induced by

LT-K63 in neonatal mice, they were still fewer than in adult mice

(Pnc1-TT or Pnc1-TT+LT-K63: p, 0.001) (Fig. 1D). Importantly,

the GCs were more structured and organized in neonatal mice that

received LT-K63 with Pnc1-TT (Fig. 1A, Supplemental Fig. 1).

The numbers of unswitched IgM+ and switched IgG+ follicles

were significantly enhanced by LT-K63 in neonatal mice com-

pared with Pnc1-TT–immunized and control mice (Fig. 1B, 1C).

Still, neonates immunized with Pnc1-TT+LT-K63 had fewer IgM+

and IgG+ follicles than adult mice immunized with Pnc1-TT (IgM:

p, 0.001, IgG: p, 0.001) or Pnc1-TT+LT-K63 (IgM: p, 0.001,

IgG: p , 0.001). The ratio of PNA+ GCs/IgM+ follicles was

calculated for each spleen section to adjust for size difference. The

GC/follicle ratio was significantly higher in neonatal mice im-

munized with Pnc1-TT+LT-K63 than Pnc1-TT. The age-related

difference was reduced by LT-K63, as adult and neonatal mice

immunized with Pnc1-TT+LT-K63 had comparable GC/follicle

ratios, and neonatal mice immunized with Pnc1-TT+LT-K63 had

a significantly higher ratio than Pnc1-TT–immunized adult mice

(Fig. 1E). These results demonstrate that LT-K63 can circumvent

limited vaccine-induced GC formation in neonatal mice.

LT-K63 enhances maturation of FDC network clusters in
Pnc1-TT–immunized neonatal mice

To investigate whether LT-K63 mediated enhanced GCs formation
through its effects on the immature FDCs, we stained cryosections
for markers characterizing mature FDC networks; FDC-M2, which
reacts with C4 fragment associated with ICs (25); FDC-M1
identifying Mfge8, which is secreted by FDCs and mediates en-
gulfment of apoptotic GC B cells by tingible-body macrophages
(26), and 8C12 recognizing the ligand-binding site of CR1/CD35.
Fourteen days after Pnc1-TT immunization, neonatal mice had
hardly any FDC-M2+ FDC clusters (Fig. 1A), whereas those that
received Pnc1-TT+LT-K63 had similar FDC-M2+ FDC staining
pattern as in adult mice immunized with Pnc1-TT with or without
LT-K63 (Fig. 1A, Supplemental Fig. 1), suggesting that LT-K63
induced their migration into the GCs. FDC-M1 staining was
similar in neonatal and adult mice immunized with Pnc1-TT with
or without LT-K63 (Fig. 2), and CR1 expression in splenic fol-
licles was comparable regardless of whether neonatal mice re-
ceived LT-K63 (Supplemental Fig. 2). Neonatal mice primed with
Pnc1-TT with or without LT-K63 expressed the B cell chemo-
attractant CXCL13 (Supplemental Fig. 2) found on FDCs and
follicular stromal cells (27).
Thus, the effects of LT-K63 were not associated with enhanced

expression of FDC-M1, CR1, or CXCL13 by FDCs or stromal
cells, but with enhanced FDC-M2 expression, reflecting enhanced

FIGURE 1. LT-K63 overcomes delayed vaccine-in-

duced GC reaction because of accelerated maturation

of FDC network clusters in neonatal mice. (A) PNA-

(left), FDC-M2– (middle), and MOMA-1 (right)–

stained spleen sections from neonatal mice immunized

with 0.5 mg Pnc1-TT (top panel) or 0.5 mg Pnc1-TT

with 5 mg LT-K63 (lower panel). Spleens were re-

moved 14 or 10 d after priming of neonatal and adult

mice, respectively, when AbSCs and GCs in spleen

have been shown to peak (14). Half of the spleen was

snap frozen, serial 7-mm cryosection sections were cut

at four levels, starting 700 mm into the tissue, and each

level was separated by 210 mm. One representative

section from each group is shown. Original magnifi-

cation 340. Scale bar, 50 mm. (B–E) Consecutive

section from all four levels were stained with (B) anti-

IgM, (C) anti-IgG, (D) PNA, and results (mean 6 SD)

are shown for each group of neonatal (filled bars) and

adult (open bars) mice. (E) Mean GC/follicle ratio was

calculated for each spleen at all four levels to adjust for

age difference in spleen size, and results (mean 6 SD)

are shown for each group. Statistical difference be-

tween test groups and controls (LT-K63 and saline-

immunized mice) are shown; *p , 0.05, **p # 0.001.

Results in (A)–(E) are from three experiments for

neonatal mice (n = 24 per group, except for LT-K63–

injected mice n = 16) and two experiments for adult

mice (n = 16 per group, except for LT-K63–injected

mice n = 8), with eight mice per group in each ex-

periment.
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FDC maturation and capacity to retain ICs, and promoting the GC
reaction. LT-K63, to our knowledge, is the first adjuvant shown to
overcome the delayed maturation of FDC networks in neonates.

LT-K63 induces migration of MOMA-1+ MMMs into activated
GCs in neonatal mice

MMMs that line the inner layer of the marginal zone (MZ) (28)
express high levels of MOMA-1, have low phagocytic capacity
(10, 29), and migrate into the follicles in response to stimulation
(10). Staining with MOMA-1 was performed to study the effects
of LT-K63 on MMMs and with MOMA-2 to study the effects on
MOMA-2+ macrophages, the major producers of C3 (30), which is
important in activation of PS-specific B cells (31). Low serum C3
level is associated with poor Ab response to PS in newborn mice
and infants (32, 33). In neonatal mice immunized with Pnc1-TT
with or without LT-K63, staining of MOMA-1+ cells was observed
in the inner layer of the MZ, slightly enhanced by LT-K63 (Figs. 1,
2A, 2B), to a similar intensity as observed in adult mice (Fig. 2C,
2D, Supplemental Fig. 1). LT-K63 enhanced the migration of
MOMA-1+ cells into activated GCs in neonates colocalizing with
FDC-M2+ and FDC-M1+ clusters, similar to that observed in adult
mice immunized with Pnc1-TTwith or without LT-K63 (Figs. 1A,
2, Supplemental Fig. 1). MOMA-2 staining in the white pulp and
MZ was similar in neonatal mice immunized with Pnc1-TT with
or without LT-K63 (Supplemental Fig. 2).
These results demonstrate that in neonates, LT-K63 stimulates

migration of MMMs into activated GCs, consistent with enhanced
deposition of ICs on FDC-M2+ FDC clusters (Fig. 1A, Supple-
mental Fig. 1).

LT-K63 enhances TNF-a expression in spleens of
Pnc1-TT–primed neonatal mice

Signaling by TNF-a is required for FDC development (34), and
TNF-a expression is delayed in early life (35). To investigate
whether neonatal maturation of FDC network accelerated by LT-K63
was associated with increased TNF-a expression, we stained spleen
sections with anti–TNF-a. Fourteen days after Pnc1-TT immuniza-
tion, neonatal mice had hardly any detectable TNF-a in spleen (Fig.
3A). In contrast, mice immunized with Pnc1-TT+LT-K63 showed
TNF-a staining that colocalized with FDC-M2+ cells in GCs,
similar to adult mice (Fig. 3). For further validation, spleen cells

obtained 3 wk after neonatal immunization were stimulated
with TT (carrier protein of Pnc1-TT) for 48 h, and TNF-a was
measured in the supernatants. Despite high individual variation
observed after one neonatal immunization, TNF-a levels were
significantly higher in mice immunized with Pnc1-TT+LT-K63
than Pnc1-TT (Fig. 4). These results demonstrate that LT-K63
is able to enhance delayed TNF-a production in the neonatal
spleen that parallels with accelerated maturation of FDC net-
works.

LT-K63 enhances primary induction of PS and protein
carrier-specific AbSCs in neonatal mice

We explored whether the LT-K63–enhanced GC reaction in neo-
nates was associated with enhanced primary induction of AbSCs.
PPS-1– and TT-specific IgG+ AbSCs in spleen were enumerated
by ELISPOT 14 or 10 d after immunization of neonatal and adult
mice, respectively. In neonatal mice immunized with Pnc1-TT, the
frequency of PPS-1–specific AbSCs was comparable with that in
controls (Fig. 5A), but TT-specific AbSC frequency was higher
(Fig. 5B). Thus, limited GC formation in neonates after Pnc1-TT
immunization parallels the low frequency of PPS-1–specific AbSCs
in the spleen. Compared with Pnc1-TT alone, coadministration of
LT-K63 significantly enhanced the frequency of PPS-1– and TT-
specific AbSCs (Fig. 5A, 5B) reflected by increased serum IgG
anti–PPS-1 and anti-TT (Fig. 5C, 5D). The frequency of PPS-1–
specific AbSCs was lower in neonatal than in adult mice (p ,
0.001), but TT-specific AbSCs was not (p = 0.119; Fig. 5A, 5B).
These results show a clear association between impaired GC re-
action and limited AbSC induction after Pnc1-TT priming in early
life that was more pronounced for the PS part of the vaccine.
Furthermore, the accelerated maturation of FDC networks by LT-
K63 parallels increased primary induction of AbSCs in spleen.

CpG1826 does not enhance maturation of early-life FDCs or
TNF-a expression

CpG1826, the optimal murine CpG-ODN motif, enhanced TT-
specific Abs and AbSCs in neonatal mice immunized with TT
absorbed in AL(OH)3, but failed to overcome limited GC induction
(36) and FDC maturation (14). We compared the effects of LT-
K63 and CpG1826 on Pnc1-TT–induced GC formation and
AbSCs, and found LT-K63 to enhance GC formation at days 12,

FIGURE 2. LT-K63 enhanced the colocalization of

FDC-M1+ FDC networks and migrated MOMA-1+

MMMs in activated GCs in mice immunized as neo-

nates. To detect FDCs or MMMs, we stained spleen

sections with FDC-M1 (red) or MOMA-1 (green),

respectively, or DAPI to visualize the nuclei (blue), 14

or 10 d after priming of neonatal (A, B) and adult (C,

D) mice with 0.5 mg Pnc1-TT (A, C) or 0.5 mg Pnc1-

TT with 5 mg LT-K63 (B, D). Seven-micrometer sec-

tions were cut from four levels in the spleen; the first

started 700 mm into the tissue, and levels were sepa-

rated by 210 mm. One representative section from

each group is shown. Original magnification 340.

Scale bar, 50 mm. Results shown in (A)–(D) are from

two experiments for neonatal and adult mice (n = 16

per group), with eight mice per group in each exper-

iment.
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14, and 16, whereas CpG1826 had no effect, shown by few weakly
PNA+ follicles (Supplemental Fig. 3), similar to mice immunized
with Pnc1-TT or saline (Fig. 1A). Only neonatal mice that re-
ceived Pnc1-TT with LT-K63, but not with CpG1826, showed
increased FDC maturation at all time points (Fig. 6, Supplemental
Fig. 3). In contrast with mice immunized with Pnc1-TT+LT-K63,
mice immunized with Pnc1-TT+CpG1826 had hardly any de-
tectable TNF-a in spleen at days 12 and 14 (Fig. 6B), although
a weak TNF-a staining was detected in Pnc1-TT+CpG1826 im-
munized mice at day 16 (Supplemental Fig. 3). In contrast, both
LT-K63 and CpG1826 enhanced equally the frequency of PPS-
1– and TT-specific IgG+ AbSCs in spleen and IgG Abs in serum at
all time points (Supplemental Fig. 4). These results further con-
firm that so far, LT-K63 is the only adjuvant shown to overcome
delayed maturation of FDCs that parallels enhanced TNF-a ex-
pression in spleen.

LT-K63 enhances long-term persistence of early-life AbSCs in
spleen and BM

The effects of LT-K63 on long-term persistence of vaccine-specific
AbSCs in neonatal mice were evaluated by enumeration of IgG+

AbSCs in spleen and BM ex vivo by ELISPOT up to 8 wk after
one neonatal immunization. At day 14, LT-K63 enhanced the
frequency in spleen (Fig. 7A, 7B) and BM (Fig. 7C, 7D) of PPS-
1– (spleen: p = 0.003; BM: p = 0.0025) and TT-specific (spleen:
p , 0.001; BM: p = 0.010) AbSCs, indicating enhanced AbSC
output of the GC reaction resulting in more vaccine-specific
AbSCs that homed to the BM. Similarly, LT-K63 increased the
frequency of PPS-1– (p = 0.006) and TT-specific (p , 0.001)
AbSCs at day 23 in spleen (Fig. 7A, 7B) and BM (p = 0.049) (Fig.
7C), but TT-specific AbSCs were comparable (Fig. 7D). At day
39, splenic AbSCs (PPS-1: p , 0.001; TT: p = 0.049) had de-
creased from day 23 in mice immunized with Pnc1-TT with or
without LT-K63 (PPS-1: p = 0.002), whereas increased IgG+ PPS-
1– and TT- specific AbSCs were observed in BM of neonatal mice
immunized with Pnc1-TT+LT-K63 (p , 0.001), but not if im-
munized with Pnc1-TT (PPS-1: p = 0.076; TT: p = 0.844).
Thus, the frequency of PPS-1– and TT-specific AbSCs in spleen
and BM was higher in mice immunized with Pnc1-TT with
LT-K63 than without (p , 0.001). This difference in AbSCs
persisted in the BM at day 55 (p , 0.001; Fig. 7C, 7D). Ac-
cordingly, PPS-1– and TT-specific IgG levels (Fig. 7E, 7F) and
avidity (Fig. 7G, 7H) were increased by LT-K63 and continued
to increase up to 8 wk after immunization. The results clearly
demonstrate the ability of LT-K63 to enhance primary vaccine-
specific AbSC response in spleens of neonates and prolong their
persistence in spleen and BM.

Discussion
This study demonstrates for the first time, to our knowledge, that
delayed FDC maturation and limited GC induction in early life
can be overcome by the adjuvant LT-K63, which enhances pri-
mary induction of PPS-1– and TT-specific AbSCs and prolongs
their persistence in the BM, explaining prolonged protective Ab
levels reported (16, 19). Our results also show that this capacity is
not common to all adjuvants because CpG-1826, the prototype
TLR-9 agonist, does not exhibit these effects.

FIGURE 3. LT-K63 enhanced TNF-a expression

that colocalized with FDC-M2 staining in mice im-

munized with Pnc1-TT as neonates. Spleen sections

were stained with FDC-M2 (red), Ab to TNF-a

(green), or DAPI to visualize the nuclei (blue) 14 or 10

d after priming of neonatal (A, B) and adult (C, D) mice

with 0.5 mg Pnc1-TT (A, C) or 0.5 mg Pnc1-TT+5 mg

LT-K63 (B, D), when induction of GCs in spleen peaks

in neonatal versus adult mice (14). Seven-micrometer

sections were prepared from four different levels, the

first started 700 mm into the spleen and the levels were

separated by 210 mm. One representative section from

each group is shown. Original magnification 340.

Scale bar, 50 mm. Results shown in (A)–(D) are from

two experiments for neonatal and adult mice (n = 16

per group), with eight mice per group in each experi-

ment.

FIGURE 4. LT-K63 enhanced the TNF-a levels in cell culture super-

natants after in vitro TT stimulation of spleen cells from mice immunized

with Pnc1-TT as neonates. Spleen cells isolated 3 wk after priming of

neonatal mice with Pnc1-TT (open column) or Pnc1-TT+LT-K63 (filled

column) were stimulated with or without TT (10 mg/ml) for 48 h (20).

TNF-a in the supernatants was measured by ELISA. The results are shown

as pg TNF-a/ml (mean 6 SD) in TT-stimulated cultures after subtracting

TNF-a levels in unstimulated cultures. Student t test was applied, and p ,
0.05 was considered statistically significant. Results shown are from two

experiments for neonatal mice (n = 14 per group), with seven mice per

group in each experiment.
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Safe and effective adjuvants could improve priming conditions
in early life, converting weak and delayed IgG Ab responses of
short duration into rapid and persistent protective immunity.
Alum, the only adjuvant currently licensed for human infant
vaccines, is relatively poor at inducing protective, adult-like im-
mune responses (12).
Unlike wild-type LT (37), LT-K63 has no detectable ADP

ribosylating activity or toxicity in vitro or in vivo (17, 18). Mu-
cosal application of LT-K63 with an inactivated influenza vaccine
resulted in protective Ab response and a good safety profile (38).
In a second study, two individuals experienced transient facial
nerve palsy, causing reconsideration of intranasal application of
this family of molecules (39).
In this study, we demonstrate that s.c. administration of LT-K63

markedly enhances Pnc1-TT–induced GC formation, associated
with enhanced maturation of FDC-M2+ FDCs in GCs. Mature
FDCs express CR1 that retain ICs (9) and secrete Mfge8 (FDC-
M1) that licenses engulfment of apoptotic GC B cells by tingible-
body macrophages (26). CR1 and FDC-M1 were not limiting for
the FDC maturation in our study, in agreement with FDC-M1 and
CR1 expression demonstrated in 3- and 7-d-old BALB/c mice,
respectively (40). Movement of FDCs into follicular clusters
increases CXCL13 expression that attracts B cells (41), and
CXCL13 is detected in follicles of 14-d-old mice (14). We found

no difference in CXCL13 staining between neonatal mice im-
munized with Pnc1-TT with or without LT-K63. Therefore, the
main limiting factor in neonatal GC reaction seems to be poor
retention of ICs by the FDCs, associated with weak FDC-M2+

expression (25), which the adjuvant LT-K63 was able to acceler-
ate. In agreement with our results, addition of CpG1826 to a TT+
Alum vaccine formulation neither overcomes delayed GC induc-
tion nor limits FDC maturation in neonates (14, 36). Increased IC
deposition enhances the selection of B cells and production of
memory B cells with high affinity for the Ag retained by the FDCs
(8). Accordingly, coadministration of LT-K63 with one neonatal
dose of Pnc1-TT increases PPS-1–specific IgG avidity and levels
that persist above protective levels against pneumococcal bacter-
emia (1.0 log EU/ml) and lung infection (2.5 log EU/ml) (16) for
at least 12 wk (19). Early after immunization, CpG1826 was able
to enhance vaccine-specific Abs and AbSCs in spleen. We re-
ported that LT-K63 and CpG-ODN work through different
mechanisms in enhancing Pnc1-TT–induced responses in early
life. Both adjuvants enhanced neonatal B cell activation, with
comparable induction of protective Abs (20), but only LT-K63
improved T cell activation (20, 42). Both adjuvants enhanced
the expression of MHC class II and costimulatory molecules on
neonatal DCs in vitro (21), but unlike LT-K63, CpG-ODN did
not enhance T cell priming (20, 42). CpG1826 enhances IFN-g

FIGURE 5. LT-K63 increased the fre-

quency of Pnc1-TT–specific AbSCs. PPS-1–

and TT-specific IgG+ AbSCs measured by

ELISPOT, shown as number of spots (mean6
SD) per 106 cells (A, B), and PPS-1– and TT-

specific IgG levels (mean EU/ml 6 SD) in

serum measured by ELISA (C, D). Results are

shown for neonatal (filled bars) and adult

(open bars) mice immunized with 0.5 mg

Pnc1-TT with or without 5 mg LT-K63, LT-

K63, or saline. Spleens were removed 14 or

10 d after priming, when GCs and AbSCs

peak in neonatal and adult mice, respectively

(14), and single-cell suspension was prepared

from half of the spleen. Statistical difference

between test groups and controls (LT-K63–

and saline-immunized mice) are shown; *p ,
0.05, **p # 0.001. Results in (A)–(D) are

from three experiments for neonatal mice (n =

24 per group, except for LT-K63 injected

mice n = 16) and two experiments for adult

mice (n = 16 per group, except for LT-K63–

injected mice n = 8), with eight mice per

group in each experiment.

FIGURE 6. CpG1826 does not overcome delayed maturation of FDCs and lack of TNF-a expression in GCs in early life. Spleen sections were stained

with FDC-M2 (red), Ab to TNF-a (green), or DAPI to visualize the nuclei (blue) 12 d after priming of neonatal mice with (A) 0.5 mg Pnc1-TT+5 mg LT-

K63 or (B) 0.5 mg Pnc1-TT+20 mg CpG1826. Seven-micrometer sections were cut at four different levels; the first started 700 mm into the spleen, and

levels were separated by 210 mm. One representative section from each group is shown. Original magnification 340. Scale bar, 50 mm. Results shown in

(A) and (B) are from two experiments in neonatal mice with nine mice per group.
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response in adult (43), but not neonatal, mice (42). CpG1826-
mediated TLR9 signaling in vivo, but not in vitro, was recently
shown to induce high IL-10 secretion by neonatal CD5+ B cells
that prevented optimal IL-12 secretion by neonatal DCs, thus
blocking their Th1-priming capacity (44). TNF-a induces FDC
proliferation and network formation (45), and TNF-a signaling
through TNFRp55 leads to migration of FDC precursors into the
B cell follicles in TNF knockout mice (41), in agreement with our
results in neonatal mice receiving Pnc1-TT+LT-K63. We show
that TNF-a staining colocalizing with FDC-M2+ cells in GCs is
increased in mice primed with Pnc1-TT+LT-K63 compared with
mice primed with Pnc1-TT with or without CpG1826, and TT-
induced TNF-a secretion by spleen cells was also increased.
Accordingly, LT-K63 enhances NF-kB translocation in macro-
phages of adult mice (18) and increases TNF-a production by
CD4+ T cells in vivo (46). Although CpG-ODNs are strong TNF-a
inducers in adult mice (43), CpG1826 failed to overcome the
delayed TNF-a production in our neonatal murine model, in
contrast with LT-K63. This confirms that one of the mechanisms
by which LT-K63 accelerates the maturation of FDCs is through
enhanced TNF-a production.
Native PPSs rapidly localize on MZ B cells, whereas after

pneumococcal conjugate immunization, PPSs localize in proximity
of MMMs (47). The migratory ability of MOMA-1+ MMMs into

developing GCs (10) is required for the initiation of immune re-
sponse to T cell-dependent (48) and type 2 Ags (28). Subcapsular
sinus MOMA-1+ macrophages capture ICs and deliver to FDCs
(49) or follicular B cells (11) that act as transporters to the FDCs.
Migration of MOMA-1+ MMMs into activated GCs, colocalizing
with FDC-M2+ and FDC-M1+ FDC network clusters, was ob-
served in neonatal mice immunized with Pnc1-TT+LT-K63. The
follicular migration of MMMs is dependent on LT-b receptor
expression (29, 45) that requires LT-a1b2 expression by B cells
(27), and both are delayed in early life (50). The presence of
MOMA-1+ macrophages increases B cell activation (51), magni-
tude, and quality of the GC response (29). Accordingly, migration
of MOMA-1+ MMMs into GCs parallels with increased avidity of
PPS-1– and TT-specific Abs over a long time.
The effect of LT-K63 on Pnc1-TT–induced GC reaction and

FDC network maturation correlated with increased generation of
primary Pnc1-TT–specific IgG+ AbSCs in neonatal mice and
prolonged their persistence in both spleen and BM. Furthermore,
increase of Pnc1-TT–specific IgG+ AbSCs in BM induced by LT-
K63 occurred more rapidly than reported for CpG1826, which had
limited effect on the BM AbSC pool (36). AbSC persistence
depends on survival niches in spleen, lymph nodes, and BM (7).
Factors known to influence growth, maturation, and survival of
plasmablasts include IL-6, CXCL12, TNF-a (52), BAFF, and

FIGURE 7. LT-K63 enhanced the induc-

tion and long-term persistence of vaccine-

specific AbSCs. PPS-1–specific (left) and

TT-specific (right) IgG+ AbSCs in spleen (A,

B) and BM (C, D) measured by ELISPOT,

and serum IgG Ab levels (E, F) and AIs (G,

H) measured by ELISA at days 14, 23, 39,

and 55 after priming of neonatal mice with

Pnc1-TT (N), Pnc1-TT+LT-K63 (n), or saline

(s). The results are from two experiments, ex-

pressed as number of spots/106 cells (mean 6
SD), IgG levels (mean EU/ml 6 SD), and AI

(mean AI 6 SD) in 12 mice/group for each

time point.
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APRIL (15, 53). Expression of TNF-a in spleen (35) and APRIL
in BM (15) is poor during the neonatal period. Maintenance of
differentiated FDCs requires continuous stimulation by membrane-
bound TNF-a and LT-a1b2 on B cells (45). Thus, access of late-
arriving B cells to Ags on FDCs prolongs the GC reaction (54) and
increases the GC output of AbSCs. LT-K63 corrected the poor
persistence of PPS-1– and TT-specific AbSCs in neonates, possibly
through prolonged output of AbSCs from the GC reactions because
of enhanced expression of receptors crucial for survival and con-
tinuous homing to the BM. Whether LT-K63 increases survival
signals in the BM is unknown.
Taken together, LT-K63 is the first adjuvant, to our knowledge,

shown to overcome delayed FDC network maturation in early life
and enhance the induction and magnitude of GC reaction that
correlates with increased generation of PS- and protein-specific
IgG+ AbSCs and their prolonged persistence in the BM. Further
studies are needed to dissect the complex cellular interactions and
molecular pathways involved, which may advance the develop-
ment of improved parenteral vaccination strategies for human
neonates and infants.
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Abstract

Background: Plain pneumococcal polysaccharide (PPS) booster administered during second year of life has been shown to
cause hyporesponsiveness. We assessed the effects of PPS booster on splenic memory B cell responses and persistence of
PPS-specific long-lived plasma cells in the bone marrow (BM).

Methods: Neonatal mice were primed subcutanously (s.c.) or intranasally (i.n.) with pneumococcal conjugate (Pnc1-TT) and
the adjuvant LT-K63, and boosted with PPS+LT-K63 or saline 1, 2 or 3 times with 16 day intervals. Seven days after each
booster, spleens were removed, germinal centers (GC), IgM+, IgG+ follicles and PPS-specific antibody secreting cells (AbSC)
in spleen and BM enumerated.

Results: PPS booster s.c., but not i.n., compromised the Pnc1-TT-induced PPS-specific Abs by abrogating the Pnc1-TT-
induced GC reaction and depleting PPS-specific AbSCs in spleen and limiting their homing to the BM. There was no
difference in the frequency of PPS-specific AbSCs in spleen and BM between mice that received 1, 2 or 3 PPS boosters s.c..
Repeated PPS+LT-K63 booster i.n. reduced the frequency of PPS-specific IgG+ AbSCs in BM.

Conclusions: PPS booster-induced hyporesponsiveness is caused by abrogation of conjugate-induced GC reaction and
depletion of PPS-specific IgG+ AbSCs resulting in no homing of new PPS-specific long-lived plasma cells to the BM or
survival. These results should be taken into account in design of vaccination schedules where polysaccharides are being
considered.
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Introduction

High susceptibility to infectious diseases by polysaccharide (PS)

encapsulated bacteria like Streptococcus pneumoniae characterizes the

neonatal and infant period mainly due to the inability of the

neonates and infants to elicit immune response to the PS capsule, a

T cell independent type 2 (TI-2) antigen [1,2]. Neonates become

colonized by pneumococci soon after birth, in particular in

developing countries, where prevalence of pneumococcal carriage

is high [3]. Early colonization and prolonged carriage are believed

to contribute to the high incidence and early onset of pneumo-

coccal diseases in developing countries [4]. Furthermore, maternal

pneumococcal carriage and younger maternal age are indepen-

dent risk factors for early onset of pneumococcal carriage in infants

in high-risk areas [5].

Hyporesponsiveness, defined as a lower antibody (Ab) level after

the second immunization than after the first, has been observed

after repeated immunizations with plain pneumococcal PS

vaccines (PPV) in infants and toddlers for many of the serotypes

[6,7], as well as in the elderly [8]. Conjugating pneumococcal PS

(PPS) to carrier proteins enhances their immunogenicity and

renders the immune response T cell dependent (TD) [9].

Pneumococcal conjugate vaccines (PCV), unlike PPV, elicit IgG

Abs and immunological memory during infancy [10]. PPS-specific

memory after primary PCV series in infants has been demon-

strated by plain PPS challenge in the second year, using the

anamnestic response and affinity maturation of PPS-specific IgG

as surrogate markers for memory [11,12]. However, PPS

administration after PCV priming [13,14], pneumococcal coloni-

zation before or at the time of first infant dose of PCV [15,16,17]
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and previous invasive pneumococcal disease (IPD) [18,19] have

been reported to impair serotype-specific Ab responses to PPV or

PCV. The phenomenon of PS-induced hyporesponsiveness is well

established [20], but the mechanism is not fully understood.

However, PS stimulation of conjugate-induced memory B cells to

terminally differentiate into Ab-producing plasma cells without

replenishing the memory pool has been suggested [21]. PPV is

recommended for elderly and adults 19–64 years of age at high

risk of pneumococcal infection [22], whereas PCV is recom-

mended for routine infant vaccinations with 2–3 primary doses

before 6 months and a PCV booster 9–15 months of age, as well as

for youths aged#18 years with underlying medical conditions that

increase their risk for pneumococcal disease [23]. The cost of the

current PCVs limits their use in resource-poor countries where

pneumococcal disease burden is greatest. Other cost-effective

alternative schedules have been suggested, both reduction of PCV

primary doses and introducing PPV booster instead of PCV

[24,25]. Thus, it is of great importance to understand the precise

effects of plain PS on the early life immune system before such

policy decisions are made.

Our early life murine model reproduces the main features of

infant responses to both plain PPS of serotype 1 (PPS-1) and PCV

(PPS-1 conjugated to tetanus toxoid (TT); Pnc1-TT) [26,27,28].

We have shown that PPS-1 compromises the ongoing PPS-1-

specific Ab response induced by Pnc1-TT priming in neonatal

mice, only when administered subcutanously (s.c.), but not

intranasally (i.n) [27].

The aim of this study was to determine the effects of single and

repeated PPS-1 boosters on conjugate-induced PPS-1- and TT-

carrier-specific B cell memory responses in the spleen, and homing

of long-lived plasma cells (antibody secreting cells; AbSCs) to the

bone marrow (BM) in mice primed with Pnc1-TT as neonates.

The results show that a single dose of plain PPS-1 s.c. is

sufficient to completely deplete the PPS-1-specific memory cell

and AbSC pool established by pneumococcal conjugate priming in

neonatal mice, since PPS-1 abrogates the conjugate-induced

germinal center reaction, thus causing hyporesponsiveness.

Materials and Methods

Ethics statement
The animal experiments were approved by the Experimental

Animal Committee of Iceland (ref. YDL05020034/023/BE),

according to the Act on Animal protection nr. 15/1994 (revised

Dec. 2008) and Regulations on Animal experimentation nr. 279/

2002.

Mice
NMRI mice (M&B AS, Ry, Denmark) were kept with free

access to food and water, with regulated daylight, humidity and

temperature. Breeding cages were checked daily and pups kept

with the mothers until weaning.

Vaccine and Adjuvant
PPS of serotypes 1 (PPS-1) and 19F (PPS-19F) was provided and

conjugated to tetanus-toxoid (Pnc1-TT, Pnc19F-TT) [29] by

Sanofi Pasteur (Marcy l’Etoile, France). LT-K63 was produced

and purified [30] by Novartis Vaccines and Diagnostics (Siena,

Italy).

Immunization
Three sets of experiments were performed. In the first set of

experiments, presented in the first and second results chapters,

neonatal (7 days) mice (8 per group) were immunized s.c. with

0.5 mg Pnc1-TT or Pnc19F-TT (human dose in the PCV Prevenar

is 2 mg) w/wo 5.0 mg of LT-K63 in 50 ml saline into the scapular

girdle or i.n. in 26 3.0 ml saline with 30 min interval into the

nares. Mice were boosted 16 days later by the same route with

saline or 5.0 mg of PPS-1 or PPS-19F (1/5 of a human dose) with

5.0 mg LT-K63 or 0.5 mg conjugate of serotype 1 or 19F with

5.0 mg LT-K63. Control mice received saline at all time-points.

The mice were sacrificed 7 days after booster, cells isolated from

BM and half of each spleen to numerate PPS-1- and TT-specific

IgG+ AbSCs by ELISPOT. The other half of each spleen was

frozen in Tissue-Tek OCT compound (Sakura, Zouterwoude, The

Netherlands) and stored at 270uC until cryosections were cut for

Figure 1. Subcutaneous administration of PPS-1 booster depletes Pnc1-TT-induced PPS-1-specific AbSC pool in the spleen. PPS-1
(upper panels) and TT (lower panels) specific IgG+ AbSC measured by ELISPOT in spleen (A and B) and bone marrow (C and D), shown as number of
spots (mean6SD) per 106 spleen cells and PPS-1- and TT-specific IgG levels (mean EU/ml6SD) in serum measured by ELISA (E and F). Results are
shown for mice boosted by either i.n. or s.c. route with saline (open columns), PPS-1+LT-K63 (black columns), Pnc1-TT+LT-K63 (grey columns) and
unvaccinated controls (stribe columns), as indicated. Statistical difference between vaccinated groups is indicated in the graphs. All vaccinated mice
had significantly higher frequency of PPS-1 -specific IgG+ AbSCs in spleen and BM and also higher serum IgG anti-PPS-1 levels compared to
unvaccinated controls (B–F), except mice that received PPS-1 booster s.c. which had comparable frequency of PPS-1-specific IgG+ AbSCs in spleen (A).
The results shown in A–F are from one of two independent experiments showing comparable results (8 mice per group in each experiment).
doi:10.1371/journal.pone.0072588.g001
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immunohistological staining. Serum samples for Ab measurements

were obtained 2 days before and 7 days after the booster. In the

second set of experiments the long-term effect of PPS-1 booster on

PPS-1- and TT-specific IgG+ AbSCs in spleen and BM from 7

days to 6 weeks was assessed as presented in the third result

chapter. Neonatal (7 days) mice (8 per group and time point) were

immunized s.c. with 0.5 mg Pnc1-TT w/wo 5.0 mg of LT-K63 in

50 ml saline or i.n. in 26 3.0 ml saline (as described above). Mice

were boosted 16 days later by the same route with saline or 5.0 mg
of PPS-1 with 5.0 mg LT-K63 or with 0.5 mg Pnc1-TT with 5.0 mg
LT-K63. Control mice received saline at all time points. Eight

mice per group and time point were sacrificed on days 7, 23 and

39 after booster and cells from spleen and BM isolated to

numerate PPS-1- and TT-specific IgG+ AbSCs by ELISPOT.

Serum samples for Ab measurements were obtained 2 days before

and 7, 23 and 39 days after booster. In the third set of experiments

the effects of repeated PPS-1 boosters s.c. or i.n. on Pnc1-TT-

induced PPS-1-specific memory cells in spleen and persistence of

long-lived plasma cells in BM was assessed as described in the

fourth and fifth results chapters. Neonatal mice (8 per group and

time point) were primed with 0.5 mg Pnc1-TT with 5.0 mg LT-

K63 in 50 ml saline s.c. or in 26 3.0 ml saline i.n. (as described

above) and boosters of PPS-1+LT-K63 or saline administered by

the same routes 1, 2 or 3 times with 16 days interval. Seven days

after each administration, at days 7, 23 or 39 after the first booster,

PPS-1- and TT-specific IgG+ AbSCs were enumerated in spleen

and BM. Serum samples for Ab measurements were obtained 2

days before and 7, 23 and 39 days after booster.

Enumeration of AbSC
PPS-1- and TT-specific AbSCs were enumerated by enzyme-

linked immunosorbent spot (ELISPOT) [28]. MultiScreen High

protein binding immobilon-P membrane plates (Millipore Corpo-

ration, Bedford, MA, USA) were coated with 20 mg/ml PPS-1

(American Type Culture Collection, ATCC, Rockville, MD, USA)

or 10 mg/ml TT (Sanofi Pasteur) overnight at 37uC and blocked

with RPMI 1640 (Gibco BRL, Life Technologies, Paisley, UK)

supplemented with L-glutamin (Gibco BRL), penicillin and

streptomycin (Gibco BRL) and 5% foetal calf serum (Gibco

BRL). Spleen or BM cells, isolated from immunized mice (108

cells/ml) were serially diluted in complete RPMI 1640 and

incubated for 5 h at 37uC. Alkaline phosphate (ALP)-goat-anti-

mouse IgG (Southern Biotechnology Associates Inc., Birmingham,

AL, USA) was incubated overnight and the reaction developed by

5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium

in ALP development buffer (BioRad Labs, Hercules, CA, USA).

Spots were counted using a microscope (Zeiss, Oberkochen,

Germany) and analyzed with KS ELISPOT (Zeiss).

Antibody measurements
PPS-1- and TT-specific IgG Abs were measured by enzyme-

linked immunosorbent assay (ELISA) [26]. Microplates (Max-

iSorp; Nunc AS, Roskilde, Denmark) were coated with 5 mg/ml

PPS-1 (ATCC) 5 h at 37uC, or 5 mg/ml TT (Sanofi Pasteur)

overnight at 4uC and serum and standard, neutralized by cell wall

polysaccharide (Statens Serum Institute, Copenhagen, Denmark),

incubated for 2 h, followed by horseradish peroxidase (HRP)-goat

anti-mouse Ig (Southern Biotechnology Associates). The reaction

was developed by 3,39,5,59-tetrametylbenzidine peroxidase sub-

strate (Kirkegaard & Perry Laboratories, Gaithersburg, MD,

USA), stopped and read at 450 nm in Titertek Multiscan Plus MK

II spectrophotometer (ICN Flow Laboratories, Irvine, UK).

Results were expressed as mean log ELISA units (EU)/ml 6SD,

calculated from the standard.

Figure 2. Plain PPS-1 booster abrogates the Pnc1-TT-induced GC reaction in mice primed as neonates. (A–C) Mean number of follicles
and (D) ratio of GC/follicle per section in consecutive sections from spleen of mice that received booster by either s.c. (left columns) or i.n. (right
columns) route with saline (open columns), PPS-1+LT-K63 (black columns), Pnc1-TT+LT-K63 (grey columns) and unvaccinated controls (stribe
columns), as indicated. Spleens were removed 7 days after booster in mice primed as neonates with Pnc1-TT+LT-K63 by the same route as the
booster. Half of the spleen was snap frozen, serial cryosection prepared, cutting into 7 mm sections at four levels, starting 700 mm into the tissue and
the levels separated by 210 mm. Section from all 4 levels were stained with (A) anti-IgM, (B) anti-IgG, (C) PNA, and results (mean6SD) shown for each
group. (D) Mean ratio of GC/follicle was calculated for every spleen at all 4 levels for individual mice and results (mean6SD) shown for each group.
Statistical difference between vaccinated groups is stated in the graphs. Results in A–D are from one representative of two independent experiments
(8 mice per group) showing comparable results.
doi:10.1371/journal.pone.0072588.g002
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Avidity of PPS and TT Abs
Avidity of IgG Abs was measured by ELISA with a potassium

thiocyanate (KSCN) elution step [28]. Results were expressed as

avidity index, AI= [M] KSCN displacing 50% of Abs.

Immunohistochemistry
Spleens frozen in Tissue-Tek OCT (Sakura) were cut into 7 mm

cryosections at 4 levels separated by 210 mm, starting 700 mm into

the tissue, fixed in acetone for 10 min and stored at 270uC. Four
sections/spleen were stained with peanut agglutinin (PNA)-biotin

(Vector Laboratories Inc., Burlingame, CA, USA) followed by

ALP-conjugated avidin (Mabtech AB, Nacka Strand, Sweden) or

TexasRed-avidin (Jackson ImmunoResearch Laboratories Inc.,

Suffolk, UK) to enumerate GCs, where GCs with immature

staining pattern were excluded. Double fluorescent staining was

performed with PNA and MOMA-1-FITC (AbD Serotec,

Düsseldorf, Germany) that identifies metallophilic marginal

macrophages that form a continuous circular lining around the

follicles. Sections were also stained with IgM-HRP or IgG-HRP

(Southern Biotechnology Associates) to enumerate non-switched

and switched B cells. The sections were photographed with a

digital camera (AXIOCAM; Zeiss) using a microscope (Zeiss)

equipped with610 and640 objectives and AxioImaging software

(Birkerod, Denmark). The average of GCs per follicle was

calculated for each spleen.

Pneumococcal challenge
Six weeks after booster, mice were challenged i.n. with 2.36107

colony forming units (CFU) of S. pneumoniae serotype 1 (ATCC

6301, ATCC) in log-phase resuspended in 50 ml sterile saline, as

previously described [26]. After 24 h the mice were sacrificed,

blood samples taken from the tail vein and plated on blood agar

(Difco Laboratories, Detroit, MI, USA) with Staph/Strep selective

supplement containing nalidixic acid and solistin sulphate (Oxoid,

Basingstoke, UK) and incubated at 37uC in 5% CO2 overnight.

Bacteremia was determined as the number of CFU/ml blood.

Lungs were removed, homogenized and diluted to 3 ml saline,

serial dilutions plated on blood agar and incubated for 48 h at

37uC under anaerobic conditions. Pneumococcal lung infection

was expressed as CFU/ml lung homogenate. Depending on the

first dilution used, the detection limits were log 2.2 CFU/ml lung

homogenate and log 1.3 CFU/ml blood.

Statistical analysis
Comparison between groups and time points was performed by

Mann Whitney Rank sum test (unpaired data) using GraphPad

Prism (GraphPad Software, Inc., La Jolla, CA, USA). A P value of

,0.05 was considered statistically significant.

Results

Plain PPS-1 booster s.c. depletes PPS-1-specific IgG+

AbSCs in spleen induced by neonatal Pnc1-TT-priming
The effects of PPS-1 booster on IgG+ AbSCs in spleen and BM

and PPS-1 specific antibodies in serum was studied 7 days after

priming neonatal mice s.c. or i.n. with Pnc1-TT+LT-K63.

Mice primed s.c. with Pnc1-TT and boosted s.c. with PPS-1 had

lower frequency of PPS-1-specific IgG+ AbSCs in spleen than mice

that received saline or Pnc1-TT, reflected in lower serum IgG

anti-PPS-1 levels. No difference was observed in the frequency of

PPS-1-specific IgG+ AbSCs in the BM of mice that received PPS-1

booster compared with saline, but there was a difference

compared with Pnc1-TT booster (Figure 1). Mice that received

PPS-1 booster i.n. had higher frequency of PPS-1-specific IgG+

AbSCs in spleen than mice that received saline, but not in BM

(Figure 1). However, no differences were observed between the

frequency of PPS-1-specific IgG+ AbSCs in the spleen or BM of

mice that received PPS-1 or Pnc1-TT boosters. All vaccinated

mice had significantly higher frequency of PPS-1-specific IgG+

AbSCs in spleen and BM and also higher serum IgG anti-PPS-1

levels compared with unvaccinated control, except mice that

received PPS-1 booster s.c., which had comparable frequency of

PPS-1-specific IgG+ AbSCs in spleen. The depletion of Pnc1-TT-

induced PPS-1-specific memory by PPS-1 booster s.c. did not

affect the frequency of AbSCs specific for the TT carrier of the

vaccine. To investigate whether the interval between the conjugate

priming and PPS booster might explain the lack of a response to

the PPS-1 booster s.c. at day 16, two groups of neonatal mice were

primed with Pnc1-TT and received PPS-1 booster 16 days or

4 weeks later. No IgG response was observed in either group

(Figure S1A). Also, different doses of PPS-1 booster (0.5 mg, 2.0 mg
or 5.0 mg) were compared, and no response to any of the doses was

observed (Figure S1B). Since PPS of serotype 1 is zwitterionic and

might therefore be presented within MHC class II and activate T-

cells [31], we also tested the effects of PPS booster of a non-

zwitterionic PPS following priming with a conjugate of the same

serotype. Neonatal mice were primed s.c. with a monovalent

pneumococcal conjugate Pnc19F-TT and boosted 16 days later

with plain PPS-19F by the s.c. route. As seen for PPS-1, the PPS-

19F booster also induced hyporesponsiveness (Figure S1C). The

Figure 3. Plain PPS-1 booster s.c. abrogates the Pnc1-TT-
induced GC reaction in mice primed as neonates. Active germinal
centers in spleen sections were enumerated with PNA staining (upper
panels). Double fluorescent staining was performed with PNA and
MOMA-1 (metallophilic marginal macrophages) to show the follicular
structure (top panel). IgM+ and IgG+ follicles were identified with anti-
IgM (middle panel) and anti-IgG (lower panel) staining, 7 days after
booster with 5.0 mg PPS-1 and 5.0 mg LT-K63 s.c. (left) or i.n. (right).
Spleen sections, 7 mm, were prepared from four different levels in the
spleen, starting 700 mm into the tissue and each level separated by
210 mm. One representative section per group is shown. Results are
from one representative of two independent experiments (8 mice per
group) showing comparable results.
doi:10.1371/journal.pone.0072588.g003
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results clearly demonstrate that the PPS-1 booster s.c. compro-

mised the Pnc1-TT-induced PPS-1-specific Abs by depleting PPS-

1-specific IgG+ AbSCs in spleen, irrespective of dosage, interval

between priming and booster administration, and that hypore-

sponsiveness can be induced by both zwitterionic and non-

zwitterionic PPS.

PPS-1 booster s.c. abrogates the conjugate-induced
germinal center reaction
We assessed the effect of PPS-1 booster on Pnc1-TT-induced

GC reaction by enumerating GCs and unswitched and Ig-

switched B cell follicles, 7 days after boosters with adjuvanted plain

or conjugated PPS-1 or saline.

PPS-1 booster s.c. abrogated the Pnc1-TT-induced GCs,

resulting in fewer mature PNA+ GCs than after saline booster

(Figure 2). In contrast, PPS-1 booster i.n. enhanced GC formation,

shown by higher mature PNA+ GC numbers in spleen (Figure 2)

compared with saline i.n.. Accordingly, higher number of mature

PNA+ GCs was found after PPS-1 booster i.n. than s.c. (P = 0.002).

PPS-1 booster s.c. also reduced unswitched IgM+ and switched

IgG+ follicles compared with saline booster s.c.. In mice that

received PPS-1 booster s.c., the PNA staining pattern in spleen

differed from that in other immunized mice, as GCs that looked

less mature were observed. Also, staining pattern of anti-IgG

differed, with less IgG+ cells in the marginal zone (MZ) and hardly

any in GCs (Figure 3). The ratio of PNA+ GCs to IgM+ follicles

was calculated for each spleen section and used as a marker for

Pnc1-TT-induced GCs. The mature GC/follicle ratio was lower

after PPS-1 than saline booster s.c., contrary to PPS-1 booster i.n..

Accordingly, the GC/follicle ratio was higher after i.n. than s.c.

PPS-1 booster (Figure 2). In contrast to PPS-1 booster s.c., a Pnc1-

TT booster resulted in a significant increase in PNA+ GCs and the

ratio of GCs/IgM+ follicles (Figure 2).

These results clearly demonstrate that booster with plain but not

conjugated PPS-1 s.c. abrogates the Pnc1-TT-induced GC

reaction which parallels with reduced frequency of PPS-1-specific

IgG+ AbSCs in spleen of mice primed with Pnc1-TT as neonates.

Long lasting reduction of PPS-1-specific IgG+ AbSCs
persisted in spleen and bone marrow after PPS-1 booster
s.c. in mice primed as neonates with Pnc1-TT
We assessed the long-term effect of PPS-1 booster on PPS-1-

and TT-specific IgG+ AbSCs in spleen and BM from 7 days to 6

weeks.

As before, the PPS-1 booster s.c. reduced the frequency of Pnc1-

TT-induced PPS-1-specific IgG+ AbSCs (P= 0.003) at day 7 in

spleen compared with saline, but not in BM where the frequency

tended to be higher (P= 0.090) (Figure 4). Twenty three days after

PPS-1 booster s.c. the frequency was still lower in spleen

(P,0.001) and also in BM (P,0.001) than after saline booster

s.c. (Figure 4). The reduction persisted at 39 day after PPS-1

booster both in spleen (P,0.001) and BM (P,0.001). These

Figure 4. PPS-1 booster depletes Pnc1-TT-induced memory cells in spleen preventing homing of PPS-1-specific AbSCs to BM. PPS-1-
specific (A–B) and TT-specific (D–E) IgG+ AbSCs, shown as number of spots (mean6SD) per 106 cells, in spleen (A and D) and bone marrow (B and E)
measured by ELISPOT, and PPS-1- (C) and TT-specific (F) IgG Abs (mean EU/ml6SD) in serum measured by ELISA, at day 7, 23 and 39 after booster
with saline (open squares), PPS-1+LT-K63 (filled squares) or unvaccinated controls (open circles). The results shown are from one of two independent
experiments (eight mice/group for each time point) showing comparable results.
doi:10.1371/journal.pone.0072588.g004
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results indicate that the abrogation of Pnc1-TT-induced GC

reaction by PPS-1 booster s.c., detected at day 7 in spleen,

paralyzed the output of PPS-1-specific IgG+ AbSCs from the GCs

and depleted the PPS-1-specific IgG+ AbSCs formed after Pnc1-

TT priming. This resulted in no homing of new AbSCs to the BM,

which was reflected in significantly lower IgG anti-PPS-1 levels in

serum at all time points (Figure 4). The enhanced induction of

PPS-1-specific IgG+ AbSCs in spleen after PPS-1 booster i.n.

compared with saline at day 7 was diminished at days 23 and 39,

and was comparable in BM of these two groups at days 7 and 23.

At day 39, however, the frequency of PPS-1-specific IgG+ AbSCs

in BM was lower after PPS-1 booster i.n. than saline i.n. (P = 0.03).

Furthermore, the avidity (Figure 5B) and the protective efficacy

(Figure 5C) of the anti-PPS-1 IgG Abs was lower after PPS-1

booster s.c. than saline, contrary to PPS-1 booster i.n. (Figure 5A).

The depletion of AbSC by the PPS-1 booster s.c. was restricted to

the Pnc1-TT-induced PPS-1-specific IgG+ AbSCs, as the frequen-

cy of TT-specific AbSCs was unaffected (Figure 4).

Our results demonstrate that a PPS-1 booster given s.c., but not

i.n., depleted the Pnc1-TT-induced PPS-1-specific memory cell

and AbSC pool in spleen and the reduction persisted until 6 weeks

after the booster. No homing of new PPS-1-specific long-lived

plasma cells to the BM was detected.

Depletion of Pnc1-TT-induced PPS-1 specific memory
cells by repeated PPS-1 boosters s.c. in mice primed as
neonates
We further investigated the effects of repeated (1, 2 or 3) PPS-1

boosters s.c. on Pnc1-TT induced PPS-1-specific memory cells in

Figure 5. PPS-1 booster abrogation of Pnc1-TT-induced GCs reduces levels, avidity and protective efficacy of PPS-1-specific IgG.
PPS-1-specific IgG levels (mean EU/ml6SD) in serum (A) and their avidity index (mean AI6SD) (B) measured by ELISA22 days before and 7, 23 and 39
days after s.c. (left panels) or i.n. (right panels) booster with saline (open squares), PPS-1+LT-K63 (filled squares) in mice primed with Pnc1-TT as
neonates or unvaccinated controls (open circles). Six weeks after the booster the mice were challenged with live S. pneumoniae serotype 1 to assess
protection against bactermia and lung lung infection [26]. Pneumococcal colony forming units (CFU/ml) in blood (C, left graph) and lungs (C, right
graph) 24 h after challenge shown for each mouse (N= 8/group), the median for each group is indicated by a line. Statistical difference in bacteremia
or lung infection between vaccinated groups is indicated in the graphs. The results shown are from one of two independent experiments (eight mice/
group for each time point) showing comparable results.
doi:10.1371/journal.pone.0072588.g005
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Figure 6. A single PPS-1 booster s.c. is sufficient to completely deplete PPS-1-specific-memory established by neonatal Pnc1-TT-
priming. PPS-1-specific IgG+ AbSCs, shown as number of spots (mean6SD) per 106 cells, in spleen (A) and bone marrow (B) measured by ELISPOT,
and PPS-1-specific IgG Abs (mean EU/ml6SD) in serum (C) measured by ELISA, at day 7, 23 and 39 after mice receiving s.c. booster with saline, PPS-
1+LT-K63 or unvaccinated controls. Statistical difference between test groups and unvaccinated controls are indicated as; * P,0.05; ** P#0.001, and
the difference between vaccinated groups is stated in the graphs. The results are shown for one of two independent experiments (eight mice/group
for each time point), showing comparable results.
doi:10.1371/journal.pone.0072588.g006

Figure 7. Repeated plain PPS-1 boosters i.n. reduce PPS-1-specific long-lived plasma cell pool in the bone marrow. PPS-1-specific IgG+

AbSCs, shown as number of spots (mean6SD) per 106 cells, in spleen (A) and bone marrow (B) measured by ELISPOT, and PPS-1-IgG Abs (mean EU/
ml6SD) in serum (C) measured by ELISA, at day 7, 23 and 39 after mice receiving i.n. booster with saline, PPS-1+LT-K63 or unvaccinated controls.
Statistical difference between test groups and unvaccinated controls are indicated as; * P,0.05; ** P#0.001, and the difference between vaccinated
groups is stated in the graphs. The results are shown for one of two independent experiments (eight mice/group for each time point), showing
comparable results.
doi:10.1371/journal.pone.0072588.g007
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spleen and persistence of long-lived plasma cells in BM and PPS-1-

specific IgG+ Abs in serum.

As before, the Pnc1-TT induced PPS-1-specific serum IgG+ Abs

and IgG+ AbSCs were compromised in spleen, but not BM, 7 days

after the 1st PPS-1 booster s.c. (Figure 6). Two PPS-1 boosters (23

days after the 1st booster and 7 days after the 2nd booster) reduced

the frequency of PPS-1-specific IgG+ AbSCs both in spleen and

BM and serum IgG anti-PPS-1 levels. Three PPS-1 boosters (39

days after the 1st booster, 23 days after the 2nd booster and 7 days

after the 3rd booster) reduced the frequency of PPS-1-specific IgG+

AbSCs in spleen and BM and serum IgG anti-PPS-1 levels. There

were no differences in the frequency of PPS-1-specific IgG+ AbSCs

in spleen and BM between one, two or three PPS-1 boosters at

days 23 and 39, reflected in comparable serum IgG anti-PPS-1

levels (Figure 6). The detrimental effects of PPS-1 boosters were

not observed for Abs or AbSC specific for TT carrier of Pnc1-TT

(Figure S2).

These results demonstrate that a single PPS-1 booster s.c. is

sufficient to completely deplete the PPS-1-specific memory pool

established by Pnc1-TT priming of neonatal mice.

Repeated i.n. PPS-1 boosters reduce the PPS-1-specific
long-lived plasma cell pool in the bone marrow
Since one i.n. PPS-1 booster did not compromise the Pnc1-TT-

induced memory, contrary to the PPS booster s.c., we assessed the

effects of repeated PPS boosters i.n. in mice primed with Pnc1-TT

as neonates. As previously, the frequency of PPS-1-specific IgG+

AbSCs in spleen was higher after PPS-1 compared with saline

booster i.n. 7 days after the 1st booster, but AbSCs frequency in

BM and serum IgG anti-PPS levels were comparable (Figure 7). At

day 23 (7 days after the 2nd booster), two PPS-1 boosters i.n.

yielded higher frequency of PPS-1-specific IgG+ AbSCs in spleen

than saline, but lower frequency in BM. Serum IgG anti-PPS

levels were comparable. Thirty nine days after the 1st booster (7

days after the 3rd booster), two or three PPS i.n. boosters resulted

in comparable frequencies of PPS-1-specific IgG+ AbSCs in the

spleen and serum IgG anti-PPS-1 levels as saline administration.

However, in the BM the frequency of PPS-1-specific IgG+ AbSCs

was reduced (Figure 7), whereas TT-specific IgG+ AbSCs were

comparable in all immunized groups (Figure S3).

These results clearly demonstrate that repeated i.n. PPS-1

boosters compromise the persistence of the PPS-1-specific long-

lived plasma cell pool in BM, although less profoundly than s.c.

PPS-1 boosters.

Discussion

This study demonstrates that a single dose of plain pneumo-

coccal polysaccharide s.c. is sufficient to completely deplete the

PPS-1-specific memory pool established by pneumococcal conju-

gate priming in neonatal mice.

The inability of CD21+ MZ B cells to localize in the MZ before

2 years of age in humans [32] and 3–4 week in mice [33] as well as

low serum C3 levels [34] are considered the major reasons for the

lack of PS responsiveness during childhood. However, by

conjugating the PS to a protein carrier, the C3 and MZ B cell

dependency for the induction of PS-specific IgG response is

overcome [35] by T cell help, leading to TD GC induction,

production of short- and long-lived plasma cells and memory B

cells [36]. This is characterized by immunoglobulin class-switching

and extensive somatic hypermutations leading to enhanced Ab

affinity for its antigen [37] and a rapid response to re-exposure to

the Ag, as accomplished when neonatal mice are primed with

Pnc1-TT+LT-K63 [27,28]. In contrast, plain PS activates B cells

through cross-linking of membrane Ig and complement receptor 2

(CR2 or CD21) by C3d-PS complexes [38] limiting the need for

direct T cell help. Initiation of Ab response to plain PS depends

upon trapping by blood dendritic cells [39] or splenic marginal

zone SIGN-R1+ MARCO+ macrophages [40] that transfer the PS

to MZ B cells that rapidly produce protective Abs [41]. Clinical

studies have shown a booster response to PPV in toddlers primed

with PCV during infancy [7,42,43,44], although the Abs had less

functional activity than after PCV booster, both in terms of avidity

[14,43,45] and opsonic activity [7,14,46,47]. Accordingly, an

increased risk of acute lower respiratory infections after PPV

booster at 18 months of age was detected in Australian Indigenous

children previously primed with 3 doses of PCV during infancy

[48]. In our study, PPS-1 did not elicit an anamnestic response, as

the frequency of active GCs, PPS-1 specific IgG+ AbSCs, IgG Ab

levels, avidity and protective efficacy were lower after PPS-1

booster s.c. than saline and Pnc1-TT [26,27,28]. The frequency of

active GCs and AbSCs, as well as Ab levels, were also significantly

higher after Pnc1-TT booster than PPS-1 and saline boosters, as

previously shown for Ab levels and their long term persistence

[27], further supporting that plain but not conjugated PS booster

causes hyporesponsiveness by abrogating the GC reaction and

depleting the PS-specific memory cells. Some PSs have zwitter-

ionic charged motifs, including PPS of serotype 1, and may

activate CD4+ T cells after being processed and presented by

MHC class II [31,49]. However, plain PPS-1 immunization w/wo

LT-K63 adjuvant induces no IgG Abs in our neonatal murine

model [26]. In agreement with those results, a recent study in

humans demonstrated that plain PPS-1 does not elicit memory B

cell formation, similar to other PSs [50]. Furthermore, we have

shown that a booster s.c. with the non-zwitterionic PPS-19F causes

hyporesponsiveness in mice primed with a monovalent pneumo-

coccal conjugate, Pnc19F-TT, reflected in reduced Ab levels

compared with a saline administration. Thus, hyporesponsiveness

can be induced by both zwitterionic and non-zwitterionic PPS in

our neonatal murine model. Furthermore, hyporesponsiveness was

induced by PPS-1 booster over a broad dose range and time

intervals from priming. The detrimental effect of PPS-1 booster

s.c. on the immune response previously induced by Pnc1-TT was

reflected in abrogated GC reaction resulting in negligible output of

PPS-1-specific plasma cells in the spleen. At that time point, 23

days after Pnc1-TT+LT-K63 priming, the GC reaction in mice

that received saline booster by either route is already declining, as

the peak of GCs reaction is around day 14 after TT and alum

immunization of neonatal mice [51]. Thus, the reduced total

number of mature GCs after PPS-1 booster s.c. compared with

saline booster s.c. is a strong indicator of the detrimental effects of

PPS on the GC reaction and more immature looking GCs

appeared after PPS booster s.c.. Accordingly, in humans PPV was

recently reported to deplete peripheral serotype-specific memory B

cells and the B1b cells in adults 50–70 years of age [52]. We have

shown in our neonatal murine model that meningococcal

serogroup C polysaccharide (MenC-PS) also induces hyporespon-

siveness in mice primed as neonates with a meningococcal C

conjugate. The MenC-PS booster induced increased apoptosis of

MenC-PS-specific B cells within 8–12 hours, mostly of switched

IgG+ memory cells [53]. Interestingly, the Pnc1-TT-induced PPS-

1-specific long-lived plasma cells that had already homed to their

survival niches in the BM were not affected by the PPS-1 booster

s.c. and no significant difference was detected in their frequency 7

to 39 days after the booster. But, contrary to mice that received

saline as a booster, the frequency PPS-1-specific IgG+ AbSCs did

not increase, which could be due to abrogation of the GC reaction

resulting in no homing of new PPS-1-specific long-lived plasma
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cells to the BM. Importantly, one dose of PPS-1 booster s.c. was

sufficient to deplete the Pnc1-TT-induced memory and AbSCs as

each subsequent PPS-1 boosters did not further reduce the

frequency of PPS-1-specific IgG+ AbSCs in either spleen or BM.

Furthermore, we have demonstrated previously that one dose of

PPS-1 booster s.c. induces long-lasting abrogation of anamnestic

Ab response [27].

Most pathogens enter the body via mucous membranes and

vaccines, including conjugate vaccines, administered through

mucosal routes can more readily induce mature immune responses

in neonatal mice than vaccines administered through systemic

routes [54]. However, limited data are available for human

infants. Accordingly, i.n. administration of PPS-1 did not abrogate

the Pnc1-TT-induced memory, as the frequency of PPS-1-specific

IgG+ AbSCs in the spleen 7 days after the booster was comparable

or higher than in mice that received saline. However, at days 23

and 39 the frequency of PPS-1-specific IgG+ AbSCs in the BM was

lower in mice that had received PPS-1 i.n. twice or three times

than in mice that received saline. Thus, repeated i.n. PPS-1

boosters compromised the long-lived PPS-1-specific plasma cell

pool in the BM. Pneumococcal colonization before or at the time

of the first infant dose of PCV [15,16,17] and previous invasive

pneumococcal disease have been shown to impair the serotype-

specific Ab responses after previous and to subsequent injections of

PCV [19] or PPV [18]. In agreement with the human results we

have recently shown that PPV priming of neonatal mice s.c.

depletes naı̈ve PPS-specific B cells and impairs the response to

subsequent PCV immunization, although the effect varied

between serotypes [55]. In the current study we showed that not

only parenteral PPS booster, but also repeated exposure to PS at

mucosal level, induced hyporesponiveness, although to a lesser

extent. In a study using NP-Ficoll as a model TI-2 vaccine, PS-

induced immunosuppression upon recall exposure was due to PS-

specific IgG Abs [56], also inhibiting stimulation of B cells, but

only if added to the culture within the first 24 h [57], suggesting

that one potential mechanism of PS-induced hyporesponsivess

could be Ag-Ab complexes mediated. Thus, the difference

observed between the routes could be due to several factors,

including different distribution of cells specialized for antigen

uptake, different cell populations at the mucosal inductive sites

[58], earlier maturity of mucosal than systemic lymphoid tissues

[59], differential organogenesis of lymphoid organs in the neonatal

mice [60] and different amount of antigen that reaches the lymph

nodes and spleen. We have seen that PPS booster administration

intraperitoneally (i.p.) only induced hyporesponsiveness in mice

primed as neonates with Pnc1-TT+LT-K63 by either the s.c. or

i.p. routes, but not the i.n. route (unpublished data). The cellular

mechanisms responsible for PS-induced hyporesponsiveness are

not fully elucidated. Our results suggest that PS-induced depletion

of PS-specific B cells and apoptosis, primarily of the memory B cell

phenotype, is at least one of the mechanisms [53]. PS are large

molecules composed of repetitive epitopes, highly resistance to

degradation [61] and can persist in vivo for a long time [62,63,64].

It has been speculated that the existence of a memory B cell pool

capable of responding to such persistent Ag needs a suppressive

mechanism to prevent their continuous reactivation, overproduc-

tion of Abs and that the B cell unresponsiveness elicited by

nasopharyngeal carriage, IPD or PPV booster could be a

preventative mechanism [15,19]. Further studies are needed to

dissect the exact cellular and molecular mechanisms behind PS-

induced hyporesponsiveness. Our results and those of others

demonstrate that polysaccharides deplete memory cells and long-

lived plasma cells thereby causing hyporesponsiveness in the most

susceptible groups targeted by vaccination and warrant reevalu-

ation of all vaccination schedules including polysaccharides.

Supporting Information

Figure S1 PPS-1 booster, irrespective of dosage, inter-
val between immunizations and zwitterionic or non-
zwitterionic properties, induces PS-hyporesponsive-
ness. PPS-1- and -19F-specific IgG levels (mean EU/ml6SD)

in serum measured by ELISA, weekly from week 2 to 7 after

immunization of neonatal mice with Pnc1-TT+LT-K63 s.c. (A

and B) or Pnc19F-TT+LT-K63 s.c. (C) that received a booster

with saline (open squares; A, B and C), 0.5 mg of PPS-1+5.0 mg
LT-K63 (filled triangles; B), 1.0 mg of PPS-1+5.0 mg LT-K63

(open triangles; B), 5.0 mg of PPS-1+5.0 mg LT-K63 (filled squares;

A and B) or 5.0 mg of PPS-19F+5.0 mg LT-K63 (filled squares; C),

0.5 mg of Pnc1-TT (filled circles; A and B) or Pnc19F-TT+5.0 mg
LT-K63 (filled circles; C) 16 days later (A left panel, B and C) or 4

weeks later (A right panel). Time of immunization is indicated by

arrows.

(TIF)

Figure S2 The PPS-1 boosters s.c. had no detrimental
effects on the frequency of carrier protein-specific
AbSCs in spleen and bone marrow. TT-specific IgG+

AbSCs, shown as number of spots (mean6SD) per 106 cells, in

spleen (A) and bone marrow (B) measured by ELISPOT, TT-IgG

Abs (mean EU/ml6SD) in serum (C) measured by ELISA, at day

7, 23 and 39 after s.c. booster with saline, PPS-1+LT-K63 or

unvaccinated control. Statistical difference between test groups

and unvaccinated controls is indicated; * P,0.05; ** P#0.001.

The results shown are from one of two independent experiments

(eight mice/group for each time point) showing comparable

results.

(TIF)

Figure S3 The frequency of TT-specific AbSCs in spleen
and bone marrow was not affected by the PPS-1 boosters
i.n.. TT-specific IgG+ AbSCs, shown as number of spots

(mean6SD) per 106 cells, in spleen (A) and bone marrow (B)

measured by ELISPOT, TT-IgG Abs (mean EU/ml6SD) in

serum (C) measured by ELISA, at day 7, 23 and 39 after i.n.

booster with saline, PPS-1+LT-K63 or unvaccinated control.

Statistical difference between test groups and controls is indicated;

* P,0.05; ** P#0.001.The results shown are from one of two

independent experiments (eight mice/group for each time point)

showing comparable results.

(TIF)
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7 Appendix 

7.1 The immunogenicity of PPS-1 and Pnc1-TT up to 12 
weeks 

A set of experiments was performed to assess the immunogenicity and 
protective efficacy upto 12 weeks after a single dose of PPS-1 or Pnc1-TT 
compared with saline. As previously shown (Figure 2), a single dose of plain 
PPS-1 did not induce a significant IgG anti-PPS-1 response (compared with 
saline) in neonatal or infant mice at any timepoint upto 12 weeks (Appendix 
Figure 1) in contrast to Pnc1-TT. In this longterm experiment, both PPS-1  

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 1. Immunogenicity and protective efficacy of PPS-1 and Pnc1-TT in 
neonatal, infant   and adult mice 12 weeks after immunization. 

PPS-1-specific IgM (top panels) and IgG (middle panels) levels (mean EU/ml±SD) in 
serum 2 days before and 1, 2, 3, 4, 5, 6, 8 and 12 weeks after s.c. immunization with 
plain PPS-1 (open squares), Pnc1-TT (filled squares) or saline (open circles) in 
neonatal (left), infant (middle) and adult (right) mice. The mice were challenged with 
live S. pneumoniae serotype 1 to assess protection against bactermia and lung 
infection. Pneumococcal colony forming units (CFU/ml) in blood and lungs 24h after 
challenge is shown for each mouse (N=8/group), the median for each group is 
indicated by a line. Depending on the first dilution used, the detection limit was 1.3 
CFU/ml of blood and 2.0 of lung homogenate. 
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and Pnc1-TT induced significant IgM anti-PPS-1 compared with saline, but 
no differences in IgM anti-PPS-1 levels were detected between 
pneumococcal vaccines or age groups (Appendix Figure 1). However, when 
the protective efficacy was evaluated 12 weeks after immunization a single 
dose of plain PPS-1 significantly reduced lung infection (P=0.001) but not 
bacteremia in neonatal mice (Appendix Figure 1). A single dose of plain PPS-
1 significantly reduced the CFU in infant and adult mice, both in blood 
(P=0.02 and P=0.01, respectively) and lungs (P=0.002 and P=0.046, 
respectively).  One dose of the conjugate significantly (P<0.05) reduced both 
bacteremia and lung infection in all age groups compared with saline 
immunized mice (Appendix Figure 1). 

 

7.2 The kinetic of avidity maturation of IgG antibodies after 
Pnc1-TT immunization 

The avidity of PPS-1-specific IgG Abs was measured upto 12 weeks after the 
first immunization s.c. with one or two doses of Pnc1-TT in all age groups. 
Avidity of PPS-1-specific IgG Abs after one dose of Pnc1-TT was under the 
detection limits in both neonatal and infant mice; therefore, statistical 
comparison was not applicable. A slight increase in avidity of IgG anti-PPS-1 
Abs was observed in both neonatal and infant mice after the second dose of 
Pnc1-TT. In adult mice avidity of IgG anti-PPS-1 Abs was significantly  

 

 

 

 

 

 

 

Appendix Figure 2. Affinity maturation of anti-PPS-1 Ab in Pnc1-TT-primed mice.  

The avidity index of PPS-1-specific IgG in neonatal, infant and adult mice after one 
(left graph) or two (right graph) doses of Pnc1-TT at week 2, 4, 6 and 12 weeks after 
the first immunization.  
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increased after one dose of Pnc1-TT and even more after two doses 
(Appendix Figure 1), in agreement with the increase in IgG anti-PPS-1 Ab 
levels upto week 12 after the first dose (Appendix Figure 1). Thus, the avidity 
maturation is age-dependent and is not fully restored by a second dose of 
Pnc1-TT in early life. 

 

7.3 The effects of LT-K63 addition to Pnc1-TT on avidity of 
PPS-1-specific Abs 

The avidity of PPS-1-specific IgG Abs was measured upto 12 weeks after the 
first immunization to assess the effect of LT-K63 on affinity maturation both 
after one and two doses administered s.c. (Appendix Figure 3). Addition of 
LT-K63 to the Pnc1-TT vaccine formulation significantly enhanced the avidity 
of PPS-1-specifc IgG Abs.  Avidity was detectable 2 weeks after one dose in 
3 out of 8 neonatal mice and 7 out of 8 in infant mice. At week 4 only 2 
neonatal mice had avidity of PPS-1-specific IgG Abs under the detection 
limits after one dose, but none of the infant mice. Still an age dependent 
difference was dectected both after one and two doses of Pnc1-TT+LT-K63 
(Appendix Figure 3). 

 

 

 

 

 

 

 

Appendix Figure 3. Affinity maturation of anti-PPS-1 in mice immunized with Pnc1-
TT+LT-K63 

The avidity index of PPS-1-specific IgG in neonatal, infant and adult mice after one 
(left graph) or two (right graph) doses of Pnc1-TT with LT-K63 2, 4, 6 and 12 weeks 
after the first immunization. 
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7.4 Effects of LT-K63 on affinity maturation of anti-PPS-1 
IgG after mucosal administration with Pnc1-TT 

I.n. administration of Pnc1-TT and LT-K63 significantly enhanced the avidity 
of PPS-1-specifc IgG Abs in all age groups, especially after two doses, and 
no age-dependent difference was detected at week 12 (Appendix Figure 4). 
The difference between infant and adult mice had already diminished at week 
4 (Appendix Figure 4), accordingly at week 12 infant mice immunized i.n. 
twice had anti-PPS-1 Ab with significantly higher affinity than infant mice 
immunized s.c. with Pnc1-TT without or with LT-K63 (Appendix Figure 2, 
Appendix Figure 3). There was no difference between neonatal mice 
immunized i.n. or s.c. with two doses of Pnc1-TT and LT-K63 (Appendix 
Figure 4 vs Appendix Figure 3). 

 

 

 

 

 

 

 

Appendix Figure 4. Effect of LT-K63 on affinity maturation of IgG anti-PPS-1 in mice 
immunized i.n. with Pnc1-TT  

The avidity index of PPS-1-specific IgG in neonatal, infant and adult mice after one 
(left graph) or two (right graph) doses of Pnc1-TT+LT-K63 i.n. 2, 4, 6 and 12 weeks 
after the first immunization.                                 

 

7.5 The effect of PPS-1 booster on affinity maturation of 
anti-PPS-1 IgG Ab in mice primed with Pnc1-TT 

Avidity of PPS-1-specific IgG Abs was measured upto 16 weeks after Pnc1-
TT priming with or without LT-K63 both s.c. or i.n. in neonatal, infant and 
adult mice. The avidity of the PPS-1-specific IgG Abs increased only slightly 
in neonatal and infant mice especially after Pnc1-TT booster (Appendix 
Figure 5, Figure 2 in paper II and Figure 5 in paper IV). In neonatal mice the 
avidity (avidity index, AI) was signifantly lower in those that had received 
PPS-1 booster compared with saline or Pnc1-TT booster, almost at all time 
points (Week 4; P=0.009 or P=0.001, week 6; both P<0.001, week 8; 
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P=0.002 or P=0.001, week 12; P=0.08 or P=0.023, week 14; P=0.006 or 
P=0.008, week 16; both P<0.001, respectively) and the AI was significantly 
lower after the second booster of PPS-1 at week 13 when the AI of IgG anti-
PPS1 was compared between 12 and 16 weeks (P=0.03) (Appendix Figure 
5, Figure 2 in paper II and Figure 5 in paper IV ). In adult mice the PPS 
booster induced lower AI than saline or Pnc1-TT boosters at all time points, 
especially when LT-K63 was co-administered with the vaccines. Furthermore, 
the protective efficacy of the IgG anti-PPS-1 Abs was lower after PPS-1 
booster s.c. than saline booster in neonatal mice (Figure 5 in paper IV). 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 5. The effect of PPS-1 booster on affinity maturation of anti-PPS-1 
IgG Ab in mice primed with Pnc1-TT.  

The avidity index of PPS-1-specific IgG at week 2, 4, 6, 8, 12, 14 and 16 after the first 
immunization in neonatal (left row), infant (middle row) and adult (right row) mice 
primed with Pnc1-TT s.c. (upper pannel), Pnc1-TT+LT-K63 s.c. (middle pannel) or i.n. 
(lower pannel) that had received PPS-1 booster (open circle) or saline (open square), 
Pnc1-TT (closed square) for comparison.  

 

 

 

 




