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SUMMARY
New-borns and infants under six months of age are highly susceptible
to infectious diseases. Vaccines that can safely and effectively prevent
life-threatening illnesses during the first year of life are sorely needed.
Several challenges remain for successful early-life immunization, the
two most important being: 1) understanding the structure of the neonatal immune system and the mechanisms underlying neonatal responses; and 2) identifying vaccine strategies that can efficiently engage the fully competent, yet "inexperienced," neonatal immune system. Vaccines and adjuvants that can stimulate innate immune defences, enhance the maturation of dendritic cells and promote Th1type signals have shown great promise in animal models and humans.
An ideal vaccine for this age group would be capable of inducing
long-lasting systemic and mucosal immunity bypassing maternal antibodies and would require minimal dosing via a user-friendly route.
Vaccines that can be administered mucosally hold great promise because they can mount an immune response at the site of infection and
would be practical for large-scale immunization. Identifying the requirements for "educating" the infant immune system will be essential
for developing safe and effective vaccines for paediatric immunization.
INTRODUCTION
New-borns and very young infants are
highly susceptible to infectious organisms, which cause high rates of morbidity and mortality (Siegrist, 2007;
Wilson and Kollmann, 2008). Safe and
effective immunization early in life
could significantly reduce this burden,
but the development of vaccines for the
very young has been beset by many
challenges. New-borns do not respond
to T cell-independent polysaccharide
vaccines (Mond and Kokai-Kun, 2008)

and mount modest and short-lived antibody responses to T cell-dependent
antigens, which require booster immunizations up to the second year of life
(Adkins et al., 2004; Siegrist, 2007).
The Th2-type environment that remains
after the gestation period makes it difficult to induce Th1-type cell-mediated
immunity (Wegmann et al., 1993).
Maternal antibodies, although helpful
for preventing infections during the
first months of life, interfere with vac-

61

cine take and even residual levels can
abrogate responses to routine vaccines
such as measles, polio, rotavirus, tetanus, diphtheria, pertussis and Haemophilus influenzae type b (Hib). This
creates a window of vulnerability
against these pathogens that spans up to
nine months of age (Siegrist et al.,
1998).
There has been significant progress
in recent years in our understanding of
the functional competency of the neonatal/infant immune system. Neonatal
dendritic cells (DC) and the capacity of
these cells for antigen presentation and
cytokine production are at the centre of
the debate (Ridge et al., 1996). Both in
animals and humans, neonatal DC exhibit an "immature" phenotype, with
low levels of expression of MHC class
II and co-stimulatory molecules and a
limited capability for production of IL12 and pro-inflammatory cytokines. As
a result, neonatal DC have a reduced
capacity to present foreign antigens and
to stimulate naïve T cells compared
with their adult DC counterparts (Gans
et al., 1999). In contrast, neonatal T
cells are able to undergo expansion and

differentiation into antigen-specific
effector and memory cells, but they
require fully functional DC and cytokine signals. Neonatal B cell responses
are also compromised due to the suboptimal DC function. The inefficient
stimulation of T cells limits CD4+ T
cell help, which impairs the normal
processes of B cell stimulation, migration to the germinal centres, avidity
maturation, isotype class switching,
and differentiation into either longlived plasma or memory B cells. As a
consequence, the B cell responses are
usually feeble, transient and markedly
inefficient.
There is substantial evidence suggesting that the limitations discussed
above can be overcome and that neonatal immune responses can be induced
when vaccine antigens are administered
in the appropriate immunologic context. Hence, current research efforts are
aimed at identifying vaccines and adjuvants that are capable of providing immunostimulatory signals that would
safely and efficiently engage the "inexperienced," but fully competent, neonatal immune system.

NEW-BORNS AND INFANTS RESPOND EFFICIENTLY TO
MICROBIAL ANTIGENS
Immune responses to a variety of microbial antigens can develop in utero
after maternal infection. Functionally
mature CD8+ T cell responses were
found in new-borns exposed to congenital infection with cytomegalovirus
(CMV) (Marchant et al., 2003; Gibson
et al., 2004) and Trypanosoma cruzii
(Hermann et al., 2002). Immune responses that originated in utero after
maternal immunization have also been
reported; new-borns from mothers vaccinated against influenza during pregnancy developed virus-specific IgM
antibodies and CD4+ T cells that were
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present at birth (Rastogi et al., 2007).
Similarly, new-borns and young
infants can mount potent adaptive immunity when exposed to pathogens
soon after birth. Cytotoxic CD8+ T cell
responses were reported in infants infected with respiratory syncytial virus
(RSV) and human immunodeficiency
virus (HIV) (Collins et al., 1990). Cytokine-secreting CD4+ T cells were also
found in infants infected with herpes
simplex virus (HSV) at birth. In many
instances, these responses were comparable in magnitude and quality to those
found in adults (Hermann et al., 2002).

Live attenuated vaccines have
proven to be highly immunogenic
when they are administered during the
neonatal period. The classical example
is the bacillus Calmette-Guerin (BCG),
which for decades has been given to
new-borns at birth and is still widely
used in the developing world (Andersen and Doherty, 2005). Immunization
with BCG at birth or at two months of
age elicits a CD4+ Th1-type response to
M. tuberculosis antigens that is similar
to the response in adults (Ota et al.,
2002; Marchant et al., 1999). The
diphtheria-tetanus whole cell pertussis
(DTwP) vaccine induces Th1-type responses in one- to four-month-old infants that are comparable with those
induced by B. pertussis infection (Mascart et al., 2003). Oral polio vaccine
has been given to human new-borns
and was found to elicit intestinal and
serum antibody responses (Halsey and
Galazka, 1985).
In contrast to the responses induced
by live organisms, subunit vaccines
such as hepatitis B, diphtheria-tetanus
toxoid and Hib-tetanus toxoid conjugates primarily elicit antibodies and
Th2-type cytokine-secreting CD4+ T

cells in young infants. These responses
are usually undetectable after the first
dose, necessitating several doses to
generate sustained immunity. Hepatitis
B surface antigen (HBSAg) is the only
vaccine given at birth in industrialized
countries and represents the best example that neonatal vaccination is feasible
and effective (Delage et al., 1993). In
response to HBSAg, infants develop
antibody levels above those of adults,
but very poor cellular responses (Ota et
al., 2004). Likewise, the diphtheriatetanus-acellular pertussis (DTaP) vaccine elicits Th2-type responses (Rowe
et al., 2001). Because they are limited
in their ability to elicit robust cell-mediated immunity, subunit vaccines fail
to adequately protect new-borns against
intracellular organisms, and the Th2biased responses increase the risk for
allergy and other undesirable immunologic responses.
Collectively, these examples support the argument that there are no insurmountable intrinsic defects in the
neonatal immune system that would
prevent successful immunization and
that new-borns have the capacity to
respond to properly designed vaccines.

VACCINES CAN INDUCE POTENT ADAPTIVE IMMUNITY
DURING THE NEONATAL PERIOD
Extensive studies in animal models
have shown that new-borns can develop Th1-type immunity, including
adult-like CD8+ cytotoxic lymphocytes
(CTL) in response to live replicating
viruses (Sarzotti et al., 1996; VanCott
et al., 2006), bacteria (Eisenberg et al.,
2003; Roduit et al., 2002; Rayevskaya
et al., 2002) and DNA vaccines (Hassett et al., 2000; Zhang et al., 2002;
Capozzo et al., 2006). Vaccine antigens
can elicit potent immune responses
during the neonatal period if they are
accompanied by immunomodulatory

molecules and adjuvants that activate
innate immunity and enhance DC
maturation and function, for example
LPS (Dadaglio et al., 2002; Ismaili et
al., 2003), CpG oligonucleotides
(Kovarik et al., 1999), Flt 3 (Vollstedt
et al., 2003), polyriboinosinic:polyribocytidilic acid (Ma and Ross, 2005) and
cytokines, including IL-12 (Pertmer et
al., 2001; Sabirov and Metzger, 2006),
GM-CSF (Capozzo et al., 2003) and
IFN-γ (Pertmer et al., 2001).
Activation of neonatal DC is regarded as the "key" step to induce
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adaptive immunity at early stages of
life. Functionally mature neonatal DC
can efficiently present vaccine antigens
and stimulate naïve CD4+ T cells. They
can also trigger a cascade of cytokines
that will further enhance and sustain
the resulting response. In the presence
of mature DC, both mouse and human
neonatal T cell function increases to
adult levels (Adkins et al., 2004). Interestingly, although neonatal human DC
may have a limited capacity to present
antigens to CD4+ T cells through the
class II pathway (Canaday et al.,
2006), they are fully competent to
process and present antigens to CD8+ T
cells through the MHC class I antigen
processing pathway (Gold et al., 2007).
Our group has shown that new-born
mice immunized intranasally with S.
typhi or S. typhimurium carrying tetanus toxoid Fragment C developed
adult-like Fragment C antibody responses, mucosal antibody-secreting
cells and T cell responses even in the
presence of maternal antibodies (Capozzo et al., 2006). Vigorous priming
of the neonatal immune system was

demonstrated in new-borns immunized
intranasally with S. typhi expressing
Yersinia pestis F1 antigen, and this
priming was associated with the capacity of Salmonella to enhance DC maturation (Ramirez et al., 2009). The signalling of bacterial components (for
example, LPS, OMP and CpG motifs)
through toll-like receptors (TLR) facilitates DC recruitment, maturation
and migration to secondary lymph
nodes and synthesis of IL-12 and Type
1 IFN (Salazar-Gonzalez and McSorley, 2005). These mature and activated
DC stimulate the production of IFN-γ
and IL-2 by CD4+ T cells, promoting
Th1-type responses. Activated CD4+ Thelper cells expressing CD40L interact
more efficiently with B cells, supporting Ig isotype switching, affinity maturation and immunologic memory.
A well-configured vaccine for neonatal immunization would be one that
could activate innate immunity, contributing immunostimulatory (dangerlike) signals that would enhance DC
function for proper activation of neonatal T cells.

VACCINES THAT ACTIVATE INNATE IMMUNITY AND ENHANCE
DC FUNCTION CAN SUCCESSFULLY STIMULATE
THE IMMUNE SYSTEM IN EARLY LIFE
The neonatal immune system has remarkable plasticity and a capacity to
mount potent adaptive immunity when
appropriately stimulated. Vaccines and
adjuvants that engage TLRs, activate
neonatal DC and evoke Th1-type cytokines seem to be promising tools for
successful neonatal immunization.
These vaccines can "educate" the neonatal immune system by allowing neonatal DC to become fully functional
antigen presenting cells that will subsequently stimulate T and B cells. An
additional advantage of Th1-type vaccines is their potential capacity to pre-
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vent exacerbated Th2-type responses,
which have been associated with allergic reactions. The exposure to foreign/environmental antigens and the
higher incidence of natural infections
with a variety of organisms early in life
have been linked with a lower prevalence of allergy. This has been the theory supported by the "hygiene hypothesis" (Schröder, 2009).
Conceivably, stimulatory signals
can imprint a state of "activation" on
neonatal DC that could lead to improved responses against unrelated antigens given at the same time or even

later in life. Human infants that received BCG together with the HepB
vaccine soon after birth had increased
antibody and CD4+ T cell responses to
the HBSAg (Ota et al., 2002), which
was thought to be associated with the
capacity of BCG to activate neonatal
DC. We have shown that mucosal
priming of new-born mice with S. typhi
can enhance responses to a recombinant subunit protein given by the parenteral route at a later time point (Ramirez et al., 2009). Ty21a, the only
licensed oral typhoid vaccine, was safe
and well tolerated when given to toddlers (< 24 months old), even at high
doses (1x109 CFU), and could conceivably be used, like BCG, in younger
children (Murphy et al., 1991). A new
generation of rationally attenuated
strains harbouring stabilized plasmids
and non-antibiotic selection markers
are being pursued as safer live-vector
vaccine alternatives for the paediatric
population. Ghost-particles derived

from Gram-positive and Gram-negative
organisms have emerged as promising
candidates that are safe while offering
the immunostimulatory properties of a
living organism. These particles can
deliver foreign antigens and are amenable for mucosal immunization. We
have shown that ghost particles from L.
lactis displaying Y. pestis LcrV elicit
potent mucosal and systemic immunity
and protect neonatally immunized mice
from lethal systemic plague infection
(Ramirez et al., 2009).
Vaccines that can be given to infants through mucosal routes (i.e.,
orally or intranasally) are of special
interest not only because of the ease of
administration, but also to reduce the
interference of maternal immunity because lower concentrations of maternal
antibodies are present in the infant mucosa compared with the circulation and
systemic lymphoid tissues (Siegrist,
2003).

IMMUNIZATION REGIMENS THAT CAN ENHANCE VACCINE-INDUCED
PROTECTIVE IMMUNITY EARLY IN LIFE
In neonatal animal models, the route of
immunization can make a significant
difference in the capacity to induce
protective immunity (Sabirov and
Metzger, 2006). We argue that immune
responses to vaccines could be enhanced by using more efficient immunization regimes, such as a heterologous prime-boost approach. An advantage of a two-step immune stimulation is that the final response will include distinct features of both the initial
prime and the subsequent boost. Particularly attractive are prime-boost
strategies that combine mucosal and
parenteral immunization because they
extend the breath of the responses. A
sindbis-based measles DNA vaccine
primed 1-2-month-old infant rhesus

macaques to develop a vigorous neutralizing antibody response to a subsequent boost with an aerosolized live
attenuated measles vaccine (Pasetti et
al., 2007). New-born mice primed mucosally with S. typhi expressing Y. pestis F1 and boosted parenterally with
F1-alum elicited a high-avidity F1-specific IgG response, mucosal antibodysecreting cells and T cell responses that
surpassed those elicited by repeated
immunization with S. typhi (F1) or F1alum (Ramirez et al., 2009). A primeboost strategy could also allow tailoring of the immune response to favour
the responses necessary for protection.
An obvious drawback of the primeboost approach, however, is the requirement of more than one vaccina-
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tion encounter, in which case priming
in the form of an easily administered
mucosal vaccine would advantageous.

The success of prime-boost immunization in human new-borns and infants
remains to be determined.

EARLY-LIFE IMMUNIZATION, TOLERANCE AND AUTOIMMUNITY:
SHOULD WE BE CONCERNED?
A valid question related to neonatal
vaccination is whether the introduction
of foreign antigens early in life could
induce tolerance or predispose recipients for hyporesponsiveness later in
life. There is limited evidence indicating that this may actually occur in humans [Reviewed in (Siegrist, 2001)].
The manner, the context and the route
by which antigens are introduced to the
immune system are critical in determining whether an immune response or
a lack of thereof will ensue. We argue
that the development of tolerance is
less likely when antigens are administered with a potent immune stimulation, in which case the Th1-type vaccines and adjuvants could lessen such a
risk. Antigens delivered in particulate
as opposed to soluble form are also less
likely to induce tolerance. Reduced
responses to DTaP have been reported
when new-borns received a dose at
birth followed by routine immunization
at 2, 4, 6 and 17 months (Halasa et al.,
2008). It has been noted, however, that
this type of hyporesponsiveness likely
reflects vaccine interference rather than
neonatal immunological impairment
(Siegrist, 2008) because a number of

studies actually described enhanced
vaccine effectiveness in new-borns
immunized with acellular pertussis (aP)
at birth prior to the routine DTaP immunization (Knuf et al., 2008; Belloni
et al., 2003).
It has also been questioned whether
neonatal vaccination could abrogate
self-tolerance and lead to autoimmune
diseases. Millions of new-borns have
been vaccinated at birth with BCG,
polio and HepB vaccines, and there is
no evidence of an increased incidence
of autoimmunity associated with perinatal immunization (Belloni et al.,
2002). The mechanisms that induce
tolerance to self-antigens (both systemically and mucosally) are not restricted to early life but are active
throughout life. Thus, it can be argued
that the neonatal period is not at higher
risk for autoimmunity than any other
stage in life. Regulatory T cells have a
central role in the maintenance of tolerance. CD4+CD25+ Treg cells have been
found in cord-blood (Takahata et al.,
2004) and likely have a key role in
controlling potentially harmful responses.

"EDUCATING" THE EARLY-LIFE IMMUNE SYSTEM TO OVERCOME
THE TOLEROGENIC BARRIER FOR ORAL IMMUNIZATION
The "education" of the neonatal/infant
immune system in the mucosal compartment has unique features that complement the education of immune cells
in the systemic compartment. A state of
hyporesponsiveness (which increases
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with age) prevails in the mucosal lymphoid tissue, particularly in the gastrointestinal tract, due to the massive and
continuous exposure to foreign antigens. This tissue, however, can adapt to
maintain a delicate balance between the

need to maintain immunologic silence
or to respond to potentially harmful
agents. Human milk promotes the development and maturation of the mucosal-associated lymphoid tissue and
contains numerous immunomodulatory
components (such as TGF-β and Vitamin A) that influence immunological
competency. Exposure to food and
other (non-self) antigens in breast milk
favours the development of tolerance in
rodents (Verhasselt, 2010). Infant
breast-feeding has been associated with
a reduced incidence of allergy and
asthma, which could be explained by
the presence of maternal antibodies that
prevent respiratory viral infections, but
also by the tolerogenic presentation of
allergens [Reviewed in (Verhasselt,
2010)]. Interestingly, the commensal
flora in the gut also enhances the development, maturation and functional
capacity of immune cells in the gut
(Eberl and Lochner, 2009). It is therefore conceivable that the processes that
down-regulate immune responses to
prevent disease in the intestinal environment may also interfere with vaccine take.
A number of routine (e.g., polio,
rotavirus) and experimental (e.g., Shigella, cholera) vaccines have performed
sub-optimally in developing countries
compared with industrialized ones [Re-

viewed in (Walker et al., 2005, 2007;
Mirzayeva et al., 2009)]. Several reasons have been proposed to explain this
observation, including malnutrition of
infants and mothers, micronutrient deficiencies, parasite and bacterial coinfections and maternal antibodies in
breast milk (Czerkinsky and Holmgren,
2009). It has also been proposed that
infants in developing countries (and
their mothers) have a more diverse and
frequent exposure to microbial antigens, and as a result, they have a more
mature (and tolerogenic) immune system (Czerkinsky and Holmgren, 2009).
The lower prevalence of allergy in the
developing world compared with industrialized regions is also well known.
If the "tolerogenic environment" of the
gastrointestinal tract is indeed a factor
contributing to the lower immune responses to enteric vaccines, administering these vaccines earlier (possibly
at birth) could conceivably circumvent
this limitation. Well-tolerated and effective mucosal adjuvants that could
activate innate immune cells and trigger an adequate level of pro-inflammatory signals could also break this
"tolerogenic" barrier. This concept is
worth further study in animal models
and in vitro, possibly using engineered
3D tissue-culture model systems.

CONCLUSION
Vaccination during the neonatal period
could dramatically reduce disease burden and risk of infection during the
first year of life. Since health care is
sought at birth, perinatal vaccination
can have a further outreach in areas
where they are most needed. A challenge that remains is identifying vaccines and adjuvants that can provide
immune stimulatory "danger" signals to
efficiently activate the inexperienced

neonatal immune system, without
compromising safety. Neonatal immune cells have great plasticity and the
potential to be "educated." Vaccines
that hold great promise are those that
stimulate innate immunity, promote
activation and maturation of neonatal
DC and allow for intracellular antigen
delivery (to shield vaccine antigens
from maternal antibodies). Ideally,
such a vaccine could be given at birth,
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through a mucosal route, and would be
effective after a single dose. Neonatal
immunization seems to pose a low risk
for autoimmune disease and tolerance,
but reactogenicity must be closely examined to achieve the appropriate

risk/benefit balance. Early-life immunization and the use of well-tolerated
and effective mucosal adjuvants could
help overcome the tolerogenic barrier
for enteric vaccine delivery.
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