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Abstract

The vaccination of neonates is generally difficult due to immaturity of the immune system, higher susceptibility to tolerance and potential
negative interference of maternal antibodies. Studies carried out in rodents and non-human primates showed that plasmid vaccines
expressing microbial antigens, rather than inducing tolerance, triggered significant humoral and cellular immunity with a Th1 component.
The ability of bacterial CpG motifs to activate immature antigen-presenting cells is critical for the neonatal immunogenicity of DNA
vaccines. In addition, the endogenous production of antigen subsequent to transfection of antigen-presenting cells may explain the lack of
inhibition by maternal antibodies of cellular responses. Together, these features make the plasmid vaccines an appealing strategy to prime
immune responses against foreign pathogens, during early life. In combination with subsequent boosting using conventional vaccines, DNA
vaccine-based regimens may provide a qualitatively superior immunity against microbes. Thorough understanding of immunomodulatory
properties of plasmid-vectors may extend their use for early prophylaxis of inflammatory disorders. © 2002 Éditions scientifiques et
médicales Elsevier SAS. All rights reserved.
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1. Induction of anti-microbial responses by neonatal
DNA vaccination

The potential of DNA vaccines to trigger cytotoxic T
lymphocyte (CTL) responses stimulated the research in
various models of infectious diseases, particularly those
caused by viruses. Since neonates have a depressed immu-
nity and limited immune memory [1] that make them
susceptible to serious infections, a natural target age for
improved vaccines would be that corresponding to neonatal
stage.

The induction of tolerance became a paradigm for
neonatal responsiveness, given early observations that new-
born mice injected with high numbers of allogenic hemato-
poietic cells failed to reject allografts [2]. Recent studies
describing a dose–effect relationship between neonatal re-
sponsiveness and amount of antigen argued that the limited
numbers rather than immaturity of lymphocytes may be the
cause of neonatal susceptibility to tolerance [3]. However,
additional studies debated the hypothesis that the peculiar
neonatal responsiveness is just a matter of high zone
tolerance due to low number of mature lymphocytes. Thus,
the immature B cells which are predominant in the periph-
ery of neonates display characteristic features which may

explain their susceptibility to tolerance: in the absence of
surface IgD, the antigen-triggered signaling pathway is not
coupled to the inositol-phospholipid cascade [4] and the
expression of src-family tyrosine kinases is reduced [5]. In
addition, the relatively few mature B cells in the periphery
of human neonates express lower levels of membrane
CD40. This, together with decreased expression of CD40L
on T cells, may account for the low production of IgG, IgA
and IgE isotypes during the early period of life [6]. On the
other hand, impaired CD40-CD40L triggered expression of
IL-12 may explain the tendency of neonates to develop Th2
responses [7]. Partial restoration of cytokine-producing
ability of neonatal T cells by addition of anti-CD28 mAb
elegantly illustrated the concept of limited co-stimulation
during the neonatal interval [8]. At the origin of the limited
co-stimulation may be the immaturity of antigen-presenting
cells (APC) during the neonatal interval [9,10]. Recently,
the importance of complement system in the generation of
adaptative immunity and particularly the B-cell response,
has been characterized [11]. C3 components may contribute
to the B-cell recognition of antigens, via co-engagement of
antigen and complement receptors on the membrane. In
addition, the complement receptors expressed on the folli-
cular–dendritic cells may prolong the exposure of antigen in
the germinal centers, where affinity maturation of antibodies
is being triggered. Since during early life the complement
system is not fully matured and the levels of C3 components
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are limited [12], this may contribute to the decreased and
altered immunity induced by neonatal vaccines. Interest-
ingly, coupling the hemagglutinin of influenza virus and the
C3d fragment in the same open reading frame resulted in an
increased B-cell response in the context of DNA vaccination
[13]. In addition, a differential regulation of immune re-
sponse during the neonatal stage by endogenous corticos-
teroids [14] may alter the immune profile to foreign anti-
gens. Altogether, these studies suggested that intricate
qualitative and quantitative factors are responsible for the
characteristic neonatal responsiveness.

Conventional vaccines display some limitations in the
early age group: poor immunogenicity in case of killed or
subunit vaccines, potential side effects for live vaccines, or
inhibition by maternal antibodies in all these circumstances.
These factors promoted a substantial number of studies
during the last decade in the area of neonatal or early DNA
vaccination, with over 20 published studies. Indirectly, this
contributed to a better understanding of the process of
maturation of the immune system.

1.1. Profile and magnitude of immune response

Numerous groups have addressed the nature of immunity
triggered by DNA vaccines given shortly after birth. Based
on previous knowledge, it was not easily to predict the
outcome of exposure to low amounts of antigen for pro-
longed intervals during the neonatal stage. However, vari-
ous protocols of neonatal inoculation of DNA vectors
expressing a wide range of microbial antigens into mice or
non-human primates resulted in induction of humoral, Th
and CTL responses rather than unresponsiveness (Table 1),
with one notable exception [15]. Our studies, for the first
time, showed the induction of CTL able to mediate influ-
enza virus clearance, by neonatal immunization of mice
with a plasmid encoding the nucleoprotein (NP) of influenza
virus [16]. At the same time, another group reported the

induction of weak antibody responses rather than tolerance,
by immunization of piglets with plasmid expressing the gD
antigen of pseudo-rabies [17]. Soon, reports regarding
neonatal DNA vaccination against the rabies virus glyco-
protein [18], herpes simplex gB antigen [19], measles virus
hemagglutinin (HA), the C fragment of tetanus toxin [20]
and the L protein of hepadnavirus [21] showed induction of
humoral responses in mice and other species. These reports
were mirrored by observations regarding the induction of
specific CTL against the Cas-Br-M antigen of a murine
retrovirus [22], the NP of Sendai virus [23] and the NP of
lymphocytic choriomeningitis virus (LCMV) [24]. More
recently, the immunogenicity in terms of humoral response
of DNA vaccines against HIV antigens [25], the hepatitis B
virus (HBV) surface antigen [26] and the HA of influenza
virus [27,28], was extended to newborn non-human pri-
mates.

Qualitative and quantitative differences do exist between
the immune responses elicited by neonatal versus adult
inoculation of DNA. The Th profile elicited by neonatal
DNA immunization comprises an important Th1 component
[29], resembling the adult response and generally contrast-
ing with the neonatal immunity triggered by conventional
antigens. However, there is a significant Th2 component as
well, explaining the induction of a mixed IgG1/IgG2a
humoral response [20,29]. An independent group recently
confirmed the tendency of mice immunized as neonates
with a plasmid expressing the HA of influenza virus to
mount mixed Th1/Th2 responses [30]. A bias towards Th1
immunity could be provided via co-injection of IL-12 or
IFN-γ-producing plasmids, observation that elegantly pin-
pointed these cytokines as limiting factors during the
neonatal period [31].

Subsequent boost with virus or infectious challenge of
mice immunized at birth with DNA expressing HA or NP of
influenza virus, was followed by a substantial increase in
antibody titers and expansion of Th and CTL [16,29,32].

Table 1
Neonatal immunization with DNA expressing microbial antigens

Microbe Antigen Species Immune response Reference

Influenza virus NP, HA + IFNγ or IL-12 Mouse Abs, CTL [16,30–32,41,50,61]
Non-human primate Th, Abs [27,28]

Plasmodium yoelii CSP Mouse Tolerance [15]
CSP+GM-CSF Mouse Abs, CTL [59]

Pseudorabies virus gD glycoprotein Pig Abs [17]
Rabies virus Glyco protein Mouse Abs, Th [18]
Hepatitis B virus HBsAg Non-human primate Abs [26]
Murine retrovirus Cas-Br-M antigen Mouse CTL [22]
HIV Env Non-human primate Abs [25]

Gag-Pol
Measles virus Hemagglutinin Mouse Abs, Th [20]
Sendai virus NP Mouse Abs, CTL [20]
Clostridium tetanii C fragment of tetanus toxoid Mouse Abs, Th [20]
Herpes simplex gB Mouse Abs, Th [19]
LCMV NP Mouse CTL [24,35]
Respiratory syncitial virus F antigen Mouse Abs, CTL [23]
Bovine herpesvirus gD Sheep Abs, Th [65]
.
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However, quantitatively, the expansion of CTL was rela-
tively reduced compared to that noted in adult mice [32].
Nevertheless, CTL induced by neonatal DNA vaccination
against the NP of influenza virus were of Tc1 phenotype and
mediated the clearance of homologous or heterologous virus
if the pCTL frequency was above a certain threshold
(roughly 103 specific precursors/spleen). The kinetics of
CTL induction was slower in neonates as compared to
adults, probably reflecting the immaturity of the T-cell
repertoire. Quantitative differences were noted in the case of
antibody titers as well: whereas the titers of neutralizing
antibodies persisted a longer time at high levels in adults
immunized with plasmid expressing the HA of influenza
virus, they declined more rapidly in mice immunized as
neonates [29].

Despite the fact that the magnitude of the immune
response elicited by neonatal DNA immunization was
decreased when compared to adult DNA immunization, a
number of studies reported significant protection conferred
by neonatal DNA vaccines against infectious challenge
carried out during adulthood. Such protection relied on CTL
in the case of the NP antigen of influenza virus [16,32], the
Cas-Br-M antigen of a murine retrovirus [22] and the NP of
LCMV [24]. Furthermore, protective Th-dependent humoral
immunity was elicited by neonatal immunization with
plasmids expressing the glycoprotein of rabies virus [17],
the HBs antigen [26] and the gB antigen of herpes simplex
[19]. No protection was noted after DNA immunization of
piglets against pseudo-rabies [17]. Our studies showed a
dramatic improvement in the protection conferred by neo-
natal DNA immunization, when mice were inoculated with
plasmid mixtures expressing dominant B, Th and CTL
epitopes [33].

By measuring the kinetics of virus-specific pCTL number
in the spleen of mice immunized as neonates with DNA
expressing the NP of a type A influenza virus, we have
shown that the memory pool expands between 1 and
3 months [32]. This indirectly but strongly suggested that
the exposure to antigen continued after 1 month and that
during the first month of life, the reduced T-cell repertoire is
a limiting factor. However, the exposure of lymphocytes to
antigens expressed by neonatal DNA vaccines occurs very
early since mice immunized with NP-expressing plasmid
and boosted at the age of 3 weeks with virus displayed
substantial immunity reminiscent of priming [16,32]. Sec-
ondly, mice immunized at birth with a plasmid expressing
the HA of a type A influenza virus mounted mixed Th1/Th2
responses, rather than Th1 response like 4 week old mice
[29]. All these data strongly suggest that while exposure of
lymphocytes to antigens expressed by neonatal DNA vac-
cines begins before the age of 2 weeks, it may last until after
the age of 1 month. However, the data based on prime/boost
regimens with DNA vaccines during the neonatal window
suggested that without necessarily inducing unresponsive-
ness, early inoculations are less effective in inducing pro-
tective immunity [33]. This observation may reflect differ-

ences in the antigen expression regarding cell type and
duration, depending on the precise developmental stage at
immunization.

One may take advantage of the improved quality of the
T-cell profile triggered subsequent to neonatal DNA vacci-
nation, by boosting with conventional vaccines in order to
further amplify the immune response. This is based on the
commitment of differentiated lymphocytes to maintain their
profile upon subsequent antigen encounter and has been
illustrated in a model of immunization against the respira-
tory syncytial virus [23]. A variant to this protocol may
consist in co-administration of conventional vaccines to-
gether with CpG oligonucleotides: indeed, surprisingly,
co-formulation of a prototype protein vaccine together with
CpG immunostimmulatory motifs in alum resulted in induc-
tion of substantial immunity as well as CTL responses in
newborn mice [34]. Besides the mechanistic implications
described below, this type of strategy would facilitate a
more rapid application in the area of vaccines since it
circumvents the requirement to develop antigen-expressing
plasmids.

1.2. Memory

Based on long-time persistence of plasmids at the site of
inoculation reported by numerous groups, it has been
assumed that the immune memory generated by DNA
vaccines would last accordingly. Due to the fact that first,
immune memory may persist in the absence of antigen and
secondly, that persistence of plasmid may not necessarily
reflect continuous exposure to antigen, it may be difficult to
predict the answer to this question.

While earlier neonatal DNA vaccination studies focused
on the concept of immunogenicity/unresponsiveness and the
induced immune profile, more recent work systematically
analyzed the magnitude and nature of immune memory
[35]. By employing a sensitive technique, consisting of
intracellular cytokine staining of T cells restimulated ex
vivo for a brief period with peptide, the authors showed a
remarkable life-long persistence of T memory cells subse-
quent to neonatal DNA vaccination with NP of LCMV.
Despite the equilibrated Th1/Th2 profile suggested by the
antibody isotype pattern, class I-restricted CD8+ T cells
expressing perforin and capable of rapidly up-regulating
IFN-γ production, persisted for 1 year at a frequency of
0.5–1% of total CD8+ T cells. This immune profile corre-
lated with the protection against viral challenge, manifested
by reduction of virus titers in tissue. The results of Hassett
et al. contrast significantly with our data in the influenza NP
system: we showed a sharp decrease in the frequency of
specific CTL measured by limiting dilution analysis, beyond
the age of six months, in mice immunized as newborns [32].
This was paralleled by loss of protection against lethal
challenge with influenza virus [32]. The discrepancy be-
tween the results of these studies may be due to the plasmid
vectors employed, differences in the size of the repertoire of
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naïve, specific T cells; presence of dominant helper
epitopes; and/or intrinsic differences between the read-out
methods and their significance in these cases. For example,
the size of the subpopulation of specific CD8+ T cells that
produces cytokines, may be larger than the pool of cells
endowed with cytotoxic properties as suggested by recent
studies [36].

We addressed the generation of humoral and cellular
memory in non-human primates immunized with a proto-
type DNA vaccine as newborns. In pilot studies, we
demonstrated that co-administration of NP and HA-
expressing plasmids to newborn mice resulted in a syner-
gistic protective effect against infectious challenge carried
out beyond the neonatal window (1–3 months) [33]. We
tested whether inoculation of such plasmids into newborn
baboons (at the age of 1 d and boosted on day 14 and 28),
is followed by induction of humoral and cellular responses
that persist beyond infancy. We determined that higher
doses of plasmid (1 mg/plasmid/dose) result in induction of
persisting titers of virus-specific IgG and most importantly,
in humoral and cellular memory revealed subsequent to
boost with virus at the age of 1.5 years [37]. Despite the
modest neutralizing titers of antibodies triggered by plasmid
vaccination alone, after boost, the endpoint titers were
substantial (at least four-fold higher than those of non-
primed controls, in the order of thousands). This suggested
that a prime/boost strategy may be a better way to take
practical advantage of our findings. Namely, priming with
DNA vaccine during the neonatal window followed by
conventional boost during infancy or early childhood (live
attenuated virus via respiratory tract in the case of anti-
influenza vaccination), may be the most optimal/safest
strategy to raise anti-influenza, broad immunity during early
life.

1.3. Neonatal vaccination and effect of maternal
antibodies

Maternal antibodies are transmitted via the placenta or
milk to offspring and they confer passive immunity to
microbes that infect relatively immunodepressed neonates
and infants. A prerequisite for the effectiveness of passive
immunity conferred by maternal antibodies is the conserva-
tion of antigens associated with strains that elicited maternal
immunity and strains that infect the offspring. Viruses that
rapidly mutate their dominant B-cell epitopes, like the
influenza virus HA determinants, may have limited potential
in generating effective maternal immunity. However, there
is significant likelihood that maternal antibodies recognize
B-cell epitopes of strains in circulation, including those
incorporated in contemporary vaccines, based on conven-
tional antigens. Thus, the neonatal vaccination with such
vaccines may face maternal antibodies that bind to surface
epitopes and rapidly clear the vaccine. The worst-case
scenario may occur when maternal antibodies instead of
recognizing neutralizing epitopes that mutate during drift

variation, bind to non-protective B-cell epitopes and thus
interfere with the efficiency of vaccine but have limited
ability to neutralize infectious virus. As another example,
measles virus that displays much less B-cell epitope vari-
ability may pose similar obstacles regarding neonatal vac-
cination and maternal immunity. Namely, long-term persist-
ing antibodies triggered by natural infection or live
attenuated vaccination may be transmitted to offspring,
where they may interfere with the immunogenicity of the
vaccine. Numerous observations documented that maternal
antibodies may actually inhibit the protective immunity
triggered by vaccines early in life. Such data were generated
in the case of measles virus [38], respiratory syncytial virus
[39], equine influenza virus [40], malaria [41], rabies virus
[42] and others. This is in fact one of the main reasons for
the late administration of certain vaccines such as the
measles vaccine, after the maternal antibodies decayed in
the circulation.

Although during the last two decades different models
were proposed to explain the phenomenon of maternal
interference—including active suppression by regulatory
lymphocytes—more recently it has been proposed that the
binding of the antibodies to the vaccine antigens caused this
effect. Thus, the formed immune complexes may preclude
the infection in the case of live attenuated vaccines or clear
the antigen in the case of subunit vaccines, before engage-
ment of B-cell receptors. The antigen trapped in immune
complexes is internalized via Fc receptors (FcR) into
non-professional APC, where it can be completely degraded
in endolysosomes (Fig. 1A). Resulting peptides may or may
not be exocytosed or displayed in the context of nascent
MHC class II molecules, upon displacement of the invariant
chain (Ii) in the CII vesicles. Since degradation of proteins
in endolysosomes greatly precludes preservation of confor-
mational B-cell epitopes, the spectrum of antibodies to
exocytosed fragments is greatly narrowed to those recog-
nizing linear epitopes. Thus, due to the conformational
nature of protective epitopes such as receptor-binding mo-
tifs, this results in unfavorable conditions for induction of
protective antibodies in the context of maternal immunity.
In addition to the interference with the recognition of
neutralizing epitopes, immune complexes may preclude or
modify generation and recognition of MHC class II-
associated epitopes. In vitro studies showed that virus-
specific polyclonal or monoclonal antibodies inhibited the
presentation of a major viral MHC class II-restricted epitope
by professional APC, when such APC were in vitro pulsed
with immune complexes [43]. This was postulated to occur
by redirecting the immune complexes to lysosomal com-
partments without endosomal transfer, although one cannot
rule out differential processing in endosomes with genera-
tion of distinct peptides. In addition, we cannot rule out that
the identity and degree of activation of APC involved in
clearance and processing of immune complexes are differ-
ent from those of APC subsets involved in handling of
antigens in the absence of specific antibodies. As showed
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recently, cross-linking of FcγR expressed on APC resulted
in induction of IL-10, a potent immunosuppressor molecule
[44]. Using FcγR knock-out mice, it has been shown that
FcγRI in particular were responsible for triggering IL-10
production upon receptor cross-linking (H. Zaghouani, in
preparation). IL-10 triggers down-regulation of expression
of MHC class II and of co-stimulatory molecules on APC
[45] and thus may prevent activation of Th cells. At this
point, it is unclear whether the lack of antigen exposure to
B-cell receptors or the impaired Th activation, are the
limiting factors responsible for negative interference by
maternal antibodies. Finally, the reduced activation of CTL
by live vaccines in the presence of maternal antibodies may
be easily explained by prevention of cellular infection (Fig.
1A). It is not clear, however, why immune complexes
containing viral antigens and maternal immunoglobulins are
devoid of the ability to induce class I-restricted immunity in
light of recent evidence to the contrary [46]. One explana-
tion may be that the magnitude of the CTL response is
greatly diminished but not abrogated in the presence of
maternal immunity.

In view of potential interference between maternal im-
munity and neonatal or infant vaccination, much attention
was given to DNA vaccines. The hypothesis was that
specific maternal antibodies, unable to bind to the vaccine
vector, do not interfere with the immunity induced by DNA
vaccines. Studies have been initiated in various experimen-
tal models and a certain pattern begins to emerge. As in the
case of conventional vaccines, it seems that the maternal
antibodies negatively interfere with the humoral response to
antigens expressed by DNA vaccines. Such results were
reported in different experimental models of pseudo-rabies
[17], measles virus, tetanus toxoid and influenza virus
[47–49]. Using an experimental system that comprised CB
F1(axb) mice bearing CHa and b allotypes, born from
mothers of IgCH

a allotype, it was demonstrated that either
virus or DNA immunization of neonates failed to mount
antibody responses in the presence of maternal antibodies
[50]. Maternal versus endogenous antibodies were distin-
guished using reagents specific for allotypes of IgCH. There
were two interesting findings in this study that suggest an
effect of maternal antibodies beyond passive clearance of
immunogens during the neonatal window: first, the inhibi-
tory effect in pups persisted beyond the decay of maternal
antibodies. Secondly, there was a complex effect of mater-
nal antibodies on the clonotype repertoire of B cells reactive
to influenza virus epitopes, consisting of a broadened
reactivity pattern. These findings may suggest a complex
regulation of the developing B-cell repertoire via internal
image antibodies, elicited by maternal immunoglobulins. In
contrast, the cellular immunity induced by neonatal DNA
vaccination was not affected by maternal antibodies trans-
mitted from dams to offspring.

A more heterogeneous pattern emerged regarding the
inhibition of T-cell responses by maternal antibodies. An
interesting study approaching this issue in the system of

murine herpes simplex infection showed that maternal
antibodies did not impair the Th response elicited by
neonatal DNA vaccine expressing the gB antigen [19]. In
contrast, the response elicited by conventional vaccine was
impaired. Interestingly, the antibody response triggered by
neonatal DNA immunization was not inhibited by maternal
antibodies in this particular situation. The lack of inhibition

Fig. 1. A proposed model explaining the differential impact of maternal
immunity on the immune response subsequent to neonatal immunization
with conventional (A) or DNA (B) vaccines. (A) Conventional vaccines
such as live attenuated are bound by maternal antibodies, interfere with
infection of permissive cells and redirect the opsonized vaccine to
phagocytic cells where degradation occurs in the endolysosomal compart-
ment. Peptides generated may be presented in context of MHC class II
molecules; however, the stimulation of antigen-reactive B cells and
generation of class I-restricted epitopes is largely prevented in the absence
of exposed antigen and cellular (abortive or replicative) infection, respec-
tively. (B) In contrast, maternal antibodies do not bind to plasmid vaccine.
Thus, generation of class I-restricted epitopes and activation of CTL is not
inhibited. In addition, various mechanisms such as transport of peptides
from cytoplasm to endolysosomes of in vivo transfected APC (left), or
CpG-activation of APC that internalize immune complexes (right), may be
responsible for generation of Th immunity to neonatal DNA vaccines in the
presence of maternal antibody. Another possibility (not shown in the
diagram) is shielding of B-cell epitopes by heat shock proteins during
antigen transfer between in vivo transfected cells and APC. Finally, the
activation of B cells may still be inhibited due to prevention of engagement
of B-cell receptors.
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of humoral response may be due to relatively low titers of
maternal antibodies or conversely, to a mismatch between
the fine specificity of antibodies elicited by the conventional
antigen and epitopes displayed on the antigen expressed by
the DNA vector, as other studies suggested as well [51].
This is indirectly supported by the findings of Mor et al. [15]
that differential B-cell epitopes are displayed in the context
of neonatal DNA vaccination and immunization with pro-
tein, respectively. Subsequent to DNA vaccination, the
microbial antigens may be expressed by a distinct set of
cells compared to the case of natural infection or conven-
tional vaccination, particularly in parasitic and bacterial
antigens. Thus, differential post-translational modifications
may account for display of different B-cell epitopes in DNA
or conventional vaccination, or microbial infection.

The lack of inhibition of T-cell responses generated by
neonatal vaccines in the context of maternal antibodies was
confirmed in the systems of measles virus, tetanus toxoid
and influenza virus [47–50]. In measles virus, significant
T-cell responses were obtained even subsequent to virus
immunization in the context of maternal antibodies. Inter-
estingly, CTL immunity induced by neonatal DNA vaccina-
tion with the NP of LCMV in the context of maternal
antibodies, was not impaired [24]. We noted similar lack of
inhibition by maternal antibodies of CTL response induced
by neonatal DNA immunization with a plasmid expressing
the NP of a type A influenza virus (Bot et al., not published).

Thus, in neonatal DNA vaccination, the rule seems to be
that maternal antibodies might affect B-cell rather than
T-cell immunity. Furthermore, DNA vaccines seem to per-
form better than conventional vaccines, from this point of
view. This pattern is in agreement with the mechanisms that
govern the immunity triggered by DNA vaccines. In hu-
moral immunity, maternal antibodies may bind and scav-
enge antigens released by in vivo transfected cells, thus
precluding the stimulation of a B-cell response. Circulating
antigen is thought to be required for proper engagement of
Ig receptors and activation of B cells. In contrast, in vivo
transfected APC might directly present the resulting
epitopes to class I-restricted CTL via the endogenous
pathway of processing. Thus, maternal antibodies would not
interfere with this process. Furthermore, if the transfer of
epitopes occurs in a poorly antigenic form, the induction of
CTL responses by cross-priming may not be affected in the
context of maternal antibodies. Regarding the generation of
Th responses, specific antibodies may display complex
effects on immunogenicity of class II-restricted epitopes
generated via the conventional exogenous pathway, ranging
from inhibition to stimulation [52,53]. It is possible that a
non-classical endogenous pathway of processing and pre-
sentation of class II-restricted epitopes may occur in the in
vivo transfected APC [54,55], eluding the inhibitory effect
of maternal antibodies. Clearly, the difference in the sus-
ceptibilities of B- and T-cell responses to inhibition by
maternal antibodies pinpoints the particularities regarding
the mechanisms of B- and T-cell priming.

This model is apparently challenged by recent discover-
ies and a few observations from the past: if cross-priming is
a predominant mechanism for generation of Th and CTL
responses in DNA-vaccinated organisms, then one would
expect an inhibitory effect of maternal antibodies, similar to
that noted in conventional vaccination. Secondly, one would
predict that CpG-co-formulated conventional vaccines are
inhibited by maternal antibodies. This was in fact not true,
as shown in a recently published study by Weeratna et al.
[56]. This study demonstrated that substantial CTL re-
sponses could be triggered by HBsAg formulated in alum
with CpG ODN in newborn mice, in the presence of
maternal antibodies. In fact, a previous study carried out in
a viral model challenged the inhibitory role of passive
immunity relative to the generation of CTL responses
subsequent to live-virus immunization [57]. An alternative
model emerges: thus, instead of bypassing the clearing
effect of maternal antibodies, DNA vaccines via CpG
immunostimulatory motifs, may activate APC to a level
where they can effectively process immune complexes and
present class I- and II-restricted epitopes in an immunogenic
form. In contrast, non-CpG activated APC would largely
fail to carry out this function, explaining the results with
conventional vaccines. This model is not necessarily con-
tradictory to the one described above, but adds an additional
layer of complexity to it (Fig. 1).

While this model awaits confirmation or rejection, it
would be interesting to extend to other microbial systems
the studies regarding the influence of maternal antibodies on
the immunity generated by various types of neonatal vac-
cines, and particularly, to address the effect on protection.
The effect on protection would likely depend on the relative
role of humoral versus cellular immunity in the defense
against the pathogen considered.

2. Mechanisms of neonatal immune responsiveness to
DNA vaccines

The studies on immunity induced by DNA vaccines in
neonates bear implications on neonatal responsiveness in
general. Thus, the observation that DNA vaccines are
immunogenic rather than tolerogenic when given to new-
borns defines another circumstance of neonatal responsive-
ness. The immunity conferred by neonatal DNA vaccination
closely resembles that generated in adults by DNA or live
vector vaccination, with subtle differences regarding the
magnitude and Th profile of the immune response. This is
remarkable, taking into account the difficulties of inducing
protective immunity by neonatal inoculation with conven-
tional vaccines. Together with other observations regarding
successful induction of immune response in neonates, the
studies on neonatal DNA vaccination questioned the para-
digm of neonatal tolerance as a critical determinant for
self/non-self discrimination and promoted instead the well-
accepted “danger model”.
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Studies aimed at assessing the factors responsible for
immunity to neonatal DNA vaccines pointed out the role of
immunostimulatory CpG motifs. Indirectly, this revealed
that co-stimulation is generally limiting during the neonatal
stage and secondly, that CpG motifs may circumvent to a
certain extent this defect by activating the immature neona-
tal APC. Co-inoculation of CpG motifs together with
alum-formulated HBV surface antigen into newborn mice
was followed by induction of immune response, similar to
that obtained by DNA immunization [34]. In fact, the
magnitude of immune response was higher in the case of
CpG-formulated antigen, suggesting that the quantity of
antigen is a limiting factor in neonatal DNA immunization.
Interestingly, co-inoculation of CpG motifs allowed the
generation of significant CTL responses to the protein,
indicating that cross-priming can occur in the neonatal
context. Similar evidence regarding the role of CpG oligo-
nucleotides in neonatal DNA vaccination was recently
obtained in a model of measles virus ([58]; C.A. Siegrist,
unpublished). Thus, the CpG immunostimulatory motifs
may help CTL induction by cross-priming and generation of
Th1 responses subsequent to stimulation of neonatal APC.
Such events may occur by triggering the IL-12 production,
up-regulation of co-stimulatory molecules such as B7.1,
B7.2, CD40 and by activating non-classical MHC class
I-presentation pathways in APC. Interestingly, the concept
of neonatal susceptibility to high zone tolerance was chal-
lenged by the observation that neonatal immunization with
protein formulated with CpG oligonucleotides triggered
enhanced rather than decreased responses or immune toler-
ance. It is possible that activation of additional professional
APC may increase the threshold dose associated with high
zone tolerance in neonates. A recent study pointed out as
important limiting factor the reduced number of profes-
sional APC in neonates: co-administration of plasmids
expressing GM-CSF and the circumsporozoite protein
(CSP) into newborn mice triggered immunity rather than
tolerance [59], that was previously achieved with the
CSP-plasmid alone [15]. Since GM-CSF has a known effect
on the differentiation and activation of dendritic cells, this
result indicates their involvement in the response triggered
by neonatal DNA vaccines and provides clues regarding
how such vaccines may be improved. Supporting this
model, co-administration of IL-12 or IFN-γ expressing
plasmids together with DNA vaccine to newborn mice,
optimized the Th1 component of the immune response [31].

In conclusion, the recruitment and activation of profes-
sional APC by immune stimulatory CpG motifs circumvents
their limiting number and immaturity in neonates. Further-
more, continuous antigen production in low amounts, while
decreasing the likelihood of tolerance, may contribute to the
priming of functional T and B cells in the periphery during
the neonatal stage. The most important limiting factors
associated with neonatal responsiveness are the decreased
GM-CSF, IL-12 and IFN-γ production by natural immune
cells and the limited size of the immune repertoire. Conse-

quently, early immunization with proper adjuvants may
address both of these limiting factors resulting in feasible,
neonatal vaccination strategies.

3. Down-regulation or deviation of immune responses
by neonatal DNA vaccination

In view of the numerous findings that neonatal DNA
vaccination triggers substantial immune responses, the use
of plasmid expression vectors to reduce immunity may
appear counter-intuitive. Nevertheless, there is accumulat-
ing evidence that plasmid vaccination may be used to
modulate immune responses.

An exception from the rule of immunogenicity of neo-
natal DNA vaccines was reported in mice inoculated with a
plasmid expressing the CSP of Plasmodium yoelii [15].
Namely, newborn mice immunized with that plasmid
mounted long-lasting tolerance that selectively affected
certain B- and T-cell epitopes on the circumsporozoite
antigen. The responsiveness to epitopes normally recog-
nized following protein immunization remained unaffected.
In contrast, the adult mice were strongly immunized by this
plasmid [15]. Whereas the reason for the discrepancy
between this observation and the other studies on neonatal
DNA vaccination remains elusive, this result should be
complemented with the recent finding that neonatal DNA
immunization with the same circumsporozoite antigen in-
duced a rather peculiar CD8+ bystander-suppressor popula-
tion of T cells [60]. Thus, besides the natural tendency of the
neonatal immune system to tolerance, certain properties of
this antigen or expression vector may be critical for the
noted effect in newborn mice. More recently, it was shown
that co-administration of GM-CSF blocks the development
of unresponsiveness in this model [59], adding a critical
piece to the mechanistic puzzle. The simplest hypothesis is
that GM-CSF-responsive cells such as DC are immature
during the short neonatal period, leading to increased
susceptibility to tolerance. The activity of neonatal APC
may be partially ameliorated by increasing the content of
unmethylated oligodeoxynucleotides [58], that results in
more substantial adult-type IL-12 production and a shift to
Th1 responses. Alternatively, co-administration of plasmids
expressing Th1-driving cytokines (IL-12 or IFN-γ) was able
to direct the neonatal immunity triggered by genetic vacci-
nation, toward a Th1 profile [31]. These studies are in
support of an earlier report that showed significant differ-
ences between T-cell cytokine profiles subsequent to neo-
natal versus adult vaccination with a plasmid expressing
influenza hemagglutinin [61]. Whereas adult intramuscular
immunization resulted in strongly biased Th1 response, the
neonatal DNA vaccination led to a mixed, Th1/Th2 profile.

The differential responsiveness of neonates and adults to
plasmid vaccines may create the opportunity to modulate
immune responses using this strategy. Recently, we ap-
proached this issue by using plasmid vaccination with a
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self-antigen (insulin B chain) that has been previously
shown to block autoimmune diabetes in an antigen-mimicry
model [62]. Priming of newborn NOD mice with this
plasmid, followed by two boosts (at 4 and 8 weeks) was
followed by substantial suppression of disease (Fig. 2A).
This was associated with Th2 shift in the spleen and
expansion of both Th1 and Th2 arms in the pancreas-
draining lymph nodes [37]. The specificity was demon-
strated by the inability of control plasmid lacking the insulin
gene, to influence the disease. The neonatal priming was
critical, since the mice that were not primed during early life
inexorably progressed to full-blown disease (Fig. 2A). This
was not simply an issue of number of inoculations, since
four administrations of plasmid failed to further increase the
protective efficacy. Based on previous studies of neonatal
DNA vaccination as well as T-cell profiles generated by
plasmid vaccination with insulin B chain, we postulated that
a T-cell shift is responsible for the protection against disease
in the NOD model. This was confirmed by the lack of
protection of NOD IL-4–/– mice subsequent to plasmid
vaccination with the insulin B chain (Fig. 2B).

Together, these data demonstrate that by early plasmid
vaccination, it is possible to generate a deviated/regulatory
immune response that remains imprinted. In addition, IL-4
is a cytokine associated with T cells primed by neonatal
DNA vaccines, that can be of value for the prophylaxis of
autoimmune diseases.

4. Conclusions and directions

Pre-clinical studies during the last decade showed that
neonatal DNA vaccination most often leads to induction of
immunity rather than unresponsiveness, despite the imma-
turity of the immune repertoire and of APC. Immunostimu-
latory motifs associated with plasmid DNA are responsible
for the activation of APC, resulting in induction of IL-12
dependent, IFN-γ-producing Th1 and cytotoxic cells. When
this mechanism is not sufficient, additional APC-activating
signals may be delivered (i.e. GM-CSF) for the purpose of
optimizing the response to neonatal DNA vaccines. As a
rule, neonatal DNA vaccines are substantially more effec-
tive in inducing T1 immunity than conventional vaccines.

Nevertheless, there are differences in the magnitude and
quality of immune responses triggered by neonatal and adult
DNA vaccination. In contrast to adults, the neonates display
a higher propensity to develop Th2 immunity subsequent to
DNA vaccination, which co-exists with the Th1 component.
Secondly, due to the relative immaturity of the immune
system, the magnitude of immune response generated by
neonatal DNA vaccination is usually reduced compared to
that triggered by adult immunization.

The potential advantages of neonatal vaccination with
DNA-based expression vectors are (i) induction of broad
humoral, Th and CTL responses; (ii) lack of side effects due
to vector replication, associated with live virus immuniza-
tion of infants; (iii) lack of interference of maternal anti-
bodies with the T-cell responses elicited by neonatal DNA
vaccines and (iv) the practical feasibility of designing and
manipulating DNA vaccines.

There are still issues to be resolved before the DNA
vaccines would be in a position to be seriously considered
for neonatal vaccination of humans. First, more safety data
are needed to rule out possible side effects like genome
integration and oncogenesis, particularly taking into ac-
count that neonatal tissues comprise many proliferating
cells. Secondly, there is a need for means to improve the
efficiency in terms of the magnitude of immunity, relative to
vaccine dose. This is particularly important, since to date,
the results obtained in phase I/II clinical trials with proto-
type DNA vaccines administered to adult volunteers re-
sulted in responses of rather limited magnitude [63]. How-
ever, since the immune system of newborn primates is more
matured compared to that of rodents, the likelihood of high
zone tolerance may be even more reduced in humans.
Supporting this notion, it has been recently demonstrated
that even fetal administration of DNA vaccine to non-
human primates resulted in induction of immunity rather
than tolerance [64].

One avenue to increase the immune response is by
improving the in vivo transfection rate and/or antigen
expression levels. Another way is to deliver the vaccine
locally, for the purpose of generating mucosal immunity.
Due to known quantitative differences between mucosal
associated lymphoid tissue in rodents and primates, more

Fig. 2. (A) Female NOD mice were injected intramuscularly with plasmids
expressing insulin B (pInsB) or control plasmid (pCTRL), at the age of 1,
4 and 8 weeks or only at 4 and 8 weeks (pInsB); * P of log-rank test < 0.05.
(B) Alternatively, IL-4null NOD mice were injected using the same
three-inoculation protocol, with insulin B-expressing plasmid. The results
were expressed as % hyperglycemic animals.
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work is required to validate the observations obtained
mainly in mice. Still, a different avenue consists in priming
with DNA vaccines that induce adult-type immune memory,
followed by boost with conventional vaccines, that readily
expands this memory pool. Immunization with conventional
vaccines formulated with CpG motifs, while retaining the
benefits of DNA vaccines, may be superior regarding the
magnitude of immune response and the safety profile.

Finally, neonatal DNA vaccines may be used to modulate
emerging immune reactions against self-antigens, with im-
plications for prophylaxis of autoimmune diseases in pre-
disposed individuals. Since the outcome in terms of
Th1/Th2 profile is controlled by the number of species-
specific immunostimulatory motifs, a practical application
for this concept awaits additional studies.
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