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Most existing vaccines do not induce protective immunity immediately following birth, nor do they
retain protective efficacy in the latter years of life without booster doses. Using a mouse model, we
present evidence that a live-replicating vaccine administered only once shortly after birth was able to
induce both immediate and lifelong protection. Newborn mice immunized with a safe, highly attenuated
strain of Listeria monocytogenes (Lm) were already protected by day 7 post-vaccination when challenged
with a virulent strain of Lm. Furthermore, all mice remained fully protected for 2 years after only a single
immunization. Vaccine-specific T cell immune responses were still detectable 2 years later, indicating
eonatal vaccination
ife-long immunity
rotective immune memory

long-lived immune memory even in neonatal vaccine recipients. Analysis of memory precursor subsets,
specific for antigens homologous to Lm or a model vaccine (Ova), demonstrated remarkable similarity
between adult and neonatal vaccine recipient effector and central memory CD8 T cell development. The
magnitude of expansion of antigen specific memory T cells post-infectious challenge correlated with
protection in both groups. This is the first direct evidence that vaccination—even in the absence of a
booster dose—is capable of inducing immediate and lifelong protective immune memory regardless of
age at the time of initial vaccination.
. Introduction

Vaccination is rightly hailed as one of the greatest medical inter-
entions, but for many vaccine-preventable diseases we remain
ncapable of protecting the most vulnerable—our youngest and our
ldest [1,2]. The infant’s immune response to routinely adminis-
ered vaccines is often suboptimal and frequently requires boosting
o reach protective levels that are readily achieved in older children
r adults [3]. Infants also appear to be more susceptible to infections
4,5], prompting the WHO to recommend an earlier vaccination
chedule in an attempt to curb infant mortality in areas where the
isk of infection is highest [6]. Vaccination at birth would indeed

ffer operational savings, and result in greater vaccine coverage
7,8]. However, the development of safe and effective neonatal vac-
ines is hampered by a limited understanding of ways to optimally
nduce early and long-lasting protective immune responses in the
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context of the neonatal immune system [9]. Live-replicating vac-
cines are expected to produce more robust and long lived immunity
irrespective of when in life they are administered, but most child-
hood immunization utilizes inactivated or subunit vaccines [10].
The only 2 live vaccines currently used in neonates are BCG and
OPV, which either lack life-long protective efficacy [11] or require
booster vaccination [12]. An optimal vaccine would induce protec-
tive immunity within the neonatal immunological context.

When compared to adults, neonates appear to have a reduced
capacity to produce T-helper type 1 (Th1) cytokines that support
cell-mediated immunity [13], and also seem to be less capa-
ble of inducing and maintaining long-term Th1-CD4 and CD8 T
cell immune memory [14]. Neonates instead appear to favor T-
helper type 2 (Th2) or tolerogenic responses [15–17]. Similar to
the reduced protective immune function in early life, the immune
system of the elderly also appears to lean towards a tolerogenic
phenotype with an increasing abundance of suppressor cells [18],

and with poorly functioning antigen-presenting cells (APCs) and T
cells [2]. Collectively, these ontogenic phenomena have contributed
to the commonly held belief that the newborn and the elderly
develop and/or maintain immunologic memory poorly, that vac-
cines given during this time are less effective, and that long-lasting

dx.doi.org/10.1016/j.vaccine.2010.10.013
http://www.sciencedirect.com/science/journal/0264410X
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rotection in these disparate age groups requires repeated booster
mmunization. Indeed, this appears to hold true with most com-

only used vaccines [2,5,19–21].
We show here, with only a single immunization with attenu-

ted Lm administered to both newborn and adult mice, that fully
rotective immunity from challenge with a vaccine homologous
athogen was induced immediately and then lasted a lifetime.
evelopment of CD8 T cell immune memory subtypes was nearly

dentical between neonatal and adult vaccine recipients, and upon
econdary challenge the magnitude of IFN-�+ T cell expansion cor-
elated with protection in both groups. However, specific measures
f correlates of protection (CoP) were more readily identifiable in
ice immunized as adults. While a previous report from our group

emonstrated generation of immune memory responses in both
eonatal and adult vaccine recipients [9], we establish here the life-

ong persistence of protective immunological memory responses
n both groups. This represents the first indication that lifelong
rotective immune memory is achievable through vaccination of
eonates, without the need for booster doses.

. Materials and methods

.1. Mice

Murine pups were vaccinated at day 6 of life, which is the age
hese mice are closest to human neonates with respect to the matu-
ational status of the immune system [1]. Adult mice were 6 weeks
f age at the time of vaccination. The mice were F1 mice express-
ng both H-2b and H-2d MHC alleles (C57BL/6 × BALB/c). In pilot
xperiments we found that the F1 mouse (H-2b × H-2d) immune
esponses to stimulation with the Ova257-264 and LLO189-201 pep-
ides (both presented by the H-2b haplotype [22–24]) were
ndistinguishable from C57BL/6 mouse responses (only H-2b) (data
ot shown). While the current set of experiments focused only on
hese 2 H-2b restricted epitopes, we chose to continue using F1

ice expressing both haplotypes to allow direct comparison of our
urrent data to our previous findings on neonatal immunization
trategies using Lm. After vaccination, pups were housed with the
nvaccinated mother and weaned at 21 days of age. Animals were
oused under specific pathogen-free conditions at the Child and
amily Research Institute of the University of British Columbia. The
nstitutional Animal Care and Use Committee approved animal use
rotocols.

.2. Bacterial strains, immunization and infectious challenge

Lm �actA strain DPL1942, and Lm-Ova was kindly provided
y Drs. N. Freitag and D. Portnoy (University of Illinois-Chicago
nd University of California-Berkley, respectively), and Dr. H. Shen
University of Pennsylvania, Philadelphia, PA), respectively. Lm

actA-Ova (attLm-Ova), which lacks the actA virulence gene but
xpresses the heterologous model vaccine peptide ovalbumin
Ova), was provided by Dr. S.S. Way (University of Minnesota)
25]. This strain was used for adult and neonatal vaccinations. All
trains were grown to late-log phase (OD600 = 1.0) at 37 ◦C, washed
n normal saline, and stored frozen at −80 ◦C in normal saline
olution containing 20% glycerol. Frozen stocks were diluted to
00 �l in normal saline and injected i.p. for both immunization
nd challenge. Live Lm in lysates of infected spleens and livers
ere determined near the peak of bacterial burden (4 days post-
nfection) as described [25], by homogenizing organ tissue and
lating serial dilutions on Lm growth agar (brain-heart infusion).
ower limit of detection was 30 and 50 colony-forming units (CFU)
er organ for spleen and liver, respectively. We determined the
inimal challenge dose of Lm expressing Ova (Lm-Ova), that was
29 (2011) 83–90

necessary to induce signs of moribundity (piloerect fur, hunched
position, hypoactive, weight loss) in 100% of recipients in each age
group. These doses were 1 × 104, 1 × 107, and 5 × 105 for 12-day
(1 week post neonatal vaccination), 4-month and 2-year old mice,
respectively. All immunizations were at a dose of 1 × 104 attLm-
Ova.

2.3. Enumeration of antigen-specific T cells

Intracellular cytokine (ICC) staining was performed as described
[25] using reagents from eBioscience (eBio) (San Diego, CA)
and BD Pharmingen (BD) (Mountain View, CA). Splenocyte sus-
pensions were prepared by homogenizing spleens between two
sterile glass slides, subjected to RBC lysis and then filtered
through a 70-�m mesh and washed in RPMI 1640 media. Spleno-
cytes were incubated for five hours in 200 �l of RPMI 1640
medium supplemented with 10% FCS (Hyclone, Logan, UT), l-
glutamine, penicillin, and streptomycin in the presence of the
indicated Ova257-264 or LLO189-201 peptide (10−6 M) and Brefeldin
A. Cells were subsequently permeabilized with Cytoperm solu-
tion (BD), and stained with APC-Cy7-labeled anti-CD3 (BD), either
PerCP-labeled anti-CD8 or anti-CD4 (BD), and PE-labeled anti-
IFN-� (eBio) for 45 min at room temperature and fixed in a
1% paraformaldehyde in PBS solution. Antigen-specific surface
stains were performed on non-permeabilized cells using APC-Cy7-
labeled anti-CD3 (BD), PerCP-labeled anti-CD8 (BD), APC-labeled
anti-KLRG1 (eBio), PeCy7-labeled anti-CD127 (eBio), FITC-labeled
anti-CD43 (eBio), Pacific Blue-labeled anti-CD62L (eBio), and PE-
labeled Ova-loaded MHC class I tetramer. Stained cells were
acquired uncompensated on a FACSAria flow cytometer (BD), and
analyzed using FlowJo software (TreeStar, Ashland, OR). This pub-
lication complies with the minimal information about a flow
cytometry experiment (MIFlowCyt) standard for reporting as out-
lined by Lee et al. [26]; detailed additional information as required
by the MIFlowCyt standard is provided in Appendix 1.

2.4. Statistics

Percent protection was calculated as percent reduction, derived
from the ratio of CFUs isolated from controls to CFUs isolated
from the experimental groups (% protection = 1 − [CFU experimen-
tal/CFU control] × 100; max = 100%). The differences in geometric
mean CFUs, and the differences in the percentages of activated
CD3+ splenocytes were evaluated using the Student’s t-test, with
p < 0.05 taken as statistically significant. Correlation of protection
analysis between protection and cytokine production was assessed
per mouse by using Prism (GraphPad Software Inc.) to conduct a
two-tailed Pearson correlation analysis; p < 0.05 was taken as sta-
tistically significant.

3. Results

3.1. Immunization with a live-replicating vaccine protects
immediately and for life regardless of age at vaccination

To date there have been no reports of both immediate and life-
long protection elicited from a single neonatal vaccination in either
humans or animal models. Furthermore, most studies of neonatal
vaccination have only shown substandard or short-lived protective
immune responses after early life vaccination [3,5,14]. Based on our
previous findings demonstrating robust recall immune responses

in adult mice immunized with Lm as newborns [9,27,28], we
hypothesized that a single immunization given around birth would
induce protection during the neonatal period and that this protec-
tion would persist for the animal’s lifespan without requiring any
booster doses. We therefore set out to determine if a single neonatal
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Fig. 1. Mice immunized during the neonatal period were protected for life. Mice
were immunized with 1 × 104 attLm-Ova on day 6 (Neonate) or week 6 of life (Adult).
Challenge doses of virulent Lm-Ova induced moribundity in all age-matched naïve
controls. 1 × 104, 1 × 107 and 5 × 105 were administered to 12 day (7 days post
neonatal vaccination), 4 month and 2 year old mice, respectively. (A) There was
100% moribund-free survival in immunized mice; all naive mice developed signs of
moribundity by 4 days post-challenge. (B) Shown is the percent reduction in CFU
in the infected, but immunized, group from the CFU detected in the infected unim-
munized age-matched naïve controls. 100% protection = undetectable CFU/organ;
0% = no decrease in CFU/organ relative to naive controls. All immunized groups
at each time point were significantly protected when compared to naive controls
(p < 0.05); e.g. 4414 ± 3423/5800 ± 3242 CFU (mean ± SEM) isolated from spleens
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white bar)/livers (black bar) of challenged mice at 2-years post neonatal vaccina-
ion; heavy infectious burdens of 3,257,000 ± 1,463,750/3,325,067 ± 529,369 CFU
ere isolated from the spleens and livers of age-matched infected, but previously
aïve, control mice. Bar, SEM; n = 6–9 per group.

mmunization with Lm could provide immediate protection early
n life, and how long such protection would last. To this end, we
mmunized 6-day old mice with attLm-Ova. Protective immunity
n immunized mice was qualitatively assessed after infection with

virulent Lm strain administered at a dose sufficient to induce
oribundity in 100% of naïve recipients. Protection was also quan-

ified by enumerating the bacterial load (CFUs) in the spleen and the
iver of immunized mice, and by comparing these to the CFUs iso-
ated from age-matched naïve control (previously unimmunized)

ice. Six to nine individual mice in each group were immunized
s neonates (6 days old) or as adults (6 weeks old) and then chal-
enged 7 days, 4 months, or 2 years later. The experimental setup is
llustrated in Fig. 1A. Both neonatally- and adult-immunized mice

ere completely protected from infectious challenge as early as
week post-vaccination. No immunized mouse developed signs
f moribundity, while all naïve control mice succumbed to infec-
ion within 4 days of challenge—i.e., vaccine-induced protection
rom moribund outcome resulting from virulent Lm-Ova infection
qualed 100%. Quantitative measures of protection did not wane at
ny time point (7 days, 4 months, 2 years) post-immunization, with
29 (2011) 83–90 85

>90% reduction in CFU for each experimental group (% reduction of
CFU/organ compared to infected age-matched naïve mice (Fig. 1B)).
Importantly, this level of protection at day 4 post-challenge corre-
sponds to sterilizing protection (i.e., undetectable CFU) by day 7
post-challenge [29,30]. Long-term immunity was demonstrated by
significant reductions in bacterial load after challenge at 4 months
post-vaccination (confirming our previous finding [9]). We were
able to now extend this finding until the very end of the nor-
mal 2-year lifespan of a mouse (Fig. 1B). Specifically, 4 days after
infectious challenge, we detected 4414 ± 3423 (mean ± standard
error (SE)) CFU in the spleens and 5800 ± 3242 CFU in the liv-
ers of 2-year old mice that had been immunized as neonates,
and 15,288 ± 4660 and 38,840 ± 27,954 in the spleens and livers,
respectively, of 2-year old mice immunized as adults. This clearly
shows that both groups were significantly protected (p < 0.05) rela-
tive to the CFU recovered from the spleens (3,257,000 ± 1,463,750)
and livers (3,325,067 ± 529,369) of age-matched, infected but naïve
control mice.

3.2. Memory cell subtypes (Tcm and Tem) develop at a similar
rate and ratio irrespective of age of vaccination

Immune responses protecting from virulent Lm challenge have
been shown to depend on the type of CD8+ T cell immune memory
that is developed after Lm-based vaccination: in a study employing
adoptive transfer of TCR-transgenic T cells, it was demonstrated
that effector memory T cell (Tem) responses were more pro-
tective against Lm than central memory T cells (Tcm) [31]. We
set out to determine the development of these two immune
memory subsets over the course of both the adult and neonatal
primary response to vaccination. To this end, a memory devel-
opment time-course experiment was performed, in which both
neonatal and adult mouse splenocytes were stained for vaccine-
specific memory precursor T cells (CD3+/CD8+/CD43+/OVA257-264
tetramer+/CD127hi/KLRG1lo); CD43 is high in activated, expand-
ing and migrating T cells [32], whereas CD127hi and KLRG1lo are
commonly used markers for activated 1◦ memory precursor cells
[33]; central memory T cells can be identified by surface expression
of the CD62-ligand (CD62L) (Fig. 2A). Our data indicated that over
the first month post-vaccination a similar percentage of vaccine-
specific CD8+ T cell memory precursor subsets develop in both age
groups (Fig. 2B), with CD8+ Tcm percentages ranging between 30%
and 40% in adults as well as neonatal mice (Fig. 2C). Furthermore,
we found very little fluctuation in the Tcm:Tem ratio from day 7
to day 21 post-vaccination. In our wild type mouse model (i.e.,
not involving TCR-transgenic T cells) CD8+ T cells specific for Ova-
antigen were too low in number by one month post-vaccination
to allow detection above background Ova-specific Tem and Tcm
cellular phenotypes.

3.3. Immune memory responses last a lifetime after only a single
immunization of either newborn or adult mice

For commonly used vaccines, which are primarily inactivated
or subunit vaccines, newborns require multiple booster doses to
reach equivalent immune memory responses as similarly vacci-
nated children or adults [4,21]. Much like the neonatal period,
long-term memory responses appear to also be poorly maintained
in the elderly [2]. However, live vaccines are expected to elicit more
optimal immune mediated protection irrespective of the age of vac-
cination [34]. We therefore set out to assess immune responses at

the extreme ends of the age spectrum using live-attenuated Lm in
our animal model (6 days of life and 2 years). To assess the longevity
of Th1 immune memory responses in mice immunized with attLm-
Ova, IFN-� production was measured in antigen-specific CD8 and
CD4 T cells 4 days post-challenge with virulent Lm-Ova. Immune
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Fig. 2. Memory development occurred with similar kinetics and phenotype between adult and neonatal vaccine recipients. Mice were vaccinated with 1 × 104 of attLm-Ova,
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nd Ova-specific T cells were detected in splenocytes by flow cytometry. (A) Ident
xpansion of Ova-specific CD8 T cells in both neonates (solid line) and adults (dotted
id not occur before day 10, while adult T cells began to contract after day 7. (C) Ce
dult vaccine recipients and proportion of Tcm were maintained equally over the c

emory was assessed at 4 months post-vaccination, as previ-
usly described [9], and compared to recall responses at 2 years
ost-vaccination. Recall responses were not assessed at the earlier
ime points, i.e., at 7 days post-immunization, as this time point
orresponds to the near-peak primary immune response follow-
ng immunization [9], thus precluding differentiation of primary
s. recall memory responses based on IFN-� production. Neona-
ally and adult immunized mice were compared for responses to
he MHC-I-restricted peptide Ova257–264 (Fig. 3A) and the MHC-II-
estricted peptide LLO189–201 (Fig. 3B). Qualitative levels of cytokine
roduction, on a per/cell basis, was similar for all groups at each
ime point, indicated by a similar mean fluorescent intensity (MFI)
or IFN-� (not shown). Both peptides used to measure antigen-
pecific cell responses represent the dominant CD8 (Ova257–264)
nd CD4 (LLO189–201) antigens, as determined in our previous
tudy [9]. Significant levels of Ova-responsive (IFN-�+) CD8 T cells
ere detected after challenge at both 4 month and 2 years post-

accination; however, at the earlier time point, vaccinated adults
id not exhibit as strong a response as neonatally immunized mice.
oth groups responded similarly when challenged at 2 years post-

mmunization (Fig. 3A). However, CD4 T cells from mice immunized
s adults no longer responded significantly to LLO at 2 years post-
mmunization (Fig. 3B), while CD4 T cells of mice immunized as
eonates maintained this capacity for up to 2 years.

.4. Vaccine-specific IFN-�+ T cells correlated significantly with
rotection from infectious challenge in both neonatally and adult

mmunized mice

A strong functional CD8 T cell IFN-�+ recall response has been

hown to be associated with protection from virulent Lm [35]; how-
ver, evidence to support the validity of using markers such as
ytokines for protective cell-mediated immunity is limited [36–38].

e therefore set out to determine the statistical relationship
etween the frequency of vaccine-specific T cells producing IFN-
on of Ova-specific precursor memory cell subsets from total splenocytes. (B) Peak
ccurred by day 7 post-vaccine, but newborn vaccine recipient CD8 T cell contraction
memory CD8 T cells (Tcm) were developed already by day 7 in both newborn and
of the primary immune response for both groups. Bar, SEM; n = 6–9 per group.

� in response to pathogen-associated peptides, and the mouse’s
ability to clear an infectious challenge. A two-tailed Pearson cor-
relation analysis demonstrated that the frequency of Ova-specific
CD8 IFN-�+ responder T cells significantly correlated with clear-
ance of Lm from the spleen in both neonatally and adult immunized
mice, but clearance of Lm from the liver correlated with CD8 IFN-
�+ T cell responses only in mice immunized as adults. Although the
Pearson correlation coefficient (R-value) was lower for Ova (pep-
tide to which attLm-Ova induced primary and memory responses
are the strongest [9]) in the neonatally vaccinated group, the rela-
tionship still remained significant. Notably, neither group displayed
a significant correlation between IFN-�+ CD4 T cell response and
protection in the spleen; however, IFN-�+ CD4 T cell responses cor-
related significantly with protection in the liver, but only for mice
immunized as neonates (Fig. 4).

4. Discussion

There is an urgent need to develop successful strategies to elicit
lifelong immunity early in life with only a single immunization.
Neonatal vaccination strategies promise to pay large dividends by
protecting this most vulnerable group [6,39], by possibly increasing
vaccine coverage [1,3], and would thus contribute to decreasing
overall public health expenses [8]. However, vaccination in early
life also poses challenges to vaccine development due to the rapidly
changing status of the neonatal immune system [1,13,14,40]. The
first step towards reaching this goal thus lies in identifying a system
that successfully stimulates the neonate’s unique immune system
to generate long-term protective immune memory [41].
Lm is a potent activator of antigen-presenting cells (APCs)
[42,43] and is currently under investigation for use as a vaccine
vehicle in human adults [44–46]. Work from our group indicates
that Lm elicits protective immune responses and can be safely
used in murine newborns [9,28]. In the work presented here, we
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Fig. 3. Mice immunized during the neonatal and adult period developed mem-
ory T cells that lasted a lifetime. Mice immunized with attLm-Ova on day 6 of life
or at 6 weeks of age, and non-immunized (naive) mice were infected with viru-
lent Lm-Ova either 4 months or 2 years post-vaccination; cytokine production was
assessed 4 days later by flow cytometric detection of IFN-�+ CD8 and CD4 T cells
after stimulation with MHC I restricted Ova peptide, or MHC II restricted LLO pep-
tide, respectively. Percentages of IFN-�+ T cells in naive controls were negligible and
no-peptide control responses were subtracted from peptide stimulated responses
for each mouse. Mean percent vaccine-peptide responsive IFN-�+ CD8 and CD4 T
cells are shown for neonatally immunized mice (white bars) and adult immunized
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Fig. 4. Vaccine recall response of CD8 T cells correlated with protection from
challenge with virulent Lm-Ova. Pearson correlation analysis was calculated on a
per-mouse basis with clearance of infection from the spleen and liver. Shown is
1/CFU detected per organ (log scale) 4 days after infection of immunized mice, and
% IFN-�+ CD8 T cells (diamonds) or IFN-�+ CD4 T cells (squares) on the y-axis. Statis-
tical output for the Pearson correlation analysis is indicated for each peptide-specific
ice (black bars). Responses from neonatally and adult immunized mice were sig-
ificantly greater than naive-infected controls for both time points, except the adult
D4 T cell response, which was only detected as significant at 4 months. p < 0.05;
.s., not significant; bar, SEM; n = 6–9 per group.

ound that a single vaccination with attenuated Lm administered
n the first week of life, induced protection from lethal challenge
s early as 1 week post-vaccination. And this neonatally induced
rotection persisted for 2 years, the lifetime of a mouse, with-
ut the need for administering additional booster doses. Immune
emory responses also lasted for the lifetime of the mouse and

accine-specific T cells significantly correlated with protection
rom infectious challenge.

Challenges to effective vaccination of newborns appear to be a
ack of strong antibody responses particularly to T cell independent
ntigens [19,21], a Th2 bias early in life [14,47], and subopti-
al induction of long-lived immune memory [5]—all of which

ppear to necessitate the administration of booster doses later
n life [1,13,15]. Live-attenuated-replicating vaccines have been
hown to confer protective immunity even if given to neonates
12]. Our group has previously demonstrated that a live Lm-based
accine administered around birth induces robust antigen-specific
h1 immune memory responses when challenged as adults [9,28].
ut the primary goal of neonatal immunization has to be protec-
ion of the very young [48]. We thus set out to determine if an
m-based neonatal immunization would induce immediate pro-
ection already in early life. We found that neonatal and adult

ice immunized with attenuated Lm-Ova were fully protected 1
eek following immunization (Fig. 1). This was the earliest time

oint that our system would allow us to determine sterilizing pro-
ection because the Lm vaccine inoculum takes up to 7 days to
e cleared in mice immunized as neonates or as adults ([29,49]
nd data not shown). Our finding of early protection provides fur-
her support for the potential use of Lm as a vaccine vehicle for
cell measured. The numerical R-value indicates the strength of correlation. Student’s
t-test was performed to determine significance of correlation between the ampli-
tude of antigen specific T cell expansion and the degree of protection (inverse of
burden of infection) at day 4 post-challenge. n = 12 per group.

adults [44,46]. With respect to neonatal vaccine induced protec-
tion, other groups employing vaccine strategies not relying on
Lm have shown protection following immunization in early life;
however, protection in these model systems was apparent only
3 weeks to 1 month post-immunization [50–52], or only after
administration of additional booster doses [48]. In light of these
findings, our data indicating early life protective responses after a
single neonatal vaccination support the notion that the neonatal
immune system is not in principle unable to provide immediate
protective responses, but is rather context dependent in that such
responses rely on appropriate stimulation. Lm is a strong non-
specific activator of the immune system and it will be of interest
to decipher in great detail if the early protection we observed is
in fact due to non-specific activation of the innate or adaptive
immune system, or whether protection at the early time points
post-immunization is already mediated by antigen specific adap-
tive mechanisms.

We further aimed to investigate the durability of protection, as
protection of the very old is as important, and apparently as difficult
to achieve as protection of the very young [19,53,54]. We followed
mice immunized either near birth or as adults for the remainder of
their natural life (∼2 years), and were surprised to find that both
neonatally and adult immunized mice were fully protected from
lethal challenge at all time points analyzed—without ever receiving

a booster dose (Fig. 1). To our knowledge, the durability of our Lm-
based approach to vaccination, i.e., protection from birth onwards
for life after only one immunization, is unparalleled and strongly
argues for further exploration of Lm-based approaches for neonatal
vaccination in humans.



8 accine

v
n
o
O
o
[
w
l
p
c
h
c
l
t
n
f
e
e
i
o

t
i
t
T
t
l
l
c
d
p
t
r

s
s
L
[
o
b
a
o
‘
d
d
t
a
p
o
T
(
n
o
p
c
a
W
n
m

n
I
i
p
t

8 B.A. Reikie et al. / V

As compared to inactivated or subunit vaccines, live-replicating
accines are expected to induce more robust and long-lived immu-
ity irrespective of when in life they are administered. However,
utside of BCG, the only other live vaccine given to neonates is
PV. While BCG protects from disseminated TB early in life with-
ut the need for a booster, it does not protect from TB for life
11]. And attenuated live oral polio vaccine does not protect from
ild-type polio challenge after one dose, irrespective of when in

ife it is given [55]. An Lm based neonatal vaccine platform holds
romise to perform better than either of these 2 live neonatal vac-
ines. However, so far our model has only shown protection from
omologous challenge, i.e., a highly attenuated Lm based vaccine
an induce protection from a highly virulent wild type Lm chal-
enge. While the finding that an attenuated Lm is a safe vaccine
hat can be used in neonatal mice and induce protective immu-
ity for life is promising, it does not address the urgent need

or protection from other more wide spread and clinically rel-
vant infectious challenges. We are currently in the process of
valuating the possibility of Lm expressing heterologous antigens
nducing protection from heterologous infections such as pertussis
r malaria.

A recent report elucidated Tem as the most protective sub-
ype of memory CD8 T cells in response to Lm challenge [31],
ndicating that the ratio of Tem:Tcm might be an important fac-
or in predicting efficacy of vaccination [56]. Further, in humans
em have been reported to dominate protective responses in short
erm (months–years) immunity, with Tcm gradually taking over for
onger term (years–decades) immunity [57]. This phenomenon is
ikely due, in part, to less efficient homeostatic proliferation in Tem,
ompared to Tcm, resulting in depletion of Tem overtime. However,
espite the greater protective efficacy of Tem responses to certain
athogens, the percent of Tcm may represent a positive predic-
or for the long-term protective capacity of an immune memory
esponse [58,59].

Controversy surrounds the categorization of memory T cell sub-
ets [60,61]. We chose to assess Tcm and Tem cells as these defined
ubsets have been best delineated for their protective efficacy in an
m-based-vaccine model similar to our own (but with adult mice)
31]. We predicted that due to the apparent delayed contraction
bserved in the primary CD8 T cell response in vaccinated new-
orns, relative to adult CD8 contraction (Fig. 2B), that there would
lso be delayed memory development (which has previously been
bserved in an adult infection model [62]). In consideration of the

decreasing potential model of differentiation’ [56,60], we also pre-
icted that neonates would exhibit a more Tem biased memory
evelopment over the course of memory development. We were
hus surprised to find that this was not the case. Both neonates and
dults developed Tem at the same pace and ratio (relative to Tcm)
ost-priming (Fig. 2C). This result appeared discordant with our
bservation of significantly more abundant vaccine-specific CD8
cells responses at 4-months in mice immunized as newborns

Fig. 3A), and suggests either a significantly higher level of Tcm in
eonatally primed cells outside the spleen (i.e., differential mem-
ry cell trafficking) or a greater proliferative capacity of neonatally
rimed memory T cells. Proliferative capacities of memory CD8 T
ells are programmed early in the primary immune response [49],
nd are dependant upon the support of APCs and CD4 T cells [63,64].
e are currently investigating the unique characteristics of the

eonatally primed immune system and their effects on immune
emory development.
At 2 years post-vaccination both adult and neonatally immu-
ized mice exhibited significant expansion of vaccine-specific
FN-�+ T cells following in vivo challenge (Fig. 3). However, mice
mmunized as adults lacked CD4 T cell responses at 2 years
ost-immunization, while neonatally immunized mice maintained
hese. This may be due to different immunological environments at
29 (2011) 83–90

the time of priming. The finding that CD8 proliferation showed no
reduction even up to 2 years of age suggests a fundamental differ-
ence between the longevity of CD8 and CD4 T memory T cells after
priming with Lm for both age groups.

Presence of vaccine-peptide-specific IFN-�+ T cells is a com-
monly considered mechanism of protection from Lm in adult mice
[35]. This relationship has not been investigated in neonatally
immunized mice. We therefore attempted to examine the rele-
vance of IFN-�+ T cell proliferation as a correlate of protection
(CoP). We found a significant correlation between IFN-�+ CD8 T
cell expansion and protection in both adult and neonatally immu-
nized mice. Interestingly, the CoP—abundance of IFN-�+ CD8 T
cells responsive to Ova—was much weaker in mice immunized
as neonates than in those immunized as adults at any time point
of challenge (Fig. 4). This result suggests that additional parame-
ters contribute to the strong protection we observed in neonatally
immunized mice. We previously reported that neonatal vaccina-
tion in mice elicits broader responses (co-immunodominance of
several epitopes) than seen after vaccination of adults [9]; inves-
tigation of responses from a wider array of vaccine-specific CD8 T
cell specificities may explain the relatively strong protective immu-
nity in neonatally immunized mice, but relatively low CoP that
we observed with one of our chosen surrogate immune markers
(Ova-specific CD8 T cells). Multivalent and cross-protective T cell
immunity are proposed vaccine-based solutions to pathogen het-
erogeneity [65] and our data suggest that vaccination near birth
may improve the efficacy of these immunization strategies. We are
currently in the process of delineating the contribution of breadth
of epitope recognition in neonatally vs. adult immunized mice to
protection.

In summary, our study is the first to identify an equivalent
immune memory development in mice immunized as adults or
as newborns, a near equivalent lifelong immune memory and a
correlation between those memory responses and protection from
infectious challenge. This strongly argues for further exploration of
neonatal vaccination, given the many public health benefits that
a newborn immunization strategy would bring [8,48,66]. The pos-
sibility of neonatal vaccination was demonstrated over a decade
ago already, when it was shown that neonates given the ‘right’
stimuli would develop adult-like immune responses [67–69]. Based
on our findings, Listeria appears to deliver the ‘right’ stimulation.
In fact, Listeria is currently under investigation as a vaccine vehi-
cle in human adults, largely due to its ability to activate a strong
antigen-presenting innate immune response, leading to robust cel-
lular adaptive immune responses [44,46]. We are cognizant of the
inherent challenges of proposing a live Listeria-based vaccine for
use with human newborns. Yet we are also hopeful that recent
work performed to delineate the neonatal immune responses to
experimental adjuvants [41,70] will support future research aimed
at identifying the precise molecular mechanisms that endow Lm
with the ability to elicit both immediate, and lifelong protective
immune responses, with only one vaccine dose delivered near
birth.
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