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We have developed virulence-attenuated strains of Listeria monocytogenes (Lm) that can be used as safe
yet effective vaccine carriers for neonatal vaccination. Here we compare the vaccine efficacy of Lm based
vaccine carrier candidates after only a single immunization in murine neonates and adults: Lm A(trpS
actA) based strains that express and secrete multiple copies of the model antigen ovalbumin (OVA) either
under the control of a phagosomal (Pp;,) or cytosolic (Pgcs )-driven listerial promoter. While both strains
induced high levels of antigen-specific primary and secondary CD8 and CD4 T cell responses, both neonatal
and adult mice immunized with the phagosomal driven strain were significantly better protected against
wildtype Lm challenge as compared to the naive control group than mice immunized with the cytosolic
driven strains. Interestingly, only neonatal mice immunized with the phagosomal driven strains generated
high IgG antibody responses against OVA. Our phagosomal driven Lm-based vaccine platform presents
the broadest (cellular & humoral response) and most efficient (highly protective) vaccine platform for

neonatal vaccination yet described.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Neonates and infants have an increased susceptibility to infec-
tion and respond sub-optimally to most vaccines, resulting in over
2.2 million deaths due to vaccine preventable infections per year
(reviewed in [1,2]). The urgent need for vaccines that induce pro-
tection early in life has been recognized for many years [2-4]. The
challenge to develop effective neonatal vaccines arises from what
some consider inherent limitations of the neonatal immune system
[5]. It is believed that neonates exhibit functionally impaired anti-
gen presentation, shorter lived and lower level antibody responses,
and a Th2-type immune response bias and decreased cell-mediated
immune responses overall when compared to adults [6]. However
a number of studies have shown that neonates are able to gen-
erate an adult-like T cell response by using, for instance, a strong
activator of the cell-mediated immune response or delivering pro-

Abbreviations: Lm, Listeria monocytogenes; LLO, listeriolysin O; ActA, actin
nucleator protein; CTL, cytotoxic T lymphocyte; CFU, colony forming unit; Ig,
immunoglobulin.
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tein antigens directly to the professional antigen presenting cells
(APC) [1,7-10]. These observations suggest that under appropriate
conditions, neonates can develop immune responses to vaccination
that are similar in quality and quantity to their adult counterparts
[5].

Vaccines based on recombinant live virulence-attenuated
microorganisms have proven to induce long-lasting protective
immunity, wherein both humoral and cell-mediated immune
responses are often efficiently generated [11,12]. Particularly, Lis-
teria monocytogenes (Lm)-mediated delivery of antigens has been
established as a functional and versatile approach for vaccina-
tion against allergies, or malignancies in adult mice (reviewed in
[13,14]). But particularly for infectious diseases, Lm has been suc-
cessfully used as a vaccine carrier to deliver bacterial, viral, or
parasitic antigens [15-18]. This model has been so successful that
human clinical trials are already under way (Advaxis, Inc.; Cerus
Corporation). The great appeals of Lm as a vaccine carrier are its
intracellular life cycle and its strong associated immunomodulatory
abilities. This Gram-positive bacterium escapes the phagolysosome
through a process facilitated by the secreted pore-forming protein
listeriolysin O (LLO). After its escape, Lm replicates efficiently within
the cytosol of many host cells including macrophages and dendritic
cells [19]. In addition, Lm spreads from cell to cell via an ActA-
mediated process (ActA, actin nucleator protein of Lm), thereby
evading the extracellular milieu where antibodies are found. Pro-
tective immunity against Lm is thus almost entirely cell-mediated,
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depending on both cytotoxic CD8 and CD4 Th1 T cells [20]. Our
group published recently that a virulence-attenuated strain of
Lm (Lm AactA) is safe and well tolerated in newborn mice and
that immunization with Lm AactA strain carrying protein antigens
directly into the cytosol of neonatal host cells was successful in elic-
iting a life-long protective immune response in murine neonates
after only a single immunization [10].

The use of a robust listerial promoter, which is activated within
the host cell, is required to optimally express a heterologous vac-
cine antigen in an Lm vaccine carrier strain. Overall, there are
two strategies used to introduce heterologous antigens into Lm.
The first is by insertional integration of the expression cassette
within the Lm chromosome; the second is by cloning an expression
cassette into a multi-copy replicating vector that remains extra-
chromosomal (reviewed in[13]).In the first strategy, the integration
of the heterologous antigen expression cassette into the bacterial
chromosome increases its stability but lowers the antigen expres-
sion levels [21]. Moreover, the integration of an expression cassette
into the chromosome of the bacterial carrier is time-consuming
and labour-intensive. On the other hand, extra-chromosomal multi-
copy plasmids are often afflicted by instability, with resulting
plasmid loss and marginal antigen expression diminishing the
efficacy of these recombinant vaccines [22]. We have previously
developed a balanced-lethal plasmid system Lm A(trpS) that rep-
resents a multi-copy, stable, high-expression extra-chromosomal
vaccine platform that has proven to be a superb vaccine carrier in
adult mice [23].

Both subsets of T cells, CD8 and CD4, are often required for effi-
cient protection against pathogens [24]. Therefore, antigens must
have access to both major histocompatibility complex (MHC) class
I (for CD8) and class II (for CD4) presentation pathways. The pres-
ence of Lm as a vaccine carrier in both phagosomal (i.e. MHC-II) and
cytosolic (i.e. MHC-I) host cell compartments, as well as its inher-
ent immunostimulatory capacities, gives the antigen direct access
to both MHC molecules for antigen presentation and stimulation of
CD4 and CD8 T cells [20]. However, where the antigen should first
be expressed (phagosome or cytosol) to have an optimal impact on
primary and secondary T cell-mediated responses and on protec-
tive efficacy by bacterial vaccine carriers in neonatal mice has, to
our knowledge never been investigated.

In this report, we describe a crucial improvement of our previ-
ously published system [10] by using the balanced-lethal plasmid
system Lm A(trpS actA) which adds additional attenuation and
safety check-points, and is easily manipulated to carry heterologous
vaccine antigens into antigen-presenting cells. Using this system,
we compared the relative vaccine efficacy in neonatal and adult
mice which were immunized with several virulence-attenuated
Lm A(trpS actA) strains that express and secrete multiple copies of
the model vaccine, chicken egg albumin (ovalbumin, OVA). These
vaccine strains express and secrete OVA protein under the control
of a predominantly phagosomal (Py,) or cytosolic (Pycs) listerial
promoter [19]. We found that immunization with Lm A(trpS actA)
secreting OVA into the phagosomal compartment elicited levels
of antigen-specific primary and secondary CD8 and CD4 T cell
responses comparable to Lm A(trpS actA) strains secreting OVA into
the cytosol. But neonatal and adult mice immunized with Lm A(trpS
actA) secreting OVA into the phagosome were better protected
against wild-type Lm challenge after only a single immunization.
Interestingly, only neonatal mice immunized with the phagosomal
expression strain developed anti-OVA antibodies, while no anti-
bodies were detected in adults immunized in the same manner. Our
results with this Lm-based neonatal vaccine platform represent a
major step forward in the overall goal of a single-dose neonatal vac-
cination able to induce protection from infectious diseases early in
life.

2. Materials and methods
2.1. Animals

For all our animal experiments we used 5-7-day-old mouse
pups (Neonates) and 6-12-week old (Adult) F1 mice (H-2P x H-
24) derived from matings between C57BL/6 (H-2P) and C57B10.D2
(H-24), which were bred in our animal facility. H-2P x H-24 F1
mice were used because Lm class I immunodominant peptides
have been described only in the mouse H-29 haplotype and class
Il immunopeptides only in the H-2P haplotype. All animals were
housed under specific pathogen-free conditions at the Child and
Family Research Institute of the University of British Columbia.
All animal experiments were approved by the Institutional Animal
Care and Use Committee.

2.2. Bacterial strains, plasmids, media, and growth conditions

The construction of the plasmids and Lm strains (kindly pro-
vided by W. Goebel (University of Wuerzburg, Germany)) has
been described in detail previously [23]. The recombinant bacte-
rial strains used in this work are listed in Table 1. Competent Lm
cells were transformed by electroporation as described by Park and
Stewart [25]. After transformation of Lm A(trpS actA)/pTRPS with
the expression plasmids, the resulting recombinant Lm strains were
cultured in an erythromycin-containing medium without tetracy-
cline to remove the plasmid pTRPS. For immunization and infection
experiments, Lm strains were grown to the late logarithmic phase
(optical density at 600 nm (OD600), 1.0) at 37°C in brain-heart
infusion (BHI) medium, washed twice with endotoxin-free isotonic
saline (0.9% NaCl), resuspended in 20% (vol/vol) glycerol in 0.9%
NaCl, and stored at —80 °C prior to injection as described below.

2.3. Preparation of supernatant and cellular proteins of L.
monocytogenes strains

For preparation of protein extracts of L. monocytogenes, all
strains were grown to the logarithmic phase (OD600, 1.0) in BHI
medium supplemented with 1% (w/v) Amberlite™ XAD-4. Addi-
tion of Amberlite™ XAD-4 into the BHI broth leads to the activation
of the PrfA-dependent virulence gene expression [19,26]. Super-
natants were precipitated on ice with 10% trichloroacetic acid,
pelleted by centrifugation (5000 x gat4°C), washed in acetone, and
resuspended in phosphate-buffered saline (PBS) to obtain a volume
that was 0.2% of the original culture volume. For preparation of cel-

Table 1
Strains and plasmids used in this work.
Strains and plasmids Relevant genotype Reference
or source
Listeria monocytogenes EGDe strains
A(trpS actA)/pTRPS [30]
AtrpS/pTRPS [30]
A(trpS actA)/pSPO-PSq4 OVA This work
A(trpS actA)[pSP118-PS,..4a OVA This work
A(trpS actA)/pSPO-PSy,;,, OVA This work
A(trpS actA)/pSP118-PSy;, OVA This work
Listeria monocytogenes strain 10403s
AactA-OVA [10]
-OVA Dr. H. Shen
Plasmids
PSPO-PS;4OVA EmR, trpS, (PS)qcta-0va-Tina [23]
pSP118-PS,4 OVA EmR, trpS, Pacea-ply118, (PS)acia-0va-Tina [23]
pSPO-PSy;, OVA EmR, trpS, (PS)y-0va-Tina [46]
pSP118-PSy;, OVA EmR, trpS, Pacea-ply118, (PS)py-0va-Tina [46]
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lular proteins, the cell pellet was washed twice in PBS, resuspended
in cold lysis buffer (PBS supplemented with protease inhibitors
(Sigma)), and transferred into a 2-ml BLUE TUBE (Q-Biogene) filled
with silica sand. The tube was shaken 3 times for 45s each in a
mini-beadbeater (Biospec Products). This was followed by ultra-
sonification for 45 s. The cell debris was removed by centrifugation
at 14,000 rpm for 30 min at 4 °C. Total protein concentrations were
determined by defining the amount of proteins at the wavelength-
ratio of 260/280 in a spectrophotometer (Bio-Rad). A total amount
of 150 pg/0.025 ml protein suspension in SDS-PAGE loading buffer
was heated to 110°C for 7 min before they were loaded on sodium
dodecyl sulphate (SDS)-PAGE gels.

2.4. SDS-PAGE and immunoblotting

SDS-polyacrylamide gel electrophoresis (PAGE) was performed
according to standard protocols [27]. After SDS-PAGE, cellular
proteins and proteins from the culture supernatant were sub-
jected to Western blotting onto nitrocellulose membranes. OVA
proteins were detected using rabbit polyclonal anti-OVA anti-
body (Sigma), peroxidase-conjugated secondary goat anti-rabbit
antibody (Sigma) and ECL chemiluminescent kit (GE Health-
care).

2.5. Immunization and Infection of animals

Groups of 3-5 mice were immunized intraperitoneally (i.p.) with
1 x 107 bacteria (unless otherwise noted), resuspended in 0.1 ml
endotoxin-free 0.9% NaCl. Ten days post immunization, spleens
were collected for flow cytometric analysis. In protection experi-
ments, groups of 3—5 mice were infected intravenously with 5 x 106
wild-type Lm-OVA in 0.1 ml endotoxin-free 0.9% NaCl 6 weeks after
immunization. Spleens and livers of infected mice were harvested
on day 3 and 5 after challenge to determine the number of Lm
in each organ (day 3 post-challenge (p.c.)) and for the enumer-
ation of Ag-specific T cells in spleens of immunized mice (day
5 p.c.). Viable bacterial counts of intracellular bacteria (colony-
forming units (CFU)) were determined by plating on BHI agar
serial dilutions of mechanically lysed cell suspensions as described
above.

2.6. Enumeration of Ag-specific T cells

Ag-specific T cells were detected as described [10]. Briefly,
splenocyte suspensions were prepared by homogenizing spleens
between two sterile glass slides, subjected to red blood cell lysis,
and filtered through a 70 pwm cell strainer. A total of 2 x 10° spleno-
cytes was cultured for 5h in 200 .l of complete medium (RPMI
1640 supplemented with 10% FCS, streptomycin, penicillin), along
with Brefeldin A (10 wg/ml) in either the presence or absence of
0.5 MM LLOg1.99, P60317.225, OVA357.264 (SI[NFEKL) or LLO190-201
peptide. Cells were then incubated with Cytofix/Cytoperm (BD
PharMingen) to permeabilize the plasma membrane. Staining
for intracellular cytokines was performed using allophycocyanin-
labeled anti-IFN-y for 30 min at room temperature together with
surface staining for CD3, CD8 and CD4 using FITC-labeled anti-CD3
and PerCP-labeled anti-CD8 or anti-CD4 (BD PharMingen). Stained
cells were acquired on a FACSAria flow cytometer and analyzed
using Flow]Jo software (Tree Star).

2.7. Enzyme-linked immunosorbent assay (ELISA) for mouse IgG
antibodies

ELISA assays were performed two weeks after challenge with
WT Lm-OVA. Briefly, maxisorb 96-well ELISA plate (Nunc Inc.)

were coated overnight at 4°C with 2 mg/ml OVA (Worthington,
Biochemical Corporation) in 100 w1 of freshly prepared carbon-
ate buffer (pH 9.6 at 4°C). The wells were washed 5 times with
0.05% (vol/vol) Tween-20 in PBS (PBST) and blocked for 2 h at room
temperature with 200 .l of 10% FCS in PBS. After an additional 5
washes, 100 1 of two-fold serial dilutions (in PBS with 10% FCS)
of the serum aliquots were transferred to the coated and blocked
wells and incubated for 2 h at room temperature. Measurements
were obtained in duplicate. Naive mouse and anti-OVA serum were
included as negative and positive controls, respectively. After this,
the plates were washed 5 times with PBST, incubated with 1:5000
of peroxidase-conjugated AffiniPure Goat anti-mouse IgG antibody
(JacksonlmmunoResearch) for 1 h at RT. After five washes in PBST,
bound antibody was exposed to 100 p.1/well of TMB substrate solu-
tion (eBioscience), the reaction was stopped with 50 wl 2 M H,SOy4,
and then measured by subtracting the optical readings at 570 nm
from those at 450 nm.

2.8. Statistics

Data are expressed as mean =+ standard deviation. One-way
ANOVA followed by Dunnett’s post-test was used for statistical
analysis. p-Values < 0.05 were considered statistically significant.

3. Results

3.1. Multi-copy plasmid-containing Lm A(trpS actA) strains
produce more OVA proteins in comparison to integrated,
single-copy Lm AactA-OVA strains

Based on our previous data [10], we hypothesized that Lm A(trpS
actA), a derivative of Lm AactA that is more easily manipulated
to carry heterologous vaccine antigens on an extra-chromosomal
multi-copy expression plasmid, might serve as a vaccine vehi-
cle for neonatal immunization that is at least as effective as the
Lm AactA with a chromosomally-integrated, single-copy, antigen-
expressing casette. As a first step towards testing this hypothesis,
we compared the new strain Lm A(trpS actA)/pSPO-PS,.4OVA with
Lm AactA-OVA through in vitro expression profiling. Expression of
OVA protein was detected by Western blot analysis in supernatants
(i.e. secreted form) and cell pellets (i.e. non-secreted form) only
in strains expressing OVA, not in the control strains Lm A(trpS
actA)/pSPO and Lm AactA (Fig. 1). The new strain, Lm A(trpS
actA)/pSPO-PS,.4OVA, displayed a higher level of OVA production
as compared to Lm AactA-OVA, both in the cell-bound as well as in
the secreted fraction.

total cellular proteins

1 2 3 4 Lm A(trpS actd)/...

1. pSPO
2. pSP0-PS, OVA

supernatant protems
1 2 3 4 3. Lm AactA

- 4. Lm AactA-OVA

Fig. 1. Multi-copy plasmid-containing Lm A(trpS actA)/pSPO-PS,.a OVA strains pro-
duce more OVA protein (truncated OVA ~25 kDa) in comparison to chromosomally-
integrated single-copy Lm AactA-OVA strains (full-length ~50kDa). OVA protein
expression and secretion of indicated Lm strains was determined by Western blot
analysis using a purified rabbit anti-ovalbumin antiserum. Shown here are total cel-
lular proteins and secreted proteins in supernatants of Lm cultures grown in BHI
broth supplemented with 1% (w/v) Amberlite™ XAD-4. Lm, Listeria monocytogenes.
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splenocytes. Splenocytes were stimulated for 5h with Lm- and OVA-peptides, fixed
and stained for IFN-y-secreting CD8 T cells. These data represent means + standard
deviation for groups of 3-5 mice from one representative out of two experiments.

3.2. A high dose of Lm A(trpS actA)/pSP0-PS,.4OVA induces
primary total CD8 T cell responses in mouse neonates similar to a
low dose of the Lm AactA-OVA strain

We next compared the capacity of the new strain Lm A(trpS
actA)/pSPO-PS,4OVA to induce a vaccine-specific primary Tc1
response in mouse neonates to that of the older Lm AactA-OVA
strain in a direct, dose-dependent analysis. For this we injected
104, 10°, 106 or 107 CFU of either strain intraperitoneally (i.p.) into
neonatal mice and analyzed their splenocytes for OVA- and Lm
peptide-specific CD8T cells 10 days post infection. At immunization
doses of 104-10° CFU, neonates immunized with Lm AactA-OVA
contained a higher number of antigen-specific IFN-y secreting
CD8 T cells as mice immunized with the same dose of Lm A(trpS
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actA)/pSPO-PS,4OVA (Fig. 2). Since we discovered that 107 CFU
of Lm AactA-OVA per mouse was the 50% lethal dose (LD50) for
neonates, we were not able to determine the amount of CD8 T cells
in neonatal mice immunized with a dose higher than 106 CFU of Lm
AactA-OVA. While always displaying lower OVA reactive fraction,
neonatal mice immunized with Lm A(trpS actA)/pSPO-PS;.:aOVA
obtained similar overall percentages of Lm- and OVA-reactive CD8
T cells as mice immunized with Lm AactA-OVA when they were
immunized with 106 or 107 CFU of Lm AactA-OVA. Thus, our new
strain Lm AtrpS/pSPO-PS,4OVA is comparable to the Lm AactA-
OVA strain as a neonatal vaccine carrier when used at a dose of 107
CFU.

3.3. Compared to adult mice, neonatally immunized mice develop
a stronger Lm- and OVA-specific primary CD8 and CD4 T cell
response

Given the above observation, we next assessed in detail the
capacity of the Lm AtrpS/pSP0O-PS,4OVA strain to generate an effi-
cient Lm- and OVA-specific primary CD8 and CD4 T cell response in
neonatal and adult mice by carrying out a dose-dependent anal-
ysis. To evaluate the optimal immunization dose of multi-copy
plasmid strain Lm AtrpS/pSP0O-PS,.4OVA, mice were immunized
with 104-108 CFU. Ten days after immunization, we enumerated
Lm- and OVA-specific CD8 and CD4 T cells by intracellular IFN-vy
staining of splenocytes after restimulation in vitro with Lm-specific
MHC-class-1 LLOg1.99, p60217-225 and OVAy57.064 OF MHC-class-
IT LLOg9-201 restricted peptides. We observed a dose-dependent
increase in Lm- and OVA-specific primary CD8 and CD4 T cells in
adult as well as in neonatally immunized mice (Fig. 3). Remarkably,
neonatally immunized mice developed a higher percentage of Lm-
and OVA-specific primary CD8 (Fig. 3B) and CD4 T cells (Fig. 3C) than
mice immunized as adults. We also determined that 107 CFU as an
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Neonatal and adult mice were immunized i.p. with increasing doses (10 to 108 CFU) of Lm A(trpS actA)/pSPO-PS,4OVA. Ten days after immunization, spleens were obtained
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IFN-y cytokine secretion by flow cytometry. Shown in A for CD8 and CD4 are examples of the flow cytometric analysis. The mean percentage of IFN-y-producing splenocytes
are shown in (B) for CD8 and in (C) for CD4. Unstimulated controls are included in each experiment. These data present means + standard deviation for 3-5 mice per age-group

from one representative out of two experiments. n, neonates; a, adults.
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immunizing dose led to the highest percentage of reactive T cells
during the primary T cell response for both adult as well as neona-
tally immunized mice. We detected no pathologically appreciable
side effects at any of the administered doses.

3.4. Independent of in vivo subcellular location of antigen
expression, neonatally immunized mice develop a broader
primary T cell response than adult immunized mice

To further define the use of Lm A(trpS actA) as a neonatal vac-
cine platform, we determined the impact of in vivo subcellular
location of vaccine antigen expression on primary T cell-mediated
responses in neonatal and adult mice. To our knowledge, there are
no published reports on the impact of subcellular location of vac-
cine antigen expression on primary T cell-mediated responses by
Lm vaccine carriers in neonates. We constructed variants of the Lm
A(trpS actA) (Table 1), each with a different Lm promoter that is
predominantly active in the phagosomal (Ppy,) or cytosolic (Pgca)
compartment of the host cell [28,29]. We also set out to test the
impact of an added virulence-attenuation (Lm-specific phagelysin
Ply118 under the control of P,.¢4 ) on the primary response [23], with
the goal of adding additional safeguards for future potential clinical
applications. We thus compared a total of four different bacterial
expression plasmids. Both neonatal and adult mice were immu-
nized ip. with 107 CFU of Lm A(trpS actA)/pSPO-PS,sOVA, Lm
A(trpS actA)[pSP118-PSy4s OVA, Lm A(trpS actA)[pSPO-PSp,, OVA or
Lm A(trpS actA)[pSP118-PSy;,OVA. Ten days after immunization
splenocytes were stimulated with Lm- or OVA-specific peptides
before analysis of intracellular IFN-y secretion by flow cytome-
try. Strikingly, neonatally immunized mice generated significantly
more antigen-specific CD8 and CD4 T cells in comparison to adult
immunized mice in response to all of the four different Lm strains
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Fig.4. Neonatallyimmunized mice develop a broader Lm- and OVA-specific primary
T cell response than adult immunized mice, which is not dependent on subcellu-
lar location of antigen expression. Neonatal and adult mice were immunized i.p.
with 107 CFU of Lm A(trpS actA)[pSPO-PS,caOVA, Lm A(trpS actA)/pSP118-PS,.4OVA,
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controls are included. CD8 T cell responses are shown in (A) and CD4 T cell responses
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(Fig. 4A and B). In addition, neonatal immunized mice developed
a broader spectrum of antigen specific CD8 T cells than adult
mice immunized in the same manner: neonates recognized mul-
tiple epitopes of the heterologous antigen (LLOgi.g9, P60217-225
or OVAy57.264) in a co-dominant fashion, while mice immunized
as adults generated predominantly OVAjs7.264 reactive CD8 T
cells (Fig. 4A). Detection of the subdominant epitopes LLO2g6.304,
P60449.457 and mpligg-192 Was similarly low in both adult and
neonatally immunized mice (Fig. 4A). The MHC-class-II restricted
peptide OVA3,3_339 was not recognized by adult and neonatal CD4
T cells, whereas the dominant CD4 epitope LLO1gg.297 Was strongly
and equally recognized by both (Fig. 4B). Furthermore, mice
immunized with self-destructing strains Lm A(trpS actA)/pSP118-
PS;caOVA and Lm A(trpS actA)/pSP118-PSy,;,,OVA harboured similar
amounts of IFN-y secreting CD8 and CD4 T cells compared to
mice immunized with the non-self-destructing strains Lm A(trpS
actA)[pSPO-PS,.nOVA and Lm A(trpS actA)/pSPO-PSy;, OVA (Fig. 4A
and B). There was no significant difference detectable between the
levels antigen-specific CD8 and CD4 T cells induced in mice immu-
nized with Lm secreting OVA into the phagosomal compartment
vs. those that express OVA predominantly in the cytosol of the
host cell. Taken together, neonatal immunized mice developed a
stronger and broader Lm- and OVA-specific primary T cell response
than adult immunized mice. The self-destructing Ply118-mediated
lysis did not negatively impact the induction of a primary immune
response. Furthermore, the secretion of the antigens by the respec-
tive carrier strains into phagosomal vs. cytosolic compartment had
no appreciable impact on the generation of primary CD8 and CD4
T cell responses in either neonates or adults.

3.5. Neonatally immunized mice develop protective Lm- and
OVA-specific secondary response that is dependent on the
subcellular location of antigen expression

We next wished to characterize which of the four strains—Lm
A(trpS actA)/pSPO-PS;aOVA, Lm A(trpS actA)/pSP118-PS,4OVA,
Lm A(trpS actA)/pSPO-PSy,,OVA and Lm A(trpS actA)/pSP118-
PSp;, OVA—would provide the most efficient protection against
challenge with wild-type Lm. To this end, we immunized neonates
and adults with 107 CFU and challenged them, along with naive
control mice, six weeks later with 5 x 106 CFU of Lm-OVA. Three
days after challenge, we determined CFUs in spleen and liver.
Five days after challenge we also enumerated Lm- and OVA-
specific T cells in splenocytes by intracellular IFN-y staining. As
shown in Fig. 5A and B, both immunized adults and neonates dis-
played a robust CD8 and CD4 T cell secondary response. There
was no appreciable difference in immunodominance for the sec-
ondary response between mice immunized as neonates or as
adults. Neonatal and adult Lm A(trpS actA)[pSPO-PSp,;,, OVA-and Lm
A(trpS actA)/pSP118-PSy,;,,OVA-immunized mice displayed a CD8 T
cell secondary response completely dominated by the OVA357.264
response, whereas neonatal and adult immunized mice immunized
with Lm A(trpS actA)/pSPO-PS,.:aOVA, Lm A(trpS actA)/pSP118-
PSqctaOVA elicited a broader CD8 T cell memory response to
LLOg] -99, p60217_225 and OVA257_264 (Flg 5A1 and AZ) In summary,
subcellular location of expression strongly affects immunodom-
inance. Strikingly, mice immunized as neonates with Lm A(trpS
actA)[pSPO-PSy,,,OVA and Lm A(trpS actA)/pSP118-PSy;, OVA dis-
played significantly better protection than mice immunized
as neonates with Lm A(trpS actA)[pSPO-PS,aOVA, Lm A(trpS
actA)/pSP118-PS,4OVA (Fig. 5C1 and C2) in direct comparison to
the naive control group. Furthermore, only the adult mice immu-
nized with Lm A(trpS actA)[pSPO-PSp,;,,OVA showed a significant
reduction in bacterial counts in liver and spleen in comparison
to the naive control group (Fig. 5C2). In conclusion, expression
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Fig. 5. Neonatally immunized mice develop an Lm- and OVA-specific secondary response that provides protection, which is dependent on subcellular location of antigen
expression. Mice immunized i.p. with 107 of Lm A(trpS actA)[pSPO-PS,;aOVA, Lm A(trpS actA)[pSP118-PS,;a OVA, Lm A(trpS actA)[pSPO-PSy,, OVA or Lm A(trpS actA)/pSP118-
PSp;yOVA on day 6 of life (Neonate) or at 6 weeks of age (Adult) were infected i.v. with 5 x 10% CFU of wild-type Lm-OVA 6 weeks after immunization. Splenocytes were obtained
from the indicated mice 5 days after infection along with age-matched non-immune mice (Naive) and stimulated with the indicated MHC class I- and MHC class II-restricted
Lm- and OVA-specific peptides before analysis of intracellular IFN-y cytokine secretion by flow cytometry. Unstimulated controls are included. CD8 T cell responses are shown
in (A), CD4T cell responses in (B) and bacterial counts in liver and spleen in (C). These data represent 3-5 mice per age-group from one representative out of two experiments.
The results are expressed as means + standard deviation. An asterisk indicates a statistically significant difference ("p<0.05 and “p<0.01 as determined by one-way ANOVA)

between experimental and control group.

of bacterial antigens into the phagosomal compartment promoted
protective immune responses more effectively than expression in
the cytosol.

3.6. Neonates, not adults, generate a strong IgG antibody
response against ovalbumin after immunization with Lm

Finally, we investigated if our two most promising strains, Lm
A(trpS actA)[pSPO-PSp,;,OVA and Lm A(trpS actA)/pSP118-PSp;, OVA,
i.e. those that protected neonatal mice most efficiently in vivo, could
also generate a humoral immune response against the model vac-
cine antigen ovalbumin. Serum from mice immunized as neonates
or adult with 107 CFU of Lm A(trpS actA)/pSPO-PSp;,, OVA or Lm
A(trpS actA)/pSP118-PSp;,,OVA was examined by ELISA for the
presence of IgG antibodies against OVA 14 days after challenge
with 5 x 1065 CFU of wild-type Lm-OVA 6 weeks after primary

immunization. Surprisingly, only neonates immunized with Lm
A(trpS actA)/pSP0-PSy;,, OVA and Lm A(trpS actA)[pSP118-PSy;,, OVA
developed significant titers of IgG antibodies against ovalbumin
(Fig. 6).

4. Discussion

Effective yet safe vaccines to be administered in the first days
to weeks of life are urgently needed. This report confirms that
virulence-attenuated strains of Lm can be used as safe and effec-
tive vaccine carriers for newborns. Our present study also showed
the following: First, Lm A(trpS actA)-based strains, which express
and secrete multiple copies of OVA either under the control of
a phagosomal (Pyy)- or cytosolic (Pgcea)-driven listerial promoter,
elicited similarly high levels of antigen-specific primary CD8 and
CD4 T cell responses with just a single immunization. Second,
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Fig. 6. Only neonatally immunized mice, not mice immunized as adults, generate
a strong IgG antibody response against ovalbumin. Mice were immunized i.p. with
107 CFU of Lm A(trpS actA)[pSPO-PSy;,OVA and Lm A(trpS actA)/pSP118-PS;;,, OVA,
six weeks later challenged with 5 x 106 CFU of wild-type Lm-OVA given i.v. and
sera were collected and analyzed for anti-OVA IgG antibodies 14 days after chal-
lenge. Absorbance at 450 nm minus at 570 nm of different serial dilutions of serum
is shown. Serum from mice boosted three times with WT Lm-OVA served as the
positive control, and serum from a non-infected mouse served as negative control.
Each symbol indicates the means for the experimental groups (n=4 each). An aster-
isk indicates a statistically significant difference (p <0.05 as determined by one-way
ANOVA) between experimental and control groups. The results of one representative
out of two experiments are shown.

neonatally immunized mice developed a stronger and broader
dose-dependent antigen-specific primary T cell response than mice
immunized as adults. Third, both neonatal and adult mice immu-
nized with the phagosomal-driven strains were significantly better
protected against a lethal wild-type Lm challenge as compared
to mice immunized with the cytosolic-driven strains. Lastly, only
neonatal (not adult) mice immunized with the phagosomal-driven
strains generated high IgG antibody responses against the model
vaccine antigen OVA.

We have recently shown that Lm is suitable as a neonatal vac-
cine vehicle, requiring only a single immunization at birth to induce
life-long protection [10]. We now wished to develop highly atten-
uated Lm strains to increase safety for clinical applications of Lm as
a vaccine vehicle in neonates. Furthermore, the integration of vac-
cine antigen expression cassettes into the chromosome as required
for Lm AactA is time-consuming and labour-intensive. To increase
ease of manipulation, we set out to develop a plasmid-encoded
Lm-based vaccine antigen expressing system. For these purposes
(safety and ease of vaccine antigen expression) we focused on the
virulence-attenuated Lm A(trpS actA) carrier strains that harbour
the antigen expression cassette as well as the essential listerial
trpS gene (TrpS, tryptophanyl-tRNA-synthetase) on a balanced-
lethal plasmid. A plasmid-based, balanced-lethal system absolutely
requires the stability of the plasmid since the essential protein
required by Listeria to survive is expressed on the plasmid. The
loss of the plasmid results in cell death [22]. The Lm A(trpS actA)
balanced-lethal plasmid system has already proven its stability
and ability as a vaccine carrier in adult mice [23,30]. We found
that carrier strains of Lm A(trpS actA)/pSP0-PS,.4OVA were indeed
able to elicit primary antigen-specific CD8 T cell responses in
neonatal and adult mice comparable to strain Lm AactA-OVA. A
comparable primary immune response required a higher immu-
nizing dose for Lm A(trpS actA)/pSPO-PS,4OVA (Fig. 2). This
dose-dependent difference was expected, indeed desired, since
the Lm A(trpS)/pSPO-PS,:aOVA parental strain is anticipated to be
more attenuated than the Lm AactA-OVA’s parental strain Lm-OVA.
The higher level of antigen expression driven by the multi-copy
plasmids creates a metabolic burden reducing the overall fitness
of Lm A(trpS actA) as compared to Lm AactA (reviewed in [31]).
We confirmed these assumptions by Western blot analysis of cell
pellet and supernatant fractions of both Lm A(trpS actA)/pSPO-

PS,taOVA and Lm AactA-OVA strains (Fig. 1), and by detecting
lower numbers of bacteria three days after infection with the
respective parental strains, Lm A(trpS)/pSPO-PS,aOVA in compar-
ison to Lm-OVA (data not shown). We thus had found what we
were looking for: an easy to manipulate, highl-level vaccine anti-
gen expressing strain of Lm that is greatly attenuated yet effective
as a neonatal vaccine carrier.

During these initial investigations, we also determined that an
immunizing dose of 107 CFU of Lm A(trpS actA)[pSPO-PS ., OVA
leads to the most efficient primary T cell response for both adult and
neonatally immunized mice (Fig. 3). These results are in accordance
with literature in that the CD8" T cell expansion after Lm infection is
primarily dependent on the initial infection dose or amount of anti-
gen displayed [32,33]. Similarly to what we had described for Lm
AactA-OVA already, mice immunized with Lm A(trpS actA)/pSPO-
PS.taOVA as neonates developed stronger Lm- and OVA-specific
primary CD8 and CD4 T cell responses than mice immunized as
adults (Fig. 3).

The use of Lm strains that secrete the foreign protein under the
transcriptional control of a phagosomal (Pp,)- or cytosolic (Pgcrs )-
driven listerial promoter results in bacterial proteins having access
to both MHC class II and class I molecules for antigen presenta-
tion to CD4 and CD8 T cells, respectively [13,20,28,29]. For many
pathogens, both subsets of T cells are needed to provide optimal
protective immunity [24,34]. Therefore, we investigated the impact
the subcellular location of antigen expression would have on the
subsequent immune response. Surprisingly, the subcellular loca-
tion of antigen expression had no impact at all on the generation
of the primary immune response in all four strains tested (Fig. 4).
In sharp contrast, immunodominance of the secondary response
and, more importantly, protection were significantly affected by
phagosomal vs. cytosolic antigen expression (Fig. 5A and C). In
comparison to the naive control group, neonates, which had been
immunized with Lm A(trpS actA) strains that secrete OVA into the
phagosome, were much better protected against wild-type Lm chal-
lenge than neonatal mice immunized with strains that secrete OVA
into the cytosol (Fig. 5C1). We are currently in the process of elu-
cidating which of the antigen-specific immune responses (Lm or
OVA) are primarily responsible for this surprising observation. We
hypothesize that the various Lm carrier strains may have triggered
different signalling pathways in the infected antigen-presenting
cell, which in turn promoted a differential CD8 T cell response.
For example, bacterial ligands generated in the phagosomal com-
partment are also targets of the cytosolic innate immune system
receptors, such as NOD2 [35], and distinct differences in signalling
patterns, intensities, enhancement of dendritic cell maturations
and T cell differentiation and function after infection with phago-
somal vs. cytosolic localized Lm have been demonstrated before
[20,36-39].

The subcellular location of antigen expression did affect the epi-
tope hierarchy of the CD8 T cell response to Lm. CD8 T cells often
focus on a few epitopes out of thousands available. In this study,
we confirmed our previous findings that neonates have broader
epitope recognition. LLOg1.g9, p60217-225, and OVA,57_564 Were rec-
ognized similarly by neonatal CD8 T cells in the primary response.
On the other hand, the adult response was severely restricted
to OVAps7.264, With LLOg1.99, P60217-225, P60449-457, and mplgg.g2
barely recognized at all. This type of adult response is in accordance
with the published record [40]. Adult IFN-y KO mice also develop
a broader CD8 T cell response [41,42] akin to the broad neona-
tal response we have observed. Neonates are known to produce
reduced levels of IFN-y as compared to their adult counterparts
[43]. We are currently in the process of identifying the responsible
mechanisms for these observations, but hypothesize that IFN-vy is
centrally involved and may influence, e.g. T cell repertoire selec-
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tion, T cell sensitivity, or specific T cell effector functions involved
in the neonate’s broader and wider epitope recognition.

Surprisingly, we found thatimmunized neonates are able to gen-
erate IgG antibodies against OVA compared to immunized adults
(Fig. 6). Why adult mice immunized in the same manner did not
mount a detectable humoral response is not clear. It is known that
exposure to antigen during the neonatal period leads to ‘imprint-
ing’ of Th2 dominance that is maintained into adulthood. Th2
cytokines promote the preferential production of Th2-associated
IgG1 [44,45]. Thus, the net effector function associated with dif-
ferent Ig isotypes is expected to be different in mice immunized
as adults vs. those immunized as neonates [44]. The possibility
that our Lm A(trpS actA) strains secreting vaccine antigens into the
phagosome induces both protective CD4 and CD8 T cell memory
response, as well as a robust antibody response is of great impor-
tance in our long term goal of developing a single-dose, broadly
protective neonatal vaccine platform. Further studies on the sub-
class, affinity, affinity maturation, and neutralizing capacity of these
neonatal antibody responses are currently under way.

In this study we also characterized the use of self-destructing
carrier strains in order to provide additional safeguards for employ-
ing Lm-based vaccine vehicles for neonatal immunization. The use
of bacterial carriers that destroy themselves after several rounds
of replication via Ply118 listerial phage-mediated lyses [23] did
not affect the primary or secondary CD8 and CD4 T cell response,
or the resulting protection (Figs. 4 and 5). We believe the Lm-
specific phagelysin Ply118 under the control of P,.4 encoded on
the balanced-lethal plasmid designed to lyse bacteria upon entry
of the cytosolic compartment of the infected cell adds an important
safety component to this platform.

In summary, we identified Lm A(trpS actA) as an ideal vac-
cine vehicle for neonatal immunization. It is safe at high doses,
and induces a strong primary and secondary immune response.
Most importantly, it induces protection from challenge with wild-
type Lm after only one immunization given around birth. In this
report, we confirm and extend our previous observation of broader
epitope recognition by CD8 T cells in neonates as compared to
adults, and add to the advantages of neonatal Lm-based vaccina-
tion a stronger IgG response to the vaccine antigen in neonates as
compared to adults. Lm A(trpS actA) is highly attenuated, and given
the multi-copy balanced-lethal plasmid platform available in this
strain, allows easy manipulation to rapidly fine-tune the desired
vaccine response. In this study, we have shown this advantage
and demonstrated that (a) a predominantly phagosomal vaccine
antigen plasmid expression cassette provides the most optimal
protection, and; (b) additional attenuation through a plasmid-
encoded phage-mediated suicide vector does not negatively affect
the immune response or protection. We believe that Lm A(trpS
actA) will rapidly allow dissection of many parameters impor-
tant for successful neonatal immunization, and will promote the
development of rational vaccine design for early life immunization
against infectious diseases such as malaria or whopping cough.

Acknowledgements

We are very grateful to Werner Goebel for kindly providing
the balanced-lethal plasmid system Lm A(trpS actA) and the OVA
expression plasmids. We would also like to thank past and present
members of the Kollmann laboratory for help, discussion and
advice. In addition we thank Edgardo S. Fortuno III for critical read-
ing of the manuscript. We thank the members of the animal facility
for their support and we also thank Lisa Xu for flow cytometry
assistance. This work was supported by a grant from the Sick Kids
Foundation (XG08-013), a CFRI postdoctoral fellowship (to D.L.M.L),
a Career Award in the Biomedical Sciences from the Burroughs

Welcome Fund (T.R.K.), and a Career Development award from the
Canadian Child Health Clinician Scientist Program (T.R.K.).

References

[1] Adkins B, Leclerc C, Marshall-Clarke S. Neonatal adaptive immunity comes of
age. Nat Rev Immunol 2004;4(July (7)):553-64.

[2] Siegrist CA.The challenges of vaccine responses in early life: selected examples.
J Comp Pathol 2007;137(July (Suppl. 1)):S4-9.

[3] Siegrist C-A. Vaccination in the neonatal period and early infancy. Int Rev
Immunol 2000;19(2):195-219.

[4] Siegrist C-A. Neonatal and early life
2001;19(25-26):3331-46.

[5] Wilson CB, Kollmann TR. Induction of antigen-specific immunity in
human neonates and infants. Nestle Nutr Workshop Ser Pediatr Program
2008;61:183-95.

[6] Wilson CB, Lewis DB, English BK. T cell development in the fetus and neonate.
Adv Exp Med Biol 1991;310:17-27.

[7] Marchant A, Goldman M. T cell-mediated immune responses in human new-
borns: ready to learn? Clin Exp Immunol 2005;141(July (1)):10-8.

[8] Marchant A, Appay V, Van Der Sande M, Dulphy N, Liesnard C, Kidd M, et al.
Mature CD8(+) T lymphocyte response to viral infection during fetal life. ] Clin
Invest 2003;111(June (11)):1747-55.

[9] Fadel SA, Ozaki DA, Sarzotti M. Enhanced type 1 immunity after secondary
viral challenge in mice primed as neonates. ] Immunol 2002;169(September
(6)):3293-300.

[10] Kollmann TR, Reikie B, Blimkie D, Way SS, Hajjar AM, Arispe K, et al. Induc-
tion of protective immunity to Listeria monocytogenes in neonates. ] Immunol
2007;178(March (6)):3695-701.

[11] Kotton CN, Hohmann EL. Enteric pathogens as vaccine vectors for foreign anti-
gen delivery. Infect Immun 2004;72(October (10)):5535-47.

[12] Fouts TR, DeVico AL, Onyabe DY, Shata MT, Bagley KC, Lewis GK, et al. Progress
toward the development of a bacterial vaccine vector that induces high-titer
long-lived broadly neutralizing antibodies against HIV-1. FEMS Immunol Med
Microbiol 2003;37(July (2-3)):129-34.

[13] Bruhn KW, Craft N, Miller JF. Listeria as a vaccine vector. Microbes Infect
2007;9(August (10)):1226-35.

[14] Brockstedt DG, Dubensky TW. Promises and challenges for the develop-
ment of Listeria monocytogenes-based immunotherapies. Exp Rev Vaccines
2008;7(7):1069-84.

[15] Stevens R, Lavoy A, Nordone S, Burkhard M, Dean GA. Pre-existing immunity
to pathogenic Listeria monocytogenes does not prevent induction of immune
responses to feline immunodeficiency virus by a novel recombinant Listeria
monocytogenes vaccine. Vaccine 2005;23(February (12)):1479-90.

[16] Soussi N, Milon G, Colle JH, Mougneau E, Glaichenhaus N, Goossens PL. Listeria
monocytogenes as a short-lived delivery system for the induction of type 1 cell-
mediated immunity against the p36/LACK antigen of Leishmania major. Infect
Immun 2000;68(March (3)):1498-506.

[17] Lieberman J, Frankel FR. Engineered Listeria monocytogenes as an AIDS vaccine.
Vaccine 2002;20(15):2007-10.

[18] Angelakopoulos H, Loock K, Sisul DM, Jensen ER, Miller JF, Hohmann EL. Safety
and shedding of an attenuated strain of Listeria monocytogenes with a deletion
of actA/plcB in adult volunteers: a dose escalation study of oral inoculation.
Infect Immun 2002;70(July (7)):3592-601.

[19] Vazquez-Boland JA, Kuhn M, Berche P, Chakraborty T, Dominguez-Bernal G,
Goebel W, et al. Listeria pathogenesis and molecular virulence determinants.
Clin Microbiol Rev 2001;14(July (3)):584-640.

[20] Pamer EG. Immune responses to Listeria monocytogenes. Nat Rev Immunol
2004;4(0ctober (10)):812-23.

[21] Bauer H, Darji A, Chakraborty T, Weiss S. Salmonella-mediated oral DNA
vaccination using stabilized eukaryotic expression plasmids. Gene Ther
2005;12(February (4)):364-72.

[22] Spreng S, Viret ]J-F. Plasmid maintenance systems suitable for GMO-based bac-
terial vaccines. Vaccine 2005;23(17-18):2060-5.

[23] Loeffler DI, Schoen CU, Goebel W, Pilgrim S. Comparison of different live vac-
cine strategies in vivo for delivery of protein antigen or antigen-encoding
DNA and mRNA by virulence-attenuated Listeria monocytogenes. Infect Immun
2006;74(July (7)):3946-57.

[24] Khanolkar A, Badovinac V, Harty J. CD8 T cell memory development: CD4 T cell
help is appreciated. Immunol Res 2007;39(1):94-104.

[25] Park SF, Stewart GS. High-efficiency transformation of Listeria monocyto-
genes by electroporation of penicillin-treated cells. Gene 1990;94(September
(1)):129-32.

[26] Ermolaeva S, Novella S, Vega Y, Ripio M-T, Scortti M, Vazquez-Boland JA.
Negative control of Listeria monocytogenes virulence genes by a diffusible
autorepressor. Mol Microbiol 2004;52(2):601-11.

[27] Laemmli UK. Cleavage of Structural Proteins during the Assembly of the Head
of Bacteriophage T4. Nature 1970;227(5259):680-5.

[28] Moors MA, Levitt B, Youngman P, Portnoy DA. Expression of listeriolysin O and
ActA by intracellular and extracellular Listeria monocytogenes. Infect Immun
1999;67(January (1)):131-9.

[29] Bubert A, Sokolovic Z, Chun SK, Papatheodorou L, Simm A, Goebel W. Differen-
tial expression of Listeria monocytogenes virulence genes in mammalian host
cells. Mol Gen Genet 1999;261(March (2)):323-36.

vaccinology.  Vaccine



D.LM. Loeffler et al. / Vaccine 27 (2009) 919-927 927

[30] Pilgrim S, Stritzker ], Schoen C, Kolb-Maurer A, Geginat G, Loessner MJ, et al.
Bactofection of mammalian cells by Listeria monocytogenes: improvement and
mechanism of DNA delivery. Gene Ther 2003;10(November (24)):2036-45.

[31] Galen JE, Levine MM. Can a ‘flawless’ live vector vaccine strain be engineered?
Trends Microbiol 2001;9(8):372-6.

[32] Badovinac VP, Porter BB, Harty JT. Programmed contraction of CD8* T cells after
infection. Nat Immunol 2002;3(July (7)):619-26.

[33] Montoya M, Del Val M. Intracellular rate-limiting steps in MHC class I antigen
processing. ] Immunol 1999;163(August (4)):1914-22.

[34] Janssen EM, Lemmens EE, Wolfe T, Christen U, von Herrath MG, Schoenberger
SP. CD4* T cells are required for secondary expansion and memory in CD8* T
lymphocytes. Nature 2003;421(February (6925)):852-6.

[35] Herskovits AA, Auerbuch V, Portnoy DA. Bacterial ligands generated in a
phagosome are targets of the cytosolic innate immune system. PLoS Pathog
2007;3(March (3)):e51.

[36] Leber JH, Crimmins GT, Raghavan S, Meyer-Morse NP, Cox ]S, Portnoy DA.
Distinct TLR- and NLR-mediated transcriptional responses to an intracellular
pathogen. PLoS Pathog 2008;4(January (1)):e6.

[37] McCaffrey RL, Fawcett P, O'Riordan M, Lee KD, Havell EA, Brown PO, et al. A
specific gene expression program triggered by Gram-positive bacteria in the
cytosol. Proc Natl Acad Sci USA 2004;101(August (31)):11386-91.

[38] Bahjat KS, Liu W, Lemmens EE, Schoenberger SP, Portnoy DA, Dubensky Jr TW,
et al. Cytosolic entry controls CD8+-T-cell potency during bacterial infection.
Infect Immun 2006;74(November (11)):6387-97.

[39] BrzozaKL, Rockel AB, Hiltbold EM. Cytoplasmic entry of Listeria monocytogenes
enhances dendritic cell maturation and T cell differentiation and function. ]
Immunol 2004;173(August (4)):2641-51.

[40] Busch DH, Pamer EG. MHC Class I/peptide stability: implications for immun-
odominance, in vitro proliferation, and diversity of responding CTL. ] Immunol
1998;160(May (9)):4441-8.

[41] Badovinac VP, Harty JT. Intracellular staining for TNF and IFN-gamma detects
different frequencies of antigen-specific CD8(+) T cells. ] Immunol Methods
2000;238(April (1-2)):107-17.

[42] Skoberne M, Geginat G. Efficient in vivo presentation of Listeria
monocytogenes- derived CD4 and CD8 T cell epitopes in the absence of
IFN-gamma. ] Immunol 2002;168(February (4)):1854-60.

[43] Byun HJ, Jung WW, Lee ]JB, Chung HY, Sul D, Kim SJ, et al. An evaluation of
the neonatal immune system using a listeria infection model. Neonatology
2007;92(2):83-90.

[44] Adkins B. Neonatal T cell function. ] Pediatr Gastroenterol Nutr 2005;40(Suppl.
1):5-7.

[45] Snapper CM, Paul WE. Interferon-gamma and B cell stimulatory factor-1
reciprocally regulate Ig isotype production. Science 1987;236(May (4804)):
944-7.

[46] Schoen C, Loeffler DIM, Frentzen A, Pilgrim S, Goebel W, Stritzker ]. Listeria
monocytogenes as novel carrier system for the development of live vaccines.
Int ] Med Microbiol 2008;298(1-2):45-58.



	Fine-tuning the safety and immunogenicity of Listeria monocytogenes-based neonatal vaccine platforms
	Introduction
	Materials and methods
	Animals
	Bacterial strains, plasmids, media, and growth conditions
	Preparation of supernatant and cellular proteins of L. monocytogenes strains
	SDS-PAGE and immunoblotting
	Immunization and Infection of animals
	Enumeration of Ag-specific T cells
	Enzyme-linked immunosorbent assay (ELISA) for mouse IgG antibodies
	Statistics

	Results
	Multi-copy plasmid-containing Lm Delta(trpS actA) strains produce more OVA proteins in comparison to integrated, single-copy Lm DeltaactA-OVA strains
	A high dose of Lm Delta(trpS actA)/pSP0-PSactAOVA induces primary total CD8 T cell responses in mouse neonates similar to a low dose of the Lm DeltaactA-OVA strain
	Compared to adult mice, neonatally immunized mice develop a stronger Lm- and OVA-specific primary CD8 and CD4 T cell response
	Independent of in vivo subcellular location of antigen expression, neonatally immunized mice develop a broader primary T cell response than adult immunized mice
	Neonatally immunized mice develop protective Lm- and OVA-specific secondary response that is dependent on the subcellular location of antigen expression
	Neonates, not adults, generate a strong IgG antibody response against ovalbumin after immunization with Lm

	Discussion
	Acknowledgements
	References


