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Abstract

In this study, we compared immune responses elicited by DNA immunization using Lactococcus lactis or L. lactis expressing
the Staphylococcus aureus invasin Fibronectin Binding Protein A (FnBPA) at its surface. Both strains carried pValac:BLG, a
plasmid containing the cDNA of Beta-Lactoglobulin (BLG), and were designated LL-BLG and LL-FnBPA+ BLG respectively. A
TH2 immune response characterized by the secretion of IL-4 and IL-5 in medium of BLG reactivated splenocytes was
detected after either oral or intranasal administration of LL-FnBPA+ BLG. In contrast, intranasal administration of LL-BLG
elicited a TH1 immune response. After BLG sensitization, mice previously intranasally administered with LL-BLG showed a
significantly lower concentration of BLG-specific IgE than the mice non-administered. Altenatively administration of LL-
FnBPA+ BLG didn’t modify the BLG-specific IgE concentration obtained after sensitization, thus confirming the TH2
orientation of the immune response. To determine if the TH2-skewed immune response obtained with LL-FnBpA+ BLG was
FnBPA-specific or not, mice received another L. lactis strain producing a mutated form of the Listeria monocytogenes invasin
Internalin A intranasally, allowing thus the binding to murine E-cadherin, and containing pValac:BLG (LL-mInlA+ BLG). As
with LL-FnBPA+ BLG, LL-mInlA+ BLG was not able to elicit a TH1 immune response. Furthermore, we observed that these
difference were not due to the peptidoglycan composition of the cell wall as LL-FnBPA+ BLG, LL-mInlA+ BLG and LL-BLG
strains shared a similar composition. DNA vaccination using LL-BLG elicited a pro-inflammatory TH1 immune response while
using LL-FnBPA+ BLG or LL-mInlA+ BLG elicited an anti-inflammatory TH2 immune response.
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Introduction

An innovative strategy using Lactococus lactis, a food grade

bacterium, to deliver plasmids in vitro [1] and in vivo [2] was

previously developed by our laboratory. We first demonstrated

that a non invasive, transiting bacterium was capable of

transferring a plasmid to the epithelial membrane of the small

intestine in mice and eliciting a Type 1 T helper cell (TH1)

immune response [2]. A TH1 type of immune response is typical

for DNA vaccination [3] regardless of various factors which can

influence the immune response [4], such as the nature of the

antigen or mouse strain. To better understand the mechanism of

plasmid transfer and thus possibly improve on it, we developed

invasive L. lactis strains by expressing invasins on their cell surface.

We previously constructed LL-FnBPA+, a recombinant L. lactis

strain expressing Staphylococcus aureus Fibronectin Binding protein A

(FnBPA) on its surface and demonstrated its potential for plasmid

DNA delivery in vitro [5]. More recently, we confirmed that the use

of invasive LL-FnBPA+ increases plasmid transfer rate/efficacy in

vivo [6]. In addition, a recombinant L. lactis strain producing Listeria

monocytogenes Internalin A (LL-InlA+) was constructed and dem-

onstrated to be capablefor plasmid transfer in vivo with guinea pigs

[7]. As InlA binds only poorly to murine E-cadherin, the use of this

strain is thereby limited to either transgenic mice expressing

human E-cadherin [8] or guinea pigs. InlA has been mutated to

increase its binding to murine E-cadherin [9]. We produced

mutated mInlA at the surface of L. lactis (LL-mInlA+) and showed

that LL-mInlA+ did not significantly increase plasmid transfer rate

in mice [10].

In this manuscript, we evaluated wether the immune response

elicited by L. lactis-mediated DNA immunization could be

modified by production of invasins on the cell surface. We report

that intranasal or oral DNA administration using invasive LL-
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FnBPA+ carrying pValacBLG (LL-FnBPA+ BLG) elicits a TH2

primary immune response whereas the non invasive strain (LL-

BLG) elicited a classical TH1 immune response. These results were

confirmed using another L. lactis strain producing a mutated InlA

and carrying pValacBLG (LL-mInlA+ BLG). We reported

previously that oral administration of LL-mInlA+ BLG or LL-

FnBPA+ BLG will elicit the production of BLG in mice

enterocytes [10,11].Differences between immune responses ob-

served after mucosal administration of invasive and non invasive

strains were not due to a difference in peptidoglycan composition.

Unexpectedly production of two unrelated different invasins from

pathogens led to the similar modification of the intrinsic

immunomodulatory properties of L. lactis with respect to DNA

delivery.

Results

DNA immunization using LL-FnBPA+ BLG or LL-BLG
strains elicits different BLG-specific primary immune
responses

In order to know if the production of FnBPA at the surface of L.

lactis could influence its immunomodulatory properties, mice were

orally or intranasally administered with LL-wt (control), LL-BLG

or LL-FnBPA+ BLG strains and the BLG specific primary

immune response was monitored. No BLG specific IgG1, IgG2a

or IgE could be detected in mice sera regardless of administration

route (data not shown). Splenocytes from orally and intranasally

administered mice were reactivated with BLG and secreted IFN-c,

IL-4 and IL-5 cytokines were assayed in the medium. Splenocytes

of mice intranasally (Fig. 1 A) or orally immunized (Fig. 1 B) with

LL- BLG strain secreted only IFN- c, IL-4 and IL-5 were detected

in medium of BLG-reactivated splenocytes from mice receiving

LL-FnBPA+ BLG (Fig. 1 A) intranasally. Moreover, only IL-5

cytokine secretion by BLG-reactivated splenocytes from mice

orally immunized with LL-FnBPA+ BLG was observed (Fig. 1 B).

No IL-4 secretion was detected in mice orally administered with

LL-FnBPA+ BLG (data not shown). Therefore, mice treated with

LL-FnBPA+ BLG exhibit a TH2 BLG-specific immune response,

whereas a classical TH1 BLG-specific immune response was

observed in mice treated with LL-BLG.

Mice undergoing intranasal administration of LL-BLG
were protected from further BLG sensitization in contrast
to mice pre-administered with LL-FnBPA+ BLG

After intranasal or oral administration of LL-wt, LL-BLG or

LL-FnBPA+ BLG strains, mice were sensitized with BLG in alum

in order to elicit a TH2 immune response. The concentrations of

BLG-specific IgG1, IgG2a and IgE were monitored in sera of

sensitized and intranasally pre-treated mice (Fig.2). Naı̈ve sensi-

tized mice (mice not receiving bacteria) exhibited a TH2 immune

response characterized by a high level of BLG-specific IgG1 and

IgE. Pre-treatment with LL-wt control strain had no effect on

IgG1, IgG2a or IgE level. Despite a decrease of 25% on average,

there was no significant difference in IgE level between naive

sensitized mice and mice pre-treated with LL-FnBPA+ BLG

(Fig. 2). In contrast, mice pre-treated with LL-BLG showed a

statistically significant decrease of 45% less BLG-specific IgE

antibody (Fig. 2).

No differences in the levels of IgG1, IgG2a or IgE could be

detected between mice orally immunized with LL-wt, LL-BLG or

LL-FnBPA+ BLG strains and naive sensitized mice (data not

shown).

Cytokines secreted by BLG reactivated splenocytes after
BLG sensitization confirmed the TH2 orientation of the
immune response elicited by the administration of LL-
FnBPA+ BLG

Splenocytes of mice sensitized after intranasal or oral pre-

treatment with either LL-FnBPA+ BLG or LL-BLG strains were

reactivated by BLG and IFN- c, IL-4 and IL-5 cytokines were

assayed in medium (Fig. 3). Regardless of the route of adminis-

tration, mice pre-treated with LL-wt control strain exhibited a

lower level of IFN- c and IL-5 as compared to the naı̈ve-sensitized

group. Therefore, a slight increase of IL-4 levels (Fig. 3B) was

observed only for mice orally pre-treated with LL-wt strain.

Intranasal and oral pre-treatments with LL-BLG did not modify

the levels of any cytokines. However, spleen cells from all

sensitized mice pre-treated with LL-FnBPA+ BLG secreted higher

amounts of IL-4 and IL-5 than those of the naı̈ve-sensitized group

(Fig. 3).

Intranasal administration of invasive LL-mInlA+ BLG does
not elicit a TH1 BLG-specific primary immune response

To study if the TH2 orientation of the immune response was or

not FnBPA-specific, another invasive strain, LL-mInLA+ BLG,

was administered intranasally to mice. Splenocytes from mice pre-

treated with LL-BLG, LL-FnBPA+ BLG or LL-mInlA+ BLG were

reactivated with BLG and IFN- c, IL-4 and IL-5 were assayed in

the medium. Splenocytes of mice pre-treated with non invasive

LL-BLG secreted only IFN- c (Fig. 4), whereas no cytokines were

detected in media of mice pre-treated with both invasive LL-

FnBPA+ BLG or LL-mInlA+ BLG strains.

Peptidoglycan composition of cell wall from LL-BLG, LL-
FnBPA+ BLG and LL-mInLA+ BLG is highly similar

Peptidoglycan (PG) of cell wall is well known for its adjuvanticity

role. We studied if the production of heterologous proteins as

invasins at the surface of L. lactis would modify its composition.

The PG composition of the different strains LL-BLG, LL-FnBPA+
BLG and LL-mInlA+ BLG was compared. For this purpose, PG

was extracted from each strain, digested with mutanolysin and the

resulting muropeptides were separated by RP-HPLC. Comparison

of the obtained muropeptide profiles (Fig. 5) did not reveal any

differences at the level of PG composition between the strains.

Discussion

In this paper, we compared the immune response induced in

mice via DNA immunization by administration of either non

invasive or recombinant L. lactis strain producing FnBPA or

mInLA. We previously demonstrated in vitro and in vivo that L.lactis

is able to transfer a fully functional plasmid to eukaryotic cells of

the murine epithelial membrane [1,2]. In order to understand and

improve the DNA delivery, recombinant strains producing

invasins from various pathogens, such as FnBPA, InlA, or a

mutated form of InlA, were developed. In vitro, all of our invasive

strains were better DNA delivery vectors than non invasive strains

[7,11,18]. In vivo, the use of the invasive LL-FnBPA+ BLG strain

increased the number of mice producing BLG, but not the

quantity of BLG produced [11] whereas the use of LL-mInlA+
BLG did not significantly change either of the two aforementioned

parameters [18]. Herein, we would like to determine the incidence

of the invasin expression on the nature of the immune response

elicited by administration of such strains compared to non invasive

ones.

Surface Exposed Proteins Modify Immune Response
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Since 1996 it was clearly shown that TH1 is the main immune

response elicited by DNA immunization [3]. Several previous

approaches had demonstrated that the nature of the antigen

[4,19,20], the route of administration [21,22,23] or the genetic

background of the host [4,24] could significantly influence the

immune response.

We previously published that DNA vaccination using non-

invasive lactococci elicits a TH1 type of immune response [2]. In

this study, we confirmed this result and report for the first time on

intranasal DNA immunization, using recombinant invasive

lactococci strains. After intranasal administration, the wild type

LL-BLG strain induced a TH1 type of immune response as

represented by the presence of IFN-c cytokine secretion. We

compared the immune responses observed with LL-BLG using

different routes of administration and showed that intranasal

immunization was more effective than oral immunization. Similar

results have already been described for protein vaccination using

Lactic Acid Bacteria (LAB) [25,26].

Surprisingly, intranasal or oral administration of LL-FnBPA+
BLG strain elicited a TH2 type of immune response characterized

by secretion of IL-4 or IL-5 by BLG reactivated splenocytes. After

BLG sensitization, no decrease of IgE concentration was observed

in mice. The results clearly showed that DNA immunization using

invasive LL-FnBPA+ BLG strain polarized the immune response

toward a TH2-type in contrast to the TH1-type response elicited by

DNA vaccination using non invasive LL-BLG strain. We explored

if this phenomenon was FnBPA-specific or if it was linked to the

invasivity properties of our strain. In order to answer to this

question, we performed the same type of experiments using a new

recombinant invasive strain producing a mutated form of

Internalin A from Listeria monocytogenes, LL-mInlA+ BLG. Invasivity

of LL-FnBPA+ BLG and LL-mInlA+ BLG were tested in vitro and

were comparable [18]. In vivo BLG expression detected in

enterocytes was comparable between mice orally administered

with LL-BLG, LL-FnBPA+ BLG or LL-mInlA+ BLG (data not

shown). We were not able to detect any IFN-c in medium of BLG

reactivated splenocytes from mice treated with LL-mInlA+ BLG.

Moreover, neither IL-4 nor IL-5 was detected but the level of IFN-

c secreted by BLG reactivated splenocytes from mice administered

with LL-BLG was 10-times higher than in the previous

Figure 1. BLG-specific cytokines secreted by BLG-reactivated splenocytes from mice orally or intranasally administered with LL-wt,
LL-BLG or LL-FnBPA+ BLG. Mice were intranasally (A) or orally (B) administered with LL-wt, LL-BLG or LL-FnBPA+ BLG then splenocytes from
pooled samples were purified and reactivated with BLG. Secreted cytokines, IFN-c, IL-4 and IL-5 were assayed in medium. Sum of two independent
experiments, 8 mice/group.
doi:10.1371/journal.pone.0084509.g001
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experiments described in this paper. This suggests that the

production of both FnBPA and mInlA invasins at the surface of

L. lactis skewed the immune response towards a TH2 instead of

TH1 type of immune response.

It has been recently described that production of invasins at the

surface of lactobacilli can modify their immunomodulatory

properties. The production of invasin from Yersinia pseudotuberculosis

at the surface of Lactobacillus plantarum changed its profile from

neutral to pro-inflammatory [27]. The authors determined the

immunomodulatory properties of their strain only in vitro using

monocytes stably transfected with NF-kB reporter system.

Usually, bacteria used as DNA delivery vectors are attenuated

pathogens like L. monocytogenes or recombinant invasive E. coli

[28,29]. L. monocytogenes infection is accompanied by a strong

innate immune response followed by a T-cell activation of TH1

type [30]. Attenuated Salmonella typhimurium delivering a DNA

vaccine coding for cyst wall protein-2 (CWP-2) from Giardia lamblia

was able to elicit a mixed CWP-2 specific cellular TH1/TH2

immune response after oral administration [31]. A humoral

immune response was characterized by the presence of CWP-2

specific IgG2a in sera. Moreover, the use of invasive E. coli

expressing the invasin from Y. pseudotuberculosis and Listeriolysin-O

(LLO) from L. monocytogenes could elicit a TH1 immune response

characterized by secretion of IFNc from reactivated splenocytes.

Similar results were obtained when non invasive E. coli was used as

DNA delivery vector, but the induction of immune response was

less effective. In addition no TH2 cytokines were assayed.

Protection against challenge could be induced with a better

efficiency than naked DNA [32]. Using the same type of bacterial

vector to deliver GFP, Harms et al. [33] observed a mixed TH1/

TH2 immune response for both invasive and non invasive E. coli.

The secondary immune response provides a more defining TH1

cytokine profile. Our results with DNA vaccination using non-

invasive lactococci elicited this "classical" TH1 immune response,

while the use of LL-FnBPA+ BLG or LL-mInlA+ BLG invasive

strains led to a TH2 type immune response. However the immune

response elicited by the use of invasive L. lactis was low level. It is

possible that the main immune response was a tolerization

characterized by a high number of Treg.

We know that invasive or non invasive L. lactis strains can

transfer plasmids in vivo, to enterocytes [11], but other subsets of

epithelial cells may also be targeted by the invasive LAB, thus

modifying the immune response. Tropism of non invasive E. coli

and invasive E. coli expressing the invasin from Y. pseudotuberculosis,

LLO from L. monocytogenes or GFP protein at the cell surface were

observed ex vivo in murine small intestine tissue. Invasive E. coli was

mainly detected in the Peyer’s patches. Non invasive E. coli can

gain also entry to the Peyer’s patches, but with less efficiency [34].

Invasive bacteria were also assayed in Peyer’s patch antigen-

presenting cells. 3% of the DCs and 0.5% of the leukocytes were

GFP positive [34]. The same phenomenon could happen with our

recombinant lactococci and might explain the differences between

the type of immune responses. If the invasive lactococci

preferentially penetrate into the Peyer patches, BLG produced

in M cells and phagocytosed by macrophages would then be

presented under a MHC II context, eliciting a CD4+TH2 cell

immune response characterized by the secretion of IL-4 or IL-5 as

seen in our experiments. Alternately, non invasive lactococci

would transfer plasmids mostly to enterocytes or DCs which will

then present BLG under a MHC I context eliciting a CD8+ T cells

immune response characterized by the secretion of IFNc.

Currently, there is no supporting evidence available to explain

why invasive lactococci could penetrate with more efficiency in M

cells than in enterocytes.

E-cadherin, mInlA receptor, is expressed on the basolateral

membrane of epithelial cells which are strongly linked to each

other in the gut turning E-cadherin less available. It has been

shown recently that L. monocytogenes could enter in the epithelial

membrane through extruding epithelial cells at the top of the villi

but mainly through goblet cells which are located deeper in the

crypt [35].

Figure 2. BLG-specific IgG1, IgG2a and IgE in sera of mice
intranasally administered with LL-wt, LL-BLG or LL-FnBPA+
BLG and then sensitized with BLG. BLG specific IgG1 (A), IgG2a (B)
and IgE (C) were assayed in sera of mice intranasally administered or not
(naive-sensitized, NS) with LL-wt, LL-BLG or LL-FnBPA+ BLG then
sensitized with BLG in Alum in order to elicit a Th2 immune response.
Sum of two independent experiments.* indicates P, 0.05, ANOVA and
Tukey’s post test.
doi:10.1371/journal.pone.0084509.g002

Surface Exposed Proteins Modify Immune Response
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The difference of immune response between invasive and non

invasive lactococci could also be explained by a difference in the

composition of the cell wall. Indeed some recent studies have

revealed the crucial role of cell wall components in immune

response against bacteria like Bacteroides fragilis [36,37] or probiotics

[38,39]. Thus, we decided to check if the expression of invasins at

the surface of L. lactis could modify the peptidoglycan composition

of our recombinant strain, but no differences were detected.

To better understand why L. lactis recombinant invasive strains

produced a low TH2 response, we need to go further in the

characterization of the immune response, for example the subset

of T cell involved, the nature of cells taken up our bacteria or

plasmid. It would be interesting to know if the same bias is

observed when we use our invasive bacteria to deliver proteins

instead of plasmid. The data described here will help us to choose

the vehicle depending on the nature of the desired immune

response, pro-inflammatory or anti-inflammatory, to be induced

by DNA delivery.

Materials and Methods

Ethics statement
All procedures were carried out in accordance with European

and French guidelines for the care and use of laboratory animals.

Permission 78–123 is a permit number dedicated to P. Langella.

MICALIS (Microbiologie de l’Alimentation au Service de la

Santé) review board specifically approved this study.

Bacterial strains, plasmids, media and growth conditions
Bacterial strains and plasmids used in this study are listed in

Table 1. L. lactis subsp. cremoris strains were grown in M17 medium

containing 0.5% glucose (GM17) at 30uC. E. coli strains were

grown in Luria–Bertani medium and incubated at 37uC with

vigorous shaking. Antibiotics were added at the indicated

concentrations as necessary: erythromycin, 500 mg/ml for E. coli,

and 5 mg/ml for L. lactis; chloramphenicol, 10 mg/ml for E. coli

and L. lactis.

Figure 3. BLG-specific cytokines secreted by BLG-reactivated splenocytes from mice orally or intranasally administered with LL-wt,
LL-BLG or LL-FnBPA+ BLG then BLG sensitized. Mice were intranasally (A) or orally (B) administered or not (NS) with LL-wt, LL-BLG or LL-FnBPA+
BLG then sensitized with BLG in Alum. Splenocytes from pooled samples were purified and reactivated with BLG. Secreted cytokines, IFN-c, IL-4 and
IL-5 were assayed in medium. The results presented here are from one experiment representative of two performed independently, 8 mice/group.
doi:10.1371/journal.pone.0084509.g003

Surface Exposed Proteins Modify Immune Response
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Mice handling
Specific pathogen-free BALB/c mice (females, 6 weeks of age;

Janvier, France) were maintained under normal husbandry

conditions in the animal facilities of the National Institute of

Agricultural Research (UEAR, INRA, Jouy-en-Josas, France). All

animal experiments began after the animals were allowed 2 weeks

of acclimation and were performed according to European

Community rules of animal care and with authorization 78–149

of the French Veterinary Services.

Apparatus and reagents
All enzymatic immunoassays were performed in 96-well

microtitre plates (Immunoplate Maxisorb, Nunc, Roskilde, Den-

mark) using specialized Titertek microtitration equipment from

Labsystems (Helsinki, Finland). Unless otherwise stated, all

reagents were of analytical grade from Sigma (St Louis, MO,

USA). BLG was purified from cow’s milk as previously described

[12].

Quantification of BLG-specific IgE, IgG1 and IgG2a
Blood samples were obtained from the retro-orbital venous

plexus, centrifuged, supplemented with 0.1% sodium azide as a

preservative, and the sera was stored at -20 uC until further assay.

Naı̈ve mice were bled on the same days to assess non-specific

binding. Each immunization group was composed of 8 mice.

BLG- specific IgE, IgG1 and IgG2a were measured using

immunoassays, as previously described, allowing quantification

of antibodies recognizing both native and denatured BLG [13].

Quantification of specific IgE is preceded by removal of serum IgG

using protein G immobilized on porous glass (PROSEP,

Bioprocessing, Consett, UK) avoiding IgG interference in IgE

detection [14]. The minimum detectable concentrations are 8 pg/

ml for IgE, 7 pg/ml for IgG1 and 12 pg/ml for IgG2a.

Cytokine production
Mice were humanely killed and spleens were harvested under

sterile conditions, and pooled per immunization group. After lysis

of red blood cells (180 mM NH4Cl, 17 mM Na2EDTA) and

several washes, splenocytes were resuspended in RPMI-10 (RPMI

Figure 4. BLG-specific cytokines secreted by BLG-reactivated
splenocytes from mice intranasally administered with LL-wt,
LL-BLG, LL-FnBPA+ BLG or LL-mInlA+ BLG. Mice were intranasally
administered with LL-wt, LL-BLG, LL-FnBPA+ BLG or LL-mInlA+ BLG then
splenocytes from pooled samples were purified and reactivated with
BLG. Secreted IFN-c was assayed in medium.
doi:10.1371/journal.pone.0084509.g004

Figure 5. Peptidoglycan composition of cell wall from lactococci recombinant strains. The PG structure of the different strains LL-BLG, LL-
FnBPA+ BLG and LL-mInlA+ BLG was compared. PG was extracted from each strain, digested with mutanolysin and the resulting muropeptides were
separated by RP-HPLC. Absorbance was monitored at 220 nm.
doi:10.1371/journal.pone.0084509.g005

Surface Exposed Proteins Modify Immune Response
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supplemented with 10% foetal calf serum, 2 mM L-glutamine, 100

U penicillin, 100 mg/mL streptomycin). Cells were incubated for

60 h at 37uC (5% CO2) in 96-well culture plates (106 cells/well) in

the presence of BLG (20 mg/mL) or concanavalin A (1 mg/mL,

positive control). Incubations with PBS or ovalbumin (20 mg/mL)

were done as negative controls. Supernatants were then removed

and stored at -80uC until further assay. IFN-c, IL-4 and IL-5 was

assayed using CytoSetsTM kits (BioSource International Europe,

Nivelles, Belgium). Limits of detection are respectively of 5 pg/ml,

3 pg/ml and 1 pg/ml for IL-4, IL-5 and IFN-c.

Primary immune response elicited by oral or intranasal
administration of bacteria strains

Strains were grown to saturation (overnight (ON) cultures) as

described above. Before administration, strains were centrifuged at

5,000 g for 10 min at 4uC, and then resuspended in PBS to wash

the bacteria. Washed bacteria were centrifuged again and the

pellet was resuspended in PBS containing 10% Fetal Calf Serum

to provide fibronectin during 2 hours of incubation at 4uC [11].

Then the strains were pelleted and resuspended in PBS. Groups of

mice (n = 8) were fed orally with 109 CFU/mouse or received

109 CFU in 10 ml per nostril intranasally over 3 consecutive days.

Two weeks after the last administration, mice received a booster,

with 3 consecutive days of immunization with109 CFU/mouse by

oral administration or 109 CFU by intranasal administration. One

week after the last administration, mice were killed and bled.

Naı̈ve mice were killed and bled the same day to assess non-

specific immune response.

Immune response after sensitization in mice intranasally
or orally administered with bacteria strains

Mice were immunized following the same protocol listed in the

aforementioned section. Two weeks after the final booster

administration, all mice were sensitized by intraperitoneal

injection of 5 mg BLG adsorbed on alum (1 mg/mouse; Alhy-

drogel 3%, Superfos Biosector als, Denmark) [15]. Mice were

injected with a volume of 0.2 ml per mouse. Two weeks post-

sensitization, mice were humanely killed and bled. Serum was

collected for assessing BLG-specific IgE, IgG1 and IgG2a

concentrations as described above. Naı̈ve mice (n = 8) were bled

the same day to assess non-specific immune response. Naive

sensitized mice received PBS orally or intranasally instead of

bacteria. Spleens were harvested and isolated splenocytes were

reactivated for cytokines secretion as described above.

Peptidoglycan structural analysis
Peptidoglycan was extracted from exponential phase cultures of

the different L. lactis strains as described previously [16].

Peptidoglycan was then hydrolyzed with mutanolysin and the

reduced soluble muropeptides were then separated by RP-HPLC

with an Agilent UHPLC1290 system using ammonium phosphate

buffer and methanol linear gradient as described previously [17].

Statistical analyses
All statistical calculations were done using GraphPad Prism

version 5.00 for Windows (GraphPad Software, San Diego, CA).

Data were analyzed using analysis of variance (ANOVA) and

Tukey’s multiple comparison test. A p-value less than 0.05 was

considered significant.
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F-78352 Jouy-en-Josas, France; CEA, Institut de Biologie et de

Technologie de Saclay, iBiTeC-S, Laboratoire d’Etudes et de Recherches

en Immunoanalyse, F-91191 Gif-sur-Yvette, France).

Author Contributions

Conceived and designed the experiments: JMC PL MPCC AM VA FL.

Performed the experiments: DP MA SI SB PC. Analyzed the data: DP MA

SI FL VA AM MPCC PL JMC. Wrote the paper: DP MA SI AM MPCC

PL JMC.

References

1. Guimaraes VD, Innocentin S, Lefevre F, Azevedo V, Wal JM, et al. (2006) Use

of native lactococci as vehicles for delivery of DNA into mammalian epithelial
cells. Appl Environ Microbiol 72: 7091–7097.

2. Chatel JM, Pothelune L, Ah-Leung S, Corthier G, Wal JM, et al. (2008) In vivo
transfer of plasmid from food-grade transiting lactococci to murine epithelial

cells. Gene Ther 15: 1184–1190.

3. Raz E, Tighe H, Sato Y, Corr M, Dudler JA, et al. (1996) Preferential induction

of a Th1 immune response and inhibition of specific IgE antibody formation by

plasmid DNA immunization. Proc Natl Acad Sci U S A 93: 5141–5145.

4. Chatel JM, Song L, Bhogal B, Orson FM (2003) Various factors (allergen nature,

mouse strain, CpG/recombinant protein expressed) influence the immune
response elicited by genetic immunization. Allergy 58: 641–647.

5. Innocentin S, Guimaraes V, Miyoshi A, Azevedo V, Langella P, et al. (2009)
Lactococcus lactis expressing either Staphylococcus aureus fibronectin-binding

protein A or Listeria monocytogenes internalin A can efficiently internalize and

deliver DNA in human epithelial cells. Appl Environ Microbiol 75: 4870–4878.

6. Pontes D, Innocentin S, Del Carmen S, Almeida JF, Leblanc JG, et al. (2012)

Production of Fibronectin Binding Protein A at the Surface of Lactococcus lactis

Increases Plasmid Transfer In Vitro and In Vivo. PLoS One 7: e44892.

7. Guimaraes VD, Gabriel JE, Lefevre F, Cabanes D, Gruss A, et al. (2005)

Internalin-expressing Lactococcus lactis is able to invade small intestine of

guinea pigs and deliver DNA into mammalian epithelial cells. Microbes Infect 7:

836–844.

8. Lecuit M, Vandormael-Pournin S, Lefort J, Huerre M, Gounon P, et al. (2001)

A transgenic model for listeriosis: role of internalin in crossing the intestinal

barrier. Science 292: 1722–1725.

9. Wollert T, Pasche B, Rochon M, Deppenmeier S, van den Heuvel J, et al. (2007)

Extending the host range of Listeria monocytogenes by rational protein design.

Cell 129: 891–902.

10. de Azevedo M, Karczewski J, Lefevre F, Azevedo V, Miyoshi A, et al. (2012) In

vitro and in vivo characterization of DNA delivery using recombinant

Table 1. Plasmids and strains used in this study.

Strains Properties Reference

LL-wt MG1363 L. lactis strain carrying pIL253 plasmid, Eryr [40]

LL- BLG MG1363 L. lactis strain carrying pIL253 and pValac:BLG plasmid, Eryr, Cmr [11]

LL-FnBPA+ BLG MG1363 L. lactis strain expressing FnBPA and carrying pValac:BLG, Eryr, Cmr [11]

LL-mInlA+ BLG NZ9000 L. lactis strain expressing mInlA and carrying pValac:BLG, Eryr, Cmr [10]

Eryr, Erythromycin; Cmr, Chloramphenicol
doi:10.1371/journal.pone.0084509.t001

Surface Exposed Proteins Modify Immune Response

PLOS ONE | www.plosone.org 7 January 2014 | Volume 9 | Issue 1 | e84509



Lactococcus lactis expressing a mutated form of L. monocytogenes Internalin A.

BMC Microbiol 12: 299.
11. Pontes D, Innocentin S, Del Carmen S, Almeida JF, Leblanc JG, et al. (2012)

Production of Fibronectin Binding Protein A at the surface of Lactococcus lactis

increases plasmid transfer in vitro and in vivo. PLoS One 7: e44892.
12. Negroni L, Bernard H, Clement G, Chatel JM, Brune P, et al. (1998) Two-site

enzyme immunometric assays for determination of native and denatured beta-
lactoglobulin. J Immunol Methods 220: 25–37.

13. Adel-Patient K, Creminon C, Bernard H, Clement G, Negroni L, et al. (2000)

Evaluation of a high IgE-responder mouse model of allergy to bovine beta-
lactoglobulin (BLG): development of sandwich immunoassays for total and

allergen-specific IgE, IgG1 and IgG2a in BLG-sensitized mice. J Immunol
Methods 235: 21–32.

14. Adel-Patient K, Creminon C, Boquet D, Wal JM, Chatel JM (2001) Genetic
immunisation with bovine beta-lactoglobulin cDNA induces a preventive and

persistent inhibition of specific anti-BLG IgE response in mice. IntArchAllergy

Immunol 126: 59–67.
15. Adel-Patient K, Nahori MA, Proust B, Lapa e Silva JR, Creminon C, et al.

(2003) Elicitation of the allergic reaction in beta-lactoglobulin-sensitized Balb/c
mice: biochemical and clinical manifestations differ according to the structure of

the allergen used for challenge. Clin Exp Allergy 33: 376–385.

16. Meyrand M, Boughammoura A, Courtin P, Mezange C, Guillot A, et al. (2007)
Peptidoglycan N-acetylglucosamine deacetylation decreases autolysis in Lacto-

coccus lactis. Microbiology 153: 3275–3285.
17. Courtin P, Miranda G, Guillot A, Wessner F, Mezange C, et al. (2006)

Peptidoglycan structure analysis of Lactococcus lactis reveals the presence of an
L,D-carboxypeptidase involved in peptidoglycan maturation. J Bacteriol 188:

5293–5298.

18. de Azevedo M, Karczewski J, Lefevre F, Azevedo V, Miyoshi A, et al. (2012) In
vitro and in vivo characterization of DNA delivery using recombinant

Lactococcus lactis expressing a mutated form of L. monocytogenes Internalin
A. BMC Microbiol 12: 299.

19. Lee SW, Sung YC (1998) Immuno-stimulatory effects of bacterial-derived

plasmids depend on the nature of the antigen in intramuscular DNA
inoculations. Immunology 94: 285–289.

20. Hartl A, Kiesslich J, Weiss R, Bernhaupt A, Mostbock S, et al. (1999) Isoforms of
the major allergen of birch pollen induce different immune responses after

genetic immunization. International Archives of Allergy and Immunology 120:
17–29.

21. Feltquate DM, Heaney S, Webster RG, Robinson HL (1997) Different T helper

cell types and antibody isotypes generated by saline and gene gun DNA
immunization. JImmunol 158: 2278–2284.

22. Scheiblhofer S, Stoecklinger A, Gruber C, Hauser-Kronberger C, Alinger B,
et al. (2007) Gene gun immunization with clinically relevant allergens aggravates

allergen induced pathology and is contraindicated for allergen immunotherapy.

Mol Immunol 44: 1879–1887.
23. Toda M, Sato H, Takebe Y, Taniguchi T, Saito S, et al. (2000) Inhibition of

immunoglobulin E response to Japanese cedar pollen allergen (Cry j 1) in mice
by DNA immunization: different outcomes dependent on the plasmid DNA

inoculation method. Immunology 99: 179–186.

24. Li X, Huang CK, Schofield BH, Burks AW, Bannon GA, et al. (1999) Strain-

dependent induction of allergic sensitization caused by peanut allergen DNA

immunization in mice. JImmunol 162: 3045–3052.

25. Bermudez-Humaran LG, Kharrat P, Chatel JM, Langella P (2011) Lactococci

and lactobacilli as mucosal delivery vectors for therapeutic proteins and DNA

vaccines. Microb Cell Fact 10 Suppl 1: S4.

26. Cortes-Perez NG, Lefevre F, Corthier G, Adel-Patient K, Langella P, et al.

(2007) Influence of the route of immunization and the nature of the bacterial

vector on immunogenicity of mucosal vaccines based on lactic acid bacteria.

Vaccine 25: 6581–6588.

27. Fredriksen L, Kleiveland CR, Olsen Hult LT, Lea T, Nygaard CS, et al. (2012)

Surface Display of N-Terminally Anchored Invasin by Lactobacillus plantarum

Activates NF-kappaB in Monocytes. Appl Environ Microbiol 78: 5864–5871.

28. Schoen C, Stritzker J, Goebel W, Pilgrim S (2004) Bacteria as DNA vaccine

carriers for genetic immunization. IntJ MedMicrobiol 294: 319–335.

29. Vassaux G, Nitcheu J, Jezzard S, Lemoine NR (2006) Bacterial gene therapy

strategies. J Pathol 208: 290–298.

30. Pamer EG (2004) Immune responses to Listeria monocytogenes. Nat Rev

Immunol 4: 812–823.

31. Abdul-Wahid A, Faubert G (2007) Mucosal delivery of a transmission-blocking

DNA vaccine encoding Giardia lamblia CWP2 by Salmonella typhimurium

bactofection vehicle. Vaccine 25: 8372–8383.

32. Brun P, Zumbo A, Castagliuolo I, Delogu G, Manfrin F, et al. (2008) Intranasal

delivery of DNA encoding antigens of Mycobacterium tuberculosis by non-

pathogenic invasive Escherichia coli. Vaccine 26: 1934–1941.

33. Harms JS, Durward MA, Magnani DM, Splitter GA (2009) Evaluation of

recombinant invasive, non-pathogenic Eschericia coli as a vaccine vector against

the intracellular pathogen, Brucella. J Immune Based Ther Vaccines 7: 1.

34. Critchley-Thorne RJ, Stagg AJ, Vassaux G (2006) Recombinant Escherichia coli

expressing invasin targets the Peyer’s patches: the basis for a bacterial

formulation for oral vaccination. Mol Ther 14: 183–191.

35. Nikitas G, Deschamps C, Disson O, Niault T, Cossart P, et al. (2011)

Transcytosis of Listeria monocytogenes across the intestinal barrier upon specific

targeting of goblet cell accessible E-cadherin. J Exp Med 208: 2263–2277.

36. Mazmanian SK, Round JL, Kasper DL (2008) A microbial symbiosis factor

prevents intestinal inflammatory disease. Nature 453: 620–625.

37. Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL (2005) An immunomod-

ulatory molecule of symbiotic bacteria directs maturation of the host immune

system. Cell 122: 107–118.

38. Grangette C, Nutten S, Palumbo E, Morath S, Hermann C, et al. (2005)

Enhanced antiinflammatory capacity of a Lactobacillus plantarum mutant

synthesizing modified teichoic acids. Proc Natl Acad Sci U S A 102: 10321–

10326.

39. Macho Fernandez E, Valenti V, Rockel C, Hermann C, Pot B, et al. Anti-

inflammatory capacity of selected lactobacilli in experimental colitis is driven by

NOD2-mediated recognition of a specific peptidoglycan-derived muropeptide.

Gut 60: 1050–1059.

40. Simon D, Chopin A (1988) Construction of a vector plasmid family and its use

for molecular cloning in Streptococcus lactis. Biochimie 70: 559–566.

Surface Exposed Proteins Modify Immune Response

PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e84509


