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The primary activation of T-helper and T-cytotoxic cells following mucosal immunization with recombinant
Streptococcus gordonii was studied in vivo by adoptive transfer of ovalbumin (OVA)-specific transgenic CD8�

(OT-I) and CD4� (OT-II) T cells. A recombinant strain, expressing on the surface the vaccine antigen
Ag85B-ESAT-6 from Mycobacterium tuberculosis fused to OVA T-helper and T-cytotoxic epitopes (peptides 323
to 339 and 257 to 264), was constructed and used to immunize C57BL/6 mice by the intranasal route.
Recombinant, but not wild-type, bacteria induced OVA-specific CD4� and CD8� T-cell clonal expansion in
cervical lymph nodes, lung, and spleen. OVA-specific CD4� and CD8� T-cell proliferation appeared first in
cervical lymph nodes and later in the spleen, suggesting a possible migration of activated cells from the
inductive site to the systemic district. A significant correlation between the percentages of CD4� and CD8�

proliferating T cells was observed for each animal. The expression of CD69, CD44, and CD45RB on prolifer-
ating T lymphocytes changed as a function of the cell division number, confirming T-cell activation following
the antigen encounter. These data indicate that intranasal immunization with recombinant S. gordonii is
capable of inducing primary activation of naive antigen-specific CD4� and CD8� T cells, both locally and
systemically.

Many pathogens invade the host at mucosal surfaces, which
represent the first antimicrobial barrier through nonspecific
and specific defense mechanisms. Mucosal vaccination is ca-
pable of targeting the inductive sites of the mucosa-associated
lymphoid tissues, inducing local immune responses at the por-
tal of entry of mucosal pathogens. Mucosal inductive sites,
such as the nasopharynx-associated lymphoid tissue (NALT)
and the gut-associated lymphoid tissue (GALT), are special-
ized in priming naive T and B cells that then move to other
mucosal and glandular tissues and preferentially home back to
the site where the antigen was initially encountered, carrying
out their effector functions (18, 56).

The intranasal route of immunization is very efficient at
inducing humoral and cellular immune responses in the respi-
ratory mucosa and at distal mucosal sites (4, 24, 27, 54–56, 58).
The NALT in rodents presents as the functional equivalent of
the Waldeyer’s ring in humans (26, 50) and is an important
inductive tissue for the generation of mucosal immunity to
inhaled antigens, capable of disseminating effector cells at dis-
tant mucosal sites (24, 54, 59). Different adjuvants and delivery
systems have been proposed for the development of effective
nasal vaccines (24). Our approach to intranasal immunization
is based on the use of Streptococcus gordonii, a nonpathogenic
gram-positive commensal bacterium component of the normal
microbial flora of the human oral cavity (23), as the vaccine
vector (36, 39, 41). A variety of antigens have been expressed
on the surface of S. gordonii and were shown to be immuno-

genic by the systemic and the mucosal routes (oral, nasal,
vaginal, and intragastric) in both mice and monkeys (11, 33–35,
37, 38, 40, 46). S. gordonii is efficiently internalized by both
human and murine dendritic cells (DCs), inducing their mat-
uration and activation (8, 9, 45). Using the model of the adop-
tive transfer of transgenic T lymphocytes, we recently demon-
strated that intranasal immunization with recombinant
S. gordonii induces an in vivo primary activation of antigen-
specific CD4� T cells in NALT, draining lymph nodes, and
spleens of mice (32). Furthermore, its safety by the intranasal
and oral routes has been demonstrated in a phase I clinical
trial (25).

Intranasal immunization is particularly relevant against
those pathogens that infect the respiratory tract, such us My-
cobacterium tuberculosis, which usually enters the host by in-
halation and infects through the mucosal surface of the lung.
M. bovis bacille Calmette-Guérin (BCG) is the only vaccine
currently available against tuberculosis (TB), and although it
was originally developed as an oral vaccine, it is now adminis-
tered by the intradermal route. BCG confers efficient protec-
tion in newborns but does not prevent the establishment of
latent TB or reactivation of pulmonary disease in adults. A
novel, effective vaccination strategy against adult pulmonary
TB has therefore become an international research priority.
Nasal TB vaccines have been shown to be capable of inducing
both local and systemic responses and to confer protection
from infection (1, 2, 7, 10, 15, 17, 20, 30, 48, 52, 57). The exact
correlates of protection against TB are not yet fully under-
stood; however, CD4� and CD8� T cells have been shown to
play a crucial role in conferring protection from M. tuberculosis
infection (2, 53). Most importantly, the localization of T cells in
the airways at the time of M. tuberculosis infection has been
shown to be of primary importance (5, 6, 21, 47, 48). One of the
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most promising antigens for vaccine generation against M.
tuberculosis infection is represented by the Ag85B-ESAT-6
fusion protein, which includes a protein of the Ag85 mycolyl
transferase complex and a member of the ESAT family (42).
The Ag85B-ESAT-6 fusion protein has been shown to be im-
munogenic by both the parenteral and the mucosal routes and
capable of conferring protection in many animal models, such
as mice, guinea pigs, and nonhuman primates (10–13, 28, 42,
43). Furthermore, this TB vaccine antigen has recently entered
human clinical trials (2).

The aim of the present work was to study the primary acti-
vation of both CD4� and CD8� T cells at mucosal and sys-
temic sites following intranasal immunization with recombi-
nant S. gordonii expressing on the cell surface the vaccine
antigen Ag85B-ESAT-6 of M. tuberculosis fused to both T-
helper and T-cytotoxic epitopes of ovalbumin (OVA). For this
purpose, the adoptive transfer system that uses transgenic T
lymphocytes with a T-cell receptor specific for the H-2b-re-
stricted T-helper and T-cytotoxic epitopes of OVA (amino
acids 323 to 339 [OVA323–339] and 257 to 264 [OVA257–264],
respectively) (3, 19) was employed. Transgenic CD4� and
CD8� T cells were adoptively cotransferred into the same
recipient mice, and their in vivo primary activation was as-
sessed in cervical lymph nodes, lungs, and spleens following
intranasal immunization with our recombinant model strain of
S. gordonii.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. gordonii GP1456 expressing the
Ag85B-ESAT-6 antigen protein from M. tuberculosis, fused to OVA T-helper
peptides 323 to 339 and T-cytotoxic epitopes 257 to 264, and the recipient control
strain GP1295 (41) were used for immunization experiments. Bacteria were
grown at 37°C with 5% CO2 in tryptic soy broth (TSB; Difco, Detroit, MI), except
for the cytofluorimetric analysis experiments, for which they were cultured in
TSB without dextrose (Difco). For solid medium, tryptic soy agar (Difco) was
used and supplemented with 2% horse blood. Antibiotics were added at the
following concentrations: erythromycin at 1 �g/ml and kanamycin at 500 �g/ml.

Construction of recombinant S. gordonii GP1456. An S. gordonii strain surface
displaying the Ag85B-ESAT-6 fusion protein was constructed by using the host-
vector system previously described (41). The emm6-based gene fusion includes
(i) the DNA coding for OVA323–339 (49), (ii) the DNA coding for OVA257–264

(16), and (iii) the sequence coding for the Ag85B-ESAT-6 fusion protein. Con-
struction of the above-mentioned emm6-based gene fusion required two cloning
steps. Oligonucleotides OVA 4-F (5�-GGT ACC GGA TCC ATT TCT CAA
GCT GTT CAT GCC GCT CAT GCA GAA ATT AAT GAA GCT GGT CGT
GAT ATC-3� [restriction sites KpnI, BamHI, and EcoRV are underlined]) and
OVA 4-R (5�-GAT ATC ACG ACC AGC TTC-3� [the EcoRV restriction site is
underlined]) were used as a template to synthesize OVA323–339 by using the
Klenow enzyme (Roche Applied Science, Monza, Italy); the fragment was cloned
into restriction sites KpnI and EcoRV of plasmid pSMB55 (41), generating
plasmid pSMB342 (32). The OVA257–264 and Ag85B-ESAT-6 coding sequences
were produced by PCR (annealing at 52°C for 30 s, extension at 72°C for 90 s,
and denaturation at 95°C for 30 s for a total of 30 cycles) by using primers OVA
8-F (5�-GCG AAT TCT GCG AAC ATC CCA GTG ACG TTG-3� [EcoRI
restriction site is underlined]) and OVA 8-R (5�-ACG CGT CGA CCA TAG
TAT TAT TAA TTT TGA AAA GTT GAT CGA GGG CAG ATC TTT CTC
CCG GC-3� [the SalI restriction site is underlined, and OVA257–264 is in italics])
and plasmid DNA pMCT (42) as the template. The resulting plasmid, named
pSMB545, was used to transform competent cells of S. gordonii GP1295. An
erythromycin/streptomycin-resistant transformant was selected that carried the
expected emm6-based gene fusion and named GP1456. Procedures for cloning
gene fusions in Escherichia coli, transformation of S. gordonii, scoring, and
genetic analysis of streptococcal transformants were performed as previously
described (44).

Analysis of recombinant bacteria. The expression of the Ag85B-ESAT-6 fu-
sion protein on the bacterial surface was verified by flow cytometry analysis.

Bacteria were grown in TSB without dextrose to early stationary phase, washed,
and resuspended in phosphate-buffered saline (PBS; pH 7.4) containing 1%
bovine serum albumin and then incubated at 37°C for 30 min. Cells were incu-
bated with anti-Ag85-ESAT-6 mouse serum (1:300; obtained from Staten Serum
Institute, Denmark) for 1 h at 4°C. After two washes with PBS, fluorescein
isothiocyanate (FITC)-conjugated anti-mouse (1:64; Sigma-Aldrich, Munich,
Germany) was added to bacteria for 20 min at 37°C. Cells were washed twice in
PBS and finally resuspended in 0.5 ml of PBS and analyzed by flow cytometry
(FACScan, Becton Dickinson, San Diego, CA).

Mice. Nine-week-old female OVA-specific CD8� (OT-I) (19) and OVA-spe-
cific CD4� (OT-II) (3) T-cell receptor-transgenic mice (H-2b) and C57BL/6 mice
were purchased from Charles River (Lecco, Italy) and maintained in the animal
facilities at the University of Siena. Transgenic mice were maintained under
specific-pathogen-free conditions. All animal procedures were carried out in
accordance with institutional guidelines.

In vitro interaction of OT-I and OT-II T cells and recombinant bacteria. OT-I
and OT-II cells were treated in vitro with recombinant or wild-type S. gordonii
strains for assessing the expression of CD69 activation marker. Splenocytes were
collected, homogenized to single-cell suspensions through nylon screens (Sefar
Italia, Italy), and resuspended in RPMI medium (Gibco BRL, Life Technologies,
Scotland) supplemented with 10% heat-inactivated fetal bovine serum (Gibco),
and 2 mM L-glutamine (Sigma-Aldrich). Cells were cultured at 1 � 106 cells/well
in a 96-well round bottom plate (Sarstedt) and stimulated with recombinant
strain GP1456 or wild-type strain GP1295 at doses of 0.1, 1, and 10 bacteria per
cell, for 24 h. As control, cells were stimulated with soluble OVA (10 and 25
�g/well; Sigma-Aldrich) or left untreated. Antibiotics (100 U/ml penicillin and
100 �g/ml streptomycin [Sigma-Aldrich]) were added 2 h after bacteria were
added. Following incubation, cells were washed in ice-cold medium and incu-
bated for 30 min with PerCP-conjugated anti-mouse CD8 (clone 53-6.7) or CD4
(clone RM 4-5) (BD Pharmingen) and FITC-conjugated anti-mouse CD69
(clone H1-2F3; eBioscences). Cells were then washed, resuspended in RPMI
medium, and analyzed by flow cytometry.

Adoptive transfer of OT-I and OT-II T cells. OT-I and OT-II transgenic mice
were sacrificed, and lymphoid organs (spleen and cervical, brachial, axillary,
mesenteric, and iliac lymph nodes) were removed by dissection. Tissues were
mashed onto a nylon screen, and the cells obtained were pooled, washed twice in
Hanks’ balanced salt solution (HBSS; Sigma-Aldrich), and resuspended at 1 �
108 cells/ml. Transgenic OT-I CD8� and OT-II CD4� T cells were isolated by
negative selection, using EasySep magnetic nanoparticles (StemCell Technolo-
gies, Vancouver, BC, Canada), according to the manufacturer’s protocol. The
purity of the CD4� or the CD8� T-cell population in the enriched fraction was
�95%, as determined by flow cytometry analysis. CD4� and CD8� isolated T
cells were pooled and stained with carboxy-fluorescein diacetate succinimidyl
ester (CFSE; 7.5 �M [Invitrogen]) for 10 min at 37°C. An amount of 5 � 106 of
CFSE-labeled T cells was injected into the tail vein of each recipient mouse.

Intranasal immunization. Twenty-four hours after the adoptive cotransfer of
CFSE-labeled OT-I CD8� and OT-II CD4� T cells, C57BL/6 mice were intra-
nasally immunized with recombinant strain GP1456 or with the control strain
GP1295. Mice were lightly anesthetized with an intraperitoneal injection of
tiletamine and zolazepam hydrochloride (6 mg/kg of body weight; Zoletil 20
[Laboratoires Virbac, France]) and xylazine (3 mg/kg; Xilor 2% [Bio 98 Srl,
Italy]) and then inoculated in a single nostril with 109 CFU of bacteria in a total
volume of 15 �l of PBS. Groups of three or six mice were sacrificed on days 3,
5, and 7 following immunization.

Organ collection. Cervical (superficial and posterior) lymph nodes, spleen, and
lung were harvested from each mouse, immediately put in ice-cold Click’s me-
dium (Sigma-Aldrich), and mashed onto a nylon screen. For lung collection,
blood was removed from the pulmonary vasculature by in situ perfusion with
collagenase D (0.5 mg/ml) and DNase I (0.75 mg/ml) (Sigma-Aldrich) via the
right ventricle. Lungs were removed, cut into small pieces, and digested in the
presence of collagenase D and DNase I enzymes for 1 h at 37°C. Lungs were then
mashed onto a nylon screen and mononuclear cell suspensions were obtained by
Lympholyte M (Cedarlane Laboratories, Ontario, Canada) gradient centrifuga-
tion. Collected organs were washed twice in HBSS prior to cell staining for flow
cytometry analysis.

Flow cytometry analysis. Single-cell suspensions from lymph nodes, lungs, and
spleens were incubated with Fc-blocking solution (0.5 mg CD16/CD32 mono-
clonal antibody [clone 2.4G2; BD Pharmingen], 5% mouse serum, 5% rat serum,
0.2% sodium azide [all from Sigma-Aldrich] in 100 ml of HBSS) for 30 min on
ice. Cells were stained with PerCP-conjugated anti-mouse CD4 (clone RM 4-5)
or CD8 (clone 53-6.7) (BD Pharmingen), phycoerythrin-conjugated anti-mouse
CD69 (clone H1.2F3), CD44 (clone IM7), or CD45RB (clone C363.16A) (all
from eBioscience) for 30 min at 4°C and analyzed by flow cytometry. Sample
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acquisition stopped when 2,000 CFSE-positive CD4� or CFSE-positive CD8�

events with light scatter properties of lymphocytes were acquired. Data analysis
was performed by using Cell Quest software (Becton Dickinson).

T-cell proliferation assay. C57BL/G mice were intranasally immunized with
GP1456 or GP1295, and splenocytes were collected 5 days after immunization
and analyzed ex vivo for Ag85B-ESAT-6-specific T-cell proliferation. Spleno-
cytes were seeded in triplicate in 96-well culture plates (Sarstedt) at a density of
2 � 105 and cultured in 200 �l of complete RPMI medium with or without
Ag85B-ESAT-6 (20 �g/ml; obtained from Staten Serum Institute, Denmark).
After 3 days, cells were pulsed with 1 �Ci/well of [3H]thymidine (DuPont NEN,
Boston, MA). Cells were harvested after 18 h on paper discs (Cell Harvester;
Skatron Instruments, Norway), and radioactivity was measured in a liquid-scin-
tillation counter. The stimulation index, calculated as the ratio of the mean
counts per minute obtained in the presence of the antigen to the mean counts per
minute obtained in untreated cells, was used to express the results.

IFN-� enzyme-linked immunospot assay. For the gamma interferon (IFN-�)
enzyme-linked immunospot assay, 96-well nitrocellulose plates (Milititer HA;
Millipore, Bedford, MA) were coated with 10 �g/ml of the purified rat IFN-�
monoclonal antibody (BD Pharmingen, CA). Free binding sites were blocked
with complete RPMI medium, followed by washing with PBS-0.05% Tween 20.
Splenocytes, collected from mice 5 days after intranasal immunization with
GP1456 or GP1295, were seeded in triplicate starting from 3 � 106 cells/well and
diluted by threefold up to 3 � 105 cells/well. Cells were stimulated with 20 �g/ml
of the Ag85B-ESAT-6 vaccine antigen for 18 h at 37°C. Plates were washed and
then incubated with biotinylated anti-mouse IFN-� monoclonal antibody and
then streptavidin-horseradish peroxidase (all from BD Pharmingen, CA). The
enzyme reaction was developed by adding 1 mg/ml of the substrate 3,3�-diami-
nobenzidine (Sigma-Aldrich). Spots were counted by using a stereomicroscope
(Leica).

Statistical analysis. Statistical significance was assessed by Student’s t test. The
Spearman rank correlation coefficient (�) was used for assessing the correlation
among the percentages of proliferating CD4� and CD8� T cells in each animal.
A P value of �0.05 was considered significant.

RESULTS

Construction of the vaccine strain. A recombinant strain of
S. gordonii displaying on the cell surface a fusion protein con-
taining the Ag85B-ESAT-6 vaccine antigen from M. tubercu-
losis fused to the OVA323–339 and OVA257–264 peptides was
constructed and named GP1456 (Fig. 1A).

The expression of the Ag85B-ESAT-6 antigen on the surface
of S. gordonii GP1456 was assessed by flow cytometry on whole
streptococcal cells by using anti-Ag85B-ESAT-6 mouse serum
(Fig. 1B). Eighty percent of bacterial cells were positive for the
expression of Ag85B-ESAT-6, and the mean fluorescence in-
tensity (MFI) value was 68 versus 6 for the control strain (Fig.
1B). This recombinant strain of S. gordonii is therefore a vac-
cine vector for a TB antigen that also expresses the model
peptides OVA323–339 and OVA257–264 for studying the in vivo
primary activation of both CD4� and CD8� T cells in the same
animal, using the adoptive transfer model.

In vitro activation of OT-I and OT-II T cells. The activation
of transgenic OT-I CD8� and OT-II CD4� T lymphocytes
following interaction with recombinant S. gordonii GP1456 was
first assessed in vitro. Splenocytes from OT-I and OT-II trans-
genic mice were stimulated for 24 h with recombinant or wild-
type S. gordonii strains at doses of 0.1, 1, and 10 bacteria/cell
and then analyzed for the expression of the early activation
marker CD69 (51). The treatment with recombinant strain
GP1456 induced a significant upregulation of the activation
marker CD69 on both OT-I CD8� and OT-II CD4� cells in a
dose-dependent manner (Fig. 2). The dose of 10 bacteria/cell

FIG. 1. Fusion protein expressed on the surface of recombinant S.
gordonii GP1456. (A) Schematic structure shows the fusion protein
displayed on the surface of S. gordonii GP1456. The recombinant
protein consists of OVA323–339 (ISQAVHAAHAEINEAGR, black
area), OVA257–264 (SIINFEKL, black area), and the Ag85B-ESAT-6
fusion protein (388 amino acids, gray area). (B) Flow cytometry anal-
ysis of S. gordonii GP1456 (gray histogram) and control strain (open
histogram). Bacterial cells were reacted with Ag85B-ESAT-6-specific
mouse serum and then with fluorescein isothiocyanate-conjugated
anti-mouse immunoglobulin G.

FIG. 2. Expression of CD69 on OT-I CD8� and OT-II CD4� T
cells after in vitro interaction with recombinant S. gordonii. CD69
expression was assessed in OT-I and OT-II cells incubated for 24 h
with control strain GP1295 (open histogram bars) or recombinant
vaccine strain GP1456 (filled histogram bars) at different doses (0.1, 1,
and 10 bacteria per cell). The percentage of CD69-positive OT-I CD8�

or OT-II CD4� T cells is reported as the mean � the standard error
of the means of two individual experiments, performed in triplicate. *,
P � 0.05; **, P � 0.01 versus GP1295.
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induced the highest percentage of CD69-positive OT-I (78%)
and OT-II (35%) T cells, while the treatment with wild-type
bacteria or with soluble OVA was not effective (Fig. 2 and data
not shown).

In vivo antigen-specific OT-I CD8� and OT-II CD4� T-cell
proliferation and activation. To study the primary activation of
cytotoxic and helper T cells in vivo, transgenic OT-I CD8� and
OT-II CD4� T cells were labeled with CFSE and then cotrans-
ferred into C57BL/6 syngeneic recipient mice. CFSE is a vital
dye that can label cells very stably by covalently coupling to
intracellular molecules, and it can be used to monitor lympho-
cyte proliferation due to the progressive halving of the dye
fluorescence following cell division (31). The distribution of
transgenic T cells among different lymphoid organs following
intravenous injection was evaluated in untreated mice; the
percentage of transgenic T cells was about 0.5% of resident
lymphocytes in lymph nodes and about 0.25% in the spleen,
while it was almost undetectable in the lung (data not shown).

OVA-specific proliferation of both OT-II CD4� and OT-I
CD8� T cells was observed for cervical lymph nodes, lung, and
spleen of mice immunized intranasally with recombinant S.
gordonii as shown by the progressive dilution of CFSE (Fig. 3).
In all organs, OT-I and OT-II T cells had divided between one
and six times. On the contrary, a high level of the CFSE
fluorescence was maintained in mice inoculated with the con-
trol strain GP1295, indicating that no cell division had oc-
curred (Fig. 3). Furthermore, in control mice, we can observe
the absence of transgenic T cells in the lung, suggesting an
antigen-specific T-cell recruitment following intranasal immu-
nization.

The phenotype of both OT-I CD8� and OT-II CD4� pro-
liferating T cells was assessed in cervical lymph nodes 3 days
following immunization by analyzing the expression of activa-
tion markers as a function of cell division number. To this aim,
the expression of markers CD69, CD44, and CD45RB was
analyzed in each generation (from zero to five) and identified

by CFSE intensity (Fig. 4A), and the MFI values of the surface
markers in each cell division are reported in Fig. 4B. The early
activation marker CD69 was rapidly expressed and then down-
regulated with advancing cycles of cell division on both OT-I
CD8� and OT-II CD4� T cells (Fig. 4). The expression of the
activation marker CD44 increased throughout the early cycles
of cell division and remained high on both OT-I CD8� and
OT-II CD4� T cells (Fig. 4). The expression of CD45RB, a
marker of naive cells (29), was down-modulated especially in
OT-II CD4� T cells (Fig. 4). The phenotypic analysis of trans-
genic proliferating CD8� and CD4� T cells confirm that cells
are activated by the antigen encounter following intranasal
immunization.

Time course analysis of antigen-specific OT-I CD8� and
OT-II CD4� T-cell proliferation. The OVA-specific primary
activation of OT-I CD8� and OT-II CD4� T cells was ana-
lyzed 3, 5, and 7 days following intranasal immunization with
recombinant GP1456 or the control strain in mice into which
OT-I and OT-II transgenic T cells were cotransferred. The
time course analysis of the OT-I CD8� T-cell activation
showed a high level of proliferation in cervical lymph nodes
and lung from the third day, with approximately 48% prolifer-
ating cells, while in the spleen, numbers of proliferating T cells
were lower at day 3 and increased at day 5, with more than
50% of T cells proliferating (Fig. 5). The time course analysis
of the OT-II CD4� T-cell activation showed a high level of
proliferation in cervical lymph nodes since the third day, with
approximately 75% of cells proliferating. The CD4� OT-II
proliferation in lung and spleen reached the peak at day 5, with
more that 75% of cells proliferating (Fig. 5). Mice immunized
with the wild-type strain did not respond at any time point in
any lymphoid organ. These data demonstrate that the clonal
expansion of OT-I and OT-II T cells is antigen specific and not
due to other vector antigens. The delayed appearance of OT-I
and OT-II proliferating cells in the spleen suggests a possible

FIG. 3. Clonal expansion of OT-I CD8� and OT-II CD4� T cells following intranasal immunization with S. gordonii. CFSE-labeled OT-I CD8�

and OT-II CD4� T cells were adoptively cotransferred into C57BL/6 mice, and then the mice were intranasally immunized with 109 CFU of the
recombinant vaccine strain GP1456 or control strain GP1295. OVA-specific proliferation of OT-I CD8� and OT-II CD4� T cells was assessed in
cervical lymph nodes (CLN), lung, and spleen collected 5 days after immunization and analyzed as CFSE dilution (x axis) on the gated
CFSE-positive CD8� or CFSE-positive CD4� populations with light scatter properties of lymphocytes. The percentage of proliferating cells is
reported above peaks.
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migration of activated antigen-specific CD4� or CD8� T cells
from the inductive mucosal site to the systemic district.

Since transgenic OT-I and OT-II T cells were simulta-
neously injected into the same recipient mice, the activation of
CD8� and CD4� T lymphocytes following immunization with
recombinant S. gordonii could be monitored and compared in

the same animal. A positive correlation between the percent-
ages of OT-I CD8� and OT-II CD4� proliferating T cells was
observed with each animal (Spearman rank correlation coeffi-
cient [�] 	 0.68; P � 0.001) (Fig. 6).

T-cell priming specific for Ag85B-ESAT-6. T-cell priming
specific for M. tuberculosis Ag85B-ESAT-6 antigen was studied

FIG. 4. Phenotypic analysis of proliferating OT-I CD8� and OT-II CD4� T cells. The expression of CD69, CD44, and CD45RB was analyzed
as a function of cell division on OT-I CD8� and OT-II CD4� T cells from cervical lymph nodes 3 days after immunization with recombinant vaccine
strain GP1456 or control strain GP1295. (A) Dot plot analysis of CFSE dilution (x axis) versus CD69, CD44, or CD45RB expression (y axis) on
OT-I CD8� (top panels) and OT-II CD4� (bottom panels) T cells following treatment with control (GP1295, left panels) or vaccine strain
(GP1456, right panels). (B) MFI of CD69, CD44, and CD45RB expression per each cell generation of OT-I CD8� (top panels) and OT-II CD4�

(bottom panels) T cells from mice immunized with control (GP1295, open histogram bars) or vaccine strain (GP1456, filled histogram bars). Cell
divisions (from 0 to 5) are identified by CFSE intensity dilution, as shown in the upper right portion of panel A. Phenotypic analyses were
performed with cells pooled from six animals. Results are representative of two separate experiments.
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in mice immunized intranasally with recombinant vaccine
strain GP1456. The TB-specific proliferative response and
IFN-� production were assessed in splenocytes 5 days after the
inoculum. Ag85B-ESAT-6-specific T cells were primed by na-
sal immunization with the recombinant vaccine strain, as
shown by the significant T-cell proliferative response (P 	
0.01) (Fig. 7A) and IFN-� production (P 	 0.00006) (Fig. 7B).
These data indicate that a single nasal immunization with re-
combinant S. gordonii expressing Ag85B-ESAT-6 is effective in
inducing a TB-specific primary T-cell activation and suggest
that the OVA-specific response observed in vivo using the
adoptive transfer model can be considered representative of
the vaccine-specific response.

DISCUSSION

The local and systemic in vivo primary activation of T-helper
and T-cytotoxic cells following intranasal immunization with
recombinant S. gordonii was demonstrated by using the model
of adoptive cotransfer of antigen-specific transgenic CD8� and

CD4� T cells. Mucosal inductive sites, such as the NALT, are
specialized for priming naive T and B cells that then move to
other mucosal effector sites but also home back to the site
where the antigen was initially encountered for the generation
of antigen-specific immune responses, which function as the
first line of defense at mucosal surfaces (18, 56).

S. gordonii has been previously used as a vaccine vector for
mucosal immunization, and it was shown to be immunogenic in
both mice and monkeys (11, 32–35, 37, 38, 40, 46). Its safety by
the intranasal and oral routes has been demonstrated in a
phase I clinical trial (25).

In the present study, CD8� and CD4� T-cell activation was
studied following intranasal immunization with recombinant
S. gordonii expressing OVA CD4� and CD8� T-cell epitopes
fused to an M. tuberculosis vaccine antigen. Antigen-specific
proliferation of OT-I CD8� and OT-II CD4� T cells was
observed for cervical lymph nodes, lung, and spleen. In all
organs, transgenic T cells had divided between one and six
times. A positive correlation between the percentages of OT-I

FIG. 5. Time course analysis of the clonal expansion of OT-I CD8� and OT-II CD4� T cells following intranasal immunization with
recombinant S. gordonii. The clonal expansion of adoptively transferred OT-I CD8� and OT-II CD4� T cells following intranasal immunization
with recombinant vaccine strain GP1456 or control strain GP1295 was analyzed on days 3, 5, and 7 postimmunization in cervical lymph nodes
(CLN), lung, and spleen. Transgenic OT-I and OT-II T cells were identified on the gated CD8� CFSE-positive and CD4� CFSE-positive
populations, respectively, with light scatter properties of lymphocytes. The percentages of proliferating cells are shown on the y axis. Bars represent
the means � standard errors of the means of values from nine mice assessed in three separate experiments.
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CD8� and OT-II CD4� proliferating T cells in each animal
was also observed. The T-cell proliferation observed for the
OVA model antigen can be considered representative of T-cell
responses that are also induced with the M. tuberculosis vaccine
antigen, as confirmed by the Ag85B-ESAT-6-specific prolifer-
ative response and the IFN-� production observed following a
single intranasal immunization with the vaccine strain. Fur-
thermore, Ag85B-ESAT-6-specific humoral and cellular re-
sponses are induced following repeated intranasal immuniza-
tions with this recombinant S. gordonii strain, as indicated by a
serum antibody response and splenocyte IFN-� release (A.
Ciabattini, unpublished data).

Even if the exact correlates of protection against TB are not
yet fully understood, however, experimental evidence supports
the idea that protection is dominated by CD4� and CD8� T
cells (22). Furthermore, the localization of T cells in the air-
ways has been shown to play a key role in immune protection
from TB (5, 6, 21, 47, 48). Therefore, the CD4� and CD8�

T-cell proliferation observed in the lung following intranasal
immunization with recombinant S. gordonii is of primary im-
portance.

Antigen-specific OT-I CD8� T cells proliferated first in cer-
vical lymph nodes and lung from the third day, with approxi-
mately 48% proliferating cells, and only later in the spleen (day
7). OT-II CD4� T cells were also activated in cervical lymph
nodes from the third day, with approximately 75% proliferat-
ing cells, while in lung and spleen, the peak of CD4� T cell
activation was reached on day 5. These data are in agreement
with previous results obtained using the model of DO11.10
transgenic mice, in which we demonstrated that intranasal im-
munization with recombinant S. gordonii induces CD4� T-cell
primary activation first in NALT and subsequently in the
spleen (32). The delayed appearance of proliferating cells in
the spleen compared to their appearance in draining lymph
nodes, observed for both CD4� and CD8� T cells, suggests a
possible migration of activated antigen-specific CD4� or

CD8� T cells from the immunization site to the systemic dis-
trict.

The present work shows, for the first time, that the S. gor-
donii vaccine vector, an extracellular commensal bacterium, is
effective in eliciting a CD8� T-cell response in vivo. This may
occur via cross-presentation of heterologous antigens on major
histocompatibility complex class I (MHC-I) after phagocytosis.
We have previously shown in vitro that DCs efficiently process
and present the recombinant antigen delivered by S. gordonii
not only with MHC-II but also with MHC-I molecules (8, 9,
45). Furthermore, it was shown that this exogenous pathway of
MHC-I presentation was TAP (transporter associated with
antigen processing) dependent, indicating that there is a trans-
port from phagolysosome to cytosol inside DCs (45). We can
therefore hypothesize that also in vivo, the DCs present in
cervical lymph nodes might be stimulated by recombinant S.
gordonii for antigen presentation on both MHC-I and -II,
thereby inducing the CD8� and CD4� T-cell activation ob-
served.

Proliferating CD4� and CD8� T cells in cervical lymph
nodes were also characterized for the expression of surface
markers, such as CD69, CD44, and CD45RB, in each cell
generation. As expected, the early activation marker CD69
(51) was rapidly expressed and then downregulated with ad-
vancing cycles of cell division for both OT-II CD4� and OT-I
CD8� T cells, while the expression of the activation marker
CD44 (14) increased throughout the early cycles of cell division
and remained high for both OT-II CD4� and OT-I CD8� T cells.
CD45RB, a marker expressed by naive cells (29), was down-
modulated as cell division proceeded, especially in OT-II CD4� T
cells. The phenotypic analysis of OVA-specific CD4� and CD8�

FIG. 6. Correlation between OT-I CD8� and OT-II CD4� T-cell
proliferation in each animal. Transgenic OT-I CD8� and OT-II CD4�

T cells were adoptively cotransferred into C57BL/6 mice, and then the
mice were immunized with recombinant S. gordonii. The percentages
of proliferating OT-I CD8� (y axis) and OT-II CD4� (x axis) T cells
detected in each animal at various time points are shown. The Spear-
man rank correlation coefficient (�) and regression line are shown.

FIG. 7. Ag85B-ESAT-6-specific T-cell proliferative response and
IFN-� production. Mice were immunized by the nasal route with a
single dose of GP1456 or control strain GP1295, and the Ag85B-
ESAT-6-specific T-cell response was assessed in splenocytes 5 days
after the inoculum. (A) Ag85B-ESAT-6-specific proliferation of
splenocytes was assessed by tritiated thymidine incorporation.
(B) IFN-� production of splenocytes was restimulated with 20 �g/ml of
Ag85B-ESAT-6. Bars represent the means � standard errors of the
means of values from 10 mice assessed in two separate experiments.
**, P � 0.01; ***, P � 0.0001 versus control.
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T cells demonstrates that proliferating T cells are also activated
by the antigen encounter following intranasal immunization with
recombinant S. gordonii.

These data indicate that intranasal immunization with re-
combinant S. gordonii is capable of inducing primary activation
of naive antigen-specific CD4� and CD8� T cells, both locally
and systemically, and further support the use of S. gordonii as
the mucosal vaccine vector.
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