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Background:Mycobacterium avium subsp. paratuberculosis (MAP) is the causative agent of Johne and Crohn diseases.
Results: CobT contributes to the development of T cell immunity through the activation of dendritic cells (DC).
Conclusion: CobT is a novel DC maturation-inducing antigen that drives Th1 polarized-naive/memory T cell expansion.
Significance: CobT can be an important candidate for the development of vaccine and a IFN-�-based diagnostic tool.

Mycobacterium avium subsp. paratuberculosis (MAP) is the
causative agent of Johne disease in animals and MAP involve-
ment in human Crohn disease has been recently emphasized.
Evidence from M. tuberculosis studies suggests mycobacterial
proteins activate dendritic cells (DCs) via Toll-like receptor
(TLR) 4, eventually determining the fate of immune responses.
Here, we investigated whether MAP CobT contributes to the
development of T cell immunity through the activation of DCs.
MAPCobT recognizes TLR4, and induces DCmaturation and
activation via the MyD88 and TRIF signaling cascades, which
are followed by MAP kinases and NF-�B. We further found
that MAP CobT-treated DCs activated naive T cells, effec-
tively polarized CD4� and CD8� T cells to secrete IFN-� and
IL-2, but not IL-4 and IL-10, and induced T cell proliferation.
These data indicate that MAP CobT contributes to T helper
(Th) 1 polarization of the immune response. MAP CobT-
treated DCs specifically induced the expansion of CD4�/
CD8�CD44highCD62Llow memory T cells in the mesenteric
lymph node of MAP-infected mice in a TLR4-dependent
manner. Our results indicate that MAP CobT is a novel DC
maturation-inducing antigen that drives Th1 polarized-
naive/memory T cell expansion in a TLR4-dependent cas-
cade, suggesting that MAP CobT potentially links innate and
adaptive immunity against MAP.

Dendritic cells (DCs)3 are potent antigen-presenting cells
(APCs) that play a pivotal role in determining the fate of the

immune response to a variety of pathogens (1). Immature den-
dritic cells exist in peripheral tissues where they efficiently cap-
ture antigens using pattern recognition receptors (2). Among
these pattern recognition receptors, Toll-like receptors (TLRs)
play important roles in innate immunity by their recognition of
conserved molecular structures produced by microorganisms
(3). Upon recognition of specific microbial components,
these TLRs recruit several adaptor molecules, including
myeloid differentiation factor 88 (MyD88) and Toll/IL-1R
domain-containing adaptor (TRIF), and ultimately induce
NF-�B nuclear translocation to initiate immune responses
(3). During this process, DCs mature and relocate to the
lymph nodes, where they activate naive T cells to initiate
adaptive immune responses by stimulating antigenic pep-
tide-presenting major histocompatability complex (MHC) I
and II molecules and co-stimulatory molecules, such as
CD80 and CD86 (1). Previously, it was reported that DCs
infected with Mycobacterium paratuberculosis (MAP) up-
regulate maturation markers, including CD80, CD86, and
CD40, migrate toward mesenteric lymph nodes, and thus
interact with T cells in lymph nodes (4). As mentioned, DC
maturation is a key control point in the shift from innate to
adaptive immunity induced by pathogens.
MAP, as a member of the Mycobacterium avium complex

(MAC), is the causative agent of Johne disease, which is char-
acterized by contagious, chronic granulomatous enteritis (5).
Unlike other MAC members, MAP cannot proliferate in the
environment but is spread through fecal shedding by animals
exposed toMAP.MAPhas long been suspected as the causative
agent in Crohn disease (CD) in humans, although this interre-
lationship is still controversial. CD is an inflammatory bowel
disease that may affect any part of the gastrointestinal tract,
resulting in a wide variety of symptoms, including weight loss,
diarrhea, or vomiting (6).
Recently, cell-mediated immune reactions of MAP-secreted

antigens have been evaluated for vaccine development or more
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effective therapies in defense againstMAP infection (7–11). For
example, a MAP fibronectin attachment protein induces DC
maturation and activation, which drives T helper (Th) 1 polar-
ization (7). Moreover, the 70-kDa heat-shock protein of MAP
has been reported to strongly induce DC maturation and acti-
vation by regulating the NF-�B and MAPK pathways and
enhancing the ability of DCs to stimulate CD4� T cells, ulti-
mately resulting in increased protective immune responses
against MAP (8, 9). It has been shown that MAP Ag85 is the
immunodominant T cell antigen in MAP infection, inducing
strong proliferation and interferon � (IFN-�) (10). The 35-kDa
protein of MAP has been reported to elicit host cell-mediated
immune reaction in a mouse model, as represented by prolifer-
ation and IFN-� production (11). In this regard, antigens capa-
ble of activating DCs toward the Th1 type of immune response
offer attractive vaccine potential. Unfortunately, themajority of
antigens are poor immunogens because they fail to initiate a
productive T cell response. Given this information, identifica-
tion and characterization of MAP antigens that are potent
modulators of host immune responses to pathogens is critical
for the development of better early diagnostic reagents and an
effective MAP vaccine.
DCs provide an important link between innate and adaptive

immunity against pathogens and are essential for eliciting pro-
tective immunity to infectious agents, including pathogenic
mycobacteria (12). This protective immunity is also executed
by initiating adaptive immunity, including CD4� T helper (Th)
type 1 cell-mediated immunity through DC activation (13). In
addition, polarization of Th1 responses plays a critical role in
the eradication of pathogens through IFN-� production that
activates innate cell-mediated immunity (14). Furthermore,
antigen-specificmemoryT cells are keymediators of protective
immune responses because of their increased frequency and
enhanced reactivity after restimulation (15). Thus, the genera-
tion and proliferation of antigen-specific memory T cells is
essential for rapid clearance and neutralization of pathogens
encountered during a prior infection (15). Based on these
circumstances, activation of Th1 cell-mediated immune
responses andmemory T cell formation by mycobacterial anti-
gens are critically important for the generation of protective
immune responses against pathogens. In this study, we investi-
gated the function and precisemechanism ofMAPCobT inDC
activation, and its role as a link between innate and adaptive
immune responses.

EXPERIMENTAL PROCEDURES

Animals—Specific pathogen-free female C57BL/6 (H-2Kb

and I-Ab), BALB/c (H-2Kd and I-Ad), C57BL/6J TLR2 knock-
out mice (TLR2�/�; B6.129-Tlr2tm1Kir/J), C57BL/10 TLR4
knock-out mice (TLR4�/�; C57BL/10ScNJ), and C57BL/6
OT-1 and OT-2 T cell receptor transgenic mice (aged 5–6
weeks) were purchased fromThe Jackson Laboratory (Bar Har-
bor, ME). Mice were maintained under barrier conditions in a
biohazard animal room at theMedical Research Center, Chun-
gnam National University. The animals were fed a sterile com-
mercial mouse diet and provided with water ad libitum. All
animal experiments complied with the ethical and experiment
regulations for animal care at Chungnam National University.
Animal infection studieswere performed in aBL-2 biohazard

animal facility at the Medical Research Center, Chungnam
National University. Briefly, 6-week-old BALB/c mice were
infected via intravenous injection with 106 CFU/0.2 ml/mouse
ofMAPK-10 strain (7). Bacteria were counted 1 day after infec-
tion and�300 viableMAPwere delivered to the intestines. Five
to six mice were euthanized at 4 and 10 weeks post-infection
and intestines were collected for subsequent experiments,
including mixed lymphocyte reactions. All infection-related
experiments were done according to the Institutional Animal
Care and Use Committee regulations, Medical Research Cen-
ter, Chungnam National University.
Antibodies and Reagents—Recombinantmouse granulocyte-

macrophage colony stimulating factor (GM-CSF), interleu-
kin-4 (IL-4), and the fluorescein isothiocyanate (FITC)-annexin
V/propidium iodide kit were purchased from R&D Systems
(Minneapolis, MN). Dextran-FITC (molecular mass, 40,000
Da) was obtained from Sigma. Lipopolysaccharide (LPS) from
Escherichia coliO111:B4 was purchased from Sigma. An endo-
toxin filter (END-X) and an endotoxin removal resin (END-X
B15) were acquired from Associates of Cape Cod (East
Falmouth, MA). Peptron synthesized the OT-I peptide
(OVA(257–264)) and OT-II peptide (OVA(323–339)). A sum-
mary of the source, name, description, and origin for antibodies
used in this study is listed in supplemental Table S1.
Generation and Culture of Murine Bone Marrow-derived

DCs—Bone marrow cells isolated from C57BL/6 mice were
lysed with red blood cell (RBC) lysing buffer (ammonium chlo-
ride 4.15 g/500 ml, 0.01 M Tris-HCl buffer, pH 7.5, �2) and
washed with RPMI 1640 media. The obtained cells were plated
in six-well culture plates (106 cells/ml, 3 ml/well) and cultured
at 37 °C in the presence of 5% CO2 using RPMI 1640 media

FIGURE 1. MAP CobT induces phenotypical and functional maturation of DCs. A, recombinant MAP CobT was produced in BL21 cells and purified
with NTA resin. The purified protein was then subjected to (a) SDS-PAGE and (b) Western blot analyses using 1:1000 mouse anti-His antibodies. B, DCs
were treated for 24 h with 10 �g/ml of MAP CobT and 100 ng/ml of LPS. DCs were stained with annexin V-FITC/PI-PE and analyzed by flow cytometry.
C, DCs were stimulated for 24 h with 100 ng/ml of LPS, or 5 or 10 �g/ml of MAP CobT, and analyzed for surface marker expression by two-color flow
cytometry. Cells were gated to include CD11c� cells. DCs were stained with anti-CD80, anti-CD86, or anti-MHC class I or anti-MHC class II. The percentage
of positive cells is shown for each panel. Bar graphs show the mean � S.E. of the percentages of each surface molecule on CD11c� cells for three
independent experiments. Statistical significance (*, p � 0.05; **, p � 0.01; or ***, p � 0.001) of treatments compared with controls is indicated. D, DCs
were stimulated for 24 h with 100 ng/ml of LPS, or 5 or 10 �g/ml of MAP CobT, and the amounts of TNF-�, IL-6, IL-1�, IL-10, and IL-12p70 in the culture
supernatant were measured by ELISA. All data are expressed as the mean � S.E. (n � 3). Statistical significance (*, p � 0.05; **, p � 0.01; or ***, p � 0.001)
is shown for treatments compared with the controls. E, dot plots of intracellular IL-12p70 and IL-10 in CD11c� DCs. The percentage of positive cells is
shown in each panel. F, endocytic activity of MAP CobT-treated versus untreated DCs. Endocytic activity at 37 or 4 °C was assessed by flow cytometry
analyses as dextran-FITC uptake. The percentages of dextran-FITC�CD11c� cells are indicated. Bar graphs show the mean � S.E. of the percentage of
dextran-FITC�CD11c� cells for three independent experiments. Statistical significance (**, p � 0.01 or ***, p � 0.001) is indicated for treatments
compared with controls.
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supplemented with 100 units/ml of penicillin/streptomycin
(Lonza, Basel, Switzerland), 10% fetal bovine serum (Lonza), 50
�M mercaptoethanol (Lonza), 0.1 mM nonessential amino acid
(Lonza), 1 mM sodium pyruvate (Sigma), 20 ng/ml of GM-CSF,

and 20 ng/ml of IL-4. On days 6 or 7 of culture, nonadherent
cells and loosely adherent proliferating DCs aggregates were
harvested for analysis or stimulation, or in some experiments
they were replated into 60-mm dishes (106 cells/ml, 5 ml/dish).
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On day 6, over 80% of the nonadherent cells expressed CD11c.
To obtain highly purified populations for subsequent analyses,
the DCs were labeled with bead-conjugated anti-CD11c mAb
(Miltenyi Biotec, Bergisch Gladbach, Germany), followed by
positive selection on paramagnetic columns (LS columns,
Miltenyi Biotec, Auburn, CA) according to the manufacturer’s
instructions. The purity of the cell fraction selected was �95%.
Expression and Purification of Recombinant MAP CobT—

The MAP cobT gene was PCR amplified from MAP genomic
DNA using the following primers: forward, 5�-CATATG-
GAATTCGCGACCGTCTCGC-3� and reverse, 5�-CTC-
GAGCGGGTGAGCGGACGGGTCG-3�. The MAP cobT
product was digested with NdeI and XhoI, and the insert was
ligated into a pET22b(�) vector (Novagen, Madison, WI) and
digested with the same enzymes. Overexpressed MAP CobT
was prepared with a slight modification after cell disruption by
sonication and nickel-nitrilotriacetic acid resin purification, as
previously described (16). To remove endotoxins from the puri-
fied protein, the dialyzed recombinant protein was incubated
for 6 h at 4 °C with polymyxin B (PmB)-agarose (Sigma). Puri-
fied endotoxin-free MAP CobT was filter sterilized and stored
at �70 °C. The protein concentration was estimated using the
bicinchoninic acid protein assay kit (Pierce). Residual LPS in
theMAP CobT preparation was determined using the Limulus
amoebocyte lysate (LAL) test (Lonza), according to the manu-
facturer’s instructions. MAP CobT purity was evaluated by
Coomassie Blue staining and Western blot using a histidine
antibody.
Cytotoxicity Analyses—To investigate the cytotoxic effect of

MAP CobT on DCs, the cell death pattern of DCs in 12-well
plates (0.5	 106 cells/ml) was analyzed after treatment with 10
�g/ml of MAP CobT as recently described (17).
CytokineMeasurements—Asandwich enzyme-linked immu-

nosorbent assay (ELISA)was used to detect IL-6, IL-1�, TNF-�,
IFN-�, IL-4, IL-2, IL-12p70, and IL-10 in culture supernatants
as described previously (17).
Intracellular Cytokine Assays—Intracellular cytokine assays

was carried out as previously described (17). Intracellular
IL-12p70, IL-10, IL-2, IL-4, and IFN-� were detected with
fluorescein-conjugated antibodies (BD Biosciences) in a per-
meation buffer. The cells were analyzed by flow cytometry
using the CellQuest (BD Biosciences) program.
Surface Molecule Expression Analyses by Flow Cytometry—

Cell surface staining was performed with specifically labeled
fluorescein-conjugated monoclonal antibodies. Fluorescence
was measured by flow cytometry and data were analyzed using
CellQuest data analysis software.
Antigen Uptake Ability of DCs by MAP CobT—DCs (2 	 105

cells) were equilibrated at 37 or 4 °C for 45min and pulsed with
1 mg/ml of fluorescein-conjugated dextran. Cold staining

buffer was added to stop the reaction. Cells were washed three
times, stained with PE-conjugated CD11c antibodies, and ana-
lyzed with FACSCanto. Nonspecific dextran binding to DCs
was determined by incubating DCs with FITC-conjugated dex-
tran at 4 °C. The resulting background value was subtracted
from the specific binding values.
Confocal Laser ScanningMicroscopy—DCswere plated over-

night on poly-L-lysine-coated glass coverslips. After treatment
withMAPCobT, cells were fixed in 4% paraformaldehyde, per-
meabilized in 0.1% Triton X-100, and then blocked with 2%
bovine serum albumin (BSA) in PBS containing 0.1% Tween 20
(PBS/T) for 2 h before being incubated with 2% BSA in PBS/T
containing anti-His antibody for 2 h at room temperature. After
washing with PBS/T, the cells were reincubated with Cy3-con-
jugated secondary antibody in a dark room for 1 h, and then
were stained with 1 �g/ml of DAPI for 10 min at room temper-
ature. Cell morphology and fluorescence intensity were
observed using a confocal laser scanning microscope (Zeiss
LSM510 Meta; Carl Zeiss Ltd., Welwyn Garden City, UK).
Images were acquired using LSM510 Meta software and pro-
cessed using the LSM image examiner.
Immunoprecipitation—DCs (1 	 107 cells) were incubated

for 6 h with 10 �g/ml of MAP CobT and cell pellets were lysed
with lysis buffer (10 mM Tris-HCl (pH 7.4), 1% Nonidet P-40,
0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM

PMSF, 1 �g/ml each aprotinin, leupeptin, and pepstatin, 1 mM

Na3VO4, 1 mM NaF). Total cell lysates were precleared with
protein A- or G-Sepharose for 2 h at 4 °C. The bead/cell lysate
mixture was centrifuged at 10,000 	 g for 5 min at 4 °C and the
supernatant was collected for subsequent experiments. After
incubation for 1 h at 4 °C with anti-rat IgG as control antibody
for anti-TLR2 and -TLR4 or anti-mouse IgG as control anti-
body for anti-MAP CobT (His), MAP CobT (His), TLR2, and
TLR4-associated proteins were immunoprecipitated by incu-
bation for 24 h at 4 °C with protein A- or G-Sepharose. Beads
were harvested, washed, and boiled in 5	 sample buffer for 5
min. Proteins were separated by 10% SDS-PAGE and trans-
ferred to polyvinylidene difluoridemembranes (Millipore). The
membranes were further probed with the TLR2, TLR4, or His
antibodies as indicated.
Immunoblotting Analyses—After stimulation with 10 �g/ml

of MAP CobT, DCs were lysed in 100 �l of lysis buffer contain-
ing 50mMTris-HCl (pH 7.5), 150mMNaCl, 1%Triton X-100, 1
mM EDTA, 50 mMNaF, 30 mMNa4PO7, 1 mM phenylmethane-
sulfonyl fluoride, 2 �g/ml of aprotinin, and 1 mM pervanadate.
Whole cell lysate samples were resolved on SDS-polyacrylamide
gels and then transferred onto a nitrocellulose membrane. The
membranes were blocked in 5% skimmilk and incubatedwith the
antibody for 2 h, followed by incubation with HRP-conjugated
secondary Abs for 1 h at room temperature. Target protein

FIGURE 2. MAP CobT binds to TLR4, but not TLR2. A and B, bone marrow-derived DCs from WT, TLR2�/�, and TLR4�/� mice were treated for 1 h with MAP
CobT (10 �g/ml) and stained with an Alexa 488-conjugated anti-His monoclonal antibody. The percentage of positive cells is shown in each panel. Bar graphs
show the mean � S.E. of the percentages of MAP CobT-Alexa 488 in CD11c� cells from three independent experiments. Statistical significance (***, p � 0.001)
is indicated for MAP CobT-treated TLR2�/� compared with MAP CobT-treated WT DCs. C, immunoprecipitation (IP) with His, TLR2, or TLR4 antibodies and
immunoblotting (IB) with His, TLR2, or TLR4 antibodies. DCs were treated for 6 h with MAP CobT (10 �g/ml). Cells were harvested and cell lysates were
immunoprecipitated with anti-rat IgG, anti-mouse IgG, anti-His, anti-TLR2, or anti-TLR4. Proteins were visualized by immunoblotting with His, TLR2, or TLR4
antibodies. Total cell lysate was used as an input control. D, fluorescence intensities of anti-MAP CobT bound to MAP CobT-treated DCs. DCs derived from WT,
TLR2�/�, and TLR4�/� mice were treated for 1 h with MAP CobT (10 �g/ml), fixed, and stained with DAPI and a Cy3-conjugated anti-MAP CobT antibody (scale
bar, 10 �m).
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epitopes, includingMAPKs, NF-�B, T-bet, and GATA-3, specifi-
cally recognized by antibodies were visualized using the ECL
AdvanceWestern blotting detection kit (GEHealthcare).
Nuclear Extract Preparation—DCs were treated with 100 �l

of lysis buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM

EDTA, 0.5% Nonidet P-40, 1 mM dithiothreitol, 0.5 mM PMSF)
on ice for 10min.After centrifugation at 4,000	 g for 5min, the
pellet was resuspended in 100 �l of extraction buffer (20 mM

HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM

PMSF) and incubated on ice for 30 min, followed by centrifu-
gation at 12,000 	 g for 10 min. The supernatant containing
nuclear extracts was collected.
Mixed Lymphocyte Reaction—Responder T cells, which par-

ticipate in naive T cell reactions, were isolated using a magnet-
ic-activated cell sorting column (Miltenyi Biotec) from total
mononuclear cells prepared from BALB/c mice. Both OVA-
specific CD8� and CD4� T cell responders were obtained from
splenocytes of OT-1 andOT-2mice, respectively. These T cells
were stainedwith 1�Mcarboxyfluorescein diacetate succinimi-
dyl ester (CFSE) (Invitrogen) as previously described (17). DCs
(2 	 105 cells per well) treated with OVA peptide in the pres-
ence of MAP CobT for 24 h were co-cultured with CFSE-
stained CD8� and CD4� T cells (2 	 106) at DC:T cell ratios of
1:10. On days 3 or 4 of the co-culture, each T cell was stained
with PerCP-Cy5.5-conjugated anti-CD4� mAb, PE-Cy5-con-
jugated anti-CD4� mAb, PE-Cy5-conjugated anti-CD8� mAb,
Alexa 647-conjugated anti-CCR3 mAb, or PE-conjugated anti-
CXCR3 mAb and analyzed by flow cytometer. The superna-
tants were harvested and measured the production of IFN-�,
IL-2, and IL-4 by ELISA.
Analysis of the Activation of Effector/Memory T Cells—As

explained above, responder T cells, which participate in alloge-
neic T cell reactions, were isolated using a magnetic-activated
cell sorting column (Miltenyi Biotec) from total mononuclear
cells prepared fromMAP-infected BALB/c mice. Staining with
the APC-conjugated CD3 monoclonal antibody (BD Biosci-
ences) revealed that the preparation consisted mainly of CD3�

cells (�95%). DCs (2 	 105 cells per well) prepared from wild-
type (WT), TLR2�/�, and TLR4�/� C57BL/6 mice were
treated with MAP CobT for 24 h, extensively washed, and co-
cultured with 2 	 106 responder allogeneic MLN (MAP-in-
fected T cells) at a DC:T cell ratio of 1:10. On day 4 of co-cul-
ture, cells were stained with PerCP-Cy5.5-conjugated CD4�,
PerCP-Cy5.5-conjugatedCD8�, Alexa 488-conjugatedCD62L,
and PE-conjugated CD44monoclonal antibodies, and analyzed
by flow cytometry. T-bet and GATA-3 expression in T cells
from Mycobacterium tuberculosis-infected mice was assessed
by immunoblotting using specific T-bet and GATA-3 mono-
clonal antibodies.
Electrophoretic Mobility Shift Assay (EMSA)—Nuclear

extracts for EMSA were prepared from DCs as described pre-

viously (18) with minor modification. Briefly, 5 �g of nuclear
extract was incubated at room temperature for 20 min with
reaction buffer (20 mM HEPES, pH 7.9, 50 mM KCl, 0.1 mM

EDTA, 1 mM DTT, 5% glycerol, 200 �g/ml of BSA, and 2 �g of
poly(dI-dC)). Then the 32P-labeled double-stranded oligonu-
cleotide (1 ng, �1 	 105 cpm) containing the NF-�B binding
consensus sequence (5�-GGCAACTGGGGACTCTCCCTTT-
3�) was added to the reaction mixture for an additional 10 min
at room temperature. The reaction products were fractionated
on a nondenaturating 6% polyacrylamide gel, which was then
dried and subjected to autoradiography. For characterization of
�B-binding proteins, the reactions were supplemented with
affinity purified rabbit polyclonal antibodies against p50, p65,
or p52 (Santa Cruz Biotechnology, Santa Cruz, CA), 30 min
before electrophoresis.
Chromatin Immunoprecipitation (ChIP) Assays—DCs were

treated with CobT for 0, 30, and 60 min. Cells were fixed with
1% formaldehyde. ChIP assays and PCR were performed using
commercially available kit (Activemotif, Carlsbad, CA) accord-
ing to the manufacturer’s protocol using 2 �g of anti-NF-�B
p65 antibody-ChIP grade (Abcam, Cambridge, MA). An ali-
quot of the cell lysates was used to isolate total input DNA. In
some experiments IgG was used a negative control. Input DNA
samples as well as antibody-enriched ChIP DNA samples were
analyzed by regular PCR using the following set of primers from a
region of the mouse Tnf-� (forward, 5�-TGAGTTGATGTACC-
GCAGTCAAGA-3� and reverse, 5�-AGAGCAGCTTGAGAGT-
TGGGAAGT-3� and Il-6 (forward, 5�-CGATGCTAAACGACG-
TCACATTGTGCA-3� and reverse, 5�-CTCCAGAGCAGAAT-
GAGCTACAGACAT-3�) promoters around the NF-�B binding
sites.A5-�l DNAextractwas used for PCR.Confirmationof LPS-
decontamination forMAPCobT,pharmacological inhibitor treat-
ment, andtransfectiondetailsof thesemethodscanbe found in the
supplemental methods.
Statistical Analyses—All experiments were repeated at least

three timeswith consistent results. The levels of significance for
comparison between samples were determined by Tukey’s
multiple comparison test distribution using statistical software
(GraphPad Prism Software, version 4.03; GraphPad Software,
San Diego, CA). Data are expressed as the mean � S.E.

RESULTS

Purification and Cytotoxicity of Recombinant MAP CobT—
Recombinant MAP CobT was extracted as described and puri-
fied using nickel-nitrilotriacetic acid resin. After dialysis, endo-
toxin-contaminatedMAPCobTwas removed, as confirmed by
SDS-PAGE. The purified MAP CobT protein had a molecular
mass of �35.2 kDa as assessed by SDS-PAGE (Fig. 1A). Endo-
toxin content was measured by LAL assay and was �15
pg/ml (�0.1 EU/ml). MAP CobT had 96% purity when 20 �g
of the protein preparation was stained with silver nitrate

FIGURE 3. MAP CobT induces activation of DCs via interaction with TLR4. A, histograms showing CD86 or MHCII expression on MAP CobT-treated
CD11c�-gated DCs derived from WT, TLR2�/�, and TLR4�/� mice. DCs derived from WT, TLR2�/�, and TLR4�/� mice were treated for 24 h with MAP CobT (10
�g/ml). The percentage of positive cells is shown for each panel. Bar graphs show the mean � S.E. of the percentages for each surface molecule on CD11c� cells
in three independent experiments. Statistical significance (***, p � 0.001) is indicated for MAP CobT-treated TLR4�/� versus MAP CobT-treated WT DCs. B, DCs
derived from WT, TLR2�/�, and TLR4�/� mice were treated for 24 h with MAP CobT or LPS. TNF-�, IL-6, or IL-1� production was measured by ELISA. C, DCs
derived from WT, MyD88�/�, and TRIF�/� mice were treated for 24 h with MAP CobT (10 �g/ml) and LPS (100 ng/ml). TNF-�, IL-6, or IL-1� production was
measured by ELISA. All data are expressed as the mean � S.E. (n � 3) and statistical significance (***, p � 0.001) is indicated for treatments as compared with
MAP CobT-treated WT DCs.
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(data not shown). Next, we examined MAP CobT protein-
induced cytotoxicity in DCs. Cells were treated for 24 h with
10 �g/ml of MAP CobT protein and stained with CD11c,
annexin V, and PI to assess cell viability. MAP CobT was not
toxic against DCs (Fig. 1B), suggesting that recombinant
MAP CobT is not cytotoxic when used at concentrations
below 10 �g/ml.
MAP CobT Induces DC Maturation and Th1 Polarization—

To investigatewhetherMAPCobT affectsDCmaturation, DCs
were incubated for 24 hwith 5 and 10�g/ml ofMAPCobT. LPS
was used as a positive control for DC maturation. DC surface
molecule expression, including CD80, CD86, and MHC class I
and II, was analyzed by flow cytometry. MAP CobT enhanced
expression of these surface molecules at both concentrations
(Fig. 1C).
We next analyzed whether MAP CobT-mediated DC matu-

ration was associated with pro- or anti-inflammatory cytokine
secretion by stimulating DCs with various concentrations of
MAP CobT (5–10 �g/ml). As demonstrated in Fig. 1D, MAP
CobT induced DCs to secrete high levels of TNF-�, IL-6, and
IL-1�. In addition, MAP CobT significantly induced
IL-12p70 secretion, but not IL-10 (Fig. 1D).We also analyzed
production of intracellular IL-12p70 and IL-10 in MAP
CobT-treated DCs. DCs treated with MAP CobT showed
increased IL-12p70-positive cells compared with untreated
DCs, whereas the expression of IL-10-positive cells was not
observed (Fig. 1E).
We also investigated whether MAP CobT regulates DC

endocytic activity. MAP CobT treatment significantly
decreased the percentage of dextran�CD11c� cells (Fig. 1F)
compared with untreated DCs. These results strongly suggest
that MAP CobT induces the functional maturation of DCs and
MAP CobT-matured DCs may promote a Th1 type immune
response.
PurifiedMAP CobTDoes Not Have LPS Contamination—To

ensure thatMAPCobT-inducedDCmaturationwas not due to
endotoxin or LPS contamination, the purified MAP CobT
preparations were passed through a polymyxin B-agarose col-
umn. Furthermore, we assessed LPS contamination by treat-
ment with proteinase K or heat denaturation, which abrogated
the ability ofMAPCobT to triggerDCmaturation (supplemen-
tal Fig. 1, A and B). Polymyxin B treatment did not affect MAP
CobT viability, whereas polymyxin B significantly inhibited
LPS (supplemental Fig. 1C). These results confirmed that DC
maturation was induced by intact MAP CobT and not by con-
taminating LPS.
MAPCobT Interacts with TLR4 and Induces DCMaturation—

Pattern recognition receptors, such as TLRs, recognize patho-
gen-associated molecular patterns from whole mycobacterial
cells or mycobacterial cell wall components (19). Thus, we
examined whether MAP CobT is recognized by, and acts
through, TLRs in DCs. To identify TLRs on DCs that interact
with MAP CobT, wild-type (WT), TLR2�/�, and TLR4�/�

DCs were stimulated with MAP CobT. Surface expression of
MAP was detected with an Alexa 488-conjugated MAP CobT
polyclonal antibody (Fig. 2A). TheMAP CobT antibody bound
to the cell surface of WT and TLR4�/� DCs but not TLR2�/�

DCs (Fig. 2B). To confirm the interaction between MAP CobT

FIGURE 4. DC maturation triggered by MAP CobT involves activation of
MAPKs. A–C, DCs were treated with 10 �g/ml of MAP CobT and protein
expression is shown over time. Cells lysates were subjected to SDS-PAGE and
immunoblot analyses were performed using specific antibodies to phospho-
p38 (p-p38), p38, phospho-ERK1/2 (p-ERK1/2), ERK1/2, phospho-JNK1/2
(p-JNK1/2), and JNK1/2. Relative band intensity of each protein is expressed as
a percentage compared with the value of untreated controls. The results
shown are typical of three experiments for each condition. The data are
shown as mean � S.E. (n � 3) and statistical significance (*, p � 0.05; **, p �
0.01; or ***, p � 0.001) is indicated for treatments versus untreated DCs.
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and TLR, we performed immunoprecipitation studies and
determined that MAP CobT bound TLR4 but not TLR2 (Fig.
2C). This observation was also confirmed by confocal micros-
copy. We also found that MAP CobT preferentially interacts
with WT and TLR2�/� DCs, not TLR4�/� DCs (Fig. 2D).

To test the ability ofMAPCobT to activateDCs via TLR4, we
measured surface molecule expression and proinflammatory
cytokine production inMAPCobT-treatedWT, TLR2�/�, and
TLR4�/� DCs. MAP CobT enhanced surface molecule expres-
sion (Fig. 3A) and proinflammatory cytokine secretion (Fig. 3B)
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inWTorTLR2�/�DCs. In contrast, these effects were strongly
diminished in TLR4�/� DC, indicating that MAP CobT is a
TLR4 agonist in DCs.
TLR4 is critical for the innate immune response via activa-

tion of signaling cascades with Toll/IL-1 receptor domain-con-
taining adaptors, including MyD88 and TRIF (20). To
investigate MyD88- and TRIF-dependent pathways in MAP
CobT-induced cytokine production by DCs, we compared DC-
based cytokine production in WT, MyD88�/�, and TRIF-defi-
cient mice. MAP CobT-induced production of TNF-�, IL-6,
and IL-1� was significantly reduced in the absence of MyD88
and TRIF (Fig. 3C). Our results suggest that MyD88 and TRIF
are crucial for an optimal MAP CobT-induced cytokine
response. Taken together, these findings demonstrate that
MAPCobT inducesDCmaturation in aTLR4-dependentman-
ner, increasing expression of cell-surface molecules and proin-
flammatory cytokines.
MAP CobT-induced Maturation of DCs Activates the MAPK

andNF-�B Pathways—NF-�B andMAPKs are essential for DC
maturation induced bymycobacterial antigens (17). Therefore,
we examined whether MAP CobT activates NF-�B andMAPK
in DCs. DCs were stimulated with 10 �g/ml ofMAPCobT, and
MAPK phosphorylation (including ERK1/2, JNK1/2, and p38),
I�B� phosphorylation/degradation, and p65 nuclear transloca-
tion were evaluated. As shown in Fig. 4, A-C, MAP CobT trig-
gered p38, JNK1/2, and ERK1/2 phosphorylation in DCs. In
addition, we found that MAP CobT induced I�B-� phosphor-
ylation and degradation as well as p65 nuclear translocation
(Fig. 5, A-C). To confirm these observations, nuclear extracts
were examined for NF-�B binding activity by EMSA using a
palindromicNF-�Bbinding site. As expected, treatment of cells
withMAPCobT generated prominentNF-�B complex binding
(Fig. 5D). Then, we performed the supershift assay with specific
antibodies against NF-�B subunits to characterize the nuclear
�B-binding protein. The supershift assay analysis was per-
formed with antibodies for NF-�B subunits NF-�B p65, p50,
and p52. As shown in Fig. 5E, anti-p65 and p50 antibodies
caused a supershift of nuclear�Bproteins, whereas anti-p52 did
not affect the nuclear �B-binding proteins. In addition, chro-
matin immunoprecipitation assays revealed that the DNA
bindings ofNF-�B (p65) to each Il-6 andTnf-�promoter region
were induced after treatment with MAP CobT (Fig. 5F).
Next, to elucidate the functional roles of these kinases in

MAP CobT-induced DC activation, we used specific pharma-
cological inhibitors or NF-�B super-repressor (I�B� dominant
negative) andmeasuredMAPCobT-induced proinflammatory
cytokine production and co-stimulatory molecule expression.

Cells were pre-treated for 1 h with a p38 inhibitor (SB203580),
an ERK1/2 inhibitor (U0126), a JNK1/2 inhibitor (SP600125),
NF-�B inhibitor (Bay 11-0782) orwere transfected for 24 hwith
NF-�B super-repressor before exposure to MAP CobT. We
found that these pharmacological inhibitors or NF-�B super-
repressor significantly abrogated MAP CobT-induced surface
expression of CD80 and CD86 (supplemental Figs. S2A and
S3A) as well as decreased production of TNF-�, IL-6, and IL-1�
(supplemental Fig. S2B and S3B). The translocation of p65 from
the cytosol to the nucleuswas also decreased (supplemental Fig.
S2C). Our results suggest that NF-�B andMAPK pathways are
important signaling links in DC maturation and activation
induced by MAP CobT.
MAPCobT Induces CD8� and CD4� T Cell Proliferation via

DC Activation—To ascertain whether DCmaturation by MAP
CobT stimulates T cells, we performed a syngeneic MLR assay
usingOT-IT cell receptor transgenicCD8�Tcells andOT-II T
cell receptor transgenic CD4� T cells. Transgenic CFSE-la-
beled OVA-specific CD4� and CD8� T cells were co-cultured
with MAP CobT-treated DCs and pulsed with OVA(257–264)
or OVA(323–339). These cells displayed an increase in prolif-
eration compared with the same T cells co-cultured with DCs
pulsed with OVA(257–264) or OVA(323–339) but without
MAP CobT treatment (Fig. 6A). In addition, naive CD4� and
CD8� T cells primed with MAP CobT-treated DCs produced
significantly higher IFN-� and IL-2 levels (p � 0.05–0.01) than
those primed with untreated DCs. Comparable IL-4 secretion
was detected regardless of MAP CobT stimulation (Fig. 6B).
We next investigated expression of CXCR3 and CCR3, which
are associated with T cell polarization, in CD4� T cells using
flow cytometry. CXCR3 is preferentially expressed onTh1 cells,
whereas Th2 cells express CCR3 (21). As shown in Fig. 6C,
CD4� T cells co-cultured with MAP CobT-treated DCs, and
pulsed with OVA(323–339), showed a significant increase in
CXCR3 expression compared with control cells. No changes in
CCR3 expression were observed in the presence ofMAPCobT.
Furthermore, we also found that MAP CobT-treated DCs ele-
vated T-box expressed in T cells (T-bet) expression in naive
CD4� cells, whereas the expression ofGATA-binding protein 3
(GATA-3) was not observed (Fig. 6D). These results suggest
that MAP CobT directs naive T cell populations toward the
Th1 phenotype.
MAPCobT Induces Effector/Memory T Cell Development via

TLR4-mediated DC Activation—To assess whether DC matu-
rationmediated byMAPCobT enables the specific stimulation
of CD4� and CD8� T cells from MLN of MAP-infected mice,
we used flow cytometry to analyze the surface expression of

FIGURE 5. DC maturation triggered by MAP CobT involves activation of NF-�B signal pathway. A and B, DCs were treated with 10 �g/ml of MAP
CobT and protein expression is shown over time. Cells lysates or nuclear lysates were subjected to SDS-PAGE and immunoblot analyses were performed
using specific antibodies to phospho-I�B-� (p-I�B-�), I�B-� (unphospho), and p65 NF-�B. �-Actin and lamin B were used as loading controls for cytosolic
and nuclear fractions, respectively. Relative band intensity of each protein is expressed as a percentage compared with the value of untreated controls.
The results shown are typical of three experiments for each condition. The data are shown as mean � S.E. (n � 3) and statistical significance (*, p � 0.05;
**, p � 0.01; or ***, p � 0.001) is indicated for treatments versus untreated DCs. C, effect of MAP CobT on the cellular localization of the p65 subunit of
NF-�B in DCs. DCs were plated in covered glass chamber slides and treated for 1 h with MAP CobT. After stimulation, the p65 subunit in cells was
evaluated by immunofluorescence as described under “Experimental Procedures” (scale bar, 10 �m). D, autoradiograph of EMSA performed with a
32P-labeled NF-�B nucleotide and nuclear extract from MAP CobT-treated DCs for the indicated time point. EMSA was performed as described under
“Experimental Procedures.” n.s. indicates nonspecific band. E, supershift assay was performed using specific antibodies against NF-�B subunits, p65,
p50, and p52 as described under “Experimental Procedures.” F, ChIP assays were performed on treated with MAP CobT using anti-p65 antibody for the
indicated time point as described under “Experimental Procedures.”
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CD62L and CD44 on CD4� and CD8� T cells. Naive T cells
were previously reported to express a CD62LhighCD44low
phenotype, whereas effector/memory T cells exhibit a
CD44highCD62Llow phenotype (22). CD4� and CD8� T cells
fromMLN of MAP-infected mice were co-cultured with MAP
CobT-treated DCs derived from WT, TLR2�/�, or TLR4�/�

mice. MAP CobT-treated WT and TLR2�/� DCs specifically
induced the formation of effector/memory T cells as shown by
down-regulated CD62L and up-regulated CD44 expression in
CD4� and CD8� T cells from MLN of MAP-infected mice
comparedwith controls (Fig. 7A). This effect ofMAPCobTwas
abrogated in TLR4�/� DCs. Interestingly, in the splenic CD4�

and CD8� T cells from MAP-infected mice, MAP CobT-
treated DCs had less effect on down-regulated CD62L and up-
regulated CD44 expression compared with the CD4� and
CD8� T cells from MLN (supplemental Fig. S4). In addition,
the percentages of CD4-IFN-�/CD4-IL-2 and CD8-IFN-�/
CD8-IL-2 double-positive cells were higher among T cells co-
cultured with MAP CobT-pulsed WT or TLR2�/� DCs. The
elevation of these cytokines was not observed in T cells co-cul-
tured with MAP CobT-treated TLR4�/� DCs. Additionally,
IL-4 expression in CD4� cells from T cells treated with MAP
CobT-pulsedDCs or LPS-pulsedDCs remained at baseline lev-
els (Fig. 7B). Furthermore, we found that MAP CobT-treated
DCs increased T-bet expression in effector/memory T cells but
GATA-3 expression remained unchanged (Fig. 7C). These data
suggest that MAP CobT-mediated DC activation activates
effector/memory T cells in a TLR4-dependent manner and
drives Th1 immune responses.

DISCUSSION

A variety of bacterial proteins are secreted or exported into
the surroundingmilieu during growth that play important roles
in cell-cell communication, detoxification of harmful chemi-
cals, eliciting host immune responses, and the killing of poten-
tial competitors (23, 24). In particular, many of the pathogenic
mycobacteria cell wall-associated or secreted antigens are tar-
gets of host immune responses. Therefore, mycobacterial
secretory proteins are considered candidate antigens for
immune protection against mycobacterial diseases as well as
reagents for immunological diagnoses (25, 26). Consequently,
the precise characterization of mycobacterial secretory pro-
teins is essential to understanding host-pathogen interactions
and facilitating the development of prospective vaccine
candidates.
As documented in previous studies, MAP culture filtrate

contains more immunogenic antigens than cellular extracts
(27, 28). Fourteen apparently specific proteins with potential
diagnostic value for Johne disease in cattle were found in the
culture filtrates ofMAP JTC303 (ModD, PepA, ArgJ, CobT, Ag

85c, and nine as yet unnamed proteins) (16). Among these 14
proteins, MAP fibronectin attachment protein, also called
ModD, was found to activate DCs and induce Th1 immune
response polarization (7). Interestingly, ModD serologically
reacts with sera from both MAP-infected cattle and patients
with Crohn disease, indictingModD acts as a T cell, as well as a
B cell antigen (16, 29).
Like ModD, the CobT (35-kDa protein) was detected in cul-

ture filtrate of MAP (16). It is believed that the CobT enzyme is
involved in the late steps of coenzyme B12 biosynthesis in bac-
teria such as Salmonella enterica and Lactobacillus reuteri (30,
31). However, the immunological function of CobT in interact-
ing withDCs and its in vivo contribution to T cell immunity has
not been studied. Thus, research regarding the role of CobT in
inducing, maintaining, and regulating immune response could
provide major insights into how CobT regulates innate and
adaptive immunity in MAP infection.
Similar to the desire to develop an improved TB vaccine, it is

important to characterize the vaccine potential of MAP
because it is potentially associated with zoonotic disease (32,
33). Identification and characterization of novel MAP antigens
that interact with host immune responses is an essential part in
development of new drugs and effective vaccines against MAP
infection. TLRs expressed on APC are key components of the
innate immune system and stimulate the host immune
responses to pathogens. Moreover, these receptors play a key
role in promoting adaptive immune responses by initiating
innate immunity against the infection (34). TLRs are also essen-
tial for T cell expansion, differentiation, andmemory formation
via activation of adaptive immune responses by APC matura-
tion (35). Recent studies suggest that TLRs play a pivotal role in
induction of Th1/Th2 immune responses through control of
DCs (36, 37). Thus, TLRs represent potent targets for the devel-
opment of various vaccines, including against mycobacterial
diseases.
TLR2 and its related signaling pathways have been more

emphasized in the mycobacteria fields than TLR4. Previously,
we have reported that aM. tuberculosis antigen, Rv0577, regu-
lates innate and adaptive immune responses against M. tuber-
culosis infection by interactingwith TLR2 (38). However, stud-
ies have shown that C3H/HeJ mice harbor a mutation in the
TLR4 signaling domain that renders them unresponsive to
LPS, and have a reduced capacity to eliminate mycobacteria
from the lungs, with the infection spreading to the spleen
and liver (39). Thus, TLR4 signaling appears to be required
to control the local growth and dissemination of mycobac-
terial infection from target organs. Recently, TLR4 agonists
were described to have important immunoregulatory appli-
cations, such as adjuvants for vaccines in antitumor thera-

FIGURE 6. MAP CobT-treated DCs stimulate T cells to produce Th1 cytokines. Transgenic OVA-specific CD8� T cells and transgenic OVA-specific CD4� T
cells were isolated, stained with CFSE, and co-cultured for 96 h with DCs treated with MAP CobT (5 or 10 �g/ml) or LPS (100 ng/ml). Cells were pulsed with
OVA(257–264) (1 �g/ml) for OVA-specific CD8� T cells or OVA(323–339) (1 �g/ml) for OVA-specific CD4� T cells, respectively. T cells co-cultured with untreated
DCs served as controls. A, the proliferation of OT-1� (Top) and OT-2� (Bottom) T cells was assessed by flow cytometry. B, culture supernatants (obtained from
the conditions described for A) were harvested after 24 h. IFN-�, IL-2, and IL-4 were measured by ELISA. C, splenocytes were stained with the CXCR3 monoclonal
antibody or the CCR3 monoclonal antibody. The percentage of positive cells is shown for each panel. Histograms and bar graphs show CXCR3�CCR3� T cells
in OVA-specific CD4� T cells. D, T-bet and GATA-3 expression in OVA-specific CD4� T cells were assessed by immunoblotting using specific T-bet and GATA-3
monoclonal antibodies. The mean � S.E. is shown for three independent experiments. Statistical significance (*, p � 0.05; **, p � 0.01; or ***, p � 0.001) is shown
for treatments compared with the appropriate controls (T cell/OVA(257–264) pulsed DCs or T cell/OVA(323–339) pulsed DCs). n.s. indicates not significant.
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pies (40). Moreover, an adjuvant study usingM. tuberculosis
heparin-binding hemagglutinin (HBHA), a TLR4 agonist, for
cancer treatment has recently been reported (41). The sig-
nals through these receptors are mediated by either MyD88-
and TRIF-dependent pathways and appear to be especially
powerful immunopotentiators (41). In addition, many stud-
ies have highlighted the role of cell-based vaccines to evoke
protective T cell responses against diseases, including cancer
and infectious diseases (42, 43).
Although these studies have proposed various mecha-

nisms for vaccine development or more effective therapies to
defend against pathogenic infection, the immunological
function and underlying mechanism of the MAP antigen is
not understood. Here, we show that MAP CobT directly
interacts with cell surface TLR4 and increases surface mol-
ecule expression and proinflammatory cytokine secretion by
MAPK and the NF-�B pathway activation in DCs. Further-
more, MAP CobT was found to significantly induce
IL-12p70 secretion, but not IL-10 secretion. IL-12p70
secreted by APCs induces the secretion of IFN-� from T cells
and plays a critical role in driving Thl immune responses
(44). Thus, our findings indicate that MAP CobT is an ago-
nist for TLR4 and contributes to Th1 polarization via DC
maturation in a TLR4-dependent manner.
Detection ofMAP-specific cell-mediated immune responses

can serve as an alternative indicative method and be imple-
mented as a diagnostic tool. In addition, cell-mediated immune
responses can be measured at early stages of infection, prior to
antibody development and shedding of detectable MAP
amounts. Therefore, cell-mediated immune responses modu-
lated by variousT cell subsets are essential to provide protective
immunity and prevent progression of MAP infectious disease.
Previous studies have shown MAP antigens, such as 85A, 85B,
85C, and superoxide dismutase, induce a strong Th1 response
and confer protection against MAP infection (45, 46). It has
been reported that the fibronectin attachment protein of MAP
induces CD4� and CD8� T cell activation through TLR-medi-
atedDC activation (7, 47). These activatedT cells secrete IFN-�
and IL-2, which are known to mediate protective immune
responses against MAP (7, 47). Furthermore, MAP0261c has
been reported to stimulate a T cell response as well as induce a
number of Th1 cytokines, including IFN-� (48). Such findings
provide strong evidence that MAP antigens may have a role in
protective immune responses. Interestingly, our data show that
MAP CobT enhances the immunostimulatory capacity of DCs
to stimulate T cells, as well as IFN-� and IL-2 secretion, in
mixed-lymphocyte reactions stimulated by MAP CobT-ma-

tured DCs. In addition, we found that MAP CobT-treated DCs
up-regulate CXCR3 expression in CD4�T cells, whereas CCR3
expression remained at baseline levels. Moreover, we found
that MAP CobT-treated DCs elevated T-bet expression in
CD4� cells but did not induce the expression of GATA-3, indi-
cating that MAP CobT participates in adaptive immunity by
directing T cell immune responses to a Thl polarization. Previ-
ously, it was reported that T-bet is expressed in developing
CD4�Th1 cells, driving IFN-� production, Th1 differentiation,
and repression of the alternate Th2 program (49). Taken
together, our data indicate that direct binding ofMAPCobT to
TLR4 on DCs augments T cell proliferation and IFN-� produc-
tion, parameters that are crucial for protection against myco-
bacterial infection. Thus,MAPCobT can be employed inmany
biological fields.
Memory T cells are a cornerstone of protective immunity

in immune responses against infection and are a key element
in successful vaccination (50). Memory T cells are generally
not able to fight infection directly, but they enable the body
to react quickly and control a recognized pathogen if
encountered again (50). Thus, understanding how memory
T cells work will enable scientists to design more effective
vaccines for human diseases. CD44 and CD62L are the most
commonly used surface markers to define memory T cells
because memory T cells express the CD44highCD62Llow sur-
face phenotype. CD44 was previously identified as a surface
marker of T cell activation and plays a role in Th1 and Th2
cell differentiation (51). CD62L is a lymph node homing
receptor that is down-regulated upon activation of T cell
populations (52). In our work, we demonstrated that a pop-
ulation of CD44highCD62Llow CD4�/CD8� effectors was
specifically generated from MLN of MAP-infected mice in
response to DC-bearing MAP CobT, indicating that MAP
CobT acts as a specific recall antigen. In addition, we showed
that MAP CobT-treated DCs elevated the expression of
T-bet in effector/memory T cells. In this regard, MAP CobT
could be a potent adjuvant triggering Th1-mediated immune
responses.
Conclusively, these findings demonstrate that MAP CobT

plays a critical role in DC activation in a TLR4-dependentman-
ner and the initiation of the adaptive immune response by
polarizing the development of T cell immunity to a Th1
response. In view of these findings, MAP CobT should help in
the design of new strategies to prevent of chronic diseases by
MAP infection.

FIGURE 7. MAP CobT-stimulated DCs induce the effector/memory T cell proliferation via TLR4 signaling. A, WT, TLR2�/�, and TLR4�/� DCs were
cultured for 24 h with 10 �g/ml of MAP CobT. The MAP CobT-matured DCs were washed and co-cultured for 3 days with allogeneic T cells at DC to a T
cell ratio of 1:10. Mesenteric lymph nodes were stained with CD4, CD8, CD62L, and CD44 antibodies. Contour and bar graphs show CD62L�CD44� T cells
in the mesenteric lymph node. Bar graphs show the percentages (mean � S.E.) for CD4�/CD44�CD62L� and CD8�/CD44�CD62L� T cells from three
independent experiments. Statistical significance (**, p � 0.01 or ***, p � 0.001) is indicated for treatments compared with untreated DCs. n.s. indicates
not significant. B, IFN-�, IL-2, or IL-4 expression in CD3�/CD4� and CD3�/CD8� cells was analyzed by intracellular IFN-�, IL-2, or IL-4 staining in
mesenteric lymph node T cells co-cultured with MAP CobT-pulsed DCs or LPS-pulsed DCs. The percentages of double-positive cells among the T cells
are indicated in the top right corner. Results are representative of three independent experiments. C, WT DCs were cultured for 24 h with 10 �g/ml of MAP
CobT. The MAP CobT-matured DCs were co-cultured for 3 days with mesenteric lymph node T cells from MAP-infected mice. T-bet and GATA-3
expression was assessed by immunoblotting using specific T-bet and GATA-3 monoclonal antibodies. The results shown are typical of three experi-
ments for each condition. The data are shown as mean � S.E. (n � 3). Statistical significance (*, p � 0.05; **, p � 0.01; or ***, p � 0.001) is indicated for
treatments versus untreated DCs.
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