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Abstract

In the present study, we evaluated antigen 85A (Ag85A) gene-transduced dendritic cells (DCs) vaccine against Mycobacterium tuberculosis.
Murine bone marrow-derived DCs were retrovirally transduced with mycobacterial Ag85A gene and injected to BALB/c mice intravenously.
The DC vaccine was capable of inducing purified protein derivative (PPD)- and the antigen-specific spleen cell proliferation and IFN-y
production from both CD4* and CD8" T cells in spleens of the immune mice. In addition, the DC vaccination induced cytotoxic T-lymphocytes
(CTL) and IFN-y-producing cells specific for a 9-mer CTL epitope on Ag85A molecule. This eliciting cellular immunity led to protection

against wasting disease due to M. tuberculosis infection and induction of moderate bacterial clearance.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Antigen 85A; Dendritic cells; Mycobacterium tuberculosis

1. Introduction

Tuberculosis (TB) remains one of most serious public
health problems being prevailed worldwide along with AIDS
and malaria, resulting in 8 million new cases and 2 million
deaths each year [1]. The appearance of multidrug-resistant
Mycobacterium tuberculosis strains has worsened the prob-
lem. The only TB vaccine currently available is the atten-
uated Mycobacterium bovis strain bacillus Calmette-Guérin
(BCG), which has been reported to have a variable protective
efficacy especially in adult TB {2]. Therefore, there remains
an urgent need for more effective vaccines for TB [3].

* Corresponding author. Tel.: +81 53 435 2335; fax: + 81 53 435 2335.
E-mail address: tnagata@hama-med.ac.jp (T. Nagata).

0264-410X/$ ~ see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2005.11.026

Protection against intracellular bacteria such as M. tuber-
culosis critically depends on induction of cellular immune
responses. Administration of soluble proteins would be
insufficient to stimulate these responses. The reason why
BCG vaccine has been utilized for decades is that the vaccine
is able to induce specific cellular immunity although the
efficacy is controversial as mentioned before. Immunization
with dendritic cells (DCs) is one of promising strategies
for eliciting effective cellular immunity against intracellular
pathogens as DCs are the most potent antigen-presenting cells
(APCs). DCs capture the pathogens or apoptotic cells. Then
they migrate to regional lymphoid organs, where they present
antigensto naive T cells [4,5]. DCs possess the distinct ability
to prime naive helper T-lymphocytes (Th) and cytotoxic T-
Iymphocytes (CTL). Thus there has been much interest in the
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use in immune modulation of infectious diseases and cancer.
Vaccination with DCs pulsed with tumor-associated antigens
has been shown to generate specific anti-tumor immunity in
vivo in murine tumor models [6-9]. DC vaccination has been
also examined in the field of infectious diseases [10-13].
We also showed that vaccination with DCs retrovirally
transduced with a gene for a dominant CTL epitope derived
from Listeria monocytogenes elicited significant protec-
tive immunity against lethal listerial challenge infection
[14].

Promising candidate antigens for TB vaccines include
antigen (Ag) 85 family molecules such as Ag85A or Ag85B,
heat shock proteins such as Hsp60 and ESAT-6 (reviewed
in [15]). We used Ag85A as a vaccine target in this study.
Ag85A molecule is a mycobacterial major secreted protein
which belongs to the Ag85 family consisting of three struc-
turally related components, Ag85A (p32A; 32kDa), Ag85B
(p30, MPTS59, « antigen; 30 kDa), and Ag85C (reviewed in
[16]). The Ag85 family molecules are cross-reactive antigens
and are highly conserved among Mycobacterium spp. The
genes encode proteins with fibronectin-binding capacities
{17] and mycolyltransferase activities, which are involved
in the final stage of mycobacterial cell wall assembly
{18]. Ag85A protein was reported to stimulate B- and T-cell
responses in TB patients and immunization with Ag85A pro-
tein induced the protective immunity against M. wberculosis
in guinea pigs [19]. In addition, reporis of naked DNA vac-
cines against TB employing Ag85A gene have accumulated
{20-24]. In addition, we reported recently that vaccina-
tion with attenuated Listeria carrying Ag85A expression
plasmid elicited significant protective immunity against M.
tuberculosis challenge [25]. More recently, vaccination with
Ag85A-expressing vaccinia virus was shown to be effective
in boosting antimycobacterial immunity in human trial [26].
According to these reports, Ag85A molecule seems to be
one of the most promising candidates for future subunit TB
vaccines.

In the present study, we developed a retrovirally trans-
duced DC vaccine expressing Ag85A, and assessed its ability
to generate the antigen-specific cellular immunity and to
induce protective immunity against murine M. tuberculosis
infection.

2. Materials and methods
2.1. Recombinant retroviral vector

BCG Ag85A gene was amplified from a plasmid, pMB49
[27] by PCR with following primers: 5-ATAAGAATGCG-
GCCGCACCATGCAGCTTGTTGACAGG-3 (forward pri-
mer) and 5'-ATAGTTTAGCGGCCGCTGTTCGGAGCTA-
GGCGC-3’ (reverse primer) (underlined letters indicate Notl
sites). These PCR fragments were digested with NotI and
inserted into a Notl site of pMX [28]. The nucleotide
sequence designed in the plasmid was confirmed by DNA

sequencing using an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems, Foster City, CA). Large-scale purifica-
tion of the plasmid was conducted using the Qiagen Plasmid
Mega Kit System (Qiagen, Chatsworth, CA) and endotoxin
was removed by Triton X-114 phase separation. Retroviral
supernatant was generated by transfection of pMX-Ag85A
proviral construct into Phoenix ecotropic packaging cell
line [purchased from American Type Culture Collection
(Manassas, VA) and used with the permission of Dr. GP
Nolan (Stanford University School of Medicine, Stanford,
CA)l

2.2. Reverse transcription (RT)-PCR analysis for
Ag85A gene detection

Bone marrow-derived DCs transduced with pMX-Ag85A
were harvested and total RNA was prepared from the cells
by Isogen RINA extraction solution (Nippon Gene, Tokyo,
Japan). The single-stranded cDNA was synthesized with
Molony murine leukemia virus reverse transcriptase (Life
Technologies, Gaithersburg, MD) and then used for PCR
analysis. The images were recorded using AE-6900M den-
sitograph (ATTO, Tokyo, Japan). Primers used for Ag85A
gene detection are: 5-AGGCCAACAGGCACGTCAA-3
(forward primer) and 5-ACATGTCGGAGGCCTTGTA-3
(reverse primer). As a control, the same RT-PCR was per-
formed with primers for glycelaldehyde-3-phosphate dehy-
drogenase (G3PDH).

2.3. Mice

BALB/c mice were purchased from SLC Japan (Hama-
matsu, Japan). These mice were maintained in a specific-
pathogen-free condition at the Experimental Animal Insti-
tute, Hamamatsu University School of Medicine. All mice
used in this study were between 8 and 14 weeks of age. All
animal experiments were performed according to the Guide-
lines for Animal Experimentation, Hamamatsu University,
School of Medicine.

2.4. Peptides and protein

Lyophilized peptides were purchased from Invitrogen
Corporation (Carlsbad, CA). The three Ag85A CTL-epitope
candidate peptides are synthesized based on Denis et al.
[29]. They are, pepl (MPVGGQSSF; corresponding to
amino acid residues (aa) 70-78 of Ag85A which is pre-
dicted to bind H2-L¢ according to SYFPEITHI computer
algorithm [http://www.syfpeithi.de]), pep2 (WYDQSGLSV;
aa 6068 of Ag85A predicted to bind H2-K9), and pep3
(VYAGAMSGL; aa 144152 of Ag85A predicted to bind
H2-K9). The purity of peptides was confirmed by mass spec-
trometry. All peptides were dissolved in 5% dimethyl sul-
foxide in distilled water to a concentration of 1 mM and
were stored at —80 °C until used. Purified recombinant (r)
-Ag85A protein was kindly provided by Dr. John T. Belisle
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(Colorado State University, Fort Collins, CO) through the
NIH, NIAID Contract NO1 AI-75320 entitled “Tuberculosis
Research Materials and Vaccine Testing”.

2.5. Culture of bone marrow-derived DCs and
transduction with retrovirus

Bone marrow-derived DCs were cultured using a method
described by Inaba et al. [30] with some modifications
as in our previous work [14]. To determine the pheno-
type of cultured DCs, we stained them with PE-, or FITC-
conjugated monoclonal antibodies (mAbs) against cell sur-
face molecules [CD40, CD80, CDg6, H2-ad (all from BD
Biosciences, San Diego, CA)] and analyzed using EPICS
Profile-ll (Beckman Coulter, Fullerton, CA). Transduc-
tion of retroviruses was also carried out as in our previ-
ous work [14]. Briefly, 1 x 10° bone marrow-derived DCs
were cultured in RPMI1640 medium supplemented with
10% heat-inactivated fetal bovine serum (RPMI/10FCS)
for 48h and resuspended in 1ml of the retroviral super-
natant supplemented with 8 pg/ml polybrene (Sigma Chem-
ical Co., St. Louis, MO), 1000 units/ml of murine rGM-
CSF, and 1000 units/ml of murine rIL-4. These cells were
centrifuged at 2500 x g at 32°C for 2h. After centrifu-
gation, cells were cultured in RPMU/10FCS in 5% COy
atmosphere. The transduction process was repeated on days
3 and 4.

2.6. Immunization

After washing twice in phosphate-buffered saline (PBS),
1 % 10 transduced DCs in 0.2 ml of PBS were injected intra-
venously into mouse twice at a 2-week interval. As a control,
mice were also immunized with 2 x 106 CFU of BCG (sub-
strain Tokyo; Japan BCG Inc., Tokyo, Japan) subcutaneously
twice at a 2-week interval. In some experiments, 2 g of
Ag85A expression plasmid (pCI-Ag85A) was immunized
with Helios gene gun system (Bio-Rad Laboratories, Her-
cules, CA) four times at 1-week intervals as in our previous
work on MPT51 molecule [31].

2.7. Detection of PPD-, or Ag85A-specific antibodies
(Abs) by ELISA

The 96-well ELISA plates (EIA/RIA plate A/2; Costar,
Cambridge, MA) were coated with 25 pg/ml of purified pro-
tein derivative (PPD; Japan BCG Inc., Osaka, Japan) or
5 wg/ml of purified Ag85A protein at 4 °C overnight, washed
with PBS containing 0.05% Tween 20 (PBS/Tween), and
blocked with 30% Block Ace (Dainippon Seiyaku, Tokyo,
Japan) solution in PBS at 37°C for 2 h. After washing, the
sera diluted with RPMI11640 medium were added to the plates
and incubated at 4 °C overnight. A fter washing, horseradish
peroxydase (HRP)-conjugated goat anti-mouse IgG antibod-
ies (Abs) were added to the plates at room temperature for
2h. After washing, the bound HRP-conjugated Abs were

detected by HRP substrate reagent (Techne, Minneapolis,
MN). The absorbance at 450 nm was determined with EZS-
ABS microplate reader (Iwaki, Tokyo, Japan).

2.8. Lymphocyte proliferation assay

Spleen cells were prepared from the immune mice and
treated with Tris-buffered 0.83 M NH4ClI buffer for 1 min at
room temperature to remove red blood cells. Then the spleen
cells (5 x 10° per well) were incubated for 48 h at 37°C in
96-well round-bottom tissue culture plates (Greiner Bio-One
GmbH, Frickenhausen, Germany) in the presence or absence
of 5 pg/ml of PPD (Japan BCG Inc.). The de novo DNA
synthesis was assessed by adding 0.5 wCi/well of [methyl-
3H] thymidine (6.7 Ci/mmol; ICN Biochemicals, Irvine, CA)
for the last 12 h of culture. The cultured cells were harvested
onto glass fiber filters, and the radioactivity was counted by a
liquid scintillation counter (LLSC-5100; Aloka, Tokyo, Japan).
The [methyl->H] thymidine incorporation was calculated in
counts per minute (cpmy).

2.9. Quantification of IFN-y by sandwich ELISA

Pools of spleen cell suspensions (2 x 10°ml™!) from
groups of mice immunized with DCs were cultured in
RPMI/10FCS in 24-well plates in the presence of PPD (Japan
BCG Inc.) (10 pg/ml), Ag85A protein (5 pg/ml), or peptides
(5 pM) at 37 °C in 5% CO;, atmosphere. The culture super-
natants were harvested after 5 days, aliquoted, and stored at
~20°C until assayed for IFN-y. Concentration of IFN-y in
the culture supernatants was determined by sandwich ELISA
as described in our previous work [31]. Briefly, the 96-well
ELISA plates (EIA/RIA plate A/2; Costar) were coated with
2 wg/mlof capture Ab (anti-murine IFN-ymAb, R4-6A2; BD
Biosciences) at 4 °C overnight and washed with PBS/Tween
and blocked with PBS/Tween containing Block Ace (Dainip-
pon Seiyaku) at 37°C for 2h. After washing, the culture
supernatants to be tested and serially diluted IFN-y stan-
dard solutions were added to the plates and incubated at 4 °C
overnight. After washing, 0.5 pg/ml of detection Ab (biotiny-
lated anti-murine IFN-y mAb, XMG1.2; BD Biosciences)
was added to the plates. The plates were incubated at room
temperature for 2 h and washed. The plates were then added
with 0.1 pg/ml of HRP-conjugated streptavidin (Vector lab-
oratories Inc., Burlingame, CA) and incubated at room tem-
perature for 30 min. After washing, bound HRP-conjugated
streptavidin was detected by HRP substrate reagent (Techne).
The absorbance at 450 nm was determined with EZS-ABS
microplate reader (Iwaki).

2.10. Preparation of CD4% and CD8" T cell subsets
Jfrom immune splenocytes with Ag85A gene-transduced
DCs

Spleen cells were prepared from the immune mice and
treated with Tris-buffered 0.83 M NH4Cl buffer for 1 min
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at room temperature to remove red blood cells. Then they
were washed twice with RPMI 1640 medium. CD4" and
CD8" T cell subsets were prepared from spleen cells of
immune mice using murine CD4* or CD8* T cell isola-
tion kit according the manufacturer’s instruction (Miltenyi
Biotech GmbH, Bergisch Gladbach, Germany). The CD4*
or CD8" T cells (1 x 10° cells) and Ag85A gene-transduced
DCs (1 x 10° cells) were cultured in 96-well round-bottom
tissue plates (Greiner Bio-One GmbH) for 4 days. The cul-
ture supernatants were harvested and stored at —20 °C until
assayed.

2.11. CTL assay

Eight weeks after the last immunization, immune
spleen cells were cocultured in 12-well plates at density of
2 x 107 cells/well for 5 days with 2 x 107 cells/well syn-
geneic splenocytes that had been pretreated with 100 g/ml
of mitomycin C and pulsed with 1 uM of Ag85A pep3
peptide (VYAGAMSGL) for 1 hat 37 °C. Each well received
also 10 units/m! of human rIL-2 (Hoffmann-La Roche, Nut-
ley, NJ). Cell-mediated cytotoxicity was measured using a
conventional >1Cr release assay. The target cells used in this
study were RAW264.7 (mouse macrophage cell line; H29)
pulsed with 1 wM of the peptide for 1.5h at 37 °C. Target
cells at a concentration of 1 x 10* cells/well were incubated
for 5h in triplicate at 37 °C with serial dilutions of effector
cells, and the specific lysis was determined as calculated
by the formula: percent specific lysis=[(experimental
cpm — spontaneous cpm)/(total cpm — spontaneous cpm)] x
100.

2.12. Bacterial infection and evaluation of protective
ability of Ag85A gene-transduced DC vaccine

Immunized BALB/c mice were infected with 5 x 10° CFU
of M. tuberculosis H37Rv i.v. 2 months after the last immu-
nization. Mice were sacrificed 4 weeks later and the bacterial
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numbers in the spleens, livers, and lungs were counted in
CFU on Middlebrook 7H11 plates (BD Biosciences).

2.13. Statistical analysis

Data from multiple experiments were expressed as
mean = standard deviations (S.D.). Statistical analyses were
performed with the StatView-J5.0 statistics program (SAS
Institute Inc., Cary, NC). Data were analyzed by Fisher’s pro-
tected least significant difference (PLSD).

3. Resuits

3.1. Retroviral transduction of bone marrow-derived
DCs and expression of Ag85A gene in the cells

DCs were generated from murine bone marrow by cul-
turing with rGM-CSF and rIL-4, as previously described
[30]. DCs transduced with Ag85A-encoding retrovirus
(Ag85A gene-transduced DCs) and control untransduced
DCs expressed similar amounts of CD40, CD80, CD86, and
MHC class II molecules (data not shown), indicating that
retroviral transduction to DCs did not affect the phenotype
of the DCs.

In order to confirm the expression of Ag85A gene in trans-
duced DCs, RT-PCR was performed. As shown in Fig. 1A,
an Ag85A gene-specific band was detected in the retrovirus-
transduced DCs, but not in control untransduced DCs, indi-
cating Ag85A gene expression in the transduced DCs.

We next examined the antigen presentation capacity
of Ag85A gene-transduced DCs. When Ag85A gene-
transduced DCs or untransduced DCs were incubated with
spleen cells derived from Ag85A DNA vaccine-immune
mice, Ag85A-transduced DCs, but not untransduced DCs
rendered the spleen cells to produce IFN-y (Fig. 1B), indi-
cating that Ag85A gene-transduced DCs were capable of
presenting the antigen (Ag85A) to T cells.

{3 Controi BC
Naive mouse
splenocyles B agssanc
AgB5A DNA-
immune mouse
splenocyles
100 200 300 400

8) IFN=y (pg/mi)

Fig. 1. Ag85A gene expression in Ag85A-transduced DCs and antigen presentation capacity of the cells. (A) Ag85A gene expression by DCs transduced
with pMX-Ag85A. DCs were transduced with Ag85A-expressing retrovirus and harvested to prepare total RNA. Ag85A gene expression was evaluated by
RT-PCR with Ag85A-specific primers. (B) Antigen presentation capacity of DCs transduced with Ag85A-expressing retrovirus. DCs transduced with or
without Ag85A-expressing retrovirus were incubated with spleen cells of Ag85A DNA-immune mice or naive mice for 2 days and the culture supernatant was
examined for IFN-y amounts with ELISA. Average values from two independent experiments are shown.
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Fig. 2. Detection of PPD- and Ag85A-reactive Abs in the sera of Ag85A gene-transduced DC-immune mice. The sera of control untransduced DC-, Ag85A
gene-transduced DC-, or BCG-immune mice or naive mice were examined for binding to PPD (left panel) or purified Ag85A protein (right panel) by ELISA.
The mean optical density at 450 nm of six mice in each group for PPD-reactive Abs and those of three mice in each group for Ag85A protein-reactive Abs
are shown. Horizontal broken lines in figures indicate the two-fold greater values than the average values of 8x diluted sera of naive mice. Asterisks indicate
statistically significant (p<0.01 for PPD, p<0.03 for Ag85A) compared with the average value of 8x diluted sera of contro!l untransduced DC-immune mice.

3.2. Ag85A gene-transduced DC vaccination was able
to generate PPD- and Ag85A -reactive Abs in vivo

After injection of Ag85A gene-transduced DCs into
BALB/c mice, we first examined the production of PPD-
reactive Abs in the vaccinated mice. Ag85A molecule is
one of the most abundant secreted proteins in M. tuberculo-
sis and PPD contains the molecule. PPD-reactive Abs will
be therefore produced if Ag85A molecule is successfully
expressed in the vaccinated mice. Sera were prepared from
the immunized mice 1 month after the last immunization and
examined for antibodies for PPD. Sera from Ag85A gene-
transduced DC-immune mice showed higher binding units to
PPD than sera from control untransduced DC-immune mice
and naive mice (Fig. 2, lefi panel). Sera from BCG-vaccinated
mice also showed PPD-binding activity. Furthermore, the
sera were also examined for Abs specific for Ag85A pro-
tein (Fig. 2, right panel). Sera from Ag85A gene-transduced
DC-immune mice showed binding activity to Ag85A pro-
tein. In this time, sera from BCG-immune mice did not
show Ag85A protein-binding activity. These results suggest
that Ag85A gene-transduced DC-vaccinated mice produced
Ag85A-reactive Abs in the sera.

3.3. Ag85A gene-transduced DC vaccination induced
PPD-specific spleen cell proliferation, and PPD- and
Ag85A-specific IFN-y production from the spleen cells

~ We then examined the proliferative response of spleen
cells derived from Ag85A gene-transduced DC-immune
mice in response to in vitro PPD stimulation. As shown in
Fig. 3A, a significant proliferative response was observed in
Ag85A gene-transduced DC-immune mice. The level of the
response was comparable to that of BCG-immune mice. Only
faint proliferative response was detected in control untrans-
duced DC-immune mice.

In addition, we examined IFN-vy production from spleen
cells of Ag85A gene-transduced DC-immune mice. Cor-

relating with the proliferative response, spleen cells from
mice immunized with Ag85A gene-transduced DCs pro-
duced high amounts of IFN-y after in vitro stimulation with
PPD. The IFN-y amounts produced by the spleen cells of
Ag83A gene-transduced DC-immune mice were higher than
those by the spleen cells of BCG-vaccinated mice (Fig. 3B),
suggesting that immunization with Ag85A gene-transduced
DC efficiently generates PPD-specific IFN-y-producing cells
in vivo. Further, we also examined IFN-y production from
spleen cells of Ag85A gene-transduced DC-immune mice in
response to purified Ag85A protein. As shown in Fig. 3C and
D, the spleen cells of AgB5A gene-transduced DC-immune
mice were capable of producing IFN-y in response to purified
Ag85A protein.

3.4. Ag85A gene-transduced DC immunization can
generate the antigen-specific CD4* and CD8" T cells

In previous section, we examined immune responses
of splenocytes derived from Ag85A DC-immune mice in
response to PPD or purified Ag85A protein. CD4" T cells
are speculated to respond to these exogenous antigens which
should be presented on MHC class I molecules on APCs. We
next examined whether Ag85A gene-transduced DC immu-
nization is capable of inducing the antigen-specific CD4"
or CD8" T cells. CD4" and CD8" T cells in the spleens
of Ag85A gene-transduced DC-immune mice were prepared
with magnetic beads. They were cultured with Ag85A gene-
transduced DCs and examined [FN-y amounts in the culture
supernatants. As shown Fig. 4, CD4¥ T cell- or CD8" T
cell-enriched splenocytes of Ag85A gene-transduced DC-
immune mice produced IFN-v in the presence of Ag85A
gene-transduced DCs. In this experiment, CD4™ T cell-
enriched splenocytes of control DC-immune mice also pro-
duced IFN-v in the presence of Ag85A gene-transduced DCs,
although the amounts were lower than those by CD4" T
cell-enriched splenocytes of Ag85A gene-transduced DC-
immune mice (Fig. 4). It may be caused by bovine serum
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Fig. 3. (A) PPD-specific splenocyte proliferation of mice immunized with DCs transduced with Ag85A gene. BALB/c mice were immunized with Ag85A
gene-transduced DCs two times at a 1-week interval. The data of mice immunized with BCG twice were also shown as controls. Spleen cells of the immunized
mice were harvested 1 month after the last immunization and cultured in vitro in the presence or absence of 5 pg/ml of PPD for 48 h and pulsed with 0.5 p.Ci
[methyl-*H] thymidine for last 12 h. The values represent Acpm (the value after in vitro stimulation in the presence of PPD subtracted by the value in the
absence of PPD). The mean = S.D. of quintuplicate determinations of a representative experiment from three independent experiments, are shown. Asterisks
indicate statistically significant (p <0.001) compared with the value of control untransduced DC immune mice (Control DC). (B) PPD-specific IFN-y production
from spleen cells of Ag85A gene-transduced DC-immune mice. BALB/c mice were immunized with Ag85A gene-transduced DCs two times at a 1-week
interval. The data of mice immunized with BCG twice were also shown as controls. Spleen cells of the immunized mice were harvested 1 month after the
last immunization and cultured in vitro in the presence or absence of 10 pg/ml of PPD for 72 h. The supernatants were harvested and assayed for IFN-y with
ELISA. The mean & S.D. of five independent experiments are shown. Asterisks indicate statistically significant (p <0.001) compared with the value of control
untransduced DC-immune mice in the absence of PPD [Control DC(—)]. (C, D) Ag85A-specific IFN-y production from spleen cells of mice immunized with
Ag85A gene-transduced DCs. (C) BALB/c mice were immunized with Ag85A gene-transduced DCs twice at a 1-week interval. Spleen cells of the immune
mice were harvested 1 month after the last immunization and cultured in vitro in the presence of 5 p.g/ml of Ag85A protein or 10 ug/ml of PPD for 72 h. The
supernatants were harvested and assayed for IFN-y with ELISA. The mean + S.D. of three independent experiments are shown. Asterisks indicate statistically
significant (p <0.04) compared with the value without Ag85A protein or PPD [Ag85A DC (-)]. (D) BALB/c mice were immunized with control untransduced
DCs (Control DC), Ag85A gene-transduced DCs (Ag85A DC), Ag85A expression plasmid DNA (Ag85A DNA), or BCG. Spleen cells of the immunized mice
were harvested 1 month after the last immunization and cultured in vitro in the presence of 5 pg/ml of Ag85A protein for 72 h. The supernatants were harvested
and assayed for [IFN-y with ELISA. Average values from two independent experiments are shown.

proteins contained in culture medium for DCs. Immuniza-
tion with DCs taken up the proteins may induce CD4™ T cells
specific to these proteins, which would lead to the relatively
high background value.

Naive CD4

Control DC CD4

Ag85A DC CD4 3.5. Ag85A gengtransduc_ed DC immunization can
generate the antigen-specific CTL
Naive CD8

Denis et al. [29] reported several candidate CTL epitopes
on Ag85A in BALB/c mice. In order to identify minimal
CTL epitopes on Ag85A in BALB/c mice, we examined
IFN-vy production by spleen cells derived from Ag85A DNA
vaccine-immune BALB/c mice in response to several candi-
date CTL epitope peptides. We chose these peptides because

results in Denis et al. [29] indicate that 20-mer peptides con-

Control BC CD8
Ag85A DC CD8
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Fig. 4. Ag85A gene-transduced DC immunization elicited the antigen-
specific CD4" and CD8* T cells. CD4* and CD8" T cell-enriched spleen
cells of control untransduced DC-, or Ag85A gene-transduced DC-immune
mice were cultured with in vitro-prepared Ag85A gene-transduced DCs for
4 days and the supernatants were examined for IFN-y with ELISA. Naive
BALB/c mice were also examined as controls.

taining these 9-mer peptides showed stimulatory effects on
.splenocytes from Ag85A DNA-immune BALB/c mice, and
also these peptides showed high scores to bind H2-K9 or
H2-L¢ molecules in a computer algorithm for epitope pre-
diction (SYFPEITHI; http://www.sy{peithi.de). We demon-
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Fig. 5. Cytotoxic activity of Ag85A-transduced DC-immune splenocytes to VYAGAMSGL peptide-pulsed RAW264.7 cells. (A) IFN-vy production by spleen
cells of BALB/c mice immunized with Ag85A plasmid DNA in the presence of candidate CTL epitope peptides. The spleen cells produced the significant
level of IFN-v only in the presence of VYAGAMSGL peptide. The mean £ $.D. of three independent experiments are shown. Asterisks indicate statistically
significant (p <0.001) compared with the value without any peptides [(—)]. (B) Spleen cells of Ag85A DC- or Ag85A plasmid DNA-immune mice (effectors)
were incubated with the peptide-pulsed RAW264.7 cells (target cells) with the effector/target ratios (E/T ratio) indicated on the x-axis.

strated that only one peptide (VYAGAMSGL) among pep- gene-transduced DC-immune mice showed cytolytic activ-
tides examined was able to induce IFN-y production by the ity to the peptide-pulsed RAW264.7 cells. The CTL activity
spleen cells (Fig. 5A). was comparable to that by spleen cells from Ag85A DNA

We next determined whether the peptide-specific CTL vaccine-immune mice (Fig. 5B). This result indicates that
were generated following Ag85A gene-transduced DC vac- Ag85A gene-transduced DC immunization is capable of elic-
cination. After in vitro restimulation of immune spleen iting CTL specific for at least one CTL-epitope in Ag85A

cells with the peptide, spleen cells obtained from Ag85A protein.
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Fig. 6. (A)In vivo protective activity of mice immunized with DCs transduced with Ag85A gene against virulent M. fuberculosis challenge. BALB/c mice were
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3.6. Ag85A gene-transduced DC immunization can
provide moderate protective immunity against a
subsequent challenge with viable M. tuberculosis

We finally evaluated the effects of Ag85A gene-
transduced DC immunization on protective immunity against
M. tuberculosis infection. Four weeks after i.v. injection with
M. tubeculosis H37Rv, spleens, livers, and lungs were pre-
pared from the immunized mice and the CFU of M. tuber-
culosis H37Rv in these tissues were evaluated. As shown
in Fig. 6A, the CFU in lungs and livers of Ag85A gene-
transduced DC-vaccinated mice, but not control untrans-
duced DC-immune mice, were significantly lower than those
of naive mice (p<0.05), although the difference was less
than one log 10 order. But the CFU in spleens were not
significantly different between Ag85A gene-transduced DC-
vaccinated mice and naive mice (data not shown). In addition,
we evaluated body weights of the same mice as used in this
challenge study. It is especially noteworthy that body weights
of Ag85A gene-transduced DC-immune mice were as high
as those of unchallenged naive mice whereas naive and con-
trol untransduced DC-immune mice showed significant loss
of body weights (Fig. 6B).

4. Discussion

DCs have been shown to be the most powerful APCs
that initiate the primary immune response. DC vaccines have
been examined for the efficacy as vaccines against infectious
diseases as well as cancer [6-13]. There are several strate-
gies for using DCs as vaccines against intracellular bacteria,
including ex vivo pulses with bacteria or bacterial antigens,
or transfer of genes encoding antigens to DCs. Among them,
retroviral transduction is advantageous for long-term antigen
presentatior{ in vivo, because the transgene integrates into the
chromosome leading to gene expression throughout the life
of the cell and its progeny [9]. In our previous work [14], we
showed that immunization with DCs retrovirally transduced
with a minimal CTL epitope derived from Listeria monocy-
togenes successfully induced the specific CTL and protective
immunity against lethal listerial challenge. Here, we exam-
ined immunization with DCs retrovirally transduced with M.
tuberculosis-derived Ag85A gene. The results shown here
indicate that the DC immunization successfully induced the
specific cellular immunity, including immune responses of
CD4* T cells and CD8* CTL, as well as specific antibody
responses. The de novo synthesized Ag85A proteins in DCs

would be processed in MHC class I pathway toinduce specific -

CD8" T cells. The Ag85A proteins are then secreted from
DCs and would induce specific Abs. Specific CD4* T-cell
responses to the proteins may be evoked through uptake of
the secreted proteins by APCs or direct antigen presentation
by Ag85A gene-transduced DCs. The conclusive description
waits further analysis ofthe antigen presentation mechanisms
in this system.

In this work, we identified a minimal CTL epitope on
Ag85A molecule in BALB/c mice. We showed here that
immunization with DCs retrovirally transduced with Ag85A
gene could efficiently induce the CTL activity specific to a
peptide in Ag85A molecule, VYAGAMSGL. Denis et al. [29]
showed that vaccination of BALB/c mice with Ag85A plas-
mid DNA induced the CTL activity against target cells pulsed
with at least three 20-mer peptides in Ag85A. We, however,
observed CTL activity only to VYAGAMSGL-pulsed target
cells. Generally, the number of the dominant CTL epitope in
one protein is small {one or two). In our previous work for
identifying T-celi epitopes on MPT51 molecule derived from
M. tuberculosis, we only identified one dominant CTL epi-
tope on the protein in BALB/c mice [30]. We therefore spec-
ulated that the peptide (VYAGAMSGL) is the dominant CTL
epitope on Ag85A molecule in BALB/c mice. The peptide
was highly predicted to bind to H2-K4 molecule in an MHC-
binding peptide prediction algorithm [the binding score
in SYFPEITHI (http://www.syfpeithi.de) is 25 and that in
RANKPEP (hitp://www.mifoundation.org/Tools/) is 102.0].

Ag85A gene-transduced DC immunization was able to
induce PPD- and Ag85A-specific immune responses. The
immunization, however, led to the moderate level of protec-
tion against virulent M. tuberculosis challenge. Body weights
of M. ruberculosis-challenged mice appeared to indicate that
Ag85A gene-transduced DC immunization was very effec-
tive (Fig. 6B), but the immunization was not so strikingly
effective in terms of clearance of M. tuberculosis from tis-
sues (Fig. 6A). It seems to be a good possibility that the
DC immunization was able to induce granuloma formation
which restricts M. ruberculosis growth and at the same time
permits persistence of M. tuberculosis. In addition, several
other factors would be also speculated. First, the amount of
DCs immunized to the mice may be critical. Indeed, when
we immunized mice with 5 x 10° DCs instead of 1 x 10°
DCs, we observed much more bacterial burden in tissues in
the immune mice after M. ruberculosis challenge (data not
shown). Too much immunization of DCs augmented T-cell
response against pathogens including the IFN-y production
by T cells, but that may not be favorable for the protective
capacity of the DC immunization. Gonzélez-Juarrero et al.
[32] reported that intranasal immunization with lung-derived
DCs pulsed with Ag85A protein elicited IFN-y production
by CD4* T cells but showed exacerbation in terms of the
protective capacity against M. tuberculosis infection. The
exacerbation was attributed to florid pulmonary inflammatory
responses by the DC immunization. Further assessment of
optimal DC dosage to be immunized and careful examination
of'tissue pathology would be necessary. Second, condition of
DCs to be vaccinated may be also important. In this work
and our previous work [14], we used DCs incubated with
medium supplemented with GM-CSF and IL-4, but we did
not treat the DCs with maturation-inducing reagents, such
as lipopolysaccharide or CpG oligodeoxynucleotides. We
chose this condition because we think that DCs maturate after
the injection into mice. Indeed, in our previous work [14],
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immunization with DCs which were not treated with such
reagents successfully induced protective immunity against
L. monocytogenes. The culture condition of DCs which is
most optimal for immunization should be clarified in further
studies. In addition, the expression level of Ag85A in the
transduced DCs may not have been strong enough to induce
more protective immunity, although Ag85A gene expression
was observed in RT-PCR analysis.

We also evaluated the prime-boost regimen, namely, the
regimen in which, mice were primed with Ag85A gene-
transduced DC vaccine and boosted with BCG injection. Our
datashowed that the protocol was not effective compared with
two BCG injection protocol in terms of M. tuberculosis clear-
ance from tissues after the intravenous challenge (data not
shown). Several investigators evaluated the regimen in which
DNA immunization was used for priming and BCG vaccina-
tion for boosting. Ag85B DNA vaccination followed with
BCG vaccination has been shown to be more effective than
BCG immunization alone in protecting against M. tubercu-
losis infection [33,34]. However, Skinner et al. [35] reported
that priming with Ag85A/ESAT-6 fusion DNA vaccination
and boosting with BCG vaccination augmented antigen-
specific IFN-y-producing T cell number, but did not increase
the protective efficacy of BCG against M. ruberculosis. Skin-
ner et al. [35] pointed out several possible reasons including
the difference of BCG strains used. A variety of factors must
be considered for the successful prime-boost regimen.

Taken together, we showed here that immunization of
DCs retrovirally transduced with Ag85A gene was able to
elicit specific cellular immune responses containing CD4*
and CD8" T-cell responses as well as specific Ab production.
During this study, we identified a minimal CTL epitope on
Ag85A molecule in BALB/c mice. But the responses lead to
only a moderate level of protective immunity. Further study is
clearly necessary to improve the effectiveness of DC vaccines
against TB.
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Abstract

We evaluated here the effect of immunization with a gene encoding granulocyte-macrophage colony-stimulating factor (GM-CSF) inserted
with a helper T cell (Th) epitope, listeriolysin O (LL.O) 215-226 derived from Listeria monocytogenes on induction of a specific Th by gene
gun bombardment. Immunization of C3H/He mice with pGM215m plasmid encoding murine GM-CSF inserted with LL.O 215-226 Th epitope
gave the epitope-specific proliferative responses of CD4* T lymphocytes. In addition, specific interferon-y production from the splenocytes
was observed. Concomitantly, pGM215m-immunized mice showed significant protective immunity against lethal listerial challenge. These
results suggest that immunization of a gene for GM-CSF inserted with a Th epitope is useful for eliciting a specific Th subset in vivo.

© 2005 Elsevier Litd. All rights reserved.

Keywords: DNA immunization; GM-CSF; Th epitope

1. Introduction

Helper T cells (Th) play pivotal roles in many aspects
of infection immunity, especially for modulating immune
responses by producing special sets of cytokines. For protec-
tion against intracellular bacteria, activation of macrophages
is indispensable and type 1-helper T cells (Thl) are impor-
tant for the activation. The DNA vaccination method which
induces only a particular Th population without production
of antibodies may be advantageous as antibodies could, in
some cases, give undesirable consequences [1]. Here, we
evaluated the effect of immunization with a gene encoding
murine granulocyte-macrophage colony-stimulating factor
(GM-CSF) inserted with a single H2-EX-restricted Th epitope
[residues 215-226 of listeriolysin O (LLO)] derived from Lis-
teria monocytogenes 2] by gene gun bombardment.

* Corresponding author. Tel.: +81 53 435 2335; fax: +81 53 435 2335.
E-mail address: tnagata@hama-med.ac.jp (T. Nagata).

0264-410X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.vaccine.2005.08.072

2. Materials and methods
2.1. Animals

C3H/He mice (between 6 and 18 weeks of age; Japan
SLC, Hamamatsu, Japan) were maintained at the Institute
for Experimental Animals, Hamamatsu University School of
Medicine. All animal experiments were performed according
to the Guidelines for Animal Experimentation, Hamamatsu
University School of Medicine.

2.2. Plasmid construction

The eukaryotic expression vector, pCI (Promega, Madi-
son, WI) was used as a backbone plasmid for construction
of plasmids for DNA immunization. The oligonucleotides
used for p215m plasmid were, 5'-CCCGGG ATG AGC CAG
CTG ATC GCC AAG TTT GGC ACC GCC TTT AAG
TAG CCCGGG-3’ and the opposite-strand oligonucleotide,
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Fig. 1. (A) The schema of gene products deduced from the cDNA constructs prepared in this study (p215m and pGM215m). The hatched boxes indicate
LLO 215-226 peptide and a dotted box indicate murine GM-CSF leader sequence. Amino acid numbers of each domain were shown above each schema. (B)
Expression of GM-CSF inserted with LLO 215-226 peptide (GM215) in transfected cells. Supernatants of pGM-CSF- or pGM215m-transfected 293T cells

were examined with ELISA specific to murine GM-CSF.

5’-CCCGGG CTA CTT AAA GGC GGT GCC AAA CTT
GGC GAT CAG CTG GCT CAT CCCGGG-3, which
encode amino acid residues 215-226 of LLO, MSQLIAK-
FGTAFK and a termination codon. These oligonucleotides
were annealed and inserted into the Smal site of pCI (Fig. 1 A).
The codon usage of the oligonucleotide for LLO 215-226
peptide was optimized to that of Mus musculus [3]. pGM-
CSF was constructed by inserting murine GM-CSF gene
into the EcoRI/Notl sites of pCL. For pGM215m plasmid,
a double-stranded oligonucleotide encoding LLO 215-226
was inserted in the unique EcoRV site of murine GM-CSF
gene in pGM-CSF (Fig. 1A). The region is located in the
region which should not affect the function of GM-CSF [4,5].
The nucleotide sequences of the resultant plasmids were con-
firmed by dideoxy sequencing by using ABI PRISM 310
Genetic Analyzer (Applied Biosystems; Foster City, CA).

2.3. Mice immunization

For DNA immunization with Helios gene gun system
(Bio-Rad Laboratories, Hercules, CA), preparation of the car-
tridge of DNA-coated gold particle cartridge was followed
to the manufacturer’s instruction manual. Finally, 0.5 mg of
gold particles was coated with 1 g of plasmid DNA and the
injection was carried out with 0.5mg gold per shot twice.
Mice were injected with 2 g of plasmid DNA four times at
1-week intervals.

2.4. Engyme-linked immunosorbent assay (ELISA) for
GM-CSF

293T cells (human embryonal kidney cells) (approxi-
mately 5 x 10%) were transfected with 2 ug of pGM-CSF

or pGM215m using SuperFect Transfection Reagent (QIA-
GEN GmbH, Hilden, Germany). The supernatants were pre-
pared 48 h after transfection and were assayed for GM-CSF
using AN’ALYZA mouse GM-CSF Immunoassay Kit (G-T,
Mineapolis, MN) according to the instruction manual.

2.5. Lymphocyte proliferation assay

Spleen cells (5 x 10° cells per well) from the immunized
mice were incubated in RPMI1640 medium supplemented
with 10% fetal calf serum (FCS) at 37 °C in a humidified 5%
CO, atmosphere for 48 h at 37°C in 96-well round-bottom
tissue culture plates in the presence or absence of 1 uM of
LLO 215-226 peptide. After 48 h in culture, de novo DNA
synthesis was assessed by adding 0.5 p.Ci/well of [methyl-
3y thymidine (10 Ci/mmol; ICN Biochemicals, Irvine, CA)
for the last 12 h of culture. Triplicate cultures were harvested
onto glass fiber filters, and the [methyl-3H] thymidine incor-
poration was determined by counting the radioactivity (cpm)
using a liquid scintillation counter.

2.6. ELISA for IFN-y

Spleen cells were harvested from the immunized
mice. Recovered cells were plated in 24-well plates at
2 x 10° cells/well in the presence or absence of 1 uM of LLO
215-226 peptide for 5 days. Concentration of IFN-y in the
culture supernatants was determined by a sandwich ELISA
as described in our previous report [6].

2.7. Intracellular IFN-y staining

The number of LLO 215-226-specific CD4* T-cell subset
was examined by intracellular IFN-v staining. Spleen cells
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