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Abstract

We are able to induce protective immunity against Mycobacterium tuberculosis employing DNA
vaccines carried by recombinant attenuated Listeria monocytogenes strains. We constructed
self-destructing attenuated L. monocytogenes A2 strains harboring eukaryotic expression
plasmids for Ag85A, Ag85B, and MPBS51. Infection of these recombinant bacteria allowed
expression of the genes in J774A.1 murine macrophage cell line. The intraperitoneal vaccination
of C57BL/6 mice with these recombinant bacteria was capable of inducing PPD-specific celiular
immunities such as footpad reaction and proliferative response and interferon-y production of
splenocytes. Furthermore, the vaccination of mice with these recombinant bacteria was able to
confer protective immunity against infection with M. tuberculosis on the mice, indicating that the
efficacy of the vaccination method against mycobacterial infection and that MPB51 is a major
protective antigen in addition to previously known Ag85A and Ag85B. Therefore, we tried to
identify T-cell epitopes of MPB51 and found two H-2%-reestricted CD4” T-cell epitopes and an
H-2%restrcited CD8™ T-cell epitope.

Introduction

Tuberculosis (TB) remains an urgent worldwide public health problem. Despite the staggering
global impact of TB, the best vaccine available, BCG, gives variable protective efficacy against
TB [1]. Therefore, there remains an urgent need for an improved vaccine. Modified BCG strains
with enhanced CD§" T-cell-stimulating capacity, or endowed with typel helper T (Thl) cell
cytokines, have been developed [2]. Furthermore, modified viable mycobacterial vaccines using
deletion mutants of M. tuberculosis sufficiently attenuated to reduce the risk of re-virulence
have been engineered [3]. Plasmid DNA vaccine is one of the most promising candidate for
future TB vaccine because the vaccine has potential advantage over traditional protein vaccines
due to strong cellular immunity induced, supporting the idea that DNA vaccination can serve as
an alternative to immunization with the live vaccines. Evidence has accumulated for the efficacy
of DNA vaccination against TB in mice employing plasmids expressing Ag85 proteins, HSP65,
Hsp70, 38-kDa Ag, and ESAT-6 [4}. Ag 85 complex consists of three structurally related
components, A, B, and C {6]. Since Ag85 complex is produced early in the growth phase and in
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large amounts (20-30%), it is suggested to be major protective antigens. Indeed, Ag85A and
Ag85B but not Ag85C have been reported to stimulate B and T cell responses on TB patients
[7], and immunization of Ag85A and Ag85B proteins induced protection against aerosol
challenge with M. ruberculosis in mice and guinea pigs [8, 9]. MPB51 has been reported to
belong to this Ag85 family although the immunological role remains resolve [10].

DNA vaccine can be usually inoculated by two distinctly different ways. One approach is
needle injection of plasmid DNA into different tissue sites, with most common route being
intramuscular injection. An alternative way is 1o use a biolistic device (gene gun) to propel
plasmid DNA-coated gold particles into the epidermis. A more direct delivery of DNA vaccines
to antigen-presenting cells (APC) can be achieved by the exploitation of intracellular bacteria
such as Salmonella typhimurium, Shigella flexneri, invasive Esherichia coli and Listeria
monocytogenes [11-13]. These bacteria show a pronounced preference for professional APC.
- Attenuated mutant strains of these bacteria harboring plasmid DNA vaccine lyse inside the APC
and can therefore carry the plasmid into the host phagosome or cytosol, then release the plasmid
upon intracellular disintegration. However, gram-negative carriers such as Salmonella, E. coli
and Shigella have the disadvantage of containing abundant amounts of toxic lipopolysaccharide
(LPS). Therefore, Listeria monocytogenes, a gram-positive bacterium, is a good candidate for
the carrier.  Furthermore, the bacterium is considered to be one of possible effective
recombinant vaccine vectors, based on the property to escape from phagolysosome and live in
the cytoplasm of the host cells.  In addition, the bacterium has been reported to have an ability
to induce Thl-type immune responses. These features are favorable to elicit effective cellular
immunity. Here, we show the induction of protective cellular immunity against M. tuberculosis
in vivo of this attenuated L. monocytogenes strain by immunization of mice with the strains
carrying eukaryotic expression plasmids for Ag85A, Ag85B, and MPB51 molecules.

Materials and methods

1. Bacteria and plasmids. Attenuated L. monocytogenes strain, A2 [12, 13] and plasmids,
p3LOVA118 and pcDNA3L [13] were kindly donated by Drs. Guido Dietrich, Andreas Bubert,
and Ivaylo Gentschev {University of Wiirtzburg, Germany). Attenuated L. monocytogenes A2
was cultured in brain heart infusion (BHI) broth (Beckton Dickinson and Company, Sparks,
MD) at 37°C. E. coli DH3a strain was cultured with L-broth.

2. Construction of recombinant plasmids, p3L118R-Ag85A, p3L118-Ag85B, and p3L118-MPBj1.
Nrul-Notl fragment of p3LOVAI18 covering half of cytomegalovirus (CMV) promoter and
ovalbumin epitope region was removed and replaced with corresponding region of pcDNA3L,
resulting in p3L118R. This procedure removes ovalbumin epitope region from p3LOVA118
and remakes Not | site for future subcloning of genes of interest under CMV promoter. BCG
Ag85A, Ag85B, and MPB51 genes were amplified from plasmids, pMB49 [14] and pal-1 {9],
respectively, by PCR.  These PCR fragments were digested with Not | and inserted in Nof [ site
of p3L118R. The resultant plasmids were introduced into the attenuated L. monocytogenes A2
strain, by electroporation as described below.

3. Electroporation of plasmids to L. monocytogenes A2 strain. The procedure was basically in
accordance with the protocol previously described [15].

4. Infection of J774A.1 cells with recombinant L. monocytogenes A2 strains. J774A.1 cells were
grown to 5 X 10° cells/cm’® at the beginning of experiments. The medium was renewed 24 h
before the experiments. Recombinant A2 strains i10° cells) were added to J774A.1 cells.
After 5 h, 12.5 mg / ml of gentamicine was added to the medium to remove extracellular
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bacteria. After 36-h incubation, the infected cells were harvested.

5. Reverse transcription-PCR (RT-PCR) analysis for Ag854, Ag835B, or MFPB5! gene
detection. A2/p3L118R, A2/p3L118R-Ag85A, A2/p3L118R-Ag85B, or A2/p3L118R-MPB5]-
infected J774A.1 cells were harvested and RT-PCR was performed as previously described [16].
6. Immunization procedures. Mice were immunized intraperitoneally with recombinant
attenuated L. monocytogenes A2 strain twice at two-weeks intervals. Mice sera were collected
one month after the last immunization.

7. Delayed-type hypersensitivity (DTH) reaction. Purified protein derivative (PPD) was
purchased from Japan BCG Inc. (Tokyo, Japan). Mice were injected with 5 ug PPD in 50 ul
PBS in the left hind footpad. As controls, mice were injected with 50 pl PBS in the right hind
footpad. The swelling of footpads was measured with a calipermeter (Mitutoyo Corp., Osaka,
Japan) after 48 h.

8. Lymphocyte proliferation assay. Spleen cells (1 X 10°/well) from the immunized mice were
incubated for 48 h at 37°C in 96-well round-bottom tissue culture plates in the presence or
absence of 5 pM of PPD. After 48 h in culture, de novo DNA synthesis was assessed by
uptake of [methyl->H] thymidine

9. Cytokine enzyme-linked immunosorbent assay (ELISA) and Semiquantitative RT-PCR for
IFN-y gene.  These have been performed as described elsewhere [16].

10. In vivo protection assay. Mice vaccinated with recombinant Listeria DNA vaccines were
infected with M. tuberculosis H37Rv intravenously one month after the last immunization.
Mice were sacrificed 10 weeks later and the bacterial number in the lung, the spleen, and the
liver were counted as CFUs on Ogawa medium (Nihon BCG, Tokyo).

11. Synthesis of MPB5! overlapping peptide library. Twenty-six 20-mer peptides overlapping
with 10 amino acids and a final overlapping 12-mer synthetic peptide covering the entire 266
amino acid were produced by standard peptide synthesis technique (Invitrogen Corp., Carlsbad,
CA, USA).

Results and Discussion

Infection of the recombinant L. monocytogenes allowed expression of the genes in J774A.1
murine macrophage cell line

J774A.1 murine macrophage-like cell line was infected with L. monocytogenes A2 mutant
carrying the plasmids, p3JL118R-Ag85A, p3L118R-Ag85B, and p3L118R-MPB51. Five hours
after infection, the infected cells were harvested for isolation of total RNA. Then, RT-PCR
was performed to confirm the expression of Ag85A, Ag85B, or MPB51 mRNA in the cells.
Clear bands for these mRNA were detected after reverse transcription of total RNA solutions,
but not before the reverse-transcriptase treatment (data not shown).

PPD-specific delayed-type hypersensitivity (DTH) reaction with recombinant attenuated L.
monocytogenes vaccination

For the effective protective immunity against M. tuberculosis, specific cellular immunity against
the bacterium plays a critical role. First, we examined DTH responses of mice immunized
with A2/p3L118R-Ag85A, A2/p3L118R-Ag85B, or A2/p3L118R-MPB51. As shown in Fig. 1,
mice immunized with these recombinant Listeria significantly responded to PPD, but not to
PBS alone. Similar, but lower responses were obtained for mice immunized with M. bovis
BCG. Mice immunized with A2/p3L118R control recombinant L. monocytogenes strain failed
to show specific DTH reactions to PPD. These results indicate that mice immunized with
A2/p3L118R-Ag85A, A2/p3L118R-Ag85B, or A2/p3L118R-MPB51 successfully elicited
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cellular immunity against M. tuberculosis.

1 FIGURE 1. TFootpad swelling responses of mice
M FFD . immunized with A2/p3L118R-Ag85A, A2/p3LI118R-
7 & pBs " 'I' Ag85B, or A2/p3L118R-MPB51. C57BL/6 mice were

immunized with A2/p3L118R, A2/p3LI118R-Ag85A,
A2/p3L118R-Ag85B, or A2/p3L118R- MPB51 three
times at two-weeks intervals. The data of mice
immunized once with A bovis BCG were also shown as a
control.  One month afier the last immunization, footpad
swelling responses directed to PPD were examined.
Filled lines indicate footpad swelling after in vivo PPD
stimulation. Hashed lines indicate footpad swelling by
PBS alone. The means = SD of 4-5 mice per each group
are shown. Asterisks indicate statistically significant (p
< 0.00t) compared with the wvalue with control
A2/p3L118R immunization.
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PPD-specific lymphocyte proliferation after recombinant attenuated L. monocytogenes
vaccination

Then, we examined proliferative responses of splenocytes derived from the immunized mice in
response to in vitro PPD stimulation. A high proliferative response was observed in control
BCG-immunized mice. Immunization with A2/p3L118-Ag85A, A2/p3L118-Ag85B, or
A2/p3L118-MPB51 recombinant L. monocytogenes also gave significant proliferative responses
(data not shown). But, the levels of specific proliferation were lower than that evoked by
immunization with M. bovis BCG. Mice immunized with A2/p3L118R control recombinant L.
monocytogenes strain did not gave a significant response.

PPD-specific cytokine production with recombinant attenuated L. monocytogenes vaccination
Since IFN-y produced by effector T cells plays a pivotal role in protection against TB, the [FN-y
producing activity of effector T celis derived was examined. First, we semiquantitatively
assessed IFN-y mRNA expression from splenocytes of the immunized mice upon PPD
stimulation. IFN-y mRNA-specific bands were clearly detected in PPD-stimulated splenocytes
of mice immunized with A2/p3L118-Ag85A, A2/p3L118-Ag85B, or A2/p3L118-MPBS5I
recombinant Listeria (data not shown). The strength of the bands was comparable to that of
mice immunized with M. bovis BCG.

Rrecombinant attenuated L. monocytogenes vaccination conferred protective immunity against
M. tuberculosis infection comparable to M. bovis BCG immunization in BALB/c mice

Then, we evaluated the effects of recombinant attenuated Listeria vaccination on the protective
immunity against M. tuberculosis H37Rv infection and compared with those of M. bovis BCG
vaccination. Ten weeks after the M. mberculosis H37Rv challenge, spleens, livers, and lungs
were prepared from the immunized mice and the numbers of CFUs of M. tuberculosis H37Rv in
these tissues was evaluated. As shown in Fig. 2, viable colony counts in these tissues of mice
immunized with A2/p3L118-Ag85A, A2/p3L118-Ag85B, or A2/p3L118-MPB51 recotnbinant
Listeria compared with those of najve mice and mice immunized with control plasmid-carrying
recombinant Listeria. Protective effects of these recombinant Listeria immunization was
obvious in the liver and the lung. The effects of these recombinant Listeria vaccination were
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comparable to the effects of live BCG vaccination. Especially in the liver, we detected
approximately two order reduction of the CFUs in Ag85A and MPB51 DNA vaccine-carrying
immunization.Listeria-, and live BCG-immunized mice.

Spleen Liver Lung

Naive

BCG

A2/p3L118R

A2/p3L118R-AGESA

AZ2/pI118R-AgBS5B

A2/p3L118R-MPBS1

v T T T T Li ¥ T T L}
2 g 3 35 % 5 % 33 58 8 B 8
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w ) w w w w w woow w wr ur w
R w g oou w o ow w w u w
CFU CFU CFU

FIGURE 2. In vivo protective activity of mice immunized with A2/p3L118R-Ag85A,
A2/p3L118R-Ag85B, or A2/p3L118R-MPB51 against virulent M. muberculosis. BALB/c mice were
immunized with A2/p3L118R, AZ/p3L118R-Ag85A, A2/p3L118R-Ag85B, or A2/p3L118R-MPB51 three
times at two-weeks intervals. The data of mice immunized once with M. bovis BCG were also shown as
a control. These mice were challenged i.v. with live M. tuberculosis H37Rv. Numbers of CFUs in the
spleens, the livers, and the lungs were determined 10 wk later. The means + SD of 6 mice are shown.
Asterisks indicate statistically significant (p < 0.05) compared with the value with control A2/p3L118R

IFN-yinducing T-cell epitopes of MPBS51 in spleen cell cultures from C57BL/6 mice and
BALB/c mice vaccinated with a DNA vaccine encoding MPB51

Since we demonstrated that MPB51, which is secreted from BCG and identical to MTP5]
secreted from M. tuberculosis, is one of major protective antigens against TB infection, we
attempted to identify T-cell epitopes. First, we immunized C57BL/6 mice with a DNA vaccine
encoding MPB351 employing gene gun. As shown in Fig.3A, spleen cells from the immunized
mice produced significant levels of IFN-y to the peptide composed of residues 171 to 190 and
191 to 210 of mature MPB51, suggesting that these two regions contain T-cell epitopes. Then,
we determined T-cell subset responsible for the production of IFN-y. Depletion of CD4" T cells
but not CD8" T cells substantially decreased IFN-y production against both peptides (data not
shown), indicating that both amine acid residues 171 to 190 and 191 to 210 contain CD4" T-cell
epitopes. As CD4™ T-cell epitopes are usually composed of 12 to 24 amino acids, we suppose
that 20 amino acids are sufficient for identification of CD4" T-cell epitope and that there is no
sense in reducing the size further. Since C57BL/6 mice do not express I-E molecules, these
epitopes should be presented by I-A® molecules. Spleen cells of immunized BALB/c mice
strongly reacted to the peptide composed of amino acid 21 to 40 (Fig.3B). Double staining
experiments against intracellutar IFN-y and CD4 or CD8 molecules revealed that
IFN-y-producing T-cell subset in response to peptide 21 (21-49) is CD8" cells (data not shown).
As CD8" T-cell epitopes usually consists of 8-9 amino acids, we have to identify the epitope in
the peptide 21. Such studies are now under way in our laboratory,
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FIGURE 3. IFN-y- inducing epitopes
g % of MPB5S1 in DNA- vaccinated
C57BL/6 (A) or BALB/c mice (B).
60000 4 Spleen cells from  immunized
C57BL/6 or BALB/c mice were
stimulated in vitro with synthetic
400001 overlapping peptides covering  the
mature sequences of MPBS1. IFN-y
20000 levels in the culture supernatant were
detected by ELISA.
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Furthermore, employing H-2 class I knockout, HLA-A*0201-transgenic mice, we found
HLA-A*0201-restricted CD8" T-cell epitope of MPB51. Characterization of T-cell epitopes
may help to elucidate the exact role of CD4" and CD8" T cells in protection against TB and may
assist in the development of novel tuberculosis vaccines. .

Conclusion

From the findings described in this paper, we drew the following conclusions. (1)The
inoculation with recombinant L. monocytogenes harboring plasmid DNA vaccines for Ag85
family molecules is able to induce specific type | cellular immunities in spleen cells of the mice.
(2) The inoculation can confer protective immunity against TB. (3) MPB51 molecules
belonging to Ag85 family appeared to be a major protective antigen in addition to Ag85A and
Ag85B molecules. (4) Mature MPB51 molecule contains I-A’-restricted CD4 epitopes at both
amino acid residues 171 to 190 and 191 to 210 and H-2%restricted CD8 epitope at amino acid
21 to 40.
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Session 1: Poster 13

NOVEL (RECOMBINANT BCG-AND DNA-) VACCINATION AGAINST TUBERCULOSIS

lMasaji_Okada, "Takao Tanaka, 'Yoshikazu Inoue, 'Yuji Takemoto, 2Shigeto Yoshida, 3Naoya Ohara, *Mariko
Naito, “Takeshi Yamada, 4vyasufumi Kaneda, *Makoto Matsumoto, °E.C.Dela Cruz, *E V.Tan, °Dr. RM.
Abalos, °Dr. L.J. Young, °Dr. J.A. Burgos, "Yasir Skeiky, ’Steven Reed, 'Mitsunori Sakatani :

: Clinical Research Center, National Kinki-Chuo Hospital for Chest Disease., 2.Dep. Med. Zoology, Jichi-Med.
Sch, * Nagasaki Univ. Grad. Sch. Biomed. Sci. Div. of Microbiol. Oral Infect., * Div. of Gene Ther. Sci.
Grad.Sch. of Med. Osaka, * Otsuka Pharma. Co., Ltd., ¢ Leonard Wood Memorial, 7 Corixa Corp.

The development of novel vaceines against tuberculosis was studied in murine and cynomolgus monkey
systems. Four distinct methods; DNA vaccination (1.plasmid 2.adenovirus vector), 3.recombinant BCG, and
4 subunit (recombinant protein) were used for the development of novel vaccines,

Genes (HSP65 gene, [L-12 gene as well as Ag 85A-, 85B-, MPB51-gene and IL-6 related genes (IL-6 gene
+IL-6R gene + gpl30 gene) were administered into the Balb/c mice infected (i.v. or intra-tracheal injection)
with Mycobacterium tuberculosis (M.tuberculosis). Elimination of M.tuberculosis in lungs, liver, and spleen of
these mice and survival were studied in these models. HSP6S gene + IL-12 gene vaccination, or recombinant
BCG (BAS5I: Antigen 85B-+Antigen 85A-+MPBS5]-gene recombinant BCG) were more prophylacticully
efficient than parental BCG Tokyo vaccination. In contrast, IL-6 related genes vaccination using adenovirus
vector showed therapeutic effect on M. tuberculosis infected mice. Cytotoxic T cells (CTL) activity against M.
tuberculosis in the spleen cells from mice treated with 1L-6 related genes vaccination were significantly
augmented.

Recently, it has been demonstrated that fusion protein Mtb72f (fusion protein of Mtb39 and Mtb32 derived
from M.tuberculosis) showed extremely stronger prophylactic effect than BCG Tokyo using the cynomolgus
monkey models (Nature Med., Walsh, Tan et al. 1996) by Drs. Reed and Skeiky. Mtb72 f showed good
protection in the monkey model when it was used to boost BCG-immunized monkeys, showing protection

superior to BCG alone.
Therefore, the recombinant(r) Mtb72f BCG vaccine was recently established. It showed stronger anti-
tuberculosis immunity than BCG Tokyo. tMtb72f BCG augmented the frequency of T cells producing y-IFN

specific against the PPD and M. tuberculosis by Elispot assay in the mice. Furthermore, by the
histopathological examination using guinea pig -TB bronchial instillation model, tMtb72f BCG exerted anti-

tuberculosis effect in the lungs.

By using these new vaccines (rMtb 72f BCG, HVJ-liposome/HSP65+IL-12 and Mtb72f fusion protein +
BCG) and the cynomolgus monkey models which are very similar to human tuberculosis, the prophylactic effect

of vaccines are now being studied.
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The 77th Annual Meeting Symposium

UP-TO-DATE UNDERSTANDING OF TUBERCULOSIS IMMUNITY

Chairpersons: 'Masao MITSUYAMA and *Kiyoko AKAGAWA

Abstract This symposium was organized to provide the up-
to-date knowledge on tuberculosis immunity, especially on
the understanding of cytokines or Thl cells involved in
pathophysiology/protective immunity and vaccine deve]bp~
ment.

Dr. Kazuo Kobayashi (Osaka City Univ.) reported their
findings on the immune response to bioactive lipid component
from M. tuberculosis, irehalose-dimycolate (TDM) and sulfo-
lipid {SL) in mice. Their unique and novel finding was that
TDM is capable of inducing T-dependent immune response
in euthymic mice. The specific immune response in TDM-
immune mice was consisting of CD4+ cell response and
expression of chemokines, inflammatory cytokines and then
THI-related cytokines. In contrast, SL did not show such an
activity, TDM may be one of the protective antigens and may
modulate the specific immune response of the host.

Dr. Isamu Sugawara’s group (JATA) has examined the in-
volvement of various cytokines in the host response to aero-
solic infection with virulent strain of M. ruberculosis by using
cytokine-knockout mice. The single deletion of IFN- ¥ or
TNF a resulted in a severe lesion of multiple necrosis with-
out granuloma, and cytokine mRNA level other than knocked
out cytokine was normal, suggesting that IFN- y and TNF «
are principally important cytekines. In knockout mice for
IL-12 or IL-18, necrotic lesion was not induced after infection
and the pathological change was not so significant as in IFN-
y / TNF « knockout mice, By using IFN- y knockout mice,
it became possible to generate a granulomatous lesion with
central necrosis and cavity resembling the lesion in humans.
These mouse model appeared to be useful in the analysis of
pathophysiology of human tuberculosis.

Dr. Kazuyoshi Kawakami (Ryukyu Univ.} reported the im-
portance of TH1 cytokines in anti-tuberculous immunity. By
using IL-12, IL-18 knockout mice or double knockout mice,
it was shown that [L-12 exhibits more important role than
IL-18 in the protection. A possible contribution of {L-23 was
also suggested. In most of the clinical cases of tuberculosis,
the production of IL-12, IL-18 and IFN- y is increased, how-
ever, the group of relatively lower cytokine production did
not respond well to the treatment. In addition, the plasma lev-
el of one of the chemokines, IP-10, was shown to be an indi-
cator for the severity of the disease. Thus, some cytokines

appear to be employable for the novel treatment in the near
future.

Dr. Saburo Yamamoto (NIH) summarized the recent ad-
vance in the understanding of biological function of CpG
motifs. Immunostimulatory DNA is effective in the modula-
tion of TH1/TH2 polarity and the enhancement of protective
immunity w0 M. fuberulosis in animals. CpG motif {immuno-
stimulatory DNA} appears to exert its activity by signaling
cascade via TLRY resulting in NF- «B activation and cytokine
gene expression. Analysis of basic mechanism of action by
CpG motif should pave the way to the clinical application in
the future,

Dr. Masaji Okada (Kinki Chuo Hospital) reported the cur-
rent situation in the development of novel vaccines against
tuberculosis. They have extensively constructed and exam-
ined the efficacy of various types of vaccines including sub-
unit, DNA and recombinant BCG vaccines. Various vector
systems have been tested for DNA vaccine. As immunizing
antigens, a-Ag, ESAT-6, HSP65, 38kD-lipoprotein and so on
have been employed. A large body of experimental data are
accumulating for final evaluation, and among them, it is note-
worthy to mention that HSP6SDNA+IL-12DNA was 100
times more effective than conventional BCG in animal model.
Among subunit vaccines, Mtb72f vaccine appears to be one
of the promising candidates. In addition to the trial with
various candidates, they have established a new mouse model,
SCID/human PBL. This model animal has been employed for
the development of vaccine effective for the induction of
ESAT-6-specific human T cells.
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