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ANTI-TUBERCULOSIS IMMUNITY BY CYTOTOXIC T CELLS - GRANULYSIN
AND THE DEVELOPMENT OF NOVEL VACCINES
(HSP-65 DNA+IL-12 DNA)

Masaji OKADA and Yoko KITA

Abstract CDC and ACET in U.S.A. reported that novel
vaccines instead of BCG are required for the protection
against infection of Mycobacterium tuberculosis worldwide.
However, no novel vaccine for clinical use has not yet been
developed in the world including U.S.A. and Europe.

We have developed a novel tuberculosis (TB) vaccine; a
combination of the DNA vaccines expressing mycobacterial
heat shock protein 65 (HSP65) and interleukin 12 (IL-12)
delivered by the hemagglutinating virus of Japan (HVI))-
envelope and -liposome (HSP65-+IL-12/HVJ). This vaccine
provided remarkable protective efficacy in mouse compared to
the BCG vaccine on the basis of C.EF.U of number of TB,
survival, an induction of the CDS8 positive CTL activity and
improvement of the histopathological tuberculosis lesions.
This vaccine also provided therapeutic efficacy against multi-
drug resistant TB (MDR-TB) and extremely drug resistant TB
(XDR-TB) in murine models. Furthermore, we extended our
studies to a cynomolgus monkey model, which is currently the
best animal model of human tuberculosis. This novel vaccine
provided a higher level of the protective efficacy than BCG
based upon the assessment of mortality, the ESR, body weight,
chest X-ray findings and immune responses. Furthermore,
the BCG priming and HSP65+1L-12/HV] vaccine (booster)

by the priming-booster method showed a synergistic effect
in the TB-infected cynomolgus monkey (100% survival).
Furthermore, this vaccine exerted therapeutic efficacy (100%
survival) and augmentation of immune responses in the TB-
infected monkeys. These data indicate that our novel DNA
vaccine might be useful against Mycobacterium tuberculosis
including XDR-TB and MDR-TB for human therapeutic
clinical trials.

The review also provides recent advances of the precise
studies of induction of immunity including CD8 positive
cytotoxic T cells and effector molecules such as granulysin by
these vaccines, against multi-drug resistant tuberculosis and
extremely drug resistant tuberculosis.
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B icigicd 5 (Fig. 2) (43 =49 - M, ¥Z0
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Fig. 1 M¢ and T cell immunity against tuberculosis
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0 bHARREREONIRE % T 5 TLRE LT
iZ, TLRI, TLR2, TLR4, TLR6, TLR9 T& %,
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D, THETLR2 ZA LT Mg ZIEEILT 5o T DN
WIWOMEE DA HRED D 5. MW S 19kDa D
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BB DNA DB W72 & iz CpGEF—7 (XY F
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Fig. 2 Induction of CTL and granulysin
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Fig. 3A° TLR and pathogens
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Fig. 3C Intracellular DNA sensor
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Fig. 4 Comparison of CTL induction in vitro against M. tuberculosis antigens
between DBA /1 mouse and BALB /¢ mouse (Target EL-4)
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Fig. 5A  Comparison of CTL induction in vitro against M. tuberculosis antigens among

DBA/1, BALB/c and C57BL/6 mice
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IL-12FEAE SR L, IL-1243 THIKEA 5 0 IFN-y EA %
EOICHIEL, WHIBEEOS TIRERITIICM$ 2%
%, SR BERIEAL S 5V,
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b0, 723, 1L-28, IL-291L IFN-y L hET Y —
BhHY, WIoAVAEREZ DI ELDH - 108D
R SLERRIE % 7R 0 R D D % o IL-10, TGF-B, IL-4
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Current Topics

IMMUNITY AGAINST MYCOBACTERIUM TUBERCULOSIS (INTRODUCTION)

Masaji OKADA

Abstract A third of world’s population infected with Myco-
bacterium tuberculosis, and 2 million people die from tubercu-
losis every year. It is well established that protective to M.
tuberculosis depends on both CD4™" and CD8™* T cells? ™%,

In particular, acquired immunity (cytotoxic T cell, Thl
helper T cell and M ¢ ) play an important role for TB infection.
Recently, natural immunity also play a very attractive role for
the development of TB immunity.

We found that memory CTL is most important for the pro-
tection against TB using several kinds of mice. It was demon-
strated that DBA/1 mice are more sensitive to TB infection
than BALB/c mice (Th2 prone mice). Induction of memory
CTL in DBA/1 mice was lower than BALB/c. In contrast,
IFN-y production of DBA/1 mice was higher than BALB/c.

Therelore, famous researchers in the fields of TB immunity
reviewed the recent advances of TB immunity, such as (1) T
cell immunity and recognition against TB antigen, (2) TLR9

and CpG motif, (3) lipocalin2 and SLPI in natural TB immu-
nity, (4) acquired immunity (CTL) and granulysin. The devel-
opment novel vaccine (HSP65-+IL-12 DNA vaccine), (5)
The mechanism of protection against TB, in this mini-review

series.

Key words: Immunity against M. TB, T cell, Acguired immu-

nity, Innate immunity
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Downregulation of kat6 expression is associated with
isoniazid resistance in Mycobacterium tuberculosis
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Summary

Isoniazid (INH) is a key agent in the treatment of
tuberculosis. In Mycobacterium tuberculosis, INH is
converted to its active form by KatG, a catalase-
peroxidase, and attacks InhA, which is essential for
the synthesis of mycolic acids. We sequenced furd-—
katG and fabG1-inhA in 108 INH-resistant (INH") and
51 INH-susceptible (INH®) isolates, and found three
mutations in the furd-katG intergenic region (Inte7?,
Int*" and Int%"?%) in four of 108 INH' isolates (4%), and
the furA®" mutation with an amino acid substitution
in 18 INH" isolates (17%). These muiations were not
found in any of 51 INH® isolaies tested. We recon-
structed these mutations in isogenic sirains to deter-
mine whether they conferred INH resistance. We
found that the Int¥7, Ini*'® and Int?'?? single muta-
tions in the furA-katG intergenic region decreased
katG expression and conferred INH resistance. In
contrast, the furA®" mutation was not sufficient to
confer INH resistance. These resulis suggested that
downregulation of katG is a mechanism of INH resis-
tance in M. tuberculosis and that mutations in the
furA-katG intergenic region play a role in this resis-
tance mechanism.

Introduction

Isoniazid (INH) is one of the most effective and specific
antituberculosis drugs, which has been a key to treat-
ment since its introduction in 1952 (Bernstein et al.,
1952). However, the continued utility of INH is being
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jeopardized by the emergence of INH-resistant (INH")
and muliidrug-resistant Mycobacterium  tuberculosis
(Espinal etal., 2001). Furthermore, INH resistance is
often the first type of resistance that occurs on the
way to multidrug resistance (Caminero, 2010). Thus,
there is considerable interest in determining the molecu-
lar basis of INH resistance in clinical M. tuberculosis
isolates.

INH enters the mycobacterial cell by passive diffusion
(Bardou et al., 1998). INH is a prodrug that is activated
by the mycobacterial enzyme KatG (Zhang et al., 1992).
Although mutations in katG have been shown to be
responsible for INH resistance (Zhang and Telenti,
2000), it is not clear whether the regulation of katG
expression plays a role in INH resistance. The katG
gene encodes a bifunctional catalase-peroxidase that
converts INH to its active form (Zhang et al., 1992). Acti-
vated INH inhibits the synthesis of essential mycolic
acids by inactivating the NADH-dependent enoyl-acyl
carrier protein reductase encoded by inhA (Banerjee
et al., 1994; Vilcheze et al., 2006). We have developed a
DNA sequencing-based method to detect mutations in
eight genome regions associated with drug resistance in
M. tuberculosis, including katG (Sekiguchi et al., 2007).
This led to the identification of 18 novel katG mutations,
which caused loss of catalase and INH oxidation
activities (Sekiguchi etal, 2007; Ando etal., 2010).
However, no mutations in katG were found during
screening of a significant population of INH" M. tubercu-
losis isolates.

We describe here the identification of three novel
mutations in the furA—katG intergenic region, which are
associated with INH resistance in M. tuberculosis. To our
knowledge, no previous reports have identified muta-
tions in the furA—katG intergenic region related to INH
resistance in M. tuberculosis. A polypurine sequence in
the furA-katG intergenic region complementary to 16S
rBNA has been found to act as the katG ribosome
binding site (Sala etal, 2008). Mutations altering
complementarity to 16S rRNA decreased the level of
transcription (Sala et al, 2008). We found that single
mutations in these polypurine sequences decreased
katG expression and conferred INH resistance in M.
tuberculosis.
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Results
Genetic mutations in INH" isolates

We sequenced furA-katG and fabG1-inhA in 108 INH-
resistant (INH") and 51 INH-susceptible (INH®) isolates.
The details of the results for all INH" isolates have been
reported previously (Ando etal., 2010). These regions
included katG, the upstream region of fabG1—inhA (Piua),
and inhA, which are responsible for INH resistance
(Zhang and Telenti, 2000). We found three mutations in
the furA—katG intergenic region (Int972, Int*"% and Int¢'29)
in four (4%) of the 108 INH" isolates, a furA®" mutation
with an amino acid substitution in 18 INH" isolates (17%),
and a furA*¥* mutation with a frameshift in one INH'
isolate (1%) (Table 1). None of these mutations was found
in any of the 51 INH?® isolates tested (data not shown). In
addition, we sequenced ndh, ahpC and kasA—kasB in all
the INH isolates tested. Mutations in ndh (Zhang and
Telenti, 2000; Lee et al., 2001), ahpC (Zhang and Telenti,
2000) and kasA (Lee etfal., 1999; Zhang and Telenti,
2000) have been found in INH" clinical isolates of
M. tuberculosis. Mutations in ndh have been found to
mediate INH resistance by increasing NADH cellular
conceniration in mycobacteria (Vilcheze etal, 2005),
whereas the roles of ahpC and kasA in INH resistance
have not yet been determined (Zhang and Telenti, 2000).
Of the four isolates containing mutations in the furA—katG
intergenic region (Ini78, Int®'% and Int¥'%?), the isolate
with the Int9"'22 mutation also had a mutation in the Pina
(Pinna®'®) (Table 1). Of the 18 isolates containing the
furA 4" mutation, seven had no other mutation, six had a
Pina® '8 mutation, one had a katG9'%%¢ mutation and
a mutation in the region upstream of ahpC, three had a
katG 9% mutation, and one had katG 2% and fabG19%%
mutations. The isolate with the furA*34° mutation also had
three other mutations, katG9%%, katG9%2 and P, .
Two drug-susceptible control strains, H37Rv and
NCGM2898, had no mutation (Table 1). An INH" strain of
NCGM2828 had the P> mutation. An INH" strain
of NCGM2836 had a large-scale deletion of furA-katG, as
described previously (Ando efal, 2010). All isolates
tested except H37Rv had a g1388t mutation in kaiG,
which is a neutral mutation that is not associated with INH
resistance (Zhang and Telenti, 2000).

1S6110-probed restriction fragment length polymorphism
(RFLP) analysis of isolates harbouring mutations in the
furA—katG intergenic region or furA

The results of 1S6170-probed fingerprinting of the 159
isolates, the 108 INH' isolates and the 51 INH® isolates,
are shown in Fig. S1. Mutations in the furA—katG inter-
genic region and furA are also shown in Fig. S1. Six
clusters were detected by restriction fragment length poly-

morphism (RFLP) analysis, with 65 INH' isolates (60%)
belonging to these clusters. Of the four isolates with muta-
tions in the furA—katG intergenic region, one belonged to
cluster lll, one to cluster IV, and the remaining two did not
belong to any cluster. Among the 18 isolates with furA®",
12 (67%) belonged to cluster |1, and the remaining six did
not belong to any cluster. Of the 12 isolates belonging to
cluster II, five (NCGM2806, 2807, 2833, 2853 and 2945)
had another mutation, P;;»4¢"%"; four (NCGM2823, 2829,
2846 and 2881) had a katG mutation; and three
(NCGM2790, 2812 and 2821) did not have any other
mutation (Table 1). These findings suggest that the major-
ity of INH" isolates expanded in a clonal manner in Japan.
The isolates with Int972, Int*"% and Ints'?* expanded spo-
radically in Japan; about two-thirds of the isolates with
furA 't mutations expanded clonally, while the others did
so sporadically.

Construction of isogenic strains with Int978, Inf=%,
Intg 122 and furA ¢4t

The NCGM2836 strain was resistant to INH (1.0 ug mi')
and had deletions of furA and katG (Ando et al., 2010).
This strain had a deletion of 5603 bp, extending from
position 2 152 072 to 2 157 675 of the H37Rv sequence.
This was predicted to result in the complete loss of furA,
katG, and the adjacent genes rv1906c, rv1907c¢ and
rv1910c, as well as the disruption of aao and lppC
(Fig. 1A).

We assembled a series of constructs to complement
the A(furA—katG) mutant strain NCGM2836 with
pMV306 (Fig. 1B and C), by site-specific integration into
the chromosomal attB site (Stover etal, 1991; Kong
and Kunimoto, 1995). The constructs had no furA—katG
(NCGM2836/Vector); or furA—katG harbouring no muia-
tion (NCGM2836/WT), furA®" (NCGM2836/furA"),
Ints72 (NCGM2836/Inte72), Int*1% (NCGM2836/Int*"%) or
Inte-22 (NCGM2836/Int9124),

Reduced katG expression in the complemented sirains
with a mutation in the furA—katG infergenic region

We found that H37Rv expressed KatG, whereas the
A(furA—katG) mutants NCGM2836 and NCGM2836/
Vector did not (Fig. 2A). NCGM2836/WT and NCGM2836/
furA<4t expressed KatG at levels similar to that of H37Ry,
whereas NCGM2836/Int97  and NCGM2836/Int*"%
expressed KatG at levels 17% and 19%, respectively, that
of NCGM2836/WT. The strain NCGM2836/Int9'22 pro-
duced KatG, but its expression level was slightly lower
(66%) than that of NCGM2836/WT.

The INH oxidase activities of these strains were corre-
lated with their levels of KatG expression (Fig. 2B).
H37Rv showed INH oxidase activity, while NCGM2836

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 79, 1615—1628
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Table 1. The drug susceptibility and mutation(s) of M. tuberculosis clinical isolates.

Drug susceptibility Mutations

Agar proportion method MIC of INH (ug mi™) furA-katG fabG1-inhA ahpC ndh kasA-kasB
Isolate by Vit Spectrum-SR by BrothMIC MTB-I Up  furA Int katG Up fabGt1 ~ Int  inhA  Up ahpC  Up  ndh - kasA Int .  kasB
NCGM2874 . INH(0.2), SM 1.0 - - g-7a - = e - - - - = - - - =
NCGM2875 ~ INH(0.2), SM 1.0 - - g-7a - = < - - = - - i B - =
NCGM2930 . INH(1.0), RIF, SM, KM, EB, 16.0 - -~ a-10c = - - - - Z - i - i - =

TH, PAS, LVFX : :
NCGM2934 - INH(0.2), RIF, SM, EB 2.0 - - g-12a - c-15t -~ ~ - -~ = = = = — -
NCGM2790 - INH(0.2), SM, KM, PAS 2.0 ~ c4ft o = - - - - - . - - i = - ~
NCGM2795  INH(0.2), SM : 1.0 = c4it = - - = - = —~ = — f - _ L
NCGM2812 = INH(0.2) 1.0 - c41t - = - - - - - - i Z = = - -
NCGM2821 - INH(1.0) : 1.0 = cdit - = - i - - - i = = - - _ =
NCGM2906  INH(0.2), LVFX 0.5 = c4l1t - - - = - - = - - = = - = -
NCGM2907  INH(0.2) 1.0 = cd4ft = - - - - -~ = - - _ o - Vi
NCGM2911 - INH(0.2) 1.0 - o4t = = & = - = - - EECNE Z L=
NCGM2806  INH(0.2), SM 2.0 - cdlt - - - c-15t - - - = - = - Z - -
NCGM2807  INH(0.2), SM 2.0 = c41t - - - c-15t - = - - - - . - — - -
NCGM2833  INH(0.2), SM 2.0 - c4i1t - - c-15t. — - - - - - - = - -
NCGM2853  INH(0.2), SM 2.0 - c4it - - c-15t - - - = - - - - - -
NCGM2858  INH(0.2), SM 2.0 = c41t - - = c15t  — L = - R - -
NCGM2945  INH(0.2) 1.0 - cdit - o~ - c-15t - = - - - - - = = - -
NCGM2823  INH(1.0) >32.0 — Al - gle24c = = = —ox 81t — SR =, - -
NCGM2829 - INH(1.0) >32.0 - 41t - g944c = - - - - - - i - - -
NCGM2846.  INH(1.0) >32.0 - c4tt .~ g944c - - - - = - - . - - -
NCGM2881 INH(0.2), KM, EVM, TH 16.0 = cdit ~ a290g - g609a  — - - - - - - - -
NCGM2895 - INH(1.0) >32.0 - c4it - — g944c - L e - - — - = g - —
NCGM2835 = INH(1.0), RIF, SM, EB, CS, >32.0 - A3dc - 4368a, 8¢ = - - ~ - - - - - -
TH, PAS, LVFX g895a s

{Controls)
H37Rv Pan-sensitive 0.125 - — - o = = — = - - - iE - _ -
NCGM2898  Pan-sensitive 0.125 = - = - - - - - - - = ol & _ _
NCGM2828  INH(0.2) 2.0 - - - = c-15t . — - = - - - - N - -

(A host for re-construction of a mutation)

NCGM2836

INH(1.0), PAS >32.0

Deletion

INH (0.2), resistant to INH (0.2 pg mi™) and susceptible to INH (1.0 ug mi™'); INH(1.0), resistant to INH (1.0 ug mi™"); RIF, rifampin; EB, ethambutol; KM, kanamycin; PAS, pammosahcyhc acid;
SM, streptomycin; TH, ethionamide; EVM, enviomycin; CS, cycloserine; LVFX levofloxacin; Up, upstream region; Int, intergenic region; —, no mutation.
Excluding the katG g1388t (KatG R463L) polymorphism.
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