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research—A review
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Abstract: When Mycobacterium tuberculosis infects humans, about 20% of those infected actually develop tu-

berculosis. In Japan, the incidence of tuberculosis in 2008 was 19.4/100 000 persons (24 760 cases) and the

rate has been decreasing gradually, but is still higher than that in the USA, Holland, and Belgium, for ex-

ample. Histologically, experimental tuberculosis displays exudative inflammation, proliferative inflamma-

tion and productive inflammation depending on the time course. In productive inflammation, granulomatous

lesions with necrotic centers are formed. The typical granulomas consist of epithelioid macrophages, Lang-

hans’ multinucleated giant cells, lymphocytes and fibroblasts, and the process of their formation involves

many cytokines, chemokines and transcription factors. These findings have been derived primarily from ani-

mal experiments utilizing an airborne infection apparatus. This review focuses on the basic research aspect of

tuberculosis—what has been found through animal experiments by our research group—and furthermore, in-

dicates what we should do in tuberculosis research in the near future.
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1 How is experimental tuberculosis induced

and what immune systems are involved?

Using animal experiments and an inhalation
exposure system, the pathologic condition of the
infected animals was followed up for one year.
Exudative inflammation was observed for the first
10 days. Thereafter, granulomas, which corre-
sponded to foci of proliferative inflammation,
were formed. Cavity formation was not recog-
nized in animal tuberculosis, except in rabbits'.
Dr. Arthur Dannenberg at Johns-Hopkins Uni-
versity was one of the pioneers of experimental

tuberculosis research. Using rabbit models, he

described the pathology of tuberculosis in de-
tail'”l. There are five stages: onset, symbiosis,
carly stage of caseous necrosis, interplay of cell-
mediated immunity and tissue-damaging delayed-
type hypersensitivity, and liquefaction and cavity
formation. In stage 1, tubercle bacilli are usually
destroyed or inhibited by the mature resident
alveolar macrophages that ingest them. If bacilli
are not destroyed, they grow and eventually de-
stroy the alveolar macrophages. In stage 2, bacilli
grow logarithmically within the immature non-
activated macrophages. These macrophages enter
a tubercle from the bloodstream. This stage is

termed symbiosis because bacilli multiply locally
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without apparent damage to the host, and macro-
phages accumulate and divide. In stage 3, the
stage at which caseous necrosis first occurs, the
number of viable bacilli becomes stationary be-
cause their growth is inhibited by the immune re-
sponse to tuberculin-like antigens released from
bacilli. Stage 4 is the stage that usually determines
whether the disease becomes clinically apparent.

Cell-mediated immunity plays a major role in
this situation. The cytotoxic delayed-type hyper-
sensitivity immune response kills these macropha-
ges, causing enlargement of the caseous center
and progression of the disease. If a decent cell-
mediated immune response develops, a mantle of
highly activated macrophages surrounds the case-
ous necrosis. In stage 5, bacilli evade host defen-
ses. When liquefaction of the caseous center oc-
curs, the bacilli multiply extracellularly, fre-
quently attaining very large numbers. The high,
local concentration of tuberculin-like products de-
rived from these bacilli causes a tissue-damaging
delayed-type hypersensitivity response that erodes
the bronchial wall, forming a cavity. Liquefac-
tion and cavity formation do not occur at all in
mice and rats.

T cells can be divided into two subsets, T
helper 1 (Th1l) and ThZ2, on the basis of the cyto-
kines they produce. In tuberculosis, Thl plays a
major role in defense against tuberculosis. Thl
cells suppress ThZ2 cells, and interferon y (IFN-y)
down-regulates ThZ responses. We do not know
the roles played by B cells in tuberculosis. When
activated B cells increase the production of IFN-y
by nature killer (NK) cells, and via antibody-de-
pendent cell-mediated cytotoxicity (ADCC) they
confer NK cells the specific function of killing ba-
cilli-laden macrophages. The exact roles of CD25
T cells and v/ T cells remain unknown because
the cell populations in the granulomatous lesions
are very low. As long as NK T cell knockout mice

are used, NK T cells do not play a major role in

defense against tuberculosis™’ .

It goes without saying that alveolar macro-
phages play a protective role in tuberculosis devel-
opment. However, the roles of neutrophils in the
development of tuberculosis have been neglected
for a long time and remain unknown. We devel-
oped a lipopolysaccharide (LPS)-induced transi-
ent neutrophilia model in the lungs. LPS (50 pg/
ml) was administered intratracheally to male Fis-
cher rats"*, which were then infected with Myco-
bacterium tuberculosis (M. tuberculosis) via an
airborne route. Intratracheal injection of LPS sig-
nificantly blocked the development of pulmonary
granulomas and significantly reduced the number
of pulmonary colony-forming unit (CFU). Treat-
ment with amphotericin B (an LPS inhibitor) or
neutralizing anti-rat neutrophil antibody reversed
the development of pulmonary lesions. LPS-in-
duced transient neutrophilia prevented early my-
cobacterial infection. The timing of LPS adminis-
tration was important. When given intratracheal-
ly, at least 10 days after aerial infection, LPS did
not prevent the development of tuberculosis.
Neutrophils obtained by bronchoalveolar lavage
(BAL) killed M. tuberculosis. These results indi-
cate clearly that neutrophils participate actively in
defense against early-phase tuberculosis.

When tubercle bacilli reach alveoli, they are
phagocytosed by resident alveolar macrophages.
Although tubercle bacilli are killed by alveolar
macrophages, tubercle bacilli can also kill macro-
phages through an apoptotic process. In order to
determine the fate of tubercle bacilli once they
enter the phagosomes of macrophages, we col-
lected alveolar macrophages by BAL from aerially
infected guinea pigs. At 12 days after infection,
one out of about 10 000 alveolar macrophages of
various sizes contained many tubercle bacilli. This
indicates that certain alveolar macrophages per-
mit M. tuberculosis to replicate in the phago-

somes, although most of the tubercle bacilli are
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killed by activated alveolar macrophages. It
would be very interesting to examine the survival
mechanism of M. tuberculosis at the single-cell
level; however, we still do not know why macro-
phages targeted by tubercle bacilli cannot kill ba-
cilli. It is also known that macrophages possess an
autophagy mechanism for removal of old organ-
elles, in this case old infected phagosomes™®’. Au-
tophagic pathways can overcome the trafficking

block imposed by M. tuberculosis.

2 What is significance of IFN - ¥ and tumor

necrosis factor o in protection against

tuberculosis?

When we infected IFN-vy knockout mice with
avirulent H37Ra or bacillus Calmette-Guérin
(BCG) Pasteur, we found multinucleated giant
cells in the granulomatous lesions. The lesions
also contained tubercle bacilli and consisted of
multinucleated cell clusters, being immunoposi-

tive with anti-Mac-3 antibody"™’

. We subsequently
infected many knockout mice with M. tuberculo-
sis, but no Langhans’ multinucleated giant cells
were recognized. Thus, it appears that formation
of multinucleated giant cells requires optimal
combinations and concentrations of various cyto-
kines; furthermore, IFN-y levels have to be sig-
nificantly low. The technique of gene targeting
(knockout) has swept through biomedical re-
search. IFN-vy, tumor necrosis factor « (TNF-q),
interferon regulatory factor 1 (IRF-1), nuclear
factor for interleukin 6 expression (NF-IL-6), nu-
clear factor kB (NF-kB) p50, signal transducer
and activator of transcription 1 (STAT1), and
STAT4 knockout mice succumb to M. tuberculo-
sis infection over time. There appears to be a cy-
tokine and transcription factor hierarchy in ex-
perimental tuberculosis. The results indicate that
these molecules play major roles in defense a-
gainst the disease, IFN-y and TNF-a being the

leading players in this respect®’.

3 What is relationship between nitric oxide

and apoptosis in tuberculosis?

Host T cells kill M. tuberculosis and M. tu-
berculosis also Kkills T cells. It is very important to
investigate the killing mechanism. It is generally
believed that nitric oxide (NO) plays a leading
role in the Killing of tubercle bacilli. In my expe-
rience, this is so in mice and rats infected with tu-
berculosis. However, it is uncertain whether NO
produced by human mononuclear phagocytes can
also kill tubercle bacilli. NO is regulated by in-
ducible NO synthase (iNOS), and it has been re-
ported that macrophages in the lungs of individu-
als with clinically active M. tuberculosis infection
often express catalytically competent iNOS'™' . Of
course, that does not exclude the possibility that
other yet unknown molecules may be responsible
for tubercle bacilli killing.

The iNOS knockout mice were not killed with
M. tuberculosis. Thus, there is a possibility that
molecule(s) other than iNOS can kill M. tuber-

culosis .

4 What is present status of new tuberculosis

vaccines?

The efficacy of BCG against adult pulmonary
tuberculosis still remains controversial. However,
it is not easy to find M. tuberculosis-derived im-
munogenic antigens suitable for tuberculosis vac-
cines because only a few such antigens have been
detected so far. Several tuberculosis vaccines are
currently being tested using various models*"1%).
These include recombinant BCG vaccine express-
ing Ag85A or Ag85B, recombinant modified vac-
cinia virus Ankara expressing Ag85A, tuberculosis
polyprotein vaccine, Mtb72f, 6 kDa early secre-
ted antigenic target (ESAT-6) subunit vaccine,
auxotrophic vaccines for tuberculosis, and recom-
binant BCG overexpressing major extracellular

proteins (rBCG30). Several promising tuberculo-



. 200 - WA 5 EY Journal of Microbes and Infections, December 25, 2012, 7(4): 197-201

sis vaccine candidates may become available after
verification in monkey studies.

Some promising tuberculosis vaccine candi-
dates are now in phase I and II trials. We propose
conducting a global multicenter study of the tu-
berculosis vaccine thus chosen using the same ex-
perimental protocols, and selecting a promising

one on the basis of consensus.

5 What is importance of the DNA genome of

M. tuberculosis?

The genome of M. tuberculosis H37Rv has
been sequenced''’, and the length of the DNA is
reported to be 4.04 Mbp. It was hoped that this
would allow complete clarification of the func-
tions of M. tuberculosis, but this still remains a
distant goal. Seven percent of the genome en-
codes proteins of unknown function and 26% en-
codes conserved hypothetical proteins. At pres-
ent, there are not many proteins that are immu-
nogenic and thus suitable for tuberculosis vaccine
design. Another important point is that M. tu-
berculosis does not possess toxins. This is in sharp
contrast to Listeria monocytogenes (a type of in-
tracellular pathogen) that possesses listerial toxin.
Different protein antigens may be clarified in the
near future. Some proteins may be good tubercu-

losis vaccine candidates.

6 How are high-risk factors involved in

tuberculosis?

There are many high-risk factors for tubercu-
losis, including human immunodeficiency virus
(HIV), malnutrition, aging, and poverty. Dia-
betes mellitus (DM) is also one such factor. Al-
though there is a clinical association between DM
and tuberculosis, no experimental evidence for
this association exists. We attempted to clarify
whether type 1 diabetic (KDP) and Goto Kakiza-
ki (GK) type 2 diabetic rats were more suscepti-

ble to M. tuberculosis than non-diabetic wild

type (WT) rats. The infected diabetic rats devel-
oped large granulomas without central necrosis in
their lungs, liver, or spleen. This was consistent
with a significant increase in the number of CFU
of M. tuberculosis in the lungs and spleen (P <C
0.01). Insulin treatment resulted in significant
reduction of tubercle bacilli in the infected KDP
rats (P<C0.01). Pulmonary IFN-y, TNF-«, and
IL-13 mRNA levels were higher in the infected di-
abetic rats than in WT rats. Alveolar macropha-
ges from KDP rats were not fully activated by M.
tuberculosis infection because they did not secrete
NO that can kill M. tuberculosis (P <C0.01).
However, there was no significant difference in
phagocytosis of tubercle bacilli by alveolar macro-
phages between KDP and WT rats. Taken togeth-
er, it appears that KDP and GK rats are more sus-
ceptible to M. tuberculosis than WT rats'>%],
Hypercholesterolemia and hyperlipidemia were
not observed in these rats. When we investigated
the relationship between DM and tuberculosis ex-
acerbation at tuberculosis specialist hospitals, the
above-stated findings are also true for human tu-

berculosis and DM,

7 Concluding remarks — What we should

do in tuberculosis research in the near future?

It now seems appropriate to point out several
reasons why tuberculosis belongs to the category
of specific inflammation. First, as mentioned
above, M.

while another typical

tuberculosis does not possess toxin,
intracellular pathogen,
Listeria monocytogenes , does. Most would consid-
er that toxins are responsible for acute inflamma-
tion. Second, the cell wall of M. tuberculosis
consists of various sugars, polysaccharides and
lipids. Generally, immune responses induced by
these moieties are low, but some mycolic acid de-
rivatives (trehalose dimycolate and methyl keto-
mycolate) are granulomatogenic factors. Lastly,

the doubling time of M. tuberculosis is around
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20-24 h, and it replicates very slowly, surviving in
phagosomes of specific alveolar macrophages for
a long time. We are currently planning a project
to examine why M. tuberculosis replicates in cer-
tain alveolar macrophages at the single-cell level,
a phenomenon that we have termed the death es-
cape mechanism. It would also be interesting to
examine the process (termed autophagy) by
which infected macrophages remove old infected
phagosomes.

Mycobacterial research is one of a number of
fascinating areas that challenge us as professional
researchers. I hope that the next generation of re-
searchers will tackle many of the issues that still

remain unresolved.
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