Chapter 5
Inhalation Therapy for Pulmonary
Tuberculosis
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5.1 Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) is one of the worst
of infectious diseases. Mrb is transmitted from person to person via airborne drop-
lets that arise from the one infected with the active Mtb organism, and thus this
mode of transmission has the potential to cause a worldwide pandemic. In addition,
the recent emergence of multi-drug resistant TB (MDR-TB) and extensively drug-
resistant TB (XDR-TB) has become a major public health issue in both developing
and developed countries. Although the development of new anti-TB drugs, such as
TMC207, OPC-67683, and PA-824, is recently in progress throughout the world
[1, 2], the establishment of an effective system for the delivery of such drugs as well as
conventional anti-TB drugs also needed for the extermination of TB. In this chapter,
essential medical treatment and promising formulations for the treatment of pulmo-
nary TB through inhalation are described.
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5.1.1 Epidemiology of TB

The Global Tuberculosis Report 2012, published by World Health Organization (WHO),
stated that “the WHO declared TB a global public health emergency in 1993. Starting
in the mid-1990s, efforts to improve TB care and control intensified at national and
international levels” [3]. However, one-third of the world population has already been
infected with M1b [4, 5]; and the latest estimates by the WHO showed that 8.7 million
people fell ill with TB, and 1.4 million people died from it, in 2011 [3].

In addition, the risk of TB pathogenesis in people infected with the human immu-
nodeficiency virus (HIV) is 21-34 times greater than that for those without HIV
infection [6]; and TB is the leading cause of death among HIV-positive individuals,
being responsible for 22 % of HIV-related deaths. As people infected with both HIV
and Mtb become a growing pool of the Mtb, treatment and prevention of TB need to
be addressed in conjunction with acquired immunodeficiency syndrome (AIDS).

5.1.2 Pathology of TB

Mtb organisms infect the lung tissue of an individual through inhalation of the
Mtb-containing airborne droplets that arise from coughing and conversing with TB
patients. The initial infection with Mrb has a potential to occur in any of the lung
lobes, which infection leads to the formation of small necrotic caseous lesions that
contain Mtbs engulfed by macrophages and other recruited leukocytes. The onset of
recognizable TB disease following the initial infection is evident in only a few indi-
viduals. In general, TB turns active and infectious when the bacteria have developed
a secondary site of infection, which is usually the upper lobes of the lungs, though
the mechanism remains unknown.

Alveolar macrophages patrol the alveoli and eliminate exogenous foreign sub-
stances by endocytic ingestion and subsequent exposure to reactive oxygen species
(ROS) and digestive enzymes. As shown in Fig. 5.1, pathogens are first taken into
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phagosomes in macrophages through phagocytic pathways. Then, in general the
pathogens are exposed to ROS generated via NADPH oxidase and to lysosomal
enzymes after the fusion of the phagosomes with lysosomes to form phagolyso-
somes; and finally they undergo full digestion. However, Mtb organisms can escape
from the clearance process by inhibiting this fusion of the phagosomes with the
lysosomes by blocking V-ATPase expression and increasing the accumulation of
TACO (tryptophan-aspartate-containing coat protein) around the phagosome mem-
brane [7-9]. In addition, Mtbs become resistant to attack by ROS in the macro-
phages by generating catalases, peroxidases, and superoxide dismutases [10, 11].
These mechanisms allow Mtbs to persist in the macrophages.

The macrophages infected with Mrbs subsequently generate inflammatory
responses that lead to the recruitment of neutrophils, monocytes, other macrophages,
T cells, and B cells from neighboring blood vessels and lymph nodes. Recruited
macrophages are transformed into several cell types such as epithelioid cells and
Langhans giant cells (generated by fusion of epithelioid cells) during the prolonged
inflammatory response, and these cells and the recruited lymphocytes form a granu-
loma that encloses the bacteria, a process taking approx. 2 years [12—14]. However,
the Mtbs exploit this granuloma as a shelter to escape from monitoring by immune
cells and attacks by antibiotics and thus persist in the lungs.

Mtb grows in the lungs by utilizing host-derived lipids as a carbon source [15, 16].
During the growth, caseation and cavitation gradually progress at the core of the
granuloma. Then, the organisms that have proliferated exploit macrophages as well
as neutrophils to be carried as a cargo and to move into the upper airways with the
sputum [17]. The presence of Mtbs in the sputum indicates the infectious state.
As Mtb latently infects individuals, a relapse of TB is associated with a depression
of immune activity due to aging, a surgical operation, anti-TNF-a therapy or HIV
infection.

5.2 TB Therapy

5.2.1 Current Treatment

Current treatment of TB is performed by oral intake of multiple anti-TB drugs
according to the internationally accepted first-line treatment regimen [18]. The drugs
used in the first-line treatment are isoniazid (INH), rifampicin (RFP), pyrazinamide
(PZA), and ethambutol (EB). Sometimes streptomycin (SM) is employed instead
of EB. These therapeutic drugs, except EB, possess mycobactericidal activities.
The second-line anti-TB drugs include aminoglycosides, such as amikacin (AMK)
and kanamycin (KM); capreomycin (CPM); fluoroquinolones; and p-aminosalicylic
acid (PAS). These drugs are mainly employed in the treatment of MDR/XDR-TB
due to their weaker anti-TB activities and greater toxicity than those used in the
first-line treatment.

The standard regimen is effective to kill 99 % of TB pathogens within 1 month,
but elimination of the remaining 1 % takes 3 months [19]. In addition, an additional
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dose for 2 months after the disappearance of the bacterial burden in the lungs is
needed to prevent a relapse of TB. The current therapy thus has a long duration of
more than 6 months for a complete recovery from TB [19].

However, the continuous long-term dosing often ends in failure in TB treatment
and consequently causes the emergence of drug-resistant organisms. To prevent the
failure of TB therapy, the WHO has proposed the treatment of directly observed
therapy, short course (DOTS), which has contributed to high drug compliance.
Although the introduction of DOTS has resulted in increases in successful treatment
outcomes [20], novel anti-TB drugs acting based on mechanisms other than those
by conventional anti-TB drugs, and optimum therapeutic protocols to eliminate
Mtb over the short term of less than 6 months, are needed for complete treatment
of TB. In addition, overcoming MDR/XDR-TB is also a major clinical issue to be
addressed.

5.2.2 Inhalation TB Therapy

The Mtb that has invaded into the lungs easily infects alveolar macrophages, in which
it proliferates by inhibiting phagosome-lysosome fusion by several mechanisms
previously described in Sect. 1.2. Hence, the infected alveolar macrophages should
be a primal target for TB therapy, because the organisms accumulate in these cells
[21]. Comparison between inhalation therapy and conventional oral dosing for TB
treatment is summarized in Table 5.1.

The amount of inhaled anti-TB drug in alveolar macrophages is expected to be
greater than that administered by oral dosing, if an inhalable formulation that incor-
porates an anti-TB drug and is easily taken up by alveolar macrophages is available.
It is reported that hydrophilic aminoglycosides in a form of an aerosol can sterilize
Mtbs in human sputum and reduce the burden of Mtb in the mouse lung [22, 23].
In addition, anti-TB drugs formulated into microparticles having a diameter of 3 pm,
which is suitable for ingestion by alveolar macrophages [24], should contribute to
their efficient deposition in the lungs. The delivery of anti-TB drugs directly into the
lungs also decreases their concentration in the circulation system and thus avoids
adverse effects such as hepatic dysfunction and neurologic disorders. Hence, inhalation
therapy is promising for complete treatment of TB.

Table 5.1 Comparisons between inhalation therapy and oral treatment for TB

Inhalation therapy Oral treatment
Drug distribution | Local Systemic
Dose Milligram order Gram order
Medication Inhalation using special devices Intake with water
Formulations Liquid, suspension, dry powder Tablet, capsule
Adverse effects Unknown, but expected to be nontoxic | Hepatic dysfunction, neurologic

disorders, allergic response
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5.3 Preparation of Inhalable Particles Containing
Anti-TB Drugs

The human airway becomes narrower after the bifurcation forming the bronchi,
decreasing in diameter from 1.8 cm at the entry of the trachea to 0.041 cm at the distal
airway [25]. As the alveolar macrophages reside in the deepest region of the lungs,
there is a size limitation of the particles reaching there. In addition, an effective
particle size in the airflow is different from its geometric size due to the emergence of
a drag force dependent on the velocity; and this effective size is defined as the aerody-
namic diameter (D,.,), as shown in the equation below:

where D, is the geometric diameter, p is the particle density, y is the shape factor
(a sphere gives 1; but elongated particles, such as fibers and needles, are greater
than 1) [26]. This aerodynamic diameter is useful to estimate where particles will
become deposited in the respiratory system. From the mathematical model based on
the experimental data, it has been shown that particles with a D,., between 1 and
5 pm are efficiently deposited in the alveolar pulmonary region [27]. Most of the
larger particles of D,., >10 pm are trapped at the oropharynx, whereas smaller par-
ticles of D,, <1 pm reach the alveoli; however, most of them are exhaled without
settlement in the lungs [28]. Methods for the preparation of inhalable particles for
TB therapy are summarized in the following sections:

5.3.1 Emulsion/Solvent Evaporation

There are a considerable number of reports on the formulation of microparticles and
nanoparticles of various biomaterials for the delivery of anti-TB drugs. Biodegradable
materials are advantageous for the formulation of particles used for long-lasting
drug release [29]. One of the most frequently employed methods to formulate the
particles is based on the emulsion/solvent evaporation method. The emulsification
is conducted by mixing a dispersed oil phase into a continuous aqueous phase. For
preparation of the particles, hydrophobic polymers, such as poly(lactic-co-glycolic)
acid (PLGA) as bases, and hydrophobic anti-TB drugs, such as RFP, as active ingre-
dients, are dissolved in an organic solvent such as dichloromethane and emulsified
in an aqueous solution, in which both the base polymer and the drug are insoluble
in the presence of emulsifiers, such as glycerol, poly vinyl alcohol and surfactants,
under continuous agitation [30, 31]. The dispersed particles that have encapsulated
the drugs are obtained after evaporation of the organic solvent. The hydrophilic INH
and hydrophobic RFP have been encapsulated into particles successfully obtained
by use of suitable solvents [32]. Particle size and its distribution depend on mixing
methods, agitation speed, and concentration of the solutes. Extrusion of the
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dispersed phase into the aqueous phase through a Shirasu porous glass membrane
under pressurization using inactive N, gas allows the formulation of particles with a
narrow size distribution [33]. The main limitation of the emulsion/solvent evaporation
method is the small batch size for preparation of the particles.

5.3.2 Spray-Drying

Spray-drying is one of the most commonly employed techniques to formulate dry
powders in sizes from nanometers through micrometers. In general, active pharma-
ceutical ingredients (API) and excipients are dissolved in an aqueous or organic
solvent, and the liquid is sprayed through a narrow atomization nozzle with high
pressurized inactive gas at a temperature higher than the vaporization point of the
solvent. The fine droplets emitted are quickly dried, and then the generated particles
are collected in a cyclone chamber or an electrostatic precipitator. The dry powders
formulated by the spray-drying method contain an accurate amount of API and
excipients [30, 34]. It is noteworthy that the spray-drying method is available to
formulate proteinaceous APIs into particles. Exubera, known as the first commer-
cial proteinaceous inhalable dry microparticle product but now withdrawn from the
market, which consisted of recombinant human insulin, as an API, and mannitol,
glycine, and sodium citrate, as the excipients, was produced by the spray-drying
method [35]. The spray-drying method is more advantageous than the emulsion/
solvent evaporation one for the preparation of a large amount of stable particles at
the industrial level.

A number of inhalable particles containing anti-TB drugs have been prepared by
spray-drying. RFP was formulated in a form of inhalable dry particles with a carrier
material of PLGA by the spray-drying method [36-39], and it was found that the
release period of RFP from the particles increased with an increase in the molecular
weight and ratio of lactic acid to glycolic acid in the PLGA. Dry powders containing
PA-824, an anti-TB drug under development or multiple drugs such as hydrophilic
INH and hydrophobic RFP could also be prepared by the spray-drying method
[40, 41]. For the treatment of MDR/XDR-TB, capreomycin was spray-dried into an
inhalable formulation; and a phase I clinical trial of the formulation was completed
[42, 43]. In addition, it is noteworthy that the spray-drying approach allowed for
preparing dry powders containing viable vaccine strain Bacillus Calmette—Guérin
(BCG) without freezing [44].

Spray-freeze-drying, similar to the spray-drying, consists of the combination of
spray-drying and freeze-drying methods; and it is useful for the preparation of dry
powders, especially for those to be used with heat-sensitive molecules such as pro-
teins and peptides without causing a decrease in their activities [45, 46]. The spray-
ing is performed into a cryogenic liquid such as liquid nitrogen, and the drying is
conducted at ambient temperature. This method is efficient for the preparation of
lighter and more porous dry powders than those obtained by spray-drying, with a
high yield of almost 100 %.
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5.3.3 Liposomes

The delivery of drugs directly to the lungs by nebulization has been attempted by
the use of aerosolized liposome suspensions. Lipids, such as phospholipids, are
major components of mammalian organisms; and hence they are regarded as bio-
compatible, and the aqueous space inside them is favorable for trapping hydrophilic
drugs. Liposomes containing AMK, an aminoglycoside antibiotic, known as Arikace,
are being used for inhalation treatment of gram-negative infections [47]. Arikace is
currently proceeding under a phase II clinical study.

The specific targeting of liposomes toward nests of Mtb, namely, infected alveolar
macrophages, was achieved by modifying the surface of the liposomes with maley-
lated bovine serum albumin (MBSA) and O-steroyl amylopectin (O-SAP) [48].
These macrophage-specific ligands increased the delivery of anti-TB drugs encap-
sulated by the liposomes into the macrophages, which delivery was followed by
efficient attacking of the Mbs residing in the intracellular space. Liposomal formula-
tions are likely to progress to routine clinical usage within a short period compared
with the polymer particles due to their biocompatible safety, as was shown in pediat-
ric use such as treatment of neonatal respiratory distress syndrome [49]. However,
several problems, such as a low encapsulation rate of certain polar drugs, high
burst release of drugs, and a short shelf-life, need to be overcome for their practical
application [50].

5.4 Effect of Inhaled Particles on Macrophage Functions

As mentioned above, macrophages infected with Mtbs should be an effective target
for the delivery of anti-TB drugs [21]. Particle formulation is considered to be
important for the import of anti-TB drugs into macrophages and is based on the high
endocytic activity of macrophages. Endocytic uptake of bacteria and exogenous
particles is regarded to be mainly dependent on their sizes and vesicle formation
upon ingestion [51-54]. Phagocytosis, one of the ingestion routes, covers the uptake
of particles having a diameter of more than 0.5 pm; macropinocytosis, those with
one from 0.1 through 5 pm; and pinocytosis, those less than 120 nm in diameter
[55-57]. The optimum size for attaining efficient uptake of anti-TB drugs by alveo-
lar macrophages was reported to be around 3 pm [24].

It is noteworthy that inflammatory responses are triggered by the uptake of parti-
cles from macrophages. The signals generated during such a response could represent
cautious signals to notify the surrounding immune cells of an attack by invaders.
These signals are initiated by pattern recognition receptors (PRRs), which identify
pathogen-associated molecular patterns (PAMPs) [58]. Hence, contamination by
PRR ligands including components of bacterial cell walls, such as lipopolysaccharide
and lipoarabinomannan, should be avoided when determining the exact mechanism
of interaction between inhaled particles and macrophages.
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Nanoparticles associated with polyethylene glycol (PEG) are known as a stealth
formulation and are favorable to allow these particles to avoid interacting with
immune cells. This formulation is practically utilized for the liposomal formulation
of doxorubicin DOXIL (doxorubicin HCI liposome injection) used for the treatment
of ovarian cancer and Kaposi’s sarcoma [59]. However, the utilization of PEG to
obtain these stealth particles caused unintentional production of anti-PEG IgM anti-
body from splenic B cells, and the subsequent clearance of the particles was conse-
quently accelerated [60—62]. The silent stealth nature and concealment, as in the
case of a “Ninja,” is a key consideration for the development of formulations for
inhalation delivery [63, 64].

5.5 Animal Studies

It is very difficult to deliver particles to the lungs homogenously by inhalation.
Delivery is relatively well achieved for humans and large animals having a lung size
similar to the human one. However, the delivery to small animals, such as mice, rats,
and guinea pigs, is much more difficult, because the lung size of these animals is
obviously very small. In the case of mice, the air space of the lungs has a volume of
approx. 1 ml; and the internal diameter of the upper trachea is about 1 mm. In order
to evaluate efficacies of inhalation formulations in these small animals, whole-body,
head-only, and nose-only exposure inhalation chambers have been exploited [65-67].
However, it is difficult to determine quantitatively the amount of drugs delivered
into the lung tissue by use of exposure inhalation chambers due to the deposition
of the drugs in the unintended tissues, such as the nasal cavity and skin. In addition,
the use of such chambers requires a massive amount of dry powders, which is
disadvantageous in terms of the handling and cost of dry powders. Consequently,
intratracheal administration, such as instillation, nebulization, and insufflation, has
been employed to deliver drugs to the lungs of small rodent animals. Characteristics
of various methods for drug delivery to the lungs of laboratory animals are sum-
marized in Table 5.2. In the next section, we will review noninvasive methods for
drug delivery to the lungs.

5.5.1 Inhalation Administration of Drugs into the Lungs
5.5.1.1 Intratracheal Administration

Accurate delivery of drugs to the lungs is considered to be achievable by intratracheal
administration. For this goal, an endotracheal cannula of a suitable size should be
prepared for intubation; and a careful examination of the pharynx and larynx is
necessary. The internal diameter of the trachea of laboratory rodents is approx.
1-3 mm. Prior to intubation, the animal is anesthetized to a sufficient depth to abolish
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Table 5.2 Methods for drug delivery to the lungs

Nose-only Intratracheal administration
exposure chamber | Insufflation Nebulization Instillation
Animals Mice, rats, guinea pigs
Required dose Gram order Milligram order | Microgram to Microgram to
milligram order | milligram order
Formulations Liquid, Dry powder Liquid, Liquid,
suspension, dry suspension suspension
powder
Synchronization Yes No Yes/no No
with breath
Distribution in the | Homogeneous Heterogeneous | Heterogeneous | Heterogeneous
lungs
Quantitative No Yes Yes Yes
dosing
Repeated dosing Yes Yes/no Yes/no Yes/no
Delivery to Nasal cavity, None None None
unintended region | throat, skin
Anesthesia Dispensable Necessary Necessary Necessary
Batch size A large number of | A single animal | A single animal | A single animal
animals
Cost Very high Low Low-high Very low

the cough and swallowing reflexes. The use of anesthetic agents that cause no or
only weak irritation of the respiratory tract is important for intubation. The inhalation
anesthetics halothane and isoflurane, and the intravenous anesthetic propofol are
likely to be favorable to avoid the over-secretion of saliva and airway mucus. In addi-
tion, anticholinergic agents are useful for reducing the mucus secretion and preventing
tube blockage. Visualization of the entrance of the trachea is also important to perform
the intubation properly and may be achieved by using a laryngoscope or an otoscope
[68, 69]. Alternatively, illumination of the neck with a powerful light source helps
visualization of the oropharynx [70].

Administration of liquid and suspended materials is carried out by intratracheal
instillation. The volume for instillation is an important factor to achieve wide
spreading of the drug in the lung tissue. Namely, 1-2 ml/kg body weight seems to
be a favorable one. It is noteworthy that the amount of test drugs in the liquid dosing
is restricted by their solubility in the limited volume of the liquid medium. In gen-
eral, a slight amount of less than 1 mg may be favorable. Viscous liquid samples can
be delivered into the lungs by intratracheal instillation, but the possible occurrence
of respiratory failure should be taken into account.

Intratracheal nebulization is also useful to deliver low viscous liquid and sus-
pended drugs into the lungs, and making use of a specialized apparatus, such as the
MicroSprayer Aerosolizer Model IA-1C with FMJ-250 High Pressure Syringe
(Penn-Century, Inc., Philadelphia, USA), is effective. The droplet size of aerosolized



188 K. Hirota et al.

phosphate-buffered saline obtained with the MicroSprayer was reported to be
around 8 pm in terms of mean mass aerodynamic diameter [70]. Other specialized
apparatuses, such as the nebulization catheter AeroProbe (Trudell Medical
International, London, Canada), allow for pulmonary aerosol administration with a
breath-controlled dosing. About 12 % of the aerosol dosed by use of this catheter
device was reported to be delivered to the rat lung parenchyma [71]. However, the
aerosols delivered into the lungs were mainly trapped at tracheobronchial sites
owing to large mass median diameter of the droplets, which was 11 pm [71]. It is
important to design nebulizers targeting deep into the lung in such a way that they
administer aerosol particles having aerodynamic diameters between 1 and 5 pm,
which is the optimal aerodynamic size for delivering drugs deep into the lung tissue
for efficient intratracheal delivery [27].

Models of Penn-Century type intratracheal insufflator are commonly employed
for pulmonary administration of dry powders. The standard chamber of the device
holds dry powders up to 5 mg, and the insufflation of the powders is executed by
forcing air through an actuating syringe. Air pressure and volume must be adjusted
to accommodate well the respiration of small rodents having a tidal volume of less
than 2 ml. In general, the insufflation of a small amount of dry powder, less than
1 mg, is difficult.

5.5.1.2 Exposure Inhalation Chambers

There are numerous reports on exposure inhalation chambers, such as whole-body,
head-only, and nose-only types [65, 66]. These chambers are equipped with various
types of airflow generation systems. Of these, the flow-past chamber is favorable for
exposing all test animals with the same aerosol concentration to attain uniform
delivery of drugs and for reducing the amount of drugs expended [72]. In general, a
dust generator, a nebulizer, or a metered dose inhaler is equipped as an aerosol
generator. Particle sizes and amount of inhaled particles in the test animals can be
estimated from the analysis of particles in the chamber atmosphere. However, the
exposure inhalation chamber system is much more expensive than intratracheal
administration apparatuses. Alternatively, hand-crafted inhalation chambers based
on a plastic centrifuge tube have been utilized for dry powder administration to mice
and rats [32, 73].

One of the major problems in using an inhalation exposure chamber is that the
actual amount of test materials deposited in the lungs cannot be determined accu-
rately. In general, the received dose is estimated by the following equation:

D=CxV_ xtxFr,

where D=dose, C=concentration of test sample, V,,=volume for the minute venti-
lation, t=exposure duration, Fr=fraction of test sample deposited or absorbed [74].
Alternatively, the dose deposited in the lungs can be determined by measuring the
plasma concentration of the inhaled agent [75].
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5.5.2 Pulmonary Deposition of Inhaled Particles

Evaluation of pulmonary deposition of inhaled particles provides important infor-
mation regarding drug action. The amount of particles in the lungs is determined
from that in the bronchoalveolar lavage fluid and in the lung homogenate of the test
animals. In general, the amount of drugs deposited in the lungs by inhalation
increases more rapidly with time than that administered by intravenous injection.
As aresult, the total amount in the lungs is greater than that by intravenous admin-
istration. However, the drug administered by inhalation disappears similarly as that
by injection within 12 h [76]. The drug in the lungs is eliminated mainly by the
pulmonary defense system, such as mucociliary clearance toward the upper airways
and by transference into the blood. Hence, it is necessary to construct a strategy to
minimize such a rapid disappearance of the deposited drug for achievement of the
long-lasting effect of inhaled particles in the lung tissue.

Inhaled particles deposited in the lungs can be detected microscopically in lung
sections by use of particles labeled with fluorescent probes. Fresh lung tissue is
sliced to a thickness of approx. 2 mm without being embedded in paraffin and
is then observed under a confocal laser scanning microscope [77]. In addition, it is
worth noting that the Kawamoto method enables the preparation of whole-lung sec-
tions with a thickness of 10 pm from frozen lungs [78]. The distribution of inhaled
particles in the lungs was easily determined by using such whole-lung sections [79].
In contrast, scintigraphic imaging using radioisotopes such as *™Tc is favorable for
real-time monitoring of drug deposition in lung tissue in 2D or 3D without sacrific-
ing the test animals [80]. The radiolabeling of the drug with *™Tc is conducted by
mixing the two in a solvent in which the drug is insoluble but *™Tc is soluble, such
as water, followed by drying of the mixture [81]. Such a labeling procedure is of
importance for tracking the pulmonary deposition of drugs time-dependently and
accurately.

5.5.3 Anti-TB Activity of Inhaled Particles

The efficacy of inhaled anti-TB drugs is evaluated by measuring the anti-TB activity
in terms of a decrease in the number of colony-forming units (CFU) in TB animal
models. As summarized in Table 5.3, various anti-TB drugs, along with various
dose regimens, have been used to treat animal models of TB [37, 75, 82—85]. Among
them, the guinea pig is favorable as a model animal in TB studies; because its patho-
genesis in terms of the formation of granulomas and caseous necrosis regions is
similar to that seen in human TB [86].

As shown in Table 5.3, a significant decrease in mycobacterial burden in the
lungs seemed not to be achieved in most of the cases; even though a large amount
of anti-TB drugs was delivered in a form of an inhalation formulation to the lungs
[37, 75, 82—-84]. The lesser effectiveness of the inhaled anti-TB drugs than expected
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might have been because the inhaled anti-TB drugs had not been delivered deep
enough into the lungs, where Mtb resides. Hence, it is necessary to develop devices
that enable the delivery of an effective amount of anti-TB drug to the tuberculosis
granulomatous nests, which reside deep in the lungs, as well as to prepare more
efficient inhalable formulations of anti-TB drugs. Of the inhalation drugs under
development, capreomycin dry powders have successfully proceeded to a phase I
clinical study [43].

5.6 Conclusions

Mztbs that have invaded the lungs during respiration are easily taken up by alveolar
macrophages. Hence, delivery of anti-TB drugs directly to the alveolar macro-
phages that have been infected with this organism is expected to be more effective
in terms of anti-TB activity than their oral administration. However, such an inhala-
tion therapy for TB has not yet been established and remains in the development
stage. In order for inhaled anti-TB drugs to exert potent mycobactericidal activity,
the development of inhalable formulations containing anti-TB drugs and that of
devices that achieve efficient delivery of a curable amount of these formulations to
the macrophages are necessary. Inhalation therapy for TB will surely contribute to
radical treatment of TB including MDR/XDR TB.
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