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The lungs have received attention as a portal for drug delivery in tuberculosis (TB) from researchers
addressing diverse objectives. These include: (a) targeting alveolar macrophages that harbour TB bacilli;
(b) maintaining high drug concentrations in lung tissue; (c) systemic delivery of potent or second-line
anti-TB agents; and (d) delivering agents that may change the host-pathogen dialectic. Formulation
design considerations for each of the above objectives differ in slight, but important ways. As distinct
from vaccine delivery formulations, inhalations intended for drug delivery are presumed to require
chronic and repeated administration of larger amounts of material. This review seeks to summarize the
consensus on the ways and means available or under development, to deliver different anti-TB agents as
aerosols for inhalation. These agents include drugs in current clinical use, singly or in combination,
experimental chemical entities, siRNA against host molecules, and finally, drugs in clinical use for
unrelated pharmacological action, as modifiers of the host-pathogen dialectic. The pharmacokinetics of
drug bioavailability in the lung, the blood and other tissues following lung deposition of inhaled ther-
apies are also addressed. Finally, considerations on efficacy studies of drugs administered through
aerosol delivery are discussed.

© 2010 Elsevier Ltd. All rights reserved.

1. The rationale for pulmonary drug delivery in tuberculosis

The lung is the primary, if not the sole, portal of entry for
mycobacteria that cause TB. It has therefore been of interest since
the 1950s to deliver drugs used in the management of TB through
the same route.! Pulmonary drug delivery in TB was initially
investigated in Russia, where issues ranging across drug selection,
aerosol generation, clinical outcome and adverse effects were
addressed.”~® However, that body of literature is not easily acces-
sible. In recent years, there is renewed interest in formulating drugs
for pulmonary delivery for reasons that remain significant. First, the
lung mucosa represents a large surface from which drugs may be
systemically absorbed into the bloodstream, without having to
undergo hepatic first-pass.” During the process of systemic
absorption from the lungs, drugs introduced into this organ are
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likely to provide early and high concentrations within it. This is
advantageous if, as in pulmonary TB, the lungs are the intended
target site of drug delivery. Second, lung macrophages are efficient
at fulfilling their evolutionary role of phagocytosing material
entering the lungs. It has long been established that macromolec-
ular drugs'® and particulate!’ '3 or vesicular¥~'® drug delivery
systems introduced into the deep lung are likely to be picked up by
alveolar macrophages (AM)."” Finally, it has been argued that
uptake of drug delivery systems by infected macrophages effects
rescue of the macrophage from ‘alternative activation, '® enabling
the elaboration of innate bactericidal responses that could help in
killing or containing TB bacilli.'>1°20

2. Methods available for aerosol delivery of TB therapies

Aerosol generation and inhalation by human patients may be
accomplished by any of three well-established methods in clinical
use. The oldest method of aerosol delivery to the respiratory tract is
by inhaling smoke, but anti-TB therapies do not lend themselves
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easily to this method. Nebulization, or the generation of a mist of
droplets through the use of compressed air or oxygen has been in
clinical practice for a long time, and is recently experiencing
advances in technology.?! This technique consists of dispersing
solid or phase-separated drug delivery systems into droplets sus-
pended in a small amount of medium. The patient is expected to
inhale the mist through the nose and mouth (Figure 1A).

The most familiar technique of administering medication to the
airways and lungs is the pressurized metered-dose inhaler (pMDI
or MDI). Such a device uses an aerosol propellant and a dose-
metering valve to regulate the egress of defined amounts of
medication to the respiratory tract (Figure 1B).22?3 The single major
issue with pMDIs relates to the necessity of training the patient to
coordinate inspiration and actuation of the device. Time-lags
between emission of a spray of medicament from the device and
the beginning of inhalation lead to wastage of a proportion of the
emitted dose?* A spacer device that contains the spray and

Mouth-/nose-
piece
Rezoeledric ultrasonicator/
Vibratingmesh/
Sring-loaded nozde
B
Propellant
and
powder
Mouthpiece
P Actuator
: __ and
i @ Spray @ 4 Dosimeter
LA '.., o valve
C

hd

Figure 1. Schematic illustration of therapeutic aerosol delivery. (A) A nebulizer may
achieve atomization of droplets by a stream of compressed air, or through piezoelectric
sonication, or by mechanical means such as a vibrating mesh or spring-loaded nozzle.
(B) A pMDI uses a dose-metering valve to deliver medicament suspended in
a propellant spray. (C) A DPI delivers a more gentle stream of inhalant through indrawn
breath.

prevents it from dissipating, while allowing more time for the
patient to inhale is often used to mitigate this loss.?

Dry powder inhalers (DPI) represent an option that lies mid-way
between nebulization of a medicament in an external aqueous or
gaseous phase, and its delivery under positive pressure. DPI relies
on the indrawn breath of the patient to pull in a dry powder
(Figure 1C). The aerosol is generated by turbulence-creating
devices actuated by the airstream of indrawn breath.®

In experimental animals, especially in studies on TB therapy,
pulmonary delivery is often accomplished by intratracheal delivery.
Various authors have reported on the instillation of small volumes
of suspensions in the trachea of mice, rats and guinea pigs by
endotracheal intubation. An increasingly-used approach for testing
pulmonary delivery of drugs and vaccines in animal models is local/
regional aerosol administration with a PennCentury MicroSprayer®
(for liquids) or Dry Powder Insufflator™. These methods permit
intratracheal administration of liquid aerosols or dry powders
directly to the lungs. The tip of the device is inserted at the first
bronchial bifurcation down the trachea of the anesthetized animal,
bypassing the nose and throat and making it easier to precisely
quantify the delivered dose. This is in contrast to MDI or DPI inhalers
and/or nebulizers in animal studies, which filter the aerosol through
the nasopharynx, are prone to inter subject variability and are not
capable of targeting a desired, predetermined area of the lungs.
However, studies using fluorescent particles as well as dyes have
shown that the distribution of the thus applied formulations is
mainly within the central lungs, with only a minor percentage
reaching the alveolar space.?’~%°

Misra et al. have proposed the use of a “nose-only” exposure
chamber that has been demonstrated to deliver reproducible doses
in an animal biosafety level-3 setting.3°

3. Design and process considerations for aerosol delivery
systems

Aerosols are multicomponent systems, which exemplify the
need for design approaches to facilitate rational development and
guarantee their quality.?! Multivariate statistical methods can be
employed to design the process space for each of the major aerosol
systems. Examples of input and output characteristics are shown in
Figure 2 as they relate to the three major components of all phar-
maceutical aerosol products, namely the formulation, metering and
aerosol dispersion mechanism. Experiments can be conducted in
which the variables in particle manufacture, for example, are
evaluated.3>33 The variables involved in particle manufacture can
be adjusted to optimize the drug content, dissolution rate, particle
size (mass median aerodynamic diameter, MMAD and geometric
standard deviation, GSD), emitted dose (dose delivered from the
device) and fine particle dose3* The fine particle dose is the
proportion of the total dose below a defined particle size related to
the cut-off for entry into the lungs.

The complexity of pharmaceutical aerosol products contributes
to considerable regulatory oversight and compendial quality and
performance standards. The foregoing considerations require
products to meet release specifications reproducibly and at
minimum expense in terms of time, resources and cost. These are
important elements in the development of commercially viable
products in general, and especially in the context of products for
the treatment of diseases of poverty with regard to the ultimate
viability of the product in the country of use.

4. Formulation

Numerous papers are available in the literature on formulating
inhaled therapies for TB, but no anti-tubercular inhalable
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Figure 2. Important elements (inputs) of the major components of an aerosol product and their combined performance characteristics (outputs).

formulation is yet available in clinics.3> The reason for this delay
may reside in the complexity of engineering drugs in respirable
formulations, using safe and accepted excipients and developing
scalable processes.>®37 Aerosolized solids or liquids need to possess
proper particle sizes and morphology, as well as sufficient drug
loading. For clinical relevance in topical or systemic inhalation
treatments they must reach the deep airways and deliver a dose of
therapeutic molecules suitable for the therapeutic purpose.®

Anti-TB drugs have been formulated into particles for pulmo-
nary delivery by a number of researchers.>®~4% Incorporation of
drugs into particles offers improved stability and protection of the
molecule of interest against, e.g., enzymatic degradation, sustained
drug action and release, enhancing bioavailability of poorly soluble
therapeutics and drug targeting to specific organs, cells or recep-
tors. In addition, the small size of nanoparticles (<200 nm) allows
them to escape both phagocytic and mucociliary clearance mech-
anisms in the lung.#1#?

4.1. Drug vesicles for nebulization

The first and most simple approach to deliver drug solutions
directly to the lungs by nebulization was followed by the use of
aerosolized liposome suspensions. Drug incorporation into lipo-
somes had the main aims of solving solubility/pharmacokinetics
issues and of reducing systemic toxicity as well as increasing lung
penetration and residence time.*?

Most of the liposomal anti-tubercular drugs proposed in the
scientific literature were conceived for administration by injection.
The most studied formulation, MiKasome®, is an injectable small
unilamellar vesicle (SUV) suspension containing Amikacin (AMK),
patented and produced by former NeXstar, now Gilead.#4%

Capreomycin (CPR) has been prepared as a liposomal formulation
for pulmonary administration. Among others, distearoylphos-
phatidylcholine was shown to be the most suitable phospholipid
with regard to vesicle stability and lipid—drug interaction. The
vesicles had a narrow size distribution, with a mean diameter lower
than 200 nm. They contained 10—13% by weight of the drug, and
possessed a smooth surface and spherical/ellipsoidal morphology.
These characteristics demonstrated their suitability for use in

inhaled formulations.*® By using both freeze-thawing technique and
a response surface methodology, the drug content was further
improved.#’ Isoniazid (INH) and rifampicin (RIF)-loaded multi-
lamellar vesicles, when administered to guinea pigs as nebulized
suspensions, yielded detectable plasma drug levels up to 48 h after
administration, while nebulized free drugs were no longer detected
after the first 24 h.*® Recent lung deposition and clearance studies
performed in human volunteers using gamma scintigraphy showed
that 24 and 48 h after inhalation of AMK-loaded liposomal suspen-
sions, 60.4% and 38.3% of radioactivity was still detected.*®

Ligand-mediated targeting has been investigated as a supple-
mentary approach to increase drug accumulation in AMs. Thus,
aerosol administration of ligand-tagged liposomes showed prefer-
ential accumulation in lungs with a high drug concentration detect-
able even after 24 h. RIF-loaded maleylated bovine serum albumin or
O-SAP (O-steroyl amylopectin) tagged liposomes limited the survival
of Mycobacterium smegmatis inside macrophages to 7—11%. When
free drug and conventional liposomes were administered, myco-
bacterial viability was as high as ~46% and 32%, respectively.>°

In the specific case of liquid aerosols, whether free drug solu-
tions or liposomal/nanoparticle suspensions, droplet size is the
main determinant in lung deposition. Therefore, nebulizer features
and efficacy are very important for clinical outcomes.”">? In addi-
tion, nebulization stress has been shown to alter liposomal drug
properties.

A liposomal AMK formulation (Arikace™, registered trademark
of Transave, Inc., USA), developed as inhaled treatment for gram-
negative infections, has been tested after nebulization using an
Andersen cascade impactor. When material collected on different
stages of the impactor, representing fractions deposited in the
different regions of the respiratory tract and lung was analyzed,
some cause of concern emerged. Differences in lipid-to-drug ratio,
AMK retention, and liposome size were found between stages 1-5
and stage 0, suggesting the possibility of heterogeneity in material
reaching different parts of the respiratory tract.”>

Liposomal formulations, due to the high biological safety of
phospholipids, the natural lung surfactants, and the existence of
different products for pediatric use in the market,>* have a strong
chance to reach the clinic in a short time.
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4.2. Drug powders for inhalation

Another interesting and promising approach is the formulation
of active pharmaceutical ingredients as respirable dry powders.

CPR has been formulated as dry powder by spray drying, by
different investigators.>”>>3¢ Using 1—leucine as the main excip-
ient, it was possible to obtain inhalable particles with drug contents
from about 60 to 93%.°>° These formulations, assessed in guinea
pigs, showed an absolute bioavailability of 59% with an increase in
half-life of the drug. These results demonstrated the usefulness of
inhalation therapy to reduce the overall administered dose. Inha-
lation, when compared to the conventional intramuscular route,
was able to produce bioequivalent concentrations in the lungs at
a lower dose. Inhaled CPR reduced inflammation, bacterial count
and granulomas in the lungs. However, only i.m. administration
reduced the bacterial count in the spleen, suggesting that inhala-
tion therapies may not be sufficient for managing extra-pulmonary
TB.>>36 Other authors prepared respirable powders by ion-pairing
CPR with sodium oleate. CPR oleate particles of size and shape
suitable for inhalation were obtained by homogenization and spray
drying.3”

4.3. Microparticles, nanoparticles and composites

One of the most studied approaches in the last decade is the
formulation of anti-tubercular drugs as respirable insoluble
microparticles (MPs).32°78 Besides targeted drug delivery to the
lungs, or more specifically, lung macrophages, there are indications
that MPs can activate bactericidal macrophage responses as dis-
cussed below. Studies by Hickey et al. demonstrated significantly
higher efficacy of RIF in poly(lactic-co-glycolic acid) (PLGA)
MPs.32°7 Particle administration to infected guinea pigs led to
a significant reduction of spleen inflammation when compared to
the free drug.>’ Daily doses of RIF solutions over 10 or 20 days had
a positive effect on pulmonary and splenic inflammation but not on
the number of viable bacteria in the lungs, while a single admin-
istration of MPs or 20 days of dosing with free RIF equally decreased
the bacteria population in the spleen. Besides, PLGA MPs increased
drug residence time in the lungs.’® These observations, too, high-
light the issue of targeting pulmonary versus extra-pulmonary TB
by inhaled therapies.

PLGA MPs have been used to deliver INH or a combination of INH
and RIE>%50 This approach led to a higher drug accumulation in
macrophages when compared to free drugs. Further studies showed
that the administration of respirable poly(lactic acid) (PLA) MPs
loaded with rifabutin (RFB) and INH, led to intracellular concentra-
tions four-fold higher than the controls (drug solutions).%!

Conventional and large porous PLGA MPs have been also
proposed as carriers for CPR.5%63 Labeled MPs of about 5 pm in
diameter could be efficiently and completely taken up by murine
AM, within <3 h%

Recently, RIF encapsulated in PLGA microspheres was adminis-
tered to TB-infected rats.®* This study showed that particles were
not toxic since their phagocytosis did not produce any inflamma-
tory mediators (i.e., TNF-a, NO) and could be considered as biosafe
for the lungs. Moreover, particles were taken up very efficiently by
macrophages inducing a potent bactericidal effect.5*

RIF-loaded PLGA nanoparticles (NP) embedded in mannitol MS
have been prepared using a four-fluid nozzle spray-dryer.> These
composite particles possess the advantages of nanoparticles
without their drawbacks (e.g., poor aerosolization). However, some
doubts are expressed regarding the capability of NP to be taken up
in vivo after mannitol solubilixation since the reported macrophage
uptake was quite low (<10%).%°

5. Materials of construction (excipients) and inhalation safety

Alimited number of substances are approved by drug regulatory
agencies worldwide for use in inhalation therapy. In general, the
choice is among the excipients used in injectable dosage forms.
However, innovation in the field requires new solutions for new
formulation problems. A recent review of excipients and formula-
tion strategies addresses the relevant issues in detail.®®

Excipients may be categorized according to the type of inhala-
tion product. For nebulization solutions, excipients are typically the
same as used in injectables or large-volume parenterals for pH and
osmolarity control, preservation or solubilization and wettability.

DPI often avoid excipients if the shape and size of dry particles is
sufficient for ensuring respirability of the formulation. In some cases,
sugars, amino acids or soluble polymers are used as particle shapers.
These excipients are employed for constructing respirable particles
with techniques such as spray drying. Sustained-release polymers,
such as PLA/PLGA or other polyesters, polyacrylates, albumin, chi-
tosan or alginates are studied for extending the lung residence time
of compounds. The goal is to increase efficacy and allow safer low
doses to be effective. Biocompatible/biodegradable polymers are
considered in particular for escaping or targeting macrophage
uptake. In general, particles made up of polymers that are hydro-
philic are taken up less efficiently by macrophages. For highly potent
anti-TB agents (e.g. siRNA), when the dose is very low, lactose may be
used as a ‘carrier’ for constructing ordered mixtures. It is important
to stress that lactose intended for use in pulmonary delivery is
a large-sized powder used for flow and packing improvement.
During aerosolization, micronized drug particles are detached and
lactose particles are deposited in the mouth.

MDI require the use of propellant. Currently, hydrofluoroalkanes
(HFA) are used as propellants, since the elimination of chlorofluoro-
carbons (CFC). However, there are formulation and processing issues
associated with the use of HFA.%7 The search for suspension aids to
prepare high-quality suspensions or solubilizers to enable solution
formulations at high doses continues. Lipids, phospholipids or
surfactants are often present in the MDI formulations.

The formulation of inhaled therapies outlined above does not cite
avariety of materials used in their preparation, since the introduction
of a never-used-before adjuvant requires safety demonstration before
it is accepted. Inhalation safety and toxicity are important consider-
ations, especially in the light of reports indicating that clinicians, too,
might overlook this crucial aspect. For instance, the anti-influenza
drug Relanza® is formulated as a dry powder for inhalation. It was
reported that the inhalation product was removed from its FDA-
approved packaging and administered by nebulization to a patient on
ventilator support. This led to clogging of the ventilator by lactose
present in the formulation, and the death of the patient in con-
sequence (http://www.fda.gov/safety/medwatch/safetyinformation/
safetyalertsforhumanmedicalproducts/ucm186081.htm). Addition-
ally, although concerns generated by reports of altered lung function
as a result of inhaled insulin (Exubera®) were unfounded as these
complications were not due to inflammation of the lungs or airways,’®
development of inhaled TB therapies needs to pay attention to the
immunological status of the tubercular lung.

Thus, hypoallergenic materials such as lactose, mannitol, sodium
citrate dihydrate, glycine, lysine, leucine, etc. described above, are
generally used in inhalation products, including Exubra® Such
material is ‘generally regarded as safe’ and is not known to modify
immune response to the inhalant in the lung.%®

Biodegradable polymers, mainly the PLA-PLGA series, too, enjoy
a long record of clinical safety in applications including injected drug
delivery systems and surgical sutures. However, concerns have been
voiced regarding continued administration of polymeric micropar-
ticles or nanoparticles over a time period of several months.
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Some concerns, however, accompany the use of long-chain
polymers that are not biodegradable, such as poly(ethylene glycol),
and lipids. These concerns arise from incomplete knowledge of
how lung tissue might respond to the continued presence of foreign
material. However, innovative use of lipid surfactants can offer two
advantages. Lipids such as dipalmitoylphosphatidylcholine (DPPC)
can be used to formulate liposomes containing 1—3 first-line anti-
TB drugs.”? These liposomes have the potential to interact with
endogenous lung surfactant to reduce alveolar atelectasis induced
by Mtb products,’’ while also increasing the supply of drugs
available at the alveolar surface.”?

6. Targeting alveolar macrophages

There are two objectives of targeting AMs using inhaled thera-
pies. First, such targeting can deliver extremely large amounts of
the anti-TB drugs to the macrophage cytosol, even potentially
sufficient to overcome drug resistance. Second, uptake of particles
by macrophages has the potential to activate infected macrophages.
A recent paper on RIF-loaded PLGA MPs reported that infected
macrophages possess an enhanced phagocytic activity with respect
to uninfected cells. This is a very interesting finding since it
demonstrates that phagocytic activity, during infection, is not only
maintained but even increased.”?

6.1. Size, shape and surface characteristics relevant to targeting

Pulmonary delivery formulations intended for macrophage
targeting should be easily recognized and phagocytosed by infected
AM. For this purpose, they should possess appropriate physical
dimensions and surface characteristics. Thus, although there is in
vitro evidence of activation of human macrophages with particles
as large as 90 pm,” the size amenable to phagocytosis is 1—10 pm,
with an optimum of 3 ym.”>

Similarly, the surface characteristics are important for both
phagocytosis and macrophage activation. The biocompatible and
biodegradable carrier PLGA is widely used in inhaled therapies.
Makino et al. have developed a formulation for inhaled therapy
with RIE.54737576 These authors demonstrated that phagocytosis of
particles made up of poly(styrene), an extremely hydrophobic
material, is less efficient than that of PLGA particles of equivalent
size and shape but of lower hydrophobicity. Misra et al.>®6! have
employed an extremely hydrophobic biodegradable polymer, high
molecular weight poly(i-lactic acid), but still report efficient
phagocytosis. This may be due to the fact that their formulations
contain an unusually high drug payload, which could modify the
surface characteristics of the particles by virtue of high surface
density of drug molecules. Hickey et al. demonstrated the advan-
tage of particles with an elliptical geometry for macrophage
uptake.”” However, surface and shape can also affect lung deposi-
tion of inhaled therapies.

6.2. Deposition in the airways and alveoli

Medication using DPI can result in high local levels of drug in
epithelial lining fluid of the airways and lower respiratory tract.
Drugs administered topically to the lungs, via aerosol are attractive
in that they achieve higher levels in the lungs with fewer systemic
side effects. Particles with aerodynamic diameter between 2 and
5 pm can effectively reach deep in the lungs. The ‘fine particle
fraction’ (FPF), defined as % particulate matter below a threshold
size, can be used to predict lung deposition.”® In the airways, the
humidity is very high, at almost 100%. Therefore, the drug carrier
has to resist wetting and subsequent aggregation in the respiratory
tract. It can thus be appreciated that the twin objectives of lung

deposition and macrophage targeting will depend strongly on size,
shape and surface properties of drug carrier systems.

7. Inhaled formulations of second-line anti-TB medications

Whereas first-line medications for TB seem to be amenable to
uptake via the lung as nebulized agents, the question is whether
there is really a compelling need for altering the conventional route
of administration for agents that are adequately absorbed and
distributed via the oral route. A point of consideration might be that
adjunctive therapy by the pulmonary route of a drug that is also
orally dosed, in order to achieve higher concentrations at the site of
infection, might hold distinct advantages. For example, current
clinical studies with rifampicin indicate that higher doses might be
desirable to avoid relapse of disease. Given firmly established WHO
and other agency protocols for treatment of TB worldwide by pre-
defined dosage forms of fixed-dose combination oral drugs, and the
large current market for FDCs, realigning policies and the
manufacturing industry towards altered FDC dosage forms would
be difficult and slow. Addition of drug such as rifampicin in
a unique formulation would make sense under such a scenario.
Similarly, new compounds dosed to the lung as adjunct therapy
would have the same advantages.®

Second-line (reserve) drugs for TB pose special challenges for
delivery. Most of the current drugs used for the treatment of MDR-
TB are moderately potent, show restrictions with absorption or oral
bioavailability, and have toxicity profiles that make patient
management difficult. These drugs could be primary targets for
development as inhalable agents. In 2001, Sacks et al. published
a study of inhaled aminoglycosides (kanamycin and/or gentamicin)
as salvage therapy for patients in South Africa that had remained
culture positive for 2 months or more despite appropriate
conventional drugs.”® The population included 7 patients with drug
susceptible and 12 with drug resistant TB, including 6 who were
HIV-positive. These were all patients with unusually persistent
positive sputum smears and cultures, with average smear positivity
of 96 days, but ranging up to 439 days. Control subjects included
only drug susceptible patients. Despite selecting for persistent
culture positivity, among patients with drug susceptible isolates, 2
of 3 with cultures examined were negative within the first month
of inhaled treatment. Among the 12 patients with drug resistant
isolates, only 3 had cultures sent within 3 months of starting
inhaled aminoglycoside therapy and all were negative. Overall, 68%
of the patients converted their sputa from smear positive to
negative while on therapy, including 6 of the 7 with drug suscep-
tible and 7 of the 12 drug resistant TB. Among the 13 who converted
their sputum, the median time to conversion was 23 days, but the
authors note that shorter times to conversion might have been
observed had sputum samples been obtained earlier in the course
of treatment.

A few second-line anti-TB drugs have been formulated in dry
microparticles for pulmonary delivery, including capreomycin®>®
and para-aminosalicylic acid.8® Results indicated that direct
delivery to the lungs indeed results in high local concentrations and
reduced bacterial burden compared to the same treatments deliv-
ered via other routes, offering the possibility of reduced doses and
systemic side effects.

Ofloxacin (OFX) has been studied for lung delivery in hyalur-
onan microspheres.?”> These particles were characterized by good
aerosolization efficiency when combined with lactose used as
carrier and were able to efficiently deliver the drug to the lungs.
Even though hyaluronan forms a mucoadhesive gel in contact with
broncheoalveolar fluids, OFX uptake by macrophages was higher
when formulated in this fashion as compared to the drug alone.
Intratracheal administration of OFX-loaded hyaluronan particles
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resulted in 50% lower serum bioavailability with respect to intra-
venous or oral OFX. This observation supports the view that inhaled
MPs may reduce systemic side effects, but also suggests that extra-
pulmonary TB may not be addressed by inhaled therapies alone.®>

Capreomycin (CM) has been dosed by intravenous (IV) and
intramuscular (IM) routes of administration for several decades in
the treatment of TB; therefore its safety, side effect profile and
tolerability by these routes are well understood and characterized
in humans. It is expected that doses of CM delivered by the inhaled
route will produce much lower systemic levels than CM given by
the IM or IV routes.

8. “Stimulating the phagocytes”—macrophage activation
induced by phagocytosis of inhaled formulations

Phagocytosed Mtb is resistant to phagosomal digestion and
proliferates in AMs by making use of them as incubators®!%2 and
inducing ‘inappropriate’ or ‘alternative’ activation.'® It is expected
that delivery of microspheres (MS) to AMs may induce classical,
bactericidal activation upon phagocytosis.?%$384 According to this
strategy, considerable attention has been paid to the development
of anti-tuberculosis agent-containing respirable MS. First of all, the
MS should be inhalable to reach AMs, but the MS should also meet
at least 3 requirements; MS should be 1) well phagocytosed by Mtb-
infected AMs,”>7>76 and not inhibited by lung surfactant®38; 2)
effective in killing Mtb through payload delivery,®* macrophage
activation,'? or a combination of both®”; and 3) non-toxic to AMs.%*
Figure 3 illustrates the difference in intracellular drug concentra-
tions achieved by administering either MS or drugs in solution to
cultured macrophages infected in vitro.

Avariety of pathways may be induced in infected AMs following
phagocytosis of MS. It has been proposed that natural ligands of Toll-
like receptors (TLRs) such as alginate may be used as a material of
construction of MS for oral delivery.38 Such MS may induce proin-
flammatory cascades conducive to Kkilling intracellular bacteria.
Chitosan is a similar material, and has been used for pulmonary
delivery of a candidate TB vaccine.?® Some authors argue that just
the event of phagocytosis by an Mtb-infected AM may be sufficient
to induce classical activation. Thus, production of reactive oxygen
species (ROS) and nitrogen intermediates (RNI)'?; secretion of
proinflammatory cytokines like TNF, IL-6 and IL-12,'%89 induction of
apoptosis rather than necrosis of infected macrophages,”® have all
been demonstrated to result from exposure of infected AM to drug-
containing and blank MS.

PLGA has been commonly used for the base of MS, because it is
biodegradable and biocompatible. Phagocytosis of MS increases
with increase in the particle number of MS, and optimum size for
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Figure 3. Effective uptake of rifampicin in a form of PLGA MS by the alveolar
macrophage cell line NR8383.2% Results after incubation for 12 h. Average diameter of
MS was 2 um.

phagocytosis is between 3 and 6 pm.”>759192 [n addition, phago-
cytosis of PLGA MS stimulates the phagocytic activity in such a way
that it increases both the population of phagocytic AM and the
number of MS that has been phagocytosed. The concentration of
intracellular rifampicin taken up by AMs in a form of PLGA MS is
about 20 times greater than that administered in a form of solution,
causing potent anti-tubercular activity. Phagocytosis of rifampicin-
loaded PLGA MS does not generate the toxic humoral factors to
AMs, such as TNF-¢, and NO, and the phagocytosis does not affect
the viability of AMs, showing that, PLGA MS are not toxic to AMs.%*
From these results PLGA MS loaded with anti-tubercular agent
meet the minimum requirements described above. Hence, delivery
of antibiotic-incorporated PLGA MS is promising for respirable
formulation targeting to AM that are infected with Mtb.

9. Novel payloads for inhaled TB therapies

Inhaled drug delivery offers opportunities to administer anti-TB
agents or modulators of innate immune function that might not be
amenable to conventional methods of drug delivery through oral or
injectable routes. For instance, Sukhanov et al. recently demon-
strated benefits in resolution of lung lesions in human patients
administered inhalations of cycloferon as an immunomodulator for
5 weeks.?> The nitroimidazopyran antibiotic PA-824 discussed
above is a novel payload, equally suited to pulmonary and oral
delivery through appropriate formulation. Aerosolized strepto-
mycin in combination with steroids has been demonstrated as safe
and efficacious in endobronchial stenosis due to TB.%4~%

The use of a host molecule, y-interferon (IFN-v), rather than
a conventional anti-TB drug was demonstrated clinically to offer
benefits in MDR-TB.%’ 7190 Thus, 500 pg doses of nebulized IFN-y
were deposited within alveoli and led to sputum conversion and
general improvement in all clinical parameters after 12 doses spread
over 1 month.%” The argument spelling out the rationale of these
studies was that IFN-v is a potent effector molecule that may induce
activation of several metabolic pathways in the infected macro-
phage. Hence, production of interleukin (IL)-1, upregulation of NOS
or induction of iNOS, NOX, PHOX and similar pathways of oxidative/
nitrosative radical generation, upregulation of MHC-I in addition to
MHC-II and consequent enhancement of intracellular antigen
presentation could be some of the pathways induced by IFN-y. All of
these would be inimical to the survival and proliferation of TB bacilli.
Similarly, IFN-a. has been used clinically with the objective of not
only inducing macrophage activation, but also of cross-regulating
the cytokine environment developing as a result of inappropriate
macrophage activation and immunopathology.’® The authors
reported reduction of sputum counts of Mth, improvement in clinical
parameters, and a significant change in the cytokine milieu of
patients administered IFN-a. Thus, patients receiving 3 MU/dose of
IFN-a, 3 times a week for 2 months showed highly significant
downregulation of tumor necrosis factor (TNF)-«, IL-1 and IL-6 in the
BAL fluid, while the control group (on conventional therapy alone)
displayed a much slower rate of depletion of these cytokines. These
results argue that inhaled IFN-a can speed up the process of disease
resolution.

Rather than the effector host molecule itself, inhaled therapies
incorporating chemical inducers of the relevant molecules would be
easier to prepare, store and distribute. Thus, muramyl dipeptide
(MDP), a generic ligand of the crucial Nod-like receptor family,'°>193
was investigated in rats and guinea pigs as a potential payload for
inhaled TB therapy.'® Macrophages exposed to inhaled MDP
showed upregulation of enzymes and dose-dependent increase in
NO production, indicating that relevant benefits might be derived
through the administration of MDP. Recent work on inhalable
microparticles incorporating US-FDA-approved NO donors such as
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isosorbide mononitrate and sodium nitroprusside, or agents such
S-nitroso thiols (S-nitrosoacetyl penicillamine, SNAP), has shown
encouraging results in vitro and in guinea pigs infected with Mtb
(Verma et al., unpublished). This work is based on a conjecture that
a deficiency in the ability of an infected macrophage to produce
bactericidal amounts of NO might be a contributing factor to
establishment of infection, and that providing the effector molecule
in the macrophage cytosol might contribute to bactericidal activity.

Rather than potentiate innate responses, a section of the patient
population might benefit from the administration of inhaled
steroidal anti-inflammatory agents.!% This approach argues that
a certain set of patients with persistent TB-associated fever may be
treated with inhaled prednisone or budenoside.!%® Reports of inhaled
phytochemicals, e.g., from Eucalyptus globulus, helping in clinical
management of TB may also be related to similar phenomena.'?”

Yet another novel approach to inhaled TB therapies is embodied
in the delivery of surfactant to the lung.!°® The authors demon-
strated in a cohort of 70 patients compared with age, stage and
gender-matched controls that a cumulative dose of 700 mg of
a surfactant designated as “Surfactant-BL” over 4 weeks resulted in
rapidly falling sputum counts in 70% of cases, complete sputum
conversion in 83% in 2 months, and highly improved resolution of
lesions. This approach is similar to that of Chimote et al. discussed
above,70-72109

The latest entrant among candidates that may be used in
inhaled TB therapies is siRNA targeting the host chemokine XCL-1
or lymphotactin, discussed in greater detail elsewhere in this
volume.'"® The most encouraging finding with reference to
pulmonary drug delivery is the observation that out of 10 ug of
a naked, 19-base RNA sequence delivered to the lungs of mice,
sufficient amounts were taken up by mouse AM, and continued to
exhibit up to 50% pull-down of the target RNA up to 3 days after
administration. Clearly, there are aspects of uptake and/or phag-
osome escape of macromolecules that require further study, but as
far as macromolecular drug delivery to AM is concerned, there is
room for optimism.

10. Drug disposition and pharmacokinetics following aerosol
delivery

Pharmacokinetics (PK) of anti-TB agents or immunomodulators
following inhalation of aerosols depend very strongly on aerosol
characteristics. The foremost requirement of inhaled therapies is
that the drug reaches the deep lungs with minimal loss in the
oropharynx and airways. Figure 4 below summarizes the path of
the drug from orally-inhaled aerosols.

Deposition of inhaled drug delivery aerosols has been exten-
sively reviewed,"""™"3 and is not revisited here. The key concepts
regarding deposition of orally-inhaled aerosols are:

e Aerodynamic rather than merely physical dimensions of
inhaled material direct its entrapment in the oropharynx and
upper airways; deposition in deep lung; or loss in expired air.

e Material deposited on the alveolar surface first encounters lung
surfactant, and is rapidly (1-5 min) phagocytosed by AM
unless it dissolves and permeates through lung epithelium.

e Poorly-aerated regions of the lungs receive lesser amounts of
inhaled material, and vice versa. Better perfused regions of the
lungs are depleted more rapidly of soluble material.

With specific regard to inhaled TB therapies, there are some
studies that highlight interesting aspects of pulmonary delivery PK.

Radio-iodinated IFN-y nebulized to healthy volunteers rapidly
saturated the lungs, regardless of the nebulizer load, and equally
rapidly decayed in concentration with bi-exponential kinetics.!'*
The relative contributions macrophage uptake and degradation
and of clearance from the lung through blood circulation could not
be established in this study. Capreomycin PK following inhalation
of large porous particles showed dose-dependent AUC and Cpax,
but similar bioavailability (41-59%) at the 3 dose levels tested in
guinea pigs.> This study also demonstrated near-complete uptake
of the drug presented to the lungs, such that BAL fluid recovered
12 h after dosing did not contain detectable capreomycin. Further,
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Figure 4. Overview of drug distribution rate processes affecting pharmacokinetics of inhaled formulations.
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pulmonary delivery smoothened out biphasic elimination kinetics
observed on parenteral dosing, reduced clearance (CL), and thereby
enhanced tq;. These results provide strong support to the objective
of using the lung as a portal of systemic delivery of anti-TB agents.

Large, porous particles of para-aminosalicylic acid (PAS)
formulated with dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
designed to avoid macrophage uptake showed additional inter-
esting results in a limited study on rats.8° The particles (5 mg) were
administered by intratracheal insufflation. Blood, BAL and lung
tissue was sampled over 6 h. Rapid rise of blood levels, followed by
rapid (biphasic?) decline was observed over a 3 h period. In BAL
fluid, however, no PAS was detectable after the first 15 min. Thus,

the phenomenon sometimes termed “lung capacitance”!® or

“depot”,'1® which refers to the establishment of a reservoir of the
drug in the lungs or airways following airway delivery, was not
observed in this study.

PK resulting from administration of controlled-release prepa-
rations is more complex. As evident from Figure 4, if drug release
from the formulation is itself a rate process, PK will reflect the effect
of the controlled drug release. Evidence to this effect is available
from studies on particles containing isoniazid (INH) and rifabutin
(RFB) in a fixed-dose combination.®” Serum concentration versus
time plots of the two agents indicated distinct absorption and
elimination phases after pulmonary delivery. In comparison to
intravenous administration of solutions containing equivalent
amounts of the two drugs, inhaled microparticles delivered longer-
lasting blood levels. Tissue distribution following inhalation of
microparticles was tilted very favorably towards accumulation in
lungs, and more specifically, lung macrophages. The liver and
kidney received a much lower amount in comparison to intrave-
nous administration of solutions. The limitations of currently-
available PK mathematical models for controlled delivery to the
lungs was brought out during this study — available non-
compartment models best fitting the data calculated an impossibly
large difference between AUC observed upon intravenous admin-
istration of INH (~17 pg/ml/h) and the same amount in inhaled
microparticles (~55 pug/ml/h). However, this study did not support
the observations of Khuller et al. who have repeatedly observed
sustained drug levels in the lungs for periods of 5—15 days after
a single nebulization.3840117

In monkeys (Verma et al., unpublished), blood levels, intracel-
lular concentrations in lung macrophages, and concentrations in
lung tissue, liver and kidney resembled the results observed in
mice.®” The use of the INH-RFB combination is proposed to give rise
to a situation of pharmacokinetic synergy, wherein the superior
early bactericidal activity of INH combines with sustained bacteri-
cidal concentrations of RFB.

In studying PK following pulmonary delivery, it is important to
distinguish between concentrations achieved in generalized lung
tissue, granulomata and caseous lesions, and also within the cytosol
of AM. Mouton has strongly questioned the relevance of analyzing
tissue homogenates for antimicrobial drug concentrations.'® The
need to establish PK at ‘the site of action’ deserves greater attention
when inhaled TB therapies are being designed.

11. Efficacy of inhaled therapies in animal studies

Unlike other dosage forms intended for oral or parenteral
delivery, aerosol product performance depends on a transient, non-
equilibrium phenomenon: aerosol generation. Droplet or particle
deposition in the lungs is known to be species dependent largely
because of anatomical and physiological differences. In addition,
the extent to which the pathogenesis of TB is replicated in animals
with respect to man varies. Consequently, a number of serious

considerations are required in the selection of an appropriate
species in which to conduct efficacy studies.

Important factors in the selection of an animal model include
tidal volume, breathing frequency and particle size cut-off for
penetration into the lungs. The first two of these factors have been
described in terms of allometric scaling where Y =aMP and for tidal
volume (mL) a = 7.69, b = 1.04 and breathing frequency (min~1),
a =535 and b = —0.26.1" The important features of the aerosol
employed is its mass median aerodynamic diameter, the measure
of central tendency, and geometric standard deviation, the measure
of distribution, these parameters define the dose in a size range
suitable for penetration into the lungs."! Ultimately the efficiency
of delivery of aerosol particles/droplets can be measured in phar-
macokinetic studies in both normal and infected animals to esti-
mate the dose deposited in the lungs by broncheoalveolar lavage
and systemic disposition.'2°

Several species have been used to study tuberculosis including,
mice, guinea pigs, rabbits and non-human primates.’?! The path-
ogenesis of disease in humans includes low dose aerosol infection
followed by primary granuloma formation, bacillemia, secondary
granuloma formation, cavity formation with necrosis and case-
ation. Of the species mentioned non-human primates are thought
to be most relevant models for humans. In contrast, mice require
large inocula to become infected where guinea pigs and rabbits are
susceptible to low dose infection. Mice and guinea pigs exhibit
granuloma formation but there is little evidence for cavity and
caseation. Rabbits in contrast to mice and guinea pigs exhibit
cavities and caseation. With respect to aerosol delivery the larger
the animal the greater the proportion of the aerosol dose delivered
in the shortest time. Methods of particle/aerosol delivery include
direct intubation followed by insufflation/instillation; nose-only
exposure and whole body exposure with passive inhalation by the
animals.

The Glasscol and Madison exposure chambers are classical
infection methods employed for all animals except non-human
primates. These are whole body exposure chambers where animals
with modest restraint are exposed to nebulized suspensions of
Mycobacterium tuberculosis. The baffle systems employed are
intended to reduce exposure to large droplets which results in very
dilute aerosols in sizes suitable for inhalation by the laboratory
animals. Inoculum doses can be modulated by changing the
concentration of the suspended micro-organisms. In the case of
mice, hundreds of colony-forming units (CFUs) are required to
establish the infection, whereas in guinea pigs and rabbits indi-
vidual or tens of CFUs are sufficient to achieve this objective.

Drug delivery requires an accurate knowledge of the dose
delivered. Consequently, the way in which animals receive aerosol
particles or droplets is important to the investigation of subsequent
disposition or effect.!*> Whole body exposure does not offer suffi-
cient control and allows animals to ingest drug deposited on their
exterior by grooming, which may confound interpretation of the
data. Consequently, the convention for the assessment of aerosol
drug effects has become initial studies using direct insufflation or
spray instillation to allow the pharmacokinetics of disposition to be
established followed by nose-only exposure studies in which a true
aerosol is delivered and the dose can be calculated with reference
to the insufflation/instillation studies.

Efficacy in response to aerosols delivered to the lungs of infected
animals has been recently reviewed elsewhere.> A variety of drugs
including rifampicin, rifabutin, rifapentine, isoniazid, ethambutol,
ethionamide and capreomycin have been studied as aerosols to
treat TB in laboratory animals. None has progressed to a treatment
trial at this point. In most cases a significant benefit, in terms of
reduction in bacterial burden in the lungs, and in some cases
systemically, were noted. These observations lead to the prospect of
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the use of aerosols to supplement therapy administered by other
routes and the possibility of rapid reduction in lung burden of
bacteria. Indeed, a recent patent indicates that complete steriliza-
tion (no organisms cultured from lungs or spleens) was achieved in
mice following pulmonary delivery anti-tubercular drugs.>> Work

continues on new

124125 and abandoned'?%'%7 drugs attempting to

open new opportunities for therapy.
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