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Foreword

“As a physician, I have seen how much pain TB patients experience after months of 
 treatment by intramuscular injection (IM). It is almost impossible to inject by IM after one 
month. I think that aerosol delivery is the future for TB drug delivery because it is directly 
delivered to the target organ, and it is even more important for patients who have a hard 
time to take pills. I believe that aerosol delivery of TB drug(s) will be a milestone in 
TB treatment if successful.” Li Liang, Vice Director Beijing Chest Hospital

Having plagued societies for centuries, tuberculosis (TB) is one of the oldest diseases 
known to man. While the first drug effective against TB was not developed until 1943, over 
the next three decades many additional anti‐TB drugs were discovered and developed that 
significantly reduced morbidity and mortality. Yet today it is estimated that one‐third of the 
world’s population is infected with Mycobacterium tuberculosis. The most recent World 
Health Organization’s report indicated that TB killed 1.5 million people in 2014, making it 
a larger cause of death than HIV/AIDS, which was responsible for 1.2 million deaths. 
Thus, despite the perception that tuberculosis is a disease of the past or a disease of only 
low‐income countries, it remains a major global public health challenge that carries signifi-
cant global and domestic disease burdens and risks. Because serious societal challenges 
remain, including extreme poverty, inequity, and disproportionate TB burdens in women 
and children, TB will remain a significant challenge for the foreseeable future. Furthermore, 
the face of TB is changing. While global numbers of new TB cases and TB deaths have 
decreased at an average rate of at least 2 percent per year, TB strains that are resistant to the 
most commonly used, inexpensive, and least‐toxic TB drugs have been identified in almost 
every country. These multidrug‐resistant TB (MDR‐TB) strains as well as the growing 
numbers of the even more serious extensively drug‐resistant TB (XDR‐TB) strains have 
been reported from nearly all countries. MDR‐TB and XDR‐TB cases can be exceedingly 
difficult and expensive to diagnose and treat successfully.
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One of the major barriers to treatment of MDR‐TB today is the high cost of second‐line 
drugs that may be 300 to 3000 times more expensive than first‐line therapy. Second‐line 
regimens which are administered for between 18 to 24 months are associated with signifi-
cant adverse events that often lead to discontinuation of treatment. Despite prolonged 
 treatment duration, these regimens are not associated with high cure rates and incomplete, 
sub‐optimal therapy of MDR‐TB likely contributes to emergence of XDR‐TB. In the face 
of M. tuberculosis strains resistant to all known classes of anti‐TB drugs, leaders in global 
public health are asking whether XDR‐TB is signaling a return to a pre‐antibiotic era in 
TB control. Thus the need for new TB drugs has never been more urgent. Importantly, the 
search for new regimens and alternative strategies requires a thorough understanding of the 
preparation and performance of dosage forms.

Recent important gains in TB discovery research, product development, and implemen-
tation science and regulatory approval of the first new TB drug in 30 years give reason for 
optimism. Systematic studies of the biological effects of TB infection are beginning to shed 
light on the complexity of the human immune response and the dynamic nature of the 
 disease process. As the disease becomes better understood in terms of both pathogen and 
host molecular biology there is an opportunity for new pharmaceutical approaches based 
on the route and means of delivery of a range of novel therapeutic agents. New studies are 
identifying molecules that can be used to diagnose TB or provide the basis of new TB vac-
cine research strategies, as well as critical biological processes against which new drug 
targets can be identified. Indeed the current global TB pipeline has multiple candidates in 
clinical trials  –  but there are few novel molecular entities. Many more candidates with 
novel mechanisms of action and chemical diversity are needed to overcome historical drug 
development attrition rates and emergence of resistance.

In the past, natural products have played a pivotal role in antibiotic drug discovery 
with most antibacterial drugs being derived from a natural product or natural product lead. 
A key challenge in the development of natural products as drugs is to combine their 
 inherent antibacterial properties with physicochemical properties that confer oral bioavail-
ability, an attribute that is highly desirable for treatment of MDR‐TB. Many drugs are lost 
to development due to lack of oral bioavailability. However, new approaches to TB drug 
delivery as described in the current volume have the potential to overcome this barrier. 
New developments in drug delivery systems and technologies open an exciting avenue that 
may potentially lead to the repurposing of old drugs and re‐evaluation of potential new 
drugs hitherto thought undeliverable.

Finally, while BCG vaccine remains the world’s most widely used vaccine and protects 
children against disseminated TB and meningitis, its effectiveness in preventing disease in 
adults varies widely. New candidate vaccines are being developed that provide protection 
against disease and possibly infection in animal models. Since the battle between the 
 pathogen and immune response in TB is fought out largely in the lung, it will be essential 
both to understand protective immune responses in the lung and how to deliver new  vaccine 
candidates to generate protection in the lung. This is another of the key issues in TB treated 
in this book.

This is a timely volume addressing the application of pharmaceutical sciences and 
 dosage‐form design to the development of novel strategies for TB therapy. This volume is 
arranged to consider the nature of disease, immunological responses, vaccine and drug 
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delivery, disposition and response. In addition to conventional treatments some novel 
approaches are presented that if successful would create rapid development pathways. The 
contributors are drawn from the relevant fields of microbiology, immunology, molecular 
biology, pharmaceutics, pharmacokinetics, and chemical and mechanical engineering. 
No doubt the knowledge shared by the authors will have a major impact upon development 
of urgently needed new tools to address the continuing global crisis of TB and the  increasing 
threat of drug‐resistant strains.

Gail H. Cassell, Ph.D., D.Sc. (hon)
Executive Vice President TB Drug Development
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The series Advances in Pharmaceutical Technology covers the principles, methods and 
technologies that the pharmaceutical industry uses to turn a candidate molecule or new 
chemical entity into a final drug form and hence a new medicine. The series will explore 
means of optimizing the therapeutic performance of a drug molecule by designing and 
manufacturing the best and most innovative of new formulations. The processes associated 
with the testing of new drugs, the key steps involved in the clinical trials process and the 
most recent approaches utilized in the manufacture of new medicinal products will all be 
reported. The focus of the series will very much be on new and emerging technologies and 
the latest methods used in the drug‐development process.

The topics covered by the series include the following:

Formulation: The manufacture of tablets in all forms (caplets, dispersible, fast‐melting) 
will be described, as will capsules, suppositories, solutions, suspensions and emulsions, 
aerosols and sprays, injections, powders, ointments and creams, sustained release and 
the latest transdermal products. The developments in engineering associated with fluid, 
powder and solids handling, solubility enhancement and colloidal systems, including the 
stability of emulsions and suspensions, will also be reported within the series. The influ-
ence of formulation design on the bioavailability of a drug will be discussed and the 
importance of formulation with respect to the development of an optimal final new 
medicinal product will be clearly illustrated.

Drug Delivery: The use of various excipients and their role in drug delivery will be 
reviewed. Amongst the topics to be reported and discussed will be a critical appraisal of 
the current range of modified‐release dosage forms currently in use and also those under 
development. The design and mechanism(s) of controlled‐release systems including 
macromolecular drug delivery, microparticulate‐controlled drug delivery, the delivery of 
biopharmaceuticals, delivery vehicles created for gastrointestinal tract‐targeted delivery, 
transdermal delivery and systems designed specifically for drug delivery to the lung will 
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all be reviewed and critically appraised. Further site‐specific systems used for the deliv-
ery of drugs across the blood–brain barrier including dendrimers, hydrogels and new 
innovative biomaterials will be reported.

Manufacturing: The key elements of the manufacturing steps involved in the production 
of new medicines will be explored in this series. The importance of crystallization; batch 
and continuous processing; seeding; and mixing including a description of the key 
 engineering principles relevant to the manufacture of new medicines will all be reviewed 
and reported. The fundamental processes of quality control including good laboratory 
practice, good manufacturing practice, Quality by Design, the Deming Cycle, Regulatory 
requirements and the design of appropriate robust statistical sampling procedures for the 
control of raw materials will all be an integral part of this book series.

An evaluation of the current analytical methods used to determine drug stability, as well 
as the quantitative identification of impurities, contaminants and adulterants in pharmaceu-
tical materials will be described, as will the production of therapeutic bio‐macromolecules, 
bacteria, viruses, yeasts, moulds, prions and toxins through chemical synthesis and emerg-
ing synthetic/molecular biology techniques. The importance of packaging including the 
compatibility of materials in contact with drug products and their barrier properties will 
also be explored.

Advances in Pharmaceutical Technology is intended as a comprehensive one‐stop shop for 
those interested in the development and manufacture of new medicines. The series will 
appeal to those working in the pharmaceutical and related industries, both large and small, 
and will also be valuable to those who are studying and learning about the drug‐ development 
process and the translation of those drugs into new life‐saving and life‐enriching medicines.

Dennis Douroumis
Alfred Fahr

Jűrgen Siepmann
Martin Snowden

Vladimir Torchilin



Tuberculosis remains the world’s most serious cause of disease due to a single infectious 
micro‐organism. Despite the development of a vaccine almost a century ago and with the 
advent of drug treatment in the intervening period we appear to be no closer to eradicating 
this disease. New vaccine antigens and novel drugs have been the major focus in prevention 
and treatment of tuberculosis. While great effort has been expended and progress has been 
made in drug therapy it has occurred at a remarkably slow pace. Indeed, the challenges 
posed by multiple and extensively drug‐resistant disease and co‐infection with human 
immuno‐deficiency virus have rendered the need for novel approaches urgent.

As the disease becomes better understood in terms of both pathogen and host molecular 
biology there is an opportunity for new pharmaceutical approaches based on the route and 
means of delivery of a range of novel therapeutic agents.

This volume is arranged to consider the nature of disease, immunological responses, 
vaccine and drug delivery, disposition and response. In addition to conventional treatments 
some novel approaches are presented that, if successful, would create rapid development 
pathways. The contributors are drawn from the relevant fields of microbiology, immunol-
ogy, molecular biology, pharmaceutics, pharmacokinetics, and chemical and mechanical 
engineering.

The role of therapeutic targeting strategy, dosage‐form design and route of administra-
tion in the effective treatment of tuberculosis has been a topic of personal interest that we 
have shared for approaching twenty years and it is our privilege to be able to bring current 
thinking on a range of topics into one volume. We owe a great deal to our friends and col-
leagues most of whom are authors of chapters in this volume who attended the meetings on 
‘Inhaled Tuberculosis Therapy’ held in New Delhi and Tokyo in 2009 and 2013, respec-
tively. Without their insight, enthusiasm and encouragement we would not have been able 
to complete this text.

Preface
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Introduction: A Guide to Treatment 

and Prevention of Tuberculosis 
Based on Principles of Dosage 

Form Design and Delivery

A.J. Hickey

RTI International, RTP, NC, USA

1.1 Background

Tuberculosis has been a scourge of mankind for millennia. The discovery by Koch of the 
causative organism Mycobacterium tuberculosis at the end of the nineteenth century was 
hailed as the discovery that would rapidly lead to its eradication [1]. Despite the speed of 
development of a vaccine, attenuated Mycobacterium bovis (bacille Calmette Guerin), and 
the discovery of a therapeutic drug within only a few decades, circumstances that could not 
have been foreseen with respect to new strains, multiple‐drug resistance and co‐infection 
with human immunodeficiency virus, have rendered the disease a more complicated chal-
lenge than originally envisaged.

As the twentieth century progressed physicians were horrified to discover that the vaccine 
was not universally protective and that resistance to the drug of choice, streptomycin, was 
increasing rapidly [2]. These observations led to further activities in both the realm of vaccine 
and drug development, the latter being the more clinically successful but the former yielding 
much need information on the pathogen, the host immunity and pathogenesis of disease.
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During this period pharmacy and pharmaceutical dosage form design were also entering 
a golden age. Manufacturing of drug products or compounding, which was traditionally 
an activity that took place in a pharmacy, was transferred to an industrial setting. 
Commercial products involving a variety of dosage form were being standardized to 
allow production on a scale previously unknown. The introduction of legislation regu-
lating the quality of products, particularly to address adulteration and ensure safety, 
commenced most notably in the 1930s with the Food Drug and Cosmetics Act of the 
United States [3]. In the latter half of the twentieth century the underlying physical 
chemistry and chemical engineering required to manufacture under rigorously controlled 
conditions that ensured the quality, uniformity, efficacy and safety of the product were 
developed.

With this background it is noteworthy that the parallel developments in dosage form and 
tuberculosis (TB) treatment led to their convergence in the early part of the twentieth 
 century when reproducible drug delivery could only be achieved by oral administration 
(tablets and capsules) or parenteral administration (injection). As a consequence, other 
routes and means of delivery were rarely, if ever, considered for the delivery of drugs or 
vaccines. This can be contrasted with the products of biotechnology developed in the late 
twentieth century for which both oral and parenteral administration were rarely feasible. Of 
course, the ease of delivery and the required dose were the leading reasons for the selection 
of these routes of administration.

There was a brief period in the middle of the twentieth century when the absence of 
new drugs and the increase in drug resistance led to studies of inhaled therapy for tuber-
culosis but the development of new drugs resulted in this approach being abandoned and 
only revisited during times when there were no apparent oral and parenteral dosage forms 
to meet the immediate challenge. Figure 1.1 presents the number of publications that can 
be found in the accessible literature for the period since the initial rise in drug‐resistant 
tuberculosis in the 1940s. A subsequent peak appears following the rise in human immu-
nodeficiency virus co‐infected patients and multiple‐drug‐resistant tuberculosis requiring 
alternative therapeutic strategies.
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1.2 Dosage Form Classification

The route of administration by which drugs are delivered dictates the dosage form 
employed. The United States Pharmacopeia has classified therapeutic products in terms of 
three tiers: route of administration, dosage forms and performance test which captures all 
conventional and most novel strategies for disease treatment as shown in Figure 1.2 [4]. 
The performance measure of significance for the majority of dosage forms is the dissolu-
tion rate which, together with the biological parameter of permeability for those drugs 
presented at mucosal sites, dictates the appearance of the drug in the systemic circulation 
and ultimately its therapeutic effect.

1.2.1 Dosage Forms

It would not be possible to do justice to the science and technology underpinning the wide 
range of dosage forms available for drug delivery. However, to put those used in the treat-
ment and prevention of tuberculosis in context a brief review of the key components and 
processes involved may be helpful to the reader.

1.2.1.1 Solid Oral Dosage Forms

These consist of a mixture of powders each of which is intended to confer a desirable prop-
erty on the dosage form that leads to effective manufacture, drug delivery and therapeutic 
effect [5, 6].

In addition to the drug substance which must be well characterized, glidants help the 
powder flow which aids in filling, surfactants enhance dissolution and diluents are consid-
ered inert bulking agents that assist in metering small quantities of drug during filling and 
may help in compaction. Binding agents, as the name suggests, help in binding all compo-
nents into a granule or tablet to preserve the integrity of the dosage form on storage and 
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Figure 1.2 United States Pharmacopeia Taxonomy of Dosage Forms structured from: Tier 
1  – Route of Administration; through Tier 2  – Dosage Form to; Tier 3  – Performance (not 
shown). (Modified from ref. [4] Courtesy of Margareth Marques and the USP)
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prior to administration. The common dosage forms are capsules and tablets that differ in 
that the former consists of a powder or granulated loose fill while the latter requires com-
paction [5, 6]. The most common capsule is prepared with gelatin and filled with the 
optimized formulation of drug in excipients to allow for stability on storage and reproduc-
ible and efficacious dose delivery. Tablets also contain the drug and excipient compacted 
into a single solid dosage form that has desired performance properties in terms of stabil-
ity, dissolution, dose delivery and efficacy. Biopharmaceutical considerations are of great 
significance to the disposition of drugs from solid oral dosage forms. Their behavior under 
the wide range of pH conditions (1–8) in the gastro‐intestinal tract and an understanding 
of the influence of anatomy and physiology on local residence time and regions of absorp-
tion are significant considerations in optimization of the dosage form. Relatively recently 
the publication of Lipinski’s rules [7] and the biopharmaceutical classification system [8] 
have been an enormous help in the selection of drugs and requirements of formulations 
that correlate with successful drug delivery by the oral route of administration.

1.2.1.2 Parenteral Dosage Forms

These are intended for injection either directly into the blood circulation [intravenous (IV)] 
or at a site from which the drug can readily be transported to the vasculature as would occur 
following subcutaneous or intramuscular administration [9]. There are other infrequently 
employed (intraperitoneal) or specialized (intrathecal or intratumoral) sites of injection that 
are not relevant to tuberculosis therapy. The key elements of a parenteral dosage form are 
the requirement for a formulation suitable for delivery from a syringe through a needle to 
the intended site. The formulation can range from simple solutions to a variety of dispersed 
systems (emulsions, micelles, liposomes and solid suspensions). Important physico‐chemical 
properties must be considered to avoid local tissue damage on injection. Primarily these 
relate to the requirement to approximate physiological pH and ionic strength (tonicity) 
[10]. However, there are other safety considerations for injectable dispersed systems that 
relate to physical obstruction of capillaries (embolism), as well as uptake by the reticulo‐
endothelial system (inflammation, irritation or immune responses) [11]. The composition 
of any excipients, carrier systems and the nature of the injected active ingredient will dictate 
expectations of any of these responses.

1.2.1.3 Inhaled Dosage Forms

These deliver droplets or particles to the pulmonary mucosa that are then distributed locally 
and transported to the systemic circulation by absorption. The most important criteria for 
the efficacy of inhaled therapeutics are the aerodynamic particle size distribution and the 
dose delivered. The particle size range that is targeted for efficient delivery of drug to the 
lungs is 1–5 μm [12]. The United States Pharmacopeia has described types of inhaled drug 
product. Of those shown in Figure 1.3 the most important aerosol products for the treat-
ment of pulmonary disease fall into three categories: metered dose inhalers (MDIs), dry 
powder inhalers (DPIs), and nebulizer systems. MDIs employ high‐vapor‐pressure propel-
lant to deliver rapidly evaporating droplets containing the active ingredient; dry powder 
inhalers deliver particles of drug alone or by the use of a carrier particle; and nebulizers 
deliver aqueous solutions or suspensions of the active ingredient [12]. It is important to 
note that the primary performance measures for aerosol systems are aerodynamic particle 
size distribution and delivered dose since these are determinants of the drug reaching the 
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mucosal site for action or absorption. Owing to the solubility, very small particle size and 
surface area of inhaled particles and droplets, dissolution is rarely the dominant factor in 
drug bioavailability. However, where the drug substance exhibits poor solubility or is pre-
pared as a controlled release, dissolution is limited, and formulation dissolution rate will 
play an important role in location and extent of bioavailability.

Metered dose inhaler formulations are non‐aqueous‐based solutions or suspensions and 
in general are limited to delivering boluses of relatively low doses, rarely above a milligram. 
Dry powder inhalers in which carriers such as lactose particles are employed also deliver 
boluses of relatively low doses. However, the use of drug alone in engineered particles has 
increased the potential dose to 100 mg. Nebulizers do not deliver bolus doses, rather they 
deliver steady‐state aerosols from a reservoir until the fixed volume has been depleted. The 
total dose delivered from these devices is only limited by the rate (liquid volume/time) and 
duration of delivery. Delivery for 15–20 minutes is commonly conducted, and precedent for 
the dose of antimicrobial agent has been set at several hundred milligrams.

1.3 Controlled and Targeted Delivery

In the mid‐1980s the attention of some researchers turned to controlling the dissolution rate 
of orally administered drugs to treat tuberculosis by preparing polymeric microparticles 
[13, 14]. The intent was to more effectively deliver the drug and to potentially increase the 
duration of action by extending the period that circulating concentrations remained above 
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the minimum inhibitory concentration. Interestingly, when the dissolution profiles of 
rifampicin are examined as shown in Figure 1.4, the effect of pH, in the range of relevance 
to oral delivery, is to lower the dissolution rate and extent at lower pH. This raised the 
potential not only for controlled but also targeted delivery when particles of similar com-
position but in a respirable size range were delivered by inhalation. Aerosol particles that 
do not dissolve immediately when delivered to the lungs are phagocytosed by alveolar 
macrophages and the low pH (~5.0–5.5) in the endosome presents the opportunity for 
extended duration of delivery [15]. Therefore, the therapeutic effect will be enhanced in 
this location within the host cell for Mycobacterium tuberculosis [16, 17]. This observation 
has since launched a wide range of control and targeting strategies (nanoparticles, 
liposomes, micelles, etc.) for drug delivery to the lungs to treat tuberculosis [18]. The link 
to observations from oral delivery should not be forgotten. As more potent agents are devel-
oped and gastro‐intestinal targeting strategies are informed by greater biological and 
 biophysical understanding it is conceivable that lessons from pulmonary delivery can be 
translated into future options for oral dosage forms.

1.4 Physiological and Disease Considerations

Delivery of drugs by the oral route in tablets or capsules requires that the drug is absorbed 
and distributed from the gastro‐intestinal tract to the systemic circulation where it can sub-
sequently present to infected organs and tissues at concentrations sufficient (above the 
minimum inhibitory concentration) to treat the infection. The large volume of distribution 
for systemically circulating drugs currently in use for TB therapy usually requires large 
amounts of drug in order to achieve therapeutic concentrations. The need for multiple drug 
therapy for many months is a burden for patients and is seriously exacerbated in those with 
multiple or extensively drug‐resistant disease where many more drugs are administered for 
even longer periods of time. Simply ingesting the large quantities of medicine required is 
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an ordeal. However, in principle oral delivery remains the simplest means of administra-
tion, the least invasive and most convenient approach for the patient, and requires no special 
storage or disposal requirements.

Parenteral administration by whichever route (commonly subcutaneous, intramuscular, 
intravenous) ensures the delivery of a controlled dose and as an invasive method circum-
vents the need for absorption by placing the drug either in or near the circulatory system. 
However, this approach is quite often painful for the patient and has additional storage and 
hazardous waste disposal requirements that are not required for other dosage forms.

Tuberculosis is contracted by pulmonary deposition of virulent organisms and the sub-
sequent proliferation of disease from the lungs. The majority of individuals develop natural 
immunity that clearly originates at the pulmonary mucosa. Consequently, it is reasonable 
to propose that presentation of vaccines or drugs to this site will offer an advantage in 
disease prevention or therapy. Inhaled therapy has been well established through the 
administration of drugs to treat asthma and chronic obstructive pulmonary disease (COPD). 
More recently, the interest in treating other pulmonary infectious diseases has resulted in 
the approval of tobramycin to treat Pseudomonas aeruginosa in cases of cystic fibrosis 
[19]. Therefore, the precedent has been set for the delivery of doses of drug sufficient to 
treat local infection.

1.5 Therapeutic Considerations

When considering a route of administration several practical questions must be considered:

1. What is the target?
2. What dose is required for therapeutic effect?
3. What is the maximum tolerated or feasible dose?
4. Are there off‐target effects?
5. Are there any drug interactions?
6. Are there any metabolic considerations?
7. Are there drug specific physico‐chemical property limitations or advantages?

While there are many means and routes of administration it is generally accepted that for 
those drugs that are orally bioavailable following ingestion into the gastro‐intestinal tract, 
tablets and capsules are a desirable dosage form. However, not every drug, disease and 
indication lends itself to oral delivery.

The diversity of geographical locations in which tuberculosis occurs does not support 
every route of administration equally under all circumstances. It is particularly notable that 
parenteral products require needles, syringes and, often, cold chain for transport and storage. 
These requirements add an additional level of complexity in distribution and maintenance 
of an adequate supply in remote or impoverished locations.

The advent of multiple and extensively drug‐resistant disease and the conundrum of 
treatment that might be effective against latent or persistent disease has been the cause for 
exploring other routes and means of delivery of drugs, the most notable of which is aerosol 
therapy to the lungs.

In order to understand the role of the dosage form in effective disease treatment and 
prevention a range of considerations must be explored. The purpose of this volume is to 
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examine the pathogenesis of disease, animal models required to adequately assess new 
approaches, conventional and novel methods of preparing drugs and vaccines for delivery, 
testing strategies to evaluate the impact of any strategy, new considerations that might 
complement or disrupt the traditional approach to therapy (immunotherapeutics, biofilm 
busters, phage therapy) and finally anticipated clinical strategies. This will then serve the 
purpose of giving those involved in drug and vaccine development, dosage form design and 
delivery of therapeutic agents a foundation from which to consider the path to new and 
effective products.

1.6 Conclusion

Tuberculosis therapy and prevention has been driven by major discoveries in basic under-
standing of the disease, new drugs and potential new vaccines. However, the increase in 
multiple and extensively drug‐resistant tuberculosis, HIV co‐infection and absence of an 
approach to the treatment of latent and persistent disease still confounds our ability to con-
trol and ultimately eradicate this disease. The effectiveness of any drug or vaccine is only 
as good as the ability to deliver it in efficacious doses to the desired site of action which, in 
turn, is dictated by the nature of the dosage form, the delivery system and the disposition 
of the active agent following delivery. The intent of this volume is to consider the role that 
each of these elements plays currently, and explore future possibilities that arise from 
ongoing scientific and technological advances.
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2.1 Introduction

Tuberculosis (TB), caused by the slow‐growing, obligate human pathogen Mycobacterium 
tuberculosis (M. tuberculosis), has probably occurred in humans for a significant part of 
their history. Just exactly how long is a matter of debate, with differing dates suggested 
depending on the methodology and materials used. One study, based on whole genome 
sequences representing the diversity of M. tuberculosis across the planet [1], puts TB with 
humans since pre‐history, some 70,000 years ago, subsequently moving with human popu-
lations out of Africa and across the globe. This would mean that TB only arrived in the 
Americas post‐Columbus, and fits with the idea that M. tuberculosis first evolved to live in 
low‐density hunter‐gatherer populations where the chances of meeting a new host were low, 
making long‐term, latent infections an evolutionary advantage. Another study [2] is based 
on mycobacterial DNA collected from Peruvian skeletons with evidence of TB dating from 
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1028–1280 AD, so predating European contact. Genome analysis and two independent dating 
methods put the most recent common ancestor for the M. tuberculosis complex less than 
6,000 years ago, more than a 10‐fold difference compared with the Comas study [1]. The Bos 
phylogeny put the Peruvian strains close to M. pinnipedii, implicating a role for sea mammals 
transmitting the disease to humans across the ocean [2]. Which estimate is correct, or whether 
both can be reconciled, will require further archaeological material and confirmatory data.

Regardless of when TB arose in humans, it is a problem that remains with us into the 
21st century, despite all of the scientific, technological and medical advances that have 
been made. Current WHO data for 2012 report 9 million new cases of diagnosed disease 
and 1.5 million deaths, one person every 25 seconds – truly a sobering figure in the 21st 
century. There is an effective drug therapy available to treat those patients, but it requires 
3 or 4 drugs for at least 6 months, making compliance poor and effective maintenance of 
the drug supply difficult for a disease of low‐ and middle‐income countries, often with poor 
public health infra‐structure. Drug‐resistant organisms (MDR‐TB) are an increasing prob-
lem, with some infections (XDR‐TB) untreatable. However, even if we could successfully 
treat and cure those 9 million cases, there is, like an iceberg, a much bigger problem lying 
underneath. Based on immunological reactivity and epidemiology there are an estimated 
2 billion people carrying a sub‐clinical or latent infection with M. tuberculosis, each with a 
variable risk of the infection reactivating to become clinically significant with transmissi-
ble bacteria. We currently have no means of identifying who those patients are, no way to 
stratify their risk of reactivating infection, and no specific treatment. This highlights several 
key areas for the control of tuberculosis. We need new drugs to shorten treatment, tackle 
drug‐resistant organisms, and target sub‐clinical infections. To make optimal use of both 
new and existing drugs, we need better diagnostics so treatment can start early and disrupt 
transmission, and new ways to improve the immune response to tuberculosis, either through 
new vaccines or adjuncts to antimicrobial therapy that modulate the immune‐response in 
favor of the host. Only this combination of prevention and treatment of active and latent 
infection will allow us to reach the Millennium Development Goal of eradication of 
Tuberculosis by 2050 [3], and contribute to the new post‐2015 goals for poverty reduction 
and sustainable development [4]. Given the bacterium’s airborne route of transmission and 
highly adaptive nature to humans, this chapter reviews cellular and molecular events in the 
pathogenesis of M. tuberculosis, with emphasis on those applicable to the lung.

2.2 Lung

The lung is responsible for mediating gas exchange across a respiratory surface of 130 m2, 
which is more than 60 times the surface area of the body [5–7]. On average, this involves 
inhalation of 14,000 L of air each day [8] and processing not only of CO

2
 and O

2
, but also 

of pollutants, allergens, and microbes from the inhaled air. Efficient gas exchange requires 
a thin barrier between the air and blood; in some instances this barrier is composed of only 
one endothelial cell and one epithelial cell, and is less than 2 μm thick. The lung must main-
tain this thin barrier while clearing inhaled insults [5–7].

Upon inhalation, air passes through the nasal cavity to the pharynx, then to the trachea 
(Figure 2.1). The trachea contains pseudo‐stratified columnar epithelium, goblet cells that 
secrete mucus, ciliated cells, and short basal stems [49]. Following the trachea are the 
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Figure  2.1 Schematic of the lung and the role of pulmonary immune cells during M. 
tuberculosis infection. Top panel: Branching of the airways, culminating in the alveolar sacs 
and the alveolus. Also depicted are the cells in the alveolus. Bottom Table: A few key roles of 
immune cells during M. tuberculosis infection are listed. For more details and references, see 
text. Abbreviations: AEC I and II: Type I and II Alveolar Epithelial Cell, AM: Alveolar Macrophage, 
APC: Antigen‐Presenting Cell, BCG: Mycobacterium bovis bacillus Calmette–Guerin, DC: 
Dendritic Cell, IM: Interstitial Macrophage, IFNγ: Interferon Gamma, IVM: Intravascular 
Macrophage, MAIT: Mucosal Associated Invariant T, miRNAs: microRNAs, NK: Natural Killer, 
PPARγ: Peroxisome Proliferator‐Activated Receptor Gamma
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bronchi; the right bronchus is slightly wider and more vertical than the left, which is why 
inhaled objects predominantly transit the right bronchus [50]. The bronchi split into bron-
chioles, followed by terminal bronchioles, transitional bronchioles, and respiratory bron-
chioles. Transitional bronchioles are where the alveoli start to form and serve as the 
transition between conducting and acinar airways [7]. Respiratory bronchioles split into 
alveolar ducts and terminate at alveolar sacs. One acinus contains about 10,000 alveoli and 
there are a total of 480 million alveoli in the adult human lung (Figure 2.1) [5, 6, 51].

The lung uses multiple defenses to clear contaminants from the air, discussed in more 
detail below. Briefly, basic instincts like the coughing and sneezing reflex serve to remove 
particulates from the lung. Mucus, together with cilia, forms the mucociliary escalator 
which transfers particles up the trachea for removal. Also, epithelial cells in the airway 
secrete antimicrobials including lysozyme and antimicrobial peptides like defensins and 
cathelicidins [49, 52]. These defenses serve to clear particulates ≥ 5 μm in size. Anything 
smaller passes through the conducting system with velocity, eventually settling in the alve-
oli, where alveolar cells become responsible for their clearance.

2.2.1 Alveoli

The main three cell types in the alveolus are type I and type II alveolar epithelial cells (AECs) 
and alveolar macrophages (AMs) (Figure 2.1). These cells are coated by alveolar fluid and 
surfactant. External to the alveolus are the alveolar septa, which contain blood vessels, fibro-
blasts, protein fibers, and pores of Kohn. The fibers are responsible for the structural integrity 
of the alveolus. The pores of Kohn are holes in the septa that connect alveoli to each other, 
are filled with surfactant, and provide a passage for cells to migrate between alveoli [5, 53].

2.2.1.1 Alveolar Epithelial Cells (AECs)

Although Type I AECs constitute only 8% of peripheral lung cells (a third of the cells in the 
alveolus), they cover ~95% of the alveolar surface. Their thin flat shape, as well as their 
contact with endothelial cells of the pulmonary capillaries, provides the necessary thin 
surface for gas exchange to occur [5, 6]. The cuboidal Type II AECs constitute about 15% 
of peripheral lung cells, cover 5% of the alveolar surface and have a smaller surface area 
than Type I AECs, 250 μm2 compared with 5,000 μm2 [54, 55]. Type II AECs contain dis-
tinctive lamellar bodies and have apical microvilli. These cells secrete surfactant phospho-
lipids and proteins, as well as lysozyme and antimicrobial peptides in lamellar bodies [52, 
54]. Following lung damage, Type II AECs can serve as precursors to Type I cells and 
self‐renew [5, 6, 52]. These cells also express human leukocyte antigen (HLA) class I and 
II molecules [54], and murine cells can present mycobacterial antigens [56].

2.2.1.2 Alveolar Macrophages (AMs)

AMs constitute the majority of cells collected from bronchoalveolar lavage (BAL) (≥90%). 
They maintain the alveolar microenvironment, removing debris, dead cells, and microbes. 
They are long lived, with a half‐life of 1–8 months [57, 58], about 40% of total AMs turno-
ver each year [59]. AMs are thought to originate from peripheral blood monocytes follow-
ing migration into the lung [60], but may also originate from lung macrophages in response 
to inflammation [57, 61–65].
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AMs must exert tightly regulated pro‐ and anti‐inflammatory actions to control infection 
without damaging the fragile alveolar environment [59, 66]. Thus they exhibit characteris-
tics of M1 (classically activated) and M2 (alternatively activated) macrophages [9]. They 
express high levels of mannose receptor (MR), scavenger receptor‐A (SR‐A), toll‐like 
receptor 9 (TLR9), and the nuclear receptor peroxisome proliferator‐activated receptor 
gamma (PPARγ), and low levels of TLR2 and the co‐stimulatory molecules CD80 and 
CD86 [10, 59, 66]. Expression of PPARγ may be important for differentiation of AMs [67], 
which are highly phagocytic [68], but have a limited oxidative burst relative to neutrophils 
or peripheral blood mononuclear cells (PBMCs) [68, 69], and are weakly bactericidal [57]. 
They are poor antigen presenters [70] and down‐regulate the dendritic cells’ (DCs) ability 
to present antigen [71], and suppress lymphocyte activation [72].

2.2.2 The Different Lung Macrophages

The lung contains three types of macrophages, named based on their location: AMs, intra-
vascular macrophages (IVMs), and interstitial macrophages (IMs). IVMs are located in the 
capillaries on endothelial cells and IMs are in the interstitial space between alveoli [73, 74]. 
The IVMs and IMs are less understood than are AMs, likely due to the difficulty in isolat-
ing them. AMs are readily isolated from BAL following only a few washes, while IMs are 
obtained in the BAL following many washes [74], and many animals like mice and humans 
(in contrast to pigs and horses, for example) may not constitutively produce IVMs [73]. In 
rhesus macaques IMs were shown to have a higher turnover rate and to be shorter lived than 
AMs [75]. IMs are thought to regulate tissue fibrosis, inflammation, and antigen presenta-
tion [76] and to be more pro‐inflammatory than AMs [75]. IVMs are phagocytic and may 
clear erythrocytes and fibrin from the blood [73].

2.2.3 Other Immune Cells in the Lung

A few DCs are located in the alveoli interstitial space, but most are in the conducting air-
ways [5, 77]. In the alveoli, they sit below the AECs and extend membrane protrusions to 
sample the inner surface of the airway lumen [78]. Following antigen processing and pres-
entation, DCs migrate to local lymph nodes [79] and inducible bronchus‐associated lym-
phoid tissue (BALT) that forms in response to infection or inflammation [80, 81]. There are 
few lymphatic vessels around the alveoli so alveolar DCs must migrate through the inter-
stitium to access sites of lymphatic drainage [5]. Other immune cells, including T and B 
cells, are found in low amounts in the interstitium and are discussed below in relation to 
M. tuberculosis infection.

2.3 General Aspects of Mucus and Surfactant

Mucins are the main glycoproteins in mucus and are either tethered to epithelial cells 
or secreted. They are produced by submucosal glands and goblet cells, club cells, and 
alveolar cells in the conducting and peripheral airways. They bind particles and microbes 
to prevent their adherence to host cells and so mediate clearance via the mucociliary 
escalator [52].
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Pulmonary surfactant is produced by Type II AECs in the alveoli and is a complex 
 mixture of lipids and proteins that bathe cells in the alveolus and reduce surface tension to 
prevent alveolar collapse during expiration. Dipalmitoylphosphatidylcholine (DPPC) is the 
most abundant phospholipid in surfactant [82], but surfactant also contains surfactant pro-
teins (SPs) SP‐A, SP‐B, SP‐C, and SP‐D [83, 84]. In general, SP‐B and SP‐C maintain 
stability of the surfactant lipids while SP‐A and SP‐D are immunomodulators [52, 85]. 
SP‐A enhances apoptotic cell clearance by macrophages and regulates MR activity, the 
oxidative burst, and negative regulators of inflammation [86–91]; SP‐A also enhances mac-
rophage phagocytosis of M. tuberculosis [92–95]. In contrast, SP‐D agglutinates M. tuber-
culosis, which decreases macrophage phagocytosis. Intriguingly, the bacteria that are still 
phagocytosed show enhanced phagosome lysosome (PL) fusion and killing [96–98].

2.4 General M. tuberculosis

M. tuberculosis divides only once every 20 hours, which may be in part due to its complex 
cell envelope consisting of peptidoglycan, proteins (although these have been somewhat 
neglected [99]), and a diverse range of unusual long‐chain lipids (e.g., mycolic acids), car-
bohydrates and combinations thereof [e.g., lipoarabinomannan (LAM), lipomannan (LM), 
and phosphatidyl‐myo‐inositol mannosides (PIMs)]. Many of these are important in the 
interaction with the host, with 166 macrophage proteins of diverse function differentially 
expressed when exposed to mycobacterial cell wall lipids [100]. Several other recent 
reviews cover the specifics of the structure and biosynthesis of this large group of mole-
cules [101, 102], so this section will concentrate on some examples where recent progress 
has been made in understanding the biology of the cell wall lipids phthiocerol dimycocero-
sate (PDIM) and phenolic glycolipid (PGL).

PDIMs are important for in vivo infection of mice, as demonstrated by the severe atten-
uation of mutants deficient in PDIM synthesis or translocation [103–105]. It was subse-
quently shown that PDIMs are also spontaneously lost in vitro [106], impacting the 
immune response and making it difficult to interpret studies where PDIM status has 
not been established. How PDIMs facilitate mycobacterial infection in vivo has also now 
been studied; they are important for resisting interferon‐γ (IFNγ)‐independent immune 
responses [107], which are important during the early phase, at least of mouse infection, 
making M. tuberculosis strains that do not express PDIMs more susceptible to killing 
[108]. It has been proposed that PDIMs mask pathogen‐associated molecular patterns 
(PAMPs), and dampen TLR‐signaling and the recruitment of macrophages that produce 
microbicidal reactive nitrogen species [109]. PGLs are also involved in this, but they are 
not essential for virulence and are sometimes missing from clinical isolates. Loss of PGL 
correlates with a more inflammatory macrophage phenotype, while overproduction of 
PGL inhibits the release of pro‐inflammatory cytokines [110]. This suggests that these 
two mycobacterial lipids work in tandem to modulate the host immune response in favor 
of the pathogen. In the related M. marinum zebrafish system, PGL uses a C‐C chemokine 
receptor 2 (CCR2)‐mediated pathway to recruit mycobacteria‐permissive macrophages 
that do not produce reactive nitrogen species [109]. Whether this translates to human TB 
is as yet unclear.
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2.5 M. tuberculosis Interaction with the Lung Macrophage

2.5.1 Initial Interactions Following Inhalation

Human alveolar lining fluid (ALF) contains hydrolases that alter the M. tuberculosis cell wall, 
reducing exposure of mannose‐capped LAM (ManLAM) and trehalose 6,6’‐dimycolate 
(TDM; cord factor). ALF treatment of M. tuberculosis reduced its association with and 
intracellular replication in human macrophages and led to increased tumor necrosis factor 
(TNF)α release by macrophages [111]. Thus, initial exposure to surfactant may alter the 
M. tuberculosis cell wall before interaction with AMs or AECs and affect subsequent inter-
actions with the host, perhaps by altering the receptor primarily engaged by the bacteria.

2.5.2 Interactions with the Macrophage

2.5.2.1 Phagocytic Receptors

The MR (CD206) is highly expressed by AMs and subsets of DCs, but not by monocytes 
[112–116]. It is the dominant C‐type lectin on human AMs and monocyte‐derived mac-
rophages (MDMs) and recognizes endogenous N‐linked glycoproteins [117, 118] and 
mannose‐containing PAMPs [119] via its carbohydrate‐recognition domains (CRDs). The 
MR discriminates between mannose‐containing PAMPs based on the degree and nature of 
mannan motifs. It binds to the mannose caps of ManLAM [120, 121] and the higher order 
PIMs that are more mannosylated and found in greater amounts on pathogenic mycobacte-
ria [11], thus differentiating among M. tuberculosis strains [122, 123]. M. tuberculosis is 
thought to use molecular mimicry to bind the MR and mediate favorable entry into mac-
rophages, and usage of the MR may be a marker of host adaptation [121]. Binding to the 
MR mediates phagocytosis of M. tuberculosis and leads to decreased PL fusion [11, 12, 
124], acidification [125, 126], and oxidative burst [127], as well as release of anti‐inflam-
matory cytokines [128]. MR engagement also leads to increased PPARγ activity, which 
allows for enhanced survival of M. tuberculosis in the macrophage, discussed in more 
detail below [10]. The MR can facilitate presentation of lipids and ManLAM and serves as 
a prototypic pattern‐recognition receptor (PRR) linking innate and adaptive immunity, 
which has been exploited to deliver DNA vaccines to antigen‐presenting cells (APCs) [9]; 
and is being used to modulate the immune system for therapeutic and vaccine purposes 
[129]. The MR may also contribute to chronic stages of M. tuberculosis infection by medi-
ating homotypic cellular adhesion and giant‐cell formation [130], which are characteristic 
of TB granulomas [131, 132].

DC‐specific intercellular adhesion molecule 3 grabbing non‐integrin (DC‐SIGN) is 
expressed by DCs and subsets of macrophages [115, 133]. Its expression by human 
macrophages is generally low, but can be induced following M. tuberculosis infection 
[134] or other stimulation [135]. DC‐SIGN recognizes mannosylated glycoconjugates 
like M. tuberculosis ManLAM and PIMs [11, 21, 136]. DC‐SIGN activation during 
M.  tuberculosis infection leads to PL fusion (contrary to the MR) and impedes DC 
maturation [21, 137].

Macrophage‐inducible C‐type lectin (Mincle; Clec4e, Clecsf9) is expressed on leuko-
cytes at low levels before activation, but is highly expressed on mouse macrophages fol-
lowing stimulation [138]. Mincle recognizes damaged cells and fungi [139, 140]. It also 
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recognizes M. tuberculosis TDM, resulting in enhanced inflammatory cytokine production 
and granuloma formation [141, 142] but is not required for control of M. tuberculosis 
infection in mice [143].

Dectin‐1 is a non‐classical C‐type lectin that recognizes β‐glucans [144]. It is highly 
expressed on DCs, macrophages, monocytes, neutrophils, and a subset of T cells [145]. 
Dectin‐1 activation in conjunction with TLR4 during M. tuberculosis infection induces an 
interleukin (IL)‐17A response [146]. Similar to MR, Dectin‐1 differentiates between 
mycobacterium strains; activation by non‐pathogenic (M. smegmatis, M. phlei) and attenu-
ated [M. bovis bacillus Calmette–Guerin (BCG), M. tuberculosis H37Ra] mycobacteria, 
but not virulent M. tuberculosis H37Rv enhances TNFα, IL‐6, and regulated on activation, 
normal T cell expressed and secreted (RANTES) production by macrophages [147, 148]. 
Dectin‐1 activation inhibits replication of BCG, but not virulent M. tuberculosis, in human 
macrophages [149]. Dectin‐2 recognizes mannose‐containing lipids and is expressed by 
DC subsets and macrophages [150]. Its stimulation by ManLAM induces pro‐ and anti‐
inflammatory responses and promotes T cell‐mediated adaptive immunity in mice [151]. 
Dectin‐3 (also called MCL and Clec4d) recognizes TDM, and is required for TDM‐induced 
Mincle expression and production [152, 153].

Complement receptors CR1, CR3, and CR4 are major phagocytic receptors. They are 
expressed by monocytes, macrophages, neutrophils, and some lymphocytes, and their 
expression and activities change in a tissue‐ and differentiation‐specific manner. For exam-
ple, CR4 expression increases during differentiation of monocytes into macrophages and 
is the prominent CR on AMs [154, 155]. CRs can mediate phagocytosis of opsonized and 
non‐opsonized M. tuberculosis by human macrophages [13, 156–158]. CRs recognize 
 surface polysaccharides, PIMs, and glycopeptidolipids of non‐opsonized M. tuberculosis 
[159, 160].

FcγRs play a role in the phagocytosis of M. tuberculosis following opsonization of 
bacteria with immune‐specific antibody [13]; this leads to enhanced PL fusion [161].

2.5.2.2 Toll‐Like Receptors

TLRs are a highly conserved family of transmembrane PRRs that are expressed by 
many cells, including AMs and DCs [162–166]. TLRs are surface exposed (e.g., TLR2 
and TLR4) and intracellular (e.g., TLR9) [163]. They are classically thought of as pro‐
inflammatory through NFκB activation [167–169], but can also act through the negative 
regulators TRIF, IRF, and IRAK‐M [170, 171]. Recognition of M. tuberculosis occurs via 
TLRs 2, 4 and 9. Mycobacterial lipids [phospho‐myo‐inositol‐capped LAM (PILAM), 
PIM

2
 and PIM

6
], and 19 kDa lipoprotein are agonists of TLR2 [172, 173]. TLR4 recog-

nizes the heat‐shock protein 65 (hsp65) [363] and CpG motifs on the M. tuberculosis 
genome are ligands for TLR9 [174]. Studies in TLR knockout (KO) mice with M. tuber-
culosis have yielded contradictory results. Single and double KO mice exhibit a range of 
phenotypes in response to M. tuberculosis infection, ranging from enhanced mortality 
and defective IL‐12p40 and IFNγ responses [175–178]. Conversely, triple KO TLR2/4/9 
mice exhibited no loss of protective T cell responses, and growth of M. tuberculosis was 
similar in wild‐type and KO mice [179]. Myeloid differentiation factor 88 (MyD88), an 
adaptor utilized by most TLRs, was reported to be indispensable for control of mycobac-
terial growth [179, 180].
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2.5.2.3 Scavenger Receptors

There are at least eight different classes of SRs, which cooperate with other receptors to 
mediate their function [181]. AMs express at least four different SRs, the Class A SR‐A 
isoforms I and II (SRA‐I/II) and macrophage receptor with collagenous structure (MARCO) 
and the Class B receptor CD36. SRA‐I/II bind to most polyanionic molecules [182, 183], 
MARCO removes unopsonized particles in the lung [184], and CD36 removes apoptotic 
cells and oxidized LDL [185]. SRs mediate M. tuberculosis binding to macrophages [186]. 
MARCO cooperates with TLR2 and CD14 to initiate cytokine release following recogni-
tion of M. tuberculosis TDM [187]. CD36 contributes to foam cell generation during 
M. tuberculosis infection [188] and PPARγ production during BCG infection [189]. PPARγ 
induces CD36 expression in human AMs [190]. The specific role of different SRs during 
M. tuberculosis infection is unclear, likely due to a redundancy in scavenger receptor 
expression [191]. Infection of SRA‐I/II [192, 193] and MARCO [194] single KO mice 
indicates that these SRs may play a role in limiting inflammation and resistance to pulmo-
nary pathogens. CD36 KO mice are more resistant to M. tuberculosis infection [195]. 
Further work is needed to understand the role of SRs during M. tuberculosis infection.

2.5.2.4 Phagosome Maturation

Typical phagosome maturation involves sequential fusion of the phagosome with early 
endosomes, late endosomes, and lysosomes during which process the pH decreases to 4.5–
5.0 through the actions of a vacuolar ATPase. The phagosome also acquires antimicrobial 
peptides and proteases, including cathepsins that are activated by the low pH in the phago-
some. These factors all contribute to the bactericidal nature of the mature phagosome and 
mediate clearance of the ingested particle [196]. However, some pathogens, including 
M. tuberculosis, modify the phagosome such that it becomes a niche for intracellular repli-
cation. M. tuberculosis phagosomes do not fully acidify, reaching a pH of 6.2, and do not fuse 
with lysosomes (Rab5, but not Rab7, is acquired). Many M. tuberculosis components inter-
fere with this maturation, including ESAT‐6/CFP‐10 (early secretory antigenic target  
6/culture filtrate protein 10), SecA1/2, ManLAM, and TDM [137, 197–200]. ManLAM 
inhibits PL fusion through the macrophage MR [12]. Recent work showed that a mycobac-
terial lipoprotein LprG binds ManLAM and controls its distribution in the mycobacterial 
envelope. Mutants of M. tuberculosis lacking LprG have less ManLAM on their surface 
and are less able to inhibit PL fusion [201, 202].

It has been proposed that M. tuberculosis can escape the phagosome and reside in the 
cytosol. This is controversial, with debate as to whether M. tuberculosis replicates in the 
cytosol or is released in conjunction with macrophage cell death [203]. Cytosolic localiza-
tion has been proposed because experiments in the 1980–1990s provided electron micros-
copy images showing intracellular M. tuberculosis independent of phagosome membranes 
[204–206], and components of M. tuberculosis were detected in the cytosol following 
infection in a region of difference‐1 (RD‐1) and ESAT‐6‐dependent manner [207–209]. 
An explanation for the latter observation besides complete phagosome membrane dissolu-
tion is that the RD‐1‐dependent ESX‐1 secretion system perforates, but does not destroy, 
the phagosome membrane, resulting in a ‘leaky’ phagosome [210, 211]. This ‘leaky’ 
phagosome would allow M. tuberculosis components access to the cytosol, and explain 
how M. tuberculosis infection leads to activation of cytosolic immune receptors.
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2.5.2.5 Autophagy

Macroautophagy is a major form of autophagy, hereafter referred to simply as autophagy, 
that involves the entrapment of cytosolic compounds into double‐membrane vesicles that 
fuse with lysosomes to mediate degradation. This process is involved in cell maintenance, 
and can also be used to limit infection [212–214]. Starvation, rapamycin, TLRs, 2’‐5’ 
cyclic GMP‐AMP, IL‐1, and IFNγ can all induce autophagy [14]. Recent publications have 
indicated that the host AMP‐activated protein kinase‐PPARγ, coactivator 1α pathway 
(AMPK‐PPARGC1A) and membrane occupation and recognition nexus repeat containing 
2 (MORN2) are involved in autophagy induction and regulate M. tuberculosis infection 
[215, 216]. M. tuberculosis has various components that regulate autophagy, including 
ESAT‐6 [211, 217] and the enhanced intracellular survival (eis) gene [218]. If autophagy is 
induced, M. tuberculosis colocalizes with the autophagy marker LC3, PL fusion occurs, 
and M. tuberculosis growth is limited [219, 220]. Autophagy is important in vivo, autophagy‐
deficient mice show increased M. tuberculosis growth and lung pathology and reduced 
survival compared with wild‐type mice [211, 221]. Two frontline TB drugs, isoniazid and 
pyrazinamide, induce autophagy in M. tuberculosis‐infected macrophages and are more 
inhibitory towards M. tuberculosis growth if the autophagy machinery is intact [222]. 
Manipulation of autophagy is being pursued as a treatment option for TB [223–226].

2.5.2.6 Intracellular Receptors

Intracellular receptors include the transmembrane TLRs and cytosolic nucleotide binding 
oligomerization domain‐containing protein (NOD)‐like receptors (NLRs), RIG‐I‐like recep-
tors (RLRs), AIM2‐like receptors (ALRs), and other cytosolic DNA sensors [227–231]. 
Some of these receptors have been shown to recognize M. tuberculosis ligands and play a 
role during M. tuberculosis infection.

NOD1 recognizes D‐glutamyl‐meso‐diaminopimelic acid (DAP) while NOD2 recog-
nizes muramyl dipeptide (MDP) and a glycolated form of MDP (GMDP) produced by 
M. tuberculosis [232–234]. NOD2 regulates M. tuberculosis growth in human and murine 
macrophages [235–237] perhaps via release of antimicrobial peptides and autophagy, since 
MDP increases LL‐37, IRGM, and LC3 expression and M. tuberculosis killing in AMs 
[238]. M. tuberculosis infection also activates NLRP3; however, NLRP3 function during 
infection is unclear since NLRP3‐deficient mice show a similar susceptibility to M. tuber-
culosis infection as do wild‐type mice. However, mice lacking the adaptor protein 
PYCARD/ASC, which (like NLRP3) is involved in caspase‐1 activation, are more suscep-
tible to M. tuberculosis infection [239]. AIM2 and the ALR IFI204 recognize DNA and 
may play a role during M. tuberculosis infection [210, 240]; AIM2‐deficient mice have a 
higher bacterial burden and succumb to infection quicker than do wild‐type mice [241].

2.5.2.7 PPARγ

The PPARs are a family of nuclear receptor‐associated transcription factors. They include 
PPARα, PPARβ/δ, and PPARγ [242, 243]. PPARγ is highly expressed by AMs, and its 
deletion leads to increased expression of IFNγ, IL‐12, macrophage inflammatory protein 
1 alpha (MIP‐1α), and inducible nitric oxide synthase (iNOS) [244]. PPARγ expression is 
induced in macrophages through the MR and TLR2 by M. tuberculosis and BCG, but not 
the avirulent M. smegmatis [10, 245]. PPARγ inhibition or knockdown leads to reduced 
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M.  tuberculosis intracellular replication and lipid body formation, and enhanced TNFα 
production [10, 188, 245]. PPARγ is actively being pursued as a drug target and efforts are 
ongoing to increase understanding regarding its activities [243].

2.5.2.8 microRNAs (miRNAs)

miRNAs are endogenous, non‐coding small RNAs that are typically transcribed from inter-
genic or intragenic regions of the genome in the pri‐miRNA form. Following processing 
into miRNAs, they bind target mRNAs and typically mediate translational repression or 
mRNA degradation [246–248]. Recent attention has focused on the specific regulation and 
function of miRNAs in the lung, particularly regarding cancer and inflammatory responses 
[249, 250]. miRNAs serve several potential functions during M. tuberculosis infection; 
regulating TLR signaling, NFκB activation, cytokine release, autophagy, and apoptosis to 
alter M. tuberculosis infection and host survival [9]. For example, miR‐124 down‐regulates 
expression of MyD88, TRAF6, and TLR6 [251], and miR‐let‐7f targets a negative regula-
tor of NFκB, A20, to increase cytokine and nitrite production, and reduce M. tuberculosis 
infection [252]. miR‐132 and miR‐26a negatively regulate the transcriptional coactivator 
p300 and IFNγ signaling [253]. Expression of miRNAs can be altered in M. tuberculosis‐
infected patients or cells [253–259], sometimes in a virulence‐dependent manner, e.g. 
M. tuberculosis, but not M. smegmatis infection induces expression of miR‐125b [260]. 
miRNA activity can also be cell‐type specific, as miR‐19a‐3p may regulate expression of 
5‐lipoxygenase in primary human T cells, but not in B cells [261]. Targeting of miRNAs is 
a promising host‐directed therapy [262].

2.5.2.9 Macrophage Cell Death

Cell death can be an important step in control of infection and, as such, many pathogens 
manipulate host cell death pathways to enhance their survival [263]. The two cell death 
pathways that have been most studied are apoptosis, which is commonly thought of as anti‐
inflammatory and is characterized by retention of cell membrane integrity, and necrosis, 
which is typically pro‐inflammatory and characterized by loss of membrane integrity [264, 
265]. Pyroptosis has characteristics of necrosis and apoptosis; pyroptotic cells lose mem-
brane integrity similarly to necrotic cells, but cell death is caspase dependent, similarly to 
apoptosis [266]. Virulent M. tuberculosis inhibits apoptosis and instead induces necrosis to 
exacerbate infection. Apoptosis prevents M. tuberculosis dissemination and enhances anti-
gen presentation to DCs and T cell priming. Necrosis and necroptosis mediate M. tubercu-
losis exit and dissemination from the infected cell, propagating infection; M. tuberculosis 
may down‐regulate pyroptosis, but this is not clear [15, 267, 268]. M. tuberculosis compo-
nents involved in regulating cell death include SodA, NuoG, and ESX‐1 and ESX‐5 [269].

2.6 M. tuberculosis Interaction with other Respiratory Immune Cells

2.6.1 Neutrophils

Neutrophils constitute 60% of all leukocytes in the peripheral blood of the host; they have 
a short life span [270] and are among the first leukocytes to respond to infection. However, 
the role of neutrophils in defense against M. tuberculosis is not clear and the literature is 
conflicting [271]. Neutrophils are abundantly present in both the sputum and BAL fluid of 
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patients with active pulmonary TB [272], but analysis of individuals who were in close 
contact with active TB patients established an inverse correlation between neutrophil count 
and risk of M. tuberculosis infection [273]. Blood transcriptome analysis from TB patients 
identified a neutrophil‐driven IFN‐inducible transcript pattern [274], and collectively these 
studies suggest a direct role for neutrophils in TB pathogenesis. Recruitment of neutrophils 
to sites of infection is a rapid process, with direct recognition and engulfment of mycobac-
teria by neutrophils occurring at the site of infection aided by TLR2 [271, 275, 276]. 
Neutrophils can additionally ingest opsonized mycobacteria and undergo phenotypic 
changes including increased production of reactive oxygen species (ROS), acquisition of 
migratory capacity to secondary lymphoid organs [277], and expression of cytokines and 
chemokines [16, 277]. The ability of neutrophils to kill mycobacteria remains unsettled 
[279], and further controversy surrounds the ability of human neutrophil peptides to kill 
mycobacteria [270, 273, 275]. M. tuberculosis is reported to survive the oxidative burst in 
neutrophils and to commit these cells to necrotic death via an RD1‐dependent mechanism 
[280]. Survival of mycobacteria within neutrophils [280–282] leads to bacterial growth, 
tissue destruction, and bacterial dissemination. CFP‐10, an RD1 gene‐complex product, is 
recognized by neutrophils using a chemo‐attractant G‐protein‐coupled receptor, implying 
a possible role for CFP‐10 in the regulation of cell death in neutrophils [283]. Neutrophils 
are understood to play divergent roles in TB disease [284]; during the initial stages of infec-
tion before the arrival of macrophages, neutrophils contribute to a more protective role in 
the host response by aiding in control of mycobacterial growth [17, 18] and regulating the 
expression of IFNγ [16]. During the later stage of disease, neutrophils produce IL‐10 and 
aid in the persistence of M. tuberculosis [19], transport mycobacteria to draining lymph 
nodes [277], and cause tissue damage mediated by the presence of excessive IL‐17 [20] and 
impaired IFNγ responses [285]. Neutrophils play a role in the efferocytosis of macrophages 
infected with mycobacteria at the site of granuloma formation, killing the mycobacteria 
with ROS [286].

Recent literature suggests that the involvement of neutrophils in the immune response to 
M. tuberculosis has been underestimated; however, the evidence to date remains conflict-
ing [271]. Further work on the defined role of neutrophils in the host defense might also 
reveal opportunities for new therapeutic interventions.

2.6.2 Dendritic Cells

DCs are a unique subset of immune cells which under steady‐state conditions function as 
sentinels of the immune system. Immature DCs phagocytose M. tuberculosis at the site of 
infection, mature, migrate to secondary lymphoid organs, and prime T cells. DCs are 
equipped with a repertoire of pathogen‐associated and danger‐associated molecular pattern 
receptors. Engagement of individual receptors can ultimately dictate downstream DC 
responses. TLRs 2, 4, and 9, and DC‐SIGN recognize M. tuberculosis surface molecules, 
as discussed above. The interaction between DC‐SIGN and ManLAM expressed on viru-
lent mycobacteria is exploited by M. tuberculosis to its benefit, with M. tuberculosis using 
DC‐SIGN as a portal into DCs; once engulfed, bacteria are targeted to late endosomes/
lysosomes expressing LAMP [21]. DC‐SIGN‐mediated entry leads to IL‐10 production 
and inhibition of DC maturation [21], which in turn causes inefficient T cell priming and a 
state of antigenic tolerance [22]. Mycobacteria are able to persist in DCs [287, 288]. Other 
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mycobacterial products like Hip1, a serine hydrolase, modulate DC responses and intracel-
lular survival of the pathogen. Hip1 mutants of M. tuberculosis induce high levels of IL‐12 
and increased expression of the major histocompatibility complex‐II (MHC‐II) in an 
MyD88‐ and TLR2/9‐dependent manner [289]. M. tuberculosis is also able to retain cor-
onin‐1 on the vesicular membrane, which interferes with phagosome maturation and pro-
motes survival of the pathogen [287]. Lung DCs encompass three major subsets of cells: 
conventional DCs, plasmacytoid DCs, and monocyte‐derived DCs, with each subset having 
specific and interrelating functions in the host [290]. Data from mouse studies show that 
monocyte‐derived DCs are rapid responders and are detected in the lung as early as 48 
hours post‐infection [291, 292]. DCs undergo phenotypic changes following engulfment of 
mycobacteria, which include up‐regulation of MHC‐I/II, CD40, CD80, and CD86 [293], 
increased production of IL‐12, TNFα, IL‐1, and IL‐6 [294–296], and increased migration 
to lymph nodes for T cell antigen presentation [23]. In specialized microenvironments, 
migratory DCs are able to efficiently prime CD4 T cells [24], and activate CD8 T cells by 
the endosome‐cytosol [25] or “detour” [26] antigen‐presentation pathway. DCs are a dis-
tinctive subset of immune cells that possess a pathway capable of transferring exogenous 
antigens from the endosome to the cytosol, leading to the presentation of antigens via the 
classical MHC‐I pathway [25, 208]. As part of the “detour pathway”, uninfected DCs 
engulf apoptotic vesicles released from M. tuberculosis‐infected macrophages and present 
antigens from these extracellular vesicles to CD8 T cells [26].

DCs are key initiators of the immune response. An emerging paradigm from these stud-
ies is the role of DCs as Trojan horses providing a reservoir for M. tuberculosis to survive 
and escape immune surveillance [27, 28]. Characterizing the role of different DC subsets 
will enhance our understanding of the immune response to M. tuberculosis, aiding in the 
design of a better vaccine.

2.6.3 NK Cells

Natural killer (NK) cells are in the spotlight as the relatively new player in the host response 
to M. tuberculosis and make up 10–15% of the resident lymphocyte population [297]. NK 
cells are defined phenotypically by the presence of the surface marker CD56 and the 
absence of CD3, and can be subdivided into two subsets: the first is characterized by low 
levels of CD56 (CD56dim), is CD16hi, and is highly cytotoxic; the second, smaller subset is 
CD56bright, CD16lo, and displays increased ability to secrete cytokines [297, 298], and pleu-
ral fluid from TB patients is enriched with this subset producing IFNγ [299]. NK cells 
possess lytic activity and are capable of killing intracellular mycobacteria independently of 
IFNγ and cytotoxic granules [29]. Interestingly, a role for apoptosis, recognition of vimen-
tin by NKp46 and ULBP1 by NKG2D on monocytes/macrophages infected with mycobac-
teria by NK cells, has been suggested as a mechanism for the killing of intracellular 
mycobacteria [300–302]. It is well established that NK cell activation is accessory cell‐
dependent; accessory cells include monocytes, macrophages and DCs [303]. However, an 
increasingly accepted novel concept is the ability of NK cells to directly interact with 
M.  tuberculosis independently of accessory cells: NK cells in direct contact with BCG 
were able to secrete increased levels of IFNγ and augment their lytic response [30]. NK 
cells produce nanotube‐like structures, which tether mycobacteria and deliver perforin and 
granulysin directly to mycobacteria, which aids in killing [31]. NK cells in direct contact 
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with mycobacteria up‐regulate the cytotoxicity receptor NKp44 [304]. TLR2 is also 
involved in the recognition of mycobacteria by NK cells; blocking TLR2 down‐regulated 
IFNγ and reduced cytotoxic activity of NK cells [305]. More recent studies using a panel 
of purified M. tuberculosis cell‐wall components identified mycolyl‐arabinogalactan‐pep-
tidoglycan, mycolic acids, and arabinogalactan as bacterial ligands which bind NKp44 and 
peptidoglycan as a ligand for TLR2 [306]. Interestingly, Esin et al. presented a two‐step 
model on the role of NKp44 and TLR2 in M. tuberculosis infection, with the first step 
involving direct recognition of mycobacterial cell‐wall components, in particular pepti-
doglycan by TLR2, which leads to the activation of NK cells and augmented expression of 
NKp44 on their surface. The second step involves the interaction of NKp44 with additional 
mycobacterial ligands like mycolic acids, which regulate the activation state of NK cells 
leading to the induction of a protective immune response. On the other hand, prolonged NK 
cell activation via NKp44 can also lead to exacerbated immunopathology and possibly 
favors bacterial dissemination [306]. NK cells are able to interact with other cells (e.g., 
DCs) and regulate responses to M. tuberculosis. DCs transform from an immature to a 
mature state upon recognition of mycobacteria; this change is accompanied by decreased 
antigen uptake, increased migratory capacity, and enhanced ability to produce TNFα and 
IL‐12 [32, 307]. The up‐regulated pro‐inflammatory cytokine profile of mature DCs in turn 
promotes IFNγ release from NK cells. Furthermore, NK cells can negatively regulate DCs, 
selectively killing immature DCs [32, 308]; in the secondary lymphoid organs, mature DCs 
that express sub‐optimal levels of MHC‐I are targets of selective killing by NK cells [32, 
309]. The underlying mechanism of the selective targeted killing is unexplored. NK cells 
can also interact with γδT cells, regulating the production of cytokines from this T cell 
subset, a process dependent on cell–cell interaction mediated via ICAM‐1 [33]. From the 
available literature [310], we now have a better understanding of the role of NK cell effec-
tor functions and their contribution to the maintenance of the regulatory and effector arms 
of the immune response.

2.6.4 B Cells

The impact of B cell‐mediated immune responses during M. tuberculosis infection has 
been largely overlooked in comparison with T cell immune responses in the field of TB 
immunology. Serum therapy was relatively successful in patients with localized cases of 
TB rather than chronic disease, in studies performed during the late 19th and early 20th 
centuries. Unfortunately, experimental discrepancies (lack of appropriate controls and 
incomparable serum formulations) led to the modest success of serum therapy being dis-
counted and B cells were sidelined. Furthermore, the intracellular nature of M. tuberculosis 
appeared to discount a role for B cells in protective immunity. In recent years, immunologi-
cal paradigms are changing and it is recognized that responses to intracellular pathogens 
like M. tuberculosis are more likely to be a co‐operative affair between cell‐mediated and 
humoral immune responses [34, 311]. Emerging evidence suggests that the host is able to 
mount an effective humoral response to mycobacterial antigens. For example, LAM‐spe-
cific immunoglobulin A (IgA) responses were increased in the serum post‐BCG vaccina-
tion [35]. In other studies, protective effects of passive inoculation using IgA antibodies 
against α‐crystallin were effective at reducing pulmonary bacterial burden [312, 313]. 
B cells are prominent in the outer lymphocyte aggregates of human TB granulomas [36]. 
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B  cell clusters represent sites of rapid cell expansion, which influence the local lung 
responses. In the lymphocytic cuff of the granuloma, the close proximity of B cells with 
T  cells represents potential antigen‐presentation sites [314, 315]. B cells are capable of 
releasing exosomes that are enriched with MHC‐II molecules capable of inducing MHC‐II‐
restricted T cell responses [37]. In the absence of more efficient APCs like DCs, B cells are 
also likely to be involved in priming naïve CD4 T cells [316, 317]. Although these studies 
highlight the antigen‐presenting capacity of B cells, evidence for this occurring during the 
course of TB infection is limited and warrants more work. The role of B cells during 
M. tuberculosis infection has been addressed by murine studies, where B cell‐deficient mice 
exhibit aggravated immunopathology associated with neutrophil recruitment and enhanced 
IL‐17 responses in the lungs [318, 319]. Mice deficient in the inhibitory receptor FcγRIIB 
exhibited reduced bacterial burden and enhanced IFNγ responses in the lungs post M. tuber-
culosis challenge. In contrast, Fcγ chain KO mice display increased mycobacterial growth, 
corresponding to augmented neutrophil recruitment, increased IL‐10 production, and exac-
erbated pathology. Thus engagement of Fcγ receptors on B cells can have a significant 
impact on mycobacterial burden and lung pathology [320]. Acute infection in mice lacking 
B cells resulted in curtailed immunopathology and delayed bacterial dissemination to the 
spleen [321]. Mice with an intact B cell repertoire but lacking secreted immunoglobulin are 
highly susceptible to high‐dose aerosol infection with M. tuberculosis and display altered 
macrophage activation and elevated levels of IL‐10 in the lungs [322]. There is increasing 
evidence that B cells can regulate the granulomatous immune response serving to control 
the immunopathology during infection. TB vaccine development is largely concentrated on 
enhancing T cell‐mediated immunity. Published studies place increased emphasis on the 
protective nature of B cell‐ and antibody‐dependent responses, which should be considered 
when designing new vaccines and treatment strategies for TB treatment.

2.6.5 T Cells

Dissemination of M. tuberculosis to the draining lymph nodes is necessary for the initiation 
of T cell responses in the host [323, 324]. T cells represent pivotal players in the adaptive 
immune response to TB infection. Below is a brief overview of T cell subsets and their role 
in the immune response to mycobacteria.

2.6.5.1 CD4 T Cells

The importance of CD4 T cells during M. tuberculosis infection is exemplified in HIV 
positive individuals. HIV is a dominant risk factor for TB progression from infection to 
disease, much of which is attributed to the reduced CD4 T cell counts. CD4 T cells are 
important in the control of M. tuberculosis infection since their cytokine repertoire, e.g., 
IFNγ and TNFα, enhance production of nitric oxide and PL fusion, resulting in mycobacte-
rial killing. The direct interaction of CD4 T cells with MHC‐II on macrophages and DCs is 
necessary to contain intracellular bacteria [38]. The ability of CD4 T cells to produce IFNγ 
is a key part of the immune response; genetic mutations in IFNγ confer susceptibility to 
mycobacterial infections in humans [325]. IFNγ KO mice fail to restrict growth of M. tuber-
culosis, exhibit diminished production of NOS, and eventually succumb to infection [326, 
327]. IFNγ enhancement of the anti‐mycobacterial action of macrophages depends on 
T cell:macrophage contact [39]. Conflicting reports indicate that the effector function of 
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CD4 T cells is independent of IFNγ [328, 329], providing insight into the unreliability of 
IFNγ as a correlate of protection. CD4 T cells also influence the effectiveness of the CD8 
T cell response in mice [39], affecting the cytotoxic capacity of CD8 T cells [40] and their 
ability to produce IFNγ [41].

2.6.5.2 CD8 T Cells

CD8 and CD4 T cells represent the major subsets producing IFNγ in response to M. tuber-
culosis infection [42]. CD8 T cells are renowned for their cytolytic activity mediated by 
perforin/granzyme and fas/fasL pathways [330]. The ability of M. tuberculosis to interact 
with the cytosol likely enhances the availability of TB antigens for presentation by MHC‐I 
molecules [208]. Cross‐priming by DCs after the uptake of apoptotic vesicles also repre-
sents a key mechanism of CD8 T cell priming [26]. β2‐microglobulin, transporter associ-
ated with antigen processing (TAP), or CD8α KO mice displayed phenotypes ranging from 
increased mortality, extensive pathology, and impaired lymphocytic infiltration [331, 332]. 
The absence of the RD‐1 region in BCG likely contributes to decreased CD8 T cell 
responses in response to BCG compared with M. tuberculosis [333]. A lymphocytic cuff 
composed of CD4 and CD8 T cells surrounds the TB granuloma, and Ordway et al. report 
a role for CD8 T cells in its maintenance [43]. The chemokine, XCL1, produced by acti-
vated CD8 T cells leads to a reduction of IFNγ‐producing CD4 T cells and possibly induces 
anergy [43]. The role of CD8 T cells is more apparent during the chronic stages of disease, 
and design of a vaccine stimulating both CD4 and CD8 T cells will aid in a better protective 
immune response.

2.6.5.3 Mucosal Associated Invariant T Cells

MHC‐related protein 1 (MR1)‐restricted mucosal associated invariant T (MAIT) cells are 
unconventional CD8 T cells [334] and are present in the lung airways. MAIT cells detect 
APCs infected with fungi and bacteria, including M. tuberculosis. Following stimulation, 
MAIT cells produce IFNγ, TNF, and lyse infected cells [44, 45, 335]. They are important 
in vivo during mycobacteria infection: MR1 KO mice show elevated BCG growth com-
pared with wild‐type mice [336]. Individuals with active TB have reduced levels of 
MAIT cells in the peripheral blood and enhanced levels in the lung compared with 
healthy individuals [44].

2.6.5.4 CD1 T Cells: Sensors of Lipid Antigens

A small number of studies report the importance of the group 1 CD1‐restricted T cells in 
recognizing lipid antigens of M. tuberculosis. Upon recognition of lipid antigens, CD1b‐
restricted T cells release IFNγ and kill intracellular mycobacteria [46]. Recognition of lipid 
antigens by CD1‐restricted T cells occurs in vivo [337]. Asymptomatic individuals who 
have been in contact with mycobacteria or are BCG vaccinated have increased proliferation 
capacity and secrete significantly higher IFNγ in comparison with healthy donors [338]. 
Surprisingly, T cells from patients with active TB did not respond to lipid antigens, but 
initiation of chemotherapy restored the responsiveness of T cells to lipid antigens [338]. 
Mycobacteria deploy evasion strategies to interfere with lipid presentation and thus restrict 
the protective immune response.
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2.6.5.5 γδT Cells

γδ T cells contribute to TB immunity by producing IFNγ, IL‐2, IL‐17, and cyototoxic gran-
ules. Vγ9Vδ2, a major subset of γδ T cells in peripheral blood, are involved in the direct 
killing of intracellular bacteria via the release of perforin and granulysin [47]. Vγ9Vδ2 
cells are also capable of driving complete maturation of M. tuberculosis‐infected DCs, 
characterized by up‐regulation of CD40 and CD80. Furthermore, DCs present M. tubercu-
losis phosphoantigens to γδ T cells that drive a selective proliferative response but these 
T cells are unable to secrete cytokines and cytotoxic granules. The incomplete differentia-
tion of Vγ9Vδ2 T cells has been linked to the absence of IL‐15 [339, 340]. Vγ9Vδ2 T cells 
from active TB patients also exhibit increased proliferative capacity and diminished anti‐
mycobacterial responses [341]. γδ T cells play a key role in cross‐linking innate and adap-
tive immunity. The identity of γδ T cell antigens and their role in the cross talk with DCs 
and immunoregulation remain to be deciphered.

Other minor T cell subsets like regulatory T cells (Treg) are tasked with reduction of 
IFNγ, enhanced production of IL‐10, and delayed priming of protective T cell responses in 
the lung [48, 342–344]. Further understanding of the regulation of immunity by Treg will 
be key in understanding the delicate control that precedes the development of a successful 
protective immune response.

2.7 TB Granuloma

Granulomas are one histopathologic hallmark of TB and the terms “granulomas or tuber-
cles” were described before the causative agent of TB was identified. The link to tubercles 
was acknowledged in the naming of M. tuberculosis [345]. The TB granuloma has been 
classically thought of as the host response to contain and limit M. tuberculosis infection. 
However, granulomas also provide a niche that is recalcitrant to anti‐TB treatment and 
allows for bacterial persistence.

The center of the ‘classic’ granuloma consists of different types of macrophages. These 
include differentiated foamy macrophages and epithelioid cells, and large multinucleated 
giant cells (fused macrophages). There are occasional NK cells, DCs, and neutrophils 
mixed with the macrophages. These cells are surrounded by B and T cells, which make 
up 1–10% and 15–50% of leukocytes in the murine lung, respectively [346]. TB‐infected 
individuals typically have cavitating, necrotic granulomas. Large cavitating granulomas 
contain loose cellular accumulation and numerous neutrophils and macrophages, along 
with the characteristic acellular caseous (milky, thick substance) necrotic material, while 
non‐cavitating closed granulomas contain a central necrotic area that is fully acellular [347, 
348]. Granulomas are heterogeneous, dynamic structures that contain motile cells and 
change in size during infection [349–352].

Animal models to study TB granulomas are diverse and each has it benefits and draw-
backs (reviewed in [347]). The most common animal model employed is the mouse, which 
does not generate necrotic granulomas or granuloma structures similar to those found in 
humans. However, genetically altered mouse models exist that have granuloma structures 
that resemble the granulomas in humans more closely; for example, mice that over‐express 
IL‐13 [353], or lack IL‐10 [354] or the sst1 locus, i.e., C3HeB/FeJ mice [355]. Guinea pigs, 
rabbits, and non‐human primates also generate necrotic, caseating granulomas [356–358].
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In vitro PBMC models are also being developed; these lack ultrastructure provided 
by the lung but represent more tractable human systems [359, 360]. Recent work with a 
PBMC granuloma model shows that granuloma formation and response are fundamentally 
different in PBMCs collected from people with latent TB infection (LTBI) compared with 
naïve individuals, and that M. tuberculosis has a unique transcriptional profile in these 
LTBI‐generated granulomas [359]. Finally, in silico models of granuloma formation 
 provide additional insight into the mechanisms at play [361, 362].

2.8 Conclusion

As an airborne pathogen, it is essential that we fully understand the nature of transmissible 
M. tuberculosis and its encounter with constituents of the lung alveoli as well as the impact 
of these events on subsequent granuloma formation and persistence. Our failure to com-
pletely understand these events creates a critical barrier in our attempts to develop new 
effective treatment and vaccine strategies that target the lung (e.g., drug delivery, optimal 
vaccine responses). The host response to M. tuberculosis occurs within host tissues of the 
lung and elsewhere. In this regard, the granuloma is a specialized tissue microenvironment, 
akin to the cancer microenvironment, with specialized cells and soluble factors that greatly 
influence both host and M. tuberculosis biology. Although parts of this chapter summarize 
findings directly applicable to the lung, much of our knowledge is still extrapolated from 
experiments using cells, and in some cases surrogate bacteria, in systems not representative 
of the lung environment. As models of the lung become more refined, we will gain valuable 
new insight into the mechanisms at play, aiding our attempts to improve treatment delivery 
and activity at the site of infection in the lung.
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3.1 Introduction

Advances in the development and application of new vaccines and drugs for tuberculosis 
(TB) have depended upon the use of biologically relevant animal models. Over the past 
40 years, our concept of what comprises an animal model of TB and how such models should 
be employed has evolved. Animal models have been extremely valuable for elucidating the 
fundamental mechanisms of the pathogen’s virulence and of natural and vaccine‐induced 
host resistance. In addition, models have been essential for screening the literally hundreds 
of novel vaccines and drugs which have been identified in research laboratories to deter-
mine which of the candidates were worthy of additional pre‐clinical development. The 
requirements of an animal model to study basic mechanisms of disease pathogenesis are 
somewhat different to those of a model which might be used empirically to screen novel 
biologics for in vivo efficacy. Furthermore, given the multiplicity of animal models of TB 
currently in use, the question of standardization has been debated among researchers of both 
TB vaccines and drugs. This chapter will summarize the evolution of the current strategy 
for applying animal models to the study of TB, and highlight the comparative advantages 
and disadvantages of the major models with regard to their use in pre‐clinical testing of 
vaccines and drugs.
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3.2 What is an Animal Model of TB?

An animal model of TB might be defined as the assignment of individual choices among 
the experimental variables which define the infectious disease; for example, animal species 
and strain, challenge strain, challenge route, measures of infection and/or disease, time 
post‐challenge at which measurements are made, and so on. If the model is to be used for 
the evaluation of vaccine‐induced protection, then additional parameters that will have to 
be fixed are the vaccination route and dose, and the vaccination–challenge interval. If one 
arbitrarily assigns just three of the many choices for each of the variables listed above, the 
total combinatorial number of possible models that differ by at least one of the variables is 
very large (more than 20,000!) [1]. In a review of publications from laboratories working on 
TB vaccines over a 10‐year period, every one of the laboratories was using a different model 
and many laboratories were using more than one model as defined above [2]. More recently, 
in a review of publications reporting the protective efficacy of novel TB vaccines, the 
authors reported that the variability between animal models being employed remains enor-
mous. Studies reviewed used a total of more than 40 animal models that differed from each 
other in animal species (three), routes of vaccination (six), vaccination–challenge intervals 
(eleven), routes of virulent challenge (four), and challenge doses (six). [3]. Thus, every TB 
lab in the world appears to be using a different animal model which renders impossible the 
direct comparison of results obtained with the testing of drugs and vaccines.

Given the multiplicity of TB animals models employed globally, the fundamental ques-
tion is: does it matter? In other words, if comparable results can be obtained with different 
models, then model heterogeneity may not be as big an issue as it might seem. To test that 
hypothesis, the laboratory Don Smith at the University of Wisconsin organized an experi-
ment in which five different TB vaccines were formulated in Madison and sent to eight 
well‐established international TB laboratories to be ranked for protective efficacy in a total 
of 21 different animal models. The results showed that none of the 21 models ranked the 
vaccines in the same order. What is worse, the best vaccine in some models was the worst 
vaccine in others [1, 4]. It was clear that the model did matter when it came to evaluating 
candidate TB vaccines.

However, it was possible that much of the variability between animal models in the 
cooperative experiment just described was due to uncontrolled and unapparent differences 
between the eight laboratories that participated. Therefore, the Smith lab conducted a sec-
ond experiment to remove inter‐lab bias. Five of the animal models used in the cooperative 
international study were replicated in Madison and those models were used to rank the 
protective efficacy of four experimental TB vaccines. The results were a mirror image of 
those reported in the international trial. None of the five animal models ranked the four 
vaccines in the same order. Further analysis revealed that every variable in the model (e.g., 
vaccination route and dose, challenge route and dose, etc.) exerted a significant influence 
on the apparent degree of protection afforded by the candidate TB vaccines [5].

If laboratories insist on using different models and the model clearly influences the 
results of the experiments, then what can be done to improve the comparability between 
laboratories that are testing TB vaccines and drugs? One suggestion was to define a so‐
called “rational” animal model in which the variables were selected to mimic what was 
known about human TB. Thus, a species would be selected because it faithfully reproduced 
human TB‐like pathogenesis, vaccination would be conducted under conditions which 



50 Drug Delivery Systems for Tuberculosis Prevention and Treatment

were feasible for human use, the animals would be challenged with a very low dose of virulent 
Mycobacterium tuberculosis by the aerosol route, and readouts would have relevance for 
protection against clinical disease [1].

A second approach was to promote the use of so‐called “standardized” animal models in 
which the variables were fixed in consultation with an international group of experts in 
animal models of TB. The Animal Models Task Force of the WHO Immunology of 
Mycobacteria (IMMYC) Steering Committee worked for several years to define and pro-
mote the use of standardized models. In the US, the National Institutes of Health (NIH) 
implemented a standardized animal model approach to TB vaccine testing by funding a 
contract to two laboratories to test vaccines as a service to the vaccine developers in well‐
defined mouse and guinea pig models. Over more than 10 years, hundreds of vaccines were 
tested under these very controlled conditions and the data provided to the investigators [6]. 
In Europe, a similar centralized TB vaccine‐testing program was implemented by the EU 
TB Vaccine Cluster and many vaccines were tested in a guinea pig model [7]. An important 
assumption underlying the standardized model approach was that different laboratories 
could obtain comparable results if they each used the standard model. That hypothesis was 
tested recently when three laboratories (two in the US, one in the UK) were asked to rank 
an identical panel of TB vaccines in essentially the same animal model (i.e., guinea pigs 
vaccinated by the same route and dose and challenged with a low dose of the same virulent 
strain of M. tuberculosis by the respiratory route). The results showed remarkable similari-
ties between the laboratories in terms of both the ranking of the vaccines and quantitative 
measures of their protective efficacy [8].

In any discussion of animal models of TB, there is an “elephant in the room”, namely, 
the fact that we cannot effectively model what we do not understand. The lack of a detailed 
understanding of the pathogenesis of human TB limits our ability to devise more biologi-
cally relevant models [9]. Current models mimic human TB in important, but incomplete, 
ways and improving them will await a better understanding of TB pathogenesis. For that, 
we will need better animal models. Thus, the field is trapped in a “catch‐22” conundrum. 
In addition, most of the animal models focus on primary, pulmonary TB. New models are 
needed that approximate other important forms of TB disease, including endogenous reac-
tivation TB, exogenous re‐infection TB, cavitary TB, TB meningitis, persistent or latent 
TB, and TB/HIV co‐infection. While some progress has been made in recent years, we will 
be forced to use imperfect models for the foreseeable future.

3.3 How are Animal Models of TB Used?

Animal models of TB are used for four fundamental purposes; (a) to elucidate virulence 
strategies of the pathogen; (b) to define the mechanisms of natural and vaccine‐induced 
resistance; (c) to screen novel anti‐TB drug candidates; and (d) to screen novel vaccines. 
Given the emphasis in this book on delivery systems for prevention and treatment of TB, 
I will not discuss the use of animal models in basic research into the nature of the host–
pathogen interaction. Suffice it to say that a wealth of published literature based upon stud-
ies in mice, guinea pigs, rabbits and non‐human primates (NHP) have defined a plethora of 
virulence genes and mechanisms and have begun to clarify the variables which influence 
the outcome of the struggle between the pathogen and the host [10–15]. As with the screen-
ing process for better TB vaccines described above, the search for virulence genes in 
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M. tuberculosis has been carried out in a centralized manner with core NIH funding for a few 
institutions. The strategy has been to test mutant and complemented strains for candidate 
virulence genes in more than one animal model (usually mice and guinea pigs) involving 
low‐dose respiratory challenge. The value of this comparative approach has been demon-
strated in experiments where the two models differed in their ability to reveal the role of 
unique mycobacterial genes in post‐immune survival and persistence of the pathogen [16].

One of the observations which have come out of basic research into TB pathogenesis in 
recent years has a profound impact on the use of animal models to screen novel therapeutic 
drugs and vaccines. It is becoming clear that there are multiple, distinct mycobacterial 
populations in the TB patient [10, 11]. These discrete bacterial populations exist in diverse 
anatomical sites (both pulmonary and extrapulmonary) where they may be exposed to a 
variety of different environmental conditions. One implication of this observation is that 
these distinct populations of M. tuberculosis employ different metabolic strategies that may 
make them more or less susceptible to anti‐TB drugs. Furthermore, the access of immune 
cells to the different foci of infection may vary, thus affecting the ability of a TB vaccine to 
control and eliminate the pathogen from all infected sites. Given the aforementioned, it is 
important that we use animal models that mimic the heterogeneous conditions under which 
the pathogen exists so that the success of novel TB drugs (and vaccines) can be evaluated 
properly. It is no longer possible to consider the animal model as nothing more than a 
“furry test tube” in TB drug testing. A much more precise definition of the targeted bacte-
rial population(s) and an animal model in which those populations actually exist and can be 
monitored quantitatively are required for modern pre‐clinical drug assessment [8, 11, 12].

One of the tacit assumptions which underpin the use of animal models in the pre‐clinical 
evaluation of new TB drugs and vaccines is that the models employed will predict the activ-
ity of the drug or vaccine in humans. Recently, that hypothesis was tested when a novel TB 
drug combination involving moxifloxacin which was designed to shorten the treatment regi-
men, and a new TB vaccine which was designed to boost pre‐existing BCG vaccine‐induced 
protection were actually tested in Phase III and Phase IIb clinical trials, respectively. Both 
the drug combination and the booster vaccine had shown significant efficacy in multiple 
animal models. Unfortunately, neither the therapeutic combination [17] nor the booster vac-
cine [18] was shown to be as effective in humans as the animal data predicted. Not surpris-
ingly, these unexpected results triggered a re‐evaluation of the models used to screen TB 
drugs and vaccines [19]. Some experts have called into question the whole reliance on 
imperfect animal models in screening new TB drugs and vaccines; however, the reality is 
that some sort of triage process is essential to reduce the hundreds of candidates being pro-
duced by research laboratories around the world to a number which is manageable in the 
context of Phase I and II human trials. A more rational response is to use these disappointing 
results to refine the animal models so that they become more predictive of activity in humans.

3.4  TB Animal Models Currently Used for TB Drug and 
Vaccine Evaluation

Animal models of TB have been compared frequently over the past several years [9, 
20–24]. The models are usually grouped by animal species, and the advantages and dis-
advantages of each are well‐known to most scientists in the field. Some models offer the 
ability to manipulate and monitor the immune system in great detail (e.g., mice), while 
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others reproduce specific aspects of human TB pathogenesis more faithfully (e.g., cavitary 
lesions and meningitis in rabbits, granuloma histopathology in guinea pigs, clinical read-
outs in NHP, etc.). In the context of screening large numbers of novel TB drugs and vac-
cines, other issues become paramount (e.g., cost, Animal Biosafety Level – 3 [ABSL‐3] 
space, etc.). The arguments over which model is “best” have been replaced by the reali-
zation that each model brings something unique and valuable to the table and that the 
application of the model ought to be matched to the advantages which each model offers 
or the specific scientific question being asked. The concept of comparative studies in 
multiple models has been embraced as a way to mitigate against the risk that one model 
may give misleading results while similar results obtained in multiple models provide a 
more compelling reason to proceed with the development of a TB drug or vaccine. In 
fact, many of the TB drugs and vaccines currently in human trials have been tested in 
multiple animal models.

Recent reviews have focused on the value (or lack thereof) of animal model data in mak-
ing decisions about which vaccines should be taken forward for testing in humans. The lack 
of validated immunological correlates or biomarkers of protection has been highlighted as 
a fundamental impediment to the rational extrapolation of animal model data to humans 
[19, 25–27). There appears to be a lack of objective criteria for advancing TB vaccine can-
didates through the pipeline from pre‐clinical development to Phase I, II and III clinical 
trials [25]. Several authors have pointed out the need for standardized approaches for the 
selection and advancement of vaccines, including the use of standardized animal models 
for pre‐clinical testing [19, 25, 26]. One of the principal weaknesses in the current vaccine‐
selection strategy is the absence of head‐to‐head testing of multiple vaccine candidates in 
the same animal model [25, 26]. Vaccine developers are reluctant to have their favorite 
vaccine candidates tested directly against other candidates. One solution to this problem 
has been the involvement of organizations such as the Aeras Global TB Vaccine Foundation 
(now Aeras), which obtains vaccine candidates from individual scientists and has the 
capacity to perform head‐to‐head evaluations. In response to the recent failure of the 
MVA85A vaccine to boost immune responses in BCG‐vaccinated infants, a critical assess-
ment of the fundamental differences between the animal models and the human vaccinees 
was conducted [19]. Differences in study design, age of vaccinees, environmental variables 
(diet, exposure to other infectious agents, etc.), and the challenge strain, dose and exposure 
frequency were identified as possible contributors to the failure of multiple animal models 
to predict the vaccine failure in humans [19]. To counter some of these perceived weakness 
of vaccine testing in highly artificial, conventional small‐animal models, some authors 
have promoted the use of models of “natural infection” with M. bovis in domestic (e.g., 
cattle, farmed deer) or wild animal reservoirs (e.g., badgers in the UK, brush‐tail possums 
in New Zealand) for human TB vaccine testing [28].

A similar analysis of the value of animal models in TB drug screening has been carried 
out by the authors of several excellent reviews published in recent years. Most authors 
agree that pre‐clinical testing in validated small‐animal models is an essential step in the 
pathway from TB drug discovery to clinical trials [29–32]). Various mouse models have 
been the most widely used historically because they are well‐characterized and economical 
[29–31]. Given the large numbers of animals employed in, and the length of, most TB 
drug‐evaluation experiments, the issue of cost is paramount [30, 31]. Other models are also 
employed (e.g., guinea pig, rat, rabbit) as an alternative to, or to confirm the results obtained 
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in, mouse models. There are important differences in the nature of the lesions which 
are produced following infection of different experimental animal species with virulent 
M. tuberculosis, and these differences are likely to affect the in vivo activity of novel TB 
drugs [31]. A recent comprehensive analysis of the various in vitro and in vivo assays used 
historically and currently to evaluate TB drugs revealed a disturbing multiplicity of animal 
models. The authors pointed out the value of rationally‐derived and ‐optimized models, 
and stressed the importance of confirmatory testing of TB drugs in different laboratories 
with different animal models to validate the results obtained under diverse experimental 
conditions [32]. As mentioned above, the challenge of treating a disease in which the tis-
sues may contain multiple bacillary populations existing under different metabolic/growth 
conditions is daunting, since a particular animal model may not replicate faithfully the 
conditions under which tubercle bacilli exist in the human host [33, 34]. In particular, ani-
mal models such as the rabbit and non‐human primate (NHP) which reproduce granuloma 
heterogeneity may allow investigators to apply modern imaging technologies to assess 
pharmacokinetic (PK) and pharmacodynamic (PD) properties of novel TB drugs in a 
“lesion‐centric” fashion [34].

3.4.1 Guinea Pig

The guinea pig has served as an excellent model of human TB in the “susceptible” portion 
of the population who develop progressive disease upon exposure to a very low dose by 
the respiratory route. The basic characteristics of TB in guinea pigs have been described 
in previous reviews [17, 35–37]. A recent review highlighted the importance of the guinea 
pig model in TB vaccine and drug development as the focus of more than one‐third of 550 
publications on the model since 1982 [17]. The human‐like granuloma structure and the 
ability to isolate and study discrete subpopulations of mycobacteria in the lungs and other 
tissues have been pointed out as distinct advantages of the model [38–41]. The impact of 
the local tissue environment (e.g., hypoxia) and the location (i.e., intracellular vs extracel-
lular) and metabolic status of the pathogen exert a profound impact on the activity of 
some anti‐mycobacterial drugs, and the guinea pig model allows such effects to be studied 
[38, 42]. These differences between the nature of the pulmonary lesions in mouse and 
guinea pig TB have been demonstrated to exert a significant influence on the apparent 
efficacy of some anti‐TB drugs [39, 40]. The guinea pig may be superior at discriminating 
between purely bactericidal and sterilizing drugs, especially given the propensity of 
mycobacteria to persist within necrotic granulomas in that model where they may be 
extracellular [43–45].

The usefulness of the guinea pig model, especially in the pre‐clinical development of 
new TB vaccines, has been limited by the lack of immunological reagents with which to 
elucidate the determinants on natural and vaccine‐induced resistance to pulmonary TB. 
The availability and application of monoclonal antibodies to guinea pig cell surface anti-
gens was reviewed recently [46]. Other publications have suggested that cross‐reactive 
monoclonal antibodies directed against cell‐associated and soluble immune molecules in 
other species (e.g., human, mouse) can be used to characterize the guinea pig immune 
response [47, 48]. The publication and subsequent annotation of the guinea pig genome 
(http://imap.broad.mit.edu/mailman/listinfo/caviaporcellusgenome; http://genome.ucsc.
edu) has opened up an alternative strategy to the development of novel immunological 
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reagents for the guinea pig, namely, the cloning and expression of guinea pig genes which 
encode immune molecules. Over the past 10 years, several guinea pig cytokine genes have 
been cloned and expressed in prokaryotic and eukaryotic expression systems [49–58]. 
The resulting recombinant guinea pig proteins and polyclonal antibodies directed those 
proteins have been used to modulate cytokine functions in ex vivo cell culture systems 
[59–61]. In addition, the responses of vaccinated and/or infected guinea pigs have been 
altered by blocking or augmenting the activities of cytokines in vivo with these reagents 
[62–64]. Laser capture micro‐dissection studies of cytokine mRNA expression in situ 
in guinea pig primary and secondary granulomas have revealed important insights into 
the local modulation of the immune response in vaccinated and non‐vaccinated animals 
[65, 66]. The NIH has instituted a contract‐funded mechanism by which guinea pig reagents 
can be developed and made available to the research community (www.beiresources.org). 
Such efforts will enhance the utility of the guinea pig model in the development and pre‐
clinical testing of novel TB drugs and vaccines.

3.4.2 Mouse

The mouse model has been the most widely used TB animal model for several obvious 
reasons [21]. The mouse immune response is the best characterized of any species and an 
almost unlimited array of immunological reagents is available commercially. The ability to 
manipulate the genetic repertoire of mouse strains by various knock‐out, knock‐in, and 
selective expression strategies affords a powerful means of dissecting the role of specific 
host factors in TB pathogenesis. The low cost and minimal ABSL‐3 space requirements 
make the mouse the model of choice in TB vaccine and drug testing [21]. A number of 
recent publications highlight the usefulness of the mouse in the evaluation of novel TB 
drugs [67], including direct pulmonary delivery in insufflated powders [68], the efficacy of 
novel regimens against various strains of M. tuberculosis [69], and the comparison of drug 
responses in inbred mouse strains which differ in their TB disease presentation [70]. In a 
head‐to‐head study, the authors compared six different mouse models (three challenge 
routes X two inbred mouse strains) for their responses to a standard TB treatment regimen 
and found that model variables exerted a significant effect on the apparent efficacy of the 
regimen [71].

One perceived disadvantage of the mouse model is that the pulmonary granulomas do not 
mimic important characteristics of human TB granulomas, e.g., caseous necrosis, hypoxia, 
etc. [42]. Several years ago, a particular inbred mouse strain (C3HeB/FeJ) was observed to 
recapitulate human‐like granulomas following infection with virulent M.  tuberculosis, 
complete with hypoxia, necrosis and liquefaction [72–74]. That mouse strain has been used 
to evaluate novel anti‐TB drugs which may target persistent bacilli residing in necrotic foci 
[74, 75]. Recently, the mouse has been manipulated to model forms of TB other than pri-
mary, pulmonary infection, including musculoskeletal TB [76] and reactivation TB [77]. 
Irradiated mice reconstituted with various human immune components (so‐called “human-
ized” mice) have been used to study infectious diseases that are impossible to study because 
of their strict human host tropism (e.g., HIV, etc.) [78]. Humanized mice have also been 
used to study TB although it is still too early to appreciate the unique advantages that this 
model might offer [79, 80]. One obvious application is the study of TB/HIV co‐infection 
that can otherwise only be investigated in NHP.
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Two recent publications highlight the value of the mouse model in understanding the 
interplay between the host immune response and heterogeneous mycobacterial subpopula-
tions within the lungs. In one study, the investigators measured single‐cell fluorescence 
using an rRNA‐GFP reporter system to demonstrate that chronically infected mice har-
bored a subpopulation of non‐growing, but metabolically active, M. tuberculosis which 
were prominent in mice treated with isoniazid [81]. In another study, the investigators used 
reporter strains of M. tuberculosis that responded to specific host stresses such as hypoxia, 
nitric oxide, and phagosome maturation. Upon intranasal infection of mice, the reporter 
strains revealed a heterogeneous response to both vaccination and treatment of the mice 
with isoniazid [82]. Thus, while conventional mouse models may be somewhat limited with 
regard to investigating the compartmentalization of the host–pathogen interaction within 
discrete micro‐foci, the mouse remains the TB model of choice for the application of 
 cutting‐edge technologies which may reveal novel aspects of pathogenesis that impact the 
efficacy of both vaccines and therapies.

3.4.3 Non‐human Primate

The early application of NHP models to the study of the pathogenesis of pulmonary TB and 
response to vaccination and therapies consisted of several papers published between 1968 
and 1975 that were reviewed [83]. Those studies involved Rhesus macaques infected with 
low doses of virulent M. tuberculosis by aerosol exposure or intra‐bronchial instillation or 
insufflation. Following an interval of more than 20 years during which no studies of TB in 
NHP were published, the so‐called “modern era” of that type of research was initiated in 
1996 by the report of a study conducted in cynomolgus macaques [84], followed in 2001 
by a study of BCG vaccination in NHP [85]. The unique advantages of the NHP model in 
terms of faithfully reproducing human‐like disease have been summarized in two recent 
reviews [22, 86]. One of these papers includes a very complete time‐line of the use of NHP 
in TB research and extensive tables summarizing the results of experiments published in 
the past 15 years [22]. Both reviews contain tables that compare the general features of the 
two principal species employed (Rhesus vs Cynomolgus macaques). Recently, a New 
World primate, the common marmoset, was reported to develop a very human‐like disease 
following low‐dose, aerogenic infection with several strains of M. tuberculosis. Two advan-
tages of marmosets are their small size and ease of handling relative to the macaques [87].

In spite of the obvious impediments to the use of NHP in TB research (i.e., availability, 
cost, ABLS‐3 space requirements, personnel safety, public sentiment), a significant amount 
of work has been carried out in the past 15 years to apply this model to the evaluation of 
novel vaccines and drugs [22, 86]. A rhesus macaque model was used to determine end-
points for vaccine‐induced protection. The authors concluded that only the lung lesion 
burden as assessed by magnetic resonance imaging (MRI) combined with stereology on 
histopathological examination was shown to distinguish between vaccinated (BCG, or 
BCG + MVA85A) and non‐vaccinated animals [88]. Radiological imaging was also 
reported to be useful in the assessment of TB chemotherapeutic regimens. Reduction in 
lesion size and activity as measured by positron emission tomography (PET) and computed 
tomography (CT) was associated with isoniazid therapy in cynomolgus macaques [89]. 
Another recent study found that variability between pulmonary lesions in the same animal 
was based both on the regional expression of the host response as well as anatomical 
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differences in microbial growth. Individual animals sterilized some lesions while others 
progressed in the same lung [90]. Recently, a neonatal Rhesus macaque model was found 
to recapitulate human TB in newborns and infants [91]. This model and others will obvi-
ously be very important in assessing novel preventative and therapeutic approaches to the 
“perfect storm” of HIV/TB co‐infection [92, 93].

3.4.4 Rabbit

The rabbit has contributed much to our understanding of the pathogenesis of pulmonary 
TB for nearly a century [23, 94–98]. However, much of the early work was conducted in 
rabbits infected with virulent M. bovis, as opposed to M. tuberculosis. For reasons that have 
never been explained, rabbits are exquisitely susceptible to the former, but quite resistant to 
the latter [95]. Nearly all of the beautiful work on the development and fate of pulmonary 
lesions, including liquefaction and cavitation, was conducted with the bovine organism. 
Although M. bovis and M. tuberculosis share significant homology at the genetic level, and 
the diseases appear to share many features at the gross and histopathological levels, there 
has been some reluctance to fully embrace the rabbit data because it may reflect a very 
unique host–pathogen interaction that is not an accurate representation of human TB. 
On the other hand, several recent publications demonstrate that rabbits infected with high‐
virulence strains of M. tuberculosis, such as the CDC1551 and HN878 strains, provide an 
excellent model of chronic pulmonary TB [99, 100].

Given the major contribution of cavitary TB to transmission in humans, the ability of the 
rabbit to develop cavities reproducibly following aerosol exposure to virulent M. bovis or 
M. tuberculosis has been viewed as one of the most important contributions of this model 
to understanding disease pathogenesis [23, 99, 101]. In an effort to increase the frequency 
and predictability of cavity formation, investigators have pre‐sensitized rabbits to large 
doses of killed M. bovis prior to pulmonary challenge with virulent M. tuberculosis. This 
group reported that PET‐CT analysis of rabbit lungs was able to predict cavity develop-
ment with good sensitivity and specificity [102]. Another group has used a skin model of 
BCG infection in rabbits to study liquefaction and ulceration as accessible representations 
of events in the lungs [103]. Highly relevant clinical outcomes associated with TB, such as 
latency, reactivation, and immune reconstitution inflammatory syndrome, have been mod-
eled in the rabbit [104, 105]. Tuberculous meningitis is a serious form of extrapulmonary 
TB that occurs in children and has been modeled successfully in rabbits injected intrathe-
cally with virulent strains of M. tuberculosis [106]. Using this model, investigators have 
examined the effect of antibiotic therapies [107] and vaccination in the rabbit TB meningitis 
model [108, 109].

Owing to cost and ABSL‐3 containment requirements, rabbits have not been used for 
routine evaluation of novel TB vaccines or drugs [108]. However, in recent years, the size 
of the rabbit (a disadvantage from the biohazard housing standpoint) has been turned to 
an advantage for the application of cutting‐edge imaging procedures to investigate the 
effect of drug therapies on pulmonary granulomas. Matrix‐assisted laser desorption/ioni-
zation (MALDI) mass spectrometry imaging (MALDI‐MSI) has been used successfully 
to map the location of a TB drug, moxifloxacin, in rabbit lung biopsies [110, 111]. PET‐
CT analysis of the lungs of rabbits infected by aerosol with a high‐virulence isolate 
(HN878) revealed that individual lesions within the same animal had very different fates, 
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recapitulating the heterogeneity discussed earlier. The analysis was able to detect to a 
treatment effect of either isoniazid or rifampin within a week of initiating therapy [112]. 
Yet another group utilized the rabbit TB model to investigate the effect of altered granu-
loma vasculature as an impediment to drug penetration into active lesions. Treatment of 
infected rabbits with anti‐vascular endothelial growth factor (VEGF) antibody resulted in 
decreased granuloma hypoxia and enhanced small molecule delivery by promoting vascular 
normalization [113].

3.4.5 Zebrafish

The zebrafish infected with M. marinum has emerged as a novel model of human TB [24, 
114]. Zebrafish offer several logistical advantages, including small size, ability to house 
large numbers in a small space, ease of breeding, and a large genetic toolbox. The fish have 
well‐developed innate and adaptive immune systems [24]. The embryonic and larval 
zebrafish are transparent, a feature which facilitates direct imaging of cellular events, includ-
ing granuloma formation, within the infected fish using a variety of genetic systems which 
employ fluorescence as a readout [115, 116]. Using this model, a number of important 
observations have been made which contribute to our understanding of the pathogenesis of 
mycobacterial infection [24, 114, 117].

Zebrafish have been used to screen anti‐mycobacterial therapies [114, 118, 119]. By 
necessity, the drugs have been tested against M. marinum or M. abscessus since M. tuber-
culosis does not infect fish [120, 121]. This obvious difference begs the question of the 
relevance of drug screening in the zebrafish to predict the efficacy of drugs in mammalian 
TB. Indeed, a recent publication directly compared the treatment of zebrafish (infected 
with M. marinum) and mice (infected with M. tuberculosis) with a number of experimental 
compounds. The results demonstrated that some of the compounds were effective in both 
models; however, there were several which were efficacious in the mouse model but not in 
the zebrafish model [114]. Thus, although the zebrafish may offer a “high‐throughput” 
system in which to test new TB drugs, the discrepancies revealed in this comparative study 
suggest that care should be taken in the interpretation of those screens.

Zebrafish have also been employed in the evaluation of TB vaccines. Evidence that vac-
cination against mycobacterial infection could actually be induced in zebrafish came from 
a study in which fish infected with an attenuated strain of M. marinum were protected 
against subsequent challenge with a virulent strain [122]. In a recent study, BCG and a 
DNA vaccine composed of genes encoding antigens that had been shown to induce protec-
tive immunity against M. tuberculosis in mammals were tested in zebrafish challenged 
with M. marinum. Vaccination was shown to reduce the number of granulomas, bacterial 
loads, and mortality [123]. The paucity of literature on vaccination in the zebrafish model 
does not allow any conclusion to be drawn about the value of this model in TB vaccine 
screening.

3.4.6 Rat

On the basis of experiments conducted more than 50 years ago, the rat was discounted as 
a useful TB model due to the observation that rats were extremely resistant to infection 
with M. tuberculosis [124, 125]. Indeed, high‐dose respiratory infection results in the 
establishment of relatively stable mycobacterial populations in the lungs with little overt 
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evidence of disease [126]. TB granulomas in the rat have been demonstrated to be hypoxic, 
a condition that mimics human granulomas and may be important for inducing metabolic 
changes in the tubercle bacilli [127]. The need to screen large numbers of novel anti‐TB 
drugs in recent years has stimulated a re‐evaluation of the rat TB model [126, 128]. Rats 
are the species of choice for studies of absorption, distribution, metabolism, excretion and 
toxicology in early drug development and may offer an attractive alternative to mice and 
guinea pigs for screening novel TB drugs [129, 130]. Following endotracheal instillation 
of virulent mycobacteria into rats, the ex vivo activation of T cells by a major mycobacte-
rial antigen, ESAT‐6, was found to be a good early indicator of response to treatment with 
oral anti‐TB drugs [131]. A recent study of standard anti‐TB therapies (rifampicin, isonia-
zid, and ethambutol) in Wistar rats infected by the pulmonary route with virulent M. tuber-
culosis demonstrated good therapeutic efficacies following oral dosing [126]. However, 
given the paucity of published work on rat TB compared with other animal models, much 
additional work will be required to determine whether and how this model might contribute 
to pre‐clinical TB drug evaluation.

3.4.7 Domestic Animals and Wildlife Reservoirs

As mentioned above, domestic animals (e.g., cattle, farmed deer, etc.) and wildlife reser-
voirs (e.g., brushtail possums in New Zealand, badgers in the UK) are naturally infected 
with M. bovis and provide more “natural” models in which to study disease pathogenesis 
and vaccination [28]. A comprehensive recent review makes a compelling case for the 
relevance and crossover value of bovine TB research for the development of tools to con-
trol human TB [132]. The ability to study novel diagnostic tests and vaccines in a host 
infected with its homologous pathogen has obvious advantages over the artificial pairing 
of laboratory‐raised small animals with a pathogen that they would never encounter in the 
wild. In addition, vaccine trials in domestic and wild animal reservoirs of bovine TB can 
be designed to include natural animal‐to‐animal challenge, thus recapitulating the condi-
tions of a human Phase IIb or III clinical trial [133]. Indeed, in the context of this book, 
novel formulations and delivery systems have been developed recently for vaccination 
against bovine TB, some of which may have application in human TB vaccines [134].

3.5 Summary

This book focuses on delivery systems for TB drugs and vaccines. In that context, the ani-
mal models employed in the development and pre‐clinical testing of those interventions 
will be selected by balancing the biological relevance of the disease process in each model 
with the practical considerations that attend the screening of large numbers of novel biolog-
ics. As the complexities of the pathogenesis of pulmonary TB become more apparent, the 
“one size fits all” approach to selecting an animal model must be abandoned in favor of 
selecting those that faithfully mimic the precise disease features against which the drug or 
vaccine is intended to work. This is especially important in testing drugs which must act on 
diverse bacterial populations within the same host that vary in their replicative and meta-
bolic potential. Each animal model offers unique advantages that might make it the model 
of choice in a particular research application. Recent improvements in the major models 
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include the application of cutting‐edge imaging technologies (rabbit, NHP), the develop-
ment of immunological reagents (guinea pig), and the use of inbred mouse strains that 
produce hypoxic, necrotic TB granulomas. As the subsequent chapters will illustrate, these 
models have been put to good use in the search for the next generation of TB drugs and 
vaccines.
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4.1 Introduction

Vaccines are the most effective tools in preventing infectious diseases [1]. Vaccines prime the 
host adaptive immune system against a particular infectious agent [2]. Therefore, much atten-
tion is paid to the antigen which elicits host immunity; these are often an attenuated or weak-
ened version of the disease-causing pathogen, although they can also be toxins or surface 
antigens. However, there is more to vaccine formulation than just the choice of antigen. 
Effectiveness can be modulated by many parameters outside of antigen selection. A successful 
vaccine is safe, stable, affordable, easily stored and distributed, in addition to being effective.

Within this chapter we will explore tuberculosis (TB) vaccine design, formulation, prep-
aration, and manufacture; beginning with the first preparations of bacillus Calmette–Guérin 
(BCG) administered, to the current formulation, and new preparations in preclinical trials. 
The focus of the chapter, however, will be formulation and manufacture after the antigenic 
component of vaccine design. Figure  4.1 illustrates the process of vaccine preparation, 
beginning with formulation and ending with mass production and distribution. This is a 
simplified perspective of vaccine preparation, as it removes much of the administrative and 
bureaucratic review including clinical trials and the US Food and Drug Administration 

* Authors contributed equally to this chapter
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Figure 4.1 Overview of the vaccine formulation and development process. Vaccine discovery, formulation, manufacture, 
and regulatory approval processes make the time to mass distribution a lengthy ordeal. Aligning the discovery with 
production will shorten the time from bench to bedside
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(FDA)‐approval process. However, it defines the characteristics of vaccine design that must 
be evaluated for the initial submission of a successful candidate.

Starting with formulation, many vaccines require excipients and diluents for effective 
immunization. The best example of this is the addition of adjuvants to augment the generated 
immune response to the infectious agent. Many vaccines against other infectious pathogens 
use adjuvants to boost immunity to poorly immunogenic antigens [3–6]. Excipients influ-
ence the stability of the vaccine, and are chosen based on the intended route of delivery for 
effective administration [7]. Currently, the World Health Organization (WHO) estimates that 
approximately 50% of vaccines manufactured become inactive due to temperature instability 
[8]. This may be partially due to the fact that most vaccines are still liquid formulations, 
requiring refrigeration. Furthermore, injectable formulations run the risk of needle‐stick 
injuries and generate additional costs associated with administration and training [9–11].

Manufacture incorporates the feasibility of production. Vaccines must be produced in mass 
quantities, while maintaining Quality Control (QC), and Good Manufacturing Practices 
(GMP). The manufacturing component of design is often associated with cost–benefit 
analysis, producing vaccines that are safe, effective and affordable. Mass production, trans-
portation, packaging, and administration instructions affect how the vaccine will be 
received and used, especially in the low‐ and middle‐income countries (LMICs) where TB 
is more prevalent. This chapter aims to explore areas of research and development outside 
of antigen choice, an area in need of innovation and novel ideas.

4.2 Early Efforts in TB Vaccine Development

The Mycobacterium bovis (M. bovis) BCG vaccine dates to the early 1900s in Lille, France 
when Albert Calmette and Camille Guérin cultivated tubercle bacilli on potato medium 
using bile and glycerin detergents to prevent the bacteria from clumping [12]. Over the next 
few years, tubercle bacillus was subcultured 230 times in an attempt to reduce its patho-
genicity [13], leading to a weakened virulent strain. The subcultured strain was attenuated 
such that it did not produce progressive TB when injected into cattle, horses, guinea pigs, 
or rabbits, but retained much of its antigenicity [14].

4.2.1 Early BCG Formulation and Manufacturing

After 1921, the BCG culture was grown in Sauton’s medium [15]. The vaccine underwent 
multiple processes akin to manufacturing: concentration by filtration, de‐agglomeration 
using the physical process of ball milling, and finally, the bacteria were resuspended in 
protective solutions for stabilization. However, the number of colony‐forming units (CFU) 
differed from batch to batch due to varying liquid volume. In addition, the degree of disper-
sion, the killing of BCG during the ball mill homogenization process, and differences in the 
manufacturing processes all contributed to the variability in CFU. Taken together, these 
variabilities highlight a lack of manufacturing regulation [16].

Neither cold‐chain storage, cryopreservation, nor freeze‐drying (lyophilization) technol-
ogy was available in the 1920s. As a result, BCG continued to be grown and passaged in 
the same conditions from 1921 through 1961, until the lyophilization of BCG‐Pasteur, for 
a total of 1173 passages [17]. Attenuated bovine tubercle bacillus has ultimately become 
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today’s BCG vaccine. While historical and genetic records provide irrefutable evidence 
that BCG strains have evolved since 1921, discernible effects of genetic changes to the 
bacteria and their capacity to serve as an effective vaccine are still in question. The BCG 
vaccine is similar to Mycobacterium tuberculosis (M. tb) with some structural and func-
tional differences between the two strains [18]. At this time, the full genome of BCG has 
been elucidated – 129 genes are absent from BCG that are present in M. tb [19]. There have 
been 49 substrains of BCG vaccine in production and in use at one time or another [20].

4.2.2 History of the BCG Vaccine and Routes of Administration

In 1921, the oral BCG vaccine was first administered to an infant [21]. Initially, the oral route 
was chosen for BCG administration because the gastrointestinal tract is the natural route of 
infection for M. bovis. In addition, children’s intestinal mucosa have greater permeability to 
BCG compared to the intestinal mucosa of an adult. In 1924, the oral BCG vaccine was 
deemed safe and effective, prepared as an emulsion by Boquet and Negre [22]. The initial 
oral BCG vaccine was swallowed and then followed with either water, fruit juice, or milk. 
However, these diluents did not provide any protection from the harsh gastric environment 
[23]. The Pasteur Institute in Lille began to mass produce the oral BCG vaccine. In 1924, 
BCG lots were distributed to various countries for preparation using the same passage condi-
tions as those used at the Pasteur Institute, notably lacking any GMP regulation or cold‐chain 
management during transportation. Between 1924 and 1928, approximately 114,000 chil-
dren were immunized without serious complications [24]. Later, when the intradermal and 
subcutaneous delivery routes were used, they caused local reactions to the vaccine [19].

The intradermal route became a popular route of delivery after 1927 when Wallgreen 
refined the intradermal vaccination, inoculating 0.1 mg of BCG in individuals of any age. 
A change in the delivery route, from oral to the parenteral, was instituted due to patients’ 
poor immunization response to the purified protein derivative (PPD) tuberculin skin test 
[25]. Studies performed by scientists at the Escola Paulista de Medicina in Brazil strongly 
influenced the change of immunization route. Moreover, they observed that individuals 
immunized with oral BCG had no delayed hypersensitivity response to the cutaneous test, 
unlike those immunized by the intradermal route [26]. Economical and operational reasons 
also contributed to a change from the oral route [27]. Oral vaccination was discontinued 
during the 1960s, with the exception of a few countries [25].

Brazil predominantly administers BCG by the intradermal route. However, the Ataulpho 
de Paiva Foundation in Brazil manufactures the oral BCG Moreau strain, producing 10,000 
doses per year. Their rationale is that the oral route is more immunogenic with fewer side 
effects compared to the parenterally administered BCG [19, 26, 28]. In addition, the oral 
BCG immunization requires booster doses for the first 6 months of a child’s life, as man-
dated by National Policy of the Brazilian government [23]. The effectiveness of oral BCG 
immunization is widely debated.

4.2.3 Quality Control Issues

A serious BCG vaccine‐manufacturing accident occurred in Lubeck, Germany in 1930 that 
caused a change in BCG vaccination. Of a group of 250 children vaccinated, 73 children 
died from TB one year after vaccination and another 135 developed signs and symptoms of 
the disease [24]. Investigation revealed that a culture of M. tb was kept in the same 
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incubator with the BCG. The preparation was contaminated and ultimately contained 1/3 
of BCG and 2/3 of the tubercle bacillus [29]. This example highlights one of the many les-
sons learned. Good laboratory practice and manufacturing regulation were missing from 
early development, leading to variability in effectiveness. Today, QC of the current BCG 
vaccines used in National Immunization Programs is the responsibility of the individual 
manufacturers, requiring continual oversight by an independent and competent National 
Control Authority (NCA) in the country of manufacture.

4.3 Current BCG Vaccine Formulation

The current BCG vaccine, internationally referred to as the ‘freeze‐dried BCG vaccine’, is 
a lyophilized powder reconstituted in a diluent prior to intradermal administration [30]. 
The lyophilized formulation typically contains live M. bovis BCG (approximately 2–8 
million viable bacteria per mL upon reconstitution) along with sodium L‐glutamate mono-
hydrate as a stabilizer [30]. The recommended storage temperature for the formulation is 
2–8 °C. The diluent commonly used for reconstitution is sodium chloride and is packaged 
with the multi‐dose vial or ampoule (10 or 20 doses per container). The recommended 
dose for children under the age of one is 0.05 mL. For those age one year to adult the dose 
is 0.1 mL. Upon reconstitution, the vial must be kept refrigerated, protected from sunlight, 
and used within 6 hours or be discarded irrespective of the number of doses used. The 
concern is that after reconstitution there is a decrease in bacterial viability with time, ren-
dering the vaccine ineffective [31].

4.3.1 BCG Vaccine Strain Variability

The current BCG strains are all descendants of the original M. bovis isolate, cultured and 
passaged by Calmette and Guérin during the period 1909–1921 [32–34]. However, new 
strains displaying phenotypic and genotypic differences were a result of passaging under 
different laboratory conditions, prompting the WHO to stock lyophilized seed lots of the 
vaccine strains [34, 35]. Since 1956, the WHO housed these strains to avoid any further 
deviations from the original BCG [32]. Amongst the different BCG vaccine strains availa-
ble, four strains, namely the Danish strain 1331, the French Pasteur stain 1173 P2, the 
Glaxo strain 1077, and the Tokyo strain 172 account for nearly 90% of the vaccines cur-
rently manufactured worldwide [31, 36, 37]. Currently, there is no general consensus about 
efficacy from one strain to another. Moreover, variable culturing methods and freeze‐ drying 
techniques employed by different manufacturers have led to noticeable differences in the 
number of viable bacteria per vaccine dose [31]. These factors have an impact on the aller-
genic properties of the vaccine, resulting in implications for both the reactogenicity and for 
the induction of delayed‐type hypersensitivity [38].

4.3.2 BCG Lyophilization for Stability

Live bacterial vaccines are often lyophilized to protect them from environmental stresses 
such as extreme temperatures and humidity, and to maintain the potency of the formulation 
[39, 40]. A combination of formulation composition and optimized freeze‐drying condi-
tions are required to obtain a stable and viable product. The lyophilization process involves 
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three main steps: freezing, primary drying (sublimation), and secondary drying (removal of 
the bound water). These three steps have to be optimized to avoid process stress such as low 
temperature, crystal formation, and ionic strength changes [39–41]. Moreover, lyophilized 
formulations further necessitate an optimum control of the residual moisture content in the 
final product, and appropriate storage conditions such as temperature, humidity, and pro-
tection from sunlight; all of which have a significant impact on stability and efficacy [41]. 
For example, based on the lyophilization and stabilization techniques employed by differ-
ent manufacturers, differences in the heat stability of BCG vaccine were observed, with the 
Tokyo strain 172 having a better thermostable profile compared with both the French strain 
1172 and the Danish strain 1331 [37, 42]. In addition, the lyophilized formulations incor-
porate a stabilizer to minimize the detrimental effects such as crystal formation and sub‐
zero temperatures, and to preserve potency during the freeze‐drying process [39]. Moreover, 
these formulations require a diluent for reconstitution and parenteral administration. For 
some of the current BCG vaccines, the stabilizer sodium glutamate makes reconstitution 
with the diluent more difficult [37, 43]. The diluents vary widely in their composition and 
are designed specifically for each vaccine [39].

4.3.3 Manufacturing Process

GMP requirements are needed to make safe and effective vaccines [44]. No single facility 
is able to meet the requirements for the production of all vaccines, therefore facilities must 
be tailored for each specific vaccine [44]. The manufacturing process for the production of 
the current BCG vaccine has remained unchanged over the last half‐century [45] and there 
is no standardized production amid manufacturers [46]. One plausible reason for the highly 
variable protection (0–80%) of the current BCG vaccine may be the failure to have strin-
gent global manufacturing standards [47, 48]. Very few manufacturers of the BCG vaccine 
are currently able to meet the basic GMP requirements for manufacturing [31]. At present, 
there are only four manufacturers of the BCG vaccine that are WHO pre‐qualified for sale 
to UN agencies (Table 4.1). The limited number of WHO‐qualified manufacturers is con-
cerning, as the loss of even a single manufacturer could have a significant impact on the 
global BCG vaccine supply [31].

The traditional process of preparing the BCG vaccine is very tedious. The vaccine is 
produced as surface pellicles in culture flasks requiring months for growth. In addition, 
bacteria grow as aggregates rather than single bacterial cells, requiring de‐agglomeration. 
The slow growth process limits the opportunity for correction of growth parameters [49, 
50]. The M. bovis isolate cultures are extremely sensitive to external variations. Factors 
such as the quality of raw materials, media production, and culture techniques all contrib-
ute to the final product variability [51]. For example, the Denmark manufacturer Statens 
Serum Institut (SSI) experienced a slower growth of BCG during 2008–2010, resulting in 
varying heat stability and proportion of viable bacteria in the final product. Bacterial 
growth was stabilized in May 2010 after they changed their glycerol supplier [51].

Accurate quantification and QC is also hampered by an unknown proportion of non‐
viable bacteria in the vaccine which may have variable effects on the efficacy [43, 49]. 
After the bacteria are harvested, they are filled into vials or ampoules, excipients are added, 
and the mixture is freeze‐dried [45]. Clements (2003) stated that BCG is produced as a 
laboratory product resulting in batch‐to‐batch variability, leading to an inconsistent 
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efficacy profile [31]. A recent example of this complication was the recall of the BCG vac-
cine by the Australian and New Zealand governments. This was due to the lack of efficient 
monitoring for environmental contamination at the manufacturing premises resulting in 
non‐sterile vaccines [52, 53]. Moreover, Biering‐Sørensen has recently shown that the vari-
ations in the BCG vaccine production amongst manufacturers may influence the immuno-
genicity [51]. The current QC protocol for the BCG vaccine measures the viable bacterial 
counts and the ability to induce tuberculin sensitivity in the final product [54]. However, 
these measures are not optimal correlates of protection against M. tb [31].

4.3.4 Packing and Storage

Packing and storage processes influence the overall stability of the vaccine and therefore 
affect efficacy. The current BCG vaccine is filled in amber‐colored vials or ampoules, 
freeze‐dried, and sealed under vacuum [31]. Some of the currently supplied vaccines in 
vials use rubber stoppers and show no loss of stability or viability of the BCG vaccine. 
There are some contradicting reports about the use of an inert gas for sealing and its effect 
on vaccine viability [55, 56]. The current BCG vaccines are all recommended for storage 
at 2–8 °C to maintain their efficacy.

4.3.5 Transportation

The transportation, namely the vaccine supply chain (Figure 4.2), ensures the vaccine trav-
els from the point of production to the individual to be vaccinated while maintaining safety 
and immunogenicity [57]. Most vaccines, including the current BCG vaccine, are tempera-
ture and light sensitive and thus require complex transportation systems. Vaccine instability 
and loss of potency is a common problem associated with transport and storage [39]. Use 
of vaccine vial monitors (VVM) is an effective way to determine the loss of potency. VVMs 
detect exposure to extreme heat conditions and reduce the risk of immunization with impo-
tent vaccines [39]. Cold‐chain transport and storage facilities are designed to maintain an 
environment that promotes the longevity of the vaccines. However, inadequate facilities, 
lack of communication amongst transport personnel, and multiple storage areas (temporary 

Table 4.1 List of WHO pre‐qualified manufacturers of BCG vaccine

Manufacturer Country Packaging Strain Formulation Shelf‐life

BB‐NCIPD 
Ltd.

Bulgaria 
(Distributed 
by InterVax, 
Canada)

10/20 Dose 
ampoules

Russian 
BCG‐I

Lyophilized + 0.9% 
sodium chloride 
diluent

36 Months 
at 2–8 °C, 
protected 
from light

Japan BCG 
Laboratory

Japan 20 Dose 
ampoules

Tokyo 172‐1 
strain

Lyophilized + 0.9% 
sodium chloride 
diluent

24 Months 
at 2–8 °C

Serum Institute 
of India Ltd

India 20 Dose 
vial

Russian 
BCG‐I

Lyophilized + sodium 
chloride diluent

24 Months 
at 2–8 °C

Statens Serum 
Institut

Denmark 10 Dose 
vial

Danish 
strain 1331

Lyophilized + diluent 12–24 
Months at 
2–8 °C
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airport storage for customs clearance; central, regional, and local storage) increase the risk 
of degradation [57]. Furthermore, untrained healthcare workers run the risk of misreading 
the VVMs, therefore administering vaccines that have been exposed to extreme temperatures 
either during storage or transport [39].

4.3.6 Needle‐stick Issues

Given that the current freeze‐dried BCG vaccine is to be administered parenterally, the expo-
sure of healthcare workers to needles is inevitable. Needle‐stick injuries are a common inci-
dent among healthcare workers around the world [58, 59]. However, needle‐stick injuries are 
highest in LMICs where the prevalence of infectious diseases is also the highest [9, 11]. It is 
estimated that the average African healthcare worker suffers from two to four needle‐stick 
injuries per year due to poor sharps‐disposal training [9, 11]. Moreover, children in these 
areas scavenge used needles to supplement family income and incur accidental needle‐stick 
injuries, and often these injuries go unreported. To minimize the risk of exposure to needle‐
stick injuries, a safe, needle‐free and cost‐effective alternative must be developed [10].

4.4 Novel TB Vaccination Strategies

The WHO, together with the European Respiratory Society (ERS), outlined a framework 
to eliminate TB incidence by 2050 and to prevent its resurgence as a public health problem. 
Although TB rates are declining, this reduction is not sufficient to reach the globally pro-
jected goal of 2050 [60]. The existing BCG formulation has remained largely unchanged 
for many decades, as mentioned in the previous sections, and continues to provide partial 
protection against M. tb. [61]. In addition, while many novel candidates have shown great 
promise in clinical trials, none have yet reached the market.

TB vaccines currently being researched are broadly classified under two categories: 
a) whole‐cell vaccines (live attenuated bacterial‐ and viral‐vectored), and b) subunit vac-
cines [62]. Whole‐cell vaccines include modified recombinant BCG, attenuated M. tb, and 
viral‐vectored vaccines. Subunit vaccines consist of either a cell wall component, an anti-
genic protein, DNA, or other immunodominant mycobacterial antigens. Table 4.2 discusses 

Airplane Central storage

Vaccine supply chain

District storage Health center

Controlled temperature chain

Manufacturer Mother/child
immunization

Figure 4.2 The stages of a vaccine supply chain from the manufacturer to the immunized 
individual. The introduction of a ‘Controlled Temperature Chain’ will provide vaccine supply 
to the remote regions of the world
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whole‐cell and subunit TB vaccines that are formulated as delivery systems and that have 
been evaluated in preclinical animal models. Manufacturing of these vaccines is more com-
plex than for drug compounds and requires sophisticated processes to confirm their safety, 
antigenicity, and immunogenicity. Therefore, the development of a successful vaccine 
requires more than just a promising antigen; it involves selection of the right combination 
of antigens, adjuvants, excipients, and packaging (Figure 4.3).

Here, we discuss formulation and stabilization techniques currently being researched 
for experimental TB vaccines in preclinical animal models. Novel preparation methods, 
with a focus on dry powder vaccines and the selection of excipients that provide stability 
to the antigen, will be briefly discussed. In addition, we deliberate on the large‐scale manu-
facturing processes, role of packaging, and streamlining the regulatory approval processes 
for new vaccines.

4.4.1 Formulation and Stabilization Techniques

4.4.1.1 Vaccine Formulation

The formulation of a stable vaccine product is based on the nature and complexity of the 
antigen or whole‐cell vaccine. A stable formulation, in its final container or closure sys-
tem, must maintain physical, chemical, microbiological, therapeutic, and toxicological 
specifications [84]. Thus, a rational and systematic effort for the physiochemical charac-
terization of the final product needs to be established. The types of analysis required to 
thoroughly characterize the final formulation will depend on the vaccine type (subunit, 
viral-vector-, or bacterial‐based vaccine). Novel TB vaccines have been formulated as vari-
ous delivery systems (Table 4.2), including polymeric micro‐ and nanoparticles, liposomes, 

Antigens

(Drug substance)

Adjuvants

Formulation and delivery systems

Final Vaccine product

Manufacturing and packaging
(Drug product)

Figure  4.3 An ideal final vaccine product consists of the right combination of antigens, 
adjuvants, optimized excipients, and appropriate packaging to ensure the quality and 
immunogenicity
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emulsions, and so on, for the purpose of antigen protection and to target specific mucosal 
cells and tissues. These delivery systems, in conjunction with different routes of delivery, 
aim to elicit a potent immune response. To further nanoparticulate vaccines, the mecha-
nism of action needs to be evaluated, including a better understanding of their in vivo 
biodistribution and fate. Bivas‐Benita et al. formulated chitosan nanoparticles containing 
DNA plasmid encoding M. tb epitopes [76]. In addition, they also formulated a poly‐(d,l‐
lactide‐co‐glycolide) (PLGA)–polyethyleneimine (PEI) biodegradable polymer‐based 
nanoparticulate vaccine with DNA plasmid encoding M. tb latency antigens [77]. In both 
studies, an increase in interferon-gamma (IFN‐γ) secretion was observed with nanopar-
ticulate vaccines compared with the pulmonary delivery of plasmid in solution or the same 
vaccination given intramuscularly.

Formulating vaccines in a dry powder solid state provides thermostability to the antigen. 
Accidental freezing of the product significantly affects the vaccine’s integrity, especially if 
it is formulated as a liquid vaccine. Dry powder formulations overcome these thermally 
critical weak points [85]. Furthermore, a number of drying processes have been developed 
to formulate dry powders with very low residual moisture (< 3%) to confer thermal stability 
[86] including spray drying, spray‐freeze drying, and supercritical fluid drying [87].

Vaccines in the dry solid state reduce the mobility of macromolecules and eliminate 
degradation pathways such as hydrolysis. In addition, some bacteria are known to survive 
under conditions of complete dehydration for years (anhydrobiosis), and can revive and 
resume growth when water becomes available [88]. However, the drying process for live 
vaccines, specifically lyophilization, needs to be thoroughly validated as it can cause via-
bility loses and render vaccines ineffective [89]. In addition, lyophilized vaccines currently 
require a reconstitution step prior to administration. Dry powder solid‐state vaccines 
delivered by the pulmonary route do not require reconstitution, thus avoiding some of the 
pitfalls discussed later.

4.4.1.2 Adjuvants

Adjuvants are substances added to subunit vaccines to augment the immune response elic-
ited by the antigen. Inclusion of an adjuvant reduces the antigen dose required to modulate 
the immune response. The antigen, the delivery system, the route of administration and 
possible side effects determine the choice of adjuvant. Furthermore, the characteristics of 
an ideal adjuvant are a long shelf‐life, safety, stability, cost‐effectiveness, and they should 
not induce an immune response against themselves [87]. The most commonly used adju-
vants are alum salts, due to their established safety record.

TB subunit vaccines that induce a Th‐1 cellular immune response may require adjuvants 
such as monophosphoryl lipid A (MPL; a TLR‐4 agonist). MPL derived from bacterial 
lipopolysaccharide is present in many novel adjuvants such as the adjuvant AS01 (liposo-
mal formulation with a saponin), AS02 (water‐in‐oil emulsion with a saponin), and AS04 
(MPL with alum) [90]. In a recent clinical trial, Hybrid 1 subunit vaccine (Ag85 and 
ESAT‐6) was combined with a liposomal adjuvant (CAF01) to induce antigen‐specific 
immune responses three years post immunization [91]. The subunit TB vaccine H4 (TB10.4 
and Ag85B fusion protein), when formulated with IC31 adjuvant (induces TLR‐9/MyD88 
signaling pathway), induced a persistent polyfunctional CD4 T cell response in adults [92]. 
These studies show the role of adjuvants in subunit TB vaccines.
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4.4.1.3 Excipient Selection

The word excipient is derived from the Latin word ‘excipere’ means ‘to except’. In simpli-
fied terms an excipient is anything other than the active ingredient [93]. Excipients are 
selected based on the route of delivery and are added to a formulation to improve its struc-
tural integrity, and to extend shelf‐life. Over the decades, various excipients have been 
evaluated to enhance stability. Potential excipients are usually selected on the basis of their 
established use in other drug and vaccine formulations. Excipient screening for vaccines 
usually consists of choosing generally regarded as safe (GRAS) materials. However, non‐
GRAS excipients need to be explored in an attempt to identify one or a combination of 
excipients to provide stability.

TB vaccines currently being evaluated in preclinical and clinical trials are mostly liquid 
formulations, and are at risk of chemical and physical degradation. For a liquid product, stabil-
ity will depend on the solution pH, ionic strength, redox potential, and the temperature at which 
it is stored. The pH affects the rate of enzymatic activity of live attenuated bacterial and viral 
vaccines [94]. However, the inclusion of excipients can stabilize vaccines by different mecha-
nisms, including buffering against pH changes, hydration (non‐reducing sugars such as treha-
lose, mannitol, sucrose, etc., and amino acids such as leucine, lysine, glycine, etc.), decreasing 
adsorption, and aggregation (non‐ionic surfactants), and therefore preventing protein interac-
tions due to steric hindrance by different molecular weight polymers and serum albumins.

A number of physicochemical assays including absorbance and fluorescence spectros-
copy, circular dichroism, glass transition temperature (Tg), etc. are used to monitor changes 
to antigen and excipients undergoing stresses of temperature, salt, and pH [95]. The Tg is 
defined as the temperature below which the molecular mobility of the product (consisting 
of any bound water, antigen, and excipients) approaches zero. Tg is usually determined 
using differential scanning calorimetry. Tg is important to preserve the amorphous nature 
of a dry powder solid‐state vaccine. A high Tg is thus critical to ensure that the final product 
remains amorphous and maintains efficacy. Excipients that promote high Tg are ideal. Jin 
et al. formulated adenoviral‐based TB vaccines using a combination of excipients (manni-
tol, trehalose, cyclodextrin, and dextran) to produce a Tg of >97 °C after spray drying [66].

4.4.1.4 Alternative Route of Delivery 

The intradermal route is the current route of BCG vaccine administration. However, this 
may not be the optimum route to elicit a strong immune response against TB, as the disease 
is mostly transmitted as droplet aerosols. An ideal route of delivery mimics the entry portal 
of the pathogen. Alternative delivery routes such as the pulmonary and sublingual routes 
target immune cells that are critical to generate an adaptive and long‐term memory immune 
response in the host. Needle‐free routes of delivery are more patient compliant and can be 
self‐administered. Moreover, needle‐free routes of administration eliminate the risks asso-
ciated with parenteral vaccination [96].

4.4.1.5 Thermostability 

A thermostable vaccine does not require cold‐chain storage and maintains potency for 
extended periods when exposed to extreme temperatures. The importance of thermostable 
vaccines was first demonstrated during the global eradication of smallpox. Leslie Collier 
was credited with developing a “heat‐stable” smallpox vaccine using novel excipients in 
conjunction with the lyophilization process, allowing the vaccine to be stable at 37 °C [97]. 
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The WHO initiated the global smallpox eradication campaign in 1967, leading to complete 
eradication of smallpox in 1980 [98].

Most vaccines currently in the market require continuous cold‐chain storage (2–8 °C) to 
remain effective. The temperature in some tropical countries can exceed 45 °C on a hot 
summer day. Therefore, thermal stability is important for the manufacture, distribution, 
and administration of vaccines. A loss in potency can also occur due to freezing conditions. 
Failure to maintain regulated temperature conditions can be observed in the supply chain 
from the point of production (usually in high‐ and middle‐income countries) to the point of 
administration (usually in LMICs). At present, one in five children do not receive some 
vaccines under the Expanded Program on Immunization (EPI), due to the absence of a 
robust cold‐chain system [99].

Future vaccines need to be stable at extreme temperatures to ensure better product stabil-
ity leading to a longer shelf‐life. However, achieving stability at high temperatures even for 
a short period of time could be significant. This has been shown by the success of the 
MenAfriVac™ vaccine which can withstand temperatures up to 40 °C for 4 days [100]. 
The “Controlled Temperature Chain” (CTC) becomes important during the final levels of 
the supply chain when cold‐chain failure is most likely to occur (Figure 4.2). An ideal vac-
cine has a two year shelf‐life under cold‐chain management and another few days at CTC, 
allowing immunization outreach programs to reach remote regions [101]. Wong et al. spray 
dried BCG with leucine as an excipient and demonstrated four months stability at 25 °C 
[102]. Price and colleagues recently improved on the spray dried BCG formulation by Wong 
et al., using a factorial design of excipients to generate a BCG dry powder which shows 
stability at high, ambient, and freezing temperatures for over 6 months [103]. Jin et al. spray 
dried adenovirus‐vectored vaccine (Aeras 402) using non‐reducing sugars, and viral stabil-
ity was observed for 12 months at 4 °C and 25 °C, and five weeks at 37 °C [66]. Kunda et al. 
has recently spray dried a live bacterial vaccine with non-reducing sugars that showed sta-
bility when stored at 25 °C (12 months) and 40 °C (6 months) [104]. In addition, work from 
the same laboratory reported a spray dried virus-like particle-based vaccine which achieved 
one year of stability at 37 °C [105]. These studies show that a dry powder solid‐state formu-
lation provides enhanced thermostability compared with the traditional liquid formulation.

4.4.2 Manufacturing of TB Vaccines

Downstream product development is a critical manufacturing aspect often neglected during 
the initial design and development process (Figure 4.4). Development and manufacturing 
must be well integrated to achieve a successful final product. Future strategies should 
include altering manufacturing to suit each antigen type to ensure consistency [106]. The 
manufacturing process is a complex and capital‐intensive endeavor.

Inconsistencies in the production processes, storage, and transportation result in a final 
product having variable immunogenicity. Future manufacturing must follow globally 
defined and validated protocols, using strict QC processes to ensure consistent production 
from batch to batch. GMP and Chemistry Manufacturing and Controls (CMC) information 
are critical for filing of an investigational new drug (IND) to be evaluated in clinical trials. 
The CMC includes complete information on characterization, manufacturing processes, 
and analytical assays used to identify purity, quality, safety, and stability data [107].

The requirements associated with setting up new manufacturing facilities specific for 
each vaccine are cost‐intensive. Any increase in cost will impact vaccine procurement and 
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Figure  4.4 The upstream and downstream processes involved in the preparation of a 
successful final vaccine product. The upstream research and development should be integrated 
with the downstream manufacturing and packaging activities

distribution in LMICs. In addition, investment in new manufacturing facilities is a risk for 
pharmaceutical industries because of the high failure rates associated with investigational 
vaccine candidates. However, modular or small‐scale manufacturing facilities can be rap-
idly constructed, thereby reducing the capital required to mitigate failure risk. Modularization 
of manufacturing facilities has the potential to shorten the development process and enable 
faster throughput of candidates for proof‐of‐concept clinical trials [44]. Manufacturing can 
play an important role in the overall success of the final product in regions of the world 
where it is needed the most.

4.4.3 Whole‐Cell Vaccine

4.4.3.1 Live Bacterial Vaccines

Live bacterial vaccines have the simplest manufacturing processes of the three types men-
tioned here. Production of bacterial vaccines includes cultivation of bacteria, harvesting, 
and sometimes drying the bacterial suspension into a final product for long‐term stability. 
The history of manufacturing BCG in the last century, and other recombinant live myco-
bacterial strains evaluated recently in clinical trials, should help with the standardization of 
future manufacturing [108]. Mycobacterial culture requires long growth periods, leading to 
limited opportunity to correct any growth parameters. Novel methods to enumerate bacte-
rial viability and potency in shorter time frames need to be developed. Such methods will 
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be critical for recombinant live mycobacterial vaccines. Current assays of potency used in 
BCG manufacturing could be modified and incorporated into potency tests of other novel 
live mycobacterial vaccines. The ratio of live to dead bacteria in a final product is an impor-
tant determinant of potency, and the dead bacterial population may cause undesirable side 
effects; thus a reliable viability marker would be useful for the assessment of the final 
product. Other measurements of potency, such as the level of expression of recombinant 
proteins, must be validated and documented.

4.4.3.2 Live Viral Vaccines

Viral vectors are designed to express subunit antigens. Recombinant viral vectors can clone 
multiple immunodominant antigens and can be manufactured in high titers, thus allowing for 
easy scale‐up. Few virally expressed subunit vaccines are currently in clinical trials. Most 
recently, Modified Vaccinia virus Ankara (MVA), a replication‐deficient strain of Vaccinia 
virus, was used as a viral vector for Ag85A in Phase 2b trials in South Africa [109]. The 
MVA vector is designed to undergo one infection cycle in human cells to ensure safety [110].

The manufacturing of viral vectors involves propagation in suitable cell lines. Viral vac-
cines have historically been mass produced in embryonated chicken eggs and conventional 
cell substrates such as chicken embryo fibroblasts. However, these manufacturing methods 
quickly reach capacity limits for production. More recent production techniques include 
cell substrates of avian or human origin to potentially overcome the production limits of the 
former substrates as they are highly replication‐proficient. Other advantages of these pro-
duction techniques include ease of scale‐up, rapid response to pandemic situations, and 
overcoming problems related to egg‐related allergies. Optimization of cell substrate growth 
conditions, such as choice of growth medium and long‐term cultivation conditions, and so 
forth, are critical for consistent safety and potency. Other growth parameters, such as sta-
bility during culture, purity, contamination with adventitious and endogenous agents, and 
oncogenicity will be important in the manufacture of viral vaccines.

4.4.4 Subunit Vaccines

Subunit vaccines against TB consist of either antigenic proteins, DNA, lipids, or carbohy-
drates. Subunit vaccines are advantageous over live vaccines due to their safety, ease of 
manufacture, and the ability to generate specific immune responses in the vaccinated host. 
Adjuvants can potentiate immune responses through interaction with toll‐like receptors 
(TLRs) [111]. In order to elicit an appropriate immune response, antigens must resist con-
formational changes during the manufacturing processes. Furthermore, protein‐based sub-
unit vaccines must have high levels of purity to prevent side‐effects usually associated with 
whole‐cell vaccines. Subunit purification can also be accomplished using platform technol-
ogy, chromatographic adsorbents, suspended absorption, and filtration [112].

4.4.5 Regulatory Approval Process

LMICs rely on the FDA and the European Medicines Agency (EMEA) for the regulatory 
approval of vaccines. However, there are no clear global regulatory pathways in place for 
novel TB vaccines. Global regulatory mechanisms can be streamlined with some effort, 
since there are many common approaches between countries to manufacture, test, and 
license. For this to happen, a continuous dialogue between the developers and regulatory 
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agencies across countries, at the early stages of development, is critical. Furthermore, 
flexible regulatory steps to reduce vaccine‐approval timelines are needed.

Bacterial vaccines are being tested in preclinical and clinical trials. Lessons learned from 
current BCG vaccine manufacturers will aid in the regulatory approval of new candidates. 
However, these products will require thorough characterization, including viability and 
immunogenicity testing. The degree of bacterial attenuation, and the persistence of the bac-
teria in the host, must be documented for whole‐cell vaccines, whether based on attenuated 
M. tb or BCG strains. In addition, any product development with whole‐cell vaccines, includ-
ing stabilizing by drying, needs to be tested for changes in viability and immunogenicity.

Since the 2000s, viral‐vectored vaccines have undergone stringent regulatory approval 
processes. A recent detection and subsequent elimination of potentially adventitious viruses 
from a viral‐vaccine‐production facility prompted this change in the regulatory approval 
process [113]. Individuals were accidently exposed to Simian Virus 40 (SV40) via a con-
taminated polio vaccine manufactured in monkey kidney cells [114]. The SV40 contaminant 
went undetected during the manufacturing process.

For a subunit vaccine, the adjuvant and the antigen combination needs to be approved by 
the regulatory agency, since an adjuvant is not the active ingredient. A justification for the 
use of an adjuvant is also required, taking into account the preclinical and early clinical stud-
ies comparing adjuvanted and non‐adjuvanted vaccines. Adjuvanted vaccines may require a 
complex and lengthy regulatory approval process compared with non‐adjuvanted vaccines. 
Assessment of serious adverse events (SAEs), potential autoimmune‐related adverse events, 
and inflammatory‐mediator‐related events should be required for approval [115]. The 
approval processes of TB vaccines need to be harmonized among the FDA, the EMEA, and 
the International Conference on Harmonization (ICH), since no current consensus exists.

4.4.6 Vaccine Packaging

Appropriate packaging of the final product ensures long‐term stability during storage and 
transportation. Precise wording on the package inserts and labeling according to the GMP 
regulations certifies correct use of the final product. A dry powder formulation to be admin-
istered parenterally requires reconstitution using diluent. Although reconstitution appears 
to be a straightforward process, errors can occur when healthcare workers are not ade-
quately trained. Incorrect volumes of diluent may be used, sterility may be compromised, 
and multi‐dose vials may be contaminated as doses are withdrawn. Furthermore, vaccines 
that require reconstitution involve greater packaging volume to facilitate the inclusion of 
the diluent, leading to increased costs. In addition, it causes logistical considerations due to 
limited cold‐chain storage space. Vaccine manufacturers should consider early integration 
of development processes in conjunction with the product profile recommendations of the 
Vaccine Presentation and Packaging Advisory Group (VPPAG) and the WHO guidelines 
on programmatic suitability of vaccine candidate approval [116, 117].

4.5 Future Perspective

Ideal future TB vaccines should have enhanced stability during storage and transportation, 
compact packaging, and be easily administered to the population without the need for 
highly trained medical personnel. These characteristics are crucial for the overall success of 
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new vaccines. More importance should be given to the physical and chemical interactions 
between the antigen and the excipients. Excursions from the recommended storage condi-
tions exacerbate interactions affecting the potency and safety. The implementation of CTC, 
mainly at the final steps of the supply chain, could significantly reduce vaccine waste and 
facilitate distribution to remote regions. Non‐GRAS excipients that may provide potential 
stability to novel TB vaccines should be explored. Dry powder formulations utilizing novel 
preparation techniques, such as spray drying in combination with the pulmonary delivery 
route, should be explored with more vigor. To avoid contamination, manufacturing facilities 
should be tailored specifically for each vaccine. Modularization of manufacturing will 
make vaccines affordable to the purchaser. This could have a huge impact on LMICs where 
TB is most prevalent.

4.6 Conclusions

Research efforts in vaccine development against TB continue, with many promising new 
candidates and immunization regimens in clinical trials. However, the formulation side of 
development remains largely unchanged since lyophilization of BCG in the early 1960s. 
Over half of the world has BCG immunization programs in place, but many of these pro-
grams remain unsuccessful. This is illustrated by startling infection rates and dismal mortal-
ity statistics. While most of the failures of BCG can be explained by problems with the 
bacteria themselves, a significant portion may be due to BCG vaccines that are rendered 
ineffective by improper storage conditions and poor administration techniques. In an era 
where so many vaccines against other infectious diseases are mosaics of antigens, adjuvants, 
stabilizers, immune‐modulators, and in some cases nanocarriers, this is unacceptable.

Formulation and manufacture must be re‐envisioned alongside antigen discovery, 
whether the vaccine uses live bacteria, antigenic proteins, or viral‐vectors as a platform for 
immune‐stimulation. It is important to remember that the majority of TB‐burdened coun-
tries are somewhat rural, swelteringly hot, and resource‐poor. This translates to unfavora-
ble storage conditions and poorly trained volunteers administering vaccines, which can 
have large effects on the efficacy of the vaccine. These conditions must be considered dur-
ing the design and preparation process to ensure that every person immunized receives a 
potent, safe, and effective vaccine.

Uniformity in the antigen and formulation, the route of administration, the manufactur-
ing conditions, the storage, and transportation profiles should be a worldwide goal. This 
can and should be implemented even at present with current BCG immunization programs. 
Lessons learned from the current vaccine preparation will inform future TB vaccine prepa-
ration. These lessons are critical for successful mass immunization.
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5.1 Introduction

The Stop TB partnership has stated a post‐2015 target of a 90% reduction in tuberculosis 
(TB) incidence by 2035 [1]. New and effective drugs, diagnostic tools and vaccines will 
all be essential to achieving this goal. Of the three, vaccines represent one of the most cost‐
effective approaches to reducing morbidity and mortality associated with Mycobacterium 
tuberculosis infections. Currently, the only licensed vaccine available against TB is 
Mycobacterium bovis Bacillus Calmette–Guérin (BCG), but this offers variable efficacy 
and does not confer life‐long protection.

New vaccines currently in human trials to prevent M. tuberculosis disease are predomi-
nantly focused on prophylactic ability when administered to newborns or infants. More 
recently, post‐exposure vaccines to aid in the prevention of reactivation or relapse of the 
active form of the disease are also being explored, along with therapeutic vaccines intended 
to be utilized as an adjunct to chemotherapeutic interventions. TB vaccine candidates cur-
rently in the global pipeline include live attenuated vaccines derived from mycobacteria, 
subunit vaccines consisting of selected mycobacterial antigens delivered either in viral 
vectors or with adjuvants, and mycobacterial lysates.
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This chapter provides an overview of the preclinical and clinical evaluation of selected 
TB vaccine candidates (Figure  5.1) with reference to animal models, human trials and 
laboratory immunological analysis to illustrate the pathways typical to TB vaccine 
development.

5.2 Preclinical Vaccine Assessment

Prior to human clinical trials, all vaccine candidates undergo rigorous safety, immuno-
genicity and efficacy testing. Initial safety testing could include in vitro assessments, for 
example formulation stability testing [2]. In the case of live attenuated vaccines, research-
ers might be required to demonstrate genetic stability [3]. These in vitro assessments are 
beyond the scope of the current chapter, and researchers undertaking these are strongly 
encouraged to work closely with local regulatory bodies to ensure that appropriate testing 
is conducted and documented [4, 5].

Following in vitro testing of new vaccine candidates, preclinical in vivo assessment will 
be carried out in multiple animal models. Regulatory approval will be dependent on posi-
tive outcomes from these models, which can provide essential information regarding safety, 
immunogenicity and protective efficacy. In vivo assessment of TB vaccine candidates is 
typically initiated in the murine model, which is the most accessible, tractable and cost‐
effective. Studies then generally progress to guinea pigs, followed by larger animals such 
as non‐human primates and/or cattle. Details of different animal models utilized for TB 
vaccine assessment, in particular how well these recapitulate salient aspects of human dis-
ease, are provided in Chapter 3 of this volume and in several comprehensive reviews on the 
topic [6–8]. Importantly, all of these models show some improvement in their ability to 
control M. tuberculosis infection when immunized with M. bovis BCG, which is used as 
the gold standard in almost all preclinical vaccine studies.

Preclinical Phase 1 Phase II Phase III
Basic 

research
Phase IV

MTBVAC,
rBCG30

ID93+GLA-SE,
H1-CAF01,
H4-IC31,
H56-IC31

VPM1002

M72A+AS01

MVA85A,
Aeras402/Crucell Ad35

RUTI,
M.vaccae

Live attenuated

Adjuvanted subunit

Therapeutic

Viral vector subunit

Figure  5.1 Current status of TB vaccine Trial Pipeline. Categories of selected TB vaccine 
candidates discussed in this chapter, with examples at different stages of clinical trials 
(completed or ongoing). Dashed lines indicate trial phases/vaccine type combinations where 
no candidates have yet been tested
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The most advanced TB vaccine candidate to date is Modified Vaccinia virus Ankara 
expressing the immunodominant M. tuberculosis antigen Ag85A (MVA85A) (Oxford 
University) [9, 10]. MVA85A has been subjected to extensive preclinical testing in mice, 
guinea pigs, cattle and non‐human primate models of human TB [7]. We will therefore use 
this candidate as an example to illustrate the types of assessments that can be undertaken in 
various animal models, as well as the advantages and limitations of the different models in 
the context of TB vaccine assessment.

5.2.1 Murine Model

As is typically the case for TB vaccine candidates, the first in vivo assessment of MVA85A 
was carried out in a murine model [11]. The model is widely accessible and benefits from 
the availability of numerous immunological reagents that allow the detailed characteriza-
tion of responses to immunization and challenge. Mice are small and easily housed, facili-
tating the use of group sizes supporting studies that are sufficiently statistically powered. 
For certain types of vaccine candidates where the safety profile is a particular concern, for 
example live attenuated mycobacteria, initial studies may include severe combined immu-
nodeficiency (SCID) mice [3]. This facilitates a rigorous assessment of safety in an 
immune‐compromised host. However, the MVA vehicle already had substantial evidence 
of safety in human volunteers [12], and the first reported mouse study including MVA85A 
focused on immunogenicity and protective efficacy [11].

This initial study investigated intravenously administered MVA85A in combination with a 
DNA vaccine (also incorporating Ag85A) given via the intramuscular route [11]. Different 
prime‐boost combinations of the two candidates were compared with BCG alone. In this 
study, mice were intraperitoneally challenged with 5–10 x 106 colony‐forming units (CFU) 
M. tuberculosis H37Rv, relatively soon (2 weeks) after the last immunization. Readouts 
included interferon‐gamma (IFN‐γ) ELISPOT on splenocytes, as well as lung and spleen 
bacterial count determination. It should be noted that the route of immunization, high dose 
and unusual route of challenge, as well as the short interval between immunization and chal-
lenge used in this study are poorly reflective of the human clinical setting. Nonetheless, prom-
ising results were obtained, and a regimen incorporating 3 DNA immunizations followed by 
a single dose of MVA85A elicited the highest levels of IFN‐γ‐producing splenocytes out of 
the 4 combinations tested. This regimen also protected as well as did BCG in terms of reduc-
tion in lung organ burden compared with the non‐immunized control group. These results 
therefore provided impetus for further development of the MVA85A candidate.

Two subsequent murine studies of MVA85A followed immunization and challenge 
routes more likely to reflect real‐world deployment [13, 14]. These studies both utilized 
regimens with subcutaneous BCG priming and intradermal MVA85A boosting. In one of 
the studies, intranasal administration of both BCG and MVA85A was also investigated 
[13]. Challenge with M. tuberculosis H37Rv was with a lower dose (200–250 CFU) via the 
aerosol route, and took place 4 weeks after immunization. Both studies included readouts 
of bacterial organ burden, and IFN‐γ ELISPOT assays. The later study also looked beyond 
IFN‐γ, and used multi‐parameter flow cytometry to enumerate multi‐functional T‐cell pop-
ulations, as well as multiplex cytokine bead arrays [14]. Both of these studies reported a 
lack of correlation between systemic immunity and protection in the lung. Importantly 
though, upon intranasal immunization, protection in the lung correlated with levels of 
Ag85A‐specific IFN‐γ‐secreting T‐cells in lung lymph nodes [13]. Interestingly, intranasal 
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boosting with MVA85A elicited vaccine‐induced protection better than did BCG alone, 
which very few TB vaccine candidates have achieved to date.

5.2.2 Guinea Pig Model

Guinea pigs are acutely susceptible to M. tuberculosis infection, and this host is therefore 
considered to offer a more stringent evaluation of vaccine efficacy than the murine model. 
The limited availability of immunological tools has presented historical impediments, but 
concerted efforts to develop reagents are overcoming this [15]. However, guinea pigs are 
more costly than mice and fewer laboratories have the capacity to house them under 
biosafety level 3 (BSL3) containment conditions. The limited number of laboratories able 
to support the model may be considered an advantage in some ways, as this encourages 
more head‐to‐head comparative evaluations of multiple vaccine candidates in a single 
experiment. This is essential for objective prioritization of candidates, where only a limited 
number can be progressed to human trials.

Assessment of MVA85A in guinea pigs has been carried out in the context of head‐to‐
head evaluations intended to discriminate between vaccine candidates and to identify the 
highest priority candidates for further progression. Williams et al. tested 24 vaccine candi-
dates, including MVA85A, in various regimens in 4 different experiments [16]. Candidates 
in this large comparative study were selected on the basis of previous data demonstrating 
immunogenicity and protective efficacy in mice (and in previous guinea pig studies for 
some candidates). Immunized animals were challenged with relatively high doses of 
M. tuberculosis H37Rv via the aerosol route, with the rationale that this would provide a 
stringent evaluation of vaccine efficacy to facilitate candidate prioritization. However, it 
should be considered that this may result in substantially different host responses to those 
elicited by natural, low‐dose, infection, and may preclude the ability to discriminate 
between candidates. The 2 best performing regimens followed the BCG prime/viral vector 
boost design. Intradermal MVA85A boosting following subcutaneous BCG priming did 
not enhance protection afforded by BCG alone. An alternative regimen used subcutaneous 
BCG priming, followed by boosting with intradermal MVA85A, then a second boost with 
intradermal fowlpox‐vectored Ag85A (FP85A). Boosting was performed at 4‐week inter-
vals, and the BCG‐MVA85A‐FP85A group was compared with BCG alone. Challenge 
with 500 CFU of M. tuberculosis H37Rv was performed via the aerosol route at 6 weeks 
after the last immunization. Protective efficacy was primarily assessed by survival over 17 
or 26 weeks, and organ bacterial burden and histopathology was also assessed. The BCG‐
MVA85A‐FP85A regimen was equivalent to BCG in terms of reduction of lung and spleen 
bacterial loads, and reduction in lung consolidation. Furthermore, this study highlighted 
the unprecedented finding that the BCG‐MVA85A‐FP85A regimen conferred 100% pro-
tection in terms of survival, out‐performing BCG alone [16, 17]. However, it should be 
noted that the sample size used here was relatively small (n = 6), and may not be statisti-
cally robust given the inherent biological variability in this model.

5.2.3 Cattle Model

Cattle have been extensively used to assess immunogenicity and protective efficacy of 
TB vaccine candidates [18, 19]. Bovine challenge experiments are very costly, with few 
sites worldwide capable of housing infected cattle in the required BSL3 containment 
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laboratories. However, this experimental system has yielded some important insights into 
the kinetics and nature of immune responses to vaccination and subsequent infection. An 
important feature of this model is that cattle are infected with M. bovis, thus representing a 
natural host–pathogen pairing. Not only is this a useful model for testing vaccines aimed at 
human populations, but bovine TB is an important target in its own right.

Two studies have reported the use of MVA85A in cattle. The first of these assessed the 
immunogenicity of different combinations of BCG, FP85A and MVA85A in prime‐boost 
regimens [20]. Readouts included skin testing and assays on peripheral blood mononu-
clear cells (PBMCs) (IFN‐γ ELISPOT, IFN‐γ staining of CD8+ T cells and the use of 
short‐term T‐cell lines to assess epitope specificity). This demonstrated that the inclusion 
of MVA85A in regimens with BCG significantly increased levels of Ag85A‐specific 
IFN‐γ‐secreting T‐cells. In addition, heterologous boosting broadened the resulting T‐cell 
epitope repertoire.

A follow‐up study investigated whether these promising results translated into enhanced 
protection against challenge [21]. In this study, FP85A was replaced with a different viral‐
vectored candidate, namely recombinant attenuated adenovirus expressing Ag85A 
(Ad85A). Cattle were subcutaneously primed with BCG, then intradermally boosted with 
either MVA85A or Ad85A after 8 weeks, and challenged with 2 × 103 CFU M. bovis via 
the intratracheal route 6 weeks following the boost. Non‐vaccinated and BCG‐vaccinated 
animals served as controls. Readouts included skin tests, pathology scores, enumeration 
of lymph node bacterial burden, whole‐blood IFN‐γ assay, IFN‐γ ELISPOT, cultured 
ELISPOT and quantitative real‐time polymerase chain reaction (RT‐PCR) for selected 
cytokines. This study concluded that boosting BCG with the viral vectored candidates 
provided better protection than did BCG alone. The BCG prime/viral vector boost regi-
mens elicited improvements in four of eight pathology parameters assessed, whereas BCG 
improved on only one parameter. The boosted regimens also reduced lymph node bacte-
rial burdens, although this was only statistically significant for the Ad85A‐boosted group. 
Grouping all vaccinated animals into “protected” and “non‐protected” groups revealed 
possible predictors of vaccine efficacy. Interestingly, memory responses (as assessed by 
cultured ELISPOT assays) correlated with protection, as did Ag85A‐induced IL‐17 
expression.

A potentially useful application of the cattle model is to assess transmission, and this 
has been explored by a number of researchers, using infected donor animals housed with 
sentinels [22–24]. Two studies conducted in such a natural transmission setting demon-
strated that BCG immunization provided protection [22, 24]. However, more recent work 
has highlighted that inherent complexities of this model demand very large group sizes to 
provide sufficient statistically powered data [23]. The significant financial and logistical 
constraints involved would mean that such studies would be limited to only the most prom-
ising candidates. However, they may provide useful data regarding immune responses and 
correlates of protection in the context of natural infection.

5.2.4 Non‐human Primate Model

Of all the animal models commonly in use for TB vaccine assessment, non‐human pri-
mates are genetically, anatomically and physiologically most similar to humans. They are 
naturally susceptible to M. tuberculosis infection, and the disease manifestations closely 
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mirror that in humans. Importantly, the ability to co‐infect animals with simian immunode-
ficiency virus (SIV) affords the ability to model the impact of immunization and subse-
quent challenge in HIV‐positive humans [25, 26]. Although ethical and financial constraints 
mean that very few sites possess the capacity to perform TB vaccine testing in non‐human 
primates, several TB vaccine candidates have been tested using this model.

Three separate studies (at two different study sites) have investigated safety, immuno-
genicity and protective efficacy of MVA85A in Rhesus macaques [27–29]. The first of 
these studies was reported in 2009 [28], at which time MVA85A was already undergoing 
clinical trials [30]. For some candidates, testing in non‐human primates (in addition to 
small animal model testing) would be a regulatory requirement before human clinical trials 
would be allowed to proceed. However, the existing safety record of MVA85A allowed this 
step to be bypassed. Nonetheless, non‐human primate studies were conducted in parallel to 
human testing to provide additional support for progression of this candidate.

The 3 reported non‐human primate studies all utilized a BCG prime/MVA85A boost 
strategy [27–29], reflecting how the MVA85A candidate would likely be deployed in 
human populations. The first 2 studies utilized virtually identical immunization and chal-
lenge regimes (in terms of dose, route and timing), and both included challenge with a high 
dose (1000 CFU) of virulent M. tuberculosis Erdman via the respiratory route, 9 weeks 
after the last immunization [28]. The first study had a fixed‐endpoint design, where all 
animals were euthanized at 16–17 weeks post‐infection [28]. In contrast, the second study 
was conducted as a long‐term survival study [27]. Both studies assessed pathology scores, 
clinical parameters (including weight) and organ bacterial burden. The fixed‐endpoint 
study also assessed IFN‐γ ELISA and chest X‐rays [28], whereas the long‐term survival 
study monitored IFN‐γ ELISPOT results and performed magnetic resonance imaging 
(MRI) combined with stereology to determine lung lesion burden [27]. The fixed‐endpoint 
study demonstrated that boosting with MVA85A protected at least as well as did BCG 
alone, and in fact the BCG prime/MVA85A boost regimen performed better than did BCG 
according to some parameters, including reduced lung bacterial burden [28]. Unfortunately, 
these promising results did not translate to enhanced long‐term survival as measured in the 
second study. However, the authors noted that the MVA85A immunization in the second 
study did not significantly boost purified protein derivative (PPD)‐specific responses in the 
BCG/MVA85A group. While the reason for this was unclear, it may explain the observed 
lack of protective efficacy. In support of this, the animal demonstrating the highest immune 
response following immunization with MVA85A showed the least severe disease symp-
toms and lowest organ burden at the end of the study. As highlighted by this study, because 
restricted group sizes (necessitated by financial and ethical factors) will limit statistical 
power, long‐term survival studies offer little value in the non‐human primate model. Fixed‐
endpoint designs are likely to be more useful.

The third, most recent, study of MVA85A in non‐human primates was designed to com-
pare the safety and immunogenicity of MVA85A delivered directly to the lungs to that 
associated with parenteral delivery [29]. All animals received a BCG prime, followed by an 
MVA85A boost via either the intradermal or respiratory route. Respiratory delivery of 
MVA85A exploited a nebulizer licensed for human use [29], making these results directly 
applicable to the clinical setting. This study detected no adverse effects attributable to the 
route of delivery. Both routes of MVA85A delivery elicited antigen‐specific immune 
responses in the lung and periphery, with an apparent trend towards elevated responses in 
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the targeted compartment. Whether this translates into enhanced protection as has been 
observed for mucosal delivery of MVA85A in the murine model is unknown, but it does 
offer an exciting possibility for future study.

5.3 Clinical Assessment of Vaccines

5.3.1 Human Clinical Trials and Phases of Testing

Following preclinical testing of vaccines in various animal models, the safety, tolerability, 
immunogenicity and protective efficacy of the developed product need to be tested in 
humans. These clinical trials are performed over a number of years (up to 15 years), and 
progress through 4 phases of assessment.

Phase I trials are small, with only a few, normally healthy volunteers (up to about 
50 people). Irrespective of the intended final target population, it is customary to perform 
Phase I testing of the vaccine in the country of origin. The primary aim of the trial is to 
check safety and tolerability of the vaccine with immunogenicity as a secondary or explor-
atory endpoint. Safety evaluations of TB vaccines can include blood chemistry tests (to 
monitor, for example, liver function and inflammatory responses), clinical observation of 
the participant (including injection‐site evaluation for signs of swelling, pain, blistering) 
and self‐reported symptoms (for example, malaise, headache). Another important feature 
of these trials is that they are aimed at finding the correct dose of vaccine to administer, so 
the small numbers of volunteers are even further divided into groups/cohorts. Investigators 
may also sample for assays aimed at understanding the in vivo mechanism of the vaccine 
in humans.

Phase II trials can include up to 100 or more participants. These trials now include the 
target population (e.g., newborns if the vaccine hopes to replace BCG) in a setting with a 
high incidence of the disease. This is done both to have sufficient numbers in a trial but also 
to compare with significant outcomes in the BCG group. Phase II also focuses on safety 
and efficacy, but with immunogenicity of the vaccine as a definite secondary outcome. The 
candidate vaccine, at the dose determined in Phase I, is then compared with BCG as given 
in the country of testing. For some trials there may also be a placebo group.

Phase III trials are large (more than 100 people, up to 1000) and can include multi‐site 
and multi‐country studies, in areas of high TB incidence. For these trials the focus is on 
protective efficacy and to further characterize the safety and immunogenicity profile. These 
trials are also randomized according to different algorithms and participants receive either 
vaccine or placebo. Outcomes of Phase III trials will determine whether the candidate will 
be approved and released to market.

Following vaccine approval and release to market, Phase IV trials investigate the long‐
term use of a product already classified as safe and efficacious.

5.3.2 Live Attenuated Vaccine Candidates

The prototypic live attenuated TB vaccine, BCG, was developed in the 1900s and first 
administered to humans in 1921 [31]. In excess of 3 billion doses of BCG have since been 
administered [32]. However, major differences in protective efficacy were observed in  trials 
across the globe, ranging from over 70% protection in trials in the UK to 0% in India [33]. 
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The failure of the available BCG vaccines to provide life‐long protection led to the notion 
of improving the BCG vaccine. Approaches to improve BCG include the creation of recom-
binant strains that overexpress immunodominant mycobacterial antigens or heterologous 
proteins. Alternatively, BCG can be rationally mutated to enhance immunogenicity. One of 
the advantages of these strategies is that they build on BCG’s extensive historical safety 
record, facilitating regulatory approval.

To date, two recombinant BCG strains have been assessed in human clinical trials. 
The first example, rBCG30, involved genetic modification of the BCG Tice strain by 
introduction of a plasmid to overexpress Antigen 85B (Ag85B). Following promising 
guinea pig studies [34], rBCG30 underwent a Phase I clinical trial. This vaccine signifi-
cantly enhanced the frequency of Ag85B‐specific CD4/CD8 T‐cells, and produced a 
major increase in the number of antigen‐specific T‐cells able to inhibit intracellular 
mycobacterial replication [35].

Another recombinant BCG candidate vaccine, VPM1002 (Vakzine Projekt Management, 
GmbH), has advanced to Phase IIa clinical trials. VPM1002, alternatively known as 
M. bovis BCG ΔureC::hly, exploits the dual strategies of a rationally targeted deletion and 
heterologous expression [36, 37]. VPM1002 overexpresses listeriolysin O, the virulence 
factor of Listeria monocytogenes encoded by the hly gene. In addition, the urease C gene 
has been deleted. The absence of urease C in VPM1002 compromises the ability of the 
strain to limit vacuole acidification, allowing for optimal functioning of listeriolysin O. 
Perforation of the phagosomal membrane by listeriolysin O allows outlet of recombinant 
antigens into the cytosol, which facilitates major histocompatibility complex (MHC)‐
mediated priming of CD8 T‐cells. In murine experiments, VPM1002 vaccination elicited 
interleukin (IL)‐17 production together with T‐helper (Th) 1 cytokines. The produced 
IL‐17 was able to enhance recruitment of Ag‐specific T‐cells to the lung [38].

Building on promising results in mice, guinea pigs, rabbits and non‐human primates 
[37], clinical trials of VPM1002 were initiated. During the first clinical trial (Phase 1 open‐
labeled, dose escalation), healthy volunteers were randomized to receive one intradermal 
dose of BCG or VPM1002. Immunogenicity was evaluated in peripheral blood by assess-
ing IFN‐γ production, cellular immunity by flow cytometry, and antibodies against the 
mycobacterial antigens in the serum by enzyme‐linked immunosorbent assay (ELISA) 
[36]. VPM1002 was found to be safe, well tolerated and immunogenic in terms of both 
T‐ and B‐cell responses. In a completed Phase IIa study, further safety and immunogenic-
ity of VPM1002 was evaluated in comparison with BCG in newborn infants (results pend-
ing, manuscript in preparation) (ClinicalTrials.gov ID: NCT01479972). This trial was 
sponsored by VPM, GmbH in partnership with Triclinium, the Children’s Infectious 
Disease Research Unit (KidCru), and Stellenbosch University in South Africa.

While recombinant forms of BCG are showing promising results in animal and human 
studies, these formulations might pose inherent safety risks in immune‐compromized 
individuals [39], and also lack a subset of antigens expressed by M. tuberculosis [40]. For 
these reasons, alternative approaches to generating live attenuated mycobacterial vac-
cines have been pursued. Several groups have developed live attenuated strains by ration-
ally attenuating M. tuberculosis [41], reasoning that these would promote long‐lived 
memory immune responses more closely resembling those elicited by natural infection. 
Safety concerns surrounding the use of live attenuated M. tuberculosis have been 
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addressed by extensive preclinical testing [3, 26, 42]. This has supported the approval of 
human Phase I clinical trials for one such candidate, MTBVAC. MTBVAC, developed by 
the University of Zaragoza, is a recombinant form of M. tuberculosis with two independ-
ent attenuating deletions [42]. This strain is deficient in the expression of several genes 
coding for virulence factors, including the Early Secretory Antigenic Target 6 kDa 
(ESAT6), and genes necessary for the synthesis of bacterial cell‐wall components. In 
mouse and guinea pig studies, the MTBVAC vaccine was safe, well tolerated, immuno-
genic and protective against TB. MTBVAC was the first live attenuated vaccine based on 
M. tuberculosis to enter human clinical trial; a Phase I trial in Lausanne, Switzerland 
evaluated the safety and immunogenicity of MTBVAC compared with BCG in a dose‐
escalation study. The Phase I study was funded by Biofabri, S.L. in partnership with the 
University of Zaragoza, Tuberculosis Vaccine Initiative (TBVI), Centre Hospitalier 
Universitaire Vaudois, and the European Union Framework Partnership 7 (ClinicalTrials.
gov Identifier: NCT02013245) [42].

5.3.3 Viral Vectored Subunit Vaccines

To date, the majority of subunit vaccine candidates have focused on a relatively small sub-
set of immunodominant antigens selected on the basis of their ability to elicit robust T‐cell 
responses, with a particular emphasis on the CD4+ subset [6]. Interest has more recently 
expanded to include antigens thought to be important at different stages of disease, for 
example the so‐called “latency antigens” [8]. Importantly, the antigen alone is unlikely to 
elicit a sufficiently robust immune response to confer protection, and current efforts are 
focused on delivery either with viral vectors or in adjuvanted formulations to enhance 
immunogenicity.

Currently one of the most advanced new TB vaccine candidates is MVA85A, a subunit 
viral vectored vaccine utilizing a recombinant strain of MVA to deliver antigen 85A of 
M. tuberculosis [9, 10]. Extensive preclinical testing as described above supported the pro-
gression of this candidate into human trials. The safety, tolerability and immunogenicity of 
the MVA85A vaccine is well documented through a number of clinical trials, which 
included healthy volunteers as well as infected children, infants and adults with M. tuber-
culosis and/or HIV [30, 43–48]. The vaccine has demonstrated the ability to induce anti-
gen‐specific polyfunctional CD4 T‐cells as well as CD8 T‐cells producing IFN‐γ [44]. 
However, when tested in a Phase IIb trial in South Africa, boosting with the MVA85A 
vaccine did not confer any advantage above BCG alone, and was not able to protect healthy 
infants [10]. Another Phase II proof‐of‐concept, randomized, double‐blind and placebo‐
controlled trial to assess the safety and immunogenicity profile of MVA85A against active 
tuberculosis disease in HIV‐infected adults and healthy volunteers has been completed in 
South Africa and Senegal. Results indicate that even though the vaccine was immunogenic, 
it was not efficacious against M. tuberculosis infection or disease. However the study was 
not powered to detect vaccine‐induced protection against disease [47] (ClinicalTrials.gov 
Identifier: NCT01151189). The developers of MVA85A are now conducting studies to 
evaluate the route of administration and correlating it to immune responses induced [49]. 
Oxford Emergent TB Consortium (OETC) and Aeras were the co‐sponsors of the clinical 
development of the vaccine.



100 Drug Delivery Systems for Tuberculosis Prevention and Treatment

The Aeras 402/Crucell Ad35 vaccine is a replication‐deficient adenovirus vector express-
ing the mycobacterial antigens TB10.4, Ag85A and Ag85B [50]. The vaccine elicited 
robust CD4 and CD8 T‐cell responses when administered intranasally in a mouse model. 
In healthy BCG‐vaccinated adults the vaccine had a tolerable safety profile; although vac-
cinees reported moderate local adverse events at the injection site, there were no reports of 
serious vaccine‐related adverse events. The vaccine induced strong CD4 and CD8 T‐cell 
responses, and CD4 T‐cell responses were dominated by polyfunctional cells [51]. Results 
are pending for a small Phase I trial to evaluate the safety and immunogenicity profile of 
Aeras 402/Crucell Ad35 vaccine prime/MVA85A boost (ClinicalTrials.gov Identifier: 
NCT01683773), as well as a Phase II safety and immunogenicity trial in healthy infants 
(ClinicalTrials.gov Identifier: NCT01198366). Trials have been led and sponsored by 
Oxford University in partnership with Crucell Holland BV, Aeras, Emergent Biosolutions 
and the University of Birmingham.

5.3.4 Adjuvanted Subunit Vaccines

Several protein‐adjuvant formulations are currently being assessed in clinical trials [52]. 
The most advanced of these is M72 + AS01E (GlaxoSmithKline), which consists of two 
M.  tuberculosis antigens, MTB32A (PPE18 protein), and MTB39A (a serine protease), 
formulated in the adjuvant AS01E. AS01E is a liposomally formulated adjuvant system 
containing the immunostimulants Monophosphoryl Lipid A (MPL) and Quillaja saponaria 
fraction 21 (QS21). The results of Phase I and Phase II clinical trials in different population 
groups and at different trial sites have been reported [53–57]. These demonstrate that 
M72 + AS01E has an acceptable safety and reactogenicity profile (where reactogenicity 
refers to common transient adverse effects such as erythema, hematoma and swelling), 
including in infants [54] and in HIV‐positive [57] and TB‐positive adults [53, 56]. These 
studies also demonstrated the immunogenicity of the M72 + AS01E formulation, as evi-
denced by both humoral and cell‐mediated immune responses, the latter including the 
demonstration of polyfunctional M72‐specific CD4+ T‐cell responses, even in HIV‐infected 
adults [53–57]. A Phase IIb efficacy trial of M72 + AS01E is currently ongoing in South 
Africa (ClinicalTrials.gov Identifier: NCT01755598). GlaxoSmithKline and Aeras 
co‐sponsored the clinical development.

Hybrid 1 (H1) is a recombinant fusion protein of Ag85B and ESAT‐6 developed by the 
Statens Serum Institute, which has been tested when adjuvanted with either IC31 or CAF01. 
The IC31 adjuvant system combines the immunostimulatory effects of an 11‐mer antibac-
terial peptide, KLKL(5)KLK, and ODN1a, a synthetic oligodeoxynucleotide which is a 
Toll‐like receptor 9 agonist [58]. The H1‐IC31 vaccine candidate has progressed to Phase 
II clinical trials, and has been shown to be safe and immunogenic in both BCG‐vaccinated 
and non‐vaccinated individuals, M. tuberculosis‐infected and uninfected individuals, as 
well as in HIV‐infected adults [59–61]. IC31 has also been assessed in combination with 
two other recombinant fusion proteins in Phase I trials [52], but for the sake of brevity these 
will not be discussed here.

H1 has also been assessed in a formulation with CAF01, a two‐component liposomal 
adjuvant, comprising the cationic liposome dimethyldioctadecylammonium (DDA) with a 
synthetic variant of “cord factor” (a mycobacterial cell‐wall component) [62]. H1‐CAF01 
was safe and well tolerated in humans and produced durable T‐cell immunity in healthy 
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non‐BCG‐vaccinated adults, characterized by double‐positive IL‐2/TNF‐α‐producing  
T‐cells [63]. This, the first human study of CAF01, successfully demonstrated the ability 
of the adjuvant to elicit long‐lasting Th1‐focused cellular immunity, likely to be necessary 
for an effective TB vaccine.

A further protein‐adjuvant formulation currently undergoing clinical trials is ID93 + GLA‐
SE (Infectious Diseases Research Institute, IDRI). ID93 is a fusion protein of four 
M.  tuberculosis antigens, Rv2608 (PPE42), Rv3619 (EsxV), Rv3620 (EsxW), and Rv1813 
(a latency‐associated protein) [64]. GLA‐SE is a glucopyranosyl lipid adjuvant formulated 
in squalene oil‐in‐water nanoemulsion, acting as a TLR4 agonist, shown to promote Th1‐
biased CD4+ responses [65]. ID93 + GLA‐SE was well tolerated and protective in animal 
models of TB, and is currently undergoing Phase 1 clinical trials to evaluate its safety, tol-
erability, and immunogenicity in healthy adults (NCT01599897) and in BCG‐vaccinated 
healthy adults (NCT01927159). Clinical development is co‐sponsored by Aeras.

5.3.5 Therapeutic Vaccines

Several therapeutic vaccine candidates are currently under development [52]. One exam-
ple, Mycobacterium vaccae, was initially developed as a therapeutic TB vaccine candidate, 
but trial results have been variable across different geographical settings [66]. No differ-
ence was observed between the treatment and placebo groups in a double‐blind randomized 
controlled trial (RCT) in South Africa [67]. In patients with smear‐positive TB a single 
dose of M. vaccae together with standard TB treatment in Malawi and Zambia was well 
tolerated [68]. The treatment had no influence on mortality or bacteriological results in the 
HIV‐positive individuals, and only a tendency towards significant benefit in the HIV‐negative 
cohort. Sputum‐positive TB patients with no HIV infection in Uganda received a single 
dose [69] and this was comparable to a triple‐dose regimen in Argentina as both were asso-
ciated with faster radiological and bacteriological clearance compared with placebo. 
M. vaccae has since been assessed as a prophylactic vaccine [70].

RUTI® (Archivel Farma) is a therapeutic vaccine based upon detoxified liposomal 
cellular fragments of M. tuberculosis [71]. In a double‐blind Phase I RCT in BCG‐naïve 
healthy men in Spain, the vaccine was well tolerated and associated with modestly height-
ened responses to purified protein derivative and mycobacterial antigen including Ag85B 
and ESAT‐6. RUTI vaccine is now expected to be evaluated in persons infected and diseased 
with M. tuberculosis [72].

5.3.6 Route of Immunization

To date the majority of vaccines are administered through injection, which has significant 
health and financial implications, and novel and effective, non‐injectable delivery systems 
for vaccines are prioritized by the WHO. The importance is reinforced by the idea that 
mucosal vaccination in general, and intranasal vaccination specifically [73, 74], provides 
an improved immune response and protection compared with parenteral administration 
routes. Several groups are currently evaluating different mucosal vaccination options. For 
example, oral BCG vaccination of healthy adults previously vaccinated with BCG during 
childhood was well tolerated and meaningfully enhanced antigen‐specific IFN‐γ responses 
[75]. As mentioned below, the developers of MVA85A are also exploring mucosal delivery 
of this candidate [49].
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5.4 Laboratory Immunological Analysis and Assessment of Vaccine Trials

5.4.1 Decision on Population of Interest

It is important to have access to a population with a known high incidence of TB; this pro-
vides a stringent test of vaccine potential and can help to accelerate trials. For instance, 
studies have demonstrated that the incidence of paediatric TB in some areas of the Western 
Cape Province in South Africa reaches 1–3% per annum [76, 77], subject to the definition 
of active disease used. This has supported the development of several clinical trial sites in 
this region, as has also been the case in other high‐burden countries.

Optimal utilization of trial sites could be aided by stratification of populations accord-
ing to genetic risk. The majority of people infected with M. tuberculosis present with 
latent TB infection and do not develop active TB disease [78], suggestive of natural resist-
ance. Thirty to fifty percent of household contacts with substantial short‐term exposure do 
not become infected [79], suggesting extensive heterogeneity in disease/infection suscep-
tibility. Efforts to identify the genetic variants associated with pulmonary TB suggest that 
some individuals may have specific genetic risk factors associated with pulmonary TB 
[80]; this may support the grouping of trial volunteers most likely to develop disease to 
maximize statistical power.

5.4.2 Detection of Infection

If vaccines that prevent infection with M. tuberculosis are being sought, then it is important 
to be able to reliably detect infection. However, there is currently no gold standard immu-
nological test for infection with M. tuberculosis and infection is indirectly assumed from 
measureable quantities of anti‐mycobacterial immunity. The limitation is that these assays 
cannot distinguish a response to a new M. tuberculosis infection from that of a clinically 
latent (asymptomatic) infection with the bacterium. The relatively crude tuberculin skin 
test (TST) is the most commonly used method [81]. Two in vitro peripheral blood assays 
have been developed, which measure either the levels of IFN‐γ‐producing cells in response 
to M. tuberculosis antigens (IGRAs) or the secretion of IFN‐γ by T‐lymphocytes [82, 83]. 
Different aspects of anti‐mycobacterial immunity are assessed by IGRAs and TSTs and 
these are not completely concordant in predicting infection with M. tuberculosis.

5.4.3 Detection of Protective Immunity

Protection against TB is predominantly T‐cell immunity driven. The capacity to measure 
such immunity plays an important part in understanding the response to infection and dis-
ease. However, we lack a complete understanding of what constitutes protective immunity. 
Many studies have focused on measuring mycobacteria‐specific IFN‐γ responses, but it has 
become clear that while IFN‐γ is necessary, it is not sufficient for protection against disease 
[6, 8]. More recent efforts have expanded analyses to enumerate polyfunctional T‐cells, 
which were correlated with protection in animal models [84]. However, this has not held 
true in human studies. Efforts to identify reliable correlates of protection continue. Novel 
approaches to this problem include efforts to develop a human challenge model, where 
intradermal challenge with BCG is used to probe anti‐mycobacterial immunity [85, 86]. 
This builds on proof‐of‐concept work in mice and cattle, where skin and intranodal 
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challenges, respectively, demonstrated that protection against the BCG challenge corre-
lated with protection against challenge with M. tuberculosis [87, 88].

To further complicate matters, trials of several different types of vaccine candidates are 
being conducted at multiple trial sites, where differences in standard operating procedures 
can influence results obtained and complicate comparisons of different candidates, or even 
of the same candidate tested at different trial sites. Also important to note is that trial labo-
ratories may wish to measure different features of the induced immune response (depend-
ent on the vaccine candidate being tested) and this may lead to investigators opting for their 
assay of choice being employed. To some extent, this can be overcome by the harmonizing 
of assays and procedures [89], keeping in mind that the vaccines tested may differ with 
respect to their immunobiological mechanisms.

Important considerations include decisions on whether assays will be conducted with 
whole blood or peripheral blood mononuclear cells, and what the duration of antigenic 
stimulation will be (ranging from hours to several days). Another aspect of harmonizing 
protocols for vaccine immunology is the time delay before samples are processed. Several 
studies have demonstrated a decrease in immune response correlated with time before 
bloods are processed [90, 91]. It is now known that assays running for longer periods (e.g., 
proliferation assays running for 5–7 days, etc.) are less influenced by protocol variations, 
as these assays quantify growth of antigen‐specific T‐cells, and are thus less affected than 
are shorter‐term assays that measure direct ex vivo function quantitatively [89].

To facilitate meaningful comparisons of different candidates and results from different 
trial sites, the WHO convened a panel of experts to identify challenges and to make recom-
mendation with regards to immunological assays for TB vaccine trials. It is acknowledged 
that, in the absence of known immune correlates of risk and protection, a one‐size‐fits‐all 
approach is unlikely to be suitable, and it is therefore recommended that all trials are 
evaluated with a range of immunological assays to capture as much information as possi-
ble related to the immune responses induced by the tested vaccines [89, 92]. It was also 
suggested that at least one simple, harmonized and standardized assay should be con-
ducted in all trials, to allow direct comparisons of immunogenicity. The 7‐day whole‐
blood IFN‐γ assay was deemed suitable and has been standardized for use in different trial 
sites [89]. Even with the recommendation by the panel, this assay has not been imple-
mented by all or reported on as being used during trials. Other challenges for TB vaccine 
trials include: the case definition of active TB disease, the cost and size of extended‐scale 
trials, vaccine‐testing sites and trained/skilled personnel as well as the ability of the pro-
ducers of the vaccine to reduce the cost of the vaccine and distribution to as many countries 
as possible [93, 94]. These confounding factors need to be taken into account when preparing 
vaccines for testing and designing clinical trials.

5.5  How well do the Available Preclinical Models Predict Vaccine 
Success in Humans?

For MVA85A, the “failure” of the vaccine in Phase IIb clinical is perhaps not surprising 
when the animal model data are considered. While some studies did suggest improvement 
over BCG when MVA85A was included in vaccination regimens, these improvements 
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were small. In addition, the protective capacities of the strategies with the best outcomes in 
animal models (inclusion of FP85A or mucosal immunization with MVA85A) have not 
thus far been tested in humans.

When designing animal studies, it is important to reproduce the clinical setting as far as 
practically possible. An obvious factor to consider is the route of immunization. As 
described above, the majority of studies to date with MVA85A have been conducted using 
intradermal immunization, and indeed this has been the route of choice in the majority of 
clinical trials. However, the findings that mucosal boosting with MVA85A enhances pro-
tection over that conferred by BCG alone in mice [13], and elicits a trend toward elevated 
antigen‐specific responses in targeted compartments in non‐human primates [29], provide 
support for exploring this route of immunization in humans. Indeed, a Phase I clinical trial 
of aerosol delivery of MVA85A has provided promising immunological data, mirroring 
that found in non‐human primates [49].

A potential criticism of many animal studies to date is that the timing of booster doses 
and subsequent challenge is usually not reflective of the clinical setting. However, financial 
and practical constraints limit the ability to design animal experiments of sufficient dura-
tion to address this. Apart from timing, there are other factors associated with the challenge 
component of animal studies that should be considered. The route of natural infection is via 
inhalation into the lung; this is reflected in most reported animal studies of the protective 
efficacy of TB vaccine candidates. However, the challenge dose used in almost all studies 
is much higher than what is expected to be encountered in natural infection; using very low 
challenge doses in a laboratory setting is usually not practically feasible, but it is nonethe-
less important to consider that high challenge doses represent a very stringent assessment 
of vaccine efficacy, and may trigger quite different immunological outcomes from natural 
infection. The challenge strain should also be considered. Inter‐laboratory comparisons are 
obviously facilitated by the use of standardized laboratory strains such as M. tuberculosis 
H37Rv and M. tuberculosis Erdman, which have been used in the majority of studies. 
However, there is growing appreciation of strain‐dependent disease outcomes [95], with 
some animal studies opting to include challenge with clinical isolates [64, 96, 97].

The TB vaccine field is in the fortunate position of having a number of promising  vaccine 
candidates and several different animal models in which to test these. However, careful 
consideration needs to be given to how these models are utilized, and the benefits and limi-
tations of each model should be weighed in light of the question being addressed. The cost 
and accessibility of each model plays an obvious role in decisions of which models to use 
at what stage of development. There is growing recognition of the importance of standard-
ized, head‐to‐head comparisons of different vaccine candidates in preclinical models to 
ensure that the most promising candidates progress to human trials.

A major limitation of both human and animal studies is the lack of reliable correlates of 
risk and protection. However, the judicious use of animal models in conjunction with data 
emerging from ongoing clinical trials may help to address this. Animal models provide 
unique opportunities for detailed analysis of immunological and other parameters within 
specific compartments that are not always possible in humans. Integrating this information 
in an iterative fashion into our knowledge of human responses to immunization and infec-
tion may facilitate the identification of informative biosignatures, and ultimately underpin 
the licensing of new and effective TB vaccines.
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6.1 Introduction

The world desperately needs new and improved drugs to treat tuberculosis (TB). 
On top of an increasing drug resistance problem, current therapies are long and have 
side effects. Inhaled therapies have revolutionized the treatment of asthma and other 
pulmonary diseases. A small number of studies indicate the same approach could be a 
beneficial alternative or addition to current TB treatment. In this Chapter, we review 
examples of inhaled therapies in current practice and animal studies that indicate the 
promise of this approach for treating TB. We then review specifics of how to perform 
inhaled drug efficacy studies using the guinea pig model of TB and aerosol dosing 
chambers. We hope this Chapter will serve as a practical guide for researchers who 
want to test the efficacy of TB drugs delivered by inhalation and inspire others to consider 
doing so.
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6.2 The Need for New Drug Treatments for Tuberculosis

The introduction of antibiotics to treat tuberculosis (TB) in the 1940s held great promise 
for eradication of this infamous disease. However, our current need for new and more 
effective treatments for TB could not be greater or more urgent. Current drug treatment for 
active TB is six months long and requires high doses of four orally delivered antibiotics: 
rifampicin, isoniazid, pyrazinamide and ethambutol. For TB patients with visible cavities 
in their lungs, the treatment is extended to 9 months [1]. The lengthy treatment period 
combined with side effects of this drug regimen negatively impact patient adherence to 
treatment, and this has contributed to the development of drug‐resistant strains. Multidrug‐
resistant, extensively drug‐resistant and totally drug‐resistant TB cases (MDR, XDR, and 
TDR) are increasing each year. MDR TB is defined as being resistant to rifampicin and 
isoniazid [2]. XDR is an MDR strain that is additionally resistant to any fluoroquinolone 
(such as ofloxacin or moxifloxacin) and at least one of three injectable second‐line drugs 
(i.e., amikacin, kanamycin, or capreomycin). TDR, the most frightening of all, is TB that 
is currently untreatable. In 2013, there were 9 million new cases of TB including 480,000 
cases of MDR TB, of which 9% were thought to be XDR [2]. For drug‐resistant TB, treat-
ment is much more expensive, longer (~2 years), and it requires extremely potent antibiot-
ics with serious side effects (e.g., depression, psychosis, hearing loss, hepatitis, and kidney 
impairment). Some of the drugs available for MDR and XDR TB are only available as 
injectables, making treatment even more onerous [3]. With MDR and XDR TB, treatment 
fatigue and lack of adherence is an even bigger problem than is associated with the standard 
four‐drug therapy for drug‐sensitive TB [4]. The TB crisis is additionally confounded by 
the high number of HIV cases in areas of the world where TB is most prevalent. HIV 
increases the likelihood of active transmissible TB infection, either through new infection 
or reactivation of latent TB. The combination of HIV and drug‐resistant TB in the same 
individual is not only devastating for the individual but it drives further dissemination of 
drug‐resistant TB. Given the current problems facing TB treatment, novel and shorter ther-
apies desperately need to be developed.

6.3 Inhaled Drug Therapy for Tuberculosis

Currently, TB drugs are delivered either orally or by injection. However, for a pulmonary 
disease like TB the potential of treating with inhaled drugs holds great appeal [5–7]. In 
recent years, inhaled drug therapies have proven stable, easy to deliver and effective. For 
asthma, inhaled therapies are now common. Better disease control and fewer side effects 
are associated with aerosol delivery of the same asthma drugs that were given orally for 
decades [8]. Other inhaled therapies in current practice are FDA‐approved aerosolized anti-
biotics (tobramycin, aztreonam and colistimethate) for chronic Pseudomonas aeruginosa 
lung infections in cystic fibrosis patients [9, 10]. Inhaled drug therapy is also used to deliver 
pentamidine to treat Pneumocystis carinii pneumonia [11]. Finally, another example is 
amphotericin B, which is used to prevent fungal infection in lung‐transplant patients. Toxic 
side effects associated with amphotericin B delivered as an injectable drug are overcome 
when it is delivered as a nebulized aerosol at lower doses [12, 13]. Given the need to 
explore all therapeutic possibilities for TB treatment, the efficacy of inhaled drug therapy 
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deserves consideration and evaluation. Interestingly, back in 1950, aerosolized streptomycin 
was briefly used to successfully treat TB [14]. However, there are currently no approved 
inhaled therapies for TB.

For TB, inhalation therapy would have the benefit of targeted delivery of high drug con-
centrations directly to the site of infection. Higher drug levels in the lungs may reduce the 
time of current therapies, which would improve patient adherence. Further, targeted lung 
delivery could be especially useful for treating latent TB, in which the Mycobacterium 
tuberculosis bacteria are encased in multicellular, poorly vascularized, and calcified granu-
lomas that hinder drug penetration with standard oral therapy. Following oral administra-
tion, drugs must traverse the gut, enter the blood stream, and travel to the site of infection 
in the lungs. There are diminishing concentrations of drug at each step of the process. An 
excellent discussion of oral drug distribution and penetration into lung granulomas can be 
found in the review of V. Dartois, in Nature Reviews Microbiology, 2014 [15]. By avoiding 
the pH extremes of the stomach/intestines and the need for drug adsorption from the gut, 
inhalation therapy is a particularly attractive option for delivering acid‐labile or poorly 
adsorbed drugs for TB. In addition, some drugs have solubility problems that make them 
difficult to administer orally or by injection but, when formulated as dry powders, they can 
be delivered by inhalation. Finally, a benefit of inhaled therapy is that high systemic con-
centrations can be largely avoided, which reduces the potential for toxic side effects as 
occurs with several TB drugs. Adherence to inhalation therapy is typically very good and 
this is most likely due to reduced side effects.

Not only does aerosol delivery of TB drugs have the potential to achieve higher local 
drug concentrations that can lead to shorter time to cure, it also has the possibility of short-
ening the time that an infected individual can spread TB to others. TB is transmitted by 
respiratory droplets of M. tuberculosis released from the airway by coughing, sneezing or 
talking. By directly delivering drugs to the airway of infected individuals, the length of 
time that a person can transmit TB bacteria will diminish more rapidly.

6.4 Published Studies of Inhalation Therapy for TB

While the number of studies testing the efficacy of aerosol‐delivered TB drugs remains 
small, experiments show this approach to be a promising alternative or addition to standard 
treatment with first‐line drugs. In the very first study of this type, a single dose of rifampicin 
was delivered by insufflation to the lungs as particles encased in slow‐releasing polylac-
tide‐co‐glycolide (PLG) microspheres. In this study, rifampicin particles were delivered 
prior to infection of guinea pigs with M. tuberculosis to test efficacy prophylactically. 
While the treatment did not completely prevent infection, it was effective in significantly 
reducing the M. tuberculosis burden [measured as colony‐forming units (CFU)] in the 
lungs [16]. In a subsequent study, daily treatment with nebulized rifampicin delivered as 
microparticles of free drug was tested following establishment of TB infection. This treat-
ment reduced the bacterial burden in the lungs and spleen compared with untreated guinea 
pigs [17]. When combination therapy of rifampicin, isoniazid and pyrazinamide (RHZ) 
was delivered to the lungs of TB‐infected guinea pigs as free‐drug or in PLG or lectin‐ 
functionalized PLG microspheres, a 4 log reduction of CFU was achieved in the lungs and 
spleens after 4–5 doses delivered over a 45‐day period [18, 19]. In another study, RHZ 
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loaded into solid lipid particles reduced the lung and spleen CFU burden by more than 
4 logs after 7 nebulized doses to TB infected guinea pigs [20].

In addition to considering inhaled delivery of first‐line TB drugs, many second‐line 
anti‐TB drugs are particularly attractive candidates for pulmonary delivery due to their 
incompatibility with oral dosing and requirement for intravenous or intramuscular injec-
tion. Capreomycin is a second‐line drug that is typically given daily for 60–120 days by 
intramuscular injection and is associated with significant side effects. Aerosol treatment 
with capreomycin, formulated into microparticles containing 80% capreomycin and 20% 
leucine, resulted in a significant 1 log decrease in lung CFU of TB‐infected guinea pigs. 
This reduction in lung CFU was comparable to what was achieved with 30% higher drug 
levels delivered to guinea pigs by intramuscular injection in parallel [21]. Spectinamides, 
which are a promising new class of anti‐TB drug, have been delivered to the lungs of TB‐
infected mice by intratracheal insufflation and have been shown to be effective also [22]. 
Finally, gentamicin is a drug with anti‐TB activity that is not currently used because the 
levels required to be effective are not attainable systemically. TB‐infected mice exhibited 
a 1.5 log decrease in lung CFU after 4 weeks of daily treatment with aerosolized gen-
tamicin [23]. In 2001, inhaled gentamicin or kanamycin, the latter being another aminogly-
coside with anti‐mycobacterial activity, was given to 19 people with unusually persistent 
positive M. tuberculosis sputum smears. Thirteen of the individuals treated converted to 
negative smears with a median time of 23 days, and no recurrence of disease was observed 
[24]. Thus, animal and human studies performed to date support the potential of using 
inhaled therapies to improve current TB treatment by making it more efficacious and 
patient friendly.

6.5 The Guinea Pig Model for Testing Inhaled Therapies for TB

Guinea pigs and mice can be used to test aerosolized drugs for their effectiveness in treat-
ing TB. While rabbits and nonhuman primates are excellent models for TB, there have been 
no reports of inhaled TB drugs being tested in either model. Nonhuman primates, however, 
have been used in aerosolized vaccine trials [25] and could be similarly used to test inhaled 
TB drug efficacy, although the monetary costs of this model are high. Mice are the most 
cost effective animal model for TB studies and there are numerous tools for studying physi-
ology and immune responses in the mouse as well as for testing the fate of aerosol particles 
[26]. However, there are disadvantages for using mice as a model for human TB and spe-
cifically for testing the efficacy of inhaled therapies, which has led to the guinea pig being 
the small‐animal model of choice for these studies [27]. Among the differences between 
TB infection of mice and humans are that mice require 50–100 aerosolized bacteria to be 
reproducibly infected with M. tuberculosis, as opposed to humans that can be infected with 
as few as 1–10 aerosolized M. tuberculosis bacteria [28]. In addition, the cellular granulo-
mas that form in mice to contain M. tuberculosis resemble early‐stage human granulomas 
but they do not progress further to a structure resembling late‐stage human granulomas [29, 
30]. Murine granulomas are less organized, they do not become hypoxic and the caseum 
does not liquefy in comparison with human granulomas. Since drug penetration into 
hypoxic granulomas is a formidable problem in the treatment of TB, the different features 
of murine granulomas is a drawback for using the mouse model for testing drugs. It is 
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noteworthy, however, that C3HeB/FeJ (Kramnik) mice form necrotic granulomas that are 
better developed [31], and these mice are currently being evaluated for use in drug testing 
[32]. Additionally, mice infected with TB do not develop a delayed hypersensitivity reac-
tion to TB proteins (purified protein derivative; PPD), which is another difference between 
mice and humans [27].

In comparison, the course of M. tuberculosis infection in guinea pigs is more similar to 
what is seen in humans. Guinea pigs are susceptible to low‐dose aerosol infection (1–10 
bacteria), and they develop hypoxic caseous granulomas with necrotic centers, which are 
the hallmark for progressive TB in humans [29, 30]. Guinea pigs also have a delayed 
hypersensitivity reaction to a PPD skin test after TB exposure or vaccination with the live 
attenuated BCG vaccine. The similarities between guinea pig and human TB disease may 
explain why some results obtained with guinea pigs (for example, moxifloxacin substitu-
tion for isoniazid in TB treatment) have proven more predictive of results in humans than 
have studies performed in mice [33].

For specifically testing inhaled drugs, mice present additional drawbacks compared with 
guinea pigs. In mice, the pathway an aerosol must follow to reach the lungs is longer and 
more circuitous than in guinea pigs or humans. In addition, mice have small alveoli and 
airways, which results in a small tidal volume (volume of a single breath). Consequently, 
very long dosing times are required to deliver drugs by inhalation to mice. Therefore, when 
pulmonary delivered drugs are tested in mice, insufflation or instillation is generally used. 
During insufflation a long tube is inserted into the trachea and the dispersed powder is 
sprayed directly into the lungs. Instillation is when an aerosolized liquid is directly sprayed 
into the lungs. While excellent for delivering a precisely measured amount of drug to the 
lungs, insufflation and instillation require anesthesia of the animal. For daily drug dosing 
studies, this means daily anesthesia. In guinea pigs the pathway an aerosol must follow to 
get to the lungs is more direct and guinea pigs also have similarly sized alveoli and lung 
elasticity as humans [34]. This enables guinea pigs to simply inhale drugs delivered as 
aerosols using nose‐only or whole‐body chambers, without the need of anesthesia. Because 
the lung anatomy and physiology of guinea pigs and humans is similar, guinea pigs are the 
small‐animal model most commonly used in preclinical studies of asthma and chronic 
obstructive pulmonary disease (COPD) [8]. Indeed, guinea pigs have been used to test 
nearly every medicine available to treat asthma [35, 36].

6.6 Guinea Pig Study Design

A typical experiment (Figure 6.1) to test an inhaled therapy will involve groups of 5–6 
guinea pigs that are first infected with TB and, after time to establish infection (ex. 4 weeks), 
are treated daily with inhaled anti‐TB drugs for an additional period (ex. an additional 
4 weeks). At the end of the treatment period, the animals are sacrificed, necropsy is per-
formed, tissue samples are sent for histopathology, and organ homogenates are plated to 
determine the bacterial burden in organs among the different treatment groups. The animals 
are also weighed regularly throughout the experiment.

Guinea pigs are docile animals that should be handled gently and quietly, as they are 
excitable and easily stressed. If stressed, guinea pigs will lose weight, possibly up to 
50 grams in one day [37]. For this reason, it is good practice to regularly handle the guinea 
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pigs and provide food treats to them, starting from the time they arrive, to prepare them for 
subsequent daily dosing procedures. A list of safe treats for guinea pigs can be found at 
http://www.happycavy.com/food‐list.htm.

6.7 Purchase and Grouping Animals

Outbred Hartley or Dunkin‐Hartley guinea pigs are generally used in TB studies. These 
animals are commercially available from a number of suppliers (Charles River Laboratories, 
Hilltop Labs, and Elm Hill Labs). While the decision to use outbred guinea pigs may be 
driven by the lack of commercially available inbred animals, the outbred nature of these 
animals is advantageous for testing across a more diverse population, as is the case in the 
human population. Both male and female guinea pigs can be used, but mixed populations 
are not typically used in the same study. Hartley and Dunkin‐Hartley guinea pigs are born 
fully furred and they gain weight rapidly after birth. A drug‐efficacy study will typically 
last 8–12 weeks and a guinea pig with a starting weight of 300 g can reach 700–1000 g by 
the end of the study (Figure 6.2). In addition, because the animals are outbred, the weight 
of similarly aged animals can vary as much as 100 g. For this reason, it is useful to order 
guinea pigs by weight (225–275 g) and, after a week of acclimation, distribute comparably 
sized animals across the groups prior to infecting with M. tuberculosis. It is important to 
note that guinea pigs, like humans, require a dietary source of vitamin C. Commercially 
available guinea pig chow has sufficient vitamin C included. Mouse chow cannot be substi-
tuted, because of the lack of vitamin C.

6.8 Infecting Guinea Pigs with Virulent Mycobacterium tuberculosis

As the natural route of TB infection is via inhalation of a low dose of M. tuberculosis, it 
is preferable to infect animals with a low dose of bacteria using an aerosol chamber. 
Different chambers are available, with the most commonly used being the whole‐body 
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Figure 6.1 Design of a typical experiment to test inhalation therapy for treating TB in the 
guinea pig (GP) model of infection
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Glas‐Col aerosol chamber (Terre Haute, IN) or the Madison chamber (Madison, WI engi-
neering workshop UW). While most groups infect with a low dose of 10–20 M. tubercu-
losis [17, 21, 38, 39], there are some drug‐efficacy studies in which guinea pigs are 
infected with a higher aerosol dose (~200 M. tuberculosis) [40]. The details of infectious 
dose and route are important to consider when comparing studies. In addition, the virulent 
strain of M. tuberculosis that is used and its drug‐sensitivity profile are other variables to 
consider. During the first 3 weeks of TB infection, M. tuberculosis grows exponentially in 
guinea pigs until an adaptive cell‐mediated TH1 immune response is established. The 
hallmark of the TH1 response is the production of M. tuberculosis antigen‐specific T cells 
that recognize TB and lead to the formation of granulomas that serve to control the bacterial 
burden [41].

6.9 Dosing Groups of Guinea Pigs with TB Drugs

In designing a drug‐efficacy study, decisions need to be made about the treatment groups. 
All studies should include a group of animals that are untreated (i.e., M. tuberculosis‐
infected but no drug treatment). However, there are numerous possibilities for the design of 
the other treatment groups. Will drugs be compared following administration by different 
routes? Should there be a group of animals treated with standard therapy for comparison? 
Will new drugs be tested on their own and/or in combination with other drugs to reveal 
synergy? Current therapy for active TB infection is a multidrug therapy, which is important 
for limiting development of drug‐resistant TB. Any new drug for TB would never be 
employed in isolation, but would be used in combination therapy [42, 43].

For standard therapy comparisons, guinea pigs can be treated with the same oral doses 
used in people for a combination of rifampicin, isoniazid and pyrazinamide (RHZ) 
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Guinea pigs were infected at week 0 with M. tuberculosis by low‐dose aerosol using a Madison 
Chamber or were left uninfected. TB‐infected group, n = 6; Uninfected group, n = 4. Average 
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12/10/25 mg/kg [44, 45]. Daily oral dosing with this combination shows efficacy in treat-
ing M. tuberculosis‐infected guinea pigs. However, pharmacokinetic studies of guinea pigs 
dosed with these concentrations of RHZ demonstrate that these drugs are poorly adsorbed 
from the guinea pig gut, such that the serum drug levels in guinea pigs is significantly 
lower than in people dosed with the same drug concentrations [43]. To achieve serum drug 
levels in guinea pigs that are comparable to the human levels, guinea pigs must be dosed 
with higher levels of RHZ; both RHZ 100/60/300 mg/kg [46] and RHZ 50/30/100 mg/kg 
[47] have been used. These higher doses are more effective at reducing the burden of M. 
tuberculosis. However, a side effect of oral dosing with these higher concentrations is that 
the natural flora in the gut is affected, creating problems for the guinea pig digestive sys-
tem, such as antibiotic‐associated enteritis and gastrointestinal dysbacteriosis. To offset 
these problems, beneficial bacteria along with extra vitamin C can be added to the diet to 
help reconstitute the gut microbiota and restore the animal’s appetite and weight [Recipe: 
20 g pumpkin puree (Libby’s) + 1 g Lacto bacillus (BD Lactinex) + 12.5 g vitamin C to 
80 ml 50% sucrose solution] [43, 46]. The guinea pigs like this mixture, which makes it 
easy to administer, and drugs can be incorporated into this mixture for hand feeding to the 
animals (200 μl to a 500‐g guinea pig). For hand feeding guinea pigs, the animals should 
be held upright in their natural eating position with the opening of a 1‐ml syringe placed in 
their mouth. Some drugs, such as rifampicin, taste bad even when mixed into this dosing 
cocktail, and the guinea pigs may require extra coaching to cooperate. Rifampicin has the 
added complication that it can interact with other drugs, including isoniazid and pyrazina-
mide, so it should be dosed separately and given at least 30 minutes before or after other 
drugs [43, 46]. Isoniazid is also sometimes given separately to avoid interactions with 
other drugs [48].

Delivering drugs by inhalation to guinea pigs can be done daily and is routinely per-
formed 5 to 7 days per week. Often the treatment will take ~30 minutes a day for each 
animal, although some dosing chambers can accommodate more than one animal at a 
time (see below). For dosing, animals are placed in a chamber where the aerosol is gener-
ated. The drug is then breathed into the lungs by the normal breathing patterns of the 
guinea pig. It is important for the guinea pig to remain calm and relaxed in the dosing 
chamber. It is helpful to acclimate the animals to the chamber for 5 to 10 minutes per day 
for several days before actual dosing begins. Additionally, a treat can be given after dos-
ing as positive reinforcement. Purpose‐built aerosol chambers may be used in inhalation 
studies. When designing a chamber, it is desirable to have the guinea pig positioned in a 
holding tube that restricts the animal’s movement but has flexible barriers that move 
slightly if the animal pushes on them. This helps keep the guinea pig calm so that the 
breathing pattern remains normal. In addition, the weight gain of animals during the 
course of the experiment needs to be kept in mind when designing the chamber. Openings 
must be small enough to contain a 300‐g guinea pig but large enough to accommodate a 
1 kg guinea pig. It is advantageous to design a chamber that can be adjusted for both small 
and large animals.

Aerosol treatment of guinea pigs may also be done by insufflation and this is the prefer-
able method if it is necessary to know the precise amount of drug delivered to the lungs. 
However, insufflation requires that the animal be anesthetized. While mice can be anesthe-
tized and insufflated daily, guinea pigs cannot tolerate it, as it is too stressful for them. 
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Therefore, insufflation is a method that is only useful for guinea pigs if a limited number 
of dosing events is required. An additional drawback of insufflation is that the anesthesia 
introduces an additional drug into the experiment that could possibly interact with the 
drugs being tested.

6.10 Collecting Data

After drug dosing is complete, the animals are sacrificed and a necropsy is performed. At 
the end of the dosing period it is good practice to include at least one day without drug 
treatment prior to necropsy to allow residual levels of drug to be metabolized by the liver 
and kidneys. This added day helps avoid complications arising from there being unmetabo-
lized drug in the organ homogenates, which could affect bacterial burden measurements.

At the time of necropsy, the lungs, mediastinal lymph nodes, spleen and any other 
organs of interest are removed, weighed and assessed for signs of disease. It is useful to 
take photographs of the organs to document size and number of lesions. Weighed portions 
of each organ are homogenized in phosphate‐buffered saline (PBS) with 0.05% Tween 80, 
serially diluted, and plated onto 7H10 or 7H11 Middlebrook agar with 10% Middlebrook 
Oleic Albumin Dextrose Catalase OADC enrichment and 0.5% glycerol (50 μg/ml car-
benicillin and 0.1 mg/ml cycloheximide can be incorporated into the agar to prevent growth 
of non‐mycobacterial contaminants). After 3 weeks incubation at 37 °C, bacterial CFU on 
plates are counted. Homogenization can be performed with the piece of organ placed in a 
Whirl‐Pak bag with a mesh insert (Nasco, USA) and a Seward Stomacher (Seward 
Laboratory Systems Inc. USA). The mesh insert serves to hold the tissue in place as it is 
being homogenized. Alternatively, a Kinematica Polytron (Kinimatica Inc., Bohemia, NY) 
homogenizer or a Dounce homogenizer can be used. Only a portion of each organ is nor-
mally homogenized and plated and the piece/lobe taken should be consistent across ani-
mals. A piece of lung should be preserved for histology by inflating it with 10% buffered 
formalin using a needle syringe. Portions of the other organs may also be preserved for 
histology by placing them in 10% buffered formalin. For dissecting the mediastinal lymph 
nodes, care must be taken as these lymph nodes wrap around the trachea and, with M. 
tuberculosis infection, they can become enlarged hardened masses that are firmly attached 
and difficult to remove. Collected tissues can be acid‐fast stained to visualize M. tubercu-
losis and hematoxylin‐ and eosin‐stained to assess tissue histopathology and granuloma 
morphology.

When plating the organ homogenates it is useful to test in parallel for the presence of 
drug‐resistant bacteria coming out of the animals. This can be determined by plating undi-
luted organ homogenates on 7H10/7H11 Middlebrook agar containing the drug under 
investigation. Drug should be incorporated into the agar at a concentration several times the 
minimum inhibitory concentration (MIC). If homogenates from treated animals have sig-
nificantly more drug‐resistant bacteria than do homogenates from untreated animals, it will 
indicate the ability of M. tuberculosis to develop drug resistance during a relatively short 
period of treatment.

It is standard that the data collected from an efficacy experiment include animal weight, 
organ histopathology, and bacterial burden in tissue. However, because of the large amount 
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of tissue available in these experiments there is the option to additionally perform other 
analysis of the drug‐treated guinea pig such as metabolomics, proteomics, RNA studies, 
cell type recovery, or cytokine analysis.

6.11 Aerosol Dosing Chambers and Practice

Aerosol delivery for inhalation experiments in animals has a long history in the field of toxi-
cology. Systems for reproducibly generating aerosols and exposure chambers in which these 
droplets or particles can be presented to animals exist and they have been reviewed previ-
ously [49, 50]. The major methods of delivery for toxicology studies are high‐efficiency 
nebulizers for liquid‐solution formulations and a variety of dry‐powder dispersion systems 
for solid formulations. Both of these methods are designed to give extended exposures and 
the key parameter for consideration is the ambient concentration of aerosol from which 
threshold limits are derived [51].

In designing an aerosol‐inhalation experiment, the first consideration is whether the drug 
of interest is best delivered in liquid or solid form. Collison air/gas jet nebulizers are exam-
ples of liquid‐based aerosol‐delivery systems used in animal studies [52]. To generate 
solid‐based dry powders for aerosol delivery to animals, fluidized bed generators or 
Wrights dust feed systems [53] are traditionally used. The advantages of the above men-
tioned aerosol generators are that they provide: (a) known output; (b) consistency of deliv-
ery and; (c) ability to deliver for extended periods of time. These systems, however, were 
designed by the toxicology field and translating the knowledge for using them in safety 
testing to efficacy evaluation of a drug is not a simple task. The objectives of drug‐efficacy 
testing differ from those of toxicology in important respects. In particular, efficacy testing 
is focused on bolus dose response. Consequently, delivery and exposure systems for drug‐
efficacy studies ideally consider: (a) dose delivered (accuracy); (b) duration of delivery 
(preferably as short as possible); (c) consistency of delivery (reproducibility).

A number of additional factors must also be considered when developing a method of 
aerosol delivery for testing an inhaled drug therapy.

 ● Study timing with regard to scale of manufacturing
 ● Animal model selection
 ● Dose and dosing regimen

6.11.1 Study Timing with Regard to Scale of Manufacturing

The timing of a study needs to be considered in the framework of the larger scope of devel-
opment activities (early development or late development). If there is not sufficient drug 
supply to support a classical toxicological approach to delivery and exposure (i.e., prior 
pharmacokinetic studies), should early testing by inhalation be performed? If drug supply 
is limiting, it may necessitate the use of a smaller dosing chamber with higher delivery 
efficiency to the animal. Additionally, a small drug supply may limit the number of animals 
tested and different routes of delivery that can be compared. Later in development, after 
the drug supply has moved from production in a research facility to large‐scale production 
in a manufacturing facility, the supply is not as limited and there are more options for 
experimental design.
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6.11.2 Animal Model Selection

A variety of animal models are available for both safety and efficacy testing with aerosols. 
Often these studies begin with the rat model. However, in TB research the mouse and guinea 
pig models are the most popular small‐animal models (see Chapter 3). As described above, 
there are significant differences between mice and guinea pigs in terms of pulmonary func-
tion [54] and anatomy [55]. Owing to the size of the airways and small tidal volume the 
mouse is not the best model for aerosol delivery, although screening by instillation or insuf-
flation may be a valuable approach. On the other hand, guinea pigs have sufficient potential 
for lung deposition and are a well‐accepted model for M. tuberculosis infection, which 
renders them the preferred animal model for testing inhaled‐drug therapies to treat TB.

6.11.3 Dose and Dosing Regimen

The dose of drug delivered to the animal is limited by tolerability and should also be 
selected according to the dose that can realistically be delivered clinically. The upper limit 
of aerosol dosing is currently considered to be approximately 100 mg/person [56]. As a 
working range, based on a standard 70‐kg person, a 1–2 mg/kg dose would translate into 
approximately 70–140 mg/person. It is desirable, therefore, to generate aerosols in airborne 
concentrations sufficient to deposit this dose in the animal model.

Dosing can be approximated from exposure calculations [57, 58]. The dose calculation 
is based primarily on particle size, concentration of aerosol in air, tidal volume and breath-
ing frequency, but particle distribution (proportion in various sizes) and concentration of 
drug in droplets or particles are additional considerations. If resources allow, it is desirable 
to confirm the dosing estimate through pharmacokinetic studies of animals that inhale the 
aerosol dose compared with animals receiving known doses directly delivered to the lungs 
by intratracheal spray instillation or insufflation [57–59]. This allows the aerosol dosing 
protocol to be confirmed by direct comparison to tissue drug levels after delivery of a 
known dose directly to the lungs.

6.12 Nebulizer Aerosol Delivery Systems for Liquids

In recent years, high‐concentration low‐gas‐volume vibrating mesh nebulizer systems have 
become available that facilitate delivery of accurate doses without wasting drug to exhaust 
as occurs with jet‐nebulized aerosols [60]. Figure 6.3a depicts the operation of the piezo‐
electric mesh (Aerogen, Galway, Ireland) delivering droplets and a section through a single 
orifice showing the liquid delivery. Droplets in respirable sizes of approximately 1–5 μm 
are produced by this system. Figure 6.3b illustrates the concentration of aerosol droplets in 
air as delivered to a fixed volume such as an exposure chamber from which animals inhale 
to receive the dose of delivered drug. With this system, a steady state is achieved resulting 
in controlled dosing for the duration of aerosol delivery.

Classical nose‐only exposure chambers, as illustrated in Figure 6.4, are ideal for delivery 
of nebulized drugs to guinea pigs. However, the type of nebulizer and size of the chamber 
will influence the amount of drug required for the study. For air jet nebulizers, such as the 
Collison, the airflow required to run through the chamber is frequently in the range 8–12 l/min, 
while vibrating mesh systems can require airflow as low as 2 l/min for aerosol delivery. As a 
result the vibrating mesh systems use much less drug to deliver the target dose.
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Figure 6.4 Multi‐port nose‐only exposure chamber in which animals are arranged around a 
central exposure chamber and breathe directly from the reservoir of aerosol
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Figure  6.3 (a) Vibrating mesh nebulizer. A mesh of laser‐drilled holes vibrating at sonic 
frequencies acts as micro‐pumps to generate droplets. Image courtesy of Aerogen (Galway, 
Ireland). (b) Plot of ambient concentration of aerosol (drug) in confined volume (exposure 
chamber) as a function of time of dosing
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6.13 Dry‐Powder Aerosol Delivery Systems for Solids

Powder formulation is an important factor in aerosol delivery in the solid state. Most 
 frequently, drug is micronized into a size range of 1–5 μm, suitable for delivery [60]. This 
process requires large amounts of drug and many times yields particles that do not have 
good dispersion properties. Recently, spray‐dried particles have been developed that have 
excellent dispersion properties and require low energy input for efficient generation [21], 
which allows dispersion of very small doses. These spray dryers have unique technology to 
control the airflow on which the aerosol is carried. There are several systems available 
commercially; Buchi (Switzerland) makes small bench top spray dryers, capable of making 
small quantities of spray‐dried particles with little wasted drug, and Niro (Columbia, MD) 
and Vertis (UK) make larger spray dryers.

Two approaches are available for delivering spray‐dried particles. The first approach 
employs recirculation of the doses, assuming drug supply is not overly constrained [11]. 
This approach uses a fan at the base of the exposure chamber to maintain a static cloud of 
dry powder (Figure 6.5) and results in steady‐state dispersion similar to that illustrated in 
Figure 6.3b and, consequently, will not be discussed further. The second method is ideal 
for dosing when drug is in short supply. Owing to the excellent dispersion properties of 
spray‐dried powders a simple method of aerosol generation can be adopted as illustrated in 
Figure  6.6a, consisting of a powder reservoir through which air can be driven from a 
syringe pushing the powder under high‐shear conditions through a needle into the desired 
exposure chamber (confined volume) (P. Durham and A.J. Hickey, unpublished data). This 
approach requires manual delivery of the powder through the needle at regular intervals 
(ex. 2‐minute intervals) during the dosing period. Figure 6.6b illustrates the concentration 
of drug in the chamber resulting from this method of dosing. In a sequential fashion, drug 
is delivered and subsequently depleted due to removal in the breath of the animal as well as 
sedimentation. This method of dosing provides an option when drug supply is limited and 
steady‐state exposure is not feasible.

When dosing a drug that is in short supply, the exposure chamber in which the animals 
are placed for dry‐powder delivery requires two important features (Figure 6.7). First, the 
exposure chamber should have a small volume, which can be saturated with small quanti-
ties of drug. Second, orifices through which air can enter the exposure chamber from the 

FanExposure
chamber

Animal holding
tube

Figure 6.5 A dry‐powder aerosol delivery system with three nose ports for securing animal‐
holding tubes during exposure. A fan at the base of the chamber generates a static cloud of 
dispersed powder within the exposure chamber
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Figure 6.7 A purpose‐built chamber for two animals with a central exposure chamber into 
which dry‐powder aerosols can be introduced through a syringe at the dosing orifice. The 
orange cap bottles in this device serve as the flexible barrier that contains the animal during 
dosing. Luer and narrow tubing shown allow active introduction of small volumes of air from a 
syringe. There are also small orifices in the middle chamber that allow for gas exchange and 
passive air intake in response to breathing
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Figure  6.6 (a) A dry‐powder dosator for aerosol dispersion and (b) plot of ambient 
concentration of aerosol (drug) in confined volume (exposure chamber) as a function of time 
of dosing
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atmosphere, in response to animal breathing frequency and tidal volume, should be present. 
Additional features include the aerosol dosing port through which drug can be introduced 
and a means of introducing small volumes of air with a syringe should the animals require 
additional air supply during dosing. These features serve to maximize the drug delivered to 
the animal while minimizing the amount of drug needed for the experiment.

6.14 Summary

An inhaled TB drug holds promise for expanding and improving the current treatment 
options for this dreaded disease. The guinea pig is the preferred animal model for evaluat-
ing such therapies. To test the efficacy of an inhaled drug for TB requires expertise in 
M. tuberculosis pathogenesis, animal models of disease, drug formulation and pulmonary 
delivery. In the future, we hope that this combination of knowledge and skills will become 
more accessible and enable routine testing of all new TB drugs as inhaled therapies.
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7.1 Introduction

Tuberculosis (TB) infection is still considered to be a threat to public health in the world, 
despite the major progress achieved in most world regions by implementation of the 
directly observed treatment short‐course (DOTS). In industrialized nations, the main 
TB‐related health crisis is due to the high morbidity and mortality rates among HIV patients 
in which TB causes one out of four deaths [1]. In sub‐Saharan Africa and in parts of Eastern 
Europe where the DOTS system has not been implemented, the main challenge to the con-
trol of TB infection is patient compliance and improper dose/dosing frequency prescription 
[1]. Together, these factors result in drug concentrations lower than the minimum inhibi-
tory concentration (MIC) at the target site, which in turn yields to the emergence of drug‐
resistant strains, multi‐drug‐resistant and extensively‐drug‐resistant TB. Surprisingly, even 
in regions of the world in which the DOTS strategy has been implemented successfully in 
adults, TB control is still a challenge in children. Hiruy et al. reported that only a fraction 
of the children receiving the standard DOTS treatment in a South African hospital reached 
therapeutic concentrations of first‐line agents, as defined by the World Health Organization 
(WHO) [2]. This study highlights the importance of monitoring drug levels to have a better 
control of the infection.
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In general, a full understanding of the pharmacokinetic (PK) behavior of each anti‐TB 
drug and drug combinations is essential to determine the optimum dose/dosing regimen 
for a specific patient population. This information is also required to establish pharma-
cokinetic–pharmacodynamic (PK–PD) profile to evaluate their efficacy in TB treatment 
and to reduce the emergence of drug‐resistant strains. In order to fully characterize the PK 
behavior of a drug, it is necessary to know its physicochemical properties, the best formu-
lation and route of administration to enhance its therapeutic potential and to select the 
most suitable animal model. The biopharmaceutical and PK properties of each drug will 
determine the drug‐distribution and ‐elimination mechanisms after administration and its 
concentration at the target tissue. These factors will determine the success of therapy in 
decreasing bacterial burden. This chapter focuses on the preclinical pharmacokinetics of 
anti‐TB drugs, discussing the elements that in our opinion should be included in preclinical 
PK studies, from selection of a suitable animal model to the computational PK analysis 
and its correlation with relevant pharmacodynamics (PD) parameters that ultimately deter-
mine efficacy of treatment. Comparative case studies of selected anti‐TB drugs illustrating 
all the discussed factors are also provided.

7.2 Factors Influencing the Pharmacokinetic Behavior of Drugs

7.2.1 Physicochemical Properties of the Drug

The main physicochemical factors that affect the absorption, distribution and elimination 
of a drug include molecular weight, aqueous solubility and Log P, which is defined as the 
partition coefficient ratio of concentrations of un‐ionized drug between two liquid phases. 
Generally a higher Log P value corresponds to a hydrophobic drug and a small Log P cor-
responds to a hydrophilic drug. Drugs having a high Log P value can be more easily 
absorbed through membranes due to lipophilicity but their elimination rate will be slower. 
The numeric values of these parameters for first‐ and second‐line anti‐TB agents are listed 
in Table 7.1. Based on these parameters and drug permeability, these drugs have been 
further grouped in the different classes of the biopharmaceutical classification system 
(BCS) that the WHO has used to grant bio‐wavers to establish the interchangeability of 
suppliers [16].

The first‐line agents, isoniazid and pyrazinamide, are among the compounds with the 
smallest molecular weight, are soluble in water, and have Log P values between −1.884 
and −0.7. Depending on the limit of permeability used (85 or 90%), they may be consid-
ered to be in the class I (high solubility and high permeability) or class III (high solubility, 
low permeability) of the BCS system and they have an oral bioavailability greater than 
90% (Table 7.2). In contrast, rifampicin has a larger molecular weight, very limited water 
solubility and a Log P = 4.0. Thus, rifampicin is considered to belong to the BCS class II 
(low solubility and high permeability) and has an oral bioavailability greater than 90% 
(Table 7.2). However, its pH‐dependent solubility is known to affect its absorption from the 
gastrointestinal (GI) tract. In contrast, most second‐line agents have higher molecular 
weights and are water soluble. The oral bioavailability of these agents is low, so they are 
given by injection in order to improve their absorption and most of them are not considered 
by the BCS classification.
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7.2.2 Formulation and Routes of Administration

Anti‐TB drugs are mainly administered by oral and parenteral routes. Table 7.2 lists the 
route of administration for representative anti‐TB drugs, their doses and some of the clini-
cal and pharmacokinetic parameters in humans. Anti‐TB drugs are currently available as 
tablets, capsules and granules and as lyophilized powder for reconstitution or solution for 
injection. Drugs given by the oral route as tablets (isoniazid, pyrazinamide, ethambutol, 
ethionamide) would require more time for disintegration and dissolution compared with 
capsules (rifampicin, cycloserine). p‐Aminosalicylic acid (PAS) is available as enteric 
coated granules to prevent the release of drug in stomach without effecting any serum 
drug concentration [31]. These formulation differences and the varying times to be dis-
solved may have implications for their absorption and residence time in the GI tract, 
which ultimately may affect their bioavailability.

Drugs that have poor oral bioavailability are administered by the parenteral route as 
injected drug solutions since they would be expected to have higher bioavailability as there 
would be fewer barriers to their absorption. Parenteral routes are also employed when a 
faster onset of action is desired. Drugs in solution for intravenous (IV) injection such as 
streptomycin and capreomycin) would have higher bioavailability (almost 100%) com-
pared with injections by intramuscular (IM) route (Table  7.2). In the last decade, 

Table 7.2 Clinical and pharmacokinetic parameters for the first‐ and second‐line anti‐TB 
drugs in humans

Drug Route of 
administration

Protein 
binding

(%)

Bioavailability
(%)

Half‐life 
(h)

Isoniazid oral, IM or IV 0–10
[17]

Close to 100
[3]

0.5–1.6

Rifampicin oral or IV 80–89
[18]

90–95
[19]

3–4

Pyrazinamide oral 10–20
[20] [5]

>90 9.6 ± 1.8
[5]

Ethambutol oral 20–30
[21]

~80
[22]

3–4

Streptomycin IM or IV 30–34
[23, 24]

84–88
[25]

5–6

Ethionamide Oral, IV or IM ~30
[26]

Close to 100 1.92
[8]

Capreomycin IM or IV ~30
[27]

Not orally bioavailable
[11]

0.18 ± 0.05
[28]

Moxifloxacin oral or IV 39.4 ± 2.4 90
[29]

11.5–15.6

Levofloxacin oral or IV 24–38 ~100 7.7–8.9
Clofazimine oral — 45–62

[30]
70 days

[13]
Cycloserine oral <20 ~70 to 90 10
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pulmonary delivery has proven to be an attractive route of administration for treatment of 
TB because drugs administered by this route achieve high local concentration in the lungs, 
can be used to target macrophages, and result in reduced systemic toxicity.

7.2.3 Disease State

TB treatment is further complicated when the patient experiences simultaneous diseases 
such as HIV, diabetes, or liver and/or kidney dysfunction. Concurrent treatments for these 
co‐morbid diseases may cause failure or relapse of TB treatment. HIV‐positive patients are 
more prone to develop TB infection as well as other parallel opportunistic infections [32]. 
Thus, these patients may need to take multiple drugs at the same time, which may cause 
incomplete absorption of one or more drugs in the regimen [33]. There is also a significant 
risk of drug–drug interactions, such as those observed between anti‐HIV and anti‐TB 
drugs. Notably, rifamycins are potent inducers of cytochrome P450, an important hepatic 
metabolizing enzyme.

When diabetic patients are exposed to TB, they are more likely to progress to active 
disease, and diabetes would hamper the efficacy of TB treatment in these patients. For 
example, diabetic patients often present with gastroparesis, a GI problem that can lead to 
either delayed drug absorption or incomplete absorption. Diabetic patients may also pre-
sent other medical conditions including coronary artery disease or chronic renal failure that 
delay both metabolism and elimination anti‐TB drugs.

Compared with patients with normal renal function, those with renal failure undergoing 
dialysis are more likely to have active TB either as a consequence of a latent infection or a 
new exposure. Patients with renal failure are at risk of experiencing drug accumulation 
leading to adverse drug reactions. Specifically, drugs that are excreted mainly in the urine 
(ethambutol, cycloserine, aminoglycosides) pose a bigger risk as they would be accumu-
lated to a larger extent. The same cautionary approach needs to be taken for pyrazinamide, 
whose metabolites, pyrazinoic acid and 5‐hydroxypyrazinoic acid, are also excreted in 
urine. Likewise, hepatic dysfunction decreases clearance of drugs such isoniazid, 
rifampicin, pyrazinamide, ethionamide, and PAS. Moreover, patients with hepatic or renal 
dysfunctions often suffer from both nausea and vomiting. Thus, they may experience both 
limited absorption and reduced drug clearance.

7.3 Pulmonary Delivery of Anti‐TB Drugs

Several research groups have studied the possibility of delivering drugs directly to the 
lungs for TB treatment [34–39]. Pulmonary delivery brings the drug in close vicinity with 
the bacteria and increases local concentrations of the drug in the lungs. This therapeutic 
approach may allow the use of smaller drug doses to achieve a therapeutic effect in the 
lungs and reduce the systemic side effects associated with their use. In addition, pulmonary 
delivery would be advantageous for drugs that are subject to first‐pass metabolism, due to 
the limited enzymatic activity in the lungs compared with the liver [40]. In addition, the 
alveolar region offers an extensive area for drug absorption, thin membrane and abundant 
vasculature, which is likely to increase the fraction of drug absorbed. Furthermore, the 
presence of lung surfactant in the epithelial lining fluid can facilitate the dissolution of 
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drugs that have poor water solubility or poor oral bioavailability. Thus, it is usually assumed 
that once the drug dissolves in the lungs, it is rapidly absorbed [41]. Another approach 
designed to kill intracellular Mycobacterium tuberculosis (MTB) is to formulate anti‐TB 
drugs as solid rigid inhalable particles that provide slow drug dissolution or controlled 
release of the drug so that they may be engulfed by alveolar macrophages [42, 43]. Thus, 
inhaled drug microparticles should reside in the alveoli long enough to be phagocytosed by 
these macrophages. Although macrophage targeting has shown promise in treating TB in 
animal models, it is still unclear if this approach alone is sufficient to eradicate bacteria in 
the lungs since there is evidence that MTB can exist both intra‐ and extra‐cellularly. Hickey 
et al. recommended that if the pulmonary route is employed to treat TB, it should be sup-
plemented with systemic therapy in order to treat pulmonary and extra‐pulmonary TB [44].

Figure 7.1 illustrates the disposition of inhaled drug after pulmonary administration to 
an animal model. The fraction of the dose reaching the alveolar region varies with the 
method of delivery. Intratracheal delivery by either insufflation or spray instillation is an 
invasive method which requires that the animal is anaesthetized prior to intubation so that 
the entire dose is delivered into the lungs. Alternatively, drugs can be administered as aero-
sols by passive inhalation to animals that are awake but restrained for a short period of time 
so that they can passively inhale the aerosolized drug through their nose. Special chambers 
are designed to provide either nose‐only or whole‐body exposure of the animal to the aero-
solized particles [36]. However, it should be noted that restraining the animal during 

100% of dose
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adminstration

(insufflation or

spray instillation)

Rapid dissolution,
systemic delivery

Systemic
circulation
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Figure 7.1 Disposition of drugs after pulmonary administration in an animal model [36, 41, 45]



140 Drug Delivery Systems for Tuberculosis Prevention and Treatment

passive inhalation may cause an irregular, fast and shallow breathing pattern, which can 
influence the site of deposition of the particles along the respiratory tract.

The disposition of the drug after administration depends on its physicochemical proper-
ties, the formulation delivered and the site of deposition. Drugs administered as liquid 
aerosols are considered to be ready for absorption immediately after inhalation and thus 
they may have a short pulmonary half‐life. Drugs with poor water solubility usually exhibit 
a long half‐life and extended mean residence time in the lungs due to their slow rate of 
dissolution. If the deposited drug particles have sizes ranging from 1–3 microns and remain 
in the alveoli for an extended period, they can be phagocytosed by alveolar macrophages, 
then cleared through mucociliary clearance or carried to the lymphatic system. If the 
inhaled drug is orally bioavailable and administered to an animal that can breathe through 
its nose and mouth, then the amount reaching the systemic circulation is the sum of the 
orally and pulmonary absorbed fractions of the drug [45].

7.4 Pharmacokinetic Study Design

In order to design a successful PK study, each step in the study needs to be carefully con-
sidered and validated from the selection of the animal model to be used to the software and 
computational modeling approach employed in data analysis.

7.4.1 Animal Models

There are several animal models established for studying TB as a disease, including mice, 
guinea pigs, rabbits and non‐human primates. Selection of an animal model for a preclini-
cal PK or PK/PD study should be done by considering carefully the advantages and limita-
tions of each model, but most importantly the differences in drug disposition and 
metabolism.

The mouse is the animal model used more frequently in TB studies because of its reduced 
cost and the availability of the immunological tools. The guinea pig model mimics the 
human immunological responses to TB and develops necrotic tubercular granuloma. The 
pathogenesis of TB in non‐human primates closely resembles that in humans developing 
latent TB as well as necrosis and caseation. However, studies involving non‐human pri-
mates are very expensive and require special veterinarians [46]. It is suggested that PK 
studies are first performed in healthy animals to avoid confounding factors inherent to the 
disease stage in infected animals and the degree of lung damage.

There are physiological and anatomical factors that need to be considered upon selection 
of a particular animal model, particularly in the case of pulmonary delivery. Small animal 
models such as mice and guinea pigs are obligate nose breathers while bigger animals such 
as dogs and monkeys can breathe through their nose and mouth, as can humans. Such a 
difference influences the fraction of the inhaled dose of an aerosolized drug administered 
by passive inhalation. For example, guinea pigs cannot inhale particles bigger than 3 µm 
due to the small cut‐off diameter of their nose whereas humans can effectively inhale par-
ticles of aerodynamic diameter >10 µm. In addition, animal species have different values 
for respiratory parameters including differences in tidal volume, rate of breathing, and 
minute volume. All of these parameters in conjunction affect the extent of aerosol inhaled 
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and should be taken into consideration when calculating the dose of drug inhaled by  passive 
inhalation. These factors are particularly crucial if the inhaled dose is to be used to deter-
mine its PK parameters accurately. Notably, differences in the anatomy and morphology of 
the respiratory tract such as the airway branching pattern, the angles of airway bifurcation 
sites, and the number of airway generations between different animal models will influence 
the site and extent of deposition of the inhaled drug in different regions of the respiratory 
tract, which in turn will heavily impact the pharmacokinetic behavior of the drug and its 
efficacy in the selected animal model [47].

A factor that is particularly important for anti‐TB drugs that are subjected to extensive 
hepatic metabolism (Table 7.2) are the differences that exist in the enzymatic activity of 
the liver between animal species. These differences will affect their elimination rate, half‐
life, and consequently the duration of activity of these drugs in the body [48, 49]. Rifampicin 
is a well‐known inducer for hepatic cytochrome P450 enzymes in mice; however, in rats 
and guinea pigs, the presence of rifampicin does not elicit changes in the hepatic enzyme 
levels [50].

Lastly, the efficacy of anti‐TB drugs can significantly vary among different animal spe-
cies. Rosenthal et al. evaluated the effect of replacing rifampicin with rifapentine in a regular 
TB treatment regimen in mice [51, 52]. In this study, rifapentine showed a higher steriliza-
tion activity in mice than did rifampicin, suggesting that replacing rifampicin by rifapentine 
would shorten the duration of TB treatment. However, studies performed by Dutta et al. 
using the same treatment in guinea pigs did not demonstrate the same effect [51, 52].

7.4.2 Biological Samples

The number of biological samples collected and the sampling time points are crucial for a 
successful PK study. To characterize systemic drug disposition, a sufficient number of 
blood samples must be collected so that the terminal (elimination) phase contains at least 
4–5 time points. If there is an absorption phase, enough samples should be collected at the 
initial time points and around the time of maximum plasma concentration to accurately 
calculate the absorption rate constant. However, there must be an ethical and experimental 
balance when considering the numbers of samples that can be collected, the well‐being of 
the animal and the cost and effort in sample analysis. PK data previously published from 
relevant studies and the physicochemical properties of the drug can help in the preliminary 
design of the PK study, taking into consideration differences in the dose, formulation, route 
of administration and the animal model selected. For drugs administered by the pulmonary 
route, frequent sampling at early time points is necessary since most drugs are rapidly 
absorbed from the lungs. Urine samples have been also used in PK studies; however, they 
cannot be collected as easily as can blood samples. This is further complicated by the fact 
that only a small fraction of the drug can be recovered from the urine if the drug is subject 
to high metabolic clearance.

Since the lungs are the main site of TB‐infection, it is necessary to determine drug con-
centrations in the lung itself at different times to correlate them with drug distribution and 
elimination. Bronchoalveolar lavage (BAL) is usually performed to measure the fraction 
of  the drug dose in the airways that remains to be absorbed into lung tissue. However, 
the BAL procedure requires special training to obtain the maximum amount of fluid and 
to  avoid possible contamination with blood and injured epithelium during sampling. 
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Unfortunately, in small animal models BAL is a terminal procedure that can yield to only 
a one‐time point sample. Therefore, to obtain a drug concentration versus time profile in 
the airways, several animals must be sacrificed for BAL sampling at each predetermined 
time point. The BAL fluid obtained typically contains drug in solution, or in particles and 
cells, mainly alveolar macrophages. Thus the BAL fluid obtained is usually centrifuged 
gently to separate the cell pellet. Drug concentrations are usually obtained by analyzing the 
BAL supernatant. If the BAL fluid is not centrifuged and sonicated to disrupt the content 
in the cells, the concentration of the drug in the BAL includes the amount of drug inside the 
alveolar macrophage cells and outside cells [53]. The drug concentration in the alveolar 
macrophages recovered from the BAL can be further determined by analyzing the drug 
concentration in the cell pellet by subtracting the concentration in BAL fluid before pellet 
disruption and after. For assessment of systemic drug distribution, organs such as liver, 
spleen and the lungs should be collected, and drug concentration should be measured in the 
corresponding tissue homogenate.

7.4.3 Analytical Method

The analytical method selected to determine drug concentration in biological samples 
must be validated according to Food and Drug Administration (FDA) guidelines or their 
equivalent in other parts of the world. Depending on the nature and composition of the 
biological sample, they may require different preparation prior to analysis including tissue 
homogenization and drug extraction from the biological matrix. The stability of the drug 
in the biological sample should be known as well as the effect of extraction procedures or 
sample processing such as oxidation, susceptibility to light, extreme pH, and higher tem-
peratures. Sample handling and processing should be performed carefully to avoid sample 
or drug degradation. High‐performance liquid chromatography (HPLC) methods are the 
most commonly used analytical methods to determine drug concentration in different 
types of samples, but other methods such as liquid chromatography–mass spectrometry 
(HPLC–MS) are used when higher sensitivity and specificity are required, but these methods 
tend to be more expensive than HPLC methods.

7.4.4 Calculation of PK Parameters

The simplest approach to determine drug disposition and to calculate its PK parameters is 
the non‐compartmental analysis (NCA) method, as it does not require the assumption of a 
certain model as in the case of regression analysis. NCA can provide a quick comparison 
of drug disposition after administration by different routes. The initial estimates of certain 
PK parameters that are required for compartmental modeling analysis can be obtained by 
NCA. PK parameters calculated by NCA are the elimination rate constant (K

e
), half‐life 

(t
1/2

), clearance (CL), volume of distribution (V
d
), maximum drug concentration in plasma 

(C
max

), time at which maximum drug concentration is obtained (T
max),

 mean residence time 
(MRT) and the area under the plasma concentration versus time curve (AUC). K

e
, C

max
 and 

T
max

 values can be determined directly from the plasma concentration versus time plot 
curves. The mathematical equations to obtain these and other PK parameters are well 
known and described elsewhere [54]. There are several computational software packages 
available for PK modeling but Phoenix WinNonlin, NONMEM and MATlab are the most 
popular in the United States.
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The absolute bioavailability (F) is the PK parameter that is most commonly used to 
measure the systemic availability of a drug after administration by any route. It is calcu-
lated by the following equation:

 
F

AUC

AUC

Dose

Dose
100

non IV

IV

IV

non IV

 (7.1)

In Equation (7.1) AUC 
IV

 and AUC 
(non‐IV)

 are the AUC values after IV and non‐IV admin-
istration, respectively. Dose 

IV
 and Dose 

non‐IV
 are the doses administered to the animal 

through IV and non‐IV routes, respectively. In studies in which the drug is delivered by 
passive inhalation, it is difficult to determine the exact inhaled dose. In this case an approx-
imate dose is calculated using an estimate of the aerosolized dose, the breathing rate and 
the tidal volume of the animal model. The inhaled dose of a drug can be calculated by the 
following equation:

 
Dose deposited after passive inhalation

BW

C V Tmin  (7.2)

In Equation (7.2) C is the concentration of drug in the aerosol, V
min

 is the inhaled volume 
per minute, T is the duration of exposure to the aerosol and BW is the body weight [45].

In pulmonary delivery studies, ‘F’ can be used to determine the circulating drug con-
centration and the extent of drug elimination, particularly if the drug has negligible oral 
bioavailability.

If the PK study is performed to evaluate a new drug, a new formulation or a different 
route of administration, the disposition of this drug after IV administration needs to be 
included as a control because it is considered as the ultimate reference because drug bioa-
vailability after IV administration is considered to be 100%. In addition, any significant 
differences between PK parameters (t

1/2
, CL) of a drug after IV and non‐IV administration 

can reveal either errors in the study or specific kinetic phenomena such as flip‐flop kinetics. 
Normally, K

a
 is much higher than K

e
, meaning that the absorption process of a drug is faster 

than the elimination process, which is the limiting step. In flip‐flop kinetics the situation is 
‘flipped’, where K

a
 is smaller than K

e
 because of the slow rate of absorption. The main 

evidence for flip‐flop kinetics is established when the t
1/2

 of a drug is longer than its t
1/2

 
after IV administration regardless of differences in the administered dose [55]. It is also 
important to rule out flip‐flop kinetics to avoid overestimation of PK parameters, which 
may lead to false conclusions and negatively impact the outcome of an efficacy study with 
the anti‐TB drug under investigation.

One of the reasons for poor drug bioavailability may be due to a slow rate of absorption. 
In this case, the mean absorption time (MAT) is a useful parameter to indicate the rate of 
absorption. MAT is calculated from Equation (7.3).

 
MAT MRT MRTnon IV IV (7.3)

The rate of drug absorption, K
a
, can be calculated from the collected data by using the 

method of residuals or by compartment modeling. In general, compartmental modeling 
postulates that the body consists of different interconnecting compartments. Each of these 
compartments has a different volume of distribution and variable drug concentrations that 
are in equilibrium with each other based on the degree of drug distribution among these 
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compartments. The inter‐compartmental constants estimated by compartmental modeling 
may provide more information on drug disposition. Different compartmental models can 
be proposed and the best model is selected based on how it fits the data visually (predicted 
data superimposes the observed data) and by the goodness‐of‐fit criteria [Akaike Criteria 
(AIC) and the weighted sum of squares residuals (WSSR)]. However, compartmental 
modeling is more complicated and time consuming than is NCA. Figure 7.2 illustrates a 
one‐compartment model for rifampicin after oral administration to TB patients and the 
calculated PK parameters.

A more complicated type of compartmental model is the physiologically based pharma-
cokinetic model (PBPK) where the postulated compartments are real organs in the body 
such as brain, liver or kidney [57].

Deconvolution is a mathematical method used to characterize the input rate and cumula-
tive amount of drug absorbed into systemic circulation [55]. Deconvolution analysis 
requires concentration–time data collected after extravascular and IV dosing [58]. This 
approach has not been used for anti‐TB drugs but was used by Brindley et al. to calculate 
the rate and extent of absorption of fluticasone furoate from the lungs [59]. In this case, 
deconvolution PK analysis revealed that 90% of the drug was absorbed systemically in 
20–30 hours depending on the formulation.

7.5 Implications of PK Parameters on Efficacy

Understanding the PK behavior of a drug is clinically useful to adjust the doses in indi-
vidual patients and for therapeutic monitoring of drugs with narrow therapeutic index. 
However, PK studies are rarely used in the same way to monitor TB treatment. Thus, it may 
be possible that therapeutic failures, relapses and emergence of drug‐resistant strains are 
the result of a lack of appropriate drug monitoring.

In our opinion, a clear understanding of PK parameters describing the absorption, distri-
bution, metabolism and excretion for each anti‐TB drug is invaluable to improve current 
therapies. In addition to the elements of a PK study discussed in previous sections, we offer 
some suggestions that have been useful in our group.

7.5.1 Tissue Samples

When drug concentrations are measured in specific organs, it is important to understand 
that this is only a single time point and that drug concentrations measured in this tissue 
are in equilibrium with those in plasma and that they will change as a function of time. 

Absorption
compartmentRifampicin

Central compartment
V

(17.5 ± 20.2)

CL

(20.8 ± 11.3)(0.346 ± 0.052)

Ka

Figure 7.2 A one‐compartment model for rifampicin administered by oral route with first‐
order elimination. Ka, absorption rate constant; V, volume of distribution in the central 
compartment; CL, Clearance [56]
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As mentioned previously, the rate of drug transfer between plasma and tissue, as well as the 
residence time of the drug in the tissue, are influenced by the physicochemical properties 
of the drug (Table 7.1), protein binding, and metabolism in the particular organ (Table 7.2).

Ideally, tissue samples would be collected at various time points in a similar manner as 
blood, to establish a tissue concentration versus time profile. However, as in the case of 
BAL collection, this procedure is terminal and the knowledge gained from such a study 
should be weighed against the number of animals required, and the ethical implications. It 
is also important to understand that the amount of drug in a homogenized tissue is the sum 
of the fraction of drug that exists, both intra‐ and extra‐cellularly, in which the drug could 
be unevenly distributed [60]. Similarly, drug concentrations in plasma include both 
unbound drug and drug bound to plasma proteins. According to the current dogma, only the 
unbound fraction of the drug is considered to be pharmacologically active and can cross 
membrane barriers to reach the site of action in the lungs [61].

7.5.2 Pharmacokinetics of Anti‐TB Drug in Granulomas

The tubercular granuloma that characterizes TB infection is an aggregation of different 
immune cells trapping the MTB in the middle, and is surrounded by a fibrous cuff. 
Particularly in the lungs, granulomas are low in blood supply, hypoxic and are most likely 
necrotic at the late stages of infection, making them highly impermeable to anti‐TB drugs. 
Unless drugs are able to diffuse into the granuloma to kill the MTB, it is inconsequential 
that the drug has a favorable PK behavior in the plasma. Unfortunately, there is a scarcity 
of information about the diffusivity of anti‐TB drugs inside the granuloma, mainly due to 
the technical difficulties encountered in isolating such lesions. Kjellsson et al. has modeled 
the distribution of a drug combination consisting of isoniazid, pyrazinamide, and moxi-
floxacin and rifampicin separately in the lung tissues and granulomas using a rabbit model. 
They reported that the concentrations these drugs with the exception of moxifloxacin were 
lower in the granuloma than were those in the plasma [62]. Figure  7.3 represents a 

Peripheral
compartment

Pulmonary
lesion

PlasmaDose

Ka
K d (2

)

K
d (1)

PC (2)

PC (1)

Lungs

CL

Absorption
compartment

Figure  7.3 A two‐compartment model describing the absorption and distribution of 
pyrazinamide and the penetration coefficient of the drug in the lung and granulomas of TB. Ka, 
absorption rate constant; Kd (1) and Kd (2), distribution rate constant of pyrazinamide in the lungs 
and the pulmonary lesion, respectively; PC (1) and PC (2), penetration coefficient of pyrazinamide 
in the lungs and the pulmonary lesion, respectively; CL, clearance(adopted from [62])
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two‐compartment model with first‐order absorption and first‐order elimination proposed 
by Kjellsson et al., and describes the distribution and penetration of pyrazinamide in the 
lung and granulomas.

7.5.3 PK/PD Correlations

The most convincing evidence of the anti‐TB activity of a new molecule is the MIC. This 
PD parameter is defined as the minimum concentration of the drug that is sufficient to 
inhibit the growth of MTB after co‐incubation over a period of time that depends on the 
method employed to determine it [63]. Measurement of MIC in vitro using only medium, 
bacteria and drug should be complemented by evaluating the ability of the drug candidate 
to kill MTB inside alveolar macrophages. Depending on the specific drug and its mecha-
nism of action, it may be plausible that the extent of anti‐TB activity in vitro would not 
translate in the same extent of in vivo effectiveness, despite the promising PK behavior. For 
this reason, the combination of PK and PD parameters (PK/PD) is considered to be the best 
predictor of antimicrobial effects. The most important PK/PD parameters are AUC/MIC, 
C

max
/MIC and T > MIC defined as the duration at which the drug concentration in the plasma 

is higher than MIC. However, it should be noted that these combinations are different for 
each antibiotic class. For example, C

max
/MIC is the PK/PD combination that best describes 

in vivo efficacy for aminoglycosides, whereas AUC/MIC predicts better the efficacy of 
flouroquinolones [64]. For anti‐TB drugs, usually AUC/MIC and C

max
/MIC correlate well 

with the antimicrobial activity of drugs that kill the bacteria intracellularly, such as rifamy-
cins and fluoroquinolones. However, T > MIC, correlates better with drugs that act at the 
cell wall of the bacteria [61, 65]. The bactericidal activity of aerosolized rifampicin inhaled 
by TB‐infected mice correlated best with the AUC/MIC PK/PD parameter [65].

7.6  Case Studies (Drugs Administered by Conventional  
and Pulmonary Routes)

Table 7.3 lists selected PK parameters obtained in different PK studies studying the dispo-
sition of anti‐TB drugs in animal models and humans. The following case studies with 
rifampicin and capreomycin illustrate the importance of the factors discussed in this 
chapter.

7.6.1 Rifampicin

This first‐line anti‐TB drug is perhaps the one that has been more studied with respect to 
new formulations, its disposition (PK) in different species, and its efficacy alone or in 
selected combinations, or drug regimens. In the context of the present chapter, the majority 
of publications addressing the pharmacokinetics of an anti‐TB drug and the influence of 
different factors on its disposition have been on rifampicin. It is mainly administered orally 
to patients and it’s considered to be absorbed completely from the GI tract, although varia-
tions in absorption have been noted to be absorbed better in an acidic environment than in 
a basic or neutral environment [80]. Once it is absorbed, rifampicin is widely distributed 
but it is reported to be 80–89% bound to plasma proteins [18] (Table 7.2), although this 
binding may be easily reversible. Most notably, it acts as both inducer and substrate of 
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metabolic enzymes and P‐glycoprotein, and efflux pump in the membrane of several tis-
sues [81]. Remarkably, rifampicin auto‐induces its metabolism, which causes the decrease 
of its resulting plasma concentration and half‐life after repeated administration [17].

The effect of formulation on drug disposition can be illustrated by the PK studies per-
formed with rifampicin. A review of the literature for the past 10 years revealed that 
rifampicin is one of the most commonly formulated anti‐TB drugs for pulmonary delivery. 
Coowanitwong et al. [34] compared the disposition of rifampicin after pulmonary admin-
istration of slow‐release rifampicin microparticles composed of different ratios of the drug 
to polylactic acid (PLA) and poly(lactic‐co‐glycolic acid) (PLGA polymers) to Sprague 
Dawley rats. The C

max
 values obtained after pulmonary administration of slow‐release 

rifampicin polymeric microparticles (0.67–1.3 µg/ml) were significantly lower than those 
obtained after insufflation of polymer‐free rifampicin microparticles (6.97 µg/ml) owing to 
the slow absorption of rifampicin from the slow‐release particles.

Pharmacokinetic studies performed by de Steenwinkel et al. evaluated the disposition of 
two rifampicin doses (10 and 160 mg/kg) after oral administration to female BALB/C mice 
and the influence of concomitant administration of isoniazid and pyrazinamide [71]. As 
expected, when rifampicin was administered alone, AUC, C

max
 and t

1/2
 increased propor-

tionally with the dose and these parameters did not change significantly when rifampicin 
was co‐administered with isoniazid and pyrazinamide. Kumar et al. evaluated the disposi-
tion of rifampicin in TB‐infected, male Wistar rats that had been receiving daily doses of 
30 mg/kg rifampicin for 18 consecutive days [68]. Comparing the studies by de Steenwinkel 
et al. with those of Kumar et al., in which the doses were 3‐fold higher (10 mg/kg vs. 
30 mg/kg), C

max
 and AUC are much larger in mice (18.5 µg/ml and 125.1 µg.h/ml, respec-

tively) than in rats (8.69 µg/ml and 54.71 µg.h/ml, respectively). This is surprising since 
given that besides the larger dose, mice have faster metabolism than do rats and thus one 
would expect a smaller C

max
 and AUC in mice than in rats. A plausible explanation in this 

difference may be that mice were healthy whereas rats were TB‐infected; however, it is 
unlikely that this was a decisive factor as the drug was given orally. Perhaps a better expla-
nation for the smaller C

max
 and AUC in rats is the auto‐induction of its metabolism that is 

known to occur after repeated administrations of rifampicin, whereas the PK parameters in 
mice were calculated after a single‐dose administration. However, a puzzling difference 
arises when comparing the disposition of rifampicin after oral administration in mice and 
in guinea pigs. Sung et al. evaluated the disposition of rifampicin by the oral route as a 
suspension and by the pulmonary route as micro‐ and nano‐particles [39]. When correcting 
the C

max
 obtained in mice by the dose (18.5 µg/ml//10 mg/kg), this was 50‐fold larger than 

in the guinea pig (0.08 µg/ml//2.5 mg/kg), even though they were both single‐dose studies. 
This illustrates the different disposition of this drug in different species as well as the effect 
of multiple‐ versus single‐dose studies with rifampicin.

The effect of the route of drug administration also has important implications in the 
disposition of rifampicin. Coowanitwong et al. studied the disposition of rifampicin after 
pulmonary administration of 2 mg/kg to male Sprague Dawley rats [34]. Comparing the 
PK parameters in this study with those of Kumar et al. [68] that employed a similar dose 
but by the oral route (3 mg/kg), the C

max
 obtained by Coowanitwong et al. is 46‐fold larger 

and the t
1/2

 4.5‐fold longer (6.97 µg/ml, and 4.4 h) than those reported by Kumar et al. 
(0.15 µg/ml, and 0.99 h). Despite the differences in route of administration (pulmonary 
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vs. oral) and the rat strain (Sprague Dawley vs. Wistar), perhaps the main reason for these 
large differences is the auto‐metabolism of rifampicin after repeated administration in the 
study by Kumar et al.

Another study that illustrates the effect of route of administration, formulation and dose 
was the evaluation of rifampicin disposition in the guinea pig [82]. In this study, the drug 
was administered as porous particles at a dose of 20 mg/kg by insufflation and compared 
with the disposition after IV administration of a rifampicin solution at a dose of 10 mg/kg. 
Figure 7.4 combines the plasma concentration versus time plots of this study and the one 
performed by Sung et al. [39]. The C

max
 and t

max
 values obtained after insufflation of the 

20  mg/kg dose of rifampicin as porous particles were approximately 6 times higher 
(3.50 µg/ml) than their corresponding values obtained after insufflation of the nanoparti-
cles at a smaller dose (2.5 mg/kg) employed in the study by Sung et al. (0.67 µg/ml) [39]. 
The differences in dose (8‐fold) didn’t account for the differences in the magnitude of C

max
 

(6‐fold). The explanation for this difference can be found by comparing the terminal slope 
of the plasma concentration versus time plots of the 20 mg/kg insufflated dose with that 
after IV administration (Figure 7.4). This comparison revealed the occurrence of flip‐flop 
kinetic phenomenon which could be attributed to the low aqueous solubility of rifampicin 
(Table 7.1) and the limited fluid available for dissolution in the lungs. Thus, this illustrates 
the importance of having an IV group in a PK study design.

Unfortunately, there are no studies with inhaled rifampicin in humans, but there are several 
reports of its disposition after oral administration. Peloquin et al. studied the effect of food on 
the disposition of rifampicin in healthy male and female volunteers [70]. Oral administration 
of rifampicin with food prolonged the T

max
 from 2.43 h in fasting patients to 4.4 h in patients 

that had eaten a breakfast with a high fat content. In this case, it is possible that the presence 
of food delayed the absorption of rifampicin from the intestinal wall, resulting in this 2‐fold 
increase in Tmax. In the same manner, this may be the reason for the significantly lower C

max
 

observed in fed patients (7.27 µg/ml) compared with fasting subjects (10.54 µg/ml).
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Figure 7.4 Plasma concentrations versus time of rifampicin after intratracheal insufflation of 
2.5 and 20 mg/kg and IV administration of 10 mg/kg in guinea pigs (Log scale). IT, intratracheal 
insufflation [39, 82] 
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7.6.2 Capreomycin

The pharmacokinetics of capreomycin, a second‐line anti‐TB agent, has been studied in 
mice, rats, guinea pigs and humans by parenteral routes (IV, SC, IM) and by the pulmonary 
route, in either solution, liposomal suspension or powders for inhalation.

Le Conte et al. administered capreomycin intravenously as a solution or liposomal for-
mulation to C59 Bulb mice at a dose of 120 mg/kg [28]. The liposomal formulation 
extended 2 fold the t

1/2
 of capreomycin (from 0.18 ± 0.05 to 0.4 ± 0.05 h) and increased the 

AUC from 34 ± 6.4 to 50.4 ± 8.8 µg.h/ml, demonstrating that specialized formulations can 
modify significantly the systemic PK of this drug. Moreover, capreomycin concentrations 
were detected for 6 h in lung tissue after IV administration of the free and liposomal drug 
with the liposomal formulation increasing 1.6 times the capreomycin concentration in lung 
tissue compared with that after IV administration of free drug.

Seventeen years later, Reisfield et al. performed PK studies in the same strain, gender 
and age of mice using a capreomycin solution injected subcutaneously at 100 and 250 mg/
kg [57]. Interestingly, mice in the Reisfield study exhibited much lower plasma concentra-
tions at 0.5 h (60 and 170 ng/ml, respectively) [57] than those reported by Le Conte at the 
same time for either formulation (41–42 µg/ml) [28]. In addition, capreomycin concentra-
tions were detected until 2 h in lung tissue in the Reisfield study, whereas, in the Le Conte 
study, capreomycin concentrations after injection of free or liposomal drug were detectable 
up until 6 h [28, 57]. These large differences between the two studies using the same animal 
model and similar doses may be due to other differences in factors of each study, such as 
the source of the drug, the site of injection and the analytical method employed. Capreomycin 
in the Le Conte study was of pharmaceutical grade (Capastat, Eli Lilly) whereas the capre-
omycin in the Reisfield study was reagent grade (Sigma Chemical Co.). Lee et al. and 
Garcia‐Contreras et al. have also observed differences in the PK parameters of capreomy-
cin when using drugs from different sources [83, 84]. Another difference between Le Conte 
and Reisfield studies is the site of injection; whereas Le Conte et al. injected capreomycin 
intravenously, Reisfield et al. injected it subcutaneously. Perhaps the most significant dif-
ference between these studies is the analytical method employed to determine the drug 
concentrations in the biological samples. Le Conte et al. assayed capreomycin by a micro-
biological method in AMS agar medium using Bacillus subtilis as the bacterial indicator 
whereas Reisfield et al. employed liquid chromatography–tandem mass spectrometry (LC/
MS/MS), which is the most sophisticated and sensitive method. Therefore, the comparison 
between these studies illustrates the importance of selection of the source, purity and quality 
of the drug as well as the analytical method that is used to analyze the drug concentrations 
in biological fluids.

As mentioned in previous sections, it is important to consider the species selected for the 
PK study as it may have important implications in the magnitude of the PK parameters 
obtained. This factor can be illustrated by comparing the t

1/2
 of capreomycin after IV injec-

tion. For example, the t
1/2

 of capreomycin in mice is 0.18–0.4 h compared to 1.0–1.1 h and 
0.75 h in rats and guinea pigs, respectively. These differences in t

1/2
 may be due to meta-

bolic differences between mice and rats or guinea pigs.
The effect of route of administration, using the same animal model, is illustrated in the 

following example [77]. Capreomycin was administered to guinea pigs by the IV, IM or 
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pulmonary routes as solution or powders. Whereas the AUC was significantly larger after 
IV and IM administration of capreomycin solution (49.29 and 58.2 µg.h/ml, respectively) 
than after pulmonary administration of powders (16.95 µg.h/ml), t

1/2
 was significantly 

longer after pulmonary administration (1.53 h) than after IV or IM injections (0.75 and 
1.09 h, respectively). Besides the differences in the routes of administration, it is also pos-
sible that this difference in t

1/2
 is also due to the different formulations (solution versus 

powders) as well as the time needed to dissolve the powder and its rate of dissolution in the 
lung environment.

With respect to pulmonary delivery, perhaps the most relevant comparison is that of 
animal models to humans. In a phase 1 clinical study, escalating doses of capreomycin 
powder for inhalation were administered to healthy subjects using a hand‐held inhaler [80]. 
The highest dose given to humans (3.77 mg/kg) was in between the low and high doses 
given to guinea pigs (1.4 and 7.2 mg/kg) [77]. The dose in humans resulted in a similar C

max
 

(2.14 µg/ml//3.77 mg/kg) compared with that in guinea pigs when corrected by dose (3.34 
µg/ml//7.2 mg/kg). However, T

max
 was about 7 times longer in humans than in guinea pigs 

(2.8 h versus 0.38 h) and the t
1/2

 was almost 3 times as long (4.8 h in humans versus 1.68 h 
in guinea pigs) [77, 78]. In addition to the significant difference in size between humans 
and guinea pigs, other factors may have played a role in these differences, such as the 
method of pulmonary delivery (passive inhalation versus insufflations), the alveolar area 
available for dissolution and the metabolic rate between these two species.
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8.1 Introduction

Current treatment for TB consists of frequent high dosing of combinations of oral anti‐
tuberculosis drugs. This method of treatment, however, causes systemic toxicity and unde-
sired side effects while the intensive regimen leads to patient non‐compliance [1]. To avoid 
systemic toxicity and maximize drug effectiveness, anti‐tuberculosis drugs are also being 
formulated for direct delivery to the affected site, the deep regions of the lungs.

Rifampicin (RFP) as an anti‐TB drug. RFP, one of the first‐line medicines, is known to 
cause severe liver damage when combined with the use of isoniazid (INH) [2, 3]. In addi-
tion, RFP induces cytochrome P450, in particular CYP3A4 [4]. Therefore, the combined use 
of RFP and AIDS drugs which are metabolized mainly by CYP3A4 is contraindicated 
because the concentration of AIDS drug in the blood will decrease due to an RFP‐mediated 
increase in CYP3A4 activity [5]. Furthermore, complications from AIDS have posed a prob-
lem in recent years. The risk of comorbid tuberculosis is very high for patients with AIDS 
whose immunity is compromised [2]. Nevertheless, RFP has a powerful anti‐tubercular 
action, and therefore it is very important to reduce RFP’s side effects and avoid drug inter-
actions. Another problem is attaining an effective concentration of RFP in the lungs. 
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Usually, 450 mg of RFP is administered orally once a day. While the RFP concentration in 
liver reaches more than 30 mg/mL, the concentration of RFP in lung is only 1–5 mg/g, 
which is insufficient to provide antibacterial effects on Mycobacterium tuberculosis (MTB) 
located in alveolar macrophages (AMs) [6]. When RFP is orally administered, the major 
metabolite detected in urine is 25‐deacetylrifampicin (DA‐RFP) [7], with about 30% of 
unchanged RFP excreted in urine. The anti‐tubercle bacillus activity of DA‐RFP is reported 
to be lower than that of RFP [8–10]. Thus, it is important to develop an administration 
method to efficiently deliver unmetabolized RFP to the lungs.

Recently, microparticle and nanoparticle systems have been incorporated into inhalation 
delivery [11, 12]. Despite the ability of micro‐ and nano‐particles to penetrate deep within 
the lung and their rapid uptake by alveolar macrophages, their delivery remains challenging. 
Particle agglomeration prohibits deep lung penetration, while unaggregated nanoparticles 
are exhaled due to their low inertia [6, 13, 14]. Therefore, micro‐ and nano‐particle inhala-
tion therapies often combine the active pharmaceutical ingredients (APIs) with pharmaceu-
tically acceptable excipients or carriers. The blending of micro‐ and nano‐particle APIs with 
pharmaceutical excipients for use in dry‐powder inhalers (DPIs) can assist with processing 
properties such as flowability, promote dosing constancy, and provide a taste or sensation to 
assure the patient a dose has been received.

8.2 Preparation of Nano‐ and Micro‐particles

8.2.1  Microparticles Prepared by a Supercritical Antisolvent–Drug Excipient 
Mixing (SAS–DEM) Technique

Ram B. Gupta’s group has reported the preparation of rifampicin/lactose microparticle 
composites by a supercritical antisolvent–drug excipient mixing technique (SAS–DEM) 
technique for inhalation delivery [15]. RFP/lactose microparticle composites were prepared 
by dissolving RFP in a liquid solvent and spraying the solution into a high‐pressure vessel 
containing supercritical CO

2
 and suspended lactose particles, as shown in Figure 8.1. As the 

CO
2
 extracts the liquid solvent, RFP microparticles precipitate to form a microparticle com-

posite mixture with lactose particles. Homogeneous RFP/lactose composites consisting of 
spherical particles less than 8 μm in diameter were produced. No chemical interactions 
between RFP and lactose were observed, indicating that the therapeutic effectiveness of 
RFP was unaffected.

8.2.2 Nanoparticles Prepared by a Supercritical Fluid (SCF) Technique

Nanoparticles have been synthesized using a supercritical fluid (SCF) technique [16, 17]. 
Supercritical CO

2
 and supercritical H

2
O are extensively being used in the preparation of 

nanomaterials. The greatest requirement in the application of nanoparticles is its size‐ and 
morphology‐control. RFP/poly (D,L‐lactide) nanoparticles prepared by a supercritical 
assisted atomization (SAA) technique have been reported. Reverchon’s group have shown 
that poly (D,L‐lactide) and RFP were coprecipitated, and that nanoparticles with an aver-
age diameter ranging from 120 to 150 nm were obtained [17]. The encapsulated RFP was 
in an amorphous state. Also, ultrafine RFP particles have been prepared using a room tem-
perature ionic liquid (RTIL) (1‐ethyl‐3‐methylimidazolium methyl hydrogen phosphate) as 
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a solvent and a phosphate buffer as an antisolvent. The solubility of RFP in this particular 
RTIL is higher than 90 mg/g at 30 °C, and the solubility is lower than 1 mg/g in water at 
25 °C. Following introduction of an RFP solution in this RTIL into aqueous solution, the 
antisolvent can produce nanoparticles (260–360 nm) with or without hydroxypropyl 
methylcellulose as a stabilizer [18].

8.2.3 Nanosuspension

Nanonization reduces the mean size of solid drug particles to the nano‐scale generally by 
top milling or grinding. This helpful methodology improves the solubility of drugs [19].

Clofazimine is a fat‐soluble iminophenazine dye used in combination with rifampicin 
and dapsone as multidrug therapy (MDT) for the treatment of leprosy. It has been used 
investigationally in combination with other antimycobacterial drugs to treat Mycobacterium 
avium infections in AIDS patients and Mycobacterium avium paratuberculosis infection 
in  Crohn’s disease patients. Clofazimine nanosuspensions were produced by high‐ 
pressure  homogenization and the formulation was optimized for lyophilization to treat 
Mycobacterium avium infection [20]. The particle size was almost 385 nm. The authors 
characterized their product by photon correlation spectroscopy, laser diffraction and 
coulter counter, and showed that the clofazimine nanosuspensions were suitable for intra-
venous (iv) injection with a particle size permitting passive targeting to the reticuloen-
dothelial system. Following iv administration to mice of either the nanocrystalline or a 
control liposomal formulation at a dose of 20 mg clofazimine/kg bodyweight, drug concen-
trations in livers, spleens and lungs reached comparably high concentrations, well in excess 
of the minimum inhibitory concentration (MIC) for most Mycobacterium avium strains. 
When C57BL/6 mice were experimentally infected with M. avium strain TMC 724, 
nanocrystalline clofazimine was as effective as liposomal clofazimine in reducing bacterial 
loads in the liver, spleen and lungs of infected mice. Nanocrystalline suspensions of poorly 
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soluble drugs such as riminophenazines are easy to prepare and to lyophilize for extended 
storage and they represent a promising new drug formulation for intravenous therapy of 
mycobacterial infections.

8.2.4 Liposomes

Liposomes are vesicles in a nano‐ to micro‐metre diameter range and are composed of a 
phospholipid bilayer surrounding an aqueous core encapsulating the desired drug. For pro-
longed sustainability and circulation time, liposome surfaces are PEGylated. Lung‐specific 
stealth liposomes have been reported [21]. Modification of the surface of stealth liposomes 
by tagging O‐stearylamylopectin (O‐SAP) resulted in an increased affinity of these 
liposomes towards lung tissue of mice. Liposomes containing egg phosphatidylcholine 
(ePC), cholesterol (CH), dicetyl hydrogen phosphate (DCP), O‐SAP and monosialogan-
gliosides (GM1)/distearylphosphatidylethanolamine–poly(ethylene glycol) 2000 (DSPE–
PEG 2000) were found to be most stable in serum. Tissue distribution of these liposomes 
showed more accumulation in lungs than in reticuloendothelial systems (RESs) of normal 
and tuberculous mice. Pre‐administration of phosphatidylcholine (PC) and cholesterol 
(CH) (2:1.5) liposomes before the injection of lung‐specific stealth liposomes further 
enhanced their uptake in lungs. In vivo stability of these liposomes demonstrated the slow 
and controlled release of their encapsulated contents. Isoniazid and rifampicin encapsu-
lated in liposomes were less toxic to peritoneal macrophages as compared with free drugs. 
The liposomal drugs have also been shown to considerably decrease the bacterial load 
when compared with the free drug, improving the antimycobacterial efficacy and decreas-
ing the toxicity of the encapsulated drug.

References

[1] Schreiber, J., Zissel, G., Greinert, U. et al. (1999) Lymphocyte transformation test for the eval-
uation of adverse effects of antituberculous drugs. Eur. J. Med. Res., 4, 67–71.

[2] Kameda, K., Kawabata, S. and Shirai, S. (1980) A case of acute hepatitis occurred during treat-
ment with isoniazid and rifampicin. Kekkaku, 55, 247–251 [see https://www.jstage.jst.go.jp/
article/kekkaku1923/55/5/55_5_247/_pdf (accessed 9th May 2016). Summary and most refer-
ences are in English; main text is in Japanese].

[3] Schaberg, T. (1995) The dark side of antituberculosis therapy: adverse effects involving liver 
function. Eur. Respir. J., 8, 1247–1249.

[4] Bouke, D.M.I., de Jong, C., Corbett, E.L. and Small, P.M. (2004) Clinical management of 
tuberculosis in the context of HIV infection. Annu. Rev. Med., 55, 283–301.

[5] Furesz, S., Scotti, R., Pallanza, R. and Mapelli, E. (1967) Rifampicin: a new rifamycin. 
3. Absorption, distribution, and elimination in man. Arzneimittelforschung, 17, 534–537.

[6] Heyder, J., Gebhart, J., Rudolf, G. et al. (1986) Deposition of particles in the human respiratory 
tract in the size range 0.005–15 µm. J. Aerosol Sci., 17, 811–825.

[7] Sano, M. and Hakusui, H. (1970) Urinary metabolites of rifampicin. Jpn. J. Antibiot., 23, 416–420.
[8] Maggi, N., Arioli, V. and Sensi, P. (1965) Rifamycins. XLI. 1 A New Class of Active 

Semisynthetic Rifamycins. N‐Substituted Aminomethyl Derivatives of Rifamycin SV2. J. Med. 
Chem., 8, 790–793.

[9] Acocella, G. (1978) Clinical pharmacokinetics of rifampicin. Clin. Pharmacokinet., 3, 108–127.
[10] Swaminathan, S. and Nagendran, G. (2008) HIV and tuberculosis in India. J. Biosci., 33, 527–537.
[11] Swali, H., Semete, S., Kalombo, L. et al. (2009) Nanomedicine for respiratory diseases. Wiley 

Interdisciplinary Reviews. Nanomedicine and Nanobiotechnology, vol. 1, pp. 255–263.



160 Drug Delivery Systems for Tuberculosis Prevention and Treatment

[12] O’Hara, P. and Hickey, A.J. (2000) Respirable PLGA microspheres containing rifampicin for 
the treatment of tuberculosis: manufacture and characterization. Pharm. Res., 17, 955–961.

[13] Heyder, J., Gebhart, J., Rudolf, G. et al. (1984) Mathematical models of particle deposition in 
the human respiratory tract. J. Aerosol Sci., 15, 697–707.

[14] Prime, D., Atkins, P.J., Slater, A. and Sumby, B. (1997) Review of dry powder inhalers. Adv. 
Drug Deliver. Rev., 26, 51–58.

[15] Ober, C.A., Kalombo, L., Swai, H. and Gupta, R.B. (2013) Preparation of rifampicin/lactose 
microparticle composites by a supercritical antisolvent‐drug excipient mixing technique for 
inhalation delivery, Powder Technol., 236, 132–138.

[16] Byrappa, K., Ohara, S. and Adschiri, T. (2008) Nanoparticles synthesis using supercritical fluid 
technology – towards biomedical applications. Adv. Drug Deliver. Rev., 60, 299–327.

[17] Labuschagne, P.W., Adami, R., Liparoti, S. et al. (2014) Preparation of rifampicin/poly (d, l‐lac-
tice) nanoparticles for sustained release by supercritical assisted atomization technique, 
J. Supercrit. Fluid., 95, 106–117.

[18] Viçosa, A., Letourneau, J.‐J., Espitalier, F. and Inês Ré, M. (2012) An innovative antisolvent 
precipitation process as a promising technique to prepare ultrafine rifampicin particles. J. Cryst. 
Growth, 342, 80–87.

[19] Rabinow, B.E. (2004) Nanosuspensions in drug delivery. Nat. Rev. Drug Discov., 3, 785–796.
[20] Peters, K., Leitzke, S., Diederichs, J.E. et al. (2000) Preparation of a clofazimine nanosuspen-

sion for intravenous use and evaluation of its therapeutic efficacy in murine Mycobacterium 
avium infection. J. Antimicrob. Chemother., 45, 77–83.

[21] Deol, P. and Khuller, G.K. (1997) Lung specific stealth liposomes: stability, biodistribution and 
toxicity of liposomal antitubercular drugs in mice. Biochim. Biophys. Acta, 1334, 161–172.



Free ebooks ==>   www.Ebook777.com

Drug Delivery Systems for Tuberculosis Prevention and Treatment, First Edition.  
Edited by Anthony J. Hickey, Amit Misra and P. Bernard Fourie. 
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

9
Spray Drying Strategies 

to Stop Tuberculosis

Jennifer Wong1, Maurizio Ricci2 and Hak‐Kim Chan1

1 Advanced Drug Delivery Group, Faculty of Pharmacy, University of Sydney, Australia
2 Dipartimento di Scienze Farmaceutiche, Università degli Studi di Perugia, Perugia, Italy

9.1 Introduction

The current recommended treatment for tuberculosis (TB) involves a six‐month regimen of 
two to four antibiotics (isoniazid, pyrazinamide, rifampicin, and/or ethambutol). Hence, 
the major barriers to patient adherence are the lengthy treatment times and co‐administra-
tion of multiple high‐dose tablets that leads to unwanted side effects. The need to simplify 
and shorten TB treatment has long been a priority [1, 2]. While this could be achieved by 
developing newer and better agents, the same objective could be met by enhancing the 
bactericidal activity of therapeutics already in use or in development [3, 4]. Consequently, 
there has been renewed interest in developing TB therapeutics that directly target the site 
of infection with the aim to increase local therapeutic effect and reduce overall systemic 
exposure [1, 4–12].

Spray drying technology is well placed to meet the challenge of developing targeted 
drug delivery systems for TB. First, it is a unique processing method that allows control 
over critical fine‐particle design features [13]. Secondly, it is an established technique that 
continues to be attractive for its relative simplicity, cost‐effectiveness, and scalability for 
commercial production [14–17]. The expansive list of patents recently registered with the 
US Patent Office exemplifies that there is continuous worldwide interest in spray drying tech-
nologies for various pharmaceutical applications [18]. With regards to the development of 
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therapeutics for TB treatment and prevention, spray drying has been largely used to repurpose 
therapeutics as superior inhalation products with improved safety, efficacy, and conveni-
ence for patients [19]. Despite the fact that TB disseminates via the respiratory tract and 
primarily affects the lungs, there is not one anti‐TB aerosol product that is commercially 
available. This chapter will give an overview of the spray drying process (including details 
about the hardware, process parameters, and key theories), highlight the recent technologi-
cal advances that could facilitate the development of innovative therapeutics for TB, and 
evaluate the anti‐TB formulations produced by spray drying.

9.2 Overview of Spray Drying

Spray drying is a mild, ultra‐fast, convective drying process aimed to produce engineered 
dry powders, agglomerates or granules, starting from a solution, suspension or semisolid, 
rapidly dried under a hot gas stream. This is probably one of the most common and helpful 
method used to dry temperature‐sensitive materials like foods, chemicals, and pharmaceu-
ticals. Historically, this technique has its roots in the US patent no. 125,406 issued in 1872 
entitled “Improvement in Drying and Concentrating Liquid Substances by Atomizing” 
[20]. Thus, Samuel Percy can be considered the inventor of spray drying technology, 
declaring in the patent: “Be it known that I, SAMUEL R. PERCY, of the city, county, and 
State of New York, have invented a new and Improved Process for the Simultaneous 
Atomizing and Desiccating of Fluid and Solid Substances, and its application to the purpose 
of the exhaustion of moisture from such substances”.

Because of practical reasons at the time, such as low process efficiency, continuous 
 process performance, as well as safety problems, there was very limited commercial utili-
zation of this technology for a long time. Only during the second decade of the twentieth 
century did a consistent degree of evolution in spray dryer design enable the large‐scale 
application of the process. Specifically, it was mainly focused in the dairy industry and 
dried milk was the first commercial product obtained by this technology [21, 22]. However, 
the great input to this technology came in the 1940s when Spraying Systems Co. developed 
the first line of commercially available nozzles for spray drying. Interestingly the term 
“SprayDry®” was first used by Spraying Systems Co. in 1943 and became a registered 
trademark of the company in 1951. Since spray drying can be used to preserve food in the 
dry state and also provides the advantage of reducing weight and volume, this process blos-
somed during World War II when there was a considerable need to transport large amounts 
of food such as milk, eggs, and other materials rapidly and in small volumes. Since then, 
the technology evolved rapidly and intensive research allowed the spray drying technique 
to meet a wide variety of applications, including the production of instant coffee [23], 
 fertilizers [24], encapsulated food ingredients [25–29], and pharmaceuticals [18].

In the pharmaceutical field, spray drying is commonly used to produce powders forming 
the basis of dry dosage forms for pulmonary [30, 31] and nasal [32–36] applications. In this 
respect, particles must meet certain features in flowability, dispersibility, and (in the case 
of respiratory delivery) suitable aerodynamic properties such as particle size lower than 
5 μm and low particle density for easy transport to the lung [4, 37–42]. Microencapsulation 
of active pharmaceutical ingredients (APIs) [43–47], as well as actives for cosmetic appli-
cations [48], in biodegradable polymers for prolonged release and improved bioavailability 
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represent another interesting application of this technology. Besides, spray drying is a very 
suitable alternative to the freeze drying technique in manufacturing heat‐sensitive vaccines 
as powders [49–51]. Owing to the rapid drying kinetics, a spray drying process, ideally, 
can be considered the technology of choice in producing amorphous pharmaceutical solids 
to improve the bioavailability of poorly soluble APIs [52–55]. The next section will give 
an overview of the spray drying process, including details about the hardware, process 
parameters, and key theories.

9.2.1 Advantages of Spray Drying

Spray drying technology offers several advantages over the other drying processes:

 ● It covers a wide range of applications from pharmaceutical to ceramic powder production.
 ● The equipment can be designed to meet a wide range of production needs (from lab to 

industrial scale).
 ● Feed rates can range from a few pounds to a hundred tons per hour.
 ● Feedstock can be in solution, slurry, paste, gel, suspension, or melt form.
 ● It is possible to maintain constant final product specifications when the process condi-

tions are held constant.
 ● Different product types: granules, agglomerates, powders, and composite materials can 

be produced.
 ● Ease of operation that is adaptable to full automatic control.
 ● Suitable for both heat‐resistant and heat‐sensitive products.
 ● No contact exists between material and metal surfaces until dried, reducing potential 

corrosion problems.
 ● It can satisfy aseptic/hygienic drying conditions.

9.2.2 Hardware

Although many spray dryer designs are available on the market meeting different product 
specifications, a typical drying process basically consists of three stages (Figure 9.1):

a. Atomization.
b. Drying.
c. Particle collection.

Each of the stages above are, along with the physical and chemical properties of the feed, 
critical for the final product properties and, for this reason, for each of them a wide variety 
of process designs are available depending on specific needs or applications.

9.2.2.1 Atomization

The atomization stage transforms the initial liquid feed (solution, suspension, dispersion, 
or emulsion), generally concentrated prior to its introduction into the spray dryer, in small 
droplets of desired size by appropriate atomizers. The aim of this stage is to create a maxi-
mum heat‐transferring surface of contact between the drying gas and the liquid feed, pro-
viding the right conditions to an ultra‐fast (few seconds) evaporation of the solvent [56]. 
As a consequence, the drying material does not reach the inlet temperature of drying gas, 
thus avoiding any thermal degradation process of heat‐sensitive substances.
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Atomization is the critical stage of the entire process in fact, the conditions of the feed 
atomization define the size distribution of the formed droplets and therefore the physical 
properties of the final dry particles. Achieving the desired level of atomization requires 
maintaining a balance of the fluid viscosity and fluid flow rate on one side with atomization 
energy on the other side, a change in any parameter affecting the atomization. Balancing 
the equilibrium with an opposing change can return the atomization to the desired level.

The atomizers can be classified according to the type of energy utilized and include [17] 
rotary atomizers (centrifugal energy), hydraulic or pressure nozzles (pressure energy), 
two‐fluid or pneumatic nozzles (kinetic energy), and more recently four‐fluid nozzles with 
in‐line mixing have been developed to produce composite particles [57, 58]. There are 
several configurations for each type of atomizer, producing different sprays with specific 
features.

Each kind of atomizer has to fulfil several important functions such as: to form droplets 
that must be neither too large that they could not be completely dried out, nor so small as 
to make difficult their recovery; to distribute the formed droplets evenly in the drying 
chamber so that they can come thoroughly into contact with the hot gas; finally, to control 
the rate at which the feed material is sprayed into the dryer. However, for each feed stream 
property the droplet size depends on the type of nozzle (Table 9.1).
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Figure 9.1 Schematic of a spray dryer unit. Diagram not drawn to scale

Table 9.1 Median droplet size obtained from different atomization devices [59]

Atomization device Median droplet size (μm)

Rotary atomizer (wheel) 10–200
Pressure nozzle 30–350
Pneumatic nozzle (two/three‐fluid) 5–100
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9.2.2.1.1 Rotary Atomizer In this device, the feed to be atomized is introduced at the 
center of a wheel rotating at high speed. The centrifugal force generated pushes the liquid 
toward and beyond the disc perimeter, thus causing the formation of a cloud of droplets. 
Droplet sizes are controlled by varying the rotating speed of the wheel, feed rate, feed 
physical properties, and atomizer design. The degree of atomization, in turn, affects the 
properties of the final dried product. It was found that maximum particle size was achieved 
by reducing the atomizer speed [60].

The mean size of the droplets is inversely proportional to the wheel speed and directly 
proportional to the feed rate and its viscosity. Other factors influencing droplet size are 
solid content and surface tension. For a better control over the dispersion properties, most 
disc atomizers present grooves whose shapes depend on the dry particle parameters desired 
[61] and the properties of the feedstock.

Rotary atomizers are reliable, easy to operate, and can handle high feed rates and abrasive 
feeds. Moreover, they offer the most effective means of atomization in spray drying technol-
ogy. However, in some cases, product can get stuck on the walls of the drying chambers can 
be formed, and this can be a serious problem for expensive pharmaceutical products.

9.2.2.1.2 Hydraulic or Pressure Nozzles In this kind of nozzle (one‐fluid nozzle), the 
spray is created by forcing the feed at high pressure (20–100 bar) through a tiny orifice of 
0.4–4 mm diameter. The principle of pressure atomization is based on the conversion of 
the high‐pressure energy supplied by a pump into kinetic energy (velocity). In fact, by 
Venturi effect, when the fluid at high pressure passes through the orifice a pressure drop is 
observed and the corresponding increase of velocity breaks up the formed thin liquid film 
into droplets. Mean size of droplets is related to liquid properties such as viscosity, surface 
tension, density, and capacity (quantity per unit of time). Specifically, it is proportional to 
the feed rate and viscosity and inversely proportional to nozzle pressure. Therefore, in 
order to reduce the droplet size for a given capacity a smaller orifice and a higher pump 
pressure must be utilized to achieve the same mass flow rate through the nozzle. Masters 
[59] introduced the following correlation [Equation (9.1)] to predict the mean droplet 
diameter produced by pressure nozzle.
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Pressure nozzles used in spray drying are also known as “vortex” nozzles because most 
of them contain a swirl chamber giving the liquid a rotation, so that it will leave the orifice 
as a hollow cone. They can be used to atomize all types of feeds, although when suspen-
sions are sprayed the suspended material should be controlled to avoid nozzle clogging and 
erosion as well, and/or pump failure. These nozzles are also well suited to atomize liquids 
with viscosities up to several hundred centipoises and they are successfully used in 
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counter‐current spray dryers, and in systems using multiple nozzle lances. Sprays from 
pressure nozzles are generally less homogeneous and coarser than are sprays from rotary 
atomizers, thus producing coarser, free‐flowing powders.

9.2.2.1.3 Pneumatic Nozzles (Two‐Fluid) These operate using compressed air to  create 
high frictional forces over liquid surfaces, thus determining feed reduction into spray drop-
lets. In this system neither the liquid nor the air requires very high pressure, usually ranging 
between 200 kPa and 350 kPa. Inside the nozzle there are two ducts: the central one, 
through which passes the feed to be atomized, is surrounded by another conduit loop in 
which air is introduced under pressure. The air outlet of the nozzle forms a cone at the apex 
of which the air velocity is maximum and the pressure is minimum so that it sucks the 
liquid coming out at the center of the nozzle. The interaction of the liquid with the air 
causes the atomization of the liquid into small droplets. Particle size is controlled by vary-
ing the ratio of the compressed air flow to that of the liquid. The mean spray size produced 
by pneumatic nozzle atomization follows the relationship given in Equation (9.2) [59]:
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α and β are functions of nozzle design
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This type of atomizer is particularly useful for materials of high viscosity, which pro-
duce particles of medium coarseness. In addition, since the liquid leaves the atomizer at a 
relatively low velocity and therefore has a shorter flight path, it requires a smaller drying 
chamber, which makes it ideal to be used in pilot‐ or laboratory‐scale drying processes. 
Pneumatic nozzle atomization has the disadvantage of being expensive to operate, espe-
cially for medium or large production scales. In fact, owing to the high operating cost 
associated with providing a high‐velocity air stream, the energy required is generally two 
to three times that for pressure nozzles [62]. In the pharmaceutical industry, the most com-
monly used nozzles are pressure nozzles and pneumatic nozzles, due to their scalability 
and reduced tendency to form deposits on the walls in comparison with rotary nozzles.

9.2.2.2 Drying

The central element of a spray dryer is the drying chamber where atomized liquid comes in 
contact with hot gas (air or nitrogen), resulting in the evaporation of more than 95% of the 
water contained in the droplets in a few seconds. There are different modes of contact 
which influence the flow behavior of the droplet during the drying process, the evaporation 
rates and product temperatures in the dryer, affecting directly the end‐dried product proper-
ties. The three possible patterns are: co‐current, counter‐current, or mixed (a combination 
of the two patterns).
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9.2.2.2.1 Co‐current Flow Dryer In this kind of dryer, the feed is sprayed through the 
drying chamber in the same direction as the flow of the heated drying gas. Co‐current dry-
ers are ideal for thermolabile materials such as enzymes, peptides, and proteins. In fact the 
hottest drying gas, coming into contact with the droplets, determines a rapid evaporation of 
the water that will mix with the air stream. During this process the gas moisture content 
will increase, while its temperature will decrease since part of the latent heat of water 
vaporization comes from the air. Therefore, the product does not suffer from heat degrada-
tion because the droplet temperature is low during most of the evaporation time. Once the 
product moisture content reaches the target level, the temperature of the particle does not 
increase greatly because the surrounding air is now much cooler. When operating with a 
rotary atomizer, the air disperser gives rise to a high degree of air rotation, thus making the 
temperature uniform throughout the drying chamber. The particle size of the final powder 
can be controlled by changing wheel speed.

9.2.2.2.2 Counter‐current Flow Dryer In this dryer system, the atomized feed and 
heated drying medium move in opposite directions through the drying chamber with the 
atomizer generally positioned at the top while the drying air enters from the bottom. The 
exposure of the sprayed feed to the highest air temperatures occurs when the material is 
almost dry and therefore this drying system is suitable for thermally stable substances 
(soaps and detergents, for example) [63]. Counter‐current dryers normally use nozzles to 
atomize the feed because the energy of the spray can be directed against the air movement.

9.2.2.2.3 Mixed Flow Dryer This type combines both co‐current and counter‐current 
flow with several variants including the so‐ called “fountain spray drying” that provides the 
gas entering from the top and the atomized liquid from the bottom. Similarly to the counter‐
current design, the partially dried particles enter the hottest region of the drying chamber 
near the drying medium’s dispenser and for this reason the mixed flow dryer is not suited 
for heat‐sensitive products.

9.2.2.3 Particle Collection

Finally, dry particles must be collected from the air stream in efficient manner for both 
economic and environmental reasons. They can separate out from the drying gas directly 
within the drying chamber where most of the particles are discharged from its base through 
a suitable airlock, such as a rotary valve, while the cooled gas stream, containing the small-
est particles, is conveyed through a side outlet in other separators. Alternatively all the 
particles are conveyed to and separated out in a cyclone or bag filter.

The cyclone separator uses centrifugal acceleration to replace gravitational acceleration 
as separating force. In fact, particle‐laden gas enters at high velocity (approximately 
30.5 m s−1) tangentially through a vertical cylinder with a cone‐shaped bottom, at one or 
more points flowing in a helical pattern (like a sort of “mini tornado”) beginning at the top 
and ending at the bottom of the cyclone. In this rotating stream, larger particles under the 
centrifugal force applied do not follow the tight curve of the stream, and thus, colliding 
with the chamber wall, they lose speed and fall to the bottom of the cyclone by gravity. 
Lighter particles continue on the helical air flow path along the walls of the cyclone and, as 
soon as the flow reaches the conical end of the cyclone, the rotational radius of the stream 
is reduced, thus separating smaller particles.



168 Drug Delivery Systems for Tuberculosis Prevention and Treatment

However, a portion of the lighter particles will be dragged outwards by the gas reversing 
up through the inner chamber and out from the top of it. Cyclone separators’ efficiency is 
determined by the cyclone geometrical parameters, the density of the solids, and the rota-
tional velocity of the air stream and, in order to improve it, several cyclones can be placed 
in series. Unless very small units are used, their efficiency is low in collecting powders 
smaller than 5 μm, which are of great interest in pulmonary delivery, capable of reaching 
the deep part of a patient’s lungs [64]. Besides, it has been observed that a low product 
yield (normally only 30–40%) is associated with bench‐top spray dryers for protein powder 
preparation [65, 66]. Wet scrubbers are often used for a secondary air‐cleaning system in 
conjunction with the cyclone to purify and cool the air. They work by dissolving any dust 
powder left in the air stream into either water or the feed stream sprayed through the air. In 
this way they recover not only most of what would be lost product, but also approximately 
90% of the drying energy normally lost in exiting air.

9.2.3 Spray Dryer Classifications

It is possible to classify spray dryers depending on the type of cycle, type of stage, and type 
of position (Figure 9.2).

9.2.3.1 Classification Based on the Type of Cycle

9.2.3.1.1 Open Cycle This is the standard design and is the most used: the air is 
drawn from atmosphere, is heated, mixed in the drying chamber with the feed, and, after 
exhausting, cleaned by means of cyclones, and finally is discharged to atmosphere [67]. 
Direct and indirect heating are applicable. Since the heated air is exhausted without recy-
cling, this type of layout is an energy‐wasting system. The use of organic solvents and 
drying gases other than air is normally not recommendable because of economical as 
well as ecological problems. Therefore, open‐cycle systems are applied to spray dry 
aqueous feeds.

Three 
stages

Semi-closed
cycle
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Open cycle

Two stages
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Single stage

Figure 9.2 Spray dryer classifications
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9.2.3.1.2 Closed Cycle This type recycles the drying gas, commonly an inert gas such 
as nitrogen, and it is the dryer of choice when:

 ● Flammable organic solvents are used.
 ● Complete recovery of solvent is required.
 ● Processing highly oxidizable product that should not come in contact with oxygen during 

drying [68].
 ● The products are toxic.
 ● Pollution caused by the vapor, particulate emissions, or odor must be avoided; in this 

respect, being that dried products are the only output, this layout can be considered 
environmentally friendly.

 ● Explosion risks must be eliminated.
 ● Besides, this layout is well suited to operate under aseptic conditions [69].

9.2.3.1.3 Semi‐Closed Cycle This type is in between open and closed cycle designs and 
it is not gas tight. This design was developed to improve thermal efficiency by utilizing heat 
in the exhaust gas leaving the dry collectors. The drying medium can be partially (recycling 
of up to 60% of the exhaust air as inlet air) or mostly recycled and its heating, before re‐
entering the drying chamber, can be direct, by using oil or gas, or indirect. Direct heating 
should be avoided in drying food products because of the possible contamination by the 
nitrogen‐containing compounds that can be formed during the process.

9.2.3.2 Classification Based on the Type of Stage

9.2.3.2.1 Single Stage The single‐stage dryer is the most used design. In this dryer, the 
moisture reduction to the target (2–5% by weight) is obtained in one pass through the dryer 
system. The rate of evaporation is particularly high only at the beginning of the process, 
while it gradually decreases because of the reducing moisture content of the particle sur-
faces. In order to complete the drying process in just one stage, a relatively high outlet 
temperature is required during the final drying phase, resulting in possible heat damage to 
the dry particles that are forming.

9.2.3.2.2 Two Stages Although the single‐stage spray dryer may produce dried prod-
ucts with the desired characteristics, in order to improve product quality and obtain higher 
thermal efficiency, and lower the costs, a two‐stage drying system has been developed. 
It consists of a spray dryer with an external fluid bed placed below the drying chamber. The 
product can be removed from the drying chamber with a moisture content higher than the 
final product (typically 5–10%). In a second stage the moisture content is further reduced 
in the external fluid bed (fluidized bed or a vibrating bed dryer) where the residence time 
of the product is longer and the temperature of the drying air lower than in the spray dryer. 
This two‐stage drying results in a better heat economy and it is suitable for many products 
which are heat sensitive.

9.2.3.2.3 Three Stages The above principle puts the basis for the development of the 
three‐stage dryer. In this configuration, the second stage is a fluid bed built into the cone of 
the spray drying chamber. As a consequence, it is possible to achieve an even higher mois-
ture content in the first drying stage and a lower outlet air temperature. This fluid bed is 
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known as an “integrated fluid bed”. The inlet air temperature can be raised, resulting in a 
larger temperature difference and improved efficiency in the drying process. The third 
stage is again an external fluid bed, static or vibrating, for final drying and/or cooling of the 
powder. The three‐stage dryer shows some advantages such as higher quality powders with 
much better rehydrating properties and lower energy consumption.

9.2.3.3 Classification Based on the Type of Position

9.2.3.3.1 Horizontal In this kind of spray dryer, the chamber has the form of a rectan-
gular box with flat or a “V”‐shaped bottom. Normally, the feed is sprayed horizontally, 
with the dried particles falling to the floor, from where they are removed by means of a 
conveyor. Box dryers are usually small and the particle‐ residence time relatively short, 
requiring the use of low flow nozzles, which produce relatively small particles.

9.2.3.3.2 Vertical The chamber of a vertical (tower) dryer has the classical form of a 
cylinder with a cone‐shaped bottom. Spray nozzles may be located at the top (co‐current 
flow) or bottom (counter‐current or mixed flow) of the chamber. Inlets for the drying air 
may be located at the top, bottom, or side of the chamber. Vertical spray dryers are usually 
large and the residence time of sprayed particles is relatively long, allowing the use of 
higher‐flow nozzles which produce relatively large particles.

9.2.4 Process Parameters

In order to obtain a product with the desired characteristics, a series of processing param-
eters must be considered and carefully checked, such as atomization pressure, drying tem-
perature (inlet/outlet), drying gas air flow rate, feed flow rate, feed properties, as well as 
environmental conditions [70, 71].

9.2.4.1 Inlet/Outlet Temperature

The inlet temperature of the drying air is the temperature of the drying medium contacting 
the feed and is considered the most important parameter determining the internal structure 
of the resulting spray‐dried particles. As inlet temperature increases, outlet temperature 
proportionally increases. The higher the inlet air temperature, the faster the rate of mois-
ture evaporation. A higher temperature reduces the relative humidity in the drying gas and 
the powder becomes dryer, less sticky and increased yields are observed [55].

The outlet temperature is that of the air with the solid particles before entering the cyclone 
and being the resulting temperature of the heat and mass balance in the drying chamber it 
is, in practice, the highest temperature to which the product may be heated and it cannot be 
regulated. The outlet temperature is the result of the combination of the following parame-
ters: i) inlet temperature, ii) aspirator flow rate, iii) peristaltic pump setting, and iv) concen-
tration of the material being sprayed. An increase in inlet air flow rate or its temperature 
signifies an increase in the amount of energy available for evaporation, and since there is no 
change in the amount of water to be evaporated the energy used for the evaporation will be 
the same. As a result there is energy in excess which is seen as a rise in the outlet air tem-
perature. The optimal choice for the temperature difference between the inlet and the outlet 
temperature is one of the most important points to consider when spray drying: increasing 
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the temperature difference while holding the inlet temperature constant increases the residual 
moisture content in the final product as well as the spray flow rate of the device.

9.2.4.2 Drying Gas Air Flow Rate

This is the amount (volume) of drying air supplied to the system per unit time. It determines 
the drying level of the product and its separation in the cyclone. The lower the drying gas air 
flow rate, the slower the movement of the product particles through the system and the longer 
the action of drying. Generally, it is suggested to adjust this parameter to the maximal value 
available in order to maximize the cyclone operation efficiency [72]. Higher amounts of drying 
air result in better atomization of the liquid stream (smaller droplets) and, as a consequence, 
smaller particles. The pressure under which the gas is supplied depends on the nozzle.

9.2.4.3 Feed Flow Rate

Feed flow rate governs the atomization pattern and droplet‐size distribution, and the time 
period a particle remains in the drying chamber, cyclone and bag filters during the spray 
drying operation. An increase in feed flow results in a shorter contact time between the feed 
and drying air, which makes the heat transfer less efficient, thus causing lower water evapo-
ration. As a consequence, more energy is needed to evaporate the droplet to leave particles, 
with a consequent decrease of outlet temperature. This also results in an increased absolute 
humidity and relative humidity as well, which cause the moisture content in the final pow-
der to increase. Holding the liquid pressure constant, increasing the feed flow yields larger 
droplets because of the greater amount of liquid to be atomized.

9.2.4.4 Feed Solids Content

The change in feed solids content results in a change in outlet temperature due to the same 
reason as for the feed flow rate. Increasing solid concentration means less liquid to vapor-
ize and increases the outlet temperature. When maintaining constant atomization and inlet 
temperature, an increase of solid content generally results in a higher particle density as 
well as in bigger particles that are easier to separate and so the yield increases. Generally, 
a high solid content can yield an excessive viscosity, resulting in poor atomization process 
that, in turn, will negatively affect the formation of droplets with spherical shape as well the 
uniformity of the final particles.

As the feed liquid viscosity increases, the energy supplied to the nozzle must overcome 
larger viscous forces and this reduces the energy available for breaking up the droplets, 
resulting in larger droplets. The liquid viscosity also affects the spray pattern: a more vis-
cous liquid typically produces a narrower spray angle. However, the general rule is that the 
solid content should be as high as possible to minimize the evaporation energy required and 
hence the costs. For this reason, usually the feed is concentrated before spraying.

9.2.4.5 Ambient Humidity

The ambient humidity is viewed to have a minor impact on the temperature of the air in the 
chamber. Nevertheless, it affects the spray dryer’s ability to dry a product. Excessive 
humidity results in moist particles, which could adhere to the glassware thereby decreasing 
the yield. This problem is particularly important for highly hygroscopic products: in such 
cases, dehumidification of the inlet air is necessary prior to use.
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9.2.4.6 Ambient Temperature

The ambient temperature affects the moisture content of the inlet air. At constant relative 
humidity, a higher ambient temperature results in an increase of moisture content of 
the drying air. Besides, the higher ambient temperature affects positively the heat loss since 
heat transfer through the chamber wall is less significant when the difference between 
the wall temperature and ambient temperature is low.

9.2.5 Particle Formation Mechanism

It is well known that final particle properties such as size, density, porosity, surface rough-
ness, and surface composition are related to the interplay between process parameters and 
the liquid‐feedstock properties [73]. To design particles with better properties it should be 
important to have detailed information about the single‐droplet drying process whose 
mechanism, although extensively studied and reviewed [17, 74], is not yet completely clear 
because of the complex, rapid, and simultaneous heat and mass transfer between feed and 
the heating gas. Besides, a theoretical description of such a processes is a challenging prob-
lem due to the many interacting physical mechanisms involved [75–78]. From a qualitative 
point of view, before becoming a powder, a liquid feedstock undergoes a series of complex 
events, during the entire spray drying process, affected by many interconnected variables, 
as reported by Hecht and Bayly [79].

The drying profile of the droplet generated by nebulization can be divided into several 
stages [73, 80–82] as reported below (Figure 9.3):

1. After atomization, a droplet experiences initial heating and evaporation occurs. The 
temperature increases until it is very close to the so‐called wet bulb temperature of the 
solvent [83]. During this stage the evaporation is slow because most of the heat trans-
ferred to the droplet from the surroundings is used for droplet heating.

2. This stage is characterized by rapid solvent evaporation. Since most of the heat trans-
ferred to the droplet is used for the solvent evaporation, the temperature remains constant 
close to the wet bulb temperature. The droplet shrinks as the solvent evaporates from the 
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Figure 9.3 Mass and temperature changes during single‐droplet drying inside a spray dryer. 
(See insert for color representation of the figure.)
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surface and the solute within the droplet arranges according to its diffusion properties. 
Thus, the droplet temperature may increase slightly because of minor evaporation 
hindrance [84].

3. Drying precipitation occurs at the droplet surface and a solid phase forms around a wet 
core because the droplet diameter decreases faster than the solute can diffuse into the 
droplet center.

4. This is a falling‐rate drying step [85] because the thickening crust represents a  significant 
resistance to water transport from the center to the surface. The decrease in evaporation 
rate induces an increase in droplet temperature because less energy is needed for evapo-
ration. During this step the crust formed thickens towards the droplet center until a 
particle has formed. As the solvent boundary proceeds inward, the forming particle 
surface may harden or collapse according to particle properties and the value of the 
solvent evaporation/solute diffusion ratio. Such a value is quantitatively represented by 
the Péclet number (Pe) [17, 81, 82]. Pe > 1 determines a ‘buckling regime’ and the 
 formation of hollow or crumpled particles is usually observed, whereas Pe < 1 values 
correspond to a ‘non‐buckling regime’ with production of more homogeneous spherical 
particles. Pe, together with the atomizing air/liquid feed ratio (ALR), determines drop-
let size and density and the final properties of spray‐dried particles [86, 87]. The result-
ing particles may be relatively uniform hollow spheres, or porous and irregularly 
shaped.

One of the most sensitive aspects of the entire process is certainly controlling the feed 
liquid atomization process. In this respect, the selection of the most suitable atomizer is the 
fundamental step since:

 ● It controls liquid flow rate into the dryer.
 ● It breaks the liquid into droplets, forming a greater surface area.
 ● It disperses these droplets into a specified spray pattern.

This process therefore creates the conditions for proper droplet contact with the heated 
air and. consequently, an efficacious drying process and a final product with the required 
properties. When the droplet size is too big, an increase in moisture content in the dryer 
can easily be observed, which, in turn, can cause material build up in the dryer as well as 
high moisture content in the final product. Also, droplets which are too small should be 
avoided, since the fast moisture evaporation can cause changes in color and taste of the 
final product or can produce excessive dusty particles. Droplet size and droplet size uni-
formity will vary not only with the spray nozzle design but also with several operating 
parameters: liquid pressure, flow rate, and spray angle, as well as feed properties such as 
viscosity, surface tension, and density. Flow rate has a direct relation to droplet size: an 
increase in flow rate will increase the droplet size. Pressure has an inverse relationship 
effect on droplet size: an increase in pressure will reduce the droplet size. Spray angle has 
an inverse relationship effect on droplet size: an increase in spray angle will reduce the 
droplet size. Viscosity and surface tension increase the amount of energy required to atom-
ize the spray: an increase in any of these properties will typically increase the droplet size. 
To conclude, as the operating parameters and liquid properties are strictly interrelated, it is 
important to change any spraying conditions with care. Besides, proper dryer maintenance 
will help in in guaranteeing droplet size and final product particle quality.
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9.3 Advances in Spray Drying Technology

Even though spray drying technology is not new, it continues to be relevant and increas-
ingly popular. In particular, the versatile process has become a powerful particle engineer-
ing tool with demonstrated unique control over particle size, particle morphology, and 
density [16, 17]. The past decade has seen the introduction of advances in spray drying 
technology: namely, the ‘Quality by Design’ approach, the Nano Spray Dryer B‐90, and 
novel multi‐channel nozzles.

9.3.1 The ‘Quality by Design’ Approach

Process development in spray drying has traditionally been empirical and experimen-
tally  driven. However, regulatory authorities such as the International Conference on 
Harmonization and the US Food and Drug Administration have called for the pharmaceuti-
cal industry to gain comprehensive understanding of their manufacturing processes, 
together with an accurate estimation of their robustness and reliability [88, 89]. The empha-
sis has been placed on the ‘Quality by Design’ (QbD) concept, where quality should be 
built into the product, not tested afterwards. In order to meet these new requirements, the 
development of commercially viable products necessitates robust design approaches to 
meet release specifications at minimum expense in terms of time, resources, and cost [90].

Design of experiments and various statistical analyses are methods that have been used 
to optimize process and formulation parameters [47, 88, 91–96]. While these techniques 
give insight into the relationship between process parameters and product attributes, a large 
number of experiments need to be performed to characterize a narrow design space that 
would have inevitable uncertainties and interactions [97]. These uncertainties are greater 
when little or nothing is known about a specific process. Hence, labor‐intensive experi-
ments cannot be avoided. Furthermore, these are not based on fundamental theory and have 
limited ability to translate across scales and formulations, especially when the influence of 
process parameters may not be linear [92].

Consequently, efforts have intensified to understand and control particle‐formation pro-
cesses to facilitate rational development and guarantee their quality [74, 98, 99]. Two widely 
accepted models deserve particular mention. First, the geometric diameter of a spray‐dried 
particle (d) can be calculated using Equation (9.3):

 
d

C
D=

ρ
3  (9.3)

Here C is the drug solution concentration, D is the diameter of atomized droplets, and ρ 
is the density. This equation shows that changes in the concentration of the feedstock and 
the atomization process, which determines the diameter of the droplets (D), directly affects 
the particle size. Secondly, several authors emphasize the usefulness of Pe for the predic-
tion of particle morphology during spray drying. Pe is defined as the ratio between droplet 
evaporation rate κ and diffusional motion of the solutes D

i
, Equation (9.4) [73, 100]:

 
Pe

Di
i

=
κ

8
 (9.4)



Spray Drying Strategies to Stop Tuberculosis 175

Small Pe less than 1 indicate that the diffusional motion of the solutes is fast compared 
with the velocity of the receding droplet surface during evaporation. In this case, solid par-
ticles with a density close to the true density of the dry components are likely to form. On 
the other hand, high Pe larger than 1 suggest the receding surface moves faster than the 
motion of the solutes. Depending on the nature of the formulation, different solidification 
mechanisms are triggered so the resulting particles can have a range of different morpholo-
gies. These may include solid hollow spheres, if the shell becomes rigid quickly and does 
not buckle or fold, as well as dimpled or wrinkled particles. Particle formation during spray 
drying has been described in detail by Vehring [17]. But more importantly, the establish-
ment of such models clearly signals a shift in the design of fine particles by spray drying. 
That is, from being empirical and experimentally driven to having an engineering basis. 
This trend is expected to pick up as we gain better understanding of the inter‐related process 
and formulation parameters [73, 101].

Additionally, fundamental engineering models, ranging from steady‐state and equilib-
rium‐based approaches to rate‐based and computational fluid dynamics (CFD), have been 
applied to understand the spray drying process. In particular, CFD has been proposed as a 
useful scale‐up tool since the 1990s [75]. It is a simulation method that combines powerful 
computing with applied mathematics to model fluid‐flow situations and accounts for 
aspects such as heat and mass transfer, including basic drying kinetics, reaction engineer-
ing, particle engineering, and process control [102, 103]. However, the biggest danger is 
that the outcome of the simulation would be invalid if some of the assumptions and input 
data are incorrect [102, 103]. Nonetheless, this quantitative approach could lead to a 
rational definition of process parameters that would allow rapid optimization of drying 
kinetics and potentially ensure efficient spray drying process development and scale‐up 
[90]. The ability to predict the performance of new designs or processes before they are 
even implemented makes computer‐aided process design ideally suited to meet the new 
QbD requirements [104].

9.3.2 The Nano Spray Dryer B‐90

The recent rise of nanoparticle‐based drug delivery has been the driving force behind push-
ing the capabilities of conventional spray drying into the nanometer range. Previously, the 
separation and collection of nanoparticles was extremely difficult due to the low collection 
efficiency for particles with diameters less than 2 μm [17, 93]. One way to overcome this 
was to agglomerate nanoparticles into larger microparticles via a two‐step approach. This 
usually involved prior micro‐mixing (such as confined liquid impinging jet precipitation, 
high‐gravity controlled precipitation, sonoprecipitation, and multi‐inlet vortex mixing) or 
wet‐milling/homogenization to produce a nanosuspension feedstock that would be spray 
dried [105, 106]. There were, of course, still challenges with adequate re‐dispersion of the 
primary nanoparticles to reap the full benefits of nanosizing.

The Nano Spray Dryer B‐90, developed by Büchi, is the newest generation of labora-
tory‐scale spray dryer that incorporates a vibration mesh droplet‐generation system, gentle 
laminar flow heating system, and a highly efficient electrostatic particle collector. As a 
result, it is now possible to produce particles in the submicron size range (300 nm to 5 μm) 
with very narrow distributions and high yields [107, 108]. This system is also perfect for 
early‐stage product development in the pharmaceutical and biotechnology industry as 
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sample quantities in the milligram or milliliter range can be utilized. Since the novel aspects 
and limitations of the technology have been reviewed by Heng et al. [109], the advantages 
and disadvantages of the instrument are highlighted in Table 9.2.

Early work with the Nano Spray Dryer focused on demonstrating feasibility and under-
standing the influence of process parameters on the product. Li et al. [107] presented one 
of the first studies on five polymeric wall materials (arabic gum, whey protein, poly(vinyl 
alcohol), modified starch, and maltodextrin) and explored the potential to encapsulate 
nano‐emulsions. The study successfully attained nanoparticles down to 350 nm, with yields 
of 43 to 94.5%. Similarly, Schmid et al. [110] evaluated common pharmaceutical excipi-
ents (trehalose and mannitol) and the drug griseofulvin. Mean particle diameters between 
500 and 800 nm were obtained at reasonably high yields of 50 to 78%. On the other hand, 
protein nanoparticles of bovine serum albumin (BSA) were optimized by Lee et al. [108]. 
The particles had mean diameters of between 460 and 2609 nm and exhibited four types of 
particle morphology that consisted of: (i) smooth spherical, (ii) wrinkled, (iii) mixed wrin-
kled and donut‐shaped, and (iv) chips and granules. The particle size was predominantly 
influenced by the spray mesh aperture, whereas the morphology was affected by the pres-
ence of Tween 80. Thus, the study showed that careful tuning of the various process and 
formulation parameters (via the Taguchi experimental design method) was essential to 
obtain discrete spherical particles of the desired size. Subsequent work by Bürki et  al. 
[111] also used a 33 full factorial design to optimize the production of β‐galactosidase, with 
trehalose as a stabilizer. The optimized parameters resulted in a formulation that retained 
full activity, a particle size of 1.93 μm, and 87% yield.

More recently, other applications of nano‐spray‐dried formulations have been explored. 
Studies have exploited the smaller size to enhance dissolution properties of nicergoline 
[112] and griseofulvin [113], whereas others observed lung targeting of intravenously 
delivered carboplatin microparticles [114]. Another study reported the first synergistic 
antimicrobial dry‐powder inhaler (DPI) consisting of a binary system of ciprofloxacin 

Table 9.2 Advantages and disadvantages of the Nano Spray Dryer B‐90 [109]

Advantages Disadvantages

Narrow droplet‐size distribution Expensive
Able to generate particle sizes ranging 
from 300 nm to 5 μm

Laboratory‐scale that has a low throughput and 
long process time

Suitable for heat‐labile therapeutics 
with minimal loss of activity

Possible clogging of mesh nozzle, which is limited 
to handling liquid viscosities of up to 10 cps

High yields Particle size is limited by commercially available 
nozzle mesh sizes

May utilize sample quantities in 
milligrams or milliliters

Collected powder resembles a cake that is not 
free‐flowing and requires scraping off using a 
rubber spatula

Perfect for early‐stage product 
development and drug delivery 
applications
Convenient and simplified set up and 
cleaning procedures
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hydrochloride and gatifloxacin hydrochloride [115]. Overall, promising research using the 
Nano Spray Dryer B‐90 has explored a variety of therapeutics including excipients [107], 
model drugs [107, 110, 112, 113], antibiotics [30, 115], proteins [108, 111], and enzymes 
[111]. Thus, the timely arrival of the Nano Spray Dryer B‐90 offers a new, simple, and 
alternative method for the development of pharmaceutical powders suitable for a broad 
range of drug delivery applications.

9.3.3 Novel Multi‐Channel Nozzles

The last decade has seen a number of novel multi‐channel nozzles coupled to spray drying. 
Designs have ranged from the standard 2‐fluid to multi 3‐ and 4‐fluid constructions, as well 
as the more recent 2‐solution mixing nozzle with customizable configurations. The various 
multi‐channel nozzles and their pharmaceutical applications will be covered here.

The 3‐fluid nozzle was first described by Ramtoola [116] as having two concentric chan-
nels, which allows the core‐forming fluid to flow through the inner stream (containing the 
active ingredient) and the coat‐forming fluid to flow through the outer stream (usually a 
polymer). Since the 3‐fluid nozzle has one atomizing gas channel and two separate liquid 
channels, the active ingredient and excipients can be dissolved in separate solvents, which 
eliminates the need for a common solvent [117]. Pabari et al. [118] utilized the 3‐fluid noz-
zle to prepare ethyl cellulose‐coated diclofenac sodium microparticles. Investigation of the 
droplet formation from the 3‐fluid nozzle, using rhodamine, showed a pink‐colored core 
droplet within a clear polymer coat. In contrast, the droplet formed at the tip of the 2‐fluid 
nozzle was homogeneous and darker in color. Transmission electron microscope images 
clearly identified a defined core and coat for the 3‐fluid nozzle‐prepared microparticles, 
whereas the standard 2‐fluid nozzle product showed a homogeneous internal morphology. 
Hence, this nozzle design is ideal for microencapsulation due to the formation of multilay-
ered droplets [117, 118].

Wan et  al. [119] attempted to encapsulate lysozyme in poly(lactic‐co‐glycolic acid) 
(PLGA) using the 3‐fluid nozzle. However, an initial burst effect in the drug release profile 
(attributed to protein surface enrichment) was a concern as serious toxicity could arise in 
clinical practice. Later, the same authors incorporated hyaluronic acid to modulate the 
release profiles of BSA in PLGA [120]. Hyaluronic acid was proposed because the rela-
tively high viscosity of hyaluronic acid even in low concentrations, and the intermolecular 
entanglement formed between the hyaluronic acid and PLGA molecules, were hypothe-
sized to retard protein migration to the surface. Indeed, the initial burst effect of BSA was 
suppressed by increasing the amount of hyaluronic acid. Another study, by Kondo et al. 
[121], compared the encapsulation capabilities between the 3‐ and 4‐fluid nozzles using 
the model drug ethenzamide and ethyl cellulose. In general, the 3‐fluid nozzle was found 
to be superior in creating an effective coat, where slower drug release could be achieved by 
increasing the concentration of ethyl cellulose. Interestingly, one study has even used the 
3‐fluid nozzle to generate nanoparticles of isoxyl by antisolvent precipitation [122]. 
Nanoparticles were formed in situ and spray dried immediately to form irregular micropar-
ticle aggregates. Table 9.3 provides a summary of pharmaceutical formulations prepared 
using the 3‐fluid nozzle.

Similar to the 3‐fluid nozzle, the 4‐fluid nozzle consists of two liquid and two atomizing 
gas channels that can simultaneously spray dry two separate feedstocks. The difference lies 



178 Drug Delivery Systems for Tuberculosis Prevention and Treatment

in the acceleration zone where the two liquid channels collide and mix at the tip of the 
 nozzle edge. Ozeki et al. [58] demonstrated that polymeric nanoparticles either of ethyl 
cellulose or PLGA could be dispersed in mannitol microparticles by using 4‐fluid nozzle 
spray drying. The authors proposed that the nanoparticles occurred through antisolvent 
precipitation and that the mannitol matrix prevented aggregation of the nanoparticles. 
Pranlukast hemihydrate (PLH) nanoparticles in mannitol microparticles were also pro-
duced in the same way [126]. In vitro aerosol performance of these PLH‐containing micro-
particles yielded an inhalable fine‐particle fraction (FPF

5.8 
μ

m
) of roughly 25%, and in vivo 

pulmonary administration to rats found that PLH absorption was sustained over a period 
of 6 h. The authors speculated that the mannitol matrix dissolved immediately after deliv-
ery to the lungs, leaving behind the water‐insoluble PLH nanoparticles that resulted in 
prolonged absorption.

Alternatively, inhalable rifampicin‐containing mannitol microparticles were prepared by 
Mizoe et al. [127] using the 4‐fluid nozzle. Pulmonary delivery to rats found that 86% of 
the rifampicin could be detected in lung tissue at 5 min, but this reduced to 4% after 1 h. 
This correlated with plasma concentrations of rifampicin, which peaked at 15 min and 
returned to 0% at 90 min. In comparison, orally delivered rifampicin was not detectable in 
lung tissue after 1 h, reaching only approximately 3% after 4 h, whereas intravenously 
delivered microparticles reached levels of only 0.8% and 1.2% in lung tissue at 1 and 4 h, 
respectively. Thus, these inhalable microparticles effectively delivered rifampicin to the 
lungs and, subsequently, systemic circulation. Despite this, methods were required to pro-
long lung retention and improve targeted drug delivery to alveolar macrophages for TB. As 
a result, Ohashi et al. [128] successfully incorporated PLGA into the formulation to control 
the release of rifampicin for a period lasting 12 h. Pharmaceutical formulations that have 
been produced using 4‐fluid nozzle spray drying are outlined in Table 9.4.

While the 4‐fluid nozzle has been useful, it was unclear whether sufficient mixing had 
occurred. Therefore, a customizable 2‐solution mixing nozzle was developed to enable 
conditions for optimized mixing [134]. As with both the 3‐ and 4‐fluid nozzles, two sepa-
rate feedstocks may be spray dried simultaneously. However, this nozzle has a unique 
internal mixing chamber consisting of four components: injection tubes, mixing joint (bent 
or linear), mixing tube (swirling or linear), and orifice (0.3 or 0.5 mm). The arrangement of 

Table 9.3 Pharmaceutical formulations prepared using 3‐fluid nozzle spray drying

Year Aqueous Organic References

2010 Fish oil Whey protein [123]
2010 — Isoxyl [122]
2012 Diclofenac sodium EC [118]
2012 Rifampicin dihydrate PLA and PLGA [124]
2013 Tripolyphosphate Chitosan [117]
2013 α‐Amylase Calcium alginate chitosan [125]
2014 Ethenzamide EC [121]
2014 Lysozyme PLGA [119]
2014 BSA PLGA [120]

BSA: Bovine serum albumin; EC: Ethyl cellulose; PLA: Poly(lactic acid); PLGA: Poly(lactic‐co‐glycolic acid).
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different configurations affects the flow rate, mixing pattern, and total mixing time. In the 
case of ethyl cellulose nanoparticles, mixing time could be varied from 0.02 to 3.07 s. 
Shorter mixing times led to large particle size whilst longer mixing times led to an 
unchanged size but with a larger standard deviation. To date, ethyl cellulose in mannitol 
[134] and prubocol with EUDRAGIT® in mannitol [135] microparticles have been gener-
ated using this novel 2‐solution mixing nozzle.

In summary, these novel multi‐channel nozzles can produce multilayered and multifunc-
tional microparticles for drug stabilization, taste masking, controlled‐release, and targeted 
drug delivery. Without a doubt, these nozzles will continue to contribute to the develop-
ment of innovative formulations in the new decade and beyond.

9.4 Anti‐Tuberculosis Therapeutics Produced by Spray Drying

The key advantages proposed for inhaled TB therapy include direct delivery to the site 
of infection for targeting alveolar macrophages and dendritic cells, reduced overall sys-
temic exposure (and toxicity), and improved patient adherence. More specifically, DPIs 
offer greater stability, which would be easier and cheaper to administer in developing 
nations. The following section will evaluate the research that has utilized spray drying to 
improve various anti‐TB therapeutics. The research broadly falls into three categories: 
(i) controlled‐release microparticles incorporating polymers such as PLGA and PLA 
[124, 128, 136–140], (ii) maximal drug‐loaded microparticles with or without excipients 
[127, 141–145], and (iii) vaccines. Agents that have been incorporated range from the 
standard first‐ and second‐line drugs to fixed dose combinations, possible adjuncts, and 
novel anti‐TB drug candidates (Table 9.5).

9.4.1 Controlled‐Release Microparticles

Pulmonary‐delivered formulations tend to have short residence times in the lungs due to 
the presence of multiple clearance pathways (e.g., cough clearance, mucociliary clearance, 
macrophage clearance, and systemic absorption). Consequently, synthetic polymers have 
been extensively used as excipients to control the drug release [137, 165–167]. Biodegradable 

Table 9.4 Pharmaceutical formulations produced using 4‐fluid nozzle spray drying

Year Aqueous Organic solvent References

2004 Hydroxypropylmethyl cellulose Tolubutamide [129]
2005 Sodium salicylate Flurbiprofen [130]
2006 Mannitol EC or PLGA [58]
2007 Mannitol or lactose Ethenzamide or Flurbiprofen [131]
2007 Mannitol Pranlukast hemihydrate [126]
2008 Salbutamol sulfate EUDRAGIT® RS or EUDRAGIT® RL [132]
2008 Mannitol Rifampicin [127]
2009 Mannitol Rifampicin and PLGA [128]
2012 Maltosyl‐β‐cyclodextrin ONO‐2921 (model drug) [133]

EC: Ethyl cellulose; PLGA: Poly(lactic‐co‐glycolic acid).
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polymers and co‐polymers of lactic and glycolic acids are, by far, the most commonly used 
because they can degrade under physiological conditions and are authorized as safe for 
human applications [168]. However, such formulations are yet to appear on the market 
since issues with long‐term safety, in particular the clearance mechanism of high molecular 
weight polymer from the lungs, remain a concern [169].

9.4.1.1 First‐Line Drugs

First‐line anti‐TB drugs consist of isoniazid, rifampicin, pyrazinamide, ethambutol, and 
streptomycin. A majority of the research has centered on spray drying rifamycins 
(rifampicin, rifabutin, and rifapentine) since they are a family of drugs long considered the 
mainstay of TB treatment [170, 171]. One of the early studies by Bain et al. [139] investi-
gated the fundamental influence of acetonic and halogenated solvents on the characteristics 
of rifampicin/PLA microparticles. The solubility of the polymer in the solvent directly 
influenced the drying kinetics and microparticle architecture, as well as the level of resid-
ual solvent. That is, particle porosity increased with the rate of polymer deposition, which 
was linked to lower polymer solubility in a particular solvent. On the other hand, residual 
solvent increased with polymer solubility and a porous particle generally promoted solvent 
loss. The study concluded dichloromethane to be the superior solvent to acetone, chloro-
form, and halothane. Another fundamentally important parameter relating to polymeric 
particles is particle size. Yoshida et al. [172] discovered that size determined phagocytic 
uptake of PLGA‐encapsulated rifampicin. It was found that only 30% of microspheres with 
diameter 1.5 μm were phagocytosed by alveolar macrophages, compared with 80% of the 
microspheres with diameter 3.5 μm [172].

In contrast, other studies demonstrated the capabilities of spray drying to produce poly-
meric microparticles. O’Hara and Hickey [137] compared PLGA‐encapsulated rifampicin 
microparticles prepared by spray drying versus those prepared by traditional solvent evap-
oration. Spray‐dried powders achieved superior drug loading efficiency, and subsequently 
higher average percentage of drug release since the drug could not partition into an external 
phase (as is the case with solvent evaporation). Based on a volume median diameter (VMD) 
of 2.66 to 2.76 μm alone, the authors proposed that aerosol delivery of the spray‐dried 
powder should be effective, although no firm conclusion could be drawn. The work was 
continued to in vivo studies by Suarez et al. [173], who administered the spray‐dried for-
mulations to M. tuberculosis‐infected guinea pigs. The PLGA‐encapsulated rifampicin 
microparticles led to a significantly reduced number of viable bacteria, as well as less 
inflammation and lung damage compared with rifampicin‐only or control‐treated animals. 
These preliminary results supported the potential of inhalable PLGA‐encapsulated 
rifampicin microparticles for TB.

Sung et  al. [140] also carried out a two‐step solvent evaporation followed by spray 
 drying process to encapsulate rifampicin into PLGA nanoparticles. This obtained porous 
nanoparticle aggregates that were suitable for inhalation. Pulmonary delivery to healthy 
guinea pigs achieved higher systemic bioavailability than did the oral route, and led to 
extended levels of drug in lung tissue up to and beyond 8 h. On the other hand, Coowanitwong 
et al. [136] co‐spray dried rifampicin with PLA or PLGA. These microparticles had mass 
median aerodynamic diameters (MMAD) ranging from 2.22 to 5.11 μm and fine‐particle 
fractions less than 5.8 μm (FPF

5.8μm
) ranging from 22.9 to 68.4%, with PLA‐encapsulated 

microspheres performing better.
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In addition to the rifamycins, pyrazinamide and isoniazid have also been studied. 
Rojanarat et al. [146, 147] prepared proliposome powders containing either isoniazid or 
pyrazinamide. The obtained microparticles had encapsulation efficiencies of 18–30% and 
26–45% for isoniazid and pyrazinamide, respectively, and were suitable for inhalation with 
MMAD 2.99–4.92 μm (isoniazid) and 4.26–4.39 μm (pyrazinamide).

9.4.1.2 Second‐Line Drugs

Second‐line, or reserve, drugs are the last line of defence against drug‐resistant TB. This 
group features agents which are more expensive, more toxic, and less effective than stand-
ard treatments [171, 174]. Most of these proof‐of‐concept studies simply tested the feasibil-
ity of producing an inhaled formulation by spray drying drugs that included levofloxacin 
and ofloxacin. Rojanarat et al. [149] prepared levofloxacin proliposomes, whereas Hwang 
et al. [150] co‐spray dried ofloxacin with sodium salt and hyaluronic acid. Palazzo et al. 
[47] further optimized a PLA‐encapsulated ofloxacin–palladium complex using design of 
experiments.

9.4.1.3 Fixed Dose Combinations

The World Health Organization recommends the use of fixed dose combinations for two 
main reasons: (i) to prevent emergence of drug‐resistant strains that occur from mono-
therapy, and (ii) to reduce prescription errors because dosage recommendations are more 
straightforward and adjustment of dosage according to patient weight would be easier 
[171]. Furthermore, this can potentially translate into measurable improvements in patient 
adherence.

Co‐spray drying (from a solution, suspension, or even a mixture of the two) can produce 
DPI combinations in a single, industrially scalable process. Muttil et al. [151] was the first 
to co‐spray dry isoniazid and rifabutin, with and without PLA. Rifabutin was chosen 
because rifampicin has the potential to cause stability‐related problems [165]. Previous 
rifampicin experiments also exhibited chemical incompatibility with isoniazid in organic 
solutions [167, 175]. Later, Booysen et al. [152] prepared PLGA‐nanoparticles incorporat-
ing both rifampicin and isoniazid, which were also coated with poly(ethylene glycol). 
These nanoparticles demonstrated sustained drug release over seven days that could poten-
tially reduce the dosing frequencies of rifampicin and isoniazid.

Even though co‐spray drying has become a popular technique, innovative methods are 
needed to address problems with stability and segregation of components (as well as homo-
geneity and reproducible delivery of each drug) over time [144]. Since different drugs in 
the single particle may have vastly different physicochemical properties, the formulation 
conditions that maximize stability for one drug may adversely impact the stability of 
another [176]. In addition, the development of new analytical methods for combination 
products may present significant challenges [169].

9.4.1.4 Adjunct – Nitric Oxide

Possible adjuncts as add‐on therapy to the standard TB regimen may include controlled‐
release nitric oxide donors. One mechanism that M. tuberculosis uses to evade the innate 
immune response is through the inhibition of nitric oxide production inside macrophages 
[177]. Consequently, Verma et al. [153] investigated the impact of nitric oxide donors on 
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the bacterial burden in vitro of M. tuberculosis‐infected macrophages. Three clinically 
proven nitric oxide donors (isosorbide mononitrate, sodium nitroprusside, and diethylene-
triamine–nitric oxide adduct) were separately co‐spray dried with PLGA. Encapsulation 
efficiencies greater than 90% were achieved and MMAD ranged from 2.2 to 2.4 μm. These 
microparticles were observed to induce a significant dose‐dependent bactericidal activity, 
compared to that shown by equivalent amounts of drug in solution. The study also reported 
a descending trend of bactericidal activity that followed the order: diethylenetriamine–
nitric oxide adduct > sodium nitroprusside > isosorbide mononitrate. Overall, these findings 
suggest that nitric oxide donors could be useful as adjuncts to enhance the bactericidal 
activity of other agents against TB.

9.4.2 Maximal Drug‐loaded Microparticles

Apart from controlled‐release polymeric microparticles, maximal drug‐loaded microparti-
cles (with or without excipients) have also been of interest to deliver higher local drug 
concentrations to the lungs.

9.4.2.1 First‐Line Drugs

Fundamental studies have found that the selection of solvent for spray drying had a role in 
controlling the physicochemical properties and aerosolization behavior of excipient‐free 
rifampicin microparticles [145, 178]. Moreover, the main limitation associated with spray 
drying is that most materials undergo amorphization, which can become a stability issue. 
Amorphous spray‐dried rifampicin has been reported to undergo significant chemical deg-
radation after 9 months, losing 26% of its chemical potency [141]. As a result, Son et al. 
[141] described a process for the polymorphic transformation of rifampicin by recrystalli-
zation of pure rifampicin in anhydrous ethanol. The crystallized suspension was homoge-
nized and spray dried to produce flake‐like agglomerates of rifampicin dihydrate 
microparticles. The unique particle morphology led to improved aerosolization properties 
over those shown by amorphous spherical rifampicin particles. Furthermore, significant 
chemical stability (only 3% reduction in chemical potency) was observed. Similarly, Chan 
et al. [143] developed a novel inhalable crystalline form of rifapentine suitable for targeted 
treatment of TB that has the potential to radically shorten treatment times.

Other less extensively investigated first‐line agents incorporating excipients have 
included isoniazid and pyrazinamide. These studies generally determined the feasibility of 
spray drying an inhalable formulation. Sawatdee et al. [154] co‐spray dried isoniazid with 
sugars (trehalose, mannose, and lactose), whereas Pham et al. [148] attempted to enhance 
the stability of spray‐dried pyrazinamide through the use dipalmitoylphosphatidycholine 
(DPPC), hyaluronic acid, and leucine.

9.4.2.2 Second‐Line Drugs

Different investigators have spray dried inhalable capreomycin powders [30, 155–157]. 
Schoubben et al. [157] ion‐paired capreomycin with sodium oleate and prepared micropar-
ticles by homogenization followed by spray drying. Qualitatively, the powders had a suit-
able size (VMD of 6.18 μm) and shape for inhalation. Later, the same group also spray 
dried pure capreomycin powders using the Nano Spray Dryer B‐90 [30]. A 23 factorial 
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design was used to optimize the process parameters to obtain inhalable capreomycin 
powders with FPF

6.4μm
 values ranging from 9 to 26%.

Alternatively, other authors co‐spray dried capreomycin solutions with leucine as the main 
excipient [155, 156]. The powders possessed good aerosolization properties and physical‐
chemical stability for up to 3 months at room temperature. Pulmonary delivery to healthy 
guinea pigs showed significantly lower systemic exposure and longer drug half‐life than 
did the intravenous or intramuscular routes [156], whereas inhalation by M. tuberculosis‐
infected guinea pigs resulted in significantly lower levels of inflammation, bacterial bur-
den, and percentage of lung tissue affected by granulomas and caseous necrosis [155]. 
Also, sequential doses did not accumulate in the lungs of healthy guinea pigs and achieved 
higher local lung concentrations at all times [179]. Recently, a Phase I clinical trial con-
firmed that inhaled doses of spray‐dried capreomycin was well tolerated in humans [180].

Tsapis et al. [158] also prepared dry powders of p‐aminosalicylic acid by spray drying a 
solution containing DPPC as an excipient. Large porous particles had VMD values of 7.07–
7.47 μm, contained drug loading of 95% by weight, and displayed physical stability over 
4 weeks at elevated temperatures.

9.4.2.3 Fixed Dose Combinations

Recently, two triple‐combinations of anti‐TB drugs were reported by Chan et al. [142, 144]. 
The excipient‐free formulation of pyrazinamide/rifampicin/isoniazid had an MMAD of 
3.5 μm and FPF

5μm
 of 45% [142]. Unfortunately, the chemical incompatibility between 

rifampicin and isoniazid was not taken into consideration, as happened also for the study 
by Booysen et al. [152]. Consequently, a new triple‐combination of moxifloxacin/pyrazi-
namide/rifapentine (with or without leucine as an excipient) was devised. The formulation 
was suitable for inhalation, with an MMAD ranging from 2.51 to 2.58 μm and an FPF

5μm
 

of 55–64% [144].

9.4.2.4 Adjunct – Pyrazinoate Salts

According to Zhang and Mitchison [181], pyrazinamide is a pro‐drug which is metabolized 
by the liver to the active moiety – pyrazinoic acid (POA). The bactericidal activity of POA 
is greatly dependent on pH such that small changes towards increased acidity could be 
expected to enhance the efficacy of pyrazinamide against M. tuberculosis. Mitchison and 
Fourie [1] proposed that inhaled POA could be a suitable adjunct to oral pyrazinamide. 
This should be able to induce the required acidic shift in pH within tuberculosis lesions, 
thereby potentially reducing the oral dose of pyrazinamide and hepatotoxic side effects. 
Durham et al. [159] spray dried pyrazinoate salts to achieve MMAD values down to 1.3 μm 
and FPF

4.46μm
 values up to 41%. The powders had particle sizes and morphology suitable for 

pulmonary delivery, but further work is needed to obtain a unimodal aerodynamic particle‐
size distribution and increase the fine particle fraction.

9.4.2.5 Novel Anti‐TB Drug Candidate

PA‐824 is a novel anti‐TB candidate for drug‐resistant TB [182]. Phase 2 clinical trials 
have been completed and plans to start a Phase 3 trial are underway [183]. Sung et al. [160] 
investigated the feasibility of preparing an aerosol formulation of PA‐824. The spray‐dried 
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microparticles, with leucine as an excipient, were porous and had desirable aerosol properties 
(MMAD 4.74 μm and FPF

5.8μm
 53.3%). The powder was physically, aerodynamically, and 

chemically stable for 6 months at room temperature. Pulmonary delivery to healthy guinea 
pigs resulted in sustained levels in the lung for 32 h post‐exposure, whereas pulmonary 
administration to TB‐infected guinea pigs showed significantly less inflammation, viable 
bacteria count, and tissue damage compared with results in untreated animals [184]. 
However, no difference in tissue damage was observed between groups that received either 
the oral or inhaled dose. Therefore, these studies only indicate the potential use of PA‐824 
as a DPI in the treatment of TB.

9.4.3 Vaccines

Inhalable DPI vaccines are envisioned as needle‐free alternatives with better room tem-
perature stability, which would be easier to administer in rural areas that have limited 
resources such as access to sterile water [14, 15]. Recent studies have reported spray dry-
ing inhalable Ad35‐vectored tuberculosis (AERAS‐402) [162] and Bacillus Calmette‐
Guérin (BCG) vaccines as improvements to the traditional injection. Wong et al. [161] 
successfully prepared a dry, flowable powder of BCG that was more viable and more 
stable for several months than was the conventional lyophilized formulation. The authors 
found that leucine and glycerol were crucial excipients that protected bacterial viability by 
limiting the osmotic stress on bacterial membranes during the spray drying process. 
Consequently, the spray‐dried powders retained 48% viability, compared with the conven-
tionally lyophilized sample that retained only 3.8% viability. Garcia‐Contreras et al. [185] 
later administered the DPI vaccine as aerosols to guinea pigs, which were subsequently 
challenged with virulent M. tuberculosis. The study observed significantly reduced bacte-
rial burden and lung pathology relative to both untreated animals and control animals 
(immunized with the standard parenteral vaccine). Despite the exciting opportunities 
offered by inhalable vaccines, several issues concerning the risk of hypersensitivity or 
intolerance to inhaled vaccines must be addressed prior to their introduction into clinical 
practice [15, 186, 187].

Proteins secreted by M. tuberculosis [such as antigen 85B, cutinase‐like proteins (Culp) 
1 and 6 and MPT83] are possible adjuvants for inhalable TB vaccines [164, 188]. These 
agents may be beneficial to enhance the efficacy of subunit vaccines as they often have 
weaker antigenicity and immunogenicity [189–192]. Lu et al. [163] encapsulated antigen 
85B into PLGA microspheres and found the adjuvant elicited higher in vitro T cell activa-
tion that targeted alveolar macrophages more efficiently. In addition, the other observed 
advantage was sustained release over six days. In comparison, Tyne et al. [164] investigated 
Culp 1 and 6 and MPT83 conjugated directly to the novel adjuvant Lipokel (Lipotek Pty 
Ltd). Protein–Lipokel complexes were formulated as dry powders for pulmonary delivery 
by spray drying with mannitol. Direct delivery to the lungs of mice led to recruitment of 
neutrophils and antigen‐presenting cells that persisted for 7 days post‐immunization. 
Notably, pulmonary immunization with either Culp1‐6–Lipokel or MPT83–Lipokel pow-
der vaccines generated protective responses in the lungs against M. tuberculosis challenge. 
Hence, these preliminary works present the foundation for further investigations of proteins 
secreted by M. tuberculosis as adjuvants that aid the development of easily administrable 
and protective vaccines against TB.
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9.5 Conclusion

In conclusion, this chapter has critically reviewed the extensive research related to spray 
drying drug delivery systems for the treatment and prevention of TB. There is a promising 
pipeline emerging through the re‐purposing of old drugs, re‐engineering of existing agents, 
and discovery of new compounds [2, 193–201]. Although significant advances have been 
made, these promising therapies are yet to be translated into clinical practice [11, 202].

Spray‐dried combinations of new and existing drugs have been explored to shorten treat-
ment duration, simplify therapy, and treat drug‐resistant TB. While existing research will 
continue on controlled‐release and maximal drug‐loaded microparticles, a future trend 
could see increased investigations into synergistic combinations [115, 203]. Synergistic 
combinations should accelerate the eradication of TB and simplify treatment regimens, 
further improving patient adherence and reducing the emergence of drug‐resistant TB. It is 
essential that the fundamental work reported to date progresses through to human clinical 
trials, and beyond, in order to truly revolutionize TB treatment. Nonetheless, spray drying 
and its recent technological advances are well positioned to provide the solutions to stop 
TB. The future looks bright for engineered particles and continued advances will pave the 
way towards targeted delivery of therapeutics.
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10.1 Introduction

Pulmonary tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis, 
most commonly affecting the lungs. It is transmitted from one person to another via con-
taminated droplets nebulized in air when people with the active infection cough or sneeze.

Often, Mycobacterium tuberculosis infection is asymptomatic, since the person’s 
immune system acts to “wall off” the bacteria. These germs usually attack the lungs, but 
they can also be found in other parts of the body, such as kidneys, brain or spine.

Tuberculosis is treated with antibacterial drugs following a therapy schedule lasting six 
months. Drugs are mainly given by the oral route. Thus, TB is treated by a combination of 
several drugs. It is very important that people with TB strictly adhere to the medicine‐
administration scheme, taking the drugs as prescribed. In some situations, staff of the local 
health department meet regularly with the patients to watch them taking medications. This 
is called “directly observed therapy” and helps the patient to complete the treatment in the 
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proper period of time. Ceasing taking the drugs too soon or taking them incorrectly may 
select bacteria strains that are resistant to the drugs. If tuberculosis is resistant to drugs, it 
is tougher and more expensive to treat.

One drug alone is unlikely to be active against all populations of M. tuberculosis com-
plex bacilli (i.e., actively multiplying bacilli, slowly or sporadically multiplying bacilli and 
dormant bacilli). Two‐drug regimens might, in theory, be active against all populations, and 
three‐drug combinations might show even higher activity. There are 10 drugs currently 
approved by the U.S. Food and Drug Administration (FDA) for treating TB [1]). Among 
the approved drugs, the first‐line anti‐TB agents that form the core treatment regimen 
include four orally associated drug substances, i.e., rifampicin (R), isoniazid (H), pyrazina-
mide (Z) and ethambutol (E). In the EU there is a request for optimizing the therapeutic 
management of TB disease, particularly in children, focusing on the appropriate dosing. 
The harmonization of doses passes through the development of fixed dose combinations 
(FDCs) by pharmaceutical companies. FDC tablets can facilitate the adherence, helping 
the patient follow the medical prescription by taking the medicines at the right time and in 
the correct combination and number. FDCs simplify drug prescription and supply, and 
contribute to limiting the risks of drug‐resistant tuberculosis resulting from inappropriate 
drug selection, mono‐therapy and poor convenience and compliance.

Drug‐resistant TB is the man‐made result of interrupted, erratic, or inadequate TB ther-
apy, and its expansion is undermining efforts to control the global TB epidemic. Once a 
drug‐resistant strain has developed, it can be transmitted directly to other individuals just 
like drug‐susceptible TB bacteria.

The therapy of multidrug‐resistant tuberculosis (MDR‐TB) is carried on with the so‐called 
second‐line drugs (Table  10.1). These drugs are administered when first‐line drugs fail. 
Treatment for MDR‐TB is continued for 2 years or longer and involves daily injections for 
six months. A daily intramuscular and/or intravenous injection is a painful and difficult‐to‐
perform procedure among many patients. An exclusively oral regimen would be easier to 
manage. Several studies have recently been started in order to introduce inhalation medicines 
into this scenario that enable to complement the oral or parenteral administration, eventually 
aiming to increase the effectiveness against the resistant strains. However, no product for 
inhalation is yet available to treat TB.

Thus, the advent of MDR‐TB has raised great interest in the administration of drugs by 
inhalation, utilizing antibiotics or other drugs otherwise administered by injection. Among 
drugs proposed for this administration route, aminoglycoside antibiotics such as kanamy-
cin and its derivative amikacin are possible candidates.

10.2 Lung Delivery of TB Drugs

Special attention has to be dedicated to the quality of the dosage forms for TB therapy, in 
particular concerning the bioavailability. In many cases, blood levels of the oral TB drugs 
are inadequate because of poor medicine quality rather than poor absorption. Therefore, 
formulation approaches have to assure high‐quality products for therapy, in particular when 
proposing a new administration route.

Since the lung is the primary entrance for the mycobacterium, the interest in the manage-
ment of TB by delivering drugs through the same gateway is well justified. In recent years 
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there has been growing interest in formulating anti‐TB drugs directly targeting the lung. 
Moreover, the lung macrophages pick up the mycobacteria and the drug microparticles at 
the same time, determining a direct contact between drug and TB bacilli.

It must not be considered that pulmonary administration will determine the effective 
plasma level of the drug for antimicrobial activity. The absorptive capacity of the lung is 
undoubtedly high, but the amount of drug deliverable is limited. Thus, the administration 
by inhalation would complement, integrate and strengthen the systemic therapy by creating 
a localized drug concentration in contact with the microorganism. Moreover, when it comes 
to the formulation, the persistence of local drug levels could be attained by designing a 
product intended for prolonging drug release. Some TB second‐line drugs administered by 
the parenteral route are the logical candidates for inhalation aiming to reinforce the stand-
ard therapy, certainly not to substitute it.

The first constraint in formulating antibiotics for lung delivery is the high amount of 
drug to deliver. There are anti‐TB drugs that are given orally or by injection at dosages in 
the order of hundreds of milligrams. It could be that direct delivery to the lung allows for a 
reduction in the dose compared with oral or injectable routes, but this possibility has yet to 

Table 10.1 List of anti‐TB drugs and doses for adults (IV: intravenous; IM: intramuscular; 
XMDR: extensively multidrug‐resistant tuberculosis) (adapted from ref. [1])

Administration route Recommended daily dose

1. First‐line drugs
1.1 Oral agents
Isoniazid Oral 300 mg
Rifampicin Oral 600 mg
Pyrazinamide Oral 1–2 g
Ethambutol Oral 0.8–1.6 g
Rifabutin Oral 300 mg
2. Second‐line drugs
2.1 Injectable agents
Amikacin/Kanamicin IV‐IM 0.5–1 g
Capreomycin IV‐IM 1 g
Streptomycin IV‐IM 1 g
2.2 Fluoroquinolones
Levofloxacin Oral/IV IM 0.5–1 g
Moxifloxacin Oral/IV IM 400 mg
2.3 Oral bacteriostatic second‐line agents
p‐Aminosalicylic acid Oral 8–12 g
Cycloserine Oral 500–750 mg
Terizidonea — —
2.4 Agents with unclear role in the treatment of XMDR
Clofaziminea — —
Linezolida — —
Imipenem/Cilastatina — —
Amoxicillin/Clavulanatea — —

a No data are available at the moment for these five compounds/mixtures that might become available for clinical 
evaluation in the future.
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be demonstrated. The second constraint to face is the need in TB treatment for drug com-
binations, which will make the formulation decisions more complex for the dosage form 
preparation.

The typical inhalation drug product for aerosol delivery at high doses is a drug solution 
or suspension for nebulization. The patient tidally inhales the aerosol produced by the 
nebulizer through the mouthpiece. Solutions or suspensions are not a difficult task for the 
formulator, but in TB treatment the adherence to this dosage form, requiring long adminis-
tration time and suitable equipment, is not straightforward outside a care environment. 
These considerations push towards inhalation products capable of reproducing the release 
specifications with minimum use of time, resources and cost. In general, these are crucial 
elements in the development of inhalation products. Therefore, even if the environmental 
and socio‐economical conditions allow for nebulizer use, the preference goes to formula-
tions that speed up and simplify the administration, as should be possible with dry‐powder 
inhalers (DPIs). Nebulizers efficiently aerosolize solutions of antibiotic drugs, but it is 
unreasonable to propose their use in developing countries. The absence of education ser-
vices makes it hard for patients to properly take their medicine and to put into practice the 
hygiene required to tackle the spread of infectious diseases [2]. For instance, the lack of 
clean water severely hampers health.

This chapter will turn its attention to the formulation of inhalation products that could be 
employed in several critical therapeutic and socio‐economical situations with expected 
greater efficacy in terms of the amount of drug deposited and local drug availability.

10.3 Powders for Inhalation and Liquids for Nebulization

The complexity of engineering anti‐TB drugs into respirable particles, using safe and 
accepted excipients and industrially scalable processes, is stressed by a number of papers 
in the recent literature [3]. Aerosolized solid particles need size, shape and density promot-
ing their aerodynamic behavior; that is, transport in and sedimentation from an air stream. 
For clinical relevance in topical treatment of TB by inhalation, particles with adequate drug 
loading must reach the airways where they have to release active molecules to the target 
site. It is recognized that drug microparticles offer improved stability, prolonged drug 
action, enhanced local availability and, for poorly water‐soluble substances, targeting 
properties toward specific cells. In addition, small nanoparticles (NPs) (<200 nm) could 
add further benefit to the therapy, provided that specific formulation issues (e.g., physical 
instability, size changes during storage, etc.) have been solved [4].

As alternatives to solutions for nebulization, dry powders give reasonable expectations 
of higher local bioavailability due to the large number of drug molecules per lung mass that 
comes from drug particles taken in by aerosol as compared with systemic administration.

Recently, two antibiotic drugs, already given by nebulization, have been registered as 
DPIs. Tobramycin and colistimethate, used for treating Pseudomonas aeruginosa (PA) 
infections, have been reformulated in dry powders for inhalation. They are not used in 
treating TB, but the formulation decisions adopted are instructive for the proposition of 
other drugs. The proposal of a DPI product for these drug substances aimed to simplify 
their administration compared with nebulization. In fact, in PA infections administration is 
performed twice daily in cycles of 28 days. Tobramycin was registered as TOBITM 
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PodhalerTM to replace the 300 mg drug dose in 5 ml of nebulizer solution with an inhaled 
powder dose of 112 mg. This dose was bioequivalent to that given in the nebulizer solution 
[5]. Similarly, the nebulization of 160 mg of colistimethate as a solution for injection was 
determined as bioequivalent to 125 mg of drug powder for inhalation [6].

In formulating drugs for TB treatment by inhalation, the first aspect to solve is the dose 
definition. For instance, the drug dose to deposit into the lung as powder could be deter-
mined based on a comparison with the solution for use in nebulization. In some cases, 
physicians prescribe marketed injectable doses, provided that the tolerability and safety 
of pulmonary administration have been assessed. For example, amikacin sulfate solution 
for injection, 667.5 mg in 2 ml, has been effectively given off‐label by inhalation after 
dilution with 1 ml of saline against PA infections (http://torontoadultcf.com/medications/
inhaled‐amikacin). Figure 10.1 shows the result of an in vitro test showing that at the end 
of the nebulization time about 40% of the amikacin dose remained in the ampoule, 43.5% 
was dispersed (lost) in the environment and only 16.5% of the loaded dose (109.9 mg) was 
delivered as aerosol suitable for lung deposition.

An amikacin dry powder for inhalation was tested in vitro in order to find the in vitro 
lung deposition similar to the amount of antibiotic deposited by nebulization. The aerody-
namic assessment of amikacin solution for injection (667.5 mg of amikacin sulfate in 3 ml 
of solution) nebulized with one of the best performing nebulizers commercially available 
(Pari Turbo Boy equipped with a Pari LC Plus ampoule; PARI GmbH, Starnberg, Germany) 
is presented in Table 10.2. The fine‐particle dose (FPD), i.e., the respirable mass of drug, 
was about 62 mg of amikacin sulfate. Thus, an amount of amikacin powder formulation 
corresponding to 125 mg of amikacin sulfate was introduced into a hard capsule and 
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aerosolized using the RS01 DPI (Plastiape, Osnago, LC, Italy). The result obtained shows 
that the FPD (63.8 mg of amikacin sulfate), that is the amount of aerosol particles deposited 
on the impactor stages considered as respirable particle‐size limit, was similar to the 
amount measured with the nebulized amikacin solution.

Therefore, the use of dry powder could sensibly reduce the amount of drug to inhale, at 
least in vitro, but this amount still remains notably high for dry‐powder inhalation. Having 
established that for certain antibacterial drugs the possibility exists to identify the inhalation 
dose by comparing the nebulized drug and inhaled amounts, in TB therapy the combination 
of different drugs is also needed in order to achieve effectiveness of the therapy. Combining 
several drugs in a nebulizer solution is a matter of chemical compatibility between the mol-
ecules. Here, issues are not as difficult as they can be with blending of different powder 
drugs to obtain a homogeneous mixture, in particular if these drugs are micronized. In addi-
tion, it has to be underlined that dosages are modified during the treatment period, which 
means that the formulation must have a certain level of flexibility in order to enable the dose 
to change over time. The strategies for facing these issues will be described in the next 
section.

10.4  Antibacterial Powders for Inhalation: Manufacturing 
of Respirable Microparticles

The dominant aspect for the formulation of a DPI is the respirability of the product. 
Aerosolization properties, including emission, dispersion and deposition profile, are gov-
erned by both the formulation properties and device characteristics.

The design of anti‐TB drug microparticles could require the use of excipients to control 
the adhesion forces between particles and to construct an effective aerodynamic powder. 
Consequently, in the case of significant amounts of added excipients, the obtained micro-
particles have limited drug payload. Then, a considerable drug mass (hundreds of milli-
grams per dose) has to be loaded and delivered to the lung for supporting local efficacy. 
As a matter of fact, the ideal formulation should contain the lowest amount of adjuvants in 
order to avoid charging the lungs with foreign material.

In addition, the advantages of a powder for inhalation in comparison with a nebulized 
liquid formulation include other aspects, such as light weight and portability, which enable 
the dose to be taken quickly and easily in everyday life situations.

We illustrated earlier that, compared with solutions for nebulization, the use of dry‐
powder formulations is expected to decrease the nominal dose, since the drug loss in the 

Table 10.2 Aerodynamic parameters measured for amikacin solution for injection nebulized 
using Pari LC Plus apparatus and amikacin spray‐dried powder in RS01 device

AMK sulfate 
loaded dose (mg)

Emitted dose 
aerosol output (mg)

FPD (mg) FPF < 5 μm (%)

Amikacin powder 125.0 114.6 ± 6.4 63.8 ± 0.6 65.8 ± 2.3
Amikacin injection 667.5 109.9 ± 29.8 61.9a ± 0.1 56.3 ± 0.1

a Calculated from the aerosol output and the respirable fraction (FPF).
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device, in the exhaled air and the environment is minimized. The benefit is evident: a 
respirable dose similar or even higher to that generated by nebulizing a solution for injec-
tion can be deposited into the lungs. In detail, lung deposition of the powder will create 
high local concentrations, likely saturation, certainly higher than those obtained with the 
nebulized drug solution. DPIs have the capability of dispersing a high amount of drug, 
such as in the case of aminoglycoside antibiotics, in a single and quick inhalation act 
(125 mg in 1–2 minutes) [7]. Therefore, lowering the antibiotic dose using a powder 
gives a major contribution to patient care, due both to the higher expected efficacy 
and  the more convenient mode of administration deriving from the active substances’ 
characteristics.

Particles for inhalation are very often “constructed” by using powder technologies, such 
as spray drying, including structural excipients to achieve inhalation‐appropriate surface 
characteristics [8]. The development of antibiotic powder for inhalation started from the 
consideration that the substance in the solid state had to be protected from humidity [9]. 
A patented technology platform [10] claims the preparation of antibiotic microparticles 
whose respirability is enhanced by the presence of a small amount of sodium stearate (1% 
w/w) deposited on the particle surface during spray drying. Sodium stearate on the surface 
of amikacin, tobramycin or ciprofloxacin spray‐dried particles behaves like a protective 
coating, making the particle surface more hydrophobic. The technology consists in dispers-
ing the small amount of sodium stearate in the antibiotic solution to be spray dried as a 
hydrophobic adjunct. The surface activity of the stearate, dissolved in the solution, moves 
the molecules at the air/liquid interface of the sprayed droplets. Therefore, during droplet 
drying, the stearate molecules concentrate on the surface of the obtained particles [11]. 
This molecular coating protects the hygroscopic substances from the environmental humid-
ity, keeps very high the drug content of the particle and increases the aerosolization proper-
ties. The aerodynamic spherical structures of the microparticles composing such a powder 
are reproduced in Figure 10.2.

The production of an antibacterial powder by spray drying using a lipophilic adjuvant, 
such as fatty acids in low amount, reduces the water uptake of microparticles. Tobramycin, 
amikacin and ciprofloxacin spray‐dried powders in the presence of fatty acids were pre-
pared in order to identify the formulation with the highest stability and respirability. The 
respirable fraction (FPF) of all spray‐dried powders was higher than 42%. In particular, 
tobramycin–stearic acid spray‐dried powder showed the highest FPF values (59.8%). 
Ciprofloxacin prepared with myristic acid {Figure 10.3(top)} had a different morphology 
compared with the powder without fatty acid {Figure 10.3(bottom)}. The fine‐particle dose 
of ciprofloxacin ranged between 8–10 mg after aerosolization of 18 mg of drug coated with 
a saturated fatty acid (Figure 10.4).

Powders containing a fatty acid with a chain longer than 18 carbons or with the unsatu-
rated fatty acid (oleic acid) showed low FPD values (21–32%) due to poor flowability. 
These products needed several actuations of the device to emit the required dose due their 
tendency to aggregate. A low amount of saturated fatty acid with a chain shorter than 18 
carbons, added as excipient in the formulation, decreases the hygroscopic behavior of the 
powders and ensures the reproducibility of the emitted dose.

Amikacin spray‐dried powder showed lower tendency to aggregate compared with 
tobramycin and ciprofloxacin. In this case, the drug spray‐dried without excipient had 
favorable aerodynamic properties.



204 Drug Delivery Systems for Tuberculosis Prevention and Treatment

In summary, these results demonstrated the ability of the spray drying technique to 
produce antibiotic dry powders using small amount of adjuvants when the molecule’s 
physico‐chemical characteristics require this addition to improve particle flowability.

In general, spray‐dried antibiotic powders flow poorly because they are collected from 
the spray drier as particle lumps having different sizes. This makes the powder non‐
homogenous, anticipating negative expectations on the operations of device reservoir 
loading for drug product preparation (DPI). The answer to this problem is to agglomerate 
the micronized product by sieving to obtain microparticle clusters (Figure 10.5) [12]. The 
agglomeration makes the powder free‐flowing and by increasing the bulk density allows 
for the introduction of large amounts of micronized powder in a small container, typically 
a capsule or a blister. Thus, the agglomeration process, performed by short sieve vibration 
of microparticulate powders, facilitates powder dosing into the inhaler’s reservoir.

Since more than one drug is required to treat TB, the independent agglomeration of res-
pirable microparticles of each drug in soft pellets opens up the possibility of formulating 
fixed dose combinations for inhalation. In fact, considering that each anti‐TB drug would be 
individually available as soft pellets, their mixing is easy to accomplish owing to the pellets’ 
good flow properties. Thus, the availability of soft pellets of individual anti‐TB drugs allows 
the formulator to adjust the dose for the single patient by mixing the requested amounts of 
soft pellets of each drug. Therefore, the provision of microparticles agglomerated in soft 
clusters is a way to promote flexibility in inhalation powder delivery of combined drugs.

Mag = 30.00 KX 2 μm WD = 2.8 mm EHT = 1.00 kV Signal A = SE2
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Scan Speed = 2
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Figure 10.2 SEM microphotograph of tobramycin powder microparticles (30 000×)
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Alternatively to a final mixing process to combine different drugs in one single dose to 
administer, the construction of composite particles suggested by Traini and co‐workers 
revealed interesting aspects for drug delivery [13]. Anti‐tubercular drugs were combined 
into a microparticle of dry powder formulation for efficient treatment of TB patients. The 
micronized dry powder was produced in a single‐step spray drying process without excipi-
ents and combines three first‐line antibiotics for TB, as suggested by the World Health 
Organization (WHO): pyrazinamide, rifampicin and isoniazid in the proportions of approxi-
mately 5:2:1. Time‐of‐Flight Secondary Ion Mass Spectrometry analysis revealed that 
rifampicin remained at the particle surface, while isoniazid and pyrazinamide migrated 
inwards with the relatively polar solvent mixture during particle formation. The combina-
tion of three antibiotics displayed better physical stability characteristics than did powders 
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Figure 10.3 Ciprofloxacin microparticles obtained by spray drying a solution with myristic 
acid (top) and without excipient (bottom)
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Figure 10.5 Soft agglomerates of amikacin. Right: original spray dried powder; left: the same 
powder after agglomeration
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Figure 10.4 Respirability of ciprofloxacin (CPX) spray‐dried powders prepared with fatty acids 
(CPX‐rm = raw material; CPX‐w‐Et = CPX spray‐dried from a water:ethanol solution; CPX‐Lau = 
CPX spray‐dried from a water:ethanol solution containing lauric acid; CPX‐St = CPX spray‐dried 
from a water:ethanol solution containing stearic acid; CPX‐Myr = CPX spray‐dried from a 
water:ethanol solution containing myristic acid). The loaded dose was equal to 18 mg of CPX
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of each antibiotic spray dried individually. The presence of the more slowly dissolving 
rifampicin on the antibiotic particle surface was expected to reduce the overall rate of parti-
cle dissolution, thereby allowing time for some uptake by mycobacterium‐infected alveolar 
macrophages. This strategy could offer the possibility to simultaneously administer multi-
ple drugs to the lungs.

The capacity of specialized cells to phagocytize nanoparticles (NPs) and kill M. tubercu-
losis hidden inside these cells is related to the drug particle size. Phagocytosis is performed 
by macrophages and plays a role in the clearance of foreign particles having a diameter 
greater than 0.5 μm from the lung. It is noteworthy that macro‐pinocytosis covers a broad 
range of particle sizes from 100 nm to 5 μm [14]. Macrophages recognize drug carrier par-
ticles as invaders, and thus “undesirable”. Because M. tuberculosis resides and multiplies 
within host mononuclear phagocytes and because mononuclear phagocytes internalize par-
ticles more efficiently than do other host cells, encapsulation of drugs within NPs offers a 
mechanism for specifically targeting M. tuberculosis‐infected cells. Indeed, because NPs 
have been shown to be taken up by macrophages of the reticuloendothelial system and to 
accumulate in the liver, spleen and lungs, they are ideally suited to treat M. tuberculosis, 
which infects macrophages in these organs.

NPs and colloidal formulations (like liposomes) could provide the above mentioned 
advantages. However, they have to be included in a suitable micron‐size formulation to be 
efficiently administered. They can be suspended in an aqueous liquid vehicle and adminis-
tered by nebulization. Arikace® liposomal product is an amikacin‐containing medicinal 
product in the pipeline for inhalation treatment of Pseudomonas aeruginosa lung infection 
in cystic fibrosis and non‐tubercular mycobacterium. This liposomal nano‐suspension of 
amikacin (250–300 nm) is made with dipalmitoylphosphatidylcholine and cholesterol in a 
2:1 weight ratio [15]. Amikacin concentration in the liposomal formulation is 70 mg/ml. 
The nebulization of 560 mg of amikacin, corresponding to 8 ml of liposomal dispersion, 
requires a long time for the administration (15–20 min), but the drug distribution and uptake 
in the lung is very effective. However, in this therapeutic option a nebulizer is necessary. 
The use of such apparatuses implies a series of time‐consuming maneuvers and care for the 
cleaning of the ampoule and the mouthpiece.

Poly(lactic‐co‐glycolic) acid (PLGA) is one of the candidate polymers for drug‐contain-
ing particle formulations, in particular NPs, because it is biodegradable and biocompatible 
[14]. Macrophage cells “eat” PLGA particles more efficiently than they do with polystyrene 
latex ones. It is noteworthy that phagocytosis of PLGA particles by alveolar macrophages 
stimulates their phagocytic activity in such a way that their uptake increases both the popu-
lation of phagocytic macrophage cells and the number of particles that have been taken up 
by individual macrophages [16]. PLGA nanoparticles containing a high concentration of 
rifampicin remain membrane‐enclosed in the macrophages for at least 13 days and degrade 
slowly. The NPs are produced with sufficient antibiotic, such that one dose given after infec-
tion is sufficient to efficiently clear the Mycobacterium bovis BCG after 9–12 days of treat-
ment, as shown by estimates of the number of bacterial colonies in vitro [17].

From the pure or quasi‐pure drug administration to the more complex delivery systems 
[18], mesoporous silica nanoparticle (MSNP) drug delivery systems were produced, 
either provided with a polyethylenimine (PEI) coating to release rifampin or with cyclo-
dextrin‐based pH‐operated valves that open only at acidic pH for isoniazid release into 
M. tuberculosis‐infected macrophages. The MSNP were internalized efficiently by human 
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macrophages, trafficked to acidified endosomes, and released high concentrations of 
antitubercular drugs intracellularly. These data demonstrate that MSNP provide a versa-
tile platform that can be functionalized to optimize the loading and intracellular release of 
specific drugs for the treatment of tuberculosis.

Nanoparticle formulations require the design of a delivery system for administering 
these particles without a nebulizer for several reasons, including dispersion stability. The 
key concept is the disguise of the nanosized particles as microstructures delivered by inha-
lation. Several authors have attempted to engulf nanoparticles into microparticles [19]. 
Lung deposition of nanoparticles requires a temporary, but reversible, increase of their size 
to avoid their exhalation. To overcome these specific issues of storing and delivering nano-
particles to the lungs, a particulate form incorporating nanoparticles into micron‐scale 
structures can be used. This type of system, defined as the Trojan Particle approach, was 
first proposed by Tsapis et al. with non‐degradable particles [20]. The drug may be deliv-
ered in microparticles that also contain drug‐loaded nanoparticles. Sung et al. formulated 
rifampicin (RIF) in a dry powder of ‘porous nanoparticle‐aggregate particle’s (PNAPs) 
[21]. RIF was encapsulated into PLGA nanoparticles (195 nm) before being converted into 
PNAPs by spray drying. PNAPs had a volume median diameter of 4.2 mm and exhibited 
properties suitable for deposition in the respiratory tract with a FPF of 35.5–44.7%. In vitro 
release showed an initial burst of approximately 80% of RIF content, with the remaining 
amount available for prolonged release beyond eight hours.

10.5  Antibacterial Powders for Inhalation: Devices  
and Delivery Strategies

It was already mentioned that the agglomeration of the amikacin or tobramycin powders 
in soft pellets enables one size‐0 capsule to contain a mass of powder equivalent to 
110–125 mg of drug. Particle agglomerates, i.e., clusters of micronized particles, repre-
sent a strategy applied in inhalation powders already available on the market that allows 
a reduction of the bulk density of powders while concomitantly improving their flow 
rate. The agglomerates are easily destroyed by the turbulence of the air flow in the inhaler 
during the inhalation act, reconstituting the original particle size.

The performance of this large amount of powder loaded in one single reservoir for inha-
lation was demonstrated to be equivalent to the administration of discrete lower amounts, 
which in principle are better tolerated in one inhalation. An in vitro aerodynamic assess-
ment with the Next Generation Impactor (NGI) revealed a linear relationship between the 
dose of antibiotic powder loaded in the capsule and the fine‐particle dose emitted from 
capsules containing increasing amounts of powder. Figure 10.6 shows that when the labeled 
dose of tobramycin in the capsule was increased from 19 mg to 112 mg (i.e., from 20 to 
118 mg of powder) the fine‐particle mass (dose) increased linearly.

This result was confirmed using a Fast Screening Impactor (FSI) studying the deposition 
of spray‐dried tobramycin from the device RS01 size-2 (air flow rate 90 l/min) at two drug 
loadings, namely 28 mg and 56 mg of tobramycin. The bar graph in Figure  10.7 also 
includes the deposition using the RS01 size‐0 device (air flow rate 60 l/min) loaded with 
the equivalent of 112 mg of tobramycin. Then, despite the different flow rate and capsule 
size, doubling the amount of powder loaded in one capsule, the number of capsules con-
taining the daily dose of tobramycin for inhalation halved from four size‐2 capsules with 
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28 mg each to two capsules with 56 mg each and from two to one size‐0 capsule with 
112 mg of tobramycin.

In summary, this study illustrates a strategy for making the inhalation of large amounts 
of powder acceptable for the patient, i.e., the division of the high dose into several capsules 
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to be used in sequence with the inhaler, as already realized in the TOBITM PodhalerTM. 
Cumulating the total dose in one capsule and extracting it with successive inhalations is 
another possibility, provided that, to avoid the risk of patient choke, the amount extracted 
with each act is controlled by the device. The actual clinical benefit for the patient popula-
tion resulting from the reduction in the number of capsules has to be studied in clinical 
trials, but the starting basis of less powder, fewer capsules for the same activity is a promis-
ing aspect. The increase of drug content per mg of inhalation powder is compulsory for a 
significant reduction of the total mass of powder entering the patient’s lungs for administering 
the prescribed dose.

The standard device, known as RS01, manufactured by the Italian company Plastiape 
(Osnago, LC, Italy), works using hard capsules. Its aerosolization mechanism has been 
described as very efficient owing to the typical spinning of the capsule inside the device 
during the user’s inhalation act [22]. The most classical RS01 device works with a size‐3 
capsule. In order to reduce the number of capsules to be used for daily administration, the 
tobramycin dose was cumulated in two size‐2 capsules (Figure 10.7) or in one size‐0 cap-
sule, requiring the patient to extract the powder by successive inhalations. The way hard 
capsules are exploited as a powder reservoir in the RS01 device adds the benefit that the 
extraction of the powder from the reservoir is gradual because it is driven through two 
small holes in the capsule body and head. We tested in vivo the release of drug from this 
device and found that given a loading of 120 mg of drug in agglomerated form in a size‐0 
capsule, the amount of powder delivered with a short inhalation act at an inhalation peak 
flow of 20 l/min was around 15–20 mg of powder. This means that the complete extraction 
of the whole dose is obtained in 5–6 inhalations. We calculated that such a procedure 
requires about 2 minutes. However, it is not recommended to deliver amounts of powder 
higher that 10–20 mg in one shot. To do so would trigger a cough reaction in the patient 
with the result of dispersing and losing the inhaled amount of drug into the air. In the 
TOBITM PodhalerTM the formulator identified the dose that was divided in four capsules, 
each one containing 28 mg of drug. In contrast, colistimethate product introduced micro-
nized drug in one capsule with a certain level of bulk density in order to fill up the reservoir. 
One or two capsules to inhale instead of four would constitute a great improvement for the 
patient. The benefit due to less powder to be inhaled has also to be considered an improve-
ment in safety since less excipient is deposited in the lungs.

Currently, research in device engineering focuses on proposing disposable devices, since 
the disease is extremely infectious and the risk of spreading microorganisms through the 
administration procedure is high. In addition, it must be considered that reusable devices 
require a cleaning procedure after use in order to maintain their performance for successive 
administrations. It is not difficult to presume that with a disposable medicinal product, a 
top benefit is provided for patient care in therapies to treat diseases like TB or lung infec-
tions. New disposable devices have been presented in order to face the requirement to 
administer high doses of antibacterial drugs. Two devices in particular can have a future in 
anti‐TB preparations. They are named Cyclops [23] and Orbital [24]. It is curious to note 
that they both have a rotating part in their structure that helps in de‐aggregating the mass of 
powder in order to emit respirable particles. In the case of Orbital, current interest toward 
the application of high doses (up to 400 mg) is determined by the fact that the device design 
introduced a mechanism of delivering the powder due to the inhalation effort by the user 
that exerts some control over the amount emitted. In general, the emission kinetics is 
dependent on the powder type: the more cohesive the powder, the higher the number of 



Free ebooks ==>   www.Ebook777.com

Formulation Strategies for Antitubercular Drugs by Inhalation 211

required inhalations. This is not to be considered a drawback of the device since really this 
is a mechanism of controlling drug release for acceptance by the patient.

Cyclops is an evolution of Twincer, designed to accommodate larger amounts of powder, 
as it is required in antibiotic administration. It is a disposable device recommended for drug 
formulations in which inhaler residues can absorb moisture. Moisture absorption may hin-
der all subsequent inhalations with the same device as this leads to increased stickiness of 
the retained particles. Furthermore, a disposable inhaler eliminates the risk of bacterial 
resistance developing within the device and subsequent patient re‐infection with drug‐
resistant strains of bacteria. The Cyclops has a relatively high inhaler resistance and its high 
dispersion efficiency and low inhaler retention enable the delivery of high dose fractions of 
the metered mass in the size range 1.0–5.0 μm to the respiratory tract at a flow rate of only 
34 l/min. This prevents the loss of substantial drug fractions by deposition in the orophar-
ynx. The authors say that, compared with the PodhalerTM, delivering 78% of the metered 
mass at 72 l/min of which nearly 44% was recovered in the oropharynx, esophagus and 
stomach of healthy volunteers, a higher lung dose may therefore be expected [25]. 
Administration of that dose would even be possible in one single inhalation maneuver when 
the size of the blister is slightly increased, or alternatively in two inhalations when the large 
amount of powder appears to be inconvenient for the patient. Since the various antibiotics 
from this drug class may be interesting therapeutic options for a variety of diseases, the 
Cyclops is a valuable inhaler candidate for applications such as the treatment of TB [23, 26].

10.6 Conclusions and Perspectives

The promise to treat TB by inhalation has been shown with approaches consisting of drugs 
formulation and delivery strategies that appear more and more patient‐centric. Drugs given 
by aerosol delivery systems to the lungs, in particular DPIs, reinforce the doses adminis-
tered by systemic routes, attacking the problem of drug‐resistant TB strains. Drug micropar-
ticles, nanoparticles and liposomes delivered to the lungs for prompt or prolonged release 
improved the local availability of the drug. This leads to more effective drug concentrations 
where Mycobacterium tuberculosis infection is located. Aerosol delivery to the lungs, com-
plementing long‐lasting systemic therapy, could reduce the side‐effects, improve patient 
convenience and compliance and offer a new tool to tackle the drug‐resistant strains of TB.
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11.1 Introduction

As monotherapy is contra‐indicated in the treatment of tuberculosis (TB), treatment 
 regimens must include multiple drugs, hitting a variety of drug targets. Inhaled therapies 
proposed for TB include both single‐ and multiple‐drug (fixed‐dose combination; FDC) 
formulations. Formulations containing either first‐line or second‐line anti‐TB agents are 
being studied by a number of research groups as either as stand‐alone interventions or as 
adjunct therapies. Combinations of two or more first‐line drugs; first‐line drugs with experi-
mental agents such as fluoroquinolones or rifamycins other than rifampicin; and with sec-
ond‐line drugs have been proposed. Drugs that inhibit resistance mechanisms of the 
pathogen, such as drug efflux pumps, are also proposed as candidates for inclusion in com-
bination therapy of multiple‐drug‐resistant (MDR) TB. Finally, combining host‐directed 
therapies with bactericidal agents has been proposed as an emerging strategy of a multi‐
pronged approach to shorten the duration of treatment of TB. Inhaled drug formulations are 
designed with one of two primary objectives: (a) total replacement of a conventional method 
of administration to achieve comparable blood levels, or (b) targeting lung macrophages 
and parenchyma without regard to blood levels. Inhaled particles also serendipitously serve 
a third objective: ‘classical’ or M1 activation of ‘alternatively’ activated or M2 cells har-
bouring the bacteria. While FDC inhalations offer the advantages of convenience to the 
patient, there are challenges in pulmonary delivery of doses to attain bioequivalence in 
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terms of blood levels of two or more drugs. Micro‐doses of macrophage‐targeted particles 
containing combinations are less challenging and appear to offer additional opportunities 
for novel combinations, including host‐directed therapies.

11.2 Standard Combinations in Oral and Parenteral Regimens

11.2.1  Combinations for the Directly Observed Treatment Short‐Course 
(DOTS) Regimen

The World Health Organization’s current treatment guidelines [1] recommend a two‐month 
intensive phase of treatment of new patients of both pulmonary and extra‐pulmonary TB 
with a combination of isoniazid (H), rifampicin (rifampin, R), pyrazinamide (Z) and eth-
ambutol (E). This is followed by four months of treatment with a combination of H and R. 
The six‐month regimen is referred to as 2HRZE/4HR. Streptomycin (S), which must be 
administered parenterally, is recommended in place of E, especially in cases of tuberculous 
meningitis. The guidelines also recommend that the old regimen of 2HRZE/6HE should be 
discontinued in view of the higher relapse rates associated with its use.

The primary rationale for combination drug therapy of infectious diseases lies in the 
advantages inherent in attacking the pathogen at multiple targets. Thus, the components of 
the HRZE regimen target cell wall mycolic acid synthesis, DNA‐dependent RNA polymer-
ase, ribosomal protein S1 (RpsA) and arabinogalactan synthesis, respectively. This multi-
plicity of targets may be expected to result in synergy, but a surprisingly small number of 
studies have documented fractional inhibitory concentration indices (FICI) of these agents 
against Mycobacterium tuberculosis (Mtb). Perhaps equally surprisingly, synergy is not 
commonly observed in three‐dimensional chequerboard designs. For instance, H when 
combined with R showed a FICI of 1.01 against a drug‐sensitive, wild‐type clinical isolate 
and 0.94 against the laboratory strain H37Rv. In combination with E, these values were 1.1 
and 1.08, respectively [2]. In another study, there was no significant difference between 
FICI against drug‐susceptible and MDR strains [3]. Recalling that synergy may be inferred 
from FICI values < 0.75, it may be concluded that anti‐TB activities of these agents are 
additive and not synergistic. However, the ethylenediamine‐based candidate drug SQ109 is 
strongly synergistic with R, even though its ‘parent’ drug E is not [4].

The doses of the five so‐called first‐line drugs are recommended for patients of body 
weights 30–39 kg, 40–54 kg, 55–70 kg and >70 kg. Thus, oral drug intake by a 60‐kg patient 
during 2HRZE is about 3.6 grams a day. To reduce ‘pill burden’ imposed on the patient by 
the high dose of anti‐TB drugs, and also to facilitate ‘direct observation’ of drug intake, 
FDCs have been recommended by the WHO and adopted by several national programmes. 
Clinically, there is no difference in the outcomes of treatment with FDC or with individual 
tablets [1], but a pharmaceutical curiosity has been reported in the literature since 2005. In 
a detailed study of drug–drug interactions among the first‐line anti‐TB drugs, Singh a nd 
co‐workers observed that mixtures containing H and/or E showed up to 95% depletion of 
H and R under storage conditions of 40 °C/75% relative humidity within 90 days [5]. H is 
an acid hydrazide, expected to interact with any or most of the carbonyl groups present in 
R and other rifamycins by the well known hydrazone reaction [6], as depicted in Figure 11.1. 
Adducts of H and R were patented as anti‐TB compounds in the 1970s [7], [8]. We [9] and 
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others [10–12] have reported a drug–drug incompatibility between H and R under acidic 
conditions similar to those found in the stomach, and formulation approaches to limiting 
this interaction [13].

Bioequivalence studies conducted using FDC and individual drugs have demonstrated 
equivalence in terms of area under the plasma concentration versus time curve (AUC) and 
maximum drug concentration in plasma (C

max
) in respect of some formulations and settings 

[14, 15], but not in others [16, 17]. As recommended recently by Alsultan and Peloquin, 
therapeutic drug monitoring (TDM) is likely the best way to understand drug–drug incom-
patibility in real‐life treatment of TB [18]. However, TDM for DOTS patients is not likely 
to be implemented in the field any time soon.

11.2.1.1  Combinations for Alternative Regimens Treating Drug‐Sensitive  
and Drug‐Resistant TB

Drug combinations addressing ease of use, amelioration of toxicity and shortening of dura-
tion are suggested by recent clinical results on experimental regimens. Thus, it might be 
prudent to design combinations that can dovetail with the objectives of interest of clinical 
investigations that are in progress, especially if the dosing patterns, pharmacokinetics and 
biodistribution can be linked to efficacy.

Several alternative regimens are under preclinical and clinical investigation. The most 
difficult, but also the most attractive, objective of research on alternative regimens is to 
come up with a multi‐drug therapy that does not use either H or R. If this is achieved, it 
would obviate the need to undertake drug‐sensitivity testing of bacteria recovered from 
patients to check for resistance to H and/or R. Other studies aim to replace H, R, Z or E in 
the intensive phase of treating TB. Zumla et al. summarized combination regimens under 
advanced preclinical and clinical evaluation in 2013. Ten classes of regimens were 
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identified; namely, those containing: high‐dose rifamycins (rifapentine, R) or H; fluoroqui-
nolones (gatifloxacin, moxifloxacin); bedaquiline; delamanid, oxazolidinones (linezolid, 
sutezolid), rhimnopterazines (clofazimine) and AZD8547 [19, 20]. Dose‐finding studies 
with rifamycins and H are welcome, since it is now acknowledged that the doses used in 
DOTS are not derived from any clinical evidence.

The fluoroquinolones gatifloxacin and moxifloxacin have been studied clinically. A 
Cochrane systematic review in June 2013 concluded that there was insufficient evidence 
to conclude whether or not these fluoroquinolones were non‐inferior to the HRZE regime 
[21]. Jawahar et al. reported soon after that intermittent (three times a week) administra-
tion of moxifloxacin or gatifloxacin in the intensive phase had to be discontinued if Z and/
or E were withdrawn, since relapse rates rose [22]. Their study has been critiqued in 
PubMed Commons and by Zumla et al. for not running the different treatment arms con-
currently, and for not commenting on an apparent 10% increase in sputum‐converted 
patients at the end of the first two months, but it is noteworthy that the results do not con-
tradict OFLOTUB, REMOX and RAQUIN trials as summarized by Zumla et al. [19]. In a 
more recent report on OFLOTUB, Merle et al. were not able to demonstrate non‐inferiority 
of the gatifloxacin‐containing regimen, despite better patient compliance compared with 
the 2HRZE/4HR regimen [23]. The OFLOTUB team and others [24] have drawn attention 
to the fact that orally administered fluoroquinolones do not attain high drug levels in 
caseous lesions [25, 26].

Combining moxifloxacin with intermittent high‐dose (900 mg) rifapentine over six, but 
not four, months was equivalent to 2HRZE/4HR [27]. Four‐month regimens in which moxi-
floxacin replaced ethambutol were also inferior to the standard regimen in a different trial 
[28]. This result does not detract from the observation that the early bactericidal activities 
(EBAs) of combinations containing fluoroquinolones are higher than that of HRZE. Five 
combinations of TMC207 (bedaquiline), PA‐824, moxifloxacin and pyrazinamide were 
compared with that of an FDC containing H (75 mg), R (150 mg), Z (400 mg) and E (275 mg) 
in patients of drug‐sensitive TB [29]. Encouragingly, one of the four‐drug regimens lacking 
H and R was clearly non‐inferior to the HRZE regimen.

Lienhardt et al. have suggested a ‘new model’ for clinical development of combination 
therapy [30]. Expanding this model to include additional details, it is possible to arrive at a 
pharmaceutical product development road map to registration, as shown in Figure 11.2. 
There is urgent need for such product development research to address drug combinations, 
especially since the emerging consensus clearly acknowledges that even new drug discovery 
will have to dovetail with a multi‐drug, prolonged‐use regimen.

While the majority of development efforts addressing drug combinations are likely to 
focus on orally administered formulations, we submit that pulmonary TB is best treated 
using pulmonary drug delivery [31, 32].

11.3 The Rationale for Inhaled Therapies of TB

Four of the five principal classes of drugs used for pharmacotherapy of asthma till the turn 
of the 20th century had a 5000‐year history of empirical medicine, and were principally 
administered orally [33]. Asthma is a disease of the airways, but it took a lot of time for best 
practices to adapt to inhalation therapy of asthma. At this time, inhalations are routinely 
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prescribed for asthma. Standard medication consists of an inhaled corticosteroid and a long‐
acting beta‐2 receptor antagonist, both at microgram dose levels. Physicians and patients 
are by now comfortable with the idea of inhaling a few milligrams of material containing a 
few hundred micrograms of medication. This apparent comfort zone appears to be working 
both positively and negatively towards building opinion on inhaled therapies for TB.

TB is a lung disease, and the principal target of pharmacotherapy is the pathogen. Several 
hundred milligrams of anti‐TB drugs are administered orally and repeatedly as described 
above. The ‘deeper’ location of the drug target and the order‐of‐magnitude higher drug 
dose does much to inspire doubt as to whether inhaled therapies for TB can ‘work’ [34].

The case for high‐dose, deep‐lung delivery of anti‐TB agents has been made out else-
where in this volume. Here, it is important to appreciate the importance of inhaled drug 
combinations, particularly in macrophage‐targeting, particulate form.

Several researchers have suggested that the drug–drug incompatibility between R and H 
may be easily overcome if the two drugs are incorporated individually in two different 
particles, and the resultant powders mixed in appropriate proportion. To one way of think-
ing, this approach seems statistically feasible yet stochastically flawed. Considering 
Figure 11.3, it may be argued that although the statistical probability of each infected mac-
rophage picking up an equal number of ‘red’ particles and ‘green’ particles is the same, the 
stochastic process of phagocytosis may actually result in different macrophages taking up 
different numbers of the two particles. This might result in a finite number of infected 
macrophages being subjected to monotherapy. Compounding this scenario, depleting con-
centrations of the drug incorporated individually in one kind of particle may, over time, 
select for drug‐resistant mutants. Both these adverse outcomes are avoided if the two drugs 
are incorporated in the same particle. Regardless of the number of particles that a mac-
rophage picks up, both drugs would be present in the cytosol; ideally at the ratio of their 
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optimal bactericidal concentrations if drug‐release rates are controlled through particle 
formulation approaches.

There are several reports on pulmonary delivery of anti‐TB drugs, either supplementing 
the standard dosing regimens or replacing them as a whole. Some of the objectives of 
administering inhalations include targeting macrophages harbouring bacteria, aiming for 
increased concentration in and around granulomas so that drugs may diffuse through the 
physical barrier surrounding it, higher bioavailability, and reduced systemic toxicity. 
Migration of macrophages to the inaccessible regions in the lungs is suggested by studies 
in the zebrafish embryo, wherein fluorescence‐labelled particles taken up by macrophages 
trafficked to the site of infection [35]. These individual objectives require a closer look.

11.3.1 Single Drug, Supplementing Other Orally Administered Drugs

Supplemental or adjunct inhaled formulations to be administered along with the standard 
oral regimen have been proposed by a number of research groups since O’Hara and Hickey 
[36]. Formulations containing R alone are the most numerous in the literature [37–56]. 
R is a drug of choice for formulation scientists for several reasons; but primarily because it is 
readily soluble in processing solvents, has a minimum inhibitory concentration (MIC) of 
0.1–0.2 μg/ml against intacellular Mtb H37Rv [57], and displays exposure‐dependent (con-
centration × time) kill kinetics against Mtb in macrophages [58]. R has demonstrated a 
sterilizing effect in animal models, an important attribute to prevent transmission of the 
disease from patients to other individuals in the population [59]. R has a half‐life of 
2.5 hours and it is 85% protein bound. Inhalable polymeric particles releasing R in a 

Figure 11.3 Statistical versus stochastic uptake of particles by infected macrophages. (See 
insert for color representation of the figure.)
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controlled manner would be able to maintain high drug concentrations in the macrophage 
cytosol for a long duration, increasing the efficacy.

Inhalable formulations of H alone are rarer [60–65]. More work in this area is required, 
since H has the highest EBA among all drugs in the standard regimen, and pulmonary deliv-
ery of controlled‐release H to infected macrophages can potentially target the pathogen in 
the environment that the bacteria find most conducive for replication. Inhalable formula-
tions of Z alone have only begun to be reported recently [66, 67], and formulations contain-
ing its active metabolite, pyrazinoic acid, have been proposed [68]. Inhalation formulations 
containing E alone have not been reported in the public domain to our knowledge. The high 
MIC value and the lack of an ultraviolet chromophore in E for easy quantitative analysis are 
apparent hindrances in research efforts aimed at developing inhalations to replace oral E in 
the standard regimen.

The anti‐TB agent p‐aminosalicylate has been formulated for pulmonary delivery to 
achieve targeted drug delivery to the lung and reduce the total quantum of dose [69, 70].

11.3.2 Single Drug Replacing Injectable First‐ or Second‐Line Agents

Injections require trained personnel for administration, are distressful for the patient, and are 
associated with additional complications in resource‐poor settings. Streptomycin, kanamy-
cin, amikacin, and capreomycin constitute the group of injectable drugs used for the treat-
ment of TB. S is a first‐line drug, either prescribed to treat patients that have been treated for 
TB in the past to reduce the chances of drug resistance, or sometimes substituted for E. The 
remaining drugs are second‐line agents, used in treatment regimens of MDR‐TB involving 
5 drugs. Aerosol inhalation of streptomycin was first reported as early as 1959 [71]. However, 
this and later reports from Russia remain inaccessible, and concerns have been raised about 
the quality of data reported by them. Early reports from Japan on clinical use of inhaled strep-
tomycin are also equivocal. For instance, Rikimaru et al. reported clear benefits of nebulized 
streptomycin administered daily over 28 days in tracheobronchial TB, but sample‐size limita-
tions did not permit a clear demonstration of benefit in patients with pulmonary TB [72].

Rapid sputum conversion within 23 days was reported in patients with refractory TB, 
whether or not the infection was drug resistant, upon add‐on therapy with nebulized ami-
noglycosides kanamycin or gentamycin [73]. A liposomal formulation of kanamycin has 
also been reported [74]. A retrospective study on refractory non‐tuberculous mycobacterial 
(NTM) infections in patients receiving amikacin by pulmonary administration in addition 
to other regimens found improvement in symptoms and bacterial burden [75]. A liposomal 
formulation of amikacin is reported to show about 25% higher efficacy in a mouse model 
of TB [76]. Moxifloxacin and ofloxacin inhalable powders prepared by spray drying along 
with dipalmitoylphosphatidylcholine (DPPC) have been reported [77]. Moxifloxacin has 
also been reported as a chitosan‐based inhalation formulation for controlled drug release 
and enhanced interaction of the delivery system with lipid bilayers [78]. Chitosan [79] and 
hyaluronan [80] particles containing ofloxacin for pulmonary delivery have been reported 
as well. Levofloxacin proliposomes are also under investigation [81].

The experimental drug PA‐824 was formulated in lipid‐based porous particles for 
systemic delivery through the pulmonary route [82]. However, efficacy of inhaled PA‐824 
was tested at fairly low inhalation doses and was lower than that of an orally administered 
suspension [83].
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Capreomycin is the most advanced inhaled therapy under investigation as part of an 
anti‐MDR regimen, having successfully completed Phase I human trials [84]. Details are 
discussed elsewhere in this volume. Other pulmonary delivery formulations of capreomy-
cin have been reported [85, 86]. The water‐insoluble second‐line anti‐TB drug isoxyl has 
unfortunately been clinically tested after oral delivery, but may instead be formulated as a 
dry‐powder inhalation [87].

11.3.3 Multiple Inhaled Drugs, Adjunct or Stand‐alone Therapy

Table 11.1 lists some inhalable formulations containing drug combinations. It is apparent 
that formulation researchers perceive the potential of pulmonary drug delivery not only as 
an option for administering low doses for adjunct therapy, but also as a stand‐alone plat-
form. Thus, seven of 11 combination formulations reported at the time of writing can be 
discerned as intended for inhaled therapy without additional oral dosing. Further translation 
research on these combinations is not reported in the public domain.

The debate on adjunct versus stand‐alone inhaled therapies receives inputs from differ-
ent areas of expertise. There is limited experience in clinical use of high‐dose inhalations, 
and, till recently, there was scepticism as to whether several hundred milligrams could be 
delivered by inhalation. The capreomycin trial has clearly demonstrated that 300 mg of 
capreomycin, at least, can be safely inhaled [84]. The utility or even benefit of sustained 
drug release in the lung may sometimes have been over‐emphasized in the early literature, 
and the perils associated with neglecting plasma concentrations in view of extra‐pulmonary 
TB might have been correspondingly downplayed. Finally, it has been pointed out that 
vigorous pursuit of inhaled therapies as ‘mere’ adjuncts to standard oral dosing could con-
strain clinical and policy opinion to regard these as inadequate for stand‐alone application. 
For the formulation‐development community, it might be wise to pursue both the adjunct 
and the stand‐alone streams equally diligently. While it certainly seems possible that 
adjunct therapies involving low drug doses have a better chance of finding regulatory and 
ethical approval for clinical testing, the full potential of pulmonary drug delivery will be 
realised when four‐ or five‐drug regimens can be delivered by inhalation.

11.3.4 “Stimulate the Phagocyte”

The phrase above is attributed to Eli Metchnikoff, but has been used to describe a thera-
peutic approach that looks upon macrophages through the eyes of the Fabian/Marxist 
thinker George Bernard Shaw [98]. This literary allusion contrasts disruptive climaxes 
often seen in Shaw’s plays with a more ambitious objective – decreasing inflammatory 
macrophage responses that can give rise to immunopathology, even as bactericidal 
responses are retained. Such subtle, patient‐specific immunomodulation is not easily 
achievable at this time, but there is certainly a case for closer evaluation of drug combina-
tions that rescue Mtb‐infected macrophages and dendritic cells from alternative [99], M2 
[100] or mixed M1/M2 [101] activation brought about by the pathogen. Pharmacological 
agents that can do so are considered in greater detail in the section on host‐directed thera-
pies below, but given that anti‐TB agents themselves have immunomodulatory potential 
[98], there is legitimate scope for inhaled therapies that target particles or vesicles to Mtb‐
infected lung macrophages to base their rationale upon stimulation of host macrophage 
responses [102, 103].
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11.4 Combinations of Anti‐TB Drugs with Other Agents

A variety of drugs that are not themselves active in killing Mtb can be fruitfully combined 
with anti‐tuberculosis therapies. These drugs may be used to interfere with the physiology 
of either the pathogen or the host. The therapeutic rationale of employing such drugs 
resides in acknowledging that infectious disease cannot be viewed merely as an outcome 
of the presence of the pathogen – the host is an equally important component of pathogen-
esis. Thus the host–pathogen dialectic is itself a ‘drug target’ in a wider sense of the term. 
However, in the interests of developing a rigorous understanding, it may be helpful to 
temporarily separate pathogen‐directed strategies from those that are host‐directed. Such 
an approach can enable a better appreciation of how drugs can be ‘repurposed’ or ‘reposi-
tioned’ for use as adjunct therapy of TB.

11.4.1 Drugs that Primarily Affect the Pathogen

Realizing that drug efflux pumps represent a primary mechanism of drug resistance exhib-
ited by Mtb strains, efflux‐pump inhibitors have been emphatically proposed as compo-
nents of treatment regimens in MDR/XDR (extensively drug‐resistant) TB. For instance, 
verapamil has been proposed as an adjunct to standard regimens to combat drug‐resistant 
TB [104]. Verapamil interferes with mycobacterial efflux pumps, but also results in 
decreased permeability of calcium channels, reduced flux of calcium from the macrophage 
cytosol, generalized vasodilation and low‐level anti‐inflammatory effects [105–107]. In the 
so‐called Kramnik mouse model infected with drug‐susceptible Mtb H37Rv, addition of 
9.4 mg/kg of verapamil to a regimen comprising 2HRZ/4HR resulted in statistically signifi-
cant differences in lung bacterial burden from the first week itself. Verapamil speeded up 
the time to culture conversion by about a whole month and no relapse was observed [105]. 
More recently, it was demonstrated that drug‐resistant strains were rendered susceptible to 
the cognate drug in a cell culture model of infection. Even more encouragingly, the R‐iso-
form of verapamil and verapamil’s primary metabolite norverapamil, which have signifi-
cantly lower Ca2+ channel‐blocking activity and therefore lower potential cardiotoxicity, 
are equally efficient at reversing drug resistance [108]. Research is also underway to syn-
thesize and test analogues of verapamil for use in TB [109].

To keep the host–pathogen dialectic in perspective, it is instructive to recall that the 
efflux pumps that mediate drug resistance are induced in Mtb during the process of 
the  bacteria adapting to the intracellular environment of the macrophage [108, 110]. From 
the perspective of lung macrophage‐targeted inhaled therapies, it is interesting to note that 
a large number of potential toxicity issues and considerations relating to off‐target drug 
actions of Ca2+ channel blockers can be addressed by an inhaled formulation containing a 
combination of at least two potent anti‐TB drugs with verapamil. Such a formulation would 
also be able to avoid the necessary escalation of verapamil dose when co‐administered 
orally with R on account of their drug–drug interaction [105, 111]. Thus, it is submitted that 
macrophage‐targeted drug delivery by inhalation may be the safest and most effective way 
to deploy the therapeutic strategy of inhibiting macrophage‐induced efflux pumps in Mtb 
infection. Work on developing such a formulation is in progress in the authors’ lab.

The neuroleptic agent thioridazine is another efflux‐pump inhibitor/ion‐channel blocker 
that was reported to overcome Mtb drug resistance several years ago [112]. Other 
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phenothiazines were tested against clinical MDR isolates, and chlorpromazine was identi-
fied as being equipotent to thioridazine. However, MIC

50
 values were considered too high 

to be able to be achieved clinically, and the authors commented on macrophage accumula-
tion of these agents while recommending them as adjunct therapy [113]. Mouse studies at 
two independent locations, however, have demonstrated clear advantages of including 
thioridazine in regimens for both drug‐sensitive and ‐resistant MDR [114, 115]. Yet again, 
incorporation of thioridazine in a lung macrophage‐targeted inhaled formulation can offer 
promise of dealing with off‐target effects and the dose requirements of phenothiazines.

NADH:menaquinone oxidoreductase activity and host‐cell calcium and potassium 
channels can also be used as salvage therapy in MDR‐TB [116, 117]. Moreover, reserpine, 
an ATP‐dependent efflux‐pump inhibitor, has been shown to enhance the efficacy of cip-
rofloxacin and linezolid against Mtb strains [118, 119]. Piperine, an efflux‐pump inhibitor 
of Rv1258c, increased the efficacy of R by 4‐ to 8‐fold both in sensitive and R‐resistant 
Mtb [120].

11.4.2 Drugs that Affect Host Responses

While possessing no intrinsic activity against Mtb itself [121], 1,25‐dihydroxyvitamin D3 is 
a host metabolite that has often been proposed as an agent that contributes to chemotherapy 
of TB. It is thought to contribute towards induction of bactericidal macrophage responses, 
and has recently been demonstrated to participate in regulation of lipid metabolism in the 
infected macrophage [122]. A meta‐analysis of clinical studies on vitamin D in TB revealed 
that in studies that report sputum or smear culture results, there was an aggregate reduction 
of 39% in the risk of remaining culture positive after six weeks of receiving vitamin D sup-
plementation along with the standard regimen. This risk reduction, however, was not statis-
tically significant [123]. Another meta‐analysis, this time with studies involving vitamin D 
supplementation excluded from the analysis, suggested that although strong evidence for 
association between the vitamin D status of the patient and disease status is still lacking, 
this may be due to study designs that do not measure the status of infection as a primary 
outcome measure [124].

Other drugs that affect lipid metabolism in the infected macrophage include statins such 
as atorvastatin [125] and the drug candidate SPR‐113 [126].

Autophagy [127] and/or apoptosis [128] of the Mtb‐infected macrophage have been 
clearly implicated as host macrophage responses that can work against Mtb infection [129]. 
Anti‐TB activity of inhalable particles containing rapamycin, the normative inducer of 
autophagy, has been demonstrated in vitro [130] and mouse experiments are underway to 
evaluate whether inhalations of particles containing rapamycin along with H and rifabutin 
are non‐inferior to inhalations of the anti‐TB agents alone. Some reports of inhaled thera-
pies that induce apoptosis in the infected macrophage are available [131–133], and there 
are indications that such induction is caspase‐independent [131, 134].

There are other experimental agents that have the potential to combine with inhaled 
therapy of TB via actions restricted primarily to the host cell. These include muramyl 
dipeptide for generalized immunostimulation of alveolar macrophages [135, 136], small 
interfering RNA (siRNA) targeting the human chemokine XCL‐1 [137], the pathogen‐
favouring cytokine TGF‐β [138], TNFα [139] and suppressors of cytokine signalling 
(Mohan et al., unpublished).
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11.4.3 Drugs that Affect both Host and Pathogen

Nitric oxide (NO) is an effector molecule capable of killing Mtb through generation of 
reactive nitrogen intermediates that nitrosylate bacterial proteins, including respiratory 
enzymes [140]. NO is also a signalling molecule with diverse functions relevant for the 
activation status of the infected macrophage. However, human macrophages do not pro-
duce bactericidal concentrations of NO and the amounts that they do produce may even 
benefit the survival of intracellular Mtb [141]. Experiments on inhalable microparticles 
containing diethylenetriamine–nitric oxide adduct (DETA/NO) or sodium nitroprusside 
(SNP), either alone or in combination with H and rifabutin, have demonstrated that exog-
enously supplied NO‐donor is bactericidal and additive in anti‐TB effects, re‐establishing 
phagosome–lysosome fusion and acidification [142, 143].

Nitazoxanide and its metabolite tizoxanide are antiprotozoal agents, approved for use 
against amoebiasis and giardiasis. Nitazoxanide possesses appreciable activity against clin-
ical MDR strains of TB [144]. It also induces autophagy in Mtb‐infected macrophages and 
inhibits proliferation [145]. Investigations are currently underway to compare inhaled par-
ticles containing rapamycin with those containing nitazoxanide in a mouse model of TB.

Reasoning along lines illustrated above, it is possible to identify several candidate drugs 
for repurposing as adjunct therapies to TB – however, the off‐target effects of these drugs 
may best be avoided and their doses optimally reduced if they are formulated as inhaled 
therapies targeting lung macrophages.

11.5 Formulation of Inhaled Drug Combinations

Although it has been reiterated ad nauseam that inhaled drug products are multi‐compo-
nent entities, it is worthwhile recalling once again that drug combinations add yet another 
variable to pulmonary drug delivery systems. Thus, the powder, suspension or solution 
containing the active pharmaceutical ingredients (APIs), the unit‐dose container (capsule, 
blister), and the inhalation device (DPI, pressurized metered dose inhalers, nebulizer or 
other) have to be carefully and painstakingly matched to each other for optimal product 
performance. General principles that are universally applicable are not touched upon here, 
but some special cases relevant to anti‐TB drugs are worthy of closer attention.

11.5.1 Excipient‐free Formulations

The obvious and compelling advantage of excipient‐free formulations is that the delivery 
of biologically inactive ingredients is curtailed. Son and McConville reported spray drying 
of R to make a flaky powder with good aerosol properties [49] and multiple‐nozzle spray 
drying of an aqueous suspension of the particles together with an organic solution of 
poly(lactide‐co‐glycolide) polymer to obtain sustained‐release particles [50]. While the 
first report describes an excipient‐free formulation, the need to employ a release‐retarding 
excipient was clearly articulated in the later report. Similarly, researchers based in several 
locations in Sydney report an inhalable form of rifapentine, in combination with moxi-
floxacin and pyrazinamide [146] or as amorphous or crystalline forms of rifapentine alone, 
intended as combination or adjunct inhaled therapy [147]. The three‐drug combination was 
largely amorphous, but in the absence of leucine as a crystallization‐inhibiting excipient, 
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showed a tendency towards crystallization of the pyrazinamide component. A human study 
on a dry powder containing H, R and Z prepared by trituration followed by mixing with 20 
parts w/w of Inhalac 230 reported orders of magnitude higher concentrations of these drugs 
in the lung epithelial fluid lining and lung macrophages when compared with oral admin-
istration [94]. In the case of this powder, too, the use of excipient could not be eliminated, 
since the flow properties and aerosolization of the drug triturate were sub‐optimal.

There is another factor that assumes importance in the design of excipient‐free formula-
tions of inhaled anti‐TB drugs. Drug powders depositing in the alveoli will encounter a 
layer of lung surfactant, which is likely to be sufficient to rapidly dissolve known drugs. As 
a result of rapid dissolution, macrophage uptake of the deposited drug is likely to be com-
promised, since Fickian diffusion rather than phagocytosis would be the principal mecha-
nism of uptake of drugs that enter solution. The formulation scientist therefore has to 
decide whether or not to opt for an excipient‐free formulation in context of the divergent 
objectives of macrophage targeting and systemic delivery. In the absence of inactives that 
control dissolution behaviour and drug release, drug particles depositing on the lung sur-
face will tend to distribute rapidly to the blood circulation, in proportion to their rates of 
permeation across the alveolar surface.

The foregoing considerations are illustrated well in the report of de Jesús Valle et al., 
wherein 400 μg of linezolid was administered in 5 ml of water to isolated rat lungs, either 
by perfusion or by nebulization [148]. Even though linezolid is only slightly soluble in 
water, the volume employed here was sufficient to achieve complete dissolution of the drug 
prior to nebulization. In contrast to the results of Katiyar et al. [94], the differences between 
intracellular and epithelial fluid concentrations achieved by inhalation were not different 
by orders of magnitude when a soluble drug was administered by the two routes.

It would appear, therefore, that excipient‐free inhaled formulations are better suited to 
systemic delivery rather than targeting lung tissue, or more specifically, lung macrophages.

11.5.2 Applications of Excipients

Excipients are used for various applications: to improve powder flow, optimize aerosol 
generation and deposition, achieve macrophage targeting and/or sustained drug release in 
the lungs, and inhibit amorphous‐to‐crystalline transitions and, in the context of FDCs, to 
overcome drug incompatibilities.

The first two applications listed above are informed by a large body of work, and are 
not discussed here since there is no identifiable gap in the knowledge that is applicable to 
drug combinations. Targeting the lung macrophage is also a familiar objective, but it is 
instructive to note that many of the groups that aim to target these cells are actually taking 
advantage of a natural phenomenon. Lung macrophages have evolved to avidly take up 
particles depositing on the alveolar surface, so it is no surprise that particles that retain 
their particulate nature for sufficiently long periods after alveolar deposition are picked up 
by macrophages. From another perspective, with reference to the objective of using the 
lungs as a portal for systemic drug delivery, lung macrophages are something of a nui-
sance if the medicament is formulated as a powder that retains integrity for some time 
after lung deposition. In much of the literature, macrophage uptake of inhaled particles is 
referred to as macrophage clearance. In the non‐tubercular lung, macrophages tend to take 
up particles and migrate towards ciliated airways, so that these foreign bodies may be 
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pushed upwards into the larynx. In a lung with a granuloma, however, some macrophages 
that take up particles may be chemo‐attracted to the lesion. As reported by Fenaroli et al. 
[35], it is likely that a granuloma in the human lung could be surrounded by macrophages 
that have taken up drug‐containing inhaled particles. Excipients that can promote such an 
outcome would be truly valuable, because the formation of a drug‐laden cordon around 
the granuloma will not only promote reduction of the path length of diffusion that a drug 
molecule has to undertake in order to reach the lesion, it will also ensure that bacteria in 
the process of egress from the granuloma will encounter a shell of high drug concentra-
tions that they might find difficult to emerge alive from.

Excipients that make use of ligands that engage host signalling receptors have been used 
in some formulations. Heuking et al. used chitosan with the awareness that it is a ligand for 
the human Toll‐like receptor (TLR)‐1 and TLR‐2 [149]. To further enhance engagement 
with these ‘danger’ receptors, they functionalized chitosan particles containing an anti‐TB 
DNA vaccine candidate with an agent that activates virtually all TLRs. They observed that 
engagement of TLRs by inhaled particles promoted an appropriate and robust immune 
response. Pulmonary or conventional vaccination requires very few doses as compared 
with the chronic regimens that chemotherapy requires. Concerns regarding long‐term use 
of TLR ligands in drug inhalations are likely to arise, and would need to be empirically 
addressed. However, Ahmad et al. have used a similar polysaccharide, alginate, to prepare 
a pulmonary delivery formulation of H, R and Z and demonstrated its high efficacy and 
safety in the Guinea pig model [150].

Lactide‐glycolide polymers have been used most commonly to make particles for mac-
rophage targeting, since these are considered biocompatible and non‐allergenic as well as 
biodegradable. However, we have observed that phagocytosis of particles composed of 
high‐molecular‐weight poly(L‐lactide) with no drug content induces several markers of 
macrophage activation [102, 130, 151–153]. In contrast, several reports are available that 
drug‐free or drug‐loaded particles composed of poly(lactide‐co‐glycolide) of moderately 
high molecular weight are entirely benign. For instance, Hirota et al. found no elicitation 
of pro‐inflammatory or immunosuppressive cytokines or even nitric oxide from mac-
rophages when particles containing R in a poly(lactic‐co‐glycolic acid) (PLGA) matrix 
were added to cultured rat alveolar macrophages [47]. Thus, it falls to the formulation 
scientist to factor in the role of the excipient of choice in both targeting the macrophage and 
activating it upon phagocytosis of the particle.

The role of drug–excipient compatibility and the possibility of using excipients to con-
trol drug–drug incompatibility also require attention. The hydrazone reaction referred to 
above in the context of H and R [10] is likely to occur between H and the carbonyl groups 
present in keto‐ sugars like ribulose and fructose. The porphyrin nucleus of R is susceptible 
to chelating cations, and Fe+3 is reported to form a water‐insoluble complex with R [154]. 
Fluoroquinolones are equally if not more suited for chelating divalent cations [155]. 
However, it is possible to use excipients to sequester incompatible drugs in different 
domains within the same particle. For instance, the anticancer agent 5‐fluorouracil has 
chemotherapeutic synergy as well as drug incompatibility with folinic acid. Using β‐cyclo-
dextrin complexation to separate the two in the same formulation has provided the means 
to co‐administer them in the same formulation [156]. Among the first‐line anti‐TB agents 
the following are well known to undergo complexation with cyclodextrins or similar host 
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molecules: H [157], R [158], and E [159]. Formulations containing R for nebulization [41] 
and as a spray‐dried DPI [160] have been proposed. It would be interesting to investigate 
whether cyclodextrin complexation could inhibit incompatibility between H and R.

11.5.3 Preparing Multi‐Component Particles and Vesicles

Spray drying is the most common technique reported for preparing inhalable formulations 
for TB therapy. There are several reasons why the method is increasingly finding use for 
preparing these formulations. The most attractive, in our view, is the industrial scalability of 
the process and the wide availability of necessary equipment. However, since the technique 
lends itself to using two‐phase systems such as suspensions and emulsions as feedstock, 
there is a tendency among formulation scientists to pay less attention to the spray drying of 
true or molecular solutions. With respect to spray drying of feedstock that contains more 
than one drug, we believe that it is more desirable that all species should be present in their 
molecular state in order to ensure homogeneity of the particles obtained in the product. 
Solvent systems that solubilize drugs as well as excipients have been widely reported, and 
the effort required to arrive at an optimal solvent system is worthwhile. The option of mix-
ing pre‐formed solutions in suitable proportions is also viable. Sharma et al. [9] and Muttil 
et al. [89] reported spray drying a solution comprising H, R or rifabutin and poly(lactic acid) 
(PLA) that was formed by dissolving the rifamycin and polymer in dichloromethane, while 
H was dissolved in methanol. Addition 1 part of the methanol solution to 9 parts of the 
dichloromethane solution did not lead to precipitation.

Emulsion methods are a little more difficult to scale, and in the case of combinations 
wherein one component is freely water‐soluble while others are not, significant loss of the 
water‐soluble drug to the external aqueous phase is encountered. This loss may be inhibited 
by strategies such as the use of chilled glycerol as the external phase in which a drug– 
polymer solution is emulsified [36], but, in general, there is significant loss of anti‐TB 
drugs when emulsion methods are used to prepare inhalable particles.

Supercritical‐fluid methods, especially those employing supercritical CO
2
 and co‐solvents, 

are under active investigation as techniques to prepare inhalable particles for TB therapy. 
Polymeric particles incorporating R [40,161], ion‐paired H [61] and p‐aminosalicylic acid 
[162] have been reported, and techniques are reviewed elsewhere in this volume. With 
reference to drug combinations, however, not much is known about the use of appropriate 
co‐solvents for drugs of differing solubility, although complex mixtures such as herbal 
extracts have been formulated as liposomes using supercritical fluids [163].

To our knowledge, there is no report of electrospray‐mediated preparation of particles 
containing drugs for use in TB. However, the technique is simple, scalable and cost‐effective, 
so investigations in the area would be welcome.

11.5.4 Shelf Stability

Drug product stability testing in respect of combinations is informed not only by the usual 
considerations of maintenance of identity, purity and performance criteria, but also by 
potential interactions that may occur between degradation products of one component and 
the remaining medicament. For instance, acid hydrolysis of H is likely to generate two 
chemically reactive entities as shown in Figure 11.4.
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Hydrazine has been implicated in the decomposition of R in FDCs containing H and R 
[10] and might also affect other agents. Isonicotinic acid can also interact with a variety of 
anti‐TB agents.

Even without degradation, Z and E are apparently capable of catalyzing the interaction 
between H and R [164]. Maintenance of storage stability during shelf life thus presents a 
variety of challenges. In the specific case of DPI, the greatest challenge to maintaining both 
chemical and performance stability lies in ensuring that moisture has negligible access to 
the powder. It may even be prudent to undertake manufacture and packaging in market‐
intended containers within dehumidified premises. The moisture that the product picks up 
on the shop floor is sometimes enough to compromise stability during storage.

11.5.5 Drug Release and Pharmacokinetics

Formulating sustained‐release, pulmonary delivery particles containing drug combinations 
is challenging. The readily water‐soluble H and poorly‐soluble R incorporated in a polymer 
matrix are released at significantly different rates from PLA particles. Substitution of R by 
rifabutin leads to similar observations, including a time course of cytosolic concentrations 
in the mouse lung macrophage that is quite divergent for the first eight hours after inhala-
tion, as shown in Figure 11.5 and reported earlier [165]. Data shown in Figure 11.5 re‐invite 
questions about the advisability of incorporating two drugs in the same particle. In theory, a 
formulation scientist can design polymer matrices to incorporate the two drugs individually, 
and mix two or more powders in required proportions to arrive at the desired combination.

We have resisted the temptation to do this in the light of the scenario described in 
Figure 11.3 above, but that particular caveat is applicable only to formulations that seek to 
target the lung macrophage. Other kinds of formulations, designed for systemic drug deliv-
ery and able to evade macrophage uptake, may employ this strategy to advantage.

Studying drug release from powders containing more than one drug usually involves plac-
ing the powder in a dialysis bag and employing one of several pharmacopoeial and unoffi-
cial methods to sample the medium over desired lengths of time. A physical mixture of the 
components of the formulation, not subjected to the process of preparation of the particles, 
offers a useful control in these studies. Sometimes, one of the components of the formula-
tion affects dialysis‐membrane permeability, inducing artefacts such as unexpectedly long 
lag‐time. In the absence of a control, it then becomes difficult to distinguish between formu-
lations that genuinely show small levels of burst release, and others that do in fact show high 
burst release, but are masked by excipient effects on the semi‐permeable membrane.

Similarly, prolonged drug release may be construed from the formulation itself in some 
cases, when the actual cause of retardation of drug release to extraordinary periods may lie 
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in occlusion of the membrane by excipients. Donnan’s membrane equilibrium and its influ-
ence on diffusion of solutes as well as water across semi‐permeable membranes requires 
attention in designing these studies [166].

Pharmacokinetics and biodistribution of inhaled drugs are evaluated with regard to the 
objectives of pulmonary drug delivery as described above. If the intent is to retain the drugs 
in lung parenchyma or macrophages, tissue distribution and cytosolic concentrations as a 
function of time assume greater importance than do plasma concentrations. Plasma con-
centrations, however, need to be evaluated even if the objective is to deliver drugs for reten-
tion in the lungs. These data serve to validate the claim of lung targeting, especially if 
compared with doses delivered orally or parenterally. The use of a “çharcoal block” to 
inhibit gastrointestinal absorption of drugs deposited in the mouth is useful to distinguish 
the contribution of inhaled doses to blood levels [167]. With reference to combinations, 
evaluation of tissue and blood pharmacokinetics is sometimes complicated by significant 
differences in half‐lives or mean residence times of multiple inhaled drugs. The combina-
tion of H with rifabutin was therefore evaluated by sparse sampling over 96 hours in order 
to allow the long‐lived rifabutin to convincingly enter the elimination phase [165]. Finally, 
since TB requires chronic chemotherapy, steady‐state pharmacokinetics and tissue distri-
bution requires attention [168].

11.5.6 Inhalation Dosimetry

Estimation of doses inhaled by test animals and humans through the use of various formu-
lations and devices requires painstaking effort. The most convincing evidence of such 
dose‐determination studies is offered by ‘material balance’ studies, in which radiolabelled 
compounds are estimated in a large number of tissue compartments. The technique of 
pharmacokinetic ‘bridging’ can offer a shortcut to such dosimetry if the intravenous phar-
macokinetics are well established. ‘Bridging’ may be accomplished in various ways. 
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Figure  11.5 Time course of isoniazid (INH) and rifabutin (RFB) in cells recovered by 
bronchoalveolar lavage from mice receiving about 100 µg of a dry-powder inhalation comprising 
1:1:2 parts of isoniazid, rifabutin, and PLA or intravenous injections of the same amounts of 
drugs. (See insert for color representation of the figure.)
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Subcutaneous doses were ‘bridged’ with a standard intravenous dose based on readout of 
plasma concentrations at different times following test doses administered subcutaneously 
[169]. With respect to the inhaled combination of H and rifabutin targeting lung mac-
rophages, ‘bridging’ was carried out in a slightly different manner. Using data available on 
disposition of intravenous radiolabelled rifabutin in a large number of tissues [170], we 
derived linear relationships between tissue concentrations at any time and the correspond-
ing plasma level. We then administered doses to mice by intravenous, oral and pulmonary 
routes. Blood and tissue samples were then drawn, and the concentrations estimated in 
serum, liver, lungs and spleen were statistically compared with the values obtained by 
Battaglia et al. [170]. Confirming concordance between published and determined values 
in respect of these tissues, we then derived drug concentrations in other tissues by using the 
same linear relationship. By this exercise, we could establish tissue concentrations after 
intravenous and oral dosing with an accuracy of 96–119%. Assuming similar accuracy 
after pulmonary delivery of drug particles, we were able to establish the inhaled dose from 
a much smaller number of biological samples [171].

While such indirect approaches to inhalation dosimetry in preclinical studies may provide 
useful pointers, dose delivery is much more precise if pulmonary administration is under-
taken using endotracheal intubation and positive‐pressure insufflation. The Penn–Century 
devices available commercially for solutions and dry powders are extremely popular among 
researchers wishing to control the amount actually administered. However, there are several 
caveats to the use of this approach, especially with reference to dry powders [172], and 
appreciation of the fact that lung deposition under conditions of ambient‐pressure inhalation 
is likely to differ significantly from forced deposition.

11.6 Conclusions

Multiple‐drug therapy being a necessity in TB therapy, drug combinations could be a use-
ful method to reduce pill burden. With special reference to inhaled therapies for TB, com-
binations of multiple drugs targeting the pathogen, as well as pharmacological and 
immunomodulatory agents that evoke beneficial host responses, are likely to be optimally 
delivered by macrophage‐targeting inhalations. Appreciation of the behaviour of various 
drugs in proximity to each other is especially useful in formulating combinations that work 
as expected.
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12.1 Introduction

In recent years, different strategies have been employed to tune molecule properties so as 
to meet well‐established therapeutic needs. Among all these strategies, chemical modifica
tion provides wide possibilities that have led to successful development of smart therapeu
tic approaches (e.g., the pro‐drug approach). In this way, drug molecules can be modified, 
theoretically modulating either pharmacodynamics or pharmacokinetics in a target‐defined 
fashion with virtually no limitations. Nevertheless, a modified drug represents a novel 
entity under both chemical and regulatory points of view, and this poses major constraints 
to the bench‐to‐market fast track.

Albeit possessing some common features with chemical modification, physical associa
tion of drugs with selected ionic ligands may be, in many ways, more advantageous as, 
supposedly, it does not alter a drug chemical structure, thereby increasing the chance of 
expedited approval by the regulatory agencies.

Nowadays, ion pairing is increasingly employed to serve such purposes since, in 
some  cases, ionic interaction is energetically favored and association occurs almost 
spontaneously.
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12.2 Ion Pairing Definitions and Concepts

The term ion pairing is regarded as the “association of oppositely charged ions in solution 
to form distinct chemical species” [1]. Pairing strength depends on several factors account
ing for physicochemical properties of the species involved in the interaction. Albeit ion 
pairs are characterized by long‐range interactions, binding can be strong enough to allow 
the formation of stable chemical entities with different properties and behaviors compared 
with the parent compounds.

The history and evolution of the concept of ion pairing encompass nearly 100 years and 
is beyond the aim of this chapter.

What we know today about the association of charged species in solution relies on the 
Debye–Huckel [2] and Onsager [3] models as well as Bronsted’s theory [4] that allowed 
the development of the theories of Bjerrum [5], Fuoss [6, 7] and many others.

Today, although some controversies and unresolved issues exist, ion pairs are generally 
accepted as being real species. Some criteria have been indicated as to when ionic interac
tion can lead to ion pair formation. Ion pairs form when two charged species approach 
below a cutoff distance R. The equilibrium distance r is established as being at a < r < R, 
where a is the so‐called ‘distance of closest approach’, which represents the repulsive 
barrier constraining further vicinity.

Long‐range electrostatic forces obeying Coulomb’s law of attraction are generally recog
nized as being responsible for the interaction.

The solvent has a double role in ion pairing. On the one side, solvent permittivity 
decreases the strength of long‐distance attraction and, on the other side, solvent molecules 
can take part in ion pairing, producing three different situations: solvent‐separated, solvent‐
shared and contact ion pairs. The three models are summarized in Figure 12.1.

Unarguably, among the three situations the contact ion pair is the one granting the for
mation of stronger interactions and therefore this type of ion pair has a higher chance to 
exist. The solvent‐separated and solvent‐shared are loose types of ion pairs that are more 
difficult to detect and to measure [8].

Such models, although generally applicable, do not represent tightly more complex situ
ations, such as that of multivalent ion pairs. This is the case for large molecular assemblies, 
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Figure 12.1 Solvent contribution, represented by water molecules, to the formation of ion 
pairs: (1) solvent‐separated ion pairs, (2) solvent‐shared ion pairs and (3) contact ion pairs
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such as polyelectrolytes, and other large drug molecules. In these cases, ion pairing can 
generate more complex associations and secondary interactions in solution. In this regard, 
solvation plays a complicated role in determining the so‐called counterion condensation of 
polymer chains in salt‐free polyelectrolyte solutions [9]. Addition of multivalent salts can 
give rise to unexpected behaviors, such as like‐charge attractive interactions, which are 
responsible for polyion condensation, as observed for DNA and other biomacromolecules 
in non‐physiologic conditions [9, 10].

Generally, common nomenclature distinguishes ion pairs from complexes as the latter 
are defined when short‐range coordination bonds occur. However, such a distinction [1] 
can be considered mainly semantic since neither the nature of the bond nor kinetic criteria 
can be applied to discern between ionic pairing and coordination. In fact, ionic interac
tions can be as strong as coordination bonds and, in certain conditions, kinetically favored 
[1]. Therefore, complexes and ion pairs may be regarded as special cases of the same 
phenomenon.

In this chapter, we will maintain the semantic distinction between complexes and ion 
pairs to distinguish among species resulting from binding with transition metals and other 
ionic compounds.

12.2.1 Ion Pairing as Physicochemical Tuning Tool

Accurate selection of ionic partners can be tremendously useful to modulate active mole
cule properties especially when such properties are unfavorable to therapeutic efficacy. In 
the last twenty years, works have proliferated in this area, applying ion pairing to a number 
of different molecules as well as to macromolecules [11]. A typical application of ion pair
ing as well as complexation is the modulation of a drug hydrophilic/hydrophobic balance 
(HHB). In this way, ion pairing can be used to produce partitioning of highly hydrophilic 
drugs, as in the case of leuprolide acetate [12] and the cephalosporins cefepime and cef
pirome [13], in lipophilic environments, thus improving absorption through membranes. 
Nevertheless, the transmembrane transport process of ion pairs is not straightforward as it 
is sensitive to the nature of the vehicle medium. In fact, water‐rich solvents can be highly 
structured into supramolecular assemblies producing ion–ion weak interactions with the ion 
pair that significantly influence transmembrane transport [14]. As is easily predictable, ion 
pairing enables not only hydrophilic drug partitioning in hydrophobic environments, but 
can be used to tune drug‐dissolution profiles as well [15]. Such an effect is bound though to 
the hydrophobicity of the organic counterion used and the ionic strength of the solution.

The choice of the ionic partners should be based on the reciprocal affinity and the rela
tive HHB. Popular counterions are picked among mild ionic surfactants, e.g. sodium dode
cyl sulfate and octadecyl sulfate. These surfactants have been used to bind tacrine or 
l‐phenylephrine [15] or biomolecules [16] such as subtilisin BPN’ [17].

Biocompatibility is a crucial factor that needs to be accounted for in developing marketa
ble ion pairs, which means that natural or semisynthetic compounds are preferable. Medium‐
to‐long‐chain fatty acids couple especially with peptides and can be employed as penetration 
enhancers of hydrophilic molecules, such as water‐soluble amino acids through the skin [18] 
or other physiological barriers. In this regard, peptides can be ion paired with some organic 
acid derivatives, such as salicylate and 5‐methoxysalicylate, to improve absorption in the 
organism or combined with inorganic anions to allow selective extraction [19].
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Ion pairing has been correlated even with the innate capacity of arginine‐rich cell‐ 
penetrating peptides to enter cells through a non‐endocytotic pathway. This process is 
theoretically impeded by the extremely high Born free‐energy barrier generated by the 
exposure of the charged molecule to the low‐dielectric lipid layer. Evidence supports the 
mediating action of phospholipid/peptide ion pairing with subsequent charge neutraliza
tion [20]. This should allow the peptides to overcome the Born barrier and travel across 
the cell membrane.

In light of the aforementioned ability of arginine‐rich peptides to penetrate cells, long‐
chain arginine esters have been used as counterions to bind plasmid DNA for cell transfec
tion, showing reduced toxicity compared with other polycationic species [21].

It is evident that ion pairing of molecules of pharmaceutical interest can open many 
perspectives. This strategy could be of clinical relevance especially when considering the 
targeting of hydrophobic physiological environments using highly hydrophilic active 
compounds.

12.2.2 Metal Ion Complexation

Transition metals are classified as Lewis acids due to their electron‐acceptor capacity. In 
fact, the availability of empty hybrid orbitals allows allocation of electron pairs from donor 
counterparts, such as amines, amides and/or carboxyl groups. This donor/acceptor interac
tion produces the coordination bond, which can be regarded as a result of a Lewis acid–
base reaction.

The high aptitude to coordination of metals explains their ability to form complexes with 
a number of ions, as well as organic and inorganic ligands. The orientation of coordination 
bonds follows the spatial arrangement of hybrid orbitals that assume distinct and well‐
established geometries (Figure 12.2a).

As a result, transition metals can be chelated through so‐called monodentate or polyden
tate links by organic molecules, especially those bearing multiple binding centers [e.g., 
ethylenediaminetetraacetic acid (EDTA)] (Figure 12.2b).

As anticipated, albeit experts in the field associate (conceptually) metal complexation 
to ion pairing [1], we will consider them distinct phenomena due to the theoretical differ
ent covalent nature of the coordination bond compared with that of the ionic bond. 
Energetically there is not much difference between the two kinds of bonds, as ionic inter
action can be as strong as coordination and this is one of the reasons for the controversy 
in this distinction.

This also explains the random use of the term ‘complex’ that is often associated to 
ion pairs as well. Transition metal coordination may be accounted as a mono‐ or multi‐
valent ion pairing process according to the chelation ability of the ligand as depicted in 
Figure 12.2b.

Historically, metal complexes have been known to possess therapeutic relevance for 
centuries; however, the modern era of metal complexes started in 1909 with Erlich’s 
arsphenamine, an organoarsenic compound used to treat syphilis [22].

Today, there are several metal complexes being used in therapy, such as those of Pt, 
which is currently employed in anticancer agents (i.e., cisplatin, carboplatin and oxalipl
atin), and several others are under investigation [23]. Gold complexes like auranofin and 
myocrisin find application in rheumatoid arthritis treatment.
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It is easy to understand why organometallic compounds find noticeable application, 
mainly as anticancer as well as antibiotic agents [24–26]. Most of the metals from the 4th 
to the 6th period have been combined with organic ligands. Some of them are of biological 
relevance, such as Cu, Zn, Ni, Co, Fe, as they are essential microelements in a cells lifecy
cle and in biological molecules (i.e., metalloenzymes, hemoglobin). Some others are heavy 
metals, such as Au, Pd, Re, Pb, Ru, Zr, Hg, Mo, Ag whose toxicity provides an innate 
antibacterial action. Nevertheless, in some cases genotoxicity and cancerogenicity have to 
be accounted as side effects.

These metals can coordinate not only small organic ligands but also large molecules of 
pharmaceutical interest and small drug molecules. In this case, metal binding can produce 
insoluble complexes as a result of the occupation by the metal of the polar groups previ
ously engaged in water hydration. In this way, water‐soluble molecules can be turned into 
more lipophilic complexes, resulting in HHB modulation. Some of these molecules can be 
large aminoglycoside and peptide antibiotics presenting N, O, S donor centers that can be 
engaged by the metal. Metal complexation has been successfully employed with a number 
of antibiotics and other drugs: ciprofloxacin and amoxicillin [27, 28], hydroxyquinoline 
[29, 30], cephalosporins [31], chloroquine [32], lansoprazole [33].

A comprehensive report on metal complexes is not the aim of this chapter, which is, 
rather, focused on the use of metal binding alongside ion pairing for the modification of 
drug properties. An overview of their use in drug delivery is provided hereafter along with 
ion pair applications.
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12.2.3 Some Considerations on Ion Pair and Metal Complex Stability

To be classified as actual distinct species, ion pairs and complexes should be stable enough 
to be a recognizable kinetic entity. The formation of an ion pair in solution can be summa
rized by Equation (12.1) [1]:

 C A CAc a c a
 (12.1)

where Cc+ and Aa− are the cation and the anion with charge c and a, respectively. A similar 
equation can be written for metal complexation by replacing the cation and anion with the 
metal and the ligand terms. The process can be quantified by the association constant K

A
 

that is defined by the usual mass action law. Indicating the fraction of free ions and asso
ciated ions with α and 1 − α, respectively, K

A
 assumes the expression {Equation (12.2)}.

 

K
c

c
A

1
2  (12.2)

where c is again the charge of the cation.
The fraction α can be measured by several methods. Nevertheless, due to the labile 

nature of some ion pairs, for which lifetimes as low as 1 ns have been reported [34], such 
determinations are not simple.

Equations (12.1) and (12.2) represent the formation of binary ion pairs, which is not the 
case for many multivalent compounds and complexes. In addition, solvent contribution is 
rather important as has already been pointed out previously. In this regard, the free energy 
of association at the equilibrium can be obtained from the van’t Hoff’s thermodynamic 
relation with K

A
 {Equation (12. 3)}.

 G RT KA
0 0ln  (12.3)

where R and T are the well‐known universal gas constant and absolute temperature. 
Evidence supports the hypothesis that solvation and desolvation phenomena influence con
siderably the ion pair equilibrium at the expense of the association enthalpy, which results 
often being positive owing to the energy required for ion desolvation. The consequence is 
that, a negative association free energy being required to stabilize the ion pair, ion pairing 
is, in many cases, an entropy‐driven process. Of course, this condition is expected to occur 
at high solvation energies.

According to this consideration the standard enthalpy change upon ion pairing, as well 
as the recorded entropy values, can be used to establish the type of ion pair being formed; 
for example, solvent‐separated or contact ion pairs (see Figure  12.1). This is because, 
beyond the interaction among ions, a complex interplay between the arrangement of sol
vent molecules on the ion pair and those being released during desolvation occurs, which 
determines the entropy and enthalpy energies according to Gibbs’ law.

As already mentioned, ion‐pair and complex stability is bound to the nature of partners; 
however, parameters such as temperature, pH and ionic strength, taken together, can deter
mine the lifetime of ion pairs. Whether an ionic interaction or coordination bond occurs, 
stable pairing may depend not only on the reaction conditions but also on the preservation 
of such conditions over time. In fact, even apparently strong ion pairs and complexes can 
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undergo abrupt destabilization upon relatively unfavorable conditions, dictated by the 
presence of competing ligands or ions as well. Such phenomena are seldom predictable 
and, if conceivable, need to be evaluated. In this regard, ongoing debates on the fate of 
complexes and ion pairs once administered into the body highlight the need for insightful 
understanding of their stability when challenged with unfavorable and unpredictable inter
acting environments, such as cells and tissues. Therefore, determination of K

A
 in simulated 

biological environments alongside toxicity assessment are mandatory prior to transferring 
the use of such compounds to the clinic.

12.3 Ion Pairs, Complexes and Drug Delivery

The possibility to modulate drug properties by modifying the HHB can make the ion pair
ing and complexation approach a powerful strategy to improve therapeutic performances. 
Some work has been done in an attempt to pair drugs of interest, showing pharmacokinetic 
limitations due to physicochemical flaws, to proper cations (metals as well) or anions. Here 
we report the application of ion pairing and metal complexation to a number of different 
drug molecules sorted by administration route.

12.3.1 Oral Route

Ion pairing has been used in several studies to modulate active pharmaceutical ingredient 
permeability through the gastrointestinal tract, where the main mechanism of absorption is the 
transcellular route. To obtain a high oral bioavailability, drugs should possess a good balance 
between solubility and permeability. Highly water‐soluble compounds are often poorly 
permeable through biological membranes. However, insoluble drugs are also problematic 
for oral administration. In a recent study, indomethacin was investigated for its ability to 
form ion pairs with arginine and lysine at different molar ratios [35]. Using this strategy, 
indomethacin log P progressively decreased from about 3 to 0.5 when 1:8 (drug:arginine/
lysine) molar ratio was used. Besides the solubility improvement, permeability was signifi
cantly improved at 1:2 (drug:amino acid) molar ratio. These results indicated a possible 
intestinal absorption mediated by active carriers, while passive uptake should be less pro
nounced because of the lower log P [35]. The ion pairing approach has been mainly used 
to increase the apparent permeability of very soluble drugs except for the indomethacin 
case study. Different active pharmaceutical ingredients have been taken into consideration 
in the last decade. Amifostine is a polar cytoprotective compound used to protect normal 
tissues from chemotherapy and radiotherapy toxic effects. It is commonly administered by 
parenteral route to avoid its degradation and poor absorption in the gastrointestinal tract. 
Amifostine has been coupled with different organic acids (e.g., succinic acid, phthalic acid, 
benzoic acid) to evaluate their effect on the permeability profile [36, 37]. The data evi
denced a significant increase of permeability and a bioavailability enhancement of 20 − 30 
times and 10 times for succinic acid and phthalic acid, respectively, once administered in 
the rat duodenum. Therefore, ion paired amifostine could potentially be administered 
orally after an enteric coating, thereby avoiding the drawbacks of the parenteral route 
[36, 37]. Ion pairing was also studied to enhance the permeability of two different antiviral 
drugs, namely zanamivir heptyl ester and guanidino‐oseltamivir [38, 39]. These papers 
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evidenced the importance not only of the optimization of molar ratio between the drug and 
the counterion but also of the binding constant. Here, 1‐hydroxy‐2‐naphthoic acid (HNAP) 
was used as ion pairing agent and a high dissociation was observed with guanidino‐
oseltamivir impairing the approach employed. In fact, the hydrophobic ion pair should be 
stable in biological fluid and especially in the presence of competing ions present in the 
gastrointestinal tract (e.g., bile acids). Ion pairing was useful to enhance permeability of 
zanamivir heptyl ester in the rat jejunum [38]. Tetraheptylammonium bromide (THAB) or, 
alternatively, tetrabutylammonium iodide (TBAI) was used to increase oral bioavailability 
of alendronate. This drug, used in the treatment of osteoporosis and Paget’s disease among 
others, is already available in tablets for oral administration but its bioavailability is lower 
than 1%. Having five pK

a
 values, ion pairing was investigated at different pH values and 

molar ratios [40]. Interestingly, the best molar ratio was 1:10 (drug:ion pairing agent) 
independently of the ion pairing agent used but the optimal pH conferring the highest 
hydrophobicity was 2.2 for THAB and 10.3 for TBAI [40]. These results enable attractive 
perspectives for the improvement of alendronate oral bioavailability. Sodium deoxycholate 
has been employed to produce ion pairs with insulin [41] and diltiazem hydrochloride [42]. 
A zinc chelate has been synthesized to improve gastrointestinal absorption of glimepiride, 
a third‐generation hypoglycemic sulfonylurea for the treatment of non‐insulin‐dependent 
diabetes [43]. However, in this regard, as yet no updated development is available.

12.3.2 Transdermal/Dermal and Mucosal Route

The ion pairing approach can be useful to improve transdermal delivery by enhancing drug 
penetration through the stratum corneum. Even though hydrophobic ion pairing improves 
drug lipophilicity, it is necessary to accurately select the counterion to obtain the highest 
benefits in term of transport through the biological membranes. In fact, a high partition 
coefficient is not enough to grant transport through the stratum corneum, which is the prod
uct of both partition and diffusion. Commonly, ion pairs, being larger, show slower diffu
sion and transport through the skin [44]. Teriflunomide and lornoxicam were ion paired 
with different organic amines, enhancing their percutaneous absorption. The choice of the 
amine partner is based on the ability to warrant longer ion pair lifetime thus enhancing dif
fusion through the skin [45, 46]. The flux of salicylate, a hydrophilic ionic drug, was 
increased up to 11‐fold when ion paired with alkylamines thanks to the significant increase 
of its solubility (137‐fold) in isopropyl myristate carrier. The highest concentration gradient 
is therefore responsible for this effect and it was hypothesized that, once in the skin, the ion 
pair dissociates because of the aqueous microenvironment of the epidermis [47]. In another 
study on salicylate ion pairs, no significant effect on the in vitro penetration through the 
epidermis was observed, but an increased deposition of the drug in the skin was detected 
[48]. As stated before, the carrier is of fundamental importance to obtain permeation. This 
is the case of retinoic acid paired with a methyl or ethyl ester of different amino acids and 
incorporated in the internal phase of an oil‐in‐water microemulsion. Using this vehicle, the 
skin accumulation of the ion pairs was enhanced and the systemic effects were avoided [49].

Another example is a methotrexate/L‐arginine ion pair for intranasal delivery useful 
to increase the drug partition coefficient and transport in the presence of propylene 
 glycol [50].
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12.3.3 Parenteral Route

Hydrophobic ion pairing has been investigated for parenteral delivery of peptides and 
 proteins as well. These molecules suffer from several disadvantages such as low stability, 
short half‐life, and, in particular, high aqueous solubility, which limits encapsulation in 
polymeric or lipid delivery systems. Major techniques for the preparation of polymeric 
micro‐/nano‐particulates are emulsion solvent diffusion‐evaporation/extraction, coacerva
tion, salting out, spray‐drying, spray‐congealing, and supercritical fluids‐based methods. 
All these techniques share similar drawbacks in the case of peptides and proteins such as 
the well‐known low encapsulation efficiency [51], high initial burst effect [51, 52], and 
degradation during manufacture or release [53, 54], for which, indeed, ion pairing can pro
vide huge benefits. In this regard, melittin paired to sodium dodecyl sulfate [55] led to 
almost 100% encapsulation efficiency. A significant reduction of the initial burst release 
from poly(lactic‐co‐glycolic acid) (PLGA) carriers was obtained by ion pairing insulin 
with sodium deoxycholate [56], leuprolide with sodium oleate [57] and lyzozyme with 
dextran sulfate [58]. Ion pairing has been demonstrated to not alter drug activity, as in the 
case of insulin–lauryl sulfate complex [59]. Moreover, ion pairing is able to improve pep
tide or protein stability when in contact with organic solvents during encapsulation [55,60]. 
Ion pairing with oligosaccharide ester derivatives has been employed to tune release kinet
ics of peptide/proteins from particles as well [61]. The ion pairing approach is also very 
promising when applied to monoclonal antibodies. These large proteins are highly potent 
therapeutics characterized by short biological half‐lives. Once ion paired, their encapsula
tion could guarantee the reduction of administration frequency by maintaining their struc
ture integrity and activity [62]. Lastly, antibiotics, such as gentamicin, can be complexed to 
obtain derivatives that possess the same activity but an increased ability to cross biological 
membranes. This allows theorizing of their utilization in the treatment of intracellular 
infections [63].

12.3.4 The Pulmonary Route and Infectious Diseases

Using ion pairs and complexes as drug delivery systems to target the lungs seems to be a 
promising strategy to allow local accumulation of hydrophilic and certain ionizable lipo
philic drugs. As remarked on above, in light of the possibility to turn such molecules into 
insoluble or low water‐soluble compounds, this approach can prevent systemic absorption 
and subsequent biodistribution of the drug. The consequences of such an approach are a 
decrease in the potential long‐term side effects as well as increased drug retention into the 
organ, which can result in a much lower allowable dosage and higher efficacy. This thera
peutic strategy can be particularly useful to treat lung infections. In this regard, most of 
the molecules investigated for ion pairing and metal coordination are variably soluble 
antibiotic drugs owing to their chemical nature that allows easy pairing with metals and 
hydrophobic anions. Following the same approach, octreotide acetate has been hydropho
bically ion paired to improve encapsulation in nanoparticle aggregates to be delivered to 
the lungs [64].

Yet, advances in this field are lagging as is rather evident by the limited literature available, 
and most works clog up at the pre‐formulation stage.



248 Drug Delivery Systems for Tuberculosis Prevention and Treatment

12.3.4.1 The Special Case of Tuberculosis

The advantages listed above clearly suggest that ion pairing and complexation are compat
ible with application to the treatment of pulmonary infectious diseases, in particular tuber
culosis (TB). Since TB infects hosts intracellularly and, in case of resistance, persistent 
bacteria seem to locate into lowpermeable nearly anoxic lipophilic environments, devel
opment of penetrating compounds able to perfuse through membranes and the caseous 
medium in the tuberculi is desirable. Ion pairs and metal complexes may provide such 
properties and therefore allow administration and retention into the lungs of otherwise 
water‐soluble antitubercular drugs (ATDs) that are prone to rapid systemic absorption. Dry 
powder inhalation of mixed drug complexes is practically feasible and it may provide huge 
benefits by wiping out the dramatic pharmacokinetic pitfalls of current TB therapy and 
allowing drug reappraisal [65]. In fact, one aspect of TB eradication failure comes from the 
impossibility to deliver exact ATD combinations at the infection site through conventional 
routes. Most literature in the field explores inhalable ATD loaded micro‐/nano‐particles 
[66–68]; however, this approach may not prevent massive drug absorption into the blood 
stream once particles have come in contact with lung fluids. On the other hand, we solicit 
the use of ion pairing or complexation for TB treatment not only for the potential eradica
tion, but rather for the control of TB infection. In this regard, the first‐line ATD isoniazid 
has been ion paired to improve transport across biological barriers [69] and embedded into 
microparticles to target alveolar macrophages [70]. We applied a similar approach to previ
ously complexed second‐line quinolones [71] and aminoglycoside ATDs that have been 
turned into insoluble Pd complexes, and tested for their activity against susceptible 
M. tuberculosis [72]. The obtained structures are reported in Figure 12.3.

Ofloxacin (Ofx), capreomycin (C) and kanamycin (K) Pd complexes, in particular, 
showed an extracellular activity comparable to that of the free drugs, as well as some supe
rior intracellular efficacy (Figure 12.4).

The ofloxacin–Pd and capreomycin–Pd complexes were even microencasulated to pro
duce inhalable biodegradable microparticles (Figure 12.5a, 12.5b) [73, 74]. Moreover, we 
also synthesized a novel capreomycin oleate ion pair that was micronized for possible lung 
delivery (Figure 12.5c, 12.5d) [75].

Capreomycin oleate is insoluble and showed an activity comparable to that of the parent 
drug. These systems are theoretically designed to enhance effective targeting of mycobacte
ria in cells and caseous tissue. Other ion pairing and complexation alternatives are currently 
under evaluation.

12.3.5 Toxicity Considerations

The limited number of publications in this field partly explains the lack of data addressing 
the toxicity of ion pairs and metal complexes. Toxicity of ion pairs and metal complexes is 
related to the properties of each molecular partner. However, pairing can change the way 
molecules interact with the environment, allowing access to sites otherwise inaccessible or 
enhancing interaction with certain molecular targets. Therefore, great attention should be 
paid to the assessment of toxic effects of such compounds.

As shown in Table 12.1 in the case of the capreomycin oleate ion pair [75], using GRAS 
(generally recognized as safe) materials as ionic partners is advantageous since it may 
grant to a higher extent preservation of a low toxicological profile.
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Such an advantage is even more evident when looking at the different effects on chorio
allantoic membrane of chicken embryos of the free drug and the ion pair that showed lower 
toxic effect with no abnormal vascularization and lesions, as in turn was observed for 
capreomycin alone (Figure 12.6).

Predictably, owing to its surface activity, sodium oleate is even more toxic than the drug 
itself and this enforces the hypothesis that ion pairing can in some cases reduce the intrinsic 
toxic potential of non‐biocompatible substances. Of course, in many other situations these 
effects may not be expected.
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In the case of metal complexes, albeit metal chelation can be advantageous in many 
ways, this strategy has to be carefully reasoned prior to being employed. Analysis of the 
cytotoxic effect of the capreomycin–, kanamycin– and ofloxacin–Pd complexes on human 
bronchial epithelial cells highlights the fact that metal complexation can significantly 
increase toxicity even in comparison with the metal alone (Figure 12.7). Nevertheless, the 
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free drugs and controls against M. tuberculosis H37Ra. ***, **, * statistically different at 95% 
significance level (n = 3) (adapted with permission from Ref. [72]) 
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drug concentrations at which significant toxicity was recorded are much higher than the 
estimated MIC (minimum inhibition concentration, 0.5–7 μg/mL). Furthermore, the 
equivalent Pd concentrations in the complex and alone are remarkably high (Pd = 220–
370 μg/mL) if compared with other well‐known toxic metals, such as Cd, that can be 
lethal to cells at concentrations <15 μg/mL [76]. This may allow theorizing that such 

(a) (b)

(c) (d)

Figure  12.5 Morphology of spray‐dried polymeric microparticles loaded with (a) 
capreomycin–Pd, (b) ofloxacin–Pd complexes (adapted with permission from Ref. [74]). Spray‐
dried dry powders of capreomycin oleate ion pair obtained by (c) Buchi B290 mini spray‐dryer 
and (d) B90 nano spray‐dryer (adapted with permission from Ref. [75])

Table 12.1 Survival of chicken embryos treated with the different hydrophobic ion pairs 
on the chorioallantoic membrane (adapted with permission from Ref. [75])

Time 
(hours)

Percentage survival (%)

CS (na = 10) CO (na = 10) SO (na = 10) Negative control (na = 4)

0 100 100 100 100
24  70 100  10 100
48  50  70  0  75

CS, Capreomycin sulfate; CO, capreomycin oleate; SO, sodium oleate.
an, Number of treated embryos.
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compounds could be useful when employed at low dosages and in extreme cases of 
multidrug resistance.

The intrinsic toxicity of heavy metals can be useful if seeking anticancer action but, if 
not accurately controlled, can result in serious side effects. The main issues in the use of 
metals account for cytotoxicity, genotoxicity, mutagenicity and bioaccumulation [77, 78]. 
The unclear fate of many such substances limits further their acceptability even when using 
metal microelements.

12.4 Remarks

The outlined scenario of the pharmaceutical application of the ion pair strategy enables 
several considerations to be undertaken. Albeit drug modification approaches have been 
employed for a century in different fields, only recently a deeper understanding of the 
therapeutic implications of ion pairing has suggested novel potentials for the improvement 
of current treatments. In particular, infectious disease therapies may benefit from new 
insights and progress and, in particular, the pulmonary treatment of such diseases seems to 
be the most logical step forward. Several reasons support this hypothesis, from the wide 
application of metal chelation and ion pairing to antibiotic drugs to the possibility to eas
ily formulate inhalable drypowders of such hydrophobic compounds. In this regard, TB 
infection seems to be the perfect target of such therapeutic solutions for at least two main 
reasons: the described ATD combination therapy flaws and the need for a more sustainable 
treatment as well as patient adherence.

To do so, efforts should be renewed towards the establishment of an effective inhalation 
therapy rather than the sole perpetual search for more potent, but even more toxic, ATDs. 
Moreover, being that ion paired drugs are not chemically modified, such an approach can 
favorably speed up bench‐to‐market processes.

Within such a framework, however, the assessment of toxicological profiles of such 
compounds is of paramount importance. Despite the large body of toxicological data 
on metals, this aspect is often neglected for ion pairs and complexes. Inconsistent data 
have been generated, especially when concerning inhalation, where, so far, little work 
has been done to expedite acceptance of novel excipients and materials for pulmonary 
drug delivery.

(a) (b) (c)

Figure 12.6 Orthogonal histological sections of chicken embryo chorioallantoic membranes 
of (a) control group, (b) group treated with capreomycin sulfate and (c) group treated with 
capreomycin oleate ion pair at day 8. Magnification: 400× (adapted with permission from 
Ref. [75]). (See insert for color representation of the figure.)
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13.1 Introduction

The purpose of this chapter is to consider the respiratory delivery of drugs used in the 
treatment of tuberculosis. The chapter will provide a rationale for respiratory delivery 
of anti‐tubercular drugs to the lungs, including the targeting of alveolar macrophages 
and granulomas. The doses of anti‐tubercular drugs are high and most formulations will 
be carrier free containing drug and limited amounts of excipient. The aerosolization of 
high dose drugs existing in a cohesive matrix will be related to de‐agglomeration pro
cesses. A theoretical basis is provided to identify the parameters that will influence the 
de‐agglomeration and aerosolization of these drugs from cohesive matrices. The chapter 
will outline the studies that have occurred in this area using particle engineering 
approaches.
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13.2 Tuberculosis

Tuberculosis (TB) is an infectious disease caused by the bacterium Mycobacterium tuber-
culosis (MTb). Although the disease is curable with proper treatment and is preventable 
with vaccination, more than a hundred million people have died of tuberculosis in the last 
hundred years. Treatment and vaccinations are available; however, still around one third 
of the world’s current population (two billion) is infected with MTb [1, 2]. In 2013, nine 
million new cases were reported and one and a half million people died [3].

There are two types of TB based on the anatomical location: pulmonary TB (PTB) and 
extrapulmonary TB (EPTB). When MTb is localized in the lung, TB is called PTB, and 
when MTb is spread over other organs beyond the lung such as lymph nodes, abdomen, 
pleura, joints, bones, skins, genitourinary tract and meninges, TB is called EPTB [4]. PTB 
accounts for 75–80% of all TB.

TB can be identified by certain signs and symptoms which vary between PTB and EPTB. 
In general, a TB patient will have fever, loss of appetite, unintentional weight loss, chills 
and night sweats. In addition, PTB patients will have coughing for a minimum of three 
weeks with blood and sputum. They will experience pain in the chest or pain during breath
ing and coughing. EPTB patients will have different symptoms based on the organs that are 
affected. For example, back pain is common if the spine is affected while blood in the urine 
is common when kidneys are affected.

A person can be infected by MTb by inhaling droplets from an infected person. However, 
not all people who inhale MTb show the symptoms of TB immediately. Microorganisms 
are phagocytized by alveolar macrophages (AM) where two processes compete and deter
mine the fate of the phagosomal MTb (Figure 13.1). In an immune‐competent person, the 
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Figure 13.1 Infection of Mycobacterium tuberculosis and entry into alveolar macrophages 
(AM) by phagocytosis and the formation of granulomas [5] 
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MTb will be killed by phagosome–lysosome fusion and lysosomal lysis, and multiplication 
of MTb will be inhibited. On the other hand, if the infected person is immune‐compromised, 
the MTb will resist phagosome–lysosome fusion and lysosomal lysis. The MTb will create 
an environment of ‘alternative activation’ so that they can multiply [1]. A granuloma is 
formed with accumulation of myeloid cells in its centre and lymphatic cells on the outer 
layer. The central part is necrotic in nature, hypoxic and contains very low levels of nitric 
oxide. This environment is excellent for MTb survival. In this condition, MTb can survive 
for years. This condition of TB is called latent TB [6]. Around 80–90% of granulomas are 
localized in the lung. They are poorly vascularized and difficult to access by anti‐TB drugs. 
This, together with spontaneous mutation of MTb, helps to develop drug resistance [7]. In 
suitable conditions, the granulomas can rupture and MTb starts multiplying, causing active 
TB [8]. Mortality due to TB has recently worsened because of the (a) comorbidity from 
Acquired Immuno‐Deficiency Syndrome (AIDS) and (b) emergence of multi‐drug‐resist
ant TB (MDR‐TB) [9], extensively drug‐resistant TB (XDR‐TB) [10] and totally drug‐
resistant TB (TDR‐TB). MDR‐TB is defined if the bacterium is resistant to isoniazid and 
rifampicin, while XDR‐TB is defined if the bacterium is resistant to isoniazid, rifampicin, 
fluoroquinolones and at least one injectable second‐line drug such as amikacin, capreomycin 
or kanamycin [4]. TDR‐TB means complete resistance to all available drugs.

13.3  Drugs Used to Treat Tuberculosis, Doses, Challenges 
and Requirements for Therapy in Lungs

13.3.1 Current TB Treatment Regimen

The treatment of TB requires a number of drugs to be taken several times a day for months 
to years. These drugs are classified as first‐line and second‐line drugs. The treatment starts 
with first‐line drugs that include isoniazid, rifampicin, pyrazinamide, ethambutol and 
streptomycin. All the first‐line drugs are currently taken orally except streptomycin, which 
is administered by injection. Second‐line drugs are included in the regimen when a patient 
develops resistance to certain drugs. Different types of second‐line drugs include injectable 
agents such as kanamycin, amikacin and capreomycin; fluoroquinolones such as levofloxa
cin, ofloxacin and moxifloxacin; other oral bacteriostatic agents such as p‐aminosalicylic 
acid, cycloserine, terizidone, ethionamide and prothionamide; and agents with unclear role 
in drug‐resistant TB such as clofazimine, linezolid, amoxicillin/clavulanate, thioacetazone, 
imipenem/cilastatin and clarithromycin. In general, second‐line drugs are more toxic in 
nature [11].

The selection of drugs and duration of treatment depend on the type of MTb. The treat
ment time is primarily six months for drug‐susceptible TB which includes the intensive 
phase of treatment of two months followed by a continuous phase of treatment of four 
months [11]. During the intensive phase, a patient needs to take isoniazid, rifampicin and 
ethambutol daily while the same patient needs to continue with two drugs, isoniazid and 
rifampicin, three times a week in their continuous phase.

For MDR‐TB, the World Health Organization (WHO) recommends a combination of at 
least four drugs for the treatment to be effective [11]. It is recommended to choose one drug 
from a group of oral first‐line drugs such as pyrazinamide, ethambutol and rifabutin and the 
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other drugs are from second‐line drugs: one drug should be from injectable agents, one 
drug from the fluoroquinolones, and one or more from oral bacteriostatic agents. The total 
number of drugs to be taken can be up to seven. The intensive phase of MDR‐TB treatment 
is six months, followed by a continuation phase of four months if the patient shows as 
being smear or culture negative. The patient should be treated for 18–24 months after 
culture conversion.

13.3.2 Challenges of Conventional Oral and Parenteral Therapy

The challenges of current TB treatment using oral and parenteral agents are:

a. Long duration of treatment: six months for drug‐susceptible TB to 24 months for 
MDR‐TB.

b. Large number of tablets and injections: An MDR patient needs to take up to 22 tablets 
and 4 injections each day, which is approximately 3000 injections and 22,000 tablets in 
two years.

c. Frequency of dosing: Most of the oral tablets need to be taken 3 to 4 times a day during 
their intensive phases.

d. Dose of drugs is high: The oral or even parenteral doses of the anti‐TB drugs are high. 
For example, pyrazinamide oral tablet contains 400 mg of active ingredient per tablet, 
while each vial of streptomycin or kanamycin contains 1 g of powder as sulfate. 
Altogether a patient needs to take 2–3 g of drugs daily during the intensive phases of 
treatment of drug‐susceptible TB.

e. Drugs possess side effects: Most of the anti‐TB drugs have toxic side effects. Side 
effects can range from mild nausea and vomiting by isoniazid to ototoxicity and nephro
toxicity of aminoglycosides kanamycin, amikacin, capreomycin and streptomycin. A list 
of side effects can be found in Das et al. [5].

f. Suboptimal level of drug in the lung: Since the drug is distributed throughout the body, 
a suboptimal amount of drug reaches the lung because of poor vascularization of granu
lomas and limited penetration of drugs to granulomas where the mycobacteria reside.

g. Poor adherence: Owing to the long duration of treatment, high frequency of dosing, 
severe side effects, high cost of medication and invasive delivery like injections, there 
is poor adherence to TB treatment. Suboptimal levels of drugs and poor adherence, in 
addition to spontaneous mutations of Mycobacteria, result in drug resistance [12].

13.3.3 Rationale for Respiratory Delivery

Since around 80% of TB is pulmonary TB, the direct delivery of drugs to the lung can be 
an efficient method of treatment. Local delivery of drugs to the lung has multiple advan
tages. First, respiratory delivery can result in the achievement of high concentrations of 
drugs in the lung achieved by direct delivery of drugs to the lung. Secondly, microparticles 
of drugs delivered to the lung are engulfed by alveolar macrophages. Thus, drugs can 
access alveolar macrophages where MTb resides in the lung. The engulfment of drugs by 
alveolar macrophages may rescue the alveolar macrophages from their alternative activa
tion state to classical activation state so that the drugs can kill the MTb.

While pulmonary delivery of drugs is useful in treating PTB, it is also useful for treating 
EPTB. The drugs, absorbed into the systemic circulation through the lung epithelium, can 
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distribute throughout the body to target EPTB. The pulmonary route can also be used 
together with oral and parenteral routes to fortify the success of treatment.

13.4 Approaches for Respiratory Delivery of Drugs

Drugs can be delivered to the lung by three approaches, including metered‐dose inhalers 
(MDIs), nebulizers and dry‐powder inhalers (DPIs). Using MDIs, drugs are aerosolized 
from their solutions or suspensions in liquid propellants. The design of MDIs restricts the 
approach to delivering low doses of drugs for treating diseases such as asthma and chronic 
obstructive pulmonary disease (COPD); it is not capable of delivering a high drug dose and 
MDIs have not been used for the treatment of TB [2]. Drugs can be aerosolized as fine 
droplets from their solutions or suspensions using nebulizers [13, 14]. Nebulizers have been 
used for delivering drugs to young children or the elderly. Since a power source is neces
sary for operating traditional nebulizers, patients had to visit hospital two or three times a 
day according to their particular dosing regimen to inhale the relevant dose of the drug. The 
power source is noisy and the cleaning of the system after each delivery is time consuming. 
More recently, with the introduction of battery‐operated handheld nebulizers, much of 
these drawbacks such as requirement of a power source and portability have been relieved; 
however, it is still a challenge to formulate a solution or suspension containing two or more 
drugs of different solubilities in the required proportions [2, 15, 16]. Moreover, drugs are in 
liquid form with potential stability problems and nebulization is still time consuming due 
to the delivery time and the requirements of regular cleansing with disinfectant. Thus nebu
lization is not the preferred method for high dose drug delivery [2, 17, 18]. In contrast, DPIs 
contain drugs in powder form which are, in general, more stable than the liquid forms that 
occur in MDIs and nebulizers. DPIs are more user friendly since they are portable and 
the formulation of poorly water‐soluble drugs can be prepared easily. With proper design, 
DPIs can be used to deliver high doses of drugs. Although nebulizers are also researched, 
DPIs have been the major focus in recent times for delivering anti‐TB drug powders.

The DPI system is a combination of a powder mixture containing drugs and the device. 
With proper design of the device containing appropriately formulated powder, dry‐powder 
formulation for TB treatment is possible. In the following sections we will discuss the 
formulation of powders for inhalation in the treatment of TB.

13.5 Current DPI Formulations and Their Mechanisms of Aerosolization

DPIs have been used for the treatment of asthma and COPD for over four decades. There 
are two types of formulations of powders for inhalation: drug carrier‐based formulation 
and drug in controlled agglomerates.

First, since the treatment of asthma and COPD requires very small doses of bronchodila
tors and corticosteroids, generally 6–400 µg, there is a challenge in metering this low amount 
of cohesive drug due to its poor flowability. In order to improve both flow property and 
increase the bulk, carrier‐based formulations have been prepared where large‐particulate‐
size carriers such as lactose are intentionally added to the drug (Figure 13.2a). In such 
formulations, the cohesive drug particles are attached to carriers and/or form agglomerates. 
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During inspiration, drug particles need to be detached from carriers and de‐agglomerated 
to primary particles less than 5 µm in diameter to reach the lower respiratory tract. Therefore, 
two processes are required in the aerosolization of drugs in these formulations: detachment 
from carriers and drug de‐agglomeration [18]. Improvement in the drug delivery efficiency 
to the lung has been achieved by adding ternary components such as fine lactose to the 
 carrier‐based formulations (Figure  13.2b). These ternary components were shown to 
increase dispersion (a) by passivating the active surface of large carriers so drugs are 
attached to lower energetic surfaces, thereby facilitating the detachment from carriers, 
and/or (b) by forming mixed agglomerates of drug and ternary carriers which will be  
de‐agglomerated more easily. The de‐agglomeration again depends on the detachment of 
drug/drug‐agglomerates/drug–ternary carrier agglomerates and de‐agglomeration of the 
agglomerates to primary drug particles [19]. The doses of current carrier‐based formu
lations range from 6 µg for formoterol fumarate to 500 µg for fluticasone. The formulation 
contains very low concentrations of drugs, typically <4% [20]. A list of current drugs used 
for asthma and COPD with their dose is given in Table 13.1.

Secondly, powders for inhalation can be formulated as drug agglomerates which contain 
micronized (aerodynamic size of particles <5 µm) drugs only (Figure 13.2c) or drugs with 

(a)

(b)

(c)

(d)

DPI formulation Drugs that do not reach
lower respiratory tract

Inhalation Drugs that reach lower
respiratory tract

Detachment and
de-agglomeration

Detachment and
de-agglomeration

De-agglomeration

De-agglomeration

Figure 13.2 Mechanism of aerosolization of drugs from carrier‐based formulations without 
and with fine lactose (a and b, respectively) and drug agglomerates without and with fine 
lactose (c and d, respectively) (Drug = small black ball, fine lactose = small striped ball, large 
carrier = large grey quadrilateral)
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fine lactose in agglomerates (Figure  13.2d) formed during a controlled agglomeration 
 process. De‐agglomeration is the principal mechanism of aerosolization of the drug‐
agglomerate formulations (Figure 13.2).

13.6 DPI Formulations for Tuberculosis and Requirements

The principal aim for tuberculosis treatment with DPIs is that adequate amounts of drug 
are available to kill MTb at their site of existence in the body. In active PTB patients, MTb 
resides in the lung, particularly in the alveolar macrophages. Drugs need to be available 
inside alveolar macrophages to kill MTb that reside in alveolar macrophages. MTb also 
reside in granulomas mainly during the dormant stage. Since the granulomas have a pro
tective barrier and they are poorly vascularized, drugs need to enter the granuloma to kill 
MTb. For many first‐line anti‐TB drugs, the oral or parenteral doses are very high. For 
example, the oral dose of pyrazinamide per tablet is 400 mg and the parenteral injection of 
streptomycin contains 1 g of streptomycin sulfate. Although oral doses of anti‐TB drugs 
are known, it is not clear how much drug will be needed for respiratory delivery to be effec
tive against either drug‐susceptible or drug‐resistant TB. It is predicted that the dose of 
different drugs could be several milligrams to around a hundred milligrams [19]. Thus, the 
formulation of a powder for respiratory delivery will contain high doses of drugs and the 
formulation is likely to be drug alone or drug with small amounts of excipients (such as 
engineered particles) without carriers.

13.7  Issues to Consider in Respiratory Delivery of Powders 
for Tuberculosis

The following issues need to be considered in designing high dose drug powders for 
respiratory delivery in the treatment of TB.

a. Powder flow: The high dose powder mixture should have good flow to ensure easy pro
cessing of the powder, particularly filling of capsules or of the device, and efficient 

Table 13.1 The doses of common drugs used for asthma and COPD

Drug Dose per puff (μg) Number of puffs Dose per time (μg)

Beta‐2 agonists
Salbutamol 100 2 200
Terbutaline 250 2 500
Salmeterol 50 1 50
Anticholinergic
Tiotropium 18 1 18
Combination inhalers
Budesonide and Eformoterol 200/6 2 400/12
Corticosteroid
Budesonide 400 1 400
Fluticasone 250 2 500
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delivery of the powder out of the capsule or device during inhalation. Ideally, the emitted 
dose should be close to 100% of that available. Highly flowable particles can be pro
duced by particle engineering techniques including low‐density particles by spray dry
ing only drug [20], spray drying with materials such as leucine to assist flow [21] and 
mechanofusion using magnesium stearate [22].

b. Aerosolization of high dose powders: In order to deliver high doses of drugs, effective 
de‐agglomeration of the cohesive powder matrix must occur. The factors that affect 
de‐agglomeration, including the particle‐size distribution of cohesive powders, the sur
face characteristics including its surface energy and the packing fraction of the cohe
sive matrix should be considered; these parameters are discussed in the section on 
de‐agglomeration.

c. Alveolar macrophage uptake: Since MTb are initially phagocytized by AM and they 
reside inside AM by alternative activation, it is important that the drug particles are 
phagocytized by AM to enable effective drug concentrations at the target site in the 
AMs. It is claimed that AM can phagocytize 2–10 µm size particles with their preferred 
size being about 3 µm [19]. Since particles <5 µm in diameter are suitable for respiratory 
delivery and can be delivered to the alveolar region, particles between 2–5 µm are ideal 
for anti‐TB drug powders. The shape and surface characteristics of particles are also 
important for optimum macrophage uptake [23].

d. Dissolution of drug particles: The mechanism of dissolution and the factors affecting 
dissolution rate are not well known for drug particles in the lungs. The alveolar region 
has a large surface area (>100 m2) and contains a very limited amount of fluid typically 
calculated as ~15 ml (it may vary from 7 to 70 ml depending on the specific approaches 
to calculating this volume). This aqueous fluid contains high concentrations of lung 
surfactants that are stored as lamellar bodies after being secreted by type II alveolar 
cells. These lamellar bodies then unravel in the alveolar space, forming tubular myelins 
which are similar to multi‐lamellar liposomes. In some studies, the existence of nano
structures such as inverse hexagonal phases has been assumed [24–26]. Although there 
was no direct evidence, the presence of other nanostructures such as inverse cubic 
phases has also been predicted [27]. The role of these nanostructures on the dissolution 
and delivery of anti‐TB drugs is not clear.

It also is unclear whether the dissolution of drugs in the lung is diffusion controlled 
or permeation controlled. Drug particles deposit in the aqueous fluid of the alveoli. 
Inhaled drug particles first contact a lung surfactant monolayer which is spread on an 
aqueous sub‐phase overlying the respiratory epithelium. The drug particles need to 
cross the lung surfactant barrier and then dissolve in the very small amount of lung fluid 
in order for them to be absorbed. It is not clear how lung surfactants interact with high 
doses of anti‐TB drugs.

The local concentration of drug is dependent on the number of particles (single or 
multi) depositing in a particular region and the particle concentration will influence the 
rate and mechanism of dissolution. Few data are available on the effects of administering 
high doses of drug to the lung and on their dissolution characteristics in the lung. Since 
the dissolved drug is subject to various mechanisms of clearance in the alveolar region, 
the residence time of a drug in the alveolar region to achieve optimum anti‐TB outcome 
is unknown.

e. The pharmacokinetics of drugs: Once the drugs reach the alveolar region, drug particles are 
subject to clearance by alveolar macrophage uptake and dissolution of the drug particles. 
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Undissolved particles of an appropriate size will be engulfed by macrophages. Drug will 
be dissolved and a portion of the dissolved drug will be absorbed by epithelial cells where 
they might interact with complimentary receptors or they may be metabolized. Another 
portion of the dissolved drug will diffuse through the epithelial cells to blood and will be 
distributed to the whole body. Some parts of the dissolved drug will be diffused back to 
alveolar macrophages. Since alveolar macrophages harbour MTb, the principal target of 
drug formulation design should be to maximize the uptake by these AM.

f. Physical stability of powders: Powder formulation should maintain its physical stability 
during its shelf life. It should have adequate stability against moisture since a hygro
scopic powder may absorb moisture during storage and compromise the de‐agglomera
tion capacity.

g. Processing and formulation: The drug powders can be prepared by micronization, mill
ing, and crystallization or by spray drying. The formulations can also involve a mixing 
process. Whatever the processing involved, the ultimate powder formulation should 
have good flow properties.

h. Relationship between device and formulation: For high dose delivery, the nature of the 
device is important. Aerosolization capacity varies widely among different devices. The 
selection of device requires consideration of several factors. It is important to choose the 
right device that can deliver the selected formulation efficiently. Moreover, the cost of 
the device is an important issue since TB is predominant in low‐economy countries of 
Africa and Asia.

13.8 Relationship between De‐agglomeration and Tensile Strength

Formulations of particles or engineered particles which possess a suitable size for respira
tory delivery can be considered as cohesive matrices. These matrices can be represented 
diagrammatically as shown by Figure 13.3.

The cohesive matrix will possess a distribution of particles. Particles produced by mill
ing processes such as micronization will always possess a distribution of particles and, 
while the objective of engineered particle production will be to produce a monosize distri
bution, in reality, a particle‐size distribution will most often result.

The particles in the matrix will interact due to the various interactive forces that exist 
between particles, including contact potential forces, Coulombic forces, intermolecular 
forces, capillary force and solid bridging. These interactions have been described in previ
ous literature [28]; however, the contact potential and Coulombic forces constitute the elec
trostatic forces, whereas the intermolecular forces will be related to van der Waals’ forces 
and hydrogen bonding. The capillary and solid bridging will depend on the extent of 
adhered moisture and are most likely to occur at high humidity. The total interactive force 
between particles will be related to the contribution of each of these forces at any time and 
will be dependent on the properties of the material, powder processing and handling and 
the environment. Since the magnitude of these forces at any one time depends on the sur
face energy, area of contact and distance between particles, the total interactive force will 
be distributed.

The packing fraction of powders is the concentration of particles per volume of powder. 
If the particles are packed close to each other, then the packing fraction is high, and vice 
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versa. Also, the packing fraction is likely to vary in different domains of the powder matrix 
due to the processing history of powders such as the powder production and storage imme
diately after production.

Owing to the distributions of particle size, particle interactions and packing fraction, the 
powder matrix can be considered as a non‐homogeneous cohesive matrix of different 
micro‐domains. The distribution of the tensile strength of the micro‐domains of the cohe
sive matrix provides the cohesive powder structure. The de‐agglomeration is therefore 
related to the tensile strength distribution of the micro‐domains [29].

Several theoretical relationships have been determined to correlate the tensile strength of 
the cohesive matrix to various properties of the matrix. These theoretical relationships are 
shown in Table 13.2.

The equation proposed by Kendall and Stainton [34] has been used to calculate the rela
tionship between powder de‐agglomeration and tensile strength of powders. According to 
this equation, the tensile strength is related to the particle diameter, the packing of the 
cohesive powder bed and cohesive forces. Das et al. have proposed a method of calculating 
the powder strength distribution using a Monte Carlo simulation [29].

Figure 13.4 shows the tensile strength distribution and the aerosolization performance of 
two model drugs (Drug 1 and Drug 2). An excellent relation was found between tensile 
strength distributions and aerosolization behaviour of two model drugs. The difference in 
the tensile strength distribution is clearly seen in Figure 13.4a. The aerosolization of the 
two drugs was consistent with the tensile strength of the two model drugs, with the drug 
with the higher tensile strength showing a reduced aerosolization behaviour particularly at 
higher air flow rates used in the laser diffraction particle sizing of the aerosol plume.

Figure 13.3 Cohesive matrix of drug particles, prepared by milling or particle engineering 
approaches and showing a distribution of particle size, particle interaction and packing 
fraction
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13.9 Strategies to Improve De‐agglomeration

In order to improve de‐agglomeration, it is important to consider the factors affecting de‐
agglomeration and their manipulation to reduce tensile strength. According to the equation 
proposed by Kendall and Stainton [34], the tensile strength is affected by three factors: 
particle size, cohesive forces and packing fraction.

a. The tensile strength is inversely proportional to particle size. If we can increase particle 
size, keeping all others factors constant, the tensile strength will decrease, resulting in 

Table 13.2 Theoretical relationships found in the literature to relate tensile strength to 
properties of cohesive matrices (dp = particle diameter, φ = packing fraction, W = work of 
cohesion, σ = tensile strength, F = bonding force, k = coordination number, ε = void fraction, 
p = precompressive force, α = shape coefficient, ρ = density, L, L1, m, f and b are constants)
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improved de‐agglomeration. However, since the particle size needs to be between 1 and 
5 µm to enable efficient aerosolization and optimum phagocytosis by the AM, there is 
little scope of changing de‐agglomeration by manipulating particle size. It is also diffi
cult to produce size distributions of particles within that inhalable range that can offer a 
significant variation in aerosolization.

b. The tensile strength is directly proportional to work of cohesion. If we can decrease the 
cohesion between particles keeping all other factors constant, the tensile strength will 
decrease and consequently the de‐agglomeration will increase. Various strategies have 
been used to change the surface characteristics, including coating the particle using 
conventional coating technologies, intensive dry coating techniques [22] and particle 
engineering approaches. The aim of these technologies is to reduce the cohesive inter
action between particles in the particulate matrix, thus increasing aerosolization. 
Intensive dry coating or mechanofusion has been shown to be promising in this respect. 
Mechanofusion is a process of dry coating where a thin coat of guest particles is 
formed on host particles due to high shear mixing [22].

Spray drying of drug particles with hydrophobic and low‐cohesion material can pro
duce powders which will have low cohesiveness, and high flowability. Using spray 
drying techniques, the drug salbutamol sulfate (SS) was coated with different concen
trations of low‐cohesion leucine, and the coating of SS with around 10% leucine has 
shown significant increase in both emitted dose and fine‐particle fraction [35, 36]. In a 
recent study, Zhou et al. showed that co‐spray drying of the antibiotic colistin with 
rifampicin increased the drug delivery efficiency significantly [37].

c. Packing fraction: The packing fraction is the most dominating factor that can affect 
tensile strength and, therefore, de‐agglomeration as the tensile strength increases as the 
fourth power of packing fraction. In a study reported by Das et al. [38] the aerosoliza
tion behaviour of three lactoses was found to be different. The work of cohesion of the 
three powders was identical, particle sizes of cohesive fraction 5.4–14 µm were almost 
identical but they had significantly different packing fractions. This difference in pack
ing fraction was due to differing proportions and shapes of intermediate cohesive frac
tions (5.4–14 µm). This packing‐fraction difference contributed to the difference in 
tensile strengths and consequently their aerosolization [39].

13.10 DPI Formulations having High Aerosolization

High aerosolization efficiency of anti‐TB dry‐powder formulations was achieved by spray 
drying of drug alone. For example, fine‐particle fractions (FPFs) of around 83 and 68% were 
achieved with crystalline and amorphous forms of rifapentine, respectively, produced by 
spray drying [40]. In another study by Young et al., an FPF value of around 67% was attained 
when ciprofloxacin was dispersed by Orbital®, a multi‐dose inhaler tested by the group [41]. 
Son and McConville [42] developed an innovative spray drying method for producing respir
able rifampicin. They spray dried both rifampicin and rifampicin dihydrate after recrystalli
zation and reported 94% emitted dose (ED) and 50% FPF when rifampicin was dispersed 
using Handihaler. For rifampicin dihydrate, they reported 95 and 98% ED and 60 and 68% 
FPF determined using Handihaler and Aerolizer, respectively. High FPF values were also 
achieved with powders generated by spray drying and double emulsification. For example, 
ED and FPF were 57 and 55%, respectively, when isoniazid was spray dried alone [43].
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Co‐spray drying of two or more drugs often results in high FPF. For example, an ED of 
96% and FPF of 92% were reported when colistin was co‐spray dried with rifampicin [44]. 
Although the FPF was low (46%), around 89% ED was achieved for a spray dried triple 
combination of isoniazid, rifampicin and pyrazinamide [20].

The drug is often spray dried with a minimal amount of low‐cohesive excipient such as 
leucine to improve aerosolization. For example, the FPF of a rifapentine‐containing triple 
combination (rifapentine, moxifloxacin and pyrazinamide) increased from 56 to 64% when 
the combination was co‐spray dried with 10% leucine [21]. The drug co‐spray dried with 
dipalmitoylphosphatidylcholine (DPPC) has also shown an improvement in both ED and 
FPF, probably by reducing cohesiveness and powder density. For example, co‐spray drying 
of moxifloxacin with DPPC, and ofloxacin with DPPC, resulted in an ED of 86 and 97% 
where the FPF was 67 and 68%, respectively [45].

Co‐spray drying of drugs with mannitol has shown higher ED values although the FPF 
is not very high. For example, the ED was more than 90% for both tobramycin and azithro
mycin when each of them was co‐spray dried with mannitol, but their FPF was less than 
40% in each case [46]. This increase in ED was probably due to a change in shape to 
ball‐like structures.

Drugs co‐spray dried with biodegradable polymer have also shown improved effi
ciency. For example, rifampicin microparticles produced by spray drying and solvent 
evaporation with poly(lactic‐co‐glycolic acid) (PLGA) and leucine gave a FPF value of 
67% [47], while rifampicin flash frozen with PLGA and mannitol has shown FPF values 
of 54% [48].

The results of studies using particle engineering approaches are summarized in 
Table 13.3.

13.11 Devices for High Dose Delivery

While high aerosolization was achieved by some techniques, overcoming dose limitations 
is an important consideration. The majority of current DPIs were developed for delivering 
low doses of drugs especially for treating asthma and COPD. High dose delivery is usually 
achieved using a single‐dose reusable device rather than multi‐dose inhalers since multi‐
dose inhaler devices would need to contain large amounts of drug.

Research is ongoing to develop devices that can deliver high doses of drugs to the lung. 
Currently, TOBI® Podhaler™, which is a passive DPI, is used to deliver 28 mg of tobramy
cin from a capsule containing 45 mg of powder. In this case, to deliver a dose of 112 mg of 
powder, a patient needs to inhale drugs from four capsules [51]. The Twincer® has been 
shown to de‐agglomerate 25 mg of powder effectively while de Boer et al. suggest that this 
could be further optimized for 50 mg of powder [52,53]. A disposable device TwinCaps® 
DPI can be used to deliver a single dose of 40 mg of a long‐acting neuraminidase inhibitor, 
laninamivir (Inavir®), for the treatment of influenza [54]. Multiple inhalation techniques 
can be used to deliver a high dose. For example, multiple inhalations are required to inhale 
125 mg of colistimethate from the Colobreathe® Turbospin® device [55]. Using Orbital®, 
Young et al. showed that around 200 mg of powder can be delivered to patients in fewer 
than 10 inhalations [41].
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13.12 Future Considerations

The tensile‐strength distribution model has been found to be useful to explain de‐agglom
eration behaviour of some powders; however, it is a theoretical approach that has been 
developed based on a number of assumptions and does need to be applied in a broader way 
to compounds to ensure that it does have universal application. For example, mechano
fused powders have been shown to decrease the work of cohesion and tensile strength (as 
expected) due to the coating of the particles with thin layers of hydrophobic magnesium 
stearate. However, the packing fraction of mechanofused powders also has been found to 
increase. The resultant outcome of better aerosolization has resulted from a favourable 

Table 13.3 Spray dried formulations of anti‐TB drugs with high delivery efficiency

Drugs Formulations/Techniques Aerosolization References

Rifapentine Spray drying FPF 83% and 68% for 
crystalline and 
amorphous, respectively

[40]

Ciprofloxacin Spray drying FPF 67% [41]
Rifampicin Spray drying after 

recrystallization
ED 94% and FPF 50% 
using Handihaler

[42]

Rifampicin 
dihydrate

Spray drying after 
recrystallization

ED 95% and FPF 60% 
using Handihaler
ED 98% and FPF 68% 
using Aerolizer

[42]

Isoniazid Spray drying and double 
emulsification

ED 57% and FPF 55% [43]

Colistin + Rifampicin Spray drying ED 96% and FPF 92% [44]
Isoniazid +
Rifampicin +
Pyrazinamide

Spray drying ED 89% and FPF 46% [20]

Rifapentine + 
Moxifloxacin + 
Pyrazinamide

Spray drying with or 
without 10% leucine

FPF 64% and 56% with 
and without leucine, 
respectively

[21]

Isoniazid +
Rifabutin

Spray drying with 
poly(lactic acid) (L‐PLA)

FPF 79% [49]

Rifampicin Spray drying and solvent 
evaporation with PLGA 
nanoparticles and leucine

FPF 67% [47]

Rifampicin Flash frozen with PLGA 
and mannitol

FPF 54% [48]

Ciprofloxacin Spray drying with 50% 
mannitol

FPF 44% [50]

Tobramycin Spray drying with mannitol ED 97% and FPF 29% [46]
Azithromycin Spray drying with mannitol ED 92% and FPF 38% [46]
Moxifloxacin HCl Spray drying with DPPC ED 86% and FPF 67% [45]
Ofloxacin Spray drying with DPPC ED 97% and FPF 68% [45]
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balance between lower work of cohesion and increased packing fraction. It can be debated 
that the equation proposed by Kendall and Stainton [34] does not contain the complexity 
required for the comparison of two cohesive matrices of materials of different surface 
characteristics; thus, factors may need to be included in theoretical models to account for 
surface morphology and chemistry.

De‐agglomeration is a complex phenomenon, especially for multi‐drug cohesive matri
ces. It is vitally important to improve our understanding of de‐agglomeration mechanisms 
in order to understand and improve the de‐agglomeration capacity of powders, particularly 
high dose powders where the major mechanism of aerosolization is de‐agglomeration. 
Ongoing efforts need to be made to develop approaches to optimize strategies for better 
aerosolization.

There are a number of delivery challenges for drugs in the treatment of tuberculosis. 
First, in order to ensure an effective balance between drug dissolution to produce high local 
concentrations of drug and drug particle AM uptake to deliver drug to the MTb within the 
AMs and granulomas, the influence of size, shape and surface of particles on macrophages 
uptake versus dissolution should be established.

Secondly, an understanding of the drug‐deposition patterns of high dose and thus high‐
density aerosol plumes in the lung and their subsequent implications are important, particu
larly in understanding the dissolution of drugs. For example, deposition of single or 
multi‐particles of drugs onto the alveolar surface could influence the mechanism and rate 
of dissolution and thus the drug’s distribution, absorption and toxicity in the lung.

Finally, dissolution mechanisms of drugs in the lung are not clear and require further 
research. For example, the role of lung surfactant on the dissolution of drugs may be a major 
factor on the wetting of solids, as well as the mechanism and rate of dissolution and reten
tion of drugs in the lung through incorporation in the liquid crystalline nanostructures.
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14.1 Introduction

In this chapter we will discuss the general question of if and how respirable bacteriophages 
could be used therapeutically for tuberculosis infections. These concepts remain largely 
hypothetical in that there are few animal studies and no human trials to our knowledge that 
have addressed the potential efficacy of phage therapy for human tuberculosis. Nonetheless, 
with the ongoing accumulation of clinically prevalent antibiotic‐resistant strains of 
Mycobacterium tuberculosis and the difficulties encountered in treating patients with mul-
tidrug‐ and extensively drug‐resistant strains, alternative therapies warrant consideration. 
Here we review basic aspects of bacteriophages, consider the availability and features of 
mycobacteriophages with therapeutic potential, and consider ways in which these phages 
might be manufactured and delivered as an inhaled pharmaceutical aerosol.

14.1.1 Bacteriophages

Bacteriophages are viruses that infect bacterial hosts. They are near ubiquitous and phages 
have been identified for most bacterial hosts for which they have been looked for. Their 
host‐range – the variety of bacterial hosts they productively infect – differs for each phage 
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isolate, but is typically narrow, sometimes constrained to one or a few strains within a 
 bacterial species [1] Others have broader host‐ranges and may infect more than one host 
species within the same genus. It is relatively unusual for phages to infect hosts within 
more than one genus. This typically occurs only when the genera are very closely related. 
Here we will discuss the mycobacteriophages, which are bacteriophages that infect hosts 
such as Mycobacterium smegmatis and Mycobacterium tuberculosis. Some mycobacterio-
phages infect only some substrains of M. smegmatis, whereas others infect both M. smeg-
matis and M. tuberculosis [2, 3]. None of these mycobacteriophages are known to infect 
hosts in other bacterial genera [4].

Bacteriophages are typically rather simple compared with their hosts. There are a variety 
of different virion morphologies, but the Caudovirales are the most abundant type, with an 
icosahedral capsid (head) containing the double‐stranded DNA (dsDNA) genome and a tail 
(Figure 14.1).

There are three main morphological families within this order, the Siphoviridae, the 
Myoviridae, and the Podoviridae, which differ in their tail type: long flexible non‐contractile, 
contractile, and short stubby tails, respectively. All of the mycobacteriophages are in these 
first two subtypes [5]. Host specificity is conferred largely by the components at the tip of 
the tail, which are responsible for adsorption to the host and host recognition, which must 
occur prior to the irreversible decision to trigger DNA infection [3]. Once activated, DNA 
passes out of the capsid, through the tail, through the host wall and membrane and into the 
cytoplasm of the bacterium; the protein coat remains on the outside of the cell and serves 
no further purpose in phage replication.

Figure 14.1 Electron micrograph of mycobacteriophage D29. Phage D29 has a head 55 nm 
wide and a flexible non‐contractile tail 130 nm long. It is typical of phages with siphoviral 
morphologies that are common among the mycobacteriophages
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The plaque assay is a common method used for de novo phage isolation, for quantifying 
phage lysates, determining host‐range, and gaining insights into viral life cycles. When a 
phage sample is mixed with host cells, plated on solid media with a soft agar overlay, and 
incubated, visible plaques are observed on the bacterial lawn where a single phage particle 
infected a host cell and then amplified through a series of infections until the bacterial 
lawn stopped growing (Figure 14.2a). Because each plaque is derived from a single parti-
cle, the number of plaques, the dilution factor, and the amount spotted enables simple 
calculation of the concentration of the initial phage sample (i.e., its titer), which can be 
expressed as plaque‐forming units per milliliter (pfu/ml). The total number of particles in 
a plaque varies substantially, but can be up to 5 × 108 pfu [6], reflecting multiple rounds 
of replication where the burst size (the average number of particles released for each 
infected cell) is typically 30–200 pfu. A related assay is a phage spot test in which a soft 
agar overlay containing bacteria is prepared on solid media, onto which 5–10 μl phage 
samples are added, allowed to dry, and then incubated until the bacterial lawn is formed 
(Figure 14.2b). This is convenient as many different spots can be added to a single Petri 
plate, and the titer of a lysate can be determined by spotting serial dilutions that span a 
wide range of phage concentrations. This is an easy way to examine the plaque morpho-
types as the infected areas of the spots can be easier to evaluate than can individual 
plaques. In Figure 14.2b the turbid plaque morphotype (top row) associated with a temper-
ate life style (see below) is easily distinguishable from clear plaque morphotypes (second 
and third rows, Figure 14.2b) of lytic phages. The phage in the bottom row of Figure 14.2b 
forms plaques that are intermediate between the two extreme phenotypes and may form 
lysogens at low frequency (see below).

(a) (b)

Figure 14.2 (a) A plaque assay showing individual phage plaques growing on a lawn of 
M. smegmatis. (b) A phage spot test in which four different phage samples were serially diluted 
10‐fold and 5 µl of each dilution spotted onto a lawn of M. smegmatis (with most concentrated 
to least concentrated going left to right). The phage in the top row is temperate and forms 
turbid plaques; the phages in the second and third rows are clear and grow lytically; the phage 
in the fourth row forms lightly turbid plaques and may form lysogens at low frequency
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Bacteriophages can be broadly classified as being either lytic or temperate. Lytic phages 
usually pursue a single pathway once the DNA is inside the cell. Early genes are expressed 
and some of these may participate with host enzymes to replicate phage DNA. There are 
numerous different ways in which they do so; for example, some phages encode their own 
DNA polymerase, whereas others utilize a host polymerase [7]. Late genes (typically 
20–25) are then expressed, which are primarily involved in virion structure and assembly, 
and capsid and tail substructures are assembled. The newly replicated genomes are then 
packaged into the heads and the tails attached to form mature particles. The cell then lyses 
to release the progeny phage.

Temperate phages are fully capable of lytic growth, but have access to a different out-
come of infection. Once the DNA is inside the cell, an alternative pathway (lysogeny) 
can be chosen, in which early expression and accumulation of a repressor protein shuts 
down lytic gene expression. Usually (but not always), the phage DNA is integrated site‐
specifically into the host chromosome, and constant repressor expression is required for 
maintenance of the lysogenic state. Lysogenic bacteria are stable but integrated prophages 
are capable of induction into lytic growth, either spontaneously or in response to environ-
mental changes (such as ultraviolet radiation). Temperate phages can be distinguished 
from lytic phages in that they form turbid rather than clear plaques (Figure 14.2). Phages 
forming clear plaques undergo only lytic growth resulting in phage amplification and cell 
death, whereas temperate phages form turbid plaques in which a subset of cells form 
lysogens which continue to grow, while a majority of infected cells undergo lytic growth. 
The proportion of temperate phage infections that yield lysogeny varies among phages 
and with environmental conditions [including multiplicity of infection (m.o.i.), the aver-
age number of infecting viral particles per host cell], but is typically 5–20% of the cells. 
Lysogens can be readily identified by their immunity to superinfection by the same 
phage, and their ability to spontaneously release phage particles into the culture superna-
tant. Genomic analysis shows that most sequenced bacterial genomes contain one or 
more (and sometimes many) prophages.

14.1.2 Mycobacteriophages

A large number of mycobacteriophages have been isolated using M. smegmatis as a host 
(http://phagesdb.org), in addition to those phages isolated previously for strain‐typing pur-
poses. Complete genome sequences have been determined for about 800 of these, reveal-
ing substantial genetic diversity. Using nucleotide‐sequence similarity and gene‐content 
profiles these phages can be grouped into about 20 clusters of related genomes, and nine 
singletons that have no close relatives. Many of the clusters encompass substantial diver-
sity and can be divided further into subclusters [4]. These phage genomes have provided 
numerous insights into phage diversity and viral evolution, gene regulation, novel gene 
functions, and tools for tuberculosis genetics (for recent reviews see [4, 5, 8]). We will 
focus here on aspects relevant to the control of tuberculosis.

There is a strong correlation between the ability of these phages to infect M. tuberculosis 
and their genomic type. For example, there are phages within all five Cluster K subclusters 
(including TM4) [3, 9] and in subclusters A2 and A3 (including phages L5 and D29) [3, 10, 
11] that infect M. tuberculosis efficiently. Other mycobacteriophages either don’t infect 
M. tuberculosis or do so at very low plating efficiencies (i.e., the phage titer is substantially 
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lower than it is on M. smegmatis). It is notable that most phages within Cluster G do not 
efficiently infect M. tuberculosis; however, mutants, detected at a frequency of about 10−5, 
can efficiently infect M. tuberculosis [12]. When isolated and purified, these mutants infect 
M. smegmatis and M. tuberculosis with equal efficiencies. Their mutations are within a 
putative tail fiber gene [3].

Interestingly, phages of Clusters A2, A3, K and G are temperate or are likely recent 
lytic derivatives of temperate parents, a relevant feature as lytic phages are anticipated to 
be the most useful in therapeutic applications. Phage D29 (subcluster A2), for example, is 
one of the most lytic phages against both M. tuberculosis and M. smegmatis, and is a 
derivative of a temperate parent due to a large deletion removing the repressor gene [11]. 
It retains a functional integration system [13] and can form lysogens in the presence of the 
repressor of the related phage, L5 [11, 14]. Another commonly used phage, TM4, is a 
subcluster K2 isolate that has lost both its repressor and its integration functions [9], 
although it does not kill its host as efficiently as does D29. Genetic manipulation of 
another Cluster K phage, Adephagia, by targeted removal of its integrase and repressor 
genes, generates a derivative that kills both M. tuberculosis and M. smegmatis as effi-
ciently as does D29 (Zaritza Petrova, Gregory Broussard and G.F. Hatfull, unpublished 
observations). Cluster G phages form lysogens at relatively low efficiencies and employ a 
novel integration‐dependent immunity system [15, 16], but lytic variants capable of 
infecting M. tuberculosis have been isolated (Zaritza Petrova, Gregory Broussard and G.F. 
Hatfull, unpublished observations). Finally, phage DS6A is the only phage that is known 
to be specific for infection of M. tuberculosis complex strains and which does not infect 
M. smegmatis [17, 18]. It does not appear to form stable lysogens, but does encode an 
integration system [19].

Rather little is known about why mycobacteriophages of other genomic types do not 
infect M. tuberculosis. A likely explanation for many phages is the lack of a suitable recep-
tor, and it has been shown that although phage Giles cannot infect M. tuberculosis, it can 
convert electroporated DNA into particles that can then be propagated on M. smegmatis 
[6]. Other possible explanations are the presence of restriction‐modification systems, or 
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) systems. However, 
there is no evidence for an active restriction‐modification system in M. tuberculosis, and 
although M. tuberculosis contains CRISPR‐like sequences, they lack any close similarity 
to known mycobacteriophage sequences that would be required to confer protection from 
infection. Understanding the determinants of host‐range is likely to be helpful in engineer-
ing phages so that they can efficiently infect and kill M. tuberculosis.

Phage resistance is an important concern in any therapeutic application, and little is also 
known about mechanisms of resistance to phage infection of M. tuberculosis. Spontaneous 
D29‐resistant mutants of M. smegmatis can be readily isolated, appearing as small colonies 
on solid media seeded with phage particles. However, they grow poorly in the presence of 
D29 and are genetically unstable, losing resistance after being grown in the absence of 
phage. Interestingly, overexpression of a wild‐type chromosomal gene, mpr, confers high 
levels of D29 resistance apparently by interference of productive DNA injection [20, 21]. 
Overexpression of mpr confers resistance specifically for D29 and its A2 subcluster rela-
tive L5, but not to Bxb1 (subcluster A1), TM4 (K2), or I3 (C). Mutants resistant to Cluster 
G and K phages have been isolated but are not yet well characterized, and cross‐resistance 
patterns have yet to be determined.
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14.1.3 Mycobacterium tuberculosis as a Host for Phage Infection in vivo

Genome sequences of a broad array of mycobacterial species have been sequenced along 
with many individual strains of M. tuberculosis. Several of these (e.g., M. ulcerans, 
M.  avium) clearly harbour full‐length intact prophages, but not M. tuberculosis. When 
M.  tuberculosis H37Rv was first sequenced no full‐length prophages were identified, 
although it contains two ~10 kbp prophage‐like elements, ϕRv1 and ϕRv2 [22, 23]; most 
other M. tuberculosis strains contain either one or both of these. Although they encode 
phage functions such as a capsid and an active integrase [24, 25], particles containing their 
DNA have not been described and they are not known to play any role in virulence.

M. tuberculosis lives in very restricted environments such as in macrophages and in 
granulomas. There is no known reservoir outside humans, and thus the question arises as 
to whether M. tuberculosis is exposed to phages in the natural environment. A couple of 
lines of evidence suggest that it is, or at least has been until recently in its evolutionary 
history. First, M. tuberculosis strains have considerable variation among the CRISPR spac-
ers (making them suitable for strain identification by spoligotyping [26]). CRISPRs play 
well‐defined roles in preventing introduction of foreign DNA, including protection from 
phage infection. Second, M. tuberculosis contains an unusually large number of toxin–
antitoxin (TA) systems. TA systems have been implemented in phage resistance through 
abortive infection [27, 28]. Therefore, it is plausible that they serve similar functions in 
M. tuberculosis.

14.1.4 Mycobacteriophages and TB Diagnosis

Mycobacteriophages have proven useful in several potential applications for tuberculosis 
(TB) diagnosis and drug‐susceptibility testing. One application is phage typing, which was 
explored extensively beginning in the 1950s. In phage typing, panels of phages are identified 
with specific host‐ranges that enable identification of M. tuberculosis [29]. A second appli-
cation is the phage‐amplification assay [30], which has been commercialized and exten-
sively evaluated as the FASTPlaqueTB assay [31, 32]. A third application is the use of 
recombinant reporter mycobacteriophages. In this approach, phages carrying a reporter gene 
such as firefly luciferase or a fluorescent protein gene infect a clinical specimen that can be 
readily monitored, allowing drug susceptibilities to be determined empirically [33–35]. 
Clinical evaluation shows considerable promise for these diagnostic strategies [36, 37].

14.2 Treatment or Prevention of Tuberculosis Using Phage‐based Agents

14.2.1 Bacteriophages as Therapeutic Agents

The concept of employing phages therapeutically as antimicrobial agents is certainly not a 
new one, and emerged from the pioneering work of d’Herelle almost a hundred years ago 
[38]. Major phage therapy programmes were developed in the former Soviet states and 
Poland, often with the view of developing patient‐specific therapies targeted towards a 
specific pathogenic strain. There has been a much renewed interest in these applications in 
western countries, and a variety of phage applications have been developed and approved 
for use, including phage cocktails for controlling Escherichia coli and Listeria infections 
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in meat products [39]. Numerous human therapeutic trials have been initiated or proposed 
and hopefully outcomes and approval will be resolved in the coming years. However, Food 
and Drug Administration (FDA) approval within the US requires consideration of numer-
ous facets not encountered with approval of standard antibiotics. First, if viable phage 
particles are used therapeutically, then growth and amplification of phage numbers is 
expected, and while this ought to be therapeutically beneficial, it incorporates the possibil-
ity that mutant derivatives can arise that would have different – and unpredictable – proper-
ties from the ‘approved’ starting material. These issues are not dissimilar to those arising 
with the use of live attenuated viral vaccines, such as Influenza virus vaccines. Second, 
phage resistance is to be anticipated, although it can be countered by the use of phage cock-
tails in which the constituent phages do not share resistant mechanisms – i.e., selection for 
resistance to one phage in the cocktail does not give rise to resistance to other phages in the 
cocktail. Third, many phages are known to encode toxins and other potentially harmful 
products, as well as many genes of unknown (and thus potentially harmful) functions. 
Finally, there is the potential concern of endotoxins present in the host being released as a 
consequence of phage‐mediated lysis, giving rise to a Jarisch–Herxheimer reaction [40]. 
These issues, along with validation of routes of infection, dosage, and pharmacokinetics, 
necessarily require substantial investment into a potential new phage drug, notwithstanding 
the apparent simplicity, presumed low toxicity, and general abundance of bacteriophages.

14.2.2 Prospects for Using Mycobacteriophages for Therapy or TB Prevention

The increase in prevalence of multi‐drug‐resistant (MDR) and extensively drug‐resistant 
(XDR) strains necessitates the discovery of new antibiotics and consideration of alternative 
therapies. The therapeutic use of phages has been postulated, but their prospects may be 
brighter for prophylaxis than for treatment [41]. Prophylactic interruption of transmission 
is attractive in that inhaled bacteria should be accessible to the phage and only small num-
bers of bacteria need to be eliminated. Thus, a sufficiently high multiplicity of infection 
(m.o.i.) should be achievable. Moreover, phage resistance ought to be rare due to the low 
quantity of bacteria present. Phage treatment of an existing infection is complicated by 
access concerns, as many of the bacilli are within macrophages or walled off in granulo-
mas. Nonetheless, it is plausible that a phage application in the late stages of infection, 
where there are substantial extracellular bacteria, could help to extend the effectiveness and 
timeframe of other treatments. Unfortunately, there are few suitable model organisms for 
evaluating this potential, although one study has demonstrated the effectiveness of phages 
in treating guinea pigs [42]. We note that combinations of phages and antibiotics have been 
tested for other infections such as by Pseudomonas aeruginosa [43].

A plausible approach to optimize phage delivery to in vivo mycobacterial targets is to 
use a surrogate host for delivery [44]. For example, application of M. smegmatis cells 
infected with phage TM4 to macrophages infected with M. tuberculosis resulted in signifi-
cant reductions in intracellular bacteria. The clinical applicability of such an approach has 
yet to be evaluated. A related approach might be to use an inducible lysogen that enters 
lytic growth in an infected macrophage. If such as phage could be engineered then it would 
simplify delivery to the site of infection, and operate such as to induce lytic growth in 
infected macrophages, leading to death of the lysogen and release of large numbers of 
phage particles that would then infect and kill any residue mycobacterial cells. In such 



284 Drug Delivery Systems for Tuberculosis Prevention and Treatment

scenarios it is critical that the surrogate bacterial host does not cause disease or any adverse 
host responses.

Phage components may also have potential for TB therapy. They lack the ability to rep-
licate and amplify during therapy, which may negatively impact efficacy while simplifying 
regulatory concerns. Following advances in other infectious diseases, there are two obvi-
ous approaches. One is the development of pyocins – naturally occurring phage tail‐like 
structures with antimicrobial activity – with the capability of infecting M. tuberculosis. 
These have been developed for Clostridium difficile and Escherichia coli [45, 46] and 
could plausibly be developed for M. tuberculosis, taking advantage of the considerable 
mycobacteriophage genome‐sequence information available. The second is the potential to 
use phage‐encoded lysis proteins (endolysins) to promote killing by exogenous addition, 
as demonstrated for pneumococcal, streptococcal and Bacillus anthracis infections [47–
50]. Although mycobacteriophages encode similar endolysins that cleave peptidoglycan 
[51, 52], their utility in exogenous addition is questionable because of the mycobacterial 
outer membrane protecting the peptidoglycan. The mycobacteriophages are unusual in 
encoding a second lysis protein (Lysin B) that cleaves the linkage of the mycolic acid outer 
later to the cell wall and may have therapeutic potential [53, 54].

14.3 Selection of Mycobacteriophages

What mycobacteriophages might be used for therapeutic or prophylactic applications? As 
noted above, a large collection of sequenced mycobacteriophages are available, although 
only some of these infect M. tuberculosis. Moreover, these belong to just a few genomic 
types, each of which is anticipated to use similar adsorption and infection mechanisms and 
thus be subject to similar resistance mechanisms. Whether developing a therapeutic or 
prophylactic application, it is desirable to use cocktails of at least three different phages for 
which cross‐resistance is not common. Plausible candidates are D29 (Cluster A2), a lytic 
mutant of Adephagia (Cluster K), DS6A, and perhaps a Cluster G phage such as BPs, 
although their cross‐resistance patterns are not yet established. With the exception of DS6A 
all of these phages can be propagated on M. smegmatis, avoiding the slow growth and 
pathogenicity of M. tuberculosis. Although the narrow host range of DS6A, which is 
restricted to M. tuberculosis‐complex hosts, makes it attractive from a therapeutic perspec-
tive, it also severely complicates its laboratory propagation for clinical use.

Additional phages could likely be isolated using M. tuberculosis as a host, and screening 
patient samples. This is not simple, however, because of the slow growth of M. tuberculosis 
and the challenges in screening large number of patient samples. An alternative approach 
is to isolate and characterize phages of other mycobacterial hosts, in the expectation that 
clusters of phages related but distinct from those infecting M. smegmatis will be recovered, 
of which a new subset may infect M. tuberculosis. Regardless of the approach used, addi-
tional phages are clearly needed to construct cocktails with desirable efficacy for which 
emerging resistance is not an impediment.

A further question is whether to use naturally occurring isolates, or engineered deriva-
tives that have advantageous features. Genetic manipulation of mycobacteriophages can be 
accomplished either using a shuttle phasmid strategy [55] using chimeric vectors that rep-
licate as plasmids in Escherichia coli and as phages in mycobacteria, or by Bacteriophage 
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Recombineering of Electroporated DNA (BRED) [56, 57], such that constructing recombi-
nant derivatives of many phages is reasonably simple; others may be intractable to these 
methods due to genome size. The number of different types of recombinants that could 
be constructed is large, and includes the possibility of introducing genes that modulate the 
host response, or which alter antibiotic‐resistance profiles. In practice, the most direct route 
towards an approved therapy for TB would likely involve naturally occurring phages, with 
examination of recombinants as a subsequent developmental stage.

Little is known about the suitability of extant phages for rapid, simple, and inexpensive 
propagation coupled with reliable stability during storage and use, as well as safety. Most 
mycobacteriophages can be readily amplified using solid media with a simple composition, 
but not all phages amplify efficiently in liquid media under standard conditions. Liquid 
growth is, however, the most attractive method for propagating large quantities of phages 
for clinical evaluation, and thus warrants further evaluation and optimization for therapeu-
tic candidates. Anecdotally, stability is also somewhat phage dependent, with some phage 
lysates suffering little or no loss of titer when stored at 4 °C, and others suffering dramatic 
losses in titer after storage for only relatively short periods of time. Addition of divalent 
cations (Mg2+ and Ca2+ in particular), gelatin, and other additives may improve stability 
when stored at 4 °C, and phage stocks can be stored for long periods if frozen in the 
presence of a protectorant [such as dimethyl sulfoxide (DMSO)].

14.4 Respiratory Drug Delivery of Phages

Tuberculosis remains in a latent, intracellular state in the majority of infected individuals. 
Latent tuberculosis is underdiagnosed and access to the pathogen requires transport of the 
therapeutic agent across a cell wall. From a standpoint of long‐term global disease control 
it is also worthwhile to reduce TB prevalence by preventing transmission. Tubercle bacilli 
are transmitted mainly via the aerosol route from an individual with active pulmonary 
tuberculosis, causing a primary infection within the lungs of the exposed individual [58]. 
While tuberculosis in general is a multisystemic disease with extrapulmonary manifesta-
tions, both the origin and target of infecting bacilli are located in the lungs. Hence, it may 
be advantageous to control transmission by respiratory delivery of mycobacteriophages, 
with the intent to render patients with active TB non‐contagious or reduce susceptibility to 
infection in a prophylactic mode, especially in cases where traditional treatment options 
fail due to drug resistance.

To our knowledge, mycobacteriophage therapy in humans has not been reported and in 
vivo studies in rodents have produced mixed results [59, 60]. A factor in the limited success 
of in‐vivo work may be the inability of the phages, which were administered by injection 
[44, 61], to reach intracellular bacteria in sufficient numbers. Work related to inhalation of 
mycobacteriophages is very limited: Liu et al. aerosolized phage D29 using a six‐jet 
Collison nebulizer and collected viable phages from the aerosol in various collection media 
[62], albeit with a severe 2 to 3 log

10
 loss relative to the initial titer in the phage suspension 

[63]. Hence, a discussion on the feasibility of delivering mycobacteriophages by inhalation 
must be based on existing work utlizing similar phages. Known mycobacteriophages 
belong to the order Caudovirales, i.e., they are tailed phages with dsDNA genomes, and are 
either myoviruses or siphoviruses [41].
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Options for phage delivery include nebulizers, dry‐powder inhalers (DPIs), and poten-
tially pressurized metered‐dose inhalers (MDIs) as shown in Figure 14.3.

Nebulizers have been a popular choice for early phage‐inhalation studies because they 
require only limited formulation development and can provide a fine aerosol suitable 
for efficient delivery to the lung at low inhalation flow rates. Most nebulizer types can 
aerosolize suspensions and accept phage preparations without much further preparation. 
Golshahi et al. successfully aerosolized a Burkholderia cepacia specific Myoviridae 
phage, KS4‐M, using a compressor‐driven air jet nebulizer or, alternatively, a vibrating 
mesh nebulizer [64]. The results of this in‐vitro study demonstrated that this phage could 
be nebulized with less than 1 log

10
 titer loss, regardless of the nebulizer used. Both devices 

were capable of delivering a high lung dose on the order of 107 pfu within a few minutes 
of nebulization time. Recently this group demonstrated efficacy of respiratory phage ther-
apy in Burkholderia cepacia complex infections in a mouse model, delivering several 
Myoviridae phages to the animals via a nose‐only inhalation device in combination with 
a jet nebulizer [65]. This study also showed a clear advantage of respiratory phage deliv-
ery over administration by an intraperitoneal route. While these results are encouraging, 
alternatives to nebulizers should be considered, because nebulizers are comparatively 
expensive, require considerable training for care‐givers and patients, or need a developed 
infrastructure with access to electricity or suitable supplies for cleaning and disinfection. 
For tuberculosis which affects primarily patients in resource‐poor settings, simpler inhala-
tion devices are preferable.

There are several options for processing phages into a dry powder suitable for delivery 
from a DPI. Lyophilization is a standard technique for conversion of biologics, including 
phages [66], into dry forms. It is a recommended method for the long‐term preservation of 
phage stock [67] and storage stability (less than 1 log

10
 titer loss over 2.5 years) of many 

MDI
Large particles

Fine particles

DPI

Nebulizer

Figure 14.3 Device options for respiratory delivery of bacteriophages
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freeze‐dried mycobacteriophages has been demonstrated [68]. In a systematic study [69] 
on several stabilizing excipients, sucrose and trehalose were found to be most successful in 
preserving Myoviridae phage Interspaced Short Palindromes during freeze drying with a 
combined processing loss and loss on storage (for 37 months at 4 °C) of less than 1 log

10
. 

Before it can be used in a DPI the freeze‐dried material must be micronized to a respirable 
particle size. Golshahi et al. lyophilized phage KS4‐M and a giant Myoviridae phage spe-
cific to Pseudomonas aeruginosa, ΦKZ, with lactose and lactoferrin, reporting a titer loss 
upon processing of 2 log

10
 and 1 log

10
, respectively [70]. Subsequent milling in a mixer mill 

did not damage the dried phages. In vitro lung doses of 106 to 107 pfu were achieved with 
an inexpensive, capsule‐based DPI (Aerolizer®) at an inhalation flow rate of 60 l/min [70].

A second option for processing phages into dry powders has been investigated: spray 
drying. Myoviridae phages KS4‐M, KS14 and ΦKZ were atomized using a vibrating mesh 
atomizer and then dried in a process that was optimized for low thermal stress [71]. 
Individual phages and also phage cocktails were formulated with the stabilizing excipients 
trehalose, and optionally casein sodium salt or surfactants, and leucine as a dispersibility 
enhancer. Phages were processed with low titer loss (0.4–0.8 log

10
) into a highly respirable 

powder whose aerosol performance when delivered from a simple dry‐powder inhaler 
(Aerolizer®) was better than that of most commercial inhalation products. In vitro lung 
doses between 107 to 108 pfu were achieved, matching or exceeding that of nebulizer deliv-
ery. Vandenheuvel et  al. confirmed that trehalose is effective as a desiccoprotectant for 
phages and also demonstrated the feasibility of spray drying phages with a twin‐fluid atom-
izer [72]. However, those authors found markedly lower process loss for a Podoviridae 
phage (LUZ19) compared with Pseudomonas phage Romulus, a myovirus, indicating that 
manufacturability may be phage specific. In a subsequent study those authors investigated 
storage stability of phages spray‐dried with trehalose as a glass stabilizer. They found an 
acceptable titer loss after one year in refrigerated storage [73]. Their results on room tem-
perature stability are inconclusive, because the stability study was apparently performed 
without moisture protection, which may cause over‐drying for storage at dry conditions 
and excessive moisture uptake and subsequent crystallization of the stabilizer upon expo-
sure even to moderate relative humidity. Both effects are known to have a detrimental effect 
on glass‐stabilized biologics. In summary, first studies on the feasibility of spray drying 
bacteriophages have yielded promising results, but more work, especially with mycobacte-
riophages, is necessary to find suitable processes and formulations.

MDIs have several characteristics that make them very attractive candidates for use in 
tuberculosis intervention. MDIs can hold several hundred individual doses in a single can-
ister and are low‐cost devices, reducing the device cost for a single administration to less 
than 10 cents for a generic product. MDIs also have excellent environmental protection and 
can be used by minimally trained personnel. MDIs are compatible with highly potent drugs 
with therapeutic doses of less than 1 mg. In this context it is instructive to convert a typical 
phage lung dose of 108 pfu to an equivalent drug mass: assuming that a single phage has a 
mass on the order of a few femtograms, it follows that the infectious phage mass required 
for delivery is only of the order of 0.1 µg. Hence, phage therapeutics are highly potent and, 
therefore, are well suited to the dose‐range capabilities of MDIs.

Experience with phages in MDIs is very limited, but studies on related biological mate-
rial can provide indirect evidence for the feasibility of phage delivery from propellant‐
based delivery devices. DNA formulated into chitosan nanoparticles did not lose its 
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transfection efficiency after six weeks of storage in propellant HFA 227ea at room 
 temperature [74]. Freeze‐dried, DNA‐loaded microemulsions were dispersed in an HFA 
134a–ethanol mixture and maintained transfection efficiency after aerosolization using 
standard MDI container closure components [75]. These studies indicate that biological 
functionality of DNA is preserved upon contact with typical medicinal propellants. Proteins 
also seem to be compatible with propellants as shown, for example, for lysozyme in HFA 
134a and HFA 227ea [76] and insulin in HFA 134a [77]. Recently, bacteriophages were 
successfully actuated from an MDI with a titer loss of less than 1 log

10
 [78]. In this study 

ΦKZ/D3 and KS4‐M phages were aerosolized in the form of a reverse aqueous emulsion 
in HFA 134a. The results show that Myoviridae phages can tolerate the shear stresses asso-
ciated with flash atomization in MDIs.

14.5 Summary and Outlook

Antibiotic‐resistant bacterial infections could become a yet more severe threat to global 
health in coming decades, with the emergence of extensively drug‐resistant tuberculosis as 
a prime example. It is questionable whether the development of small‐molecule antibiotics 
can keep pace with the rate at which bacteria become resistant to them. Bacteriophages 
have many advantages that make them worthwhile candidates in the search for alternative 
antibiotics. Our understanding of phage biology and methods of genetic manipulation have 
advanced tremendously in recent years. Selection of suitable phages based on an under-
standing of their genomes or even design of useful phage components and use of vectors 
for targeted delivery for therapy or prophylaxis or both is within reach. Hoverer, many 
aspects of phage‐based products, concerning areas of safety, efficacy, manufacturability, 
preferred delivery route, regulatory framework, and economics are still unclear. Given the 
potential utility of inhaled phages as a specific and very potent intervention against multi‐
drug‐resistant pulmonary bacteria, including tuberculosis, it appears reasonable to inten-
sify efforts to assess and develop this alternative.
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15.1 Introduction

Since the early 1800s when preparations of cowpox were used to vaccinate people against 
smallpox, vaccines have evolved in parallel as our understanding of molecular and cellular 
biology has advanced. In the last decade, the field of genomics has quite literally exploded 
and along with that DNA‐based vaccines have also progressed and moved into clinical 
t rials [1]. RNA has traditionally been the “black box” of molecular biology however, and our 
understanding of the complex structure–function of RNA molecules in cells and tissues is 
only recently becoming more complete. In perhaps the broadest definition of a vaccine listed 
within the Merriam‐Webster dictionary “medical: a substance that is usually injected into a 
person or animal to protect against a particular disease”. There is thus no reason RNA cannot be 
considered as a vaccine. In this treatise we discuss the effects of nanoparticles on the structure, 
function and delivery of RNA as relevant to the progression of RNA‐based vaccines.

15.2 Nanoparticles

Today nanoparticles have been prepared or synthesized chemically from almost every 
element in Mendeleev’s periodic chart. The early biomedical nanotechnology literature 
was dominated by gold nanoparticles because of the long held belief that gold is 
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biologically inert. It is clear that unfunctionalized gold nanoparticles do enter cells [2]; 
however, ironically gold is not naturally present in cells and tissues nor does it naturally 
interact with RNA and thus as we reviewed in 2010, gold nanoparticles must be surface‐
functionalized in order to bind RNA for RNA delivery [3]. In cells and tissues, RNA–
protein interactions are well‐known to be stabilized by manganese [4], and thus our group 
and two others were the first to report manganese‐based nanoparticles for intracellular 
association and delivery [5–7]. The manganese(II) oxide nanorods we used had a negative 
surface charge or zeta potential so to induce RNA to bind, we first had to coat their surface 
with poly(amidoamine) (PAMAM) dendrimer [7] and the other groups similarly used other 
cationic delivery‐enhancing polymers for the same purpose [5, 6]. More recently, using 
Raman spectroscopy characterization, we have observed a weak interaction between zinc 
oxide (ZnO) nanoparticle and ATP, one of the simplest model RNA molecules [8]. Thus we 
are currently exploring alternative nucleic acid or nanoparticle chemistries to improve 
RNA interaction and delivery.

15.3 RNA Nanoparticle Vaccines

In theory, therefore, delivery of an RNA molecule into an antigen presentation cell (APC) 
or another cell of the immune system by a nanoparticle or conjugate could be considered a 
type of vaccine approach. The typical understanding of a vaccine is that an effective 
b iological response from the injected substance triggers an antibody response. However, a 
cell‐mediated response is also desirable in many cases. Historically, the identification of 
various sequence‐specific restriction endonucleases permitted molecular cloning and the 
insertion and expression of antigen‐encoding sequences in cells after delivery of the DNA 
vector. As mentioned previously, with the ramp up of molecular cloning came the explo-
sion in the field of genomics which was mostly DNA‐centric and hence DNA vaccines 
came out in front of RNA vaccines. Today, however, in vitro RNA expression and purifica-
tion technology has advanced considerably. This has enabled the production of RNA at a 
large enough scale to support bench characterization, as well as cell and animal studies on 
a single batch necessary to support pre‐clinical and clinical testing. Indeed, RNA mole-
cules containing an appropriate 5’ untranslated region (5’‐UTR), 3’ untranslated region 
and poly A tail can be engineered such that the RNA molecule itself can be the agent that 
gets delivered and expressed in cells. This has several important advantages. Perhaps the 
most important of these is that if stability of the RNA and delivery into an appropriate cell 
can be ensured, the other main obstacles associated with DNA vaccines can be completely 
avoided. Thus, for example, nuclear delivery and entry through the nuclear membrane is 
completely unnecessary. Further, replication and transcription steps can be by‐passed alto-
gether and are no longer required, since an appropriate RNA vector will be translatable in 
the cytosol where it has been delivered. This greatly simplifies the delivery process. RNA 
vaccines also have important safety advantages over DNA vaccines. In fact this safety 
advantage may be the single most attractive feature or selling point for RNA vaccines. Here 
issues that have hindered DNA vaccines, such as integration, auto‐immunity, low immuno-
genicity and others, are completely avoided as well. In fact, for TB, one of the earliest 
studies demonstrated the power of RNA vaccination [9]. However, it should be stressed 
that this seminal work very early on identified the two greatest limiting factors for RNA 
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vaccination. The first issue being the critical need for stabilization of the RNA given its 
susceptibility to nuclease or RNase degradation. The second issue being delivery of the 
RNA into an appropriate APC. Towards that end, nanotechnology, and the stabilization and 
delivery of RNA by nanoparticles, may be the “saving grace” for RNA vaccination, as 
discussed intensively below.

15.4 Progression of Nanomedicines into the Clinic

To date only six nanomedicines have been Food and Drug Administration (FDA)‐approved 
for use in humans; two antibody–‐drug conjugates, three liposomal–drug conjugates and 
one protein–drug carrier [10]. Of note, there are no nanoparticle‐based RNA therapeutics 
currently available, despite some early success in the clinic and translation across multiple 
animal species [11, 12]. Although the initial pharmacokinetics and toxicology profiles 
seem promising, the main problem for these small interfering RNA (siRNA) or microRNA 
(miRNA) nanoparticles, which is similar to that for gene therapy, is that the inhibition of 
one gene or introduction of one gene may not be enough to sustain a therapeutic effect. 
Of course this is not the case for an RNA vaccine since the expression of the antigen and 
subsequent immunological effect and the memory created therefrom may be enough to be 
protective, and possibly curative. In recent years, therefore, several RNA‐based vaccines 
have progressed into clinical trials as represented in Table 15.1.

As shown in Table 15.1 although the clinical experience with RNA vaccines is limited, 
the results thus far are promising, including but not limited to: good safety profiles, antigen 
expression, reduced tumor burden, CD4 and CD8 and interferon‐gamma (IFN‐γ) response, 
induction of neutralizing antibodies and others [13–16]. A larger body of pre‐clinical work 
is in support of these studies and is similarly demonstrating promising results [17–21]. 
Topical or lung delivery and electroporation of the nanoparticles seem to be the methods of 
choice, but may require specialized equipment and devices [22–24]. However, these issues 
are outside the scope of the current review where our focus is on stability, cellular delivery 
and the characterization of the vaccine components (RNA, adjuvant and nanoparticle) as 
discussed in the next sections.

15.5 The Stability Problem

Nucleic acids are susceptible to nuclease degradation and thus one important aspect for 
their clinical success is that the nanoparticle or nanoconjugate used for delivery must be 
able to impart resistance to DNase or RNase digestion. For other forms of nucleic acid 
therapies such as antisense, siRNA or miRNA delivery, this is less of an issue, because 
these oligonucleotides can be synthesized with stability‐enhancing chemical modifications 
such as in the phosphate backbone or sugar, which greatly improves nuclease‐resistance 
and prolongs pharmacologic activity. Unfortunately this is not possible for DNA or RNA 
vaccines since these molecules are much longer and generally cannot be chemically syn-
thesized as oligonucleotides. Instead the sequences must be biologically derived and hence 
stabilization must come from the nanoparticle or conjugate to which the DNA or RNA is 
attached or bound. Unfortunately again the great limitations for RNA vaccines therefore is 
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that RNA is much less stable than DNA and much more susceptible to the myriad of nucle-
ases present in biological fluids and tissues which can rapidly destroy it. This makes the 
delivery approach and whether it can stabilize the RNA absolutely critical [25]. For viral 
delivery, at least while outside the cell and possibly within the cell as RNA:protein 
c omplexes, the RNA is likely protected from such degradation, thus the challenge for any 
nanoparticle‐based approach is to mimic this and similarly stabilize the RNA.

One common approach to solving this stability problem emerging in the literature is 
layer‐by‐layer (LBL or l‐b‐l) assembly strategies, whereby the nucleic acid can be protected 
under a coating of a stability‐enhancing material. One means of doing this we have explored 
is to bring the nucleic acid in conjunction with the core nanoparticle by utilizing a protein 
such as protamine or a polymer such as PAMAM dendrimer [7, 26, 27]. Although these 
surface structures have been difficult for us to image with high resolution [28], our working 
hypothesis is that the dendrimeric structure provides a cage that protects the nucleic acid 
from nuclease degradation, as illustrated in Figure 15.1.

As illustrated schematically in Figure 15.1, certainly based on our data, complexation of 
RNA to dendrimer improves the RNA stability and lessens degradation from RNase A [29]. 
Furthermore, recently we have shown that dendrimer structures modified with poly(ethylene 
glycol) (PEG‐dendrimer) when complexed to RNA can protect against degradation from 
RNase, serum nucleases and tissue extracts, moderately improved by binding to a core gold 
nanoparticle [28].

Layer‐by‐layer assembly was perhaps most elegantly described more recently by Paula 
Hammond’s group at MIT where they created DNA microsponges which exhibit excellent 
cell uptake and in vivo stability [30]. Similarly, Sokolova and Epple have prepared calcium 

Figure  15.1 Formation of a nucleic acid (RNA is shown) conjugate where a branched 
dendrimer structure binds it to the surface of the nanoparticle and protects it from nuclease 
degradation. (See insert for color representation of the figure.)
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phosphate nanoshells that can sequester DNA and RNA within the interior environment of 
the nanoparticle which then exhibit robust specific immunological activity [31–33]. Lipid‐
protamine‐RNA formulations after lyophilization and resuspension have also shown good 
RNA stabilization and activity against Hepatitis C after prolonged storage [34]. There are 
several other alternative approaches to stabilizing RNA into nanospheres and other structures 
that may also be amenable for RNA vaccination [35–37].

15.6 The Delivery Problem

For a nanoparticle to deliver RNA into cells it must first bind RNA. As discussed above, 
some nanoparticles may be able to bind RNA directly, whereas others must be surface‐
coated or functionalized to be able to attach RNA. Alternatively, LBL assembly or calcium 
phosphate shell‐type approaches may be able to internalize RNA within the interior of the 
nanoparticle. Clearly an RNA expression vector delivered by either a viral or non‐viral 
particle is able to by‐pass nuclear delivery and any replication or transcription steps needed 
to express the antigen or immunity production. However, perhaps even more important 
than stabilizing the RNA is that cellular entry must be gained and this by its very nature 
means getting across the cell or plasma membrane.

Chithrani elegantly and conclusively demonstrated gold nanoparticles (GNPs) are able 
to enter cells [2] and there has since been a great deal of work done on GNPs accordingly, 
which is too numerous to cite. More recently, coated iron oxide nanoparticles have been 
used by Bob Langer’s group at MIT for RNA delivery, and these have desirable magnetic 
properties which can be used to direct them to desirable tissues [38]. In addition to our 
work on PAMAM dendrimer‐ or PEG‐dendrimer‐ coated gold or manganese(II) oxide 
nanoparticles for DNA and RNA delivery [7, 28], others have recently coated silica 
dioxide nanoparticles with poly(ethyleneimine) (PEI) to achieve effective gene and siRNA 
delivery [39]. To demonstrate that the RNA is functionally active once delivered into the 
target cell we use a functional RNA‐delivery assay [26, 28]. In this cell‐culture system 
amenable for RNA nanotechnology delivery, an RNA switch is engineered into either 
HeLa or A375 cells and marker‐gene expression, luciferase, is under the control of a splice‐
switching oligomer which, when delivered, corrects the aberrant splicing turning on 
luciferase and hence the cells’ light production [26, 28]. In this system protamine‐coated 
or PEG‐PAMAM‐coated gold nanoparticles have shown activity [26, 28]. More recently, 
protamine–mRNA complex when combined with adjuvants imiquimod and GM‐CSF was 
used for RNA vaccination and tested in the clinic against prostate cancer [40]. As a phase 
I/II trial, in this study safety was the primary emphasis and no adverse effects were reported. 
However, the study raised the question of toll‐like receptor (TLR) agonists as a means of 
achieving robust biological responses [40], which we address in the next section.

15.7 RNA as Targeting Agent or Adjuvant?

As summarized previously in Table 15.1, clinical end‐points in most RNA vaccine studies 
to date have determined T cell responses, antibody, interferon or cytokine profiles. There is 
a huge literature accumulating now that for effective adjuventation and to increase the 
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biological response, TLR agonists and/or targeting agents will be required as part of the 
vaccine formulation to trigger robust activity. Although poly(inosinic:cytidylic acid) (poly 
I:C) was initially touted as an immune cell‐targeting agent in combination with nanoparti-
cles [41, 42], what is very clear is that this double‐stranded RNA (dsRNA) molecule is very 
active immunologically and can induce beneficial interferon response and cellular recruit-
ment that can augment antiviral and anticancer activity [43–46]. Poly I:C has been tested 
extensively in the clinic and although it does not trigger a specific antibody‐based response 
per se, it is being considered as more than just an adjuvant and as a nanoconjugate may be 
considered as a potential RNA‐based biological therapy. For example, very recently an 
iron  oxide poly I:C nanocarrier was developed demonstrating enhanced immunological 
stimulation and lymph‐node targeting [47].

There is more than two decades’ worth of clinical experience with poly I:C in humans. 
Although much of this early work focused on cancer, in some cases relevant biological or 
immunological end‐points were examined, and these are summarized briefly in Table 15.2.

As reflected in Table 15.2, poly I:C has demonstrated clinically relevant results against 
cancer, viral infection and skin lesions. More generally, given the immuno‐activity of poly 
I:C, there has recently been a tremendous upsurge in interest for particle‐based delivery of 
poly I:C [54]. Porcine models are often used as a predecessor to clinical trials in immunol-
ogy where we and many other groups first perform stability and activity studies in mouse 
and guinea pigs prior to pivotal pre‐clinical trials in the pig [26, 27]. There is a large body 
of data in support of poly I:C in lower rodent species [53, 55, 56], but more recently in 
porcine models poly I:C has been shown to augment the T‐helper and cytokine response 
against reproductive and respiratory virus infection [57, 58]. As above, actions for poly I:C 
seem particularly appropriate for skin or intradermal delivery, but given its ability to prime 

Table 15.2 Early clinical studies on poly I:C dsRNA

Study Disease Delivery Biological response Reference

Clinical 
trial

Herpes zoster 
in children 
with cancer

Topical poly I:C Decreased median days 
of lesions

[48]

Phase
I‐II

Leukemia 
(solid tumors)

Poly ICLCa

injection
Induced significant levels 
of serum interferon

[49]

Phase 
IB trial

Variety of 
cancers

Poly ICLC + IL‐2b 
injection

Increase NKc activity, 
moderate toxicity

[50]

Pilot 
clinical 
trial

Metastatic 
cancer

Type I DCs activated 
with poly I:C + prepared 
tumor lysates

Increased NK activity; 
increased lymph 
targeting

[51]

Phase I
trial

Cancer Vaccine containing 
poly I:C

Increased duration of 
stable disease; increased 
immune response

[52]

Clinical 
trial

Laser‐induced 
skin wounds

Topical poly I:C Improved wound healing 
time and quality

[53]

a Interlab Cell Line Collection.
b Interleukin‐2.
c Natural killer.
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T‐helper cells and dendritic cell activity [59–61] its activity against TB, and more broadly 
for applications in lung delivery [62], needs to be further investigated.

In terms of nanoparticle targeting with RNA and adjuventation, in addition to poly I:C 
[41, 42], there is a large emerging literature in support of aptamers as potential cell‐ and 
tissue‐targeting agents [63–69]. Thus RNA aptamers may also be useful for targeting RNA 
vaccine, with poly I:C or other active RNA nanoparticles to cells or tissues such as the 
lymph node [70], lung [22] or other desirable immunogenic sites. More recently, reports 
of aptamers augmenting protection against experimental TB in mice and monkeys [71] 
also suggest promise for aptamer‐based targeting and therapy. Longer‐term it seems likely 
therefore to combine an RNA‐targeting agent with immunogenic agent to create a dual‐ or 
even tri‐functional nanoparticle containing RNA‐targeting agent, vaccine or immuno‐active 
and chemotherapeutic components, which is the subject of our current research program.

15.8 Challenges for RNA Nanoparticle Vaccine Characterization

To progress into clinical trials it is imperative to be able to demonstrate control over the 
nanoparticle, RNA and other chemical components of the vaccine formulation and any pro-
cesses used in their manufacture. Towards that end our patents in DNA vaccine particle 
delivery and characterization are informative [72–84]. Ideally, a single production batch of 
nanoparticles would be suitable for all pre‐clinical and clinical studies. However, this capa-
bility is not yet generally available and is the subject of an intense amount of research and 
development world‐wide. In this case, it is expected that homogeneity in the size, shape and 
surface charge and the elemental composition of the nanoparticle will be needed, since these 
factors are well‐known to influence pharmacokinetics and biodistribution [85], and seem 
likely to impact biomolecular interaction [86]. Control over the payload or amount of RNA 
per mass of nanoparticle will also be necessary. We have used several characterization meth-
ods to achieve this for DNA, utilizing either UV spectroscopy or high‐performance liquid 
chromatography (HPLC) with UV detection [26, 27], and have more recently adapted these 
and gel electrophoresis methods similarly for RNA [7, 28]. It will also be necessary to have 
cell culture and animal models qualified in order to demonstrate biochemical, biological and 
immunological activity. Structural or functional assays for RNA in particular are more chal-
lenging than are those for DNA or protein, as RNA is generally more flexible and easily 
denatured or degraded such that crystal structures are generally difficult to obtain particu-
larly for larger RNA molecules. In the case of an antisense or siRNA oligonucleotide, activ-
ity can be measured by loss in the expression of the protein by western, enzyme‐linked 
immunosorbent assay (ELISA) or biochemical activity assay, or alternatively at the RNA 
level by reverse transcription polymerase chain reaction (RT‐PCR) for these and splice‐
switching or splice‐shifting oligomers [26, 87, 88]. However this is generally not the case for 
an RNA vaccine where here our approach for DNA vaccines is amenable whereby the 
vector is delivered into cultured cells and antigen expression measured [26, 27], or into a 
co‐culture system where efficacy of antigen presentation is read out by cytokine secretion 
[87, 89]. Mouse or guinea pig studies in parallel where antigen and cytokine parameters 
are obtained will then allow in vitro/in vivo corollary [26, 27]. Finally, prior to pivotal proof‐
of‐principle pre‐clinical studies, it is advisable to characterize the immunotoxicology of 
the RNA nanoparticle vaccine. Here, in addition to endotoxin assay, characterization of red 
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or white blood cell recruitment and γ‐interferon induction in  the rabbit knee, mouse 
i ntraperitoneal environment and ex vivo splenocyte assay is advised [90].

15.9 On the Horizon

In conclusion, the prospect for RNA vaccine nanoparticles in the near future seems quite 
promising. In addition to the RNA expression vector, multi‐functional RNA nanoparticles 
may be created which contain TLR agonist RNA molecules and targeting molecules or aptam-
ers. Combination of the nanoparticle and poly I:C may potentiate antigen presentation [89] 
and is potentially amenable to TB and possibly even DNA vaccination. For example, poly 
I:C has been shown to potentiate a CD40‐based DNA vaccine against melanoma [91]. 
Although the field is dominated by iron oxide and gold nanoparticles, our studies and others 
have more recently focused on zinc and manganese(II) oxide nanoparticles [5–8, 28, 85]. 
Cobalt nanoparticles are also on the horizon, as these possess desirable magnetic properties 
and recent biological transmission electron microscopy experiments have shown that these 
enter cells and have a negligible dissolution rate in biological media [92]. More recently we 
have described gold‐coated cobalt nanoparticles [93] and such composite materials, for 
example combining the desirable properties of one type of nanoparticle with another, or even 
more than one, are gaining in popularity. Thus it has been shown that doping zinc oxide with 
cobalt can increase the antibacterial properties and hence lower the minimum inhibitory con-
centration [94]. This suggests that it may be possible to design and test RNA vaccine nano-
particles which possess both an immunogenic and therapeutic component and that the 
underlying nanoparticle may contribute or synergize with the RNA. A similar approach has 
recently been championed by Peixuan Guo’s group at the University of Kentucky, whereby 
the nanoparticle is constructed entirely of RNA, forming a rotary 3‐D structure and a pore 
through which DNA, or RNA, is able to enter the cell [95]. Recently this group attenuated 
5′‐C‐phosphate‐G‐3′ (CpG) to the arms and changed the shapes of these RNA structures 
from triangles to polygons and showed immunomodulation of interleukin‐6 (IL‐6) and tumor 
necrosis factor‐alpha (TNF‐α) [96]. In brief summary therefore it seems likely that RNA‐
based vaccines will be realized, as nanotechnology matures and becomes able to stabilize and 
deliver RNA such that it retains its expression and functionally activates the immune system 
[97, 98]. This, and the ability to combine nanoparticles with RNA‐targeting molecules such 
as aptamers [99] or those capable of targeting specific cells within the immune system [100], 
raises sincere hopes that diseases which continue to destroy human health such as 
t uberculosis, hepatitis and cancer may become much more manageable as a result [101].
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16.1 Introduction

Despite being an ancient disease, tuberculosis (TB) remains one of the three major disease 
killers worldwide, alongside AIDS and malaria. The lack of availability of an effective 
protective vaccine and the lack of sterilizing drugs makes control of TB very difficult. At 
present, 1.5 million people die of TB every year. Current chemotherapy against this bacte-
rial infection is lengthy and the low patient compliance has resulted in an elevated number 
of multidrug‐resistant (MDR‐TB) and extensively drug‐resistant (XDR‐TB) forms of TB. 
According to the World health Organization (WHO), to control TB it is essential to develop 
shorter, effective and well‐tolerated treatments for latent TB infection, as this is the only 
way to reduce the development of resistance [1]. To develop new and more effective 
 therapies capable of reaching rapid sterilization of the lungs it is necessary to address the 
following scientific questions; (1) why is current multidrug therapy for TB not capable of 
rapidly sterilizing the lungs? (2) If the immune system is capable of eliciting strong 
 pulmonary immunity against these bacilli, why is it not capable of reaching sterilization of 
the lungs? (3) Do host immunity and TB chemotherapy synergize or antagonize each other? 
One approach to developing new therapeutic approaches for TB considers a combination 
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of current anti‐TB chemotherapies with host‐directed therapies (HDTs) delivered via 
 aerosol. In this chapter we discuss previous attempts in the history of TB research to 
deliver  HDTs via aerosols as well as potential pulmonary immune targets to develop 
 further aerosols of HDTs.

16.1.1 Tuberculosis Disease and Control

TB remains one of the world’s deadliest communicable diseases. According to the WHO 
Global Report of 2014 [1], in 2013 there were an estimated 9.0 million people suffering 
from TB. However, intensive efforts by international agencies and national campaigns of 
TB prevention, care and control are slowly controlling the incidence of new cases of the 
disease. The 2015 Millennium Development Goal (MDG) of halting and reversing TB 
incidence has been achieved globally. Worldwide, between 2000 and 2013 TB incidence 
fell at an average rate of about 1.5% per year. However, despite reaching the 2015 MDG, 
there are major concerns about the epidemiological control of TB disease globally because 
there is no improvement in the outcome of (MDR‐TB) treatment and the number of TB 
cases with poor treatment outcomes is rising. Globally the success rate for MDR‐TB in 
2013 was only 48%, mostly because of the lack of appropriate health systems, lack of 
effective regimens and lack of patient compliance. As a result, the WHO has identified 
five priority actions to control the MDR‐TB epidemic. These are: (1) high‐quality  treatment 
of drug‐susceptible TB to prevent development of new strains of MDR‐TB; (2) expansion 
of rapid testing and detection of MDR‐TB cases; (3) immediate access to quality care; 
(4)  infection control; and (5) research to develop new diagnostics, drugs and treatment 
 regimens. The WHO post‐2015 global TB strategy includes “Intensified Research and 
Innovation within two essential and complementary areas: (1) Discovery, development and 
rapid uptake of new tools, interventions and strategies; and (2) Research to optimize 
 implementation and impact” [1].

16.1.2 Chemotherapy and Host Immunity to Tuberculosis

The lengthiness of chemotherapy treatment is a big limitation to the quick and efficient 
control of the global TB epidemic. Today new cases of drug‐susceptible TB are still treated 
with a six‐month multidrug‐regimen of four first‐line drugs; isoniazid, rifampicin, etham-
butol and pyrazinamide. Treatment for MDR‐TB, defined as resistance to isoniazid and 
rifampicin (the two most powerful anti‐TB drugs), requires more expensive and toxic drugs 
administered by injection during at least twenty months. To develop new therapies it is 
important first to analyze the reason(s) behind the time requirement necessary for multid-
rug TB therapy to reach sterilization: (1) From the chemotherapeutic field perspective this 
question was addressed in several studies using experimental animal models to examine the 
killing kinetics of Mycobacterium tuberculosis (M. tuberculosis and causative agent of 
most cases of pulmonary TB in humans), during administration of standard TB chemo-
therapy [2–4]. These studies showed that the standard multidrug TB chemotherapy is capa-
ble of rapidly reducing the drug‐sensitive pulmonary bacterial load (1–2 log

10
 reduction) 

during the first two weeks of treatment but the bacilli remaining after this period of treat-
ment (drug tolerant and less than 1% of total lung burden) require 3–4 additional months 
of treatment to be eliminated. Importantly, in human TB patients there is a similar trend of 
response to standard TB multidrug chemotherapy [2–4]. Thus, TB treatment requires 
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long‐term multidrug regimens because of a small persistent population of drug‐tolerant 
bacilli. (2) From the immunological point of view the overall host immune response to 
M. tuberculosis in the lungs also limits the efficacy of anti‐TB chemotherapy and interferes 
with current chemotherapy. Currently, the antibiotic mechanisms of most TB drugs primar-
ily function to inhibit bacterial protein synthesis, DNA damage and cell‐wall biosynthesis 
and therefore are primarily effective against metabolically active and replicating bacilli. 
However ‐ and as explained below ‐ during chronic pulmonary infections most bacteria in 
the lungs are found in a low replicative/metabolic stage within granuloma lesions. 
Consequently, anti‐TB drugs are not highly effective against low replicative/metabolic 
bacilli escaping from the host immunity. Thus, one approach to improve current treatment 
regimens is to develop HDTs as adjunct therapies to current TB chemotherapy to shorten 
the length of treatment for TB or to treat drug‐resistant TB cases. It is suggested that HDTs 
can be used to reactivate the bacilli metabolic/replicative stage within the granuloma, thus 
the bacilli can be more effectively targeted by antibiotics. Alternatively the HDTs can be 
directed to enhance the host’s bactericidal capacity while helping to eliminate those few 
bacilli not responding to anti‐TB chemotherapy.

16.1.3 Aerosol Delivery of Host‐Directed Therapies for Tuberculosis Treatment

Tuberculosis is primarily a disease of the lungs and thus the use of aerosols to deliver TB 
drugs directly to the lungs is a logical approach. Advantages of using aerosols of HDT for 
TB are delivery of high concentrations of the drugs at the site of infection, therefore reduc-
ing systemic concentrations and systemic side effects. Although successful attempts to 
deliver aerosol antibiotics to TB patients were initiated in 1950 [5, 6], the TB research field 
has not invested heavily in the development of this type of therapy although the last two 
decades have witnessed extensive research and development of successful inhalational 
therapy for other pulmonary diseases [7] and thus the lessons learnt from other inhalational 
therapies can also be applied to advance the field of TB treatment.

16.2 Lung Immunity to Pulmonary M. tuberculosis Infection

16.2.1 Overview

By nature the lung environment tends to be hypo‐responsive to the continuing circulation 
of particles entering through the airways, including microorganisms. In the lungs, multiple 
immunosuppressive mechanisms down‐regulate many antigenic stimuli to prevent poten-
tially destructive immune and inflammatory reactions. In many instances the recruitment 
of immune cells (inflammation) along with potent anti‐inflammatory mechanisms co‐exist. 
This scenario creates an ideal environment for long‐term survival of some microorganisms, 
including the M. tuberculosis bacilli. Thus, when the lungs are exposed to M. tuberculosis, 
if the bacteria are not eliminated by innate mechanisms of immunity then the bacteria 
 eventually encounter phagocytic cells in the alveolus known as alveolar macrophage (AM) 
and immature dendritic cells (DCs). Within these phagocytes, the bacteria are capable of 
establishing a niche for survival and replication by subverting fusion of the phagosome 
with the lysosomes [8]. Meanwhile, the bactericidal and bacteriostatic effect of the immune 
system is initiated at the draining lymphoid tissue via production of M. tuberculosis 
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antigen‐specific T cells with a phenotype Th1 capable of producing IL‐12, IL‐23, IFNγ, 
TNFα, and IL‐17 cytokines (IL = interleukin; IFN = interferon; TNF = tumor necrosis 
 factor). Chief among these cytokines is IFNγ, a cytokine that ultimately performs the 
 bactericidal/bacteriostatic effect of the adaptive immunity. However, when compared 
with pulmonary infection with other pathogens (e.g., influenza virus) the adaptive 
response developed in response to M. tuberculosis infection is a relatively slow process. 
As a result, by the time the Th1 cells reach the lungs (inflammatory process) and deliver 
IFNγ to the site of the infection, the M. tuberculosis bacilli have increased in population 
size within phagocytic cells and have become refractory to the bactericidal effect of the 
Th1 response. This inflammatory process develops further into the formation of a granu-
loma lesion, which is capable only of providing bacteriostatic effects over long periods of 
time but is incapable of sterilizing the lungs. At this time the pulmonary M. tuberculosis 
infection enters a chronic stage during which the bacteria are capable of remaining within 
the  granuloma lesion in a low replicative/low metabolic stage for long periods of time. 
Also, during the long chronic stage of the infection, the bacteria are capable of maneuver-
ing the anti‐inflammatory and immunosuppressive responses of the lungs to their own 
benefit. If successful the bacteria can then replicate more rapidly with subsequent activa-
tion of TB disease. In summary, a continuous balance between inflammatory and anti‐
inflammatory responses along with balanced bacteriostatic and immunosuppressive 
mechanisms protect the host from disease despite being infected with M. tuberculosis for 
long periods of time.

16.2.2  Influence of Lung Alveoli Environment on Bacilli Survival and  
its Impact on Tuberculosis Chemotherapy

The limited bactericidal effect derived from the host immunity against M. tuberculosis can 
be further traced to the anti‐inflammatory and immune suppressive (M2 type) or pro‐
inflammatory and bactericidal (M1 type) properties ascribed to AMs and DCs within the 
lung alveoli. Thus, AMs and DCs are found in the lung alveoli at different stages of 
 differentiation [9] and in different activation stages (M1 or M2). They serve to limit 
 inflammation and minimize lung injury (M2 type) but they are also sentinels against 
 microorganisms entering the airways (M1 type) [10–12]. The immunological function of 
these cells in each alveolus appears to also be shaped by the type of surfactants lining in the 
lung alveolus [11, 13]. Thus the progression and final outcome of the initial infection with 
M. tuberculosis bacilli is dependent on the type (M1 or M2) and stage of differentiation of 
the AM and DC that the bacteria encounter within the alveolus. It is believed that each 
alveolus provides a unique immune environment to each bacillus entering the airways. 
The latter explains the fact that the type‐activation stage of the infected cell encountering 
the bacilli at the alveolus drives initiation of the granuloma formation under different types 
of inflammatory/anti‐inflammatory responses, leading to different levels bactericidal/ 
bacteriostatic capacity in each granuloma. As a result a wide variety of granulomatous 
lesion types can be found in the same host [14]. Thus, differences in the immune environ-
ment of the alveolus, type of AMs and DCs in the alveolus and ultimately granulomas most 
likely influence the location, metabolism and state of the bacilli during infection. Eventually 
all of these factors determine the drug responsiveness by the bacilli and overall efficacy of 
the drug therapy in the infected host.
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16.2.3 Potential Targets for Host‐Directed Therapy

16.2.3.1 Potential Targets for Host‐Directed Therapy in Macrophage Cells

The granuloma lesion requires continuous recruitment of different types of monocytes, 
macrophages and DCs in addition to neutrophils and lymphocytes. The main function of 
these lesions is to restrain the bacilli growth while at the same time limiting inflammation 
and lung tissue damage via anti‐inflammatory and tissue repair‐remodeling mechanisms, 
respectively. The end result of these activities leads to microenvironments of macrophage 
and lymphocytes subsets engaging in anti‐inflammatory or pro‐inflammatory processes. 
Such microenvironments of macrophages within the granuloma are classified as anti‐
inflammatory and tissue repair‐remodeling if the macrophages express the enzyme 
 arginase 1 (Arg1) [15]. On the other hand, the classically activated pro‐inflammatory mac-
rophages that engage in bactericidal activity are characterized by expression of [inducible] 
nitric oxide (NO) synthase (NOS‐2). It is important to note that NOS‐2 and Arg‐1 use the 
same substrate, L‐arginine, and thereby increased consumption of L‐arginine by one of the 
enzymes depletes availability of the substrate to the other enzyme, resulting in diminution/
inhibition of its activity. A similar axis is the inflammatory–anti‐inflammatory balance of 
macrophages within the tuberculous granuloma that has been described recently for 
 eicosanoids, in which two enzymes feed on the same substrate [16, 17]. Eicosanoids are 
lipid mediators derived from arachidonic acid (AA) metabolism. Two classes of enzymes, 
the cyclooxygenases (COX) and lipoxygenases (LO), compete for the AA substrate to 
 generate COX‐1 and two dependent prostaglandins (PGE2) or in an opposing pathway  
5‐lipoxygenase (5‐LO)‐dependent lipoxins and leukotrienes. Based on susceptibility stud-
ies in the murine infection model, a concept similar to the Arg1/iNOS axis has emerged for 
the COX/5‐LO axis. PGE2 confers resistance against M. tuberculosis infection, while 
products of the 5‐LO axis, in particularly lipoxin A4 (LXA4), promote bacterial growth. In 
both pathways the enzymatic activities of NOS‐2 and COX‐2 limit M. tuberculosis growth 
while overexpression of Arg1 and/or 5‐LO enzymes within the granuloma tilts the anti‐ 
inflammatory–inflammatory balance towards bacterial growth. These two enzymatic axes 
of control/susceptibility for M. tuberculosis infection are potential targets for HDT. 
Therapeutic intervention to enhance NOS‐2 and/or COX‐2 while reducing expression 
of  Arg 1 and/or 5‐LO could potentially drive the lung immune environment towards 
improving the host’s bactericidal capacity. Indeed a recent study [16, 17] has supported the 
notion that direct administration of PGE2 or inhibition of the 5‐LO with the already FDA‐
approved drug Zileuton (an inhibitor of 5‐LO) can benefit the outcome of acute and chronic 
M. tuberculosis infections.

16.2.3.2 Potential Targets for Host‐Directed Therapy in T Cells

The inflammatory–anti‐inflammatory nature of the granuloma is also determined by the 
nature and progression of lymphoid cell populations within the granuloma. Granulomas 
present a dynamic change in the composition of Th1 and Th2 or T regulatory (Treg) cells 
during the course of the infection [18, 19]. Years ago, it was assumed that during a chronic 
M. tuberculosis infection the Th1 cells reaching the lungs were fully capacitated to deliver 
their IFNγ load and were capable of activating macrophages to eliminate M. tuberculosis. 
However, this appeared to be an over‐simplification of the overall immunity against 
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M.  tuberculosis infection. Several experimental studies using animal models of TB are 
demonstrating [20, 21] that increasing the Th1 response in the lungs via increased expres-
sion of CD4 T cells with Th1 phenotype and increased expression of the IFNγ cytokine 
does not necessary lead to increased bactericidal activity. These studies suggest that 
along with an increase in the Th1 immune response there are also counter‐regulatory anti‐
inflammatory responses that limit the bactericidal effect. As discussed below, therapeutic 
administration of IFNγ aiming to increase the bactericidal effect of the Th1 responses in 
the lungs seems like a logical approach. However, clinical studies have shown this effect is 
transient and limited.

An alternative approach to modulate the T cell responses during TB is to target T regula-
tory cells in the granuloma. In this regard, it has been shown [19, 22, 23] that T regulatory 
cells infiltrate the granuloma and are capable of counteracting the Th1 responses via 
expression of the transcription factor FoxP3 and CTLA‐4 and PD‐1 antigens [23, 24]. 
In vivo and systemic CTLA‐4 blockage enhanced the immune response but did not lead to 
enhanced clearance of the infection [25]. Current clinical studies in the cancer field are 
showing greatly successful tumor remission with systemic therapies targeting the Treg via 
blockage of CTLA‐4 and PD‐1 antigens in T cells [26]. Thus, because the granuloma and 
tumor immune environments are very similar and driven by the outstanding success 
of tumor remission in the cancer field with these therapies, local and pulmonary blockage 
of CTLA‐4 and PD‐1 positive cells (via aerosol) could potentially enhance the Th1 
responses and be therapeutic targets against TB.

16.2.3.3 Potential Targets for Host‐Directed Therapy Targeting Cytokine Expression

Early clinical and preclinical studies have shown that successful maintenance of the chronic 
stage of infection and the metabolic and replicative activity of the bacilli within the granu-
loma are also dependent on the balance between inflammatory and anti‐inflammatory 
cytokines [19, 22]. In this regard it is well established that the containment of M. tubercu-
losis growth within the granuloma requires a continuous expression of Th1 cytokines such 
as IL‐12, IFNγ and TNFα at all times. If any of these cytokines are absent or blocked, TB 
disease reactivates [27]. Thus the counter‐balance of IL‐12/IFNγ/TNFα cytokines is an 
essential pathway for adequate regulation of bactericidal effect in the host as well as long‐
term containment of the bacilli within the granuloma lesions. These cytokines have already 
been targeted for therapeutic intervention either by therapeutic administration of IFNγ to 
augment the bactericidal effect of the Th1 response or by inhibition of TNFα to suppress 
excessive expression of this cytokine.

Other effector cytokines that play important roles in M. tuberculosis infection are the IL‐1 
family members, IL‐1α and IL‐1β and the Type 1 IFNs. Both species of IL‐1 signal through 
the same IL‐1 receptor and are independently required for host resistance against an infec-
tion with M. tuberculosis, but overexpression of the IL‐1 production can also lead to tissue 
damage and pathology. On the other hand Type 1 IFNs, both IFNα and IFNβ, are associated 
with suppression of Th1 responses, and thus overexpression of the Type 1 IFNs in vivo 
appears to promote bacterial growth and survival. Immune pathways mediated by IL‐1 and 
Type 1 IFNs have opposing roles in host resistance to infection as production of both IL‐1α 
and IL‐1β is inhibited by Type 1 IFNs in human and experimental infections. Together the 
IL‐1 and Type 1 IFNs share an important counter‐regulatory axis that could be utilized as a 
target for HDT intervention and these are currently under investigation [16, 17, 28, 29].
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On the other hand IL‐10 and transforming growth factor beta 1 (TGFβ1) are suppressive 
cytokines in the lungs that promote fibrosis, healing and anti‐inflammatory responses 
[30–36]. These immunosuppressive cytokines appear to also be potent inhibitors of the 
inflammatory Th1 response in the granuloma, but they are activated late in the immune 
response when compared with other cytokines. Thus, during the chronic stage of infection 
the continuous production of immunosuppressive cytokines can override the protective 
activity of Th1 cytokines, leading to reactivation of bacterial growth and active TB disease. 
In this scenario, it is believed that therapeutic intervention to overcome excessive produc-
tion of anti‐inflammatory/immunosuppressive cytokines [or inhibition of their downstream 
activities] in the lungs during the chronic stage of infection with M. tuberculosis could also 
be a potential target for HDT aiming to rescue the bactericidal effect of the Th1 response.

16.3 Host‐Directed Therapies

16.3.1 Previous Studies via Systemic Administration of Host‐Directed Therapies

Several articles are available that provide an historical review of previous attempts to use 
HDTs for TB via systemic administration [17, 37–39]. As mentioned above, an early 
hypothesis was that increasing the Th1 responses should improve the bactericidal capacity 
in the host. Thus, previous HDTs attempts for TB were aimed at increasing immune killing 
of the persisting bacilli by enhancing the Th1 responses (e.g., through systemic administra-
tion of IL‐2 [40, 41], IFNγ [42–45] or IFNα [46] cytokines to patients with TB). Overall 
these studies provided some benefits but they did not reach sterilization or shorten the 
 duration of chemotherapy and any positive effects were reversed upon cessation of 
 treatment. When those studies were developed in the1980s–2000s [42–45], the concept 
of  the inflammatory/anti‐inflammatory nature of the granuloma and the role of Th1 
cytokines being counterbalanced by immunosuppression and anti‐inflammatory responses 
was not as well developed as it is now. Thus, one possible explanation for the limited and 
temporary bactericidal effect observed in the TB clinics with this approach is that over time 
therapeutic administration of IL‐2 or IFNγ cytokines leads to activation of the anti‐ 
inflammatory/immunosuppressive mechanisms to limit potential inflammation and 
 tissue damage, which subsequently reduced the therapeutic bactericidal effect.

Targeting the inflammatory response (e.g., TNF and its pathways) has met with more 
success. As mentioned above, a threshold of TNFα production (or Th1 cytokines in  general) 
is needed to contain reactivation of the tubercle bacilli and to maintain the integrity of the 
granuloma; however, excessive production of TNFα cytokine is also responsible for most 
of the serious clinical symptoms [night sweats, fever, progressive weight loss] associated 
with active TB disease. Excessive production of TNFα is also responsible for extensive 
necrosis at the lesion site and for cavitation [47]. Thus, it has been reasoned that targeting 
excess of TNFα by using immunotherapy may enhance anti‐TB chemotherapy. Thalidomide 
is a drug that reduces TNFα levels via inhibition of phosphodiesterase (PDE) in patients 
with pulmonary TB and improves treatment outcomes but has serious side effects. The 
Thalidomide analogs targeting the PDE4, viz. CC3052 and IMiD3, among others, are cur-
rently under evaluation in murine and rabbit models of TB disease [48–50]. The results 
indicate faster clearance of bacilli when given in conjunction with anti‐TB chemotherapy 
[42–45]. However, results from the same group using anti‐TNFα antibodies to block excess 
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of TNFα in TB‐infected mice resulted in uncontrolled growth of bacteria and had no 
synergistic effect with anti‐TB chemotherapy. These dramatic differences highlight that 
targeting the same cytokine by different drugs can result in opposite therapeutic outcomes. 
Other TNFα blockers, such as infliximab (anti‐TNFα antibody) or etanercept (a soluble 
TNFα receptor), reactivate TB disease when administered to patients with latent TB [51]. 
Regardless, in a study where human immunodeficiency virus (HIV)‐infected patients with 
pulmonary TB received etanercept at the initiation of standard TB chemotherapy there was 
more rapid sputum conversion clearance in treated patients compared with those not receiv-
ing the TNFα blocker. This study suggested that anti‐TNFα immunotherapy appears to 
reactivate the growth of the bacteria and accelerate the bactericidal efficacy of anti‐TB 
chemotherapy in patients with active TB, demonstrating that modulation of the immune 
response as adjunct therapy to TB chemotherapy is a valid approach [51, 52].

As mentioned above, another approach to developing HDT for TB is to target immuno-
suppressive pathways. More specifically, these approaches target the over‐expression of 
the TGFβ1 and IL‐10 cytokines during the chronic infection with M. tuberculosis, because 
it is these pathways that control the persisting infectious state. Preliminary studies in the 
field of HDT for TB also targeted expression of the TGFβ1. It is known that TGFβ1 is 
highly expressed during TB infection of human and animal models. Moreover, its 
 expression is higher in MDR‐TB infection than during infection with drug‐sensitive TB 
strains [53, 54]. Thus, it was reasoned that reducing the levels of TGFβ1 would improve 
TB chemotherapy because TGFβ1 is responsible for most of the fibrosis associated with 
TB and it is believed that reducing fibrosis might improve the access of TB drugs to the 
persistent bacilli. Several studies using the murine and guinea pig TB models of infection 
have been reported that target TGFβ1. Among those, a study showed that inhibitors of 
TGFβ1 in mice are useful therapeutic agents in combination with TB chemotherapy and 
significantly decreased lung fibrosis and bacillary load [55, 56]. However, this also leads 
to increased inflammatory responses in the lungs. In another study naturally occurring 
inhibitors of TGFβ1 such as decorin and latency‐associated peptides were studied in vitro 
to reverse depressed T and monocytes cell functions in patients with TB [30]. In our expe-
rience the use of aerosols of small interfering RNA (siRNA) to transiently knock down 
expression of TGFβ1 in mice chronically infected with M. tuberculosis reduced bacterial 
load but also led to extensive exacerbation of the pulmonary inflammatory response. 
Overall in our laboratory it was concluded that targeting TGFβ1 is not a safe target for 
HDT (unpublished data).

On the other hand, as explained above, M. tuberculosis bacteria also benefit from 
an  environment abundant in the immunosuppressive cytokine IL‐10. This cytokine is 
a  major down‐modulator of both the Th1 function and its subsequent bactericidal 
effect and inflammation. The host generally up‐regulates the expression of IL‐10 cytokine 
late in the response to inflammation and infection with M. tuberculosis. In our experi-
ence and that of others, blocking the production of IL‐10, its receptor or the signaling 
 pathways during experimental infection with M. tuberculosis has resulted in decreased 
bacterial load and better control of the inflammatory response [57, 58]. To date, IL‐10 
signaling‐pathway blockage during chronic infection with M. tuberculosis appears as 
a  promising target for developing HDTs against TB, because unlike other candidates 
for  HDT intervention (e.g., TNFα or TGFβ1) there is no apparent development of  
host‐ detrimental effects.
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16.3.2 Previous Studies via Aerosol Delivery of Host‐Directed Therapies

As observed in the introduction, the slow decline in TB incidence and the growing number 
of TB cases not responding to current TB chemotherapies is stressing the urgent need for 
new approaches to treat TB in terms of new drugs and improved methods of delivery. In this 
line of thinking and given that the primary route of M. tuberculosis infection is through the 
lungs, aerosol delivery of HDTs via inhalation either alone or in combination with TB 
chemotherapy has been studied. The major advantage of this approach is the delivery of 
high doses of the drugs at the site of infection while minimizing systemic toxicity and 
potential systemic development of autoimmunity. Although this approach has not been 
widely pursued in the history of TB research there is evidence from TB clinics and 
 experimental models of TB that show that it is feasible to deliver drugs with HDT/antibiotic 
activity directly to the lung and induce changes in the course of a chronic M. tuberculosis 
infection. Furthermore, to date and contrary to what was previously thought, it is becoming 
widely accepted that the tuberculous granulomas are dynamic structures with active traffic 
of immune mediators which are capable of responding to changes in external signals. 
Specifically, it is well known that (1) systemic reduction of CD4 T cells in patients with 
latent TB [as in HIV‐AIDS] leads to development of active TB. (2) Infusion of systemic 
antibodies that block TNFα in TB patients with rheumatoid arthritis interferes with the 
granuloma structure and can reactivate latent TB within weeks [51, 59, 60]. (3) Experimental 
studies with systemic injections of antibodies against CD4 or CD8 antigen depleted these 
cells from the granuloma [61]. (4) Most recently we demonstrated that administration of 
anti‐TB drugs used to treat MDR‐TB (spectinamides, amikacin, capreomycin) when admin-
istered directly to the lungs of mice with chronic infection of M. tuberculosis has almost 
equal or better (e.g., spectinamide 1599) efficacy than when administered systemically as 
injectables [62, 63]. All of this evidence indicates that the tuberculous granulomas are 
dynamic structures responding to changes in their external environment within the lungs. 
Therefore, the evidence suggests that aerosol administration of drugs with HDT activity can 
potentially steer the course of a chronic M. tuberculosis infection to the benefit of the host.

There are only a limited number of clinical and preclinical studies addressing aerosols of 
HDTs and for the most part the development of inhalational HDTs for TB is in its infancy. 
The first studies used aerosols of IFNγ aiming to enhance the bactericidal effect of the Th1 
responses. Five studies, however, were performed directly in the TB clinics [45, 64] 
between 1998 and 2009 and none of the results derived from these clinical trials provided 
conclusive results. The sample sizes of these trials were not very large, which made it dif-
ficult to find meaningful effects of IFNγ from a single trial [45]. Despite this, the findings 
from a meta‐analysis published recently in a systematic review [45] suggested that IFNγ, 
especially when administered by aerosol three times weekly, could be beneficial in pulmo-
nary TB and had statistically beneficial effects on clearance of bacilli from sputum and 
chest radiographic. Similarly, aerosols of IFNα administered to MDR‐TB patients [46, 65] 
demonstrated a slight improvement in bacterial clearance and sputum conversion. It is 
noteworthy that these clinical trials were developed without previous optimization and 
validation in inhalational preclinical studies. Thus, the potential use of inhalational therapy 
of IFNγ as HDT for TB could benefit from preclinical studies to optimize and validate this 
approach using modern formulations of IFNγ for aerosol delivery and newly developed 
aerosol animal models of TB.
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At present the only vaccine available for TB is Bacille‐Calmette–Guerin (BCG), which 
is administered by injection. BCG is almost 100 years old and its efficacy to prevent 
 pulmonary TB in adults is highly variable; however, it protects from severe forms of TB 
disease in children and for this reason is widely used around the world. New vaccines and 
improved methods of delivery are urgently needed and thus vaccines are also being stud-
ied for their efficacy as HDTs and aerosol delivery. Aerosol vaccines could facilitate mass 
immunization campaigns by easing administration strategy compared with injection as 
there is no need for medically trained personal, and both cost and medical waste are 
reduced. There are clinical and preclinical studies on aerosol TB vaccines dating back 
as  far as the 1950s [66, 67]. However, today aerosol TB vaccines have emerged as an 
important approach to improve efficacy of TB vaccines for TB prevention and treatment. 
The development of aerosol TB vaccines is being facilitated by lessons learnt from the 
process of developing an aerosol for measles vaccine through the WHO Measles vaccine 
project [66] and by the already available technology developed over decades of research 
on aerosol treatment of other pulmonary diseases such as asthma, chronic pulmonary 
disease, and cystic fibrosis [7]. Interest in this re‐emerging approach in TB vaccine 
research is further emphasized by a recent workshop held at the National Institute of 
Allergy and Infectious Diseases on April 2014 entitled “Developing aerosol vaccines for 
Mycobacterium tuberculosis” [66].

The development of aerosol TB vaccines requires a good understanding of the mucosal 
immunity and preparation of new formulations of vaccines for aerosol delivery. With the 
purpose of enhancing pulmonary immunity and host antimicrobial capacity several anti-
gen  formulations and vaccines are currently being studied [68–72]. Recent advances in 
the  spray‐drying preparation and aerosol delivery have facilitated re‐formulation of 
BCG vaccine using spray‐dried, nanoparticle [69, 73], or liposome chitosan [74] and 
poly(d,l‐lactide‐co‐glycolide)–poly(ethyleneimine) (PLGA–PEI) vehicles [68] specifi-
cally designed for aerosol delivery. These new re‐formulated vaccines have been tested in 
mice and guinea pigs and have demonstrated capacity to enhance pulmonary antimicrobial 
activity against M. tuberculosis infection [69, 73]. Specifically, nanoparticle formulations 
and aerosol delivery of the BCG to guinea pigs subsequently challenged with virulent M. 
tuberculosis have been shown to reduce the bacterial burden and to improve lung pathology 
when  compared with control groups receiving the standard parenteral BCG [69, 73]. 
Similarly, aerosol administration of the Rv1733c DNA vaccine formulated with PLGA–
PEI nanoparticles to the lungs of chronically infected mice increased T cell proliferation 
and IFNγ production when compared with control groups receiving intramuscular vaccina-
tions. These results confirm that PLGA–PEI nanoparticles are an efficient DNA vaccine‐
delivery system to enhance T cell responses through pulmonary delivery in a DNA prime 
or protein boost vaccine regimen [68]. Overall, several studies have indicated that pulmo-
nary delivery of DNA vaccines against TB may provide an advantageous delivery route 
compared with intramuscular immunization, and that increased immunogenicity can be 
achieved by delivery of aerosols of DNA encapsulated in chitosan nanoparticles [68].

Immunogenicity of aerosol TB vaccines has also been studied in several preclinical stud-
ies using the non‐human primates (NHP) TB animal models. Vaccination of NHP [Indian 
rhesus macaques] [75] via intradermal BCG administration and an aerosol boost with 
Aeras‐402, an adenovirus‐35 (Ad35) vector expressing mycobacterial antigens 85A/B 
(Ag85A/B) and TB10.4 resulted in a transient improvement of the CD4 and CD8 T cell 
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responses to stimulation with Ag85/B in the aerosol Ad35‐Ag85/B‐treated group compared 
with control groups. Overall, this study suggested that aerosol delivery of the adenovirus‐
vectored TB vaccine candidate generated a much more robust mucosal response than that 
obtained following delivery via injection [75] but no protection was observed after chal-
lenge with a low dose of M. tuberculosis. A repetition of this study to investigate additional 
variants after intradermal BCG vaccination and boosting via aerosol administration with 
viral‐vectored Ad5 M72 or Ad‐EAST‐6/Ag85B is now underway using Chinese rhesus 
macaques [66].

In another study BCG‐primed NHPs when boosted with intradermal or aerosol adminis-
tration of the modified vaccinia Ankara‐vectored/Ag 85A (MVA85A) TB vaccine candi-
date resulted in systemic and pulmonary boost of specific immune responses against 
Ag85A in peripheral blood mononuclear cells (PBMC) and in lung CD4 T cells [76]. The 
same MVA85A vaccine candidate was also tested in a Phase I clinical trial comparing 
intradermal and aerosol administration of the vaccine. The aerosol delivery via nebulizer 
was well tolerated and demonstrated strong antigen‐specific IFNγ responses using both 
delivery routes of administration [76]. The continued support for development of aerosol 
administration of vaccines is emphasized by recent plans in the TB clinics to test mucosal 
immunity after aerosol or intranasal administration of Ad5‐Ag85A or TB/FLU‐04 L 
 vaccines, respectively. This vaccine was successfully evaluated in a Phase I trial that dem-
onstrated no vaccine‐related serious adverse events [1]. The TB/FLU‐04 L is a recombinant 
influenza vectored with strain A/Puerto Rico/8/34 (H1N1) expressing M. tuberculosis anti-
gens Ag85A and ESAT‐ 6. A Phase I trial in BCG‐vaccinated QuantiFERON TB‐Gold 
negative healthy adult volunteers using intranasal administration was recently completed, 
and a Phase IIa trial is planned [1].

16.4  Limitations of Preclinical Studies to Develop Inhalational  
Host‐Directed Therapies for Tuberculosis

Preclinical testing of the efficacy of aerosolized HDT drugs and ways of promoting lung 
deposition along with pharmacokinetics is a prerequisite for the future safe and efficient 
clinical use of aerosols of HDT for TB. Other chapters in this book have addressed the 
development of nanoparticles, liquid and dry‐powder formulations and the use of animal 
models for TB. To advance the field of inhalational therapies for TB it is important to 
develop preclinical studies using animal models of TB. Towards this goal several groups in 
the USA and India have developed inhalational TB animal models using non‐invasive pro-
cedures in mice and guinea pigs [6, 62]. These procedures allow for repeated administration 
(at intervals of minutes, hours or days) of host‐directed drugs [e.g., siRNAs, peptide inhibi-
tors, small molecules] [58, 77, 78] and anti‐TB drugs [6, 62, 63]. In preparation for inhala-
tional in vivo studies there are several factors that need to be taken into account. The most 
important factors are the size of the TB animal model (mice or guinea pigs) along with the 
cost and amount of drug available for the study. Thus, the development of aerosols of HDT 
using animal models for TB is limited by several logistic and economical factors; (1). The 
early stages of development of preclinical testing of only one drug require a large number 
(between 50 and 100) of animals per study. (2). Initial steps in the optimization and 
 validation of inhalational research require relatively large amounts of drug which can be 
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expensive (3). These studies require technical staff with expertise to do aerosol treatments. 
(4). Treatments in animals have to be administered daily or several times per week for a 
period of two, four and sometimes eight weeks and have to be administered rapidly with 
precision and reproducibility.

Some inhalational animal models administer the drugs directly into the lungs while 
 others use aerosol chambers or nose‐only cones and the amount of drug needed per study 
can vary considerably. In this regard during the first steps of optimization and validation 
the use of a mouse model with direct and local deposition of the drug is recommended. 
In our laboratory we use the intrapulmonary aerosol administration in mice chronically 
infected with M. tuberculosis [58, 62, 63, 77, 78]. This procedure employs a specialized 
apparatus (the Penn‐Century Microsprayer), and has the advantage of being a very quick 
procedure (30 seconds), reproducible and is very suitable for administering quantifiable 
doses to the deep lung. The intrapulmonary aerosol delivery allows for local and transient 
intervention aiming at reducing the amount of drug used per drug administration, toxicity 
and secondary effects. Other research groups use an inexpensive, home‐made kit to make 
mice or guinea pigs inhale the drugs in a chamber or nose‐only cone fitted to their nose 
[79, 80] where the drugs are aerosolized in dry‐powder formulations prepared as described 
in other chapters of this book. This technique is excellent for allowing rapid, reproducible, 
painless and ambient‐pressure inhalations to animals, but requires exceedingly large 
amounts of drugs to prepare and optimize the aerosols and lacks both the precision of 
dose delivery and the ability to avoid loss of drug in the mouth and upper airways. Thus, 
the intrapulmonary aerosol delivery is recommended in the earliest preclinical studies to 
 determine the minimal concentration of drug providing bactericidal efficacy in situ in the 
lungs. Thereafter, this information can direct optimization of aerosols using chamber or 
nose‐only cones as a next step in the optimization and validation process. In addition the 
size of each group of animals, concentration(s) of drugs to be tested and the number of 
doses to be administered along with the number of time points in the study need to be taken 
into account.

16.5  Preclinical Testing of Inhaled Small Interference RNA  
as Host‐Directed Therapies for Tuberculosis

The small interference RNA (siRNA) mechanism has gained interest as a therapeutic 
approach because, in principle, any disease caused by, or greatly exacerbated by, the 
expression of a dominant gene can be treated with siRNA. As discussed above, several 
cytokines, enzymes, transcription factors, or in general overexpression of any immune 
mediator, can drive pathology or have an impact in the M. tuberculosis bacilli survival in 
the lungs, and these can be targeted by intrapulmonary aerosol administration of siRNA. 
A  major challenge preventing widespread use of siRNA as a “gene therapy” has been 
 achieving effective delivery to the target organ but fortunately our studies, and that of 
 others, have shown siRNA uptake and biodistribution in the lung is very efficient. At pre-
sent, our laboratory is investigating the use of siRNA as a tool to enhance the host’s natural 
ability to clear the drug‐tolerant bacilli and to study lung biology during an M. tuberculosis 
infection. Thus, transient and timely blocking of specific molecules (e.g., cytokines, cell‐
surface molecules, transcription factors) using siRNA during a M. tuberculosis  pulmonary 
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infection provides a unique tool to study the lung biology of TB and to identify potential 
targets for HDT. In our studies intrapulmonary delivery of siRNAs aims at changing 
the immune environment of the granuloma and increasing the antimicrobial capacity via 
activation state of the macrophages within the granuloma to enhance their antimicrobial 
capacity while at the same time limiting the inflammatory responses. We have used siRNAs 
to target the expression of specific immunosuppressive cytokines [TGFβ1, IL‐10, IL‐6, 
granulocyte‐macrophage colony stimulatory factor (GM‐CSF) cytokines or signal trans-
ducer and activator of transcription 3 (STAT3)] because they play essential roles in 
facilitating the persistence of M. tuberculosis bacilli in the lungs [78, 81, 82]. In our experi-
ence using local immunotherapy delivery of siRNAs and cytokines directly into the lung of 
mice chronically infected with M. tuberculosis has served to demonstrate that it is possible 
to change the overall course of the pulmonary chronic M. tuberculosis infection and it 
therefore suggests a potential therapeutic approach [58, 77]. Using intrapulmonary aerosol 
delivery of siRNAs, any pathway and cytokines‐chemokine/mechanisms or transcription 
factors implicated in the pathology of TB can be targeted. By identifying and studying 
the  role of each molecule at specific time points and their contribution to the TB lung 
pathology, the identification and validation of new host targets for drug discovery [or FDA‐
approved and re‐purposed drugs] will be facilitated and their potential use as aerosol HDT 
for TB can be fulfilled as suggested in this chapter.

Thus, as in all preclinical studies, the development of inhalational therapy using animal 
models of HDT for TB can be time consuming and resource intensive. In the early stages 
of identification of targets, the possible high cost in treatment and cost of drugs (e.g., 
recombinant cytokines, antibodies, siRNAs, peptides) targeting potential targets of 
immune  pathways in the lungs are limitations to developing further this approach. 
However, the  latter should not discourage research, as there is always the possibility for 
identification of existing drugs or design of new drugs with more practical and economical 
therapeutic value.
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Treatments for Mycobacterial 

Persistence and Biofilm Growth

David L. Hava* and Jean C. Sung

17.1 Introduction

The failure of the pharmaceutical industry to address the emergent problem of antibiotic 
resistance through the development of new antibacterial drugs is well documented and has 
become an increasingly crucial public health problem in the last quarter century [1]. Nowhere 
has this been more evident than in treatments for Mycobacterium spp., and in particularly 
M. tuberculosis, where the primary first‐ and second‐line drugs used in treatment regimens 
were all discovered before 1980 [2]. In the intervening time, increasingly drug‐resistant strains 
have emerged including those classified as drug‐resistant, multi‐drug‐resistant (MDR‐TB), 
and extensively‐drug‐resistant (XDR‐TB), the latter of which are resistant to at least 4 differ-
ent classes of antibiotics [3]. There is an urgent need for new therapeutic alternatives for both 
M. tuberculosis and non‐tuberculoid mycobacteria (NTM) infections. This need has led to an 
influx of new drug candidates and a large number of ongoing clinical trials evaluating both 
repurposed antibiotics used in other infections and drugs with new targets, the majority of 
which are bactericidal antibiotics aimed at killing growing bacteria [2].

Antibiotic treatment regimens for M. tuberculosis vary in length depending on the drug 
susceptibility of the infecting strain. For drug‐susceptible strains, a 6‐month course of 
antibiotics is given that includes an intensive 2‐month phase of 4 antibiotics followed by a 
4‐month continuation phase of 2 antibiotics [4]. In cases of MDR‐TB, treatment regimens 
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are of questionable benefit and may extend for as long as 24 months [5]. Treatment regimens 
for other pulmonary mycobacterial infections such as the NTM species M. avium complex 
(MAC) and M. abscessus are equally intensive and may include a combination of systemically 
administered drugs together with drugs inhaled directly into the lungs [6]. In all instances, 
the treatment burden of these drug regimens is high and long‐term adherence difficult. The 
necessity of long treatment regimens with multiple antibiotics highlights the ability of 
Mycobacterium spp. to persist long term and tolerate antibiotic exposure through a variety 
of mechanisms that include the emergence of drug‐resistant strains, drug‐tolerant persisters 
and specialized growth in biofilms. New strategies in addition to traditional antibiotics may 
be useful in potentiating drug activity and increasing the likelihood of eradicating these 
difficult‐to‐treat infections.

17.2 Mycobacterial Persistence and Drug Tolerance

Prolonged exposure to antibiotics results in the selection of antibiotic‐resistant strains 
that can survive treatment and outcompete susceptible strains in the presence of drug. 
Mycobacterial drug‐resistance mechanisms have emerged that parallel those found in other 
bacterial species [1]. In addition to genetic mechanisms of bacterial drug resistance, bacteria 
have evolved adaptations that allow them to chronically infect mammalian hosts and persist 
in the face of both chemotherapy and host‐responses to infection. Bacterial persistence 
allows small, sub‐populations of bacteria to survive in the presence of bactericidal activity 
and then grow when the drug is removed [7]. Persistence is an actively maintained state 
that involves both spontaneous changes in gene expression and orchestrated responses to 
extracellular cues to ultimately reduce growth rate and avoid bactericidal killing [7]. 
Mycobacterial persistence results in antibiotic tolerance, which can be seen in both the 
difficulty of sterilizing infection and the high rates of infection relapse. In the presence of 
isoniazid (INH), M. smegmatis persists through a balance of cell division and death based 
on the stochastic expression of KatG, a catalase‐peroxidase that activates INH and leads to 
bacterial death in high‐KatG‐expressing cells [8], with random bacteria expressing low 
levels of KatG exhibiting greater INH tolerance. Likewise, mycobacteria divide in an 
asymmetric manner that results in heterogeneous cultures with cells that vary in elongation 
rate, size and sensitivity to different antibiotic classes [9], and stressed growth conditions 
reduce mycobacterial metabolic rates and growth, resulting in tolerance to a broad scope of 
antibiotics [10]. These relatively random processes resulting in antibiotic tolerance result 
in a meaningful fraction of the bacterial population surviving each round of antibiotic 
exposure and driving persistence.

While stochastic processes lead to the selection of antibiotic‐tolerant sub‐populations, it 
is clear that bacteria also respond to environmental cues to induce states of antibiotic toler-
ance and persistence. Mycobacteria are able to maintain long‐term viability in low‐nutrient 
or starvation conditions that resist killing by INH and rifampicin (RIF) in a state that 
requires induction of the stringent response and RelA [11]. Similar persistence responses 
exist in other bacteria in response to DNA damage, oxidative stress and quorum sensing 
[7]. Interestingly, induced mechanisms of persistence are similar to mechanisms that are 
traditionally thought of as drug‐resistant strategies. One example of this is the induced 
expression of antibiotic‐efflux pumps in mycobacteria during macrophage infection, 
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which supports the emergence of antibiotic tolerance during intracellular growth [12]. In a 
number of other bacteria, the induced expression of nitric oxide and hydrogen sulfide 
provides a protective effect against antibiotics and protection against oxidative stress 
[13, 14]. Mechanistically, mycobacteria achieve a persistence state through the combined 
effects of changes in growth rate and active mechanisms, which might lead to the achieved 
balance of both active division and cell death [8].

A common mechanism utilized by bacteria to persist in harsh environments both in vivo 
and in the environment is the formation of multicellular biofilm communities. Biofilms 
form as cooperative communities on both biological and artificial surfaces to provide 
protective advantages to the community that are not otherwise achieved as planktonically 
growing bacteria [15]. In many bacteria, the same environmental cues that induce persis-
tence also drive biofilm formation and maturation, and lead to antibiotic tolerance. These 
include bacterial cell‐to‐cell signaling, induction of the stringent response resulting from 
nutrient limitation or starvation, and increasing anti‐oxidant defenses [16–19]. To form 
biofilms, bacteria differentiate from motile, planktonic bacteria to multi‐bacterial chains 
or aggregates that produce and secrete a matrix of extracellular polysaccharide (EPS) that 
surrounds and imbeds the bacterial community in a three‐dimensional structure. Mature 
biofilms afford protection as a barrier to antibiotic penetration and create a nutrient 
environment where antibiotic tolerance can be maintained. Pseudomonas aeruginosa, an 
opportunistic pathogen that chronically colonizes the lungs of patients with Cystic Fibrosis 
(CF), forms biofilms on lung epithelial cell surfaces where innate defenses of the airway 
such as the mucus barrier and mucociliary clearance are diminished. Mature P. aeruginosa 
biofilms are entrenched in a thick polysaccharide layer that provides a barrier to antibiotics 
and creates a hypoxic, low‐oxygen environment where bacterial growth may be anaerobic 
and nutrients are limited [20, 21]. Environmental changes that alter bacterial growth and 
gene‐expression patterns and trigger persistence and biofilm formation are also at work in 
biofilms where signals are generated that cause the biofilm to disassemble or disperse. As 
more detailed understandings of these signaling pathways emerge the perturbation or utiliza-
tion of these signals to manipulate antibiotic sensitivity should be explored as a therapeutic 
strategy to either dissipate biofilms or to increase their sensitivity to antibiotic treatment.

17.3 Mycobacterial Multicellular Growth

Classically, Mycobacterium spp. are intracellular pathogens that have adapted strategies to 
survive within host macrophages through the alteration of phagolysosome maturation or by 
phagosomal escape resulting in evasion of host responses and bacterial killing [22, 23]. For 
NTM species, biofilms form in environmental sources and are important for bacterial 
growth and survival in these systems, owing in part to the ability of the biofilm to support 
growth in low‐nutrient environments where they are exposed to antimicrobial treatments 
[24, 25]. Importantly, these environmental biofilms are enriched in areas that may be 
sources of human exposure to aerosolized bacteria [26, 27], suggesting that treatments to 
prevent or dissipate biofilms could be considered beyond therapies for humans.

Whether long‐term persistence of Mycobacterium spp. involves the formation of bio-
films in humans is an open question and difficult to study; however, pathological evidence 
of multicellular growth of M. tuberculosis and M. abscessus has been described [28–30]. 
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Recently, proteins that are uniquely expressed during mycobacterial biofilm growth have 
been identified and subsequently detected with sera collected from infected guinea pigs 
[31]. While the functions of many of these proteins are not known, the data suggest that 
they are expressed in vivo and that structures similar to those cultured in vitro may form in 
animals. Further genetic analysis of the role of these proteins in both biofilm formation and 
infection may further establish a link between biofilm culture in vitro and its role in vivo.

Despite the limited clinical evidence that Mycobacterium spp. form biofilms during 
infection, it is clear that Mycobacterium spp. are able to grow multicellularly in structures 
that are similar to classical biofilms in vitro. These include multicellular growth in cords, 
which is associated with virulence and requires trehalose dimycolate (TDM) [32] and 
growth in pellicles at the air–liquid interface, which is a multicellular film of bacteria that 
spread across the culture surface and is common to many strains of M. tuberculosis isolated 
worldwide [32–34]. Cording and growth in pellicles are distinct phenotypes that can be 
genetically separated [35], with pellicles generally associated with a biofilm form of 
growth. Like classical biofilms formed by Gram‐negative species such as P. aeruginosa, 
M. tuberculosis and NTM biofilms are tolerant to antibiotic treatment in vitro [36, 37]. 
When cultured as planktonic bacteria over a 5‐day period, INH treatment results in a greater 
than 4 log

10
 reduction in M. tuberculosis viability compared with a 1‐to‐2 log

10
 reduction 

during biofilm culture. Similar results were seen following RIF treatment; however, the 
overall sensitivity of the biofilms to RIF treatment was greater than that for INH [36]. The 
protection afforded by biofilm formation against antibiotic treatment is further evident by 
the ability of a biofilm to confer protection to drug‐sensitive bacteria that are presumably 
encased in the larger bacterial structure  [35]. Collectively, in vitro data suggest that the 
growth of Mycobacterium spp. in biofilms may account for some of the difficulty in treating 
infections through improved drug tolerance in vivo.

17.4 Mycobacterial Lipids Involved in Biofilm Formation

When grown in biofilms, Gram‐positive and Gram‐negative bacteria secrete large amounts 
of EPS that surround the bacteria and modulate many of the properties of the biofilm 
community including stability, barrier function and adhesion. Mycobacterial genomes do 
not contain genes for EPS production [38], but replicate the function of EPS through the 
secretion of unique lipids similar to those that make up the mycobacterial cell wall. Cell 
wall lipids and their biosynthetic pathways therefore have a critical role in biofilm attach-
ment, maturation and in the resistance to antibiotics (Table 17.1).

Rapidly growing strains of M. smegmatis and M. abscessus, and slow growing members 
of the M. avium complex (MAC), produce glycopeptidolipids (GPLs) on their outermost 
cell surface [50]. In M. smegmatis, mutants unable to produce GPLs are defective in sliding 
motility and biofilm formation [39, 40]. Among the mutants identified were those with 
transposon insertions in the mps genes, which are involved in the formation of the lipopep-
tide core of GPLs, a mutation in mmpL4b (tmtpC) that blocks GPL transport, and a third 
mutation that results in non‐acetylated GPLs [39, 40, 51]. In M. abscessus, GPL expression 
and transport also depend on MmpL4b, and deletion of mmpL4 results in loss of biofilm 
formation, but interestingly a gain in the ability to replicate within monocyte‐derived 
macrophages [41]. The mps (pstAB) gene has a similar role in M. avium in catalyzing the 
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synthesis of the GPL core and mutants are deficient at colonizing surfaces and forming 
biofilms [42, 43]. Because GPLs are localized to the outermost surface of the cell wall, a 
model was proposed in which GPLs modify the bacterial cell surface to create a hydropho-
bic surface that drives M. smegmatis bacterial attachment and the early stages of biofilm 
formation [39].

Lipid components of the mycobacterial cell wall are also important for the structure 
and architecture of biofilms. In particular, mycolic acid synthesis and secretion have a 
significant role. Mycolic acid biosynthesis and mycolic acid lipid profiles differ during 
planktonic and biofilm growth, with increased synthesis of shorter C

56
–C

68
 mycolic acids 

and a higher proportion of free mycolic acids during biofilm growth, which are predomi-
nantly methoxymycolates [35, 36, 44]. The release of free mycolic acids from the cell 
surface occurs through the enzymatic cleavage of newly synthesized trehalose dimycolate 
(TDM), which occurs differentially during stages of biofilm formation and maturation 
[46]. The accumulation of free or surface‐bound methoxymycolates during biofilm 
growth may provide an analogous function to EPS secretion in stabilization and protec-
tion against external insults.

Genetic analysis of the mycolic acid biosynthetic pathway further supports the role of 
these lipids in multiple stages of biofilm development. Biofilm formation and mycolic acid 

Table 17.1 Mycobacterial lipids implicated in biofilm growth

Lipid Species Key data Gene/Protein function References

Glycopeptidolipids 
(GPLs)

M. smegmatis Mutation in mps GPL core biosynthesis [39]
Mutation in 
mmpL4b

GPL transport [40]

Mutation in atf1 GPL acetylation [40]
M. abscessus Mutation in 

mmpL4b
GPL transport [41]

M. avium Mutation in mps GPL core biosynthesis [42, 43]
Free C56–C68 
methoxymycolates

M. smegmatis;
M. tuberculosis

Mutation in 
groEL1

Chaperone required 
for mycolic acid 
biosynthesis

[44, 45]

Mutation in 
Msmeg_1529

Enzymatic release of 
mycolic acids

[46]

Ketomycolic acids M. tuberculosis Mutation in 
mmaA4

Methyltransferase [35]

Trehalose 
dimycolate (TDM)

M. smegmatis;
M. tuberculosis

Mutation in 
fbpA

Organization of TDM 
in cell wall

[46]

Inhibitors of 
MmpL3

Trehalose 
monomycolate (TMM) 
transport

[47]

Monomerylmycol 
diacylcglycerol

M. smegmatis Mutation in 
mmpL11

Lipid transport [48]

Mycolate ester 
wax

M. smegmatis Mutation in 
mmpL11

Lipid transport [48]

Arabinan 
biosynthesis

M. smegmatis;
M. tuberculosis

Inhibitors of 
DprE1

Arabinan biosynthesis [49]
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synthesis both require the non‐essential chaperone GroEL1. The role for GroEL1 is specific 
to biofilm growth and requires physical interaction with the type II Fatty Acid Synthase 
(FAS) complex through association with KasA [44]. The type II FAS system is involved in 
fatty acid elongation and KasA catalyzes the acyl extension of mycolic acids. Transcriptional 
down regulation of these genes results in alterations in lipid composition and impaired 
biofilm formation [45]. Likewise, the ability to synthesize ketomycolic acids is essential 
for the initiation of biofilm growth and dependent on the expression of the methyltrans-
ferase MmaA4 [35], a protein that is also required for virulence [52] and that is expressed 
during human infection [53].

Downstream of mycolic acid biosynthesis, steps in both the transport of mycolic acids 
and the final stages of mycolic acid localization in the cell wall have roles in biofilm 
growth. Bacteria with mutations in gene encoding the Antigen 85 complex, which organizes 
TDM in the cell envelope [54], are defective at biofilm formation, with the strongest defect 
observed in a ΔfbpA (Ag85A) strain [46]. Consistent with their role in biofilm develop-
ment, Ag85A, GroEL1 and others involved in cell‐wall biosynthesis are expressed during 
biofilm formation and specifically coincide at time points where marked changes in 
morphology of the biofilm occur [55]. Understanding the transport of long‐chain mycolic 
acids across the mycobacterial cell membrane has been an area of intensive focus and study 
[56]. Recently, MmpL3, a large transmembrane protein, was identified as the transporter of 
trehalose monomycolate (TMM), the precursor to TDM [47]. Inhibitors of MmpL3 have 
been identified that are bactericidal against aerobically growing bacteria, but not against 
nonreplicating anaerobic growth [47]; however, a direct effect of these drugs on biofilm 
growth has not been tested. The mmpL3 and mmpL11 genes are the only two MmpL‐type 
proteins expressed by M. tuberculosis that are conserved across all Mycobacterium spp. 
[57]. In M. smegmatis, MmpL11 is required for transport of monomeromycolyl diacylglycerol 
and mycolate ester wax across the plasma membrane, and mutants in mmpL11 have altered 
cell‐wall composition and reduced ability to form mature biofilms [48]. Whether the altera-
tion of the lipid composition in the mmpL11 has indirect effects on biofilm formation 
through changes in the bacterial cell wall or if its lipid substrates play a specific role in 
stages of biofilm formation and/or maturation remains to be determined.

17.5 Therapies to Treat Mycobacterial Biofilms and Persistence

17.5.1 Therapies to Treat Mycobacterial Biofilms

The elucidation of pathways important for biofilm formation in different Mycobacterium 
spp. has resulted in a number of possible drug targets for disrupting biofilm growth 
(Figure 17.1). Interestingly, many of the same pathways identified as critical to biofilm 
formation have been cultivated as more general targets of antimycobacterial drug discovery 
and development. Therefore, several drugs in development may provide the benefit of 
bactericidal activity against both planktonic bacteria and multicellular bacterial growth. 
One such target is MmpL3, the cell‐membrane protein required for TMM translocation. 
With the identification of MmpL3 as the TMM transporter, a small molecule (AU1235) 
inhibitor of TMM transport was identified with bactericidal activity against M. tuberculosis 
[47]. Following the identification of MmpL3, two additional small‐molecule inhibitors of 
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cell‐wall assembly, SQ109 and BM212, were found to inhibit the same target [58, 59]. 
SQ109 has potent bactericidal activity against M. tuberculosis cultures in vitro and acts 
synergistically with INH and RIF [58, 60]. While MmpL3 has not been directly implicated 
in biofilm development, the important role that mycolic acids have in the process would 
suggest that, in addition to potent effects on planktonic growth, SQ109 may also be 
effective at killing bacteria in biofilms. SQ109 has completed Phase 2 clinical testing 
and is the focus of ongoing clinical development (see https://clinicaltrials.gov/ct2/show/
NCT01218217 ‐ accessed 23rd May 2016).

In addition to novel bactericidal antibiotics, the development of new approaches to 
specifically treat multicellular mycobacterial growth may be advantageous to incorporate 
into existing therapeutic regimens to be used in combination with antibiotics (Figure 17.1). 
Such compounds may be developed to specifically target biofilms or more generally target 
bacterial persisters and drug‐tolerant bacteria. To this end, a significant challenge exists in 
designing growth conditions and selective strategies to not only identify genes that are 
important for growth, but are required for survival in a slower growing persistence state; 
however, strategies to overcome these hurdles are emerging [49, 61, 62]. Using a high‐
throughput screen and M. smegmatis biofilm growth, Wang et al. identified two classes of 
compounds that either inhibit mycobacteria growth in biofilm conditions or prevented 

Infection
Biofilm

initiation
Biofilm

maturation Dispersion

Dissipate biofilms

Biofilm development

Spread

Inhaled antibiotics
- Amikacin
- Capreomycin

- D-amino acids
- Diffusible signal factor

Potentiation of antibiotics
- Increase aminoglycoside uptake

Inhibition of initiation signals
- Environmental signaling?

Inhibitors of cell-wall biosynthesis and assembly
- BTZ043 and SQ109

Inhibition of persisters
- Bacteriophage approaches
- ADEP-4

Inhibition of nutrient acquisition
- Gallium, EDTA

Novel host-derived approaches
- IDR-1018

Figure 17.1 Stages of biofilm development as potential therapeutic targets. General stages 
of biofilm growth are shown as infection, initiation, maturation, dispersal and spread. 
Therapeutic strategies and specific examples discussed in the text are shown in each box 
below. The location of each box on the developmental timeline suggests where each therapy 
might be most applicable as an interventional therapy based on the current understanding of 
mycobacterial biofilms and existing data for each strategy
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biofilm formation [49]. The lead compound identified (TCA1) exhibited similar in vitro 
bactericidal activity to RIF and INH against actively growing cultures, but with the advantage 
of preventing the outgrowth of resistant strains observed for the latter drugs. Further, TCA1 
exhibited superior killing against nonreplicating M. tuberculosis compared with RIF and 
comparable activity in mouse models of infection to both RIF and INH [49]. TCA1 targets 
DprE1, a component of an essential enzyme involved in cell‐wall arabinan biosynthesis [63]. 
Coincidentally, DrpE1 is the target of benzothiazinones, a new class of antimycobacterial 
drugs with potent activity exhibiting activity at nanomolar concentrations in vitro [64] and 
the focus of intensive drug‐development efforts. The most advanced benzothiazinone com-
pound, BTZ043, is currently in preclinical development [2]. Collectively, the data suggest 
that cell‐wall arabinan biosynthesis furthers the role lipids have in mycobacterial biofilm 
formation and growth and that through the targeting of DrpE1 multiple stages of myco-
bacterial growth may be impacted.

17.5.2 Therapies to Disrupt Nutrient Acquisition and Persistence

Mycobacterium spp. are similar to other bacteria in that they respond to changes in nutrient 
conditions or external stimuli to persist and survive. One response to environmental or 
nutrient stress is to induce cellular processes to enable persistence, alter nutrient needs and 
possibly form biofilms [7, 33]. This is evident by the dependence of in vitro biofilm forma-
tion on specific growth conditions with specific nutrient requirements such as iron (Fe) or 
zinc [36, 65]. Iron has a significant role in the formation and development of P. aeruginosa 
biofilms and iron acquisition has been targeted as an anti‐biofilm approach [66–69]. Given 
the similar role of Fe in the formation of mycobacterial biofilms, therapeutic approaches 
aimed at Fe acquisition and metabolism may be similarly applicable.

Approaches focused on the disruption of bacterial metal cation and Fe acquisition 
attempt to mimic the effect host Fe‐scavenging proteins have on biofilm development [66]. 
Gallium (Ga) is a semi‐metallic element with antibacterial activity against a number of 
Gram‐positive and Gram‐negative bacteria through the disruption of Fe uptake and the 
function of bacterial Fe‐binding proteins [70]. A principle mechanism by which this occurs 
is through the displacement of Fe on bacterial siderophores, leading to Ga uptake specifically 
by bacterial cells [71]. In vitro, Ga blocks iron uptake by P. aeruginosa in a dose‐dependent 
manner, prevents the establishment of biofilms and kills bacteria growing in biofilms, an 
attribute lacking in antibiotics [72, 73]. The safety and efficacy of intravenous (IV) Ga in 
CF has been advanced to clinical testing [74].

A second approach to disrupting biofilms may be to directly chelate extracellular metal 
cations required for biofilm maintenance and maturation.One example of this approach is 
to utilize Fe chelation in combination with existing antibiotics. Growth of P. aeruginosa 
biofilms on CF‐derived epithelial cells requires Fe and can be prevented through treatment 
with Food and Drug Administration (FDA)‐approved iron chelators [75]. More interest-
ingly, when used in combination with tobramycin, Fe chelators disrupt biofilms through 
the chelation of Fe and the antibiotic treatment significantly reduce bacterial viability [75]. 
Similar results have been obtained using the broad metal chelator ethylenediaminetetraacetic 
acid (EDTA) in combination with antibiotics to disrupt biofilms formed by Staphylococcus 
spp. [76] and by P. aeruginosa [77], an effect in the latter case that was dependent on the 
chelation of Fe and calcium. The important role of siderophore‐mediated iron uptake 
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during mycobacterial biofilm growth [65] suggests that strategies such as Fe replacement 
with Ga or chelation may be similarly effective strategies (Figure 17.1).

In addition to the perturbation of biofilm growth, the manipulation of local metabolite 
concentrations may allow the sensitization of mycobacteria to antibiotics, whether grown in 
a biofilm or in a persistent state. In E. coli, the addition of carbon sources utilized in glycolysis 
to antibiotic treatment of persister cultures potentiates the activity of aminoglycosides [78]. 
This effect is specific to aminoglycosides and a result of increasing proton‐motive force 
(PMF) and aminoglycoside uptake, without reverting persisters to a normal growth state. 
The combined effect of metabolites and aminoglycosides was also evident in treating biofilms 
both in vitro and in vivo [78]. Similar results were found using Staphylococcus aureus, 
although, interestingly, fructose rather than mannitol and glucose exerted the greatest poten-
tiation [78]. Peng and colleagues extended these findings using the amino acid alanine to 
demonstrate that, by similarly inducing PMF and aminoglycoside uptake, sufficient concen-
trations of intracellular drug could be achieved to kill antibiotic‐resistant bacteria grown 
planktonically and in biofilms [79]. The simplicity of the metabolites that potentiate the 
effects of antibiotics may allow them to be easily incorporated into drug formulations 
delivered to infection sites where the combined activity may be observed.

The redundancy of pathways that may lead to persistence poses a significant challenge 
in the development of a single therapeutic to inhibit specific bacterial signaling pathways 
[1]. As an alternative approach, compounds that activate cellular processes to broadly affect 
bacterial physiology have been identified that kill both persister and actively growing 
cultures [80]. ADEP‐4, the compound identified, activates ClpP, a protease that normally 
selectively recognizes and degrades misfolded proteins. Through the activation of ClpP 
with ADEP‐4, ClpP becomes a non‐selective protease that kills S. aureus persisters in both 
broth culture and biofilms and eradicates difficult‐to‐treat infections in mice when used in 
combination with antibiotics [80]. Additional strategies have been described that interfere 
with stress responses that may converge on common pathways of persistence, including 
interference of bacterial SOS response, oxidative stress response or stringent response [7]. 
Several of these approaches utilize bacteriophages to exogenously express proteins that 
interfere with these responses, including uncleavable forms of the LexA repressor or 
overexpression of the SoxR transcriptional regulator to enhance antibiotic therapy [81]. 
Similar bacteriophage strategies have been proposed to sensitize biofilms to antibiotics or 
to disperse biofilms using species‐targeted bacteriophages expressing enzymes that will 
degrade the protective extracellular polysaccharide surrounding the biofilm [82]. The use 
of bacteriophages for the treatment and prevention of mycobacterial infections has been 
suggested [83] and the use of mycobacteriophages in mycobacterial genetics offers tools 
that may be adapted to use similar approaches to genetically modify Mycobacterium spp. 
during infection.

17.5.3 Treatments for Biofilm Dispersion

The study of mycobacterial biofilms has primarily focused on characterization of growth 
conditions and genetic requirements for biofilm formation, but not the specific signals that 
trigger formation or disassembly of such structures. While killing bacteria in biofilms may 
be achievable, the dissipation of biofilms in combination of antibiotic treatment may provide 
an alternative method to eradication. For this approach, care must be taken to assure that 
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biofilm dissipation does not result in a significant immune response resulting from releasing 
a large number of bacteria from these structures simultaneously. In other species, signaling 
systems exist that enable individual bacteria to sense their environment and bacterial cell 
density to trigger stages of biofilm formation and dissipation. These signaling systems 
include quorum sensing, secreted signals causing biofilm disassembly and secreted bacte-
rial enzymes that interfere with competing bacteria [84–86]. An attractive approach to 
modulating biofilm dispersal or increasing drug sensitivity would be to build upon the 
understanding of cross‐species interference or biofilm‐dispersal signals to identify therapeutic 
compounds to be used in mycobacterial infections (Figure 17.1).

In the specific case of mycobacterial biofilms a greater understanding of the signals that 
drive biofilm formation or dispersion will allow direct targeting of these processes for 
therapeutic purposes. Of concepts that have been identified in other species, many may not 
be suitable for mycobacterial biofilms as the distinct cell‐wall structure and lipid‐rich extra-
cellular matrix of their biofilms distinguish them from those that form polysaccharide‐based 
biofilm matrices. For example, P. aeruginosa and S. aureus produce D‐amino acids during 
biofilm growth that lead to disassembly of the biofilm by their incorporation into cell‐wall 
peptidoglycan, leading to release of proteins within the extracellular matrix. Likewise, treatment 
of biofilms with D‐amino acids can dissipate preformed biofilms [87–89]. M. tuberculosis 
has a peptidoglycan layer that is essential for survival and is similar to other bacteria in both 
structure and genomic organization [90]. However, it is not obvious that D‐amino acids would 
penetrate the hydrophobic lipid coat surrounding the bacterium to reach the peptidoglycan 
or if a similar effect on the lipid components of the biofilm would be observed.

Similar to the effect of D‐amino acids, many bacteria respond to a secreted fatty acid 
signal similar to diffusible signal factor (DSF) originally identified in Xanthomonas 
campestris, that disperses and prevents biofilm formation of a number of bacteria [86, 91]. 
The most potent compound identified, cis‐2‐decenoic acid [(Z)‐dec‐2‐enoic acid] , is present 
in low nanomolar concentrations in growth media and is active at dispersing biofilms at 
concentrations of 10 nM [86]. In other studies, DSF treatment sensitizes Bacillus cereus 
to antibiotic treatment, inhibits biofilms and reduces persistence [92]. Similarly, DSF 
treatment of M. smegmatis cultures in vitro lowered minimum inhibitory concentration 
(MIC) values of several antibiotics when used in combination, suggesting that such 
compounds may enhance antibiotic potency during planktonic growth [92]. Whether similar 
factors could be used to break persistence or enhance the activity of antibiotics against 
mycobacterial biofilms remains to be tested.

17.5.4 Treatments Derived from Host Innate Defenses

A growing understanding of how innate host defenses may differentially affect stages of 
bacterial growth or how these defenses are inactivated during infection may allow for 
development of novel therapies derived from host peptides. The human cationic peptide 
LL‐37 is an example of such a strategy, as LL‐37 exhibits weak bactericidal activity against 
P. aeruginosa, but potently inhibits biofilm formation and manipulates bacterial gene 
expression to alter established biofilms [93]. The basic understanding of cationic peptide 
activity under different conditions led to the development and discovery of a synthetic 
peptide, IDR‐1018 [94], which is an exciting example of this premise. IDR‐1018 exhibits 
immunomodulatory activity, by both inducing chemokine secretion to help protect against 
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infection and attenuating pro‐inflammatory cytokine responses [94], and has exhibited a 
protective effect in a number of preclinical bacterial infection models including M. tubercu-
losis [95]. Related to biofilm treatments, IDR‐1018 prevents biofilm formation and eradi-
cates mature biofilms formed by both Gram‐negative and Gram‐positive bacteria [96]. This 
activity is independent of direct bactericidal activity, but rather through the inhibition of 
bacterial stringent stress responses, which are broadly conserved across species including 
Mycobacterium spp. [96, 97]. Further, in humans with respiratory disease or a history of 
smoking, human neutrophil peptides (HNPs) become inactivated through the ADP ribo-
sylation of arginine residues [98, 99]. Through the replacement of arginine with ornithine 
HNP‐1, the cytotoxic and bactericidal activities of HNP‐1 can be separated [100] and may 
provide the opportunity to develop more potent analogues that resist inactivation during 
infection or disease.

17.5.5 Treatments with Inhaled Antibiotics

While approaches for the eradication of established biofilms in chronic infections are only 
in early development, it is likely that these new approaches will be used in combination 
with antibiotics to maximize clinical efficacy. To target these therapies to the primary sites 
of infection, delivery of drugs directly to the lungs is an attractive approach and one that 
has been used clinically to treat P. aeruginosa infection in CF by using inhaled antibiotics. 
The mainstay of inhaled antibiotic therapy in CF since its approval in 1997 has been the use 
of the inhaled aminoglycoside tobramycin [101]. Inhaled tobramycin is currently available 
as tobramycin inhalation solution (TIS) for nebulization (TOBI®; Novartis AG) and a more 
recently approved dry‐powder formulation [TOBI PodHaler® (Tobramycin Inhalation 
Powder; TIP); Novartis, AG]. Intermittent use of aerosolized TIS using monthly cycling 
of periods of on‐off treatment significantly reduced sputum bacterial burden by 0.8 to 
2.2 log

10
 colony‐forming units (CFU) per gram of sputum over a period of 20 weeks and 

improved pulmonary function [10% increase in forced expiratory volume in 1 second 
(FEV1)] over the same time period compared with placebo [102]. TIP was developed using 
a novel dry‐powder particle engineering technology, called Pulmospheres™, which allow 
for high drug loading and reduced treatment burden compared with nebulized liquid drugs 
with a similar treatment benefit in clinical trials [103]. The success of inhaled tobramycin 
has led to the development and approval of inhaled aztreonam (Gilead Sciences, Inc.) and 
colistimethate sodium (Forest Laboratories, Inc.) for treatment of P. aeruginosa, with addi-
tional non‐pseudomonal therapies in development [104].

NTM infection in CF has gained increasing attention over the last decade. Rates of NTM 
infection in CF are increasing and are associated with increased lung‐function decline [30, 
105]. M. abscessus and MAC are the most common NTM infections in CF; however, the 
prevalence of different strains differs by geography [106]. Diagnosing pulmonary NTM 
infection is particularly difficult due to underlying disease and nonspecific symptomatology. 
Treatment regimens involve 12‐month regimens of oral and IV antibiotics, including mac-
rolides and aminoglycosides [107].

While appreciation of the negative effects of pulmonary NTM infection has grown, 
new antibiotic development focused on treating these infections has lagged. Inhalation of 
antibiotics directly to the lungs has the potential to dramatically improve treatment options 
by directly targeting the site of infection and achieving high local drug concentrations that 
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may improve bacterial killing and overcome low levels of drug resistance. Inhaled amikacin 
is in development as a liposomal formulation focused on treating pulmonary NTM infections 
[Liposomal Amikacin for Inhalation (LAI); Insmed, Inc.] [108]. The liposomal formulation 
provides several advantages to pulmonary drug delivery over the delivery of free, unen-
capsulated drug. Lung‐delivered liposomal amikacin exhibits biphasic clearance from rat 
lungs, with a significant proportion of the drug exhibiting a lung half‐life of more than 24 h 
and improved in vivo activity compared with free drug [109]. Additionally, the liposomal 
formulations penetrate bacterial biofilms and release amikacin over a long time period, 
a process that involves the activity of bacterial virulence factors [109]. The promising 
preclinical data using LAI led to clinical development for the treatment of P. aeruginosa 
and NTM infection in both CF and non‐CF disease. In a Phase 2 randomized, placebo‐
controlled clinical trial of LAI in NTM infection, 90 subjects were randomized to LAI or 
placebo and treated once daily for a 12‐week double‐blind phase followed by a 12‐week 
open‐label phase where all subjects were administered LAI [110]. The majority of patients 
(81%) were non‐CF and had MAC infection (64%). While the primary endpoint of change 
from baseline in the full semi‐quantitative scale for mycobacterial culture was not statistically 
significant, a high percentage of patients achieved NTM culture conversion to negative. 
Eleven of 44 patients achieved culture conversion on LAI compared with 3 of 45 on 
placebo in the double‐blind phase of the trial, and 6 of the 11 patients maintained culture‐
negative samples through the open‐label and follow‐up phase of the study. The majority of 
the subjects that achieved culture conversion were non‐CF subjects with MAC infection 
[110]. Recently, Insmed initiated a Phase 3 clinical trial focused on studying LAI in non‐
CF MAC‐infected patients together with standard of care (see https://clinicaltrials.gov/ct2/
show/NCT02344004 ‐ accessed 23rd May 2016).

Inhaled antibiotics have also been contemplated for M. tuberculosis infection [111]. The 
advantages of lung delivery, local targeting, avoidance of oral bioavailability issues and 
achievement of high drug concentrations are similar to those for other pulmonary infections 
with the added advantage of potentially targeting antibiotics directly to alveolar macrophages 
infected with M. tuberculosis. Several antibiotics have been tested in preclinical models using 
inhalable‐formulation concepts including INH [112, 113], rifapentine [114], clofazimine 
[115] and levofloxacin [116], novel antibiotics [117], and drug combinations [118].

The most advanced inhaled antibiotic for M. tuberculosis treatment is a dry‐powder form 
of capreomycin, a second‐line polypeptide antibiotic given by injection with serious side 
effects that limit its long‐term use [119]. Dry‐powder capreomycin is manufactured by 
spray drying in particles containing >70% capreomycin and L‐leucine to create particles 
with aerosol properties expected to result in efficient pulmonary drug delivery in both the 
bronchi and alveolar regions [120, 121]. In guinea pig pharmacokinetic (PK) studies, lung 
administration of capreomycin dry powder resulted in lower systemic exposure, longer 
half‐lives and 50‐ to 100‐fold higher lung concentrations than were obtained with IV or 
intramuscular (IM) routes of delivery [120, 121]. Notably, the lung concentrations following 
inhalation were considerably higher than the MIC of capreomycin against M. tuberculosis 
[122]. In a Phase 1 safety study in healthy volunteers, doses of dry‐powder capreomycin of 
up to 300 mg were administered using a capsule‐based dry‐powder system. Delivery was 
generally safe and well tolerated, with transient post‐dose cough observed as the primary 
adverse event [123]. Dose‐proportional increases in plasma PK parameters were observed 
and the highest dose tested resulted in C

max
 levels that exceed the capreomycin MIC for 
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M. tuberculosis. While the high number of capsules (12 × 25 mg) required to achieve the 
potentially efficacious dose may be a significant limitation to further development, the 
capreomycin programme highlights the potential of the inhaled‐antibiotic approach for 
M. tuberculosis.

17.6 Conclusion

Treatment paradigms established with inhaled antibiotics for P. aeruginosa suggest that 
early treatment to prevent or delay the establishment of chronic mycobacterial infection 
may be the most successful strategy to improve health. However, mycobacterial infections 
often present clinically when chronic infection already exists, making early eradication a 
challenge. In these cases, additional therapeutic interventions are needed to augment the 
activity of existing antibiotic regimens or to replace currently used antibiotics. In the case 
of pulmonary infections, direct delivery to the site of infection via inhalation is a logical 
approach that warrants more consideration. In recent years, a number of novel approaches 
and mechanisms have been described that may expand the clinical choices that physicians 
have to include antibiotics aimed at novel targets, but also target new aspects of mycobacterial 
growth such as biofilm formation and persistence (Figure 17.1). Hopefully, more concepts 
and compounds in early development are advanced towards clinical studies to both validate 
new concepts and create novel therapies that are broadly applicable to mycobacterial infec-
tions, including both M. tuberculosis and NTM.
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18.1 Introduction

Tuberculosis (TB) statistics are recited often among the research community because they are 
bleak and have remained largely unchanged for the last few decades. Over one third of the 
world population is infected with Mycobacterium tuberculosis (Mtb), and disease‐associated 
mortality rates are the second highest of any infectious disease worldwide. At present, there is 
no effective vaccine, and drug discovery has been largely unproductive for the last 50 years.

However, TB is not the only disease associated with discouraging statistics. Many 
infectious and non‐infectious diseases are difficult to treat and/or prevent. These illnesses 
tend to share one deadly characteristic, they hide from the host immune system. Cancer is 
perhaps one of the greatest challenges to the medical community. The body does not 
recognize and reject tumors as foreign invaders because tumors are host cells, replicating 
without the proper checkpoints. Researchers struggle to develop ways to target cancer cells 
and tumors, without harming the rest of the body. Using a pathogen as an example, the 
human immunodeficiency virus (HIV) hides from the immune system of the host by infecting 
vital immune cells, making it nearly impossible to treat. Researchers have spent billions of 
dollars trying to treat these diseases with conventional and novel therapies.



Directed Intervention and Immunomodulation against Pulmonary Tuberculosis 347

More recently, research efforts in these fields have shifted from commonly used thera-
peutics (such as antibiotics, chemotherapy and radiation) to different immunotherapies and 
vaccines [1–5]. The human immune system is both powerful and exquisite in terms of 
specificity. In theory, it can be primed, modulated, and/or tricked into responding to almost 
any material, with the caveat that many of the mechanisms by which this modulation of the 
immune system can be achieved are still poorly understood. In this chapter we explore 
efforts to modulate the immune system for the treatment of or immunization against TB. 
We will examine what has been successful and unsuccessful in the past, current research 
efforts, and speculate on were the field needs to go.

18.2 TB Immunology

18.2.1 Early Events of Infection

Mtb infection is predominantly acquired via the pulmonary route. An infected host with 
high bacterial burden and ruptured lung lesions releases droplets containing bacilli into 
the air (by coughing, sneezing, etc.) [6, 7]. Breathing in as few as one of these small 
droplets is enough to cause infection, with the infectious dose being less than 10 bacteria 
[6]. Once the bacilli have gained entry into the lung airway and parenchyma, the initial 
events of infection and the interplay between Mtb and the host are complex. Mtb has 
developed a multitude of mechanisms for exploiting the host immune response in order 
to further its own survival and spread.

The first stage of infection is mediated almost entirely by the host innate immune system. 
The mycobacteria are engulfed by phagocytic immune cells, upon activation of toll‐like 
receptors (TLR) 2, TLR 9, and other pathogen‐recognition receptors (including c‐type lectin 
receptors and mannose receptors) present in these immune cells [7–10]. Phagocytic activity 
and initial inflammation lead to early granuloma formation. Classically, granuloma forma-
tion was thought to “wall off” the pathogen, in an effort to diminish bacterial replication 
while the adaptive arm of the immune system gained momentum. However, more recently, 
research has demonstrated a bacterial advantage in early infection of phagocytic 
cells [7, 11–15]. Alveolar macrophages, dendritic cells (DCs), and neutrophils are reser-
voirs by which Mtb can hide from adaptive immune cells [10, 11, 13]. This is illustrated by 
research showing that adaptive transfer of antigen‐specific T cells during early infection 
does little to decrease bacterial numbers [10, 16]. Activated macrophages release inter-
feron‐gamma (IFN‐γ) which initiates autophagy, wherein the macrophage phagosome 
(containing the bacterium) fuses with the lysosome, which increases compartment acidity 
and bacterial death [10, 17]. In addition, activated macrophages can control infection via 
apoptosis and efferocytosis (the phagocytosis of infected cells) [10, 12–14, 18].

However, Mtb manipulates macrophage recruitment into the lung, as well as delaying 
antigen presentation in the draining lymph nodes. Mtb has a complex lipid‐rich cell wall 
that is important for cell survival as well as for host–pathogen interactions. These cell 
wall lipids limit antigen recognition and activation of macrophages, while promoting the 
recruitment of permissive macrophages to further infection [7, 10, 19]. In these macrophages 
Mtb replicates, preventing fusion of the phagosome and lysosome, as well as preventing 
apoptosis. Eventually the macrophage dies via necrosis, which is characterized by complete 
cell lysis, releasing bacteria and causing further spread of infection [10, 12, 14].
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18.2.2 Delayed Adaptive Immunity

The increased necrosis of immune cells and dissemination of the bacteria limits cross‐
presentation of Mtb antigens by DCs in the draining lymph nodes, thereby delaying the 
adaptive immune response [10, 20]. The migration of DCs to the draining lymph node 
takes place 7–9 days after the initial infection. During this time the disseminating bacteria 
migrate out of the lung to form other lesions in the body. These extra‐pulmonary lesions are 
efficiently cleared by splenic T cells most of the time. DCs take an additional 7–10 days to 
migrate from the draining lymph nodes back to the lung tissue, thus allowing Mtb up 
to 21 days to establish infection in the lung [7, 8, 10, 20]. Even when antigen‐specific 
IFN‐γ‐producing T cells are present in the lung tissue (after parenteral vaccination or 
adoptive T cell transfer), control of bacterial replication and infection is only accelerated 
by 5–7 days [7, 8, 10]. Adaptive lymphocytes are essential to control of bacterial burden. 
T helper (CD4+) cells are especially critical. Mice deficient in functional CD4+ T helper cells 
cannot control bacterial replication and develop severe disease [8, 10, 20–22]. Similarly, HIV 
patients with decreased CD4+ T helper cells are at high risk for active TB and have increased 
TB morbidity and mortality. Despite the necessity of CD4+ T helper cells, the efficacy of 
these cells is temporally and spatially dependent, making it variable from patient to patient.

Many events may contribute to the delay of the adaptive immune response, which is 
critical for clearing Mtb. In addition to the aforementioned immune cell necrosis and 
subsequent bacterial dissemination, FoxP3+ CD4+ T regulatory (Treg) cells and the 
cytokine interleukin 10 (IL‐10) may directly inhibit and delay T helper cell recruitment to 
the site of infection [8, 10]. This delay may also be a mechanism of reduced phagocyte–
lymphocyte contact. The long migration time of T cells from the circulation back to the 
lung parenchyma allows innate immune cells to continue to accumulate at the site of 
infection. Neutrophils and permissive macrophages interfere with the critical interaction 
between CD4+ T cells and infected macrophages, and decreases T cell effectiveness at 
controlling bacterial burden [7, 10].

CD8+ T cells are also involved in the adaptive response to TB, although not to the same 
extent as are CD4+ T cells. In fact the extent of their contribution to bacterial control is 
somewhat controversial in the literature. CD8+ T cells migrate along with CD4+ T cells into 
the lung parenchyma. Here they mediate control of infection via two pathways; (1) secretion 
of Th1 cytokines to recruit and activate phagocytes, and (2) the secretion of granulysin for the 
direct killing of infected phagocytes [10, 23]. However, CD8+ T cells alone are not sufficient 
to control infection. Sud and colleagues demonstrated this by depleting mice of CD4+ T cells, 
and inducing CD8+ T cells to produce enough IFN‐γ to match wild‐type levels of IFN‐γ; 
however, CD8+ T cells were not sufficient to control infection by themselves [23]. In addi-
tion, when mice were either depleted of CD4+ T cells or IFN‐γ, they had earlier active disease 
progression [23]. This is also seen in acquired immune deficiency syndrome (AIDS) patients 
with TB co‐infection, as their CD8+ T cells are not sufficient to clear the disease.

18.2.3 Humoral Immunity and Innate Lymphocytes

The benefits of humoral immunity in TB are widely debated. Considered ineffective in 
controlling infectious burden early on in TB research, studies in this area were neglected for 
years [10, 20, 24–27]. However, the limited protection provided by bacille Calmette–Guérin 
(BCG) worldwide and the failure of vaccine competitors in clinical trials has re‐invigorated 
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humoral research as a possible supportive mediator of TB immunity. Studies in B cell‐
deficient mice have shown varied results ranging from increased susceptibility and diminished 
protection, to reduced pathogenesis and dissemination, to no effect [27–32]. It is known that 
follicle‐like B cell aggregates, or inducible bronchus‐associated lymphoid tissues, are found 
in outer portions of the pulmonary granuloma in chronic TB infection [20, 27, 33]. While 
their function in TB still remains speculative, studies in mice challenged with pulmonary 
influenza virus have shown these lymphoid‐like structures are important mediators of pro-
tective immunity and lymphocyte memory responses in mice lacking secondary lymphoid 
tissue [27, 34, 35]. In addition, while B cell‐deficient mice challenged with low‐dose Mtb 
aerosol appear to be unaffected by the loss of humoral immunity, high doses of aerosol or 
intravenous (IV) Mtb infection in B cell‐deficient mice produced increased lung pathology 
and disease susceptibility [20, 28, 32]. Furthermore, B cells have been shown to modulate 
infection via the Fc‐gamma receptors (FcγR), where selective antibody engagement of the 
stimulatory FcγR or inhibitory FcγRIIB on antigen presenting cells (APCs) results in an 
increased Th1 response and bacterial containment or IL‐10 production and diminished 
protection, respectively [20, 27, 32]. These data taken together seem to indicate that B cell 
involvement in TB infection is more complicated than initially thought with many factors, 
including infectious dose, disease stage, and location of Mtb, affecting the role of humoral 
immunity.

Innate T cells are the newest addition to the field of TB immunity. Mucosal associated 
invariant T (MAIT) cells, invariant natural killer T (iNKT) cells, and gamma delta (γδ) 
T cells have all been shown to play a protective role in TB, although to what extent remains 
to be explored. MAIT cells are activated by the infection of airway epithelial cells [7, 36]. 
Activated MAIT cells can limit early bacterial growth and prevent infection progression. 
iNKT cells become activated during primary infection and secrete granulocyte‐macrophage 
colony‐stimulating factor (GM‐CSF), which functions to recruit cytokine‐producing 
immune cells into the lung [7, 37]. Similarly, γδ T cells recognize phosphoantigens on Mtb 
triggering rapid T cell clonal expansion. These cells secrete cytokines and can directly kill 
Mtb‐infected cells and inhibit mycobacterial growth [7, 38].

18.2.4 Latent Infection

After infection with Mtb, disease progresses in two possible ways: (1) The patient develops 
active TB. Mtb replicates in the lungs, unperturbed by the immune system. Clinical symp-
toms develop including fever, weight loss, and flu‐like symptoms. Within the lung, severe 
tissue damage occurs in areas of infection. (2) Alternatively, the patient develops latent TB 
and has no clinical symptoms of infection. With one‐third of the world infected with Mtb, 
most individuals develop clinical latency, making the patient asymptomatic and possibly 
unaware of the infection. During latent infection the mycobacterium remains quiescent in 
the lungs, trapped in hypoxic granulomas and unable to replicate. Only 5–10% of individu-
als with latent TB progress to active disease during their lifetime, termed re‐activation, and 
these individuals are usually immunocompromised. Individuals with latent TB will com-
monly test positive in a skin test. The skin test is performed by injecting purified protein 
derivative (PPD), or Mtb culture filtrate, directly beneath the top layer of skin. The indura-
tion that forms is measured, and is generally larger in individuals who have been exposed 
to the mycobacteria. Interestingly, individuals who are latently infected but who test 
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negative in the skin test are more likely to progress to active disease [39]. This is further 
complicated in individuals who are vaccinated with BCG and are PPD positive due to the 
immunization.

The diagnosis of latent TB infection is dependent on a positive skin test and interferon 
gamma release assay in the absence of active disease. This may be the result of bacterial 
clearance by the host immune system or granulomas in the lung preventing bacterial growth 
and disease progression. The granuloma structure is complex and multicellular. Fibrotic 
tissue surrounds the outside of the granuloma and the centre is formed by infected phagocytes, 
neutrophils, multinucleated giant macrophages, epithelioid cells, and foamy macrophages. 
A layer of lymphocytes and B cells surrounds the exterior of the granuloma [10, 40]. At the 
centre of the granuloma a caseous necrotic core develops due to cell lysis, creating a hypoxic 
environment where the bacteria remain dormant and unable to replicate.

Granulomas were originally thought to be static structures, trapping bacteria within the 
immune cell‐comprised walls and preventing its dissemination. However, work with 
Mycobacterium marinum in a zebrafish TB model looking at innate immune cells, as well 
as a study looking at lymphocytes in TB granulomas in the liver of mice, showed that the 
granuloma is a dynamic structure with lymphocytes and macrophages moving throughout 
[26, 41–43]. Thus, the granuloma establishes an equilibrium with the host, with immune cells 
keeping the mycobacterial numbers constant and contained, while a small mycobacterial 
subpopulation continues to replicate [8, 44]. This idea of bacterial and immunological 
equilibrium in the host seems to support the clinical manifestation of extreme heterogeneity 
among granulomas, both within the lung and between patients.

18.2.5 Correlates of Protection and Tolerance

Until recently, the immune correlates of protection during Mtb infection were all pro‐
inflammatory, or Th1 differentiated. As mentioned earlier, CD4+ and CD8+ T lymphocytes 
are critical mediators of defense, as well as phagocytes and other innate inflammatory 
responders (see §18.2.1 Early Events of Infection and §18.2.2 Delayed Adaptive Immunity). 
IFN‐γ and tumor necrosis factor α (TNFα) are two well‐known pro‐inflammatory cytokines 
present in the infected lung environment, which are critical for control of the infection, but 
have also been shown to have detrimental effects. IFN‐γ is mainly secreted by CD4+ cells, 
in response to interleukin 12 (IL‐12) secretion by Mtb‐infected DCs. It can also be secreted 
by CD8+ T cells, iNKT cells, γδ T cells, and alveolar macrophages [10, 45–47]. Mice 
without IFN‐γ are extremely susceptible to Mtb infection and morbidity [48, 49]. They 
cannot control bacterial growth, have defective macrophage activation and function, and 
fail to produce reactive nitrogen and oxygen species [10, 47–49]. In addition, IFN‐γ is 
crucial to inhibit the secretion of possibly detrimental cytokines like IL‐17, which recruits 
neutrophils into the lung [7]. However, despite its essential role in reducing bacterial 
burden, IFN‐γ is a controversial correlate of protection. While the cytokine is produced in 
healthy PPD‐positive patients, it has been shown that patients with active TB may have sup-
pressed levels [47, 50–52]. This may be due to the ability of Mtb to inhibit IFN‐γ signaling. 
This arguably makes IFN‐γ levels a poor predictor of disease outcome alone [47].

TNFα has been shown to modulate granuloma formation, maintenance, and function 
[53, 54]. In conjunction with IFN‐γ it mediates macrophage function and production of 
reactive nitrogen and oxygen species [47]. Mice treated with anti‐TNFα antibodies exhibit 
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increased bacterial burden, disorganized granulomas, poor macrophage function and 
activation, and increased Treg numbers [8, 55–58]. However, despite the documented anti-
microbial effects, it has been shown that TNFα is also associated with host‐mediated lung 
pathology [47, 59–61].

More recently a role for anti‐inflammatory cytokines and mediators has been implicated 
during TB infection; however, to what extent these cytokines are beneficial versus harmful 
remains unknown. Tregs, IL‐10, and transforming growth factor β (TGFβ) are generally con-
sidered anti‐inflammatory in nature, namely Th2‐ or regulatory‐differentiated. Unrestrained 
inflammation can cause severe pathology in the lung, as mentioned above, so these anti‐
inflammatory cells and cytokines can be protective. FoxP3+ Tregs interact with CD4+ T cells 
and can limit their effector function and recruitment [10]. IL‐10 de‐activates macrophages, 
limits IFN‐γ secretion, and suppresses CD4+ T cell and APC function [47, 62, 63]. TGFβ can 
also deactivate macrophages and suppress CD4+ T cell function, in addition to altering pro-
duction of reactive nitrogen and oxygen species [47, 63–65]. However counterintuitive it may 
seem, these anti‐inflammatory mediators may be essential in preventing severe lung pathol-
ogy, as well as T cell exhaustion. Programmed cell death protein 1 (PD‐1) is a cell‐surface 
receptor expressed on activated B and T cells [10]. When it binds to its ligands, programmed 
death ligand 1 and 2 (PD‐L1 and PD‐L2), negative signal cascades inhibit cell proliferation 
and cytokine production [10]. PD‐L1 is induced during chronic inflammation, as shown by 
increased PD‐L1 levels in patients with active TB, compared with healthy or latently infected 
patients [10, 66]. Therefore, it appears that anti‐inflammatory immune mediators may have a 
role in preventing the detrimental effects of unchecked inflammation, although too much 
inhibition of inflammatory mediators may worsen disease.

18.2.6 Natural Immunity against TB Infection

Only 10% of Mtb‐infected individuals develop active disease during their lifetime. 
Therefore, we can assume the remaining 90% of the population has some form of natural 
immunity protecting them from developing active disease. This is the basis for vaccina-
tion strategies which use attenuated mycobacterial species or antigens in order to closely 
simulate natural immunity after Mtb infection. Our understanding of how natural immu-
nity protects individuals following infection with Mtb is incomplete, despite a multitude 
of research exploring how the immune system responds to a TB infection. In addition, 
little is known about how accurately vaccine‐induced immunity recapitulates natural 
immunity. Researchers know that natural immunity is not sufficient to provide protection 
against TB infection. This is evident in countries such as South Africa, where TB is highly 
endemic, suggesting that natural immunity does not provide protection in the majority of 
the population. Moreover, in successfully treated TB patients, previous disease constitutes 
a significant risk factor for future reinfection [67].

18.3 Animal Models of Immunotherapies and Vaccines for TB

Each animal model currently being used in TB research provides specific aspects of human 
disease pathology, though no single preclinical model provides the complete spectrum of 
human disease characteristics, i.e., immune response and lung pathology. The most 
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commonly used TB animal models include mouse, guinea pig, and non‐human primates; 
the final choice of which animal model to use is often dependent on the cost, space, and the 
biosafety facilities available. Human TB progresses to different stages based on disease 
pathology and time of diagnosis: active TB, latent TB, or reactivated TB. Animal models 
for TB need to capture all or some of these aspects of different human disease stages. The 
focus of this section will be on the animal models used to study the immune response to 
immunotherapy pre‐ and post‐Mtb exposure. A thorough description of other animal 
models is beyond the scope of this section and readers are encouraged to refer to more 
complete reviews on TB animal models [68].

18.3.1 Mouse Model

Mice are the most commonly used animal model to study novel vaccines and immuno-
therapies due to their low cost and ease of availability. In addition, the immunological 
reagents and tools required to study the responses to immunotherapies and vaccines are 
numerous and readily available for this animal species. The mouse model can also be easily 
manipulated to produce genetically modified strains [69]. Although mice are more resistant 
to TB infection compared with other animal models, including humans, the strong immune 
imprint after infection has allowed researchers to study the immune response to various 
immunomodulatory agents and therapies. However, the mouse model poorly mimics 
human lung pathology; they lack a well‐organized granuloma, the immune structures that 
are known to harbor Mtb. Furthermore, these unorganized granulomas lack necrosis, fibro-
sis, and hypoxia [70], which are the hallmarks observed in human TB granulomas. Research 
efforts currently focus on developing mouse models that provide human‐like pathophysiology 
in order to more accurately evaluate novel vaccines and therapies against TB [71–73]. This 
includes the C3HeB/FeJ mice (Kramnik model) that allow necrotic granuloma and hypoxic 
lesion formation in the lungs [74].

18.3.2 Guinea Pig Model

Guinea pigs have similar lung pathology to human TB patients and form well‐structured 
granulomas after a low‐dose experimental Mtb infection. However, guinea pigs are highly 
susceptible to experimental infection, unlike healthy humans; a few virulent organisms 
administered by the aerosol route can produce lung lesions, bacteremia, and even fatal 
disease. The major drawback of this animal model is the lack of widely available immuno-
logical reagents.

18.3.3 Non‐human Primates Model

Non‐human primates (NHPs) most closely recapitulate the clinical characteristics of 
human TB, but have the downside of being expensive, resource‐intensive, and ethically 
controversial [75]. Cynomolgus macaques can develop either active disease or latent infec-
tion after aerosol infection based on gross pathology, bacterial counts, and histopathology 
[76]. Furthermore, the histological lesions in this animal model show thick fibrosis, miner-
alization, and central caseation similar to those observed in humans [75]. In addition, the 
granulomas are hypoxic [70]. NHPs show heterogeneity in lesion types when infected with 
low‐dose Mtb, a clinical manifestation observed in TB‐infected humans. However, the 
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NHP model is usually reserved for vaccine and therapy candidates that have shown 
 remarkable success in small‐animal models and are in an advanced stage to enter into 
 clinical development. This is probably due to the significant cost and resources associated 
with this animal model [77, 78].

18.4 The Current TB Vaccine – Bacille Calmette Guérin

18.4.1 BCG Vaccine History

BCG is the only vaccine available against TB. It was produced more than a century ago from 
a virulent strain of Mycobacterium bovis using continuous in vitro passage to attenuate the 
bacteria. Immediately after BCG’s creation, the first human newborns were vaccinated in 
Europe in 1921, which led to significant protection against TB in young children [79]. 
BCG’s success in Europe in the first half of the 20th century allowed it to expand to other 
TB‐endemic areas, notably in Africa and South-East Asia. Since 1974 BCG has been part of 
the World Health Organization (WHO) Expanded Program on Immunization (EPI), and the 
estimated coverage in TB‐endemic countries now exceeds 80% [80]. The growing world‐
wide demand for this live vaccine led to different BCG strains with minor genetic differ-
ences being cultured and passaged around the world. These strains were later classified as 
“early” strains (Russia, Moreau, Japan, etc.) based on few gene deletions, and “late” strains 
(Tice, Danish, Pasteur, etc.) that acquired further deletions due to the different culture medi-
ums and growth conditions used during BCG’s manufacturing process [81]. Currently, more 
than 13 different BCG sub‐strains have been reported [82]; however, none of these strains 
are effective against the most prevalent form of the disease, adult pulmonary TB.

18.4.2 Alternative Routes of BCG Delivery

The BCG vaccine was initially administered to children orally with milk after it was intro-
duced in the early 1920s; a route that Calmette and Guérin thought was crucial for BCG’s 
success. The oral route was discontinued after the Lubeck disaster in Germany, where 
67 infants died after BCG vaccination. It was later recognized that the vaccine batch used 
to immunize infants in Lubeck was contaminated with virulent strains of Mtb [83]. This 
incident gradually led to the oral route of BCG delivery being replaced by the intradermal 
(ID) route, as the oral route was considered to be unsafe. In addition, the parenteral route 
that replaced the oral route required only one BCG dose, compared with 3 doses for oral 
immunization.

Since then, many other routes of BCG delivery have been attempted, including intra-
nasal, pulmonary, as well as revisiting the oral route [84–90]. The goal for most of these 
studies was to target the mucosal immune system directly to provide better protection 
against pulmonary TB. Mittrucker et al. observed comparable levels of protection in mice 
against aerosol challenge with Mtb after oral and systemic BCG immunization [87]. However, 
different levels of dissemination and persistence of BCG were observed in various 
organs [87]. Others administered BCG orally after encapsulating the live bacteria to protect 
them against the harsh gastric environment [91]; encapsulated BCG administered by the 
oral route achieved viable bacteria in the mesenteric lymph nodes that correlated with protec-
tion against Mtb, compared with unencapsulated orally administered BCG [92]. However, 
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none of these delivery routes have succeeded in replacing the parenteral route of BCG admin-
istration that was adopted in the 1930s, in spite of the promising results obtained from 
alternative routes of BCG administration.

18.4.3 Failures of BCG

Despite immunization efforts in over 150 countries worldwide, BCG has failed to reduce 
disease burden in areas of the world where TB is endemic (Figure 18.1). A study in 1979 
conducted by the WHO followed individuals in a controlled community trial in South India 
for 71/

2
 years and found no evidence of the protective effect of the BCG vaccine [93]. This 

was in contrast to initial trials in North America and the United Kingdom which showed 
80% protection in vaccinated individuals [94, 95]. A later meta‐analysis of the published 
literature showed that BCG provided an average of 50% protection, but the variability in 
efficacy rates could be largely explained by geographical location [96]. The various hypoth-
eses for the inconsistent efficacy of BCG are as follows:

18.4.3.1 Non‐tuberculosis Mycobacteria

Efforts to understand the inconsistency of BCG protection have been numerous, varied, 
and widely conflicting. One of the more common theories relates the varied geographical 
efficacy of the vaccine to the presence of high concentrations of environmental mycobacteria 
(EM) or non‐tuberculosis mycobacteria (NTM) in areas where TB is endemic. NTMs, BCG, 
Mtb, and all other mycobacteria are remarkably alike, sharing similar protein‐secretion 
pathways, cell‐wall components, and even the similar 16S rRNA [97–99]. Initial NTM studies 
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Figure  18.1 BCG efficacy varies geographically around the world. Colored regions have 
National BCG Mass Immunization Programs in place, darker colors correspond to the highest 
TB burden regions. (See insert for color representation of the figure.)
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were linked to the South India trials, where high levels of NTMs, specifically Mycobacterium 
avium‐intracellulare‐scrofulaceum (MAIS) complex, were isolated from the environment 
and sputum of vaccinated individuals with symptoms of TB infection [100]. Later these 
studies were validated in animal models of TB, showing that chronic NTM exposure results 
in the modulation of the host response and protective effects of BCG immunization 
[101–105].

Speculation on the underlying mechanistic reasons behind the modulation of host 
response to BCG after NTM exposure remains varied and uncertain. Circulating theories in 
the literature include the masking hypothesis and the blocking hypothesis, with evidence 
supporting both. The masking hypothesis was initially suggested in a study by Palmer and 
colleagues, which showed that pre‐sensitization with NTMs offered some immunity against 
Mtb in guinea pigs, and later immunization with BCG conferred little to no additional 
anti‐mycobacterial immune response [106, 107]. This was further illustrated by later 
research which compared pre‐mycobacterial immunity, via delayed‐type hypersensitivity 
(DTH) skin‐test response to tuberculin PPD, of individuals in Malawi and the UK before 
and after BCG vaccination. The results showed that individuals in the UK started with 
much lower pre‐existing immunity to mycobacteria, leading to a large increase in response 
after BCG vaccination. In contrast, individuals in Malawi had high pre‐existing immunity to 
mycobacteria, leading to very little increase in immune response after BCG vaccination. The 
effect of prior NTM immunity “masked” the immunity gained by BCG vaccination, render-
ing BCG an ineffective booster of prior mycobacterial immunity (Figure 18.2B) [108, 
109]. The blocking hypothesis was suggested in a study which looked at the replication of 
BCG in the lungs of vaccinated mice. Prior NTM exposure resulted in immunity significant 
enough to “block” BCG replication, but not sufficient to block Mtb growth, which was 
unchanged by NTM pre‐sensitization [101]. This short‐lived time‐frame wherein BCG was 
present in the lungs was not considered sufficient enough to generate a strong immune 
response (Figure 18.2A).

Another hypothesis generated recently suggests that NTM exposure creates a tolero-
genic immune response to mycobacteria in hosts. Oral tolerance is a widely accepted phe-
nomenon mediated by the immune cells in the gut. Chronic oral exposure of antigens 
initiates immune cells in the gut mucosa to switch to a tolerogenic phenotype. By defini-
tion, oral tolerance is the lack of immune response to parenteral immunization after chronic 
oral exposure to the same antigen [110]. Muttil and colleagues have shown that classic 
NTM immune modulation appears to be exclusive to oral exposure. When mice were 
chronically exposed to NTMs by the oral and ID route, only orally pre‐sensitized mice 
displayed a diminished immune response to BCG [111].

18.4.3.2 BCG Vaccine Antigenicity

NTM exposure is not the only explanation for poor BCG protection. Many researchers 
believe that the live vaccine itself is inconsistent. Since its initial origin in the laboratory of 
Calmette and Guérin in the early 1900s, M. bovis was passaged over 230 times before 
becoming the attenuated BCG first administered to humans in 1921. The vaccine continued 
to be passaged for maintenance because there was no cold chain storage or lyophilization. 
By the time the first BCG stock was freeze‐dried, the Pasteur strain in 1961, it had been 
passaged over 1173 times [112, 113]. As mentioned before, over 13 well‐studied strains of 
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Figure 18.2A Blocking hypothesis. BCG in naive individuals is able to replicate in the lungs 
long enough for the development of a BCG‐specific immune response to develop. This level of 
immunity is protective against Mtb challenge (BCG curve). NTMs in naive individuals replicate 
and generate a NTM‐specific immune response; however, this level of immunity is not sufficient 
for protection against subsequent Mtb infection (NTM alone curve). BCG in NTM‐exposed 
individuals provides insufficient protective immunity against TB. Prior NTM immunity inhibits 
BCG replication and the generation of a BCG‐specific immune response (NTM and BCG curve). 
(See insert for color representation of the figure.)
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Figure 18.2B Masking hypothesis. BCG in naive animals provides sufficient protection against 
Mtb challenge (BCG curve). NTM exposure in naive individuals generates some immunity, but 
this is insufficient against Mtb challenge (NTM alone curve). BCG in NTM‐exposed individuals 
does not generate immunity above the immunity already generated by NTM exposure, leaving 
them susceptible to Mtb infection (NTM and BCG curve). (See insert for color representation 
of the figure.)
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BCG exist, and have different molecular and genetic fingerprints. Different geographical 
regions of the world use different strains of BCG, and while each daughter strain was originally 
produced to maintain attenuation as well as antigenicity, little is known about which strains 
are the most effective.

18.4.3.3 Mtb Strain Virulence

There are many different strains of Mtb that have branched off this ancient bacteria’s 
phylogenetic tree and 6 main strains that infect different areas of the world [114, 115]. 
Gagneux and colleagues demonstrated that the host immune system can respond very 
differently to the different strains of Mtb. For example, it has been shown that ancient 
lineages of Mtb, when compared with more modern lineages, stimulate the innate immune 
response better. This may have evolved as a mechanism of virulence and spreading capability 
of the mycobacterium. Ancient lineages are associated with low‐density areas of the world, 
and may have evolved such that a robust innate immune response may have been beneficial 
to the bacteria, allowing them to remain latent in their host for later spread. This is in 
contrast to more modern strains of TB, which infect population‐dense areas of the world 
and seem to avoid robust innate host immunity. It has been speculated that these strains 
of Mtb suppress innate immune functions because spread in these population‐dense areas 
is more likely. These strain‐to‐strain differences in eliciting the host immune response 
may be important to consider when thinking about global differences in BCG efficacy.

18.4.3.4 Helminths

Another popular hypothesis which attempts to explain the poor protection associated with 
BCG immunization is immune interference by helminth co‐infection. Helminths share 
the same geographical niches as Mtb, with the highest infection rates in Africa, Asia, and 
South America. Helminths are an extremely diverse group of gastrointestinal parasites 
which are acquired when food and water sanitation is poor [116]. These parasites alter the 
immune environment of their host from a dominant Th1 response (pro‐inflammatory and 
cell‐mediated) to a Th2 response (lymphocyte‐suppressive, mostly humoral immune 
response). These responses can cross‐regulate each other; Th2 cytokines suppress the 
secretion of Th1 cytokines and thereby prevent the Th1 immune cell migration required to 
protect against Mtb [117].

18.5 Other Vaccines Platforms

18.5.1 Live Bacterial Vaccines

Live bacterial vaccines induce immune responses either to the bacteria or to a specific 
antigen expressed by the bacteria. They have the advantage of mimicking a natural infec-
tion, and eliciting a potent immune response to one or more of the expressed antigens. 
In addition, live vaccines have intrinsic adjuvant properties which stimulate a strong mucosal 
immune response [118, 119]. Live bacterial constructs are therefore an attractive vaccination 
strategy to enhance immunity against a pathogen. The survival of BCG vaccine in the host 
after immunization is necessary for optimum induction of the immune system [112, 120]. 
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Furthermore, live BCG strains, compared with dead bacilli, are critical for protection in 
mice against Mtb infection [121, 122]. However, live BCG is also known to cause local 
and disseminated complications, especially in immunocompromised individuals. BCG 
sub‐strains used in human vaccination differ in the percentage of viable bacteria present at 
the time of vaccination, their capacity to survive in the host after systemic administration, 
and their ability to produce antigens in the host [96, 112]. Yet no clinical trial has been 
conducted to specifically address the question of BCG survival in vaccinated individuals 
and their probability of contracting TB. The goal of any live bacterial vaccine is to be 
non‐pathogenic to the host, but still elicit a long‐lasting immune response. This could be 
achieved by i) Attenuating the pathogenic bacteria – this involves the deletion of essential 
virulence factors [123]. ii) Developing stable auxotrophs – these are bacteria that are not 
able to replicate, or have limited capacity for replication in the vaccinated individuals. 
iii) Recombinant bacterial strains that overexpress Mtb antigens or proteins that are known 
to generate a potent anti‐mycobacterial immune response. These antigens work by different 
mechanisms; one of them is to allow the live vaccine to escape the phagolysosome into the 
cell cytoplasm to generate a strong CD8+ T cell response [124].

18.5.1.1 Safety Concerns of Live Vaccines

In spite of the above safety checkpoints of live bacterial vaccines, the risk of conversion 
from the avirulent to virulent state, thereby increasing the probability of causing disease, 
still exists. Other safety fears with live bacterial vaccines include systemic infection, 
dissemination to organs, induction of tolerance to a specific or related bacterial strain used 
for vaccination, potentiation of autoimmunity, gene/plasmid transfer to host’s indigenous 
flora, suppression of the indigenous flora due to competition, and transfer of the live bacte-
rial vaccine to other individuals.

Integration of a mycobacterial antigen‐encoding plasmid into a live recombinant vaccine 
could be a potential hazard. It is possible that the altered vaccine strain could horizontally 
transfer the plasmid to other bacteria present in the vaccinated individual. This could lead 
to the undesirable persistence of the plasmid in the host. However, humans are constantly 
exposed to pathogenic and non‐pathogenic bacteria without significant damage. These 
bacterial exposures usually happen by the oral and/or the pulmonary route, rather than the 
parenteral route by which most immunizations are administered. The route of vaccine 
administration could therefore be a critical factor when evaluating this specific  hazard [125]. 
Many of the above safety concerns could be mitigated by the dose, regimen (single or mul-
tiple immunizations), and route of delivery. Although live vaccines continue to show sig-
nificant promise in preclinical and early clinical trials, sufficient safety studies are required 
to gain the confidence of the world regulatory agency to move forward with any new live 
TB vaccine [126].

18.5.2 Inactivated Whole‐cell Vaccines

The role of inactivated vaccines is to mimic a natural infection, allowing the human 
body to generate its own protective immunity, similar to that of a live‐attenuated vaccine 
(discussed in § 18.5.1.1 Safety Concerns of Live Vaccines). However, unlike with live bac-
terial vaccines, there is no fear of dissemination or infection from an inactivated whole‐cell 
vaccine. In a study by Vuola et al., five doses of inactivated Mycobacterium vaccae induced 
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durable cellular immune responses in HIV‐positive individuals [127]; the local and systemic 
reactions to inactivated M. vaccae were milder and less frequent than those normally 
observed with live BCG, implicating it as a safer vaccination strategy [128]. Moreover, the 
T‐cell responses in these HIV‐infected patients were maximal in recipients who were 
earlier primed with childhood BCG vaccine [129], thus making inactivated whole‐cell 
mycobacterial vaccine a well‐tolerated prime‐boost immunization strategy in HIV‐infected 
persons [130]. However, the delay in implementing inactivated mycobacterial vaccines 
from clinical trials to real life could be due to the multiple‐dose immunizations required to 
elicit a protective immune response, especially in immunocompromised individuals.

18.5.3 Viral Vector‐based TB Vaccines

Viruses such as pox virus, adenovirus, flaviviruses, and lentiviruses have been used as 
vectors for antigen delivery in vaccines for various infectious diseases. Viral vector‐based 
vaccines are known to generate robust cellular immunity. Recombinant adenoviral vectors 
are potent inducers of cellular immunity, especially human leukocyte antigen (HLA) class 
I‐restricted CD8+ T cell responses [131]. For viral vector‐based vaccines against TB, 
dominant Mtb subunits are expressed in these vectors and have been evaluated as heterologous 
boosters in BCG‐primed individuals. Such vaccines have been used for both pre‐exposure 
administration in infants and post‐exposure administration in adults.

MVA85A/Aeras‐485 vaccine is a modified vaccinia virus Ankara (MVA) construct 
expressing the immunodominant antigen Ag85A that is shared between both Mtb and 
BCG. MVA85A recently completed a phase 2b clinical trial in South Africa. This vaccine 
was given to 4–6‐month‐old infants as a boost to BCG prime given at birth. However, 
MVA85A failed to provide protection at a 2‐year follow‐up compared with the group that 
only received BCG vaccine [132]. Surprisingly, this vaccine induced all the known immune 
predictors of vaccine protection studied in preclinical animal models (including mice, 
guinea pigs, NHPs, and cattle) against TB [133–136]. These immune correlates included 
Mtb‐specific CD4+ T cells and mononuclear cells producing IFN‐γ; pro‐inflammatory 
cytokines such as interleukin 2 (IL‐2) and TNFα, and increased Mtb‐specific TH‐17 T 
cells. Furthermore, in these preclinical studies, the vaccine provided protection against TB. 
Unfortunately, the immunological correlates of protection generated in these small‐ and large‐
animal models could not be replicated in BCG‐boosted infants outside a laboratory setting. 
It is possible that the immature and weak immune system of infants, which has yet to 
develop polyfunctional T cells against Mtb antigens, could not generate the robust response 
to immunization required to effectively protect against TB infection. Since the majority 
of individuals contract TB during their adolescent years when the immunity of BCG is 
waning, viral‐vector‐based vaccines should be further evaluated in an adult population.

In a phase 1 clinical trial in BCG‐vaccinated South African adults, another viral‐
vectored vaccine, Crucell Ad35/Aeras‐402, induced robust and polyfunctional CD4+ 
and CD8+ T cells [137]. Recently, Aeras‐402 was also evaluated as an inhaled vaccine 
in NHPs prior to Mtb aerosol challenge [77]. Although the vaccine generated a robust 
cellular immune response in the lung compartment, it failed to provide protection 
against a high Mtb challenge dose. This study again showed the inconsistency between 
the immune correlates and the protection provided in the host. Adenoviral‐based vaccines 
also exacerbated infection in HIV patients thus making them more susceptible to AIDS. 
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Therefore, the use of adenovirus‐based vaccines in an HIV–TB co‐infected patient 
needs to be reevaluated [138–140].

18.5.4 Heterologous Prime‐boost Vaccination Strategy in TB

The boosting of immunity against infectious diseases during the lifetime of an individual is 
not a novel concept. Adults are more susceptible to TB, as BCG‐induced protection wanes 
with time after childhood immunization. However, TB booster immunizations are ineffec-
tive in extending the protection afforded by BCG given at birth. TB vaccine development 
has therefore focused on developing i) a successful vaccine to boost individuals who were 
immunized with BCG in early childhood. This could improve the immunity in more than 
2 billion adults with apparent latent TB infection to prevent future reactivation [141]. The 
risk of developing latent TB infection increases by more than 60% in immunized adults 
in TB‐afflicted Sub‐Saharan African countries [142]. ii) A strong prime immunization 
strategy that is receptive to multiple boosters during an individual’s lifetime. This should 
include a prime childhood immunization with a vaccine expressing latent TB antigens and 
a booster vaccine, again consisting of latent antigens.

Subunit vaccines have been proposed as a booster to either BCG, recombinant BCG, or 
attenuated Mtb vaccine in order to maintain high levels of immunity in the roughly 10% of 
individuals vulnerable against contracting TB during their lifetime [143]. Subunit vaccines 
can be delivered either via viral vectors or as recombinant proteins mixed with adjuvants. 
Subunit vaccines in clinical trials include the M72 vaccine in AS01E adjuvant [144], and 
hybrid 56 (ESAT‐6) and Ag85B fused with the dormancy antigen Rv2660 [145].

A number of heterologous prime‐boost immunization approaches have been evaluated 
in animal models and human trials, with BCG given typically as the prime vaccine. The 
initial development of BCG from M. bovis led to the deletion of the Region of Difference 
(RD1) that encodes at least 9 antigens that are present in Mtb. Two of the early secretory 
proteins missing from BCG, ESAT‐6 and CFP10, are recognized by almost all TB patients 
[146]. In addition, the non‐replicating persistence of Mtb during a latent infection allows 
the mycobacteria to express and upregulate latency genes [147, 148]. BCG does not express 
these latency antigens since it does not enter into a state of dormancy after immunization, 
and therefore does not induce an immune response in the host to the latency antigens [149]. 
Attempts have been made to express some of these latency antigens in recombinant 
BCG  [150]. These studies demonstrated long‐term protection in an aerosol‐challenged 
mouse model. Additionally, it has been shown that BCG‐primed animals (including NHPs) 
that were boosted with subunit vaccines containing ESAT‐6 had a strong protective immune 
response that resulted in subsequent protection against aerosol Mtb challenge [151, 152]. 
In a recent study, post‐exposure immunization of mice with ESAT‐6‐containing subunit 
vaccines prevented reactivation of TB, whereas BCG‐only immunization did not provide 
protection [153].

The timing of booster dose(s) delivery must also be considered. In animal studies, 
booster immunization is often performed quickly due to costs associated with animal housing. 
However, a boost immunization should be delivered after the host develops a memory 
immune response and should be timed based on trials in BCG‐primed children [154].

The route of boost vaccination is also critical for generating a strong immune response 
in the host. It is evident that parenteral boosting with viral‐vector‐based vaccines has been 
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less effective than respiratory mucosal boosting. All TB candidate booster vaccines currently 
in clinical trials are being evaluated by the parenteral route [155]. However, parenteral 
boosting in BCG‐primed infants was ineffective in a recent phase 2b trial [132].

18.6 Pulmonary Immunization

18.6.1 Biomimicry: Harnessing Natural Immunity for Protection against TB

According to Janine Benyus, biomimicry involves using elements of nature to solve 
complex human problems [156]. Biomimicry, in the realms of an immunization strategy, 
would consist of emulating nature by developing and administering vaccines that resemble 
natural infection (Figure 18.3). We have been using biomimicry in the field of immunization 
ever since Jenner developed a vaccine against cowpox. Natural exposure to such pathogens 
usually occurs by the pulmonary, nasal, gastrointestinal or reproductive mucosa. Therefore, 
using attenuated bacterial strains for immunization, without integrating the natural expo-
sure route, may not be sufficient to generate a robust and long‐lived immunity against a 
pathogen. Furthermore, using biomimicry to inspire immunization platforms ensures that 
there is protection at the port of pathogen entry [157].

18.6.2 Pulmonary Immunization for Global Protection

While hopes for global vaccination against TB have been fraught with disappointment, 
researchers have tried to change the route of immunization and/or add boosters to increase 
protection. The pulmonary route of immunization may alleviate many of the current 

Mtb infection
occurs

naturally by
the pulmonary

route

Pulmonary
immunization

mimics a
natural TB
infection

Figure 18.3 Biomimicry: Pulmonary immunization with a live bacterial vaccine will mimic a 
natural infection and provide protection to the host. (See insert for color representation of the 
figure.)
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failures of BCG. It seems logical that the airway would provide the best tissue platform 
for vaccination as it is the entry site for Mtb infection, and vaccination via this delivery 
route would mimic infection elegantly [158]. Multiple studies have shown increased 
protective efficacy via the pulmonary route in various animal models of TB [77, 90, 111, 
133, 159–162]. Garcia‐Contreras et al. examined BCG vaccination efficacy by aerosol 
and showed a 2‐log reduction of Mtb burden in the lungs of guinea pigs compared with 
ID vaccination alone [88]. Even more supportive is research published by Xing and col-
leagues comparing intranasal immunization with intermuscular immunization. Intramuscular 
vaccination failed to generate immune cells in the airway of the lungs of mice, generating 
only adaptive immunity in the systemic lymph tissues and lung parenchymal tissue. Only 
immunization via the airway was able to generate immune cells in the airways of mice, 
which was protective upon subsequent Mtb challenge (Figures 18.4A and 18.4B) [86, 
157, 163, 164].

Muttil and colleagues recently showed that pulmonary vaccination may be the only 
means of vaccinating individuals living in NTM‐endemic regions of the world [111]. 
These studies showed that mice exposed to NTMs via the gastrointestinal tract (mimick-
ing chronic oral NTM exposure in humans) became tolerant or non‐responsive immuno-
logically to mycobacterial exposure, including BCG. This oral tolerance had a systemic 
effect, manifesting itself throughout the body. However, the immunologically-naive 
 airway was unaffected by these immunosuppressive NTMs, making it the perfect route for 
vaccination. In a challenge model of mice exposed to chronic NTMs by the oral route, 
only pulmonary‐vaccinated mice were able to generate immune cells in the airway and 
had more than a log reduction in Mtb CFUs in the lung compared with ID‐vaccinated 
NTM‐exposed mice [111].

Pulmonary 
Immunization

Migrate back to 
lung airway 

Migrate into 
systemic 
circulation

Migrate into lung 
parenchyma

Immune cells 
migrate to 

draining lymph 
nodes

Figure 18.4A Pulmonary immunization will generate protective immune cells in the airways 
and provide protection from aerosol Mtb challenge
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In addition, pulmonary vaccination has the added benefit of eliciting localized immunity 
in the form of resident memory T cells (T

RM
). Multiple groups have shown that DCs from 

specific tissues have the ability to impart tissue‐specific homing chemokines to T cells, 
such that they will reside and home to the specific tissue where they first encountered the 
antigen [161, 165–167]. Antigen‐specific T cells migrate to inflammation regardless of 
origin, but TB is associated with a notably long delay in T cell migration into the lungs 
(see § 18.2.2 Delayed Adaptive Immunity). Having T

RM
 cells present in the lung when 

infection begins may increase the speed in which T cells respond to the actively multiplying 
mycobacterium [161].

18.6.3 Safety Concerns for Pulmonary Immunization

As mentioned above, pulmonary immunization against TB has been evaluated for feasi-
bility and efficacy studies in animal models and has shown better protection compared 
with parenteral immunization. However, pulmonary immunization against TB has not been 
able to cross regulatory hurdles due to the risk associated with this delivery route. Recently, 
a phase 1 safety and immunogenicity study was undertaken in BCG‐vaccinated healthy 
adults with the MVA85A vaccine delivered as aerosol [78]. In this study, the pulmonary 
route was well‐tolerated with only mild respiratory adverse events observed. Future 
studies should include a larger cohort of individuals to assess the pulmonary route of 
vaccination.

18.6.4 Role of Adjuvants

There is a need for the development of effective and safe adjuvants that can be delivered 
by the pulmonary route. Very few adjuvants are currently used clinically, and none of 
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Figure 18.4B Existing parenteral immunization with BCG or new vaccines utilizing the parenteral 
route will fail to generate protective immune cells in the airways
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them are approved for pulmonary delivery. The adjuvants used for parenteral vaccines, 
including alum, are not deemed to be safe for pulmonary delivery [168]. Muramyl dipep-
tide and trehalose dibehenate were evaluated in in vitro studies for use as an adjuvant in 
inhaled TB vaccines [169]. However, many pulmonary immunization studies use vaccines 
that have inherent adjuvant properties, including live bacterial and viral vector‐based 
vaccines.

18.6.5 Live vs Dead Vaccines

The safety concerns of live vaccines administered by the parenteral route are discussed 
in an earlier section (see § 18.5.1.1 Safety Concerns of Live Vaccines). Delivering a live 
vaccine by the pulmonary route could lead to dissemination and disease, especially in 
immunocompromised individuals. However, different doses of live BCG were safely 
administered by the pulmonary route in cancer patients without any major adverse 
effects  [170]. BCG was well‐tolerated in metastatic lung cancer patients, with symptoms 
consisting of transient chills for 4–8 hours post‐BCG aerosol delivery. In addition, rhesus 
macaques were vaccinated by the pulmonary route with a replication‐defective recombinant 
adenovirus (rAd; AERAS‐402) expressing the Mtb antigens, Ag85A and TB10.4 [77]. The 
rAd is a safe vaccine‐delivery vector due to its non‐replicating nature and was suited for 
pulmonary immunization due to its natural tropism for the respiratory tract [171].

18.7 Immunotherapeutic Agents against TB

The poor TB control and the growing TB–HIV co‐epidemic continue to fuel the emergence 
of multidrug‐resistant (MDR)‐ and extensively drug‐resistant (XDR)‐TB. The treatment 
for MDR strains involves prolonged treatment with first‐ and second‐line anti‐TB drugs. 
XDR strains are resistant to a fluoroquinolone and at least one second‐line injectable 
drug, along with isoniazid and rifampicin (which constitute MDR resistance). MDR‐TB 
has recently been detected in up to 35% of newly diagnosed patients in certain regions of 
the world. Furthermore, 76.5% of patients treated previously with anti‐TB drugs revisit 
the hospital with a resistant strain of TB [67].

Only two new TB drugs have been introduced in the last 50 years, bedaquiline and 
delamanid, which are indicated for the treatment of MDR‐ and XDR‐TB exclusively. 
We are currently fighting a losing battle between the development of new drugs and the 
co‐evolution of Mtb strains that could soon become resistant to these antimicrobial agents 
(Figure 18.5). The development of alternative therapies against the growing pandemic 
of drug‐resistant TB is urgently required. Immunotherapy alone, or as an adjunct to the 
existing anti‐TB drugs, could be critical in controlling the spread of drug‐resistant Mtb 
strains. In patients with MDR‐ and XDR‐TB, for whom the standard anti‐TB therapy is 
ineffective, immunotherapy either alone or in combination with existing anti‐TB drugs, may 
be the only way to improve treatment outcomes. In addition, the combination of immuno-
therapy with chemotherapy could shorten the treatment regimen in these patients. Certain 
cytokines are already in clinical use as immune‐modulators for TB and are discussed in 
the next section. The known safety profile of such immunotherapeutic agents in humans 
could allow their quick approval for widespread use in TB patients.
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18.7.1 Cytokines

The presence of Th1 cytokines at the site of infection, such as IFN‐γ and IL‐2, is considered 
protective against Mtb (see § 18.2.5 Correlates of Protection and Tolerance). IFN‐γ has been 
administered by different routes in patients harboring drug‐sensitive and ‐resistant myco-
bacteria [172–175]. IFN‐γ administered by the pulmonary route, as an adjunct to standard 
therapy, led to sputum‐negative outcomes faster than for those patients who were administered 
only the standard therapy [175]. Aerosolized IFN‐γ also increased recruitment of lympho-
cytes and decreased neutrophil counts locally, leading to lower inflammation in the lung. 
IFN‐γ treatment has also been used in MDR‐TB patients with good clinical and micro-
biological improvements, with all patients converting to sputum‐negative and a subsequent 
decrease in bacterial burden [176]. Aerosolized IFN‐γ was well‐tolerated in these MDR‐TB 
patients, with minor adverse events, such as cough and muscle aches. In another study, aero-
solized IFN‐γ was administered as adjunctive therapy to six MDR‐TB patients after initial 
treatment failure was observed [177]. Although all patients tolerated inhaled IFN‐γ, patients 
remained sputum‐positive after six months of adjunct therapy suggesting that further studies 
are required to determine aerosolized IFN‐γ efficacy in MDR‐TB patients.

GM‐CSF and IL‐2 have also been used to augment the immune response in patients with 
drug‐resistant TB [178, 179]. These two cytokines failed in sputum culture conversion and 
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consequently no human trials have been conducted in the last 12 years. IL‐12 was admin-
istered by the subcutaneous (SC) route to one patient for 3 months as an adjuvant to standard 
therapy [180]. The clinical outcome of the treatment was better; however, larger studies are 
required to understand the benefit of IL‐12 therapy in drug‐resistant TB patients.

18.7.2 Vitamin D Therapy

Poor nutritional status of individuals increases the risk of acquiring active TB. Vitamin D 
has an important immune‐modulatory role and its deficiency is known to impair host defense 
against TB. In vitro studies suggest that vitamin D induces IL‐1b secretion that accelerates 
Mtb clearance, possibly due to the presence of the NLRP3/caspase 1 inflammasome in 
Mtb‐infected cells [181, 182]. Calcitriol (metabolically active metabolite of vitamin D; 
1,25‐dihydroxyvitamin D

3
) has shown an anti‐mycobacterial effect by generating reactive 

oxygen and nitrogen species, the transcription of antimicrobial peptides, as well as 
autophagy [183]. Numerous clinical trials of vitamin D supplementation in TB patients 
have been conducted with variable outcomes [184–186]. In one of these studies, vitamin D 
as an adjunct therapy against pulmonary TB induced resolution of inflammatory responses 
that are usually associated with increased mortality [184].

18.7.3 Re‐purposed Drugs

Although we have not achieved much success in developing new anti‐TB drugs in the last 
50 years, a promising pipeline is emerging through the use of re‐purposed drugs to elicit 
a protective immune response against TB. Non‐steroidal anti‐inflammatory drugs reduce 
Mtb burden and also decrease lung lesions in a murine model of TB infection [187, 188]. 
Efflux‐pump inhibitors such as verapamil alone, or as adjunct to anti‐TB therapy, could 
potentially reduce the standard drug dose and shorten the TB treatment regimen in murine 
models [189, 190]. Shorter treatments were also achieved using phosphodiesterase inhibi-
tors such as cilostazol and sildenafil as an adjunct to standard therapy in a mouse model 
of TB [191]. The authors of these studies also noted faster Mtb clearance from the lung 
and reduced tissue damage with the combination therapy. Shorter treatment regimens with 
re‐purposed drugs may significantly improve patient compliance and reduce the emergence 
of drug‐resistant TB strains.

18.7.4 Stem Cell Therapy

Bone marrow‐derived autologous mesenchymal stromal cells (MSCs) were administered to 
MDR‐TB patients as a single‐dose parenteral infusion. The infusion was well‐tolerated and 
no adverse events were observed at the end of 6 months [192]. The authors of these studies 
noted that the timing of MSC infusion could play a role in modulating the host immune 
response, based on whether it was an active or a latent Mtb infection. The proposed mecha-
nism of the MSCs role in TB treatment, as shown in an animal model for sepsis‐induced 
bacterial infection, was the down‐regulation of inflammation‐related genes and up‐regulation 
of genes involved in phagocytosis [193]. Future human trials will need to include repeated 
cycles of MSC administration, to ensure no long‐term adverse effects. In addition, these trials 
should focus on the quantity and quality of the immune responses generated in relation to the 
rate of Mtb clearance, as well as the overall mortality observed in these patients.
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The timing of immunotherapy with regards to the state of TB disease is critical in generating 
a productive immune response that could lead to Mtb clearance. IFN‐γ delivery in patients 
with sepsis, especially when the human leukocyte antigen‐antigen D related (HLA‐DR) 
complex was down‐regulated on the blood monocytes, was associated with increased 
survival rate [194]. Administering immunotherapy, especially with a pro‐inflammatory 
cytokine, when there is significant inflammation in the host could lead to a fatal cytokine 
storm. A cytokine storm is usually accompanied by over‐activation of the innate immune 
system with the release of multiple cytokines. Similarly, IL‐17 responses are usually 
induced at the site of infection during a primary TB infection, and this in turn leads to T cell 
recruitment and granuloma formation at the infection site [195]. However, during a chronic 
phase of Mtb infection, a balance between the Th‐1 and Th‐17 responses is required to 
control mycobacterial growth and to limit immunopathology due to inflammation. The 
continued upregulation of IL‐17 cytokine could lead to extensive neutrophil recruitment 
and subsequent tissue damage [196]. Therefore, the application of IL‐17 could be a double‐
edged sword in TB immunotherapy, depending on whether the TB disease is in the primary 
or the chronic stage of infection [67].

18.8 Conclusion

TB treatment research has been at a standstill for the last 50 years. The existing BCG vaccine 
was developed nearly 100 years ago, and is still being administered in over 150 countries 
worldwide despite well‐documented variability in its efficacy. In addition, the same TB 
drugs have been given for more than half a century, and the number of patients diagnosed 
with MDR‐TB has tripled in the last five years [197]. Clinical trials in both the vaccine and 
therapeutic fields have been fraught with failure, and each new discovery brings about more 
unanswered questions pertaining to this unique mycobacterium. However, there is hope on 
the horizon. The TB field can learn from its failures and successes to generate robust immune 
therapies to control TB. Only 10% of individuals exposed to Mtb develop active infection, 
which prompts the question: how are current therapeutics and vaccines improving on an 
already successful human immune system? Perhaps we can follow in the footsteps of other 
disease fields, harnessing the potential of the patient’s own immunity via new immunothera-
peutics and vaccines designed to modulate immune responses that are protective during 
infection. Several immunomodulatory approaches including pre‐ and post‐exposure vaccines, 
cytokines and their inhibitors, and chemical and biological therapies are being explored to 
enhance host immunity, either as a stand‐alone or an adjunct to existing therapies. These 
host‐directed therapies have been highly successful in the fields of cancer, HIV, and autoim-
mune disease. Evidence and preliminary work in this field seems to suggest that this may be 
the only way to compete with this highly resourceful pathogen.
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19.1 Introduction

Most of this book covers the development and testing of new drug delivery systems for 
tuberculosis (TB), especially the inhaled route. However, long before drugs get into 
patients, there are practical, clinical and public health considerations that drug developers 
should understand. For example, developers should appreciate that TB, especially in immu
nosuppressed persons or patients with other lung diseases, is a systemic infection. Therefore 
new drug delivery systems that target the lungs may ultimately fail if either systemic thera
peutic levels are not achieved through pulmonary delivery, or if not accompanied by 
adequate systemic therapy. Likewise, from a public health perspective, there is broad 
agreement that the treatment of multi‐drug resistant (MDR) TB must be fully supervized 
but that reliable (non‐family member) supervision more than once a day is logistically 
difficult and expensive. Thus, new drug delivery systems that require two or three times per 
day dosing may have acceptable pharmacokinetics and potentially work in clinical trials, 
but fail in practice due to difficulty with supervision. It goes without saying that managing 
drug toxicity for 6 to 24 months of treatment is a major clinical and public health challenge. 
Many current drugs, including isoniazid, are more toxic than would generally be acceptable for 
other disease treatments by today’s standards, but there are currently few alternatives for TB. 
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Ideally, new delivery systems should be less toxic than current systems and regimens, as this 
is an instance where equivalence is really not acceptable.

19.2 Background

Historically, since the discovery of the first anti‐tuberculosis drugs, streptomycin in 1944, 
p‐aminosalicylate sodium (PAS) in 1946, and isoniazid (INH) in 1952, TB treatment has 
focused on oral and injectable drugs only. By 1955, the awareness of the emergence of 
drug‐resistant strains led to consensus regarding the need for combination therapy, which 
initially consisted of a 2‐year course of streptomycin, PAS and INH. With the advent of 
rifampin (RIF) in 1959, the therapeutic course was decreased to 9 months. After ethambu
tol (EMB) and pyrazinamide (PZA) were discovered in the early 1960s, the treatment 
regimen was shortened to 6 months and streptomycin was replaced with ethambutol in the 
standard first‐line regimen to avoid injections and toxicity [1, 2].

Streptomycin was reserved for re‐treatment, and unfortunately has been added until 
recently as a single drug to failing regimens (re‐treatment regimen 2), a practice originating 
under conditions where most treatment failures were thought to retain isoniazid and 
rifampin susceptibility. However, with the recognition of widespread transmission of 
MDR‐TB in the 1980s, it became clear that many treatment failures around the world 
entailed loss of INH, RIF, or both key agents, and that adding a single agent could only 
amplify drug resistance [3].

As the approach to MDR‐TB treatment became standardized in the 80s and 90s the use 
of other injectable drugs became routine as one of 5 categories of agents essential for a 
successful regimen: 1) any first‐line drugs with in vitro susceptibility, 2) a fluoroquinolone, 
3) an injectable (kanamycin, amikacin, or capreomycin), 4) one or more third‐line agents, 
limited by effectiveness and toxicity (PAS, cycloserine, ethionamide), and 5) tertiary agents 
of little known efficacy, such as amoxicillin/clavulanic acid. Newer oral agents have 
emerged in recent years, such as moxifloxacin, linezolid, bedaquiline, and delamanid, but 
the same injectable agents continue to be used primarily during the early months of treat
ment despite toxicity, severe pain with chronic use, and difficulties with administration [4]. 
Exploration of alternative treatment regimens has been rather limited but is garnering 
greater attention given the challenges of delivering current regimens successfully at the 
scale needed to address the global epidemic. Among the alternative delivery systems 
discussed in this book, inhaled therapy is perhaps both the most promising and the most 
controversial. Although clinical and public health issues are often intertwined, such as 
toxicity impacting patient adherence, we attempt to discuss them separately.

19.3 Clinical Considerations

19.3.1 Pill Burden and Fixed‐dose Combinations

Adherence to TB therapy poses many challenges including the large pill burden for many 
months, need for injectable therapy for drug‐resistant TB, medication toxicities and 
drug–drug interactions. Fixed‐dose combinations (FDCs) have been developed to combat 
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some of these issues and are recommended for the treatment of active TB in adults, 
 particularly in resource‐limited settings, provided that they are manufactured with the 
level of quality required to ensure adequate bioavailability of the component drugs [4]. 
FDCs were introduced primarily to decrease the chance of developing drug resistance 
due to inadvertent monotherapy in poorly adherent patients [5]. However, based on a 
2013 meta‐analysis, current evidence does not demonstrate improved TB treatment out
comes [6]. A 30‐month follow‐up from a randomized study evaluating FDCs versus sepa
rate drug regimens demonstrated that although the confidence intervals for the 
differences in failure/relapse rates between the two regimens were close to the pre‐defined 
non‐inferiority margin, there was a trend towards the FDC regimens performing less well 
than the s eparate drug regimens [7]. The reasons for this trend were unclear but there 
have been concerns about both the quality of rifampin‐containing FDCs [8] and the drug 
b ioavailability of isoniazid in FDCs [9].

19.3.2 Non‐adherence and Medication Monitoring

The ability of doctors and nurses to predict non‐adherence has been shown to be poor 
[10, 11]. Dating back to the 1960s, medication monitors (devices that record the time when 
medications are removed from their container) have been used to facilitate adherence out
side of directly observed therapy (DOT). A study in the 1960s demonstrated that 61% of 
patients took 90% of their prescribed medications and 84% took greater than 70% [12]. 
Of note, treatment duration in this study was 18–24 months and homeless, alcoholic and 
psychotic patients were excluded from the study and given DOT. This study raised the 
question of whether medication monitors could be used to identify poorly adherent patients 
who are thus more likely to benefit from DOT and allow limited resources to be targeted 
more appropriately [11, 13]. Although medication monitors can be manipulated to create a 
false record, it is believed that patients with poor adherence are less likely to remember to 
remove the medication on time. The initial devices were cumbersome to use but improved 
electronic medication monitors have since been introduced, such as the Medication Event 
Monitoring System (MEMS), which tracks when the cap is removed from the medication 
bottle or records when each pill is removed from a compartment or drawer. Feedback about 
medication‐adherence monitoring data is essential in order to enhance adherence [13] 
but this must happen with some frequency to be effective [14].

19.3.3 Intermittent Therapy

The need for multiple antibiotics and the duration required for TB therapy has led to 
considerable interest in intermittent‐treatment regimens due to their practical advan
tages. However, a systematic review and meta‐analysis demonstrated that there was 
insufficient evidence to support twice weekly therapy [15]. A U.S. public health service 
clinical trial found unacceptably high failure rates among HIV co‐infected patients, 
l eading to current U.S. guidelines specifically recommending daily therapy in that group. 
A Cochrane review evaluating intermittent twice‐ or thrice‐weekly short‐course regi
mens over daily short‐course regimens determined that trial data to date are insufficient 
to support or refute the use of intermittent therapy for pediatric TB treatment [16]. 
Studies have also demonstrated an increased risk of acquired drug resistance with 
i ntermittent regimens [17].
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19.3.4 Drug Toxicity

Drug toxicity is a key consideration for the clinical management of any diseases requiring 
multiple pharmacologic agents for extended periods of time. Side effects of anti‐tubercular 
drugs including drug‐induced hepatitis, dyspepsia, rash and arthralgia have been reported 
to be responsible for the termination of treatment in up to 23% of patients during the inten
sive therapeutic phase [18]. Medication side effects have also been often been associated 
with treatment interruptions and/or loss to follow‐up (previously known as default) [19]. 
Although studies demonstrate widely varying estimates for the incidence of TB‐related 
drug‐induced liver injury (from 5–33%) [20], a study examining antimicrobials commonly 
used in primary‐care settings demonstrated a greater‐than‐20‐fold incidence in hepatotox
icity per 100 000 courses of isoniazid and pyrazinamide compared with other antibiotics 
such as quinolones [21]. Ensuring that TB programme or clinic staff are adequately trained 
on the recognition and management of drug‐related toxicities is challenging in high‐burden 
settings where there is limited access to lab results, such as liver‐function tests, leading to 
delays in providers being alerted to developing hepatotoxicity.

The rise of MDR‐ and extensively drug‐resistant (XDR)‐TB poses even greater risks for 
drug toxicities given the need for injectable agents and even more prolonged duration of 
therapy. Although aminoglycoside‐related nephrotoxicity is generally reversible, hearing 
loss is more likely to be permanent. The proportion of patients recorded to have experi
enced hearing loss is greatly variable with a range of <10% to >50% and a systematic 
approach to screening for hearing loss is lacking, particularly in high‐burden settings [22]. 
Further work is needed to understand the risk factors for developing TB drug‐induced 
toxicity and to develop better surveillance and reporting strategies [23].

19.3.5 Drug Absorption and Therapeutic Drug Monitoring

Amongst the myriad reasons for TB treatment failure, suboptimal drug concentrations, 
related to individual pharmacokinetic variability rather than non‐adherence, have been 
associated with acquired drug resistance. This is based on both in vitro analyses as well as 
the demonstration of poor patient outcomes in prospective studies [24–26]. Patients with 
diabetes and those with co‐existing HIV infection are at particular risk for poor drug 
absorption and for drug–drug interactions. Although most patients with drug‐sensitive TB 
who are adherent with therapy will respond completely to the standard 6‐month anti‐TB 
regimen [27], certain groups of patients, including those who have MDR‐TB, those who 
are having a slow response to treatment, those at risk for poor absorption including diabetic 
and HIV co‐infected patients as well as those with pre‐existing renal or hepatic impair
ment, may benefit from therapeutic drug monitoring (TDM). Although further evidence is 
needed to understand the clinical relevance and optimal concentrations for TB drugs, 
studies have demonstrated that TB drug levels are frequently below clinically acceptable 
levels in patients with active TB, particularly if other co‐morbidities are present [28]. One 
unique challenge related to TB is the use of multiple‐drug regimens rather than single 
drugs, and the testing of drug concentrations and synergies for a combination of drugs may 
eventually be a possibility. TDM is not part of routine practice for TB and is limited by cost 
and resources, as only experienced laboratories in a few settings worldwide perform 
this  currently. Newer techniques such as dried‐blood spot analysis (DBS) could allow 
s pecimens to be sent to reference laboratories without requiring special mailing cartons or 
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preservation of the cold chain [29]. TDM could become a valuable tool to assist clinicians 
in deciding whether inadequate dosing or drug–drug interactions could be causing 
t reatment failure [30].

19.4 Public Health Considerations

When individuals are diagnosed and cured of TB, the interests of that individual and of the 
general public are served. However, although individuals can be cured of TB by private 
practitioners using their preferred treatment regimens (in the USA, at least), the public 
health mandate for controlling an airborne disease at the population level favours a pro
grammatic approach. This public health approach includes standardized regimens backed 
by clinical trial evidence of safety and efficacy, and case management within an organized 
programme (often run by public health nurses) that includes the socioeconomic assessment 
of patients, the removal of financial and logistical barriers, treatment supervision, outreach, 
contact evaluation, full provider accountability, and analysis and reporting of outcomes of 
every case.

19.4.1 DOTS

Internationally, this approach is captured by the Directly Observed Treatment, Short course 
(DOTS) strategy. The five elements of DOTS are political commitment for the programme, 
diagnosis by quality‐assured bacteriology (which is increasingly by sputum rapid molecu
lar testing), direct supervision of a standard treatment regimen, a secure drug supply, and 
regular analysis of outcomes [31]. DOTS‐Plus is an expansion of the DOTS programme 
that includes the treatment of MDR‐TB, which requires access to drug‐susceptibility 
testing and second‐line drug therapy [32]. Increasingly, both drug‐susceptible and ‐resistant 
TB are managed in the community by public health nurses and trained community health 
workers (CHWs) [33, 34]. New drug delivery systems must thus be simple enough for 
self‐administration or community worker supervision.

Although DOTS is considered to be a core component of TB programmes, it has signifi
cant resource and cost implications that drug developers and public health policymakers 
must contemplate. A Cochrane Systematic Review in 2006 evaluated 10 trials with 3985 
participants that compared a health worker, family member, or community volunteer 
routinely observing people taking anti‐tubercular drugs to routine self‐administration of 
treatment and found no difference in the number of people who were cured or completed 
treatment [35]. A follow‐up Cochrane Review in 2015 evaluated 11 trials and stratified by 
DOT versus self‐administered, DOT at home versus DOT at a health facility, DOT by a 
family member versus DOT by a CHW [36]. Again this demonstrated that overall cure and 
treatment‐completion rates were low for both the DOT and self‐treatment groups, and the 
authors concluded that DOT did not prove to be a solution to poor adherence to treatment. 
They also concluded that there was probably no difference in cure or treatment completion 
depending on whether DOT was administered at home or at a clinic or whether DOT was 
administered by a family member versus a CHW. Not usually distinguished in such studies, 
however, is the quality of DOT and CHW supervision, which can vary greatly between 
programmes, thereby reducing its apparent impact. However, the needs of vulnerable 
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populations such as prisoners must be considered carefully as former practices such as the 
self‐administration of TB treatment (discontinued in 2007) was found to be associated with 
patients trafficking their weekend TB medications, undoubtedly driving higher rates of 
treatment failure and drug resistance [37]. Proponents of DOTS, however, highlight that 
DOT is only one part of the comprehensive case management that each TB patient requires, 
and stress the importance of rigorous monitoring and evaluation of patients on therapy, 
which is particularly pertinent for those developing new drugs and delivery systems.

19.4.2 Community‐based Therapy

The first papers on successful community‐based treatment for MDR‐TB drew evidence 
from a community‐based programme in Peru in the late 1990s, which demonstrated as high 
a percentage of probable cures as reported in any prior hospital setting, with 83% of 66 
patients who were probably cured at the completion of treatment [38]. A systematic review 
evaluating 4 papers from Peru, the Philippines, Estonia and Tomsk Oblast in the Russian 
Federation found that treatment for MDR‐TB could be cost effective in low‐ and middle‐
income countries, based on the cost per disability‐adjusted‐life‐year (DALY) averted being 
lower than the Gross Domestic Product (GDP) per capita in all 14 of the WHO sub‐regions 
considered [39]. Although they found that data on outpatient versus inpatient models of 
care was limited, their recommendation was that MDR‐TB should be treated primarily in 
an ambulatory care setting, in the absence of good evidence for hospitalization being 
required to achieve high rates of adherence. Many studies have confirmed the feasibility of 
implementing community‐based therapy for MDR‐ and XDR‐TB in resource‐limited 
s ettings [40, 41]. A systematic review of 10 studies that reported treatment outcomes from 
community‐based MDR‐TB and XDR‐TB treatment programmes concluded that there 
were no significant differences compared with overall treatment outcomes, although there 
was considerable heterogeneity in terms of the type of DOT delivery site and level of 
c ommunity support [42]. This has led to increasing calls to promote and scale up decentralized 
TB care, which have implications for drug developers.

19.4.3 Incentives and Enablers to Promote Adherence

The need to provide economic support and social protection to TB patients is a concept 
worth emphasizing [43]. One of the new targets in WHO’s End TB strategy is that no TB‐
affected household should experience catastrophic costs (total costs ≥20% of household 
annual income). This will require protection against direct and indirect health care costs as 
well as income losses [44]. Even when TB treatment is free, the incurring of higher relative 
hidden costs has been shown to adversely affect TB outcomes [45]. A review of the impact 
of cash transfer and microfinance schemes in low‐ and middle‐income countries found that 
they could have a positive impact on TB risk factors by improving indicators of economic 
well‐being and household food security [46].

The explosion in the use of mobile health (mHealth) technology has the potential to have 
a major impact on global health, particularly for infections that are treated over a prolonged 
period of time such as TB [47, 48]. Several medical alert systems to improve outpatient 
adherence using the Short Message Service (SMS) and voice features of mobile phones 
have been designed [49–51], and using phone call reminders to take medication has been 
shown to improve TB case outcomes in comparison with standard DOTS [52]. TB patients 
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have reported that mobile phone reminders are acceptable and helpful but barriers such as 
phone ownership, technical and connectivity issues and low literacy remain [53]. Despite 
the appeal and promise of mHealth interventions, evidence for their effectiveness is incom
plete, thus WHO’s Global TB Programme has developed a framework for aligning digital 
health interventions to its End TB strategy [54]. Incorporating mHealth and information 
technology solutions into novel drug delivery systems could optimize their impact.

19.5 Inhaled Drugs and Other Alternative Delivery Systems

19.5.1 Possible Advantages

Given the systemic toxicities of injectable therapy, the desirability of high lung concentra
tions, and recent advances in inhaled formulations and delivery systems, there is increasing 
interest in delivering TB drugs directly to the lungs by inhalation. Although there has been 
greater interest in the concept of inhaled therapies, there have been few clinical studies to 
demonstrate efficacy. Drugs which are poorly soluble or poorly absorbed may be especially 
good candidates for inhaled therapy, especially as dry‐powder formulations where access 
to specific lung compartments can be targeted by particle size and other strategies, such as 
macrophage targeting. For example, as detailed below, capreomycin, normally an injectable 
drug, has been delivered systemically through the lungs using an absorbable nanoparticle 
dry‐powder inhaled formulation.

The goal of inhaled‐drug delivery is to enable high concentrations of pharmacologic 
agents in the lungs to treat pulmonary disease. As in the case of capreomycin, an important 
additional goal may be adequate systemic concentrations through alveolar‐capillary 
absorption to treat extrapulmonary disease. Alternatively, to avoid systemic toxicity, 
p ossibly additive with other systemic treatment, some inhaled formulations could target 
lung tissue only, or primarily the airways. We detail below a recent phase 2 study of inhaled 
colistin (also known as Polymyxin E) intended for local deposition in the airway where 
aerosols are generated. In this study our purpose was to rapidly reduce the transmission of 
Mycobacterium tuberculosis (Mtb) using a unique agent not previously used for treatment 
of TB because of systemic toxicity at therapeutic levels. Colistin is an example of an 
inhaled antibiotic long used in cystic fibrosis patients to control colonization with the 
gram‐negative bacterium Pseudomonas aeruginosa. Other inhaled antimicrobial agents are 
used for bronchiectasis, as well as for viral and fungal prophylaxis in lung transplant 
recipients.

Compared with nebulized drugs, inhaled dry‐powder formulations of antibiotics allow 
more efficient delivery, and in resource‐limited settings where TB is common, they negate 
the requirements for electricity, storage cold chains, and materials needed for reconstitution 
to administer as nebulized formulations.

Among clinical advantages, the large surface of the lung mucosa may enable even inject
able drugs that are properly formulated to be systemically absorbed into the bloodstream 
without undergoing hepatic first‐pass metabolism. First‐ or second‐line TB drugs might 
be directed to new targets, such as alveolar macrophages that harbour TB bacilli. Inhaled 
drugs have been shown to achieve and maintain high drug concentrations in lung tissues, 
possibly utilizing companion agents that may modify host–pathogen interactions [55].
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19.5.2 Concerns and Limitations

Among the first concern raised when local, inhaled therapy is proposed is the impact of 
underlying abnormal lung architecture and function on successful delivery to areas of 
tuberculosis disease. The underlying abnormalities may be TB‐related, such as lung cavi
ties, fibrosis, or airway destruction, or may be due to unrelated conditions such as chronic 
obstructive lung disease. Although inhaled dry‐powder capreomycin reached systemic 
l evels in normal volunteers, as discussed below (with likely much higher lung‐tissue levels 
than by injection based on parallel animal studies [55]), there is no assurance that the same 
will be found in patients with grossly abnormal lungs. Likewise, patients with limited lung 
function, and children, may have difficulty producing an effective inhalation, and could 
experience reduced lung function due to drug‐ or powder‐induced bronchospasm.

19.5.3 Acceptance of Novel Therapies

A fundamental question regarding inhaled TB therapy is acceptance among providers and 
patients. The Global Alliance for Drug Development conducted a survey of providers and 
public health officials in 5 high‐burden countries concerning what they would like to see in 
a new first‐line regimen (i.e., this was not about replacing injectable drugs) [56]. Concerning 
a possible inhaled first‐line regimen, respondents in India, China, Kenya, and South Africa, 
but not Brazil, raised concerns about drug wastage and additional provider training. 
However, for providers treating patients with little muscle mass, especially children, facing 
repeated painful deep injections, it would be hard to imagine either providers or patients 
not preferring inhaled over injectable drugs if they worked as well or better. The tolerance 
and delivery efficiency of one otherwise injectable drug, capreomycin, is reviewed below. 
We will also mention the drug tolerance of inhaled, dry‐powder colistin from the previously 
mentioned as‐yet‐unpublished clinical trial.

19.6 Clinical Trials of Inhaled Injectable Drugs

Aminoglycosides and the polypeptide, capreomycin, remain a crucial part of the MDR‐TB 
regimen due to their in vitro activity against actively replicating Mtb as well as their ability 
to inhibit the development of drug resistance when used in combination with other drugs. 
Although structurally different, the polypeptide drug, capreomycin, is commonly grouped 
with the aminoglycosides since it has a similar spectrum of antibacterial activity and toxicity. 
However, the parenteral administration of aminoglycosides is associated with low lung 
concentrations of the drug and high serum peak levels are required to maintain micro
biologically active concentrations at the most common sites of Mtb infection, which 
include the alveoli, pulmonary interstitium, and within macrophages [57]. Achieving 
a dequate lung compartment‐specific peak serum concentration C

max
 and systemic C

max
 

(with the latter being important for extrapulmonary infection) while limiting or avoiding 
systemic toxicity (renal and neurologic) remains a major challenge. This has led to increas
ing interest in delivering medications by aerosol administration, both as a treatment and as 
an infection‐control strategy [58].

A small non‐randomized trial of 5 patients with MDR‐TB demonstrated that inhaled 
kanamycin was safe and well tolerated, with all patients achieving sputum culture 
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conversion in less than 60 days [59]. Another trial of inhaled kanamycin or gentamycin 
alongside systemic therapy in 19 TB patients who were persistently smear‐ and culture‐
positive (despite 2 months of optimal systemic therapy) demonstrated an overall smear 
conversion rate of 68% after a mean duration of 58 days of aerosolized aminoglycoside 
therapy: 7 of 12 drug‐resistant patients and 6 of 7 drug‐sensitive patients. The authors noted 
that the therapeutic impact of inhaled aminoglycosides remained unclear since cures asso
ciated by smear conversion were not always confirmed by culture but they hypothesized 
that residual aminoglycoside in sputum expectorated from large cavities could prevent 
transmission by inhibiting intracavitary mycobacterial growth [60]. A study in Japan 
administered aerosolized therapy with inhaled streptomycin plus steroids and naphazoline 
to 20 patients with erosive or ulcerative endobronchial TB and showed a trend towards a 
shorter period of time to healing of the ulcerous lesions compared with historical controls 
treated with standard oral anti‐tuberculosis chemotherapy [61]. A follow‐up prospective 
study by the same authors administered the same combination of inhaled streptomycin plus 
steroids and naphazoline to 30 patients with endobronchial TB and noted that three 
demonstrated improvement and 27 demonstrated no progression of disease, whereas of the 
27 patients who received conventional therapy only one improved, 13 demonstrated no 
change and 13 demonstrated worsening endoscopic findings. This suggested that combination 
aerosol therapy could play a role in the treatment of endobronchial TB [62].

Capreomycin has also been shown to have activity against non‐replicating forms of Mtb 
[63]. It is typically administrated in intravenous or intramuscular form, at a usual dose of 
15–20 mg/kg of body weight/day for at least a 6‐month period for treatment of MDR‐ or 
XDR‐TB, although treatment for up to 2 years may be needed if it is tolerated. A study 
evaluating adverse effects of MDR‐TB therapy in Tomsk, Russia, demonstrated that 38 of 
244 patients (15.6%) developed ototoxicity (defined as hearing loss confirmed by physical 
examination or audiometry). 13 patients (34.2% of the 38 with ototoxicity) required perma
nent interruption of the drug to which the hearing loss was attributed (12 due to kanamycin 
and 1 due to capreomycin) [64]. A study of 50 patients initiated on injectable aminoglyco
sides for MDR‐TB therapy in the UK demonstrated that 14 (28%) developed ototoxicity 
with 9 (18%) left with long‐term hearing loss, none of whom were on capreomycin, but the 
numbers were too small to allow conclusions to be drawn [65]. Although there are even 
fewer data regarding the effect of inhaled aminoglycosides on hearing loss, phase 3 trial 
data evaluating inhaled tobramycin did not demonstrate high‐frequency hearing loss in the 
treatment arm compared with the placebo arm [66]. A study evaluating cystic fibrosis 
patients did not demonstrate that hearing loss was more frequent in those patients who had 
received aminoglycoside therapy, although this included both intravenous and inhaled 
f ormulations [67]. The likelihood of significant nephrotoxicity due to inhaled aminoglyco
sides is also thought to be low and a review of inhaled tobramycin in cystic fibrosis patients 
noted that nephrotoxicity and hearing loss had not occurred in clinical trials although 
t ransient mild or moderate tinnitus occurred more often in the patients who received inhaled 
tobramycin compared with those who received placebo [68].

Pre‐clinical testing of a dry‐powder microparticle formulation of capreomycin demon
strated that it exhibited good aerosolization properties, physical‐chemical stability, efficient 
lung deposition and absorption. Experimental studies in rats and dogs showed some mild, 
reversible dose‐dependent histopathological respiratory tract irritation with pharmacoki
netic studies in guinea pigs demonstrating efficient drug absorption from the lung into 
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blood and a linear terminal phase of the plasma concentration–time curve. Studies of 
dry‐powder capreomycin in guinea pigs additionally demonstrated that the systemic con
centrations achieved after a 14.5 mg/kg inhaled dose were comparable to systemic concen
trations seen 2 hours after a 14.5 mg/kg dose was given by intravenous (i.v.) or intramuscular 
(i.m.) routes. Additionally with inhaled drug delivery, the high initial spike in systemic 
concentrations seen with i.v. or i.m. administration was not produced. Daily administration 
of the inhaled dose at a dose of 14.5 mg/kg over a 4‐week period resulted in significant 
reductions in bacterial burden and lung pathology in Mtb‐infected guinea pigs, which rep
resented a greater pharmacodynamics effect on lung bacterial burden than the i.m. dose of 
20 mg/kg achieved. The longer systemic half‐life observed after a single inhaled dose also 
demonstrates superiority over parenterally administered capreomycin in terms of achieving 
therapeutic pulmonary concentrations [55].

19.6.1 Capreomycin Phase 1 Clinical Study

A phase 1 clinical study of inhaled capreomycin was conducted among 20 healthy adult 
volunteers in Boston, USA [69]. This study used capreomycin in inhaled doses ranging 
from doses 22‐fold lower than the no‐adverse‐effect level (NOAEL) in dogs (for the 25‐mg 
group) to 1.8‐fold lower than the NOAEL in dogs (for the 300‐mg group). Subjects were 
assigned to one of four escalating dosage groups (25, 75, 150 and 300 mg capreomycin 
with 5 subjects per group). The dose was self‐administered with a handheld inhaler into 
which capsules containing 25 mg of capreomycin and 5 mg of the excipient L‐leucine, at an 
80:20 ratio, were inserted sequentially. Subjects underwent blood sampling for pharma
cokinetic analysis at 13 time points: pre‐dose; 10, 20, 30, and 45 min post‐dose; as well as 
1, 2, 3, 4, 6, 8, 12, and 24 h post‐dose. Drug concentrations were assayed by using a highly 
sensitive high‐performance liquid chromatography tandem mass spectrometry (HPLC‐
MS/MS) methodology. The lower limit of quantitation of capreomycin in human plasma 
was 100 ng/ml, with an accuracy of 88.2%, and the linear range of quantitation was 100 to 
5000 ng/ml.

Capreomycin was detectable in serum samples within 20 minutes of inhalation in 17/20 
(85%) of study patients and within 1–3 hours in the remaining 3 subjects who were in the 
25 mg lowest‐dose group. Both the maximal plasma concentration (C

max
) and the area under 

the curve (AUC) from 0 hours to infinity (AUC 
0–∞

) were dose proportional. The mean C
max

 
values for each successive dose group were 169, 569, 972 and 2315 ng/ml. The mean area 
under the concentration–time curves from 0 hours to the last measurable concentration 
(AUC

0–t
) ranged from 969 h · ng/ml in the 25 mg group to 19 959 h · ng/ml in the 300 mg 

group. At the highest dose of 300 mg, after a single dose the mean plasma concentration 
exceeded the minimum inhibitory concentration (MIC) of 2 μg/ml (or 2000 ng/ml) for 
M. tuberculosis based on values reported in other studies.

Inhaled capreomycin was well tolerated. There were no changes in lung function, audi
ometry or other clinical or laboratory parameters. There were no serious or severe adverse 
effects and the most common adverse event was mild to moderate transient cough, which 
occurred in five subjects. However, this was a single‐dose study. Repeated dose studies 
have yet to be done.

The 300 mg dose of capreomycin used in this study was below the estimate of the 
NOAEL determined through pre‐clinical testing in a canine model, so higher doses may 



Clinical and Public Health Perspectives 391

safely be used to produce even higher C
max

 and AUC. However, a 300 mg dose here required 
sequential inhalation of twelve 25 mg capsules, although this could be reduced by half with 
fully loaded capsules. To achieve the typical 15 mg/kg capreomycin dose typically used in 
adults may be logistically challenging in terms of the powder load and dose frequency. 
Even 300 mg is a large dose for inhaled drugs. As mentioned, divided‐dose therapy is usu
ally avoided in the management of drug‐resistant TB due to full supervision of medication 
ingestion being the standard of care. Nonetheless, inhaled capreomycin could be a valuable 
addition to MDR‐TB management, particularly in the setting of other drug interactions 
including cumulative nephro‐ and oto‐toxicity and for pediatric MDR‐TB where the hard
ships of injectable drugs are incrementally more difficult. Study participants in this phase 
1 study were predominantly healthy males and so the pharmacokinetics of inhaled drugs in 
patients with lung disease may be quite different. Further studies to evaluate the pharma
cokinetics and pharmacodynamics of higher doses of inhaled capreomycin in healthy and 
MDR‐TB patients are needed. However, parallel studies in animals indicate much higher 
lung‐tissue concentrations by inhaled compared with injectable administration, suggesting 
that, at least in the lungs, lower doses may suffice with less systemic toxicity, as long as 
systemic infection is treated by other agents [70].

19.6.2  Inhaled Therapy to Reduce Transmission, especially of Highly 
Drug‐resistant Strains – a Trial of Inhaled Colistin (or Polymxyin E)

The treatment of isoniazid‐ and rifampin‐resistant TB (MDR) results in Mtb exposure to a 
wide range of antibiotics and the inevitable selection of additional drug resistance beyond 
MDR‐TB [5]. When resistance to the next two most important classes of drugs, fluoroqui
nolones and the injectables (beyond streptomycin), has occurred, treatment success falls 
markedly for what is then called XDR‐TB. The remaining drugs have had some success in 
some reports, but, overall, success rates are low, especially when TB is co‐incident with 
HIV infection [71]. The recent availability of two new antibiotics, bedaquiline and delama
nid, will save many lives, but in time resistance to these drugs too will emerge with their 
use. XDR (and some MDR) patients who remain sputum smear‐ or culture‐positive after 
years of treatment present medical, ethical, and logistical problems for their families and 
the community. Lifelong hospitalization for infection control is ethically problematic, and 
only practical in pre‐terminal patients. Living with families and contact with the community 
risks transmission of a potentially deadly infection. Masks on patients have been shown to 
be only about 50% effective in preventing transmission [72]. Separate living quarters have 
been arranged as a partial solution.

Researchers in the US and South Africa envisioned the use of a novel, non‐toxic inhaled 
agent to prevent transmission by locally inactivating organisms in the airways before they 
are aerosolized. Colistin (Polymyxin E) was chosen because its safety was well established 
as an inhaled antibiotic to control bacterial infection in the lungs of cystic fibrosis (CF) 
patients – often with markedly impaired lung function. Originally nebulized, colistin is 
now commercially available as a dry‐powder delivery system. Colistin had decades ago 
been tested in vitro as an antimycobacterial and was found to have broad, mild to modest 
activity, but, because of renal toxicity worse than that found with existing injectable agents, 
it was never used parenterally, and its potential utility was forgotten. However, pharmaco
dynamic studies of inhaled colistin in CF patients showed minimal systemic absorption. 
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Since colistin has never been used for TB therapy, resistance by even highly drug‐resistant 
strains is unlikely, and the high local concentrations in the lungs, especially using dry‐
powder inhalation, would likely far exceed the relatively high MIC for Mtb. Finally, colistin 
has a unique detergent‐like mode of action, disrupting cell walls, with demonstrable 
synergy with some other drugs against both pseudomonas and mycobacteria [73]. Other 
in vitro studies have demonstrated a greater killing effect when colistin was used in con
junction with isoniazid, with ultrastructure analysis suggesting that this is due to disruption 
of the outer polysaccharide layer of Mtb by colistin, which increases isoniazid uptake [74].

With the exclusive goal of reducing transmission, rather than individualized patient ther
apy, a phase 2 clinical trial of dry‐powder inhaled colistin was undertaken in an MDR/XDR 
TB referral centre in Mpumalanga, South Africa. Study‐design problems are now appreci
ated, and the study has not yet been published. The following summary data have been 
presented at scientific meetings [75].

Over a period of 4 months, 6 MDR or XDR patients per month (24 patients in total) were 
recruited to occupy a special experimental ward designed to study human‐to‐guinea pig 
Mtb transmission. Guinea pigs are highly susceptible to human tuberculosis in the low 
doses found in the exhaust air of this special facility, and the human‐to‐guinea pig model 
has been used effectively to test a variety of control interventions [76]. In addition to their 
standard systemic TB treatment, these patients consented to inhale the same dose of dry‐
powder colistin that had been safely administered every 8 hours for CF patients in clinical 
trials. The flawed study design was as follows. Over the course of 4 weeks, the first cohort 
of 6 patients received one week of their standard oral and injected MDR‐TB treatment 
(no inhaled colistin), and exhaust air exposed only “control” chamber guinea pigs. The 
2nd week the same patients received inhaled colistin in addition to systemic therapy, 
and exhaust air exposed only the guinea pigs in the “intervention” chamber. The 3rd and 
4th weeks were exact repeats of weeks 1 and 2 with the same patients – a critical difference 
being that by control week 3, the patients had already been exposed to inhaled colistin 
since week 2, and there were likely (unwanted) carryover effects of the inhaled drug. 
The rationale for this alternate week colistin treatment/control protocol was to assure that 
temporal changes in patient infectiousness due to systemic treatment would not be inter
preted as inhaled‐drug effect. It assumed no carryover effects. Moreover, the second 4‐
week cohort of patients started with inhaled colistin, potentially compromising both 
“control” periods that followed due to possible carryover inhaled‐drug effect. Although 
inconclusive, the results of this study are nonetheless interesting. At month 1 there were 18 
infections in the guinea pig chamber exposed to patients who had at least week 1 of sys
temic therapy only – no inhaled colistin. There were only 8 infections (56% fewer) among 
guinea pigs exposed to patients who had had inhaled colistin weeks 2 and 4 – with probable 
carryover effects of inhaled drug during week 3. For patient cohort 3, when there was again 
a 1‐week true control period, with no inhaled drug, 3 infections occurred whereas only 1 
infection occurred in the “intervention” chamber. As noted, for patient cohorts 2 and 4, 
there were no true control weeks if there was any carryover effect from week 1 colistin use. 
Overall, the study was inconclusive for proving a beneficial effect, but the expected result 
of an unanticipated carryover effect would be to reduce transmission in most control weeks, 
reducing the difference compared with intervention weeks. We hope to repeat this 
i mportant study, anticipating a prolonged drug effect after inhalation and employing a 
d ifferent study design.
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19.7 Other Novel Delivery Strategies

There is increasing interest in the possibility of anti‐TB drugs being incorporated into 
liposomes, microparticles or nanoparticles, which can be delivered in dry‐powder form to 
enable instantaneous, targeted and/or controlled release directly into the lungs. Nanoparticles 
have been previously described in this book and evaluation of these investigational thera
pies in animals has demonstrated decreases in the numbers of viable bacteria as well as 
reduced tissue damage. Potential clinical advantages of these new therapies aside from 
improved efficacy due to improved pulmonary drug distribution include reduced doses and 
frequency of administration, which could improve patient adherence and decrease systemic 
toxicity. Particularly for patients with MDR‐TB who currently require months of intramus
cular aminoglycoside injections, the non‐invasive route of administration for these new 
technologies is a major advantage [77, 78].

Other novel strategies include subcutaneous drug delivery systems. A subdermal multi
drug reservoir is designed to contain TB drugs for the maintenance phase of therapy when 
lower but sustained drug levels are needed. One such technology is based on encapsulating 
isoniazid and/or rifampin in a biodegradable polymeric matrix that allows slow controlled 
drug release [79]. This could potentially have a major impact on improving treatment 
adherence and decreasing acquired drug resistance. Potential barriers include the cost of 
the technology and the need to train healthcare workers to be able to administer such thera
pies, as well as convincing patients and health care workers of the benefits of a subdermal 
drug delivery system compared with the known entity that oral medications represent. 
Safety is a major concern. A patient who is sick with isoniazid‐induced hepatitis is likely 
not to take more drug at some point, but depot systems will continue to deliver the drug, 
potentially leading to irreversible toxicity.

19.8 Pediatric Delivery Systems

Children are often overlooked in the global response to the TB and MDR‐TB pandemics, 
despite contributing significantly to the caseload [80]. There is a lack of accurate diagnos
tic tools as well as pharmacokinetic data to guide dosing recommendations for children. 
Additional challenges include the considerable changes that occur in the absorption, distri
bution and excretion of medications that occur between birth and adolescence, as well as 
the dramatic changes in body surface area and total body water that occur between infancy 
and adulthood. Pharmacokinetic data demonstrate that children receiving certain TB drugs, 
including isoniazid, are exposed to lower serum concentrations of these drugs than are 
adults [81]. HIV‐positive children may also be exposed to lower concentrations than age‐
matched HIV‐negative children, often related to interactions with concurrent anti‐retroviral 
therapy [82]. Infants have immature enzyme systems which can expose them to drug 
toxicity. Given that the diagnosis of childhood TB is complicated by the lack of objective 
data due to the lower proportion of microbiologically confirmed disease and specific radio
graphic signs such as cavitation seen in children compared with adults, assessing children’s 
response to pharmacologic therapy can be challenging [83].

There is a distinct lack of child‐friendly drug delivery systems for TB therapy, particu
larly for second‐line drugs required for MDR‐TB therapy. Although syrup formulations 
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exist for some second‐line medications such as linezolid and levofloxacin, this can be cum
bersome as large volumes may be required daily. Pain from injectable agents is a consider
able barrier for pediatric TB therapy. Manufacturers do not recommend breaking and 
crushing tablets, opening capsules or compounding drugs due to unpredictable pharma
cokinetic effects. Many second‐line TB drugs are not licensed for use in children and must 
be used off‐label. Suspensions often require refrigeration and have shorter half‐lives and so 
are less preferable to dispersible tablets or granules. In addition to increased stability com
pared with liquid formulations, granular formulations may also mask the unpleasant taste 
of medications. Although fixed‐dose combination dispersible tablets have been developed 
for other diseases such as HIV, this may take decades to adapt for pediatric MDR‐TB 
therapy given the lack of certainty regarding the doses and number of drugs needed in 
this setting.

A granular PAS dosing spoon has been developed as an innovative alternative pediatric 
drug delivery system. PAS was one of the first TB medications but its use was limited by 
large pill size and pill burden, prompting development of a gastro‐resistant granular form 
known as PaserR, which comes in 4 g sachets. Pediatric dosing is made challenging by the 
need to weigh out granules in order to provide the necessary 150–300 mg/kg daily doses. 
Lucane, a French pharmaceutical company, developed a pediatric dosing spoon calibrated 
for PaserR. This allows providers to dispense appropriate doses of PaserR to children based 
on cut‐off marks for the different PAS doses based on weight‐band doses. Challenges that 
were encountered in developing this novel delivery system include developing an adequate 
level of calibration and accuracy, and dispensing doses that are between the calibrated 
doses. However, since FDC solutions will take some time to develop, and there is an urgent 
need for child‐friendly TB drug delivery systems, a granular pediatric dosing spoon is a 
strategy that could also be applied to cycloserine or ethionamide and could be a valuable 
addition to our current practice [84].

19.9 Conclusion

There is a pressing need for improved TB therapeutic regimens that have less systemic 
toxicities, particularly for MDR‐TB. Novel inhaled drug delivery systems hold much 
promise if they can additionally address the clinical and public health challenges raised in 
this discussion.
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20.1 Introduction

Given the considerable advances over the past decade in pharmaceutical formulation and deliv
ery technologies, and of an increasingly better understanding of host–pathogen interactions 
in tuberculosis (TB), lung‐targeted drug and vaccine delivery systems to achieve enhanced 
prevention and treatment efficacy for Mycobacterium tuberculosis (M. tuberculosis) infec
tion and disease have become viable options. In the foregoing chapters, authors highlight, 
for example, the desirability and feasibility of delivering anti‐TB medications and vaccines 
to the lung and pulmonary cells/fluids using novel formulations of agents normally admin
istered orally or parenterally.

A comprehensive review of inhaled‐drug therapy for treatment of TB appeared in 2011 [1], 
highlighting the growing interest in the lung as a portal for anti‐TB drug delivery. The many 
advantages for directly targeting the lung as the primary site of infection were emphasised. 
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Direct exposure of organisms infecting pulmonary macrophages or granuloma to high 
l evels of drug is desirable. Cells in the lung, and in particular the alveolar space, might also 
be better suited to receive and process molecules with sub‐optimal oral absorption and 
bioavailability or associated with substantial metabolism by hepatic first‐pass metabolism, 
high levels of hepatic toxicity associated with first‐pass metabolism, or toxicities caused by 
systemic exposure.

High extracellular lung fluid (ELF) levels are also important for some drugs, particularly 
for killing of extracellular bacilli and may also prevent emergence of drug resistance. This 
review laid the foundation for the contributions to this volume. Other areas being explored 
include micro‐ or nano‐particle constructs for drug delivery to specific cells or organs; for 
example, targeted to phagocytes and allowing for release of drug only after cellular uptake. 
Significant progress has been made in recent years to develop appropriate formulations and 
delivery systems that may result in better efficacy. Likewise, live whole‐cell, subunit or 
viral‐vectored vaccines and adjuvants formulated as dry‐powder aerosols or nanoparticle 
constructs hold promise. Delivery of vaccines to inducible bronchus‐associated lymphoid 
tissues (iBALT) is a particularly promising new approach for TB [2]. Another future 
research area is delivery of host‐directed therapies (HDT) for TB as treatment adjuncts 
to  increase bacterial clearance and reduce inflammatory lung damage [3, 4]. Delivering 
corticosteroids (or other immunomodulators) to the lung to decrease pulmonary inflammation 
and avoid systemic adverse events serves as an example.

Unfortunately, to a certain extent, all of these delivery approaches have constraints to 
their successful translation to efficacious and safe therapeutic options. Moving the field 
forward adequately will depend on a clear understanding of how novel delivery systems 
may address current and emerging needs for improved tuberculosis clinical management, 
and prevention of infection, disease, and drug resistance. From the accounts delivered by 
authors in this volume, significant advances clearly have been made towards defining 
appropriate new interventions based on innovative drug and vaccine delivery systems. 
Some gaps in the development pipeline are better understood, and a roadmap is emerging 
that will hopefully enable development barriers to be overcome.

Many challenges have not been fully met, or addressed at all. Some of the remaining 
major issues include accurate quantification of dose deposition and distribution following 
pulmonary delivery in humans. In particular, adequate delivery and safety of inhaled drugs 
into diseased and damaged airways/tissues, as in the case of tubercular cavities and necrotic, 
badly ventilated areas of the lung, need to be defined. Ensuring adequate drug levels inside 
the granuloma is, likewise, an important objective.

20.2  Progress in the Formulation and Manufacturing of 
Drugs and Vaccines for Tuberculosis

20.2.1 Inhaled Drugs and Drug Combinations

The viability of pulmonary administration of anti‐TB therapy depends on the successful 
formulation of drugs into powders or other forms to allow deposition of drug particles in 
the alveolar regions of the lung. For success in the operational setting, the use of simple 
inhaler devices for inhaled delivery of anti‐TB drugs will be critical.
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Micro‐ and nano‐particle constructs for a variety of TB drugs have been successfully 
developed and reported, potentially providing for deep penetration into airways, rapid 
uptake by alveolar macrophages, and reaching very high levels in lower airway/alveolar 
extracellular fluids. However, effective delivery remains challenging. Makino and Terada 
[5] have identified the tendency for nanoparticle agglomeration as a potential barrier to 
delivery to reaching the alveolar space, whilst unaggregated particles are exhaled due to their 
low inertia. Large porous microparticles in the 2–4 micron diameter range resulting from 
spray‐drying allow for the formulation of inhalable drug powders that overcome these con
straints; that is, small aerodynamic size despite larger surface area that ensures improved 
delivery to the alveolar space. Das and Stewart [6] further elaborate on techniques to overcome 
physical constraints in particle delivery, including the use of appropriate devices.

The use of pharmaceutical excipients to act as carriers for micro‐ /nano‐particles gener
ally improves the delivery characteristics. Recent developments include rifampicin–lactose 
microparticle composites prepared by a supercritical antisolvent drug excipient mixing 
technique which would likely result in microparticles in the 2–4 micron range suitable for 
inhalation. Other techniques to generate particles to improve solubility of drugs with poor 
bioavailability include nanosuspensions and microliposomes. In both cases, administration 
would be by the oral or parenteral routes because of the need for liquid carriers or complicated 
devices for administration as aerosols.

Several recent studies have examined the potential use of known injectable or orally 
administered anti‐TB agents as spray‐dried powder formulations shown in animal and 
human studies to be highly suitable for pulmonary administration. Capreomycin [7], 
rifapentine [8], pyrazinoic acid [9], and clofazimine [10, 11] show promise as candidates 
for formulation into inhaled dosage forms. Capreomycin has already been administered 
to human subjects as an inhalable agent [7]. Inhaled delivery of pyrazinoic acid, the 
active moiety of pyrazinamide, could hold promise for enhanced efficacy and for poten
tially overcoming drug resistance conferred by mutations in the pncA gene [9]. 
Clofazimine (CFM) might benefit from pulmonary rather than oral administration since 
avoidance of skin discoloration or gastric intolerance as major adverse effects might be 
achieved [10]. CFM, a lipophilic riminophenazine antibiotic, possesses both antimyco
bacterial and anti‐inflammatory activity. Inhalable CFM‐containing dry‐powder micro
particles and native CFM were evaluated for activity against M. tuberculosis in human 
monocyte‐derived macrophage cultures and in mice infected with a low‐dose aerosol. 
Spray‐dried clofazimine was suitable for deep lung delivery, retained the in vitro kill 
characteristics of the native compound, and demonstrated efficacy in preliminary in vivo 
experiments [10, 11].

Misra and colleagues [12] comment favourably on the utility of several excipient‐free 
drug combinations prepared as spray‐dried powders for inhalation, including rifapen
tine–moxifloxacin–pyrazinamide and rifampicin–isoniazid–pyrazinamide combinations 
[13, 14]. The utility of first‐line oral replacement therapies by inhaled options is debat
able, if potential treatment shortening or improved cure is the ultimate aim. No evidence 
is available that such advantages, or better compliance with drug‐taking, will result from 
changing the route of administration of these drug combinations for drug‐sensitive TB. 
The  most feasible application of inhaled‐drug treatment is in the context of adjunct 
therapies to conventional oral/parenteral drug combinations to more aggressively reduce 
bacterial burden.
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Buttini and Colombo [15] and Young et al. [16] summarised the recent experience with 
manufacture and delivery of powders for inhalation and liquids for nebulisation. The 
advantages of spray‐dried powders over nebulised formulations lie in operational feasibil
ity in high‐burden settings, as well as favourable pharmaceutical properties that allow for 
efficient deposition in the alveolar region of the lung. In addition, up to 25 mg of active 
drug ingredient can be filled into capsules for use in simple breath‐activated handheld 
inhalers. Spray‐dried powders generally also show good shelf‐stability at ambient tempera
tures [15]. Liquid formulations for inhalation are usually more difficult to prepare as stable 
solutions, require a significant quantity of liquid carrier, pose greater challenges for deliv
ery devices (e.g., nebulisers), and consequently might be more costly to produce at scale.

Wong et al. [17] expand on the usefulness of spray‐drying anti‐TB drugs into inhalable 
powders and present a complete listing of formulations successfully spray‐dried between 
1999 and 2014 [17]. Almost every known anti‐TB drug, including some new agents, has 
been produced in this form. They point out, however, that translation into clinical practice 
is still lacking. A sound rationale around utilisation of inhaled drugs in treatment regimens 
has not been offered thus far, and a definition of clinical trial approaches to demonstrate 
utility in human subjects is lacking. These issues remain as major challenges toward 
translation of inhalable anti‐TB agents for use in the clinical setting.

An innovative approach in drug formulation demanding attention is the concept of ion‐
pairing (the association of oppositely charged ions in solution to form distinct chemical 
species) [18]. Although the concept of ion‐pairing is not new, its application to inhaled‐
drug formulation is recent, in particular as regards anti‐TB drugs. Using this approach, 
Giovagnoli and colleagues [19] characterised novel palladium (Pd) complexes with second‐
line antitubercular drugs, namely capreomycin, kanamycin, and ofloxacin, and described 
their in vitro extracellular and intracellular activity against M. tuberculosis infection. The 
novel anti‐TB complexes had extracellular activity comparable with that of free drugs and 
improved efficacy against M. tuberculosis intracellular infection.

Respirable bacteriophage formulations provide another perspective on innovative thera
peutic options in the treatment of TB. This concept is in its infancy, but might be worth
while pursuing. Hatfull and Vehring [20] recognise that mycobacteriophage therapy in 
humans has not been reported, and a clear identification of which phages (or non‐replicating 
phage components) to select for the purpose has not been achieved. However, M. smegmatis 
as non‐pathogenic surrogate infected with phage TM4 (other options are D29 from cluster 
A2, DS6A, or candidates from clusters G and K that do not show cross resistance to other 
phage choices) could theoretically be targeted to cells infected with M. tuberculosis. 
Seeding cells with mycobacteriophages should lead to a sharp reduction in intracellular 
pathogenic M. tuberculosis. Similar scenarios relate to the use of inducible lysogen that 
enters lytic growth in infected macrophages. Suitable respirable delivery options would 
also need to be developed, but should be feasible, given the progress with dry‐powder 
preparations of Bacillus Calmette–Guérin (BCG) intended for delivery by small, inexpen
sive handheld inhalers [21]. Early work is limited, but exploration continues for these 
promising concepts [22–25]. The primary requirement is to ensure safety by proving that 
the surrogate bacterial host does not cause disease or adverse responses.

Turning attention to RNA nanoparticles as potential vaccines [26], only four RNA‐based 
vaccines have so far progressed into clinical trials. None are directed at TB, two are targeted 
to human cytomegalovirus, one to stage IV renal carcinoma, and one to metastatic 
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melanoma [27–30]. Ensuring that stability is maintained and binding to the nanoparticle 
carrier is achieved are necessary in manufacturing RNA for cell delivery to elicit appropriate 
T‐cell responses (priming T‐helper cells and dendritic cell activity). These are key challenges. 
RNA aptamers as potential cell‐ and tissue‐targeting agents with potential for enhancing 
protection against TB have been discussed and experimentally assessed with promising 
results in mice and monkeys [31]. Possible lung delivery applications have also been consid
ered [32]. Multi‐functional RNA nanoparticles which c ontain toll‐like receptor agonist RNA 
molecules or aptamers mediating delivery of chemotherapeutic drugs to T cells may also be 
created [33–35]. Poly(inosinic:cytidylic acid) (poly I:C) co‐incorporated in nanoparticles may 
potentiate antigen presentation [36] and are potentially amenable to TB vaccination.

Subunit‐vectored vaccines are also being investigated for use in TB. As elaborated upon 
in Chapter 5 [37], a recent study of the TB vaccine candidate MVA85A in non‐human pri
mates (NHPs) investigated the safety and immunogenicity of the vaccine delivered directly 
to the lungs of the animals, using a nebuliser approved for human use, vs. vaccine delivered 
by intradermal injection [38]. The study detected no adverse effects to any route of delivery. 
Importantly, the experiment demonstrated feasibility in a model that mimics potential 
human administration closely. Human trials to evaluate the route of administration and 
correlations with induced immune responses are underway [39].

20.3  Considerations in the Development of TB Drug and 
Vaccine Delivery Options

20.3.1 Lung Biology and Pulmonary Administration of Drugs and Vaccines

Mechanisms that regulate the uptake of M. tuberculosis into alveolar macrophages after 
inhalation are likely to be also important for ensuring successful vaccination with live, 
whole‐cell mycobacterial vaccines delivered to the lung, such as BCG, recombinant forms 
of BCG, or attenuated M. tuberculosis. Effectively mobilising respiratory immune cells, 
such as dendritic cells, as the key initiators of the immune response [40, 41], and to a lesser 
extent perhaps also neutrophils [42], would be key considerations in the presentation of live 
vaccine in order to elicit adequate immune responses. A better understanding of the role of 
dendritic cell subsets and the regulators of their interactions with T cells in eliciting immune 
responses is, however, required. A new attenuated M. tuberculosis vaccine administered to 
macaques by inhalation has shown promise, pointing to activation of iBALT as a requirement 
[2, 43]. Recently, the considerable functional diversity of mucosal‐associated invariant  
T (MAIT) cell responses was demonstrated in mice, as well as that nonpolymorphic major 
histocompatibility complex class I‐like molecule (MR1)‐restricted MAIT cells are impor
tant for TB protective immunity [44].

Furthermore, the capacity of membranous epithelial, microfold or microvillous cells 
(M cells) to sample antigens, transfer luminal bacteria, and stimulate mucosal immune 
responses, makes them fascinating targets for mucosal vaccine delivery [45]. Results of 
previous studies imply that safe and effective oral mucosal vaccines may require improved 
M cell‐targeting strategies, because the M cell‐targeting vaccines now available do not 
actively direct antigens to M cells. Recent studies have searched for specific molecules to 
target M cells, for improvement of antigen processing and presentation. However, many 
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mechanisms of M cells are still unclear and are not as well known as those of dendritic cells 
(DCs). Therefore, to develop M cell‐targeting strategies in mucosal vaccines, further under
standing of mucosal immunology and M cell biology is required. Knowledge of specific com
ponents and regulation of M cell function and identification of more effective M cell‐specific 
molecules are crucial for further development of M cell‐targeted vaccines [45].

In the context of drug therapy, two key first‐line drugs used in the treatment of TB, 
isoniazid and rifampicin, have been shown to induce autophagy in M. tuberculosis‐infected 
macrophages that more effectively inhibit organism growth [46]. Targeting autophagic 
function is being investigated as a treatment option for TB following observations in vivo 
that autophagy‐deficient mice show increased M. tuberculosis growth and lung pathology, 
and reduced survival when compared with normal mice [47–49]. Autophagy inducers like 
rapamycin delivered by inhalation may be highly useful to induce autophagy in infected 
cells and to avoid systemic side effects.

Muttil and Price [50] provide some thoughtful insights on how natural immunity might 
be harnessed via pulmonary administration of TB vaccines to enhance efficacy. They argue 
that the use of attenuated bacterial strains for immunisation that resemble the infecting 
organism as closely as possible, including its natural route of transmission and exposure, 
may be essential for generating a robust and long‐lived immunity against TB. Importantly, 
recent (unpublished) work from the Muttil laboratory lends further support to the need for 
exploration of the pulmonary route for vaccination against TB. Individuals living in areas 
with high prevalence of environmental non‐tuberculous mycobacteria (NTM) are known to 
have high rates of low‐level tuberculin skin test sensitivity unrelated to TB infection. Mice 
exposed to NTMs via the gastrointestinal tract (mimicking NTM exposure in humans) 
became immunologically tolerant or non‐responsive to mycobacterial exposure, 
including BCG. Of great significance is the observation that this tolerance effect appears 
to be systemically widespread, the immunologically naïve airway remains unaffected. In a 
challenge model of mice exposed to NTM, only pulmonary‐vaccinated mice were able to 
generate immune cells in the airway and had a log less M. tuberculosis colony‐forming 
units (CFUs) in the lung compared with intradermally vaccinated NTM‐exposed mice.

A growing interest in exploring mucosal delivery for TB vaccines has to some extent 
benefitted from major advances in aerosol technology over the last 10–15 years. More 
effective, reproducible, and inexpensive delivery of proteins and vaccines delivered via the 
pulmonary route has shown equivalent or better efficacy for encephalitis, hepatitis B, plague, 
measles, and influenza prevention. Applying advanced aerosol science and technology to 
the search for a new and more effective TB vaccine may improve the chances – and speed – 
of clinical success. Critical challenges relate to process, formulation, and delivery approaches, 
particularly for infant vaccination, however.

20.3.2  Choice of Animal Model in the Evaluation of Drug and 
Vaccine Delivery Systems

As the complexities of lung pathology are increasingly better understood and advances in 
molecular biology and imaging techniques move forward, the limitations of the traditional 
mouse and guinea‐pig models for investigation of drug and vaccine efficacy have become 
clear. Ideally, research should be expanded to involve other species (or alternatively utilise 
current species) in order to accommodate more advanced technologies in determining 
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outcomes. One key question is to determine which animal models might provide the 
appropriate pre‐clinical information to assess potential efficacy of candidate drugs and 
vaccines administered by the pulmonary route and of orally administered vaccines.

Validated immunological markers of protection in TB vaccine assessment cannot be 
extrapolated from animals to humans [51–54]. The inability to select candidate vaccines in 
a head‐to‐head strategy in the same animal model, mostly as a result of the reluctance of 
vaccine developers to have their candidates enter comparative testing, is a principal weak
ness in TB vaccine development [52, 53]. Even so, current animal models and assays for 
vaccine assessment seem to be inadequate, given the failure of MVA85A vaccine to boost 
immune responses in BCG‐vaccinated infants, although pre‐clinical data from animal stud
ies predicted otherwise [51]. NHPs are increasingly being used as higher‐order models for 
evaluating TB vaccine candidates. In this context, Rhesus and Cynomolgus macaques have 
been utilised as models of vaccine efficacy, because both produce human‐like pathology 
when infected with M. tuberculosis [55, 56]. Recently, the common marmoset was reported 
to develop a very human‐like disease following low‐dose, aerogenic infection with several 
strains of M. tuberculosis. Given their small size and ease of handling relative to macaques, 
they might become established as a new animal model for assessing vaccines in the near 
future [57]. Also, a recent description of a neonatal Rhesus macaque model that mimicked 
human TB in new‐borns and infants might open the way for specific assessment of disease 
prevention by therapeutic vaccines in this age cohort [58].

For drug therapy assessment, on the other hand, conventional mouse models seem to be 
more dependable as an essential pre‐step to drug development [59–61].

Emerging animal models contributing to our understanding of the pathogenesis of pul
monary TB include the rabbit (not new, but neglected for decades). Other species, such as 
the rat, zebrafish, and wildlife reservoirs have also been investigated, but their roles remain 
undefined in the pre‐clinical development of drugs and vaccines for TB. The most encour
aging developments are the recent improvements to the established mouse, guinea‐pig, 
rabbit and NHP models, including the application of new imaging technologies in mice, 
rabbits and NHPs to assess changes in lung pathology. Positron‐emission tomography/
computerised tomography (PET/CT) imaging is being explored to describe the effect of 
drug or vaccine interventions on TB pathogenesis and to study the effect of therapeutics on 
inbred mouse strains that produce hypoxic, necrotic TB granulomas, similar to human TB 
disease. “Kramnik mice” are a recently introduced mouse model developing granulomas/
necrotic areas against a genetically immunocompromised background. Compared with the 
usual mouse models, they are not better than Balb‐c mice for drug evaluation, but can give 
different results. A promising, but significantly under‐utilised, application of PET/CT 
imaging is its potential use in studying pulmonary distribution and quantification of phar
macokinetic/pharmacodynamics (PK/PD) characteristics of inhaled drugs. Such data would 
go a long way towards providing evidence of appropriate drug deposition at target sites.

20.3.3  Demonstrating Bioequivalence and Clinical Efficacy of 
Inhaled Drugs to Oral/Parenteral Dosage Forms

In drug development and clinical assessment of drug efficacy, the pharmacokinetics profile 
of the active ingredient is crucially important when preparing a product profile for licens
ing consideration by regulatory authorities. The most notable feature of inhaled‐drug 



Concluding Remarks 407

delivery is the fact that a high concentration of drug may be deposited in the airways, 
i deally with short residence times (determined by particle formulation) during which time 
drug is dissolved in lung alveolar fluid, possibly diffusing across the epithelium and being 
phagocytosed by alveolar and tissue macrophages. In this way, drug distribution into 
p ulmonary tissues could also occur at non‐ventilated sites.

Only a limited amount of drug will normally end up in the systemic circulation, posing 
a dilemma for measuring serum levels and consequently determining bioequivalence to 
oral preparations containing the same drug. This aspect poses a barrier to regulatory assess
ment and approval of the inhaled‐drug dosage form. In studies of dry‐powder microparticle 
preparations of capreomycin delivered to the lungs of guinea‐pigs, compared with the 
c onventional intramuscular injection route, 30% higher drug levels were required by the 
injected route relative to the inhalation route to achieve a similar 1 log drop in lung CFU of 
infected animals [62]. The differences in pharmacodynamics effect were significantly in 
favour of the inhalation route, suggesting that lowering of capreomycin dosage might be 
possible when delivered directly to the lung. In follow‐up healthy human volunteer Phase 
I studies with the same dry‐powder capreomycin preparation, a 300 mg inhaled dose 
achieved peak systemic levels that briefly reached above the MIC of the drug [7]. 
In  Chapter  8 [63], the authors compared the guinea‐pig [62] and human data [7] and 
observed that (a) the highest dose given to humans (3.77 mg/kg) was in between the low 
and high doses given to guinea‐pigs (1.4 and 7.2 mg/kg); (b) the dose in humans resulted in 
approximately a similar maximum drug concentration (C

max
) (2.14 μg/ml / 3.77 mg/kg) to 

that in guinea‐pigs when corrected by dose (3.34 μg/ml / 7.2 mg/kg); that (c) the time to 
maximum drug concentration (T

max
) was about 7 times longer in humans than in guinea‐pigs 

(2.8 h versus 0.38 h) and the half‐life T
1/2

 was almost 3 times as long (4.8 h in humans versus 
1.68 h in guinea‐pigs); and that (d) apart from obvious large differences in body size, other fac
tors that might have played a role are passive inhalation versus insufflations, the alveolar area 
available for dissolution, and differences in the metabolic rate between these two species.

From a feasibility point of view, this dose is probably the highest that could be delivered 
as a single administration. Although bactericidal levels at this dose, and perhaps even at 
150 mg, are likely achieved in the lung as extrapolated from the guinea‐pig data, regulators 
would probably remain unconvinced unless strong clinical PK/PD data are shown.

A bioequivalence model is required that would provide for the direct comparison of 
inhaled drug to drug delivered in oral/parenteral form, with a bacteriological outcome as 
primary endpoint. Demonstrating the efficacy of inhaled dosage forms of TB drugs in 
developmental programmes would likely only be achieved by using a combination of 
mouse and guinea‐pig pre‐clinical assessment, which would include the collection of PK 
data at this level of investigation (Chapter 8), followed by early bactericidal activity (EBA) 
studies in Phase II clinical trials. Considerable experience in animal models has been 
gained over recent years with demonstrating the superiority of the pulmonary route of 
administration of certain TB drugs over oral or parenteral delivery, both in terms of efficacy 
and also of safety. In the process, adequate animal models for comprehensive PK/PD 
assessment have been established that can serve as validation assays for the pre‐clinical 
phase of inhaled‐drug development [41, 63].

What remains to be achieved is the demonstration of a valid clinical trial approach that 
can be used to assess outcomes among patients with TB. Furthermore, until such time as a 
well‐constructed clinical‐development strategy is proposed for the introduction of inhaled 
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agents as an alternative to oral administration of established drugs in first‐ or second‐line 
regimens for TB, inhaled‐drug therapies of known drugs might only be acceptable as 
adjunct options to conventional drug regimens, not as replacements.

EBA studies have been widely used in TB drug development as supporting information 
to medicines‐regulatory authorities. However, most of the drugs that would be priority 
candidates for pulmonary delivery as argued earlier, such as the injectable agents capreo
mycin or kanamycin, or the second‐line drug clofazimine, are known to have substantial 
sterilising rather than early bactericidal activity. With a typical EBA study running over the 
first 14 days of therapy, this might not be the ideal approach for evaluating the drugs in 
question. Furthermore, high drug levels in the upper airways might compromise meas
urements of viable colonies in sputum collected but not processed instantaneously. An 
extended EBA design providing for sputum collections over 8 to 12 weeks with timed drug 
wash‐out p eriods might be an option, but has not been yet tried. Even so, early sputum 
conversion does not necessarily indicate a lowered risk for relapse or serve as an indicator 
of potential treatment shortening, as was observed in the recently concluded REMox 
trial [64]. The only option might be to conduct a conventional EBA study to assess safety 
profiles, followed by a Phase II proof‐of‐culture‐based study, and then a larger Phase III 
clinical endpoint study of inhaled adjunct therapy added to a standardised backbone 
regimen against p lacebo in a double‐blind trial design over a full course of treatment in 
drug‐sensitive and/or multi‐drug‐resistant TB (MDR‐TB) patients.

20.3.4 Inhaled Vaccines for TB – are there Potential Advantages?

Natural infection with tubercle bacilli almost exclusively occurs following inhalation of 
droplet nuclei containing live organisms transmitted by patients with pulmonary TB 
d isease. In well over 90% of exposed individuals, the infection is contained indefinitely 
as a result of a sufficient cell‐mediated immune response in the host. In those who 
develop active disease, however, the process is influenced by a variety of factors related 
to the host and/or the pathogen. Most cases develop within two years after the point of 
exposure, with a life‐time risk of 5–10%. The risk for disease is particularly high in 
infants and young children, with extrapulmonary pathology (tuberculous meningitis, in 
particular) often leading to disability and death. Immunocompromised individuals, such 
as those living with HIV, are at significantly increased risk of progressing to active TB. 
The risk changes to 10% per year, rather than remaining at that level over a life‐time. 
Other high‐risk groups include adolescents and a high‐risk group only very recently 
identified, Type 2 diabetics. About 387 million people are estimated to be affected by 
diabetes, with 77% of cases in low‐ and middle‐income countries where TB is prevalent. 
In the light of studies showing that between 16% and 46% of TB cases also suffer from 
diabetes, the World Health Organization (WHO) has turned the spotlight on this group as 
a priority for intervention [65].

Overall, it would seem that the lung is immunologically geared to effectively deal with 
TB infection in most cases. In this context, targeting vaccines for TB, particularly live, 
whole‐cell candidates, directly to the lung is a logical approach.

In Chapter  5, a comprehensive overview of the status of TB vaccine development is 
provided. For many of these candidates, administration to the lung rather than by injection 
into the skin would be possible, and at least one such study is currently in progress [53]. 
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Further exploration of dry‐powder pulmonary administration of BCG, currently still the 
only licensed TB vaccine for use in humans, has been advocated [66].

Most importantly, delivery to the lung may provide efficacy at significantly lower body 
dose, as suggested from (uncontrolled) results obtained in the early 1960s for aerosolised 
liquid BCG vaccine relative to intradermal injection. In these studies, using various types 
of nebulisers and chambers to generate aerosols with predictable concentrations of BCG 
and exposures up to 30 minutes, about 10,000 CFU (as opposed to 2–8 × 10−5 CFU for 
intradermal injection of, e.g., BCG Danish strain) resulted in a high degree of low‐dose 
tuberculin skin‐test conversion retained in children for up to 4 years after vaccination. No 
cases of TB were diagnosed among vaccinated children during the ensuing decade [67, 68]. 
From these observations (uncontrolled), Rosenthal concluded that ‘… Aerosol vaccination 
could be applicable for mass vaccination. A mobile console that would automatically dis-
perse the vaccine … would facilitate the procedure.’[68].

20.3.5 Safety of Pulmonary Vaccination

Pulmonary immunisation against TB has been evaluated for feasibility and efficacy in ani
mal models and has shown that better protection is afforded compared with immunisation 
by intradermal injection of Copenhagen strain SSI 1331 [22]. It is not known whether this 
observation holds true for all BCG strain types is unknown. However, pulmonary immuni
sation against TB has not been able to cross regulatory hurdles due to the potential risk 
associated with this delivery route. Encouragingly, a recent Phase I safety and immuno
genicity study was undertaken in BCG‐vaccinated healthy adults with the MVA85A vac
cine delivered as an aerosol [39]. Vaccination by the pulmonary route was well tolerated, 
with only mild r espiratory adverse events recorded.

Development of effective and safe adjuvants that could be delivered by the pulmonary 
route is also a priority. Very few adjuvants are approved for human use and none of them 
for pulmonary delivery. The adjuvants used for parenteral vaccines, including alum, are 
not safe for pulmonary delivery [69]. Muramyl dipeptide (MDP) and trehalose dibehen
ate (TDB) were evaluated in in vitro studies for use as an adjuvant in inhaled TB vaccines 
[70]. However, many pulmonary immunisation studies use vaccines that have inherent 
adjuvant properties, including live bacterial and viral vector‐based vaccines. New con
cepts for vaccine potentiation by co‐administration of agents to modify functions of rel
evant immune cells are also in evaluation, including immunomodulation strategies to 
enhance CD8 T cell responses to antigens by overcoming immunosuppressive microen
vironments. For example, inhibiting mammalian target of rapamycin (mTOR) in antigen‐
specific CD8 T cells during acute infection or vaccination can enhance generation of 
memory CD8 T cells with improved quality characterised by high proliferative and 
p rotective capacity and increased longevity. Such innovative approaches may be adapted 
in development of inhaled vaccines that could be co‐formulated with such potentiating 
agents [71, 72].

Delivering a live vaccine by the pulmonary route, however, could lead to dissemination 
and disease, especially in immunocompromised individuals. However, different doses of 
live BCG administered by the pulmonary route in cancer patients are safe and without 
any major side effects [73]. BCG was well tolerated in metastatic lung cancer patients, 
with symptoms consisting of transient chills for 4–8 hours post‐BCG aerosol delivery. 
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In addition, rhesus macaques were vaccinated by the pulmonary route with a replication‐
defective recombinant adenovirus (rAd; AERAS‐402) expressing the Mtb antigens 
Ag85A  and TB10.4 [74]. The AERAS rAd is a safe vaccine‐delivery vector due to its 
non‐replicating nature and was suited for pulmonary immunisation due to its natural 
tropism for the respiratory tract [75].

20.4 Concluding Remarks

Development of innovative new strategies for pulmonary delivery of antimicrobial drugs, 
host‐directed therapies, and vaccines/adjuvants is hindered by a lack of research support. 
Progress could be made by building on the large and detailed amount of research to pro
duce sophisticated formulations and devices to facilitate delivery of drugs and vaccines via 
the pulmonary route for other diseases. A critical need exists for devising and implementing 
clinical strategies and proof‐of‐concept trial designs to evaluate conventional and new ther
apies directed to the lung, including drugs added to accepted regimens and novel regimens 
aimed at shortening MDR‐TB treatment.

What key innovations need to be considered other than optimised formulations and 
delivery devices? At the high level, the following might serve as a starting list:

 ● Developing combinations of anti‐TB and/or host‐directed therapy drugs: Evaluation of a 
carefully considered “best‐shot” inhaled regimen for proof‐of‐concept studies should be 
pursued;

 ● Utilizing a robust animal model to optimise inhaled TB drugs/regimens or HDT agents, 
including dose, schedule, and duration for shortened therapy for MDR‐TB (and perhaps 
also for susceptible TB) proof‐of‐concept would be to demonstrate lack of relapse with 
the shortened therapy vs. control;

 ● Evaluating pulmonary distribution of labelled drug by PET/CT imaging, first in animals 
and later in humans;

 ● Clinical Trials: Phase IIB trials to evaluate the effects of addition of inhaled agent(s) or 
placebo to a conventional oral drug regimen on rates of CFU decline in sputum collected 
bi‐weekly over 8–12 weeks. To avoid confounding effects of high inhaled drug concen
trations in upper airways, a 2‐day wash‐out before sputum collection may be needed. 
Alternatively, methods to be developed to immediately deactivate any remaining drug in 
collected sputum without affecting M. tuberculosis viability. Also, use of PET‐CT imag
ing for evaluation of treatment responses might be employed and its utility defined as a 
marker of response. If results are promising, a Phase III trial based on clinical endpoints, 
including failure/relapse rates would follow.

The contributions shared in this volume demonstrate a dynamic and progressively 
expanding portfolio in the field of drug delivery system development for TB. In all cases, 
the objectives are to enhance efficacy and possibly reduce occurrence of adverse events by 
optimising drug and vaccine delivery options. Technologies already exist for formulation 
and manufacturing of, for example, nano‐ and micro‐particle constructs that may be 
used as drug and vaccine carriers for targeted delivery to cells using appropriate delivery 
devices. The potential clinical benefits of these developments can be demonstrated in a grow
ing array of applicable animal models, and to a large extent have already informed study 
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designs for clinical trials. However, the translation of research advances from the laboratory 
to clinical implementation is lacking and needs to be pursued as a matter of high priority. 
In this context, regulatory experience with inhaled and other alternative means of adminis
tration of therapies and vaccines for TB is almost non‐existent; the development of guide
lines for review and approvals will require close interaction with scientists and developers. 
Policies to guide implementation in clinical settings would also need to be developed, with 
involvement of national TB programmes and international agencies such as the WHO. 
Without support for such efforts, the field will, unfortunately, not progress beyond the 
status quo.
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Figure 9.3 Mass and temperature changes during single‐droplet drying inside a spray dryer



Figure 11.3 Statistical versus stochastic uptake of particles by infected macrophages
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Figure 11.5 Time course of H (blue) and rifabutin (red) in cells recovered by bronchoalveolar 
lavage from mice receiving about 100 µg of a dry‐powder inhalation (DPI) comprising 1:1:2 
parts of H, rifabutin, and PLA or intravenous injections (IV) of the same amounts of drugs
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Figure 12.3 Proposed structures and Pd chelation of (a) capreomycin, (b) kanamycin and 
(c) ofloxacin obtained by NMR measurements. The nuclei supposedly involved in the 
interaction with the metal are indicated (adapted with permission from Ref. [72])
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Figure 12.6 Orthogonal histological sections of chicken embryo chorioallantoic membranes 
of (a) control group, (b) group treated with capreomycin sulfate and (c) group treated with 
capreomycin oleate ion pair at day 8. Magnification: 400× (adapted with permission from 
Ref. [75])



Figure  15.1 Formation of a nucleic acid (RNA is shown) conjugate where a branched 
dendrimer structure binds it to the surface of the nanoparticle and protects it from nuclease 
degradation
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Figure  18.1 BCG efficacy varies geographically around the world. Colored regions have 
National BCG Mass Immunization Programs in place, darker colors correspond to the highest 
TB burden regions
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Figure 18.2A Blocking hypothesis. BCG in naive individuals is able to replicate in the lungs 
long enough for the development of a BCG‐specific immune response to develop. This level of 
immunity is protective against Mtb challenge (BCG curve). NTMs in naive individuals replicate 
and generate a NTM‐specific immune response; however, this level of immunity is not sufficient 
for protection against subsequent Mtb infection (NTM alone curve). BCG in NTM‐exposed 
individuals provides insufficient protective immunity against TB. Prior NTM immunity inhibits 
BCG replication and the generation of a BCG‐specific immune response (NTM and BCG curve)
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Figure  18.2B Masking hypothesis. BCG in naive animals provides sufficient protection 
against Mtb challenge (BCG curve). NTM exposure in naive individuals generates some 
immunity, but this is insufficient against Mtb challenge (NTM alone curve). BCG in NTM‐
exposed individuals does not generate immunity above the immunity already generated by 
NTM exposure, leaving them susceptible to Mtb infection (NTM and BCG curve)
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Figure 18.3 Biomimicry: Pulmonary immunization with a live bacterial vaccine will mimic a 
natural infection and provide protection to the host
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Figure 18.5 Mtb has the ability to evolve in response to pressure from antibiotics to become 
drug‐resistant. It will continuously adapt and change to the evolutionary pressure and will 
always be a moving target to new treatment modalities
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