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Therapeutic Advances in the Management
of Pulmonary Arterial Hypertension 1
Suyeon Heo, Nancy Ly, Madeeha Aqil, Mohd Shahid,
M. Rizwan Siddiqui, Zulfiqar Ahmad, and Mohammad Tauseef

Abstract

Pulmonary arterial hypertension (PAH) is a progressive disease with multiple
etiologies. If remains untreated, it leads to high rate of morbidity and mortality,
and a median survival of only 5–7 years. Clinically, PAH is defined as mean
pulmonary arterial pressure >20 mmHg at rest with normal left atrial pressure.
PAH is characterized by remodeling of the pulmonary vasculature due to pulmo-
nary vascular endothelial and smooth cell proliferation. These events eventually
reduce the pulmonary arterial compliance and thus causing increased pulmonary
vascular resistance. If remains unmanaged, it will ultimately end up in right
ventricular failure. However, the Food and Drug Administration (FDA) has
approved drugs that target the endothelial pathway, the nitric oxide pathway,
and the prostacyclin pathway. These therapeutic strategies, mainly inducing
pulmonary vasodilation, however, have poor effect on the signaling pathways
activated during the pathogenesis of PAH. This might be one of the reasons why
they are unable to reverse the pathology of the disease, and eventually patients
stop responding to them. If medications fail, the only viable alternative will be
lung transplantation to save a patient’s life. Evidences show the contribution of
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heredity, inflammation, drugs, toxins, HIV infection, and hepatic diseases in the
progression of PAH. Therefore, there is a need for potential therapeutics, which,
via affecting the pathological signaling pathways, halt the disease process and
eventually reverse the pulmonary remodeling in the patients. In this chapter, we
discuss the emerging novel therapeutics and their mechanism of actions, which
have advanced beyond preclinical research and are currently being investigated in
the clinical cases of PAH.

Keywords

Pulmonary arterial hypertension · Vascular smooth muscle proliferation · Clinical
trials · Lung inflammation · Bone morphogenetic protein receptor 2 (BMPR2) ·
Hypoxia · Endothelial cells · Pulmonary artery

1.1 Introduction

The pulmonary hypertension is defined as elevated pulmonary arterial pressure
(PAP) [1–4]. It is characterized by pulmonary vascular remodeling in the small
pulmonary arteries, increased PAP and elevated pulmonary vascular resistance
(PVR) [5]. The etiology of pulmonary hypertension (PH) is multifactorial
[1, 6]. Other noticeable changes during the development of PH include intimal
proliferation, vascular smooth muscle proliferation or hypertrophy, and adventitial
thickening [7, 8]. The symptoms of the disease are progressive such as shortness of
breath, fatigue, chest discomfort, abdominal fullness, and light-headedness or even
syncope with more advanced and severe form of the disease [9, 10]. If remain
untreated, or uncontrolled by the currently available medications, patients of PH
will eventually need heart and lung transplantation. Otherwise, it leads to increased
rate of mortality [5, 11]. Thus, PH is emerging as an urgent medical need, which
requires a thorough understating of its pathogenesis at cellular and molecular levels,
and thereby development of potential novel therapeutics to treat the PH [1, 2, 6].

Several confounding factors, including aberrations in the genes, environmental
toxins, drugs, hepatic disease, and right heart dysfunction, to mention but a few, are
involved in the pathogenesis of PH [3, 12]. Clinically, PH is a mean pulmonary
arterial pressure more than 25 mmHg determined by resting supine right heart
catheterization (RHC) [9, 11, 13]. According to the current classification and criteria
[13], PH may be categorized into (1) idiopathic, which is defined by the absence of
underlying risk factor, (2) heritable/genetic, for instance, the presence of germline
mutation in bone morphogenetic protein receptor 2 (BMPR2), (3) PH induced by
drugs or toxins, or (4) it may be associated with other pathological conditions such as
connective tissue disease, portal hypertension, HIV infections, and congenital
heart disease. The most updated PH classification was defined at the 5th World
Symposium on Pulmonary Hypertension in 2013 [3, 13]. This classification is based
on a shared disease histology and pathophysiology, clinical presentation and thera-
peutic interventions. Thus, this put the PH in five differed groups: (1) pulmonary
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arterial hypertension (PAH), (2) PH due to left heart disease or pulmonary venous
hypertension, (3) PH due to chronic lung disease and/or hypoxia, (4) chronic
thromboembolic PH (CTEPH), and (5) PH due to undefined or unknown mechanism
[9, 12].

1.2 Basic Review of Pulmonary Circulation

The basic understanding of physiology and pathophysiology of pulmonary circula-
tion will be helpful to better understand and define the pathogenesis, diagnosis,
prognosis, and therapeutic aspects of the PH. Briefly, the major function of the
pulmonary circulation is to carry deoxygenated blood from the right side of the heart
to the lungs via pulmonary artery to get it oxygenated [13, 14] and return oxygen-
rich blood back to the left side of the heart via pulmonary vain. Therefore, mainte-
nance of pulmonary circulation function is vital to provide oxygenated blood to the
systemic circulation [12].

The pulmonary arterial hypertension (PAH) is a progressive process that leads to
an increase in pulmonary vascular resistance, and is a most common type of PH in
clinical practice. This is due to the multiple pathophysiologic outcomes such as
pulmonary vascular remodeling and sustained vasoconstriction. Since pulmonary
circulation is getting the entire cardiac output, low pressure and PVR in the pulmo-
nary artery are maintained through the high cross-sectional area containing network
of small pulmonary arteries and capillaries. One may predict that any change or
fluctuation in the PVR will be reflected in the increase in pulmonary arterial pressure
and leads to PH. Anatomically, the pulmonary artery is comprised of three distinct
types of tissue layers. The innermost intima is comprised of pulmonary artery
endothelial cells, followed by the middle layer of media containing pulmonary artery
smooth muscle cells. The outermost layer or lining is made of the fibrous tissue
called adventitia. In the pathogenesis of PH, the above cell types play a fundamental
role in causing narrowing of the pulmonary artery and increasing PVR. The current
line of therapeutics mostly targets proliferation of intimal and medial cells prolifera-
tion but is unable to reverse the disease progression (Fig. 1.1) [6, 12, 14].

1.3 Pulmonary Hypertension: Clinical Classification

Under clinical setting, PH is more of comorbid condition, which is most of the time
associated with other types of clinical conditions. This makes a poor prognosis and
ends up in high rate of morbidity and mortality [2, 12, 14]. This puts a great
challenge on clinicians and pulmonary physician to correctly diagnose the disease.
Over the past several years, a great stride has been done to improve the understand-
ing of the pathophysiology of the PH. One of the challenging tasks is to correctly
classify the disease based on the pathophysiological origin of the disease. Here, we
will expand the classification of PH so that we may be able to better understand the
disease process. In 1970, the efforts led by the World Health Organization (WHO)
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resulted in the understanding of the underlying causes of PH. This further led to
putting PH as primary or secondary PH. This was the beginning of the understanding
of the tip of the iceberg basically, which opened doors for the further discoveries in
the field of PH. The most current and updated PH classifications were defined at the
5th World Symposium on PH in 2013 and put the pH cases in five separate types, as
defined above [12, 14]. Now the question is: What was the outcome on the patients’
overall health and survival in PH? The above classification system impacted signifi-
cantly on the patients’ diagnosis and treatment process due to more focused identifi-
cation of the factors affecting morbidity and mortality in PH [12, 13].

The question which is still vaguely answered is why the diagnosis of PH is so
challenging. There is no single and clear answer to this question. One of the most
important challenges with the diagnosis of PH is that the early symptoms of the
disease are nonspecific and that may lead to misdiagnosis [6, 15]. This may require
more intensive physical examination and may be more invasive clinical procedures
to delineate the disease in patients at early stage [8, 16].

Patients with PH displayed varying symptoms starting from unexplained dyspnea
upon exertion, chest pain, fatigue, hemoptysis, syncope, and Raynaud’s phenomena.

Fig. 1.1 Pathways targeted in current therapies for pulmonary arterial hypertension. Newly
approved therapies are listed in blue. cAMP cyclic adenosine monophosphate, cGMP cyclic
guanylate monophosphate, ERA endothelin receptor antagonist, FDA US Food and Drug Adminis-
tration, INH inhaled, IP2 prostacyclin receptor 2, IV intravenous, NO nitric oxide, PAH pulmonary
arterial hypertension, PDE-5 phosphodiesterase-5, PDE-5i phosphodiesterase-5 inhibitor, PGI2
prostaglandin I2, sGC soluble guanylate cyclase, SQ subcutaneous. (Reproduced with permission
from Tsai H, Sung YK and de Jesus Perez V. Recent advances in the management of pulmonary
arterial hypertension [version 1]. F1000Research 2016, 5:2755 [6])
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These symptoms most of the time are poor oxygen transport and impaired cardiac
output due to the increased pulmonary vascular resistance. Therefore, only a thor-
ough clinical investigation may reveal the underlying pathophysiology pertinent to
PH. Other signs, which were revealed upon clinical examination, include jugular
venous distensions, hepatomegaly, cyanosis, the presence of hepatojugular reflex,
mottled extremities, diminished peripheral pulses, peripheral edema, and ascites
[12, 16]. Cardiac catheterization is a reliable mode to delineate and differentiate
multiple abnormal sounds associated with pulmonary artery hypertension such as
RV, S3 and S4 sounds, accentuated pulmonic valve component (P2) of the second
heart sound, systolic murmur suggesting pulmonary regurgitation, and a parasternal
lift may be detectable [12]. This indicates how rigorously patient should be exam-
ined to reach at a conclusion, from where the medications will be initiated [12, 16].

Besides what is explained above, other invasive and noninvasive techniques are
further required at the final stage for the explicit diagnostic purpose of PH. These
include electrocardiography, pulmonary function testing, chest radiography, echo-
cardiography, serologic testing, and right heart catheterization [12]. With such an
advancement of the diagnostic technology in PH, it is a fact that the current
therapeutics, which is being used at the clinic, is merely a supportive care that
targets pulmonary vasocontraction. At this point, we may ask a question why at
the verge of advancement of medical technology, we are feeling so helpless thera-
peutically and relying on conjecture rather than really treating or reversing the
disease. The answer is maybe either we are still lacking the correct understanding
of pathological process that takes place at the cellular and molecular level or we need
to develop rationale drugs that target the disease at the cellular and molecular level.
We will discuss the advancement in these areas in forthcoming paragraphs. First, we
will briefly review the different types of PH [1, 16].

1.3.1 Group 1: Pulmonary Arterial Hypertension (PAH)

Group 1 pulmonary hypertension or pulmonary arterial hypertension (PAH) is a
progressively increased pressure in the pulmonary artery or increase in mean pulmo-
nary arterial pressure (Fig. 1.2) [6, 8, 12]. Primarily, it is due to the proliferation of
vascular smooth muscle in the pulmonary artery, which leads to the obstruction in
the blood flow in pulmonary vasculature. If it remains untreated, it will eventually
end up in right ventricular failure and often cause premature death. In terms of the
etiology, there are multiple factors involved in the progression of the disease and few
of them are well understood. For instance, in idiopathic pulmonary hypertension, we
do not have any clear understanding of the etiology of the disease. Other important
factors which are involved include heredity, drug-induced PAH, various connective
tissue-related abnormalities, human immunodeficiency virus, or HIV infection,
and congenital abnormities in the heart. PAH may also arise following other
vasculo-occlusive disorders including portal hypertension, veno-occlusive diseases
and persistent pulmonary hypertension of the newborns. It was a time when
there was a lack of therapeutics and the median life span oftentimes was less than
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3 years [12, 17]. With the advent of more targeted therapies, along with the early
diagnosis of the disease, the clinical outcome is much improved. Recent research
demonstrates involvement of gene mutation and development of PAH. For instance,
mutation in the bone morphogenetic protein receptor 2 (BMPR2) gene has been
involved in more than 75% cases of clinically diagnosed PAH. Intriguingly, these
cases mostly have a known family history of PAH. There are up to 25% of sporadic
cases with more than 300 known independent mutations in the gene alone
[12, 18]. This suggests that mutated BMPR2 is the most commonly involved
denominator in the pathogenesis of PAH. The mutated gene product binds and

Fig. 1.2 Treatment algorithm from the 2015 European Society of Cardiology/European Respira-
tory Society guidelines for the diagnosis and treatment of pulmonary hypertension. (Reproduced
with permission from Tsai H, Sung YK and de Jesus Perez V. Recent advances in the management
of pulmonary arterial hypertension [version 1]. F1000Research 2016, 5:2755 [6])
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activates members of the transforming growth factor (TGF)-β family, including
activin-like receptor kinase-1 (ALK-1), endoglin (ENG), and mothers against
decapentaplegic homolog 9 (SMAd9) have also been identified in the etiology of
the PAH. This suggests a significant role of this signaling cascade in the develop-
ment of PAH [19]. Besides the clear central role of TGF-β family, recent studies
indicate mutations in caveolin-1 (CAV-1) and potassium two pore domain channel
subfamily K member 3 (KCNK3) has a significant role in the etiology and patho-
genesis of PAH [19, 20].

Research studies demonstrate the potential role of drugs and toxins in the
pathology of PAH [19, 21, 22]. However, exactly how these chemical compounds
lead to PAH is still in obscurity. Very few drugs and chemicals have been known so
far, which cause PAH with some defined understanding. Under these categories, for
instance, certain anorexigens (e.g., aminorex, fenfluramine, and dexfenfluramine),
toxic rapeseed oil, selective serotonin inhibitors (SSRIs) and benfluorex cause PAH
in the patients. Although the precise mechanism of anorexigens in inducing PAH is
unclear, studies show that they basically block the uptake of serotonin via blocking
the serotonin transporter [1, 12, 15]. This allows serotonin to induce proliferation of
pulmonary vascular smooth cells and induction of PAH. Benflurex shares an active
metabolite with fenfluramine, and is a drug used in Europe to treat hyperglycemia
and other metabolic disorders, causing PAH. Moreover, SSRIs are used in preg-
nancy, and increase the risk of PAH. It also increases the risk of mortality and
worsening the PAH if used in patients who are already diagnosed with PAH [12, 21,
22].

Other drugs that have strong link to induce PAH include amphetamine, metham-
phetamine, L-tryptophan, dasatinib, cocaine, phenylpropanolamine, St. John’s wort,
chemotherapeutic agents, and interferon α and β [23]. However, there is no strong
relation between cigarette smoking, estrogens, or oral contraceptives in the induction
of PAH [12, 23].

1.3.2 Group 2: Pulmonary Hypertension (PH) Due to Left Heart
Disease

Group 2 PH due to left heart disease includes left ventricular (LV) diastolic dysfunc-
tion, left ventricular (LV) systolic dysfunction, valvular disease, congenital and or
acquired left heart inflow/outflow tract obstruction, and congenital cardiomyopathies
(25 and current) [24]. Most common presence of group 2 PH has been observed in
the patients suffering heart failure with reduced (HFeEF) or preserved ejection
fraction (HFpEF). Hemodynamically, the disease is defined as mean pulmonary
arterial pressure (mPAP) � 25 mmHg, a pulmonary artery wedge pressure (PAWP)
or left ventricular end-diastolic pressure (LVEDP) > 15 mmHg, and a normal or
reduced cardiac output [12]. The pathophysiological manifestation involved the
passive backward transmission of filling pressures that increases mPAP (e.g., loss
of left atrial compliance, diastolic dysfunction, mitral valve regurgitation), further
increase in mPAP (e.g., endothelial dysfunction, vasoconstriction), and eventually
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ends up in worsening of pulmonary vascular remodeling, right ventricular dysfunc-
tion and, if remain untreatable, ultimately leads to high rate of mortality [12, 24].

Group 2 PH is further categorized into two sub categories. This subclassification
is based on the diastolic pressure difference (DPD, defined as [diastolic PAP�mean
PAWP]) during right heart catheterization under resting conditions. These categories
are isolated post capillary PH (PAWP > 15 mmHg and DPD < 15 mmHg) and
combined post and precapillary PH (PAWP > 15 mmHg and DPD � 7 mmHg)
[12, 24].

The clinical features of Group 2 PH are different compared to Group 1 PAH.
Group 2 PH patients with HFpEF were older in age, superimposed with other
cardiovascular comorbidities such as hypertension, coronary artery disease, worse
exercise capacity, and renal dysfunction [25]. They were also suffering from high
frequency of left atrial enlargement, lower frequency of right atrial enlargement and
less severe PH. Therapeutically, there is more focus to treat the underlying heart
disease present in Group 2 PH to achieve desirable effects [12, 24].

1.3.3 Group 3: Pulmonary Hypertension (PH) Due to Lung Diseases
and Hypoxia

The pathological conditions associated with the underlying cause of Group 3 PH
include chronic obstructive pulmonary disease (COPD), interstitial lung disease
(ILD) (e.g., idiopathic pulmonary fibrosis, sarcoidosis), and other lung diseases
such as with the involvement of sleep disorder-induced breathing problems, alveolar
hyperventilation disorders, chronic high-altitude exposure, and developmental lung
diseases [12, 26]. Since there is an increased propensity of above associated pulmo-
nary disorders, sometimes, it is very difficult to distinguish the differences between
idiopathic PAH and Group 3 PH. At the diagnostic end, findings suggest that the
Group 3 PH is associated with moderate-to-severe impairment in ventilation func-
tion, reduced breathing reserve, and characteristic airway and/or parenchymal
abnormalities [12].

Two significant pathophysiological features underlying Group 3 PH include
hypoxic vasoconstriction and obliteration of the pulmonary vascular bed. Hypoxia
leads to a significant damage to the vasculature and release of vasoconstrictor
substance such as endothelin from the endothelium. Upon release, endothelin causes
underlying vascular smooth muscle cell contraction and leads to vasoconstriction
and proliferation. Initial hypoxia-induced vasoconstriction is reversible; however,
once there is pulmonary remodeling due to the chronic hypoxic condition, it is
largely irreversible. Like Group 2 PH, Group 3 PH management also involves
identification and treatment of underlying pathophysiologic cause rather than only
focusing on the increased in mPAP [12].

8 S. Heo et al.



1.3.4 Group 4: Chronic Thromboembolic PH (CTEPH)

Group 4 pulmonary hypertension is due to the chronic thromboembolic disease that
leads to prolonged occlusion of the pulmonary vasculature [27]. This disease arises
due to the abnormal activation of blood coagulation cascade in the vasculature.
Pathologically, there is an abnormality at the level of fibrinolysis or any underlying
hematological or autoimmune disorders ultimately leading to the hypercoagulable
state and poor resolution of thrombosis. Group 4 PH is manageable through surgical
intervention along with drug therapy. In this unique situation, through pulmonary
thromboendarterectomy, a surgeon removes chronic blood clots from the pulmonary
artery. Long-term anticoagulation medicines are recommended [27, 28].

1.3.5 Group 5: PH with Unclear Multifactorial Mechanism

Group 5 PH includes all the clinical conditions of PH where there are unclear
multifactorial mechanisms of the disease origin. This category includes hematologic
disorders (sickle cell disease), β-thalassemia, chronic hemolytic anemia, myelopro-
liferative disorders, splenectomy, metabolic disorders (glycogen storage disease,
Gaucher disease, and thyroid disorders), and systemic disorders (sarcoidosis,
lymphangioleiomyomatosis, and pulmonary histiocytosis). Post capillary PH in
sickle cell disease is secondary to left ventricular dysfunction, whereas precapillary
PH may cause by vasculopathy from the intravascular hemolysis, chronic pulmonary
thromboembolism, or enhanced activity of pulmonary hypoxic response [29]. This
category is so far the most poorly studied type of PH. The reason is its
multimechanism activation etiology. Therefore, to well characterize this class,
further research is warranted. So far, there is a serious lack of underrating of its
pathology [29].

1.4 Mechanisms of Pathogenesis and Pathophysiology
of Pulmonary Hypertension

As we consistently noted in the previous sections of this chapter, the main vascular
changes in all forms of the pulmonary hypertension are vasoconstriction, smooth
muscle cell proliferation, and even thrombosis. These pathological findings suggest
an imbalance between vasodilation and vasoconstriction mechanisms [6, 15]. They
also indicate perturbations even at the level of growth inhibitors and mitogenic
factors and cause more inclination toward the prothrombotic state and alteration in
the antithrombotic milieu. Hence, these off-balance homeostatic processes may
ultimately lead to pulmonary endothelial dysfunction and injury [6, 15, 30].

1 Therapeutic Advances in the Management of Pulmonary Arterial Hypertension 9



1.4.1 Prostacyclin and Thromboxane A2

Prostacyclin and thromboxane A2 are potent vasodilator and vasoconstrictor, respec-
tively [31]. They are generated in the vascular tissue during arachidonic acid
metabolism. In contrast to the thromboxane A2, prostacyclin inhibits platelets
aggregation and prevents smooth muscle proliferation [31]. In the pulmonary hyper-
tension, there is abundance in the generation of thromboxane A2 compared to
prostacyclin, and henceforth, pulmonary vasoconstriction, smooth muscle prolifera-
tion, and initiation of the process of thrombosis [32]. Moreover, it was observed that
the generation of prostacyclin has been reduced in the small and medium-sized
pulmonary arteries of the patients diagnosed with pulmonary hypertension, espe-
cially cases of the idiopathic pulmonary arterial hypertension [30].

1.4.2 Endothelin-1

Endothelin-1 is produced by the endothelial cells and is a powerful vasoconstrictor.
It stimulates the pulmonary artery smooth muscle proliferation. Plasma levels of the
endothelin-1 have been found to be increased in the patients of pulmonary hyperten-
sion [33]. The levels of the endothelin-1 are found to be inversely proportional to the
degree of the pulmonary vascular blood flow and the cardiac output [34]. These
important observations suggest a significant role of the endothelin-1 in the patho-
physiologic hemodynamic changes that occur in patients of pulmonary hypertension
[9, 30].

1.4.3 Nitric Oxide

Nitric Oxide (NO) is similar to Endothelin-1 produced by the endothelial cells;
however, it induces a vasodilation via relaxing the vascular smooth muscle of the
pulmonary vasculature [35]. It also inhibits pulmonary smooth muscle proliferation
and prevents the platelets aggregation. The synthesis of the NO in the endothelial
cell is regulated by the family of the enzymes, nitric oxide synthase (NOS). Studies
show the decreased levels of the NOS in the pulmonary vessel of patients of
pulmonary hypertension [36]. Thus, this sets the stage for pulmonary endothelial
dysfunction, smooth muscle proliferation, and prothrombotic state [30, 36].

1.4.4 Serotonin

Serotonin, a 5-hydroxythryptamine, is vasoconstrictor and induces a smooth muscle
cell proliferation [37, 38]. Due to the defect in the platelets that leads to hampered
uptake of serotonin in platelets, it has been found to be involved in the pathogenesis
of pulmonary hypertension. Research studies have described the genetic mutation in
the serotonin transporter (5-HTT) and 5-hydroxytryptamine 2B receptor (5HT2B) in
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the platelets, which is associated with pulmonary arterial hypertension [37, 38]. How-
ever, other studies have observed that selective serotonin-reuptake inhibitors
(SSRIs) increase the serotonin via inhibiting the serotonin transport, are rather
protective in the setting of hypoxia, and not increasing the pulmonary hypertension.
Thus, it may suggest that the levels of the serotonin itself may not be the only
determinant of pulmonary hypertension. Therefore, more research is required to
delineate the exact role of serotonin in the pathogenies of pulmonary
hypertension [30].

1.4.5 Vasoactive Intestinal Peptide

Vasoactive intestinal peptide (VIP) is a powerful vasodilator and decreases pulmo-
nary artery pressure and vascular resistance [10, 39]. It also has inhibitory effects on
the platelet aggregation and suppresses smooth muscle proliferation. Clinical study
showed the decreased levels of VIP in the serum and in the lungs of the patients of
pulmonary arterial hypertension [10, 39]. However, providing inhalation therapy of
VIP to the patients improved the symptoms and the hemodynamic alterations in the
patients of pulmonary hypertension [6, 30].

1.4.6 Vascular Endothelial Growth Factors

Both acute hypoxia and chronic hypoxia lead to increased secretions of vascular
endothelial growth factors (VEGF) along with increased expression of VEGF
receptors, VEGF receptor-1 (KDR/flk) and VEGF receptor-2 (flt) in the lungs.
Increased VEGF signaling in pulmonary arterial hypertension may be involved in
abrupt angiogenesis, an underlying cause of the formation of the plexiform lesions
and the clonal expression of the endothelial cells within the lesions [30, 40].

The above observations show that there is a clear inclination toward an increased
vascular constriction response, enhanced vascular smooth muscle cell proliferation,
and thrombosis [41]. Current treatment strategies are focused on bringing back the
vascular and coagulation imbalances toward normalcy [34]. For instance, the thera-
peutic strategies developed based upon above observations, such as vasodilator
prostaglandin analogue, epiprotenol, endothelial-derived relaxing factor, nitric
oxide (NO), and endothelial-derived vasoconstrictor, and endothelin receptor
antagonists, have been in the clinic to improve hemodynamic responses in pulmo-
nary vascular [42]. Presently, there are important therapeutic approaches available to
manage pulmonary arterial and idiopathic pulmonary hypertension in patients. They
significantly increase the life expectancy of patients [42]. However, on the flip side,
these medications have their own cons such as they have strong side effects profile,
and most of the time patients stop to respond to these medications. And eventually,
they need heart or lung transplantation [41]. Therefore, without any ambiguity,
pulmonary hypertension is an unmet medical need, which warrants the development
of newer therapeutics to target the disease. Recent studies suggest the emergence of
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the newer and improved therapeutic approaches to manage the pulmonary arterial
hypertension [30, 40]. In the next sections, we will discuss the newer medications
and their mechanisms of action in detail.

1.5 Emerging Therapeutics in the Management of Pulmonary
Arterial Hypertension

The prevalence of all forms of the pulmonary hypertension (PH) is approximately
about 15–50 per million individuals, with a prevalence of 2.4 per million per year
[2, 9]. Studies further show that for the different forms of pulmonary arterial
hypertension (PAH), such as idiopathic PH or heritable PH, female sex ratio is
emerging as a risk factor. Out of the total cases of PAH, 80% are women. PH causes
approximately about 15% risk of mortality within 1 year and 30% risk of death
within 3 years in poorly controlled patients. One of the reasons for the poor
prognosis of the disease may be incomplete understanding of the underlying patho-
physiology of the disease. Newer and emerging therapies targeting the novel disease
pathways discovered in the pathogenies of the disease will be discussed hereunder
[1, 9].

For the last two decades, there is significant improvement in the treatment
strategies of PH. US Food and Drug Administration (FDA) has approved
14 newer therapies to be delivered via oral, inhaled, subcutaneous, and intravenous
routes to target the three potential established pathological pathways involved in the
progression of pulmonary arterial hypertension. These pathways are endothelin,
prostacyclin, and nitric oxide-mediated pulmonary vascular homeostasis (Fig. 1.1)
[6]. Besides, investigators have pursued and identified new mechanistic pathways
with novel interventions to halt the disease progression in difficult-to-manage
conditions (Fig. 1.1) [1, 4, 6, 43].

1.5.1 Sex Hormones

Since women are more affected with PH than man, multicentered, international,
preclinical, and clinical studies took the initiative to delineate the involvement of
female sex per se and the female sex hormone, estrogen, in the pathogenesis of
pulmonary arterial hypertension (PAH) [1, 38]. For instance, estrogen treatment
shows the downregulation of expression of BMPR2, the gene that causes the
expression of bone morphogenetic protein receptor II. Mutation in the BMPR2
leads to heritable pulmonary arterial hypertension in the patients [44]. Genetic
variants of the cytochrome P450 and CYP1B1 increase the risk of development of
pulmonary arterial hypertension in BMPR2 mutation carrier [1, 45]. This is due to
the increased breakdown of estrogen into metabolites, which causes proliferation
and prevents apoptosis in the vascular smooth muscle, thus narrowing the narrowing
of the pulmonary vasculature. Administration of anastrozole and fulvestrant, which
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are estrogen receptor blockers, reversed the vascular remodeling in the BMPR2
transgenic mice [44, 46].

Clinical studies show that those women who are devoid of any cardiovascular
disease are having better right ventricular ejection fraction (RVEF) compared to men
[47]. This may be due to higher levels of estrogen in women. Thus, even though
women are on a higher risk of getting pulmonary hypertension, and if they get the
disease, their survival rate is much higher due to their better right ventricular
(RV) function compared with men [48]. Research findings show that both men
and post-menopausal women with pulmonary arterial hypertension have higher
levels of estrogen and lower levels of dehydroepiandrosterone sulfate (DHEA-S)
compared with control male and females [49]. Higher levels of estrogen are
associated with shorter 6-min walk distance (6MWD), whereas a higher level of
DHEA-S was linked with the lower pulmonary vascular resentence (PVR) and right
atrial pressure [49].

Clinical trials were initiated to target the female sex hormone, estrogen, to
manage pulmonary hypertension [50]. Findings from the small placebo-controlled
randomized clinical trials (RCT) show that treatment of anastrozole reduced the
circulating levels of estrogen, but no beneficial effect was observed in tricuspid
annular plane systolic excursion (a marker of RV function and primary endpoint)
[1]. Anastrozole significantly increased 6MWD over 12 weeks’ treatment [51]. Cur-
rently, several NIH-funded trials are ongoing, targeting estrogen or androgen using
fulvestrant, tamoxifen, and DHEA in the management of pulmonary artery hyper-
tension [1, 52].

1.5.2 Genes, Epigenetics, and MicroRNAs

Research studies demonstrate that more than 70% of patients diagnosed with familial
or heritable pulmonary arterial hypertension and about 20% of patients with idio-
pathic pulmonary arterial hypertension have heterozygous mutations in BMPR2
[1, 53]. It is almost a conclusive argument that there is a significant involvement
of altered signaling of BMP in pulmonary arterial hypertension, thus targeting this
pathway should be an ideal scientific acuity [53]. Multiple experimental approaches
were utilized to restore BMPR2 signaling using exogenous BMPR2 delivery via
gene therapy, correction of mutation through medications, improvement of traffick-
ing of the BMPR2 to the cell membrane by chemical chaperons, inhibition of the
lysosomal degradation process, and increase in BMPR2 gene expression [1].

Recent advances in the molecular and cellular biology reveal a fascinating
process of the regulation of biological functions including gene expressions and
pulmonary vascular physiology using small noncoding RNA molecules, termed as
micro RNAs or miRNAs or miRs [54]. Dysregulation of miRs has been shown to be
associated with the development and progression of PAH [54]. This suggests a
potential need for a thorough investigation of the role of miRs in the pathogenesis
of PAH. The possible miR therapy in the management of PAH includes the
inhibitors of miR-17, miR-130/301, miR-143/145, miR-20a, and miR-10, and the
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mimics of miR-204, miR-424/503, and miR-96 [55]. Currently, our understanding is
in infancy about the specific targets of the above miRs, and their effective delivery to
the patients’ body [1]. For instance, current challenges that need to be addressed
include, but not limited to, the route of delivery, the mode of delivery, such as via
vectors or naked oligonucleotides packaged in nanoparticles or liposomal delivery.
Despite the initial hurdles, the future of the miRs therapy looks promising. miRs, via
regulating the cellular gene expressions, may improve the pulmonary vascular
homeostasis and thus emerge as better therapeutics tools in the management of
PAH in patients [1]. One of the lead mechanisms, which cause the pulmonary
vascular smooth muscle proliferation and ultimately narrowing the artery, is
improper repair of the damaged DNA. This may also give rise to cancer-like
phenotype and abnormal multiplication of the vascular smooth cells in PAH.
Thus, DNA damage is the first step, which follows the development of PAH
[56]. DNA is evident in the setting of the generation of reactive oxygen species,
hypoxia, inflammation, reduced BMPR2 expression, and anorexigen drugs
[56]. Consistently, the DNA damage in peripheral blood mononuclear cells, pulmo-
nary artery smooth muscle and endothelial cells is a prior event that leads to clinical
PAH [1, 56].

Downstream of DNA damages causes activation of poly (ADP-ribose) polymer-
ase (PARP-1), which induces DNA repair process. However, research studies show
overactivation of the PARP-1 pathway in clinical PAH [57]. This overactive PARP-
1 signaling in PAH leads to cell dysfunction and further activation of inflammatory
cell signaling response. Genetic deletion or therapeutic inhibition of PARP-1
prevents endothelial cell dysfunction, vascular remodeling, increases RV pressure
and thereby attenuation of RV hypertrophy [1, 57].

In clinical studies, FK506 has been shown to significantly improve BMPR2
signaling. FK506 was tested in three advanced PAH patients who were found be
resistant on the current line of treatments and were the candidates of lung transplan-
tation [58]. FK506 improved and stabilized their conditions after 1 year of treatment.
Significant improvement was observed in 6MWD, NT-ProBNP, and RV functions.
Olaparib, an oral PARP-1 inhibitor, an approved drug by the FDA to treat ovarian
cancer, is being investigated in an open-labeled single-arm study to investigate its
effect on PVR over a 16-week duration (NCT03251872) [59]. The study is currently
going on and outcomes have yet to be released [1].

1.5.3 Elastase Inhibition

Preclinical studies show a consistent finding of the disintegration of pulmonary
vascular internal elastic lamina [1, 60]. This is associated with smooth muscle cell
proliferation and neointima formation [60], which occurs 4 days after the
monocrotaline (MCT) injection in the rats. Preclinical studies further showed that
elastases, proteolytic enzymes, and target elastin can release growth factors from the
extracellular matrix [60]. Treatment with the oral serine elastase inhibitor revered
pulmonary vascular remodeling in MCT-exposed rats by enhancing apoptosis of
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smooth muscle cells. Elafin, an endogenous elastase inhibitor, is accompanied by a
potent antiinflammatory activity. Elafin-overexpressed transgenic mice were found
to be protected against hypoxia-induced pulmonary hypertension [46, 47]. Elafin
reduced neointima formation via increasing the apoptosis in smooth muscle cells in
lung in patients with PAH [61]. Elafin also demonstrated protective effects on
vascular endothelium through BMPR2 and caveolin-mediated signaling
mechanism [61].

Clinical studies have been initiated by the financial support of NIH to develop
elafin, a potential drug to treat PAH (HL108797) [1]. These clinical investigations
will assess the effectiveness, safety, and tolerability of elafin, and the effects of elafin
on inflammatory markers [1].

1.5.4 Inflammation and Immunity

Inflammation induced by the generation of proinflammatory cytokines, such as IL-6,
has been involved in inflammatory lung disease [62]. Mice overexpressed with IL-6
displayed an increased RV systolic pressure, hypertrophy, and severe form of
occlusive angioproliferative lesions in the small distal pulmonary vessels. Besides,
increased infiltration of lymphocytes was also found [48]. Deletion of IL-6 protected
the mice from hypoxia-induced pulmonary hypertension [49]. Similarly, transgenic
mice devoid of IL-6 receptor on the smooth muscle cells were protected against
hypoxia-induced pulmonary hypertension [63]. Treatment with IL-6 receptor antag-
onist reversed the experiential hypertension in rats [63].

Dysregulated B-cell function, regulatory T-cell (T reg) deficiency, and patholog-
ical antibodies generation against endothelial cells are found to be associated with
the pathogenesis of PAH [1, 64]. Research findings show that exposing the athymic
nude rats (lacking T reg) to sugen-hypoxia resulted in increased number of B cells
and generation of antiendothelial cell antibodies in pulmonary vasculature [64] and
led to severe PAH [64]. Immune reconstitution using healthy T reg cells prevented
accumulation of B cell and generation of antibodies against endothelial cells,
resulting in attenuation of PAH [1].

Dimethyl fumarate (DMF) is NRF2 pathway-activating agent in various cell
types and has been demonstrated to exert a potent antiinflammatory role in pulmo-
nary inflammatory diseases [65]. Part of the antiinflammatory property of the DMF
is through inhibition of NFkB signaling pathway. DMF is an FDA-approved medi-
cation to manage multiple sclerosis. Treatment of DMF in the sugen-hypoxia model
reversed pathological hemodynamic changes, and reduced inflammation and oxida-
tive stress [1, 65].

Clinical studies show increased levels of IL-6 in the serum of the patients
diagnosed with idiopathic PAH and PAH associated with autoimmune disorders.
Increased IL-6 levels are associated with increased incidents of mortality in PAH
patients [66]. Increased levels of expression of IL-6 receptor have been reported in
the smooth muscle cells from the patients of PAH [66].
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Tocilizumab, a humanized monoclonal antibody, is approved for autoimmune
disorders, such as rheumatoid arthritis [67]. Being aware of a clear role of IL-6 and
its downstream singling in the pathogenesis and poor prognosis of PAH, currently, a
phase II clinical study, the Therapeutic Open Label Study of Tocilizumab in the
Treatment of Pulmonary Artery Hypertension (TRANSFORM-UK,
NCT02676947), is underway in which Tocilizumab is administered once a month
for 6 months to the patients of PAH [67]. The primary endpoints of the study are
safety and change in PVR.

Based upon a potential preclinical data showing the role of Treg signaling in
PAH, human trials are going on using rituximab, a chimeric monoclonal antibody
against CD20, that targets B cells [1]. Rituximab has anecdotally been demonstrated
to be effective with connective tissue disease (CTD)-related PAH and systemic
sclerosis-associated PAH, thus requiring detailed scientific investigations of its
safety and efficacy. The ASC01 study, a NIH-funded, double-blind, placebo-
controlled phase II trial (NCT01086540), was initiated to evaluate the safety and
efficacy of rituximab on systemic sclerosis-associated PAH and its progression. The
primary endpoint is the change in PVR at 24 weeks. Secondary endpoint includes
RV function measured by MRI [1].

Studies have also been initiated to target NRF-2 pathway, including the role of
bardoxolone and DMF in the patients associated with systemic sclerosis-induced
PAH (NCT02657356, NCT02981082) [1].

1.5.5 Mitochondrial Dysfunction

The metabolic theory of the induction of PAH is based on multiple molecular
abnormalities in PAH-caused mitochondrial suppression in both pulmonary vascular
cells and extrapulmonary tissue [68]. This ultimately inhibits the oxidation of the
glucose metabolism and upregulation of glycolysis [68]. It is not clear yet if
mitochondrial alteration is the cause or an outcome of PAH. Mitochondrial dysfunc-
tion displays an inhibition of glucose oxidation due to the abnormality at the level of
the enzyme, pyruvate dehydrogenase (PVD) [68]. PVD is inhibited following the
phosphorylation induced by a pyruvate dehydrogenase kinase (PDK) because of the
hypoxia, inflammation, endoplasmic reticulum (ER) stress, and tyrosine kinase
activation [68]. PDH inhibition leads to attenuation of apoptotic pathway, cell
proliferation and inflammation—salient features of the pathogenesis of the PAH.
In line with the above findings, a small molecule inhibitor, dichloroacetate (DCA),
activates PDH and thereby reverses the above pathological changes in several animal
models of PAH [69].

A clinical study, a 4-month, open-label trial of DCA (3–6 mg/kg b.i.d) was
conducted in 20 stable WHO functional class II–III idiopathic PAH patients
[70]. The results of the study showed a reduction in mPAP and PVR, and improve-
ment in functional capacity in patients with SIRT3 and UCP2 variants that decreased
PDH [70]. Based on the outcomes, further clinical studies are required to determine
the drug’s safety and efficacy in a large set of population.
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1.5.6 Other Metabolic Pathways

Metformin, an antidiabetic drug, demonstrated the improvement in the endothelial
cell function by increasing NO synthase activity and thereby reduced pulmonary
artery smooth muscle cell proliferation [71]. Further studies showed that metformin
also inhibits aromatase and estrogen production [72]. Metformin provided protection
in MCT and hypoxia-induced PAH in rats via inhibition of smooth muscle cell
proliferation [73]. Clinical studies of metformin are currently going on at Vanderbilt
University for PAH (NCT01884051, NCT03617458) [1].

The mechanistic target of rapamycin complex (mTORC) pathway signals the
proliferation of vascular smooth muscle cells [74]. mTORC1 and mTORC2 have
been linked to PAH as their expressions are increased in pulmonary smooth muscle
cells in PAH patients [75]. Studies show that mTORC2 is required for adenosine
triphosphate (ATP) generation that leads to the survival of pulmonary artery smooth
muscle proliferation in PAH [75]. The mTOR kinase inhibitor PP242 has a potent
antiproliferative activity on mTORC2. It also induces smooth muscle cell apoptosis
in small pulmonary arteries and reverses hypoxia-induced pulmonary vascular
remodeling in rat model [1].

A phase I trial is initiated to investigate the effect of ABI-009, (a nanoparticle-
bound rapamycin targeted to the lungs) in PAH (NCT02587325) [1].

1.5.7 Nervous System

Sympathetic nervous system activation and para-sympathetic nervous system inhi-
bition lead to the pulmonary vascular constriction, and thereby contribute in the
pathophysiology of PAH [76]. Catecholamines, upon release from sympathetic
nervous system, activate α1 receptor and thereby induce pulmonary vasoconstriction
and an increase in pulmonary artery pressure [76]. However, pharmacological
inhibition of α1-receptors or activation of the parasympathetic activation causes
vasorelaxation in pulmonary artery [76]. Antagonism of adrenergic receptors
prevents MCT-induced pulmonary hypertension and decreases the RV size
[1]. Carvedilol treatment demonstrated the improvement in survival of the animals
treated with MCT [77].

Based upon animal research, several pharmacological agents targeting autonomic
nervous system were investigated in clinical PAH. Small pilot studies used β-blocker
such as carvedilol or bisoprolol to PAH patients [43]. The outcome of the studies
showed decreased heart rate, improvement in cardiac indices and in 6MWD. A
placebo-controlled crossover trial of carvedilol is current going on
(NCT02507011) [1].
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1.5.8 Renin-Angiotensin-Aldosterone System (RAAS)

The role of the renin-angiotensin-aldosterone system (RAAS) in the pathogenesis of
PAH is recently being investigated [78]. Angiotensin II (Ang II) increases pulmo-
nary vascular fibrosis and RV collagen deposition. Angiotensin-converting enzyme
(ACE) inhibitors have a cornerstone role in the treatment of cardiovascular diseases.
An increased expression of angiotensin II type 1 (AT1) receptor is observed in the
pulmonary vascular of PAH patients, which may cause vasoconstriction, oxidative
stress, inflammation, and smooth muscle cell proliferation. Losartan, an AT1 recep-
tor blocker, prevented MCT-induced diseases progression, restored right ventricular
(RV)-pulmonary artery (PA) coupling, and improved RV diastolic function in
animals [78, 79].

Increased levels of aldosterone are reported in the blood of in animal models of
PAH, as well in in some human studies [79, 80]. Administration of aldosterone
receptor antagonist, spironolactone, improved RV morphology, function, and pul-
monary vascular remodeling, and reduced pulmonary smooth muscle proliferation in
MCT and in sugen-hypoxia rats and in hypoxia mouse model [81].

Based on the potential experimental data [82], clinical trials have been initiated
and are currently going on to investigate the clinical efficacy and safety of
spironolactone in patients with PAH (NCT02253394, NCT01712620,
NCT01468571) [62].

1.6 Summary

Pulmonary arterial hypertension is contributing high rate of morbidity, mortality,
and economic burden even in developed countries. Pulmonary vascular remodeling
due to enhanced endothelial and smooth muscle cell proliferation causes the
narrowing of the pulmonary artery and increases pulmonary arterial pressure.
Despite recent advances in the treatment of PAH, current medications failed to
halt or reverse the progression of the disease in the patients (Fig. 1.2) [6, 8]. This
requires a better understanding of the disease at cellular and molecular levels. There
is also a need to enhance the drug discovery process in the laboratory. Therefore, a
rational drug design will yield lesser failures at preclinical and clinical stages of drug
testing and may expedite the approval process of the medications to treat PAH. We
hope that the medications which are currently at various stages of clinical trials will
be able to change the current treatment paradigm in near future, and thus hold a
promise to improve the treatment of PAH.
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Abstract

Asthma is a chronic disorder of the airways characterized by variable and
recurring airway inflammation, bronchial hyperresponsiveness,
bronchoconstriction, vasodilatation, airway edema, and activation of sensory
nerve endings. It is a serious health problem globally affecting 334 million people
across all the age groups imposing a substantial burden on patient’s quality of life,
family, and community. Patients with asthma are often at the risk of acute
exacerbations, if the symptoms are not managed properly, and it needs to be
customized based on the level of symptom control, phenotypic characteristics,
effectiveness of available medications, safety, cost-effectiveness, etc. Since the
underlying pathophysiological mechanisms and symptoms of the disease are
complicated, there is a dire need to understand the pathology of the disease for
better management of symptoms and development of novel therapeutic
approaches. Here, we have presented a comprehensive review of the disease, its
causes, epidemiology, pathophysiology, current drug treatments, and latest
recommendations from Global Initiative for Asthma for the management of
asthma.
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2.1 Introduction

Asthma is an obstructive pulmonary disorder with exacerbations characterized by
symptoms of shortness of breath, cough, chest tightness, and/or wheezing due to
restricted transportation of air to and from lungs. The symptoms of disease often
occur in periodic attacks due to congestion in chest, breathlessness, severe bronchial
response, inflammation, wheezing, and coughing [1–3]. Asthma occurs both in
adults and in children. In children, onset of asthma occurs as early as 5 years.
Asthma attacks range from mild to severe and usually occur when symptoms are
at peak. In some cases, severe asthma attacks prevent oxygen from reaching lungs,
which in turn may hinder with oxygenation of blood, flowing to vital organs as well.
Initially during asthma attack, enough air is supplied to lungs with very limited
exchange of carbon dioxide, and if it prolongs, there may be buildup of poisonous
carbon dioxide which may further hinder in oxygenation of bloodstream, and such
attacks need immediate medical attention. Though there is no known remedy for
asthma, yet it can be controlled by proper medical care and by avoiding factors like
environmental risks and other factors which otherwise may trigger severe attacks
[4]. Though no specific classification of asthma has been given, yet depending upon
different factors like age, gender, and environment, asthma has been broadly divided
into following types.

2.1.1 Childhood Asthma

Children are likely to suffer from intermittent form of asthma, which may be
followed by severe attacks. Typically, children suffer mainly due to environmental
risk factors which otherwise are triggering elements for asthma. Secondhand smoke
has been found to be main cause for severe asthma attacks of children, and according
to American Lung Association, somewhere in between 400,000 and one million
children suffer due to secondhand smoke. Moreover, according to the Centers for
Disease Control and Prevention (CDC), it has been found that children have been
admitted in emergency more often than adults. It has been also found that mild
asthma may be treated during early childhood; however, risk factor remains intact as
conditions may recur later on especially if symptoms were found to be moderate or
severe [5–7].
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2.1.2 Adult-Onset Asthma

Asthma can begin at any age, but usually, adult asthma is associated with severe
attacks and often persists, which then requires daily management. Interestingly, it
has been found that males get more affected in childhood, whereas role is reversed
after the age of 20. Among many risk factors, obesity has been found to be main
cause for asthma of women, though other factors cannot be ruled out. Although, in
early years, asthma is manageable with Medicare, it has been found to be more lethal
after age 65 where maximum deaths have been recorded due to asthma [8–14].

2.1.3 Occupational Asthma

This is kind of asthma where your environment will play a pivotal role and is directly
related to your surroundings like job, home, or other occasional company.
Symptoms may become active after attending particular environment, especially
the places like industries, laboratory, hospitals, or other such places which have been
found to be associated with occupational asthma [15].

2.1.4 Difficult-to-Control and Severe Asthma

In this kind of asthma, the symptoms reach to the level where it is difficult to control
the severe attacks with the current medication, though symptoms could be controlled
to some extent. These types of asthmatic patients often feel difficulty in breathing
and have congestion. There is a need of new medication in this direction though
there has been a lot of improvement in yesteryears with new medications like
eosinophilic asthma which otherwise do not link to any allergic reactions.

2.1.5 Seasonal Asthma

This is a kind of asthma where people otherwise have asthma throughout the year but
feel symptoms only in response to allergens which are season-dependent like pollen
in hay fever or cold air in winter season.

2.2 Causes

In the recent past, it has been a matter of debate, whether genetic, epigenetic, or
environmental factors alone or together are responsible for development of asthma.
Among many, following are few primary reasons for development of asthma.
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2.2.1 Genetics

There is a school of thought which believes that asthma runs through families from
generation to generation. It has been found that identical twins are more likely to
have same asthma condition as compared to nonidentical twins. Furthermore, studies
have suggested that if one parent is having asthma, child is 25% susceptible, whereas
in case of both parents, susceptibility increases to 50%, which shows, in fact, asthma
is genetic. Though there are no solid conclusions for such studies, yet as how these
effects differ with different environments puts epigenetic study of asthma on the
heart of further research [16–18].

2.2.2 Allergies

Allergies are thought to be one of the main causes for asthma, as there has been
strong correlation between two. In one of many studies, in 2013, Annals of Asthma,
Allergy, and Immunology suggested that over 65% of adults with asthma above age
of 55 years was found to be allergic as well, which may well go up to 75% between
20 and 40 years. Some of the common sources of allergens are animal proteins, dust,
insects like cockroaches, fungi, cotton, and cooking.

2.2.3 Smoking Tobacco

There are endless reports from decades where smoking tobacco has been shown
directly proportional to asthma, and smoking has been established as a confirmed
risk factor for asthma. Smoking has been found to directly involve with cough,
wheezing, and other respiratory infections, which may lead to death as well. Prenatal
exposure to smoke has been found severe effect on children in relation to develop-
ment of asthma symptoms. It has been found that children whose parents smoke are
more prone to asthma development. Smoking worsens conditions in asthma by
coughing, breathlessness, and formation of extra mucus, thus making asthma patient
susceptible to other infections as well. Asthma severity has been found to be realty
reduced upon less exposure to tobacco smoke [19–22].

2.2.4 Environmental Factors

Air pollution also plays a pivotal role in asthma formation though effect is not as
prominent as tobacco smoke. Air pollution could be found both in and out of the
home. Some of the main risk factors of air pollution indoor are cooking on indoor
open fire, mold or fumes from paints, and household cleaners, and outdoor air
pollution includes suspension particles or sulfur dioxide, nitrogen dioxide, pollen,
ozone, cold temperature, high humidity, and wood fires among many others. All
these risk factors lead to different symptoms of asthma like coughing,
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breathlessness, and congestion. Sometimes, heavy air pollution contributes to greater
recurrence of asthma symptoms due to the emission of poisonous gases like sulfur
dioxide, nitrogen dioxide, and ozone.

2.2.5 Obesity

According to American Academy of Asthma, Allergies, and Immunology, obesity is
considered to be not so prominent risk factor for asthma, yet there are some studies
which suggest otherwise. There had been evidences where it has been seen that the
diets which were recommended to reduce cardiovascular diseases and cancers were
found to reduce asthma as well. It has been found that fast food increases the risk of
asthma, and hence, there is a prominent school of thought who believe obesity and
asthma are very much linked with each other [23–25].

2.2.6 Pregnancy

Smoking during pregnancy makes child prone to various medical and physical
conditions among which growth of baby, complication during labor and delivery,
weight of baby, and child becoming more prone to asthma are among few of many
[26–29].

2.2.7 The Menstrual Cycle

Premenstrual asthma (PMA) has been found to lead to acute symptoms due to
sensitivity to aspirin during menstrual cycle. It has been found that hormones like
luteinizing hormone (LH) and follicle-stimulating hormone (FSH), regulating men-
strual cycle, influence the immune activity, and this can lead to hypersensitivity of
airways.

2.2.8 Atopy

When the allergic hypersensitivity causes allergic reactions in different body parts
without being in contact with allergens such as hay fever and allergic conjunctivitis,
it is known as atopy. Immunoglobulin (IgE) antibodies are usually produced in more
numbers than in response to usually common allergens. Atopic asthma is a most
common type, where due to atopy in response to environmental allergens overpro-
duction of (IgE) antibodies occurs, which triggers asthmatic attacks [25].

2 Asthma: Pathophysiology, Current Status, and Therapeutics 29

https://www.medicalnewstoday.com/articles/161255.php


2.3 Epidemiology/Morbidity (Global Status)

Asthma is comprehensively substantial noncommunicable chronic disease with
major public health consequences for both children and adults, including high
morbidity and mortality in severe cases affecting approximately 334 million people
worldwide. The ethnicity and socioeconomic status has an influence on the preva-
lence, morbidity, and mortality of the disease in the United States and various
countries throughout the world [30, 31]. Reports have shown that people with
asthma are more susceptible to infections and noncommunicable chronic
comorbidities that result in worsening the condition of the patients with asthma. It
has been reported to put a huge burden at the societal, financial, and healthcare levels
of multiple nations [32–34]. Defining the global incidence and prevalence of asthma
with accuracy is a challenging task because the diagnosis is based on survey
responses to questions about relatively nonspecific symptoms which are open to
subjective interpretation [35–37]. The International Study of Asthma and Allergy in
Childhood has a validated questionnaire, which was used in 56 countries among
children aged 6–14 years and is one of the frequently used tools for identifying
asthma in children [37, 38]. In the same way, a validated instrument for adults is
based on the European Community Respiratory Health Survey questionnaire
[35, 37]. In the United States, the National Health Interview Survey (NHIS)
conducted by the Centers for Disease Control and Prevention (CDC) routinely
collects data about prevalence using self-reported symptoms (such as history of
wheezing) using validated measures [39]. Globally, asthma is ranked 16th among
the leading causes of years lived with disability and 28th among the leading causes
of burden of disease, as measured by disability-adjusted life years [40]. Currently, in
the United States, the prevalence of asthma among adults is approximately 7.6%, but
rates vary intensely among different ethnic groups. The reported prevalence is 9.1%
among black non-Hispanics and 13.6% among Puerto Ricans but only approxi-
mately 5% for Mexican and Asians [41, 42]. Globally, most data available on ethnic-
related differences in asthma prevalence come either from the United Kingdom
(UK) or from Canada. Although similar rates of asthma have been reported, how-
ever, they found increased risk for admissions, among black and South Asian
populations in the UK. Further, the reports have found that Chinese children born
in Canada had higher rates of asthma than those who were born in China [43–45]. A
report from World Health Organization (WHO) has revealed a list of countries with
the highest prevalence of clinical asthma, which include the percentage as Australia
(21.5%), Sweden (20.2%), UK (18.2%), the Netherlands (15.3%), and Brazil
(13.0%); however, the United States and Canada were excluded. The lowest rates
were observed in Vietnam (1.0%), Bosnia–Herzegovina (1.4%), and China (1.4%)
[46]. The lower asthma prevalence rates in Asia and Africa are believed to be linked
with environmental and lifestyle causes than genetic differences [47]. While com-
paring the mortality rates from chronic diseases, the mortality rate for the asthma
accounts for less than 1% of deaths globally. However, given the high prevalence
worldwide, asthma is still responsible for 250,000 potentially preventable deaths
annually [37, 48–50]. In the United States, mortality is highest among African
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Americans and Puerto Ricans and individuals of Cuban descent. According to the
WHO mortality database, South Africa had the highest age-standardized asthma
mortality among the low- and middle-income countries, while the Netherlands had
the lowest among the high-income countries [30, 51].

2.4 Pathophysiology of Asthma

Asthma is a highly intricate condition in which the clinical signs are caused due to
obstruction of the conducting airways of lung. The pathophysiology of the disease is
largely undefined. It is characterized by airway hyperresponsiveness, mucus hyper-
production, reversible air flow obstruction, and airway wall remodeling
[52]. Although there have been huge improvements in therapeutic interventions,
asthma still remains a challenge worldwide [53]. It is typically believed as distinct
Th2 disease, with augmented IgE levels and eosinophilic inflammation in the airway
[54]. Clinically, patients with poor asthma control have difficulties with daily life
activities, exercise, and sleep repeatedly. Moreover, frequent recurrent exacerbations
are further compromising patient quality of life in these patients [55].

2.4.1 Airway Inflammation and Remodeling

Numerous preclinical and clinical studies have shown that airway inflammation
plays a key role in disease pathophysiology. Chronic airway inflammation induced
by the action of mediators from inflammatory cells is characterized over years in
asthma. The inflammatory cascade has shown to have intense magnitudes on the
mechanics of airway narrowing in asthma, thus contributing toward the severity and
progression of the disease [54]. Under normal physiological conditions, the human
airway has shown to maintain an adequate balance between immune cells, the
epithelium, and the host immune response. However, this balance has been shown
to be altered during airway inflammation in asthma orchestrating via complex
interplay between multiple effectors and targets. It has been observed that patients
who die of this disease have inflamed airways subverted with inflammatory cells,
primarily T lymphocytes and eosinophils [56]. Epithelium in airway is shedding in
patches perpetually signifying the presence of epithelial cells in the airway lumen.
The inflammation in asthmatic airways has demonstrated to extend to the terminal
bronchioles besides trachea and bronchi [57]. Moreover, studies have suggested the
presence of inflammatory cells in the parenchyma using transbronchial biopsies
[58]. Although the association between inflammation and clinical symptoms of
asthma is not clear, there is a possible link between the inflammation and airway
hyperresponsiveness. The augmented airway responsiveness in asthma is a remark-
able physiological abnormality demonstrated even if the airway function is found to
be normal. It may be due to aberrant behavior of airway smooth muscle, increased
release of mediators, edema, and irreversible airway smooth-muscle (ASM)
thickening. Furthermore, airway sensory nerves may also lead to symptoms like
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cough and chest tightness [59]. Furthermore, increased airway wall thickness
contributes to airway narrowing during (ASM) contraction via symmetrical effects
[60, 61]. Mucosal layer thickness and the airway smooth muscle stimulate the surge
in airway resistance for any given volume of airway smooth-muscle shortening. Air
wall present on the outer side of the airway smooth muscle has shown to decrease the
elastic pull of the attached lung, thus resulting in lowering the force against which
airway smooth muscle has to shorten [62]. Cellular hyperplasia and hypertrophy in
airway smooth muscle possibly increase force generation albeit the contractile
processes remain normal. Conversely, airway smooth muscles are greatly plastic,
indicating that it can change its contractile phenotype as soon as exposed to
inflammatory mediators, tenacious contraction, and altered length, therefore
contributing toward airway hyperresponsiveness [63–65]. The inflammation-
induced airway injury to the epithelium is repaired via injury–repair cycle by
recruiting different cell types which contribute toward airway remodeling. Airway
segments function via an integrated system rather in isolation. They are unified into
the moving, branching system of airways working in parallel and in series.
Remodeling and inflammation of airways is possibly distributed irregularly over
this branching system in patients with severe asthma [66]. Postmortem reports from
patients using lung resection and transbronchial biopsies have demonstrated eosino-
philic, neutrophilic, and lymphocytic inflammation and remodeling in the peripheral
airways extending to the adventitia and lung as seen in the large airways [67–
69]. Remodeling of the ASM in the small airways bears a resemblance to ASM
remodeling in the large airways. It has been found that inflammation in the small
airways may possibly disrupt the adjacent adventitial attachments in fatal asthma and
diminish elastic recoil pressure, pronounced in long-standing asthma and during
asthma exacerbations [70, 71]. There has been a growing interest in the mechanism
of airway wall remodeling in asthma comprehending that airway inflammation alone
is inadequate to describe the progression or chronicity of asthma [72]. The airway
remodeling could be considered in relation to extracellular matrix deposition.
Reports have suggested that the injured airway epithelium acts as a continuous
stimulus for airway remodeling [72]. The remodeling is expected to have slight
influence on baseline respiratory mechanics. The accumulation of extracellular
matrix is reported to have physiological effects that may result in an exaggerated
degree of narrowing for a given amount of airway smooth-muscle (ASM) contrac-
tion [54]. Remodeling involves degradation and repair of extracellular matrix (ECM)
and proliferation of fibroblasts and myofibroblasts. The action of matrix
metalloproteinases on ECM releases pro-inflammatory factors and surge
neovascularization. Elastin fragments are pro-inflammatory and pro-proliferative
stimulating matrix degradation via stimulating matrix metalloproteinase release
[73]. Among the pathological processes that are linked with bronchial inflammation
and remodeling in asthma, airway epithelium has revealed to play a key role. It has
shown to represent beyond a protective blockade against external insults, as it
actively secretes pro-inflammatory mediators, that is, cytokines such as IL-8 and
thymic stromal lymphopoietin (TSLP) and leukotrienes which in turn augment the
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primary inflammation by recruiting and activating neutrophils in the early phase and
eosinophils and lymphocytes during the late response [74].

2.4.2 Airway Epithelium

Airway inflammation has shown to damage the epithelium and leads to epithelial
wall shedding, which is one of the distinguishing features of asthma. However, these
epithelial cells are gradually repaired via injury–repair cycle. Epithelium injury has
shown to escalate epidermal growth factor (EGF) receptor expression persistently at
the site of injury, which may result the epithelium to be locked in a repair
phenotype [75].

The airway epithelium has shown to control inflammatory, immune, and regen-
erative responses toward pollutants, chemical sensitizers, allergens, and viruses
significantly that subsidize to asthma pathogenesis. Epithelial cells have
demonstrated pattern recognition receptors that detect environmental stimuli and
secrete endogenous detrimental signals, thereby activating dendritic cells and bridg-
ing innate and adaptive immunity [76]. The damage in epithelial wall has
demonstrated to contribute toward the progression of AHR in numerous ways
including loss in enzyme activity that degrades inflammatory mediators (e.g., neutral
endopeptidase) and sensory nerve exposure leading to reflex neural effects [77]. Epi-
thelial cells that shed from the airway wall may be found in bunches in the BAL fluid
or sputum (Creola bodies) of asthmatics, suggesting loss of attachment to the basal
layer or basement membrane. The damaged epithelium may contribute to AHR in
numerous ways such as loss of its barrier function to allow penetration of allergens
and irritants, enzymes (endopeptidases), relaxant factors, surfactant function, and
edema and swelling [78]. Reports have shown that during injury–repair cycle,
epithelial cells produce some pro-fibrotic factors, including transforming growth
factor-β, fibroblast growth factor, and endothelin, regulating fibroblast and
myofibroblast to release elastic fiber, collagen, proteoglycan, and glycoprotein
which in turn induce airway wall thickening [79].

2.4.3 Airway Smooth Muscle

Airway smooth muscle (ASM) plays a fundamental role in the pathophysiology of
asthma. It is responsible for acute bronchoconstriction, which is believed to be
stimulated by constrictor hyperresponsiveness, impaired relaxation, and length
adaptation. ASM further contributes to airway remodeling and inflammation in
asthma [80]. Increased ASM mass has been recognized as a hallmark of asthma,
and its adequate presence is predominantly found in fatal [81] or severe cases
[82]. Airway structural alterations are selectively associated with severe asthma
[83]. The mechanisms behind such excess accumulation are still debatable. Both
increased ASM cell size (hypertrophy) and cell number (hyperplasia) have been
demonstrated with hypertrophy being prime in some subjects and hyperplasia
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characteristic of others. Reports using single ASM cells and on ASM-impregnated
gel cultures have shown that asthmatic ASM is intrinsically hypercontractile. Several
elements of the ASM contraction apparatus in asthmatics and in animal models of
asthma have been found to be different from nonasthmatics. These differences
include some regulatory contractile proteins and also some components of both the
calcium-dependent and calcium-independent contraction signaling pathways
[84]. There is evidence that ASM plays a pivotal role in the airway inflammation
characteristic of asthma as well. It has shown to release and express several molecu-
lar signals that contribute to bronchial inflammation and have become targets of
novel therapeutic strategies [85]. Numerous studies have suggested that the airway
smooth muscle in asthma is phenotypically different from normal airway smooth
muscle and that these changes reflect the impact of the inflammatory asthmatic
airway microenvironment on smooth muscle [86]. Airway smooth muscle is not
only influenced by the inflammatory mediators and cytokines where it is occupied
[87], but recent reports have shown that airway smooth muscle modulates the
remodeling process by secreting multiple cytokines, growth factors, or matrix
proteins and by expressing cell adhesion molecules and other potential molecules
[85] like increased numbers of mast cells that have been identified in airway smooth
muscle of patients with asthma [88].

2.4.4 Airway Mucus Hypersecretion

Airway mucus hypersecretion is regarded as a crucial pathophysiological feature in
many patients with asthma, chronic obstructive pulmonary disease (COPD), and
cystic fibrosis [89]. Reports have demonstrated that among the patients with asthma,
mucus hypersecretion had more dyspnea, poorer asthma control and quality of life,
and further on suffered more exacerbations. Moreover, these patients have
demonstrated anosmia associated with chronic rhinosinusitis and nasal polyposis
more frequently [90]. Long back in 1880s, autopsy studies have revealed that
widespread airway mucus plugging is a principal cause of death from asthma
[46]. These findings were significantly confirmed in numerous studies [91]. Quanti-
tative studies have found that around 98% of airways were occluded to some extent
by mucus in fatal asthma [92]. However, the contribution of mucus hypersecretion to
airflow obstruction in nonfatal asthma relative to other contributors to airway closure
such as extravagated plasma and to airway narrowing from smooth-muscle contrac-
tion and wall thickening remains to be determined [93]. Studies using Foxa2
knockout mice have shown increase in baseline airway and lung tissue resistance
with spontaneous MUC5AC overproduction, suggesting a substantial role for mucus
[94]. There is evidence for hyperplasia of submucosal glands which are confined to
large airways and of increased numbers of epithelial goblet cells in patients with
asthma, especially those with severe asthma [95]. Numerous reports have revealed
that MUC5AC (mucin gene) is induced by complement factor C3a, tumor necrosis
factor (TNF)-α NO, EGF family ligands, or neutrophil elastase [96–99].
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2.5 Cell Types Involved in Asthma

Th2 lymphocyte secreting type 2 cytokines are recognized to mediate pathophysiol-
ogy of asthma. Nonetheless, there are other cell types that are majorly involved,
including mast cells eosinophils, CD4+ T-lymphocytes, dendritic cells, and
macrophages [100]. In asthma patients, eosinophils in the airways are recruited
through a chemical gradient due to the release of chemotactic agents and indicate
a sustained survival, persuading epithelial injury and remodeling by releasing
eosinophilic toxic agents. Increased recruitment of lymphocytes and decreased cell
apoptosis may result in accumulation of T lymphocytes within the airways
[101]. This increase in the recruitment is possibly stimulated due to the release of
lymphokines including TSLP [102]. The structural and immune cells of the airways
have shown to express TSLP at the allergen entry playing a key role in switching
allergy-mediated inflammation as it regulates and pushes Th2 responses [103]. With
the development of the asthma in different phases like induction phase, early-phase,
and the late-phase asthmatic reaction, different cell types are known to play diverse
roles at all the three stages. Antigen-presenting cells are the most active at the
induction phase, while as mast cells at the early and eosinophils, neutrophils, and
other cell types are found to play vital role in the late phases of the diseases [104].

2.5.1 Dendritic Cells

Dendritic cells (DCs) are principal antigen-presenting cells interacting with T cells
for the initiation of proliferative processes among Th1 or Th2 cell types. During the
initial allergic reactions when a foreign substance reaches to the upper airways, it
may be retained on the epithelium of trachea, bronchi, or alveoli. At this point, it
could possibly be cleared by mucociliary transport or it would be taken up by
sentinel cells. Here, dendritic cells (DCs) are the most essential sentinel cells that
play a role in antigen presentation. It has been found that DCs play a regulated role
from taking up the antigen through processing and interacting with the T
lymphocytes [105]. This interaction goes through a series of molecular events
while deciding the fate of immune response at the inflammatory site [106]. DCs
are present all through the lung milieu from nose to alveoli. The presence of these
cells is such that they are found above and beneath the basement membrane of the
respiratory epithelium putting them as first responders to incoming antigens
[107]. Exogenously intruding antigens taken up either via endocytosis or phagocy-
tosis are presented involving major histocompatibility complex (MHC) class II
molecules to polarize CD4+ T helper lymphocytes [106]. Studies using ovalbumin
(OVA) sensitization mice model have demonstrated the role of DCs in promoting
allergic inflammation and the clinical features of asthma by giving intraperitoneal
injection of OVA in a Th2-inducing adjuvant, and repeated aerosol challenges
resulted in lung eosinophilic infiltrates and enhanced secretion of mucus by airway
epithelial cells and goblet cell hyperplasia [108]. Further, these changes were
accompanied by airway obstruction and airway hyperresponsiveness after
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methacholine challenge, both of which are key features of asthma [109]. Significant
escalation has been found in airway DCs after exposure to allergens in both murine
and rat models of asthma [110–112]. In their functioning, the DCs are fitted out in
such a fashion that they carry multiplicity of pattern recognition receptors (PPRs) for
sensing the local environment, including Toll-like receptors (TLRs), NOD-like
receptors, RIG-I-like receptors, and C-type lectin receptors [113, 114]. Activation
of TLR4 has been found to help in initiating DC migration during recruitment of
monocyte-derived CD11b+ DCs to lungs in a house dust mite allergen mice model
[110]. Reports have demonstrated that during ongoing inflammatory processes, DCs
have a role in chemotaxis. Moreover, the DCs are able to produce CCL2, CCL3,
CCL4, CCL17, TARC, CCL22, and CXCL8 [115]. Remarkably, production of
CCR4 ligands (CCL17 and CCL22) by myeloid DCs suggests that these cells are
capable of recruiting Th2 cells and/or CD4+ CD25+ regulatory cells at sites of
inflammation during the late-phase asthmatic reaction [116].

2.5.2 Mast Cells

Mast cells originate from pluripotent hematopoietic stem cells, which circulate as
CD34+ precursors till they migrate into tissues for maturation and act as effector cells
[117, 118]. Mast cells play a crucial role in the pathogenesis of asthma as their
mediators have shown to cause bronchoconstriction. They are believed to be the
central link between IgE and AHR [119, 120]. It has been found that patients with
asthma had activated mucosal mast cells present at the airway surface and at airway
smooth-muscle layer compared to healthy volunteers [121]. Further, it has been
demonstrated that these cells infiltrate in the airway mucous glands [122]. Mast cells
have shown to cause bronchoconstriction and airway remodeling by releasing
histamine and tryptase [123]. Reports have revealed that the number of degranulated
mast cells significantly increased in asthmatic patients [124, 125]. This degranula-
tion of mast cells may be a part of allergens causing cross-linking of antigens by mast
cell IgE antibodies on the FcεRI receptor as this cross-linking is well documented to
initiate a signaling cascade and synthesis of pro-inflammatory molecules [126–
129]. However, IgE-dependent mast-cell activation without cross-linking of FcεRI
is still a controversially discussed mechanism of mast-cell activation. During mast-
cell activation, single receptor-bound IgE molecules induce cytokine production
even without cross-linking of FcεRI and regulate mast-cell homeostasis [117, 130,
131]. Mast cells can also be activated by numerous other stimuli, for example, Toll-
like receptors and MAS-related G-protein-coupled receptor X2. Reports have
revealed that isolated human bronchi with the ability to contract in response to
allergens had a higher number of smooth-muscle-associated mast cells than unre-
sponsive human bronchi isolates [124]. Furthermore, an increased number of mast
cells were found in the distal airways of subjects with nonfatal and fatal asthma
compared to nonasthmatic controls. Biopsies from patients with severe asthma have
demonstrated that the number of MCTC and the MCTC/MCT ratio in the small
airways were higher compared to normal subjects. However, a positive correlation
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between MCTC in the region of small airways/alveolar attachments and lung function
was found, suggesting a protective role of this subtype of mast cells [132].

2.5.3 Eosinophils

Eosinophils are circulating granulocytes that develop and mature in the bone marrow
from CD34+ progenitor cells and are released to the peripheral blood as mature cells.
These cells play a vital role as effector cells during the inflammatory cascade and are
involved in pathogenesis of asthma [133]. Interleukin 5 (IL-5), IL-13, and CC
chemokine receptor (CCR)3 have been found essentially in recruiting eosinophils
to the lung during allergic inflammation and participate in the modulation of immune
response, induction of airway hyperresponsiveness, and remodeling [134]. Differen-
tiation, activation, and survival of eosinophils are largely regulated by IL-5. Reports
have demonstrated that they regulate the allergen-dependent Th2 pulmonary
immune responses mediated by dendritic cells and T lymphocytes, as well as
suppress Th1 responses [135]. Furthermore, a direct relationship between eosinophil
count and the frequency of asthma exacerbations has been found in patients with
severe asthma [136, 137]. Eosinophils are associated with the development of AHR
through the release of basic proteins and oxygen-derived free radicals. Their accu-
mulation at the bronchial sites damages by degranulating and releasing toxic proteins
such as eosinophil-derived neurotoxin, eosinophil cationic protein, eosinophil per-
oxidase, and major basic proteins [138]. It has been found that sputum eosinophilia
is found among nearly half of all patients with asthma, and both blood and sputum
eosinophilia are associated with more severe disease, worse control, and worse
prognosis [139]. Furthermore, it has been found that blocking IL-5 via antibodies
had a profound and prolonged reduction in circulating and sputum eosinophils
[140]. Eosinophils have shown to release leukotrienes, growth factors, and
metalloproteinases that are involved in airway remodeling. In addition, the
leukotrienes liberated from mast cells and eosinophils are also potent
bronchoconstrictors and prolong the migration of eosinophils to the airways [141–
143].

2.5.4 Basophils

Basophils are derived from basophil/mast-cell precursor cells in the bone marrow,
comprising less than 1% of the blood leukocytes, and share some characteristics with
mast cells phenotypically and functionally, including basophilic granules in their
cytoplasm and expression of the high-affinity IgE receptor FcεRI on their cell
surfaces and working as effector cells in allergic airway inflammation [144–
146]. They play critical roles in both IgE-dependent and IgE-independent allergic
inflammation, through their migration to the site of inflammation and secretion of
various mediators, including cytokines, chemokines, and proteases [147]. Studies
using mouse model of allergic asthma have found that basophils highly expressed
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OX40 ligand (OX40L) after activation, and interestingly, blockade of OX40–
OX40L interaction suppressed basophil-primed Th2 cell differentiation in vitro
and ameliorated ovalbumin (OVA)-induced allergic eosinophilic inflammation
mediated by Th2 activation [147]. In addition, reports have found that R8
(a Vasicine analogue) was able to suppress the Th2 cytokine production and
eosinophil recruitment to the airways and further decreased methacholine-induced
AHR, Th2 cytokine release, infiltration of inflammatory cells into the airways, serum
IgE levels in preventive OVA induced murine model of asthma [148]. Basophils
play their role in early as well as late phases of asthma, and their number was found
to be increased in lungs of the patients who died of asthma [149]. It has been found
that depletion of basophils resulted in abolishing Th2 differentiation. Independent
studies have found a role for basophils compared to DCs, for antigen presentation in
driving Th2 differentiation. Basophils have been found to express both MHC-II and
costimulatory molecules (CD80, CD86, or CD40) necessary for APC function and
could process and present antigens to naïve T cells, leading to Th2 cell differentia-
tion. Interestingly, depletion of basophils using anti-FcεRI antibody has abolished
Th2 differentiation in vivo, whereas depletion of DCs using CD11c-DTR chimeric
mice had no significant effects on Th2 differentiation in these models [150–152].

2.5.5 Neutrophils

Neutrophils are polymorphonuclear leukocytes that play an essential role in the
immune system, acting as the first line of defense against bacterial and fungal
infections. They are the first cells to be recruited to the site of the allergic reaction.
In noneosinophilic phenotypes of asthma, neutrophils are the dominant subpopula-
tion of inflammatory cells. Increased levels of neutrophils and interleukin 8 (IL-8)
have been found in airways of asthmatic patients [153]. They have shown to release
a variety of cytokines and chemokines which can influence airway remodeling.
Neutrophils from asthmatic subjects revealed an increased expression of adhesion
molecules, especially after allergen challenge [154]. Patients with symptomatic
asthma have shown escalated levels of peripheral neutrophils that display signs of
activated neutrophils. Both the numbers and activation levels of these neutrophils are
lower in the absence of symptoms or after treatment [155]. Studies have shown
increased neutrophil numbers in airway lavage from patients with severe asthma
compared to normal individuals [156]. The activation of peripheral blood
neutrophils results in their intravascular migration, adhesion to the endothelium,
and migration to the site of inflammation. Nocturnal asthma is associated with higher
levels of neutrophils, which correlate with the severity of the disease
[104]. Neutrophils were found in sputum of some patients who died of sudden-
onset asthma compared to eosinophils. Studies using sputum cell counts and lung
function (FEV1 pre- and post-bronchodilator) in over 1100 patients with asthma
have found that both high neutrophil numbers and high eosinophil numbers were
associated with a low prebronchodilator FEV1, but only high neutrophil numbers
were associated with a low postbronchodilator FEV1. Interestingly, they have
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further reported that there is a tenfold increase in neutrophil count which is
associated with a 92-ml reduction in postbronchodilator FEV1, indicating that
airway neutrophilia is a characteristic of more severe asthma [157].

2.5.6 Macrophages

Macrophages that are produced by the differentiation of blood monocytes are
recruited to the airways during asthmatic conditions. They play dual role in allergic
responses and inflammation in the airways. It has been found that they are recruited
to the airways of allergic subjects following allergen challenge [158]. Macrophages
are the most abundant leukocytes found in alveoli, distal airspaces, and conducting
airways [159–161]. Alveolar macrophages are the first cells to encounter inhaled
substances initiating a variety of mediators which may have a putative role in
asthma. Numerous reports have suggested that there is a significant association
between lung macrophages, airway remodeling, and eosinophilic inflammation in
asthma [162, 163]. Alveolar macrophages have been found to regulate pro- and anti-
inflammatory responses in the airways, suggesting their critical role in asthma.
Recent studies have demonstrated that macrophages are not only associated with
the maintenance of pulmonary homeostasis by performing anti-inflammatory
functions but also play an integral part of the mechanisms perpetuating inflammation
and tissue injury associated with asthma as well [164]. In the airway lumen and
bronchial mucosa, macrophages are major cellular sources of critical
pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6, and IL-8
[165, 166]. Alveolar macrophages from asthmatic patients release more TNF-α,
IL-1β, IL-6, and IL-8 than healthy controls, but exhibit a diminished inflammatory
response to LPS stimulation. In contrast to healthy alveolar macrophages, IL-4
treatment fails to significantly inhibit LPS-induced pro-inflammatory cytokine
release in asthmatic alveolar macrophages [167–169].

2.5.7 CD4+ T Cells

Normally, the response toward allergens is tolerance, but in asthmatic patients, this
response is with elevated Th2-type immune responses. Th2-type CD4+ T cells have
shown to secrete IL-4, IL-5, and IL-13, playing a crucial downstream role in
pathogenesis of asthma [100]. Recent reports have demonstrated several features
of CD4+ T cells in the blood of atopic asthma patients like asthmatic patients who
had a profound increase of CCR7+ memory CD4+ T cells, but not CCR7� memory
CD4+ T cells. There was an increase in CCR4+ CD4+ T cells in patients which is
attributed to the increase of CCR7+ memory CD4+ T cells. Further patients had an
increase of Tregs, as measured by quantifying CD25, Foxp3, IL-10, and CTLA-4
expression. However, asthma severity was inversely correlated only with the fre-
quency of CTLA-4+ CD4+ T cells. Moreover, patients and control subjects have
similar frequencies of CD4+ T cells that express CCR5, CCR6, CXCR3, CXCR5,
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CD11a, or α4 integrin. However, the frequency of α4+ CD4+ T cells in patients
correlated with asthma severity [170]. Studies have shown that patients with allergic
asthma and allergic subjects without asthma demonstrated escalated allergen-
specific CD4+ T-cell activation and IL-4 production from stimulated peripheral
blood mononuclear cells (PBMCs) compared with healthy control subjects
[171, 172]. However, patients with allergic asthma produced more IL-5 from
stimulated PBMCs or bronchoalveolar lavage compared to either allergic subjects
without asthma or healthy control subjects [173]. Further, the studies have revealed
that IL-5 production by CD4+ T cells could be improved by alveolar macrophages
from subjects with allergic asthma but not allergic subjects without asthma
[174, 175]. Studies in human subjects have revealed that levels of Th2 cytokines,
including IL-4, IL-5, and IL-13, are elevated in the airways of subjects with asthma
at baseline and after allergen challenge [176]. Increased expression of Th2 transcrip-
tion factors STAT6 (signal transducer and activator of transcription-6) and GATA3
(GATA-binding protein-3) has been detected in bronchial biopsies of asthmatic
patients [177, 178].

2.5.8 CD8+ Tc2 Cells

In contrast to CD4+ T cells, the role of CD8+ T cells is suggested to balance the
responses of CD4+ T cells through the secretion of interferon (IFN)-γ [179]. In
humans, Tc2 cells have revealed predominant presence in fatal asthma, while in
stable states, severe eosinophilic asthma is associated with greater numbers of Tc2
than Th2 cells in blood, bronchoalveolar lavage fluid, and bronchial biopsies
[180]. CD8+ T cells have been found to play a crucial role in asthma pathogenesis
largely due to their insensitivity toward corticosteroids compared to CD4+ T cells
and because they have the capacity to undergo transcriptional reprogramming from
IFN-γ-secreting cells (Tc1) to type 2 cytokine secreting cells (Tc2), especially
producing IL-13 and IL-5 [181]. Depletion of CD8+ T cells attenuated AHR and
airway inflammation in mice exposed to allergen exclusively via the airways in the
absence of systemic sensitization [182]. Significant activation of circulating CD8+ T
cells in peripheral blood has been found in severe asthma and linked with
downregulation of specific microRNAs (miR-146a/b and miR-28-5p) and differen-
tial expression of multiple intronic long noncoding RNAs, which might regulate
CD8+ T-cell activities [183]. Tc2 cells strongly express CRTH2, the receptor for
prostaglandin D2, the cysteinyl leukotriene receptor 1, and the leukotriene B4
receptor. When activated, these elicit Tc2 cell chemotaxis and production of
chemokines and type 2 and other cytokines, resulting directly or indirectly in
eosinophil recruitment and survival [184].
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2.6 Transcriptional Regulation of Asthma

Over recent past, Th1/Th2 paradigm has offered significant insights for investigating
the pathogenesis of asthma, and there is an accord that the central underlying
pathology of the disease is chronic airway inflammation involving inflammatory
cells, such as Th2 lymphocytes and eosinophils [185]. In most of the allergic
conditions and asthmatic patients, activated Th2 cells secrete numerous cytokines
and inflammatory mediators that provoke the inflammatory response. Among these,
the cytokines IL-4, IL-5, and IL-13 are responsible for many of the features of
allergic inflammation [186, 187]. Studies have revealed that the transcription factors
that are involved in asthmatic inflammation and control the expression and function
of these cytokines include signal transducer and activator of transcription 6, cyclic
AMP response element-binding protein (CREB), GATA3, nuclear factor of
activated T cells, and nuclear factor kB [188, 189]. Transcription factors have
diverse functions, and their interaction may be important in amplifying and
inhibiting the inflammatory process, making them a therapeutic target against
allergic conditions and asthma.

2.6.1 NF-kB

NF-κB is a ubiquitous transcription factor having a vital role in inflammatory and
immune responses. There is a precedent of literature indicating that NF-κB plays a
crucial role in orchestrating the inflammatory response and acts as an amplifying and
perpetuating mechanism [190]. Escalating expression levels of NF-κB signaling has
been revealed in bronchial biopsies from asthmatic patients and in animal models of
asthma [191–194]. Using mouse models, it has been found that NF-κB knockout
mice were unable to mount Th2 responses because the T cells were not able to
induce GATA3 expression, even under TH2-inducing conditions, and further, the
mice that were deficient in NF-κB p50 or p65 had no eosinophilia and airway
inflammation [195–197]. In addition, antisense phosphorothioate oligonucleotides
directed at NF-κB p65 in a murine model of asthma have shown to inhibit allergic
inflammation, including decrease in airway hyperresponsiveness and reduced Th2
cytokine production [198]. It has been found that NF-κBmay be activated in vitro by
diverse signals that exacerbate asthmatic inflammation like allergen exposure, rhi-
novirus infection, pro-inflammatory cytokines, and oxidants [199]. A recent study
has shown that the nuclear translocation of phosphorylated P65, the inhibition of IκB
kinase (IKK) within the NF-κB signaling pathway, and activation of the MAPK
signaling pathway can control the production of IgE and IL-4 and inhibit inflamma-
tory mediators in asthma [200].
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2.6.2 STAT6

The signal transducer and activator of transcription (STAT) play a vital role during
the selective response to cytokines [201]. STAT proteins undergo phosphorylation
by the Janus family of kinases once they are stimulated by the cytokines. IL-4
arrangement with its receptor leads to phosphorylation of STAT6 by Jak1 and
Jak3 and results in the activation of IL-4-regulated genes, such as IL-4R, IgE,
FcR, and MHC class II molecules [201]. IL-4 has shown to play a crucial role in
driving Th2 cell differentiation, and therefore, STAT6 is a critical transcription
factor in this process. In humans, there is an alternate pathway for STAT6 via
IL-13 [202]. It has been found that although IL-4�/� mice have residual Th2
responses, STAT6�/� mice had more or less complete abolition of Th2 responses.
In murine models of allergic inflammation, STAT6�/� mice revealed noticeable
attenuation of pulmonary eosinophilia, mucus production, AHR, and serum IgE
levels [203]. Moreover, other similar studies have shown that STAT6 knockout mice
do not have Th2 cells, and there is no class switching to IgE, thus demonstrating the
essential role of STAT6 [204–206]. Studies using murine models of contact hyper-
sensitivity and atopic dermatitis have shown that STAT6 deficiency results in
abrogation of IL-4- and IL-13-dependent inflammation, with decreased eosinophilia,
edema, and IgE responses in both models [207, 208]. In vitro studies using antisense
phosphorothioate oligodeoxynucleotides targeting STAT6 have been found
promising in suppressing STAT6 signaling in airway smooth-muscle and epithelial
cell lines [209, 210]. Selective STAT6 blockers are also under preclinical trials, and
some of them have already shown promising effects in animal models of asthma
[211, 212]. Assuming the role of STAT6 in all aspects of IL-4 and IL-13 signaling,
local blockade of STAT6 function remains a very promising approach for the
treatment of allergic diseases.

2.6.3 GATA3

GATA-3 belongs to the GATA family of transcription factors, which bind to the
WGATAR (W ¼ A/T; R ¼ A/G) DNA sequence through a highly conserved C4
zinc-finger domain. It was first reported as a transcription factor that interacted with
the TCR-α gene enhancer [213]. In addition to its essential role in T-cell develop-
ment, GATA-3 has also been identified as a Th2 differentiation factor. Significant
increase in GATA-3 expression has been revealed in asthmatic airways compared to
control subjects, and this escalated expression has been correlated significantly with
IL-5 expression and AHR [177]. GATA3 is thought to function via chromatin
remodeling of the Th2 cytokine locus, binding at multiple sites and therefore
allowing Th2 cells to express IL-4, IL-5, and IL-13 [214, 215]. It has been
demonstrated that Th2 cells play an important role in the pathogenesis of the asthma
when primarily mediated through the cytokine IL-13, and inhibiting GATA3 activity
or blocking its expression may attenuate the interleukin-13-mediated asthma
phenotypes [216]. Overexpression of GATA3 in T cells has shown to induce Th2
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cytokine expression in both naive cells and dedicated Th1 cells in both mice and
human subjects [217, 218]. Inhibition of GATA-3 activity has demonstrated to cause
a severe dampening of Th2 effects, both locally (eosinophil influx and mucus
production) and systemically (IgE production) in lungs [219]. Studies using murine
models have shown that transgenic mice overexpressing GATA3 in T cells show
enhanced airway hyperresponsiveness, smooth-muscle hyperplasia, and increased
subepithelial fibrosis [220, 221]. Lentiviral particles expressing GATA3 siRNA
were delivered intratracheally, and it was found to alleviate airway eosinophilia,
Th2 cytokine production, and airway hyperresponsiveness. Similarly, siRNA-
targeting GATA3 in human T cells has also been shown to downregulate Th2
cytokine production, signifying that this may be a possible therapeutic approach
[222]. R8 (a Vasicine analogue) has shown significant decrease in Th2 cytokine
secretion and eosinophilia and further decreased the phosphorylation levels of
STAT6 and expression of GATA3 in murine model of asthma [223].

2.6.4 NFAT

Nuclear factor of activated T cells (NFAT) is a family of five members (NFAT1-5),
transcription factors where four of these are regulated by calcium signaling (NFAT1-
4) [224, 225]. NFAT-induced inflammation is a well-recognized player in asthma
pathogenesis. It has been shown to play an important role in transcription of the Th2
cytokine genes during T-cell activation in coordination with other transcription
factors, such as activator protein 1 (AP-1), GATA3, and c-Maf [226]. Mice models
that were deficient of NFAT1 and NFAT2 had revealed profound defects in T-cell
cytokine production, including IL-4 and IL-5 production [227]. Reports have
demonstrated that the activation of Ca2+/NFAT signaling events significantly
contributed to the release of thymic stromal lymphopoietin (TSLP) from airway
epithelial cells [228]. Moreover, the activation of the Ca2+ release-activated Ca2+

(CRAC) channel/NFAT pathway in airway epithelial cells had led to the production
of multiple inflammatory mediators, including TSLP, interleukin (IL)-6, and prosta-
glandin E2 [229]. In addition, the exposure of airway epithelial cells to house dust
mite resulted in the activation of protease-activated receptor type 2 (PAR2), opening
of CRAC channels, and upregulation of downstream NFAT signaling pathways
[230]. The immunosuppressive drugs cyclosporin A (CsA), FK506 (tacrolimus),
and pimecrolimus have shown to block calcineurin-dependent dephosphorylation of
NFAT through their cellular receptors cyclophilin and FK506-binding protein, but it
had a little success, so more specific NFAT antagonists are needed to target this
signaling pathway.
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2.7 Current Treatment for Asthma, Drawbacks, and Future
Directions

Asthma management is largely guided by the Global Initiative for Asthma (GINA)
strategy and is based on a mainstay of inhaled corticosteroid (ICS) therapy along
with additional therapeutic candidates to achieve disease control. Although the
mechanistic studies have greatly improved our understanding of molecular and
cellular components involved in asthma and our ability to treat severe patients,
however, a major proportion of patients with symptomatic asthma remain uncon-
trolled. The long-term goals of asthma management are symptom control,
minimizing the risk of exacerbations in future, and reduction of airflow limitation
while concurrently minimizing treatment side effects [231]. A large prospective trial
verified that adherence to an existing schedule of high-dose inhaled corticosteroid
(ICS) with long-acting beta-adrenergic agonist has resulted in well-controlled
asthma in approximately 60% of patients with severe uncontrolled asthma [232].

2.7.1 New Treatment Recommendations

The 2019 GINA strategy report symbolized the most important change in asthma
management in 30 years. For safety reasons, GINA no longer recommends treatment
with short-acting beta 2-agonists (SABA) alone. There is strong evidence that
SABA-only treatment, although providing short-term relief of asthma symptoms,
does not protect patients from severe exacerbations, and that regular or frequent use
of SABAs increases the risk of exacerbations. GINA now recommends that all adults
and adolescents with asthma should receive either symptom-driven (in mild asthma)
or daily low-dose ICS-containing controller treatment, to reduce their risk of serious
exacerbations [233].

2.7.2 Long-Term Asthma Control

Daily use of medications for long-term control (LTC) of symptoms is the keystone of
care in controlling asthma symptoms and preventing recurrent exacerbations of
asthma for most of the patients [234]. A recent study has shown that by using
5 years of Behavioral Risk Factor Surveillance System (BRFSS) Child and Adult
Asthma Call-back Survey (ACBS) data, among the current patients with asthma,
46.0% of children and 41.5% of adults were taking LTC medications and 38.4% of
children and 50.0% of adults had uncontrolled asthma. Among children who had
uncontrolled asthma (38.4%), 24.1% were taking LTC medications and 14.3% were
not taking LTC medications. Among adults who had uncontrolled asthma (50.0%),
26.7% were taking LTC medications and 23.3% were not taking LTC
medications [235].
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2.7.2.1 Inhaled Corticosteroids
Corticosteroids are anti-inflammatory agents that suppress Th2-mediated inflamma-
tion by modulating the expression of those cytokines, adhesion molecules, and
chemokines that are under the transcriptional regulation of nuclear factor-кB
(NFкB) and activator protein-1 (AP-1). They are one of the most widely used classes
of medications to treat asthma, with broad anti-inflammatory and immunosuppres-
sive effects. Inhaled corticosteroids (ICSs) are the most effective long-term control
medication across all ages and are very effective in decreasing AHR with ameliora-
tion in asthma symptoms, pulmonary function, and reduction in morbidity. More-
over, it presents significantly less side effects and is generally safe for long-term use
because of limited systemic absorption compared to oral corticosteroid therapy
[236]. The anti-inflammatory drugs that are currently in use as ICSs include
fluticasone (Flonase, Flovent HFA), budesonide (Pulmicort Flexhaler, Rhinocort),
flunisolide (Aerospan HFA), ciclesonide (Alvesco, Omnaris, Zetonna),
beclomethasone (Qnasl, Qvar), mometasone (Asmanex), and fluticasone furoate
(Arnuity Ellipta) [237]. Inhaled corticosteroids can cause hoarseness, throat irrita-
tion, and a cough. Thrush (candidiasis), a yeast infection of the mouth and tongue, is
another risk, especially in older individuals. However, it could be minimized by
rinsing the mouth after inhalation, keeping the inhaler clean, and using a spacer
device to reduce the amount of medicine that settles in mouth. In addition, studies
have demonstrated a modest risk of cataracts, due to high dosage and long duration
of use, consistent with the systemic absorption of ICS [238].

2.7.2.2 Leukotriene Modifiers
Leukotriene receptor antagonists (LTRAs) are believed to decrease edema, inflam-
mation, and bronchoconstriction by inhibiting the binding of cysteinyl leukotrienes
to their corresponding receptors on both pro-inflammatory cells and smooth muscle
[239, 240]. According to National Asthma Education and Prevention Program
(NAEPP) guidelines, leukotriene receptor modifiers (LTMs) include adjunctive or
alternative therapy in mild-to-severe persistent asthma. LTMs seem to be lesser
monotherapy for controlling persistent asthma compared to ICSs, but they may play
a vital role while treating the patients with aspirin-exacerbated respiratory disease as
they are well tolerated with a favorable safety profile [241, 242]. LTRAs are
recommended as alternative controller medications for adults with mild persistent
asthma. LTRAs may reduce the dose of inhaled corticosteroids required by patients
with moderate-to-severe asthma and may improve asthma control in individuals
whose asthma is not controlled with a low dose or high dose of inhaled
corticosteroids when it is used as add-on therapy. The use of LTRAs as a steroid-
sparing treatment is encouraged in clinical practice [243]. The oral medications in
this group that are currently in use include montelukast (Singulair), zafirlukast
(Accolate), and zileuton (Zyflo). They help in relieving asthma symptoms for up
to 24 h. In rare cases, these medications have been linked to psychological reactions,
such as agitation, aggression, hallucinations, depression, and suicidal thinking.
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2.7.2.3 Short-Acting Beta-2 Agonists
β2-adrenoceptor agonists are a class of drugs, commonly known as bronchodilators,
that act by causing smooth-muscle relaxation via β2-adrenergic receptors. Currently,
short-acting β2-adrenoceptor agonists are the most effective bronchodilators avail-
able for quick and transient relief. They are the first-line treatment for mild intermit-
tent asthma, either salbutamol or terbutaline, taken by inhalation [244, 245]. Short-
acting beta-2 agonists work on the beta-2 adrenergic receptors in the smooth muscle
of bronchial tissue, producing bronchodilaton and relieving the symptoms of chest
tightness and breathlessness [246]. Some of the adverse events due to these drugs
include tachycardia and palpitations possibly due to beta stimulation and reflex
cardiac stimulation.

2.7.2.4 Long-Acting Muscarinic Antagonists (Tiotropium Bromide)
Asthma management in children and teenagers is a complex balancing act between
diagnosis, treatment, patient education, and adherence. Tiotropium has emerged as a
promising new drug candidate as add-on therapy for the management of asthma in
patients with partially controlled symptoms of all ages. Data from numerous clinical
trials in patients aged 1–75 years with asthma demonstrated that the efficacy of
tiotropium is consistent in both adults and children, irrespective of disease severity
and phenotype [247]. The recent success of phase III pediatric trials led to the
approval of tiotropium for the treatment of asthma in patients aged �6 years in the
European Union and the United States [248]. Preclinical studies have demonstrated
that tiotropium is effective in asthma, irrespective of baseline characteristics and
phenotypes [249], and able to prevent airway remodeling and reduce airway inflam-
mation [250–252]. Based on the evidences from the clinical trials in about 6000
patients across the age groups, tiotropium was found efficacious add-on therapy,
with safety and tolerability comparable with placebo in the individual studies.
Tiotropium is specified for once-daily use in the European Union (two inhalations
of 2.5 μg) and the United States (two inhalations of 1.25 μg) as maintenance
treatment in patients with severe asthma aged �6 years [253, 254].

2.7.2.5 Short-Acting Muscarinic Antagonists
Ipratropium bromide is a short-acting muscarinic antagonist that blocks M1, M2, and
M3 muscarinic receptors nonselectively in the airways and exerts a bronchodilator
effect in patients with asthma [255, 256]. Studies have reported that ipratropium
resulted in significant improvements in bronchodilation after 4 weeks of treatment
with bromide/albuterol combination therapy compared with albuterol alone, and it
has been recommended as an alternative reliever agent for adult patients who are
unable to tolerate treatment with SABAs [257, 258]. Studies have demonstrated that
triple therapy with ipratropium, albuterol, and an OCS revealed considerable
improvements in lung function compared with standard therapy in children with
severe asthma exacerbation [256]. Moreover, ipratropium has been shown to be
more effective in adults with nonatopic asthma and a longer duration of the disease
[259]. However, some reports have demonstrated that ipratropium bromide is
associated with an increased risk of adverse cardiovascular effects [260, 261].
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2.7.2.6 IgE-Binding Antibodies
Omalizumab was developed in the 1990s and approved by FDA in 2003 for patients
with severe persistent asthma >12 years of age. It is a biologically engineered,
humanized recombinant monoclonal anti-IgE antibody inhibiting IgE functions by
blocking free serum IgE and inhibiting their binding to cellular receptors like FcεRI.
Recent studies have shown that specific binding of IgE by omalizumab reduces both
the early allergic response and the late allergic response and symptoms of
IgE-mediated allergy. The long-term clinical efficacy of omalizumab has been
demonstrated along with improvements in quality of life. As add-on therapy in
severe asthma, omalizumab reduces the requirement for inhaled corticosteroids
and improves disease control. Clinical studies have shown that the patients who
benefit most from omalizumab therapy are those at high risk of exacerbations, those
with poorly controlled and/or severe asthma, and those with IgE-mediated
comorbidities [262]. Anti-IgE antibodies have shown to decrease serum IgE levels
in a dose-dependent manner and allergen-induced bronchoconstriction during both
the early- and late-phase responses to inhaled allergen in atopic asthma patients
[263–265]. Studies have demonstrated that considerable percentage of severe
asthmatics revealed reduction in original bronchial RBM thickness and eosinophil
infiltration after 1-year treatment with anti-IgE [266], and further, more a clinical
study has shown that 16 weeks of treatment with omalizumab reduced airway wall
thickness in asthmatic patients [267]. Reports have shown that IgE receptors on
basophils and mast cells are downregulated with long-term use of omalizumab
[268]. Omalizumab injections are generally well tolerated, but local skin reactions
are common. Additionally, there is a 0.09% risk of anaphylaxis [269].

2.7.2.7 Mast-Cell Stabilizers (Cromolyn)
Cromolyn is the most widely used mast-cell stabilizer and a promising choice for
asthma treatment due to its potent anti-inflammatory effects. According to the
NAEPP guidelines, cromolyn is indicated as an alternative to ICS in mild persistent
asthma [270]. It has shown to inhibit the immunoglobulin E (IgE)-mediated release of
inflammatorymediators bymast cells in a dose-dependent fashion [271, 272]. Cromolyn
is generally well tolerated and has few side effects. However, it requires four times daily
administration, which has largely limited its clinical use.

2.8 Conclusion

Asthma is a chronic disease of airways, characterized by inflammation and
accompanied with airway hyperresponsiveness, resulting in incidents of breathless-
ness, chest tightness, wheezing, and cough. It confers a substantial burden on
individual’s quality of life, as well as on global health and socioeconomics. Despite
inordinate steps toward the management and treatment of this disease, there are still a
good number of patients who remain difficult to control. Although the genetic
factors, environmental influences, and specific trigger factors are implicated in the
development of the disease, still we are in need to understand the cause, biology, and
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pathophysiology of the disease to come up with new treatment regimens which may
decrease the burden of the patients and improve their quality of life. Great progress
has been made recently in the development of targeted, phenotype-specific asthma
therapies; however, all five of the biologic therapies approved for asthma address T2
inflammation, which has raised an urgent need to develop new therapeutic strategies
for patients with non-T2 inflammation, who are least likely to be responsive to ICS
therapeutic approach.
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Cystic Fibrosis: Biology and Therapeutics 3
Pritt Verma, Vishal Kumar Vishwakarma, Shravan Kumar Paswan,
Ch. V. Rao, and Sajal Srivastava

Abstract

Cystic fibrosis could be a common life-bound autosomal recessive hereditary
condition, with highest occurrence in Europe, North America, and Australia. The
root of illness is mutation of a gene that encodes a chloride-conducting trans-
membrane channel known as the cystic fibrosis transmembrane conductance
regulator (CFTR) that regulates anion transfer and mucociliary clearance within
the airways. Operational failure of CFTR ends up in mucus withholding and
chronic contagion, followed by local airway swelling that is harmful to the lungs.
CFTR operational impairment principally affects epithelial cells, though there is
proof of a function in immune cells. Cystic fibrosis influences numerous body
systems, and morbidity and mortality are typically due to bronchiectasis, tiny
airways obstacle, and progressive respiratory abnormality. Necessary
comorbidities due to epithelial cell operational impairment occur within the
pancreas (malassimilation), liver (biliary cirrhosis), sweat glands (heat shock),
and vas deferens (sterility). The progress and delivery of medication that recover
the clearance of mucus from the lungs and treat the ensuing infection, together
with rectification of pancreatic insufficiency and malnutrition via multidisciplin-
ary requisites, have resulted in noteworthy enhancements of life and clinical
conclusion in patients with cystic fibrosis. Inventive and transformational
treatments that aim on the fundamental defect in cystic fibrosis have currently
been grown and are useful in lung surgery and dropping pulmonary
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exacerbations. Advance petite molecule and gene-based treatment are being
developed to revive CFTR operation; these remedies pledge to transform illness
and enhance the lives of individuals with cystic fibrosis disease.

Keywords

Cystic fibrosis · CFTR · Bronchiectasis · Ivacaftor · Lumacaftor · Orkambi

3.1 Introduction

3.1.1 About the Disease

Cystic fibrosis (CF) respiratory organ malady is characterized by early organization
and infection of the airways. Though structural changes within the CF airways will be
ascertained at birth in each human and therefore the CF pig, modest inflammation is
ascertained [1–3]. However, infection happens terribly apace and therefore the
inflammatory response to pathogens is harsh [4]. Free and leap airway neutrophil
elastase is detected terribly early in CF infants and predicts the event of bronchiectasis
later in life [5]. No further respiratory organ malady is understood to induce such an
untimely, persistent, and intense inflammatory method as seen within the CF airway.
People with CF conjointly suffer from an extreme general inflammation characterized
by inflated serum acute-phase reactants, high antibody titers to various exogenous and
endogenous antigens, and an elevated occurrence of ileum inflammation with Crohn’s
malady, instant hypersensitivity, and heightened Th2 responses [6, 7].

3.1.2 Epidemiology

The global occurrence and dominance of CF show important geographical inconsis-
tency, as illustrated by the detection rates seen globally. Within the USA, the
incidence of CF is reported to be 1 in each 3500 births [8]. Though a better incidence
is noted in European nations at a rate of 1 in each of 2000–3000 births, in Africa and
Asia, though CF is sternly beneath diagnosed, proof indicates that the prevalence of
CF is low down to atypical [8, 9].

3.1.3 Causes

CF is caused by a severe functional scarcity of the cystic fibrosis transmembrane
conductance regulator (CFTR) protein [10]. CFTR is mostly expressed within the
apex membranes of epithelial cells that line the cylindrical structures of tissues that
secrete fluids typically made in mucous secretion and different proteins. The airways
are amid the tissues with the utmost expression of CFTR. The scarcity of functional
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CFTR causes scarce cAMP-dependent chloride and hydrogen carbonate secretion
into airway secretions. Consequently, mucins are bound to the bronchial apex
surfaces, and airway surface fluid pH scale is weakened [11].

3.2 Pathophysiology

The types of complications in patients with CF vary depending on the extent of
mutation of CFTR. Also, some patients do not feel the pathological changes
altogether as the system is typically affected with CF.

3.2.1 Biology of Disease

3.2.1.1 Respiratory System
Typically, critically sick patients who have CF feel acute respiratory failure owing to
pneumonia or acute hemoptysis. The foremost common infecting organisms in
patients with CF which have pneumonia include Staphylococcus aureus,
Haemophilus influenzae, and Pseudomonas aeruginosa. Noteworthy, patients with
CF additionally tend to own nasal polyps that may trigger sinus infections. Thus,
these patients may have longer and completely special antibiotic treatments than do
patients who have pneumonia exclusively. It is hypothesized that the pH scale level
within the cells of patients with cystic fibrosis differs from the extent in patients
devoid of the disease. This distinction results in magnified numbers of asialoGM1
molecules that are receptors intended for bacterial respiratory organisms, and
thereby ends up in magnified binding of P. aeruginosa and S. aureus. The decline
within the quantity of CFTR to bind with the bacteria results in colonization of the
airways [12]. In a very few patients with CF who have pneumonia, the pneumonia is
because of Burkholderia cepacia (previously referred to as Pseudomonas cepacia),
which is extremely immune to most antibiotics.

As obstacle of the airway will amplify, it becomes harder for air to pass through-
out exhalation. This condition results in enlargement of alveoli, wherever air lock
happens and, over time, causes the barrel-shaped chest that is additionally general in
patients with emphysema. Destruction of the pulmonary parenchyma results in
magnified pulmonary blood pressure that, in turn, causes right-sided heart failure
or core pulmonale.

Pulmonary performance testing may be a methodology that will be useful in
establishing information that will assist in predicting deterioration in clinical stand-
ing in patients with CF [13]. One factor, forced expiratory volume in 1 s (FEV1), is
usually used as an indicator of the worsening condition. The lower the FEV1, the
effort of breathing increases; it is related with gas exchange [14]. The amplified work
of breathing will embody any of the following: tachypnea, uneven breathing pattern,
perspiration, spread nares, pursed lip breathing, intercostal muscle retractions, and
use of retrofit muscles. Patients with lower FEV1 additionally tend to be in a very
chronic state of acidosis and, similar to additional patients with chronic obstructive
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pulmonary disease, may have lower PaO2 levels to trigger the hypoxic ventilatory
force, though they still want adequate oxygenation. Association or enlargement of
the last joints of the toes and fingers, which have no definite cause, additionally
happens in patients with CF.

Typically, patients with CF have declined levels of interleukin-10, a cytokine that
has anti-inflammatory properties, particularly within the lungs [15]. The drop off
levels disposes the patients to severe lung inflammation subsequent to infection.
Occasionally, the pulmonary inflammation persists and becomes a chronic inflam-
matory situation. Chronic inflammation will cause hypertrophy of the bronchial
arteries and ultimately, hemoptysis. This critical condition is more worsened by
coagulopathies usually caused by malabsorption of vitamin K and perennial use of
some antibiotic. The manifestation of hemoptysis varies from blood-tinged bodily
sputum to enormous hemorrhaging. It is thought that 5–7% of patients with CF truly
have enormous hemoptysis [16].

Patients with CF, who have elevated levels of thick and firm mucus secretion in
their airways, are usually admitted to the intensive care unit on account of flow of air
limitation. The foremost severe respiratory signs and symptoms are because of the
creation of elevated levels of thickened mucus secretion that cause inflammation and
swelling and therefore barred airways. The obstruction causes consolidation that
results in pneumonia and respiratory failure. Often, patients have elevated
withholding of mucus secretion within the right upper lobe, which is indicated by
proof of hyperinflation on chest radiographs [17].

Approximately 10% of patients with CF too have infection caused by the fungus
Aspergillus fumigatus, which might cause allergic bronchopulmonary aspergillosis
and end up in a dramatic enhancement in secretions and an ultimate downward twist
in the lung task [18]. Patients with sinobronchial allergic zymosis and/or allergic
bronchopulmonary mycosis have terribly thick secretions and are immune to
antibiotics. The patients with allergic bronchopulmonary do not show any sign
and symptoms of Cystic fibrosis before sinobronchial allergic mycosis. In addition
to/or else allergic bronchopulmonary mycosis develops, however once tested are
found to own mutation(s) within the CFTR factor [18–20]. In several patients, CF is
misdiagnosed as celiac disorder, asthma, or chronic bronchitis [21].

3.2.1.2 Hematopoietic System
Patients with CF own iron-deficit anemia and usually have anemia as a results of
chronic hemoptysis in addition to or else colonization of resistant P. aeruginosa
[22]. Blood loss usually comes from the hypertrophied and tortuous bronchial
arteries as an outcome of chronic inflammation [16]. Pseudomonas aeruginosa, an
antibiotic-resistant bacteria within the lungs addition to/or else superior airways of
patients with CF, steals iron from the host for its self-growth. Additionally, sputum
and bronchial airway cleaning fluid of patients with CF who have P. aeruginosa
infection include a high iron content [23].
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3.2.1.3 Gastrointestinal System
Some gastrointestinal issues in patients with CF are due to the lack of pancreas to
produce digestive enzymes to the bowel. As a result of the quantity of pancreatic
enzymes discharge decline, the pancreas oozes thick mucus that obstructs the
pancreatic ducts and therefore the number of enzymes that may be secreted becomes
yet lesser. This alteration causes malassimilation of proteins and persuades absorp-
tion of the fat-soluble vitamins A, D, E, and K. The pancreatic enzyme supplements
that various patients with CF take could spoil iron assimilation [22]. It is suggested
that patients with CF take supplements and vitamins individually.

The distal fraction of the bowel is usually expanded and crammed with fecal
content in patients with CF. This alteration is manifested as vomiting, abdominal
distention, anorexia, pain within the right lower quadrant of the abdomen, and
cramping with a decline or no modification in intestinal movements [23]. Distal
intestinal obstruction syndrome (DIOS) may be a result of defective oozing of salt
and water from the intestinal epithelium, a state that causes dehydration of the
intestinal material.

Some patients with cystic fibrosis even have gastroesophageal reflux disease
(GERD) because of hypersecretion of gastric acid and hyposecretion of bicarbonate
[23]. Postural emptying will worsen GERD, as will the negative pressures generated
by strong coughing. GERD will likewise worsen bronchial reactivity.

3.2.1.4 Endocrine System
About 13% of all patients having CF own cystic fibrosis-associated diabetes that is
most frequently diagnosed once the patients are 30 years old. Studies signify that the
evaluation of glycated hemoglobin (hemoglobin A1C) does not seem to be a correct
diagnostic assay for cystic fibrosis-associated diabetes; as a result, the turnover of red
blood cells is more rapid in patients with cystic fibrosis than in patients with no cystic
fibrosis [24]. The first downside in cystic fibrosis-associated diabetes is insulin
deficit because of barrier of the pancreatic duct. Patients with cystic fibrosis-
associated diabetes still need a high-energy diet that is contrary to the diet that others
with diabetes mellitus should follow. Glucose metabolism is influenced by several
reasons particular to CF, such as severe dehydration, administration of
corticosteroids, malassimilation, repeated contamination, poor nutrition, amplified
energy expenditure, slowed gastrointestinal travel time, and liver dysfunction [25].

3.2.1.5 Sweat Glands
On account of the declined levels of the protein CFTR, which assists to control salt in
sweat, patients with CF will feel too much salt loss from extreme temperature or
compared to tremendous work out. Several patients feel dehydration or high-
temperature prostration manifested by sluggishness, weakness, and loss of hunger.

3.2.1.6 Reproductive System
Most men with CF are sterile; as a result, they do not have vas deferens or it is
misshapen. Women have a tendency to be fertile; however, they usually need longer
to become pregnant than do women devoid of CF. Mucus discharge plugs within the
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oviduct and thicker cervical mucus that lessen sperm movement are detected
[23]. Puberty appears to be delayed for each men and women who have this problem.

3.2.2 Cell Type Involved

The lung is continuously exposed to both noxious and infectious agents, and a multi-
tiered defense has evolved that is able to continuously cleanse airways without
inciting a potentially harmful inflammatory response. The mucus clearance
(MC) system appears to be paramount for airways defense and is the locus of defects
that lead to genetic lung diseases such as CF and primary ciliary dyskinesia. Other
important elements in this defense system include locally residing leukocytes (e.g.,
alveolar and airway macrophages), mucosal immunoglobulins, and secreted antimi-
crobial compounds (e.g., lysozyme and lactoferrin), all of which are available to
neutralize microbes that escape the first line of defense, that is, mechanical MC. A
normally functioning MC apparatus requires the coordinated activities of mucus
secretion, salt and water transport, and ciliary beating. Mucus secretion creates a
protective blanket that efficiently binds inhaled particles via its panoply of carbohy-
drate epitopes, where they become entrapped via turbulent flow. The mucus layer,
which floats on top of a less viscous and physically distinct liquid layer, is propelled
cephalad by a combination of coordinated cilia beating and airflow/cough. The
underlying liquid layer, often referred to as the “sol” or “periciliary liquid” layer
(PCL), is itself quite complex and specially structured to provide a low resistance
environment for ciliary beating while allowing efficient mechanical coupling
between the tips of cilia and the mucus layer.

3.2.3 Transcription Regulation

To understand the pathophysiology of CF, one of the approaches is to discover the
CFTR expression pattern in different tissue surveys. CFTR is found to be expressed
in the epithelial cells of a variety of tissues and organs, whose functions are
significantly affected in CF patients: lung and trachea, pancreas, liver, intestines,
and sweat glands. Low levels of CFTR transcripts can be found in kidney, uterus,
ovary, thyroid, and even higher levels in salivary gland and bladder, but the epithe-
lial cell function is not seriously compromised in tissues and organs of CF patients. It
is possible that there is sufficient compensation of the missing function by other ion
transporters. It is of interest to note that the low levels of CFTR expression in these
tissues are driven off an alternative promoter.

The majority of CFTR transcripts are driven from the key promoter, described in
the previous section. However, although the canonical transcripts are found in cells
with high CFTR expression, alternative transcription start sites are apparently used
in cell lines with low expression levels. CFTR transcripts from even more distant
transcription start sites between �868 and �794 can be found in CFPAC and T84
cell lines.
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The immediate promoter region has also been characterized by consensus binding
sites for several transcription factors: CTCF, AP-1, SP1, GRE, CRE, C/EBP, and
Y-box proteins. DNase I hypersensitive site (DHS) mapping has been used to map
various putative enhancer sequences within the CFTR intragenic regions. Presum-
ably, multiple transcription factors can bind to chromatin at these sequences, open-
ing the DNA and extending the physical interactions with the promoter, thereby
affecting transcription. HNF1α binding sites, indicative of putative enhancer
elements, can be found in multiple locations inside introns 10, 17a, and 20; it has
been shown that RNAi-mediated inhibition of the HNF1α could lead to reduction of
CFTR expression. Additional enhancer elements have been located in introns 1 and
11, and HNF1α and p300 are involved in the regulation of CFTR expression.

3.3 Current Treatment

The purpose of treatment mainly consists of the following:

3.3.1 Respiratory System

Stopping and regulating lung infections: Antibiotics are given. This primarily carries
with it inhaled varieties of azithromycin, tobramycin, aztreonam and levofloxacin.
Alternative antibiotics suggested are cipro, cephalexin, larotid, and doxycycline
depending on the sensitivity patterns [26, 27].

Management of airway inflammation: NSAIDs, breathe in and systemic steroids
and cromolyn [28].

Reducing viscoelasticity and eliminating thick, sticky mucus discharge from the
lungs and expanding the airways: breathe in β-agonists with dampened oxygen; a
3–6% hypertonic saline solution and dornase alfa are suggested [29–31].

Additionally, workout and physiotherapy together with positive expiratory pres-
sure (PEP) tool or an elevated occurrence chest wall swinging device (a percussion
vest) is suggested [32].

3.3.2 Gastrointestinal Tract

Avoid or taking care of intestinal obstruction: oral rehydration and osmotic laxatives
(unfinished obstruction) and hyperosmolar contrast enemas (total DIOS). An unbi-
ased electrolyte bowel-cleaning solution or enema including diatrizoate meglumine
and diatrizoate sodium, depending on vomiting condition [33]. To forestall repeti-
tion, regular administration of oral polythene glycol 3350 is also given for 6 months
to 1 year.

Pancreatic insufficiency: pancreatic enzyme replacement therapy (PERT)
containing multiple mixture of proteases, lipases, and amylases [34].
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3.3.3 Nutrition and Electrolyte

Providing relevant nutrition and put off dehydration: A high-calorie-fat diet, add-on
of vitamins ADEK, and minerals as well as fluoride and zinc are suggested.
Furthermore, sodium chloride add-on is given customized to patient’s age and
environmental conditions [35].

In the earlier period, Denufosol, an agonist of P2Y2 receptors was attempted in
CF patients; however, it was eventually unsuccessful subsequent to early promising
outcome.

3.3.4 Current and Future Medicinal Products

The present and upcoming therapeutic objects are primarily focused on exact
structural and purposeful anomaly of CFTR protein.

3.3.4.1 CFTR Modulators
A new cluster of medicine, known as CFTR modulators, is offered that is ready to
correct the essential defect in CF, that is, CFTR protein itself; however, the specific
mechanism is not absolutely clarified.

3.3.4.2 Ivacaftor
Developed by vertex pharmaceuticals and permitted by FDA in 2012 for kids
�6 years having rare mutation, G551D (class III), ivacaftor (Kalydeco) [36] was
the primary doing-well medication to fix the malfunctioning protein and was tried to
be terribly effective in two massive multicentric trials, STRIVE and ENVISION
[37, 38]. Marked improvements in FEV1, weight and quality of life were
ascertained. Currently, the FDA has enlarged its use in alternative mutations and
additionally kids aged 2–5 years supported the results of KIWI trial [39]. In addition,
a phase IV clinical trials study (GOAL) additionally reported development in FEV1
and FVC, BMI, quality of life and bated sweat chloride concentration in patients
carrying a minimum of one G551D allele. Over 72% patients during this trial
additionally carried F508del as second allele [40]. The G551D mutation causes the
channel to act as sort of a secured gate, avoiding the transconductance of chloride
and fluid. The site of channel is correct; however, the performance is impaired.
Ivacaftor will increase the time of channel in an open state. However, the most
limitation of this medical aid is that G551D mutation is there in just a pair of 2.3%
patients [41]. It is not found to be effective within the commonest F508del (class II)
mutation owing to reduced accessibility of protein. In addition, the high price of
medical aid may additionally be a limiting reason (ICER: £335,000–£1,274,000/
QALYs gained) [42].

3.3.4.3 Lumacaftor
Another CFTR modulator, lumacaftor, has revealed favorable leads in F508del
mutation. This is the main common mutation influencing more or less one-third of
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CF population in USA and nearly 70% in EU. This mutation affects the warmth
steadiness because of misfolding of NBD1 field and limits the CFTR in ER for
succeeding degradation. It did not succeed to localize to proper epithelial site and
attain regular formation. Exaggerated transfer of protein to cell surface was
ascertained in vitro by means of cultured individual bronchial epithelium
[43]. Still, despite exaggerated transfer of protein to correct position, no rectification
of the underlying functional impairment was ascertained. Besides, another in vitro
study exposed disparity in negative results [44] that were more strengthened by a
trial. No vital improvement was ascertained in FEV1, CFQR scores, and respiratory
exacerbation rates [45].

3.3.4.4 Orkambi
The approval of CFTR modulators, Kalydeco™ (ivacaftor) and Orkambi™
(lumacaftor/ivacaftor), marks two mile stones in our pursuit of ‘a cure’ for people
suffering from CF. Firstly, phase II trials were performed for each homozygous and
heterozygous F508del patients>12 years old; however, solely homozygous patients
confirmed clinically noteworthy results. Two massive phase III trials, TRAFFIC and
TRANSPORT, were conducted with the mix medical aid (600 + 250 and
400 + 250 mg versus placebo) in patients �12 years with primary end as FEV1
improvement at 24 weeks. Patients finishing the study were progressed to 48 weeks
PROGRESS trial. The isolated plus pooled outcomes showed a noteworthy
improvement in parameters as well as FEV1, reduction of exacerbations, decline
in hospitalizations, and rise in BMI and CFQR scores. The undesirable effects were
comparable to placebo cluster except one case of death throughout the extension
period [46, 47]. In addition, a phase I clinical trial study in homozygous kids
�12 years showed promising results; however, more advanced phase studies are
required [47]. However, in comparison to ivacaftor monotherapy in patients includ-
ing G551D mutation during a separate study, there was considerably less improve-
ment in pneumonic performed with combination medical aid [3]. Orkambi
(lumacaftor + ivacaftor) is permitted recently for homozygous F508del patients
�12 years. Orkambi acts by a two-step technique. Lumacaftor assists in moving
the defective protein to its accurate site and ivacaftor rectifies and enhances its
activity eventually escalating the conductance of ions and fluid.

3.3.5 Drawbacks of Current Treatment

Although over 2000 variants in the CFTR gene have been identified to date, F508del
accounts for most CFTR alleles in patients with CF, there is still a little restriction
that embody (a) non-considerable reply in F508del mutation heterozygotes by
ivacaftor; (b) got to keep on further daily symptomatic cure; (c) contact with
CYP3A inducers and inhibitors; (d) adverse effects together with elevated
transaminases, cataract, oropharyngeal pain and URTI; (e) negligible profit in
<12 years old; (f) require of upper prescribed amount up to 600 mg (during case
of lumacaftor); and (g) common contact of lumacaftor and ivacaftor leading to
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improved metabolism of ivacaftor and require of a upper prescribed amount blend.
Furthermore, on account of the multi domain formation and in order folding of
CFTR, no solo “corrector drug” can repair all the misfolding in dissimilar domains,
so a mixture of drugs is a necessity. Furthermore, from a clinical trial viewpoint,
there are sample size problems, as precise criteria (major and minor endpoints) make
choice more complicated before narrowed mutation precise inhabitants deserve
exclusive adaptive trial designs [48].

3.3.6 Future Directions in Therapeutics

CF management does not solely need CFTR correction and modification; however,
intensive symptomatic treatment targets inflammation, infection, bronchial hydra-
tion, and nutrition. Newer medicines targeting these problems are summed up below
in short.

3.3.6.1 Inflammation
Andecaliximab, which is a protein to matrix metalloproteinase 9 (MMP9), is
undergoing phase IIb and is expected to cut back inflammation and improve lung
task. However, the baseline FEV1 needed for this drug is between 40% and 80%
limiting its use in terribly severe CF [49]. An additional compound in phase 1 is
POL6014 that is synthesized to dam neutrophil elastase operation, finally reducing
the tissue damage and lung inflammation. LAU-7b, perhaps a fenretinide, is a
component of retinoid compounds associated with vitamin A. Phase 2 study is
thus far to start and it is expected to cut back the inflammatory response in CF
lungs. CTX-4430 decreases the making of leukotriene B4, an inflammatory interme-
diary enhances in CF. It is currently undergoing a phase 2 trial [50]. Additional anti-
inflammatory compounds within clinical progress pipeline are α-1 anti-trypsin,
CTX-4430, enzyme substance AZD9668, JBT-101 (phase 2) for reducing
inflammation.

3.3.6.2 Hydration and Mucus Secretion Clearance
AZD5634 is undergoing section 1b study. It is anticipated to dam the metal channel
in CF airway, therefore rehydrating and tapering the mucus secretion within the
lungs, creating it easier to clear. SPX-101 is one more compound designed to dam
sodium channel operation within the lungs, presently undergoing phase 2 study.
OrPro (ORP-100) may be a changed variety of thioredoxin, probably to lessen
mucus thickness within the lungs and recover clearance from the CF airway. OligoG
(Alginate Oligosaccharide) has revealed to decline mucus viscosity in CF airway. It
is presently being tested in phase IIb in Europe and UK. It is often used either as a
dry powder or fluid meant for nebulization [51].

Additional agents for rehydration of airway secretions comprise of bronchitol
presently in phase 3 in USA and by now permitted in UK, Australia, and Russia (for
patients >18 years); VX-371 (P1037) presently in phase 2 for obstructing sodium
channel and delaying the length of hypertonic saline alone in subjects with cystic
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fibrosis [52]; GSK2225745 acting by calming ENaC during RNA intervention is
ongoing to get in touch with the patients.

3.3.6.3 Nutrition
Liprotamase (Anthera AN-EPI 3332), perhaps pancreatic enzyme substitution for
CF-associated pancreatic insufficiency, is undergoing phase 3 study [53].

AquADEKs-2 experience phase 2 may be a balanced blend of fat-soluble
vitamins and numerous antioxidants as well as beta-carotene, mixed tocopherols,
coenzyme Q10, mixed carotenoids, and minerals like zinc and selenium. Oral
glutathione is being tried in phase 2 because this antioxidant is mainly for usual
lung GIT operation.CF patients have delineated inferior glutathione levels and oral
glutathione is probable to enhance growth and reduce gut inflammation [54]. Addi-
tional agents like protein burlulipase for pancreatic deficiency, lubiprostone for
constipation and roscovitine for pulmonary contamination are presently being
assessed at numerous centers.

3.4 Perspective

Gene engineering skills and novel molecular objective could also be explored
further examination of this region led to the identification of the gene itself and the
prediction of the amino acid sequence of the encoded protein, which was termed the
CFTR (cystic fibrosis transmembrane conductance regulator). Assistance of current
biology moves toward like DNA engineering, systems biology, metabolomics,
ailment modeling, and intracellular protein kinetics could facilitate to unknot novel
pathways and networks associated with cystic fibrosis and ultimately novel thera-
peutic targets. Also, the focus ought not to be reduced on new treatment techniques,
new medicine for symptomatic progression and difficulty avoidance.
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Chronic Pneumonia 4
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Abstract

Chronic eosinophilic pneumonia (CEP) is associated with eosinophilic lung ail-
ment specifically/usually diagnosed by a triad of clinical warning signs together
with pulmonary warning signs, eosinophilia, as well as distinguishing radiographic
defects. It needs a high indicator of doubt given that it is overlain with other
eosinophilic situations and be deficient in a diagnostic assay. The diagnosis is
made after careful consideration of other secondary causes of eosinophilia, such as
infectious, drugs, or toxic etiologies. CEP generally responds rapidly to treatment,
which primarily consists of corticosteroid therapy, but relapses are common. New
remedies are being investigated which are documented in new studies regarding the
pathophysiology of eosinophilic illness progression. Close follow-up is important
given the difficulty in weaning patients from glucocorticoids with many patients
developing sequelae of chronic glucocorticoid therapy. Hence, searching for vari-
ous treatments is being prioritized by the scientific community.
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4.1 Introduction

4.1.1 About the Disease

Eosinophilic lung diseases are a group of diffuse parenchymal lung diseases
characterized by the prominent infiltration of the lung interstitial and alveolar spaces
by polymorphonuclear eosinophils, with conservation of the lung architecture. As a
corollary, a common denominator of eosinophilic lung diseases is represented by a
dramatic response to systemic corticosteroid therapy and healing without any
sequelae in most cases, despite frequent impressive impairment of lung function at
presentation [1]. CEP was first recognized as a unique pulmonary entity in 1969,
characterized by Carrington et al., when a series of female patients were described as
presenting with symptoms of dyspnea, fever, and weight loss who demonstrated
pulmonary opacities on chest X-ray and had noted eosinophilic infiltration on lung
biopsy specimens. The condition is thought to be idiopathic, with no known
infectious or toxic etiology identified. CEP is a clinical diagnosis and has a presen-
tation that is typically described as a triad of the following: pulmonary symptoms,
abnormal chest imaging, and abnormal elevation of eosinophils in either serum or
pulmonary tissue [2].

4.1.2 Epidemiology

Representing <3% of cases of varied interstitial diseases, CEP may be a rare illness.
It is, however, the foremost common of the eosinophilic pneumonias in nontropical
areas wherever incidence of parasitic infections is low. Most patients are
nonsmokers, and it is thought that <10% diagnosed are smokers. This contrasts
with acute leucocyte respiratory illness within which a smoking history is a far lot in
common [3]. It is a significant reason behind death among all age groups, leading to
1.4 million deaths in 2010 (7% of the world’s yearly total) and was the fourth leading
reason behind death within the world in 2016, leading to 3 million deaths worldwide
[4, 5].

4.1.3 Causes/Symptoms

A cluster of disorders is classified by etiology, together with secondary causes like
infectious, malignant, allergic, drug, and deadly etiologies. Primary eosinophilic
lung diseases can be further classified by isolated pneumonic
involvement vs. general involvement, and two major isolated pneumonic white
blood cell respiratory organ diseases embody acute eosinophilic pneumonia (AEP)
and CEP, though these are commonly less abundant [2].
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4.2 Pathophysiology of Pneumonia

4.2.1 Cell Types Involved

There is a complex balance amid the organisms residing within the lower tract and
also the native and general defense mechanisms (both innate and acquired) that once
disturbed give rise to inflammation of the respiratory organ parenchyma, i.e.,
pneumonia. Common defense mechanisms that are compromised within the patho-
logic process of respiratory illness include:

• Systemic defense mechanisms like body substance and complement-mediated
immunity that is compromised in diseases like common variable immunological
disorder (CVID), X-linked immunodeficiency (inherited), and purposeful as
plenia (acquired). Impaired cell-mediated immunity predisposes people to infec-
tion by living organisms like viruses and organisms of low virulence like pneu-
monia (PJP), plant causes, among others.

• The mucociliary clearance that is usually impaired in cigarette smokers, post-viral
state, Kartergerner syndrome, and different connected conditions.

• Impaired cough reflex seen in comatose patients, a sure indication of substance
abuse.

• Accumulation of secretions as seen in mucoviscidosis or in cartilaginous tube
obstruction.

The resident macrophages serve to safeguard the respiratory organ from foreign
pathogens. Ironically, the inflammatory reaction triggered by these terrible
macrophages is what is chargeable for the histopathological and clinical findings
seen in respiratory illness. The macrophages engulf these pathogens and trigger
signal molecules or cytokines like TNF-α, IL-8, and IL-1 that recruit inflammatory
cells like neutrophils to the positioning of infection. They conjointly serve to gift
these antigens to the T cells that trigger each cellular and body substance defense
mechanisms and activate the targeted antibodies against these organisms. This, in
turn, causes inflammation of the respiratory organ parenchyma and makes the liner
capillaries leaky, resulting in oxidative congestion and underlines the pathologic
process of respiratory illness [6].

4.2.2 Biology of the Disease

Eosinophils are multifunctional leukocytes involved in innate and reconciling immu-
nity. They mature within the bone marrow beneath stimulation from cytokines.
Particularly, they are influenced by IL-5, IL-3, granulocyte-macrophage colony-
stimulating tissue, and transcription factors including delta-dbl-GATA-1, before
disseminating into the blood and after into tissues. Eosinophils have intra-
cytoplasmic granules containing proteins, toxins, and chemokines, and
pro-inflammatory degranulation of eosinophils releases these venomous substances
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into the tissues, which contributes to the pathophysiology of WBC disorders
(Fig. 4.1). Eosinophils move with multiple cellular pathways, as well as T helper
lymphocytes, mast cells and basophils, macrophages, and multiple cells. However,
the white corpuscle play an important role in respiratory organ and it principally
directed by IL-5 and also the eotaxin taxonomic category of chemokines [7]. Addi-
tionally, recent study suggests that IL-25 might uphold chronic WBC inflammation
of the respiratory organ [8]. Histopathological lesions are associated with the toxicity
of small piece discharge of eosinophils and are mostly reversible with treatment,
though tissue harm and reworking will be seen [7]. Osteopontin levels are found to
be elevated in bronchoalveolar lavage (BAL) fluid of patients with WBC respiratory
illness as well as drug-induced eosinophilic pneumonia. They will play a role in
WBC inflammation [1].

4.2.3 Transcriptional Regulation

The interface between the external environment (including microbes therein) and the
internal environment (including leukocytes and other immune cells) is the respira-
tory epithelium, and immunity roles of this interface were the subject of extensive

Fig. 4.1 Biology of the disease
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study. We learned that an essential action of the cytokine IL-17, already well
recognized for driving sterilizing immunity against extracellular bacteria and
fungi, is to activate the lung’s epithelial lining. IL-17 signals to cells via the
IL-17RA receptor, and it has become apparent that humans with mutations in
IL-17RA show greater susceptibilities to bacterial pneumonia. Although IL-17
receptors are expressed by many different cell types, the mutation of IL-17RA in
lung epithelial cells selectively (in mice with CC10-Cre transgenes and floxed
Il17ra) was demonstrated to be sufficient to increase bacterial burdens during
Klebsiella pneumoniae pneumonia in mice. A protective action observed was the
induction of CXCL5 by epithelial cells, advancing prior studies that suggested this
was an epithelial-specific product during pneumonia that elicits neutrophil recruit-
ment. Transcriptional profiling experiments in mice with pneumococcal pneumonia
have now revealed that CXCL5 is only one of many hundreds of genes that are
induced preferentially in epithelial cells during infection, dozens of which are
secreted products like CXCL5 that can mediate immune cell cross-talk. Another
epithelial-specific product was identified as a neutrophil activator, secreted and
transmembrane 1 (Sectm1), which stimulates recruited neutrophils to make more
of the neutrophil-attracting chemokine, CXCL2, thereby amplifying the positive
feedback of inflammation within the infected lung. Harnessing the power of epithe-
lial innate immunity, pharmacologically triggering these cells is being pursued as a
means to provide protection against diverse respiratory infections, and it now
appears that this can be effective even in mice modeling leukemia patients, despite
profound immune dysregulation due to both leukemia and leukemia treatment.

4.3 Current Treatment

The mainstay of treatment relies on oral corticosteroid (OCS) therapy; with a goal of
causing remission further as reducing the chance of reversion [9]. Response to OCS
is sometimes dramatic and fast, with each clinical improvement and backbone of
infiltrates on imaging. It is worth noting that response generally happens within
many days, and if fast clinical improvement is not seen, various diagnoses ought to
be reconsidered [10]. Low-dose inhaled corticosteroids (ICS) were used formerly to
help with tapering and discontinuing OCS. ICS have thus been planned as
monotherapy, thanks to the suspected deposition of ICS in alveoli to stop the
event of the aspect effects from long-run usage of OCS. However, a study performed
by Minakuchi et al. suggests that ICS might not be a good monotherapy. While not
treatment, spontaneous resolution happens in <10% of patients with CEP, and is a
near threat of succession to fibrosis [11].

There are no firm doses or period tips. The general goal is to keep up continued
clinical improvement on very cheap attainable dose of OCS so as to avoid relapse but
conjointly minimize steroid-related facet effects. Initial treatment is usually with oral
prednisone at 0.5–0.6 mg/kg/day with the dose narrowing down by a common
fraction on confirmation of each clinical and radiologic resolution [12]. A review
of this literature relating to treatment by Suzuki et al. suggests that a beginning dose
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of prednisolone of around 30 mg would be adequate [10]. Treatment periods are
variable from several months to 12 months, depending on the clinical response.
Relapses are common, occurring in over half the patients [9]. Despite this typically
accepted observe, only one study so far has prospectively evaluated the optimum
treatment plan with relevance to reversion rate, in an exceedingly irregular parallel-
group study. In this trial, the study cluster received the OCS treatment at a daily dose
of 0.5 mg/kg/day over a shorter 3-month period compared to an equivalent dose in an
exceedingly longer 6-month period. Within the 3-month cluster, the prednisolone
was tapered by 20% each 2 weeks to nil by 3 months, whereas within the 6-month
cluster, the prednisolone was tapered off slower over 6 months. They were deter-
mined for 2 years on completion of treatment. The relapse rates were similar between
the teams (52.1% vs. 61.9%, P¼ 0.56), suggesting that a shorter treatment amount is
also acceptable, with revised observation [13].

4.3.1 Drawbacks of the Current Treatment

Although the extensive tenure prognosis of the illness is highly sensitive to systemic
corticosteroids, but frequently relapses if the dose is tapered or treatment
discontinued. Partly patients are noted to suffer reversion, with some failure numer-
ous times. Commencement of OCS medical therapy in relapsed cases is uniformly
effective. Predictors of relapse have not been strictly evaluated; however smoking
underlying bronchial asthma are double risk factors [10, 14]. These patients might
need chronic steroid maintenance medical care, and efforts to mitigate aspect effects
are necessary [10]. This additionally leads to efforts toward finding probable steroid-
reducing therapies.

4.3.2 Future Directions in Therapeutics

Most of other therapies are delineated just in case of reports with no strong proof
supporting their use in CEP. Omalizumab, an antibody against IgE, was utilized in a
patient with CEP on the second reversion in 2 years. This patient had an elevated IgE
and had been given omalizumab injections. The patient was deemed to be sickness-
free after 15 months of medical aid [15]. During a succeeding case report, Domingo
et al. delineated a fortunate use of omalizumab in a patient with CEP with distin-
guished asthmatic options and mud mite allergen. They were ready to taper the dose
of omalizumab by 500 mg each for 6 months [16]. Clinicians ought to be tuned in to
the chance of exposure to eosinophilic granulomatosis with polyangiitis (EGPA) in
these patients [15].

There are many alternative potential targets for CEP, most ordinarily against IL-5.
Amplified levels of IL-5 with associated discharge of cytotoxic granular proteins
from eosinophils are a decisive mechanism into the pathophysiology of CEP [17].

Mepolizumab and reslizumab stop binding of circulating IL-5 to eosinophils.
Benralizumab neutralizes IL-5 and operates by binding the alpha fractional subunit
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of the IL-5 receptor and is additionally ready to induce programmed cell death of
target cells via antibody-dependent cell-mediated toxicity [18, 19]. During a massive
multicenter randomized controlled trial involving 621 patients, mepolizumab
reduced the speed of asthma attack exacerbations in rigorous eosinophilic asthma
[20]. It has conjointly been demonstrated to cut back the frequency of asthma attack
exacerbations and is identified to be helpful as a possible steroid-sparing agent in
hyper eosinophilic syndromes [21, 22]. Although anti-IL5 therapies are verified as
efficacious in eosinophilic asthma attack, there is restricted knowledge on the
employment of those therapies in CEP.

A recent report delineated a patient with CEP who had undergone glucocorticoid
medical aid, however failing steroid taper and experienced noteworthy steroid-
induced side effects together with weight gain, Cushingoid options, and muscle
wasting. Eighteen months subsequent to preliminary appearance, mepolizumab was
started at a dose of 100 mg each for 4 weeks. Once this medical aid commenced, her
peripheral blood symptoms weakened, and her symptoms disappeared whereas
tapering of glucocorticoids was found. However, she developed a gentle hypersen-
sitivity reaction subsequent to 6 months of medical aid. Therefore, reslizumab at a
dose of 3 mg/kg was initiated each for 4 weeks. Following 2 further months, she was
ready for discontinuing her glucocorticoids [23]. Mepolizumab had conjointly been
used effectively in another patient with CEP and a 20-year history of asthma attack
throughout his second reversion at 100 mg each month [24]. However, the period of
medical aid with mepolizumab in such patients remains unclear.

Other potential targets for treatment of CEP embrace IL-25, IL-33, IL-4, and
IL-13. IL-25 and IL-33 are first and foremost made by airway epithelial cells that
induce the assembly of Th2-type cytokines together with IL-5 and IL-13 on
eosinophils. Katoh et al. examined the BAL fluid in 20 with AEP, 22 patients with
CEP, 20 with idiopathic pulmonary fibrosis (IPF), and 20 with sarcoidosis. Patients
with acute and chronic eosinophilic asthma attacks had higher IL-5 and eosinophil
levels compared to patients with IPF and sarcoidosis. Curiously, IL-25 levels were
elevated in patients with CEP, however not AEP. IL-33 levels were not considerably
totally different in eosinophilic pneumonia when compared to sarcoidosis and IPF
[8]. The results of this study indicate that IL-25 could also be a possible therapeutic
target for CEP. Currently, antibodies to Il-25 do not seem to be commercially
offered.

Dupilumab may be a human anti-IL-4 receptor α-monoclonal protein that targets
each IL-4 and IL-13 communication and thus TH2-type inflammation. Fidel Castro
Ruz et al. at random appointed 1902 patients to varied doses of
dupilumab vs. placebo and confirmed reduced frequency of asthma attack exacerba-
tion and improvement in forced expiratory volume in 1 s. In addition, within the
Liberty asthma attack Venture trial, add-on dupilumab was ready to considerably cut
back the utilization of oral glucocorticoids in patients with severe asthma attack
[25]. Dupilumab can also hold promise in designated relapsing cases of CEP;
however it has not been utilized in these cases at this point.
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4.3.3 Perspective

The short-run viewpoint for patients with CEP is mostly favorable, given the
outstanding and timely clinical improvement with corticosteroids. Around half the
patients at first diagnosed with CEP have clinical improvement, while there is no
relapse or requirement for repeat treatment [26].

Among the remaining half of patients with relapse, repeat OCS dosing or perhaps
maintenance of low-dose OCS for long is also needed [26]. In these patients, there is
risk of development of steroid-related adverse effects, together with hyperglycemia,
diabetes mellitus, osteoporosis, psychosis, and infectious complications like pneu-
monic non-tuberculoses mycobacterium [10, 14].

In terms of pneumonic status, the bulk of patients with CEP have restriction or
obstruction noted on spirometry [15]. Among those with abnormal pneumonic
function tests, a majority of patients improve with treatment; however, as many as
37–50% of the patients might have persistent defects after treatment [10, 27].

In summary, given the antecedently mentioned dramatic and fast response in an
exceedingly giant share of patients, those who are diagnosed and treated in an
exceedingly timely manner might have a good clinical response. Conversely,
given the incidence of relapse and also the potential for long-standing steroid-
induced side effects or fibrotic changes, more investigations of steroid-sparing
therapies like anti-IL5 antibodies are required.

4.4 Toxicokinetics

The most common cause of typical bacterial pneumonia worldwide is Pneumococ-
cus. The polysaccharide capsule of Streptococcus pneumoniae inhibits the comple-
ment binding to the cell surface and hence inhibits phagocytosis. Virulent
pneumococcal proteins such as IgA1 protease, neuraminidase, pneumolysin,
autolysin, and the surface protein A further help the organism to counteract the
host immune response and allow it to cause infection in humans.

Genetic mutations causing an active efflux of drug and eventually resistance have
led to an increase in drug-resistant Streptococcus pneumoniae (DRSP) over the last
few years.

Alteration in penicillin-binding proteins has increased the penicillin resistance
and an increased rate of penicillin-resistant S. pneumoniae. Penicillin resistance
occurs due to failure to bind to the microbe cell wall [28, 29].

4.5 Histopathology

Pathologically, lobar pneumonia is the acute exudative inflammation of a lung lobe.
It has the following four advanced stages if left untreated:
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1. Congestion: In this stage, pulmonary parenchyma is not fully consolidated, and
microscopically, the alveoli have serous exudates, pathogens, few neutrophils,
and macrophages.

2. Red Hepatization: Here, the lobe is now consolidated, firm, and liver-like.
Microscopically, there is an addition of fibrin along with serous exudate,
pathogens, neutrophils, and macrophages. The capillaries are congested, and
the alveolar walls are thickened.

3. Gray Hepatization: The lobe is still liver-like in consistency but gray in color due
to suppurative and exudative filled alveoli.

4. Resolution: After a week, it starts resolving as lymphatic drainage or a productive
cough clears the exudates [30].

4.6 History and Physical

The history findings of bacterial pneumonia may vary from indolent to fulminant.
Clinical manifestation includes both constitutional findings and findings due to
damage to the lung and related tissue. The following are major history findings:

• Fever with tachycardia and/or chills and sweats.
• The cough may be either non-productive or productive with mucoid, purulent, or

blood-tinged sputum.
• Pleuritic chest pain, if the pleura is involved.
• Shortness of breath with normal daily routine work.
• Other symptoms include fatigue, headache, myalgia, and arthralgia.

Physical findings also vary from patient to patient and mainly depend on the
severity of lung consolidation and existence or nonexistence of pleural effusion. The
following are major clinical findings:

• Increased respiratory rate.
• Percussion sounds vary from flat to dull.
• Tactile fremitus.
• Crackles, rales, and bronchial breath sounds are heard on auscultation.

Confusion manifests earlier in older patients. A critically ill patient may present
with sepsis or multi-organ failure [31].

4.7 Evaluation

The approach to evaluate and diagnose pneumonia depends on different modalities
but primarily it is like a tripod stand which has three legs which are summed up as:
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1. Clinical Evaluation: It includes taking a careful patient history and performing a
thorough physical examination to judge the clinical signs and symptoms men-
tioned above.

2. Laboratory Evaluation: This includes lab values such as complete blood count
with differentials, inflammatory biomarkers like ESR and C-reactive protein,
blood cultures, sputum analysis, or Gram staining and/or urine antigen testing
or polymerase chain reaction for nucleic acid detection of certain bacteria.

3. Radiological Evaluation: It includes chest X-ray as an initial imaging test and the
finding of pulmonary infiltrates on a plain film is considered as a gold standard for
diagnosis when the lab and clinical features are supportive [32, 33].

4.8 Differential Diagnosis

4.8.1 Differential Diagnosis in Children

• Asthma or reactive airway disease
• Bronchiolitis
• Croup
• Respiratory distress syndrome

4.8.2 Differential Diagnosis in Adults

• Acute and chronic bronchitis
• Aspiration of a foreign body
• Asthma
• Atelectasis
• Bronchiectasis
• Bronchiolitis
• Chronic obstructive pulmonary disease
• Fungal
• Lung abscess
• Pneumocystis jiroveci pneumonia
• Respiratory failure
• Viral [34]

4.9 Enhancing Healthcare Team Outcomes

Pneumonia is a common infectious lung disease. It requires interprofessional care
and the involvement of more than one subspecialty. This patient-centered approach
involving a physician with a team of other health professionals, physiotherapists,
respiratory therapists, nurses, pharmacists, and support groups working together for
the patient plays an important role in improving the quality of care for pneumonia
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patients. It not only decreases the hospital admission rates but also positively affects
the disease outcome. For healthy patients, the outcomes after treatment are excellent
but, in the elderly and those with comorbidities, the outcomes are guarded.
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Abstract

Tuberculosis (TB) is one of the lethal diseases that affect millions of people
around the world. The primary concern associated with this endemic ailment is an
elevated level of resistance. World Health Organisation (WHO) has taken steps to
reduce the incidence of TB at an accelerated rate under the purview of ending the
TB epidemic by 2030. To achieve this goal, there are hurdles that need to be
addressed, which are not only limited to TB diagnosis, treatment, and prevention
but also linked to dealing with social and economic determinants in close
collaboration with diverse sectors in the healthcare domain. In this scenario,
this chapter focuses on the epidemiology of TB, primary causes and symptoms
of TB, pathophysiological process of TB along with the involvement of cells and
transcriptional factors, current treatment regimen with its drawbacks, and future
treatment options. This chapter represents an up-to-date overview of these disease
conditions and its therapy in global perspectives.
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Abbreviations

ART Antiretroviral therapy
ATP Adenosine triphosphate
BCG Bacillus Calmette–Guerin
DIM Dimycocerosate phthiocerol;
DOT Directly observed therapy
DOTS Directly observed treatment, short-course
HIV Human immunodeficiency virus
ILC Innate lymphoid cells
LAM Lipoarabinomannan
LTBI Latent tuberculosis infection
MAIT Mucosa-associated invariant T
Man-LAM Mannose capped lipoarabinomannan
MDR Multidrug resistance
MIC Minimum inhibitory concentration
Mtb Mycobacterium tuberculosis
NAA Nucleic acid amplification
PIM Phosphatidylinositol mannoside
PLGA Poly lactide-co-glycolide
RD-1 Region of difference-1
RR Rifampicin resistant
SL Sulfated glycolipid
TB Tuberculosis
TDM Trehalose dimycolates
TST Tuberculosis skin test
USFDA United States Food and Drug Administration
WHO World Health Organization
XDR Extremely drug resistance

5.1 Introduction

TB is one of the life-threatening communicable diseases caused by different species
of Mycobacterium. Humans have probably been suffering from this infection since
the Neolithic period [1]. It is one of the leading causes of death and considered as a
key health burden in both developing and developed countries. As per the WHO
report 2019, approximately ten million people have been suffering from TB glob-
ally, out of which the majority of individuals were men. The pathogen can invade the
alveoli of lungs, and then, it is engulfed by macrophages. The capability to survive
inside the macrophages, host-defense mechanism destruction, and manipulation
in phagosome maturation determine the success of pathogen within the host
[2]. Although effective treatment options are available for TB, an increasing concern
of resistance to the existing therapy in the form of multidrug resistance (MDR) and
extensively drug resistance (XDR) leads to a high mortality rate. The emerging
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resistant strains of Mycobacterium tuberculosis (Mtb) give emphasis to the need for
the development of new antimycobacterial agents [3]. In the midst of the variety of
treatment options against TB, nanoparticles and antitubercular therapeutic peptides
emerge as leading alternatives for the management of this disease. Currently, the
incidence of TB is declining at about 2% per year. There is a need to achieve a 4–5%
yearly decline to attain 2020 milestone of the End TB Strategy. Between 2000 and
2018, about 58 million lives were protected via its diagnosis and treatment. The
Sustainable Development Goals regarding health targets have important criteria to
end the TB endemic by 2030 [4].

5.1.1 About the Disease

Mycobacterium has been believed to be originated over 150 million years ago.
Mycobacterium ulcerans is the pathogen for TB-causing infection since ancient
times [5]. Early hominids from the region of east Africa have been infected by
Mtb about 3 million years ago [6]. The initial documents related to TB were found in
India and China about 3300 and 2300 years ago, respectively [7, 8]. Archaeological
evidence by Peruvian mummies demonstrated that Pott’s deformities were still there
before the immigration of the European pioneers of South America in the Andean
region [9–11]. At the beginning of the twentieth century, increasing air pollution,
increasing population, and crowded working conditions might have detrimental
effects on the transmission of TB in some instances [12]. The recent members of
Mycobacterium complex include Mtb and also its African variants Mycobacterium
africanum, Mycobacterium canettii, and Mycobacterium bovis, which had a com-
mon African predecessor about 35,000–15,000 years ago [6, 13]. Franciscus Sylvius
observed that phthisis was accompanied by tubercles. In 1679, he coined the term
“tubercula” (small knots) that means lung nodules [14]. Benjamin Marten in 1722
was the first to speculate the infectious nature of the disease. According to him, TB
was caused by “animalculae or their seed inimicable to our Nature,” and these spread
through a breath that discharges from lungs and can be trapped by a healthy
individual. In 1865, Jean-Antoine Villemin demonstrated that TB was communica-
ble by transferring fluid as well as pus cells from bovine and human lesions to
rabbits, which ultimately develop TB. The finding was discredited by Koch later
on. In 1882, he isolated Mtb from crushed tubercles and cultured them
[15]. According to Koch’s postulates: “To demonstrate that TB is caused by the
invasion of bacilli and conditioned by the growth and multiplication of bacilli but it
was necessary: (1) to isolate the bacilli from the body; (2) grow them in pure culture;
and (3) by administering the isolated bacilli to animals, reproduce the same morbid
condition.” According to Koch’s experiment, the re-inoculation of animals with
bacilli after several weeks resulted in the production of merely a definite red nodule
that ultimately healed, which demonstrate the presence of immunity toward infec-
tion. In 1890, he announced that disease is healed by the culture filtrates, which were
discredited. Later, those filtrates were purified partially and became the principle
of the tuberculin skin test (TST) [15, 16]. Koch also contributed for explanation of
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the infectious etiology of TB for which he got a Nobel Prize in Medicine in 1905
[9, 17]. Before the availability of an effective treatment regimen for TB, its treatment
involved isolation in sanatoria [12]. In 1854, Hermann Brehmer created the first
sanatorium in Europe. He has a belief that altitude and exercise would help in
treating TB [18]. Afterward, Brehmer found an institution in the region of
Gorbersdorf, a peak area located in Fir forest to cure patients with constant clean
and fresh air with healthy nutrition. Later, sanatoria were built and allowed for the
curing of TB patients in the next 10 years. Its infectious nature was revealed by Jean-
Antoine Villemin, a French military surgeon in 1865. He formulated his theory to
scrutinize that TB was more common among soldiers who lived in barracks for long
times than those who lived in the field [16]. The first sanatorium was established by
Edward Livingston Trudeau in the United States in 1882. He instigated a public
health movement that stresses on the outdoor life and ordinances to get better
hygiene. Another treatment option involved pasteurization of cow’s milk, thus
declining the likelihood of infection by Mycobacterium bovis. Albert Calmette and
Camille Guerin in 1908 tried to solve the issue of bacillary clumping linked to the
pathogen by growing bacilli in a disseminated culture that enclosed bile of ox. In
39th passage, they observed a morphological variant that showed virulence in
various animal species and provided a protective action against virulent Mtb. In
231st passage, this strain was given to a child whose mother died while giving birth.
Bacillus Calmette–Guerin (BCG) vaccine is the extensively used vaccine. In 1947,
antibiotics were introduced for the treatment of TB, although isoniazid was
synthesized first in 1912, but took a long time to be used as an effective
antitubercular drug. After that, introduction of p-aminosalicylic acid led to a dra-
matic reduction in mortality from TB. With this, the era of sanatorium ended [15]. In
the 1990s, WHO developed and disseminated a new approach for controlling TB:
directly observed treatment, short-course (DOTS) strategy [19]. According to DOTS
strategy, there were five important elements for control of TB: government commit-
ment; bacteriological diagnosis mainly in patients spontaneously seeking care at
health centers; standardized short-course chemotherapy under proper case manage-
ment conditions; an effective drug supply system, and a monitoring and evaluation
system allowing assessment of notifications and treatment outcomes. In 1993, WHO
declared TB as a global health emergency [20], and then, in 2006, WHO enhanced
the DOTS strategy to combat new health challenges like human immunodeficiency
virus (HIV)-associated TB and MDR-TB.

5.1.2 Epidemiology/Morbidity

The burden of TB disease can be considered in terms of incidence, prevalence, and
mortality. Incidence is defined as the total number of new and relapse cases of TB
that arise in a particular time frame, usually one year. Prevalence is the number of
TB cases at a specified time period. Mortality is the total number of deaths in a
particular time period, generally 1 year. Eighty-seven percent of the TB cases were
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reported from 30 high disease burden countries where two thirds of total cases were
from eight countries, such as India, China, Pakistan, Bangladesh, the Philippines,
Nigeria, Indonesia, and South Africa. On the contrary, about 6% of total cases are in
the European and American regions of WHO. Chances for the development of active
TB disease are extremely high in infants as compared to children of age group
2–10 years. The possibility of disease development increases during adolescence and
rises near the age of 25 years and remains persistent throughout life. Worldwide, the
proportions of TB incidence were 64% in males and 36% were in females. The male-
to-female ratio of TB incidence for different age groups varied from 1.3 to 2.1 in the
WHO region of Eastern Mediterranean and Western Pacific. In children, it was close
to 1.

HIV infection is one of the most influential risk factors for active TB disease as
chances of TB infections are around 20 times more in HIV-positive individuals than
in the rest of the population. This disease was one of the principal causes of
hospitalization in HIV-infected children and adults. Approximately 23% of the
world’s population has latent TB infection, and they are at high risk of progressing
active TB disease. International Classification of Diseases determines the TB mor-
tality among HIV-negative individuals. If an HIV-positive individual dies from TB
infection, the cause of death is considered to be as HIV. Among HIV-negative
individuals, the WHO region of Africa and South East Asia has witnessed 82%
mortality rate and India had 32%, and also, these regions reported for 85% of total
TB deaths among HIV-positive and HIV-negative individuals, where India had 27%.
About 1.3 million people had died because of TB among HIV-negative patients, and
three million additional deaths occurred in patients suffering from HIV infection.
The percentage of individuals who died with TB had reduced from 23% to 16% from
2000 to 2017. Worldwide, the number of TB deaths among HIV-negative
individuals has reduced from 29% to 5%, and in the case of HIV-positive
individuals, the number has reduced from 44% to 20% from 2000 to 2015. In
HIV-negative individuals, the mortality rate is decreasing 3% per year from 2000
to 2017. The rate of incidence of TB was decreased by 1.8% from 2016 to 2017.

One of the significant threats to public health is drug-resistant TB, where the
emergence of drug resistance and its distribution are heterogeneous. About 5.6 mil-
lion individuals have developed rifampicin-resistant TB (RR-TB), 82% possessed
MDR-TB, and 8.5% have XDR-TB. Nearly, half of the global cases of MDR/RR-TB
were found in three countries, of which 24% were from India, followed by China,
and then the Russian Federation. Worldwide, MDR-TB prevalence is approximately
5%. However, it fluctuates from 1% to 20% in different countries. In China, one
fourth of the patients suffering from TB have developed resistance toward isoniazid
or rifampicin, while India has observed the appearance of totally drug-resistant
strains. There were approximately five million incident cases of MDR/RR-TB in
2017. Countries such as Ukraine, Pakistan, Azerbaijan, Bangladesh, Belarus, and
South Africa have developed resistance to first-line drugs that were 19% for new
cases and 43% for already treated cases.

The percentage of individuals who die from TB disease is expressed in terms of
the case fatality ratio. It is represented as the ratio of the number of deaths to the total
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number of new cases in a particular year. It permits the evaluation of difference
inequity in provisions for accessing the diagnosis and treatment of TB among
countries. To achieve the goal of End TB Strategy, the fatality ratio needs to reduce
to 10% and 6.5% by 2020 and 2025, respectively. It was reduced from 23% to 16%
from 2000 to 2017. In 2017, MDR/RR-TB was found in approximately 3.5% of
fresh and 18% of previously treated cases that lead to the death of two million
patients.

The Sustainable Development Goals have set the target to decline TB incidence
and mortality rate by 20% and 35%, respectively, at set milestone by 2020. In the
subsequent phase, set the target by 2030 for the reduction in TB incidence and
mortality rate to 80% and 90%, respectively. A further target is to decline in TB
incidence and mortality rate by 90% and 95%, respectively, by 2035 [21].

5.1.3 Causes/Symptoms

TB is a potentially severe infectious disease that is primarily caused by Mtb. Other
species that are responsible for TB infection includeMycobacterium canettii,Myco-
bacterium africanum, Mycobacterium microti, Mycobacterium bovis, etc. [22]. Mtb
is an actinomycete that shows close relation to saprophytic bacteria like Mycobacte-
rium smegmatis. Unlike most Gram-positive bacteria, the peptidoglycan wall of
these bacilli is augmented with an arrangement of complex lipidoglycans, which
protects them from desiccation in soil. Approximately 30% of genes in these bacteria
is responsible for the synthesis or metabolism of lipids. These preadaptations like
thick waxy cell wall and the capability to catabolize fatty acids appear to be useful
for parasitic existence [23].Mtb spreads via minute airborne droplets (droplet nuclei)
which are generated while talking, coughing, and sneezing by a patient suffering
from laryngeal or pulmonary TB. These droplet nuclei can suspend in the air for
several minutes to hours past expectoration [24]. There are a number of factors that
influence the transmission of the bacteria, such as number and virulence of bacilli in
the droplets, degree of exposure to air, event of aerosolization, and exposure of
bacilli toward UV light. Mtb introduction into the lungs causes infection in the
respiratory tract; however, this infection can transmit to other sites of the body, such
as the lymphatic system, pleura, bones/joints, or meninges, and it is termed as
extrapulmonary TB [25].

TB may progress in a different way in patients on the basis of the immune system.
Stages of disease progression include latency, primary disease, primary progressive
disease, and extrapulmonary disease. Each stage is marked by distinct
manifestations. Different types of TB and its symptoms are described.

Latent TB infection (LTBI): Persons with latent TB do not feel illness hav-
ing no signs and symptoms of TB [26]. However, bacilli can stay alive in the
necrotic matter for several years or up to existence where the disease may be
reactivated in the immunocompromised conditions [27]. However, co-infection
with HIV is the prominent reason for the development of active disease and other
factors like malnutrition, smoking, sepsis, diabetes mellitus, chemotherapy, organ
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transplantation, and renal failure. All these factors contribute toward the reactivation
of the remote infection [28, 26].

Primary disease: Primary TB is most frequently asymptomatic, and thus, the only
evidence of the disease is the resulted form of diagnostic tests. Paratracheal lymph-
adenopathy arises as the bacteria transmit to the lymphatic system from the lungs.
The swelling of lesions leads to pleural effusion as the bacilli disseminate within the
pleural space from an adjacent site. The developed effusion can grow too large to
stimulate other symptoms such as pleuritic chest pain, fever, and dyspnea.

Primary progressive TB: Around 10% of individuals who are exposed to bacilli
develop this infection. Early signs and symptoms are mostly uncertain but observed
during progression toward an active form of the disease. Disease symptoms are
majorly exhaustion, malaise, and mild fever, along with chills and night sweats
[25]. Wasting, a characteristic facet of the disease, involves the loss of fat and lean
tissue; fatigue may result due to decrease in muscle mass or loss of appetite or altered
metabolism [29]. Finger clubbing may take place, which is the delayed response
toward lack of oxygen, although this is not the indication for the extent of disease
[30]. Cough develops in most of the patients, though it may be nonproductive in the
beginning, but eventually, it can lead to cough with purulent sputum with some
streaks of blood. Rupture of a dilated vessel in the wall of the cavity, destruction of a
patent vessel, or the synthesis of an aspergilloma in the old cavity can lead to
hemoptysis. The inflammation in the parenchyma may lead to pleuritic chest pain.
An increase in the interstitial volume can cause a reduction in the diffusion capacity
of lungs, which may lead to dyspnea or orthopnea [25].

Extrapulmonary TB: Pulmonary system is the most common location for the
disease. During the initial pulmonary infection,Mtb potentially infects almost every
organ through lymphohematogenous dissemination. In the case of patients with
acquired immunodeficiency syndrome, extrapulmonary TB is considered as a diag-
nostic criterion. Immunocompromised persons show an increased risk of developing
this disease. Depending on the affected site, extrapulmonary tuberculosis can be of
various types such as lymphatic TB, miliary TB, and TB of central nervous system
[31]. The pleural cavity is one of the sites where TB infection can take place. In the
pleural space, the rupturing of small subpleural focus leads to TB pleural effusion.
This causes communication between the bacilli and their particular components that
leads to a delayed type of hypersensitivity reaction. Symptoms may include pleuritic
chest pain and high fever; however, the most common symptoms are chronic
pleuritis with pain, low-grade fever, progressive dyspnea, dry cough, and asthenia.
The most common type of extrapulmonary TB is lymph node TB, whereMtb affects
the peripheral lymph node chain. In the supraclavicular and cervical region, a distinct
painless swelling develops. The progression of the disease may lead to fistulas. In
this case, unrelated systemic symptoms appear, suspicion of an immunodepressive
disease or HIV infection is to be supposed, and cervical adenopathy occurs most
often [32]. Another type of extrapulmonary TB is genitourinary TB. Frequently
accounted symptoms are dysuria, pollakiuria, hematuria, and flank pain. In women,
genital TB can give rise to infertility, menstrual abnormalities, and pelvic pain. In
men, it can lead to prostatitis and orchitis, or it can affect epididymis, forming a
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slightly painful mass [33]. In case of bone TB, the most affected sites are spine, hips,
and knees. The major symptom in this situation is pain. It may lead to swelling in
peripheral joints [34]. The most harmful site where the infection can spread is the
central nervous system, which may cause meningitis or space-occupying
tuberculomas, which are followed by headache, anorexia, general malaise, neck
rigidity, decreased consciousness, and vomiting. If the disease spreads to the brain
parenchyma, it results in convulsions and focal signs. Tubercular meningitis is fatal
in most cases if timely treatment is not provided [28]. Laryngeal tuberculosis is the
most common granulomatous disease of the larynx. Symptoms include the change in
voice, aphonia, and irritation in throat. Pulmonary TB is always associated with
laryngeal TB [35]. Another form of extrapulmonary TB is miliary TB, caused by the
hematogenous transmission of Mtb. In miliary TB, lesions are of constant size,
having the size less than 2 mm like millet seed. Other common symptoms include
loss of weight, night sweats, anorexia, and fever [36, 37].

5.2 Pathophysiology of TB

5.2.1 Biology of the Disease

Mtb is the most common species among allMycobacterium, which is responsible for
TB infection. The bacterial infection is transmitted in the form of droplets having a
diameter of 1–5 μm hovering in the air during coughing, speaking, or sneezing of the
person with active TB. The environment and extent of exposure, the infectiousness
of TB source, and the immune system of an individual are the essential factors that
determine the likelihood of transmission of infection to another individual. The
airborne infectious droplets come close to the terminal airspaces by inhalation and
then infect the alveolar macrophages. Age, intravenous drug administration, recent
TB infection, immunodeficiency ensuing from HIV infection, immunosuppressant
drugs, and transplantation of organs are the important characteristics allied with an
increased risk of progression of active TB. Among all, the strongest acknowledged
risk factor for emergent active TB is HIV infection [22]. Patients who undergo tumor
necrosis factor-alpha inhibitor therapy are at higher risk of reactivation, and there is a
continuous need to access TB in these patients by radiologist. Diabetes mellitus,
chronic renal failure, silicosis, low body weight, alcohol or tobacco abuse, prior
gastrectomy or jejunoileal bypass, and malignancies like leukemia, head, neck, and
lung carcinoma are the conditions that augment the risk of active TB [38].

The word “Granuloma” was first used by Rudolph Virchow in 1818 to illustrate
tumor that ulcerate and give rise to granulation tissue [39, 40]. It is defined as the
assortment of inflammatory cells dominated by mononuclear cells and also involves
a large figure of enzymes and cytokines [41]. Imperative research precedence is
interpreting the underlying mechanism involving granulomas maintenance, which is
associated with control of infection and persistence of the Mtb [42]. From host
viewpoint, granuloma has the ability to wall off contagion from the body, so-called
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bacterial prison. From bacterial viewpoint, it is an increasing assortment of phago-
cytic cells to transmit disease and multiply inside the host. The recruitment of
developing granuloma of myeloid cells is highly permissive to Mtb infection due
to secretion system ESX-1 from the region of difference 1 (RD-1) that initiates the
type-1 interferon response [43]. RD1 contains genes of bacterial secretion system
ESX-1, which is responsible for the release of bacterial product into the cytoplasm of
macrophages when bacteria undergo phagocytosis [44]. This secretion system plays
a vital role in the pathogenesis of active TB. A few non-TB mycobacteria like
Mycobacterium kansasii and Mycobacterium marinum also possess a conserved
ESX-1 antigen that has encouraged a reconsideration of the ability of ESX-1 in the
virulence ofMtb [45]. So, it is necessary to consider but not exclusively liable for the
virulence of Mtb [46]. Immune responses are segregated in the region of the
granulomas having proinflammatory cells constituent at its center and anti-
inflammatory in neighboring tissue [47]. Granuloma shows some extent of variation
in its pattern of organization. The essential constituents of granulomas are
macrophages, which are predominated centrally, and their function is to remove
the pathogen via phagocytosis. The activated macrophages possess an abundant,
pale, eosinophilic cytoplasm so that adjacent macrophages form a continuous sheet,
parallel to the surface epithelium due to indistinct margins and are called as epitheli-
oid cells and granuloma is called as epithelioid cell granuloma. These cells fuse to
form a multinucleated giant cell. There are two types of giant cells in TB. One is the
Langhans type in which nuclei are organized in the periphery, and the cytoplasm is at
the center and exhibited a rosette-like structure [48]. Other is the foreign-body type
of giant cells where nuclei do not show regular arrangements. In immunological-
induced granulomas, lymphocytes cells are more prominent. Eosinophils are other
types of inflammatory cells that form the granuloma. The entire granuloma
undergoes fibrosis, hyalinization, calcification, and even ossification, indicating the
presence of necrosis in the center. The histopathological abrasion of TB is the
example of a necrotizing epithelioid cell granuloma [49]. Galen observed tubercles
in various animals (tubercle, Latin tuberculum—a diminutive of a tuber, small
swelling) in the condition known as hydrops thoracis.

Mtb has numerous adaptive strategies to endure within host macrophages by
destructing the phagosome pathways [50]. Bacterial cell wall possesses varied lipid
contents such as sulfated glycolipid (SL), dimycocerosate phthiocerol (DIM), treha-
lose dimycolates (TDM), mannose capped lipoarabinomannan (Man-LAM),
lipoarabinomannan (LAM), and phosphatidylinositol mannoside (PIM) that contrib-
ute to its virulent activity. PIM and LAM apprehend the fusion of phagosomes and
acidification, thereby hindering the phagosome pathway [51, 52]. TDM and SL
check the lysosomes fusion [53]. DIM contributes toward the development of
permeability barriers and inhibition of acidification [54]. Several factors are evident
to render individuals susceptible to or associated with high chances of TB, resulting
in a decrease in immunity [55].

Primary TB is a disease caused byMtb in a person having no previous exposure to
infection. Recent research in the field of TB has revealed that granulomas are the
vital abrasion in both types of TB. The most primitive basis of primary TB was laid
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by Marie-Jules Parrot in 1876. When the perceptive of TB was based on several
assumptions, primary TB was explained in terms of the Parrot law, which states that
“pulmonary TB does not exist in the child without the involvement of the tracheo-
bronchial gland.” In 1896, George Kuss states that pathology of TB was due to
aerogenous infection, which is understood as primary TB in his monograph. But his
thoughts did not get much attention. In 1907, Eugene Albrecht extended the concept
of primary TB from childhood to adult TB, and Hans Albrecht in 1909 established
the interpretation of Kuss and convoluted on Parrot law. This work created the bases
of the examination of Anton Ghon [56]. Primary TB defends the host by the
production of effectual systemic immunity to check disseminated infection. It is an
infection that arises with an inadequate person’s immunity, which restricts and
manages pathogens in granulomas. It produces a variety of infection states that
vary from disseminated TB in persons with HIV, miliary TB, and pulmonary
granulomas that arise characteristically in extremely young, immunologically
naive, old, and in immunosuppressed persons. The infection can spread to lymph
nodes via lymphatics or the bloodstream and other organs too. This infection can be
controlled within weeks, and the abrasion heals in the immunocompetent group.
Primary TB protects the individual effectively from dissemination via the production
of systemic immunity, which has become the “central dogma” of immunity mediated
through granulomas, macrophages, and production of IFN-γ. Lesions of primary TB
can reappear when immunosuppression decreases T-cell-mediated immunity. In
primary TB, there is a unit encompassing the focus and infected lymph nodes,
identified as the primary complex of the Ranke, which consists of intervening
lymphatics between the lesion and the lymph nodes. The center of primary infection
in the lung is generally subpleural, in the middle portion of the lower lobe or lower
portion of the middle lobe, called Ghon’s focus. Therefore, the unit of Ghon’s focus
and the draining tracheobronchial lymph nodes is the Ghon’s complex [57].

Postprimary TB characteristically commences only after primary TB and gener-
ally arises due to endogenous reactivation, that is, in a person who is previously
exposed to bacterial infection. Postprimary TB produces cavities where pathogen
undergoes multiple divisions and finally escapes to the environment by evading and
distorting systemic immunity. A little is known about the mechanisms behind the
pathology of postprimary TB. The bacteria, by some mean influence the host for
early penetration and are able to survive in alveolar macrophages. The bronchioles
ensnared the mycobacterial antigen and lipids in the region of alveolar macrophages
and finally get obstructed. The infiltration gradually extends through bronchi and to
the other region of the lung. It can revert or go through necrosis to turn into caseous
pneumonia to produce cavities through fragmentation or may retain to develop into
the focus of fibrocaseous disease [58]. Patients having immune responses measured
via TST are the ones who are most likely to develop clinical disease. It was described
by most of the pathologists via X-rays in preantibiotic era. In 1920s, it was known as
Assmann’s focus regarded as the appearance of “raisin on a stem.” In 1990s, CT
scans displayed better and coined the word “tree-in-bud,” indicating the distinctive
characteristics of pulmonary TB. In recent years, it has been long established by
using CT and PET-CT in South Africa and Latvia [59–61]. The location of
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postprimary TB is apical and subapical, and byMedlar, this area is considered to be a
vulnerable region [62].

Pulmonary TB was evident with four distinctive phases ensuing mycobacterial
infection. Each of these phases is indomitable by the homeostasis between bacillary
factors and the immune system of the host [63]. Following inhalation of pathogen,
alveolar macrophages ingest the bacterial pathogens and destroy them through
phagocytosis. Bacilli continue to divide by evading initial destruction by phagocy-
tosis. The ability of macrophages to destroy the pathogen depends on their intrinsic
microbicidal capacity. The second phase is manifested by the logarithmic phase
representing the growth of the pathogen within host. It is characterized by the
recruitment of monocytes and other inflammatory cells to the lungs. Monocytes
differentiate into macrophages but fail to eliminate the pathogen. The pathological
sites are accompanied by antigen-specific T cells that activate the monocytoid cells,
which undergo differentiation into giant cells, epithelioid cells, and multinucleated
Langhans cells. This is a third stage characterized by granuloma formation,
preventing the propagation of bacilli and walling off the infection from infected
person. This stage of latency disturbs under conditions of falling immune surveil-
lance followed by endogenous reactivation of infection characterized by the termi-
nation of necrosis.

5.2.2 Cell Types Involved in TB

The stability between the bacilli and the magnitude of the immune response is
elicited by host maintained through protective immunity against the pathogen.
Numerous immune system cells are involved not only to eliminate the bacterial
infection but also to maintain the steady-state control over the spread and prevention
of the disease concerning granuloma formation. An innate and adaptive immune
response is involved as antitubercular immunity at various levels throughout
infection.

The primary defensive barrier against pathogen is respiratory tract epithelial cells
[64]. Nonhematopoietic epithelial cells play a vital role in defense by secreting
antimicrobial molecules, enzymes, peptides, cytokines, chemokines, and growth
factors. All these molecules lead to the commencement of innate immune response
that is significant in control of infection [65, 66]. Airway epithelial cells are the
primitive cells encountering pathogen after inhalation and play an important role in
the recognition and internalization of the pathogen after its binding within the host
[67]. These cells possess pattern recognition receptors like RIG-1, TLRs, NOD, and
C-type lectins, additionally, surfactant’s proteins that attach to cell wall of the
pathogen [68–70]. Upon recognition, pathogen stimulates the cytokines, including
GM-CSF, IFN-γ, TNF-α, IL-6, IL-10, and chemokines, such as MCP-1, IP-10, IL-8,
IL-27 [71–75], via activation of signaling pathways, thus leading to activation of
various cell types including phagocytes, lymphocytes, and polymorphonuclear
leukocytes to the pulmonary region [76]. These epithelial cells play a vital function
in the production of adaptive immunity toward infection by expressing major
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histocompatibility complex-1 molecules and, thus, stimulating IFN-γ production
[77]. These cells possess both innate and adaptive immunity against pathogens
throughout infection. In a case study, it has been found that the introduction of a
pathogen cannot lead to infection at all times. In epidemic area, in TST, half of the
exposed individuals certainly do not get infected and become negative to the test,
and in the IFN-γ release test, half of the individuals remain positive due to lack of
Th1-type adaptive immunity against pathogen [78].

Neutrophils are the primary immune cells having a significant role in the innate
and acute inflammatory response [79]. These cells produce antimicrobial enzymes,
such as matrix metalloproteases, lactoferrin, α-defensins, and lipocalin, which limit
the survival of pathogen within phagocytic cells followed by phagocytosis, thereby
restraining the survival of pathogen. Upon stimulation, they secrete chemokines and
proinflammatory cytokines to elicit the immune responses [80]. Natural killer cells
are a well-known cellular component of innate immunity that act through the
production of different cytokines [81, 82]. In acute infection, these cells possess
increased cytotoxicity, production of IFN-γ and TNF-α, and upregulation of
NKD2D/NKp46 [83–85]. They exhibit lysis of infected macrophages, monocytes,
and pathogen-expanded T regulatory cells, thus inducing the production of γδ-T cell
and IFN-γ [86, 87]. These cells possess low cytotoxicity, less IFN-γ production, and
reduced expression of NKp30 and NKp46 in a patient affected with active TB
[88, 89]. Natural killer T cells are the cells expressing both natural killer cells and
T-cell markers having effector and regulatory functions [90, 91]. These cells provide
protection against TB infection in both mouse and human models [92]. It has been
found that patient with active TB possesses dysfunctional natural killer cells
with augmented expression of inhibitory agent, that is, PD-1 [93]. Another study
displayed that natural killer cells during ex vivo antigen stimulation secrete TNF-α,
IFN-γ, IL-17, IL-2, and IL-21 [94, 95]. T-regulatory cells are a unique type of T cell
that exhibit CD4+ cells expressing CD25 to suppress the other T cells via contact-
dependent and contact-independent cytokine-mediated pathways. They are recruited
at the infectious site via CCR1 and CCR4 chemokine receptors and secrete IL-10
and TGF-β that exhibit a suppressive effect on activated T cells [96]. γδ T cells
provide primary protection against pulmonary TB and form a linkage between innate
and adaptive immunity. These cells are recruited to the infectious site in the early
phase of infection and induce IFN-γ and IL-17 [97]. The frequencies of these cells
are increased at the lungs in active TB [98]. Mucosa-associated invariant T (MAIT)
cells originate from thymus and are prevalent mostly in the blood as well as mucosal
sites in humans. These cells are secreted during stimulation by vitamin B metabolites
found in bacteria and elicit an immune response via cytokine production like IFN-γ
and TNF-α and also produce cytotoxic granules liable for cell lysis [99, 100]. Due to
the absence of MAIT cells in mice, the mycobacterial load is higher upon infection
[101]. MAIT cells migrate to infectious site from periphery. Thus, the frequency of
these cells in infected individual is significantly reduced in peripheral blood, but a
higher number is available in the lungs [102]. Innate lymphoid cells (ILC) have
emerged from an ID-2-dependent lymphoid progenitor cell that exhibits the first line
of defense against pathogen and immune homeostasis. These cells have exhibited to
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elicit the barrier function between epithelium of lungs and tissue homeostasis in the
area of the respiratory tract [103]. On the basis of expression of surface markers,
effector cytokines, and transcription factor, there are three types, namely ILC1,
ILC2, and ILC3, that exhibit phenotypic and functional heterogeneity [104]. They
have appeared as a new member of the innate counterparts of T-helper lymphocytes.
It has been found that ILC population significantly decreased in drug-susceptible and
drug-resistant TB infection. The level of ILC1 and ILC3 was restored during the
treatment of drug-susceptible TB but not ILC2. ILC population displays a high level
of CD69, CD25, and CCR6 (activation markers). These findings revealed that the
intonation of ILC population possibly has a pathogenic and defensive role during
infection. These cells possibly shape the victory and letdown of Mtb for causing a
long-term infection via active adaptive immunity [105]. The interaction of the
pathogen with different cell types such as epithelial cells, endothelial cells,
adipocytes, and neurons frequently elicit immune response to conquer the disease
conditions [106]. It has been found that the effect of drugs in a patient with MDR-TB
was enhanced by daily low-dose administration of recombinant IL-2 due to immune
system activation [107]. There is a need for implementation of a new strategy by
changing the chemokines and cytokines balance so as to modulate the immune
response. Administration of heat-killed preparation of other mycobacteria along
with chemotherapy could enhance the immune response [108]. Immunopotentiation
with adjuvant therapeutic vaccination exhibits an improved Th1 immunity in an
infected patient. Thalidomide and pentoxifylline have been found to save the patient
via inhibition of TNF-α. Levamisole is widely used in TB because of its action as
IL-2 and IFN-γ inhibitor [109].

5.2.3 Transcriptional Regulations

Antibiotics have the potential to activate or inhibit the gene expression in bacteria.
Gene expression profile can provide information about a pathogen and its capability
to escape from the effect of antibiotics. Further, these also assist in scrutinizing the
functioning of the pathogen during drug treatments. Transcriptional response in
Mycobacterium toward antibiotics consists of the whole-genome array to access
the effect of various types of drugs, drugs in combination, and growth factors
[110]. It also permits access to the genes that are differentially expressed in both
drug-sensitive and drug-resistant isolates. Thus, profiling of genes possibly will
become a novel strategy for improving the efficacy of drugs. The drugs are classified
based on the mechanism of action like inhibitors of DNA gyrase, translation,
transcription, or cell wall biosynthesis. Drugs like isoniazid, ethionamide,
thiolactomycin, and cerulenin display a similar type of expression, that is, inhibition
of fatty acid and mycolic acid synthesis, with Kas operon induction (acpM-kasA-
kasB-accD6), thus, encoding fatty acid synthase enzyme in the FAS II system and
efpA gene that encodes for efflux transporters [111]. Pretomanid (PA-824) acts on
bacterial cell wall as well as on respiratory complexes. During phase-III clinical trial,
pretomanid displayed accumulation of methylglyoxal, a toxic metabolite which is
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responsible for the action [112]. Chelerythrine, a natural compound isolated from
roots of Chelidonium majus, exhibits antimycobacterial activity via inhibition of
translation. Upon treatment with this compound, there is a reduced expression of
gene Rv0467 encoding an enzyme, namely isocitrate lyase, that mediates the
conversion of isocitrate into succinate and glyoxylate, which is needed for growth
and virulence ofMtb [113, 114]. Capreomycin, a peptide produced by Streptomyces
capreolus, binds to 16S rRNA and 23S rRNA for inhibition of protein synthesis.
Despite their role in inhibition of protein synthesis, it also activates the genes that
encode Rv2416c and Rv1988, which promote the survival of pathogen inside the
macrophages [115]. Linezolid, an antibiotic from the class of oxazolidinone, inhibits
translation via binding to ribosomal subunit. It regulates the expression of 729 genes,
which are involved in virulence, cell wall permeability, protein synthesis, and sulfite
metabolism [116, 117]. Kanamycin, a second-line drug for the management of
MDR-TB, interferes with protein synthesis by binding to 30S subunit of ribosome.
It is evident from the literature that around 98 genes are upregulated and 198 genes
are downregulated during its treatment [118]. The upregulated genes exhibit a
variety of functional role like virulence, cell wall, and cellular processes, and
PE/PPE family and downregulated ones are responsible for the metabolism of lipids
[119]. Ra3160 and Ra3161 are the upregulated genes responsible for the growth of
pathogen under the stress-induced condition as well as antimycobacterial tolerance
and are reactive to kanamycin [120]. Vancomycin, a member of the glycopeptide
family, inhibits the production of peptidoglycan, a chief constituent of the bacterial
cell wall [121]. Upon vancomycin treatment, there is an augmented expression of
genes like Rv2623 and chaperons encoding genes (hsp and htpX) which mediate
oxidative stress response. Rv2623 is acknowledged for controlling the growth of
bacteria and switch to latency through the ATP-dependent pathway. Adjuvant
therapy with an inhibitor of Rv1152, a negative regulator of vancomycin-responsive
genes, is recommended due to its high minimum inhibitory concentration (MIC)
[122, 123]. Cycloserine, ethambutol, and isoniazid promote the transcription of
whiB2, a transcriptional regulator that interrupts the formation of the cell wall
[124, 125]. β-lactam antibiotics inhibit the synthesis of peptidoglycan, thereby
disrupting the biosynthesis of cell wall. Mtb is resistant to β-lactam via
β-lactamases formation [126]. Bedaquiline (TMC-207) is a recently approved
antitubercular drug to combat MDR-TB. It acts by inhibiting the ATP synthase of
mycobacteria [127, 128]. The transcription factors like Rv0324 and Rv0880 have a
crucial role in regulating the bedaquiline response. Bacteria become oversensitive to
bedaquiline by an interruption in these two genes through knock out. It has been
evident that inhibition of Rv0880 regulation possibly induces the killing of bacteria
due to bedaquiline potentiated by pretomanid [129, 130]. AX-35 is an
arylvinylpiperazine amide that activates the cydABCD operon and thus hinders the
cytochrome. C oxidase activity of Mtb [110], where CydA and CydB encode for
terminal oxidase and cydCD encodes for transporters required for oxidase assembly.
Rifampicin, a first-line antitubercular drug, binds to the β-subunit of RNA polymer-
ase and interferes with transcription. It has been demonstrated in the most patients
that Mtb becomes resistant to rifampicin due to mutation in RpoB gene [131].
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The transcriptomic response in resistant strains has been explored by profiling of
genome expression. Gene expression in both drug-sensitive and drug-resistant
strains is entirely different and shows a discrepancy among diverse clinical strains
with stable drug resistance profile [132–134]. In MDR strains, genes like EsxG,
EsxH, RpsA, ESX-1, and rpmI are upregulated and lipF, groES, and narG are
downregulated. Among all, EsxG–EsxH is a considerable protein responsible for
the virulence of bacterial infection [132]. It has been demonstrated that genes like
emb for cell wall synthesis, rpl for protein synthesis, sig and rpoB for transcription
are downregulated and genes involved in efflux transporters and transcriptional
machinery for stress response are upregulated, thus upregulation of efflux pumps
elicit expulsion of antibiotic drugs which possibly will lead to resistance
for antitubercular drugs [135]. In another study regarding XDR-TB, it has been
found that expression of ethA gene is downregulated due to mutation in a promoter
region, not because of repression of transcription by ethR [136]. In two XDR strains,
the transcriptional response toward the drugs like isoniazid, ethionamide, and
rifampicin has been studied and found that about 92 drug resistant genes are
overexpressed in these strains which involve regulatory genes like Rv3676 and
SenX3–RegX3, MprA–MprB, MtrA–MtrB, two-component regulatory system
[3, 133].

Resistance against bacteria develops via mutations within the gene [137]. There is
the vast majority of genes that have been associated with resistance. Within these
genes, two main mechanisms coupled with resistance of drugs are the modification
of targets and a defective enzyme that catalyze the formation of active drugs from
prodrug. The underlying mechanism behind the resistance is hindered by limitations
in the drug susceptibility test [138]. The result for the phenotypic susceptibility test is
dichotomous, that is, Mtb is either prone or resistant to drug dosage, and these tests
are standardized for isoniazid, rifampicin, and ethambutol. But the genotypic test
might be unsuccessful to recognize a mutation within a phenotypically resistant
isolate. The mutation can be of three types like companion, causal, compensatory, or
stepping-stone. Assays are designed to detect drug resistance based on causal
mutation. Therefore, it is crucial to identify the specific mutation responsible for
drug resistance. Current research work are going on to identify resistance-allied
mutation as well as to determine drug resistance at a faster rate than drug susceptibil-
ity test. In this direction, whole genome sequencing approach along with routine
diagnostic workflows can be beneficial to identify drug resistance early while
eliminating the phenotypic drug susceptibility at the same time [139–142].

5.3 Current Treatment

Current treatment options for TB compose of different facets, which are described as
follows.

BCG is developed from live strains of Mycobacterium bovis which is utilized as
an attenuated vaccine to prevent TB infections; it was developed by Calmette and
Guérin. In 1921, BCG was first administered to humans, and it is highly effective to
treat the severe forms of TB. It is a widely used vaccine in the world and
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administrated to over three billion individuals, especially for routine newborn
immunization [143]. The vaccine has active ingredients like antigen and also has
small amounts of other ingredients like salts of potassium, sodium, magnesium, and
nontoxic stabilizer, that is, glycerol. It is effective against severe forms of TB like TB
meningitis in children. The use of BCG vaccine against TB has been encouraged by
the United Nations International Children’s Emergency Fund, WHO, and Scandina-
vian Red Cross Societies [144]. This vaccine is not often administrated to a person
having age more than 16 years because it does not work appropriately. However, it is
administrated to a person having age in between 16 and 35 who are at increased risk
of TB infection in the course of their work like healthcare workers. Vaccination is
done via injection in the upper arm of person and usually leaves a small scar at the
site of injection [145]. It has been evident that the efficacy of the vaccine against TB
is found to be up to 80% [146, 147]. The cause of this variability in its efficacy is not
clearly understood. The efficacy of the vaccine in infants and children below the age
5 to protect from severe form of TB is found to be in the range of 50–80% [148]; thus
in children, vaccination is associated with protection fromMtb [147]. Later on, it has
been found that TB mortality and morbidity are high in children below the age 5;
thus, BCG vaccination is considered to be invaluable in this age group [149]. Meta-
analysis reveals that the phase of defense is usually up to 10 years as effectiveness of
vaccine declines with time [150]. It is uncertain that the present vaccination treat-
ment approaches contribute toward the management of TB epidemic, as it is
administrated at birth and improbably extends its defense to the stage of
adolescence [151].

The currently available vaccine has possessed a protective immunity against TB,
although the exact mechanism behind it is not well illuminated. This current regimen
is focused on the prevention of active TB disease from rising in infected persons who
cannot hold illness on their own as LTBI. A vaccine possibly will help the individual
to prevent the establishment of infection [152]. The bacterial infection is transmitted
by adolescents and adults, so the development of new vaccines is focused on
vaccines intended for adolescents and adults. This vaccine is not suggested to
HIV-affected individuals as it is effective in infants up to some extent. Modeling
study revealed that a vaccine might aid to prevent active TB disease during the first
two decades in adolescents and infants [153]. In another study, it has been found that
vaccines aimed at adolescents and adults possibly improve consequence of TB
burden than vaccine target at infants globally over the time 2024–2050, and such
vaccines are considered to be comparatively cost-effective [154]. A vaccine must
work in a way that is expected to acts totally independent of drug targets and work
uniformly against both drug-sensitive and drug-resistant strains of Mtb. The devel-
opment of vaccine faces different hurdles like lack of support from biopharmaceuti-
cal companies, economic barriers, scientific barriers, lack of predictive animal
model, lack of investment in research, and development of TB. Regardless of
these shortcomings, about 13 vaccines are presently being tested in clinical patients
and are under global pipelines in order to treat TB infections. VPM 1002 (recombi-
nant BCG) and MTBVAC (live-attenuated Mtb) are under clinical trials to prevent
active TB disease in infants. Vaccae (heat-inactivated, whole-cell Mycobacterium
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vaccae), RUTI (detoxified, fragmented Mtb), and ID93+GLA-SE (adjuvanted
recombinant protein expressing Mtb antigens Rv3620, Rv3619, Rv2608, and
Rv1813) are under different clinical trials for prevention of active TB disease in
individuals with LTBI, adjunctive immunotherapy in individuals with LTBI, and
management of active TB disease reappearance in recently cured patients, respec-
tively. H1 or H56:IC31 (adjuvanted recombinant protein expressing Mtb antigens),
M72/ASO1E (adjuvanted recombinant protein expressing Mtb antigens 32A and
39A), DAR-901 (whole-cell, inactivated nontuberculous Mycobacterium), H4:IC31
(adjuvanted recombinant protein expressingMtb antigens Ag85B and TB10.4), Ad5
Ag85A (human adenovirus 5, viral vector expressing Mtb antigen Ag85A),
ChAdOx1-85A/MVA85A (chimp adenovirus/modified Vaccinia Virus Ankara, a
viral vector heterologous prime–boost expressing Mtb antigen Ag85A), MVA85A/
MVA85A (modified Vaccinia Virus Ankara, a viral vector intradermal followed by
aerosol; prime–boost vaccine), and TB/FLU-04L (influenza A virus, viral vector) are
under different phase of clinical trial for the control and prevention of TB disease in
LTBI and uninfected individuals [153].

As per WHO reports, it has been revealed that about 80% of active TB patients
are infected with Mtb strains every year. These patients are completely prone to all
existing antibiotics and the rest of the patients to resistant strains (5.3% MDR and
13.3% isoniazid monoresistant) [145, 155, 156]. In 2014, around 1.9 million
individuals developed drug-resistant TB, so there is an exigency of longer and
efficient treatment schedules for patients with MDR-TB. Lists of drugs which are
used to treat TB are represented in Table 5.1 [157–161].

WHO treatment regimen for LTBI includes 6 to 9 months treatment of isoniazid,
3 months treatment of rifapentine and isoniazid, 3 to 4 months treatment of isoniazid
and rifampicin, or rifampicin alone [156]. Populations with isoniazid monoresistant
strains were given a regimen containing rifampicin. It is a very effective treatment,
but patient compliance can be reduced during the long-term treatment [162].

The present treatment regimen for drug-sensitive TB comprises minimum of
6 months of treatment of isoniazid, rifampicin, pyrazinamide, and ethambutol for
the initial 2 months, which refers to as the early phase of treatment. It is followed by
the continuation phase involving 4 months treatment of isoniazid and rifampicin.
Efficacy of treatment is monitored from time to time via different TB diagnostic
tests. The standard regimen has higher efficacy and high success rate [153].

The most common monitoring approach for TB is directly observed therapy
(DOT), where health professional supervised each and every dose of treatment
schedule. Various alternative methods regarding DOT are being attempted presently
to improve observance, which include the use of call centers to follow-up with
patients, smart pillboxes, and video DOT. It seems to be fundamental to utilize team-
based technologies, which integrate counseling, education, and patient
empowerment [163].

To minimize disease transmission and reducing drug resistance, timely diagnosis
and initiation of an effectual treatment against active drug-resistant TB disease are
very significant [164]. The current TB therapies for drug-resistant TB include
administration of drugs like fluoroquinolones (levofloxacin, moxifloxacin, and

5 Tuberculosis 103



Ta
b
le

5.
1

P
ha
rm

ac
ol
og

ic
al
ov

er
vi
ew

of
an
ti-
T
B
dr
ug

s

S
.N

o.
N
am

e
of

dr
ug

(a
bb

re
vi
at
io
n)

R
ou

te
D
os
e
re
gi
m
en

M
od

e
of

ac
tio

n
S
id
e
ef
fe
ct
s

F
ir
st
-l
in
e
an
tit
ub

er
cu
la
r
dr
ug

s

1.
Is
on

ia
zi
d
(I
N
H
)

O
ra
l,

in
tr
am

us
cu
la
r,

or
in
tr
av
en
ou

s

5
m
g/
kg

fo
r
ad
ul
ts
,1

0–
20

m
g/

kg
fo
r
ch
ild

re
n

In
hi
bi
ts
fa
tty

ac
id

sy
nt
he
si
s
vi
a

in
hi
bi
tio

n
of

In
hA

,N
A
D
H
-

sp
ec
ifi
c
en
oy

l-
ac
yl

ca
rr
ie
r
pr
ot
ei
n

re
du

ct
as
e

P
sy
ch
os
is
,c
om

a,
m
en
ta
l

co
nf
us
io
n,

co
nv

ul
si
ve

se
iz
ur
es
,

an
d
pe
ri
ph

er
al
ne
ur
op

at
hy

2.
R
if
am

pi
n
(R
IF
)

O
ra
lo

r
in
tr
av
en
ou

s
10

m
g/
kg

,b
ut

no
te
xc
ee
d
ab
ov

e
60

0
m
g/
da
y

B
in
ds

to
β-
su
bu

ni
to

f
R
N
A

po
ly
m
er
as
e
an
d
in
hi
bi
ts

tr
an
sc
ri
pt
io
n

H
ep
at
iti
s,
re
na
l
fa
ilu

re
,h

em
ol
yt
ic

an
em

ia
,a
nd

th
ro
m
bo

cy
to
pe
ni
a

3.
P
yr
az
in
am

id
e

(P
Z
A
)

O
ra
l

20
–
25

m
g/
kg

/d
ay

or
50

–
70

m
g/

kg
th
ri
ce

a
w
ee
k

C
el
lu
la
r
ac
id
ifi
ca
tio

n
H
ep
at
ot
ox

ic
ity

,s
ev
er
e
ex
an
th
em

a,
an
d
ac
ut
e
ar
th
ri
tis

in
go

ut
y

in
di
vi
du

al
s

4.
E
th
am

bu
to
l

(E
T
H
)

O
ra
l

15
–
25

m
g/
kg

/d
ay

In
hi
bi
ts
sy
nt
he
si
s
of

ce
ll
w
al
l
vi
a

ac
tin

g
on

ar
ab
in
os
yl

tr
an
sf
er
as
es

H
ep
at
ot
ox

ic
ity

an
d
op

tic
ne
ur
op

at
hy

5.
R
if
ab
ut
in

(R
IF
A
B
)

O
ra
l

30
0
m
g/
da
y

B
in
ds

to
β-
su
bu

ni
to

f
R
N
A

po
ly
m
er
as
e
an
d
in
hi
bi
ts

tr
an
sc
ri
pt
io
n

H
ep
at
iti
s,
di
ar
rh
ea
,

th
ro
m
bo

cy
to
pe
ni
a

6.
S
tr
ep
to
m
yc
in

(S
T
R
)

In
tr
av
en
ou

s
or

in
tr
am

us
cu
la
r

1
g/
da
y

B
in
ds

to
th
e
co
ns
er
ve
d
A
re
gi
on

of
16

S
rR
N
A
of

30
s
ri
bo

so
m
al

su
bu

ni
t
an
d
in
hi
bi
ts
tr
an
sl
at
io
n

N
eu
ro
to
xi
c
re
ac
tio

ns
lik

e
pe
ri
ph

er
al
ne
ur
iti
s,
op

tic
ne
rv
e

dy
sf
un

ct
io
n,

co
ch
le
ar

an
d

ve
st
ib
ul
ar

dy
sf
un

ct
io
n,

ar
ac
hn

oi
di
tis
,a
nd

en
ce
ph

al
op

at
hy

S
ec
on

d-
lin

e
an
tit
ub

er
cu
lo
si
s
dr
ug

s
(A

)
F
lu
or
oq

ui
no

lo
ne
s

7.
G
at
ifl
ox

ac
in

(G
A
T
I)

O
ra
lo

r
in
tr
av
en
ou

s
40

0
m
g/
da
y

In
hi
bi
tio

n
of

A
T
P
-d
ep
en
de
nt

en
zy
m
es

to
po

is
om

er
as
e
II
an
d
IV

D
iz
zi
ne
ss
,n

au
se
a,
he
ad
ac
he
s,
an
d

di
ar
rh
ea

8.
L
ev
ofl

ox
ac
in

(L
E
V
)

O
ra
l

50
0–

10
00

m
g/
da
y

In
hi
bi
tin

g
A
T
P
-d
ep
en
de
nt

en
zy
m
es

to
po

is
om

er
as
e
II
an
d
IV

H
ep
at
ot
ox

ic
ity

,j
oi
nt

pa
in
,t
en
do

n
ru
pt
ur
e,
ph

ot
ot
ox

ic
ity

,a
nd

pr
ol
on

ga
tio

n
of

Q
T
in
te
rv
al

104 S. Bhatt et al.



9.
M
ox

ifl
ox

ac
in

(M
O
X
I)

O
ra
lo

r
in
tr
av
en
ou

s
40

0
m
g/
da
y

In
hi
bi
tin

g
A
T
P
-d
ep
en
de
nt

en
zy
m
es

to
po

is
om

er
as
e
II
an
d
IV

D
ia
rr
he
a,
Q
T
c
pr
ol
on

ga
tio

n

10
.

C
ip
ro
fl
ox

ac
in

(C
IP
)

O
ra
l

15
00

m
g/
da
y

In
hi
bi
t
D
N
A

gy
ra
se

ac
tiv

ity
A
bd

om
in
al
di
sc
om

fo
rt
,

ae
ro
ph

ag
y,

di
ar
rh
ea
,a
no

re
xi
a,

tr
em

or
s,
an
d
m
oo

d
di
so
rd
er
s

11
.

O
fl
ox

ac
in

(O
F
L
)

O
ra
l

80
0
m
g/
da
y
bu

t
in

tw
o
di
vi
de
d

do
se
s

In
hi
bi
t
D
N
A

gy
ra
se

ac
tiv

ity
A
bd

om
in
al
di
sc
om

fo
rt
,

ae
ro
ph

ag
y,

di
ar
rh
ea
,a
no

re
xi
a,

tr
em

or
s,
an
d
m
oo

d
di
so
rd
er
s

(B
)
In
je
ct
ab
le
an
tit
ub

er
cu
la
r
dr
ug

s

12
.

K
an
am

yc
in

(K
A
N
)

In
tr
av
en
ou

s
or

in
tr
am

us
cu
la
r

1
g/
da
y

B
in
ds

to
th
e
co
ns
er
ve
d
A
re
gi
on

of
16

S
rR
N
A
of

30
s
ri
bo

so
m
al

su
bu

ni
t
an
d
in
hi
bi
ts
tr
an
sl
at
io
n

R
en
al
an
d
ei
gh

th
cr
an
ia
l-
ne
rv
e

im
pa
ir
m
en
t,
in
te
st
in
al
ob

st
ru
ct
io
n

13
.

A
m
ik
ac
in

(A
M
I)

In
tr
av
en
ou

s
or

in
tr
am

us
cu
la
r

1
g/
da
y

B
in
ds

to
th
e
co
ns
er
ve
d
A
re
gi
on

of
16

S
rR
N
A
of

30
s
ri
bo

so
m
al

su
bu

ni
t
an
d
in
hi
bi
ts
tr
an
sl
at
io
n

E
ig
ht
h
cr
an
ia
l
ne
rv
e
im

pa
ir
m
en
t

le
ad
in
g
to

he
ar
in
g
lo
ss
,l
os
s
of

ba
la
nc
e,
ne
ur
ot
ox

ic
ity

,a
nd

ne
ph

ro
to
xi
ci
ty

14
.

C
ap
re
om

yc
in

(C
A
P
)

In
tr
av
en
ou

s
or

in
tr
am

us
cu
la
r

1
g/
da
y

In
hi
bi
ts
tr
an
sl
at
io
n

L
eu
ko

pe
ni
a,
ne
ur
om

us
cu
la
r

bl
oc
ka
de
,a
ud

ito
ry

an
d
ve
st
ib
ul
ar

ot
ot
ox

ic
ity

,n
ep
hr
ot
ox

ic
ity

,
un

us
ua
l
bl
ee
di
ng

O
th
er

se
co
nd

-l
in
e
an
tit
ub

er
cu
la
r
dr
ug

s

15
.

P
ar
a-

am
in
os
al
ic
yl
ic

ac
id

(P
A
S
)

O
ra
l

8–
12

g/
da
y
in

2–
3
di
ff
er
en
t

do
se
s

In
hi
bi
ts
di
hy

dr
of
ol
at
e
re
du

ct
as
e

(D
H
F
R
)
in

fo
la
te
pa
th
w
ay

In
te
rf
er
es

w
ith

th
yr
oi
d
m
et
ab
ol
is
m

an
d
up

ta
ke

of
vi
ta
m
in

B
1
2

16
.

E
th
io
na
m
id
e

(E
T
A
)

O
ra
l

75
0
m
g/
da
y

In
hi
bi
ts
tr
an
sl
at
io
n
by

in
te
rf
er
in
g

w
ith

th
e
ac
tiv

ity
of

th
e
in
hA

ge
ne

of
M
tb
,t
he
re
by

pr
ev
en
tin

g
th
e

m
yc
ol
ic
ac
id

bi
os
yn

th
es
is
an
d

af
fe
ct
in
g
th
e
ce
ll
m
em

br
an
e
of

ba
ct
er
ia

M
et
al
lic

ta
st
e,
ab
do

m
in
al
pa
in
,

di
ar
rh
ea
,e
xc
es
si
ve

sa
liv

at
io
n,

st
om

at
iti
s,
an
or
ex
ia

(c
on

tin
ue
d)

5 Tuberculosis 105



Ta
b
le

5.
1

(c
on

tin
ue
d)

S
.N

o.
N
am

e
of

dr
ug

(a
bb

re
vi
at
io
n)

R
ou

te
D
os
e
re
gi
m
en

M
od

e
of

ac
tio

n
S
id
e
ef
fe
ct
s

17
.

C
yc
lo
se
ri
ne

(C
Y
S
)

O
ra
l

50
0–

75
0
m
g/
da
y

In
hi
bi
ts
al
an
in
e
ra
ce
m
as
e
(A

lr
,

co
nv

er
ts

L
-a
la
ni
ne

to
D
-a
la
ni
ne
)

an
d

D
-a
la
ni
ne
:D
-a
la
ni
ne

lig
as
e

(D
dl
)
w
hi
ch

sy
nt
he
si
ze
s
th
e

pe
nt
ap
ep
tid

e
co
re

us
in
g

D
-a
la
ni
ne
,

th
us

in
hi
bi
ts
th
e
fo
rm

at
io
n
of

pe
pt
id
og

ly
ca
ns
,i
nv

ol
ve
d
in

m
ai
nt
en
an
ce

an
d
bi
os
yn

th
es
is
of

ce
ll
w
al
l

N
eu
ro
lo
gi
ca
l
an
d
ps
yc
hi
at
ri
c

ad
ve
rs
e
ef
fe
ct
s

18
.

T
hi
ac
et
az
on

e
(T
A
C
)

O
ra
l

15
0
m
g/
da
y

In
hi
bi
ts
th
e
re
pr
od

uc
tio

n
of

ba
ct
er
ia

L
os
s
of

ap
pe
tit
e,
di
ar
rh
ea
,s
ki
n

ra
sh
es
,a
ch
in
g
jo
in
ts
/m

us
cl
es
,

cl
um

si
ne
ss
,t
in
gl
in
g/
bu

rn
in
g

se
ns
at
io
n
in

th
e
ha
nd

s
an
d
fe
et

19
.

C
la
ri
th
ro
m
yc
in

(C
L
A
)

O
ra
l

25
0–

10
00

m
g/
da
y

In
hi
bi
ts
tr
an
sl
at
io
n
by

bi
nd

in
g
to

th
e
50

S
ri
bo

so
m
al
su
bu

ni
t

D
ia
rr
he
a,
ab
do

m
in
al
pa
in
,r
as
h

20
.

L
in
ez
ol
id

(L
IN

)
O
ra
lo

r
in
tr
av
en
ou

s
60

0
an
d
40

0
m
g
in

ev
er
y
12

h
fo
r
se
ve
re

in
fe
ct
io
ns

an
d

un
co
m
pl
ic
at
ed

in
fe
ct
io
n,

re
sp
ec
tiv

el
y

B
in
ds

to
23

S
rR
N
A
an
d
in
hi
bi
ts

tr
an
sl
at
io
n
by

in
te
rf
er
in
g
w
ith

pr
op

er
bi
nd

in
g
of

fo
rm

yl
-

m
et
hi
on

in
e
tR
N
A

P
er
ip
he
ra
l
an
d
op

tic
ne
ur
op

at
hy

,
ac
id
os
is
,d

ia
rr
he
a

O
th
er

an
tit
ub

er
cu
la
r
dr
ug

s

21
.

B
ed
aq
ui
lin

e
(T
M
C
-2
07

)
O
ra
l

40
0
m
g/
da
y
fo
r
fi
rs
t
2
w
ee
ks
,

fo
llo

w
ed

by
20

0
m
g
th
ri
ce

pe
r

w
ee
k
fo
r
ne
xt

22
w
ee
ks

In
hi
bi
ts
c
su
bu

ni
to

f
A
T
P
sy
nt
ha
se

le
ad
in
g
to

in
ad
eq
ua
te
sy
nt
he
si
s
of

A
T
P

H
ep
at
iti
s,
di
ar
rh
ea
,h

em
op

ty
si
s,

ra
sh
,s
om

no
le
nc
e,
Q
T

pr
ol
on

ga
tio

n,
ar
th
ra
lg
ia
,

ph
os
ph

ol
ip
id
os
is

106 S. Bhatt et al.



22
.

D
el
am

an
id

(O
P
C
67

68
3)

O
ra
l

10
0
m
g
tw
ic
e/
da
y
fo
r
24

w
ee
ks

In
hi
bi
ts
m
yc
ol
ic
ac
id

sy
nt
he
si
s,

th
er
eb
y
pr
ev
en
tin

g
th
e
pr
od

uc
tio

n
of

m
yc
ob

ac
te
ri
al
ce
ll
en
ve
lo
pe

In
so
m
ni
a,
up

pe
r
ab
do

m
in
al
pa
in
,

ca
rd
io
to
xi
ci
ty

23
.

P
re
to
m
an
id

(P
A
-8
24

)
O
ra
l

20
0
m
g/
da
y

In
hi
bi
ts
bi
os
yn

th
es
is
of

m
yc
ol
ic

ac
id
,t
hu

s
bl
oc
ks

th
e
ce
ll
w
al
l

pr
od

uc
tio

n

In
cr
ea
se
d
liv

er
en
zy
m
es
,v

is
ua
l

im
pa
ir
m
en
t,
ab
no

rm
al
w
ei
gh

tl
os
s,

di
ar
rh
ea

24
.

S
ut
ez
ol
id

(S
T
Z
)

O
ra
l

60
0
m
g
tw
ic
e/
da
y
or

12
00

m
g/

da
y

In
hi
bi
ts
tr
an
sl
at
io
n

N
o
se
ve
re

ad
ve
rs
e
ev
en
ts
re
po

rt
ed

in
14

-d
ay

ea
rl
y
ba
ct
er
ic
id
al

ac
tiv

ity
tr
ia
l

5 Tuberculosis 107



gatifloxacin), aminoglycosides (kanamycin, amikacin, streptomycin, and
capreomycin), ethionamides, oxazolidinones (cycloserine and linezolid), nicotin-
amide analog (pyrazinamide), isonicotinic acid hydrazide (high-dose isoniazid),
amino alcohols (ethambutol), amino-phenol (para-aminosalicylic acid),
diarylquinoline (bedaquiline), nitro-dihydro-imidazooxazole (delamanid), and
thiosemicarbazone (thioacetazone). These treatment regimens are relatively long
with reduced efficacy and high toxicity. There is a need for continuous monitoring
of regular medical examination to determine toxicity-related parameters [165]. This
regimen is being used by various countries because of its promising result, and these
treatment guidelines were updated by WHO in May 2016 for active drug-resistant
TB. Although it is likely to give assistance to the majority of patients with active
MDR-TB, but resistance develops if it is taken inappropriately or without proper
drug sensitivity testing [166]. Due to increase in the number of TB patients, efficient
treatment regimens cannot be created or can fail. These cases of XDR-TB have been
present in numerous countries such as India, China, South Africa, and Russia. In
such cases, bedaquiline or delamanid treatment can be effective for these patients,
although there are challenges to compose an effective treatment option. Because of
limited access to these drugs, patients can remain therapeutically pitiable. Thus,
there are large numbers of patients who remain incurable with drug-resistant TB and
pose a major challenge for global TB control [153]. It has been evident that totally
drug-resistant strains emphasize two major issues: First, the development and
introduction of newly approved drugs did not take speed along with the appearance
of new drug-resistant strains. Second, the introduction of these drugs is due to an
elevated incidence of drug-resistant strains without considering the fundamental
causes of the appearance of these strains and the risk of amplifying resistance toward
anti-TB drug [167, 168]. Beyond the treatment regimen, surgery plays an important
role to manage drug-resistant TB. Surgical treatment is an effective treatment for
removing of affected area of the lung when treatment of drugs was not
successful [153].

Change in gene expression profiles due to antibiotics suggests a better under-
standing of the consequence of a drug on the functioning ofMtb that can be analyzed
by RNA sequencing to access the effect of target genes and underlying mechanism
of drug resistance. The genes that promote antibiotic resistance are known as
resistome [169]. Mtb can modulate their inherited expression to augment its growth
within the host, thus contributing toward drug resistance systems. The drugs that
target these resistance corridors can be used in combination with the preexisting
antitubercular drugs as adjuvant therapy [170]. Therefore, inactivating resistance
mechanisms [171] or efflux transporter inhibition [172] should be considered a better
ideology to improve the current TB therapy. Risorine, a dose combination of
rifampicin (200 mg), isoniazid (300 mg), and piperine (10 mg), with WHO approved
anti-TB regimen is used for the treatment of drug-susceptible TB patients who
developed gastrointestinal intolerance. This novel formulation is found to be much
effective against drug-susceptible pulmonary TB using piperine as bioenhancer that
has ability to inhibit the p-gp (efflux) transporters [173].
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Intervening approaches are adopted for the new regimen, as the development of
new drug is lengthy, costly, and uncertainty in results. These include the use of
current anti-TB drugs which have not been broadly prescribed, elevated doses of
existing antitubercular drugs, and “re-purposed” drugs. Re-purposed drugs are those
drugs which were initially developed for other diseases but prove to be efficient
against resistant TB like rifapentine [174, 175]. It has in vitro antimycobacterial
activity similar to rifampicin that has fivefold higher half-life. Additionally,
fluoroquinolones are a class of antibiotics that have excellent in vitro activity against
Mtb. It has similar effect as isoniazid in the early phase of treatment of drug-sensitive
TB. But later on, trials revealed that short fluoroquinolone-based regimens for the
period of 4 months might not accomplish similar effect as the standard 6 months
regimen [174].

The USFDA approved two drugs namely bedaquiline and delamanid for the
management of pulmonary MDR‑TB in adults [176]. In 2014, the European Com-
mission authorized both the drugs. Both the drugs act via novel mechanisms.
These drugs are very effective and have good “sterilizing” properties [177]. TB
drug pipeline is now the largest in terms of drug development with numerous early
TB drug discovery projects. This program has been supported by foundation of Bill
& Melinda Gates for collaborative drug discovery in the field of TB. These include
number of drugs, including CPZEN-45, TBI166, SQ609, SEQ-9, PBTZ169,
TBA-7371, Q203, BTZ-043, GSK-070 which are under different preclinical and
clinical phases [153].

HIV is an extreme challenge for global TB. It has been found that HIV-positive
patients showed 26-fold additional possibility to develop active TB disease than
HIV-negative persons. Positive individuals are at intense risk of progression of
infection to active disease [178]. Antiretroviral therapy (ART) has been confirmed
to decrease the incidence of active TB disease by giving immune reconstitution. To
reduce severe illnesses of TB among HIV-positive individuals, the combination
approach involves the use of ART and isoniazid treatment, which is an effective
one. Five percent to 40% of patients with TB are at the commencing of ART in the
area of sub-Saharan Africa [153, 179].

5.3.1 Drawbacks of the Current Treatment

Efforts are ongoing to control TB, as current TB treatment options are also
associated with some pitfalls, which are described below.

TB remains a serious health issue in industrialized countries having specific
socioeconomic factors. The main challenge is the early diagnosis of TB and its
growing pattern of resistance towards drugs. The early diagnosis, identification of
species, and treatment of the patient are necessary to reduce the rate of transmission
ofMtb and for the elimination of the disease. Also, there is a high risk of developing
active form of disease if a person has LTBI and, thus, requires early identification for
disease control. Conventional methods for diagnosis rely on medical record of
patient, TST, bacteriological examination, and chest X-rays. The TST is being
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used for TB diagnosis since 1910. It requires 48–72 h after administration of
tuberculin. The culture filtrate of tubercle bacilli results in formation of a protein-
purified derivative, which is the basis for this test. There are about 200 antigens
present both in bacilli BCG and in majority of non-TB bacteria. It displays low
specificity of the test and very less chances for the detection of LTBI. Error can take
place during test and thus can produce false results. Booster phenomenon can cause
false-positive results in subsequent TST. Also, immunocompromised patients or
illness can lead to false-negative results, including active TB [180]. As far as smear
microscopy is concern, Mtb grows slowly and specimens for TB microscopy and
culture get contaminated to varying degrees through growth of unwanted normal
flora. In such cases, microscopy and culturing become difficult. Also, the cell wall
contains high levels of mycolic acid making it hydrophobic in nature, thus causing
difficulty in staining mycobacterial cells. This results in poor sensitivity (36–43%) of
conventional smear microscopy [181]. Limitations in the culture techniques and
extensive research have led to advancement in diagnostic procedures. One such
example is the nucleic acid amplification (NAA) tests. Test could be performed
directly by taking sputum. In these tests, Mtb complex is identified by amplification
of target nucleic acid regions in both viable and nonviable bacilli. The two available
tests are the Amplifier Mtb Direct test and the Amplicor Mtb test. The specificity of
the test is very high in case of positive sputum smear. However, it has very low
sensitivity in the absence ofMtb. NAA tests require less time as compared to culture
of sputum for Mtb. In case of patients having suspicion of latent infection of the
disease, NAA tests show more accuracy than TST. In case of pulmonary TB, NAA
test results must be confirmed by sputum culture, but in case of extrapulmonary TB,
NAA test results have less sensitivity and specificity. Due to these limitations,
culture and sputum microscopy for TB diagnosis cannot be replaced by NAA
[180]. There are numerous immune-based tests developed for the improvement of
procedure for TB diagnosis. Serologic tests are based on the detection of the
antibody immune response towards bacteria. A specific genomic segment in Mtb
named RD-1 is identified, where CFP-10 and the ESAT-6 are the two proteins
also present. In patients having TB infection, T cell targets these proteins. On the
bases of antigen-specific T-cell reaction, there is development of new methods to
diagnose TB infection. After stimulation by Mtb antigens, T cells release IFN-γ,
showing more specificity as these are absent in BCG and non-TB mycobacteria
species [182–185]. There are two types of blood tests, namely the QuantiFERON-
TB and T-SPOT. The QuantiFERON-TB is developed in Australia in 1980 and is
based on whole blood enzyme-linked immunosorbent assay. USFDA has approved
the QuantiFERON-TB, and also there is a recommendation to replace TST. The US
guidelines make it compulsary for all persons who are suspected to have TB
infection for testing their blood, and if the results are positive, then the person is to
be considered as infected with Mtb. The T-SPOT test has been allowed in some of
the European countries under some circumstances. According to UK guidelines,
blood test should be done in case the TST is positive and in those people who are
suspected for false-negative TST. Speed and simplicity are the chief advantages of
these tests in comparison to microscopy. Along with this, these tests have a high

110 S. Bhatt et al.



sensitivity for detection of false-negative TST in persons with latent infection and
have the potential to discriminate false-positive TST in persons who are BCG
vaccinated. Although there are many benefits, these diagnostic tools show some
drawbacks also. The two tests show marked difference in terms of sensitivity. Thus,
additional studies are required for establishing the positive predictive value
[180, 186].

Drop out in TB patients have been observed during the diagnosis, before
initiating or commencement of treatment [187]. In case–control study for pulmonary
TB treatment, factors associated with noncompliance (patients who stopped treat-
ment for 30 days) were intended with adjusted and unadjusted odds ratio. Different
factors like age, income, education, race, HIV infection, drug use, smoking, and
treatment of drugs demonstrated considerable links with the dropout of TB treatment
in the unadjusted analysis. Smoking, drug use, income, and drug treatment are the
features allied with treatment dropout after the adjustments. However, race, age, HIV
infection, and education did not show significance. Incomplete treatment and
retreatment were about four times and two times higher in probability of dropping
out from TB treatment, respectively. It has also been demonstrated in an earlier study
that treatment dropout arises in the first 3 months of treatment. Even though it is very
complicated to expect which patient is improbable to hold, there is an urgency to
recognize the menace factors for noncompliance that could assist providers to
recognize individuals at an elevated risk for drop out [188]. Due to treatment
dropout, resistance builds up in the TB patients that have a negative impact on
controlling the diseases. Treatment of TB is long, complex, and potentially lethal,
and thus premature treatment discontinuation in patients is predictable. Thus, there is
a need to lessen the present length of its treatment, which exceeds more than
20 weeks. Improvement in treatment regimen, that is, treatment for shorter duration,
could potentially decrease the likelihood of drug resistance [189].

There are several extrinsic and intrinsic factors, viz. formulation, solubility, and
absorption that determine the bioavailability of drugs [190]. The presence of proxi-
mal phenyl ring in nitroimidazoles would be accountable for limited solubility of
drugs that ultimately affect its in vivo efficacy [191].

Patients are directed to take drug with food or juice to exclude the
gastrointestinal-linked adverse drug reactions of antitubercular drugs. The presence
of food decreases the pharmacokinetic exposure of isoniazid and rifampicin, while
pyrazinamide and ethambutol were unaffected [192, 193]. Food augments the time
of gastric emptying, declining the stomach motility. Dissolution and disintegration
profile influences the absorption in such a way that fatty food will not have any effect
on bioavailability if the release rate of formulation is less than 85% in 10 min [194].

There are numerous comorbidities associated with TB infection, such as diabetes
mellitus and HIV infection [195]. Concentrations of antitubercular drugs in serum
are considerably lower in HIV/TB coinfected patients. Absorption of fixed-dose
combination of drugs (rifampicin, isoniazid, pyrazinamide, and ethambutol) reduced
significantly in HIV patients when the CD4 cell count is below 200 cells/mm3 [196].

The fixed-dose combination treatment regimen for 6 months has a high success
rate but has several limitations. The most common side effects are mild increases in
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the level of liver enzymes like aspartate aminotransferase, alanine aminotransferase,
and total bilirubin, which possibly lead to jaundice asymptomatically and drug-
induced hepatitis [190, 197].

Uptake of standard treatment regimen leads to hematological-allied side effects.
A retrospective study involves two groups of total 560 patients where Group A
received fixed-dose combination for about 2 months and group B received single
formulation. Symptoms like thrombocytopenia, urticaria, and leucopenia were very
common in group A as compared to group B [190].

Improper use of medication might be the cause of resistance. Poor quality of
drugs, high bacterial load, and administration of rifampicin once, twice, or thrice
weekly in HIV patients, where CD4 cell count below 100 cells/mm3, and intake of
drugs without supervision lead to an increased risk of rifampicin resistance [190].

Rifampicin is first-line antitubercular drug. Rifampicin has property of
autoinduction as it also induces CYP3A4 isoforms. Single-dose oral treatment of
rifampicin for 3 weeks leads to decreased bioavailability of drug from 93% to 68%
[198]. Variable oral bioavailability, autoinduction of liver enzymes, and dose-
dependent side effects lead to patients drop out and consequently developing
resistance [199].

The factors that affect the bioavailability of drugs include crystalline form of
drug, its manufacturing process, and characteristics of excipients. All these factors
contribute toward the metabolism of rifampicin into 3-formyl rifamycin SV at low
pH and are assisted by isoniazid. Rifampicin is an important part of fixed-dose
combination, and its low bioavailability leads to low efficacy, therapeutic failure,
and build-up of drug resistance [200]. Flavonoid glycoside from Cuminum cyminum
enhanced the plasma concentration and area under curve of rifampicin by 35% and
53%, respectively [201]. Bedaquiline, a new class of antitubercular drug
metabolized by cytochrome P4503A4 (CYP3A4), is used to treat MDR-TB. Rifam-
picin, being strong inducer of CYP3A4, can lead to a decrease in oral pharmacoki-
netic exposure of bedaquiline [202]. The other drawbacks associated with current
treatment regimen include consequences of quality on success rate, undeniable
requisition of DOTS, a prerequisite of therapeutic drug monitoring, nonsuperiority
of fixed-dose combination over single formulation, and troublesome dose
adjustment [190].

5.3.2 Future Directions in Therapeutics

There are about 7000 peptides that exist in nature and have an important function in
sustaining the physiology of human beings, including actions like growth factors,
neurotransmitters, hormones, and ion channel ligands. These are highly selective and
specifically bind to cell surface receptors like G-protein-coupled receptors or ion
channels as signaling molecules and thereby, triggering intracellular response.
Peptides have emerged as novel therapeutic agents and also have excellent safety,
tolerability, and efficacy profiles in clinical trials. About 140 peptide-based thera-
peutics are presently being evaluated in clinical trials [203].
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In spite of various alternate approaches have ensued to fight against TB,
antitubercular therapeutic peptides are emerging as the foremost alternative due to
their distinctive mechanism of action and immunomodulation properties. These
peptides are synthesized naturally, which comprises of a number of amino acids,
exhibiting a possible activity against Mtb.

There are several human immune cells that are associated with
antitubercular peptides to be used as therapeutics. Cathelicidins are small cationic
antimicrobial peptides that exhibit protective function against pathogens due to the
presence of conserved sequences. It displays cathelin domain at N terminus and
variable domain at C terminus. N-terminal domain is associated with intracellular
storage of cathelicidins [204]. The peptides like hCAP18 are produced by triggered
neutrophils and epithelial cells, and then secreted into extracellular environment.
These undergo cleavage by proteinase-3 into LL-37, a C terminus of hCAP18 and
finally taken up by the neutrophils. These exogenous addition and endogenous
expression of LL-37 are responsible for inhibition of survival of pathogen within
host via nicotinamide adenine dinucleotide phosphate oxidase 2-dependent process.
LL-37 also activates autophagy pathways stimulated by vitamin D [205] and checks
the gene expression of autophagy-related pathways like beclin-1 and atg 5 via
activation of mitogen-activated protein kinase and C/EBP [206]. Defensins are
antimicrobial peptide of about 35 amino acid residues which have greatly conserved
sequences of cysteine domain. They display innate immune response against patho-
gen via a mechanism which does not require oxygen [207]. Based on the difference
in their structure, these are of three subfamilies, viz. α, β, and θ defensins. Gene
expression study reveals that α-defensins are upregulated in infected individual and
exhibit antitubercular effect [208]. HBD-1 and HBD-2, human β-defensins have
antimicrobial activity. During infection, HBD-2 relocated to phagosomes and exerts
antitubercular property. Human neutrophil peptide-1 is most common member of
α-defensins subfamily which affects pathogen by forming pores in cellular mem-
brane [209, 210]. Granulysin is a glycoprotein of family saposin that acts on bacterial
membrane, leading to liposomes destruction and induction of apoptosis, hence
showed antitubercular activity [211].

There are also human nonimmune cells associated with antitubercular peptides.
Nonimmune cells like eosinophils, hepatocytes, and keratinocytes produce
antitubercular peptides to kill the pathogen. Hepcidins are peptides produced within
the liver. Iron is one of the important mineral required for survival of the pathogen.
Hepcidins check the survival of pathogen via binding to ferroportin (iron exporter) to
regulate iron transmembrane transport. It might restrict the growth of pathogens by
damaging the mycobacterial structure [212]. HCL2 is part of the helical structure of
cytochrome-C oxidase subunit 3, which shows similarity with ESAT-6 antigenic
protein. CFP10 complex and ESAT-6 disintegrate the structure of the cell wall and
restrict its growth within host [213]. Ubiquitin-derived peptide is posttransitional
modification of peptide where ubiquitin as a signal molecule is responsible for the
destruction of proteasome [41]. It is present inside lysosomes and restricts the
survival of pathogen. Autophagy involves the fusion of lysosomes and phagosome
containing pathogen, which leads to the delivery of ubiquitin to lysosomes

5 Tuberculosis 113



[214]. Ub2 is well-known ubiquitin-derived peptide which acts on both bacterial
membrane and its cytoplasm, thus exerting antimicrobial property [215].

Research works are also directed toward bacteria associated with antitubercular
peptides. Bacteriocins are peptides which are produced by both Gram-positive and
Gram-negative bacteria having antitubercular activity. In Gram-negative bacteria,
they are categorized into small peptides (microcins) or larger proteins (colicins). In
Gram-positive bacteria, bacteriocins are divided into two classes, such as lantibiotics
and the nonlantibiotics, and both are thermostable. The lantibiotics are the peptides
containing varied amino acid sequences with unique thioether-based ring structures.
These include Nisin, thuricin CD, subtilin, and lacticin 3147. Nisin is a protein
produced by Lactococcus lactis containing 34 amino acid sequences approved by
USFDA as safe food additives. It decreased the gradient of proton motive force in
bacteria and exerted an inhibitory effect on the growth of bacteria. It is found that
nisin at the concentration of 2.5 mg/mL inhibits the growth ofMycobacterium bovis
BCG [216]. Lacticin 3147 produced by Lactococcus lactis hinders the formation of
cell wall and then binds to precursor of peptidoglycan, thus producing pores in the
cell membrane of bacteria [217]. Nocardithiocin, a distinctive antibiotic produced by
strain IFM 0757 of Nocardia pseudobrasiliensis, was active against sensitive and
resistant strains with MIC of 0.025 mg/mL. The nonlantibiotics are peptides
containing 25–60 amino acids, such as class-II bacteriocins produced by lactic
acid bacteria [218].

Research works are undergoing for fungus-derived antitubercular peptides. Fungi
are potential sources of lead bioactive compounds. There are a number of peptides
that are produced by fungi with greater biotechnological potential to restrict the
growth of bacteria. Calpinactam, antimycobacterial hexapeptide, produced by
Mortierella alpina inhibits the growth of bacteria by disturbing the cell wall biosyn-
thesis, and its MIC is found to be 12.5 mg/mL [219]. Trichoderins,
aminolipopeptides, isolated from marine fungus of Trichoderma inhibits the growth
of bacteria by encumbering the mode of ATP synthesis. They displayed
antimycobacterial activity against active and dormant bacilli at the concentration
of 0.02–2.0 mg/mL [220]. Bisdethiobis is a methylsulfanyl apoaranotin, a bioactive
peptide produced by Aspergillus terreus BCC 4651 that inhibits the growth of Mtb
H37Ra with MIC value of 1.56 mg/mL. Cordycommunin produced by fungus
Ophiocordyceps communis BCC 16475 restricts the survival of Mtb H37Ra with
MIC of 15 mM [221].

Research works are also directed for venom-derived antitubercular peptides. It
has been revealed that reptile or arthropod venom is associated with anti-TB activity.
Venom of snake is a mixture of proteins and bioactive polypeptides. Due to their
divergent physiological and pharmacological effects, the proteins are of greater
biological significance, thus representing an important tool for the development of
drugs [222]. vgf-1 produced by Naja atra displays a significant activity against
MDR strain with MIC of 8.5 mg/L [223]. Bhunia et al. demonstrate that venoms
isolated from Daboia russelli russelli, Naja naja, Naja kaouthia, and Bungarus
fasciatus also possess activity against MDR-TB strains [224]. Pandinin 2, an antimi-
crobial peptide isolated from scorpion, Pandinus imperator venom that possess
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proline residue at the center and forms a “kink”. It is associated with pore-forming
activity and thereby, attributes to its antimicrobial activity [225].

5.4 Perspective

WHO has taken promising steps toward “ending the global TB epidemic” by 2030
through setup of concrete milestones and targets. Overall progress is happening
toward the set direction but speed has to be improved to achieve the goal. In this
present scenario of TB treatment, it should be worth mentioning about the
followings: Correct and timely diagnosis with the availability of advance techniques
is required. Proper and complete treatment should be monitored/done at an afford-
able cost of medicines. Vaccination can be a viable option to prevent TB, but further
research is needed to develop an effective vaccine for all age groups. Drug discov-
ery/development should be directed to new chemotype that should be active against
both susceptible and resistant strains and have lesser drug–drug interaction potential,
minor toxicity, shorter treatment regimen, and preferably administered through oral
route. Ongoing research works on peptide-based therapeutics, immunotherapeutics,
and novel targeted dosage forms can open up the window for effective mitigation
of TB.
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Lung Cancer: Pathophysiology and Current
Advancements in Therapeutics 6
Prabhu Thirusangu and V. Vigneshwaran

Abstract

Lung cancer, a highly invasive, rapidly metastasizing and prevalent cancer, is the
top killer malignancy in both men and women in the United States of America
(USA), Europe, United Kingdom (UK), and developing Asian countries. Lung
cancer causes more deaths per year than the next four leading cancers (colon/
rectal, breast, pancreas, and prostate) together in the United States. However, over
the last two decades, we have observed enhanced outcomes that are mostly
attributable to initial detection, improved efforts in tobacco control, amended
surgical approaches, and the development of novel targeted therapies. At present,
there are numerous novel therapies in clinical practice, including those targeting
actionable mutations and more lately immunotherapeutic drugs. Immunotherapy
signifies the most noteworthy step forward in eliminating this deadly disease.
This chapter highlights the major advances in treatments with therapeutic intent,
systemic targeted therapies, comforting care, and early detection in lung cancer.
We discuss the fundamental research that reinforces these new technologies/
strategies and their current position in clinical practice.
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Abbreviations

DNMTs DNA methyltransferases
HDAC Histone deacetylases
NSCLC Non-small-cell lung cancer
PD-1 Programmed cell death receptor 1
PD-L1 Programmed cell death receptor ligand 1
SCLC Small-cell lung cancer

6.1 Introduction

The fundamental abnormality resulting in the development of cancer is the continual
unregulated proliferation of cancer cells. Rather than responding appropriately to the
signals that control normal cell behavior, cancer cells grow and divide in an
uncontrolled manner, invading normal tissues and organs and eventually spreading
throughout the body. At the cellular level, the development of cancer is viewed as a
multistep process involving mutation and selection for cells with progressively
increasing capacity for proliferation, survival, invasion, and metastasis [1]. William
Osler, in his 1912 edition of his classic textbook of medicine, stated that “primary
tumors of the lung are rare” [2]. But today, lung cancer is the commonly diagnosed
malignancy and the leading cause of cancer death in the world. It has been
transformed from a rare disease into a global problem and public health issue. The
etiologic factors of lung cancer become more complex along with industrialization,
urbanization, and environmental pollution around the world [3, 4].

Sir Austin Bradford Hill is a pioneering epidemiologist who established the link
between smoking and lung cancer. By the mid-1940s, the rate of lung cancer was
increasing at epidemic proportions, but the cause was unknown. Austin Bradford
Hill and Richard Doll designed a comprehensive epidemiological study to investi-
gate the effects of a wide variety of exposures that were new at that time, which
included automobile exhaust, road tars, atmospheric pollution, and cigarette smok-
ing. Doll and Hill found cigarette smoking as a single most cause that was correlated
with the higher incidence of lung cancer. This landmark study concluded that
smoking as a potent carcinogen in 1950s [5–7]. Even today, lung cancer continues
to be an unabating pandemic. One in ten tobacco smokers develops bronchogenic
carcinoma over a lifetime. Unless further reductions in the prevalence of cigarette
smoking are achieved over the next decade, lung cancer is predicted to remain as an
all too common, but avoidable, disease [8, 9].

Lung cancer, although highly preventable, is usually diagnosed at an incurable
stage. Chemotherapy is playing an increasingly important role alongside surgery and
radiation therapy in the management of this disease [10]. Despite the efficacy of
chemotherapeutic drugs, an important factor for the failure of many agents is the
primary or acquired resistance to therapy. This is inexplicably explained by
intratumoral heterogeneity that includes genetic mutations, interactions with the
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microenvironment, and the presence of cancer stem cells [11]. Therefore, future
advances in understanding and treating lung cancer will be based on genetic
analysis.

This review will focus on the epidemiology, etiologic factors contributing to the
development of the lung cancer, biology of the disease, and the current treatment
modalities. As last decade has witnessed rapid advances in the immune checkpoint
inhibitors, this review will also summarize the modern advancements in the immu-
notherapy and targeted therapies.

6.1.1 Epidemiology/Morbidity

Lung cancer has been the most common cancer worldwide since 1985, in terms of
both incidence and mortality. Globally, lung cancer is the largest contributor to new
cancer diagnoses (1,350,000 new cases and 12.4% of total new cancer cases) and
cancer deaths (1,180,000 deaths and 17.6% of total cancer deaths) [12, 13]. Lung
cancer rates vary around the world, reflecting geographical differences in tobacco
use and air quality. They also vary substantially by sex, age, race/ethnicity, and
socioeconomic status [4].

There has been a large relative increase in the numbers of lung cancer cases in
developing countries. Approximately half (49.9%) of the cases now occur in devel-
oping countries, whereas in 1980, 69% of cases were in developed countries. The
estimated numbers of lung cancer cases worldwide have increased by 51% since
1985 (a 44% increase in men and a 76% increase in women) [12, 13]. Epidemiologi-
cal studies of lung cancer among nonsmoking men are few. A study indicated that
occupational carcinogens and indoor radon may play a role in some lung cancers in
nonsmoking men [14].

6.1.2 Etiology of Lung Cancer

Harting and Hesse in 1879 reported the first description of occupational lung cancer.
They reported the association between lung cancer and work in the Schneeberg
mines in Germany. Subsequent studies early in twentieth century indicated high
levels of radon gas found in the mines and an etiologic connection between radioac-
tive gas exposure and development of lung carcinogeneis [15].

In research carried out over the last half of the twentieth century, many factors
were causally associated with lung cancer, and studies were implemented to identify
determinants of susceptibility to these factors. The major risk factor for lung cancer
is smoking that accounts for 75–80% of lung cancer-related deaths. It is identified as
the single most predominant cause of the lung cancer epidemic. But other important
causes include workplace agents (e.g., asbestos, arsenic, chromium, nickel, and
radon) and other environmental factors (passive smoking, indoor radon, and air
pollution) [8]. Smoking increases lung cancer risk five- to tenfold with a clear dose–
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response relationship. Exposure to environmental tobacco smoke among
nonsmokers increases lung cancer risk about 20% [16].

Apart from the smoking and chemical agents, viral infections also play vital part
in the development of lung cancer. Large-cell lymphoepithelial lung carcinoma, a
rare variant of large-cell carcinoma, is associated with the Epstein–Barr virus.
Human papillomaviruses (HPV) have also been associated with the development
of lung cancer. There are notable geographical differences, however. In Germany,
maximum HPV detection rates of 4.2% have been reported, whereas in certain
regions of Asia, these were as high as 80% [17, 18].

6.2 Pathophysiology of Lung Cancer

6.2.1 Biology of the Disease

Lung cancer arises from the cells of the respiratory epithelium. It is divided into two
broad histologic classes, which grow and spread differently: small-cell lung
carcinomas (SCLCs) and non-small-cell lung carcinomas (NSCLCs) (Table 6.1)
[13, 19, 20]. Small-cell lung cancer (SCLC) is a highly malignant tumor derived
from cells exhibiting neuroendocrine characteristics and accounts for 15% of lung
cancer cases. Non-small-cell lung cancer (NSCLC), which accounts for the
remaining 85% of cases, is further divided into three major pathologic subtypes:
adenocarcinoma, squamous cell carcinoma, and large-cell carcinoma. Adenocarci-
noma alone accounts for 38.5% of all lung cancer cases, with squamous cell
carcinoma accounting for 20% and large-cell carcinoma accounting for 2.9%
[13, 19, 21].

Table 6.1 Classification of lung tumors

S. No. Type

Percentage of
all lung
cancers Anatomic location

Non-small-cell lung carcinoma

1 Squamous cell lung
cancers (SQCLC)

25–30% Arise in main bronchi and advance to the
carina

2 Adenocarcinomas
(AdenoCA)

40% Arise in peripheral bronchi

3 Large-cell
anaplastic
carcinomas (LCAC)

10% Tumors lack the classic glandular or
squamous morphology

Small-cell lung carcinoma

1 Small-cell lung
carcinoma cancers
(SCLC)

10–15% Derive from the hormonal cells; disseminate
into submucosal lymphatic vessels and
regional lymph nodes almost without a
bronchial invasion
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6.2.1.1 Small-Cell Lung Cancer
Small-cell lung cancer (SCLC) is an aggressive cancer of neuroendocrine origin,
which is strongly associated with cigarette smoking. Patients typically present with a
short duration of symptoms and frequently (60–65%) with metastatic disease
[22]. Compared with non-small-cell lung cancers (NSCLC), SCLC is characterized
by a rapid doubling time and early, widespread metastases. Consequently, most
patients (60–70%) will have extensive-stage (ES) disease at the time of diagnosis
(defined as cancer that has spread beyond the ipsilateral lung and regional lymph
nodes and cannot be included in a single radiation field) [23].

6.2.1.2 Non-Small-Cell Lung Cancer
Clinically, non-small-cell lung cancer (NSCLC) accounts for around 85% of total
lung cancers, with adenocarcinoma (AC; 40%) and squamous cell carcinoma (SCC;
30%) representing the major sub-histotypes. Lesions containing both AC and SCC
features are classified as adenosquamous carcinoma (ASC; 0.4–4%), a rare disease
with poor prognosis [24–26].

6.2.2 Molecular Epidemiology of Lung Cancer

Technologic advances over the last 20 years have allowed for the investigation of the
molecular mechanisms underlying susceptibility to lung cancer and provided the
necessary tools for molecular epidemiology studies. Susceptibility differences may
be inherited in the form of low-frequency, high-penetrance genes or high-frequency,
low-penetrance genes or may be acquired through epigenetic mechanisms such as
methylation, with likely genetic heterogeneity [27]. New insights into lung carcino-
genesis have made the study of molecular markers of risk possible in human
populations in the emerging field of molecular epidemiology. Recent data have
addressed the relationships of human lung cancer to polymorphisms of phase I
procarcinogen-activating and phase II deactivating enzymes and intermediate
biomarkers of DNA mutation, such as DNA adducts, oncogene and tumor suppres-
sor gene mutations, and polymorphisms [9].

Malignant cells are well documented to reprogram their metabolism and energy
production networks to support rapid proliferation and survival in harsh conditions
via mutations in oncogenes and inactivation of tumor suppressor genes
[27, 28]. Lung cancer cells often harbor mutations in genes and pathways, such as
the PI3K (phosphoinositide-3-kinase)-AKT-mTOR (mammalian target of
rapamycin) pathway, the oncogenes RAS, c-MYC, and HIF-1 (hypoxia inducible
factor), and the tumor suppressor gene TP53 (tumor protein) [28].

The epigenome consists of heritable modifications of DNA, histones, and chro-
matin that may act to modulate gene expression independently of DNA coding
alterations. Epigenetic changes such as global DNA hypomethylation, regional
DNA hypermethylation, and aberrant histone modification, each influence the
expression of oncogenes and lead to the development and progression of tumors.
Crucially, epigenetic dysregulation, unlike genetic mutations, may be reversed by
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selectively targeted therapies. Epigenetic modifications that may be readily targeted
with currently available therapies include regional DNA hypermethylation and
histone hypoacetylation with hypomethylating agents and histone deacetylase
inhibitors (HDI), respectively.

6.3 Current Treatment Modalities

Treatment options for lung cancer include surgery, radiation therapy, chemotherapy,
and targeted therapy. Therapeutic modalities recommendations depend on several
factors, including the type and stage of cancer. The diagnosis of the malignancy is
done by chest radiography, sputum cytology, bronchoscopy, needle biopsy, and
other techniques. Drugs targeting ALK, ROS, and the EGF and VEGF pathways
have been particularly beneficial for patients with nonsquamous NSCLCs. However,
we have learnt that—after dramatic initial responses—the long-term effects of the
target cancer therapies are limited mainly by acquired resistance. So, searching for
new therapeutic options always warrants efforts [10, 29].

6.3.1 Surgery and Radiation

Surgical resection remains the single most consistent and successful treatment of
choice for early stage, localized lung tumors. For this option to be feasible, the
cancer must be completely resectable, and the patient must be able to tolerate the
proposed surgical intervention (Table 6.2) [30–32]. Lobectomy has been the gold
standard for the resection of early-stage NSCLC since the Lung Cancer Study Group
trial results were published in 1995. But approximately 25% of patients with early-
stage NSCLC are not candidates for lobectomy, the preferred surgical procedure,
because of severe medical comorbidities [33].

Although there were no differences in perioperative morbidity or mortality
between the groups, patients with limited resection (either wedge resection or
segmentectomy) experienced a significantly higher incidence of disease recurrence,
perhaps because of occult nodal metastases, which may be present in 4–20% of
patients undergoing resection of clinical stage I lung cancer [33, 34]. Wedge resec-
tion is a nonanatomic resection in which interlobar and parenchymal (N1) lymph

Table 6.2 Types of lung surgery to treat NSCLC

S. No. Type of surgery Description

1 Pneumonectomy Removal of the entire lung

2 Segmentectomy or wedge
resection

Surgery involving the removal of the section
of lobe.

3 Lobectomy Surgical removal of the entire lobe

4 Sleeve resection or sleeve
lobectomy

Lobe of the lung and a part of the bronchi are
removed
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nodes are not typically obtained for pathologic analysis. In contrast, both
segmentectomy and lobectomy are anatomic lung resections in which these nodes
are identified and removed for a more accurate pathologic staging. The 3- and 5-year
overall survival rates after open lobectomy have been shown to be approximately
82% and 66%, respectively [30, 31].

Nowadays, minimal-access surgical procedures are expanding the applicability of
surgical resection to patients of marginal operability. Video-assisted thoracic surgery
lobectomy provides a less invasive method of accomplishing the oncologic resection
with long-term survival rate [32, 35]. After surgery, adjuvant chemotherapy is
prescribed to lower the risk of recurrence in patients with lymph node involvement
[29, 36].

6.3.1.1 Radiation Therapy
Radiotherapy is the most important nonsurgical modality for the curative treatment
of cancer. High-energy radiation damages genetic material (deoxyribonucleic acid,
DNA) of cells and thus blocking their ability to divide and proliferate further.
Although radiation damages both normal cells as well as cancer cells, the goal of
radiation therapy is to maximize the radiation dose to abnormal cancer cells while
minimizing exposure to normal cells, which is adjacent to cancer cells or in the path
of radiation. Radiation therapy remains an important component of cancer treatment
with approximately 50% of all cancer patients receiving radiation therapy during
their course of illness; it contributes towards 40% of curative treatment for cancer
[37, 38].

6.3.1.2 Stereotactic Body Radiation Therapy (SBRT)
SBRT is a complex radiation technique that requires not only sophisticated treatment
planning and delivery systems but also a radiation oncologist proficient in SBRT
procedures. The fundamental difference between SBRT and conventional radiation
therapy is the utilization of substantially larger doses during each treatment session.
For comparison, a conventional daily dose of radiation therapy is 2 Gy, which is
typically given 5 days a week for approximately 6 weeks. A typical SBRT course for
stage I NSCLC consists of 1–5 treatments over a 1- to 2-week time period with daily
doses of 10–34 Gy. Not only is SBRT more convenient for patients because of the
shorter treatment duration, but also the larger doses make SBRT more biologically
potent and lead to high rates of local tumor control. Indeed, prospective studies have
consistently shown 3-year local control rates of approximately 90% with SBRT for
stage I NSCLC [30]. Most patients tolerate SBRT exceptionally well. Mild fatigue,
lasting for 1–2 weeks after treatment completion, is common [30, 39].

6.3.2 Chemotherapy and Immunotherapy

Despite great effort in encouraging screening or, at least, a close surveillance of high-
risk individuals, most of lung cancers are diagnosed when already surgically
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unresectable because of local advancement or metastasis. In these cases, the treat-
ment of choice is chemotherapy, alone or in combination with radiotherapy [29].

Chemotherapy is also the only palliative, systemic treatment for metastatic
tumors. Finally, chemotherapy is the treatment of choice for patients who, regardless
of tumor stage, are not eligible for lung resection because of their respiratory and/or
general status. Thus, overall, more than 80% of newly diagnosed lung cancer
patients receive chemotherapy, alone or in combination with radiotherapy. The
combination of carboplatin and paclitaxel has long been the most common first-
line therapeutic regimen prescribed for NSCLCs. Docetaxel, gemcitabine,
vinorelbine, irinotecan, and topotecan combinations have also shown some promise
[10]. However, in the last few years, NSCLC treatment has been dramatically
changed by the FDA approval of many new target therapies (Table 6.3).

6.3.2.1 Immunotherapy
Several seminal events in modern immunology set the stage for the translation of
immunologic concepts into effective immunotherapies for cancer [40]. Dysfunc-
tional tumor immune interactions leading to immune evasion are key events in
tumorigenesis and metastasis [41]. Vital factors related to immune escape include
the lack of strong cancer antigens or epitopes recognized by T cells, minimal
activation of cancer-specific T cells, poor infiltration of T cells into tumors,
downregulation of the major histocompatibility complex on cancer cells, and
immunosuppressive factors and cells in the tumor microenvironment [42]. The
clinical goal of tumor immunotherapy is to provide either passive or active immunity
against malignancies by harnessing the immune system to target tumors [43]. The
very recent approval of drugs targeting the PD-L1/PD-1 pathway has been a
groundbreaking advancement especially for the treatment of squamous NSCLCs.
Physiologically, PD-1 is expressed on regulatory and cytotoxic-activated T cells.
Binding of PD-L1 to its receptor inactivates the T cells, a key mechanism to limit
immune responses [44]. PD-1 is highly expressed on many tumor-infiltrating
lymphocytes, but cancer cells often overexpress PD-L1, so blocking the immune
attack against themselves. This has provided a strong rationale for the development
of drugs targeting the PD-1 pathway. Indeed, drugs blocking the binding of PD-L1

Table 6.3 List of latest FDA-approved therapeutic drugs for NSCLCs [29]

S. No. FDA-approved drugs Target protein Category

1 Crizotinib ALK-1
ROS1

First-line therapy

2 Afatinib EGFR
HER2

First-line therapy

3 Bevacizumab VEGF First-line therapy

4 Ceritinib
Alectinib
Brigatinib

ALK-1 Second-line therapy

5 Osimertinib EGFR (T790M) Second-line therapy

6 Ramucirumab VEGFR2 Second-line therapy
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to its receptor, such as nivolumab and pembrolizumab, enhance immunity against a
wide variety of cancers, including NSCLC [29].

6.3.3 Epigenetic Therapy

The involvement of epigenetic alterations in the evolution of different cancers has
led to the development of epigenetics-based therapies, mainly targeting DNA
methyltransferases (DNMTs) and histone-modifying enzymes [45].

6.3.3.1 DNA Methyltransferase Inhibitors: Single-Agent Studies
Decitabine and 5-azacytidine are cytosine analogues that act to inhibit DNMT and
consequently DNA methylation. Decitabine is a deoxyribonucleotide that is directly
incorporated into DNA, thus inhibiting DNA methylation, whereas azacytidine is a
ribonucleotide precursor that has approximately 10% of the potency of decitabine.
Although their regulatory approvals to date have been in hematologic malignancies,
several clinical trials of single-agent therapy have been conducted in solid tumors
that included NSCLC [46].

Between 1972 and 1977, 103 patients with NSCLC received single-agent
azacytidine on seven different solid tumor clinical protocols; however, efficacy
proved extremely limited with an objective response rate of only 8%. Similarly,
more than 200 patients with NSCLC have been enrolled on clinical trials of single-
agent decitabine with only two objective responses reported. These disappointing
initial findings have led further to the investigation of combinatorial therapies, in
particular concurrent epigenetic therapy with HDIs [46].

6.3.3.2 Histone-Modifying Enzymes
Two HDIs have been FDA approved to date, vorinostat (SAHA) and romidepsin
(depsipeptide), for use in cutaneous and peripheral T-cell lymphomas. It is unknown
at present whether the strategy of using highly selective agents is better than broader
targeting of multiple HDAC isoforms in lung cancer. HDIs have been demonstrated
to have a multitude of anticancer effects, including causing G1 cell-cycle arrest via
activation of p21 and decreasing cyclin expression, ultimately leading to the activa-
tion of apoptotic pathways. Additional effects include downregulation of checkpoint
kinase 1, suppression of proangiogenic and matrix remodeling genes, and activation
of T cells and natural killer cells by upregulating MHC classes I and II, CD80/CD86,
and MICA/MICB. Clinically, the use of single-agent HDIs in patients with previ-
ously treated advanced NSCLC has yielded disappointing results with disease
stabilization rather than objective response being the main effect. Although HDI
monotherapy does not seem to be a successful strategy in NSCLC, there is promise
that when combined with demethylating agents, the multitargeting approach may
have more activity [45, 46].
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6.4 Drawbacks of the Current Treatment

Survival rate after a lung cancer diagnosis has changed little, with overall 5-year
relative survival rate increasing only slightly from 12.4% for 1974–1976 diagnoses
to 15.0% for 1996–2002 diagnoses. This slight improvement in survival rate reflects
limited advances in screening and treatment for lung cancer (Table 6.4) [47].

6.4.1 Surgical Morbidity

Although surgery remains the successful treatment of choice for the treatment of
lung cancer, surgical morbidity is one of the undesirable outcome in the current
treatment. The incidence of major morbidity after surgery, which includes a com-
posite of cardiopulmonary outcomes such as pneumonia, respiratory failure,
myocardial infarction, and unexpected returns to the operating room, is approxi-
mately 9%.

6.4.2 Radiation Toxicity

Although the functional and structural tolerance of normal tissue to radiotherapy is
contextual, studies of cell and tissue response to ionizing radiation have led to an
improved understanding of the pathogenesis of radiation toxicity. Recent radiobiol-
ogy research suggests that normal tissue injury is a dynamic and progressive process.
The deposition of energy results in DNA damage and changes in the microenviron-
ment through chemokines, inflammatory cytokines, fibrotic cytokines, altered cell–
cell interactions, influx of inflammatory cells, and the induction of reparative and
restorative processes (Table 6.4) [37, 48].

Table 6.4 Adverse effects of radiation therapy

Type Duration Pathogenesis

Acute toxicity
This is usually observed in
rapidly proliferating tissues
such as skin, gastrointestinal
tract and the hematopoietic
system.

Occurs during or within
weeks of treatment.
Usually reversible and not
generally considered dose-
limiting.

Example: bone marrow
suppression, dermatitis,
mucositis, cystitis, proctitis,
and hair loss.

Late toxicity
Late effects typically occur in
more slowly proliferating
tissues, such as kidney, heart
and central nervous system.

Occurring 6 months to many
years later.
As late side effects can be
permanent, they provide the
basis for dose constraints to
radiation toxicity.

Fibrosis, hormone
deficiency, infertility,
vascular damage, and second
malignancy.
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Despite recent great advances in the identification of novel targetable genetic
lesions and in the development of new drugs, lung cancer is still the leading cause of
cancer-related mortality: thus, one of the major human killers with a disappointing
5-year survival rate of 15% [29, 49]. It is, therefore, literally vital to search for new
drugs or to improve the current treatment protocols to increase efficacy, overcome
resistance, and reduce side effects.

6.5 Future Directions in Therapeutics

Epigenetic modifications play an important role in the development and progression
of NSCLC. Recent data on the use of gene methylation as a prognostic marker for
early-stage NSCLC are promising and may help to direct efforts toward targeted
epigenetic therapy as adjuvant therapy. On the basis of the results obtained in
NSCLC- and SCLC-derived cell lines and in tumor samples, a recent report
indicated CCDC6 as a biomarker for a more personalized lung cancer therapy [29].

Standard chemotherapeutic regimens have devastating effects on the patient’s
immune system. Recent developments in immunology indicate that
immunostimulatory perspectives have significant implications in the design of
dynamic immunotherapeutic strategies for treating malignancies such as lung can-
cer. Several plant-derived compounds such as flavonoids, polysaccharides, lactones,
alkaloids, diterpenoids, glycosides, and lectins have been reported to be responsible
for the immunomodulatory properties [50, 51]. Thus, future investigations
expediting molecular insights of immunopotentiating plant-derived compounds
would provide novel leads in the development of potent and safe cancer therapeutics.
Apart from the efficacy, specific immunomodulatory agents from plant origin also
possess potential to counteract the side effects and high cost of synthetic compounds.
Anti-tumor vaccines and dendritic cell-based therapies are recently emerging as
novel and potent inducers of immune response against the tumor.
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Acute Respiratory Distress Syndrome:
Therapeutics, Pathobiology, and Prognosis 7
Vigneshwaran Vellingiri, Prabhu Thirusangu, and Inshah Din

Abstract

Acute respiratory distress syndrome (ARDS) is a critical syndrome consisting of
acute respiratory failure, which is characterized by injury to the alveolar capillary
barrier that leads to the influx of protein-rich fluid infiltrates into alveolar spaces
and subsequent devastating lung fibrosis. This deadly respiratory condition can
be caused by various pulmonary (e.g., pneumonia, aspiration) or non-pulmonary
(e.g., sepsis, pancreatitis, trauma) injuries, leading to the development of
nonhydrostatic pulmonary edema. Despite various seminal events in the under-
standing of molecular mechanisms underpinning the ARDS, the armamentarium
of therapies aimed at the underlying pathology remains limited and highly
ineffective. ARDS has an enormous mortality rate of approximately 40%. Till
today, ARDS management remains mostly supportive with lung-protective
mechanical ventilation. Here, we deduce the recent advances in the understanding
of the biology of the disease, the diagnosis, and the treatment of ARDS. More-
over, this review also provides a historical background and highlights areas of
future perspectives in therapeutics.
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7.1 Introduction

The syndrome of acute respiratory distress (ARDS) is a life-threatening condition
that is characterized by intense lung inflammation, diffuse alveolar damage, progres-
sive micro-atelectasis, increased pulmonary vascular permeability, increased lung
weight, and loss of aerated tissue [1, 2]. ARDS was first described in 1967 by
Ashbaugh et al. [3] in a case series of 12 patients who shared the common features of
unusually persistent tachypnea and hypoxemia, opacification on chest radiographs,
and poor lung compliance, despite different underlying causes [2–4].

Following the initial description of acute respiratory distress syndrome (ARDS)
by Ashbaugh et al. in 1967, multiple definitions were proposed and used until the
1994 publication of the American-European Consensus Conference (AECC) defini-
tion. The AECC defined ARDS as the acute onset of hypoxemia (arterial partial
pressure of oxygen to a fraction of inspired oxygen [PaO2/FIO2] 200 mmHg) with
bilateral infiltrates on frontal chest radiographs, with no evidence of left atrial
hypertension. A new overarching entity—acute lung injury (ALI)—was also
described, using similar criteria but with less severe hypoxemia (PaO2/FIO2
300 mmHg) [5].

Initially, ARDS was described as an “adult” respiratory distress syndrome to
differentiate it from infant respiratory distress syndrome. Presently, this has been
changed to acute respiratory distress syndrome due to the fact that both adults and
children develop ARDS. Lung development increases linearly with age and height
until the adolescent growth spurt at 10 years in girls and 12 years in boys. Therefore,
there are significant differences between adult and child ARDS pathophysiology due
to remodeling, growth of the lung parenchyma, and progressive maturation of the
immune system [5–10]. Until recently, the most widely accepted definition was that
from the American European Consensus Conference (AECC) in 1994. The AECC
defined ARDS as the acute onset of hypoxemia with bilateral infiltrates on a frontal
chest radiograph, with no clinical evidence of left atrial hypertension (or pulmonary
artery wedge pressure of greater than or equal to 18 mmHg when measured) and a
P/F ratio of less than or equal to 200 mmHg. Acute lung injury (ALI) was also
defined using the same criteria but with a P/F threshold of 300 mmHg; thus, ARDS
was a subset of patients with ALI. Although this consensus definition better enabled
comparative studies of epidemiology and mortality and enrollment in clinical trials,
it was hampered by many limitations. Key among the limitations were the uncer-
tainty of timing of the insult leading to ARDS, confusion surrounding the ALI
category, ambiguity surrounding the use of P/F ratio relative to the application of
PEEP, which may modify this ratio, marked inter-observer variation in the interpre-
tation of chest radiography, and controversies in excluding volume overload or heart
failure as the primary cause of respiratory failure. The current Berlin definition of
ARDS addresses these limitations. It specifies an acute time frame for the develop-
ment of ARDS (within 1 week of known clinical insult or new or worsening
respiratory symptoms), stipulates minimum ventilator settings (PEEP of 5 cm H2O
or more), and clarifies chest radiography criteria as well as the adjudication of
respiratory failure from volume overload or heart failure. Furthermore, the Berlin
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definition removes the ALI term and classifies ARDS into three categories (mild,
moderate, and severe) to facilitate prognostication [11, 12].

Despite nearly five decades of study into ARDS, there are still no specific
therapies beyond low tidal mechanical ventilation to reduce the mechanical stress
placed on the injured lung. However, even with the advent of protective ventilation
ARDS, mortality has not significantly declined below 40% [12, 13].

7.2 Epidemiology/Morbidity

Various studies have attempted to identify the incidence, outcomes, and population
metrics of ARDS. But, the epidemiology of ARDS suffers from the lack of a true
diagnostic test. Despite standardized definitions, most are hampered by inter-
observer variability in ascertainment of cases, variations in validity of case
definitions, geographic differences in availability of medical resources such as
intensive care unit (ICU) beds, heterogeneity of risk factors among populations,
and problems with determining mortality that can be directly attributed to ARDS,
leading to inconsistencies of epidemiological measures [11].

The Large Observational Study to Understand the Global Impact of Severe Acute
Respiratory Failure (LUNG-SAFE) is the latest cross-sectional study that provides
data on the epidemiology of ARDS. Globally, ARDS accounts for 10% of intensive
care unit admissions, representing more than three million patients with ARDS
annually [11, 14]. Of the 12,906 patients who received mechanical ventilation,
23.4% fulfilled the Berlin definition of ARDS [11].

ARDS affects approximately 200,000 patients each year in the United States,
resulting in nearly 75,000 deaths annually, more than breast cancer or HIV infection
[15, 16]. Mortality from ARDS remains high, ranging from 35% to 46%, with higher
mortality being associated with greater degrees of lung injury severity at onset.
Survivors may have substantial and persistent physical, neuropsychiatric, and
neurocognitive morbidity that has been associated with significantly impaired qual-
ity of life, as long as 5 years after the patient has recovered from ARDS.

7.3 Cause/Symptoms

ARDS is characterized by impaired oxygenation and bilateral infiltrates on a chest
radiograph. It is caused by various conditions like pneumonia, burns, sepsis, trauma,
acute pancreatitis, aspiration, toxic inhalation transfusion, and cardiopulmonary
bypass surgery (Table 7.1) [1, 5, 6]. The clinical hallmarks are hypoxemia and
bilateral radiographic opacities, associated with increased venous admixture,
increased physiological dead space, and decreased lung compliance. The morpho-
logical hallmark of the acute phase is diffuse alveolar damage (i.e., edema, inflam-
mation, hyaline membrane, or hemorrhage) [5].

A variety of clinical risk factors have been associated with the development of
ARDS and fall into two broad categories: direct and indirect lung injury (Table 7.1).
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The symptoms of ARDS are potentially underrecognized by clinicians. Early
recognition and subsequent optimal treatment of patients with ARDS may be
facilitated by usage of biomarkers. Several biomarkers have been examined with
regard to their discriminatory ability for the diagnosis of ARDS (Table 7.2). Surfac-
tant protein D (SP-D) has been proposed as such a candidate. Lung inflammation and
injury affect the synthesis and secretion of SP-D from lung epithelial cells into the
systematic circulation [17–19]. Infants and children are vulnerable to severe respira-
tory insult as compared to adults. Therefore, adult-based clinical definitions and
parameters of ARDS are not applicable in pediatrics due to anatomic and physio-
logic differences. Pediatric acute lung injury consensus conference (PALICC),
defined the first pediatric-focused characterization of ARDS. In pediatric ARDS,
the oxygen index (OI) or oxygen saturation index defines the stratification of the
severity of the disease based on the oxygen deficit [20–23].

Table 7.1 Direct and
indirect etiological factors
contributing to ARDS

S. No Direct injury of the lung

1 Aspiration

2 Pneumonia

3 Inhalation injury

4 Drowning

5 Pulmonary contusion

S. No Indirect injury of the lung

1 Sepsis

2 Trauma-induced injury/Shock

3 Severe burns

4 Pancreatitis

5 Cardiopulmonary bypass

6 Drug overdose

7 Head injury

Table 7.2 ARDS
biomarkers [24]

Pathway Biomarkers

Endothelial Ang 1/2

vWF

VEGF

Epithelial RAGE

SP-D

KGF

Coagulation and fibrinolysis PAI-1

Inflammatory IL-1Beta

TNF-a

IL-8

IL-18

IL-10

sTNF-RI/II
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7.4 Pathophysiology of ARDS

ARDS, a clinical syndrome of noncardiogenic pulmonary edema, is characterized by
hypoxemia, radiographic infiltrates, decreased functional residual capacity, and
decreased lung compliance [5, 23].

The most common pathophysiology of ARDS are the following:

1. Disruption of pulmonary endothelial and alveolar epithelial integrity
2. Alveolar Epithelial injury and dysfunction
3. Disruption of Lung endothelial homeostasis
4. Inflammatory dysfunction
5. Surfactant dysfunction
6. Coagulation and fibrinolysis dysfunction

7.4.1 Disruption of Pulmonary Endothelial and Alveolar Epithelial
Integrity

Alveolar epithelial cells (AECs) collaboratively form a tight barrier between atmo-
sphere and fluid-filled tissue to enable normal gas exchange. The tight junctions of
AECs provide intercellular sealing and are integral to the maintenance of the AEC
barrier integrity [25]. The alveolar epithelium is coated with a thin layer of alveolar
wall liquid, which is necessary for dispersion of surfactant, transfer of gases, and
host defense against inhaled pathogens. Integrity of this barrier is critical for gas
exchange, and separation of the aqueous and gaseous compartments. Disruption and
failure of reconstitution of the AEC barrier result in catastrophic consequences,
leading to alveolar flooding with protein-rich edema fluid and subsequent
devastating fibrotic scarring. Cytokines (interleukin-1 [IL-1], IL-8, tumor necrosis
factor-a [TNF-a]) and lipid mediators (leukotriene B4) are attracted to alveoli and, in
response to these proinflammatory mediators, neutrophils are recruited into the
pulmonary interstitium and alveoli. The presence of protein, fibrinogen, and fibrin
degradation products in the alveolar fluid results in surfactant degradation [6, 21, 22,
25].

7.4.2 Alveolar Epithelial Injury and Dysfunction

The alveolar wall is lined by two types of AECs: type I and type II AECs. The flat
type I AECs and capillary endothelial cells constitute the blood–air barrier that
facilitates efficient gas exchange. The cuboidal type II AECs secrete a surfactant
that is believed to contribute to the lowering of alveolar surface tension. Apart from
this, it is also responsible for the removal of excess alveolar fluid through sodium-
dependent intracellular transport. Type II AECs proliferate and differentiate to Type
I cells after injury.
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Decreased alveolar fluid clearance is associated with severity and worse clinical
outcomes and increased mortality in ARDS. Direct alveolar epithelial injury and
indirect alveolar capillary injury (Table 7.1) cause barrier breakdown and inability of
the alveolar epithelium to remove excess alveolar fluid. Surfactant protein D (SP-D),
a marker of alveolar epithelial injury, has been proposed as a potentially useful
biomarker for diagnosis of ARDS in a few studies [17] (Fig. 7.1).

7.4.3 Disruption of Lung Endothelial Homeostasis

Dysregulated endothelial activation and the resultant loss of homoeostatic
mechanisms are aspects of ARDS pathobiology [6, 26]. Pulmonary endothelium is
a dynamic, metabolically active organ that modulates several key regulatory
functions including leucocyte diapedesis, intravascular coagulation, vasomotor
tone, and solute and fluid trafficking via regulation of barrier permeability. Reactive
oxygen species (ROS) and reactive nitrogen species production by activated cells
saturate local antioxidants and contribute to tissue injury directly via downregulation
of VE-cadherin, upregulation of neutrophil adhesion molecule expression, and
release of neutrophil chemotactic factors. Endothelial-specific proteins, such as
von Willebrand factor and angiotensin-converting enzyme activity, correlate with
ARDS mortality. Moreover, activated endothelial cells also assume a procoagulant
phenotype by increasing the expression of platelet adhesion molecules, intra-
alveolar and intravascular fibrin deposition, and release of activators of the extrinsic
coagulation cascade [1, 26–28].

7.4.4 Inflammatory Dysfunction

Several studies have demonstrated evidence for dysregulation of inflammatory
pathways in ARDS and their association with outcome. There is a strong correlation
between mortality and upregulated levels of proinflammatory (IL-6, IL-8, IL-18,
MIP-1b, TNF-a) and anti-inflammatory cytokines (IL-1RA, IL-10, and TNF-R2).
These cytokines were associated with ARDS illness severity, including the P/F ratio,
OI, pediatric risk of mortality score (PRISM-3), ICU morbidity, and biochemical
evidence of endothelial injury, including elevated plasma angiopoietin 2 and soluble
thrombomodulin [4, 6, 29].

When alveolar macrophages are activated, they recruit neutrophils and circulating
macrophages to the alveoli. Neutrophils communicate between the vessel wall and
platelets, which results in endothelial injury and releases neutrophil extracellular
traps, which may also cause damage to the lung [30, 31].
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Fig. 7.1 Schematic representation of healthy alveolus and pathophysiology in ARDS: In the
healthy alveolus (Top), the alveolar epithelium and capillary endothelium are intact, which
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7.5 Current Therapies for ARDS

Despite decades of research, treatment options for ARDS are limited. Supportive
care with mechanical ventilation remains the mainstay of management [32]. Most
advances in ARDS therapeutics have been through changes in mechanical ventila-
tion methods, culminating in a 2017 International Clinical Practice Guideline for
mechanical ventilation on adults with ARDS [14, 15, 24, 32]. The guidelines address
six interventions:

1. low tidal volume and inspiratory pressure ventilation
2. prone positioning
3. high-frequency oscillatory ventilation
4. higher versus lower positive end-expiratory pressure
5. lung recruitment maneuvers and
6. extracorporeal membrane oxygenation

Most of the current treatment is supportive and palliative, with no current disease-
modifying therapies available [24].

7.5.1 Management-Based Therapy for ARDS

A standard therapy for ARDS is mainly based and reliant on management of
pulmonary dysfunction; however, the identification involves non-pulmonary organ
dysfunction also.

7.5.1.1 Treatment of the Inciting Clinical Disorder
ARDS is an outcome of several disease processes, which mainly include trauma,
ischemia reperfusion, pneumonia, multiple transfusions, sepsis, and aspiration of
gastric contents [33, 34]. Several of these have a direct treatment based on

Fig. 7.1 (continued) maintains the air-filled, fluid-free alveoli. The alveolar wall liquid formation is
required for gas exchange, which is the medium for dispersal of the surfactant and alveolar
macrophages, thereby maintaining alveolar stability and host defenses. (Bottom) In contrast, the
alveolar space in ARDS looks highly disturbed with severe flooding with solutes and large
molecules such as albumin. This fluid accumulation is due to the loss of epithelial and endothelial
barrier integrity, leading to severe pulmonary edema. The endothelium of pulmonary micro-vessels
gets activated; there is high influx of proinflammatory mediators. This leads to the recruitment of
leukocytes into the pulmonary interstitium and alveoli. There are also high amounts of fibrin
deposition due to increased concentration of fibrinogen and fibrin degradation products in the
edema fluid. Depletion of surfactant leads to increase in surface tension and loss of alveolar shape
and integrity. There is also fibroblast proliferation, ROS generation, and NET (neutrophil extracel-
lular traps) in the diseased alveoli
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antibiotics/antimicrobials, which however needs a careful examination for the type
of pathogen involved in inciting the disease such as bacteria (Mycoplasma or
Legionella) or fungi (Pneumocystis carinii). Sometimes ALI/ARDS is incited by
extrapulmonary infections, e.g., urinary tract, pulmonary infection, or biliary tract
infection, which hence warrants a thorough clinical examination. The clinical treat-
ment should take the clinical history of the patient into account. In some situations,
like transfusions or gastric aspirations, stopping the recurrence is the optimal
treatment method along with good supportive care [33–36].

7.5.1.2 Mechanical Ventilation
ARDS generates an alveolar dead space, an impaired pulmonary compliance. The
required amount of breathing is too high a work for the voluntary pulmonary system,
which may lead to a ventilatory failure pulmonary acidosis and hypercapnia
[37]. Overall, there is a huge respiratory burden, which demands an extra support
to be functional. In such situations, mechanical ventilation serves as a backbone to
respiration and hence is an essential supplementary care. Mechanical ventilation not
only acts as a mainstay of supportive care but also provides sufficient time for natural
healing and drug treatments [36, 38].

7.5.1.3 Effective Oxygenation (PEEP and FIO2)
An ARDS patient needs effective oxygenation at the start of mechanical ventilation,
which is a high priority measure. During mechanical ventilation, positive
end-expiratory pressure (PEEP) and fraction of inspired oxygen (FiO2) provide
effective oxygenation and support arterial oxygenation and hence are crucial.
PEEP and FiO2 are associated with serious limitations, which can be avoided by
keeping the FiO2/PEEP index in check. For human subjects, FiO2 <50% is consid-
ered safe [39–42]. PEEP improves arterial oxygenation and decreases
intrapulmonary shunt. It keeps a check on FiO2 while allowing adequate arterial
oxygenation [43, 44].

7.5.1.4 Vasodilators
ARDS patients are known to have modest pulmonary arterial hypertension, which
has been demonstrated to progress with the progression of disease. The rise is a
multifactorial process and can make the disease severe by affecting the vascular bed
and hypoxic vasoconstriction or sometimes cardiac dysfunction. Several studies
have attempted to reduce the pulmonary hypertension to evaluate its effect on
progression of ARDS. There are reports of using hydralazine in animal models,
which has proven effective though [36, 45]. Continuous infusion of prostaglandin
E1 has proven effective in clinical cases also [46]. Nitric oxide (NO) is an effective
endogenous vasodilator. Encouraged from promised results obtained in animal
models, clinicians attempted to use gaseous NO to treat pulmonary hypertension
in ARDS patients; however, mild and transient success in clinical cases of ARDS
was noted [47–51].
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7.5.1.5 Infection Management in ARDS
Uncontrolled infection is a prominent feature associated with ALI/ARDS. Often,
lung infection becomes a causal factor for development of ALI/ARDS [51]. How-
ever, infection may occur as an outcome of ARDS development, though reports of
non-pulmonary sepsis are also known to cause ARDS. There is a high amount of risk
associated with development of pneumonia and catheter-related sepsis also known
as nosocomial infections in patients receiving ventilation, which is an area of
investigation that is being highly investigated for quite some time [36, 52,
53]. Administration of antibiotics/antimicrobials does not help always. Therefore,
infections are managed by frequent washing of hands by medical personnel, nonstop
suction of subglottic secretions to avoid their aspiration, and the usage of new
endotracheal tubes to avoid making of a bacterial biofilm. Almost all the manage-
ment strategies for nosocomial pneumonia in ARDS are contentious. One of the
important aspects that adds to this is the ambiguity in the diagnosis itself. There is a
significant overlap between ARDS diagnosis and clinical data obtained from pneu-
monia, as the immune cell infiltration is highly similar in both pathologies [54, 55].

7.5.2 Drawbacks of the Current Pharmacological Treatment

Despite several decades of investigation into potential treatment strategies, use of
lung-protective ventilation remains the only proven therapy to decrease mortality in
ARDS [2]. In patients with ARDS, recruitment maneuvers improve oxygenation, but
this is a temporary approach that does not improve mortality. Clinical trials of β2-
agonists, statins, surfactants, and keratinocyte growth factor (KGF) have been
disappointing. In addition, monoclonal antibodies (anti-TNF) and TNFR fusion
protein have also been unconvincing. Glucocorticoids may improve oxygenation
and airway pressures in established ARDS, but have failed to demonstrate a role in
preventive therapy. In patients with pneumonia, steroids may improve radiological
appearances, but again does not improve mortality [24, 56]. Trials conducted on
established ARDS investigated different doses and duration of treatment, preventing
generalization of the results. However, analysis suggests that if steroids are started
14 days or more after the diagnosis of ARDS, they can be harmful. The combination
of inhaled β2-agonists and glucocorticoid administered early in patients at risk of
ARDS has recently shown to prevent development of ARDS and improve
oxygenation but its effect on mortality has not been demonstrated [24].

Despite intense investigation, no specific pharmacological treatment for ARDS
has been shown to affect the mortality, even though preclinical trials in animal
models have looked promising. Therefore, targeting a single pathogenetic pathway
is not unlikely to be advantageous due to the complexity of the mechanisms
involved [24].
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7.6 Future Directions in Therapeutics and Perspectives

No pharmacologic treatments aimed at the underlying pathology have been shown to
be effective, and management remains supportive with lung-protective mechanical
ventilation. Guidelines on mechanical ventilation in patients with acute respiratory
distress syndrome can assist clinicians in delivering evidence-based interventions
that may lead to improved outcomes [15].

Even after 50 years of study, ARDS still looks like a threatening enemy to defeat.
Studies on ARDS incidence consistently show that the disease is not rare, albeit
often not recognized by clinicians. ARDS is undertreated and basic ventilator
strategies are not yet standardly optimized, despite major advances in the manage-
ment of mechanical ventilation and non-ventilatory strategies, aimed at preventing
the VILI. Although mortality associated with ARDS is decreasing in clinical trials, it
remains unchanged at approximately 40% in major observational studies. Various
factors contribute to the mortality associated with ARDS. They include patient age
and illness severity, country-level socioeconomic status, ventilator management, and
ICU organizational method. This suggests the need of a commonly accepted thera-
peutic strategy for ARDS, which should be the prerogative of all the countries
including the less-developed ones [57, 58]. Molecular mechanisms identifying the
susceptibility of injury and aberrant activation of alveolar epithelial cells and
pulmonary endothelial cells would be pivotal in moving toward the positive
outcomes of these intractable diseases.

The characterization of the ARDS sub-phenotype by blood biomarkers may help
clinicians to select patients who may benefit from specific therapeutic strategies and
ultimately tailor the treatment of our single patient. In fact, it has been proved that a
high PEEP strategy in ARDS patients affected the major outcome only in the
hyperinflammatory sub-phenotype. Moreover, the restrictive fluid strategy was
beneficial in the same selected ARDS patients. More studies are needed to further
explore the benefits of different therapies based on a particular ARDS biomarker
profile [24, 59]. To further reduce mortality, the therapy of ARDS should possibly
take genetic difference among patients and the origin of ARDS into account, such as
the primary or the secondary ARDS.

In the future, by understanding the role of biomarkers in the pathophysiology of
ARDS and lung injury, it is hoped that this will provide rational therapeutic targets
and ultimately improve clinical care.
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Chronic Obstructive Pulmonary Disease: An
Update on Therapeutics
and Pathophysiological Understanding

8
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Abstract

Chronic obstructive pulmonary disease (COPD) is a common inflammatory
disease of the airways, characterized by persistent respiratory symptoms and
airflow limitations, and is significantly increasing in prevalence worldwide. It is
the fourth leading cause of death in the developed world. COPD is likely to
become the number two cause of death by the third decade of the twenty-first
century if this increase in prevalence continues. The number of patients with
COPD in fact may be greater than statistics indicate, since typically, the disease is
not diagnosed until the patient presents with a first exacerbation. The pathological
indicators of COPD are bronchitis (inflammation of the small airways) and
emphysema (destruction of lung parenchyma). The most important clinical and
functional consequences of these abnormalities are exacerbations and airflow
limitations. There is a complex interaction between airway abnormalities and
emphysema that leads to the development of airflow limitation, causing airway
narrowing and debilitating bouts of shortness of breath, wheezing, chest tight-
ness, and cough.
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8.1 Introduction

Chronic obstructive pulmonary disease (COPD) is a severe and a chronic inflamma-
tory disease, which affects over 170 million people and accounts for over three
million deaths each year globally [1, 2]. The prevalence has increased, at least in
part, due to an increasing cigarette consumption in developing countries and the
overall longer survival rate [3, 4]. Although to a greater extent, exposure to cigarette
smoke is the prime identifiable cause of COPD, additionally, exposure to certain
occupational dusts and chemicals (grain, isocyanates, cadmium, coal, welding
fumes), exposures to smoke and fuel used for cooking and heating at homes, and a
genetic predisposition (primarily α1-antitrypsin deficiency) have been associated
with the disease [5, 6].

COPD patients often experience persistent respiratory symptoms like dyspnea
(shortness of breath), and are also vulnerable to episodic COPD exacerbations
(an acute worsening of respiratory symptoms), which are triggered by various factors
such as air pollution and infections, and as a result, the adjacent alveoli and
vasculature are affected [7]. Uncontrolled COPD exacerbations often cause an
irreversible loss in lung function and/or complications requiring medical attention
[8]. Symptoms range from chronic productive cough to exhausting dyspnea
[9]. COPD remains a major burden on patients, their caregivers, and the health-
care system. It is the eighth ranked cause of disability as measured by disability-
adjusted life years (DALYs) [10]. An understanding of this disorder dates back
centuries [11] including recognition of the components of emphysema and chronic
bronchitic [12, 13]. The diagnostic approach to this disorder was revolutionized with
the invention of the spirometer [14] and timed measurement of forced exhalation of
expired air [15–17].

8.2 Epidemiology

According to the latest estimates from Global Burden of Disease study published in
The Lancet Respiratory Medicine journal, there has been a huge impact of the two
most common chronic respiratory diseases, COPD and asthma, globally, with
3.2 million deaths and about 0.4 million deaths respectively, caused by these
diseases, in 2015. According to this study, asthma is the most common chronic
respiratory disease worldwide, with twice the number of cases of COPD in 2015, but
surprisingly, the deaths from COPD have been reported to be eight times more
common than deaths from asthma [10]. Many cases of COPD can be treated or
prevented with affordable interventions, but people are often left undiagnosed,
misdiagnosed, or undertreated. The only fundamental tool used to define, point,
and survey population prevalence is spirometry [18, 19]. Under the sponsorship of
the Burden of Obstructive Lung Disease (BOLD) initiative, surveys have been done
in 29 countries, and are still in progress in additional nine countries [20]. Further,
population estimates are being provided by other two initiatives conducted in five
Colombian cities (PREPOCOL) [21] and in five Latin American capital cities,
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Proyecto LatinoAmericano de Investigacion en Obstruccion Pulmonar (PLATINO)
[22]. In order to define COPD, there is still no universal consensus about the
thresholds of spirometry findings, in spite of using comparable methods [23]. The
two dominant case definitions for airflow limitation compatible with COPD are a
value of less than 0.70 for the ratio of forced expiratory volume (FEV1) to forced
vital capacity (FVC), or the lower limit of normal (LLN) method of deriving a
threshold as the fifth percentile of FEV1:FVC in a healthy control population
[19]. Again, no universal LLN threshold exists, as it is presumed to vary between
populations [24], since most people singled out for COPD based on spirometry
findings report not having been diagnosed prior to survey [25]. Nevertheless, to
quantify COPD and its severity, the international initiatives such as PREPOCOL
(Prevalencia de EPOC en Colombia), PLATINO, BOLD (Burden of Obstructive
lung diseases), and EPI-SCAN (The Epidemiologic Study of COPD in Spain) have
used standardized population spirometry. However, their estimations are still biased
due to an absence of consensus on case definitions and other sources of measure-
ment. The examination by PLATINO, conducted in persons greater than 40 years,
from each of five Latin American countries—Brazil, Chile, Mexico, Uruguay, and
Venezuela—showed that the prevalence of COPD increased steeply with age, with
the highest prevalence among those >60 years. They showed that prevalence in the
total population ranged from a low of 7.8% in Mexico, to a high of 19.7% in
Montevideo, Uruguay [26, 27].

COPD is ranked among the top 20 conditions causing disability globally, and
stands at rank eighth as a cause of disease burden, according to the baseline
projections made in the Global Burden of Disease Study (GBDS) as a measure for
disability-adjusted life years (DALYs) [10]. The DALYs for a specific condition are
the sum of years lost because of premature mortality and years of life lived with
disability, adjusted for the severity of disability. The GBD Study found that COPD is
an increasing contributor to disability and mortality globally. Yet, the measurement
of mortality, prevalence, and other population indicators of this disease is compli-
cated due to improper categorization and an absence of concord about case
definitions. The prevalence and the death rates have been seen to increase sharply
with age [10].

The largest increase in the smoking-related mortality is estimated to occur in
China, India, and other Asian countries [28]. Most of the available data on the
disease are reported from the Western world, but still it is being equally recognized
from Asia and Africa. Unlike Europe and the United States, the Asian continent is far
reaching and diversified with pronounced variance in social and health-care infra-
structure in different countries. While some of the countries have very high capital,
the others are either impoverished or in different stages of economic development.
These components probably can affect the disease prevalence significantly. COPD
interestingly is a problem of great magnitude in almost all these countries. Therefore,
an epidemic of chronic respiratory disability is genuinely feared taking into account
a large population of the world residing in these regions [29]. Work place exposures
to chemical agents, fumes, and dust (organic and inorganic) are undoubtedly an
underrated risk factor for COPD [30]. According to National Health and Nutrition
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Examination Survey III, based on US population of about 10,000 adults between age
30 and 75 years, the fraction of COPD attributable to workplace exposures was
estimated to be 19.2% [31], which is consistent with the statement published by the
American Thoracic Society that occupational exposures account for 10–20% of
respiratory diseases either symptomatically or by impairing functionality [32]. Burn-
ing of wood, coal, animal dung, and crop residues, generally burned in poorly
ventilated rooms, open fires or poorly functioning stoves, may also lead to high
levels of indoor air pollution, thereby increasing the risk factor for COPD [33]. There
is a substantial population risk worldwide since almost three billion people use coal
and biomass as their main source of energy for their household needs [34]. Similarly,
there is high prevalence of COPD among nonsmoking women due to use of biomass
fuels for cooking, in parts of the Middle East, Africa, and Asia [35, 36]. Indoor air
pollution resulting from the burning of wood and other biomass fuels is estimated to
kill two million women and children each year [37].

One systematic review and meta-analysis, including studies carried out in
28 countries between 1990 and 2004, provided evidence that the prevalence of
COPD is appreciably higher in smokers and ex-smokers compared to nonsmokers,
in those �40 years of age compared to those <40 [38]. With the increasing
prevalence of smoking and aging populations in developing countries, the preva-
lence of COPD is expected to rise over the next decade and by 2030, there may be
over 4.5 million deaths annually from COPD and related conditions [39, 40].

Although cigarette smoking is the most well-studied risk factor, it is not the only
risk factor for COPD, and there is consistent evidence from epidemiologic studies
that nonsmokers may also develop chronic airflow limitation [41]. Nevertheless,
nonsmokers with chronic airflow limitation have fewer symptoms, milder disease,
and lower burden of systemic inflammation and they appear to have a low risk of
lung cancer, or cardiovascular comorbidities, compared to smokers with COPD,
though there are reports that they may have an increased risk of pneumonia and
mortality from respiratory failure [42]. Morbidity from COPD may be affected by
other associated chronic conditions that are related to smoking and aging (e.g.,
cardiovascular diseases or musculoskeletal impairment) [43], which might interfere
with COPD management and significantly impair patient’s health status, in addition
to being drivers for hospitalizations and affect cost of treatments [44]. There may be
an underestimation of the burden of COPD under areas that rely on administrative
health data, particularly those that only record hospitalizations [45]. Also, the
reliability on mortality data to be recorded as COPD-related deaths is problematic.
Although COPD is often a primary cause of death, it is more likely to be listed as a
contributory cause of death or omitted from the death certificate entirely [19]. How-
ever, it is clear that COPD is one of the most important causes of death in most
countries.
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8.2.1 Economic Burden

COPD is associated with significant economic burden. Subsequently, with larger
number of cases, more people have been reported to be living with disability, with
the highest burden of disability from people residing in developing regions. In 2015,
disease burden due to COPD was reported to be highest in Papua New Guinea, India,
Lesotho, and Nepal, and lowest in some countries in high-income Asia Pacific,
Central Europe, North Africa, and the Middle East, the Caribbean, Western Europe,
and Andean Latin America [10]. India can be projected as a classical example with
reference to the rising burden of chronic diseases. In an estimate in 2005, the burden
from chronic respiratory disease was shown to account for 7% of deaths and 3% of
DALYs lost diseases, out of 53% of all deaths and 44% of DALYs lost, and from
other chronic diseases [46]. This was obviously an underassessment since there was
inadequate information available on COPD. Information now available on COPD
from India is bound to tremendously expand this burden [47–49]. It is estimated that,
on an average, an Indian COPD patient spends about 15% of his income on smoking
products and up to 30% on disease management. Reports from several other Asian
countries are equally alarming [50]. In the European Union, the total direct costs of
respiratory diseases have been reported to be approximately 6% of their total health-
care budget, with COPD accounting for 56% (38.6 billion Euros) of the cost of
respiratory disease [51], while the estimated direct and indirect costs of COPD are
$32.0 billion and $20.4 billion respectively, in the USA [52].

A significant proportion of the total burden of COPD in the health-care system is
accounted by exacerbations, as there is a significant direct relationship between the
severity of the disease and the cost of care as the disease progresses. For example,
with disease severity, the charges for hospitalization and roving oxygen costs rise.
The economic value of the care provided by family members to people with COPD is
disregarded; therefore, any estimate of expenditure for home-based care is
marginalized. Since the healthcare sector does not provide long-term supportive
care services for severely disabled individuals, COPD may force at least two
individuals to leave the workplace—the affected individual and a family member
who must now stay home to care for their disabled relative [53]. The indirect costs of
COPD may represent a serious threat to the economy since human capital is one of
the most important national assets for developing a nation. Interestingly, it has been
seen that the causes for COPD have opposite patterns according to the geographic
areas. In high- and middle-income countries, tobacco smoke is the biggest risk
factor; meanwhile, in low-income countries, exposure to indoor air pollution, such
as the use of biomass fuels for cooking and heating, causes the COPD burden [54].

8.3 Symptoms and Causes of the Disease

The most common symptoms of COPD are breathlessness, or a “need for air,” and a
chronic productive cough [55]. However, COPD is not just simply a “smoker’s
cough,” but an underdiagnosed, life-threatening lung disease that may progressively
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lead to death. Inhaled air containing irritants start cascade of inflammation in the
airways [56]. Inflammation of the large airways does not contribute directly to the
decrease in airflow characteristic of COPD. There is a conclusive relation between
and the amount of damage to the small airways and the progression of impairment as
a disease, which probably points that the inflammation found there is a major
contributor to functional deterioration [57].

Airflow limitation related to COPD is thus believed to be due to a combination of
small airway disease and emphysema, which together lead to chronic inflammation
in patients. Ultimately, it leads to fibrosis of the airway and proliferation of smooth
muscle owing to persistently amplified muscle tone. Eventually, airway narrowing is
severe enough to result in limitation of airflow leading to a decrease in
functionality [58].

8.4 Pathophysiology of COPD

Pathophysiology describes the changes that a disease or condition causes in a
person’s physical function as it develops. There has been significant progress in
the pathological description and pathophysiological analysis of COPD in the twenty-
first century. There is a blockage in the airways of a COPD patient since the site of
airflow obstruction is located there only. The structural abnormalities are
peribronchiolar and characterized by deposition of extra cellular material consisting
of thick fibers of collagen [59], and by luminal obstruction by mucous exudates, a
typical feature of the small airways in COPD patients [60]. This peribronchiolar
fibrosis is an important determinant of airway obstruction and a significant contribu-
tor to the bronchiolar wall thickening [61].

In COPD, lung function is reduced as the airways and air sacs are damaged.
Normally, during inhalation, air travels down bronchial tubes, which branch into
thinner millennial channels called bronchioles, and reaches the tiny air sacs or
alveoli. There are more than 300 million alveoli in the lungs. Once air makes its
way to the air sacs, oxygen passes through the walls of the air sac into the capillaries
that surround them and at the same time, carbon dioxide moves from the capillaries
into the air sacs. These events happen simultaneously and are referred to as gas
exchange. Air sacs are elastic and during the process of “breathing in,” they are
inflated with air like a balloon. The air sacs deflate during the “breathing out”
process. Energy is utilized to blow the air sacs up.

People with COPD have airflow limitations, either due to the loss of elasticity of
the airways and air sacs, or because the walls between the air sacs are partially or
completely damaged [58]. There can be an airway inflammation, causing thickening
of walls or a hyper production of mucus, causing the airways to be plugged.
Together or independently, these manifest into conditions like emphysema, chronic
bronchitis, refractory asthma, or a combination of all. Each one of them leads to a
different problem with the airways and sacs. The ultimate effect is limitation of
airflow, with a forced expiratory volume in 1 s (FEV1): forced vital capacity (FVC)
ratio less than 70% of the predicted value, being the criteria for diagnosis according
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to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) grading
system [62].

8.4.1 Emphysema

It represents the destruction of the lung parenchyma without obvious fibrosis. The
damage to the air sacs in the lungs causes them to lose their plasticity and trap the air
instead, resulting in difficulty to expel all air from the lungs, thereby affecting the
lung efficiency [63]. This leads to the air trapping and causes the lungs to hyper
inflate. With excessive air in the lungs, breathing takes additional efforts,
contributing to shortness of breath and even extreme fatigue.

8.4.2 Chronic Bronchitis

Bronchitis is an inflammation of the small airways that causes narrowing of the
lumen and an active constriction. It results from an increase in airways inflammation
and mucus production, leading to the airways lining being constantly irritated and
inflamed. With the result, the cilia that helps to move the mucus along the airways to
be removed from lungs by coughing also loses its function or even disappears
altogether [64]. Overall inflammation causes narrowing of the airways, making
breathing more difficult.

8.4.3 Refractory Asthma

The main difference between asthma and COPD is that asthmatic condition is
reversible and COPD is an irreversible one [65]. In refractory asthma, a patient
does not respond to asthma medications. Asthma presents in attacks that cause the
airways to become more tight and swollen. People with refractory asthma cannot
revert the airways to their natural state using medications [64].

8.5 Biology of Disease

The inflammation of airways caused by infiltration of neutrophils is a hallmark of
COPD [66]. Inhalation of noxious substances irritates the lining of the respiratory
tract and causes macrophage activation. These macrophages travel to the lungs
where they undergo phagocytosis and release neutrophil chemotactic factors, includ-
ing IL-8 and leukotriene B4 (LTB4). Macrophage activation leads to recruitment of
additional macrophages through the action of various chemokines. Recruitment of
neutrophils and their activation lead to secretion of several serine proteases including
neutrophil elastase (NE), matrix metalloproteinase (MMP), as well as
myeloperoxidase (MPO) all of which contribute to destruction of connective tissues
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in the lung parenchyma [67]. The whole process concludes in the development of
emphysema and the increased mucus secretion common to patients with COPD
[68]. Many studies have reported an increase in MMPs in plasma and
bronchoalveolar lavage fluid (BALF) of emphysematic patients, and seen to increase
airways obstruction by destroying structural components of extra cellular matrix
(ECM) [69, 70]. Inflammatory cells release oxidants that are capable of directly
damaging the lung structure. Many studies have implicated the importance of
inflammatory cells in COPD, which is characterized by increased numbers of
CD8-positive T-lymphocytes, neutrophils, macrophages and B-lymphocytes
[71, 72]. However, currently little is known about the role of the individual cell
types that infiltrate the lungs in COPD.

In emphysema, there is an abnormal permanent enlargement of air spaces beyond
the terminal bronchioles, accompanied by destruction of their walls without obvious
fibrosis, the mechanism of which is probably multifactorial and not much elucidated.
The physiological repair of epithelial gaps caused by epithelial aggression (tobacco
smoke) is mediated by the plasticity of the lung epithelium by the process of trans-
differentiation [73]. In trans-differentiation, one type of differentiated cell transforms
into another type of differentiated cell, which is distinct from the usual differentia-
tion process in which undifferentiated progenitor cells (e.g., stem cells and basal
epithelial cells) give rise to differentiated cells (e.g. ciliated cells, goblet cells, and
Clara cells) [74]. The condition in emphysema is believed to be related to imbalance
of protease–protease inhibitor, and also to mechanisms involving apoptosis, senes-
cence, and autoimmunity, since deformity in epithelial and/or endothelial alveolar
cell survival programs has been observed. An imbalance between proliferation and
apoptosis could thus account for the pathogenesis of emphysema. It has been
suggested that the inception of this imbalances is followed by an increased apopto-
sis, cellular senescence phenomena, and autoimmunity [73].

The advent of moderate emphysema with drop in respiratory function is also
associated with the normal pulmonary aging, and is called senile emphysema [75]. In
pneumocytes and pulmonary endothelial cells of emphysematous smoking patients,
an overexpression of telomere shortening and p16 (markers of senescence) has been
reported [76]. Tobacco smoke has been seen to induce senescence in normal
pulmonary culture fibroblasts, while as fibroblasts of emphysematous lungs were
seen to proliferate less than those of controls [77–79].

Alveolar destruction may also promote abundant apoptosis, which might be
incited by three distinct pathways involving caspases: (1) The extrinsic pathway
(receptor-mediated) induced by soluble mediators like TNF-alpha and sFasL (solu-
ble Fas ligand or CD95L), (2) the intrinsic pathway induced by physicochemical
stress or deprivation of growth factors, and (3) the endoplasmic pathway induced by
hypoxia [80]. In animals, emphysema may be induced by inhibition of the vascular
endothelial growth factor (VEGF) pathway and its receptors [81, 82], or by the
administration of active caspases [83]. Compared to control, an increase in apoptosis
in alveolar epithelial and/or endothelial cells of COPD patients has been reported
[84]. In the lung tissue of severe COPD patients, an induction of caspase-3 has been
observed [85], while Galectin-3, which is an inhibitor of apoptosis in leukocytes and

164 K. Jehan Peerzada



epithelial cells, has also been reported to be increased significantly in the bronchioles
of such patients, correlated with an increased proliferation of bronchiolar
epithelium [86].

An implication of an autoimmune disorder has been suggested in the pathogene-
sis of emphysema, which is coupled to either an immune response to microbial
antigens causing a cross-reaction against self-antigens (molecular mimicry), or by a
polyclonal activation of B-lymphocytes due to defective removal of dead cells
[87]. The first evidence of autoimmunity in COPD in an animal model has been
reported by Taraseviciene-Stewart et al. [88]. Lee et al. also have shown that
emphysema in humans is associated with the development of anti-elastin autoimmu-
nity correlated with the severity of the disease [89]. Studies show that the develop-
ment of emphysema in animal models and in humans is accompanied by an
autoimmune reaction against the epithelium and/or alveolar endothelium, but it is
not clear whether autoimmunity is a cause of emphysema, or emphysema leads to
autoimmunity [89, 90]. In the evolution and development of COPD, pulmonary
vascular abnormalities have been an important component. They can cause changes
in gas exchange [91] or show up in a serious complication of COPD in the form of
pulmonary arterial hypertension [92]. Endothelial cells play a crucial role in the
regulation of vascular tone and therefore in the adaptation of pulmonary vascular
resistance to changes in blood flow. Early endothelial dysfunction seen in COPD
leads to changes in the regulation and release of certain vasodilators neuromediators
such as NO or prostacyclin or vasoconstrictors such as endothelin-1 or angiotensin
[93]. A decline in the expression of NO synthase in the pulmonary arteries has been
seen in smokers, which is significantly lower in the more severe COPD patients [94].

The integrity of the airways in response to external agents such as smoke is
maintained by an innate immune and perhaps adaptive response, characterized by
the recruitment of inflammatory cells into the airways. Therefore, inflammation of
the airway is constant during COPD and affects the proximal as well as distal
airways [95]. A pathological study of distal airways has indicated that with an
increase in the severity of bronchial obstruction, there is a significant rise of infiltra-
tion of macrophages, neutrophils, CD4+ and CD8+ T cells, and B-lymphocytes [72–
75, 96, 97].

Alveolar infiltration of macrophages has long been described in patients with
COPD [97] and these macrophages may have a peculiar phenotypic characteristic.
Studies show that about 46% of the macrophages taken from induced sputum of
COPD subjects are smaller, compared to 7% in healthy subjects. These smaller
macrophages have a proinflammatory phenotype and overexpress CD14 and
HLA-DR, and also show an increased secretion of TNF-alpha, both before and
after stimulation with bacterial lipopolysaccharide [98].

Others have reported that macrophages from BAL fluid in COPD patients express
less CD86 and CD11a, which are costimulatory and adhesion molecules respec-
tively, compared to healthy smokers [99].

The presence of neutrophils in the bronchoalveolar lavage (BAL) fluid in patients
with COPD has been identified in many studies [100]. An increase in neutrophil
recruitment was identified in the 1980s, highlighting the potential role of proteases
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secreted by these cells in the degradation of matrix proteins, and the pathogenesis of
emphysema [101]. Additionally, neutrophils may trigger secretion of mucus by the
bronchiolar epithelium [102, 103].

The number of dendritic cells in bronchioles has been reported to increase with
the severity of bronchial obstruction in COPD patients. Dendritic cells, which are the
main antigen-presenting cells in the airways, have been shown to be increased in
expression of CD1a in BAL fluid of smokers. CD1a represents immature dendritic
cells [104–106]. In the alveolar walls of emphysematous patients, an increase in
CD4+ and CD8+ T cells has been observed [107]. Numerous other studies have also
confirmed the increase in CD8+ cells in the BAL fluid of COPD patients compared to
smokers without bronchial obstruction [108, 109].

Mast cells have been less frequently explored in studies of COPD pathology,
despite several indications of their possible involvement. Mast cells play a central
role in allergic and inflammatory reactions and a significant contribution of
mediators released from mast cells occurs in allergic indications.

These cells, discovered in 1878, are highly specialized exocytic cells that line the
surfaces of the body, including the skin, the respiratory tract, and the gastrointestinal
tract [110]. They are in prime position to react to foreign particles such as pollen and
bacteria by interfacing with the external environment. They have primarily been
regarded as effector cells promoting IgE-mediated allergic reactions following
secondary exposure to allergens [111, 112].

It is now known that mast cells participate more diversely in both allergy and
infection, and also seem to play a critical role in exacerbations of allergic disease and
in the setting of infection. Therefore, by increasing the understanding of the role of
mast cells in innate and adaptive immunity to infectious pathogens, we may be able
to discover better treatments to prevent development of allergic disease and
exacerbations of established disease, since in allergen sensitization, COPD
exacerbations and infection control, the pathways and mechanisms involved are
probably unvaried [113]. It has been reported that in smokers, there is an increase in
numbers of mast cells in the airway epithelium [114], and increased levels of the
mast cell products, histamine and tryptase, have also been detected in BAL fluid
[115] and tryptase-positive cells are almost invariably mast cells [113].

8.6 Current Treatments and Their Drawbacks

The mechanisms involved in COPD are much less well understood than are those of
asthma, which results in slow outcome of research aimed at improving treatment for
COPD. Additionally, COPD is generally misinterpreted as being untreatable because
of difficulty in reversing airway obstruction. Owing to its link to smoking, COPD
sometimes is considered a result of the patient’s own accountability. Smoking
abstinence has the greatest capacity to influence the natural history of COPD, and
is in fact the only intervention identified till date that decelerates the progression of
the disease. If effective resources and time are dedicated to smoking cessation, long-
term quit success rates of up to 25% can be achieved [9]. Along with individual

166 K. Jehan Peerzada



approaches, legislative smoking bans are also effective in increasing quit rates and
reducing damage from second-hand smoke exposure [116]. Counseling delivered by
physicians and other health professionals significantly increases quit rates over self-
initiated strategies. Even brief (3-min) periods of advice urging a smoker to quit have
been reported to improve smoking cessation rates [117, 118]. A few nicotine
replacement products have been put up as pharmacotherapies for smoking cessation,
which include nicotine gum, inhaler, nasal sprays, transdermal patch, sublingual
tablet, or lozenges. These have been shown to reliably increase long-term smoking
abstinence rates significantly [119, 120]. However, medical contraindications
reported for nicotine replacement therapy like myocardial infarction or stroke render
them unsafe as sole replacements [121, 122]. Continuous chewing of nicotine gum
produces secretions that are swallowed rather than absorbed through the buccal
mucosa, resulting in little or no absorption, and potentially causing nausea. The
efficacy of E-cigarettes as a form of nicotine replacement therapy happens to be
controversial.

By definition, COPD patients have restriction of airflow that is usually gradual
and significant, but not altogether irreversible. Essentially, COPD is progression in
the rate of functional decline of the lungs caused by the inhalation of
proinflammatory particles. Early strategies for the treatment of COPD are in many
respects significantly different from current recommendations. Initially, the number
of pharmacologic agents available to treat COPD was limited. The primary agents
given for the treatment were antibiotics, mucolytics, and nonselective
sympathomimetics (sometimes prescribed with a sedative to counter balance hostile
effects). Antibiotics have been approached and administered routinely to treat
patients with COPD, since decades. The administration of these agents is a necessary
component of the treatment of infection associated with COPD, but since patients
with chronic bronchitis have high susceptibility to pulmonary infections than other
patients without COPD, antibiotic therapy must be used more judiciously today than
it was in the past. With steady increase in prevalence of antibiotic resistance, patients
today are screened more carefully for antibiotic need. Those patients who are
younger and without other severe underlying medical problems or frequent
exacerbations are less likely in requirement of broad-spectrum antibiotic therapy
[123, 124]. Routine use is now discouraged.

Mucolytic drugs (carbocysteine and N-acetylcysteine (NAC)) are thought to
increase the expectoration of sputum by reducing its density. However, the useful-
ness of these agents for most patients with COPD has been called into question
[125]. Simply decreasing the viscosity of mucus may be unproductive without an
overall decrease in the quantity of secretions. Data regarding the use of N-
acetylcysteine, the most widely studied of the mucolytic agents, are conflicting.
No data exist to demonstrate an improvement in lung function with mucolytic
therapy [126, 127]. The previous GOLD report surmises that regular use of muco-
lytic agents, such as NAC and carbocysteine, reduces the risk of exacerbation if used
in appropriate patients [128].

Use of indiscriminate sympathomimetic agents (ephedrine, epinephrine) for
treatment, which was once a fairly common practice, has mostly been replaced
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now by selective β2-agonists, which are widely used and recommended in current
treatment guidelines [129]. Despite having been recognized for a long time as a
cheap and effective therapy for the treatment of COPD, theophylline is downgraded
to third-line therapy in the treatment of airway diseases due to its relatively low
efficacy and frequent side effects (cardiovascular effects) [130, 131]. Because the-
ophylline has a narrow therapeutic range, a relatively high number of potentially
interacting drugs, and high-risk toxic symptoms (such as seizures and arrhythmias),
treatment with theophylline has become unpopular in many parts of the world [132].

8.7 Treatment Strategies

Bronchodilators are medications that increase FEV1 and/or change other spirometric
variables. The mode of action of bronchodilators is manifested by alterations in the
tone of airway smooth muscle, which leads to improvements in expiratory flow.
These processes consider distension of the airways and tend to reduce hyperinflation
rather than change elastic recoil in lungs [133].

Drugs in this component of treatment comprise short-acting (albuterol,
levalbuterol, and salbutamol) and long-acting (salmeterol, formoterol) beta
2-agonists, anticholinergics (ipratropium, tiotropium), and to a lesser extent theoph-
ylline. These drugs are prescribed either alone or in combination as required to
maintain symptom control, and are most often advised on a regular basis to prevent
or reduce symptoms. However, since toxicity is dose-related, use of short-acting
bronchodilators on a regular basis is not generally recommended.

8.7.1 Beta2-Agonists

The principal action of beta2-agonists is to relax airway smooth muscle. These act by
increased cyclic AMP via stimulation of beta2-adrenergic receptors so that func-
tional antagonism to bronchoconstriction is produced. There are short-acting
(SABA) and long-acting (LABA) beta2-agonists. The effect of SABAs usually
wears off within 4–6 h [134, 135].

Requisite and regular use of SABAs improves FEV1 and symptoms [136]. In
spite of a large collection of beneficial data available for short-acting β2-agonists,
approximately one-third of patients show insignificant response in lung function
tests after using these agents. LABAs show duration of action of 12 or more hours.
Formoterol and salmeterol have been shown to significantly improve FEV1, lung
volumes, dyspnea, health status, exacerbation rate, and reduced number of
hospitalizations, but have no effect on mortality and lung function decline
[137, 138]. At currently recommended doses, β2-agonists do not reach their maxi-
mum bronchodilatory potential, and with increase in dose, the abundance of adverse
effects increases as well (tremor and reflex tachycardia), which is troublesome in
some older patients. With higher doses, tachyphylaxis is reckoned to occur [139].
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8.7.2 Antimuscarinic Drugs

Anticholinergics or antimuscarinic drugs block the bronchoconstrictor effects of
acetylcholine on M3 muscarinic receptors expressed in airway smooth muscle.
There are short-acting [SAMA] (ipratropium and oxitropium) and long-acting
antimuscarinics [LAMA] (tiotropium, aclidinium, and glycopyrronium bromide),
which have sustained binding to M2 and M3 muscarinic receptors, respectively,
thereby prolonging the duration of bronchodilator effect [140]. It has been concluded
from a random control review that ipratropium alone provided small benefits over
short-acting beta2-agonist in terms of lung function, requirement for oral steroids
and health status. Tiotropium also has been shown to improve symptoms and health
status by improving the effectiveness of pulmonary rehabilitation and reduced
exacerbations and other related hospitalizations [141]. The main side effect, how-
ever, is dryness of mouth [142]. Some patients have reported a bitter, metallic taste
with use of ipratropium, and with regular treatment of ipratropium bromide, a small
increase in cardiovascular events in patients are reported [143, 144].

8.7.3 Methylxanthines

The effects of xanthine derivatives (theophylline and doxofylline) in COPD are
controversial, as they act either as nonselective phosphodiesterase inhibitors or as
bronchodilators. Theophylline is a weak, nonselective inhibitor of phosphodiester-
ase (PDE) isoenzymes, and it antagonizes adenosine A1 and A2 receptors, and
exhibits a broad spectrum of anti-inflammatory effects by increasing interleukin-
10. Theophylline is metabolized by cytochrome P450 enzymes and its clearance
declines with age [145]. Doxofylline, on the other hand, exhibits both bronchodilator
and antiinflammatory activity [146].

8.7.4 Corticosteroids

Long-term therapy with systemic corticosteroids has no place in the management of
stable COPD, as it contributes to increased morbidity in the form of intercostal
myopathy [147]. Inhaled corticosteroids (ICS), though frequently prescribed for
patients with COPD, are similarly not recommended for maintenance therapy for
most patients. Because of the uncertainty regarding dose–response relationships and
long-term safety, recommendations are only to prescribe inhaled corticosteroids in
long-term in patients who demonstrate a definite spirometric response identifiable
within 3 months, or if a patient has an FEV1 below 50% of predicted value in
addition to repeated exacerbations requiring antibiotic therapy or oral steroids
[148]. It has been established that regular treatment with ICS alone does not modify
the mortality or long-term decline of FEV1 in patients with COPD. In vivo data
suggest that the dose–response relationships and long-term (>3 years) safety of
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inhaled corticosteroids (ICS) in patients with COPD are unclear and require further
investigation [149, 150].

8.7.5 Combination Therapy

Combining bronchodilators with other mechanistic drugs with different durations of
action has been seen to increase the degree of bronchodilation with a lower risk of
side effects compared to increasing the dose of a single bronchodilator
[151]. Combinations of short-acting beta agonists with short-acting muscarinic
antagonist have presented better results in improving FEV1 and symptoms, com-
pared to monotherapy [152]. Inhalers in the form of combination of formoterol and
tiotropium have shown a significant impact on FEV1 than either component alone
[153]. There are other diverse combinations of a LABA and LAMA available as
inhalers, which have been reported to improve lung function compared to placebo.
An ICS combined with a LABA has been seen to be more effective than ICS alone in
improving lung function, health status, and reducing exacerbations in patients with
moderate-to-very severe COPD [154, 155].

8.7.5.1 Triple Inhaled Therapy
This advancement in combination of inhalers as LABA, LAMA, and ICS (triple
therapy) is achieved by various approaches and has been reported to improve lung
function in COPD patients [156–158].

8.7.6 Oral Glucocorticoids

One of the debilitating side effects of oral glucocorticoids is steroid myopathy,
which can contribute to muscle weakness, decreased functionality, and respiratory
failure in subjects with very severe COPD [147]. Therefore, their role in the chronic
daily is limited because of a lack of overall benefit against a high rate of systemic
complications.

8.7.7 Alpha-1 Antitrypsin Augmentation Therapy

The rational strategy to manage the development and progression of lung disease in
alpha 1 antitrypsin deficient (AATD) patients is alpha-1-antitrypsin augmentation
[159]. Because AATD is rare, formal clinical trials to assess efficacy with conven-
tional spirometric outcome have never been undertaken. Additionally, the main
limitation for this therapy is very high cost and lack of availability in many
countries [160].

170 K. Jehan Peerzada



8.8 Future Directions in Therapeutics

Despite there being extensive data in understanding of the complex disease pro-
cesses of COPD, no current therapy till date is sufficiently effective to treat and
reverse the underlying process of inflammation and functional decline. To reduce the
disease progression and the mortality of COPD patients, effective antiinflammatory
treatments are required. The factors that contribute to the etiology of this complex
disease process are versatile and include both genetic and environmental factors.
Cigarette smoking is the most important recognizable risk factor for COPD; how-
ever, the disease develops only in a minority of long-term smokers, suggesting that
genetic factors contribute to the development of this disease. Therefore, it is critical
to understand genes and their final product (proteins) in order to solve the underlying
pathophysiological mechanism of the disease. But genetic assay through RNA
quantification does not necessarily correlate with gene products, and further
variations in protein expression are caused by posttranslational modification. Since
the biological function is exhibited by the protein product, the most important step in
the gene expression happens at the level of protein synthesis. New therapeutic
approaches for COPD patients have been recommended through recent advances
in the research on the underlying inflammation [161], which include new
antioxidants, antagonists of cytokines or chemokines, inflammasome inhibitors,
antiproteases, inhibitors for pro-inflammatory kinase, and agents that would reverse
steroid resistance, and epigenetic modulation, some of which are undergoing clinical
trials. In order to achieve the best management of disease, importance of accomplish-
ment of complete pathophysiological evaluation and characterization of COPD
patients is advised for selection of an appropriate treatment for each clinical phenotype.
Therefore, further investigations for better understanding of the biological and patho-
physiological processes of COPD are needed to achieve the goal of COPD manage-
ment. Due to the heterogeneity of the disease and lack of an appropriate animal models
and biomarkers for predicting therapeutic response, current understanding of the
underlying disease mechanism is hampered, and is further impeded because of long-
duration trials needed for demonstration of clinical efficacy. In order to understand the
etiology of inflammatory diseases, recently, there has been a wide range of interest in
using the proteomic approach to define disease markers and to identify the diagnostic
options, and is now regarded as a powerful tool to identify novel diagnostic, prognostic,
and therapeutic markers. The core element of the classical proteome research combines
the multidimensional separation of proteins by 2-dimensional gel electrophoresis
(2GE) or by multidimensional liquid chromatography (LC) or matrix assisted laser
desorption/ionisation-time of flight (MALDI-TOF) [162].

The airways and particularly the alveoli are covered with a thin layer of epithe-
lium lining fluid (ELF). This ELF is a rich source of many different cells and soluble
components of the lungs and is imparted with significant functions of protecting the
lung from undue aggressions and preserving its gas-exchange capacity. Therefore,
the protein composition of the EFL is a reflection of effects of the external factors
that hit the lungs and is of primary importance in the early diagnosis of a disease. It
also has a role in the assessment and the characterization of lung disorders as well as
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in the search for disease markers. Numerous chemical, physical, and biological
exposures, and finally lung diseases induce biochemical modifications of this ELF.
The oldest and the most common means used up to now to get the samples of ELF
that most accurately reflects its global protein composition is the bronchoalveolar
lavage fluid (BALF). Analysis of BALF is most commonly employed to determine
the protein composition of pulmonary airways. BALF contains cells (alveolar
macrophages, lymphocytes, neutrophils, eosinophils, sometimes squamous epithe-
lial cells, broncho epithelial cells, basophils, and mast cells) and a wide variety of
soluble components (lipids, nucleic acids, and proteins/peptides) originating from
ELF [163]. The study of BALF through proteomics helps to analyze thousands of
proteins and thus provides comprehensive BALF proteome information that is
essential toward understanding the molecular mechanisms underlying the lung
inflammatory disease like COPD [164]. Therefore, protein profiling using the
technique of 2DE and MALDI-TOF will help in the understanding of possible
targets for inflammation and bronchoconstriction of COPD, which could be related
to clinical benefit.

Recently, 2GE and multidimensional liquid chromatographic approaches have
probably dominated the clinical proteomics field. However, new integrated and
multidisciplinary approaches are still needed to increase the sensitivity of current
proteomic analyses [165, 166]. Possibly, an integrative system biology approach
based on the use of bioinformatics tools for data mining and integration, could allow
building networks of proteins for identifying pathogenetic pathways of COPD
[167, 168].

8.9 Perspective

Irrespective of magnificent progress in research, there are still large gaps in our
understanding of the phenotypic heterogeneity of the lung diseases. This lack of
knowledge resource applies even in the regulation of underlying mechanisms
involved and functional significance of the diseases of the airways.

The number of patients with COPD has taken a lead. Some therapeutic strategies,
once used routinely, are no longer considered appropriate. However, improvements
to therapeutic approaches are being made, but still a substantial amount of research
needs to be conducted to discover new modules of therapy and perhaps develop the
agents that can slow down or halt the progressive functional decline of lungs. Based
on the mechanisms of inflammation in COPD as we understand them, several areas
for targeted therapy need to be studied. The disease markers to identify and validate
the clinical efficacy of new agents are still underway. Efforts to define such markers
need to be made to facilitate the advancement of COPD therapy. Additional studies
are needed to examine the long-term effects of this therapy in patients receiving
currently recommended COPD maintenance therapy.
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