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HIGHLIGHTS GRAPHICAL ABSTRACT

o Targeting lungs through oral adminis-
tration of AMAs is a big challenge.

e Lung infection etiological agents are
considerably higher than the effective
pulmonary treatment available.

e Many potential barriers are responsible
for ineffective delivery of AMAs through
pulmonary administration.

o Extensive research is needed to bring
more drugs to the market for pulmonary
administration.

Possible intervention

Lungs targeted delivery
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Lung diseases continue to draw considerable attention from biomedical and public health care agencies. The lung
with the largest epithelial surface area is continuously exposed to the external environment during exchanging
gas. Therefore, the chances of respiratory disorders and lung infections are overgrowing. This review has covered

infectlon promising and opportunistic etiologic agents responsible for lung infections. These pathogens infect the lungs
Pulemnary delivery either directly or indirectly. However, it is difficult to intervene in lung diseases using available oral or parenteral
Barrier antimicrobial formulations. Many pieces of research have been done in the last two decades to improve inhalable

antimicrobial formulations. However, very few have been approved for human use. This review article discusses
the approved inhalable antimicrobial agents (AMAs) and identifies why pulmonary delivery is explored. Addi-
tionally, the basic anatomy of the respiratory system linked with barriers to AMA delivery has been discussed
here. This review opens several new scopes for researchers to work on pulmonary medicines for specific diseases
and bring more respiratory medication to market.

Inhalable drug

1. Introduction that contains a thin epithelium layer that helps to expose AMA to lung

tissue [1]. Compared to parenteral or oral administration, pulmonary

The rising incidence of lung disease has become a concern worldwide.
The causative agents for these infections are bacteria, viruses, parasites,
fungi, etc. Targeting antimicrobial agents (AMAs) to the lungs is essential
to treat these microorganisms. However, the pulmonary route is chal-
lenging due to the nature of lung tissue. The lung has a large surface area
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delivery of AMAs poses substantial benefits for managing lower airway
infections. Treating bacterial infections proves difficult due to the rapid
development of drug resistance. This pulmonary delivery offers the local
application of AMA to enhance drug concentrations at the infected site
while minimizing systemic exposure, which leads to the development of
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resistance and toxicity [2]. Bypassing drug metabolism and preventing
the first-pass metabolism are exciting possibilities for using the pulmo-
nary delivery of AMA [3]. Moreover, this therapy improves patients’
compliance [4]. However, a less number of inhalable AMA formulations
have reached the marketplace. This paper focuses on opportunistic
etiological agents that play a vital role in lung infections and their
available conventional treatments. In response to this enormous burden
of respiratory diseases and causative agents, very few AMAs have been
approved for pulmonary delivery, which has been discussed here. This
paper explains the anatomical barriers and challenges AMAs face in the
respiratory tract to bring more pulmonary medication to market.

2. Etiological agents responsible for lung infections

There are numerous causing agents (Figure 1) accountable for lung
infections. The disease initiation involves direct or thorough travel to the
lungs from the infection site.

2.1. Gram-positive bacteria

In bacteriology, gram-positive bacteria show purple color under a
microscope during Gram staining, whereas gram-negative bacteria do
not. Staphylococci, Streptococci, Mycobacterium, clostridium, actino-
myeces, etc., are examples of gram-positive bacteria. Few bacteria cause
lung infection, but the incidence is significantly high (Table 1).

2.1.1. Staphylococcus aureus

Staphylococcus aureus is a gram-positive microorganism recognized as
an important pathogen for cystic fibrosis (CF). The role of S. aureus in CF
and the appropriate clinical response to its detection is challenging. The
commonness of this microorganism among pediatric CF has become a
growing concern. This microorganism colonizes mainly the mucous
membranes of the anus, perineum, nose, and throat. This colonization is
more frequently acquired by hospitalized patients and immediate contact

Klebsiella pneumoniae Burkholderia cepacia complex

Moraxella catarrhalis Haemophilus influenza

Francisella tularensis Achromobacter xvlosoxidans

Pseudomonas aeruginosa Chlamydia pneumonia
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persons in healthcare settings. 70-90% of the general population are the
transient carriers of this microorganism. Asymptomatic carriage is a
major reservoir of persistent infection spreading in the community [5].
The rising incidence of S. aureus infections leads to drug resistance.
S. aureus causes lower lung function, higher airway inflammation, and
mortality when detected together with P. aeruginosa [6]. S. aureus in
adults with CF demonstrates a lower chance of mortality, better lung
function, and lower risk of exacerbation. Several studies revealed the
coinfections of S. aureus and P. aeruginosa in chronic airway diseases.
During infancy, S. aureus is the key colonizing bacteria in CF lungs and
declines at a later age. Additionally, the chances of P. aeruginosa increase
with increasing age. The competitive interaction of these two pathogens
is influenced by their survival, antibiotic susceptibility, and disease
propagation [7]. Therefore, S. aureus pathogenesis is either more in
children or in the absence of P. aeruginosa. The pathogenesis of S. aureus
may be high for specific subtypes like methicillin-resistant S. aureus
(MRSA) or small-colony variants (SCVs) of S. aureus [8]. Several antibi-
otics are recommended for the treatment of S. aureus infection, including
cephalosporins (cefazolin), p-lactam antibiotics (oxacillin or nafcillin),
glycopeptide antibiotics (vancomycin), cyclic lipopeptides (daptomycin),
and lipoglycopeptide.

Methicillin-Susceptible S. aureus (MSSA) is identified either by
resistance to f-lactams or by the carriage of the mecA gene [9]. Its
prevalence has increased simultaneously with all S. aureus and
methicillin-susceptible S. aureus (MSSA). The chances of MRSA increase
with exposure to hospitals and antibiotics [10]. Staphylococcal small
colony variants (SCVs) are slow-growing antibiotic-resistant variants that
are difficult to detect with traditional cultures. A study found CSVs
associated with lower lung function and higher rates of preceding anti-
biotic treatment. MRSA and SCVs cause worse outcomes in patients with
pre-existing diseases and higher antibiotic treatment burdens [8].
Treatment with oxacillin, cloxacillin, flucloxacillin, and nafcillin are
prolonged in MSSA. However, optimum treatment therapy is still unre-
solved [11]. The treatment of MRSA requires early initiation of
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Figure 1. Different types of etiological agents are responsible for lung disease. Bacteria, fungi, parasites, and viruses are the main causative agents for lung infections.
Four gram-positive bacteria, thirteen gram-negative bacteria, and two acid-fast staining bacteria cause lung infections. Ten fungal microorganisms and fourteen
parasites have been identified in lung infection. Last but not least, twelve viruses are shorted here, which are found to be responsible for lung infections. The red ink

highlighted organisms show a higher incidence of lung infections.
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Table 1. Summary of lung infections causing bacteria and their management.

Class Organism Characteristics Recommended
medicine
Gram- Staphylococcus 1. A vital pathogen for Cephalosporins
positive aureus CF (cefazolin), B-lactam
bacteria 2. Colonizes mainly the antibiotics (oxacillin or
mucous membranes of nafcillin), glycopeptide
the anus, perineum, antibiotics
nose, and throat (vancomycin), cyclic
lipopeptides
(daptomycin), and
lipoglycopeptide
MSSA 1. The chances of MRSA Vancomycin,
increase with exposure daptomycin,
to hospitals and teicoplanin, telavancin,
antibiotic oxazolidinones, and
2. Prevalence of this tigecycline
organism increase with
all S. aureus
Streptococcus 1. Responsible for the Amoxicillin,
pneumoniae majority of community- cephalosporins,
acquired pneumonia ofloxacin and
2. Significant cause of vancomycin.
morbidity and mortality
Bacillus anthracis 1. Mostly used for Penicillin G, linezolid
biological warfare and carbapenems,
2. Inhalational anthrax is ciprofloxacin,
denoted as the most life-  Dichlorophen,
threatening oxiconazole, suloctidil,
hexestrol, and bithionol
Acid-fast Mycobacterium 1. One-third of the world ~ Rifampicin, isoniazide,
staining tuberculosis population is infected Ethambutol,
bacteria with this microorganism  pyrazinamide,
2. Mainly progresses in Prothionamide,
patients with impaired Ethionamide, etc.
immunity
Nontuberculous 1. NTM are Azithromycin or
mycobacteria environmental clarithromycin with
microorganisms and can  rifampicin and
cause chronic lung ethambutol.
infection Injectable amikacin or
2. NTM is only streptomycin.
dangerous to individuals Rifampicin,
with defective lung ethambutol, isoniazid,
structures or or moxifloxacin, and
immunosuppressed. injectable
aminoglycoside
(clarithromycin-
resistant MAC)
Gram- Achromobacter 1. Non-fermenting gram-  Ceftazidime,
negative xylosoxidans negative rod that mainly  tobramycin, and
bacteria causes healthcare- colistin, ceftazidime,
associated infection carbapenems,
2. This pathogen is piperacillin-
widely resistant to many  tazobactam, and
antibiotics and sulfamethoxazole-
complicating treatment trimethoprim
options
Burkholderia 1. This gram-negative Ceftazidime,
cepacia complex bacteria comprises 18 meropenem,
distinct species. trimethoprim-
2. These species are less sulfamethoxazole,
common, and their doripenem,
clinical associations are doxycycline,
less well defined. minocycline,

Chlamydia psittaci

1. Transmitted to
humans by any bird, and
there have been rare
reports of human-to-

tobramycin, poly
(acetyl arginyl)
glucosamine,
ceftazidime, and
meropenem

Doxycycline And
Tetracycline
Hydrochloride

Table 1 (continued)
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Class Organism Characteristics Recommended
medicine
human transmission
2. Initially, replicate in
respiratory epithelial
cells is followed by
spreading throughout
the body
Chlamydia psittaci 1. Can infect individuals =~ Macrolides,
of all ages tetracycline, and
2. It can persist in the quinolones
host for months to years
without showing any
symptoms.
Francisella 1. Inhalation of Doxycycline and oral
tularensis F. tularensis bacilli is fluoroquinolone
responsible for the slow (ciprofloxacin,
progression of ofloxacin, and
pneumonia with a lower  levofloxacin)
fatality rate.
2. This microorganism
can infect many cell-like
phagocytic cells,
including macrophages
and dendritic cells.
Haemophilus 1. This organism is Dexamethasone,
influenzae mainly prevalent in ceftazidime,
children and less cefotaxime,
common in adults. ceftriaxone,
2. This organism is fluoroquinolones,
associated with frequent  azithromycin, and
exacerbations of amoxicillin/
bronchiectasis clavulanate.
Klebsiella 1. Accounts for a higher Third-fourth generation
pneumoniae proportion of cephalosporin,
pneumonia acquired in aminoglycoside,
hospitals. carbapenem,
2. This microorganism is  polymyzxin class,
a notable pulmonary tigecycline, and
pathogen leading to fosfomycin
severe pneumonia and
sepsis
Legionella 1. Resides in surface or B-Lactams, macrolides,
pneumophila drinking water and is rifampicin,
transmitted to humans fluoroquinolones, and
by aerosols. omadacycline
2. Destructive alveolar
inflammation is
produced by recruiting
neutrophils, monocytes,
and bacterial enzymes
Mycoplasma 1. This pathogen spreads ~ macrolides,
pneumoniae from person to person by  tetracycline,
respiratory droplets. streptogramins,
2, It produces hydrogen fluoroquinolones,
peroxides and omadacycline,
superoxide, damaging lefamulin,
respiratory epithelial nafithromycin,
cells. zoliflodacin, and
solithromycin
Moraxella 1. The bacteria are Ampicillin, penicillin,
catarrhalis transmitted exclusively amoxicillin-clavulanic
between humans by acid, azithromycin,
direct and indirect clarithromycin,
contact. extended-spectrum
2. It causes both upper cephalosporin,
(children) and lower tetracycline,
(adult) respiratory tract trimethoprim-sulfa, and
infection fluoroquinolones
Pseudomonas 1. This microorganism carbapenems
aeruginosa interrupts lower and (meropenem,
upper airway imipenem),
homeostasis by aminoglycosides
damaging the (tobramycin,

(continued on next page)
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Table 1 (continued)

Class Organism Characteristics Recommended
medicine
epithelium cells. netilmicin, gentamicin,
2. No adequate remedy amikacin),
has been developed yet fluoroquinolones
to manage this (levofloxacin,
microorganism ciprofloxacin),
cephalosporins
(cefepime,
ceftazidime), f-lactam
inhibitors (piperacillin,
ticarcillin), polymyxins
(polymyxin A and
polymyxin B) and
fosfomycin
Stenotrophomonas 1. It is a multi-drug Levofloxacin,
maltophilia resistant microorganism ticarcillin-clavulanate,
associated with several trimethoprim-
infections sulfamethoxazole,
2. This microorganism is  doxycycline,
intrinsically and fluoroquinolones,
adaptively resistant to minocycline, and
many antibiotics. tigecycline
Yersinia pestis 1. The infection is Tetracycline,
usually transmitted to streptomycin,
humans through a flea fluoroquinolones,
bite from a fleafedonan  chloramphenicol,
infected rat and then on gentamicin, and
a human. sulphonamides

2. The disease begins
with bronchiolitis and
alveolitis, progressing to
a lobular and eventual
lobar consolidation.

CF-Cystic fibrosis; MSSA-Methicillin-Susceptible S. aureus; MAC- Mycobacterium
avium complex.

antimicrobial therapy. Vancomycin is the first choice of treatment.
Daptomycin is also equally effective, but it is a costly alternative. Cef-
taroline also demonstrates promising activity in MRSA. Antibiotics like
teicoplanin, telavancin, oxazolidinones, and tigecycline are also recom-
mended in single or combination. Although a wide range of antibiotics is
available for treatment often fail due to poor control of foci [12].

2.1.2. Streptococcus pneumoniae

Streptococcus pneumoniae (pneumococcus) is a gram-positive bacte-
rium. This microorganism is responsible for the majority of community-
acquired pneumonia. It is a commensal microorganism in the human
respiratory tract. Acute pulmonary infection is often characterized by a
higher bacterial load of S. pneumoniae in the lung. A substantial influx of
polymorphonuclear cells has been observed in this infection, followed by
a risk of systemic spread. It is a significant cause of morbidity and mor-
tality globally, causing more deaths than other infectious diseases [13].
After entering the lower respiratory tract initiates pneumonia by
escaping the mucous defense and gradually proceeding to the alveolus
[14]. Oral amoxicillin is generally recommended as a first-line antimi-
crobial agent. However, the course varies from five to seven days based
on the illness severity. The American Thoracic Society and Disease So-
ciety of America recommend macrolide therapy for community-acquired
pneumonia without having the chance of drug-resistant S. Pneumoniae.
British Infection Association recommends cephalosporins and
penicillin-based agents in community-acquired pneumonia. In the case of
highly resistant S. pneumoniae, ofloxacin and vancomycin are used as
alternatives. f-lactam with fluoroquinolone or macrolide is recom-
mended as the first-line in intensive care unit (ICU) patients [15].

2.1.3. Bacillus anthracis
Bacillus anthracis is the agent of anthrax, a common disease of live-
stock. It occasionally infects humans through direct or indirect contact
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with the infected animal. It is the only obligate pathogen within the
genus Bacillus. This microorganism is one of the most likely agents used
for biological warfare as its spores are highly resilient to degradation and
easy to produce. The clinical syndromes of this infection depend on the
entry route of B. anthracis. Inhalational anthrax (entering through the
respiratory system) is denoted as the most life-threatening form of the
disease and causes severe hemorrhagic mediastinitis (inflammation of
the mediastinum) [16]. This pathogen produces exotoxin and progresses
to toxemia that severely compromises pulmonary function. Pulmonary
parenchymal changes, serosanguineous fluid in alveolar spaces, or
mononuclear cells have been detected in a few patients. The lymph node
parenchyma generally is teeming with intact and fragmented
gram-positive bacilli [17]. This microorganism is susceptible to many
antibiotics, but early detection and management may eradicate the
bacteria. Penicillin G is generally used for naturally occurring anthrax.
The WHO has recommended a combination of penicillin with fluo-
roquinolone or macrolide in severe cases. In gastrointestinal anthrax, a
combination of penicillin with an aminoglycoside is recommended [18].
Managing this microorganism is complicated due to the lack of efficient
treatment. Centers for Disease Control and Prevention has recommended
a combination therapy of linezolid and carbapenems to treat late anthrax.
In a study, meropenem or linezolid with or without ciprofloxacin could
not protect from anthrax-meningitis mainly due to poor penetration to
the blood-brain barrier [19]. One group of researchers screened 1586
clinically approved drugs to treat B. anthracis [20]. Dichlorophen, oxi-
conazole, suloctidil, hexestrol, and bithionol effectively inhibited this
microorganism. These drugs have demonstrated broad-spectrum activity
against gram-positive and -negative bacterial strains. Out of which,
hexestrol exhibits superior inhibition across all strains.

2.2. Acid-fast staining bacteria

These bacteria undergo staining but resist decolorization by acids.
Acid fastness is the inherent property of this class of bacteria. Acid-fast
staining bacteria cause tuberculosis and certain other infections
(Table 1).

2.2.1. Mycobacterium tuberculosis

Tuberculosis continues to be a significant worldwide epidemic.
Approximately one-third of the world population is infected with
Mycobacterium tuberculosis [21]. M. tuberculosis is the most lethal myco-
bacterial species. It is an indisputable pathogen that is accountable for
many deaths worldwide. M. tuberculosis is an obligate-aerobic, non-mo-
tile, non-spore-forming, catalase-negative, and facultative intracellular
bacteria. Primary tuberculosis occurs in patients without previous
exposure or with the loss of acquired immunity [22]. It mainly progresses
in patients with impaired immunity. The disease passes through pro-
gressive phases of exudation, recruitment of macrophages, T lympho-
cytes, and granuloma formation, followed by repair with granulation
tissue, fibrosis, and mineralization. Secondary or reinfection-reactivation
tuberculosis, referred to as post-primary tuberculosis, occurs in patients
with previous immunity to the microorganism and accounts for most
clinical cases of tuberculosis [23]. Most cases of active tuberculosis in
adults with normal immunity progress into a latent infection, whereas
reinfection with a new strain derived from the environment occurs in
immunocompromised patients. The most common form of post-primary
tuberculosis in adults involves the apices of the upper lobes, producing
granulomatous lesions with greater caseation, often with cavities, vari-
able degrees of fibrosis, and retraction of the parenchyma [8]. Several
first-line [24] and second-line [25] drugs are available to treat tubercu-
losis. The World Health Organization (WHO) has recommended adopting
a Directly Observed Treatment Short-course (DOTS) strategy to improve
treatment adherence. In pulmonary and extra-pulmonary tuberculosis,
rifampicin, isoniazid, pyrazinamide, and ethambutol are prescribed in
the intensive phase, followed by rifampicin and isoniazid in the main-
tenance phase. The previously reported article explains the list of drugs in
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different resistance cases well [26]. All these drugs are mainly available
in the market in oral form. Although the lungs are the primary site of
action, a tiny fraction reaches to lungs from conventional administration
[27]. Therefore, there is an emerging need to deliver drugs to the lungs
directly.

2.2.2. Nontuberculous mycobacteria

The incidence and number of deaths from non-tuberculous mycobac-
teria (NTM) disease have steadily increased globally. NTM is only
dangerous to individuals with defective lung structures or immunosup-
pressed. NTM are now commonly infecting seemingly immune-competent
children and adults at increasing rates through pulmonary infection. It is of
concern as the pathology of NTM is challenging to treat and is resistant to
drugs [28]. NTM are environmental microorganisms and can easily be
found in soil and water that can cause chronic lung infection. The rate of
NTM infection is increasing in patients with CF. This microorganism is not
transmissible from person to person or reactive to latent infection like
Mycobacterium tuberculosis [29]. Out of 150 identified NTM species, only a
few have been reported to cause pulmonary disease. The majority (95%) of
NTM isolated from CF patients is Mycobacterium avium complex (MAC)
(M. intracellulare and four M. avium subspecies) and M. abscessus complex
(MABSC) (subspecies abscessus, massiliense, and bolletii) [30]. In most in-
stances, patients with NTM infection develop chronic lung disease and
other risk factors, such as AIDS, alcoholism, or diabetes. Significant het-
erogeneity is observed in susceptibility to standard anti-TB drugs. Thus,
macrolides and injectable aminoglycosides are generally prescribed for
NTM disease. Despite available guidelines, the treatment is mainly
empirical. In nodular or bronchiectasis MAC lung disease, combinational
therapy like azithromycin or clarithromycin with rifampicin and etham-
butol is recommended as initial therapy. The addition of injectable ami-
kacin or streptomycin is included with the standard treatment. In the
clarithromycin-resistant MAC case, rifampicin, ethambutol, isoniazid, or
moxifloxacin, and injectable aminoglycoside are given. M. abscessus is
resistant to all front-line anti-TB drugs. Thus oral macrolides with two
parenteral drugs are the primary choice. According to the American
Thoracic Society (ATS) and Infectious Disease Society of America (IDSA)
guidelines, amikacin, imipenem, or cefotaxime are used to treat
M. abscessus infection.

2.3. Gram-negative bacteria

The high rate of respiratory infections is due to gram-negative bac-
teria, which can be found in all environments on Earth that support life.
These pathogens are among the most significant public health problems
in the world due to their high resistance to antibiotics (Table 1). The most
common pneumonia causing microorganisms is Pseudomonas aeruginosa.
Pneumonia causing a few more organisms are Chlamydia species, Fran-
cisella tularensis, Klebsiella pneumoniae, Legionella pneumophila, and My-
coplasma pneumoniae.

2.3.1. Achromobacter xylosoxidans

Achromobacter xylosoxidans is an aerobic, motile, oxidase-positive, non-
fermenting gram-negative rod that mainly causes healthcare-associated
infection [31]. As for P. aeruginosa and Burkholderia cepacia complex
(BCQ), A. xylosoxidans can be dominant and detected in CF patients at the
end stage. The most clinically significant species of Achromobacter are
xylosoxidans and denitrificans [32]. This pathogen is widely resistant to
many antibiotics and complicating treatment options [33]. This species
may cause frequent infection and is one of CF patients' most promising
causes of post-lung transplant infections. Due to the lack of standard
treatment for Achromobacter infections, antibiotics are given in systemic
and/or inhalation. Inhalation therapy with ceftazidime, tobramycin, and
colistin improved Achromobacter clearance compared to systemic treat-
ment of these drugs in CF patients [34]. p-lactam antibiotics gave
favorable clinical outcomes, including ceftazidime, carbapenems,
piperacillin-tazobactam, and sulfamethoxazole-trimethoprim [35].
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2.3.2. Burkholderia cepacia complex

Burkholderia cepacia complex (BCC) is a group of gram-negative
bacteria comprising 18 distinct species. B. cenocepacia and
B. multivorans are the two most common and most common CF-
associated. Often, B. gladioli are discussed with BCC because of similar
infections [36]. But these species are less common, and their clinical
associations are less well defined. B. cenocepacia is associated with more
rapid lung function than B. multivorans. Similarly, subsequent mortality
has been seen with B. cenocepacia than B. multivorans. Both are trans-
missible between persons with CF. The essential phenotypic modifica-
tions are the variation of the lipopolysaccharide (LPS) structure at the
level of the O-antigen (OAg) presence, influencing adherence, coloniza-
tion, and the ability to evade the host defense mechanisms [37]. Treat-
ment against BCC often varies case-by-case, depending on the clinical
response and susceptibility data. Ceftazidime, meropenem,
trimethoprim-sulfamethoxazole, and doripenem are generally prescribed
in the empiric treatment for BCC. Doxycycline and minocycline are the
oral alternatives to this empiric treatment [38]. BCC can resist antibiotics
and develop adverse environmental conditions that make them impos-
sible to eradicate from CF lungs. Therefore, antimicrobial therapy is
limited due to broad-spectrum antimicrobial resistance. Different drugs
like tobramycin, poly (acetyl arginyl) glucosamine, ceftazidime, and
meropenem with distinct mechanisms of action have been tested to treat
these bacteria. It has been suggested that combining these drugs may
facilitate a better way of treating BCC [39].

2.3.3. Chlamydia species

Chlamydia psittaci can be carried and transmitted to humans by any
bird (pet or wild), not just by the Psittacidae family of birds, such as
parrots, parakeets, and macaws. Although respiratory symptoms are
usually the result of transmission from birds to humans, there have been
rare reports of human-to-human transmission [40]. After inhalation, the
microorganism establishes infection in the epithelial cells of the respi-
ratory tract. Initial replication in respiratory epithelial cells is followed by
the spread of bacteria throughout the body, affecting multiple organs
(heart, liver, gastrointestinal tract) [41]. C. psittaci can cause morbidity
with low mortality. Intentional aerosolization would lead to various cases
of nonspecific “atypical pneumonia” with cough, fever, and headache
[42]. Oral administration of doxycycline and tetracycline hydrochloride
is effective against human psittacosis. In the contra-indicated case with
tetracycline, azithromycin and erythromycin have been recommended as
alternatives [43].

Chlamydia pneumoniae is a mysterious clinical pathogen that causes
acute human respiratory disease. C. pneumoniae is an obligate intracel-
lular bacterium causing respiratory infections such as acute pneumonia,
bronchitis, sinusitis, and pharyngitis [44]. This disease is also known as
community-acquired pneumonia and can infect individuals of all ages.
10% of community-acquired pneumonia cases are happened due to
C. pneumoniae. It can penetrate mucosal epithelial cells and replicates
gradually. It can be detected in atherosclerotic lesions, potentially linking
the bacterium to atherosclerotic processes. However, it is not seen in
undamaged vasculature [45]. It can persist in the host for months to years
without showing any symptoms. C. pneumoniae can enter a
non-replicative persistent state within host cells, forming morphologi-
cally aberrant inclusions. Nowadays, the reported cases of C. pneumonia
are less than previously. This change is mainly influenced by changing
epidemiological characteristics and newer diagnostic methods [46].
Antibiotics like macrolides, tetracycline, and quinolones treat this
microorganism [47].

2.3.4. Francisella tularensis

Francisella tularensis is a pathogenic species of gram-negative cocco-
bacillus, an anaerobic bacterium. It is non-spore-forming, non-motile,
and the causative agent of tularemia, the pneumonic form of which is
often lethal without treatment [48]. Inhalation of F. tularensis bacilli is
responsible for the slow progression of pneumonia with a lower fatality
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rate than inhalation of anthrax or plague. Initially, hemorrhagic and ul-
cerative bronchiolitis occurs, followed by fibrinous lobular pneumonia
with many macrophages. Necrosis then supervenes and evolves into a
granulomatous reaction [8]. This microorganism can infect many cell
types, but the primary targets appear to be phagocytic cells, including
macrophages and dendritic cells (DCs). Targeting these cell types for
replication and dissemination has multiple benefits for the bacteria. First,
sequestration in the intracellular compartment allows the microorganism
to escape exposure to numerous components present in the host serum,
including complements and antibodies. Second, macrophages and DCs
are pivotal cells for host defense. Macrophages kill microorganisms by
invading through phagocytosis and present antigens to respond to T cells
[49]. F. tularensis is classified as a category A biological warfare threat-
ening agent. The most commonly prescribed antibiotics are doxycycline
and oral fluoroquinolone (ciprofloxacin, ofloxacin, and levofloxacin).
Often antibiotic therapy fails to treat this tularemia infection. The failure
chances are more in fluoroquinolones than the doxycycline. Thus there is
a need for effective novel treatments for F. tularensis [50, 51].

2.3.5. Haemophilus influenzae

Haemophilus influenzae is a small, non-motile, non-spore-forming,
gram-negative pleomorphic rod that can be encapsulated or unencap-
sulated [52]. Haemophilus influenza is often the first microorganism
detected in CF respiratory culture and is mainly prevalent in children and
less common in adults. This microorganism is the most common bacteria
and is associated with frequent exacerbations of bronchiectasis [53].
However, it is associated with adverse outcomes in chronic respiratory
infections like non-CF bronchiectasis, COPD, etc. [54]. In susceptible
cases, third-generation cephalosporin is the initial choice of antibiotics.
Antibiotic resistance is a growing concern in this case. Several reports
demonstrated drug resistance to ampicillin and macrolide like erythro-
mycin. However, the culture specimens have not been found resistant to
fluoroquinolones. The commonly prescribed antibiotics in Haemophilus
influenzae B are ceftazidime, cefotaxime, ceftriaxone, fluoroquinolones,
and azithromycin via the parenteral route. Dexamethasone is also rec-
ommended as adjunctive treatment as it reduces the cerebral edema
associated with inflammation of the meninges. In non-encapsulated
H. influenzae, amoxicillin high dose is the first choice. A combination
of amoxicillin/clavulanate is also recommended as a choice. Surgical
drainage is also employed in the complicated cases like subdural and
pleural effusion [55].

2.3.6. Klebsiella pneumoniae

Klebsiella pneumoniae belongs to the Enterobacteriaceae family and is
described as a gram-negative, encapsulate, and non-motile bacterium.
Virulence of the bacterium is provided by many factors that can lead to
infection and antibiotic resistance [56]. Klebsiella pneumoniae (Fried-
lander's bacillus) is a rare cause of community-acquired pneumonia but
accounts for a higher proportion of pneumonia acquired in hospitals.
Patients are more likely to be treated with antibiotics that permit this
bacterium to dominate the pharyngeal flora [57]. This microorganism is
a notable pulmonary pathogen leading to severe pneumonia and sepsis,
mainly in immunocompromised patients. Klebsiella pneumoniae generally
occurs in immunocompromised patients due to age, ethanol abuse, or
diabetes mellitus. It is common for ventilator-associated pneumonia
[58]. In the current regimens, third-fourth generation cephalosporin as
monotherapy is prescribed. Additionally, respiratory quinolone is rec-
ommended as monotherapy or in conjunction with an aminoglycoside. In
penicillin-allergic patients, aztreonam or a respiratory quinolone is
prescribed. Carbapenem is given worldwide to treat nosocomial
infection and extended-spectrum beta-lactamase cases. However,
carbapenem-resistant cases are gradually increasing. In such a case,
combining antibiotic options, including polymyxin class, aminoglyco-
sides, tigecycline, and fosfomycin are available [56].
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2.3.7. Legionella pneumophila

Legionella infections are caused mainly by Legionella pneumophila
serogroup 1 and 13 [59]. Legionella bacterium is a small, aerobic,
waterborne, gram-negative, unencapsulated bacillus non-motile, oxi-
dase, and catalase-positive. It resides in surface or drinking water and is
transmitted to humans by aerosols. This pathogen is often spread through
air cooling systems that use water as a cooler [60]. The bacteria multiply
intracellularly in alveolar macrophages. Destructive alveolar inflamma-
tion is produced by recruiting neutrophils, monocytes, and bacterial
enzymes. Direct inoculation in surgical wounds is possible with
contaminated tap water. The bacterium binds to respiratory epithelial
cells and alveolar macrophages, after which it enters the cell. Once it has
gained entry into the cell, it inhibits phagosome-lysosome fusion, fol-
lowed by promoting its proliferation. L. pneumophila causes
community-acquired and nosocomial pneumonia and should be consid-
ered a pathogen in patients with atypical pneumonia [61]. The treatment
against Legionella bacterium is based on empirical decisions rather than a
proper routine susceptibility test. p-Lactams are the first-line treatment
for community-acquired bacterial pneumonia (CABP). Other antibiotics,
like macrolides, rifampicin, and fluoroquinolones are less effective in
intracellular pathogens. Both azithromycin and levofloxacin are effective
against this pathogen [62]. Omadacycline in oral and intravenous form
has been approved in CABP, including legionella. In a phase 3 study,
omadacycline was found as safe with moxifloxacin in the treatment of
CABP [63].

2.3.8. Mycoplasma pneumoniae

M. pneumoniae is a serious and common cause of community-acquired
pneumonia in children and adults. M. pneumoniae lacks a rigid cell wall,
allowing it to alter its size and shape to suit its surrounding conditions. It
is resistant to AMA, which works by targeting the cell wall. This pathogen
spreads from person to person by respiratory droplets. It is generally an
extracellular pathogen that develops a specific attachment organelle for
close association with host cells [64]. This close association prevents the
mucociliary clearance mechanism in the host respiratory tract.
M. pneumoniae produces hydrogen peroxides and superoxide. Gradually,
it damages the respiratory epithelial cells at the base of the cilia. After-
ward, it activates the innate immune response and produces local cyto-
toxic effects [65]. The selection of antibiotics is restricted in this type of
infection, and choosing those antibiotics that inhibit protein synthesis of
the bacterial ribosome. These antibiotics are macrolides, tetracycline,
and streptogramins. Azithromycin is the first choice due to its better
tolerance and longer half-life. Ketolides and macrolides serve synergistic
activity of anti-inflammatory and bacteriostatic action. Fluoroquinolones
are also employed to treat this infection due to their inhibitory DNA
replication property. These class drugs are also equally effective as
macrolides. Due to the increasing cases of macrolide-resistance, several
new antimicrobial agents are developed, and they are omadacycline,
lefamulin, nafithromycin, zoliflodacin, and solithromycin [66].

2.3.9. Moraxella catarrhalis

Moraxella catarrhalis is a gram-negative diplococcus that physiologi-
cally colonizes the healthy mucosal tissues of the human upper respira-
tory tract. The bacteria are transmitted exclusively between humans by
direct and indirect contact. Risk factors include bacterial load, crowding,
winter season, daycare attendance, length of stay in a medical institution,
and respiratory therapy [67]. In children, M. catarrhalis causes upper
respiratory tract infections (otitis media), whereas, in adults, the path-
ogen causes lower respiratory tract infections in previously compromised
airways [68]. M catarrhalis has been shown to have increased cell
adhesion and pro-inflammatory responses when cold shock (26 °C for 3
h) occurs. Physiologically, this may occur with prolonged exposure to
cold air temperatures, resulting in cold-like symptoms [69]. Long-acting
penicillin can clear the infection. Due to excessive production of
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B-lactamase, M. catarrhalis more frequently resistant to ampicillin and
penicillin. In susceptibility cases, a wide range of antimicrobial agents
like amoxicillin-clavulanic acid, azithromycin, -clarithromycin,
extended-spectrum cephalosporin, tetracycline, trimethoprim-sulfa, and
fluoroquinolones are included in this treatment [70].

2.3.10. Pseudomonas aeruginosa

Pseudomonas aeruginosa is an encapsulated, rod-shaped, gram-nega-
tive bacterium responsible for acute distress syndrome and acute lung
injury. This microorganism is also detected in nosocomial pneumonia or
hospital-acquired pneumonia (pneumonia happens after hospitalization
and is not pre-incubated at the time of hospitalization), specifically in
long-term ventilated patients. No adequate remedy has been developed
yet to manage this microorganism, resulting in higher morbidity in
chronic obstructive pulmonary diseases (COPD) [71]. The complication
in P. aeruginosa-associated lung infection happens due to biofilm for-
mation, which is generally a structural consortium of this microorganism
composed of DNA, protein, and polysaccharides. This microorganism
interrupts lower and upper airway homeostasis by damaging the
epithelium cells and intervening in the adaptive and innate immune
response [72]. A wide range of antibiotics is generally prescribed to treat
this pathogen, including carbapenems (meropenem, imipenem), amino-
glycosides (tobramycin, netilmicin, gentamicin, amikacin), fluo-
roquinolones (levofloxacin, ciprofloxacin), cephalosporins (cefepime,
ceftazidime), p-lactam inhibitors (piperacillin, ticarcillin), polymyxins
(polymyxin A and polymyxin B) and fosfomycin. Often a single antibiotic
may initiate drug resistance against several antibiotics using the over-
expression of efflux systems. In most cases, quinolones have significantly
triggered cross-resistance in different classes, including p-lactam and
aminoglycoside [73]. Polymyxins are considered the only choice in drug
resistance cases of P. aeruginosa. Ceftolozane-tazobactam and
ceftazidime-avibactam also found to be effected in this case. In mono-
therapy, antipseudomonal B-lactams like ceftazidime,
piperacillin-tazobactam, cefepime, and aztreonam are effective in
multi/extremely-multi drug resistance cases [74].

2.3.11. Stenotrophomonas maltophilia

Stenotrophomonas maltophilia is an aerobic, gram-negative pathogen
that frequently attacks, particularly common among adolescents and
young adults [75]. It is a multi-drug resistant microorganism associated
with several infections, including pneumonia, bacteremia, meningitis,
and nosocomial infection, especially in immunocompromised patients.
This microorganism is intrinsically and adaptively resistant to many
antibiotics. For this reason, S. maltophilia has few pathogenic mechanisms
and predominantly results in colonization rather than infection. If the
infection does occur, invasive medical devices are usually the vehicles
through which the microorganism bypasses typical host defense [76].
The administration of proper drugs is often delayed due to late detection.
S. maltophilia is susceptible to several antibiotics like levofloxacin,
ticarcillin-clavulanate, trimethoprim-sulfamethoxazole, and doxycycline
[77]. Trimethoprim-sulfamethoxazole is traditionally used in the treat-
ment of S. maltophilia. Fluoroquinolones are generally recommended as
an alternative. However, the use of levofloxacin is limited due to the drug
resistance, drug interaction, and safety profile. Additional antimicrobial
agents like minocycline and tigecycline are high susceptibility rates [78].

2.3.12. Yersinia pestis

Yersinia pestis is a gram-negative, non-motile, rod-shaped coccoba-
cillus bacterium with no spores. The natural host for this microorganism
is a rat. The infection is usually transmitted to humans through a flea bite
from a flea fed on an infected rat and then on a human. The disease
begins with bronchiolitis and alveolitis, progressing to a lobular and
eventual lobar consolidation. A serosanguineous intra-alveolar fluid
accumulation with variable fibrin deposits, a fibrinopurulent phase, and
necrotizing lesion have been detected in the histopathological study [8].
A complex set of virulence determinants play critical roles in the
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molecular strategies that Y. pestis employs to subvert the human immune
system, allowing unrestricted bacterial replication in the lungs (pneu-
monic plague) [79]. There are three types of plague disease: bubonic,
pneumonic, and septicemic. Pneumonic plague is more likely associated
with an aerosolized release of Y. pestis [80]. FDA has approved different
treatments, including tetracycline, streptomycin, and fluoroquinolones.
Chloramphenicol, gentamicin, and sulphonamides are also suggested as
effective therapies. CDC updates treatment and prevention for the plague
from time to time [81].

2.4. Fungus

Fungi are commonly detected in respiratory samples, creating clinical
uncertainty (CF patients). Fungi can travel along with dust and can sur-
vive in the environment. Thousands of conidia are inhaled by humans
every day. Many of them create respiratory tract infections (Table 2).

2.4.1. Histoplasma capsulatum

Pulmonary histoplasmosis (Darling’s disease) is a fungal mycosis of
the lung. The causative pathogen for this disease is Histoplasma cap-
sulatum. Most often, it is associated with bird or bat droppings. Spores
are produced from the mycelia of H. capsulatum. Upon inhalation, they
are deposited in the alveoli. These spores can germinate into the yeast
at normal body temperature. Gradually, it becomes parasitic, multi-
plies, and travels to hilar and mediastinal lymph nodes. Through blood
circulation, it can spread to various organs. After 10-14 days of
exposure, cellular immunity develops and is clear from macrophages.
Any defects in cellular immunity result in a progressive disseminated
form of an infection that can be lethal [82]. It survives as a saprophyte
and frequently attacks the immunocompromised person (cancer,
tuberculosis, HIV, etc.). Humans are infected with this fungus by
inhaling air-containing spores. Initially, this infection is asymptomatic.
Thus, the common tendency of patients is to ignore the common cold
and mild flu-like symptoms. The severity of the disease and associated
symptoms depend on the inoculum size. In such cases, non-productive
cough, high fever, headache, and chest pain are observed. The
commencement of effective antimicrobial treatment might reduce
mortality and morbidity in the asymptomatic carrier [83]. Antifungal
drugs like itraconazole, fluconazole, and amphotericin B have been
used to treat histoplasmosis. Sometimes moxifloxacin, linezolid, azi-
thromycin, levofloxacin, and hydroxychloroquine are administered as
empirical therapy [84].

2.4.2. Coccidioides species

Coccidioidomycosis (San Joaquin Valley or Valley fever) is one type
of pulmonary infection caused by inhalation of Coccidioides immitis and
Coccidioides posadasii. The majority of coccidioidal infections are caused
due to airborne transmission. After pulmonary inhalation, single spore
deposits in bronchioles gradually transform into spherules. Within 48-72
h, they become filled with hundreds to thousands and initiate tissue
inflammation. Through an autolysis process, they thin their cell walls. In
the inflammation phase, macrophages engulf some endospores due to the
body’s immune system. If these spores are not clear, they progress to the
chronic inflammation phase [85]. Neutrophils and eosinophils are
attracted to the local region when spherules rupture and release endo-
spores. Mainly, T-helper-2-lymphocytes (Th2) work on abolishing Coc-
cidioides species. However, Th2 deficiency of dysfunction has been
detected in patients with disseminated disease [86]. In a few cases, they
are not contagious. Therefore, the chances of human-to-human spreading
are less. Sometimes, the spherule spreads to other body parts like bone,
joints, and skin resulting in an extra-pulmonary infection. The choice of
drugs, route, and duration of therapy depends on the severity and loca-
tion of the infection. Initially, fluconazole prescribes due to an excellent
safety record [87], followed by voriconazole and itraconazole. Lipid
formulations of amphotericin B are also preferred due to their effective
penetrability.
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Table 2. Summary of lung infections causing fungus and their management.

Organism

Characteristics

Recommended medicine

Histoplasma capsulatum

Coccidioides immitis and
Coccidioides posadasii

Pneumocystis jirovecii

Aspergillus fumigatus

Cryptococcus neoformans

Scedosporium prolificans and
S. apiospermum

1. It is associated with bird or bat droppings.
2. It can spread to various organs through blood

1. Coccidioidal infections are caused due to airborne transmission
2. It is not contagious but spreads to other body parts like bone, joints, and skin resulting in an
extrapulmonary infection.

1. Commonly affects immunocompromised patients and can be severely life-threatening in some
cases.

2. This microorganism primarily resides in the lungs' alveoli and concentrates mainly in the lower
respiratory tract in higher concentrations than upper respiratory tract specimens

1. This organism is almost ubiquitous in the environment and is the primary cause of the disease
2. Inhaled conidia are engulfed by alveolar macrophages and killed in a phagocyte oxidase-
dependent fashion

1. This microorganism can produce harmless colonies in the airways, leading to meningitis or
disseminated disease.

2. Complicates reticuloendothelial malignancy, organ transplantation, corticosteroid treatment,
or sarcoidosis

1. S. apiospermum causes severe disease in immunocompromised patients with a higher mortality
rate

Mainly with Itraconazole, fluconazole, and
amphotericin B.

Sometimes moxifloxacin, linezolid, azithromycin,
levofloxacin, and hydroxychloroquine

Fluconazole, voriconazole, itraconazole, and
amphotericin B

Co-trimoxazole (trimethoprim/sulfamethoxazole)

Voriconazole andAmphotericin B

Amphotericin B

Amphotericin B, voriconazole

Blastomyces dermatitidis

Sporothrix schenckii

Penicilliosis marneffei

C. pneumonia

DORE Nl RIS BIORE BI5

It attacks immunocompromised and normal immunity persons

It can also spread to other common sites like skin and bone and causes extrapulmonary disease
This organism is not a primary pathogen in the pulmonary system

The microorganism can produce cavitary disease in the form of a single lesion.

This fungus can infect humans in relatively rare circumstances.

It can produce a disseminated infection in healthy and immunocompromised hosts

It is rare and often noticed in immunocompromised patients admitted to the intensive care unit.
This microorganism is aspirating from a heavily colonized or infected oropharynx

One of the critical clinical manifestations of this infection is pneumonia.

Itraconazole, Ketoconazole and fluconazole

Amphotericin B, caspofungin, Itraconazole,
fluconazole and ketoconazole

Amphotericin B and itraconazole

Azole antifungal agents, amphotericin B, and
echinocandin

2.4.3. Pneumocystis jirovecii

Pneumocystis carinii Pneumonia (PCP) is now referred to as Pneumo-
cystis jirovecii Pneumonia, a fungal infection most commonly affects
immunocompromised patients and can be severely life-threatening in
some cases. P. jirovecii is most frequently detected in AIDS-defining dis-
eases. It is also detected in non-HIV immunocompromised patients with a
deficiency in adaptive immunity or who take prolonged high-dose sys-
temic glucocorticoids [88]. Structurally, P. jirovecii is a thick-walled cyst.
This microorganism primarily resides in the lungs' alveoli and concen-
trates mainly in the lower respiratory tract in higher concentrations than
upper respiratory tract specimens [89]. Torpid infections may occur in
patients with acute or chronic bronchopulmonary disease, primarily
infected infants, pregnant women, and healthcare workers in contact
with infected patients. These colonized patients and patients with
Pneumocystis pneumonia represent sources of infection in both the com-
munity and hospitals [90]. Co-trimoxazole (trimethoprim/sulfamethox-
azole) is mainly given through the mouth or vein.

2.4.4. Aspergillus species

Aspergillus mold is the most common fungal species that can sporulate
with released airborne conidia. Humans and animals continuously inhale
numerous conidia of this fungus. Aspergillus fumigatus is almost ubiquitous
in the environment and is the primary cause of the disease, followed by
Aspergillus flavus, Aspergillus niger, Aspergillus terreus, Aspergillus nidulans,
and several species of Fumigati that morphologically looks like A. fumigatus
[91]. They are small enough to reach the airways and pulmonary alveoli.
Inhaled conidia are engulfed by alveolar macrophages and killed in a
phagocyte oxidase-dependent fashion. However, the incomplete killing of
conidia results in germination and tissue invasion. One of the most
well-clinical syndromes of fungal colonization in airways is allergic bron-
chopulmonary aspergillosis (ABPA) caused by A. fumigatus. ABPA is asso-
ciated with worse lung function [92]. The most effective treatment is
observed with voriconazole. Amphotericin B can be an alternative option.

2.4.5. Cryptococcus

Cryptococcosis is a disease state caused by lung exposure to Crypto-
coccus. Cryptococcus neoformans (Subtype of Cryptococcus) distribute
widely, mainly in soil and avian habitats [93]. C. neoformans is a ubiq-
uitous and facultative intracellular yeast. This microorganism can pro-
duce harmless colonies in the airways, leading to meningitis or
disseminated disease. Cryptococcosis infection's chances mainly occur in
persons with defective cell-mediated immunity, and life-threatening
situations occur in HIV-infected patients. This microorganism compli-
cates reticuloendothelial malignancy, organ transplantation, corticoste-
roid treatment, or sarcoidosis [94]. Both symptomatic and asymptomatic
infections have been observed in this type of infection. Pulmonary injury
patterns include single or multiple large nodules, segmental or diffuse
infiltrates, cavitary lesions, and miliary nodules [8]. Generally, ampho-
tericin B is recommended alone or in combination with flucytosine.
Fluconazole can be an alternative option. However, amphotericin B has
demonstrated better clinical improvement than intravenous or oral flu-
conazole due to the rapid onset of action.

2.4.6. Scedosporium species

Scedosporium species can be found abundantly in animal droppings,
sewage, agricultural soil, and wastewater. Two species of this class,
named S. prolificans and S. apiospermum (Pseudallescheria boydii), are
rarely reported for human infections. Out of them, S. apiospermum causes
severe disease in immunocompromised patients with a mortality rate of
58-100% [95]. In immunocompromised hosts, several conditions are
reported, including eye, ear, central nervous system infections, etc. One
of the critical clinical manifestations of this infection is pneumonia.
P. boydii can grow and multiply in the lung, forming colonies without
causing progressive disease [96]. Scedosporium species are generally
resistant to amphotericin B. Whereas, S. prolificans stains are resistant to
all available antifungal drugs. Voriconazole is a first-line treatment due to
its strong in-vitro activity against Scedosporium species.
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2.4.7. Blastomyces dermatitidis

Blastomycosis is a chronic granulomatous and suppurative infection
produced by Blastomyces dermatitidis. This microorganism is a dimorphic
fungus, growing in the environment as a mycelial form and mammalian
tissue as a yeast form. This infection may occur in immunocompromised
and normal immunity persons [97]. B. dermatitidis is inhaled into the
lungs and causes pneumonitis. Initially, It is asymptomatic and unde-
tectable, though severe, life-threatening complications like acute respi-
ratory distress syndrome can occur [98, 99]. It can also spread to other
common sites like skin and bone and causes extrapulmonary disease in
approximately 25%-30% of patients. It shows the lung's hematogenous
distribution, and the skin is the most common site of extra-pulmonary
infection [100]. In the lung, pathologic manifestations include focal or
diffuse infiltrates, rare lobar consolidation, miliary nodules, solitary
nodules, and acute or organizing diffuse alveolar damage [8]. Pulmonary
blastomycosis can occasionally persist in the chronic form where pro-
ductive cough, hemoptysis, and weight loss can observe [101]. Itraco-
nazole is the treatment of choice for all forms of the disease, except in
severe, life-threatening cases. Itraconazole has relatively low toxicity and
good efficacy, though it is important to remember that its absorption
requires gastric acidity. Ketoconazole and fluconazole can be used as
alternatives, but they possess lower efficacy. Remarkable side effects are
also observed with ketoconazole administration [102].

2.4.8. Sporothrix schenckii

Sporotrichosis is a subacute or chronic infection caused by thermally
dimorphic fungi of the genus Sporothrix. For a long time, sporotrichosis
was known as rosebush mycosis or gardener's mycosis. The infection
usually results from inoculating the agent on the skin or mucous mem-
brane by trauma with contaminated plant material. However, zoonotic
transmissions have been reported with less frequent inhaled fungal
propagules and systemic mycosis [103]. The causative agent named
Sporothrix schenckii mainly attacks the skin, subcutis, and lymphatic
pathways. Rarely, S. schenckii is a primary pathogen in the pulmonary
system. The characteristic infection involves suppurating subcutaneous
nodules progressing proximally along lymphatic channels (lymphocuta-
neous sporotrichosis). The microorganism can produce cavitary disease
in the form of a single lesion. Infection may be bilateral, apical, pro-
gressive, destructive, or clinically identified as a solitary pulmonary
nodule [8]. A rare form of sporotrichosis appears to result from inhaling
the microorganism. This form is characterized by chronic cavitary
pneumonia that is clinically and radiographically indistinguishable from
tuberculosis and histoplasmosis [104]. In treating S. schenckii, melanin
pigment may be hampered due to concurrent administration of ampho-
tericin B and caspofungin. Due to adverse effects, azole compounds were
introduced. Itraconazole is used as a first-line treatment with consider-
able efficacy and safety in most cases of sporotrichosis. This drug
demonstrated low toxicity and well-tolerance in long-term therapy
[105]. Another drug, amphotericin B, is used to treat disseminated forms,
particularly in immunocompromised subjects initially. Amphotericin B
may be used after 12 weeks of pregnancy in pregnant women. However,
this medication has been recommended for pulmonary and disseminated
forms where treatment should be initiated priority. Fluconazole is less
effective than itraconazole. It is prescribed to patients who do not
tolerate or have drug interactions with itraconazole. Ketoconazole
showed higher toxicity and has not demonstrated a good response [106].

2.4.9. Penicilliosis marneffei

Penicilliosis is mainly caused by the Penicillium marneffei, a zoonotic
parasitic and pathogenic dimorphic fungus in bamboo rats. However, this
fungus can infect humans in relatively rare circumstances. The most
significant transmission route is through contact with P. marneffei spores
in the soil during the rainy season or at a wound site [107]. P. marneffei
can produce a disseminated infection in healthy and immunocompro-
mised hosts [108]. This infection is often detected in HIV-infected per-
sons in South-East Asia. Sometimes, lung mass was observed in chest
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radiography. However, no respiratory symptoms were observed in pa-
tients [109]. Amphotericin B and itraconazole successfully controlled
this pulmonary penicilliosis.

2.4.10. Candida species

Candida microorganisms are yeasts that can produce pseudohyphae
and are the most common invasive fungal pathogens in humans. Sec-
ondary Candida pneumonia is commonly detected in humans, but primary
C. pneumoniae is rare and often noticed in immunocompromised patients
admitted to the intensive care unit. Other species of this class: C. glabrata,
C. tropicalis, and C. albicans are responsible for 95% of blood-stream in-
fections. This route is equally accountable for the acquisition of
C. pneumonia. However, a non-blood-borne route is also observed for
pneumonia infection, where this microorganism is aspirating from a
heavily colonized or infected oropharynx. In the case of aspiration, these
microorganisms may be found in the airways associated with an alveolar
filling pattern of bronchopneumonia [8]. Initiation of therapy depends
on the form of candidiasis and anecdotal reports. In most cases, Azole
antifungal agents, amphotericin B, and echinocandin antifungal agents
are recommended.

2.5. Parasites

Protozoal infections are the most prevalent intestinal infections
worldwide; they rarely involve the lungs and pleura. Pulmonary in-
fections with free-living amoebas, Toxoplasma species, Babesia species,
Cryptosporidium species, Leishmania species, and Microsporidia species
have been well documented (Table 3).

2.5.1. Babesias species

The Babesias are intraerythrocytic protozoa, of which there exist
various species, fundamentally B. divergens and B. microti. Humans ac-
quire the infection (babesiosis) characterized fundamentally by fever and
hemolysis through tick bites. The factors for systemic infection are
immunosuppression, advanced age, and antecedents of splenectomy.
Babesiosis is quite a rare disease in which the effect on the lung is a
consequence of a systemic inflammatory response. The clinical mani-
festations are fever, cough, and labored breathing, with noncardiogenic
pulmonary edema being the most systematic development. Acute respi-
ratory distress syndrome developed as a disease complication requiring
mechanical ventilation due to respiratory failure and hypoxemia. The
treatment of choice is the joint administration of clindamycin and qui-
nine sulfate [110].

2.5.2. Cryptosporidium species

Ten species of intracellular coccidian protozoa are currently recog-
nized. Cryptosporidium species have been found to infect mammals, birds,
reptiles, amphibians, and fish. The two species that most commonly
infect humans are Cryptosporidium hominis and Cryptosporidium parvum.
The former seems primarily limited to humans, and the latter has a wide
range of hosts, including most major domestic livestock animal species
[111]. The three main manifestations of this infection are asymptomatic
shedding, acute watery diarrhea (approximately for two weeks), and
persistent diarrhea for a few weeks [112]. Patients with AIDS have a
more comprehensive range of disease severity and duration, including a
fulminant cholera-like illness. In the lung, the microorganism targets the
epithelium of the airways, just as it does the surface epithelium of the gut
and biliary tract. Pulmonary cryptosporidiosis is primarily a case report
event, most reports being from earlier phases of the AIDS epidemic [8].
Anti-parasitic drugs like nitazoxanide (FDA-approved treatment) can be
helpful in cryptosporidiosis-associated diarrhea. However, this drug is
not recommended for respiratory cryptosporidiosis. In some cases,
paromomycin has been employed to treat respiratory cryptosporidiosis in
AIDS patients. Indinavir (protease inhibitors) can be chosen as this drug
interferes with cryptosporidium development. Supportive care and
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Table 3. Summary of lung infections causing parasites and their management.

Organism

Characteristics

Recommended medicine

B. divergens and B. microti

Cryptosporidium hominis and Cryptosporidium
parvum

Dirofilaria immitis

Entamoeba histolytica, E. dispar, and
E. moshkovskii

Echinococcus hatch, Echinococcus granulosus
and Echinococcus multilocularis

Leishmania donovani

Microsporidia species

Paragonimus species

P. falciparum, P. malariae, P. ovale, and
P. vivax

Schistosoma mansoni, Schistosoma
haematobium, and Schistosoma japonicum

Strongyloides stercoralis

Toxoplasma gondii

Toxocara canis and Toxocara cati

Trypanosoma brucei rhodesiense and
Trypanosoma brucei gambiense

1. The effect on the lung is a consequence of a systemic inflammatory response
2. Acute respiratory distress syndrome develops once the disease complicated

1. Manifestations of this infection are asymptomatic shedding, acute watery diarrhea
(approximately for two weeks), and persistent diarrhea
2. This microorganism targets the epithelium of the airways, gut, and biliary tract.

1. After being injected into the subcutis, this parasite travels into veins and gradually
migrates to the heart

2. Parasites possibly grow in the right ventricle and are brushed into small pulmonary
arteries

1. Amoebic dysentery becomes invasive in a small percentage of patients
2. The lungs may be affected by direct extension or hematogenous spread

1. Echinococcosis is a zoonosis that occurs wherever sheep, dogs, or other canids and
humans live in close contact.

2. In bronchi, cysts may rupture and cause coughs that eliminate the protoscolices
(adult larva) or portions of the cyst wall

1. transmitted to humans by several species of the Phlebotomus sandfly
2. Pulmonary leishmaniasis has been reported in HIV-infected patients and
transplant recipients.

1. microsporidiosis in humans can occur in both immune-competent and immune-
compromised hosts.

2. Pulmonary microsporidiosis is often overlooked and characterized by a few non-
specific symptoms like cough, fever, and dyspnoea.

1. target the lung and are acquired by ingesting freshwater crabs or crayfish infected
with the metacercarial larvae
2. Pulmonary paragonimiasis can cause persistent hemoptysis.

1. The disease is transmitted by the bite of the female Anopheles mosquito.

2. The clinical impact of malaria on the lung may range from mild to severe
respiratory insufficiency.

1. eggs transmit to humans through snail-intermediate hosts and penetrate the skin of
susceptible animals and people through the free-swimming cercaria

2. Pulmonary schistosomiasis comprises both acute and chronic forms.

1. This infection may persist as asymptomatic for years
2. It auto-infects the host body

1. Infection occurs by ingesting oocysts or meat-containing live microorganisms

2. This infection is asymptomatic in some cases and is commonly detected in patients
with AIDS

1. Children are more prone to infection via the fecal-oral route as they are more likely
to consume Toxocara eggs.

2. The larvae cross the intestinal wall and travel to many organs, including the lungs.
1. Protozoa transmitted to man by biting flies and bedbugs.

2. Pneumonitis is the most frequent lesion in the lungs, placenta membranes, and

Clindamycin and quinine sulfate

Nitazoxanide, paromomycin, and indinavir

Diethylcarbamazine and ivermectin

Metronidazole or tinidazole, paromomycin,
iodoquinol, and diloxanide furoate

Mebendazole and albendazole

Pentavalent antimonial derivatives, paromomycin,

and liposomal amphotericin B

Albendazole (Albenza) and fumagillin

Triclabendazole, bithionol, niclofolan,
praziquantel, and fenbendazole

Antimalarial drugs

Praziquantel and artesunate

Ivermectin, albendazole

Pyrimethamine, sulfadiazine/clindamycin,

azithromycin, and doxycycline

Albendazole, mebendazole

Nifurtimox and benznidazole

umbilical cord.

antiretroviral therapy are generally recommended without efficacious
treatment of respiratory cryptosporidiosis [113].

2.5.3. Dirofilaria immitis

The zoonosis is caused by Dirofilaria immitis, a parasite of dogs.
Human infection is determined by the prevalence of disease in the nat-
ural host and the extent to which humans are exposed to mosquito vec-
tors. After being injected into the subcutis, this parasite travels into veins
and gradually migrates to the heart. They generally die before they
mature into adult worms. There was a misconception as Dirofilaria
(heartworm) only resides in the heart. During infection, parasites
possibly grow in the right ventricle and are brushed into small pulmonary
arteries [114]. Gradually, they form the nidus in the arteries and cause
thrombus. At this stage, Human D. immitis infection demonstrates an
asymptomatic solitary pulmonary nodule in the lung periphery [8]. No
specific antifilarial chemotherapy is indicated for human Dirofilaria in-
fections yet. Thus, the various lesions (caused by worms) can be removed
by surgery. No role for antiparasitic agents has been identified as effec-
tive in Dirofilaria infection during controlled trials. The antiparasitic
treatment is most likely effective in arresting the worm and allowing its
subsequent removal since only one infertile parasite is present [115].
Most patients are treated symptomatically with anti-inflammatory
agents, including steroids. The worm has usually died long before
extraction. Some authors suggested adding oral treatment with
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diethylcarbamazine (DEC). In some cases, oral ivermectin can be used
[116]. Therapy with tetracyclines has been reported to damage
D. immitis, even causing the death of adult worms [115].

2.5.4. Entamoeba species

Entamoeba is pseudopod-forming, anaerobic, protozoan parasites
belongs to Entamoebidae family. Amoebic dysentery becomes invasive in
a small percentage of patients [117]. After leaving the gut, the tropho-
zoites travel to the liver. The lungs may be affected by direct extension or
hematogenous spread [8]. Entamoeba histolytica causes most symptom-
atic diseases. Other species like E. dispar (non-pathogenic) and
E. moshkovskii can cause similar infections. These microorganisms spread
via the oral-fecal route. The infected cysts are often found in contami-
nated food and water. The chances of pleuropulmonary amebiasis
(extraintestinal amebiasis) increase gradually. This is mainly occurring
by inhalation of cysts of E. histolytica infected dust [118]. The first-line
treatment has been initiated with metronidazole or tinidazole. Luminal
agents like paromomycin, iodoquinol, and diloxanide furoate are also
recommended for this infection.

2.5.5. Echinococcus species

Echinococcosis is a zoonosis that occurs wherever sheep, dogs, or
other canids and humans live in close contact. Ingested eggs of the
tapeworm Echinococcus hatch in the gut, releasing oncospheres, which
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invade the mucosa, enter the circulation, and travel to various sites,
where they develop into hydatid cysts [119]. Unilocular slow-growing
cysts in the lung are produced by Echinococcus granulosus. Echinococcus
multilocularis proliferates by budding, producing an alveolar pattern of
microvesicles. The outer fibrous layer of E. granulosus contains chronic
inflammatory cells that interface with the alveolated parenchyma. In
bronchi, cysts may rupture and cause coughs that eliminate the proto-
scolices (adult larva) or portions of the cyst wall. Abscesses (accumula-
tion of pus) and granulomas (inflammation) may also form in the lung,
pleura, and chest wall [8]. In Echinococcosis, four current treatment
modalities are inadequate and controversial. Generally, treatment out-
comes are improved when surgery or PAIR (puncture, aspiration, injec-
tion of proto scolicidal agent, and respiration) is combined with
benzimidazole drugs given pre-and/or post-operation. Mebendazole and
albendazole are the only anthelmintics effective against cystic echino-
coccosis. Albendazole and mebendazole are well tolerated but show
different efficacy [120]. Albendazole chemotherapy was found to be the
primary pharmacological treatment in CE management. Nevertheless,
combined therapy with albendazole plus praziquantel resulted in higher
scolicidal and anti-cyst activity [121].

2.5.6. Leishmania species

Leishmaniasis (Leishmania donovani infection) is transmitted to
humans by several species of the Phlebotomus sandfly. Most Leishmania
species are digenetic, i.e., they need two hosts to complete their life cycle.
The parasite survives within the insect vector and proliferates in the
alimentary tract extracellularly. The vertebrate host adopts an obligatory
intracellular form that thrives inside phagolysosomes [122]. They are a
group of vector-borne parasitic diseases with a high disease burden in the
Indian sub-continent. The primary clinical forms are cutaneous leish-
maniasis (CL), mucocutaneous leishmaniasis (MCL), and visceral leish-
maniasis (VL). Many of these forms affect the viscera (lungs, larynx,
gastrointestinal tract, etc.) and are considered opportunistic infections in
AIDS patients. The infection of the mucosa of the larynx is another
complication of leishmaniasis. They are caused by different species and
subspecies of Leishmania [123]. Pulmonary leishmaniasis has been re-
ported in HIV-infected patients and transplant recipients. The microor-
ganism (L. donovani amastigotes) can be found in the alveoli and alveolar
septa. Sometimes, pleural effusion is explicitly observed in immuno-
competent patients. In VL, pulmonary symptoms depend on many factors
like a bacterial infection, hypoalbuminemia, and vagal nerve compres-
sion [124]. Pentavalent antimonial derivatives are the primary choice in
leishmaniasis. However, other substances such as paromomycin and
liposomal amphotericin B are effective alternatives.

2.5.7. Microsporidia species

Microsporidiosis is a disease caused by infection with microscopic
microorganisms called microsporidia which are found worldwide in
vertebrates and invertebrates and can serve as hosts for these microor-
ganisms. Microsporidia are eukaryotic parasites that grow within other
host cells to produce infective spores. At the same time, microsporidiosis
in humans can occur in both immune-competent and immune-
compromised hosts. It has often been seen in the immune-suppressed
population [125]. The microsporidia are obligate intracellular
spore-forming protozoa. More than 140 genera and 1200 species are
recognized, but only seven genera and a few species have been confirmed
as human pathogens [126]. Pulmonary microsporidiosis has been
observed in different countries, especially in immunocompromised pa-
tients with HIV [127, 128, 129]. Pulmonary microsporidiosis is often
overlooked and characterized by a few non-specific symptoms like
cough, fever, and dyspnoea. In the lung, these pathogens cause bronchitis
or bronchiolitis (or both), usually in patients who also have intestinal
infections or disease at other sites, especially the biliary tract [8]. The
most commonly used medications for microsporidiosis include albenda-
zole (Albenza) and fumagillin. Intravenous fluid administration and
electrolyte repletion may be necessary for patients with diarrhea and
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dehydration. Dietary and nutritional regimens may also assist with
chronic diarrhea. Finally, improving immune system function with an-
tiretroviral therapy in HIV-infected individuals may also improve
symptoms [130]. However, no specific treatment for pulmonary micro-
sporidiosis has been framed yet.

2.5.8. Paragonimus species

Paragonimiasis is an infectious disease caused by Trematodes of the
genus Paragonimus. Paragonimus species target the lung and are acquired
by ingesting freshwater crabs or crayfish infected with the metacercarial
larvae of the Paragonimus species. The disease manifestations are related
to the migratory route. In most cases, Paragonimus westermani is involved
in disease propagation. However, several other species also co-exist. An
eosinophil-rich inflammatory reaction occurs in the infection site that
evolves to form a fibrous pseudocyst or capsule containing worms,
exudate, and debris. Rupturing the cysts within bronchioles may release
eggs, resulting in cough and sputum formation. These eggs may become
embedded in the parenchyma, producing nodular granulomatous lesions
that progress to scars [8]. Pulmonary paragonimiasis can cause persistent
hemoptysis. The diagnosis is often missed due to rare occurrences and is
mainly endemic in North America, Asia, and Africa [131]. Triclabenda-
zole was approved by the FDA in 2019 for fascioliasis. The Centers for
Disease Control (CDC) recommends triclabendazole off-label for treating
paragonimiasis. Older therapies (e.g., bithionol, niclofolan) have unac-
ceptable adverse effect profiles compared with praziquantel despite their
effectiveness (cure rates >90%) [132]. Most patients with para-
gonimiasis are cured by standard praziquantel treatment. However,
several cases have been reported with unsatisfactory responses to the
standard praziquantel treatment [133]. Treatment with fenbendazole
improves clinical signs and chest radiography [134].

2.5.9. Plasmodium species

Plasmodium comprises the intracellular protozoa that are responsible
for malaria. It is, therefore, one of the diseases with the highest morbidity
and mortality. Four species of this genus affect humans: P. falciparum,
P. malariae, P. ovale, and P. vivax. The disease is transmitted by the bite of
the female Anopheles mosquito. In most cases, acute respiratory distress
syndrome (ARDS) is observed in the infection with P. falciparum rather
than other malaria species [135]. Pulmonary edema is the principal
manifestation of the effects of malaria on the lung. The increased
permeability of the alveolar capillaries appears by a mechanism where
the plasmatic liquid fills the alveolar spaces. The clinical impact of ma-
laria on the lung may range from mild (fever, cough, dyspnoea, expec-
toration, and thoracic pain) to severe respiratory insufficiency. The
selection of an antimalarial therapy depends on a series of factors, like
species type, the clinical state of a patient, and the parasite's suscepti-
bility to the drugs. One noteworthy aspect is the pulmonary toxicity
produced by using mefloquine, with the development of diffuse alveolar
damage [110].

2.5.10. Schistosoma species

Schistosomiasis (also known as bilharzia) is an infectious disease
caused by trematode parasites of the genus Schistosoma. Disease caused
by this parasite results from the immunologic reactions to egg-derived
antigens produced by adult worms and the mechanical effects of eggs
trapped in blood vessel walls [136]. The public health burden of schis-
tosomiasis is enormous. Different life cycles and disease manifestations
are observed in three primary Schistosoma species: Schistosoma mansoni,
Schistosoma haematobium, and Schistosoma japonicum. Their eggs transmit
to humans through snail-intermediate hosts and penetrate the skin of
susceptible animals and people through the free-swimming cercaria
[137]. After egg deposition, they develop into adult worms and live in
various human venous plexuses. Pulmonary schistosomiasis comprises
both acute and chronic forms. Acute diseases like Katayama syndrome
manifests with fever, chills, weight loss, gastrointestinal symptoms,
myalgia, and urticaria in patients with no previous exposure to the
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parasite [138]. Acute larval pneumonitis and Loeffler-like eosinophilic
pneumonia may be seen in this setting. Chronic pulmonary disease is
usually secondary to severe hepatic involvement with portal hyperten-
sion. In this setting, the eggs of S. mansoni, and rarely S. japonicum or
S. haematobium may be shunted through portosystemic collateral veins to
the lungs. The eggs lodge in arterioles and provoke a characteristic
granulomatous endarteritis with pulmonary symptoms and radiologic
infiltrates [139]. Praziquantel is the primary choice of drug in treating all
species of Schistosoma. This drug increases membrane permeability
resulting in vacuolation of the tegument [140]. A single dose of metri-
fonate reduced egg excretion but was marginally better than the placebo
at achieving cure in one month. Three trials were conducted with an
antimalarial drug named artesunate. Substantial anti-schistosomal effects
were observed in one of the three trials, which was at unclear risk of bias
due to poor reporting of the trial methods [141].

2.5.11. Strongyloides stercoralis

Strongyloides is a human parasite caused by ingesting eggs of the
nematode Strongyloides stercoralis in the small intestinal mucosa. These
microorganisms are distinct among the helminths family as they can
replicate within the human host. Concurrently, it auto-infects the host
body. This infection may persist as asymptomatic for years. When the
disease occurs, filariform larvae leave the gut and travel through the
pulmonary vasculature. After penetrating the alveoli, they initiate hem-
orrhage and inflammation. Gradually, abscesses, eosinophilic pneu-
monia, and Loeffler syndrome are developed. When the elimination is
interrupted, these larvae may develop into adult worms, producing eggs
and rhabditiform larvae [8]. 1-2 days of ivermectin administration is
recommended for a chronic and asymptomatic infection. Sometimes
albendazole is co-administered with ivermectin for disseminated in-
fections and hyper-infection syndrome. The treatment duration and
administration route must be individualized to eliminate the parasite
[142]. However, clinicians may prefer to defer treatment for Strongy-
loidiasis for infected pregnant patients until after the first trimester.
Empiric corticosteroid used to treat wheezing is problematic because
they may cause life-threatening hyperinfection [143].

2.5.12. Toxoplasma gondii

Toxoplasma gondii, an obligate intracellular protozoon, is the agent
causing toxoplasmosis, an infectious disease found worldwide. Members
of the cat family (Felidae) are the hosts of this protozoan. Several
mammals and birds serve as intermediate hosts. Infection occurs by
ingesting oocysts or meat-containing live microorganisms [144].
Initially, this infection is asymptomatic in some cases and is commonly
detected in patients with AIDS. Symptoms like fever, lymphadenopathy,
muscle aches, and headache are observed in immunocompetent in-
dividuals. Brain and retina problems are generally observed in these
patients. Pulmonary lesions are also detected in some disseminated dis-
ease cases. Often, they form miliary nodules with fibrinous exudates,
which further develop into confluent fibrinopurulent pneumonia [8].
The most appropriate therapeutic measures are a combination of pyri-
methamine and sulfadiazine administration. To prevent hematological
complications, the substitution of sulfadiazine is clindamycin. Alterna-
tives to these combinations are azithromycin and doxycycline [110].

2.5.13. Toxocara species

Toxocara species are common parasites that cause visceral larva mi-
grants of dog tapeworm (Toxocara canis) and the less common cat tape-
worm (Toxocara cati). Once ingested, embryonated eggs develop into
infective larvae in the intestine of an intermediate host (especially a child
with a history of a pica) [145]. Afterward, the larvae cross the intestinal
wall and travel to many organs, including the lungs. T. cati is thought to
more frequently cause severe human disease. Children are more prone to
infection via the fecal-oral route as they are more likely to consume
Toxocara eggs by ingesting soil or other contaminated substances [146].
The most common pulmonary symptoms are dyspnoea and cough. The
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bilateral pulmonary nodules are the most common finding in chest im-
aging [147]. Albendazole is widely accepted as the first choice for this
infection. However, the optimal duration regimen has not been stan-
dardized yet [148]. It often requires a vitrectomy, depending on the
severity and damage chances [149]. The therapy regimen in patients
with visceral larva migrans (VLM) is meant to relieve symptoms and
diminish the host's inflammatory response to the parasite. Corticoste-
roids and antihistamines are often used for this purpose. Patients with
myocarditis or central nervous system (CNS) disease should always be
treated with corticosteroids. Antiparasite agents, such as mebendazole,
may help to reduce symptoms. However, systemic treatment with an-
thelmintics can result in hypersensitivity reactions [150].

2.5.14. Trypanosoma

The Trypanosoma genus comprises various species of haemo-
flagellated protozoa transmitted to man by biting flies and bedbugs.
Trypanosoma brucei rhodesiense and T. B. gambiense are responsible for
sleeping sickness. African trypanosomiasis and T. (Schizotrypanum) cruzi
(South America) are responsible for Chagas' disease or trypanosomiasis
Americana. The latter may affect the respiratory apparatus, organs such
as the heart and esophagus, or during pregnancy through the placenta
(the congenital form of the disease). In the congenital form of the disease,
pneumonitis is the most frequent lesion in the lungs, placenta mem-
branes, and umbilical cord. Nifurtimox (a nitrofuran derived) and
benznidazole (a nitroimidazole) are the medicines to treat Chagas' dis-
ease [110].

2.6. Virus

Human respiratory viruses are not thought to infect the airway
chronically, but they are crucial and common causes of respiratory ex-
acerbations (Table 4). The imbalance of chronic bacterial infection and
host immune response is a significant factor triggered by viral infection.

2.6.1. Adenovirus

Adenovirus comprises several genera with multiple serotypes that
cause infections of the upper and lower respiratory tract, conjunctiva,
and gut. These can be especially severe in neonates, children, and
immunocompromised persons [151]. This virus infection produces two
arrays of lung injuries, like diffuse alveolar damage with or without
necrotizing bronchiolitis and pneumonitis with “dirty” or karyorrhectic
necrosis. Both these patterns may coexist in some cases, and pneumonia
may be accompanied by hemorrhage secondary to adenovirus-induced
endothelial cell damage. Initially, an eosinophilic (Cowdry A)
intra-nuclear inclusion occurs, which is surrounded by a halo with
marginated chromatin, similar to HSV. Gradually, it becomes ampho-
philic, resulting in more basophilic obliterating in the nuclear membrane
and further developing the characteristic smear cell [8]. There are no
approved antiviral medicines for adenovirus infections [152]. Most
adenovirus infections are mild and may require only care to help relieve
symptoms, such as over-the-counter pain medicines or fever reducers.
Currently, only two antiviral drugs are used as first-line adenovirus
therapy. Cidofovir is an acyclic nucleoside phosphonate that shows
anti-viral activity against DNA viruses. Another one is ribavirin is a
broad-spectrum antiviral agent showing activity towards adenovirus in-
fections [153].

2.6.2. Cytomegalovirus

Cytomegalovirus (CMV) is one of eight herpes viruses that infect
humans. It is a p-herpes virus characterized by a restricted species range
and a slow replication cycle. CMV is a double-stranded DNA virus with a
large genome of the family. The virus develops an envelope consisting of
several glycoproteins that helps CMV to initiate infection in a cell. Un-
complicated CMV infection causes nonspecific fever mainly due to
pancytopenia. In severe cases of tissue-invasive CMV, the disease may
produce a baffling array of clinical syndromes. The resolution of an active
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Table 4. Summary of lung infections causing viruses and their management.

Organism Characteristics Recommended medicine

Adenovirus 1. It especially attacks neonates, children, and immunocompromised persons Cidofovir and ribavirin
2. This virus infection produces two arrays of lung injuries like alveolar damage and pneumonitis

Cytomegalovirus 1. CMV infection is generally asymptomatic in older healthy children and adults Ganciclovir, cidofovir, and phosphonoformate
2. The chances of CMV are more in immune-compromised patients, especially AIDS and person have
undergone organ transplants

Coronavirus 1. Certain epidemiologic situations can cause pneumonia in children, weak elderly individuals, and Favipiravir

immunocompromised adults

2. These viruses are responsible for most common colds
Epstein-Barr Virus 1. EBV is transmitted via intimate contact with body secretions, primarily oropharyngeal secretions.

2. Most of these patients recover uneventfully, but a few develop one or more complications.

No vaccine or specific treatment

Hantavirus 1. Humans become infected by either inhaling virus-contaminated aerosols or having contact with the
urine or droppings of infected animals.

2. This virus led to febrile illness with renal failure

No vaccine or specific treatment

Herpes Simplex 1. They occur primarily in patients with underlying pulmonary disease and are associated with Acyclovir, famciclovir, and valacyclovir

Viruses inhalational and intubation trauma

2. They also appear in neonates and patients immunosuppressed or compromised by various chronic

diseases
Human 1. is a leading pathogen for respiratory tract infection in infants, with annual epidemics occurring during ~ No vaccine or specific treatment
Metapneumovirus the winter and early spring months

2. The virus also causes disease in immunocompromised patients and likely explains some lower
respiratory tract infections in the elderly.

Influenza virus 1. These viruses can target the ciliated epithelium of the tracheobronchial tree.
2. the virus and its attendant inflammatory response spread more distally into the respiratory bronchioles
and alveoli, with hemorrhage, edema, fibrinous exudate with hyaline membranes, and patchy interstitial

cellular infiltrates.

Adamantine, rimantadine, peramivir, zanamivir,
oseltamivir, baloxavir, marboxil

Measles Virus 1. Measles pneumonia accounts for the vast majority of measles-related deaths. Vitamin A, ribavirin
2. The consequence of secondary pneumonia (bacterial or viral) or attributable to an aberrant immune

response

Parainfluenza Virus 1. Diffuse alveolar damage patterns of interstitial pneumonitis with giant cells are observed later to
resemble measles and RSV infection

2. Observed in immunocompromised patients, especially children with congenital immunodeficiency

No specific treatment

disorders
Respiratory Syncytial 1. RSV has been recognized as the etiologic agent of pneumonia in community-dwelling and high-risk Treatment is primarily supportive care
Virus adults with chronic lung disease requiring hospitalization.

2. RSV targets the epithelium of the distal airway and produces bronchiolitis and epithelial cell sloughing.
Varicella-Zoster Virus 1. This virus causes considerable morbidity in newborns, adults, and immunocompromised hosts.

2. Herpes zoster is less infectious because the only source of infection is the vesicular fluid.

Acyclovir, penciclovir, brivudin, foscarnet, and
vidarabine

CMV- Cytomegalovirus; EBV-Epstein-Barr virus; RSV- Respiratory Syncytial Virus.

infection results in a latent state in which CMV persists indefinitely in the
host tissues [154]. CMV infections can acquire throughout life. The
infection is generally asymptomatic in older healthy children and adults.
However, this virus can cause considerable morbidity and death in ne-
onates [155]. The chances of CMV are more in immune-compromised
patients, especially AIDS and person have undergone organ transplants.
Expressions of CMV can vary and are often observed with minimal
changes in scattered alveolar lining cells with typical viropathic changes
[156]. Multiple eosinophilic cytoplasmic inclusions develop that prog-
ress into numerous cytomegalic cells. A typical pattern that suggests viral
infection is the presence of small miliary nodules with a central hemor-
rhage surrounded by necrotic alveolar walls [157]. Interstitial pneumo-
nitis is the least common pattern of CMV infection. Ulcers may be seen in
the trachea and bronchi, but they occur less often than in herpetic dis-
eases. It is advisable to look for other pathogens in CMV pneumonia,
typically Pneumocystis jirovecii, but bacteria, fungi, protozoa, and other
viruses are all possible co-infecting microorganisms [8]. Different stra-
tegies have been adopted to manage CMV infection. It may be prophy-
laxis (active case presence of a virus) or pre-emptive (laboratory evidence
of active but asymptomatic). Ganciclovir, cidofovir, and phosphono-
formate are frequently used [158]. Treating congenital CMV initiates
with ganciclovir, an antiviral drug similar to acyclovir. After metabolism,
ganciclovir triphosphate shows its antiviral effect on the CMV-infected
cell. The treatment of infants for CMV can result in complications. The
intravenous treatment should be instituted within the first month of life.
Alternatively, valganciclovir is recommended for oral therapy. It is
absorbed well after oral administration [159].
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2.6.3. Coronavirus

Coronaviruses are ubiquitous RNA viruses known to cause disease in
many animals. They belong to the Nidovirales order, including Corona-
viridae, Arteriviridae, Mesoniviridae, and Roniviridae families [160].
Human coronaviruses belong to the family Coronaviridae, subfamily
Coronavirinae, and order Nidovirales. There are generally four genera
that fall into this category: a (alpha), p (beta), y (gamma), and & (delta).
Coronaviruses infect birds and a variety of mammals. CoV groups a and f
are mainly known to infect humans [161]. Along with the rhinoviruses,
they are responsible for most common colds. Coinfections with other
respiratory viruses occur in infants and children presenting with more
severe respiratory disease. Certain epidemiologic situations can cause
pneumonia in children, weak elderly individuals, and immunocompro-
mised adults. Clinically the disease ranges from a nonhypoxemic febrile
respiratory disorder (with minimal symptoms in some patients) to one of
severe pulmonary dysfunction, manifesting as ARDS and eventuating in
death [8]. Several newer drugs have been used to treat patients with less
satisfactory effects. Nonetheless, hundreds of clinical trials are ongoing
worldwide on different medications that utilize various mechanisms of
action, including nucleoside inhibitors, protease inhibitors, and
interleukin-6 receptor inhibitors [161]. Favipiravir is currently approved
for marketing in the treatment of COVID-19.

2.6.4. Epstein—Barr virus

Epstein-Barr virus (EBV) infections are usually acquired in childhood
and are generally asymptomatic. The pathologist often encounters this
virus in the lung in the context of pulmonary lymphomas or in other EBV-
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associated lymphoproliferative disorders that can occur in transplant
recipients and other immunocompromised patients [162]. EBV is trans-
mitted via intimate contact with body secretions, primarily oropharyn-
geal secretions. EBV infects the B cells in the oropharyngeal epithelium.
The microorganism may also be shed from the uterine cervix, implicating
the role of genital transmission in some cases. On rare occasions, EBV is
spread via blood transfusion [163]. However, mononucleosis is the most
common symptomatic and primary form of EBV infection. Clinically,
patients with active EBV infection have chronic or recurrent
mononucleosis-associated symptoms, including fever, lymphadenopathy,
and hepatosplenomegaly for at least three months [164]. Most of these
patients recover uneventfully, but a few develop one or more complica-
tions. Pneumonitis is one of them, albeit rare and not well characterized
[8]. There is no vaccine or specific treatment for EBV infection [165].
Antiviral therapy is generally ineffective for this disease. Immunomod-
ulatory therapy has also been tried for the treatment of CAEBV. IFN-o and
IFN-y have been reported to induce remissions in some patients with
CAEBV; however, long-term follow-ups have not been reported [166].

2.6.5. Hantavirus

Hantaviruses comprise the genus Hantavirus within the family
Bunyaviridae. Humans become infected by either inhaling virus-
contaminated aerosols or having contact with the urine or droppings of
infected animals. In humans, hantaviruses cause either hemorrhagic
fever with renal syndrome or hantavirus cardiopulmonary syndrome
[167]. Classically this virus led to febrile illness with renal failure.
Multi-organ involvement with fever, pulmonary edema, and hemorrhage
occur. Liver lesions are variable and similar to those found in bacterial
septicemia, albeit less severe [168]. All members of this genus are zoo-
notic and found in rodents worldwide. They are responsible for the
cardiopulmonary syndrome, Sin Nombre, which is present in rodent feces
and is acquired from the environment through inhalation. It produces
florid pulmonary edema with pleural effusions, variable fibrin deposits,
and focal wispy hyaline membranes [8]. There is no specific treatment,
cure, or vaccine for hantavirus infection. In intensive care, patients are
intubated and given oxygen therapy to help them through a period of
severe respiratory distress [169]. Ribavirin was tested for efficacy in
HFRS patients in China and was shown to have a statistically significant
beneficial effect if initiated early in the disease course. However, riba-
virin had no clinical benefit in most patients in the cardiopulmonary
stage. Administration of human neutralizing antibodies during the acute
phase of HPS might prove effective treatment and/or prevention of Hanta
viral infections [170].

2.6.6. Herpes Simplex Viruses

Herpes Simplex Viruses (HSVs) are etiologic agents of mucocutaneous
disease of the head and neck (type I) and genitalia (type II). Tracheo-
bronchitis and pneumonia due to these viruses are rare in healthy adults
with intact immune systems [171]. They occur primarily in patients with
underlying pulmonary disease and are associated with inhalational and
intubation trauma. They also appear in neonates and patients immuno-
suppressed or compromised by various chronic diseases [172]. HSV also
has two types of CPE. Initially, Cowdry B (a ground-glass amphophilic
intranuclear inclusion) appears with marginated chromatin. Later, Cow-
dry A (a single eosinophilic) inclusion surrounded by a similar halo that
can be seen with adenovirus [173]. Acyclovir, famciclovir, and valacy-
clovir are the most effective medications for people infected with HSV.
These can help to reduce the severity and frequency of symptoms but
cannot cure the infection [174]. Acyclovir therapy remains an effective
and often less expensive option. Famciclovir and valacyclovir offer
improved oral bioavailability. However, these are more costly than
acyclovir [175].

2.6.7. Human metapneumovirus
The Human Metapneumoviruses (HMPV) are enveloped, non-
segmented, negative-sense, single-stranded RNA viruses. They comprise

14

Heliyon 8 (2023) e12620

a genus of two species: Avian metapneumovirus and HMPV. The meta-
pneumoviruses belong to Mononegavirales and the family of Pneumo-
viridae, including respiratory syncytial virus (RSV) [176]. HMPV is a
newly recognized paramyxovirus. It is a leading pathogen for respiratory
tract infection in infants, with annual epidemics occurring during the
winter and early spring months [177]. The virus also causes disease in
immunocompromised patients and likely explains some lower respira-
tory tract infections in the elderly. The clinical spectrums of croup,
bronchiolitis, and pneumonia are similar to other paramyxoviruses, like
RSV and parainfluenza virus. Histopathologic assessment of lung tissue in
severe cases has revealed acute and organizing diffuse alveolar damage
and smudge cell formation [8]. Currently, no specific antiviral therapy or
vaccine is available to treat HMPV. Medical care is supportive [178]. One
case study reported rapid and complete recovery with oral ribavirin and
intravenous immunoglobulin [179].

2.6.8. Influenza virus

Influenza viruses are the most pathogenic respiratory viruses and
predispose patients to secondary bacterial pneumonia. These viruses
belong to the Orthomyxoviridae (a family of negative-sense RNA viruses
that includes seven genera) family and are spherical or filamentous
enveloped particles. The envelope carries a hemagglutinin attachment
protein and neuraminidase [180]. These viruses can target the ciliated
epithelium of the tracheobronchial tree. They produce necrotizing
bronchitis-bronchiolitis and a spectrum of changes that vary depending
on the stage of the disease (early vs. late), outcome (fatal vs. non-fatal),
and the presence or absence of secondary bacterial pneumonia. Necrosis
and desquamation of the epithelial cells to the basement membrane are
associated with a relatively scant lymphocytic infiltrate [181]. However,
in more severe cases, the virus and its attendant inflammatory response
spread more distally into the respiratory bronchioles and alveoli, with
hemorrhage, edema, fibrinous exudate with hyaline membranes, and
patchy interstitial cellular infiltrates [8]. The acute symptoms persist for
seven to ten days. The immune and interferon responses are responsible
for the viral syndrome, including high fever, body aches, and coryza.
Complications arise for chronic lung or cardiac disease patients [182].

Out of four genera of this family, only A and B be relevant for humans.
These viruses are transmitted by aerosol infection through coughing,
sneezing, or direct contact with the virus-contaminated surface [183].
CDC recommends four FDA-approved influenza antiviral drugs against
recently circulating influenza viruses. Adamantine is the matrix
proteins-2 (M2) inhibitor characterized by three condensed cyclohexane
rings fused in the chair conformation. Amantadine and rimantadine (two
other M2 inhibitors) were widely used in influenza. However, these
drugs are inadequate for the current virus due to mutation-conferred
resistance. These drugs are often replaced by nucleocapsid protein in-
hibitors [184]. The nucleocapsid protein inhibitors (peramivir, zanami-
vir, oseltamivir, baloxavir, marboxil) are also used for this disease [185].
Moreover, all influenza strains have developed high resistance against
both amantadine and rimantadine.

2.6.9. Measles virus

The measles virus (MV) is a highly contagious childhood viral path-
ogen worldwide. Unlike varicella (chickenpox), it leads to common and
severe complications. Measles pneumonia accounts for the vast majority
of measles-related deaths. Most of these are the consequence of second-
ary pneumonia (bacterial or viral) or attributable to an aberrant immune
response [186]. Despite vaccination, the measles virus is still a global
pathogen and has resurfaced due to variations in vaccination rates. Pri-
marily, viral pneumonia is uncommon and mainly observed in immu-
nocompromised hosts [187]. Microscopically, bronchial-bronchiolar
epithelial degenerate and reactive hyperplasia with squamous meta-
plasia. They are typically accompanied by peribronchial inflammation.
Diffuse alveolar damage may occur, and quantitative immunohisto-
chemical studies have revealed severe immune dysfunction with the loss
of crucial effector cells and their cytokines [8]. There is no specific
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antiviral therapy for measles. Medical care is supportive and helps relieve
symptoms and address complications such as bacterial infections. Severe
measles cases among hospitalized children should be treated with
vitamin A [188]. The long incubation period of MV before initiation of
viremia serves as a wide time range for antiviral treatment. Rapid
pre-emptive antiviral treatment can suppress disease development for
individuals or reduce the severity before vaccination [189].

2.6.10. Parainfluenza virus

The parainfluenza virus (PIV) comprises four serotypes (I to IV) that
typically target the upper respiratory tract, classically in the form of
croup. Some cases involve distal airways, as in infections due to Respi-
ratory Syncytial Virus (RSV) and influenza virus, but are milder, with less
morbidity and requiring fewer hospitalizations [190]. A few documented
cases have been described with diffuse alveolar damage patterns of
interstitial pneumonitis with giant cells that later resemble measles and
RSV infection [191]. The giant cells of parainfluenza tend to be larger
and have more intracytoplasmic inclusions. Parainfluenza virus is a po-
tential opportunist in immunocompromised patients, especially children
with congenital immunodeficiency disorders [8]. There is no specific
antiviral treatment for PIV illness. Most people with this illness will
recover on their own [192]. Corticosteroids may be administered by
mouth or given intramuscularly in dexamethasone or prednisolone. Both
are superior to inhaled therapy with budesonide. The use of nebulized
epinephrine is associated with short-term relief of symptoms [190].
DAS181, a novel sialidase fusion protein inhibitor, seems effective
against PIV in vitro and in vivo; its use in IC children has not been
evaluated [193].

2.6.11. Respiratory syncytial virus

Respiratory Syncytial Virus (RSV) causes more significant respiratory
infections in early childhood than those attributable to influenza or
parainfluenza viruses. The annual outbreaks of bronchiolitis and pneu-
monia in infants are severe during the first year of their life and for those
with low birth weight or cardiopulmonary disease [194]. Considered a
childhood virus, RSV has been recognized as the etiologic agent of
pneumonia in community-dwelling and high-risk adults with chronic
lung disease requiring hospitalization. RSV targets the epithelium of the
distal airway and produces bronchiolitis with disorganization of the
epithelium and epithelial cell sloughing [195]. In fatal cases, airway
obstruction due to sloughed cell detritus, mucus, and fibrin is
com-pounded by airway lymphoid hyperplasia. Diffuse alveolar damage
may be seen in immunocompromised patients [8]. Initial signs of RSV are
similar to mild cold symptoms, including congestion, runny nose, fever,
cough, and sore throat. Very young infants may be irritable, fatigued, and
have breathing difficulties. Usually, these symptoms will clear up on their
own in a few days [196]. Treatment is primarily supportive care, and the
illness resolves without complications in most children. RSV prophylaxis
with palivizumab is an option for high-risk infants and children,
decreasing hospitalization and length of stay. Ribavirin and palivizumab
may be used for immunocompromised patients [197].

2.6.12. Varicella-Zoster virus

Varicella-zoster virus (VZV) infection produces considerable
morbidity in newborns, adults, and immunocompromised hosts. This
virus is equally potent in its primary form (varicella) and its reactivated
form (zoster) [198]. The varicella virus can spread in many ways. Mostly,
the transmission of VZV happens via respiratory droplets. In other ways,
the virus can spread through direct contact with conjunctival fluid,
saliva, or fluid from a vesicle of an infected individual. Herpes zoster is
less infectious because the only source of infection is the vesicular fluid.
Herpes zoster is less contagious because the only source of infection is the
vesicular fluid. Once the vesicular lesion(s) have completely crusted over,
there is no longer a risk of infection directly from the rash. Initial
infection occurs when VZV gains access to regional lymph nodes from the
mucosa in the upper respiratory tract [199]. The course is mild and
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self-limited in affected adults without underlying diseases and normal
immunity. Mortality rates are significantly high if the infection progress.
Microscopically, small miliary nodules of necrosis are associated with
interstitial pneumonitis, edema, fibrin deposits, or patchy hyaline
membranes [8]. Adults with herpes zoster can be treated with oral
acyclovir. Higher doses are sometimes used for life-threatening in-
fections, especially in immunocompromised patients. Like acyclovir,
penciclovir is first mono-phosphorylated by viral TK, then further
modified to the triphosphate form by cellular enzymes and also used to
treat the Varicella-Zoster virus. There are some other drugs like brivudin,
foscarnet, vidarabine, and interferon found to be effective against this
virus [200].

3. Management of lung infections

Acute and chronic lung disease is the leading cause of morbidity and
mortality worldwide. Due to the gas exchange function, the lung with the
largest epithelial surface area is continuously exposed to the external
environment. Therefore, the chances of respiratory disorders and lung
infections are overgrowing.

3.1. Cystic fibrosis lung infections

CF lung disease describes the three most pathophysiological ele-
ments: airway obstruction, infection, and inflammation. Clinical micro-
biology relies on the conventional cultivation of respiratory samples,
including sputum, broncho-alveolar lavage fluid, sinus samples, or
oropharyngeal swabs. Using these techniques, bacteria and fungi can be
identified, enumerated, isolated, and characterized. Additionally, these
techniques help to analyze growth characteristics and in-vitro antibiotic
susceptibilities. Therefore, diagnosing infections in individual patients,
generating epidemiological information, and directing antibiotic treat-
ment help design models of CF infection pathogenesis. Advanced labo-
ratory techniques have been added to a growing list of CF-associated
microbes. These methods are based on synthetic laboratory growth
media with incubation conditions that select microbes customarily
associated with lung disease pathogenesis. CF airway infections exhibit
three key features: Diverse, frequently polymicrobial, and progressively
evolving [201]. Aerosol therapy for CF has been explored extensively, as
patients have a high risk of recurring chronic infections. Oral and
parenteral antibiotics have historically been used to treat lung infections
but do not directly target the lung. Increasing antibiotic concentration in
the lung through this route may lead to severe side effects. The man-
agement of CF has improved with the development of the first inhaled
antibiotic, TOBI containing tobramycin (1997 in the USA). Colonization
of Pseudomonas aeruginosa is decreased significantly with inhaled anti-
biotics in CF. Inhaled tobramycin or colistimethate successfully improves
lung function and reduces hospitalization rates. Inhalable antibiotics are
prescribed daily (twice or thrice) for 28 days, followed by 28 days off
therapy. This off therapy reduces the chances of bacterial resistance. This
cycle of treatment continues for several months. Currently, two classes of
antibiotics (aminoglycoside and monobactam) are approved in the USA.
Polymyxin (colistimethate sodium) is also used in Europe in resistance
cases with tobramycin or aztreonam. Long-term treatment using inhal-
able antibiotics may elevate the inflammatory response, leading to lung
tissue injury and dysfunction. However, intravenous antibiotics have
been used in acute pulmonary complications. Treating CF patients with
inhalable antibiotics is always advisable as managing the chronic infec-
tion, and biofilm-growing mucoid is problematic. Clarithromycin acts as
an immunomodulatory and bactericidal enhancer. Additionally, it can
suppress the virulence factor of P. aeruginosa. Due to these activities,
clarithromycin was administered with tobramycin in CF patients [202].
Lipoidal particles/vesicles have the potency to target the microbes within
the biofilms and show the mucoadhesive property. A sustained-release
liposomal formulation of amikacin improved patient accessibility in CF
[203].
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3.2. Non-CF bronchiectasis

Non-cystic fibrosis bronchiectasis (NCFB) or bronchiectasis remains a
key reason for respiratory morbidity. Gradually, it becomes a leading
burden worldwide. Bronchiectasis patients are frequently sick with
various bacterial pathogens, resulting in persistent respiratory symptoms
followed by airway damage. As a result of the experience gained with CF,
inhalation therapy of antibiotics has been adopted in non-CF bronchi-
ectasis patients suffering from P. aeruginosa infection. Prolonged anti-
biotic treatment is possible through an oral or inhaler route. A significant
reduction of colonization has been observed after 2-4 weeks of drug
administration. Inhaled antibiotics offer the advantage of delivering a
higher drug dose directly to the site of bronchiectasis infection, with less
potential for collateral damage and resistance; however, they are often
time-consuming to administer [204]. Systemic antibiotic therapy is
available, but this therapy is poorly tolerated and has shown insufficient
efficacy.

Nontuberculous mycobacteria (NTM) can cause an unusual, severe
infection of the musculoskeletal system. This infection necessitates
intensive medical care and surgical treatment [205]. Macrophages engulf
NTM. Therefore, targeting antibiotics to macrophages might improve
efficiency and clinical outcomes. Oral administration of amoxicillin,
co-amoxiclav, flucloxacillin, rifampicin, fucidin, and ciprofloxacin have
been recommended in NCFB. Intravenous antibiotics are also employed
in severe cases where oral use is limited. Benzylpenicillin, cefuroxime,
ceftriaxone, and ceftazidime are administered via the parenteral route.
Inhalation formulations of amikacin, tobramycin, aztreonam, fosfomy-
cin, colistin, and ciprofloxacin have been developed for patients’ benefit.
Many clinical trials were carried out on bronchiectasis patients using
inhaled antibiotics, and they were found to be tolerated well with a
significant reduction of bacterial load [206].

3.3. Pneumonia

Pneumonia is a respiratory infection characterized by inflammation
of the bronchiole and alveolar space of the lungs. The modernization and
development of industries have become the leading infectious cause of
death. Primarily, it transmits via the respiration of airborne pathogens
like bacteria and viruses. Based on the clinical manifestation, pneumonia
classify as typical and atypical.

3.3.1. Typical pneumonia

Typical pneumonia exhibits sudden onset of illness, fever, chills,
pleuritic chest pain, and productive cough. In such a case, bronchial
breath sounds are perceptible. Typical pneumonia is initiated by bac-
terial pathogens like Streptococcus pneumoniae, Staphylococcus aureus,
Haemophilus influenza, Klebsiella pneumoniae, Moraxella catarrhalis, an-
aerobes, and aerobic gram-negative bacteria. The lower respiratory
tract is frequently exposed to environmental pathogens. These bacteria
attack and spread into the lung parenchyma to cause bacterial pneu-
monia. Host defense starts working in various modes like mechanical
and chemical to inhibit the spread of microorganisms. Besides, alveolar
macrophages engulf and kill these bacteria. Gradually, bacteria over-
come the host’s defense capability and result in an inflammatory
response [207]. Due to bacterial infection, pneumonia is treated with
antibiotics. The selection of appropriate antibiotics depends on the type
of bacteria and patient (inpatients or outpatients). Amoxicillin or
amoxicillin with clavulanic acid or macrolides (azithromycin or clari-
thromycin) is generally prescribed for outpatients with no risk for
resistance, no comorbidities, and no history of allergy to these drugs. In
contrast, combination therapy contains f-lactam with macro-
lide/moxifloxacin/levofloxacin/gemifloxacin, prescribed to high-risk
pneumonia patients. In the case of inpatients, combination therapy
includes third-generation cephalosporin or amoxicillin with clavulanic
acid in combination with a macrolide antibiotic (azithromycin or
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clarithromycin). Respiratory quinolone is also added to this regimen for
ICU patients [208].

3.3.2. Atypical pneumonia

Atypical pneumonia presents with gradual onset of an unproductive
cough, dyspnoea, and extra-pulmonary sign. These symptoms get worse
over a month. This disease is never severe or needs hospitalization or bed
rest. The causative microorganisms for this type of pneumonia include
viruses, Legionella pneumophilia, Chlamydia psittaci, and Mycoplasma
pneumoniae. Two different clinical patterns characterize legionellosis.
The first is Legionnaires disease, a form of pneumonic illness with a
greater than 2% fatal outcome. The second is Pontiac fever, a mild and
non-pneumonic respiratory illness. Most infections are caused by
Legionella pneumophila serogroup 1 and 13 [59]. Persons are infected with
this microorganism when they inhale contaminated water aerosols
[209]. To date, 24 different serogroups have been identified. Erythro-
mycin and tetracycline are the primary choices of drugs due to the lower
mortality rate than other antibiotics [210]. Then, alpha inhibitors, ana-
kinra, and interleukin receptor antagonists are included in the treatment
regimen. Researchers suggested early detection and treatment reduce the
morbidity and mortality caused by the disease [211].

First-choice antichlamydial drugs may even induce chlamydial
persistence under certain conditions. Without a functional treatment
strategy, the hypothesis of a chlamydial contribution to atherogenic
processes can thus neither be proved nor disproved by eradication
studies. A better understanding of chlamydial pathobiology is needed
before implementing clinical practice studies. Several AMA like doxy-
cycline, tigecycline, erythromycin, azithromycin, clarithromycin, cipro-
floxacin, levofloxacin, moxifloxacin, rifampin, trimethoprim, and
sulfamethoxazole are active against these bacteria. Drug-loaded poly-
meric nanocarriers and propellant-based inhalers have the potency
required to treat a chlamydial respiratory infection [212].

Macrolide antibiotics are mainly prescribed because of the low min-
imum inhibitory concentration (MIC). Azithromycin and clarithromycin
are used extensively worldwide [213]. This mycoplasma is susceptible to
tetracycline and fluoroquinolones. For children, administering these
drugs increases macrolide-resistant risk [214]. C. pneumoniae and all
species of Legionella are equally responsible for community-acquired
bacterial pneumonia (CABP). Newly developed synthetic antibiotics are
found to be active against all these microorganisms. Ketolides (semi-
synthetic derivatives of erythromycin) are potent against M. pneumoniae.
The Food and Drug Administration (FDA) approved (2019) soli-
thromycin for the treatment of macrolide-resistant M. pneumoniae
(MRMP). Some other new AMAs are nafithromycin, acylides, and lefa-
mulin. They are effective against many gram-positive and gram-negative
bacteria [215].

Ventilator-associated pneumonia (VAP) is a lung infection that usu-
ally occurs in hospital patients who use mechanical ventilation breathing
machines. The presence of an endotracheal tube or tracheostomy may
result in local inflammation. Gradually, the airways are colonized with
microorganisms that spread deep into the lung [216]. Generally, the
insertion of an endotracheal tube increases the chances of VAP compared
to patients without intubation. It is a growing concern as this microor-
ganism affects critically ill patients admitted to the intensive care unit
(ICU). Gradually, VAP becomes a leading cause of morbidity and mor-
tality associated with multidrug-resistant (MDR) microorganisms.
Inhaled antibiotic treatment was found to be more effective in VAP.
Although, this therapy considers an adjunct to systemic antimicrobial
therapy. Inhalable antibiotic treatment is recognized as saving patients
with MDR.

Over the past decades, several aerosolized antibiotics have been
studied to prevent and treat VAP. The concentration of AMA in respira-
tory excretions was 200 times greater than the levels found in the blood
samples when administered as an aerosol. Lipophilic agents like amino-
glycosides, beta-lactams, and carbapenems can penetrate extracellular
lining fluid (ELF). Non-lipophilic agents like quinolones, tetracycline,
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clindamycin, and other newer macrolides show equal penetration. Cef-
triaxone, fluoroquinolones, ampicillin, sulbactam, or ertapenem are
generally used to treat VAP with no evidence of MDR. However, com-
bination therapy recommends for MDR pathogens. Combination therapy
includes antipseudomonal cephalosporins (cefepime, ceftazidime), an
antipseudomonal carbapenem ((imipenem, meropenem, or doripenem),
or a beta-lactam/lactamase inhibitor combination (tazobactam-piper-
acillin or clavulanate-ticarcillin) plus fluoroquinolone (ciprofloxacin or
levofloxacin); an aminoglycoside (gentamicin, amikacin or tobramycin)
plus linezolid or vancomycin [217].

Non-resolving pneumonia defines as pneumonia with a slow resolu-
tion of clinical symptoms. This non-resolving pneumonia poses a diag-
nostic challenge as it mimics the infectious. Many reasons are behind it,
like the immune defense system, bacterial resistance, and the persistence
of microorganisms [218]. Incorrect diagnosis, inadequate antibiotic
therapy, impaired host defense, atypical microorganisms, resistant
pathogens, non-infectious causes, tuberculosis, endobronchial lesions,
etc., are the common causes of non-resolving pneumonia or slowly
resolving pneumonia. Many patients respond quickly to empiric anti-
biotic therapy. But the complication begins if patients fail to respond to
this initial therapy [219]. Treatment failure is attributed to numerous
factors like antibiotic resistance, unusual microorganisms, and empyema.
Patient-related risk factors like advanced age, cardia failure, hepatic
disease, and alcohol abuse are equally responsible for treatment failure
[220]. According to a case report, a combination therapy containing oral
amoxicillin, clavulanic acid, levofloxacin, or intravenous
cefoperazone-sulbactam with oral clarithromycin could not improve the
patient’s conditions. However, twice daily, intravenous amphotericin B
and itraconazole recovered the patient’s illness [221]. Therefore, this
necessitates proper investigations and additional treatment.

3.4. Bronchitis

Bronchitis is an infection of the tube lining that leads to the lungs.
Commonly, it categorizes into two different classes: acute and chronic
bronchitis. Acute bronchitis is a more common symptom and persists for
a few weeks without causing any serious problems. On the contrary,
chronic bronchitis is another type of chronic lung disease. The details
have mentioned below.

3.4.1. Acute bronchitis

Acute bronchitis occurs from acute inflammation of the bronchi
caused due to various triggers, allergens, pollutants, and viral infections.
Inflammation in the bronchial wall leads to mucosal thickening, denu-
dation of the basement membrane, and epithelial-cell desquamation.
Viral infection in the upper respiratory tract progress to disease in the
lower respiratory tract resulting in acute bronchitis [222]. This infection
characterizes by a fever that may or may not be accompanied by a cough.
Viruses are mainly responsible for acute bronchitis infections (>90%),
whereas the rest are due to bacteria. It is difficult to distinguish between
bacterial or viral-associated bronchial infections. In such a situation, the
use of antibiotics is controversial. Acute bronchitis is self-limiting, and
treatment is typically symptomatic and supportive therapy. Generally,
cough relief and pharmacological and non-pharmacological therapies are
offered. p-agonists are routinely used in acute bronchitis patients with
breathing problems. Analgesic and antipyretic agents may be used to
treat associated malaise, myalgia, and fever. Seventeen randomized
controlled trials (RCT) were conducted on 3969 people, including chil-
dren, adolescents, and adults. Doxycycline, azithromycin, erythromycin,
trimethoprim/sulfamethoxazole, amoxicillin, and cefuroxime were used
in these trials. The results suggested that antibiotics reduce the duration
of cough and illness [223].

3.4.2. Chronic bronchitis
Chronic bronchitis is inflammation (swelling) and irritation in the
bronchial tubes. It is caused by the uncontrolled production and over-
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secretion of mucous from the goblet cells [224]. Epithelial cells lining
the airway respond to toxic or infectious by releasing inflammatory
mediators like colony-stimulating factors, interleukin 8, and other
pro-inflammatory cytokines. Concurrently, an associated decrease has
been observed in releasing regulatory substances like neutral endopep-
tidase and angiotensin-converting enzymes [225]. Finally, this over-
production obstructs the small airways and progressively reduces lung
function. In this type of infection, thickened mucus and shortness of
breath observes. The primary therapy aims to reduce the overproduction
of mucus, suppress cough, and control inflammation. Short and
long-acting beta-adrenergic receptor agonists and anticholinergic drugs
help increase the airway lumen, mucous hydration, and ciliary function.
Phosphodiesterase-4 inhibitor decreases inflammation and promotes
airway smooth-muscle relaxation by preventing the hydrolysis of cyclic
adenosine monophosphate. Glucocorticoids reduce inflammation and
mucus production. Inhaled corticosteroids reduce exacerbation and
improve the patient’s condition. Macrolide therapy (azithromycin and
clarithromycin) is included in this treatment due to its anti-inflammatory
properties [226]. Acute bronchitis usually clears up, whereas chronic
bronchitis is persistent and never completely disappears. The other most
commonly used antibiotic (amoxicillin) is also included in the treatment
of chronic bronchitis [227].

3.4.3. Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a chronic inflam-
matory lung disease. It mainly affects the peripheral airways, lung pa-
renchyma, and pulmonary vasculature. In this process, oxidative stress
and protease-antiprotease imbalances involve. Emphysema describes one
of the structural changes seen in COPD that obstructs airflow from the
lungs. A decrease in the forced expiratory volume (FEV1) and tissue
destruction leads to airflow limitation and impaired gas exchange. The
progressive narrowing of the airways results in shortness of breath.
Neutrophils and macrophages are recruited and release multiple in-
flammatory mediators. Oxidants and excess proteases lead to the
destruction of the air sacs. Alpha-1 antitrypsin deficiency is a rare cause
of emphysema that involves a lack of antiproteases, and the imbalance
leaves the lung parenchyma at risk for protease-mediated damage. The
incapability to exhale completely also causes elevations in carbon diox-
ide (CO3) levels. As the disease advancements, deficiency of gas exchange
is often observed. Reducing ventilation or increasing physiologic dead
space leads to CO; retention [228]. Generally, long-acting bronchodila-
tors (adrenergic receptor agonists and muscarinic receptor antagonists)
are recommended for COPD patients. Inhalable corticosteroids are also
administered to improve patients' conditions [229]. Antibiotics are an
alternative therapeutic option in acute COPD. Selection of an appropriate
AMA based on a risk stratification approach. With the help of the immune
response, AMA can control the proliferation of bacterial infections.
Several double-blind, randomized trials were conducted with many an-
tibiotics like macrolide (azithromycin, clarithromycin), ketolide (teli-
thromycin), cephalosporin (cefuroxime, cefpodoxime, or cefdinir),
doxycycline, and fluoroquinolone (moxifloxacin, gemifloxacin, levo-
floxacin) [230]. They are found to be effective against COPD.

4. Basic anatomy-physiology and hurdle for antimicrobial agents

Many types of pneumonia are available for alveolar and tracheo-
bronchitis infections. The gradual eventual distribution of antibiotics
throughout the lungs is required for successful therapy [231]. The upper
respiratory tract comprises the nasal cavity, paranasal sinuses, naso-
pharynx, pharynx, larynx, trachea, and bronchi (Figure 2A) [232]. Nasal
and oropharyngeal are narrow angular routes with variable dimensions
that prevent the entry of drugs into the lungs. Lungs are segregated into
two different segments: the conducting zone (0-16 generations) and the
respiratory zone (17-23 generations) [202]. The deposition of AMAs in
these zones depends on interaction with the biological environments,
including lung cell density, bacterial biofilm, and lung lining fluids. The
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biofilms are shielded with an extracellular matrix of polymeric sub-
stances, protein, DNA. These biofilms are the primary cause of chronic
infection. The presence of biofilm reduces the intraluminal diameter of
endotracheal tubes hinders the ability to cough up bacteria and secre-
tions from the lower airways. In response to fluctuations in the
cell-population density of bacteria, quorum sensing (QS) facilitates the
production of virulence factors and promotes biofilm formation. QS co-
ordinates the expression of various genes within the entire bacterial
population and secretes many virulence factors [217]. Besides, the rapid
growth of bacteria in the outer layer protects this biofilm. It is another
challenging barrier for the delivery and activity of AMA. The pharynx
and larynx screen foods-liquids and block them from entering the tra-
chea. The upper respiratory tract acts on filtering and moisturizing the
inhaled air. Natural breathing happens by fixing the diaphragm and
escalating the thorax with the help of muscles.

The airflow into the lung occurs due to the pressure difference be-
tween intrapulmonary and mouth. Intrapulmonary pressure is decreased
in the mouth, which allows inlet air. The ventilator or the respiratory
muscles are the main elements of this task [233]. The variation in the
pressure difference results in inertial impaction and drug deposition. The
respiratory system maintains pH, hormonal balance, and host defense
[234]. These activities are the primary barriers to AMAs. The mucociliary
clearance helps transmit mucus toward the mouth by covering the air-
ways. The lining fluid in the airways varies from 5-10 pm in thickness and
slowly decreases towards the proceeding airway generations to the
alveoli (thickness 0.5-0.8 pm) [235]. In some physiological conditions,
airway mucous becomes thicker and covers most of the trachea, bronchi,
and alveoli dimensions. Gradually, this hypersecretion promotes bacte-
rial growth, obstructing drug action.

Besides, mechanical barriers like narrowing bronchoconstriction,
inflammation, and mucous hypersecretion are developed in many dis-
eases (Figure 2B). Two major cell types are found in the alveolar
epithelium: type I and type II pneumocytes. Type I pneumocytes occupy
about 95% of the alveolar surface, whereas type II pneumocytes are
characterized by a more cuboidal morphology and cover 5% of the total
alveolar surface. Type I pneumocytes cells are most likely a rate-limiting
step in the uptake of compounds into the pulmonary circulation [236].
The alveolar space is covered with a complex surfactant layer (lipid-
s-protein ratio 90:10) secreted from type II pneumocytes. This surfactant
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prevents the blockage of the alveoli during breathing by decreasing
surface tension [237]. The airway geometry, mucociliary clearance,
alveolar macrophages, and humidity act as barriers to eliciting the
therapeutic response of inhaled AMAs. Likewise, the extent and place of
drug deposition in the respiratory tract are crucial to maximizing the
AMA's efficacy [231]. The total liquid available in the lungs (10-30 ml)
promotes the dissolution of deposited AMA [235]. However, the pro-
teolytic enzymes and surfactants can interfere with natural endopepti-
dase, and cathepsin H hydrolyze lung proteins and peptides to deactivate
the effect of dissolved drugs. The undissolved drugs are proceeded for
macrophages to engulf and act as an immunological barrier. Surfactants
may prevent the adhesion of these undissolved particles to the lungs and
force them to be engulfed by macrophages. This barrier removes AMA
from the lungs and transfers them to the mucociliary escalator [238].
Lung inflammation causes hypersecretion of sputum that inactivates the
antibiotics and reduces their bactericidal effect locally. The penetration
of AMAs in the small airways is restricted if the patients suffer from
bronchospasm or CF. The main reason behind this is the low airflow and
viscid sputum. Similar low airflow is also seen in pneumonia patients
[239].

5. Approved antimicrobial agents for lung-targeted delivery

Many anti-microbial agents are administered through different
routes, like oral or parenteral, in managing lung infections effectively.
Antimicrobial agents through the inhalation route are the best option to
deliver higher doses directly to the infection site with minimal systemic
exposure. Aerosols are a revolutionary tool to provide therapeutic agents
with higher concentrations to the respiratory tract to kill microbes. Few
antimicrobial agents have been approved for pulmonary delivery
(Table 5).

5.1. Fluoroquinolones (levofloxacin, ciprofloxacin)

Ciprofloxacin is a broad-spectrum antibiotic successfully employed in
COPD and cystic fibrosis. Levofloxacin is third generation fluo-
roquinolone that possesses broad-spectrum activity against gram-positive
and gram-negative bacteria. Compared with second-generation fluo-
roquinolone, levofloxacin has demonstrated improved antibacterial

Healthy |

JTrachealis muscle

Infection |

Smooth muscle

Lumen-

Mucuﬂ

Mucociliary

Mucus

Inflammation

Figure 2. A. Respiratory tract anatomy: Conducting and respiratory zone: The significant parts of the respiratory tract are the paranasal sinus, nasal cavity, naso-
pharynx, oral cavity, pharynx, larynx, trachea, bronchi, and alveoli. The conducting zone allows the bulk flow of air to the lungs, whereas the respiratory zone helps
exchange gases. B. Systematic representation of healthy and infected lungs: Common symptoms of all lung infections are hyper mucus secretion and inflammation.

This mucus is responsible for shortness of breath.
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activity Systemic intravenous administration of levofloxacin is limited
due to poor penetrability in the respiratory secretion and bacterial bio-
films. This problem has been overcome by developing an inhalable
formulation of levofloxacin to maximize local antibiotic concentration at
the pulmonary site [240]. Levofloxacin directly inhibits bacterial DNA
synthesis by inhibiting DNA-gyrase in susceptible microorganisms. DNA
gyrase plays a crucial role in maintaining DNA replication by resealing
stand break and introducing superhelical twists in DNA that progress into
an unwinding double stand [241]. The oral bioavailability of levo-
floxacin is almost 100%. This drug penetrates well distributed with a
mean volume of distribution of 1.1. L/Kg. The plasma elimination
half-life ranges from 6-8 hr with normal renal function. FDA approves
levofloxacin for several treatments like community-acquired pneumonia,
nosocomial pneumonia, bacterial rhinosinusitis, chronic bronchitis,
acute bacterial exacerbation, etc. However, this drug is generally rec-
ommended in acute cases with no alternative treatment due to severe
side effects like peripheral neuropathy, CNS effects, tendinitis, and
tendon rupture).

Ciprofloxacin is another antibiotic agent of the fluoroquinolone class
approved by the FDA for several bacterial infections. This drug inhibits
DNA replication by interrupting the bacterial DNA topoisomerase and
DNA gyrase. This antibiotic is active in a wide range of gram-negative
bacteria and gram-positive bacteria. The age-dependent elimination
half-life of 3.3-6.8 h for the elderly and 3—4 h for the younger persons is
observed for ciprofloxacin [242]. However, a separate article also re-
ported a short half-life of 1-1.6 hr after drug administration through oral
and parenteral routes. The possible reason for this variation in half-life
may be dose-dependent pharmacokinetics. Treatment efficiency in pul-
monary infection caused by Francisella tularensis was improved with the
liposomal formulation of ciprofloxacin [243]. Ciprofloxacin availability
to the pulmonary site of infection is less after oral administration,
rendering this drug inefficient in cystic fibrosis. Thus, the inhalable
administration of ciprofloxacin resulted in a higher concentration of this
drug in alveolar macrophages and lung epithelial fluid. Additionally,
lower concentrations in plasma followed by inhalation administration
decrease the systemic side effects [244]. Inhaled ciprofloxacin has gone
through several clinical trials [245]. Later, the FDA granted the inhalable
liposomal formulation of ciprofloxacin as an orphan drug in managing
bronchiectasis and cystic fibrosis [246].

5.2. Beta-lactam antibiotics (aztreonam)

Aztreonam is a f-lactam antibiotic and clinically potent against a wide
range of gram-negative bacteria. This drug possesses antimicrobial
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activity in different ways. It inhibits the mucopeptide synthesis in the cell
wall of bacteria. Additionally, aztreonam binds to penicillin-binding
protein 3 (PBP), is responsible for cell septation, and inhibits cell divi-
sion, followed by cell lysis [247]. Currently, aztreonam is given in
different routes like intravenous, intramuscular, intraperitoneal, and
nebulizer. The oral bioavailability of this drug is <1%. This drug's
average serum elimination half-life is 2 h, with the volume of distribution
at a steady state of 0.18 L/kg (volume similar to extracellular fluid)
[248]. Due to the short half-life, repeated administration is necessitating.
Aztreonam is available in the intravenous (IV) formulation, demon-
strating several potential side effects like nausea, diarrhea, rash, vomit-
ing, and elevation of liver enzymes. Additionally, this IV formulation
contains arginine salt that worsens airway inflammation or causes
bronchoconstriction. This arginine salt promotes the production of nitric
oxide that causes airway inflammation [249]. The inhaled formulation of
aztreonam lysis was developed to make it more patient-friendly.

5.3. Aminoglycosides (amikacin, tobramycin)

Amikacin exhibits excellent antimicrobial activity against many aer-
obic gram-negative and resistant gram-negative bacilli. Amikacin in-
terferes with the transcription of genetic code by binding with the 30s of
bacterial ribosome subunit resulting in a disruption in bacterial protein
synthesis [250]. Amikacin liposomal inhalation suspension is developed
to target and localize drug delivery at the infection site of the lung with
minimal systemic exposure. Generally, concentration-dependent
response and post-effect of it demonstrate a broad-spectrum activity.
More importantly, after parenteral administration, amikacin's associated
toxicity (ototoxicity and nephrotoxicity) can be curtailed [251]. This
nebulized antibiotic delivers a uniform quantity of drugs to the respira-
tory tract to overcome the MICs. Not only for CF and pneumonia but also
this drug is approved in the USA as a part of a combination regimen for
lung disease caused by Mycobacterium avium complex, where no alterna-
tive treatment is available [252].

Tobramycin is a broad-spectrum antibiotic that falls under the cate-
gory of aminoglycosides. FDA has approved systemic administration of
this drug in a wide range of susceptible microorganisms, especially gram-
negative bacteria. Inhalable tobramycin formulation is approved mainly
for treating cystic fibrosis caused by P. aeruginosa in six or older patients.
Tobramycin inhibits the initiation step of bacterial translation by binding
to 16s ribosomal RNA of 30s ribosomal unit of bacteria. After binding,
this drug mistranslates the codon, resulting in misreading by transfer
RNA, followed by incorrect aminoacyl units [253]. This drug also inhibits
the production and expression of virulence factors of gram-negative

Table 5. List of approved anti-microbial agents for pulmonary delivery.

Drug Mechanism of action Biological The volume of Trade name Disease Marketing company/Inventor
half-life distribution (L/Kg)
Levofloxacin Inhibition of bacterial DNA synthesis 6-8 hr 1.1 MP-376 Cystic Fibrosis Mpex Pharmaceuticals &
Horizon Pharma USA, Inc.
Ciprofloxacin 4.3 hr 1.79 Lipoquin (ARD- Cystic Fibrosis, Aradigm Corporation, Newark,
3100) Bronchiectasis CA
ARD-1100 Anthrax
Aztreonam Inhibit the synthesis of bacterial cell wall 2 hr 0.18 CAYSTON® Cystic Fibrosis Gilead Sciences
Amikacin Interfere with bacterial growth 1.4 hr 0.27-0.61 (Arikace™) Cystic Fibrosis Transave Inc.
BAY41-6551 Pneumonia Bayer Pharma AG
Tobramycin Inhibiting bacterial protein synthesis 1.8 hr 0.363 TOBI Cystic fibrosis Sun Pharmaceutical Medicare
Ltd, Gujarat, India.
TOBI Podhaler Cystic Fibrosis Novartis
Colistin Disruption of outer cell membrane 1.5-2 hr 0.5 Colymycin® Bacterial infection Monarch Pharmaceuticals,
followed by bacterial death Bristol, US
Ribavirin Inhibit viral RNA synthesis 12 days 9.28-15.71 Virazole Respiratory syncytial ~ Valeant Pharmaceuticals, Aliso
virus Viejo, CA
Zanamivir Inhibit influenza neuraminidase followed 2 hr 0.23 RELENZA® influenza A and B GlaxoSmithKline, Brentford, UK

by restricting the spread of infection

virus
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bacteria and the associated cytotoxic effect of neutrophil-derived mye-
loperoxidase. This drug hardly penetrates bronchial secretions after
administering it through the parenteral route. To overcome this problem,
a high dose is required to achieve sufficient concentration at the site of
infection, but there are chances of ototoxicity and nephrotoxicity. Due to
these issues, tobramycin has been delivered through the inhalation route
for better disease management [254]. The long-term clinical benefit of
inhalable tobramycin has been well documented. With the success of
inhaled tobramycin for treating P. aeruginosa, interest gradually rises to
explore its potential application in other types of bronchiectasis. Nowa-
days, tobramycin inhalation is prescribed to patients with non-cystic
fibrosis bronchiectasis caused by P. aeruginosa [255]. This study
demonstrated that tobramycin inhalation is well-tolerated in
P. aeruginosa-associated bronchiectasis. Additionally, this treatment may
decrease the frequency of hospitalization rate with improved associated
symptoms.

5.4. Polymyxin (colistin)

Colistin exerts its anti-microbial activity by disrupting the outer cell
membrane. The cationic charged molecules interact with the anionic
lipopolysaccharide (LPS) present on the outer membrane of gram-
negative bacteria and initiate the displacement of calcium and magne-
sium ions to stabilize the LPS membrane. Gradually, cell membrane
permeability increases, resulting in cell contents leakage followed by cell
death. Colistin also exhibits anti-endotoxin activity. Colistin binds with
lipid A portion (endotoxin of gram-negative) of LPS molecules and
neutralizes. This drug is commercially available in two forms: colistin
sulfate and colistimethate sodium (CMS). CMS is an inactive prodrug of
colistin and is less toxic and less potent than colistin sulfate. CMS is
generally administered in the form of inhalation and parenteral. Colistin
has demonstrated excellent bactericidal activity against all gram-
negative bacilli with MICyg in the range of 0.5-5 mg/L (varies based
on the species) [256]. After being introduced into clinical practice,
colistin use was restricted due to severe toxicity. With the growing
epidemic of MDR gram-negative bacteria, clinicians have started using
this drug. However, the access to lung parenchyma is inadequate with the
parenteral delivery of colistin. Due to this reason, inhaled colistin has
been introduced to prevent and cure pulmonary infections in a patient
with cystic fibrosis. This inhalation therapy of colistin is safe and well
tolerable [257].

5.5. Antiviral (ribavirin, zanamivir)

Ribavirin (a guanosine analog) is a broad-spectrum antiviral agent
demonstrating activity against RSV and RNA viruses. Ribavirin plays a
vital role in managing chronic hepatitis C. Multiple mechanisms of action
have been revealed for this drug. Mostly, antiviral activity is well docu-
mented. Ribavirin reduces the replicon of colony-forming efficiency of
hepatitis C virus (HCV) in a dose-dependent manner. This drug also en-
hances the activity of interferon-stimulated genes that modulate cells
more sensitive to exogenous interferon and concurrently increase the
production of endogenous interferon. Long inter-individual variability
with dose-dependent activity is observed. This drug has demonstrated a
narrow therapeutic window [258]. Ribavirin in inhalation has been
approved to treat hospitalized young children and infants with severe
lower respiratory tract infections [259]. The suitability of this drug is also
explored for COVID19. A phase 1 clinical trial has been initiated to check
the safety and efficacy of VIRAZOLE® in hospitalized patients with res-
piratory distress due to COVID-19 [260].

Zanamivir is a sialic acid analog neuraminidase inhibitor approved
for managing influenza A and B. This drug manifests tighter binding with
both these types of influenza viruses. This drug's ICsy (mean inhibitory
concentration by 50%) value is 0.35 nM against the HIN1 subtype and
1.1 nM for the H3N2 subtype of influenza A viruses. By inhibiting
neuraminidase, this drug restricts the viral release and spread. This
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mechanism is mainly attributed to destroying the sialic acid-containing
receptor for viral hemagglutinin. This drug is not intended to enter the
intracellular as it specifically targets the extracellular enzyme function.
This drug is thought to apply intranasal or oral inhalation [261].

Zanamivir is a hydrophilic compound and eliminates rapidly through
the renal system, and its oral bioavailability is poor (<5%). Low oral
bioavailability is another reason for delivering it through the nasal or
pulmonary route [262]. Only 4-17% of oral inhalation dose is absorbed.
The protein bounding of this drug is less than 10% and excreted in un-
changed form through urine, whereas the unabsorbed drug is cleaned
through feces. No dose adjustment is recommended for this drug in he-
patic or renal clearance [263]. The amount of this drug required for
inhalation depends on the inspiratory flow and delivery device discussed
in a previously published article [264]. In prophylaxis family settings,
this drug reduces 80% of contracting influenza if taken 48 h after the first
symptom.

6. Conclusion

In this review, different types of etiological agents and the associated
lung infections have been emphasized. Targeting drugs to the lungs is
challenging through the oral route. Therefore, antimicrobial agents
through the inhalation route are crucial for better disease management.
Surprisingly, very few inhalable antimicrobial agents have been
approved for marketing. To find the obstacles, we explain the basic
anatomy-physiology and analyze all the possible AMA barriers in pul-
monary administration. AMAs cross several obstacles before they exert
their effect locally or systemically. The physicochemical characteristic of
the administered antimicrobial agent may influence the inhalation pro-
cess. A successful aerosol therapy reduces inertial impaction and in-
creases the proportion of medication available for gravitational
sedimentation. Respiratory disease and inhalation techniques contribute
equally to the effective delivery of antimicrobials. A deep aerosol de-
livery in the lungs improves the fraction of the drug reaching systemic
circulation. Nanocarriers can increase efficacy and decrease the paren-
teral toxicity of many medications. In the future, many advancements
need to develop in terms of new carriers, composites, and surface mod-
ifications for pulmonary antimicrobial therapy.
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